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Abstract

Diamagnetic measurements of poloidal beta have been performed in the STOR-M

tokamak by a flux loop placed exterior to the vacuum chamber. Poloidal beta is

defined as the ratio of plasma kinetic pressure to poloidal magentic field pressure.

Compensation for the vacuum toroidal field has been performed using a non-enclosing

co-planar coil, and vibrational compensation from auxiliary coils. It was found that

in STOR-M conditions (20% toroidal magnetic field decay over discharge) there

is significant influence on the diamagnetic flux measurements from strong residual

signals, presumably from image currents being induced by the toroidal field coils,

requiring further compensation. A blank (non-plasma) shot is used specifically to

eliminate the residual component which is not proportional to the toroidal magnetic

field. Data from normal ohmic discharge operation is presented and calculations

of poloidal beta from coil data (βθ ' 0.5) is found to be in reasonable agreement

with the values of poloidal beta obtained from measurements of electron density and

Spitzer temperature with neoclassical corrections for trapped electrons. Contribu-

tions present in the blank shot (residual) signal and the limitations of this method

are discussed. A pulse with Compact Toroid Injection was examined and compared

to a normal ohmic discharge, and one where the Compact Toroid Injector was used to

supply the tokamak with neutral gas. Soft X-Ray (SXR) measurements were taken

and compared. There is a strong agreement between the profiles of the poloidal beta

and the SXR measurements. The bulk plasma thermal energy was measured and

found to increase by 5.6 J following the injection of a CT. The diamagnetic mea-

surements appear to be affected by image currents induced in the chamber walls by

the plasma current, and also by plasma position fluctuations. Future work outlining

the possibilty of compensating these currents and improving the measurements is

presented.
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Chapter 1

Introduction

1.1 Motivation

Due to an increasing demand for energy coupled with rising environmental and sus-

tainability issues, the requirement for abundant clean energy is becoming critical.

Fusion power offers the world the potential for nearly endless, economically viable en-

ergy with a very low environmental footprint [1–3]. It is a leading candidate amongst

all forms of alternative energy to meet the world’s rising demands. Continued re-

search on plasma confinement and stability is critical to the goal of achieving fusion

power. Diamagnetic measurements provide insight into the energy content of plasma

and its confinement time. Plasma energy confinement time is an important param-

eter to study in experiments examining the control and behavior of magnetically

confined plasmas. Diamagnetic measurements provide a direct global measurement

of the plasma kinetic pressure.

1.2 Principles of Magnetic Fusion

1.2.1 A Brief History of Fusion

Nuclear fusion has been a topic of intense research since World War II. It has long

been thought that the devastating power unleashed in the nuclear weapons of that

era could be harnessed for the production of electrical power. Nuclear fission has

already been harnessed in this way, providing large amounts of power to many regions

of the world. France, for example, relies heavily on nuclear fission power plants for its
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energy requirements. Nuclear fusion research hopes to develop economical controlled

nuclear fusion and likewise sustain the worlds energy needs. Fusion research has made

many large advances over the course of its efforts. Notably, researchers at the JET

tokamak demonstrated the production of over a megawatt of fusion power with the

release of two mega joules of fusion energy in 1991 [4]. Researchers at JT-60U showed

a power gain of 1.25 for D-T equivalent fuel in 1999 [5]. A power gain greater than

unity is critical to fusion power plants, as this factor shows that the fusion reaction

is producing more power than it takes to sustain it. Indeed, sub-unity power gains

have long been a significant problem in fusion devices.

Figure 1.1: Advances in Fusion Research.

However, the fusion research is advancing rapidly. Fig. 1.1 shows that fusion research

progresses as rapidly as the development of more complicated microprocessors. Cur-

rent efforts focus on the development of the ITER tokamak (International Thermonu-

clear Experimental Reactor) [6,7], which is hoped to provide a bridging step between
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current research and the future of commercial level controlled nuclear fusion power

plants. The main objective of ITER is the demonstration of self-sustained burning

plasma (primarily through heating by alpha particles). ITER is expected to provide

important information about the engineering requirements of fusion reactors, and

serve as a test bed for fusion reactor components such as tritium breeding blankets.

A proposed American reactor known as the Fusion Ignition Research Experiment

(FIRE) [8] is being considered to study advanced tokamak plasmas and alpha dom-

inated heating. The FIRE design describes a compact high field tokamak with

cryogenically-cooled copper-alloy coils.

1.2.2 Deuterium-Tritium Reaction

The primary fusion reaction studied in laboratories is the Deuterium-Tritium reac-

tion:

D2 + T3 → He4 + n1 + 17.6 MeV (1.1)

The neutron in the above equation carries 14.1 MeV of the energy released by the

reaction. This reaction is chosen because it has the largest cross section, and least

demanding conditions (n & 1014 cm−3 and T & 10 keV). In a fusion reactor undergo-

ing DT burning, self heating occurs through energy deposition by the alpha particle

(He4). The input fuel Deuterium is readily available from seawater, while Tritium

is less easily obtained. Deuterium exists in sea water as heavy water (D2O) at an

abundance of approximately 1 deuterium atom in every 10000 hydrogen atoms [9].

Tritium occurs in natural waters at much lower abundances ranging from 0.5 to 67

tritium atoms per 1018 hydrogen atoms [10]. Harvesting of tritium for this reaction

is not entirely viable due to the low abundance. Instead, in a fusion device the

tritium is typically produced by neutron absorption into installed lithium blankets.

This process is often called tritium breeding, and can proceed via the following two

reactions [11]:

Li6 + n1 → He4 + T3 + 4.8 MeV (1.2)

Li7 + n1 → He4 + T3 + n1 − 2.47 MeV (1.3)
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If equations 1.1 and 1.2 are combined, it is seen that the Deuterium-Tritium reaction

is in effect a Deuterium-Lithium reaction:

Li6 + D2 → 2He4 + 22.4 MeV (1.4)

The neutron bombards the Li6 isotope of lithium which occurs in an abundance

of about 75 atoms in 1000 in natural lithium [12]. Production of tritium through

the above equation requires complete utilization of the neutrons produced from the

D-T reaction for a sustainable fusion process, otherwise extra tritium needs to be

introduced. The lithium blankets installed in the chamber can also be used as heat

exchangers to extract energy from the fusion reaction.

1.2.3 Plasmas

Figure 1.2: Conceptual illustration of matter becoming a plasma. Water
begins as a solid (ice) and with heat becomes a liquid, then with further
heating becomes a gas. With continued heating, the atoms making up the
water molecule disassociate and ionize, becoming plasma.

Plasma is the fourth state of matter, and is generally considered to have the follow-

ing properties: (1) plasma is a gas containing charged particles, (2) the plasma is

quasineutral, (3) the plasma exhibits collective behavior (such as waves). The first

condition outlines the transition from gas to plasma; when a gas is energized enough

that the neutral particles separate into charged particles (ions and electrons) the gas

is said to become a plasma (Fig. 1.2). It is often stated that we live in a universe

where 99% of the matter present is in a plasma state, excluding the possibility of

dark matter or other unknowns. Conversely, we can state that we occupy a portion

of the 1% of the universe where the majority of matter is not in a plasma state.
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The plasmas that we do observe are found in the laboratory, in fluorescent and neon

lighting, in plasma televisions, in lightning, in the Auroa Borealis, and to some ex-

tent in flames. The amount of ionization found in a gas in equilibrium is expressed

by the Saha equation [13]:

ni

nn

≈ 2.4× 1021T 3/2

ni

e−Ui/KT (1.5)

where ni and nn are the number densities of the ion and neutral species (per m3),

T is the gas temperature in Kelvin, Ui is the ionization energy of the gas, and K

is Boltzmann’s constant. It is clear from the Saha equation that for standard room

temperature and density the fractional ionization is negligible.

The charged particles present in the gas can produce a screening effect. Conceptually,

one can consider a single positive charge surrounded by attracted negative charges.

In this arrangement, there exists a distance such that the influence of the charges is

not felt. This distance is defined to be the Debye length (λD) and is given by:

λ2
D =

ε0KTe

ne2
(1.6)

Note that the electron temperature is used in this expression. In STOR-M, with

typical values of Te = 220 eV and n ∼ 7×1012 cm−3the Debye length is approximately

0.004 mm. Electrons, being less massive than ions are generally more mobile and

hence perform the shielding by positioning themselves so as to create the required

excess or deficit of negative charge.

If we define the dimensions of a plasma system to be L, and make use of the definition

the Debye length, then a convenient description of a plasma is an ionized gas that

is dense enough that λD � L.

The second condition describes the particle inventory of the plasma, and makes the

claim that for a large enough sampled volume the plasma will contain an equal

amount of positive and negative charges. In general, quasineutrality allows one to

assume the plasma is neutral enough that ni ' ne ' n where n is the plasma density

(or common density) but not so neutral that electromagnetic forces are not present.

It is these forces that give rise to the third condition: locally arising positive or
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negative charge densities give rise to electric fields which can affect that behavior of

plasma located at a distance. For collective behavior, it is required that the plasma

satisfies the condition λD � L and that the number of particles present in its Debye

sphere, ND:

ND = n
4π

3
λ3

D � 1 (1.7)

1.2.4 Plasmas in Magnetic Fields

The electrical properties of plasma, specifically the lack of a strict electrical neu-

trality, give rise to the ability to magnetically manipulate this highly energetic gas.

In fact, magnetic confinement is often necessary for high temperature laboratory

plasmas. In order to achieve fusion in the aforementioned D-T reaction, ion temper-

atures in excess of 7 keV (over 80 million Kelvin) are required. Obviously, gases at

these temperatures would destroy any material they come in contact with. Hence,

magnetic fields are used to confine the plasmas [14]. Stellarators, Pinches, Mirror

Machines, Spheromaks [15], and Tokamaks [16–20] are examples of magnetic con-

finement devices. Only Tokamaks will be discussed in detail in this work.

Tokamak is an acronym derived from the Russian Toroidal~na� kamera v mag-

nitnyh katuxkah, pronounced “toroidal’naya kamera v magnitnykh katushkakh,”

which literally translates to toroidal chamber in magnetic coils. The basic compo-

nents of a tokamak are the vacuum chamber, toroidal coils positioned around the

chamber, Ohmic heating coils to drive the toroidal plasma current, and vertical field

coils to maintain plasma position. Figure 1.3 shows the arrangement of these coils,

and the shapes of the field lines produced. It is well known that charged particles will

tend to orbit magnetic field lines. The radius of this orbit is known as the Larmor ra-

dius (in STOR-M, this radius is on the order of millimeters for ions and micrometers

for electrons). The purpose of the toroidal field is to provide confinement by keeping

the Larmor radii of the ions small. However, the toroidal field alone does not provide

closed magnetic surfaces (necessary for confinement), so the poloidal magnetic field

produced by the plasma current is used to produce a net helical field with closed

6



Figure 1.3: Simplified schematic diagram showing the major magnetic
components of a tokamak, and the resultant magnetic field. Toroidal field
coils, Ohmic heating coils (inner set) and vertical field coils (outer set) can
are shown.
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magnetic surfaces (layer upon layer of “toruses of flux”). The combination of the

toroidal and poloidal field produces a net helical field. The helical field produced can

be described in terms of the degree of twisting, or helicity through the safety factor

q [19]:

q (ρ) ' ρBφ

RoBθ (ρ)
(1.8)

where ρ is the distance in the minor radial direction, R0 is the major radius, and Bφ

and Bθ are the toroidal and poloidal magnetic fields, respectively.

In addition to the applied toroidal field, and the produced poloidal field, the tokamak

also requires a vertical magnetic field to counter the radial expansion force of the

plasma. While the concept of plasma confinement inside a tokamak is simple, the

device requires numerous controls to counter the expansion forces and drifts experi-

enced inside the machine. Aside from the vertical field, feedback controls are often

employed to maintain plasma position inside the chamber.

1.3 Diamagnetism and Paramagnetism of Plasmas

in Tokamaks

Paramagnetic and diamagnetic effects are not separable in tokamak plasmas.

Toroidal plasma current is inclined to flow along the helical field lines inside the

tokamak. Current flowing parallel to the helical magnetic field will not contribute to

the Lorentz force, and as such is termed force free current. Paramagnetism arising

from the toroidal current is depicted in Fig 1.4 [21]. From the figure, it is clear

that the azimuthal current components add a positive component (∆Bφ > 0) to the

applied toroidal field, regardless of the direction of the plasma current. This effect is

well known as the self-transformer action of a current carrying plasma in a magnetic

field. Literally, a portion of the plasma current is aligned in the same plane as the

toroidal field coils, allowing a linkage between the coils as in a transformer.

Plasma paramagnetism can be described through the poloidal component of the

plasma current which can be found from the net helical field. If the total field is

8



Figure 1.4: Current density components are shown for (a) plasma current
flowing with the toroidal magnetic field, and (b) plasma current flowing
opposite to the toroidal magnetic field. In both cases, the flux due to Jθ

adds to the applied field (paramagnetism).
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described in terms of its poloidal and toroidal vector components as

Btotal = Bφφ̂ + Bθθ̂ (1.9)

and since plasma current is understood to flow along the net helical field, then the

poloidal component of plasma current arrises from the force-free approximation,

Jθ =
Bθ

Bφ

Jφ (1.10)

The toroidal magentic field (paramagnetic response, Bφ,p) resulting from this poloidal

plasma current component can then be calculated from

Bφ,p =

(
Bθ

Bφ

)
µ0

∫ r

0
2πr′jφ(r

′)dr′

2πr
(1.11)

if the plasma current profile is known.

In magnetically confined plasmas, a net diamagnetic drift current arises from the

magnetic dipole moments associated with the Larmor motion of the ions and elec-

trons. The ion and electron dipole moments are both aligned opposite to the applied

magnetic field (toroidal field in tokamaks). The radial pressure gradient inside the

chamber is directed such that it decreases from the axis to the edge. The pressure

gradient clearly presents an expanding force in the outward radial direction. This

pressure gradient also results in an imbalance of particles appearing in the outward

radial direction, giving rise to the drift currents. That is, there are more particles

in the inner orbits (thick circles) than in the outer. The current interacts with the

applied magnetic field giving rise to a force opposing the expansion. In a sense,

this diamagnetic current is generated by the plasma to counter the expansion force

presented by the pressure gradient.

The connection between diamagnetic flux and the plasma thermal pressure can be

examined by considering a single charged particle, e with a mass, m undergoing

cyclotron motion with a perpendicular velocity, v⊥ about a magnetic field line Bφ.

Figure 1.6 [21] illustrates this example. In this preliminary example, the helicity of

the magnetic field will be ignored. This particle will have a perpendicular kinetic

energy:

E⊥ =
1

2
mv2

⊥ (1.12)
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Figure 1.5: Model of plasma diamagnetism showing net current drift J⊥,
plasma pressure gradient ∇p, and expansion force F∇p
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Figure 1.6: A charged particle gyrating about a magnetic field line.

The particle has a current, I = e/Tc, where Tc is the period of the cyclotron motion,

and encircles an area A = πr2
c , where rc is the radius of gyration. Subsequently, a

magnetic dipole moment is produced:

µM = IA =
eπr2

c

Tc

(1.13)

Recalling the definitions of the cyclotron frequency and Larmor radius:

ωc =
e|B|
m

(1.14)

rc =
v⊥
ωc

(1.15)

the magnetic dipole moment can then be written as:

µM = −
(eπ)

(
v2
⊥

ωc

)
2π/ωc

(1.16)

= −mv2
⊥

2B
(1.17)

= −E⊥
1

B
(1.18)
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Or, in its vector form as:

µM = −E⊥

B
b (1.19)

where b = B/B is the unit vector in the direction of the magnetic field. Equation 1.19

shows a direct relationship between the magnetic dipole moment and perpendicular

kinetic energy of a gyrating particle. A system of charged particles can then be

considered as a summation of magnetic dipole moments µMj
over space, giving the

total magnetization M:

M = −
∑

j

nj

∫
µMj

fj (v) d3vb (1.20)

= − 1

B

∑
j

nj

∫
1

2
mv2

⊥fj (v) d3vb (1.21)

where nj is the density of each species of charged particle j, and fj (v) is the velocity

distribution for that species. If fj (v) is taken to be Maxwellian, then the integral

term can be reduced to the perpendicular temperature:∫
1

2
mv2

⊥fj (v) d3v = T⊥j
(1.22)

This allows 1.21 to be written as:

M = − 1

B

∑
j

njT⊥j
b = − 1

B

∑
j

p⊥j
b = −p⊥

B
b (1.23)

where p⊥j
and p⊥ represent the partial and total perpendicular thermal pressures,

respectively. It is now possible to express the total magnetic field in terms of the

total perpendicular thermal pressure:

B = µ0 (H + M) (1.24)

= µ0

(
H− p⊥

B2
B

)
(1.25)

From equation 1.25 it is clear that the change in the magnetic field due to plasma

magnetism ∆Bφ is given by

∆Bφ = −µ0
p⊥
B

(1.26)
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The change in total magnetic field can be detected experimentally and clearly leads

to information regarding the total plasma perpendicular thermal pressure.

When the helical field present in the tokamak is considered, the behavior of the

plasma magnetization becomes more complicated. From the safety factor described

earlier (equation 1.8), the poloidal magnetic field at the plasma edge can be related

to the toroidal magnetic field:

Bθ ≈
ε

q
Bφ (1.27)

where ε is the inverse aspect ratio (ε = a/R). The inverse aspect ratio indicates

the toroidicity of the tokamak geometry, and is specific to individual machines (For

STOR-M, ε ' 0.28) This results in the plasma thermal pressure scaling as:

p⊥ ∝ B2
θ ∝ I2

p ≈
ε2

q2
B2

φ (1.28)

The scaling indicates that both the plasma thermal pressure and the poloidal field

energy are small compared to the toroidal field energy. This is the underlying chal-

lenge in diamagnetic measurements: to extract a very small signal from the midst of

a large signal. Chapter two will present a more detailed analysis of plasma diamag-

netism based on Magneto-Hydrodynamics (MHD), and chapter four will outline the

challenges in obtaining this difficult measurement.

1.4 Thesis Outline

Chapter One has provided the basic background for the work to come in this thesis.

Chapter Two deals with the derivation of the measured quantity ∆Φ from MHD

Equilibrium.

Chapter Three details the STOR-M machine and existing diagnostics used in this

work. Various magnetic field systems are discussed, and specific attention is paid to

the Compact Toroid injector and the microwave interferometer.

Chapter Four describes the design and construction of the diamagnetic coils. A brief

review of diamagnetic measurement techniques is given, and the specific requirements

of STOR-M are detailed.
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Chapter Five reports on the experimental results obtained. A detailed examination

of the residual flux is given, and a comparison is performed between the diamagnetic

poloidal beta for normal ohmic discharge data and poloidal beta obtained from mea-

surements of Spitzer temperature. A shot performed with Compact Toroid Injection

is presented.

Chapter Six contains the conclusion and a discussion of future work.
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Chapter 2

Magnetohydrodynamic Equilibrium

2.1 Equilibrium in the Minor Radial Direction

As previously discussed, the diamagnetic flux is working to balance the radial pres-

sure gradient inside the tokamak. It is therefore necessary to derive equilibrium in

the minor radial direction (from chamber center to chamber edge). When examining

the equilibrium in the minor radial direction, toroidicity is ignored and the torus

is treated as a cylinder (Fig. 2.1). A charge-neutral plasma consisting of ions and

electrons is considered. The equations of motion are then

Mn0

(
∂

∂t
+ vi · ∇

)
vi = n0eE + en0vi ×B−∇pi (2.1)

mn0

(
∂

∂t
+ ve · ∇

)
ve = −n0eE− en0ve ×B−∇pe (2.2)

where pi, pe are the ion and electron pressures, respectively. With the assumptions

that these pressures are isotropic, ions are singly charged and considering the electron

mass, m is negligible compared to the ions M , therefore writing a mass density

ρ = (M + m)n0 ' Mn0, the equations of motion can be summed to produce

ρ

(
∂

∂t
+ v · ∇

)
v = J×B−∇p (2.3)

In this equation the average plasma flow velocity v is approximated using the ion

velocity

v =
Mvi + mve

M + m
(2.4)
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Figure 2.1: The plasma torus is approximated as a cylindrical plasma.
The toroidal component is treated as the z axis.

And the current is

J = n0e (vi − ve) (2.5)

Considering equation 2.3 at equilibrium ( ∂
∂t

= 0)

ρv · ∇v = J×B−∇p (2.6)

Next, the convective term (LHS) can be neglected if the plasma flow velocity is

small. Generally in tokamaks the flow velocity is much smaller than the sound speed

(cs =
√

p
ρ
), and can therefore be ignored. This is because the flow velocities are

dominated by the E x B drift (eq (2.7)) and ion diamagnetic drift (eq (2.8)) velocities.

While the electron diamagnetic drift is comparable to the ion diamagnetic drift, it

does not contribute to plasma flow due to the small relative mass of the electron.

VE =
E×B

B2
(2.7)

V∗i =
1

eB2
B×∇pi (2.8)

(2.9)

V∗i � cs is satisfied when the condition that the ion cyclotron radius is much less

than the pressure gradient length scale ρi � Lp. This condition is trivially satis-
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fied in any practical confinement device, since if it was not, the ions would hit the

chamber walls and there would not be confinement. However, in an axisymmetric

confinement device (such as a tokamak), the assumption VE � cs is not always true

when considering the toroidal E x B drift

Vφ = −Er

Bθ

(2.10)

Vφ may approach the sound velocity near the edge of a confined plasma.

Considering the flow velocity as negligible, the equation of MHD equilibrium becomes

∇p = J×B (2.11)

Using Ampere’s law

∇×B = µ0J (2.12)

Eq. (2.11) can be rewritten as

∇
(

p +
B2

2µ0

)
=

1

µ0

B · ∇B (2.13)

Considering the radial component of Eq. (2.13), and noting the curvature term

(B · ∇B)r = −B2
θ

r
(Bz is assumed to be straight), the previous equation then leads

to
∂

∂r

(
p +

B2
θ

2µ0

+
B2

z

2µ0

)
= − 1

µ0

B2
θ

r
(2.14)

Eq. (2.14) can be rearranged as

∂

∂r

(
p +

B2
z

2µ0

)
= − 1

2µ0

1

r2

∂

∂r
(rBθ)

2 (2.15)

If this equation is multiplied by r2, it can be integrated from the axis to the plasma

edge (r = 0 to r = a), obtaining the basic equilibrium equation

p +
1

2µ0

[
B2

φ −B2
φ(a)

]
=

1

2µ0

B2
θ (a) (2.16)

where p and B2
z are averages across the plasma cross section

p =
1

πa2

∫ a

0

2πp(r)rdr (2.17)

B2
z =

1

πa2

∫ a

0

2πB2
z (r)rdr (2.18)
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The poloidal beta βθ, is defined as the ratio of the volume averaged plasma thermal

pressure and poloidal magnetic field energy density

βθ =
〈nT 〉

B2
θ (a)/2µ0

(2.19)

From basic equilibrium (Eq. (2.16)), the change in toroidal magnetic energy density

is given by

1

2µ0

(
B2

φ −B2
φ(a)

)
=

B2
θ

2µ0

(1− βθ) (2.20)

where

βθ =
2µ0

B2
θ (a)

p (2.21)

The change in flux, from both diamagnetism and paramagnetism (arising from self-

transformer action) is given as

∆Φp =
(
Bφ −Bφ(a)

)
πa2 (2.22)

where

Bφ ≡
√

B2
φ (2.23)

The poloidal beta quantity can be calculated from

βθ = 1− 8πBφ(a)

(µ0Ip)2
∆Φp (2.24)

where Bφ(a) is the toroidal magnetic field, Ip is the plasma current, and ∆Φp is

measured change in toroidal magnetic flux. The plasma is considered diamagnetic

for values of βθ > 1 [22]. Values below 1 indicated paramagnetism (where the

produced field supplements the applied field).

The ratio of the plasma diamagnetic flux to the total flux is given as

∆Φm

Φφe

=
1

2

B2
θ (a)

B2
φ

(1− βθ) (2.25)

with the poloidal magnetic field evaluated at the edge of the plasma

Bθ(a) =
µ0Ip

2πa
(2.26)
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2.2 Bulk Plasma Thermal Energy and the Energy

Confinement Time

The energy confinement time of a plasma is a term often misunderstood. It has

nothing to do with the discharge duration, but is a statement of the rate energy is

lost from the system. The confinement time, τE is a measurement of the ratio of

the thermal energy contained in a plasma and the amount of input energy required

to maintain the conditions in the plasma (alternatively, the amount of energy lost

from the system without input). Confinement time increases with volume, as larger

volumes of plasma show improved heat retention.

The bulk plasma thermal energy can be found from the volume averaged kinetic

pressure, which can be found by measuring the poloidal beta quantity and the plasma

current:

〈p〉 =
B2

θ (a)

2µ0

βθ =
µ0I

2
p

8π2a2
βθ (2.27)

If the plasma pressure is considered in terms of the thermal energy density:

p =
∑

njTj =
2

3

∑
ETj

=
2

3
ET (2.28)

then the bulk plasma thermal energy can be expressed in terms of the volume of the

toroidal plasma (V = 2π2a2R)and the volume averaged kinetic pressure:

W = 〈ET 〉V =
3

2
〈p〉V (2.29)

With knowledge of the bulk plasma thermal energy, the confinement time can then

be calculated. For a tokamak plasma not undergoing fusion, the rate of energy loss

is expressed as:

dW

dt
= Pin − Pout (2.30)

where Pin represents the input power, and Pout represents the power lost.

The rate of energy loss in an ohmically heated plasma can be described by:

τE =
W

Pout

(2.31)
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while the input power from ohmic heating is given by

Pin = IpVrp (2.32)

where Vrp is the resistive portion of the plasma loop voltage, which can be found by

correcting the measured loop voltage for plasma inductance:

Vpr = Vp −
d

dt
(LpIp) (2.33)

where Lp is the plasma self inductance. The plasma self inductance can itself be

calculated from

Lp = µ0R0

[
ln

(
8R

a

)
− 2 +

li
2

]
(2.34)

where li is the plasma internal inductance parameter, found from

li ≡
2π

∫ a

0
B2

θρdρ

πa2B2
θ (a)

(2.35)

which is calculated to be li = 0.92 for STOR-M, and often approximated as li = 1.

For STOR-M, a parabolic current profile was assumed

j = j0

(
1− ρ2

a2

)
(2.36)

Substitution of Eq. 2.31 and 2.32 into Eq. 2.30, with use of Eq. 2.33 yields the

energy confinement time in terms of measurable quantities,

τE (t) =
3

8
µ0R0Ip (t)

βθ (t)

Vp (t)− d
dt

(LpIp (t))
(2.37)
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Chapter 3

Machine Description

3.1 STOR-M Tokamak

Figure 3.1: Overhead sketch of the STOR-M Tokamak showing diagnos-
tics. Insert shows limiter cross section.

STOR-M is an acronym for Saskatchewan Torus Modified. It is a tokamak housed

at the Plasma Physics Laboratory at the University of Saskatchewan. STOR-M was

constructed in 1987 to replace the STOR-1M tokamak (major radius R = 22 cm,
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minor radius a = 3.5 cm). Both tokamaks were conceived with Turbulent Heating

(TH) experiments, studies of H-mode transitions, and AC operation experiments in

mind. The larger size of STOR-M (compared with STOR-1M) is intended to allow

clearer studies in the preferential edge heating associated with the skin effect during

turbulent hearing, and to be less susceptible to impurity problems. STOR-M is also

used for studying fueling by Compact Toroid Injection.

By design, the STOR-M tokamak is easy to reconfigure, which allows it to serve

as a test bed for numerous experiments that would be more difficult to perform on

larger machines. Recently, STOR-M was configured to simulate start up conditions

in a spheromak [23]. STOR-M has also performed numerous experiments in AC

operation [24], Turbulent Heating Operation [25], Plasma Biasing [26,27], Compact

Toroid Injection Fueling [28], MHD and density fluctuations [29, 30], and Plasma

Flow measurements [31,32]. The parameters of STOR-M are listed in table 3.1 [33],

and an overhead view is presented in Figure 3.1.

Major radius R 46 cm

Minor radius (limiter) a 12 cm

Toroidal B field Bφ 1 T

Plasma current Ip 30-50 kA

Average electron density ne 1 ∼ 3×1013 cm−3

Electron temperature Te 220 eV

Ion temperature Ti 50 ∼ 100 eV

Discharge duration td 50 ms

Energy confinement time τE 1 ∼ 3 ms

Table 3.1: STOR-M Parameters

3.2 Vacuum Chamber and Gas Feed Systems

The vacuum chamber for the STOR-M was created from a pair of stainless steel pipe

elbows (circular cross-section) to which a variety of ports have been affixed. The
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stainless steel is type 304L, with a thickness of 4 mm [34]. Each of the elbows forms

one half of the chamber. The elbows are connected to a flexible bellows section to

relieve mechanical stress. The thickness of the bellows section is 0.5 mm. Ceramic

breaks are used to interrupt toroidal currents that would otherwise be induced in

the chamber structure by the Ohmic Heating (OH) coils. A stainless steel limiter

(also type 304L) determines the minor radius of the plasma. The limiter consists of

two vertical circular limiters and a pair of horizontal rail limiters (see inset, Figure

3.1. The limiter sets the minor radius of the plasma at 12.5 cm and allows for up to

1 cm of additional horizontal movement without further scrape-off.

Vacuum pumping is provided by a 1000 L/sec turbo molecular pump (TMP) system

with a rotary vane roughing pump [35, 36]. Additional pumping is provided by the

450 L/sec TMP mounted on the Compact Torus Injector. Typically, the chamber

reaches a base pressure of 1− 2× 10−7 Torr, although pressures as low as 2× 10−8

Torr have been obtained with the use of chamber baking. For plasma discharges, the

chamber is filled to roughly 1× 10−4 Torr with ultra-pure hydrogen (99.999%). This

“steady fill” is achieved with a Veeco Automatic Pressure Controller [37] operating

a Veeco PV-10 piezoelectric gas valve [38]. During the discharge, a programmable

gas puffing system is used to increase plasma density (both for plasma quality, and

to disrupt the discharge at a desired time). Gas puffing occurs through two MaxTek

MV-112 valves (replacements for the PV-10 valves).

3.3 Magnetic Field Systems

STOR-M uses a set of toroidal field coils to produce the toroidal magnetic field.

Poloidal coils are used to drive ohmic current used for plasma production, heating

(Joule heating process), and confinement. Vertical field coils provide the necessary

magnetic field to obtain equilibrium in the major radial direction. Figure 3.2 shows

the locations of the primary coils on STOR-M. The primary magnetic field systems

on STOR-M will be briefly summarized.
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Figure 3.2: Vertical cross section scale diagram of the STOR-M Tokamak
showing magnetic coils. OH refers to the ohmic heating coils used for heating.
VE refers the the vertical field coils used to obtain equilibrium. FB refers
to the feed back coils used for plasma position.
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3.3.1 Toroidal Field System

There are 16 uniformly spaced circular coils that make up the toroidal field system on

STOR-M. Each coil contains 9 turns of copper conductor with a cross-section of 70

mm by 6.4 mm. The windings are concentric, and separated by mylar for insulation.

Layers of fiberglass epoxy are used for reinforcement, and each coil is housed in a

stainless steel case. A steel belt (1.3 cm thick) is used to compress the coils against

the center support structure, providing stability against the large compressive and

torsional forces that act on the coil during discharges. The coil support structures

ultimately connect to the large phenolic yoke of the tokamak.

The toroidal coils are connected in a series arrangement resulting in 144 turns with

a total resistance of 13.5 mΩ at room temperature and a total inductance of 2.06

mH. The series connection is made at the lower outboard side of the toroidal field

coils. The feeding busbar has a return line that runs back along the circumference

of the machine. The close pairing of the send and return current paths helps limit

the magnetic influence of the feeding current. The coils are powered by a capacitor

bank consisting of 22 capacitors. The complete bank is rated for 15 mF, 7 kV and

can store a maximum of 360 kJ of energy. The capacitors are connected to the

coils through an Ignitron and are in parallel with a passive crowbar diode. The rise

time of the toroidal field current is approximately 6.5 ms, while the decay time is

approximately 400 ms.

Due to the capacitive discharge driving the toroidal field system, the toroidal field

produced in STOR-M is not constant. The field decays by approximately 20% over

a 50 ms discharge. The presence of the decaying field causes additional challanges

in diamagnetic measurements in STOR-M, which will be outlined later.

3.3.2 Poloidal Field System

Poloidal coils on STOR-M provide ohmic current drive and heating. 3 capacitor

banks are used to energize the poloidal coils. A bias bank (450 V, 200 mF) establishes

a magnetic bias flux in the system. A fast bank (450 V, 200 mF) provides a rapid
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initial energy transfer during ramp up, and a slow bank (100 V, 10 F) provides

heating over the duration of the pulse. The arrangement of these banks is shown in

Fig. 3.3.

100 V

10 F

450 V

200 mF

450 V

200 mF

30 mH

50 uH 50 uH

1 mF

1 Ohm

VE Coil

OH Coil

FAST/SLOW BANK

TRIGGERING SCR

BIAS BANK

TRIGGERING SCR

SURGE ABSORBER

SLOW BANK

FAST BANK BIAS BANK

Figure 3.3: Schematic drawing of the OH bank system.

The initial design of the triggering system for the OH banks used a pair of matched

Powerx (TA20, 1800 A) SCRs [39]. Work is underway to replace these SCRs with

a single unit built by ABB semiconductors [40]. The SCRs are operated under a

loading force provided by a clamping mechanism (Fig. 3.4). The banks have also

been fired through an ignitron, GL 5551 [41]. The greater voltage drop across the

ignitron makes it less desirable than an SCR, however it is much more tolerant of

voltage and current spikes.

3.3.3 Position Feedback Control System

The plasma position during STOR-M discharges is controlled by an automatic posi-

tion feedback control system [12,42]. It is important that the position of the plasma

column is well controlled to maintain high quality plasma discharges. The earlier

analog PID system was modified to a fuzzy logic system including digital control

and an Arbitrary Signal Generator to achieve improved control [42]. The fuzzy logic

system does not rely on a system model, better suiting this method to plasma con-
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SolidWorks Educational License
Instructional Use Only Figure 3.4: Computer rendering of a clamp used to hold and force-load

SCRs used in the OH bank system.
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trol. An accurate system model is difficult to achieve due to the highly nonlinear

and time varying properties of the tokamak discharge. It was found that the digital

system was easier to optimize than the analog system. Control fields are applied to

the plasma by a several bundles of cables winding along the torus. Magnetic sensors

placed around the poloidal direction provide input information about the position of

the plasma column.

3.4 Compact Toroid Injection System

Compact toroid (CT) injectors are experimental fueling methods for tokamaks [43–

46]. The CT injector is a coaxial plasma accelerator which can deliver fuel to the

center of the tokamak.

The University of Saskatchewan Compact Toroid Injector (USCTI) [47] is currently

in operation for fueling experiments with STOR-M. The USCTI energizes pure hy-

drogen in a formation stage where a large capacitor bank is used to break down the

gas. Following breakdown, a second large capacitor bank fires to provide the energy

for accelerating the CT into the tokamak. The compact torus is compressed from a

radius of 7.4 cm to a radius of 5 cm during the acceleration stage. A set of magnetic

probes along the length of the CT injector give information about the formation,

acceleration, and quality of the CT. There are two sets of quartz windows to allow

the use of a He-Ne interferometer.

By tuning the acceleration, the CT can be deposited at a chosen position in the

tokamak (radial direction for tangential injection). Table 3.2 [47] lists the typical

parameters of the CT exiting the accelerator. CT fueling has been shown to induce

improved confinement modes in STOR-M [28].

3.5 Soft X-Ray

The Soft X-Ray (SXR) diagnostics on STOR-M consists of two miniature pin-hole

cameras [48]. Each camera contains an array of 12 photodiodes (IRD AXUV-20EL).
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Radius 5 cm

Length ≈ 15 cm

Density 1 - 4 × 1021 m −3

Electron Temperature ≤ 10 eV

Magnetic Field ≈ 0.2 T

Velocity ≤ 150 - 200 km/s

Mass ≤ 1 µg (Hydrogen gas)

Table 3.2: USCTI Parameters

The cameras collect SXR emission allowing 12 fan-like lines of sight across the plasma

bulk. The light collected by the camera diodes is filtered to remove the visible

spectrum by 1.8 µm (or 7.5 µm Be) foil. Both cameras are mounted at the same

toroidal location, but one is mounted vertically and one is mounted horizontally.

3.6 Interferometer

The STOR-M tokamak is equipped with a 4 mm microwave interferometer. Such

interferometer systems are standard diagnostics on tokamaks [49]. The system on

STOR-M uses a reflex klystron operating at 75 GHz (λ = 4 mm) to provide mi-

crowaves which are shared amongst a plasma path and two reference paths. The

plasma path introduces a phase shift (∆Φµ) due to differing indices of refraction.

The phase shift is what provides the means to calculate the plasma density from

∆Φµ =
2π

λ

∫ a

−a

1−

√
1− ne (x)

nc

 dx (3.1)

where ne (x) is the local electron density, and nc is the cutoff electron density for the

given microwave frequency

nc =
mε0ω

2

e2
(3.2)
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For a 4 mm wave, the cutoff density is 7 x 1019 m−3. This value is an upper limit

for density measurements in STOR-M. Physically, the microwave path is fixed in a

single horizontal position. As well, ne (x) and ∆Φµ are related quantities, so the

central line-averaged electron density is the actual quantity measured

ne =
1

2a

∫ a

−a

ne (x) dx (3.3)

Upon exiting the tokamak chamber, the plasma microwave signal is then split into

two waves Es1 and Es2 after passing through an E-H tuner. The reference waves

Er1 and Er2 are mixed with the plasma signal in hybrid tees after being attenuated

and phase shifted. Silicon point-contact diodes (Alpha industries 1N53) are used to

detect the microwaves. Buffer amplifiers accept the diode signals and adjust their

gains to compensate for differences in diode efficiencies. The output of the buffer

amplifiers is then given as

V1,2 = K1,2 cos θ1,2 (3.4)

where θ1,2 are the phase angles of the microwaves. Correctly adjusting the phase

shifts yields

V1 = K1 sin ∆Φµ (3.5)

V2 = K2 cos ∆Φµ (3.6)

This output can be read in real-time by a fringe counting circuit [50], or can be

analyzed in post-processing by a zero crossing algorithm to yield the line averaged

density.

3.7 Rogowski Coils and Voltage Loop

A Rogowski coil is a toroidal coil typically used to measure current. The coil consists

of N number of turns wound around a non-magnetic toroidal former. The coil is
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placed around a conductor carrying a time-varying current. The varying current

induces a voltage in the Rogowski coil that is proportional to the number of turns

N in the coil and the time derivative of the magnetic flux φ linked to the coil,

VRC = −N
dφ

dt
(3.7)

Integration of VRC yields the magnetic flux as a function of time. The current in the

conductor enclosed by the Rogowski coil can be obtained from Ampere’s law

I =

∮
c

~H · d~l (3.8)

=
1

µ0

φ

aRC

bRC2πRRC (3.9)

= − 2πRRC

µ0NaRCbRC

∫
VRCdt (3.10)

where RRC is the coil major radius, aR is the coil width, and bRC is the coil thickness.

The Rogowski coils on STOR-M are typically wound from 26 AWG enameled wire.

The notable exception is the coil used for monitoring plasma current, which is wound

from 18 AWG wire. The forms are toroidal with rectangular cross-sections. Integra-

tion of coil signals is performed by gated, active electronics in the STOR-M control

room. The coils signals are transfered via RG 58/U cable. STOR-M’s Rogowski coils

have a linear frequency response up to 800 kHz.

The plasma loop voltage is monitored with a wire wound along the chamber in the

toroidal direction, parallel to the plasma. Measurements plasma loop voltage and

plasma current are important in characterizing the discharge, and in estimating the

plasma resistivity.

3.8 Spitzer Temperature

The poloidal beta term is calculated from measurements of the line averaged den-

sity made using the 4 mm microwave interferometer, and estimate of the electron

temperature made using the neoclassical resistivity [51]
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ηn =
ηs

1− 1.95
√

ε + 0.95ε
(3.11)

where ε is the inverse aspect ratio of the tokamak (ε = a
R
), and ηs is the well known

Spitzer resistivity [52]. Spitzer-neoclassical resistivity has been previously confirmed

in Zarnstorff et al [53]. It was shown in TFTR from direct measurements of electron

temperature by Thompson scattering diagnostics and by theoretical calculations that

corrections for toroidally trapped particles (neoclassical conductivity) is necessary.

Temperature is found through measurements of resistivity. The Spitzer conductivity

[54] is given as:

σ = 1.9× 104 T
3/2
e

Zσ ln Λ

[
Ω−1m−1

]
(3.12)

where Te is the electron temperature in electron volts, Zσ is an adjustment for im-

purities (Zσ = 1 for pure hydrogen, Zσ = 1.5 assumed for STOR-M), and ln Λ is

the Coulomb logarithm. The Coulomb logarithm can be taken as a constant, with

an assumed value between 15 and 17. In order to obtain the temperature from the

Spitzer conductivity, the plasma resistivity is found.

The plasma loop voltage [12] is given as:

vl = IpRp +
d

dt
[L11I1 + L12I2] + φ̇13 + φ̇14 + φ̇15 (3.13)

During equilibrium, this equation simplifies:

Vl −
d

dt
(LpIp) = IpRp (3.14)

Rp =
Vl − d

dt
(LpIp)

Ip

(3.15)

where Lp is the plasma loop inductance. The resistance of the plasma can readily

be obtained from the measured loop voltage, Vl and plasma current Ip. The plasma

resistance is also expressed in terms of the plasma resistivity as:

Rp =
2πR

πa2
η‖ (3.16)
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where η‖ is the plasma parallel resistivity (assumed to be neoclassical resistivity).

The plasma resistivity in STOR-M is similar to that of copper (order of magnitude

similarity). In this way, plasma resistivity can be measured, allowing for temperature

to be calculated. It is assumed that Ti = 1
3
Te (generally reasonable, based on exper-

imental data), and that Zσ is a constant value of 1.5. It is likely that Zσ shows some

variation during the breakdown and current ramp up phase of the discharge [55],

and the value of 1.5 needs verification. It is not likely that Zσ varies outside of the

range of 1.2 to 1.7 in the STOR-M tokamak, and therefore Spitzer calculations are

affected by less than 10% by this assumption.
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Chapter 4

Experimental Configuration

4.1 Methods of Diamagnetic Measurements

A brief review of diamagnetic measurements is provided, followed by a detailed

description of the STOR-M diamagnetic coils.

4.1.1 Measurement of Toroidal Feed Lines

In some situations, the toroidal field coils surrounding the vacuum vessel can be

used to measure the diamagnetic current. Diamagnetic currents in the plasma will

induce a current in these surrounding coils, which appears as a small change in the

applied current. A Rogowski coil placed on the toroidal field current feed line can

measure this change in current. This method has advantages in that it is incredibly

simple (although it requires a high degree of common mode rejection), and utilizes a

large number of coils sampling around the torus. The poloidal beta can be obtained

from this method by use of equation 2.24 and the condition of flux conservation (see

section 3.7)

N∆Φ + L∆I = 0 (4.1)

where ∆I is the change in current (due to plasma diamagnetism/paramagnetism)

measured in the toroidal field feed line. ∆I is taken positive for induced currents in

the same direction as the applied toroidal field current. Combining these equations

yields

35



βθ = 1 +
L

N

8πBT

µ2
0I

2
p

∆I (4.2)

The measurement obtained is an average around the torus (due to the measurement

being taken consisting of contributions from each TF coil). This method can suffer

from reduced sensitivity, as well as noise problems from the feed lines. However,

the simplicity of this method has made this approach desirable on occasion. For

example, if the applied toroidal field current is constant then a Rogowski coil placed

upon the toroidal feed line will measure only the diamagnetic/paramagnetic signal

which varies with time. STOR-1 utilized this method [56]. Variations of the method

of obtaining the diamagnetic signal from measurements of the toroidal feed line

current have been reported on several machines [57–59].

4.1.2 Method of Compensated loops

A very common method is to use compensated loops. This is the method outlined in

this thesis. In essence, a single loop is placed around the plasma column to capture

the total toroidal flux. Another loop which does not enclose the plasma column is

used to measure the background toroidal flux. Additional loops are sometimes used

to make fine corrections, or for the elimination of signals due to vibration. The

loop systems are either located inside the vacuum chamber [60–63], or are mounted

outside of the chamber [64–71]. Papers describing external mounting arrangements

usually include additional compensation to correct for the influence of the conduct-

ing chamber. Superconducting machines with constant toroidal fields can perform

diamagnetic measurements without a compensating loop [72, 73]. A pair of con-

centric loops can be used to extract the diamagnetic signal from the differential

signal between them [74], provided a large enough separation can be achieved. The

diamagnetic signal is then sometimes used as input for plasma position feedback

controls [75, 76].
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4.1.3 Method employed on STOR-1M

Diamagnetic flux measurements were successfully performed on STOR-1M [21]. The

system consisted of a single loop primary coil for the flux measurement, a multi-turn

primary compensating coil to correct for stray flux, and a pair of multi-turn auxiliary

compensation coils to correct for vibrational effects. The STOR-1M diagnostics used

a passive mixing circuit with an amplification stage on the final output to provide a

signal for post processing via mainframe computer; it was not real time diagnostics.

The post processing option was chosen to avoid the possible introduction of noise

by active components during integration, and for performing the required baseline

subtraction. The diagnostic on the STOR-1M was used to calculate poloidal beta

and average plasma kinetic pressure values. These were found to be βθ ' 0.5 and

〈nT 〉 = 160 J/m3, in good agreement with experimental results from Wolfe [77] for

Ohmic discharges. βθ > 1 and 〈nT 〉 = 200 J/m3 were found for Ohmic discharges

with turbulent heating, in fair agreement with Sarkissian [78].

4.2 Implementation of Coils on STOR-M

The method implemented on STOR-M is similar to the STOR-1M method. A single

coil is used to measure the flux from plasma diamagnetism, while additional coils

are used to compensate stray fields and vibrations. A vacuum baseline shot is used

to further compensate the background fluxes. The following subsections outline the

requirements and design of the coils implemented on STOR-M.

4.2.1 Requirements for STOR-M

The expected signal on the diamagnetic loop can be readily estimated from Eq.

(2.24), and from shot data:

Vp =
d

dt
∆Φp =

µ2
0 (1− βθ)

8π

d

dt

(
I2
p

BT

)
(4.3)

In the above, plasma current and toroidal magnetic field are time dependent, while

poloidal beta is assumed a constant value (βθ = 0.5, based on prior Spitzer based
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measurements). From the results of estimations for a typical shot (Fig. 4.1), the

maximum expected signal is approximately 4 mV, while the expected signal during

the plateau (steady state) region of the plasma discharge is near 0.5 mV in magnitude.

Figure 4.1: Expected induced diamagnetic loop voltage for typical shot.
Thin line indicates raw calculations. Thick line is 5 point average of Vp.
This calculated signal does not include the influence of noise.

Clearly, low noise, high fidelity processing is required.

4.2.2 Primary Compensation

The diamagnetic flux is quite small when compared to the total magnetic flux pro-

duced. The measured flux is further reduced by the loop radius rc being larger than

the plasma radius a. The required precision for the diamagnetic flux measurements

can be estimated from:
∆Φm

Φφe

=
a2

r2
c

B2
θ (a)

2B2
φe

(1− βθ) (4.4)
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where Φφe is the externally applied BT flux, a is the plasma minor radius, rc is the

radius of the diamagnetic coil, Bθ is the poloidal magnetic field, Bφe is the externally

applied toroidal magnetic field, and βθ is the poloidal beta quantity.

For STOR-M parameters (a = 12.5 cm, Ip = 20 kA, Bφe = 1 T, βθ = 0.5) and an

approximate loop radius of rc = 15 cm, an estimate of ' 2× 10−4 is acquired:

∆Φ

Φφe

=

(
12.5cm

15cm

)2
(1− βθ)

2(1T)2

(
4π × 10−7WbA−1m−1 · 20× 103A

2π · 12.5× 10−2m

)2

' 1.78× 10−4

(4.5)

This indicates that measurements of flux must be better than 1 part in 105 to achieve

even a 10% accuracy. Since the loop will sample all present fluxes, noise must be

limited, and compensation for the undesired fields is required.

4.2.3 Vibrational Compensation

Vibration of the structure during a shot can impact the measurement of diamag-

netic flux. As the coils vibrate, they move through a strong magnetic gradient and

undesired signals are induced. For a single turn loop, the ratio of the mechanically

generated signal ∆e to the diamagnetic signal [79] is given by:

∆e

∆Φ
= 4q2

b

R2

a2

∆R

R

1

βθ − 1
(4.6)

where ∆R is amplitude of mechanical vibration, R is the toroidal major radius, and

a is the toroidal minor radius. Using typical values for STOR-M (qb = 3, R = 46

cm, a = 12.5 cm, βθ = 0.5) and assuming vibration of 3 mm, Eq. (4.6) predicts a

ratio of ' 6:1. This problem can be compensated for firstly by reducing vibration by

mechanically isolating the coil from the structure, as well as electrically through the

use of compensating coils. The effects of vibration are minimized by mechanically

isolating the coil form from the vacuum chamber. However, since vibrations of even

1/10 of a millimeter are still nearly the order of the signal, electronic compensation

may still be necessary. The auxiliary coils are used for this compensation. When

the inner and outer coils of the system are balanced by a gain α, their signals will

cancel out:

|αAinnerBφinner| = |AouterBφouter| (4.7)
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where A and Bφ are the effective area and toroidal magnetic field flux of the inner

and outer coils. As vibrations cause motion in the coils, the balance is defeated and

a signal proportional to the vibration is created.

4.2.4 Effect of Chamber Walls

Of primary consideration of the design is the location of the coils. The coils may be

mounted either internally or externally on the vacuum chamber. For coils mounted

externally, the bandwidth available from the signal is limited by eddy (Foucault)

currents which appear in the chamber walls in response to changing magnetic fields.

This skin effect imposes an upper frequency cutoff. Due to the restriction on band-

width, the timescales available for study are also limited. The propagation constant

of a wave through media is a complex number [80] given by

kc = ω
√

µεc = α + jβ (4.8)

where ω is the angular frequency of the wave, µ is the permeability of the material,

and εc is the complex permittivity of the material given by

εc = ε
(
1− j

σ

ωε

)
(4.9)

which for conductivity σ � ωε0 can be written

εc = −j
σ

ω
(4.10)

and the constant α and β are expressed as

α =

√
ωµ0σ

2
=

1

δ
(4.11)

β = −1

δ
(4.12)
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where δ is the skin depth (defined as the distance traveled by a traveling plane wave

through a material such that its amplitude is decreased by a factor of e−1) [81, 82].

For good conductors, the skin depth can be defined as

δ =
1√

πfµσ
(4.13)

The solution of the wave equation can be written to represent a uniform wave prop-

agating in the +z direction.

Ex = E0e
−αze−jβz (4.14)

For STOR-M, there are two possible mounting locations. One is over the stainless

steel bellows where the thickness is 0.5 mm. The other is over the stainless steel

chamber walls where the thickness is 4 mm. The conductivity of the stainless steel

is σ = 1.45 × 106 Ω−1/m. The attenuation due to the skin effect at these locations

is plotted in Fig. 4.2

Mounting the coil internally provides significantly higher bandwidth, but at the cost

of a valuable diagnostic port. The limiting time scale imposed by the chamber

walls [83] is given as:

T1 ' 5σµ0

(
tw
π

)2

(4.15)

where σ and tw are the conductivity and thickness of the chamber wall, respectively.

For the STOR-M (tw = 4 mm, σ = 1.45 × 106 Ω−1/m), a time scale of ' 15 µs is

estimated. Taking the cutoff frequency to be fc = 1/2T1, a limiting frequency of

' 30 kHz is found. In the work of Rothman [84] the factor of 5 is removed from

equation (4.15) and the cutoff frequency is increased accordingly to ' 170 kHz. The

lower estimate is chosen for consideration. There is also the option of mounting

the coils around the bellows section of the chamber where the thickness is ' 0.5

mm. This section affords a cutoff frequency on the order of 2 MHz. Since mounting

interior to the chamber walls would likely require some kind of protection for the coils

(ie, stainless steel tubing), and such protection of any appreciable thickness would
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Figure 4.2: The attenuation of the signal due to the skin effect at the
bellows (solid line) and the chamber walls (dotted line)
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be competitive with the bellows, the bellows offer a great alternative to interior

mounting even for high bandwidth requirements.

The skin time at the thinner bellows section (0.5 mm stainless steel) is τs ≈ 1.5 µs.

The skin time at the thicker stainless steel chamber wall (5 mm) is τs ≈ 15 µs. The

overall skin time is expected to be between these two values, and will be much smaller

than the expected characteristic time of plasma equilibrium evolution, which is on the

order of a millisecond. The filtering effect of the vacuum chamber does not prevent

this measurement from being performed externally. The attenuation of the signal

due to the chamber (bellows section) has been estimated by skin effect calculation

(modeling the flexible bellows as a cylinder) to be approximately 0.8 (significantly

better than the chamber walls where the attenuation factor is approximately 0.3),

meaning the exterior mounting is acceptable in terms of signal strength. The skin

effect will also introduce a phase delay, however this is not important for diamagnetic

measurements.

4.2.5 Baseline Compensation Methodology

For external mounting of the diamagnetic coil system, magnetic flux introduced by

poloidal currents induced in the tokamak chamber walls can not be properly compen-

sated for using this set of coils because this flux is located inside the chamber only

(neglecting the effects of flux leakage). In the case of constant toroidal magnetic field

during the plasma discharge, this induced current is absent, and does not introduce

magnetic flux. In the STOR-M tokamak, the toroidal magnetic field decreases by

about 20% over the discharge and introduces a significant image current. In order to

take this effect into account, a simple experimental technique with non-plasma shot

data for additional compensation is adopted. Typically, more complicated systems

relying on software [66,70] are used for fully compensating externally mounted coils.

It is expected that for a machine with as large a drift of TF as STOR-M has, the so

called error flux or residual flux will be much larger than these machines previously

reporting external diamagnetic measurement methods. In STOR-M, the problem

of residual flux due to image currents in the measurements is handled by use of
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a blank (non-plasma) shot. The fluxes sampled by the enclosing loop φ1, and the

non-enclosing loop φ2, during a blank (non-plasma producing shot) are

φ1 = φBT1 + φerr (4.16)

φ2 = φBT2 (4.17)

where φBT is the flux due to the background toroidal field picked up by each coil,

φerr is residual flux picked up by the enclosing coil, but not by the non-enclosing coil.

This residual flux is likely due to image currents in the chambers walls arising due

to the presence of the toroidal field coil current. A gain constant, α is introduced to

set φBT1 = φBT2, and subtraction of these fluxes yields

(
φb

1 − αφb
2

)
= φb

err (4.18)

where the suberscript b indicates the shots were taken without plasma. The gain

constant, α is chosen such that the subtraction of the two coils produces a minimum

value. The gain constant allows the BT flux sampled by the second coil (non-

enclosing loop) to eliminate both TF and the proportional image current term from

the first coil (single loop). Performing a blank shot allows collection of the residual

flux due to residual image current term alone which can then be eliminated from

the plasma bearing shots. The fluxes sampled by the enclosing loop φ1, and the

non-enclosing loop φ2, during a plasma producing shot are

φ1 = φBT1 + φp
err + δΦ + δφic,∆Φ (4.19)

φ2 = φBT2 (4.20)

where again, φBT is the flux due to the toroidal field coils, φp
err is the residual flux

appearing due to residual image currents not proportional to the TF coil current, δΦ

is the flux from plasma diamagnetism and paramagentism, and δφic,∆Φ is the addi-

tional flux (separate from φp
err)due to the additional image currents on the chamber
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induced by the combined paramagnetic and diamagnetic plasma current. Subtrac-

tion of these fluxes yields

(φp
1 − αφp

2) = φp
err + δΦ + δφic,∆Φ (4.21)

The blank shot data (Eq. 4.18) is subtracted from the plasma shot data (Eq. 4.21),

yeilding

(
φb

1 − αφb
2

)
− (φp

1 − αφp
2) = δΦ +

(
φp

err − φb
err

)
+ δφic,∆Φ (4.22)

The presented method requires that the residual image currents present in the blank

and plasma shots are identical, and the stray flux due to toroidal currents (such

as plasma current, Ohmic heating coil current, and vertical field coil current), does

not significantly contribute to these residual image currents. (This assumption is

expected to be reasonable in stable plasma discharges, if the current in the toroidal

field coils dominates the residual signal. This condition is examined in the results

section. It is then necessary to examine the condition

φp
err = φb

err (4.23)

which allows for the elimination of the residual flux by the method of baseline sub-

traction used in this paper. If the image current in the chamber walls is considered

RcIc = −Lcİc −Mc,BT
˙IBT −∆Φ̇ (4.24)

where Rc is the poloidal resistance of the chamber walls, Lc is the wall inductance,

and Mc,BT is the mutual inductance between the chamber walls and the toroidal field

coils. The use of a Laplace transform allows the image current term to be found

Ic = − Mc,BT

Rc + sLc

sIBT −
1

Rc + sLc

s∆Φ (4.25)
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The enclosing loop measures the flux induced by this eddy current as M1,cIc. The

two terms in the above equation can then be used to find the terms in Eq. (4.22)

(
φp

err − φb
err

)
= −sMc,BT

1 + sτc

(
Ip
BT − Ib

BT

)
(4.26)

δφic,∆Φ = −sMc,BT

1 + sτc

∆Φ (4.27)

where τc = Lc/Rc is the time constant of the eddy currents in the chamber walls.

Based upon the dimensions of the stainless steel vacuum chamber, the chamber

resistance has been found to be 61 µΩ, and the chamber inductance has been found

to be 0.038µH. This results in L/R = τc = 0.58 ms. Since the variation of the

diamagnetic flux is slower than τc, δφic,∆Φ can be neglected. Eq. (4.26) predicts that

the plasma and blank residuals are identical in the case where τc is sufficiently less

than the characteristic time variation in the toroidal field currents, IBT . In STOR-M,

this time is approximately τBT = 250 ms based on the approximately 20% decay in

toroidal field observed over 50 ms. The limiting value of τc is approximately 125 ms,

and therefore this term in equation 4 can be neglected . This limitation is examined

by requiring the contribution of Eq. (4.27) to be no greater than 10% of ∆Φ, and is

found by

(
φp

err − φb
err

)
= − τc

τBT

× 0.0002× 100×∆Φ < 0.1×∆Φ (4.28)

where the difference
(
Ip
BT − Ib

BT

)
has been estimated to be about 0.002IBT based

on measurements made at the toroidal feed line by a Rogowski coil, and the mutual

inductance between the chamber and the toroidal field current has been assumed

equal to that of the diamagnetic coil and the toroidal field current, Mc,BT IBT '

M1,BT IBT , which in general is about 100 times larger than the diamagnetic current.

Examination of equation 6 shows that the
(
φp

err − φb
err

)
term is expected to contribute

approximately .04% error to the measurement of ∆Φ, and can therefore be neglected.

Eq. (4.22) then becomes
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(
φb

1 − αφb
2

)
− (φp

1 − αφp
2) = ∆Φ (4.29)

4.2.6 Coil Design

A polyoxymethylene plastic (trade name Delrin from DuPont) form is used to mount

the coils. This material was chosen for strength, and for low conductivity. The

compensation and auxiliary coils are made from 8 turns of 28 AWG magnet wire,

while the primary coil is a single loop of the same type of wire. Special attention is

requied to the reduce the influence of electrical noise on the signal [85–89]. Twisted

pair cable is used to reduce noise pickup by the coil leads. All twisted pairs exiting

the coil form are enclosed in a specially constructed shielded cable, which leads

to a DA-15 female connector. The cable was purposely routed so as to not cross

through the vertical plane of the machine, helping to minimize electromagnetic noise

pick up. A male DA-15 connector mounted on a shielded distribution box near the

tokamak allows for signal acquisition through male BNC connectors. The shielding

efforts resulted in a sufficiently clean signal delivered to the data acquisition system.

Signal measurements were made by connecting the coils through the distribution

box directly to a National Instruments PCI-6133 data collection card [90] which

provides sufficient resolution (14 bit over a 1 V range yielding 0.012% accuracy),

and were processed on a computer. Plasma current and externally applied toroidal

field are recorded by a lower resolution LeCroy unit [91]. Mechanical isolation of

the diamagnetic coil assembly from the vacuum chamber was achieved by mounting

the directly to the massive phenolic yoke structures support for the TF coils, where

the level of vibration is estimated to be about 0.1 mm. This reduces the vibration

induced error signal to approximately 6.5% of the diamagnetic signal (based on

equation 4.6). These signals are then electrically compensated for using a set of

auxiliary coils arranged in opposition such that their signals cancel in the absence

of vibrations, greatly reducing the contribution of vibration errors. This is a benefit

of mounting the coils external to the chamber compared with internally mounted
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coils, which present significantly larger vibration errors. The mounted assembly is

pictured in Fig. 4.3. Due to the exterior mounting of the coils, two major concerns

arise. The first is that the signal will be attenuated and potentially filtered (cut off)

due the effects of eddy currents in the stainless steel chamber. The second is that

image currents resulting in the chamber walls are not sampled by the non-enclosing

compensation coil. Since the non-enclosing coil does not directly link the flux due

to image currents, it must be compensated for separately. There is some minor flux

leakage, but in general the residual signal from the image currents is not compensated

by this coil configuration.

Figure 4.3: (a) The primary (single loop) coil and the compensating (non-
enclosing) coil located outside the vacuum chamber. (b) The set of auxiliary
compensation coils. Although these coils are shown separately for clarity,
they are installed coplanar in the same form.

The four coils produce the following voltages: The voltage arising in the single loop

coil, VDm, the voltage arising in the compensation coil, Vc, the voltage arising in the

inner auxiliary coil, Vaux−inner, and the voltage arising in the outer auxiliary coil,

Vaux−outer. The compensated signal is acquired from

Vmeas = VDm − k1Vc − k2 (Vaux−inner − k3Vaux−outer) (4.30)

where k1, k2, k3 are gain constants satisfying the condition that Vmeas is a minimum
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in the absence of plasma. The method of determining these gain constants is as

follows:

1. k1 is chosen such that result of VDm − k1Vc is at a minimum for blank shot

data.

2. k2 is chosen such that the result of Vaux−inner − k3Vaux−outer is at a minimum

for blank shot data.

3. k3 is then chosen such that Vmeas is at a minimum for blank shot data.

The measured voltage during a plasma producing shot is then compensated by the

residual voltage (minimum measurement of Vmeas) measured during a blank shot.

When integrated numerically, the vacuum compensated measured voltage provides

∆Φ, the change in plasma flux due to paramagnetism and diamagnetism.

4.2.7 Coil properties

The resistance, capacitance, and inductance of the diamagnetic coils was measured

with an LCR meter at frequencies of 100 Hz, 120 Hz, 1 kHz, and 10 kHz. The results

are shown in table 4.1.

4.3 Error Budget

The complete error budget for the project is given in tables 4.2 and 4.3. Error

due to the reproducibility of the blank shots has been found to be 3% by direct

comparison of multiple blank shots. Errors due to potential misalignment of the coil

in the poloidal plane were found to be negligible by experiment. Overall error in

the measured value of poloidal beta during stable plasma operation is estimated at

5.6%, based on quadrature addition of the errors introduced by hardware limitations

of the data acquisition system, and the statistical error of the blank shots due to the

TF image currents and non-constant plasma current.
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Coil 100 Hz 120 Hz 1 kHz 10 kHz

Inductance [µH]

Dm 1 7 9.6 1.4

P 92 230 104 90

Ai 27 122 4.5 27.7

Ao 23 13 6.3 17.9

Capacitance [nF]

Dm 10,000 3,000 N/A 455

P 1,400 540 325 280

Ai N/A 1,680 740 655

Ao 4,500 N/A 940 760

Resistance [Ω]

Dm 2.4 2.4 2.3 2.2

P 17.5 17.5 17.5 19.0

Ai 6.5 6.5 6.5 6.9

Ao 4.9 4.9 4.9 5.1

Table 4.1: Inductance, Capacitance, and Resistance measurements of
the Diamagnetic Coils. Properties are shown for the single loop coil
(Dm), the primary compensation coil (P), the inner auxiliary coil (Ai)
and the outer auxiliary coil (Ao).

Source Error

3 mm magnitude vibrations (chamber mounting) 195%

Assumption of constant BT 18.5%

Assumption of constant plasma current 15.0%

NI 6133 14 bit resolution of 5 mV signal (raw input, 10 V range) 12.0%

0.1 mm magnitude vibrations (mechanical isolation) 6.50%

Table 4.2: Eliminated Errors for Diamagnetic Diagnostics
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Source Error

Background electrical noise (non-tokamak) (raw input) 3.60%

Statistical error of residual signal 3.0%

NI 6133 14 bit resolution of 5 mV signal (raw input, 1 V range) 2.4%

noise generated by CT 2.0%

NI 6133 noise (1.25V range, 5 mV input) (raw input) 1.38%

12 bit resolution of 0.2 V Ip input signal 1.25%

Variations in charging voltages 1.00%

LM6181 line driver estimate noise (per channel) 0.050%

Lecroy 12 bit resolution limit (5V signals) 0.050%

Image currents induced by diamagnetic / paramagnetic plasma currents 0.040%

NI 6133 14 bit resolution limit (10 V signals) 0.012%

Background electrical noise (non-tokamak) (10V gain signals) 0.004%

double class 15 digit resolution (delphi software) < 0.001%

AD620 preamp estimated noise (per channel) < 0.001%

NI 6133 noise (10 V range, 10 V signal) < 0.001%

NI 6133 noise (1.25 V range, 1.25 V input) < 0.001%

Table 4.3: Remaining Error Budget for Diamagnetic Diagnostics
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Chapter 5

Experimental Results

5.1 Experimental Outline

Two primary experiments are presented in this section. In the first experiment,

the performance of the diamagnetic coils is examined under normal ohmic discharge

conditions. The residual vacuum baseline signal is examined and the diamagnetic

measurement of poloidal beta is compared to poloidal beta calculated by measure-

ments of Spitzer temperature. Reasonable agreement between the two methods is

found. The second experiment tests the operation of the diamagnetic system with

the Compact Toroid Injector. Neutral gas injection from CT, CT Injection, and

normal ohmic discharges are compared. The change in plasma bulk thermal energy

is diamagnetically measured for CT injection. The density evolution and Soft X-Ray

emission evolution between CT and neutral gas injection is compared. Diamagnetic

measurements of poloidal beta and SXR behavior are examined. It was found that

the electromagnetic noise from the CT did not significantly affect the diamagnetic

measurement. A sharp increase in poloidal beta due to CT injection was observed.

5.2 Ohmic Discharge Experiments

A series of normal ohmic discharges (Fig. 5.1) was conducted and data was collected

from the coils. The measured signal from the diamagnetic coils was compensated

with signals recorded during the execution of a blank shot. In this shot, steady-fill

and gas puffing was disabled and the tokamak coils (toroidal field, ohmic heating,

feedback, etc...) were energized while the chamber was held at vacuum. The mea-
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sured signal from the blank was then subtracted from the signal measured during

normal operation. Figure 5.2a shows the magnitudes of the raw measurements of

∆Φ taken from blank and from plasma shots, as well as the final compensated data.

Fig. 5.2b shows that the primary contribution to the blank shot is the toroidal field

coils. Contributions from the automatic feedback system (FB) and the ohmic heat-

ing coils (OH) are quite small by comparison. This is especially important as the

toroidal field charging system exhibits strong repeatability of better than 3% based

on experimental measurements. The actual toroidal field produced shows excellent

repeatability shot to shot. Variations in the toroidal field find their way in the mea-

surement through induced image currents (the blank shot signal shown in Figure

5.2). The FB and OH system signals can strongly depend on plasma conditions,

which could potentially be a large source of error in the blank shot compensation.

Fortunately, FB and OH fluxes do not play major role in the acquired signal. Fig.

5.2c shows the relative contributions of fluxes produced by the FB and OH systems

compared to the compensated flux signal. FB and OH signals were produced by

subtraction of the BT, BT+ FB, and the BT+FB+OH signals in Fig. 5.2b. The

FB signal is a maximum contribution, as the FB system saturates in the absence

of plasma. The OH contribution may be at a minimum, since there is no plasma

for the OH coils to link to. The results of Fig 5.2 show that FB and OH fluxes are

not significant compared to either the contribution of BT to the residual, or to the

diamagnetic measurement.

Flux measurements and poloidal beta calculations are presented in Fig. 5.3. Figure

5.3 shows the expected peak in ∆Φ near 10 ms corresponding to the peak in plasma

current. Poloidal beta is calculated from the measured flux to be near 0.5 (para-

magnetic) throughout the flat top portion of the discharge. Bulk thermal energy

and confinement time were calculated from the poloidal beta quantity. In the time

following 20 ms, the decaying plasma current and plasma density lead to unstable

readings from the coil system. It is a primary shortcoming of external mounted

diamagnetic coils that poor plasma behavior can produce undesired, uncompensated

signals in the coils through image currents produced in the chamber walls. Likewise,
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Figure 5.1: Plasma current, loop voltage, average electron density, and
plasma position for a typical normal ohmic discharge. Shot 204760.

the time prior to 10 ms when the plasma is undergoing breakdown and subsequent

current ramp up is also unreliable since the poloidal beta term is proportional to

∆Φ/I2
p . However, this section is shown to help illustrate that the peak in measured

flux is where it is expected to be.

The measured values of poloidal beta are compared to values obtained from Spitzer

resistivity calculations in Figure 5.4. Reasonable agreement between the two in-

dependent methods is shown. The Spitzer resistivity calculations suffer from the

assumption that the effective ion charge of the plasma Zeff is constant at a value of

1.5 in STOR-M. It has been observed that large, rapid variations in plasma position
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Figure 5.2: (a) Plasma, vacuum, and compensated flux signals. (b) Con-
tribution of the toroidal field coils (BT), position feedback system (FB), and
ohmic heating coils (OH) to the blank shot baseline. (c) Relative sizes of the
feedback and OH contributions to the final compensated shot. Shot 204760.

can severely affect the accuracy of this diagnostic. Several shots with poor feedback

control were examined and oscillating behaviors in the plasma position were observed

to appear in the measured flux signal. In the case of unstable (large position shift)

plasmas, the diagnostic is unreliable. Further, when position control is so poor that

the plasma touches the chamber walls, the plasma is no longer in equilibrium and

the assumptions behind the derivation of the poloidal beta calculations fail to hold.

Error due to the reproducibility of the blank shots has been found to be 3% by direct

comparison of multiple blank shots. Errors due to misalignment of the coil in the
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Figure 5.3: Measured toroidal flux change, poloidal beta, bulk thermal
energy, and energy confinement time. Shot 204760.

poloidal plane were found to be negligible by experiment.

5.3 Compact Toroid Injection Experiments

Figure 5.5 shows the plasma current, loop voltage, and Hα emissions for the CT

Injection discharge 209987. The dashed line in Fig. 5.5c shows the level of Hα

emission for the normal ohmic discharge. It is clear that CT injection caused a

reduction in Hα emission.

Figure 5.6 shows a comparison of line averaged electron density, Soft X-Ray emission,

and poloidal beta between shots with CT injection, neutral gas puffing from the
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Figure 5.4: Comparison of diamagnetically measured and Spitzer based
calculations of poloidal beta. Shot 204760.

USCTI, and a normal ohmic discharge. In Fig. 5.6a, density can be seen to increase

due to CT injection. Density increase in the case of neutral gas from the USCTI

is seen to be delayed compared to the CT injection scenario. This is expected, as

the neutral gas must diffuse down the drift tube, as opposed to the CT, which is

actively accelerated. Both the CT injection and neutral gas discharges eventually

arrive at nearly the same final density of 11 x 1012 cm−3 at 24 ms. However, the

CT injection discharge shows a distinct initial jump in density following injection

at 17 ms, similar to results reported from TdeV [92]. The dashed line in Fig. 5.6a

indicates the density measured for a normal ohmic discharge. Soft X-Ray data (Fig.

5.6b) for the three scenarios shows that there is a strong increase in SXR emissions

immediately following CT Injection. There is a smaller, delayed increase associated

with the neutral gas scenario. The profiles of poloidal beta and SFX show very strong

agreement. It is clear in both the case of neutral gas injection and CT injection that

the diamagnetic measurements are responding to changes in the plasma 〈nT 〉, as SXR

emissions contain both temperature and density dependences. Ohmic discharge data

shows SXR emissions steadily decreasing throughout the discharge. Poloidal beta

measured by a diamagnetic loop is shown for the three discharge scenarios in Fig

5.6c. The CT Injection discharge shows a clear increase in poloidal beta following
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Figure 5.5: (a) Plasma current. (b) Loop Voltage. (c) Hα emission for CT
Injection discharge 209987. The dashed line shows a normal ohmic discharge,
and the vertical line shows the time of CT injection.

the injection. The neutral gas discharge shows poloidal beta decreasing until 20 ms,

where it levels out. This corresponds to both the delayed increase in density, and the

increasing SXR emissions that appear at the same time. The observed decrease in

poloidal beta in all three discharges may be a systematic error of the measurement.

A statistical survey of diamagnetic measurements reveals that the measurements

typically show a decreasing drift in poloidal beta which appears following about 20

ms of discharge time. The influence of the toroidal field current on the image currents

and the measurement was discussed earlier. It is expected that the drift appears due

to the influence of plasma current on the chamber wall image currents.
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The energy deposited by the CT was analyzed by use of the diamagnetic loop. Fig.

4 shows a 5.6 J increase in the plasma bulk kinetic energy following CT injection.

Considering a CT life of 0.5 ms (based on poloidal beta rise time in Fig 2c) yields

an average CT power of 11.2 kW. The measured power is in reasonable agreement

with the previously reported estimate of 13 kW [28].

5.4 Summary of Experimental Results

5.4.1 Ohmic Discharge Experiments

Diamagnetic measurements using compensated coils mounted externally to the vac-

uum chamber with additional compensation from blank shots were performed on the

STOR-M tokamak. The presented method provides reliable poloidal beta measure-

ments during stable discharges with an error of 5.6%, with the major contribution

being 3% from image currents which vary due to slight TF irreproducibility. The

diamagnetically measured poloidal beta was compared to poloidal beta from Spitzer

resistivity and was seen to agree well. It is likely that the assumption of constant

Zσ = 1.5, and the assumption that Ti = 1
3
Te in the Spitzer measurements contribute

to the slight discrepancy.

5.4.2 Compact Toroid Injection Experiments

The bulk plasma thermal energy change due to Compact Toroid Injection was mea-

sured using the diamagnetic coils. An increase of 5.6 J was observed following the

injection of the CT. The differences in measured poloidal beta for the cases of CT

injection, neutral gas injection from the CT gas valves, and normal ohmic operation

were examined and compared to SXR measurements. CT injection was seen to im-

mediately increase poloidal beta, density, and SXR emissions. In the case of neutral

gas puffing, a delayed and much less dramatic increase is observed. Strong agreement

between the increase of poloidal beta and the increase of SXR emissions is observed.

A drift appears in the poloidal beta measurements later in the measurement (about
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20 ms in). It is expected that this drift is due to image currents, and requires further

compensation for increased measurement precision.
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Figure 5.6: (a) Line averaged electron density. (b) Soft X-Ray emission.
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

An external diamagnetic coil system was designed, constructed, and tested on the

STOR-M tokamak. It was found that additional compensation from blank shots

was necessary to acquire the diamagnetic signal. The blank shots compensate for

a strong residual signal that is expected to be related to the toroidal field system

based on experimental observations. It is likely that the residual is the result of

image currents forming in the chamber walls that are not directly proportional to

the toroidal field current. The coil system employed was tested against Spitzer tem-

perature measurements, and reasonable agreement was found between the poloidal

beta values calculated by both methods. A poloidal beta of 0.5 was found for nor-

mal ohmic discharges in STOR-M. The error in the poloidal beta measurement was

estimated to be 5.6 %, with the primary contribution being a 3% statistical error

from the baseline shots. The diamagnetic coils were used to examine the change

in plasma bulk thermal energy during Compact Toroid Injection. The experiment

showed that the noise produced by the CT is not significant to the diamagnetic

measurement. CT injection was seen to increase the plasma bulk thermal energy by

5.6 J. The behavior of the diamagnetically measured poloidal beta was seen to agree

with measurements of Soft X-Ray emissions. It was observed that the diamagnetic

coil system did not perform well during shots with significant variation in plasma

position. A signal proportional to the changes in plasma position becomes evident in

the diamagnetic signal in the case of strongly oscillating plasma position. Similarly,

strongly decreasing plasma currents lead to drifts in the diamagnetic signal, likely
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due to increased magnitudes of image currents in the chamber walls.

6.2 Future Work

The inclusion of the diamagnetic coils in studies of plasma confinement will provide

useful information about the behavior of the plasma bulk, which combined with

diagnostics measuring the behavior in the SOL will provide more detailed analy-

sis of transitions in plasma confinement. The Spitzer measurement is plagued with

assumptions. The ratio of ion and electron temperatures is assumed, the value of

Zeff is assumed (and assumed to be constant), and the plasma inductance is as-

sumed. Direct measurement of Zeff using spectroscopy would help in improving the

accuracy of this measurement. With an improved Spitzer measurement, the Spitzer

and diamagnetic measurements can be used together to examine the assumptions of

plasma inductance and the ion/electron temperature ratio.

6.2.1 Compensation of Chamber Image Currents

It may be possible to compensate for the image currents in the diamagnetic mea-

surement. The primary contribution to the image currents is the toroidal field.

Circuit modeling of the coils and chamber could allow for calculation of the image

currents induced in the chamber walls during a discharge by direct measurement of

the toroidal field current. If the image currents are known, they can be eliminated

from the diamagnetic measurement.

The plasma also contributes to the image currents. It is expected that the reason for

the signal drift appearing late in the diamagnetic measurement is the contribution

of image currents induced by the plasma current. As the plasma current changes,

the poloidal component of the plasma current also changes (see Chapter 1). Since

the poloidal component varies, image currents can be severe. Further, the plasma

position can affect the induced image currents by shifting the peaked plasma current

profile into the high or low field side, altering the poloidal component of the plasma

current.
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Figure 6.1: Model depicting the plasma, diamagnetic coil, BT coils, and
vacuum chamber as simple circuits with resistance and inductance.

The system of the plasma, diamagnetic coil, vacuum chamber, and toroidal field coils

can be modelled as a set of four linked coils with a defined resistance and inductance

(Fig. 6.1), where the inductance is defined as a matrix

L =

∣∣∣∣∣∣∣∣∣∣∣∣

L11 M12 M13 M14

M21 L22 M23 M24

M31 M32 L33 M34

M41 M42 M43 L44

∣∣∣∣∣∣∣∣∣∣∣∣
(6.1)

and the subscripts refer to the coils depicted in Fig. 6.1.

The solution of this system may allow for the plasma induced image currents to be

eliminated.
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6.2.2 Internal Measurements

In order to further examine the residual signal in the vacuum baseline shots, it

would be advantageous to mount a diamagnetic coil set inside the tokamak. Direct

comparison of the internal and external measurements would provide clarification

of the residual signal properties, since the internal coils would not link as strongly

to the image currents in the chamber walls. Attempting to employ other measure-

ment methods, such as the differential method would also be useful. It would be

valuable to have direct comparisons between known methods of diamagnetic mea-

surements available. At present, no such material exists. It is planned to fabricate

and install diamagnetic coils for internal measurements. The internal coils will be

similar to the external coils in that there will be an enclosing loop, an non-enclosing

loop for toroidal field removal, and a pair of auxiliary loops for compensation of

vibrations. The auxiliary loops may be installed externally due to space restrictions.

The loops will be made from magnesium oxide wire (MgO) similar to that used in

thermocouples and already employed in machines such as KSTAR [93]. MgO wire

has excellent thermal insulation properties, and comes jacketed with stainless steel

making it highly compatible with vacuum environments.

6.2.3 Improved Signal Processing

Signal processing will be achieved with a multi-stage active component design (Fig.

6.2). Particular attention is paid to gain staging and shielding to reduce the influence

of noise produced by the active components themselves. Preamplification is achieved

using specially designed instrumentation amplifiers. The signals are to then be mixed

before being conditioned for transfer to the data acquisition system.

Instrumentation Amplifier Design

An instrumentation amplifier based on the classic 3 op amp configuration is a suitable

starting point [94–97]. The 2 op amp arrangement, while available in a single IC

package, was not selected due to the phase delay introduced by propagating one
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Figure 6.2: Signal Processing Block Diagram.

Figure 6.3: Signal Processing Block Diagram.
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signal through a signal op amp prior to the subtraction that occurs at the second

op amp [98]. The use of the two buffering amplifiers before the difference amplifier

controls the input impedance seen by the input voltages. If the difference amplifier

is used alone, the significant impedance mismatch between the inverting and non-

inverting inputs of the operational amplifier can harm the common mode rejection

ratio and also be a source of noise. The diodes D1 and D2 are used as signal limiters to

provide a level of protection to the inputs of the amplifiers. The resistors designated

R8 in figure 6.3 set the impedance that the voltages from the coil (Va and Vb) see.

The output voltage, vout of this amplifier is given by

Vout = −R2

R1

(
R5 + R6 + R7

R6

)
(vb − va) (6.2)

Requiring R1/R2 = R3/R/4 and choosing R5 = R7 = R reduces equation (6.2) to

Vout = −R2

R1

(
1 +

2R

R6

)
(vb − va) (6.3)

The AD620 instrumentantation amplifier is a suitable canditate for providing the low

noise signal gains required [99]. The AD620 is a single chip solution to the amplifer

described above.

Signal conditioning occurs with a series of filters and a 50 Ohm driver circuit 6.4.

This allows a clean, impedance matched signal to be transmitted by BNC line to

the data acquisition system. The driver circuit is the final output stage of the signal

processing circuitry and is based on the LM6181 Current Feedback Amplifier [100].

A suitable overall instrumentation cirucit is presented in Fig 6.5, and PCB schematic

in 6.6. Particular attention was payed to signal routing to minimize noise pick up.

Grounding planes were routed under the IC’s to further increase electrical shield-

ing. The diodes are used to clamp input voltages and protect the instrumentation

amplifiers from the large voltages recorded during the ramp up of the BT field.
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Figure 6.4: 50 Ohm Cable driver.

6.2.4 Diamagnetic Measurements in the Proposed STOR-U

Tokamak

The next generation of tokamak for the Plasma Physics Laboratory is currently

being proposed. STOR-U (R = 80 cm, a = 36 cm, BT = 1.5 T, Ip = 1200 kA,

td = 500 ms) will be built to allow studies with much higher plasma temperatures

(Te = 700 − 1700 eV, Ti = 600 − 2500 eV) than STOR-M. The high temperatures

will be achieved by heating through neutral beam injection. STOR-U will require

suitable diamagnetic measurement diagnostics to be designed and implemented as

part of its diagnostics array.

The differential method using a concentric pair of MgO wires mounted internally

is likely appropriate. There should be a few sets of these coils located around the

torus so that the measurements can be averaged toroidally. Further, should one set

become damaged or otherwise non-functional, the other sets serve as a redundant

back up and measurements can continue without the need for a major opening of

the chamber. Real-time measurement capability should be sought, so that STOR-U

could use diamagnetic measurements of poloidal beta in the calculation of feedback

parameters. The STOR-U diagnostics will require precision integration electronics,

similar to those designed for KSTAR [101].
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Figure 6.5: Schematic for amplifiers and signal conditioning circuits for
improved diamagnetic measurements.
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Figure 6.6: PCB track layout for improved diamagnetic measurements.
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Appendix A

Installation notes for the Diamagnetic

Coil

A.1 Diamagnetic Coil

A.1.1 Parameters

The diamagnetic coil installed is based on the design presented in Haegi (Fig. A.1)
[79] and subsequently implemented on the STOR-1M [21]. The coil form is con-
structed from 1.2 cm thick phenolic, and is a split ring of inner diameter 34.7 cm
and outer diameter 37.8 cm. 1 mm deep grooves were cut into the form to allow
placement of 28 AWG magnet wire windings. There are two single turn flux loops
of diameters 34.95 cm and 37.55 cm, enclosing areas of approximately 959 cm2 and
1776 cm2 , respectively. An 8 turn compensation coil is wound through both halves
of the form, with inner and outer radii of ri = 47.55 cm and ro = 17.475cm. The
effective area enclosed by the primary compensation windings is approximately 5960
cm2. Each half of the form contains an 8 turn auxiliary compensation coil (see figure
A.1).

A.1.2 Coil Winding Notes

To wind the coils, place the form on a work bench and tape down with several
strips of electrical tape (see figure A.2). Install the coil windings into the grooves,
successively lifting and replacing the tape strips as required (see figure A.3). This
ensures the coil remains in the groove during winding. Use Cyanoacrylate based
adhesive to seal the coils into the form.
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Figure A.1: Auxiliary (vibrational) compensation coils and primary com-
pensation coils.
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Figure A.2: Coil form with tape strips for coil winding. In this figure, an
auxiliary compensation coil is being wound.
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Figure A.3: Coil winding turning corners in the form grooves. A piece of
tape is lifted to illustrate the winding method.
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A.1.3 Installation Figures

Figure A.4: Diamagnetic coil installed on STOR-M
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Figure A.5: Upper mounting point for Diamagnetic Coil. The mounts
are connected to the yokes of the machine, isolating the coil form from the
chamber. Lower mount is identical.
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A.1.4 Installation Notes

1. The coil can be pivoted around the joint at the top of the form where the coil
loops pass through, but must be done so carefully.

2. Beginning from the top of the chamber, insert the bottom of the inside form
and slide in down along the bellows, keeping the outside form at a right angle
to the inside form.

3. With the inside form in place, the outside form can be turned into place.

4. Secure the coil to the mounts (see Figure A.5).

5. Route the leads exiting from the bottom of the forms below the bellows and
the TF interconnects.

6. Twist the diamagnetic coil leads together, closing the loop and forming a
twisted pair lead.

7. Install the side shields using nylon nuts and bolts. The side shields are used
to hold the two forms together, as well as to protect the cables.

8. Shrink wrap the coil leads.

9. Install a conducting braid over the shrink wrap

10. Shrink wrap the conducting braid

11. Ground the conducting braid

12. Install DA-15 connector

A.1.5 Removal Notes

CAUTION: Before removing the coil from the tokamak the wiring harness
must be dissembled and untwisted. Failure to do so will cause damage to
the coils during removal.

1. Remove DA-15 connector from signal box.

2. Disconnect leads from DA-15 (be careful to label the wires).

3. Remove heat shrink from cable.

4. Remove conducting braid from cable.

5. Remove inner heat shrink, revealing diamagnetic coil leads.

6. Untwist the inner and outer coil leads.

7. Remove side shields from coil form (nylon nuts and bolts).
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Figure A.6: BNC Breakout box

8. Remove nylon screws from top and bottom mounts (one each, see figure A.5).

9. The coil separates into two pieces, joined at the top by the coil windings. The
coil can be pivoted around this joint, but must be done so carefully.

A.2 Signal Processing

A.2.1 BNC Breakout Box

The BNC Breakout Box is a testing tool for adapting the DA 15 output of the coil
assembly to BNC connectors. The box consists of 5 isolated BNC connectors inside
a shielded enclosure, A male DA 15 connector, and a grounding post.
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A.2.2 DA 15 Pinout Diagram

Figure A.7: DA 15 pin numbering for male and female connectors

Pin Description
1 Inner Diamagnetic Coil
2 Outer Diamagnetic Coil
3 Primary Compensation Coil
4 Outer Auxiliary Compensation Coil
5 Inner Auxiliary Compensation Coil
6 No Connection
7 No Connection
8 No Connection
9 Inner Diamagnetic Coil
10 Outer Diamagnetic Coil
11 Primary Compensation Coil
12 Inner Auxiliary Compensation Coil
13 Outer Auxiliary Compensation Coil
14 No Connection
15 No Connection

Table A.1: DA 15 Pinout (26 July 2007)

87


