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Abstract

The confinement properties of fusion plasmas are affected by magnetic and
electrostatic fluctuations. The determination of the plasma confinement
properties requires the measurement of several global and local quantities
such as the ion and electron temperatures, the electron and neutral density
profiles, the radiation emissivity profiles, the ohmic input power and the
particle and heat diffusivities. The focus of this thesis is the study of the
plasma confinement properties based on measurements of these quantities
under different experimental conditions.
The studies have been carried out on the reversed field pinch experiments
EXTRAP T2 and T2R at the Alfvén Laboratory, Royal Institute of
Technology (KTH) in Stockholm. Studies carried out in EXTRAP T2 were
focused on dynamo activity and on the effect of phase alignment and locking
to the wall of magnetic instabilities. These were observed with a dedicated
imaging system. The experimental studies in EXTRAP T2R were focused on
the measurement of the confinement properties of different configurations.
To this aim, a set of diagnostics were used some of which were upgraded,
such as the interferometer, while others were newly installed, such as a
neutral particle energy analyser and a bolometer array.
The dynamo, which is responsible for the plasma sustainment, involves
resistive magnetohydrodynamic instabilities that enhance stochastic
transport. Furthermore, the plasma confinement properties are in general
improved in the presence of mode rotation. The possibility of reducing the
stochastic transport and thereby further improving the confinement has been
demonstrated in a current profile control experiment. These results indicate
that long pulse operations with a resisitive shell and current profile control
are indeed feasible.
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EXTRAP T2, T2R, reversed field pinch, dynamo, energy confinement time,
transport, CCD, bolometer, interferometer, neutral particle energy analyser,
PPCD, Monte Carlo
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Preface

I started my activity in experimental fusion plasma physics at the
Consorzio RFX in Padova (Italy) back in 1995 were I did my master degree
in physics. The first opportunity for a PhD came from the Alfvén Laboratory
in 1996 but the position did not materialise due to unforeseen circumstances.
In 1997 I then moved to UMIST in Manchester (UK) for a M Phil in
industrial plasma physics. It turned out to be quite a tough but very
instructive year during which I strengthened my autonomy (much needed in
the years to come!) and where I met very good friends. Thanks to Prof. J
Drake’s stubbornness the PhD position was made again available in 1998
and I took the chance. After five years I have reached a goal that seemed
very far and I owe it to many persons.

First of all I would like to thank Prof. J Drake which made this not only
possible but also enjoyable. Freedom, support, encouragement, guidance and
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has spared none of them. Dr J Brzozowski's support is greatly acknowledged
for introducing me to the EXTRAP T2 experiment and for taking good care
of me at the beginning of my PhD. I am particularly in debt with Dr P
Brunsell whose wide experience in RFP physics and in how to run the
experiment without-burning-holes-in-the-vacuum-vessel and without-
jamming-the-vax has been extremely helpful in plentiful of occasions. In
many situations he has been my "last resort" beyond which despair laid
ahead. Dr G Hellbolm’s experience in interferometry gave me a kick-start in
the field. Finally, thanks particularly to Dr H Bergsåker for randomly
appearing with clever questions and suggestions.

A special thanks goes to the technicians for their excellent technical
skills. They are the ones without which the whole experiment would come to
a halt and, more to the point, those who converted my fuzzy drawings and
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requests into fine pieces of working equipment that eventually made my
thesis possible. On top of all this, they have been great companions who
helped to create a wonderful atmosphere in the lab. Five years are quite a
long period of time and none of them has escaped my pestering. I would like
to thank in particular G Hägerström for forcing me into learning slang (to
say the least!) Swedish. J Freidberg has been very helpful on the
experimental side and extremely patient with my Swedish. In addition, he
has been invaluable in helping me to keep LOR-303 alive and running
despite its desire for a very much deserved rest in a scrapeyards after 20
years of honourable service. G Kindberg and H Ferm have patiently endured
"extended" experimental sessions in the control room for which I am very
grateful. The contributions of L Westerberg, D Halsbrunner and R Ekman
are also acknowledged. The kindness of the administrative personnel is not
forgotten.

The collaboration with Consorzio RFX has been long, continuous and
very fruitful in terms of equipment, personnel and know-how.  I would like
to thanks in particular Dr A Murari for his support in the CCD imaging, the
NPA and the bolometry projects. The NPA project would have never been
possible without the help of Dr S Costa who introduced me to "secrets" of
the ToF technique. His willingness to help, his kindness and patience are
here greatly acknowledged. A Barzon and D Ravarotto have had an
important role in getting things going. I would also like to thank Dr R Pugno
and Dr R Pasqualotto for their help with the CCD camera system. A special
thanks goes to Dr W Leung  and Dr Park Hyun Sun  of the Nuclear Power
Safety Department, KTH, for lending us the fast CCD camera.

Several friends have contributed to make these Swedish years even more
enjoyable: Luca and Giulia, Gianantonio, Alex and Ale, Barbara and Dick,
Francesca and Torkel. With Carine I shared a five-year long research activity
even if far away and on different experiments: it has been great to know that
things were as bad here as there. Carine and Mark, thanks for your friendship
and hospitality!  Jenny-Ann, no words can explain how much I have enjoyed
your friendship, your company and our chats. My mug is always ready for a
cup of coffee!

This thesis is dedicated to all the wonderful people at the lab who made
this possible. Thanks again!
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Chapter 1

Introduction

Energy production by nuclear reactions is possible thanks to the
difference in the nuclear binding energies per nucleon of the reacting nuclei.
The nuclear binding energy of some nuclei is shown in figure 1.1. It is well
known that, for any atom, the nucleon mass is less than the sum of the
masses of its protons and neutrons. This difference is called the mass
deficiency and its energy is given by Einstein’s energy-mass relation E =
mc2. Nuclear energy can be obtained either by transforming light nuclei into
heavier ones (fusion) or by transforming heavy nuclei into lighter ones
(fission). The mass deficiency between the reacting nuclei and the product
nuclei is converted into kinetic energy of the product nuclei. Fission
reactions are triggered by thermal neutron capture as, for example, in the
following reaction:

MeV 174314489235 +++→+ nBaKrnU thermal

No force prevents the neutron from penetrating the uranium nucleus and
triggering the fission reaction. For fusion reactions to occur, the reacting
nuclei must be brought very close in order for the short-range nuclear forces
to act. This implies that the repulsive Coulomb potential barrier between the
two nuclei must be overcome. The Coulomb barrier increases with the
product of the atomic numbers of the reacting nuclei and for light nuclei it is
of the order of 106 eV. Fusion spontaneously occurs in the core of all the
stars and it is responsible for energy production in the stars as well as the
production of all elements through iron. Inside the stars the kinetic energy of
the reacting nuclei is in the form of thermal energy. For example, the sun
interior temperature is approximately 107 K and the corresponding thermal
energy is approximately 103 eV. The rate coefficients of the proton-proton
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fusion reaction are very small and the reaction proceeds very slowly.
However, due to the huge density of the reacting nuclei, the sun produces
large amounts of energy even if individual reactions occur at a slow rate.
Energy production by thermal fusion reactions, at densities achievable in
fusion reactors, require higher temperatures of the order of 108 – 109 K. The
achievement of high temperatures and densities for thermonuclear reactions
to occur in an uncontrolled way has unfortunately proven to be relatively
easy. It has proven much more difficult to reach and maintain the appropriate
temperature and densities so as to produce nuclear energy from
thermonuclear fusion reactions in a controlled and sustained way. Non-
thermal fusion nuclear reactions are also relatively easy to obtain by using
particle accelerators to give the reacting nuclei the required kinetic energy to
overcome the Coulomb barrier. However this does not lead to a positive
energy balance because the elastic Coulomb scattering has a much larger
cross-section than the fusion reaction (1 – 2 orders of magnitude) and the
fusion reactions produce much less energy than is required to accelerate the
nuclei.
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Figure 1.1. Binding energy per nucleon as a function of the nucleon number
A. Data after [Aud95].
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1.1 Controlled thermonuclear fusion

To achieve significant nuclear energy production the possible candidates
for fusion reactions are:

D + D → 3He + n + 3.3 MeV
D + D → T + p + 4.0 MeV
D + 3He → 4He + p + 18.4 MeV
D + T → 4He + p + 17.6 MeV
T + T → 4He + 2n + 11.3 MeV

The cross-section σ for these reactions is shown in figure 1.2. The D-T
reaction has the largest cross-section at low temperatures and is the most
promising candidate for energy-producing reactors. The reaction rate per unit
volume is given by nDnT<σv>DT where nD and nT are the deuterium and
tritium densities and <σv>DT the rate coefficient of the corresponding nuclear
reaction. The corresponding rate coefficients, for Maxwellian ion velocity
distributions, are shown in figure 1.3.
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Figure 1.2. Cross-section of some nuclear fusion reactions. Data after
[Hub98].
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Figure 1.3. Rate coefficients of possible fusion reactions. Data after [Hub98].

 At these temperatures the D-T mixture is completely ionised. A fully
ionised gas is called a plasma if it has a sufficiently high temperature to
make recombination negligible, if it is quasi-neutral and if its dimensions are
larger than the Debye length λDe beyond which the electric field generated
by a single charge as decayed to 1/e of its vacuum value.

A plasma can be confined, for example, with the aid of magnetic fields.
The maximum thermonuclear power density P produced in a D-T plasma is
PDT  = 1/4 n2<σv>DTE where n = nD = nT and E is the energy released per
reaction. The energy E is divided between the neutrons and the α-particles
but while the neutrons leave the plasma, the α-particles are confined by the
magnetic fields and contribute to the plasma heating. The power density Pα

due to the α-particles is then Pα = 1/4 n2<σv>DTEα. The total energy stored
in the plasma is W = 3nTV where T is the plasma temperature (in eV1) and V
its volume. The stored energy in the plasma is lost through different channels
such as diffusion, convection and radiation and it must be continuously

                                                
1 In plasma physics it is customary to express the temperature as the average energy of

the particles in the plasma, 1 eV corresponding roughly to 1.2 × 104 K.
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replenished. The energy confinement time, in steady state conditions, is
defined as τE = W/PL where PL represents the power losses. The power
losses, in stationary conditions, can be balanced by heating the plasma with
an externally supplied power PH. If there is no α-particle heating, under
steady state conditions PH is equal to PL. Since PH is comparatively easier to
measure than PL, the energy confinement time is typically calculated as τE =
W/PH. In presence of α-particle heating, the overall power balance is Pα + PH
= PL. With the above definitions, the power balance equation provides the
condition for a self-sustained plasma burning:

nTτE t 3 × 1021 m-3keVs

The main goal of fusion experiments is to confine a sufficiently dense
plasma at a sufficiently high temperature for a sufficiently long time. Two
different approaches to plasma confinement have been investigated in
international research programmes: magnetic confinement fusion (MCF) and
inertial confinement fusion (ICF). In MCF experiments the plasma is
confined within a vacuum vessel by means of magnetic fields which provide
a force on the electrons and ions in the plasma. The D-T gas mixture is
ionised and therefore it is possible to drive currents that ohmically heat the
plasma. As the plasma gets hotter its collisionality decreases to the point that
ohmic heating is no longer efficient. To achieve higher temperatures,
additional heating mechanisms are used such as neutral particle injection or
radio-frequency heating.

In ICF experiments confinement is achieved by implosion of a spherical
shell containing D-T fuel compressed by high power laser beams or ion
beams. The ablation of the outer layers of the spherical shell leads to the
implosion of its inner layer. Fusion energy is released in form of micro-
explosions, which are however weak enough to be contained in the reactor
cavity.

1.2 Magnetic confinement configurations

A magnetic field is an obvious candidate for the confinement of a plasma.
An external magnetic field can be produced in a cylindrical geometry by a
solenoid coil. Charged particles spiral along magnetic field lines according
to the Lorentz force and are therefore confined along a magnetic field line.
The Larmor radius rL = mv/qB in fusion plasmas is of the order of few
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millimetres for ions and less than a millimetre for electrons. The charged
particles are however still free to move along the magnetic field lines with
mean free paths typically larger than hundreds of meters. Therefore a
confining mechanism parallel to the field lines is required. Parallel plasma
losses can be reduced if the cylindrical configuration is bent into the closed
geometry of a toroidal configuration as shown in figure 1.4.

R

r
r = a

θ

φ

Figure 1.4. Toroidal configuration for the magnetic confinement: the plasma
column of radius a is bent in toroidal direction φ to form a torus of major
radius R.

In such a configuration the main magnetic field is in toroidal direction
and it is characterised by both a radial gradient ∇B and a finite curvature
radius. As a result, charged particles experience a drift in the direction
perpendicular to both B and ∇B with a velocity proportional to

3
1

BqBdrift
BBv ∇×

∝ .

This drift has opposite sign for electrons and ions. Charge separation occurs
and gives rise to an electric field E parallel to the drift. This electric field is
responsible for an outwardly directed radial drift with a velocity
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2BBE
BEv ×

=×

that is independent of the particle charge. The whole plasma column will
therefore moves outwardly and additional magnetic fields are required to
confine it. However, if the magnetic field lines are made to helically encircle
the plasma column the E × B drift will change signs periodically leading to
zero average particle drift. Helical magnetic field lines are obtained if, in
addition to the externally generated magnetic toroidal axial field, a poloidal
magnetic field is also present. An example of a helical magnetic field line
inside a toroidal vacuum vessel is shown in figure 1.5.

Figure 1.5. Toroidal vacuum vessel containg an helical magnetic field line
along which a charged particle spirals.

The additional poloidal magnetic field can be produced externally or also
by the plasma itself. In the first case, external coils are used to generate the
required toroidal and poloidal magnetic fields. Devices based on this concept
are known as stellarators. An alternative approach to the generation of the
poloidal magnetic field is to induce a toroidal current in the plasma itself that
acts as the secondary winding of a transformer. The toroidal current
generates the required poloidal magnetic field.



8 Chapter 1. Introduction

Both the tokamak and the reversed field pinch (RFP) magnetic
configurations are based on this principle. A drawback of these
configurations is that the transformer concept works only for a limited
amount of time, i.e. they are dependent on a time-changing magnetic flux.
To overcome this limitation non-inductive current drive is required. This can
be achieved by high-energy neutral particle injection or by launching
electromagnetic waves that are absorbed in the plasma. For both
mechanisms, momentum is transferred to the plasma which results in current
drive.

The main difference between the tokamak and the RFP configurations lies
in the relative strength of the toroidal and poloidal magnetic fields. In a
tokamak the toroidal magnetic field is much larger than the poloidal
magnetic field while in a RFP they have similar amplitude. The
consequences of this difference on the equilibrium, stability and confinement
properties of the two configurations are briefly described in the context of
what is known as magnetohydrodynamics (MHD).

1.3 Magnetohydrodynamics

A plasma in a magnetic field can in principle be well described by the
Maxwell and the Boltzmann equations. Maxwell equations describe the
combined effect of externally applied magnetic fields and the internally
generated magnetic fields. Boltzmann equation describes the time evolution
of the velocity distribution function, assumed locally Maxwellian, of the
plasma. A description of the system is obtained by combining the Maxwell
equations with the 0-th, 1-st and 2-nd moments of the Boltzmann equation
for both ions and electrons. Further approximations are then introduced to
simplify the treatment of the problem. A first simplification stems from the
observation that the characteristic time scales of interest are of the order of
the torus minor radius divided by the ion thermal velocity. On such time
scale the Maxwell equations can be reduced to the low-frequency limit, i.e.
∂E/∂t = 0. Also, the quasi-neutrality condition implies that electron and ion
densities are very nearly equal (if Z = 1) for plasmas whose dimensions are
larger than the Debye length λDe = (ε0kT/nee2)1/2 which ranges from 10-5 to
10-3 m in fusion plasmas. The electron inertia is also neglected (me << mi)
and the plasma is described by the ion inertia and thermal velocity. In
addition, the plasma is assumed to be isotropic and collisionless, i.e. the
plasma resistivity is neglected (ideal MHD). A single fluid treatment of the
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plasma is obtained defining the mass density ρ = min, the fluid velocity v as
the fluid ion velocity and the current density J = en(vi-ve). The set of MHD
equations describing the steady state of an ideal plasma in a magnetic field is
then:

J × B = ∇P,            ∇ × B = µ0J,            ∇·B = 0.

The first equation represents the force balance between the plasma pressure
P and the magnetic force acting on the plasma current J × B. From this
equation it follows that magnetic fields lines lie on a set of closed nested
toroidal magnetic surfaces on which pressure is constant. From the ideal
MHD equations it also follows that magnetic field lines are “frozen” to the
plasma, i.e. there is no resistive diffusion of fields in the ideally conducting
plasma. In toroidal magnetic configurations, with both toroidal and poloidal
magnetic fields, the force balance equation becomes:

0
)(1

2
)()(

0
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22

=
µ

+












µ

+
+ ϑφϑ rB

r
rBrB

dr
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This equilibrium is intrinsically unstable but the stability can be improved. In
the tokamak the toroidal field is very strong (Bφ >> Bϑ) which improves the
stability. Another stabilising mechanism is called magnetic shear. Magnetic
shear is obtained in a configuration where the pitch of the helical field lines
varies as a function of the minor radius in the torus. In the reversed field
pinch, shear is vital for the stability of the configuration. In the RFP, the
toroidal field is comparatively weak (Bφ ≈ Bϑ). The RFP is also dependent on
the stabilising effect of a close-fitting conducting shell to suppress global
MHD instabilities.

1.4 Reversed field pinch research

At present four major RFP research centres are active within the wider
fusion community: the MST group based at the University of Wisconsin
(Madison), the Consorzio RFX in Padova, the TPE-RX group at the National
Institute of Advanced Industrial Science and Technology (Tsukuba) and the
EXTRAP T2R group at the Alfvén Laboratory (Stockholm). All these
centres co-operate to understand the operating properties of RFPs and
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towards the goal of better confinement and reactor operating scenarios. In
particular, MST, RFX and TPE-RX are large size RFPs mainly devoted to
the study of advanced confinement regimes. At present RFX is undergoing
an upgrade for the installation of a system for active feedback stabilisation of
MHD instabilities.

EXTRAP T2R is devoted to the study of the operating conditions with a
resistive wall. A fusion reactor must be sustained for times much longer than
the time required for magnetic fields to penetrate a real shell thus reducing
and ultimately eliminating its stabilising effects.

1.5 Thesis outline

The experimental study of the plasma confinement properties in a
reversed field pinch with a resistive shell is the subject of this thesis. The
confinement properties in a RFP are intrinsically linked to the strong MHD
activity that characterises this particular magnetic confinement
configuration. In particular, the presence of a resistive shell implies that
instabilities, that are otherwise stabilised by an ideal close-fitting wall
(shell), become unstable if the shell is resistive. The MHD activity increases
thus degrading the confinement. The study of the MHD activity is
fundamental for developing a theory of the physical mechanisms underlying
the plasma confinement properties. Their experimental determination
provides a benchmark against which the theory can be tested. A description
of RFP physics is given in chapter 2.

The thesis is based on the results of research activity carried on the
EXTRAP T2 and EXTRAP T2R devices described in chapter 3. The former
device was in operation for only six months after the author joined the
Department of Fusion Plasma Physics at the Alfvén Laboratory in
Stockholm. The experiment was then shut down for a major upgrade that
lasted for about two years. Operations resumed in September 2000.

The determination of the plasma confinement properties requires the
measurement of several global plasma parameters such as the electron and
ion temperature profiles, the electron density profile and the power losses
both by transport and radiation. Strong plasma-wall interactions largely
determine the achievable plasma density and the impurity content. In
EXTRAP T2 the confinement was severely limited by strong plasma-wall
interactions that followed the growth of wall-locked MHD instabilities. The
evolution of these instabilities was studied with magnetic and spectroscopic
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diagnostics and the associated strong plasma-wall interactions were
monitored with a set of CCD cameras described in detail in chapter 4. Much
of the period between the EXTRAP T2 shutdown and the beginning of
operations in EXTRAP T2R was spent in equipping the upgraded
experiment with a more extensive set of diagnostics. In particular, the author
was responsible for the upgrading of the interferometer, the installation of a
bolometric system and for the design and installation of a neutral particle
energy analyser. The interferometer upgrade made also possible the estimate
of the electron density profile as discussed in chapter 5. The bolometric
system, which was provided by Consorzio RFX, allowed the estimate of the
power losses by radiation. The bolometric system and the analysis technique
are the subject of chapter 6. The neutral particle energy analyser, developed
in collaboration with RFX, was used to measure the central ion temperature.
Chapter 7 is devoted to the description of this diagnostic and of the data
analysis methods. The research work resulted in seven papers that are
summarised and discussed in chapter 8. The conclusions of this thesis are
presented in chapter 9.
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Chapter 2

The reversed-field pinch

The reversed field pinch (RFP) is an axisymmetric toroidal configuration
in which the plasma is confined by poloidal and toroidal magnetic fields of
comparable magnitude. The poloidal field is generated by the plasma
current. The toroidal field is generated by both the plasma current and by
external coils. In particular, the toroidal magnetic field at the edge is
oppositely directed to the toroidal field on axis, hence the name. The RFP
configuration is reached spontaneously by the plasma after an initial, highly
turbulent phase during which the magnetic profiles relax toward a state of
quasi-minimum energy. The configuration is then sustained as long as an
external energy source is available to drive the toroidal loop voltage. The
sustainment of the RFP configuration is due to the dynamo process in which
poloidal magnetic flux is converted into toroidal magnetic flux thus opposing
the resistive diffusion of the magnetic profiles. Both the relaxation and the
dynamo are phenomena that are dependent on the reconnection of magnetic
field lines. Magnetic reconnection is possible only if resistivity is considered.
Plasma resistivity also plays an important role in the stability of the RFP
configuration and ultimately in its confinement properties.

This chapter is devoted to the description of the RFP equilibrium, its
stability properties, the role of resistive instabilities in the dynamo and in the
transport. Finally, new RFP operating scenarios with improved confinement
properties will be discussed.

2.1 The RFP configuration

One of the first experimental observations of a small reversed magnetic
field in the outer part of the plasma was reported in the ZETA experiment
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[Bur62, But66]. It was also observed that the plasma, after an initial
turbulent phase, entered a more stable configuration during which the
confinement properties improved until reversal lasted [Rob69]. A common
feature of these early experiments [Bod80] as well as of present RFP
experiments is that the plasma reaches similar magnetic configurations
although the initial experimental conditions can be quite different.

2.1.1 RFP equilibrium

An explanation of the evolution of the magnetic field profiles in a pinch
device towards the RFP configuration was put forward by Taylor [Tay74]. In
his theory a pressure-less plasma surrounded by a perfect conducting shell
(acting as a flux conserver) and characterised by some small but finite
resistivity is considered. In the initial state it is assumed that the magnetic
field and the current are tangential to the shell and therefore the plasma is not
in a stable configuration [Fre87]. The plasma will then dissipate energy until
it reaches a minimum energy state. In so doing, the plasma motion, i.e. the
allowed variations of the magnetic field configuration, is constrained. If the
plasma has zero resistivity, there are an infinite number of constraints since
the magnetic field lines are frozen into the plasma and therefore all the
topological properties of the plasma are invariant during the motion. As a
result, the final state will depend on the initial conditions. By allowing a
small but finite resistivity in the plasma and by minimising the plasma
magnetic energy with respect to a single invariant, the total plasma helicity K
defined as

∫ ⋅=
V

dVK BA ,          (2.1)

where A is the vector potential B = ∇ × A and V the plasma volume, Taylor
showed that the final, relaxed state is a configuration in which the magnetic
profiles satisfy the relation [Wol58]:

BB µ=×∇ .          (2.2)

The quantity µ is the normalised parallel current density J·B/B2. The
magnetic profiles, the toroidal flux Φ and the total helicity K are determined
by the parameter µ. However, only the ratio K/Φ2 is constant during
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relaxation [Tay86]. In cylindrical geometry, the solution of equation (2.2)
provides the radial profile of the magnetic fields of the RFP configuration:

)()0()(     ),()0()(     ,0)( 01 rJBrBrJBrBrBr µ=µ== φφφϑ           (2.3)

where J0 and J1 are Bessel functions. This solution corresponds to an
axisymmetric configuration with minimum energy if µa ≤ 3.11; reversal
occurs for µa ≥ 2.4. These solutions are known as the Bessel function model
(BFM) and the corresponding states are called the Taylor states. If µa ≥ 3.11
the solution of equation (2.2) corresponding to a state of minimum energy is
not symmetric [Tay74, Tay86].

The basics features of the BFM model have been verified in many
experiments by a direct measure of the magnetic radial profiles by means of
insertable magnetic probes. In general, for most RFP operations the
experimental states are compared with Taylor states using two quantities that
can be measured externally. These two quantities are the pinch parameter Θ
and the reversal parameter F defined as:
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where Bϑ(a) and Bφ(a) are the poloidal and toroidal fields at the plasma edge
and <Bφ> is the average toroidal field. In the BFM model the above
quantities can be expressed as Θ = µa/2 and F = µaJ0(µa)/2J1(µa).

Although Taylor theory predicts correctly the basic equilibrium profiles,
it is well known that experimental RFP profiles differ from the Taylor states
since experimental RFP plasmas are not pressure-less and have a zero
parallel current at the edge (i.e. µ is not constant across the minor radius).
The effect of a finite pressure on the magnetic profiles is introduced by using
the steady-state form of the momentum equation as derived in the ideal
MHD:

P∇=× BJ ,          (2.5)

where the current density is linked to the magnetic field by Ampere’s law:

JB 0µ=×∇ .          (2.6)
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The current density J is the sum of two terms, the current density parallel to
the magnetic field J// and the current density perpendicular to the magnetic
field J⊥. The cross product of equation (2.5) with B yields:

BJBBJJBBJ ×∇=−⋅+−⋅ ⊥⊥ PBB //
2

//
2 )()( .          (2.7)

The first term on the left-hand side is, by definition, zero. The third and
fourth terms cancel out as well. From equation (2.7) and combining equation
(2.2) with equation (2.6) it follows:

2
0

//           ,
B
P BJBJ ×∇

−=
µ
µ

= ⊥ .          (2.8)

Inserting the above relations back into equation (2.6), a new equation for the
magnetic field is obtained:

20 B
P BBB ×∇

µ−µ=×∇ .           (2.9)

Assuming toroidal symmetry, the above set of coupled first order differential
equations can be solved specifying the radial pressure profile P and the
radial profile for µ. Suitable choices, based on experimental observations,
are:
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A central pinch parameter Θ0 can be defined as Θ0 = µ(0)a/2 similarly to the
pinch parameter definition: this model of the RFP equilibria is known as the
α – Θ0 model [Ant86]. An example of the time evolution of the experimental
F and Θ parameters for a typical discharge in EXTRAP T2R is shown in
figure 2.1. In the same figure, the Taylor states and the α – Θ0 model
equilibria are also shown. Initially, the discharge is not in a reversed state (F
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> 0). After reversal has been achieved, the discharge is characterised by F ≈
–0.25 and Θ ≈ 1.65. The minimum energy states predicted by Taylor are
characterised by a much more deep reversal for the same Θ than the
experimental data. The α – Θ0 model fits quite well the experimental
observations. Each point in the F – Θ plane represents an equilibrium state
described by equation (2.9) whose solution requires the specification of the
radial pressure profile. The shape of the pressure radial profile is typically
assumed parabolic, i.e. with α = 2. Equilibrium profiles are not very
sensitive to the detailed profile of the pressure [Ant87]. The only parameter
to be determined is the normalised pressure on the magnetic axis β0 =
2µ0P(0)/B2(0). An easier quantity to measure is the normalised average
pressure βϑ = 2µ0<P>/Bϑ

2(a) that can be estimated by the measurement of
the electron density and temperature.
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Figure 2.1. Time evolution of the F and Θ parameters for a typical EXTRAP
T2R discharge. The continuous line represents the states of minimum energy
predicted by Taylor. The dashed line represents the states of quasi-minimum
energy predicted by the α – Θ0 model.

The solution of equation (2.9) for which the parameters (α, Θ0, βϑ) match the
experimentally measured quantities (F, Θ, βϑ) provides the corresponding
equilibrium profiles. An example of a reconstructed RFP equilibrium using
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the α – Θ0 model is shown in figure 2.2 where the parameters (F = -0.363, Θ
= 1.739, βϑ = 0.1) correspond to the parameters (α = 3.691, Θ0 = 1.664, βϑ =
0.1).
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Figure 2.2. Radial profiles of the magnetic field and of the current density for
an typical RFP equilibrium in EXTRAP T2R reconstructed using the α – Θ0
model.

2.1.2 Stability of RFP equilibria

RFP equilibria are subject to a wide category of macroscopic instabilities.
This is due to the fact that RFP equilibria are not minimum energy states and
free energy is available. These instabilities are responsible for the
displacement and the deformation of the plasma magnetic surfaces. The
perturbation of the magnetic surfaces ξ can be decomposed in its Fourier
components according to the relation:

[ ]tinmirtr ω−φ+ϑξ=φϑξ )(exp)();,,(           (2.12)
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where m and n indicate the poloidal and toroidal number (mode) of the
perturbation, ξ(r) the radial component of the perturbation and ω its growth
rate. A stability analysis can be performed, in the ideal MHD context, by
looking for a reduction in the plasma potential energy δW caused by an
arbitrary perturbation. In this method, known as the energy principle [Fre87],
the plasma potential energy δW, obtained from the linearised MHD equation,
consists of stabilising and potentially de-stabilising terms. Perturbations
causing compression of both the plasma and of the magnetic fields as well as
torsion of the magnetic field lines result in an increase of the plasma
potential energy and therefore have a stabilising effect. The de-stabilising
terms are due to pressure gradients and to parallel currents. The
corresponding instabilities are known as the pressure-driven and current-
driven instabilities. These instabilities can be further distinguished as internal
(fixed-boundary) or external (free-boundary) instabilities. Stability against
the internal pressure-driven modes is guaranteed by a rather flat central
pressure profile and high shear: the Suydam criterion is satisfied in a RFP.
Internal current driven modes have been shown to be stabilised by a
perfectly conducting wall close to the plasma and by a positive total toroidal
flux. In particular, for the m = 1 modes a necessary condition for stability is
q(0) > -q(a)/3 where q is the safety factor. The presence of a conducting wall
in close proximity with the plasma edge is also required to stabilise both the
pressure- and current-driven external modes. In particular, the m = 1, 1 ≤ n <
1/3q(0) (or -1/q(a) if lower) current-driven external modes are unstable. The
RFP configuration is capable, at least in principle, to achieve large poloidal
beta βϑ values (< 0.3) and still be stable against all the internal ideal MHD
modes [Rob71].

The stabilising effect of the magnetic shear against m = 1 ideal modes is
lost on the resonant surface k·B = 0, where the wave vector k of the
perturbation is perpendicular to the magnetic field. Resonant surfaces appear
in the plasma wherever:
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)( .         (2.13)

Modes with m and n such that condition (2.13) is met are said to be resonant.
RFP equilibria are intrinsically unstable to ideal resonant modes. The radial
profile of the safety factor in an RFP allows for the presence of several m = 1
and m = 0 ideal resonant modes as shown in figure 2.3 where q(r) is plotted
for a typical equilibrium in EXTRAP T2R. Ideal modes have characteristic
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growth times of the order of the Alfvén time τA = a(µ0ρ)1/2/B(0) where ρ is
the plasma density. Stabilisation against such modes occurs due to a
perfectly conducting shell.
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Figure 2.3. Safety factor profile for a typical EXTRAP T2 equilibrium. The
solid circles represent the location of the internally resonant m = 1 and m = 0
modes.

If plasma resistivity is taken into account, the energy principle is no
longer valid and the full set of resistive MHD equations must be solved to
determine the growth rate of the resistive instabilities. These instabilities are
tearing instabilities since resistivity leads to the tearing and reconnection of
magnetic fields lines. A study of the MHD stability for both ideal and
resistive instabilities has been carried out considering different RFP
equilibria by varying the parameters α – Θ0 [Ant86]. According to this
study, ideal m = 0 and m = 2 modes are stable, while internally resonant ideal
m = 1 modes are unstable. Among the internally resonant tearing modes the
most unstable are the m = 1 modes, while the m = 2 modes are stable. The
tearing m = 0 modes can become unstable in equilibria where the m = 1
tearing modes are unstable. External resonant modes are stabilised by the
conducting shell as are the non-resonant modes. The scan in the α – Θ0
parameters shows the existence of a stable region for RFP equilibria as
shown in figure 2.4.
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The main role of the m = 1 tearing modes is to impose a more strict
stability limit on the possible stable equilibria. In particular, a lower limit on
the safety factor on-axis for stability imposes q(0) > 2a/3R. Peaked profiles
(small α) are unstable at low central current densities (Θ0) while flatter
profiles (large α) have a wider range of Θ0 stable equilibria.
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Figure 2.4. Stability region for RFP equilibria against ideal and resistive
instabilities. Experimental equilibria for a typical EXTRAP T2R discharge are
shown as open square.

Finally, stability of RFP equilibria is affected by the finite conductivity of
a real shell. Magnetic fields can therefore penetrate the shell on a time scale
of the so-called shell penetration time τShell = µ0rShell∆/ηShell where rShell is the
minor radius of the shell (rShell ≥ a), ∆ is the shell thickness and ηShell the
shell resistivity. If the duration of the plasma discharge τpulse is shorter than
τShell then the shell is still, in effect, ideal. The currents induced in the shell
by the displacement of the plasma column are not yet dissipated and the
magnetic perturbations can not penetrate the shell. However, if τpulse > τShell
then the magnetic perturbations are able to penetrate the shell. The effect of a
resistive shell on the resonant tearing modes has been investigated by linear
MHD stability analysis of RFP equilibria [Ho88]. The results of this analysis
has shown that the stability against the internally resonant tearing m = 1
modes is not particularly deteriorated. However externally resonant tearing
m = 1 modes becomes unstable [Ho88]. Internally and externally non-
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resonant tearing modes are also destabilised [Hen89]. Stabilisation of the
resonant resistive modes is possible in presence of mode rotation [Bon88].
Mode rotation occurs either naturally [Alm92, Mal02] or can be externally
driven [Bar99]. In addition, a resistive shell causes a category of instabilities,
stabilised by the presence of a conducting shell, to grow to large amplitude.
These instabilities are termed resistive shell modes. The relative importance
of these ideal modes is determined by the corresponding growth rates that
depend on the plasma equilibria [Alp89, Bru02]. Non-resonant modes cannot
in general be stabilised by mode rotation alone [Jia95] and ultimately active
feedback control is required [Fit99].

2.1.3 The dynamo

Experimental RFP equilibria are characterised by several interesting
features: they are sustained for times longer than the resistive diffusion time
but as the profiles evolve they sometimes cross the stability margins for the
internally resonant tearing m = 1 modes, as shown in figure 2.4, without
terminating the discharge. These features can be explained by observing that
RFP discharges are not in a static equilibrium but rather in a dynamic
equilibrium during which the plasma oscillates between stable and unstable
equilibria in a cyclic way. This is clearly seen in figure 2.5 where the time
evolution of the parameters α and Θ0 of figure 2.4 is shown. The oscillations
in α and Θ0 as well as the corresponding oscillations in F and Θ are coherent
with oscillations in the average toroidal field <Bφ> and in the soft X-ray
(SXR) signal. Several cycles can be seen and each cycle consists of two
separate phases. Looking at the average toroidal field, for example, in each
cycle <Bφ> slowly decays to lower values and then increases to values
similar to those at the beginning of the cycle. The decay of the average
toroidal field <Bφ> is a consequence of the finite resistivity of the plasma and
obeys the resistive diffusion equation:

t∂
∂

η
µ

=∇
BB 02 .          (2.14)

According to the above equation the magnetic field of an RFP, surrounded
by an ideal shell, should decay and ultimately lose reversal (in order to
preserve the toroidal flux). In reality, as long as an external source of energy
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is available [Car84], the resistive diffusion phase ends with a fast restoration
of the toroidal flux.
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   Figure 2.5. Cyclic time evolution of RFP equilibria in EXTRAP T2R.

As toroidal flux is lost, the parallel current density peaks raising both Θ
and Θ0. During the profile peaking, α is reduced and the plasma equilibrium
crosses the stability margin for the internally resonant tearing m = 1 modes.
At the same time, the SXR signal increases and this is interpreted as a
temperature increase. After toroidal flux has been restored, 〈Bφ〉, F, Θ α, Θ0
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and SXR are close to their initial values and the plasma is in a stable
equilibrium. This is clearly shown in figure 2.6 where two successive cycles
are shown. The fast phase in which toroidal flux is generated is termed
relaxation and the process by which the RFP equilibria are sustained against
resistive diffusion is called the dynamo.
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Figure 2.6. Cyclic dynamo activity in EXTRAP T2R. The dashed line
represents the stability boundary for the internally resonant m = 1 tearing
modes.

Relaxation and flux generation phenomena are associated with the
magnetic reconnection of the internally resonant tearing m = 0 and m = 1
modes. The standard interpretation is that current peaking destabilises these
modes that begin to grow at the respective resonant surfaces. The growth of
these modes results in the generation of magnetic islands. When the
magnetic islands overlap much of the plasma core becomes stochastic and
thermal energy is expelled from the core and the SXR signal decreases. The
role played by these modes has been both observed experimentally [How87,
Hay89, Shi94, Bru93, Nor94, Hir97, Hed98] and predicted by resistive
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MHD simulations [Ho91, Neb89, Kus90]. According to references [Ho91,
Neb89, Kus90], the dynamo is the consequence of both quasi-linear
interaction of the m = 1 modes and non-linear interaction between m = 1 and
m = 0 modes. According to [Ho91, Neb89] generation of toroidal flux occurs
either as a quasi-continuous process or in discrete events in presence of non-
linear interaction. In both simulations, toroidal flux is generated by the m = 1
modes, while the m = 0 modes, although important in the non-linear process,
have an anti-dynamo effect.

A somewhat different picture is provided in the work of Kusano and Sato
[Kus90]. Toroidal flux generation is due to non-linear interaction between
the m = 0 and the m = 1 modes and the m = 0 modes can have either a
dynamo or anti-dynamo effect depending on the amplitude of the modes.
The qualitative picture of the dynamo process is also different. In [Ho91,
Neb89] the overall picture of the dynamo is that of a double poloidal
reconnection. The first reconnection removes the resonant mode closest to
the axis, and the corresponding magnetic island, and leaves the plasma in a
more unstable state. The second reconnection reintroduces both the resonant
mode and its magnetic island thus raising the safety factor on axis. In
[Kus90], field reversal is obtained by self-reconnection of a m = 0 magnetic
islands which grows on the reversal surface and stretches in toroidal
direction until the leading edge catches up with the trailing edge and
reconnection occurs. Recent experimental results indicate that discrete
dynamo activity, and generation of toroidal flux, is dominated by m = 1
modes in the core plasma and by m = 0 modes at the plasma edge [Fon00].

The duration of the diffusion and relaxation phases are in agreement with
the time scales characteristic of the growth of the tearing m = 1 modes τtear =
τA

2/5τres
3/5 [Fur73] and of the magnetic reconnection τrec = (τAτres)1/2 [Wes90,

Erb93, Par67] respectively, where τres is the resistive diffusion time τres =
µ0a2/η. Transitions from the quasi-continuous to the discrete dynamo have
been observed, in the same RFP device, to depend on Θ, the former
occurring at low Θ and the latter at higher Θ [Shi94, Ant87, Ued87]. The
aspect ratio is also believed to be a factor that affects the occurrence of
discrete relaxation events as opposed to the quasi-steady relaxation dynamics
for plasmas with similar Θ values. This aspect ratio dependence is also
supported by resistive MHD code simulations [Ho91, Kus90, Sät98]. In the
MST experiment, which has a low aspect ratio (R/a = 3), saw-tooth activity
is most prominent [Hok91], whereas in the EXTRAP T1 experiment, with a
high aspect ratio (R/a = 8), discrete events were not seen [Nor94, Maz94].



26 Chapter 2. The reversed-field pinch

Besides their role in the dynamo, the internally resonant tearing modes
exhibit another very important behaviour: phase locking. Non-interacting
tearing modes typically rotate in toroidal direction in the laboratory frame of
reference. The rotation of the modes is the result of perpendicular viscous
torque exerted by the plasma on the modes [Fit99b]. Via non-linear
interaction, localised magnetic radial fields, associated with the formation of
the magnetic islands on the resonant surfaces, exert electromagnetic torque
on adjacent rational surfaces [Fit99b]. As a result, the phase of different
internally tearing m = 1 modes becomes aligned and a “slinky” structure is
observed to rotate toroidally [Fit99b]. As long as the “slinky” structure
rotates no significant deterioration of the plasma confinement properties is
observed. Unfortunately, the combined action of induced currents in the
resistive shell and of field errors (present even for an ideal shell) can exert an
electromagnetic torque larger than the plasma viscous torque and the net
result is the slowing down of the rotation and a locking to the wall [Fit00].
As a result of stationary locked modes, strong plasma wall interactions occur
usually terminating the discharge. Phase locking and wall locking also affect
the dynamo activity. Devices characterised by the presence of wall locked
modes exhibit a low occurrence of discrete oscillation events [Hed98,
Mar99] compared to devices where mode rotation is more typical [Bru93,
Alm92, Mal02].

2.2 Confinement and transport

The energy confinement time τE is defined, in steady state conditions, as
the ratio of the plasma internal energy Wk divided by the total input power
Pinp. EXTRAP T2R is an ohmically heated RFP with no additional heating
mechanisms such as neutral beam injection or radio-frequency heating. The
input power is therefore determined solely by the ohmic input power Pohm. If
the plasma is not in a steady state, the more general expression for the
energy confinement time is:
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=τ ,          (2.15)

where the plasma internal energy Wk is defined by:
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The ohmic input power Pohm is calculated using the Poynting’s theorem:
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The first term on the left-hand side of equation (2.17) represents the ohmic
input power Pohm. The second term represents the variation in time of the
energy stored in the magnetic fields. The term on the right-hand side
represents the external power source. The ohmic input power is then:
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where Vφ and Vϑ are the toroidal and poloidal loop voltages, Iφ the plasma
current and Iϑ the current in the toroidal field coils. The external power VφIφ

+ VϑIϑ is a quantity easily measured. The estimate of the magnetic energy
stored in the plasma requires the reconstruction of the magnetic field radial
profiles. This is achieved either using the α – Θ0 model or using a truncated
series expansion of the BFM solutions, called the polynomial function model
(PFM), that mimics the experimental profiles [Spr88]. According to equation
(2.18) the ohmic input power can also be obtained calculating the volume
integral of the ηJ2 term. The current density J is obtained from the α – Θ0 (or
PFM) model while the (parallel) resistivity η is assumed to be equal to the
Spitzer resistivity ηS [Spi62]:
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where κ is a dimensional constant, lnΛ the Coulomb logarithm and Zeff is the
plasma effective charge. The power so calculated, termed the Spitzer power
PS, depends on the Zeff profile, a quantity very difficult to measure.
Typically, in RFPs, it is observed that Pohm t PS. These observations have
led to the suggestion that part of the ohmic input power, the so-called
anomalous power PA = Pohm - PS, goes into maintaining the helicity constant
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against continuous dissipation via the dynamo [Sch84] and edge losses
[Jar87, Ho89].

Confinement is, ultimately, limited by particle and energy transport as
well as by radiation losses. An overall power balance equation can be stated
as:

CXradtranslosses PPPP ++= ,            (2.20)

where the power loss term Plosses is the sum of power lost by transport Ptrans,
radiation Prad and charge-exchange (CX) neutrals PCX. Of these three terms,
the first is dominant since Prad and PCX contribute only 20 % and 10 %
respectively to Plosses [Ant93].

Particle and energy losses due to neoclassical transport (collisional
transport in a torus) are two orders of magnitude smaller than those
experimentally observed. This anomalous transport is thought to be driven
by electrostatic and magnetic fluctuations. For example, the electron particle
and energy radial fluxes Γr,e and Qr,e can be written as:
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where the product of the fluctuating quantities are averaged on flux surfaces
[Lie85]. The quantity b represents the radial perturbation of the magnetic
field lines associated to various unstable modes. Magnetic fluctuations lead
to the stocasticization of large part of the plasma core and to a parallel
diffusion of electrons along the magnetic field lines as described by
Rechester-Rosenbluth [Rec78]. This diffusion is predicted [Har81] and has
been found [She92] to be ambipolar. The stochastic Rechester-Rosenbluth
diffusion coefficient DST for the electron is
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where vi is the ion thermal velocity and L the autocorrelation length for the
magnetic fluctuations. The ion thermal velocity in equation (2.23) reflects
the ambipolar nature of the transport. In RFPs L ≈ a and b/B ≈ 0.1 – 1 % thus
predicting DST ≈ 2 – 30 m2s-1.  Estimates of the radial profile of a global
diffusion coefficient D can be obtained using the particle flux equation:
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if the electron density profile and flux are known. The global diffusion
coefficient is typically assumed to be the sum of DST and of an anomalous
edge diffusion coefficient DEdge. The velocity V(r) consists of the inwardly
directed E × B term and of the stochastic term -(DST/2Te)dTe/dr that is
outwardly directed. Experimental measurements indicate that the diffusion
coefficient D is compatible with parallel transport along stochastic magnetic
field lines [Gre98]. The electron heat diffusivity χe can be calculated as
[Bar99b]:
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where the heat flux Q(r), in stationary conditions, is obtained from the local
power balance equation [Mar98]:
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and ε is the experimental radiation emissivity profile. Examples of the radial
profile for D and χe in EXTRAP T2R are shown in figure 2.7.

The role played by the magnetic and electrostatic fluctuations in the
particle and energy transport has been investigated in detail. Magnetic
fluctuations are responsible for large and small electron energy fluxes in the
plasma core and in the plasma edge respectively [Fik94] and also account for
all particle losses for r/a < 0.85 [Sto94]. At the plasma edge, electrostatic
fluctuations are responsible for particle losses but contribute little to the
energy losses [Rem91, Mar99t].
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Figure 2.7. Radial profiles of the particle and energy transport coefficients D
and χe in EXTRAP T2R.

Confinement studies have been carried out in many different RFPs, in
particular by looking at the dependence of τE on the Iφ/N parameter, where N
= πa2<ne>. In these studies, the energy confinement time, in its steady-state
form, is usually expressed as:

res
E V

I
R φ

ϑβµ=τ 08
3 ,          (2.27)

where Vres is the resistive part of the toroidal loop voltage. From equation
(2.27) and from the definition of poloidal beta, the following scaling
relations are obtained:
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Experimental observations in RFPs have indicated that poloidal beta does
indeed decrease with (Iφ/N) [Alp86, Hok91, Ant93, Maz94b, Wel98]. If
poloidal beta and (Iφ/N) remain constant with increasing current an
optimistic scaling law for the energy confinement time is obtained, known as
the Connor-Taylor scaling [Con84]. Experimental observations however
indicate that RFPs do not follow this scaling but a weaker one [Wer96].
These observations have also been confirmed by 3-D resistive MHD
simulations [Sch00]. These scalings are based on the best confinement data
from different RFPs devices. However, within a single device, large
variations in the energy confinement time for the same I/N are observed.

To better understand the link between magnetic fluctuations and the
energy confinement time a dimensionless quantity, the Lundquist number S,
is used. The Lundquist number S is defined as the ratio of the resistive
diffusion time to the Alfvén time S = τres/τA. According to Rechester and
Rosenbluth, the energy confinement time scales with the magnetic
fluctuation as τE ∝ Te

-1/2(b/B)-2 [Rec78]. The fluctuation level is correlated to
the Lundquist number S via Ohm’s law from which the scaling b/B ∝ S-1/2 is
predicted. Experimental investigations indicate that the fluctuation level b/B
scales as S-λ with λ varying between 0.06 and 0.5 [LaH84, Sto98, Mal00,
Ter00]. In EXTRAP T2, the fluctuation level was found to scale as S-0.06 ± 0.01

[Mal00] while in EXTRAP T2R the scaling S-0.05 ± 0.07 is observed. Such a
weak scaling of the fluctuation level with S has been observed also in the
MST device [Sto98] especially for high Iφ/N values (6 × 10-14 Am) and is not
in agreement with previous experimental observations [LaH84] or with the
Connor and Taylor model [Con84]. A 3-D resistive MHD code, for
Lundquist numbers up to 106, predicts the scaling b/B ∝ S-0.14 [Sch00]. In
EXTRAP T2R the energy confinement time is found to scale as S0.5 ± 0.1. This
scaling is observed for Iφ/N larger than those reported in [Sto98] where the
energy confinement time was found to scale with S according to the relations
S0.17 for low Iφ/N (∼ 2 × 10-14 Am) and S0.31 for high Iφ/N (∼ 6 × 10-14 Am).
The better confinement at large S numbers is also reflected in the reduction
of the electron thermal diffusivity as observed in RFX [Int99].
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2.3 Advanced confinement regimes

The confinement properties of an RFP are determined by the anomalous
energy and particle transport associated with magnetic and electrostatic
fluctuations. In particular, magnetic fluctuations account for most of the
energy losses in the plasma core while electrostatic fluctuations are
responsible for particle fluxes at the plasma edge. The reduction of these
fluctuations has been the subject of extensive studies and has led to advanced
confinement regimes. In this section, the techniques used to reduce the
magnetic and electrostatic fluctuations are described.

2.3.1 Reduced core energy transport

The magnetic fluctuations responsible for most of the stochastic energy
transport are the internally resonant tearing modes necessary to sustain the
RFP configuration against the resistive diffusion, i.e. the dynamo modes.
The non-linear interaction of these modes generates a dynamo electric field
ED given by:

>×<−= bvED ,          (2.30)

where v is the fluctuating velocity. Experimental confirmation that the <v ×
b> term accounts for the dynamo at the edge has been proven in [Fon00].
The dynamo electric ED field suppresses parallel current at the centre and
drives current at the edge. MHD simulations have shown that externally
driven current in the edge region of an RFP significant reduces the magnetic
fluctuations [Ho91b]. The induced current replaces the need for ED to sustain
the RFP configuration by flattening the parallel current profile. Parallel
current at the edge is mainly in the poloidal direction and it can be driven by
an externally applied poloidal electric field so that the average toroidal field
<Bφ> and the toroidal field at the edge Bφ(a) are lowered. Such an
experiment was carried out for the first time in MST by the application of a
single pulsed poloidal current drive (PPCD) [Sar94]. The main results of this
first experiment were the reduction of the tearing m = 1 fluctuations level by
25 % and the doubling of the energy confinement time, mainly by halving
the ohmic input power. During PPCD, tearing m = 0 fluctuations were still
active in form of sawteeth. To avoid the occurrence of these m = 0 burst an
improved PPCD was tested employing four consecutive pulses of smaller
amplitude [Sar97]. The fluctuations level of the m = 1 modes was reduced
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from 1.5 % to 0.8 % and a five-fold increase in the energy confinement time
was observed. Most of the contributions to the improvement of the energy
confinement time were due to a three-fold decrease in the ohmic input power
and to a 50 % increase in the central electron temperature [Sto97]. It is
interesting to note that PPCD is accompanied by a peaking of the parallel
current profile during which α remains approximately constant [Sar94,
Sto97]. However, it is argued that, thanks to the reduced fluctuation levels,
the RFP configuration can be sustained without major sawteeth. It is also
possible that the α – Θ0 model fails to correctly describe the magnetic radial
profiles in these current-profile control experiments: profile information is
very much needed. PPCD experiments have been also performed in RFX and
in TPE-RX with similar results [Bar99b, Yag02]. In RFX, the energy
confinement was observed to increase by a factor 3 while the central electron
temperature increased by 75 %: a large contribution to the improved
confinement came from the reduction of the ohmic input power. In addition
to the increase of Te(0), the electron temperature profile was observed to
peak during PPCD due to the reduction of the core heat diffusivity χe. The
electron density profile did not show significant modifications. In TPE-RX
somewhat lesser improvements were observed: the fluctuation level
decreased by 20 % but the energy confinement increased by only 70 %.
Flattening of the parallel current profile was not observed. In the MST PPCD
experiments, the presence of m = 0 sawteeth activity, even of small
amplitude, limited the improved confinement regimes. Recently, this activity
has been suppressed by an accurate setting of the toroidal and poloidal
electric fields at the edge so that E//(a) ≥ 0 [Cha02]. A record high
temperature exceeding 1 keV was observed, together with a poloidal beta of
15 % and a ten-fold increase in the energy confinement time.

Although PPCD has proven quite successful it is transient in nature. A
quasi-stationary PPCD has been tested in RFX by means of an oscillating
poloidal current drive (OPCD) [Bol01]. OPCD operations are characterised
by a co-dynamo period, when the applied poloidal voltage drives current in
the same way as PPCD, followed by a counter-dynamo phase where the
applied poloidal voltage drives current in the opposite direction. During the
co-dynamo period, the electron temperature and the energy confinement time
increase by 50 %. During the co-dynamo phase the electron temperature is
not lower than standard discharges.

Both PPCD and OPCD are techniques intended as substitutes to the
dynamo electric field ED generated by the non-linear interaction of several
internally resonant tearing modes (multiple helicity (MH) state). This picture
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of the RFP dynamo is well established for low plasma viscosity. At high
viscosity, viscous-resistive MHD simulations have shown that the RFP
configuration can be sustained by a single internally resonant mode in what
is called a single helicity (SH) state [Fin92, Cap92]. In addition, these
simulations have shown the existence of a transition from the multiple
helicity state to the SH state regulated by the Prandtl number P = τR/τV where
τV = LV

2/ι, LV the scale length for viscous dissipation and ι is the plasma
viscosity. At low P number the RFP is in the MH state while for large P
number the SH state is recovered. In a SH state, one m = 1 internally
resonant tearing mode dominates over the other and the m = 0 modes have a
much reduced amplitude. The RFP configuration is sustained by the non-
linear saturation of a resistive kink mode [Esc00]. In the SH state the
equilibrium is characterised by well-formed helical magnetic surfaces and
therefore by improved confinement. Experimental quasi-single helicity
(QSH) states have been observed in TPE-1RM15 [Bru93] and in EXTRAP
T1 [Nor94]. More recently QSH states have been extensively studied in RFX
and MST where they occur either spontaneously, under specific
experimental conditions, or as a result of PPCD [Mar00, Esc00b, Mar02]. As
a result of QSH states an m = 1 structure forms in the plasma core with a
temperature much larger than the surrounding regions. The location of this
structure coincides with the location of the resonant surface of the
corresponding internally resonant tearing m = 1 mode [Spi01]. During QSH
the electron temperature almost doubles and a three-fold increase in the
energy confinement time is observed. The combined presence of QSH with
OPCD and PPCD has been also investigated with contradictory results: in
RFX QSH with OPCD results in a further improvement of the energy
confinement time [Mar00] while in MST such an improvement has not been
observed [Mar02].

2.3.2 Reduced edge particle transport

The edge region of RFP plasmas is characterised by a radial electric field
that is negative just inside the plasma radius (r ≤ a) and positive outside
[Ant96, Cha98, Ber01]. This gives rise to a natural E × B velocity shear in
the edge region. The presence of a velocity shear is typically accompanied
by a reduction of transport: this can be understood qualitatively on the basis
that the autocorrelation length for the electrostatic and magnetic fluctuations
is drastically reduced in the direction perpendicular to the velocity shear. The
velocity shear has been increased in the edge of an RFP by means of an
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insertable electrode [Cra97, Ant00]. As a result of the biasing, improved
particle confinement has been achieved. The particle confinement time is
defined as τP = ∫nedV/(∫ΓdS-dne/dt).  During electrode operations a reduction
of the core magnetic fluctuations has also been observed and it has been
suggested that this is the result of the modification of the edge current profile
thus affecting the m = 0 activity which is coupled to the m = 1 internally
resonant tearing modes [Cha98]. The improvement in τP can be limited in
the presence of strong plasma wall interactions due to the wall-locking of the
phase-locked internally resonant tearing modes [Tra02]. The energy
confinement time was not observed to increase during the electrode biasing
in agreement with previous observations that electrostatic fluctuations are
not responsible for energy transport [Cra97, Rem91, Mar99t]. The energy
flux associated to electrostatic fluctuations at the edge has been measured to
account for 30 % of the total transport [Mar99t].
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Chapter 3

EXTRAP T2 and EXTRAP T2R

The experimental activity, on whose results this thesis is based, has been
carried out on two RFP devices both operated at the Alfvén Laboratory of
the Royal Institute of Technology in Stockholm: the EXTRAP T2 [Dra96]
and EXTRAP T2R [Bru01] experiments. EXTRAP T2 was a medium-sized
RFP characterised by a resistive shell and a graphite first wall. The
combination of the resistive shell and, as a result, of the wall-locking of the
m = 1 tearing modes together with the graphite first wall caused the plasma
to behave differently even for identical start-up configurations. The
EXTRAP T2 device was shut down at the end of 1998 in order to allow the
complete rebuild of the front-end system. The new rebuilt device, renamed
EXTRAP T2R, has the same dimensions as the previous device but it has a
completely new vacuum vessel equipped with molybdenum limiters, a
double-layer copper shell with a longer shell penetration time, a new set of
toroidal field coils and improved diagnostics capability. The implemented
modifications have improved the overall performances of the experiment and
plasma discharges are highly reproducible thus allowing shot-averaging
analysis. A comparison of the most significant parameters of the two devices
is shown in table 3.1.

3.1 EXTRAP T2 experiment

The EXTRAP T2 device was originally operated at General Atomics in
San Diego as the former OHTE-RFP experiment [Gof86]. A schematic view
of the device is shown in figure 3.1. The stainless steel vacuum vessel was
protected from the plasma by a graphite first wall and surrounded by a thin
brass shell. The shell penetration time to vertical magnetic fields τShell was



38 Chapter 3. EXTRAP T2 and EXTRAP T2R

comparable with the ramp-up time of plasma discharges and shorter than the
pulse duration.

Figure 3.1. The EXTRAP T2 experiment.

units EXTRAP T2 EXTRAP T2R
a m 0.183 0.183
R m 1.24 1.24
R/a - 6.8 6.8
shell material - brass copper
τShell ms 1.5 6.3
first-wall material - graphite stainless steel
Iφ kA 70 – 250 50 – 120
Vφ volt 70 – 150 30 – 40
<ne> m-3 1 – 10 × 1019 0.5 – 2.0 × 1019

Iφ/N Am 2 – 8 × 10-14 4 – 20 × 10-14

F - -0.2 – -0.4 -0.1 – -0.35
Θ - 1.6 – 2.0 1.6 – 2.2
τpulse ms < 16 < 21
Te(0) eV 50 – 250 80 – 250
Ti(0) eV 100 – 300 100 – 200
βθ - < 10% 5 – 15%
τE µs 20 – 60 50 – 250

Table 3.1. Typical parameters in EXTRAP T2 and EXTRAP T2R.
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The toroidal magnetic field was provided by a set of two interleaved helical
copper coils with 16 poloidal and 3 toroidal turns each. The massive copper
coils covered about 50 % of the torus surface possibly affecting the MHD
stability of the resistive shell modes. Plasma current was inductively driven
by an ohmic heating coils system with a 5 to 1 ratio transformer with an iron
core. The ohmic heating coils were placed both in-board and out-board
relative to the plasma column. The resulting vertical field controlled the
radial equilibrium of the plasma. The vertical field could be adjusted by
controlling the distribution of current in the in-board and out-board coils.

EXTRAP T2 diagnostics included a single chord CO2 interferometer, a
three-point single shot Thomson scattering system [Wel98b], three surface
barrier diodes (SBD) to measure the Soft-X ray radiation and a VUV
spectrometer for the determination of the electron temperature and of the
effective charge Zeff [Hed98q]. Edge Langmuir probes were used to measure
density and temperature at the edge as well as plasma floating potential and
particle transport [Möl98]. A fast CCD imaging system equipped with Hα

and CII filter (describe in detail in chapter 4) was used to observe the
plasma-wall interactions as discussed in paper I.

Magnetic diagnostic was divided into two sets: global and MHD-mode
diagnostics. Global magnetic diagnostics were comprised of Rogowsky coils
for the measurement of the toroidal plasma current and of the poloidal field
at the edge. One-turn toroidal loops measured the toroidal loop voltage and
oick-up coils were used for the measurement of the toroidal magnetic field at
the edge. The average toroidal flux was monitored using poloidal loops. 16
one-turn poloidal loops, placed outside the shell, were equally distributed in
toroidal direction to provide measurement of the poloidal loop voltage and
hence of the average toroidal field and toroidal flux. The MHD-mode
activity was measured with pick-up coils (radial magnetic field
measurement) placed outside the thin resistive shell. The array consisted of a
set of 4 poloidal × 32 toroidal coils evenly distributed in both poloidal and
toroidal direction. This diagnostic allowed the resolution of a maximum
toroidal mode number |n| = 15, for both the m = 0 and m = 1 components of
the magnetic field fluctuations, and the determination of the helicity for the
m = 1 modes.

EXTRAP T2 was operated with electron densities in the range 1 – 10
×1019 m-3 and with typical plasma currents in the range 100 – 250 kA.
Although the pinch parameter could be varied in the range 1.5 – 2.0, best
performances were obtained with Θ in the range 1.7 – 1.8. Toroidal loop
voltage varied in the range 70 – 150 V. Electron temperatures were in the
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range 50 – 250 eV and Zeff between 1.5 – 6. Typical waveforms for the
global plasma parameters of EXTRAP T2 are shown in figure 3.2.
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Figure 3.2. Typical plasma discharges in EXTRAP T2. The non-
reproducibility of plasma discharges is evedient from the comparision of the
shots #7438 and #7439 carried out under the same experimental conditions.
From top to bottom: plasma current I, line averaged electron density ne, I/N
parameter, pinch and reversal parameters Θ and F, toroidal loop voltage Vloop
and resistive loop voltage Vres.

One of the scientific goals of EXTRAP T2 was to continue the studies of
RFP operations with a resistive shell previously performed in HBTX-1C
[Alp89] and OHTE [Gof86] with contradicting results. In HBTX-1C both
ideal resistive shell modes and internally resonant modes were observed to
grow on a time scale compatible with the pulse length. In OTHE only the
internally resonant tearing modes were observed while no indication of ideal
resistive shell mode was found. The growth of the internally resonant tearing
modes followed by their phase locking and subsequent wall locking resulted
in large amplitude magnetic perturbations penetrating the shell. In EXTRAP
T2 the internally resonant tearing modes grew from the very beginning of the
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discharge dominating the modes dynamics. They typically became first
phase-locked and subsequently wall-locked thus masking the possible
presence of the non-resonant resistive shell modes [Hed98]. The presence of
mode wall-locking had additional negative side effects. Perturbed magnetic
field lines intersecting the wall constituted a significant power loss channel
causing a degradation of the energy confinement time up to 40 % [Hok98].
As a result of such strong plasma wall interaction the impurity content of the
plasma increased [Hed98q] and the discharge either ended with a carbon
blooming or continued in a colder, more resistive state.

3.2 EXTRAP T2R experiment

To overcome the limitations due to the wall-locking of the internally
resonant tearing modes the front-end of the EXTRAP T2 experiment was
rebuilt [Bru01]. The new device was renamed EXTRAP T2R.

An important change has been the substitution of the resistive brass shell
with a double-layer copper shell with a shell penetration time to magnetic
vertical field of 6.3 ms. This was intended to avoid the phase–locking and
the following wall-locking of the internally resonant tearing modes already
during the start-up phase of the discharge. The new shell time is still shorter
than the attainable pulse duration thus allowing the study of RFP operations
with a resistive shell. The poloidal and toroidal gaps of the two copper
layers, required for the fast penetration of the magnetic fields, are displaced
so as to reduce the magnetic field errors. To further reduce the field errors
the helical toroidal field coils of EXTRAP T2 have been replaced by a
solenoidal set of 64 conventional single-turn coils.

A second important modification has been the substitution of the graphite
first wall with an array of 180 mushroom-shaped molybdenum limiters to
protect the vacuum vessel (see figure 3.3). The new vacuum vessel is
equipped with 74 portholes, mainly used for plasma diagnostic, of limited
dimension to reduce magnetic field errors. The port sections are protected by
the limiters mounted in poloidal arrays. The limiters cover an area of 8% of
the total wall area. The elimination of the graphite first wall has reduced the
amount of carbon impurity in the plasma. The graphite first wall of
EXTRAP T2 acted as a reservoir of hydrogen enabling large plasma
densities but causing highly non reproducible discharges. In EXTRAP T2R,
on the contrary, the discharges are highly reproducible but the plasma
density is rather low and, due to a recycling coefficient less than unity, the
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density decays throughout the discharge. To overcome this problem a fast
gas puff system to refuel the density has been installed. The gas puff system
consists of three piezo-electric valves located at toroidal positions φ = 22°,
202° and 303° mounted on the inboard side of the torus on the equatorial
plane. The gas throughput from each valve can be independently controlled
thus allowing more flexibility in the puffing. Gas injection typically starts at
approximately 1.5 ms into the discharge (after the desired RFP configuration
has been reached) and lasts throughout the “flat-top” period of the
discharges.

Figure 3.3. Picture of the inside of EXRTAP T2R vacuum vessel. The bellow
sections are joined together by rigid flat sections where the portholes are
located and where the mushroom-shaped molybdenum limiters are mounted.

Most of the diagnostics of EXTRAP T2 have also been installed in
EXTRAP T2R with the exception of the Thomson scattering system that has
required a new design after which only one spatial point is available. In
addition, new diagnostics have been installed:
- a bolometric system for the measurement of the total radiated power and

of the radiation emissivity profile (describe in detail in chapter 6),
- a neutral particle energy analyser based on time of flight technique for the

measurement of the ion central temperature (describe in detail in chapter
7),

- a 12-chord SXR camera for the measurement of the SXR emissivity
profile and
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- an array of 160 thermocouples mounted between the vacuum vessel and
the shell for monitoring, after the discharge termination, the vessel
temperature increase and asymmetric heat loads on the vessel.

Some former diagnostics have been improved:
- the single chord CO2 interferometer has been modified to measure the

plasma density along four different chords (describe in detail in chapter 5)
and

- the capability of measuring magnetic field signals has significantly
improved after the substitution of the former 4 × 32 set of radial magnetic
field pick-up coils with three sets of 4 × 64 pick-up coils each for the
measurement of the radial, poloidal and toroidal components of the
magnetic fields.

The operating plasma regimes in EXTRAP T2R have significantly
improved as testified by the reduction of the toroidal loop voltage (down by
a factor 3 – 4) and the increase of the energy confinement times (up by a
factor 2 – 4). Typical time traces for the plasma global parameters are shown
in figure 3.4. The plasma equilibrium magnetic field is more peaked than in
EXTRAP T2 as a consequence of a shallower field reversal. Plasma currents
for experiments described in this thesis are limited in the range 50 – 120 kA.
The upper limit of the plasma current is a safety precaution to avoid the risk
of damaging the vacuum vessel by intensive heat loads. This upper limit will
be increased accordingly to the improvement of the vertical field to control
the plasma radial displacement. Without gas puff, the electron density decays
throughout the discharges dropping below 0.5 × 1019 m-3 while Iφ/N grows
steadily reaching values greater than 15 × 10-14 Am. With gas puff the line
averaged density can be kept constant in the range of 1 – 2 × 1019 m-3 with
Iφ/N as low as 4 × 10-14 Am. The gas puff system allows longer discharges at
acceptable Iφ/N levels and reduces the coupling between density and plasma
current as observed in other full-metal RFP machines. Contrary to what was
observed in the previous device, it is possible to obtain plasma discharges at
low current which are not radiation dominated (without gas fuelling).
Spectroscopy measurements in the VUV indicate that the major impurity in
EXTRAP T2R is oxygen while carbon is almost absent. The reduction of
magnetic field errors and the increased shell time have resulted in the
absence of mode locking and therefore no strong plasma-wall interaction
occurs in EXTRAP T2R. Mode dynamics in EXTRAP T2R is characterised
by the rotation of the internally resonant tearing modes. For these modes, the
phase velocity increases during the start-up phase of the discharge and
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typically reaches a maximum that is constant throughout the discharge. The
maximum phase velocities vary in the range 20 – 300 krad s-1 and they are
consistent both in magnitude and direction with the expected E × B drift
associated to an outwardly directed electric field associated with ambipolar
diffusion. Mode rotation of the internally resonant tearing modes has made
possible the observation of the internally non-resonant resistive shell modes.
These modes, in particular the (m; n) = (1; -10) mode, grow throughout the
discharge with a time constant which is half the shell time constant. The
ideal externally resonant resistive shell modes are observed to have low
amplitudes [Mal02].
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Figure 3.4. Typical plasma discharges in EXTRAP T2R (a) without gas puff
fuelling and (b) with puff. From top to bottom: plasma current I, line averaged
electron density ne, I/N parameter, pinch and reversal parameters Θ and F,
toroidal loop voltage Vloop and resistive loop voltage Vres.
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Chapter 4

The CCD camera diagnostic

Charge coupled devices (CCD) cameras are a simple and effective way to
observe plasma-wall interactions in fusion devices and are common in
several fusion experiments. CCD cameras with different wavelength
capabilities, from SXR to infra-red (IR) regions, are used to monitor
different plasma properties. SXR cameras are used to observe the hot plasma
core. CCD cameras in the visible are used, together with suitable filters, to
monitor hydrogen and impurity influxes as well as the injection of hydrogen
pellets. CCD cameras in the IR range are used to monitor the heat load on
the first wall and on the limiters.

A CCD camera diagnostic system was installed in EXTRAP T2 in
collaboration with Consorzio RFX in Padova. The system consisted of a fast
CCD camera in the visible and of a slow CCD camera for IR measurements
viewing the plasma in tangential direction. The fast CCD camera was used to
gather qualitative information on the mode-locking dynamics. The slow
CCD camera was calibrated and used to determine the local temperature
increase of the graphite first wall. The results obtained were included in
paper I.

4.1 CCD sensors

A CCD camera is a device in which the sensitive area is made of a two-
dimensional array of CCD sensors. A CCD sensor is a metal-oxide p-doped
semiconductor (MOS) capacitor in which a depleted region is created by the
application of a positive voltage to the gate. Incident photons generate
electron-hole pairs in the depleted region and the electrons migrate to the



46 Chapter 4. The CCD camera diagnostic

gate where they accumulate. The amount of accumulated electrons depends
on the light intensity, its wavelength and the integration time, i.e. the time
during which the voltage to the gate is applied. A two-dimensional array is
obtained by placing side by side rows of MOS capacitors. To prevent
electrons from spreading across the capacitors the rows are laterally confined
by a potential barrier characterised by an higher doping level (that requires a
larger voltage to become a storage region). Along the row the MOS
capacitor are biased with a square waveform voltage in such a way that
adjacent capacitors have opposite gate voltages. In this way, when a
capacitor is biased at high voltage (storage capacitor) the two adjacent
capacitors are biased at low voltage (barrier capacitors) effectively confining
the collected charge. By changing the voltage on the gates (clocking
technique) it is possible to move the collected charges along the row to the
CCD register where the collected charge is transformed into a voltage that is
subsequently amplified. The time required to transfer all the collected
charges in a row must be much faster than the integration time to avoid the
contamination of charge packets that have originated in one part of the array
with electrons generated in an other (smear effect). However, the integration
time cannot be too long since long exposure to the photon source can
overcome the storage capacity of the CCD capacitor and electrons can spill
into adjacent capacitors degrading the image quality (blooming effect).

sensor array storage array

re
ad

 o
ut

Figure 4.1. Schematic of a frame transfer architecture for CCD array. The
collected charges are quickly transferred to the storage area and a new image
is collected while the storage area is read out.

A fast camera requires a high readout rate: in two-dimensional CCD
arrays this is achieved using the frame transfer architecture in which the
sensitive array is extend in one direction to double the number of available
storage capacitors (see figure 4.1). These additional capacitors are not
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exposed to the incoming radiation. The stored charges in the sensitive area
are then quickly transferred to the storage area and while the storage area is
being read out a new image can be recorded.

4.2 Bandpass filters

To select the spectral region of interest, IR for thermal measurements and
Hα and CII lines for plasma and impurity monitoring, bandpass filters were
inserted between the plasma and the CCD sensor. The transmission curves
for the three bandpass filter used in EXTRAP T2 are shown in figure 4.2.
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Figure 4.2. Transmission coefficients for the bandpass filters used together
with the CCD camera to select different spectral regions of interest.

The bandpass filters are multilayer thin film devices operating as a Fabry-
Perot interferometer so that only light of the wavelength λ satisfying the
relation:

θ=λ cos2 optm

will be transmitted. In the above equation, m is the interference order, top the
optical thickness of the dielectric material and θ the angle of incidence. At
other wavelengths, the transmitted wavefronts interfere destructively
reducing the transmitted intensity to zero. By stacking together several
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interference filters it is possible to obtain bandpass filter with steep band
slopes and flat passband peaks.

4.3 Experimental set-up

Two different cameras were used in EXTRAP T2 to study the plasma-
wall interaction at different time scales. Fast time scales were required to
follow the mode-locking dynamics (“fast camera”) and slower time scales
were adequate to determine the temperature increase of the graphite first
wall (“slow camera”).

Two different mounting configurations were available. A tangential view,
shown in figure 4.3, provided a coverage of the inside of the graphite wall of
approximately 40° ± 10° in toroidal direction and between 150° and 360° in
poloidal direction.

Figure 4.3. Top view of the plasma equatorial plance. The shaded area
represents the field of view of the CCD camera system in EXTRAP T2 for the
tangential view. The CCD camera was placed at φ = 82º.
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A bottom-up view allowed a radial view of a much more restricted
plasma volume. The electronics and the acquisition system for the two
cameras were different and are briefly summarised in section 4.3.1 and 4.3.2.
Both cameras were equipped with standard C-mounting for the lenses. The
slow camera was fitted with a 50 mm focal length lens while the fast camera
was fitted with a 25 mm focal length lens.

4.3.1 The slow camera

The slow camera was a TM-765-E high resolution CCD camera,
manufactured by Pulnix, characterised by an acquisition rate of 40 ms per
frame with a resolution of 768 × 560 pixels. This camera had a wide spectral
response, ranging from 400 to 1100 nm. A single image (frame) was
obtained by interlacing the odd and even fields each with a resolution of 768
× 280 pixels. The odd field was recorded in the first 20 ms and the even field
in the following 20 ms. Since in EXTRAP T2 the typical pulse length never
exceeded 16 ms one field had to be extracted by de-interlacing the acquired
image.

The image acquisition system included, in addition to the CCD camera, a
Jorway trigger unit and a PC equipped with a frame grabber. The trigger unit
was used to synchronise the image transfer from the CCD camera to the PC
memory, via the frame grabber, with the plasma discharge. The frame
grabber was an 8 bit ADC converter with an inboard memory of 8 MB.

Due to its poor time resolution the slow camera was only used with the IR
filter to determine the temperature of the first wall. In order to convert the bit
depth (0-255, 8 bits grey scale image) into a temperature, the camera was
absolutely calibrated. The calibration procedure was carried out by heating a
graphite tile, identical to the tiles constituting the graphite first wall, in a
vacuum chamber (10-5 Torr) and measuring its temperature with a calibrated
pyrometer, assuming for the tile an emissivity equal to unity (blackbody
radiation). At the same time, an image of the heated tile was acquired with
the CCD camera equipped with the IR filter. A comparison between the
CCD image and the pyrometer readings allowed the calibration of the CCD
camera dynamic range. Temperature estimates were then made possible in
the range 800 – 1200 K due to the limited dynamic range of the camera. In
addition, the above assumption on the tile emissivity led to an overestimate
of the temperature of the graphite tile, thus introducing a systematic error in
the calibration factor. The overall temperature uncertainty was ± 35 K.
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4.3.2 The fast camera

The fast camera, a Red Lake MotionScope HR 8000, was used to acquire
time-resolved images of plasma discharges with Hα and CII filters. This
camera had a narrower spectral range than the Pulnix camera, being
insensitive to the IR radiation. For this reason, it was not possible to follow
the evolution of the first wall temperature. All the images were acquired with
a frame rate of 1000 frames per second that limited the resolution to 240 ×
210 pixels. Faster frame rates were available but at the cost of spatial
resolution. The camera exposure time was was controlled by an electronic
shutter whose speed could be set in the range 1/60 – 1/40000 sec. The image
acquisition system included: the CCD camera and its control unit, a Jorway
trigger unit and a PC equipped with a frame grabber. The camera acquisition
was triggered together with the plasma discharge via the trigger unit and the
images were acquired and stored in the memory of the control unit. The
stored images were then downloaded to the PC via the frame grabber.

4.3.3 The tangential θ – φ mapping

The acquired images in the tangential set-up provide a projection of the
field of view into a flat surface. A map transformation is used to recover the
poloidal and toroidal position of the features seen in the images. The
transformation is uniquely determined by the definition of a local frame of
reference for the acquired images, as shown in figure 4.4. The origin O of
the reference system lies on the camera viewing chord defined as the axis of
the port-hole. The projection of this line onto the image is a point. The
position of this point in the camera field of view is determined by placing a
point light source outside the porthole opposite to the one where the CCD
camera was placed and then acquiring an image without the plasma. The
toroidal and radial position of the origin O is determined by the intersection
of the viewing chord of the camera with a line along the major radius
intersecting the first wall surface in R (see figure 4.4). The same line
intersects the first wall in the point Q where the toroidal field of view of the
camera is limited by the inboard graphite wall. The origin O is located at φ =
50.6 º and the radial position of the origin is 124.03 cm, very close to the
magnetic axis. The axis QR defines one axis of the reference system. The
second axis is perpendicular to the first and passing through the origin.
These two axes define a poloidal cross-section that is not exactly
perpendicular to the viewing chord. The angle α between this poloidal plane
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and the plane perpendicular to the viewing chord (see figure 4.4) is
approximately 11.27º. However, this has little influence on the estimated
toroidal and poloidal position (less than 2 % of the correct position).

Figure 4.4. Equatorial projection of EXTRAP T2 with the reference system
used to map the acquired images into the θ – φ space. For detail see the text.

Finally, the reference system is completely defined by the determination of
its unit length. This is done by superimposing the image of the point light
source, used to define the origin O, to an image where the inboard side of the
vessel is visible, in this case an Hα image of the plasma (see figure 4.5). The
distance OQ, i.e. the plasma minor radius (18.3 cm), corresponds to 88
pixels. A single pixel corresponds to 0.21 cm (~ 5 pixels/cm). As an example
of the mapping, let P represents the projection onto the reference system of
an object actually located on the wall. Its co-ordinates in the local frame of
reference are then used to determine the line of sight CCD camera – P. The
position of the object on the wall is calculated from the intersection of the
line of sight with the graphite first wall.
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Figure 4.5. Superimposition of an image of an EXTRAP T2discharge
acquired with the Ha filter with the point light source image (seen as the
bright spot in the image centre). The local reference system is also shown.

The θ−φ mapping described here is valid under the assumption that the
regions of enhanced emission, in the visible and IR regions of the
electromagnetic spectrum, can be assumed close to the wall. The validity of
this assumption must be discussed separately for each different bandpass
filter. As a general consideration, the inner part of the plasma, being very
hot, is radiating mostly at short wavelengths (less than 400 nm). At the
plasma edge, where the plasma is cooler, line radiation is emitted mainly at
longer wavelengths (visible and IR). The assumption of an emission “close
to the wall” is then certainly true for images acquired with the IR filter. With
Hα and CII filters this assumption is not always satisfied: this is due to the
hydrogen recycling and to the carbon influx following strong plasma-wall
interactions. Results from a impurity transport model for EXTRAP T2
indicate that CII presence is peaked at 1.5 cm from the wall [Hör96]: the
assumption of CII emission close to the wall is then appropriate. As for Hα

emission, the situation is less favourable since measurements of neutral
hydrogen profiles indicate that, during strong plasma-wall interactions, the
emission region can extend up 5 cm from the wall [Sal99]. The uncertainty
in the toroidal position associated with a radiating plasma volume extending
up to a distance d from the wall has been estimated for d = 1 and 5 cm both
for inboard and outboard sides. For the outboard side this uncertainty is less
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than 7º even for d = 5 cm and decreases at larger toroidal angles. For the
inboard side the maximum uncertainty is 16º for d = 5 cm. In conclusion, the
mapping here described is sufficiently accurate to retrieve the toroidal and
poloidal position of any feature observed in the images.

4.4 Selected images of EXTRAP T2 discharges

The CCD imaging system was installed in EXTRAP T2 three months
before its shut-down so a limited number of plasma discharges have been
observed. Nevertheless, the acquired images provided additional information
about the wall-locking mode dynamics as well as to the plasma-wall
interaction. The results, grouped according to the spectral range of
observation, are commented in the following sections.

4.4.1 IR imaging of plasma-wall interactions

The infrared images, acquired with the slow camera, provided important
information about the local wall heating due to plasma-wall interactions. As
an example, an image of the outboard side of the graphite first wall is shown
in figure 4.6 (a) together with the corresponding temperature curve (figure
4.6 (b)). In this case, the plasma-wall interaction was due to the stray
magnetic fields induced by the presence of the iron core. There is no effect
of a wall-locked mode seen in the field of view of the camera since the wall-
locked mode was located at another toroidal position. Such plasma-wall
interaction was indeed observed in all the recorded images. In the image it is
possible to distinguish the individual graphite tiles constituting the EXTRAP
T2 first wall. Peaks temperatures exceeding 1200 K were measured. The
high temperatures of the carbon tiles lead to the conclusion that the
phenomena called carbon blooming were responsible for the observed high
influx of carbon impurity into the plasma as reported in paper I.

In the bottom-up position, IR images detected glowing tracks associated
with the motion of small particles in the plasma. Three of such tracks are
shown in figure 4.7: the different orientations can be explained assuming that
the particles were forced to move along the magnetic field lines and that they
were thrusted by a rocket-like phenomenon caused by electron heating on
one side of the particles. Formation of such particles is typically associated
with strong plasma-wall interactions [Rub01].
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(a)              (b)

Figure 4.6. (a) IR image of the outboard side of EXTRAP T2 graphite first
wall following a plasma-wall interaction seeded by iron core stray magnetic
fields line. (b) Temperature curve for the selected line. The temperature
outside the peak region does not correspond to the actual wall temperature.

Figure 4.7. Bottom-up IR image of the EXTRAP T2 vessel during a plasma
discharge. Three particles tracks (a), (b) and (c) are distinguishable from the
background noise (the vertical bands). The edges of the bottom and top
portholes are also visible.

4.4.2 Hα imaging of plasma-wall interactions

The fast CCD camera, equipped with the Hα filter, was used to acquire
time-resolved sequences of the evolution of the plasma-wall interaction due
to the wall locking of the internally resonant tearing modes. Locking
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occurred at random toroidal position for every shot and to ensure its
occurrence in the camera field of view an external m = 0 field error was
applied by means of a single turn poloidal loop coil. An example of the wall-
locking dynamics is shown in figure 4.8. Some edge Hα emission is visible at
t = 1 ms due to the burn-through phase during which plasma current is still
rising, loop voltage dropping and the plasma is getting hotter. In the
following 2 ms Hα emission is at its minimum (flat top phase of the
discharge) but it already shows that the internally resonant modes are locked
to the wall in a position that will not change. The plasma-wall interaction
grows from 4 to 6 ms where its m = 1 helical winding structure is clearly
visible. The pitch of the enhanced emission region is consistent with the
helicity of the internally resonant tearing modes. The plasma-wall interaction
leads to an increase in the neutral particle influxes from the graphite wall by
means of sputtering, hydrogen thermal release and chemical erosion. These
effects are clearly visible in the last three frames where Hα emission steadily
increases and is followed by a sudden degradation in the discharge
performance.

From the analysis of several plasma-wall interactions acquired with the
CCD camera, it was observed that the typical toroidal extent of the plasma-
wall interaction footprint on the wall was approximately 20º. The poloidal
mode number of the footprint was m = 1 while estimates of the toroidal
mode number indicated that n varied in the range 12 – 18. This is consistent
with the mode structure derived from magnetic measurements as commented
in paper I.

4.4.3 CII imaging of plasma-wall interactions

The plasma-wall interactions typical of the internally resonant tearing
mode locking to the wall was also observed with the CII filter. Images of CII
emission showed similar m = 1, n = 12 – 18 helical structures. In addition,
localised regions of enhanced CII emission with m up to 6 were observed
(see figure 4.9, t = 6 ms). A common feature of all the recorded images,
regardless of the presence of the wall locking event in the camera field of
view, was a strong CII emission across the whole plasma volume towards
the end of the discharge as shown in figure 4.9. This was interpreted as the
rapid cool down of the plasma core brought about by the huge influx of
hydrogen and impurities following strong plasma-wall interactions.
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t = 1 ms t = 2 ms t = 3 ms

t = 4 ms t = 5 ms t = 6 ms

t = 7 ms t = 8 ms t = 9 ms

Figure 4.8. Tangential view of the evolution of Hα emission during a plasma
discharge (shot 7719) in EXTRAP T2 characterised by locking to the wall of
the internally resonant tearing modes. The m = 1 helical structure associated
to these modes can be clearly seen at t = 5 ms.
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t = 3 ms t = 4 ms t = 5 ms

t = 6 ms t = 7 ms t = 8 ms

t = 9 ms t = 10 ms t = 11 ms

Figure 4.9. Tangential view of the evolution of CII emission during EXTRAP
T2 plasma discharges with plasma-wall interactions. m = 1 helical structure
associated to the internally resonant tearing modes and higher m modes can be
clearly seen.
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Chapter 5

Electron density measurements

The knowledge of the electron density profile and of its evolution in time
is fundamental to the study of the plasma confinement and transport
properties.

Electron density is measured in EXTRAP T2R with the interferometric
technique. The interferometer is basically the same interferometer used in
EXTRAP T2, however the increased number of viewing chords in the rebuilt
device has allowed the reconstruction of the density profile. This is
accomplished by a least square fit of a model of the density profile to the
experimentally measured line integrated density. The limited number of
viewing chords does not allow the use of the Abel inversion algorithm. The
assumptions on which this model is based are presented here. The following
sections are dedicated to a brief description of the interferometric
measurement, of the interferometer used in both devices and of the profile
reconstruction method.

Electron density profiles have been extensively used in papers V, VI and
VII.

5.1 Theory of the interferometric measurement

Interferometry is a standard plasma diagnostic commonly used in fusion
experiments. The measurement is based on the relationship between the
electron density in a plasma and the phase shift experienced by an
electromagnetic wave passing through it [Hut87]. The condition for the
propagation of an electromagnetic wave in cold plasmas immersed in a
magnetic field is given by the dispersion relation:
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with nc = ε0me(ω/e)2 the cut-off density of the propagating wave. The series
expansion in equation (5.3) is well justified by the fact that, for typical
interferometers, ne `  nc.

An additional simplification to the treatment of the propagation of an
electromagnetic wave in a plasma is the WKBJ approximation [Hut87]
satisfied under the condition |∇k|/k << 1. This condition is verified for
typical fusion plasmas and allows the representation of the electric field E of
the propagating wave of frequency ω as

( )tieE ω−⋅∫∝
ldk ,         (5.4)

where l is the distance along the direction of propagation and k is the
solution of the dispersion relation. The wave propagating through the plasma
undergoes a phase shift Φ = ∫k·dl and the phase difference ∆Φ between the
wave propagating in the plasma and the same wave propagating in vacuum is
∆Φ = ∫(n-1)(ω/c)dl. By substituting the expression for the refractive index n,
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as given in equation (5.3), the relation between the phase difference ∆Φ and
the plasma electron density ne is:

∫ω
=∆Φ ldn

cn e
c2

.         (5.5)

The measure of the phase shift ∆Φ provides the line integrated electron
density and, by dividing for the path length l, the average line integrated
electron density <ne>.

5.2 Experimental set-up

In EXTRAP T2 and then in EXTRAP T2R, the interferometer has been
installed in the Mach-Zehnder configuration, schematically shown in figure
5.1. A single laser beam is split into two beams one of which (the probe
beam) travels twice through the plasma. The second beam (the reference
beam) is shifted in frequency before the two beams are combined and
directed towards the detector. The frequency of the reference beam is shifted
by a constant amount ∆ω. The shift in frequency is required to resolve the
ambiguity in the direction of the phase change (heterodyne detection). The
detector is sensitive to the beam intensity (square-law detector) and its
output voltage V can be written as V(t) ∝ cos[∆ωt-∆Φ(t)]. This signal is fed,
together with a second sinusoidal voltage signal of frequency ∆ω, into a
quadrature phase detector that generates two signals proportional only to the
sine and cosine of the phase shift Vcos(t) ∝ cos[∆Φ(t)] and Vsin(t) ∝
sin[∆Φ(t)]. The average line integrated density is obtained as:
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The interferometer employs a CO2 continuous wave laser (λ = 10.6 µm)
with a power of 4 W. An acousto-optic device (Bragg cell) is used to split
the two beams and to shift the frequency of the reference beam. The
transmitted beam (probe beam) propagates in the same direction as the
incident beam and with unchanged frequency. The probe beam enters the
vacuum vessel through a ZnSe window and is reflected back by a gold-
coated corner-cube mirror. The beams returns to the Bragg cell where is
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reflected together with the reference beam towards the detector, a Vigo IR
photo-detector PCI-L-2TE-1 with a HgCdZnTe semiconductor sensor cooled
to 230 K by a Peltier cooler. The voltage signal from the detector is
subsequently amplified and then fed into the quadrature phase detector (a
Merrimac Phase Comparator PCM-3 centred on 40 MHz with a bandwidth
of 2 MHz). The RF power supply of the Bragg cell provides the sinusoidal
signal that is used as the reference signal in the quadrature phase detector.
The phase error is ± 5 % at 40 MHz. The density is measured with a time
resolution of 10 µs and with an accuracy better than 5 × 1017 m-3.

CO2 laser

M

M

FS

BS

BC

CC

detector

probe beam

reference beam

Figure 5.1. Conceptual layout of the interferometer in EXTRAP T2 and
EXTRAP T2R. The laser beam is split in two beams by the beam splitter
(BS). The probe beam makes a double pass through the plasma. The reference
beam is frequency shifted (FS). The two beams are combined in the beam
combiner (BC) and then detected by a square law detector. M  indicates a gold
coated mirror.

The optical path of the interferometer has been slightly modified after its
installation in EXTRAP T2R to allow the measurement of the line integrated
electron density along four vertical chords as shown in figure 5.2. The four
chords are located at -15, -7.5, 0 and 7.5 cm respectively (negative sign
indicates the inboard side, positive sign the outboard side). However, only a
single detector is available and therefore the simultaneous measurement of
the line integrated density at different radial positions is not possible for the
same discharge.
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#1 #2 #3 #4

Figure 5.2. Cross-section of EXTRAP T2R vacuum vessel. The dahsed lines
represent the four chords (indicated with #1, #2, #3 and #4) used for the
electron density profile reconstruction. The outboard chord is not available.

5.3 Density profile reconstruction

In order to reconstruct the electron density profile a set of similar
discharges is required during which the line integrated electron density is
measured along the four chords. The reconstructed profile is then a shot-
averaged profile. This technique is justified by the high reproducibility of the
discharges in EXTRAP T2R as shown in figure 5.3.

In addition, line integrated data from four chords do not allow the
application of the Abel inversion technique to obtain the electron density
radial profile. Instead, the electron density the profile is modelled as:

[ ]
γα




















∆−
−−+=

a
rannanrn eeee 1)()0()()( ,          (5.7)



64 Chapter 5. Electron density measurements

where ne(0) and ne(a) are the central and edge electron densities respectively.
The edge electron density ne(a) is measured with edge probes [Ber01] and
the plasma radial shift ∆ by standard magnetic diagnostics. The profile
depends on three free parameters: ne(0), α and γ. Integration of equation
(5.7) provides a line integrated density, dependent on ne(0), α and γ, that is
compared to the experimental measurements. The values of ne(0), α and γ
are then obtained by χ2 minimisation.
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Figure 5.3. Time evolution of the average line integrated density along the
central chord for five EXTRAP T2R discharges in the same experimental
conditions.

An example of the profile reconstruction is shown in figure 5.4 (from
paper VI). The time evolution of the line integrated density as measured at
four different radial positions is shown in figure 5.4 (a). The radial profile of
the experimental line integrated density for t ≈ 3.5 ms is shown in figure 5.4
(b) together with the corresponding standard deviations. On the same plot,
the continuous line represents the fitted theoretical line integrated density
based on the integration of equation (5.7). The corresponding radial profile
of the electron density is shown in figure 5.4 (c).
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Figure 5.4. Example of density profile. The shot-average line integrated
density ne for the four chords (indicated as #1, #2, #3 and #4) is shown in (a):
the arrow indicates the time point at which I/N = 10 × 10-14 Am. In the bottom
panels the corresponding profile for (b) the line integrated density ne is shown
(solid circles) together with the fitting curve (continuous line) and (c) the
electron density (solid line) and its uncertainty (dashed line).
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The dashed line in the same panel represents the associated error in the
profile estimate. The error is estimated by propagating the errors in the
parameters ne(0), α and γ. These errors are obtained by a Monte Carlo
simulation of 50 measurements of the line integrated density for each chord.
These measurements are randomly generated from a normal distribution with
an average value and a standard deviation equal to the experimental line
integrated densities. The fitting procedure is then used to obtain 50 estimate
of ne(0), α and γ and of their standard deviations. An example of the
functional dependence of the χ2 function on the fitting parameters ne(0), α
and γ near the minima is shown in figure 5.5 together with the confidence
limits given by the constant χ2 boundary χ2 + 1 corresponding to one
standard deviation.
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Figure 5.5. Example of the confidence limits for χ2 as a function of the fitting
parameters ne(0) (a), α (b) and γ (c) for the density profile reconstruction.

Finally, the time evolution of the electron density radial profile is shown
in figure 5.6 for a typical discharge with gas fuelling. The estimated central
electron density is in good agreement with estimates of ne(0) obtained by a
single-shot, single-point Thomson scattering system as also shown in figure
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5.6. The Thomson measurement provides only a relative estimated of ne(0).
This estimate is normalised to the interferometric estimate at t = 2 ms. The
Thomson estimates at later times are obtained with the same normalising
factor.
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Figure 5.6. Electron density radial profile reconstructed from the four chord
measurements of the line integrated density for a medium current discharge
with gas fuelling in EXTRAP T2R. The full circles represent the central
electron density as measured by the Thomson scattering diagnostic
normalised, at t = 2 ms, to the electron central density calculated by the
reconstruction technique.
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Chapter 6

Radiated power measurements

The measurement of the radiation losses is crucial to the understanding of
the energy confinement properties of fusion devices. Radiation losses must
be distinguished from power losses due to transport in order to evaluate
correctly the energy confinement time for different plasma conditions.
Typically in EXTRAP T2R, radiation losses are due to hydrogen and
impurity line radiation in the UV to SXR spectral ranges. Other mechanisms
responsible for the emission of electromagnetic radiation such as cyclotron
radiation, bremsstrahlung and recombination do not contribute significantly
to the plasma energy losses. In particular, cyclotron radiation is reabsorbed
in the plasma.

Two different diagnostics are used in EXTRAP T2R to measure the
radiated power: VUV spectroscopy, a standard diagnostic on EXTRAP T2R
[Hed98q], and bolometry that has been recently installed. The former
provides information on the individual impurity species and on their
contribution to the power losses on a certain spectral range. A wider spectral
range, from the VUV to the SXR, is monitored by bolometers at the expense
of information on the plasma impurity content.

EXTRAP T2R has been equipped, in collaboration with Consorzio RFX
(Padova), with two bolometric systems both employing thin gold film
bolometers. The first system installed on the experiment was a 4-chord
bolometric system and it has been replaced by an 8-chord system. In the
following sections the experimental set-up, the data analysis techniques and
experimental results, published in papers IV and VI, are presented.
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6.1 The bolometric measure

A bolometer is basically an array of two couples of thermal sensitive
resistors, arranged in an AC-excited Wheatstone bridge configuration, each
in thermal contact, via an insulating layer, with a thin metallic film [Mas91].
One of the two metallic films is directly exposed to the plasma radiation. The
other is shielded from the plasma. A schematic view of a bolometer is shown
in figure 6.1.

gold film

R1

R2

R4

R3

a

c

b

d

shield

Figure 6.1. Schematic of a bolometer. Two thin gold film layers are in
thermal contact with the resistors R1, R2, R3 and R4  via an insulating layer.
The resistors form a Wheatstone bridge. One gold film is shielded from the
plasma radiation. The bridge is excited across connections a and b and the
output signal is measured between connections c and d.

The power balance equation for the film exposed to the plasma radiation
is:

)()()( tQtP
dt

tdW
abs −= ,          (6.1)
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where W is the thermal energy of the film, Pabs is the absorbed power in the
film and Q represents the power lost by the film. Heat is lost by the film due
to thermal contacts with thermal sinks with a characteristic time constant τc.
The thermal energy is given by W(t) = C∆T(t) where C is the film specific
heat and ∆T is the film temperature change associated to the absorbed power
Pabs. The film power loss term is given by Q(t) = W(t)/τc. The relation
between the absorbed power Pabs and the film temperature increase ∆T is:
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The temperature variation ∆T causes a variation in the resistance of the
thermal resistor ∆R(t) = αR0∆T(t) where α is the resistor temperature
coefficient and R0 the resistance for  ∆T  = 0 K. The change in the resistances
of the two exposed films results in the bridge unbalancing. If a voltage V0 is
applied to the bridge its output signal u(t) is:
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With the assumption ∆R(t) << R0, equations (6.2) and (6.3) are combined to
give the basic bolometric equation:
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that links the absorbed power Pabs to the bridge output signal u(t), which is
the measured quantity. The quantity S is the bolometer sensitivity and it is
defined, under steady state conditions, as S = αV0τc/2C. The determination of
τc and S allows the absolute calibration of the bolometer.

From the measurement of the absorbed power on a bolometer it is
possible to determine the plasma radiated power if the plasma emissivity ε
(the radiated power per unit volume) is known. Assuming that the plasma
emissivity is isotropic, the total radiated power Prad is:
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where Vplasma is the plasma volume. The power absorbed on a bolometer is:
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In the above equation, η is the absorption coefficient of the thin film, dΩ/4π
the fractional solid angle of the viewing chord and Vchord the plasma volume
within the line of sight of the bolometer. The geometry of the problem is
shown in figure 6.2.

Figure 6.2. Geometry of a line of sight L in a poloidal cross section of a
plasma of minor radius a. The line of sight L is uniquely determined by the
parameters p and ϕ.
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The bolometer looks at the plasma along a chord that is completely
determine by the impact parameter p and by the chord angle ϕ. The pinhole
between the detector and the plasma determines the plasma volume seen by
the detector. In this geometry, the fractional solid angle is given by [Gra88]:
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π
α

=
π
Ω ,          (6.7)

where L is the distance between the plasma volume dV and the detector. α is
the angle between the chord and the detector surface. The plasma volume dV
is:
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where Ap is the pinhole area and h the distance between the pinhole and the
detector measured along y. Assuming that the plasma emissivity is toroidally
symmetric, the absorbed power on the detector can be written, substituting
equations (6.7) and (6.8) into equation (6.6), as:
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The above expression is more commonly expressed in terms of the
brightness f(p,ϕ), defined as the ratio between the absorbed power Pabs and
the factor K = ηApAd/4πh2cos4ϕ (observing that cos2α = cos2ϕ):
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With the formalism used in figure 6.2, the above equation is rewritten as:
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where θ± are defined as:
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The brightness, measured experimentally, is an integrated measure of the
plasma emissivity, the quantity necessary to evaluated the radiated power.
The plasma emissivity is clearly not uniform across a poloidal cross section
and several chords are necessary in order to reconstruct its spatial structure.
The spatial reconstruction of the emissivity from line integrated
measurements (the inversion problem) is known as tomography. The
technique used in papers IV and VI for the inversion is briefly summarised
in section 6.3.

6.2 Experimental set-up

The detector used in both the 4- and 8-chord bolometric systems installed
in EXTRAP T2R is a thin gold film bolometer previously used in RFX
[Mur95]. The gold film has an area of 1.5 × 3.8 mm2 and is 4 µm thick
making it sensitive up to 2.5 Å (5 keV) photons. The reflection coefficient of
the gold layer is linear up to 2000 Å (6 eV) photons and then increases
steeply [Mul84]. The bolometer is sensitive in the UV – SXR spectral range.
Heat transfer across the insulating layer occurs with a characteristic time τc ≈
150 µs. This justifies the simplified treatment of heat conduction across the
system “gold film–insulating layer–thermal resistors” described by equation
(6.2), as long as the detector is used to monitor plasma radiation on longer
time scales. The bolometers cooling time constant τc has been measured
experimentally at the end of plasma discharges where Pabs is zero and,
according to equation (6.4), the bolometer output signal decays
exponentially. The bolometer sensitivity S is determined with an electrical
calibration where the bridge output signal is measured, in steady state
conditions, when a known power is dissipated in the resistors. Both the
cooling time constant and the sensitivity are measured in situ. The values of
τc and S are listed in table 6.1. The calibration methods for the determination
of τc and S are described in detail in [Mur96]. The relative uncertainty in the
cooling time constant is 1 % and in the sensitivity is about 5 %. The overall
error on the absorbed power, when errors on the bolometer output signal and
numerical errors introduced in the computation of the time derivative are
included, is approximately 10% [Cec98].
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4-chord 8-chord
top top bottom

τc (ms) S (V/W) τc (ms) S (V/W) τc (ms) S (V/W)
60 15.1 131 11.2 152 10.1
60 15.3 115 11.5 127 10.1
59 14.7 125 11.5 127 10.2
56 14.3 126 11.9 127 10.4

Table 6.1. Cooling time constant and sensitivity for the 4- and 8-chord
bolometric systems installed in EXTRAP T2R.

Figure 6.3. Picture of the flange and of the chassis in which an array of four
bolometers is mounted. The thin gold film can be seen on the left while the
aluminum shield is to the right. The diameter of the flange is 85 mm.
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The bolometers are grouped into three arrays, each containing four
bolometers. Each array is mounted on a stainless steel chassis fixed to a
flange as shown in figure 6.3. The chord geometry is determined by a square
pinhole (3 × 3 mm2 area) placed on top of the chassis between the array of
bolometers and the plasma. The lines of sight of the 4-chord and 8-chord
bolometric systems are shown in figure 6.4. In the 4-chord system a fan of
four chords looks at the plasma from a top porthole allowing the coverage of
approximately 70% of the poloidal cross section. The two outermost chords
look directly at the mushroom-shaped limiters. In the 8-chord system 2
identical arrays of four bolometers each are mounted on the same poloidal
cross section in the top and bottom portholes respectively.

Figure 6.4. Geometric of the lines of sight of the 4-chord (left) and 8-chord
(right) bolometric fan systems. The mushroom-shaped molybdenum limiters
are also shown.

The top and bottom 4-chord fan systems look at the outboard and inboard
side of the plasma respectively. The spatial resolution has been increased in
the 8-chord system and the poloidal cross section coverage is approximately
80%.

The bolometric electronics is divided in two units: the bridge voltage
supply unit and the bridge output signal acquisition [Mas91]. The bolometer
is excited by a 20 kHz sine wave of 20 V amplitude. The output signal is
synchronously demodulated and low-filtered by an 8-pole Bessel filter with a
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cut-off frequency of 1 kHz and then converted into a digital signal [PTS].
The signal is recorded with a sampling frequency of 50 kHz.

The calculation of the absorbed power involves the evaluation of the time
derivative of the bolometer output signal u(t). In EXTRAP T2R the
derivative du(t)/dt is calculated using a 3-point Lagrangian interpolation
numerical differentiation technique performed on smoothed data. Direct
differentiation gives similar results, within the experimental error, to those
obtained with the more common unfolding technique described in [Mas91].
An example of the bolometric signal u(t) and of the corresponding absorbed
power Pabs for a typical EXTRAP T2R discharge is shown in figure 6.5.

0 5 10 15

0.0

2.5

5.0

7.5

10.0

plasma discharge (b)

P ab
s (

m
W

)
u (

t ) 
(m

V
)

t (ms)

t (ms)

 
0 25 50 75 100 125 150

0

5

10

15
detector cooling curve (a)

 

 

 

Figure 6.5. Signals from the EXTRAP T2R bolometric system. The
bolometric signal u(t) for one bolometer is shown in panel (a). The
corresponding absorbed power is shown in panel (b).
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6.3 Tomographic inversion

The tomographic problem consists in the determination of the plasma
emissivity ε(r,θ) from a limited number of measured brightnesses f(p,ϕ).
From a mathematical point of view, equation (6.10), which links the two, can
be written as the Radon transform:

ε= Rf ,         (6.13)

where R is a linear operator [Rad17]. The solution of the tomographic
problem consists in the determination of the inverse R–1. The solution of
equation (6.11), i.e. the inverse R–1, has been found first by Radon and
successively by Cormack [Cor63, Cor64]. The approach used by Cormack to
solve equation (6.11) is to expand both the brightness and the emissivity into
circular harmonics:
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Substitution of equation (6.15) into equation (6.11) yields, after some
manipulations:

22

0

arccossin)sin()(

arccoscos)cos()(),(

pr

rdr
r
pmmr

r
pmmrpf

s
m

m

a

p

c
m

−
















φε+

+


















φε=ϕ ∑∫

+∞

=

L
.         (6.16)

Comparison of equation (6.16) with equation (6.14) yields the desired
relation between the harmonics in θ and ϕ if the coefficients fm

c,s satisfy the
relation:
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The existence of the inverse of equation (6.17) has been proven for each m
[Cor63]. Instead of evaluating the inverse of equation (6.17), the harmonic
components of the emissivity εm

c,s(r) are expanded into Zernicke
polynomials [Cor64, Gra88] yielding a simple relation between the
emissivity expansion and the brightness. This method, known as the
Cormack inversion method, is typically used when a large number of line of
sights is available thus allowing a series expansion to high harmonic
numbers m.

Even so, the tomographic problem is known to be ill-posed, i.e. the
inverse R–1 is not continuous and small changes in the brightness profile, for
example due to the experimental uncertainties, may result in very different
emissivity profiles. This problem is usually solved by regularising the
inversion problem, i.e. by setting additional constraints such as the allowed
shape of the profiles and the boundary conditions.

In EXTRAP T2R a limited number of chords is available and a different
method to invert the profiles is used [Mar98, Spi96]. The emissivity
expansion into circular harmonics is truncated for m = 1 and only the cosine
component is considered, so that the emissivity can be represented as:

)cos()()()( 10 θε+ε=ε rrr .         (6.18)

Higher order cosine terms are not considered since the angles ϕ are
practically grouped around two values as shown in figure 6.6. From the
Nyquist theorem, it then follows that only one poloidal harmonic can be
reconstructed. The m = 1 sine and cosine components correspond to a
vertical and horizontal shift of the plasma column respectively. The
experimental set-up of both the 8-chord and 4-chord system allows only the
measurement of horizontal shifts hence equation (6.18). Inserting equation
(6.18) into equation (6.16) yields:
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Figure 6.6. Coverage of the (p,ϕ) plane provided by the 4-chord and 8-chord
bolometric systems in EXTRAP T2R.

In the above expression, the brightness is then the linear combination of the
Abel integrals of the functions ε0(r) and ε1(r)/r respectively. The m = 0 and
m = 1 components of the emissivity are chosen among those functions for
which an analytical expression of Abel integrals exists. In addition, to
regularise the problem, the emissivity profile is assumed to be peaked near
the plasma centre and to be zero at the edge. This assumption is based on
experimental observations of the plasma brightness. A typical example is
shown in figure 6.7 where the experimental brightness is compared with the
brightness corresponding to a theoretically flat emissivity profile. The
experimental data lies below the theoretical flat profile and therefore the
emissivity profile is centrally peaked. Among the family of functions for
which the Abel integral exists, the following function:

krar )()( 22
00 −ε=ε           (6.20)
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is used in EXTRAP T2R to describe the radial profile of the emissivity m = 0
component ε0(r). The quantities ε0 and k are two parameters determining the
central emissivity and the profile shape.
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Figure 6.7. A typical experimental brightness profile (solid square) in
EXTRAP T2R compared with the brightness corresponding to a theoretical
flat emissivity profile (continuous line). Impact parameters with ϕ ≈ π are
conventionally negative.

The function chosen to simulate the m = 1 emissivity component ε1(r) is as a
piece-wise continuous function defined as:
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where ∆ = (2 + ε1)/4a2 and ε1 is a parameter. Substituting equations (6.20)
and (6.21) into equation (6.19) and carrying out the Abel integrals, the
brightness can be parameterised as:
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where Γ is the gamma function. The above expression for the brightness
depends on the parameters ε0, k and ε1 that are determined by a weighted
least-squares fitting of the experimentally measured brightness. The resulting
parameters ε0, k and ε1 are checked against the condition that ε(r) ≥ 0
everywhere for r ≤ a. The fitted brightness for the data in figure 6.7 and the
corresponding emissivity profile are shown in figure 6.8 and 6.9
respectively.
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Figure 6.8. Example of typical experimental brightness profile in EXTRAP
T2R (solid squares). The continuous line is the fitted brightness corresponding
to the emissivity profile of equation (6.21).
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Figure 6.9. Emissivity profile corresponding to the fitted brightness shown in
figure 6.8.

6.4 Results

The radiated power in EXTRAP T2R is 10 – 20 % of the ohmic input
power. This is well in agreement with typical estimates of radiated power in
other RFP devices [Mar98, Zas93]. It is interesting to point out that, in spite
of a similar ratio Prad /Pohm to that observed in the RFX experiment [Mar98],
the emissivity profile is completely different in the two devices. In EXTRAP
T2R, the emissivity is peaked at the centre while in RFX most of the radiated
power comes from an annular region close to edge. Since the radiated power
is strongly correlated to the impurity species profile, the difference is
believed to be due to a different impurity transport mechanism. In RFX the
vacuum vessel is fully covered by an armour of graphite tiles and the main
plasma impurities are carbon and oxygen. The lower ionisation stages of
these impurities, responsible for most of the emitted radiation, are confined
in the edge region, where temperatures are low, by a strong screening
mechanism [Car99]. In EXTRAP T2R, such screening mechanism is not
present even though central temperatures are comparable in the two devices.
A possible explanation is a different radial profile for the pinch velocity



84 Chapter 6. Radiated power measurements.

between the two devices. In the RFX experiment the profiles for the
diffusion coefficient and the pinch velocity are assumed to be equal for all
impurities and to have the same radial profile of the transport coefficients of
the main plasma species [Car00]. In RFX, the electron density has either a
flat or hollow profile peaked at the edge. Transport simulations based on
experimental measurement of the radial electron density profile have shown
that in order to simulate the observed density profile an outwardly directed
pinch velocity had to be included in the simulation [Gre98]. The same
outwardly directed pinch velocity is also present in the impurity transport
simulations thus leading to an enhanced edge emissivity. In EXTRAP T2R,
the density is generally peaked and this outwardly directed pinch velocity
does not have a large effect on the density profiles. It is possible to speculate
that for the same reason, impurities are free to reach the plasma centre
resulting in a centrally peaked emissivity profile.

Two chords, both in the 4-chord and in the 8-chord bolometric system,
look directly to two mushroom-shaped molybdenum limiters, one on the
inboard side and one on the outboard side. No significant localised
contribution from the limiters to the radiated power has been observed.
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Chapter 7

Neutral particle energy analyser

Measurement of the energy spectrum and of the flux of neutral
hydrogenic particles is fundamental for the understanding of the confinement
properties of plasmas. Neutral particles play an important role in the particle
balance of the majority species being able to penetrate in the plasma and
therefore acting as a source term upon ionization. In addition, outwardly
directed fluxes of energetic neutral particles, generated by charge-exchange
interactions in the plasma core, are both a power loss channel and a source of
impurities by sputtering of the plasma first wall. Particle confinement time
and recycling are strongly affected by the dynamics of neutral particles. The
fast neutral particles leaving the plasma are used to determine the central ion
temperature, a key component in the estimate of the energy confinement
time. In addition, the magnitude of the flux of the neutral particles gives
information on the neutral density profile, provided that the density and
temperature profiles for the majority species are known.

EXTRAP T2R has been equipped with a neutral particle energy analyser
based on time of flight technique. The diagnostic has been installed in
collaboration with Consorzio RFX in Padova. Results based on the neutral
particle energy analyser based on time of flight technique have been
extensively used in papers V, VI and VII.

7.1 Neutral particle diagnostic

Neutral particles are present in fusion plasmas. They originate at the edge
regions of the plasma and penetrate in the plasma core. The dynamics of
neutral particles in fusion plasmas is rather complicated due to the different
physical processes involved. A review of such processes and of the methods
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used for the study of the neutral particles dynamics can be found in [Ten87].
A simplified treatment assumes that neutral particles are generated at the
edge with energies in the range 3 – 5 eV, representative of the energies
associated with molecular processes at the edge. The neutrals entering the
plasma undergo, in the temperature range of interest, electron-impact
ionization and charge-exchange (CX) collisions. In the first case the neutrals
are lost. More interesting, from a diagnostic point of view, are the CX
collisions where a neutral hydrogen atom H collides with a hydrogen ion H+.
As a result the former neutral hydrogen atom becomes ionized and therefore
confined in the plasma by the magnetic fields. The former ion becomes
neutral and can escape from the plasma. The new neutral is characterised by
an energy related to the local energy distribution of the ions. By measuring
the energy distribution of the escaping neutrals it is possible to determine the
ion energy distribution and therefore their temperature.

Diagnostics used to detect the neutral particles leaving the plasma are
called neutral particle energy analysers (NPA). One type of NPA is based on
the re-ionization of the escaped neutrals that are then separated in mass and
energy by static magnetic and electric fields [Bar87]. These analysers are
more suitable for plasma with high central temperatures and where both H
and D are presents. One drawback of these analysers is the limited number of
energies at which the neutral energy distribution can be measured. Another
type of neutral particle energy analysers, to which the one installed in
EXTRAP T2R belongs, is based on the time of flight (ToF) technique
[Vos82, Cos95].

A schematic view of a NPA based on ToF technique is shown in figure
7.1. A single detector looks at the plasma through two slits. One slit is fixed
while the second one is rotating with respect to the first one. As a result, the
detector sees the plasma only when the two slits overlap. Photons and neutral
particles can then enter the duct between the slits and the detector only for a
short time interval. When the slits open, photons are detected practically
instantaneously while neutral particles will reach the detector in a time
inversely proportional to the square root of their kinetic energy. If the
detector response is measured in time, a signal similar to what shown in
figure 7.2 is expected. The first, narrow peak is due to incident photons: its
finite time width is due to the detector recovery time. The neutrals will
distribute in time according to their energy distribution function. The more
the slits on the rotating disk, the better the time resolution of the ToF is.
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Figure 7.1. Schematic view of a neutral particle energy analyser based on
time of flight technique. Neutrals leave the plasma and enter the ToF through
a system of 2 slits (one stationary and one rotating). The neutrals travel a
certain distance before being detected.
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Figure 7.2. Arrival time distribution (ATD) of neutrals leaving the plasma.
The time of flight t is measured with reference to the fiducial time given by
the photo-peak. The Y axis is not to scale: the photo-peak signal is usually
much greater than the neutrals signal.
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However, the maximum number of slits, for a given rotating speed and
for a given distance between the slits and the detector, is set by the time
required for the slowest neutrals to reach the detector. If the time interval
between the opening of consecutive slits is too short, the two corresponding
ATDs overlap. Another limitation of the ToF is its ability to separate in time
photo-peaks and fast neutrals. The time duration of the photo-peaks depends
on the slit width and on the velocity of the rotating disk. Decreasing the
width of the slit will result in a shorter photo-peak duration but also in a
reduced number of neutrals being detected. Increasing the rotation velocity
of the disk equipped with the slits will result in a deterioration of the ATD
signal. A different solution is to delay the arrival time of the fastest neutrals
by increasing the flight distance. A too long flight distance however, will
result in a very low number of neutrals being detected as well as in an
increase of the time of flight for the slowest neutrals thus reducing the
overall time resolution. A compromise has therefore to be reached based on
the plasma parameters for which the analyser is designed. The choices made
in EXTRAP T2R are presented in section 7.4.

7.2 One dimensional model for the CX emission

In order to interpret the experimentally observed ATD, a physical model
of the emission spectrum of charge-exchange neutrals is used [Vos80,
Hut87]. In this model, the emission spectrum, assumed isotropic, is
estimated along a chord intersecting the plasma centre. In addition, the ions
are assumed to be characterised by a Maxwellian velocity distribution with a
local temperature depending on the radial position and the neutrals generated
by CX process have energies equal to the local ion average energies. The
source term S for the neutrals is given by:

CXni vxnxnxS >σ<= )()()( ,         (7.1)

where ni(x) and nn(x) are the ion and neutral density profiles. The
dimensionless radial coordinate x is defined as r/a, a being the minor radius.
The CX rate coefficient <σv>CX is given by:
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where σCX(E) is the CX cross-section, m the proton mass and Ti(x) the ion
temperature radial profile. The differential volume production rate of CX
neutrals dS/dEdΩ is therefore:
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where Ω is the solid angle.
Not all the neutrals generated in the plasma escape. A significant part is

re-absorbed in the plasma by CX and electron-impact ionisation processes.
The probability P(x) for a neutral generated in x to escape is:
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where τ(x, E) is the plasma optical depth defined as:
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In the above expression, the rate coefficients for electron-impact ionisation
<σv>Ion and CX <σv>CX depend, through their temperature dependence, on
the radial coordinate as well. The neutral particles differential emission
spectrum dΓ/dEdΩ is therefore:
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The number of neutrals per unit energy reaching the detector dN/dE is
obtained multiplying the differential emission spectrum dΓ/dEdΩ with the
constant δΩAStg where δΩ is the detector solid angle, AS the slit area and tg
the opening time of the slits. The number of neutrals per unit time dN/dt is:
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where d is the flight distance. The neutrals reaching the detector per unit
time can be thought of as a “neutral” current that is converted into an
electron current in the detector (see section 7.4). The ATD signal VATD
measured by the detector is linked to the differential emission spectrum by
the relation:
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where e is the electron unsigned charge, R is the resistance on which the
electron current is loaded, G the electron multiplication gain factor and η(E)
the secondary electron emission coefficient of the detector. This equation
allows the calculation of the ATD signal if all the plasma parameters in
equation (7.6) are known. The electron density and, under the quasi-
neutrality condition, the ion density are measured with the interferometer as
described in chapter 5. The electron temperature is measured by Thomson
scattering in the centre and by Langmuir probes at the edge. The ion
temperature at the edge is assumed to be equal to the electron temperature
and the profile for both temperatures is assumed to be quadratic. A Monte
Carlo simulation, described in the appendix, is used to calculate the neutral
density profile. The last data required to calculate the theoretical ATD signal
is the central ion temperature. The next section describes the technique used
to obtain Ti(0) from the differential emission spectrum dΓ/dEdΩ.

7.3 Central ion temperature estimate

The differential emission spectrum dΓ/dEdΩ is a line-integrated quantity
and therefore it is not possible, from a single line of sight measurement, to
determine the radial profile of the ion temperature. It is possible, however, to
estimate, to a good approximation, the central ion temperature. This follows
from the observation that neutrals with energies much larger than the central
ion temperature (E >> Ti(0)) are likely to be generated by CX collision in the
plasma core where the ion temperature is largest. This can be proven more
rigorously by finding the zeros of the derivative of the integrand in equation
(7.6) [Hut87]. At high energies the maximum contribution to the neutrals
differential emission spectrum comes from the plasma region where dTi/dx =
0, i.e. from the plasma centre. Assuming that the plasma parameters do not
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vary significantly in a small region ∆x0 around the plasma centre, equation
(7.6) can be written as:
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Dividing equation (7.9) by σCX(E)E and then taking the natural logarithm of
this ratio a new quantity G(E) is obtained:
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The central ion temperature is obtained as the reciprocal of the slope of
the function G(E) at high energies. In reality, however, the maximum
detectable energy of neutrals is limited for the reasons mentioned in section
7.1. As a consequence, the function G(E) is truncated at neutrals energies
below the ideal range for the condition E >> Ti(0) to hold. The reciprocal of
the slope of the function G(E) at the highest measurable energies provides
the ion temperature from a plasma region near the plasma core. To assess
how much this temperature differs from the central ion temperature, the
neutrals differential emission spectrum has been simulated for typical
EXTRAP T2R plasma parameters. The results indicate that the difference
between the ion temperature calculated for the simulated neutrals differential
emission spectrum in the energy range 2 – 3 keV and the input central ion
temperature is less than 10 % [Cec00]. An example of the radial profile of
the optical depth and of the integrand of equation (7.6), for three different
neutral energies and for typical EXTRAP T2R plasma parameters, is shown
in figure 7.3. In panel (a) it can be seen that the optical depth is less then
unity for neutrals born near the plasma centre already at low energies
(optically thin plasma). In panel (b) it can be seen how the radial position of
the maximum of the integrand shifts inwards towards the plasma centre as
the neutral energy increases.

Finally, it is worth noting that the estimate of the central ion temperature
is a relative measurement being independent from the absolute values of the
neutrals differential emission spectrum.
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Figure 7.3. Radial profiles of (a) the optical depth and (b) of the normalised
integrand of the neutrals differential emission spectrum calculated for
different neutral energies and for typical EXTRAP T2R parameters.

7.4 Experimental set-up

A schematic view of the neutral particle energy analyser based on ToF
technique installed in EXTRAP T2R is shown in figure 7.4. The detector
looks at the plasma along an equatorial line of sight passing through the
plasma centre. The distance between the slits and the detector is 4.08 m and
the solid angle is 7 × 10-6 sr. The ToF is sensitive to neutrals of energies in
the range 15 – 3000 eV.

The slits (0.15 × 40 mm2) have been machined onto two co-axial disks
enclosed in a vacuum chamber. One disk is fixed while the other is free to
rotate at a maximum speed of 2 × 104 rpm. The rotating disk is equipped
with 20 radial slits. The system maximum time resolution is 150 µs and the
slits are open for a time of 1.5 µs (gating time). The neutrals passing through
the slits enter the flight duct inside which a linear set of bored disks is
mounted to reduce stray light and to stop stray particles from reaching the
detector.



7.4. Experimental set-up 93

Figure 7.4. Schematic drawing of the ToF: (1) vacuum vessel, (2) poloidal
and vertical magnetic field coils, (3) chopper, (4), (5), (7) pump units, (6)
flight duct, (8) detector, (9) XYZ translator and (10)support tower.

The detection of neutral particles is based on the emission of secondary
electrons from a solid surface exposed to the impinging neutrals. The
detector used is a head-on electron multiplier tube (EMT) R595 from
Hamamatsu with a recovery time of approximately 5 ms. The EMT is
equipped with a 20-stage Cu-BeO dynode system (box-and-grid type)
separated by 1 MΩ resistor. The area of the first dynode is 10 × 12 mm2. The
secondary electrons emission coefficient η for H on Cu-BeO depends on the
neutral energy and is given in [Ver86]. The typical electron current
amplification G is in the range 104 – 109 depending on the applied voltage
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(1.5 – 5 kV). The detector is normally operated at –3 kV with a gain G = 1.5
× 108. The high voltage power supply is the HV-DC PS350 model by
Stanford Research System. A magnetic compatibility study [Cec99] has
shown that the stray magnetic field generated during plasma discharges is
negligible at the detector location.

The typical current output of the electron multiplier is of the order of 10 –
40 mA. The EMT, for low output current levels, behaves like an ideal
constant-current source. The connection with any external circuit, with
voltage inputs, requires the current-voltage transformation of the signal. This
is achieved loading the anodic current on a load resistance RL. The choice of
the load resistance RL is based on two opposing goals: to have a good signal
to noise ratio, which requires a high RL, and to have a small RLCS constant
time, which requires a small RL (the detector stray capacitance CS is fixed). A
large RLCS constant time will distort the ATD signal. A load resistance of
476 Ω has given the best results [Cec01]. The ATD voltage signal is then fed
into a buffer amplifier (LH0033, National Semiconductor) designed to
provide high current drive. The LH0033 is a wide-band (DC to 100 MHz)
unity gain buffer amplifier specifically designed to drive coaxial cables with
a high input impedance (1010 Ω). The ATD voltage signal is then fed into a
waveform recorder by a double-shielded coaxial cable to avoid pick-up of
electric noise. The ATD voltage signal is recorded with 3 MHz sampling
frequency with 12 bit vertical resolution (1.22 mV).

The ToF is operated under high vacuum condition by a dedicated vacuum
system consisting of three turbo-molecular pumps. A 70 l/s turbo pump is
mounted between the vacuum chamber and the rotating disks to dispose of
the diffusing gas from the main chamber during the filling gas phase prior to
the discharge. A 300 l/s turbo pump located after the rotating disks is used to
evacuate the flight duct while a second 70 l/s turbo pump is mounted in
proximity of the detector. The base vacuum pressure of the ToF is in the
range of 10-8 Torr. When the NPA is operated with a gas filling pressure of 2
mTorr in the main chamber, the pressure inside the ToF is in the range 10-7 –
10-6 Torr.

7.5 Error analysis

The experimental G(E) function can be obtained by substituting equation
(7.8) into equation (7.9) yielding:
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where the link between the time of flight t and the energy is provided by the
relation E = m/2 (d/t)2.

The ion central temperature is determined by a weighted linear fit of the
function G(E), as described in section 7.3, where the weights are given by
the experimental uncertainty in G(E). Three main error sources contribute to
the overall error in G(E) that, assuming σCX(E) and η(E) exactly known, is
given by:
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The first term within square brackets includes all the instrumental
uncertainties and is constant. The second term includes the effect of the
uncertainty in the ATD voltage signal. Three different error sources
contribute to ∆VATD: electric noise, electron multiplication and neutrals
counting fluctuations. Electric noise is evaluated for each ATD as the
standard deviation in the ATD signal for time of flight t > 90 µs, when the
plasma does not contribute anymore to the ATD signal. The effect of
statistical fluctuations in the electron multiplication process is negligible. In
fact, the total number of electrons is given by Ne(E) = η(E)MN(E), where M
is the number of dynodes and N(E) the number of incident neutrals on the
first dynode. A typical average value for Ne(E) is 108 and consequently its
standard deviation is approximately 104 corresponding to an error of 2 µV,
well below the waveform recorder sensitivity. On the contrary, fluctuations
in N(E) strongly affects VATD. The number of neutrals detected in a single
sampling interval is:
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where τS is the reciprocal of the sampling frequency. From the above
equation it follows that:
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The last term in equation (7.12) describes the effect of the energy uncertainty
in the CX cross section and in the secondary electron emission coefficient.
The quantity ∆E represents the uncertainty in the energy of the measured
neutrals. This error is due to the fact that neutrals with the same energy E
entering the ToF with a time delay equal to the gating time will have
different time of flight and therefore detected as having different energies. If
the gating time is shorter than the time of flight of the fastest detectable
neutrals, the error ∆E is:
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An additional error source for E is due to the finite sampling frequency,
which sets a limit to the capability of distinguishing neutrals of different
energies entering the flight duct at the same time. It can be shown that this
error, indicated as ∆Eres, is given by:
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This error, for the range of energies of interest and for a sampling frequency
of 3 MHz, is always negligible compared to ∆E [Cec00].

In addition to the aforementioned errors, the ATD signal is also affected
by the so-called finite gate effect [Vos80]. In the derivation of equation (7.8)
the neutral particles differential emission spectrum dΓ/dEdΩ is assumed to
be the same at the plasma edge and at the detector. More rigorously, the
neutral particles differential emission spectrum dΓ/dEdΩ at the detector is
the convolution of the neutral particles differential emission spectrum
dΓ/dEdΩ at the edge with the slits opening function C [Hag68]:
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C(y) is a triangular function. However, in EXTRAP T2R the slits-induced
distortions on the neutral particles differential emission spectrum are less
than 1% for energies below 2 keV and therefore negligible [Cec01].

7.6 Data analysis and results

An example of the ToF signal during a typical discharge in EXTRAP
T2R is shown in figure 7.5. The signal consists of a series of photo-peaks
and CX neutral ATDs. In panel (a) of figure 7.5, only the photo-peaks
signals are visible being much larger than the ATD signals. A time window
corresponding approximately to three slits opening is shown in panel (b) of
figure 7.5, where the CX neutrals reaching the detectors are clearly seen as
spikes following the photo-peaks.

The number of detected neutrals per each slit opening is too small to
allow the analysis of a single ATD. To increase the counting statistic the ToF
signal of several discharges is measured and a double averaging process
(time and shot-to-shot) is used. Let k indicates the k-th discharge out of K
measured ones. The ToF signal for discharge k can be thought as N × Nd
matrix Vk where N is the number of ATDs in the discharge and Nd is the
number of data point for each ATD. The time-average is a time average of
adjacent ATDs for discharge k, i.e. the average of adjacent rows. The time-
average can be written as:
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where M is the number of ATDs used in the time averaging process, i = 1 …
N-M and j = 1 … Nd. The shot-to-shot average is performed on the time-
averaged ATDs and can be written as:
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A plot of the function G(E) for a double-averaged ATD verses the neutral
energy is shown in figure 7.6 while the corresponding double-averaged ATD
signal is shown in figure 7.7. At high energies G(E) is linear in E and a fit
between 0.2 keV and 2 keV yields the central ion temperature. Using the ion
temperature so calculated, the corresponding theoretical ATD signal is
calculated as described in section 7.2 and the result is shown in figure 7.7
superimposed to the experimental curve.

1.1 1.2 1.3 1.4

0.00

0.25

0.50

0.75

neutralsphotopeaks (b)

To
F 

sig
na

l (
V

)

t (ms)

 

 
0 1 2 3 4 5 6 7 8 9

0.00

0.25

0.50

0.75

1.00

(a)

To
F 

sig
na

l (
V

)

t (ms)

 

 

 

Figure 7.5. (a) Time trace of the ToF signal for a typical EXTRAP T2R
discharge. (b) Time zoom of the ToF signal where both the photo-peaks and
the CX neutrals are visible.
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Figure 7.6. The central ion temperture is given by the reciprocal of the slope
of the linear fit of the function G(E) between 200 eV and 2 keV. The error
bars on G(E) are also shown. The data refer to a double-averaged ATD for a
tipical EXTRAP T2R discharge.
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Figure 7.7. Double-averaged ATD signal for a typical EXTRAP T2R
discharge. The theoretical ATD signal is also shown.
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The time evolution of the central ion temperature and of the flux of
neutral particles directed towards the wall is shown in figure 7.8 during a
typical discharge. The neutrals flux is obtained as:
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The central ion temperature in EXTRAP T2R varies between 100 and 200
eV for discharges without gas fuelling. Lower ion temperatures are observed
when additional cold neutral gas is puffed into the discharge to sustain the
plasma density. The neutral flux is larger during gas puffing indicating that
not all of the additional particles in the plasma are confined.

Multiplying the integrand in equation (7.20) by E gives the power
transported by the CX neutrals. Estimates of power losses due to CX neutrals
in EXTRAP T2R indicate that they are less than 5 % of the total input power
in agreement with similar findings in other RFPs [Buf94].
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Figure 7.8. Time evolution of the central ion temperature and of the CX
neutral flux during a a typical EXTRAP T2R discharge. The dashed lines in
the top panel indicate the experimental error on the the estimate of the ion
central temperature. At the end of the discharge the CX flux is very small and
the statistical errors become very large.
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Contrary to the determination of the central ion temperature, the
measurement of the neutral flux and of the CX power losses requires an
absolute calibration of the ToF. This calibration implies the determination of
the detector gain G. The gain G is measured by the manufacturer in
conditions that differs from the experimental ones. As a result, the gain is
typically lower than the tabulated one [Cos00] thus resulting in an
underestimate of the CX fluxes and power losses. A second limitation to the
correct estimate of these quantities is due to the detector blindness to neutral
particles with energies below 15 eV. Although they carry little energy, large
fluxes can result in significant power losses. For these reasons, CX fluxes
and CX power losses estimates need to be confirmed.
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Chapter 8

Discussion of papers

The thesis is based on seven works in which the author has made
significant contributions.

Paper I is a summary of the research activity carried out on the EXTRAP
T2 reversed field pinch. Among the results included in this paper there is a
description of the observation of strong plasma-wall interactions of wall-
locked modes by means of a set of CCD cameras. The local temperature
increase of the graphite tiles associated with these plasma-wall interactions
has also been estimated. The author has been responsible for the installation,
operation and calibration of the CCD cameras as well as for the image
analysis (described in chapter 4) and has also contributed to the paper
writing.

Paper II deals with the experimental observation and interpretation of
dynamo activity in EXTRAP T2. The author has been the main author of the
paper and J-A Malmberg has significantly contributed with magnetic data
analysis.

All the other papers are based on research activity carried out in EXTRAP
T2R. The description of EXTRAP T2R and of its first results is reported in
Paper III: the author contributed to the operation of EXTRAP T2R and to the
analysis of the electron density and of the radiated power using the
diagnostics described in chapter 5 and 6 respectively.

Paper IV is dedicated to the study of total power losses by radiation: the
author has conducted the experiments and carried out the bolometer data
analysis and has been the main author of the paper.

Electron density profiles and transport are discussed in paper V. The
author is solely responsible for this paper and has conducted the experiments
and the data analysis.
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Paper VI is a summary of the confinement properties of EXTRAP T2R
and it is based on the diagnostics presented in this thesis. The author has
conducted the experiments and the data analysis of the interferometric and
bolometric signals as well as of the neutral particle energy analyser
(described in chapter 7) and has been the main author of the paper.
Measurement of the central electron temperature has been made possible by
P Nielsen and R Pasqualotto. J-A Malmberg contributed significantly to the
mode rotation analysis.

Paper VII presents the results of the first PPCD experiments performed in
EXTRAP T2R. The author has had primary responsibility for conducting the
experiments, for carrying out the confinement studies as well as for being
one of the main authors.

8.1 Paper I

EXTRAP T2 was operated between 1994 and 1998 in the OHTE RFP
configuration with a graphite first wall and a resistive shell. The shell
penetration time was much shorter than the pulse duration (τShell ≈ 1.5 ms).
This paper summarises the results of dynamo activity, wall-locked modes
and plasma-wall interactions.

The discharge performance was severely degraded by a very early phase
locking of the internally resonant m = 1 tearing modes. This was then
followed by the locking of the perturbation to the wall resulting in strong-
plasma-wall interactions. The consequences were: intense power loads on
the graphite first wall, strong impurity and hydrogen influxes, increase in the
effective charge and of the plasma resistivity, a global cooling of the plasma
and the reduction of the energy confinement time by 40%. The discharges
were then either abruptly terminated by carbon blooming or continued in a
much colder and resistive state.

The analysis of the magnetic activity indicated that mode-locking
dynamics was due to a broad spectrum of internally resonant m = 1 tearing
modes centred around n = 12. In addition, local variation of the toroidal flux
up to 10% and an increase of the magnetic radial field up to 5% were also
observed. A resistive MHD code with a resistive shell-boundary but a much
lower aspect ratio (R/a = 2.2) predicted variation in the toroidal flux and of
the magnetic radial field up to 20 %. Fast CCD camera images showed the
plasma-wall interactions as regions of enhanced emissivity with a m = 1, n =
12 – 18 structure with a toroidal extent of 20º in agreement with the
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magnetic data. In addition, local dynamo activity was observed to be
associated with the locked modes.

The strong plasma-wall interactions resulted in large heat fluxes to the
wall in the range 15 – 45 MWm-2. Infrared monitoring of the first wall
indicated local heating of the graphite tiles exceeding 1200 K sufficient for
thermal release of trapped oxygen, self-sputtering and chemical erosion of
the first wall. These events were simulated by a hydrogen recycling and
fuelling numerical simulation and good agreement was obtained assuming
that 5 % of the first wall was affected by the locked modes. The impurities
(mainly carbon and oxygen) and hydrogen influxes resulted in an increase of
the effective charge up to Zeff ≈ 3.6.

 The degrading effect of the locked modes on the discharge performance
can be alleviated either by forced or natural mode rotation as predicted by a
1-D particle, energy and neutral transport code. A three-fold improvement of
the energy confinement time was predicted.

From the results of EXTRAP T2 operations a strategy to achieve wall-
locking free discharges while retaining the resistive shell was obtained. To
avoid the formation of phase- and mode-locking in the setting-up phase of
the discharge the shell penetration time had to be increased by approximately
a factor of 5. At the same time, the sources of magnetic field errors (gaps,
portholes and toroidal field coils) had to be reduced. The aim was to achieve
the formation of a good RFP equilibrium on a time-scale shorter than the
shell penetration time so that the transition from conducting to resistive shell
conditions could be studied in improved plasma conditions.

8.2 Paper II

Dynamo activity in EXTRAP T2 was dominated by phase locking of the
internally resonant m = 1 tearing modes which subsequently locked to the
wall and gave rise to strong plasma-wall interactions. Dynamo activity was
generally characterised by a high level of fluctuations but quasi-steady
average values. However, in some discharges, the dynamo activity
manifested itself with a typical oscillatory behaviour. This paper focused on
the comparison of the two different behaviours by looking at two
representative plasma discharges from each category.

Mode dynamics analysis indicated that discharges with quasi-continuous
dynamo (QCD) were characterised by large amplitudes of the m = 1 modes
while the m = 0 modes had much smaller amplitudes. On the contrary, in
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discharges where discrete dynamo events (DDE) occurred the m = 1 and m =
0 modes had similar amplitudes. Both in QCD and DDE discharges mode
locking was present but while in QCD discharges dynamo activity was
observed only in the region of the mode locking, in DDE discharges the
dynamo activity was observed to have a toroidal extent far exceeding the
region of the mode locking. These observations were made using a set of 16
poloidal loop voltage signals that, integrated, provided the toroidal flux. The
site of toroidal flux generation was observed to move in toroidal direction
and to spread in toroidal extent. The toroidal rotation velocity (in the
electron diamagnetic drift direction) of the leading edge of the generation of
toroidal flux was approximately 2.5 × 104 rads-1 (30 kms-1). Dynamo activity
was not due to a change in the pinch parameter Θ since the considered
discharges had similar Θ values and, in addition, QCD discharge where
observed at all Θ. The role played by the aspect ratio in the dynamo was also
considered. The relative spacing of the m = 1 modes resonant surfaces is
inverse to the aspect ratio, i.e. the larger the aspect ratio the closer these
modes are spaced. In low aspect ratio RFPs the magnetic islands growing on
the resonant surfaces are initially not overlapped. As the resonant modes
grow the magnetic islands overlap and toroidal flux is generated, at large
fluctuation levels, by non-linear interactions of the m = 1 modes. The linear
tearing mode growth time τtear = τA

2/5τres
3/5 is much larger than the

reconnection time τrec = (τAτres)1/2 and a cyclic oscillatory behaviour is
observed. At large aspect ratio, the resonant surfaces are so closely spaced
that the tearing modes do not need to grow very much before they interact
generating toroidal flux in a quasi-continuous way by means of quasi-linear
interactions. Two RFP experiments can be taken as representative of small
and large aspect ratios. In the MST experiment the aspect ration is R/a ≈ 3
and DDE are typically observed, while in the EXTRAP T1 experiment with
an aspect ratio of R/a ≈ 8 QCD discharges were always observed. The aspect
ratio in EXTRAP T2 was R/a ≈ 6.8 and the presence of both DDE and QCD
discharges indicated that EXTRAP T2 was in a marginal condition.

Another interesting feature was that in QCD discharges toroidal flux
generation was mainly due to the m = 0 modes while in DDE discharges it
was due to the internally resonant tearing modes m = 1 modes. The presence
of two different mechanism for toroidal flux generation was observed also in
MST where generation of toroidal flux has been observed to be dominated
by m = 1 modes in the core and by m = 0 modes at the plasma edge. 3-D
resistive MHD simulations have indeed predicted both mechanisms for
toroidal flux generation.
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A third set of observations presented in the paper concerned the
equilibrium properties of the plasma during QCD and DDE activity. QCD
discharges were characterised by rather peaked current density profiles and
occupied the unstable region between the resistive and ideal m = 1 internally
resonant modes. Magnetic helicity was constant and so was the excess
energy. DDE discharges were instead characterised, during toroidal flux
generation, by excursions into the stability region for the ideal m = 1
internally resonant modes. At the same time excess energy was reduced to a
value below that of QCD discharges and magnetic helicity was roughly
conserved, i.e. its variation was less than the excess energy variation. In
particular, excess energy both for QCD and DDE discharges was observed to
be larger than that observed in the MST experiment and predicted by 3-D
resistive MHD simulations. The different excess energy in MST and in
EXTRAP T2 was interpreted in terms of the different shell: the former has a
thick conducting shell while the latter operated with a thin resistive shell.
The discrepancy with the numerical simulation was ascribed to the large
difference in the experimental Lundquist number S (105 – 106) and the one
used in the simulations (103) and according to the simulations the excess
energy is expected to increase with S.

8.3 Paper III

In this paper the EXTRAP T2R experiment is described and the first
results are reported. The motivations for the major upgrade of EXTRAP T2
to a device with a longer shell time have been discussed in paper I. The main
conclusion drawn in this paper is that the main goal of the major rebuild of
EXTRAP T2 (i.e. spontaneous natural rotation of the internally resonant
tearing modes) has been achieved.

EXTRAP T2R is characterised by a lower toroidal loop voltage (down to
20 – 30 V) and by plasma currents in the 50 – 120 kA range. Pulse duration
can be as long as 20 – 25 ms. The electron density decays throughout the
discharges dropping below 0.5 × 1019 m-3 while Iφ/N grows steadily reaching
values greater than 15 × 10-14 Am. The lack of mode wall-locking and the
recycling conditions of the full metal first wall allow for a good shot-to-shot
reproducibility of the plasma density. However, it is difficult to obtain high
densities by changing the wall recycling. For this reason a gas refuelling
system has been added later on and it is now still under further development.
In the EXTRAP T2R device it is possible to obtain plasma discharges at low
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current that are not radiation dominated (without gas fuelling). In particular,
the ratio of the radiated power to the input ohmic power is between 10 and
20 % as shown in figure 8.1. Spectroscopy measurements in the VUV
indicate that the major impurity in EXTRAP T2R is oxygen while carbon is
almost absent as expected since there are no graphite first-wall components.
The magnetic equilibrium in EXTRAP T2R is characterised by a more
shallow reversal as predicted by MHD simulations when a thin resistive shell
is substituted with a less resistive shell.
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Figure 8.1. Time traces of the input ohmic power, of the radiated power and
of their ratio for a typical discharge in EXTRAP T2R (shot 9618). The
radiated power is measured with the four-chord bolometric system described
in chapter 6.

The reduction of magnetic field errors and the increased shell time have
resulted in the absence of mode locking and therefore no strong plasma-wall
interactions occur in EXTRAP T2R. Mode dynamics in EXTRAP T2R is
characterised by the rotation of the internally resonant tearing modes. For
these modes, the phase velocity increases during the start-up phase of the
discharge and typically reaches a maximum that is constant throughout the
discharge. The maximum phase velocities vary in the range 20 – 300 krad s-1

and are consistent both in magnitude and direction with the expected E × B
drift associated to an outwardly directed electric field due to ambipolar
diffusion. Mode rotation of the internally resonant tearing modes has made
possible the observation of the internally non-resonant resistive shell modes
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as shown in figure 8.2. These modes grow throughout the discharge with a
time constant which is about half the shell time constant. The ideal
externally resonant resistive shell modes are observed to have low
amplitudes [Mal02].

Figure 8.2. Time evolution of the m = 1 normalised radial magnetic field
amplitudes at the wall for a typical discharge in EXTRAP T2R. The modes
from n = -12 to n = -15 and possibly n = -11 are internally resonant. The mode
n = -10 has the properties of the non resonant resistive shell mode. Data after
[Mal02].
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8.4 Paper IV

This paper deals with the estimate of the total radiated power in EXTRAP
T2R discharges. The total radiated power was calculated by integrating the
plasma emissivity profile obtained by the absolutely calibrated four-chord
bolometric system described in chapter 6. VUV spectroscopic
measurements, performed by R. M. Gravestijn, were also used to calculate
the plasma effective charge Zeff and temperature. In addition, estimates of the
total radiated power based on VUV measurements were compared with the
estimates provided by the bolometric diagnostic.

The emissivity profile in EXTRAP T2R is centrally peaked and no
significant contribution localised around the molybdenum limiters is
observed. Due to the low number of chords the inversion of the measured
brightness to obtain the emissivity was done assuming:

ε(r) = ε0(a2-r2)k

for the emissivity profile where ε0 and k were obtained by fitting the
experimental data with the corresponding brightness, i.e. the Abel transform
of ε(r). This choice was based on the observation that the brightness profile
was always more peaked than the brightness profile for a hypothetical flat
emissivity profile.

The total radiated power Prad, mainly due to impurity line radiation, is
typically 15% of the ohmic input power Pohm when I/N varies in the range 4
– 12 × 10-14 Am. Radiation dominated discharges occurs when I/N drops
below 4 × 10-14 Am similarly to what has been reported in other RFP
experiments. Such discharges occur when large quantities of neutral
hydrogen gas are puffed into the discharge to sustain the electron density. As
a result, the plasma becomes cooler and therefore more radiative and the
ratio Prad/Pohm approaches unity (as reported in paper VI). Similarly high
levels of radiated power also occur during the initial burn-through phase of
the discharge formation. The total radiated power measured by the
bolometric array is typically twice the estimates provided by the VUV
spectroscopic diagnostics independently of Zeff and of plasma temperature.

The emissivity profile presented in this paper has been confirmed by the
8-chord bolometric system, that replaced the 4-chord system, as shown in
figure 8.3. The experimental peaked emissivity profiles observed with the
bolometric diagnostic are reproduced by a preliminary model of the plasma



Paper V 111

impurity content. A steady-state collisional-radiative model is being
developed by Y. Corre.
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Figure 8.3. Contour plot of the plasma brightness for a typical EXTRAP T2R
discharge.

8.5 Paper V

Electron density profiles and electron transport play an important role in
the plasma energy confinement properties and have been extensively studied
in EXTRAP T2R both with and without gas fuelling.

In general, the electron density profile in EXTRAP T2R is centrally
peaked both in discharges with and without gas fuelling. In particular, the
results indicate that gas fuelling affects the plasma by peaking the density
profile. This has been interpreted in terms of a deeper penetration of neutral
hydrogen atoms from the edge into the plasma core. This has been verified
by calculating the ionisation source term S = <σv>ionnenn where the neutral
density profile nn was obtained by Monte Carlo simulations (see appendix)

0.0              0.2                  0.4                   0.6                  0.8  (MWm-2)
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coupled to estimates of the neutral particles influx from the edge obtained
with the neutral particle energy analyser described in chapter 7. It is
interesting to compare the source term profile in EXTRAP T2R with the
source profiles in other two RFP devices, namely RFX and TPE-RX. These
two devices have similar sizes (a = 0.46 m, R = 2 m and a = 0.45, R = 1.7 m
respectively) but the former is equipped with a graphite first wall while the
latter has fully metallic first wall. RFX operates with currents up to 1.2 MA
whereas TPE-RX operates with currents in the 200 – 600 kA range. RFX has
central densities and temperatures of the order of 4 – 5 × 1019 m-3 and 250 –
400 eV [Gre98]. In TPE-RX the electron temperature spans a similar range
in spite of the lower current as in RFX while the density is in the range 0.2 –
0.8 × 1019 m-3 (without gas puff) [Can01]. The electron source term profile
in EXTRAP T2R, both with and without gas fuelling, is quite large and
comparable to that of TPE-RX while in RFX the penetration of neutrals is
limited to the outer 20 % of the minor radius [Can01]. This can be explained
in terms of the different electron densities: devices with higher density have
lower neutral penetration while electron temperature, in these ranges, plays a
minor role in the neutral penetration.

From the electron density profiles, estimates of the electron diffusion
coefficient have been obtained. Integration of the electron continuity
equation provides the electron flux Γ which can also be written as:
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where D is the electron diffusion coefficient and V the convective velocity.
The diffusion coefficient D has been modelled as the sum of a core
stochastic transport diffusion coefficient DST and an edge anomalous
diffusion coefficient DE according to the relations:
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The convective velocity V is the sum of the classical E × B pinch velocity
and of the outward directed velocity VST that is due to the ambipolar nature
of parallel diffusion along stochastic magnetic field lines [Gre98].

Example of the radial profiles of D and V are shown in figure 8.4 and 8.5.
The values obtained for the diffusion coefficient in the plasma centre are
compatible with the Rechester-Rosenbluth theory of parallel diffusion along
stochastic magnetic fields. Towards the edge the calculated diffusion
coefficients increase mimicking transport driven by electrostatic fluctuations.
The time evolution of the electron density profile and of the diffusion
coefficient is shown in figure 8.6 and 8.7. As the electron density profile
relaxes the diffusion coefficient at the centre increases accordingly. The
uncertainty in the diffusion coefficient at the centre and at the edge is
approximately 10 – 20 %.
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Figure 8.4. Radial profile of the diffusion coefficient D (solid line) for a
typical EXTRAP T2R discharge. The dahsed lines represent the radial profile
of the stochastic and edge diffusion coefficients.
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Figure 8.5. Radial profiles of the pinch and stochastic velocities for a typical
EXTRAP T2R discharge.
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Figure 8.6. Time evolution of the electron density profile.
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Figure 8.7.  Time evolution of the electron diffusion coefficient calculated for
the electron density profiles shown in figure 8.6.

8.6 Paper VI

One of the most important features of the discharges in EXTRAP T2R is
the rotation of the internally resonant tearing modes. Natural rotation is quite
robust, occurs under most of the discharge scenarios and is characterised by
velocities between 20 and 600 krad s-1. As a result, the radial component of
the internally resonant tearing modes penetrating the shell is suppressed and
locking of the modes to the wall is almost never observed. Reconstruction of
the last closed magnetic flux surface shows a very high degree of symmetry.
Under such conditions, the confinement properties are not degraded by
asymmetries in the plasma column in the form of wall-locked modes and the
assumptions of toroidal symmetry, common in confinement studies, are
approximately satisfied.
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This paper focuses on the confinement properties of EXTRAP T2R under
different operating scenarios with and without gas fuelling. In particular the
new or upgraded diagnostics, most of which are described in this thesis, have
significantly contributed to better estimates of the energy confinement time.
A general limitation of the study presented in this paper is the fact that the
current is not under steady-state conditions. The ohmic heating circuit is
made of a capacitor banks that are sequentially triggered. The final bank has
a large capacitance but the current decays towards the end of the discharge.
Also, the equilibrium field is pre-programmed and therefore the equilibrium
position is not perfectly sustained.

The results presented in this paper, based on more than 300 discharges,
can be summarised as follows:

- Electron density profile is typically peaked even when gas fuelling is
used to sustain the density. Without gas puffing, the electron density
decays below 0.5 × 1019 m-3 while Iφ/N grows steadily up to 15 × 10-14

Am. Discharges with gas puff are characterised by constant line
averaged density in the range of 1 – 2 × 1019 m-3 with Iφ/N as low as 4
× 10-14 Am.

- The commonly used scaling parameter Iφ/N does not show clear
correlations with global plasma parameters such as Te(0), Ti(0), the
ratio Prad/Pohm and the energy confinement times.

- Poloidal beta varies between 5 and 15 % and the energy confinement
time varies between 50 and 225 µs. The best energy confinement
times are achieved for discharges without gas fuelling, an indication
that although gas puffing increases the density it cools the plasma and
at the same time increases the ratio Prad/Pohm. Energy confinement
times in EXTRAP T2R are five times better than in the former
EXTRAP T2 device.

- The magnetic fluctuation level and the energy confinement time have
been found to scale with the Lundquist number as S-0.05±0.07 and S0.5±0.1

respectively.
- Mode rotation is also affected by the different operating scenarios.

Although mode rotation of the internally resonant modes (n ≤ -12) is
observed in all the scenarios, it is clear that mode rotation is faster for
the series without gas puff. Mode rotation in RFPs is expected to scale
with the electron diamagnetic velocity, which is proportional to
Te(0)a-2B(0)-1. This trend is indeed followed in T2R.
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As stated in the paper, the electron temperature profile is not measured.
Only the central and edge electron temperatures are available. The
temperature profile parameter δ has been chosen equal to 4. The choice has
been based on the observation that, on average, the arrival time distribution
of the neutral particles detected by the particle energy analyser is better
reproduced theoretically when δ  = 4. Assuming a different value of the
profile factor, for example δ  = 2 will systematically result in a reduction of
the confinement times by approximately 17 %. However, the observed
scaling of the energy confinement time with the Lundquist number is not
substantially modified: S0.42 ± 0.09 instead of S0.45 ± 0.10.

8.7 Paper VII

Pulsed poloidal current drive (PPCD) is a method used in RFPs to reduce
the fluctuation level in order to reduce the transport mechanism and thereby
to improve the energy confinement time. As the name states, PPCD is
obtained by driving current at the plasma edge in the poloidal direction. In
this way, the need for a dynamo electric field and the related dynamo activity
is reduced thus making the core less stochastic. This paper presents the first
results of single PPCD experiments in EXTRAP T2R performed at shallow
and deep reversal. The main motivation behind this experiment was to
investigate the feasibility of this technique in a high aspect ratio, resistive
shell RFP. All the previous PPCD experiments have been carried out in
conducting shell RFPs. Eventually it will become important to operate in
resistive shell conditions and PPCD (or OPCD) can have an important role in
controlling the fluctuation level also for these conditions.

The power supply system of EXTRAP T2R was not initially designed to
operate with PPCD scenarios and no dedicated power supply system was
available for running such experiments. However, by starting up the
discharges in a self-reversed configuration it has been possible to dedicate
one capacitor bank, otherwise used for fast reversal, to drive the PPCD. The
promising results obtained during these experiments are the motivation for
further development of a dedicated power supply unit for PPCD
experiments.

During the current profile modification phase, the fluctuation level of the
m = 1 internally resonant tearing modes decreased. The m = 0 internally
resonant tearing modes were not affected by the PPCD. The angular phase
velocity of the m = 1 tearing modes accelerated during PPCD while the
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angular phase velocity of the m = 0, n = 1 was not affected, however it
showed, at shallow reversal, a tendency to wall-lock in correspondence of
the m = 0 burst. Quasi-single helicity was observed either in combination or
just after the PPCD. The change in the equilibrium due to PPCD slowed the
growth rate of the internal resistive wall modes. Spectroscopic observations
indicated a peaking of the electron temperature profile. SXR emissivity
profiles, monitored with a photocamera, showed a strong increase and a
tendency of peaking.

The best energy confinement times have been observed at deep reversal.
Poloidal beta and total beta up to 14 % and 10 % were observed. The energy
confinement time is approximately 380 µs, which represents a two-fold
improvement as compared with non-PPCD operations. The reduction in the
fluctuation level and the corresponding increase in the energy confinement
time are consistent with the predictions of parallel transport along stochastic
magnetic field lines.

A record central electron temperature of 380 eV was measured. Ion
temperature was not affected during PPCD but after the improved
confinement phase, typically terminated by m = 0 bursts, Ti(0) grew up to
350 eV. An interesting feature is a time delay in the increase of the ion
temperature that is observed between successful and non-successful PPCD
discharges. The latter occur when the PPCD is fired right after a SXR crash
(the timing of PPCD relative to such crashes was random). In these cases the
ion temperature responded directly to the additional input power while for
successful PPCD discharges the electrons were first heated and only after a
SXR crash a the end of PPCD the ions were heated. This is a clear indication
of the role played by the magnetic fluctuations (in particular the m = 0
modes) in heating the ions. For shallow reversal PPCD experiments,
confinement was also observed to increase but the increase was not as
dramatic as compared to confinement without PPCD. Ion heating after the
PPCD phase was also observed in shallow F discharges.
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Chapter 9

Conclusions

This thesis focuses on the study of the energy confinement properties in
the EXTRAP T2 and T2R reversed field pinches. In EXTRAP T2 the energy
confinement was substantially limited by strong plasma wall interactions.
These were observed with different diagnostics and in particular a CCD
camera system allowed for the first time the visual inspection of their time
evolution. The reduction of field errors and the increased shell penetration
time of the rebuilt EXTRAP T2R resulted in the natural rotation of the
internally resonant tearing modes thus improving the overall plasma
properties and in particular the confinement properties. Many plasma
parameters have to be measured to estimate of the energy confinement time
and a great deal of the work behind this thesis has been dedicated to
improving the diagnostics capabilities of EXTRAP T2R. A limitation to the
energy confinement in RFPs, even in presence of natural rotation, is the
intrinsic high level of magnetic fluctuations necessary to sustain the
discharge for times longer than the resistive diffusion time (the dynamo).
The main results of particle and energy transport studies in EXTRAP T2R
are in fact consistent with parallel transport along stochastic magnetic field
lines. The radiated power constitutes a small fraction of the total input power
and discharges in EXTRAP T2R are not radiation-dominated. The radiation
emissivity profiles are centrally peaked. This indicates that localised effects
at the molybdenum limiters do not contributed to the radiation at the edge.
As a result the emissivity profile can be interpreted in terms of a impurity
transport modelling. As a result of these studies, a code for the impurity
transport is being developed. The basic conclusion is that high ionisation
stages of the impurities (mainly carbon and oxygen) penetrate in the plasma
centre and no impurity screening mechanism is present.
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The pulsed poloidal current drive (PPCD) is a technique by which the
fluctuation level associated to the internally resonant tearing modes can be
transiently reduced. PPCD experiments have been recently carried out in
EXTRAP T2R and the results are quite promising. Even though only a single
pulse is used in the studies described in this thesis, the improvement of the
energy confinement time follows the trend observed in optimised
experiments on MST and RFX. During the PPCD a record high (for
EXTRAP T2R) electron temperature of 380 eV has been observed and the
estimated energy confinement was as high as 0.4 ms. The importance of
PPCD experiments in EXTRAP T2R lies in the fact that it is the only RFP
(at present) to have a resistive shell. The encouraging results of PPCD
experiments in EXTRAP T2R have prompted the planning for multi-pulse
PPCD. The installation of this additional power supply is going on at the
moment of the writing of this thesis.
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Appendix

Monte Carlo simulations of the
neutral hydrogen density profile

The role of neutral particles in fusion plasmas is very important. The
neutrals affect the particle and energy balance, the plasma confinement
properties, the density profile, the particle and energy fluxes at the wall and
the wall erosion. In addition, highly energetic neutrals are used as a
diagnostic tool of the plasma ion temperature. A detailed description of the
neutral content in fusion plasmas is very complicated due to the different
physical processes that take place particularly at the plasma-wall interface
and to the geometry of the devices (limiters and divertors for example). An
extensive review of the physical processes affecting the plasma neutral
content and of the theoretical, analytical and numerical methods devised for
tackling this problem can be found in [Ten87]. This appendix describes a
Monte Carlo code MCNC (Monte Carlo Neutrals Code) that was
implemented by the author and applied to EXTRAP T2R for the calculation
of the neutral density profile of a pure hydrogenic plasma.

A.1 The MCNC code

The MCNC code used in EXTRAP T2R is essentially a simplified version
of the code described in the work of Hughes and Post [Hug78]. A detailed
description of the MCNC code can be found in [Cec02b].

The code begins by launching a neutral particle from the wall. The
launched particles have a mono-energetic distribution limited by a minimum
energy value of 0.12 eV. Typical values are in the range 3 – 5 eV
representative of the energies associated with molecular processes at the
edge. The neutrals are launched according to a cosine distribution. Once
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launched, the neutral will move in a straight line until a collision occurs.
Only two collisional processes are simulated by the code: electron impact
ionisation and charge-exchange. In a electron impact ionisation collision the
neutral is lost and the code launches a new neutral from the wall. Charge-
exchange collisions result in the original neutral being substituted by a new
neutral whose velocity is randomly taken from the full 3D Maxwellian ion
velocity distribution at the local ion temperature. The new velocity direction
is chosen from a uniformly distributed angle in the range 0 – 2π. To evaluate
the neutral local mean free path, which depends on the CX and ionisation
rate coefficients, the electron density profile, as well as the electron and ion
temperature profiles are required. If the collision point lies outside the
plasma boundaries, a subroutine in the code describes the interaction of the
neutral with the wall. The wall is modelled as if made of iron only (data of
the particle and energy reflection coefficients RN and RE of H on stainless
steel in the energetic range of interest are not available). The presence of the
molybdenum limiters on the first wall of EXTRAP T2R is neglected. Data
for the particle and energy reflection coefficients of H on Fe for incident
energies E0 from 1 to 5000 eV and for the incident angles α = 0°, 30°, 45°,
60°, 70°, 80° and 85° are taken from [Eck87, NIF]. The neutral at the wall is
either reflected back into the plasma or trapped into the wall. If reflection
occurs, the reflected neutral is emitted according to a cosine distribution and
with energy that depends on the incident neutral energy and angle [Eck91].

The neutral density profile is obtained using a path length estimator
[Hug78]. The basic idea is to divide the plasma poloidal cross section into
annular region and to calculate the time that the neutral spends in each zone
(transit time). The mean transit time of N simulated neutrals for each zone is
proportional to the neutral density profile. The absolute neutral density
profile is obtained by specifying the influx of neutrals from the wall. This
has to be determined independently and the method used in EXTRAP T2R is
described in section A.2.

An example of the history of a neutral particle is shown in figure A.1. The
neutral is launched from the edge and crosses six zones before undergoing a
CX event. After the first CX collision a second CX collision occurs. The
neutral is then reflected at the wall back into the plasma where it is ionised.

The code has been tested against the illustrative calculations reported in
[Hug78] and a good agreement has been found. For this test, the following
input profiles were assumed:
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where the density is in cm-3 and the temperatures in eV. The plasma radius is
a = 40 cm, the neutrals leave the wall with an energy of 3 eV and the neutral
influx Γin is normalised so that the neutral density at the edge is the same to
that reported in [Hug78]. The comparison with the results in [Hug78] is
shown in figure A.2.

Figure A.1. History of a neutral particle launched from the wall into the
plasma. CX events and wall reflection occur before the ionisation collision
that ends the neutral history. The circular zones in which the plasma is divided
are shown.
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Figure A.2. Neutral density profile: comparison between the code output
(solid dots) and results from Hughes and Post’s code (continuous line).

A.2 Estimates of the neutral particles influx

The neutral profile calculated with MCNC is not completely determined
since the neutral influx Γin into the plasma is not known. However, the
neutral influx can been estimated indirectly. The basic idea is to compare the
theoretical neutral differential flux (dΓ/dEdΩ)theo with the experimental
neutral differential flux (dΓ/dEdΩ)exp measured with the neutral particle
energy analyser. (dΓ/dEdΩ)theo depends on the electron and neutral density
profiles and on the electron and ion temperature profiles. The electron
density profile is measured experimentally. The central ion and electron
temperatures are also measured experimentally. A temperature profile and
neutral influx Γin are assumed to calculate a neutral density profile and the
corresponding (dΓ/dEdΩ)theo. The temperature profiles and the neutral influx
Γin are obtained by fitting (dΓ/dEdΩ)theo to (dΓ/dEdΩ)exp.

This technique to calculate the neutral influx Γin suffers from two
limitations. The first is that the detector used in the neutral particle energy
analyser is not sensitive to neutrals with energies below 15 eV: this may lead
to an underestimate of the neutral influx. The second limitation is due to the
detector gain that is assumed to have the value tabulated in the
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manufacturer’s data sheet. In reality, the gain is usually lower than the
tabulated value [Cos00] and, as a result of this, the neutral influx might be
underestimated. An example of the neutral density profile for a typical
EXTRAP T2R discharge and is shown in figure A.3. In figure A.4 the
comparison between the theoretical and experimental neutral differential
spectrum is shown.
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Figure A.3. Neutral profile for a typical EXTRAP T2R discharge.
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Figure A.4. Comparison between the theoretical and experimental neutral
differential spectrum.
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