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Abstract

A wide range of unstable current driven MHD modes is present in the re-

versed �eld pinch (RFP) con�guration. An ideally conducting wall facing

the plasma can stabilize the ideal MHD modes. In the presence of a resistive

wall characterized by the wall time τw, fast mode rotation with the frequency

exceeding the inverse wall time gives stabilization for resistive MHD modes.

The ideal MHD modes in the RFP are non-rotating modes and can not be

stabilized by the resistive wall. Instead they are converted into resistive wall

modes (RWM) growing with a growth rate proportional to the inverse of

the wall time τw. EXTRAP T2R is an RFP device equipped with a thin

resistive wall having the wall time shorter than the plasma pulse duration

τw < τp. This feature allows the study of non-resonant non-rotating resistive

wall modes. Resistive wall modes dynamics has been studied in EXTRAP

T2R . RWM growth rates has been measured and compared with linear MHD

stability calculations. Quantitative agreement is observed.

In the case τw < τp the RWM can cause discharge degradation and should

be stabilized. Active feedback is the way to stabilize the RWM in the RFP.

An intelligent shell scheme is one possible feedback scenario. An active feed-

back system including a set of sensors and discrete active coils is installed in

EXTRAP T2R. The intelligent shell tries to keep the magnetic �ux zero at

the positions of the sensor. The analog PID controller for the intelligent shell

feedback scheme has been studied. A model of the active control system was

developed and comparison with the experimental results showed good agree-

ment. Encouraging experimental results on the active feedback stabilization

of multiple RWMs in the RFP plasmas were obtained.

Descriptors

Reversed �eld pinch ,current driven modes, thin resistive wall, resistive wall

modes, linear growth rates, active feedback, intelligent shell, PID controller.
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1 Introduction

Energy is a basis of everyday life. Nowadays energy is used everywhere and

normal everyday life can not be imagined without energy. Technical progress

and increasing population results in increase in the energy consumption.

Today, energy is produced mostly from the natural resources(coal,oil,gas).

Increase in energy consumption leads to the faster exhaust of the natural

resources. Alternative ways of energy production are needed. Nuclear fu-

sion is one of the alternatives. Fusion energy is obtained from nuclear fusion

reactions with energy release:

a+ b −→ c+ d+ ∆E (1.1)

where a,b - initial nuclei, c,d - reaction products and δE is energy released,

given by the famous Einstein's formula

∆E = ∆(m)c2 (1.2)

where ∆m is the mass di�erence between a + b and c + d. Of course ∆m
should be greater than zero.

In order for the fusion reaction to take place the nuclei a and b must

overcome strong repulsion force. Energies in order of 10-100 keV are required

which corresponds to the temperatures (108− 109 ◦K). At this energies light

nuclei are totally stripped and form a thermonuclear plasma - quasineutral

gas of positively charged nuclei and electrons. The hot plasma must be

con�ned long enough to achieve a self sustained reaction where the energy

produced is higher than the energy required to heat the plasma. A parameter

showing necessary conditions for ignition is the triple product

nTτe ≥ LDT = 5 · 1021m−3keV s (1.3)

where n, T indicate the density and temperature of the plasma respectively

and τe is the energy con�nement time, a measure of the time the plasma can

be made su�ciently hot. The parameter value LDT is used for the reaction

mostly used nowadays - the DT (deuterium-tritium) reaction

D + T −→4 He+ n (1.4)

with an ignition energy of 4 keV (4.5 ∗ 107 ◦K) and a total thermonuclear

energy release of 17 MeV.
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1.1 Magnetic con�nement.

As was mentioned above, temperatures in order of (108−109 ◦K) are required

for the fusion reaction. No matter can con�ne a plasma with such high tem-

peratures. Direct contact of the thermonuclear plasma and the wall will va-

porize the wall and cool the plasma. Some mechanism allowing detachment

from the wall that con�nes the hot plasma is needed. Magnetic con�nement

is one of the mechanisms. It is based on the fact that charged particles move

along a helical path around the magnetic �eld line. A magnetic �eld con-

�guration which con�ne plasma is called a magnetic trap. Di�erent types

of magnetic traps are known. A �mirror device� is an open magnetic con-

�guration which relies upon charged particle being re�ected by the regions

of intensive magnetic �eld. Particle losses are prevented by the magnetic

mirrors at the ends of the device.

1.2 Toroidal magnetic con�guration.

Most extensive work in magnetic fusion is done on toroidal magnetic traps.

The basic idea of such a trap is that the magnetic �eld lines lie on a closed

surface and con�ne plasma inside a closed volume. The toroidal magnetic

con�guration is described by its major radius R, the distance from the axis

of rotation (the major axis) to the center of the plasma (the minor axis),

and the minor radius a, the distance from the center of the plasma to its

outer boundary. The ratio R/a is called the aspect ratio. The toroidal

con�guration can be described by the coordinates (r, θ, φ), where the radial

coordinate r ranges from the plasma center (r = 0) outwards, the poloidal

angle θ which measures rotation about the minor axis and the toroidal angle

φ, which measures rotation about major axis. Both θ and φ vary from 0 to

2π.
Several toroidal magnetic con�nement devices were investigated during

last decades. These are the tokamaks, the stellarators and the reversed �eld

pinches. The results of the present work is obtained for the reversed �eld

pinch con�guration.
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2 Magneto hydrodynamic model

The MHD model is often used to describe the thermonuclear plasma. Ac-

cording to the model, the plasma is represented as a conducting �uid [1, 2].

The MHD model is based on the connection of the mechanical forces and

the magnetic and the electric �elds in the conducting �uid. MHD equations

are equations of electrodynamics and hydrodynamics where the connection

between the motion and the magnetic �eld is taken into account. Maxwell

equations and Ohm's law are written as

∇×B = µ0j (2.1)

∇×E = −∂B
∂t

(2.2)

∇ ·B = 0 (2.3)

j = σ(E + v×B) (2.4)

To complete the system of MHD equations the hydrodynamic equation

should be added that describes the connection between v and B. It is Navier-

Stokes equation:

ρ
dv
dt

= −∇p+ j×B +∇ ·Π (2.5)

Often the term 'ideal MHD' is used to describe the MHD model when the

�uid conductivity is in�nite (σ →∞). In this case Ohm's law is written:

E + v ×B = 0 (2.6)

2.1 MHD equilibrium

The stationary solution (∂/∂t = 0) of the MHD equations (2.1 -2.5) de�nes

the equilibrium con�guration for the toroidal plasmas. For the static case

(v = 0) the equation (2.5) is reduced to the force balance equation

∇p = j×B (2.7)

Axisymmetric equilibrium where the toroidal coordinate φ is ignorable is

used in the following discussion. Then the equilibria are characterized by
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the nested toroidal magnetic surfaces ψ(r) = const. It is convenient to use

the �ux coordinate system (ψ, θ, φ) [3] for such equilibrium. The innermost

magnetic surface reduces to a line which is the magnetic axis. The radial

coordinate is labeled by a poloidal magnetic �ux function ψ which is de�ned

as 2πψ =
∫

Bp · dA. This is the normalized magnetic �ux through any

poloidal surface (θ = const), from the magnetic axis to a magnetic surface

labeled by ψ. The magnetic �eld of axisymmetric toroidal equilibria can be

written as a sum of the toroidal and the poloidal components B = Bt + Bp

where Bt = Bφφ̂ and Bp = ∇φ × ∇ψ. The Grad-Shafranov equation is

obtained from the reduction of the MHD equations for the case of toroidal

axisymmetry.

R
∂

∂R
(

1
R

∂ψ

∂R
) +

∂2ψ

∂Z2
= −µ0R

2 dp

dψ
− F dF

dψ
(2.8)

where ψ is the poloidal �ux function and F = RBφ is related to the poloidal

current. The cylindrical coordinate system (R,φ, Z) used is shown in �g.

2.1(a). The Grad-Shafranov equation is a second order non-linear partial

di�erential equation.

Figure 2.1 Cylindrical systems used in the equilibrium analysis. Coordinate

transformation from (R, φ′, Z) to (r, θ, φ) is given by: R = R0 + rcosθ, Z =

rsinθ, φ′ = −φ

In the general case it can be solved only numerically by choosing p(ψ), F (ψ)
dependence and de�ning the boundary conditions. Analytical solution of the

Grad-Shafranov equation is obtained for the small inverse aspect ratio ap-

proximation ε ≡ a/R0 � 1. Then the �ux function is expanded in ε and
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the zero order �ux function ψ0 is cylindrically symmetric. This means that

the �ux surfaces are concentric cylinders. Using a cylindrical coordinate

system(r, θ, z) with z along the toroidal (φ) direction and assuming periodic-

ity in z direction (see �g. 2.1(b)) we can write the zero order radial balance

d

dr
(p0 +B2

φ0/2µ0) +
Bθ0
µ0r

d

dr
(rBθ0) = 0 (2.9)

where z is related to the toroidal angle φ = z/R0. The plasma kinetic pres-

sure is balanced by the magnetic pressure and the magnetic tension (last

term). A commonly used parameter to measure the e�ciency of the plasma

con�nement by the magnetic �eld is the β̄ parameter that is the ratio of

averaged plasma pressure to averaged magnetic pressure

β̄ ≡ 2µ0 < p >

B2
0 + B̄2

p

(2.10)

For ε � 1, B0 is the applied toroidal magnetic �eld and B̄p = µ0I0/2πa is

the poloidal �eld at the edge, I0 is the plasma current. Another parameter

that is important for the equilibrium and for the stability is the safety factor

q = rBφ/RBθ that de�nes the pitch of the magnetic �eld line.

2.2 Linear MHD stability

Equilibrium MHD theory de�nes the conditions under which the plasma ki-

netic pressure is balanced by the electromagnetic force but it does not answer

the question about the stability of the equilibrium to displacements. Linear

MHD theory studies the response of a given equilibrium to small perturba-

tions. The physical quantities are de�ned as Q = Q0 + q1 where Q0 is the

equilibrium state and q1 is the small perturbation. Usually all perturbed

quantities are expressed in terms of the vector ξ, the displacement of the

plasma from the equilibrium position. After the linearization procedure the

equation for ξ can be obtained:

ρ0
∂2ξ

∂t2
= F(ξ) (2.11)

where F(ξ) is the force operator [4]

F(ξ) = ∇(γp0∇ · ξ + ξ · ∇p0) +
1
µ0

[∇×∇× (ξ ×B0) + (∇×B0)×

(∇× (∇× ξ ×B0)]

Here B0, p0, ρ0 are equilibrium quantities and γ is the ratio of speci�c heats.

Global linear stability of the ideal MHD plasma can be studied applying the

energy principle method [5]. The method examines the change in potential

energy δW of the plasma due to an arbitrary displacement ξ. The quantity
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δW can be calculated from the work done in moving the plasma through a

distance ξ:

δW = −1
2

∫
ξ · F(ξ)dτ (2.12)

where the integral is over the entire plasma volume. The analysis can be

extended to include also a vacuum region outside the plasma. The plasma

is stable if the minimum of δW is positive for all physically allowable dis-

placements ξ and unstable if δW is negative for any physically allowable

displacement ξ. Another method for linear ideal MHD stability analysis is

the normal mode method. It contains explicit information about the growth

rate of selected modes. In the normal mode method the perturbation is ex-

pressed as ξ(r, t) = ξ(r)e−iwt where Im(w) is the growth rate of mode. Then

the equation (2.11) is written as:

−w2ρ0ξ = F(ξ) (2.13)

Supplying the boundary conditions for ξ, this equation can be solved as

an eigenvalue problem with the eigenvalue w. The value w = 0 divides

the mode spectrum into propagating (stable) modes w2 > 0 and growing

(unstable) modes w2 < 0. Using cylindrical geometry (assuming symmetry

of the equilibrium in (θ, φ), the perturbation ξ(r) is written as a Fourier

series ξ(r) = ξ(r)ei(mθ+nφ) where m,n are the poloidal and the toroidal

mode numbers. Then minimization of δW in the energy principle method

can be simpli�ed and in general reduced to the one dimensional problem

δW (ξr). The di�erential equation that determines ξr that minimizes δW can

be obtained from the Euler-Lagrange equation [1, 6]:

d

dr
(f
dξ

dr
)− gξ = 0 (2.14)

where f(r), g(r) are functions that depend on the equilibrium �elds B0, p0

and the mode numbers m,n. This equation corresponds to the neutral stabil-

ity form (i.e w2 = 0) of the normal mode equations. Solution of the equation

(2.14) gives the radial structure of ξ. By analyzing ξ(r), conclusions about
the stability of an arbitrary mode can be made [6]. As it was shown by the

energy principle method the plasma is unstable if the variation of potential

energy is negative. It means that potential energy can be reduced increas-

ing kinetic energy as it follows from the energy conservation and causing

instability. Energy that can drive instability is free energy. There are two

sources of free energy: 1) plasma pressure and 2) parallel current density.

Depending on the driving force, instabilities are called pressure driven and

current driven respectively. Instabilities are also divided into resonant and

non resonant. A resonant instability has a resonant surface which is a surface

on which k ·B0 = 0 where k is the wave vector of the mode in the plasma,

or equivalently at the resonance q = −m/n. Non-resonant instabilities don't
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have a resonant surface in the plasma. There are several methods by which

MHD instabilities can be stabilized. One is a perfectly conducting wall facing

the plasma. Another is magnetic shear that is de�ned as P = q(r)′/q(r).
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3 Reversed �eld pinch

The reversed �eld pinch (RFP) [7] is an axisymmetric magnetic con�guration

in which the plasma is con�ned by a combination of the poloidal magnetic

�eld due to a toroidal current �owing within the plasma, the toroidal mag-

netic �eld generated by the poloidal current in the plasma and the toroidal

magnetic �eld generated by external coils. The toroidal �eld is reversed on

the outside of the plasma with respect to its value on axis. Variation of the

poloidal and the toroidal magnetic �elds with radius is shown in �g. 3.1.

RFP is characterized by the same magnitude of poloidal and toroidal �elds,

Figure 3.1 The toroidal and poloidal magnetic �eld pro�les

for the RFP con�guration.

Bθ ∼ Bz. Correspondently the safety factor q = rBz/RBθ < 1, and q be-

comes negative at the outer part of the plasma. The plasma con�nement is

characterized by a poloidal beta βθ = 2µ0p̄/B
2
θ (a) that usually is high for the

RFP con�guration.
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3.1 RFP equilibrium

The basic RFP equilibrium is the β = 0 fully relaxed minimum-energy state

given by Taylor [8]. For this equilibrium j × B = 0 and the current �ows

parallel to the magnetic �eld i.e:

∇×B = µB (3.1)

where µ = µ0J ·B/B2 = const is the normalized parallel current density pro-

�le. Solution of this equation in a cylinder gives the Bessel function model

(BFM) where the magnetic �elds are represented by the Bessel functions:

Bz = B0J0(µr), Bθ = B0J1(µr). A common (more practical) RFP equilib-

rium is given by the Θ0−α model [9]. Here the parallel current density varies

with the radius and is written as

µ(r) =
2Θ0

a
(1− (

r

a
)α) (3.2)

where Θ0 = µ(0)a/2 ∼ J(0)/B(0) is related to the current density on axis

and α de�nes the current density pro�le shape. In experiment Θ0 and α can

be related to the experimentally measured pinch parameter Θ = Bθ(a)/ <
Bz > and the reversal parameter F = Bz(a)/ < Bz >. Although the basic

theoretical RFP equilibrium is zero pressure and fully relaxed β in practice is

quite high for RFP. This suggests that the pressure part should be included

in the equilibrium equations. Then the equation (2.1) is written as [10, 11]

∇×B = µ0(J⊥ + J‖) (3.3)

where J⊥ = B×∇p/B2 and J‖ = µ/µ0B. The Θ0−α model can be modi�ed

to include plasma pressure given by βθ.

3.2 RFP stability

The basic RFP equilibrium is the minimum energy state equilibrium as was

mentioned in the previous section. This means that the system has no free

energy for instability to grow. Unfortunately the experimental equilibrium

is not the minimum energy state because of the non-uniform pressure and

current density pro�les. Moreover, the RFP q pro�le (�g. 3.2) suggests a

wide range of resonant modes in the plasma that can become unstable.

Both pressure driven and current driven modes are present. Ideal MHD

pressure driven modes are the localized interchange modes. These are usually

stabilized in RFP equilibrium satisfying the Suydam stability condition [6,10]

dp

dr
= −D(r)

r

2µ0
(
µB2

2Bθ
− Bz

r
)2 (3.4)

with D(r) < 1. Modes are stabilized by the shear of the magnetic �eld. Most

dangerous current driven modes have the poloidal mode numbers m = 0 and
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Figure 3.2 The q pro�le for RFP con�guration. Diamonds

show the position of resonant surfaces of some m = 1 inter-

nally resonant modes.

m = 1. The m = 0 modes are resonant on the reversal surface. The m = 1
modes can be characterized according to the q pro�le. Resonant m=1 modes

have the resonant surfaces k · B0 inside the plasma (q = −m/n). Inter-

nally resonant modes have the same helicity handedness as the equilibrium

�eld inside the reversal surface. They are characterized by the toroidal mode

number n < 0 and 0 < qm,n < q0 where q0 is the axis value of the safety

factor. Externally resonant modes have the same helicity handedness as the

equilibrium magnetic �eld outside the reversal surface. They are character-

ized by the toroidal mode number n > 0 and qa < qm,n < 0 where qa is

the value of the safety factor at the edge. Non-resonant modes don't have

a resonant surfaces in the plasma. Internal non-resonant modes have n < 0
and qm,n > q0. External non-resonant modes have n > 0 and qm,n < qa.

In RFP the resonant resistive MHD modes play an important role in the

plasma dynamics. Non linear dynamics of m = 1 and m = 0 modes produces

the toroidal magnetic �ux that prevents the resistive di�usion decay of the

toroidal magnetic �eld. This process is called the RFP dynamo [11�14]

Ideal MHD unstable modes in RFP can be stabilized by a perfectly con-

ducting wall facing the plasma [15, 16]. The image currents induced by the

growing perturbation create the magnetic �eld that cancels the perturbation.

In experiments the wall has �nite resistivity and is de�ned as a resistive wall

or resistive shell. It can be characterized by the shell time - the time of the

penetration of the magnetic �eld through the shell τw = µ0σdrw. Here σ
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is the shell conductivity, d is the shell thickness and rw is the radius of the

shell. The image currents induced in the resistive shell decay with the time

scale proportional to the τw. The thin shell approximation [17] is used in the

following analysis. This means that the skin depth of the perturbed mag-

netic �eld is much greater than the thickness of the resistive shell. By this

approximation the shell structure can be neglected in the analysis.

Resonant resistive MHDm = 0 andm = 1 modes in RFP are often rotating

modes and could be stabilized with plasma rotation [18�20]. If the rotation

frequency of the mode exceeds the inverse shell time the resistive shell acts

like the conducting shell for such modes.

Non-resonant ideal MHD current driven m = 1 modes are non-rotating in

the RFP plasmas. Therefore the resistive shell can not completely stabilize

them. Instead these modes are converted into resistive wall modes (RWM)

that grow with the growth rate proportional to the inverse wall time γRWM ∼
1/τw [15,20,21]. For the operation regimes where the plasma discharge time is

much longer than the wall time constant τp � τw, RWMs should be stabilized

by some sort of active feedback control system.
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4 Feedback control of resistive

wall modes.

Resistive wall modes(RWM) in the RFP are not a�ected by the plasma ro-

tation and grow with the growth rate proportional to the inverse wall time.

Therefore some alternative stabilization scheme is needed. The active feed-

back control scheme can be used to stabilize the RWM. General feedback

system is shown in �g. 4.1.

Figure 4.1 General control system

The di�erence of the reference signal R and the output signal U forms the

input signal E to the controller. The controller parameters should be chosen

as to minimize E.

4.1 Review

Resistive wall modes are observed in di�erent toroidal devices(tokamaks [22�

24], RFPs [18, 25�27]). Although having di�erent driving forces (pressure in

tokamaks, current in RFPs) in di�erent toroidal con�gurations, RWMs are

basically described by the same MHD model. Therefore the active feedback
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stabilization concept has the same basic aspects for tokamaks and RFPs.

The present work discusses the results obtained for the RFP con�guration

although the following review is referring to theory from tokamak �eld.

Active feedback stabilization of resistive wall modes in the RFP con�gura-

tion was studied both theoretically and experimentally. Experiments on the

HBTX1C reversed �eld pinch showed the possibility of stabilizing a single

RWM by helical coils placed outside of the thin resistive shell [26]. In partic-

ular the (m = 1, n = 2) external resistive wall mode was targeted. Although

suppression of the targeted mode was achieved, there was little e�ect on the

overall mode growth. Theoretical predictions [17, 21] show a wide range of

unstable RWMs present in the RFP plasma. Therefore, to stabilize multiple

RWMs many helical coils are needed. A more e�cient scheme of RWM sta-

bilization is the intelligent shell sheme. It uses a set of discrete active coils

in order to sustain the ideal wall condition for the time longer than the wall

time and minimize �ux penetration through the resistive wall by this means.

The intelligent shell scheme was �rst described in the literature in 1989 by

C. M. Bishop [28]. This work was motivated by the HBTX1C experiment. A

di�erential equation, that described the system was obtained and the stabil-

ity of the system was investigated. Circuit equations for the intelligent shell

scheme were obtained in 1991 by C.L. Platt and S. H. Robertson [29]. The

�rst self-consistent model of the plasma-feedback coil system for the RFP

con�guration was developed by R. Fitzpatrick and E.P. Yu [17]. A propor-

tional feedback scheme was introduced where current in the active coil is

proportional to the magnetic �ux linking the detector loop. The e�ect of us-

ing di�erent feedback schemes is discussed by M. Okabayashi [30]. Di�erent

sensor types are discussed both for the tokamaks [31] and for RFPs [32]. It

was shown that toroidal sensors placed inside of a resistive shell give lowest

feedback gains for RWM stabilization for both devices. Although extensive

studies was done on theoretical models of active feedback stabilization sys-

tem for RFP, not much experimental studies have been done on the active

feedback stabilization of RWM in RFP con�guration. The purpose of the

present work is to extend experimental data on RWM stabilization in the

RFP.
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5 Results

This thesis is based on eight papers to which the author has made signi�cant

contribution.

Papers I to IV are devoted to resistive wall modes studies in the EXTRAP

T2R reversed �eld pinch. Paper I discusses resistive wall mode dynamics in

EXTRAP T2R. The author was involved in the stability calculations. Pa-

per II is the continuation of the work in paper I improving the theoretical

calculations. This paper was written by the author who was responsible for

the model improvement and the numerical code handling. Paper III is a

summary of the RWM studies. The author was involved in the numerical

stability calculations and also in the magnetic data analysis. Paper IV de-

scribes mode dynamics and con�nement in EXTRAP T2R. The author was

involved in the numerical analysis.

Papers V to VIII are devoted to the active feedback stabilization studies

of RWMs in EXTRAP T2R. Paper V describes the analog controller for

the active feedback system and was written by the author who was also

responsible for the data analysis and the model development. Paper VI

shows experimental results on the active feedback stabilization of RWM's

in EXTRAP T2R. The author was responsible for the setup of the magnetic

measurements and collecting the magnetic data. Papers VII and VIII discuss

characteristics of the active feedback system. The author contributed in

collecting the experimental data.

5.1 Experimental device.

General

The results of the present work were obtained in the EXTRAP T2R reversed

�eld pinch device. EXTRAP T2R [33] is a medium RFP device with the

aspect ratio R/a = 6.8. The stainless steel �rst wall is shielded by a system

of a molybdenum limiters. The device has a two layer thin copper shell with

the vertical �eld penetration time τv = 6.3ms (τw = 2τv). There are two

poloidal and toroidal gaps in order to not shot-circuit the electric �elds. The

shell is at a normalized radius rv/a = 1.08. A capacitor bank supply system

is used. The plasma current is around 60−120 kA in the present experiments.
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The main parameters of the EXTRAP T2R RFP device are shown in Table

1.

R0(m) 1.24 βθ% 5-15

a(m) 0.183 ne 0.5− 1.5 · 1019m−3

R0/a 6.8 Te 100-300 eV

Ipl 60-120 kA τpulse <25 ms

Vloop 20-30 V τv 6.3 ms

Θ 1.6-1.9

F -0.15 - -0.25

Table 1. Typical parameters in EXTRAP T2R

Magnetic diagnostic

A large amount of magnetic diagnostics are installed on the device to mea-

sure MHD activity. The magnetic diagnostic allow measurement of all three

components of the perturbed magnetic �eld (br, bθ, bφ) at 256 positions. To

measure the br component, a system of 256 radial �ux loops at 4 poloidal and

64 toroidal positions is installed. The poloidal extension of the sensor coil is

90◦ and the toroidal extension is 5.625◦. The sensor coils in the study are

connected to form m=1 pairs (top to bottom, outboard to inboard). Helical

modes with the poloidal mode number m = 1 and the toroidal mode numbers

n = −31..32 can be resolved. The sensor coils are installed just inside the

shell at a normalized radius rs/a = 1.077.

Feedback system

An active feedback system is installed on EXTRAP T2R. It consists of 64

radial saddle coils at 4 poloidal and 16 toroidal positions. The poloidal ex-

tension of the coil is 90◦ and the toroidal extension is 11.25◦. The active

coil resistance is around 1 Ω and the inductance around 1mH giving a L/R

time constant τc = 1ms. The coils are connected to form m = 1 pairs (cor-

responding to the sensor coils). Each pair is driven by a professional audio

ampli�er which can produce a current of 20A. This corresponds to a radial

magnetic �eld measured by the sensor coils in order of 1mT . The active

coils are installed outside the shell at a normalized radius rc/a = 1.28. The
poloidal cross section of EXTRAP T2R with the limiters, the �rst wall, the

sensor coils, the shell and the active coils is shown in �g. 5.1.
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Figure 5.1 Poloidal cross section of the EXTRAP T2R RFP device. Here

rlim = 183mm is the limiter radius, rsens = 197mm is the sensor coil

radius, rsh = 198mm is the shell radius, rc = 235mm is the active coil

radius

5.2 Magnetic measurements

Mode characteristics

The sensor coil measurements are used to obtain the plasma mode character-

istics, i.e the time dependence of the mode amplitude and phase. Only m=1

modes are discussed below. The 2-D Fourier transform [34] is used to obtain

the mode amplitude and phase. Typical m=1 mode spectrum obtained for

the medium Θ discharge in EXTRAP T2R is shown in �g. 5.2.

Several groups of modes can be distinguished. Internal resonant modes

have their resonant surfaces inside the plasma, the toroidal mode numbers

n = −16... − 12 and m/n < q0. These modes are rotating modes and have

low amplitudes and fast varying phase while rotating. Internal non-resonant

modes (internal RWMs) have m/n > q0,n = −11... − 3, and the same helic-

ity handedness as the equilibrium magnetic �eld inside the reversal surface.

These modes are non-rotating and are growing exponentially having station-
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Figure 5.2 Mode spectrum for the typical discharge in the EXTRAP T2R reversed

�eld pinch.

ary or slowly changing phase. Error modes (n = −2...2) are thought to be

excited by the misalignments in the machine structure. These modes grow

linearly and have stationary phase. External non-resonant modes (external

RWMs) have the toroidal mode numbers n = 3...7 and the same helicity hand-

edness as the equilibrium magnetic �eld outside the reversal surface. They

grow exponentially as internal RWMs and have similar phase behaviour. The

time behaviour of the di�erent mode amplitudes and phases is shown in �g.

5.3.

The mode spectrum changes with changing equilibrium parameters. The

mode spectra for high Θ and low Θ shots are shown in �g. 5.4.

Internal modes are dominant for both cases. External modes have higher

amplitude for the high Θ shot. This can be explained by the theoretical

growth rate dependence on Θ0 and α equilibrium pro�le parameters. The

error modes amplitudes behaviour can be explained by the �eld error ampli-

�cation that will be discussed later.

RWM growth rate measurements.

Resistive wall modes grow exponentially with the growth rate proportional

to the inverse wall time γ ∼ τ−1
w . Experimental growth rate measurements

are obtained by performing an exponential �t to the mode amplitude during

the quiet phase of the discharge. The χ2 parameter is used to determine
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Figure 5.3 Time beheviour of the di�erent m = 1 mode amplitudes and phases

in EXTRAP T2R. Internally resonant mode (m = 1, n = −14), internally non-

resonant mode (m = 1, n = −10), error mode (m = 1, n = 2), and externally

non-resonant mode (m = 1, n = 5) are shown.

accuracy of the �t. Error modes and modes with non exponential growth

(resonant modes) can be excluded using this parameter.

5.3 Linear stability analysis of RWMs.

In the papers I-IV, the linear stability of RWMs are studied. Cylindrical

geometry is used including the plasma volume, the resistive shell and the

vacuum volume between the plasma and the shell. The Θ0−α model is used

for the equilibrium modeling. Equilibrium pro�les of the magnetic �eld are

obtained from the equation (3.3). The plasma pressure pro�le is modeled
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Figure 5.4 Mode spectrum for high Θ (black) and low Θ (grey) shots in EX-

TRAP T2R.

according to the equation(3.4). A linearly increasing pro�le for D(r) is used:

D(r) = C
r

a
(5.1)

where 0 ≤ C < 1. The modeled parameters (Θ0, α, C) are estimated from the

corresponding set of the experimental equilibrium parameters(Θ, F, β0) mea-

sured in EXTRAP T2R. In cylindrical geometry the perturbation is de�ned

as:

ξ(r, t) = ξ(r)eγt+i(mθ+kz) (5.2)

where m is the poloidal mode number, k = n/R0, γ is the linear growth rate

of the mode. A perturbed pressure de�ned as the sum of the thermodynamic

and magnetic pressure is used

p∗ ≡ p1 + B0 · b/µ0 (5.3)

where B0 is the equilibrium magnetic �eld and b is the perturbed magnetic

�eld.

The analysis is based on the fact that the RWMs growth time is propor-

tional to the resistive shell time that is much longer than the MHD time

scale. In this case, the marginal stability (w = 0) form of the normal mode

equation (2.15) can be used. This second order equation for ξ can be written

as two coupled �rst order ordinary di�erential equations for ξ and p∗ [2].

Solving these equations in the plasma and vacuum and using the boundary

conditions to match the solutions at the plasma boundary and the resistive

wall the radial pro�le of the perturbed magnetic �eld b(r) can be obtained.
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The radial component of perturbed magnetic �eld is written as ibr = −Fξr
where F = m/rBθ + kBz. The growth rate of the resistive wall mode is

obtained from the jump of the derivative of the radial magnetic �eld at the

resistive wall, using the thin wall boundary condition

γτw = [
r

br

dbr
dr

]r
+
w

r−w
(5.4)

Here the growth rate is normalized to the shell time constant τw. Using

information about the growth rates, stability boundaries were found for pos-

sible equilibria. In �g. 1 paper II, the ideal and RWM stability boundaries

are shown for the dominant internal and external RWMs in EXTRAP T2R.

Experimental equilibrium points show that the equilibria in EXTRAP T2R

are unstable to RWMs and stable to ideal MHD modes. In papers I-IV,

the theoretical growth rates of RWMs were obtained for di�erent equilib-

rium conditions, particularly for di�erent Θ values and for di�erent pressure

pro�les (di�erent C value in the equation (5.1)). Theoretical growth rates

were compared to the experimentally measured growth rates. Quantitative

agreement was observed.

5.4 Feedback stabilization of RWMs.

Stabilization of RWMs is an important issue for operation with thin shell

where the pulse length is longer than the shell time (τpulse ∼ 3− 4τv in EX-

TRAP T2R) and the growth of the resistive wall modes can cause degradation

of the plasma con�nement and in the most extreme case terminate plasma

discharge. As it was mentioned above, RWMs in RFPs are not a�ected by

plasma rotation and should be stabilized using an active feedback system.

The control system installed in EXTRAP T2R is used to study active stabi-

lization of RWMs. It should be noted that other unstable modes (resonant

modes) are also a�ected by the control system but the present work is mainly

concentrated on RWM stabilization.

PID controller(introduction)

A general feedback system was described above (see chapter 4). A common

type of controller used for a feedback system is the PID controller [35]. It has

three parts: the proportional (P) part, the integral (I) part and the derivative

(D) part. In the time domain, the output signal f from the controller can be

written as

f(t) = Gpe(t) +Gi

∫
e(t)dt+Gd

de(t)
dt

(5.5)

where Gp, Gi, Gd are the proportional, integral and derivative gains of the

controller. It is convenient to work in the Laplace space. Then, the transfer
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function of the controller, that is the relation of the output to the input

signals, can be written as

T (s) =
F (s)
E(s)

= Gp +Gi
1
s

+Gds (5.6)

Here s is the Laplace variable. Varying Gp, Gi, Gd, di�erent controller e�ects

can be obtained. One of the methods to study the characteristics of the PID

controller is the frequency response analysis [35]. A periodic signal (usually

sinusoid) is used as the input signal to the controller. Relations A = Ao/Ai
and φ = φo − φi of the output and the input signals are then studied as

a function of frequency. A is the amplitude part of the frequency response

and φ is the phase part of the frequency response. In order to simplify the

analysis, Gi or Gd could be set to zero. This results in the PD or the PI

controllers that are speci�c cases of the more general PID controller

The PI controller is obtained by setting the derivative gain Gd to zero. The

frequency response of the PI controller is shown in �g. 5.5. It can be seen

the low frequency part is mostly a�ected. The integral part of the controller

is used to reduce the steady state error.

Figure 5.5 Frequency responce of a PI controller; a)

amplitude part, b) phase part.

The PD controller is obtained by setting to zero the integral gain Gi.

The frequency response of the PD controller is shown in �g. 5.6. The high

frequency part is mostly a�ected. The derivative part is used to improve

the high frequency response of the control system, for better control of fast

changes.
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Figure 5.6 Frequency responce of a PD controller; a)

amplitude part, b) phase part.

Feedback schemes used in the experiment

Two types of controllers for the active control system were developed - the

analog controller and the digital controller. The analog controller is developed

for the intelligent shell feedback scheme. The intelligent shell scheme tries

to keep the radial magnetic �ux zero at the position of the sensor coil. The

input signal to the controller is the �ux measured by the sensor coil and the

output signal is proportional to the �ux in the active coil. Block scheme of

the analog PID controller realized in EXTRAP T2R is shown in �g. 5.7.

Figure 5.7 Block scheme of the analog PID controller in

Extrap T2R.

The actual input signal to the controller is the voltage measured by the

sensor coil and time integration is needed to obtain the magnetic �ux. The
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experimental transfer function of the PI and PD parts of the PID controller

was obtained. Modeling of the analog PID controller is presented in paper

V. In �g. 2 paper V the experimental and modeled frequency response of

the PI and PD parts of the controller are shown. Similar modeling is done

for the other components of the active control system (the ampli�er, the

resistive shell, the active coil). Combination of the above data allows to

make a complete model of a single coil, that is part of the analog feedback

system, and study it's properties (the stability of the single coil is studied in

the paper V, the open loop gains are also obtained). The advantage of the

analog controller is simplicity in manufacturing and use. The weakness is lack

of �exibility and problems arising from the linear mode coupling through the

active coils. This problem is discussed in papers VI-VIII. This problem can be

overcome using the digital controller. The digital controller was developed

for the RFX experiment [36] and is used in EXTRAP T2R as a part of

the collaboration with the RFX team. The digital controller has a number

of available con�gurations, allowing operation with di�erent active control

schemes. The intelligent shell scheme described above can be realized using

one of the controller con�gurations. A more advanced operational regime

is the mode control operation [32, 37]. The mode control scheme provides

the real time control of selected modes and is based on the Fast Fourier

Transform (FFT) technique. The m = 1 Fourier component with a speci�ed

toroidal mode number n is evaluated online using the set of sensor signals.

Then, the selected mode signal is multiplied by a proportional controller gain

and transformed into a helical current in the set of the active coils using the

inverse FFT. Multiple modes can be controlled using the digital controller.

The intelligent shell like feedback scheme is obtained by setting the same

gains for all modes. Problems arising from the mode coupling through the

active coils can be avoided by using a modi�ed scheme - the wise shell. It is

similar to the intelligent shell scheme but modes that are connected to the

low n number �eld errors (n = −2..2) are not controlled. Operation with the

digital controller is discussed in papers VI-VIII.

Summarizing, the feedback results for the various coupled modes sets are

shown in �g. 5.8 for the di�erent feedback schemes. Note that a partial

toroidal coverage is used(16 toroidal positions which is 50% of the available

toroidal positions). A problem related to the mode coupling is seen in �g.

5.8(a) (dotted line for the intelligent shell sheme). The pulse length is longer

for the wise shell scheme (dashed line) pointing to the better stability con-

trol and suggesting this scheme for the operation with the partial toroidal

coverage.

5.5 Open loop experiments.

Although the open loop experiments are not included in the papers, the re-

sults of these experiments are important for understanding the dynamics of
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Figure 5.8 Comparison of the di�erent feedback schemes. Solid line-reference

shot, dotted line-the intelligent shell scheme, dashed line-the mode control

scheme. A problem of mode coupling through the active coils is seen for the

a) case.

the modes a�ected by the external magnetic �eld. In particular, questions

connected to the penetration of the external �eld through the resistive shell

and interaction with the perturbed magnetic �eld of the plasma can be stud-

ied. The open loop control scheme has the same components as the feedback

scheme (�g.4.1) but there is no controller. This means that to achieve the

wanted result a preprogrammed active signal should be formed. Logically

the open loop experiments should be done before the feedback experiments,

providing the basis for the feedback control, but since in EXTRAP T2R the

advanced con�guration of the digital controller is used for open loop exper-

iments, they were started later than the �rst feedback control experiments.

Open loop experiments are based on the possibility to create m = 1 pertur-

bations with selected toroidal mode numbers n using the digital controller.

Applying a pulsed external perturbation, the plasma response to the external

error �eld [38�40] was studied in EXTRAP T2R. Linear growth of the mode
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can be written as [39]

∂bn
∂t

= γnbn + γn,wb
ext
n (5.7)

where bn is the perturbed magnetic �eld, γn is the natural growth rate of

the plasma mode, bextn is the external perturbed �eld that can consist of the

externally applied perturbation and the �eld errors present in the device and

γn,w is the di�usion rate of the �eld perturbation through the resistive shell.

Figure 5.9 Plasma response to di�erent m = 1 externally applied

modes.

The experimentally observed shot to shot reproducibility of the plasma

mode dynamics is good, which makes it easy to apply an external perturba-

tion with the phase equal to that of the plasma mode. The results are shown
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in �g 5.9. Four signals are presented: 1) the external perturbation amplitude

(triangles); 2) the plasma mode amplitude (diamonds); 3) the plasma mode

amplitude with the external error �eld applied (squares); 4) the sum of the

plasma perturbed �eld and the external perturbation (x symbols). Applying

an external perturbation to the stable mode n = 10 (�g. 5.9(a)) gives no

plasma response, the resulting amplitude is just the sum of the external per-

turbation and the plasma mode. For the unstable mode n = 5 (�g. 5.9(b))

the ampli�cation of the external error �eld is seen. The external perturbation

induces an increase in the mode amplitude that is not damped when the ex-

ternal perturbation goes to zero. Similar e�ect is also seen for the marginally

unstable mode n = −3 (�g. 5.9(c)).

Figure 5.10 Comparison of open loop sheme(dots) and mode control

feedback scheme(dash). Solid line is reference plasma shot.

Results of the feedback control experiments for selected RWMs can be

also reproduced using the open loop operation by applying an external per-

turbation with the phase φ = φn + π where φn is the phase of the plasma

mode. Such phase di�erence act like the feedback control suppressing the

mode amplitude. Comparison of the open loop experiments and the feed-

back experiments are shown in �g. 5.10.
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6 Conclusions

An extensive study of resistive wall modes in the RFP con�guration has

been done. In the RFP con�guration RWMs are non-resonant, non-rotating

current driven ideal MHD modes. The RWM characteristics were studied.

Linear growth rates were measured and compared with those obtained from

the linear stability calculations showing quantitative agreement.

In RFPs with a thin resistive shell RWMs can be stabilized using an active

feedback control system. Di�erent active feedback schemes were studied.

An analog PID controller was modelled. Model results were compared to

the experiment showing good agreement. Di�erent active feedback schemes

were compared. The problem of mode coupling through the active coils for

the intelligent shell scheme can be overcome using the �wise shell� feedback

scheme.

Multiple RWM stabilization using an active feedback system was shown

for the �rst time. The results obtained provide a signi�cant input to the

understanding of the physics of RWM active control, which is of interest for

various fusion concepts relying on close conducting walls for stabilization of

ideal MHD modes, such as the advanced tokamak, the reversed �eld pinch,

the spheromak.
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