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Abstract

Reliable measurements of plasma parameters in the plasma edge are essential to
give insight on the plasma state and to ensure that the plasma-wall interactions
are below damage thresholds. Using electrostatic probes, the ion temperature is
hard to estimate due to the higher mobility of electrons which comprise most of
the signal. It is possible to use a Ball-Pen probe (BPP) which can partially shield
electrons thereby reducing the electron flux. By applying a varying voltage on the
Ball-Pen probe, a symmetrical I-V curve can be obtained, allowing direct plasma
potential measurement and measurement of the ion temperature by curve fitting the
exponential trend due to ionic thermal motion near the electron saturation region
of the I-V curve. Other parameters such as the electron temperature, the electron
density, the floating potential, and the plasma potential measured by the Ball-Pen
probe in the STOR-M tokamak are compared with those obtained both from a single
Langmuir probe and from a triple probe which are already established diagnostics
in the STOR-M. It was found that the ion temperature in the plasma edge of the
STOR-M ranges from 1 to 15 eV, which is comparable to what has been reported
previously. Direct plasma potential measurements were found to be comparable to
the Langmuir and triple probe values. More efforts are needed to further validate

ion temperature measurements with electrostatic probes in the STOR-M. Solutions



include increasing the sweeping frequency of the power supply for better statistics as

well as increasing the dynamic range of the measuring circuit.
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Chapter 1

Introduction

1.1 Energy crisis

According to the Brundtland Commission, the de nition of sustainable development is
based on intergenerational equity. A source of energy would be deemed as sustainable
if it can meet our needs without compromising the needs of future generations [43,
8]. The world's energy needs are increasing and as emerging countries develop, this
trend can be expected to continue. In 2019, more than 80% of the worldwide energy
consumption was based on oil, natural gas and coal as shown in Figure 1.1 [23]. With
the current known reserves and consumption rates, it is estimated that the reserves
of oil, natural gas and coal will last for 54, 49 and 139 years respectively [7]. It is fair
to say that the current state of global energy consumption does not fall under the
de nition of sustainability.

To satisfy the energy needs in the second half of the century, sustainable sources
of energy must be developed. For comparison, nuclear fusion energy supplies could
last for more than 20 million years at the current rate of energy consumption [8, 35].

Shifting away from fossil fuels to sustainable energy sources will not only reduce £O
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Figure 1.1: Increase in the worldwide energy supply [23].

emissions but also ensure longer-lasting energy reserves.

1.2 Nuclear fusion

Nuclear fusion is a process in which two light nuclei are combined to form a heavier
one with a higher binding energy. The energy released by a nuclear reaction comes
from the di erence in nuclear binding energy between the inputs and the outputs. The
nuclear reaction will release energy only if the total binding energy decreases going
to the nal state. The change in energy will be characterized by a mass di erence
and it can be calculated from the mass balance using the mass{energy equation
E = mc? [15]. Therefore, it is often more convenient to express mass at atomic scales
in MeV=c.

For nuclear fusion to happen, the nuclei must interact at a very short distance.
However, the nuclei are both positively charged and they repel each other due to the

electrostatic force. This is called the Coulomb barrier and energy must be provided
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Figure 1.2: Coulomb barrier (not-to-scale).

to the nuclei for them to overcome the potential barrier as shown in Figure 1.2. The
guest of nuclear fusion energy is to provide less energy to overcome the Coulomb
barrier than we extract from the nuclear fusion reaction to achieve a net energy gain.
There are several nuclear fusion reactions that would be possible to extract energy
from, but the deuterium-tritium reaction stands out in part because of the availability
of deuterium but mostly because of its higher cross section at the achievable temper-
ature in fusion reactors [32]. The energy balance of this reaction is shown in Table
1.1. By adding the masses of all components in the reaction, we see that a mass of
17:590 Me\=¢ is lost when the deuterium and tritium fuse even though the nucleons
remain the same, meaning that the initial state had more nuclear binding energy.
Since energy is conserved, the products of the reaction carry:390 MeV in the

form of kinetic energy. As shown in Equation 1.1, compared to the combustion of



1.2. NUCLEAR FUSION 4

In Out
mp = 1876:124 Me\=c Mye = 3728401 Me\=C
mt = 2809:432 Me\=¢& m, = 939:565 Me\=¢&
Total in = 4685:556 Me\=¢ Total out = 4667:967 Me\=¢

Table 1.1: Energy balance of the D-T fusion reaction [25].

octane, the D-T reaction releases more than 300000 times more energy. Taking into
account that the fuel in the D-T reaction is also a hundred times lighter than the input

of the chemicals, that makes the nuclear reaction 30 million times more energetically
dense. This shows how little D-T fuel we would need compared to octane to generate

the same amount of energy [15].

D+T ! “He+n+17:6 MeV
(1.1)

C8H18+ 1250, 8CO,+9 H,O+56:7 eV

Both deuterium and tritium are isotopes of Hydrogen. The relative abundance of
deuterium on Earth is 0.015%, which seems low but since the ocean is an abundant
supply of hydrogen, all deuterium fueling could be extracted directly from heavy
water (D,0). In fact, every cubic meter of seawater contains 33 g of deuterium [22].
However, supplying tritium would be more of a challenge because it is radioactive
and decays into Helium, making it possible to nd it only in trace quantities in the
environment.

Nevertheless, tritium can be synthetized and Canada is a world leader in tritium
production. In the CANDU nuclear ssion reactors, high energy neutrons from the
ssion reaction are captured by heavy water and the neutron capture occasionally

produces a tritium nucleus. The tritium is then extracted at the Tritium Removal
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Facility (TRF) to produce approximately 2 kg of tritium per year [36]. The develop-
ment of tritium production issued from nuclear ssion energy can therefore help to
supply the needs of fusion energy. Another solution would be tritium breeding from
fusion reactors by applying a lithium blanket in the inner walls of the reactor. The
lithium would receive outgoing neutrons from the D-D reaction to producéHe and
tritium which would directly return in the plasma [44, 16, 15]. However, the economic
viability of tritium breeding can be questioned which makes tritium supply a main
challenge to achieve fusion energy.

Unlike nuclear ssion, another key factor of fusion is that it does not produce
radioactive waste. Nuclear ssion energy also comes from the energy stored in the
atomic bond, but instead takes a heavier nuclei and splits it into two lighter atoms.
For example, the?3°U reaction in CANDU reactors releases three neutrons*Ba
and &Kr of which the last two products are radioactive. A radioactive atom is an
unstable atom that will decay into a stable form and release a particle carrying high
energy such as electrons, positrons or particles [14]. These particles can ionize
atoms which can be harmful to living beings, so proper management of radioactive
waste is required. Although there are some concerns with nuclear fusion such as the
vessel becoming radioactive over time due to neutron absorption, viable nuclear fusion

reactions do not produce as much radioactive waste as nuclear ssion.

1.3 Tokamak

Because of the Coulomb barrier, nuclear fusion reactions need some energy to happen.
For this reason, fusion plasmas typically operate at high temperatures, up to millions

of degrees, which poses a fundamental problem in containing the plasma. Since the



1.3. TOKAMAK 6

container will be able to withstand these high temperatures, one of the approaches
to con ne plasma is to use magnetic elds.

The most basic magnetic con nement device would be a magnetic mirror. It con-
sists of a series of parallel coils with smaller coils on both ends creating a magnetic
eld that is uniform in the center but that gets stronger on both ends as shown in
Figure 1.3. The particles traveling along the magnetic eld lines have some kinetic
energy that can be decomposed into parallel and perpendicular components. Due
to the adiabatic invariance of the magnetic moment and the increase in the mag-
netic eld, the cyclotron frequency of the particles increases as they get closer to the
outward coils which increases the perpendicular velocity component. Because the
magnetic force is always perpendicular to the trajectory, magnetic elds do not make
any work and the energy is conserved. Therefore, the parallel velocity component has
to reduce until it becomes 0. At this point, the particles experience a gradient force
of the inhomogeneous magnetic eld that re ects them toward the weaker eld in the
center making the particles trapped.

One problem with the magnetic mirror is that particles that have a low angle
trajectory with respect to the center won't be re ected and will escape. One way of
solving this is to connect both ends making a torus. This is the basis of the tokamak.
In addition, tokamaks also have a central conductor in which an increasing current
is applied. By transformer action, this induces a current in the plasma that acts as
a secondary winding which heats it up by a mechanism called ohmic heating. The
con nement of the tokamak largely depends on the magnetic eld strength. However,
producing large magnetic elds takes electrical power. For this reason, the coils are

often superconductors that need to be held at very low temperatures which also
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Figure 1.3: Magnetic mirror con ning charged particles.

consumes energy. Both ohmic heating and the production of strong magnetic elds
require energy and to this date, the amount of energy needed to achieve nuclear fusion
has been higher than the energy produced by the nuclear reaction, making the process

ine cient.

1.4 Motivation

E orts have been made to achieve the goal of e cient nuclear fusion energy. A notable
example would be International Thermonuclear Experimental Reactor (ITER), an
international collaboration to build the world's largest tokamak. Although it is still
under assembly, its goal is to achieve a net power output to input ratioQ) superior

to 10 [24, 35]. It will act as a proof of concept to support that e cient fusion is
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possible as an exploitable source of sustainable energy. As of today, e cient nuclear
fusion by magnetic con nement has not been achieved yet. It is a eld of study that
is evolving and research is still needed. It is in the spirit of deepening our knowledge
of nuclear fusion energy that this thesis is written.

Plasma diagnostics are important to gain insight into the plasma's state. Reliable
measurements of plasma parameters are a good way to con rm whether the plasma
dynamics t well with our theoretical models and giving more information on the
plasma itself. Moreover, it is crucial to measure plasma parameters on the plasma
edge because this is where the interaction with the chamber walls occur. For example,
the temperature needs to be known in this area to ensure the wall can stand the heat
and avoid damage. Some parameters can be obtained by multiple means like the
electron temperature, which can be measured with electrostatic probes or from the
plasma conductivity calculated with the plasma current and the loop voltage. In
contrast, ion temperature measurements from a typical Langmuir probe are more
elusive. Electrostatic probe methods involve direct collection of charged particles and
due to the electrons' higher mobility in the plasma, the ion signal is a lot smaller
making it hard to measure compared to electrons. This parameter is routinely not
being measured in the STOR-M tokamak.

Another important parameter is the plasma potential which can be measured with
Langmuir probes. However, the current technique has some aws as plasma poten-
tial can be de ned in multiple ways leaving the measurement up to interpretation.
Another method using a Ball-Pen probe would allow a direct plasma potential mea-
surement which would clear the ambiguity and also increase the time resolution of the

measurement at the same time. The Ball-Pen probe method had yet to be introduced
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in the STOR-M tokamak (Saskatchewan TORus-Modi ed) prior to this work.

1.5 Objective

The objective of this thesis is to study the behavior of several plasma parameters
in the STOR-M tokamak by using electrical probes in the edge region. To achieve
this goal, a Langmuir probe (LMP), a Ball-Pen Probe (BPP) and a Triple Probe
(TP) will monitor the evolution of the electron temperature, the electron density,
the oating potential and the plasma potential during the plasma discharge. By
analyzing the signals across multiple plasma discharges, statistical inference will be
made to determine these parameters when the plasma is stable inside the chamber.
These methods will be compared with each other and already established diagnostics
to con rm the validity of the results.

As direct plasma potential measurements and ion temperature measurements with
a Ball-Pen probe in the plasma edge are novel for the STOR-M, this thesis would

also serve as a basis to write and publish a scienti c article.

1.6 Organization of Thesis

The thesis will be separated into 6 chapters. Chapter 2 lays out the theoretical basis
of the plasma parameters and their measurement. Chapter 3 provides insight into
the operation of the STOR-M, the experimental setup and the equipment used for
experimentation. Chapters 4 and 5 deal with the results and their validity. This

is where the di erent diagnostic tools will be compared and sources of error will be
discussed. It will succeed in a de nitive measurement of the plasma parameters in

the plasma edge that considers multiple discharges. Finally, Chapter 6 presents a
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summary of the results as well as recommendations to improve further experiments

using the Ball-Pen probe on the STOR-M.
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Chapter 2

Theory

2.1 Plasma and quasineutrality

A plasma is an ionized gas. The dierence between a plasma and a neutral gas is
that a plasma consists of at least two species: ions and electrons. Since the particles
are charged, a fully ionized plasma is highly conductive and it can interact with
electromagnetic elds. To avoid recombination into a neutral state, the plasma needs
to be at a high temperature, or at a su ciently low density.

The temperature of a gas is a macroscopic measurement of the mean kinetic energy
of the constituent particles. Fusion plasma temperatures are generally so hot that
it is more convenient to think of it in terms of electron-volt (eV). For example, a
temperature of 1 eV is 11604 K which can be calculated with the conservation of
energy as shown in Equation 2.1

1

émv2 = ke T =1¢eV,; (2.1)

wherem is the electron's massy is it's velocity, kg is Boltzmann constant (8617

10 ° eV/K or 1:381 10 2 J/K) and T is the temperature. The temperature of a



2.1. PLASMA AND QUASINEUTRALITY 12

species is often just analogous to the particle's velocity so it can be useful to de ne
the thermal velocity vy, from Equation 2.1 by isolatingv. It is worth noting that two
species within the same plasma can have di erent velocities. Since ions have a mass
much higher than electrons, their velocity and temperature tend to be typically lower

than electrons. The tehrmal velocityvy, is given by Eq. 2.2

r

2K T

Vih =
m

(2.2)

Another thing that distinguishes a plasma from a gas is the range of interactions
between particles. In a gas, interactions are mostly short distance collisions, but
in a plasma, the particles are charged and can be subject to electromagnetic forces.
They can interact with elastic Coulomb collisions at higher distances and with a large
number of particles at the same time. Also, when an external electromagnetic eld
is introduced, all the particles interact with this eld at the same time. Because of
these factors, plasmas exhibit collective behavior, which is another key property of
plasmas. One example of this is Debye shielding which will be explained in Section
2.4. To summarize, a plasma is an ionized gas of two or more species, that has a
high temperature and high conductivity, making them responsive to electromagnetic
elds. The particles can have long range interactions via Coulomb collisions resulting
in a uid-like collective behavior.

On a local scale, charged particles move depending on the local electromagnetic
elds. By moving, they modify the local elds which interact with other particles.
These particles also react to this change and in turn remodify the elds. The plasma
interacts with itself and this also contributes to the collective behavior explained

earlier. This results in very complicated electric and magnetic elds and to understand
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the basics of the plasma, some approximations are needed.

Locally, the particles can be arranged so that the charge density is not evenly
distributed. But since the plasma comes from a neutral gas, the number of positive
and negative charges should equal out as a whole. This idea is called quasineutrality

and can be represented by Equation 2.3

gn =0: (2.3)

whereq are the charges ana are the densities summed over all speciesontained
in the plasma. It can be broken locally, but it is also possible to assume quasineutrality
when looking at a large enough region in the plasma and not necessarily its entirety.
Assuming a Maxwellian distribution, it can be proven that the density of a charged
particle in a potential decreases exponentially and can be approximated as a Taylor
series. As a whole, the density of a species should be constant but with small local
modi cations depending on the temperature or the electrostatic forces as shown in

Equation 2.4

g V(x) q V(x)
Ko T No*No -7

n (x)=n gexp (2.4)

wheren o3, g and T are the mean spatial density, charge and temperature of the
species and V(x) is the local electric potential. The biggest term is the constant
bulk plasma density and it is locally perturbed in a small amount by the potential
and temperature. The following terms are smaller than the one before is perturbation

expansion so the terms with higher orders d&f (x) are neglected.
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2.2 Larmor radius and particle motion in a magnetic eld

In a magnetic eld, a charged particle will be subject to the magnetic forcEg given
by [37]

Fg = qv B = my: (25)

whereq is the charge of the particle with a mass, v is the velocity of the particle
and B is the magnetic ux density. For a magnetic eld in the &, direction, this leads
to a system of two coupled di erential equations
gB

Vy = Hvy vy, Vy va I oVy; v, =0: (2.6)

Where! . gB=mis the cyclotron frequency. Solving these di erential equations

leads to the following solutions for the trajectories of the particles

x(t)= 1" expll o) + X 2.7)

V() = 17 expl )+ vo: (2.8)

Here v, is the magnitude of the velocity that is perpendicular to the magnetic
eld. The amplitude of the circular motion is given byr. v, =!.. Taking the real

part of these solutions gives us the equations for a circular motion aroundyyo)

with a radius r



2.3. FLOATING POTENTIAL AND PLASMA POTENTIAL 15

Rex(t)] = rpsin(! ¢t) + Xo (2.9

Refy(t)] = r_ cos( ct) + yo: (2.10)

Therefore, the charged particle spins in a circular motion in the plane perpendic-
ular to the magnetic eld around their guiding center Ko; Yo) with an orbit of radius
r. called Larmor radius or gyroradius. The Larmor radius is directly proportional to
the mass of the patrticle. For that reason, in a hydrogen plasma, it would be expected
that the ion's gyroradius is much larger than the electron's sincen,  1800m, as
shown in Figure 2.1. It is also worth noting that the cyclotron frequency of electrons
would be 1800 higher than the ion's sinck. is inversely proportional to the mass of

the patrticle.

2.3 Floating potential and plasma potential

In the STOR-M tokamak, there are two main types of particles, hydrogen ions and
electrons. Since the electron's mass is much lower than the ion's, electrons travel
faster in the plasma. If a neutral probe is inserted in the plasma, more electrons
would be collected initially because the collision frequency is proportional to the
particle velocity. The probe would then start to accumulate a negative charge. Due
to electrostatic repulsion, electrons will start to be repelled and more and more ions
will be attracted. At some point, there will be an equilibrium between the ux of ions
and electrons incident on the probe. This will x the probe's charge and its surface

potential. This is the oating potential. It is reached when the ionic current is equal
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Figure 2.1: Gyroradius of ions of electrons in a magnetic eld. (Not to scale) [31]

to the electronic current, resulting in a null net current

Inet = lion  lelectron = O: (2-11)

However, the electric potential in the plasma far from the probe is di erent from
the oating potential. The plasma potential indicates the electric potential of the
plasma relative to the surrounding environment, in this case, the chamber walls, while
the oating potential is the potential obtained with a net current of 0. In the case of
the STOR-M, the plasma is con ned in the toroidal void enclosed by the walls of the
stainless steel discharge chamber. Assuming the walls are initially neutral, because
of their higher velocity, electrons will escape more quickly and start to charge the
wall negatively compared to the plasma. The plasma is therefore left with a more

positive charge. The plasma potential is therefore expected to be higher than the wall
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and the oating potential. The potential of the wall will adjust so that the ux of
incoming electrons is equal to the ux of ions. The wall will act as an electric barrier
for electrons since they will be repelled. Only electrons with high enough energy will
be able to escape the plasma. The layer between the wall and the plasma is called the
sheath. The formation of the sheath is necessary to con ne the more mobile species,

in this case, the electrons, within the plasma [11].

2.4 Sheath analysis

Let us consider the case where the probe is maintained at a positive potential relative
to the walls. It will attract charges of the opposite sign and a cloud of electrons will
start to form locally around the probe. Since the probe is surrounded by negative
charges, the potential will decrease with the distance until it reaches the potential of
the unperturbed plasma. The transition region of the potential is called the sheath.
Past a certain distance, the potential becomes stable and the electric eld is zero.
Distant particles are not a ected by the probe anymore. Therefore, plasmas have
the ability to shield the potential of an inserted charge by breaking quasineutrality
locally.

However, because of thermal motion, some electrons could still escape the po-
tential well. We can de ne the border of the sheath as the distance at which typical
thermal electrons with an energyk T, can just escape the potential. To determine this
shielding distance, let us consider cold ions and Maxwellian electrons. In an electric

potential, the electron distribution has the following form [37]

me 7 (Amv2  eV(x))

2kT. P KT.

f(v)ddv=n; d3v; (2.12)
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wheren; denotes the density of the unperturbed plasma and is the electron
temperature. SinceeV(x)=kT, does not depend on the velocity, integrating this
expression on all velocity-space yields the expression of the density for Maxwellian

electrons

eV(x)
KTe

N eV(x)
KTe

Ne = Np exp n, 1 (2.13)

The overall plasma must be neutral so for an ion-electron plasma, the quasineu-
trality condition is ne = Zn;, where Z is the atomic number. For a fully ionized
hydrogen plasma,Z = 1 and ions have the same density as electrons such that

ni = n; . Inserting this in the Poisson equation gives

5 e e ev(x) _ €n
r<vi(x)= —(ni ng= — n n 1+ =
(X) 0 ( i e) 0 1 1 KT, " KT

V(x): (2.14)

In spherical coordinates, the solution of Poisson's equation is

e'=po

V(r)= Vo ; (2.15)
where the Debye length has been de ned as
"okT
2 0Rle,
0 ne& (2.16)

The Debye length is the characteristic length of the shielding when a charge is
inserted in the plasma. Within a few Debye lengths, quasineutrality is broken as the

opposite sign charges are attracted toward the inserted point charge to compensate for
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Figure 2.2: Evolution of the sheath potential as a function of the distance. [21]

the local potential change. This creates a sheath of a distangg, which is typically
a few Debye lengths around the point charge as shown in Figure 2.2. Past that point,
the potential gets close to the plasma potentiay,.

In the case where a negatively charged probe is inserted in the plasma, it would
start to attract positive charges and repel electrons. Only the electrons with su cient
energy will be collected. The critical velocity for which electrons would be collected

can be found using the conservation of energy using

S

26V () Vy).

V- =
c me

(2.17)

where the potential of the probe is referenced to the plasma, hence the plasma

potential V, in the expression. Near the probe, the electron distribution is only de ned
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for v v, because they would be collected otherwise. It then takes the form of a
truncated Maxwellian in the vicinity of the probe.

8
1 2
2, p—me—exp (imev? eV(x))

VoV
fvy= _ 2KTe KTe ‘ (2.18)
>
0 V>V,
The integration of this distribution gives the following density [21]
S !
eV(x) 1 evV(x) Wl
= — + - .

Ne(X) = Ny exp KT. 2 1 erf KT. (2.19)

In the limit where the probe potential is a lot lower than the plasma, almost all
electrons are repelled and the critical velocity is very high. Therefore, the distribution
tends to be only truncated a little bit and the density can be approximated bye(x) =
n; exp(eV(x)=kT). If the ions are cold, all their energy comes from the potential.
Using the conservation of energy, we can then write their velocity as a function of the

potential such that

26(V(x) W),

Vi =
m;

(2.20)

Now we can de ne an ion ux ; going through a sphere with area(x) around
the probe. This quantity will be constant because as the distance from the probe

increasesA(x) increases anch; decreases

i = A(X)n;v; = constant: (2.22)

The above equation is equivalent to the equation of continuity. Isolating the

density in this equation and using Equation 2.20
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r
i mi

AN 28V V)

(2.22)

near the sheath delimitation, wherex = Xg, and V(Xsh) = Vsn, the ion ux
remains the same. Substituting the expression of(xs,), we have the expression for

the density as a function of the distance

s
Vo Vo .

Voo Vi (2.23)

Ni = Nj:sh

This expression can be used in Poisson's equation (Eq. 2.14). To maintain

quasineutrality, it is needed thatn;s, = n; which gives

s !
_e Vsh Vp X e(V (X) Vsh)

V)V, © KT (2:24)

Using Taylor series expansion of the square root and exponential functions, we

q__
Vsh  V, 1 V(X) Vsn _ :
have that Voo \j’p 1+ 3 OB around X = Xg,. The above expression can

be simpli ed to

e 1 e
r2v=—n
o 2V Van) KT

(V) Vp): (2.25)

The term in brackets needs to be lower than zero for the solution to be exponential.
If it is higher than zero, it will lead to an oscillatory solution and won't match the
smooth potential region wherex  Xg,. This leads to the rst sheath condition. In

order to form properly, the sheath cannot exceed a certain voltage

kTe i
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In the pre-sheath region, the termr 2V can be neglected in Poisson's equation
because quasineutrality is dominant and the potential is pretty stable. The quasineu-
trality condition is therefore a function of the constant ion ux and the Maxwellian

distribution

i ' m eV(x) W)

A 2e(V(x) vy TP T

=0: (2.27)

Taking the derivative and using the quasineutrality condition leads to the second
sheath condition
eV(x) V) av 1 e

M &P T & 2V(X) Vo) KT.

=0: (2.28)

Without any assumption about?j—\)f, the above equation is satis ed only iV (x) =
Vp, kTe=2e. This means that the electric eld is singular at this point. Therefore,
guasineutrality must break down and a sheath must form only ¥/ (x) is bigger than

the value. This gives the second sheath condition

kTe i

To satisfy the two sheath conditions obtained by analyzing the sheath and the
pre-sheath, we must have the nal sheath condition
KTe

To get the ion current collected by the probe, the ux (Eq. 2.21) and the sheath

condition can be used at the sheath surface
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li = € ish = eNisnAshVish (2.31)
s
= e(vsh Vp) Ze(Vsh Vp)
i = em Agh eXp KT, m (2.32)
r r
kTe kTe

0:61eApn; —: (2.33)

1
= eApny exp >
[ [

This is called the Bohm current. If we have a probe that has a radius much larger
than the sheath thickness, the sheath area can be replaced by the probe area such
that Agh = Ap. It will be seen later that the sheath thickness is 3.5 Debye lengths.
Only if this condition is satis ed, can this formula be used to estimate the current
on a negatively biased probe. This includes the ion saturation regime and a probe at
oating potential. Otherwise, the assumption that all of the ux passes throughAgp,
would be false and some particles would be lost as shown in Figure 2.3.

In magnetized plasma, the coe cient in the Bohm current formula should be 0.49
instead of 0.61 making a 19.6% di erence in the density measurement [21]. For a
cylindrical probe of lengthLp, the area of the probe should also be taken as the
projection of the probe on the magnetic eld. Accounting for both sides, the area of
the probe isAp = 4rpLp. Isolating n; in Eg. 2.33 leads to the relation that will be

used to measure the local electron density

Ne = 4I'Sq— (2.34)
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Figure 2.3: Particle collection comparison for di erent probe sizes.
2.5 Currents on the probe

When the probe is negative, electrons are partially repelled but some high energy
electrons will still be able to be collected. If electrons follow a Maxwellian distri-

bution, the current can be expressed as a function of the potential and the electron
temperature as shown in Equation 2.35 [29, 41, 40]
kTe 2 eV, V)

exp

le = €NA
€ P om, kT,

V <V (2.35)

whereV denotes the probe's voltage and, is the plasma potential. For ions, as
the electrons are much more mobile, the current at oating potential will be near the
electron saturation current. In the above section, it was shown that the ion saturation

current is the Bohm current as seen in Equation 2.33. At oating potential, there
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is an equilibrium between the ion and electron currents and the probe potential is

V = V. Using Equation 2.11, these two currents can be made equal

r

kTe 7 Ve Vi
2mee exp e(‘:(—_l_ef) = enAp exp

KTe.

enA =
e/\P 2 m,

(2.36)

Using the proton mass form; and isolating the argument of the LHS exponential
leads to the expression of electron temperature as a function of the plasma and oating

potential [40]

= : (2.37)

This relation will be used to measure the electron temperature of the hydrogen

plasma when the values o¥; andV, are known.

2.6 Sheath thickness and probe design consideration

The sheath thickness can also be determined by analyzing the sheath region in Pois-
son's equation. If a probe with a collection ared is negatively biased, the electron
density would be negligible. A 1-dimensional sheath would lead to the following

Poisson equation

r
d3v eJ; m;
—_— —— 2.38
dx? "o A 2eV(x) ( )
where J; is the ion current density. After multiplying both sides by ‘(‘,—‘; and
integrating with respect to space, the derivative is set to 0 and the Bohm current is

substituted. The relation for the sheath thickness as a function of the potential and
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Debye length is then found [21]

2 ___ 3122 3
2 T, eV W) eV Vo) , Pss.
exp( 1) KTe KTe

Xsh

D

1
5 4
"2

wIN

(2.39)
Substituting Equation 2.37 in the above equation gives a sheath thickness of ap-
proximately xs = 3:5 p. Therefore, to use Bohm current and Equation 2.37, it is

imperative that the probe satis es the following condition

re > 35 p: (240)

2.7 Orbital Limited Motion and BRL Theory

From the sheath analysis, it was shown that the radius of the probe must be greater
than a few Debye lengths. Otherwise, the ux used to derive the Bohm current
would be invalid and the relation used to measure the electron temperature would
not hold anymore since Bohm current is assumed for ions. However, other theories
have been made for the case where the probe condition is not satis ed. The planar
sheath model assumes an arbitrary separation of the potential into two regions: a
sheath where the ions are attracted by the electrostatic force and a bulk plasma
where potential variations are negligible.

The rst model for ion collection is the Orbital Motion Limited (OML) theory
developed by Mott-Smith and Langmuir [34]. It starts by getting the impact param-
eter, the maximum distance of an ion that could be collected by the probe, using the

conservation of energy and angular momentum. This impact parameter de nes the
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e ective probe area and then the total ux on the probe is obtained by integrating
for all the ion's velocities. This OML theory predicts a current proportional to the

square root of the probe voltage which would not follow the typical I-V curve [40, 12]

s .
"2 &V, Vi

| = A — 2.41
OML phi € m, ( )

A more complete sheath theory was later made by Allen, Boyd and Reynolds
(ABR) in which Poisson's equation was solved without assuming an arbitrary sheath.
The ABR model considered cold ionsT; = 0) so ions were drawn radially towards
the probe. The ion density in the equation was de ned similarly to Eq. 2.22 but the
ion ux was put in relation with the current [4, 10]. To facilitate the calculations,
the normalized potential , the normalized radius and the normalized currenti are
introduced. The solutions for the normalized potential as a function of the normalized
radius then depends on the probe dimensions and can be represented by parameterized

curves

r
e(V Vp) r . I 2m;

: —_ : 2.42
kTe ’ D ’ ! eny Ap kTe ( )

Bernstein and Rabinowitz further improved this model by including monoenergetic
ions, meaning they have a nite velocity and they will follow an orbital trajectory
instead of a radial motion. In ABR theory, all ions would end up being collected by
the probe so the ux would be the same everywhere. Now ions with a small angular
momentum will be collected by the probe while ions with high angular momentum
will only be de ected. This leads to the concept of an absorption radius where all ions

entering the absorption region will be collected as shown in Figure 2.4. By expressing
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Figure 2.4 Absorption radius in BRL theory [26].

the ion's angular momentum as a screened potential, Poisson's equation can be solved
[6]. This model was later completed by Laframboise who added Maxwellian ion dis-
tribution with a temperature T; [26]. Since this theory does not assume any sheath, it
can be used even if the probe radius is small compared to the Debye length. However,
the resulting di erential equation for a cylindrical probe is complicated, which makes
it impractical to use.

The solution to the BRL di erential equation was tted with simpler functions
by Chen [12]. By using an iterative method, it is possible to converge to the plasma
parametersVs, V,, Te and ne. The procedure will be explained later. The normalized
current i is a function of the normalized potential and four parametersA; B; C; D

that depend on the probe dimensions as shown in Eqg. 2.43
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1 1 1

i4 " (A B) + (C D)4: (2.43)

Using the length of the probel, it is also useful to de ne an aspect ratio of the

probe A, and subtract the current at the end of the probe

Ar=1+ ;—E: (2.44)

The theoretical ion current can be derived from Eq. 2.42 and 2.43

r

. KT
li =in, eAp ..

o (2.45)

2.8 Probe measurements

2.8.1 |-V curve

As explained in Section 2.3, having a negative voltage on the probe will attract ions
and having a positive voltage will attract electrons due to the electrostatic force.
Sweeping the voltage from -100 V to +100 V on the probe will vary the current
drawn. If both the current and the voltage are measured in time, plotting the current
drawn as a function of the voltage applied produces an I-V curve from which several
plasma parameters can be extracted.

A theoretical I-V curve is shown in Figure 2.5. When the applied voltage is highly
negative, ions are attracted to the probe. This corresponds to the ion saturation region
on the |-V curve and the value at which the current saturates is the ion saturation
current |s.

The reason why the current saturates has to do with the shielding property of
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Figure 2.5: Generated |-V curve from typical plasma parameters in the STOR-M
tokamak.

plasmas. It was explained earlier that the change of potential made by an inserted
charge in the plasma will be shielded in such a way that particles outside the sheath
do not see a change of potential. Therefore, the probe can only collect charges that
are within the sheath. When the voltage is negative, a sheath of ions will form. As
the voltage decreases, more and more charges from the sheath are collected. When
the voltage is su ciently negative, all the charges from the sheath are collected and
saturation is reached. The same phenomenon occurs when the probe is highly positive.
In that case, ions will be repelled and electrons will be collected which is why it is

named the electron saturation region.
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Because of their lower mass, electrons are much more mobile than ions and colli-
sions with the probe are more frequent. Therefore, it is expected to have an electron
saturation current | ¢ that is much higher than the ion saturation current.

By de nition, the potential at which the current is zero is the oating potential.
This is annotated asV; in Figure 2.5. It is typically negative since the electron's
higher mobility should lead to a higher ux on the probe, making the charge negative
when the ion current is equal to the electron current as explained in Section 2.3.

Another important value extracted from the I-V curve is the plasma potentialV,.

It is de ned as the sharp knee towards the electron saturation region. It can be found
by multiple ways which leads to some ambiguity on the exact value &;. It can be
measured as the intersection between a horizontal line tting the electron saturation
current and a linear line following the transition region of the I-V curve. In this thesis,

it is de ned as the maximum of the second derivative of the current with respect to
the applied voltage as the other method strongly depends on the chosen range for the
linear t[9].

The transition region shows two exponential trends that depend on the velocity
distributions of ions and electrons. The left part is due to thermal electrons being
able to reach the probe even though they are partially repelled. As the voltage de-
creases, fewer electrons are able to overcome the electric potential and the electron
contribution reaches 0. Assuming Maxwellian velocity distribution, the electron cur-
rent contribution is shown in Equation 2.46 and can be expressed as a thermal part
when the probe potential is lower than the plasma potential and saturated when the

potential is higher [30]
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8

2lexpEV  V)=ksTo) V <V

_ es p e p
lo(V) = | oy (2.46)

: es p

wherel ¢ is the electron saturation current and is given by Equation 2.47

I es = eneAP

2.47
2m. (2.47)

The same principle is applied to the ion current but the ion saturation current is
given by the Bohm current (Eq. 2.33) which depends on the electron temperature.

8

2 Iis V< Vp
V) = (2.48)
2 leexp( eV Vo)=ksTi) V >V,

From these equations, since the argument in the exponential is proportional to
the inverse of the temperature, the higher the temperature, the higher is the curva-
ture radius. From the I-V curve in Figure 2.5, it can be expected that the electron
temperature is higher than the ion temperature. It should also be noted that both
the ion and electron saturation currents depend on the electron temperature. lons
are much heavier, so the electron saturation current will be higher because the ratio

. . P . .
| =lis IS proportional to m;=me. Overall, it can be expected that thel s will be

about 28 times higher thanl .

2.8.2 Ball Pen Probe measurements

The curvature on the I-V curve near the electron saturation region is due to ion
temperature. So if one could t an exponential trend to the curvature, the ion tem-

perature could be extracted from the I-V curve. In practice, not all I-V curves look
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like the one presented in Figure 2.5. They include a lot of noise from the plasma
and even though it can be Itered with averaging, the trend is not perfectly exponen-
tial, making it hard to have accurate and consistent curve ts. Moreover, due to the
magnitude di erence between the ion saturation current and the electron saturation
current, it is di cult to design a circuit capable of measuring the full I-V curve range.

This is mostly because electrons are much more mobile than ions and the ux of
electrons is much more important than the ux of ions. The e ect electrons have on
the signal overtakes the signal made by ions and it is hard to extract the exponential
trend due to ions' thermal motion. This can be seen in the I-V curve as in practice the
electron saturation current is about 10 times higher than the ion saturation current.
In some cases, the ion temperature curvature is not visible and appear as a sharp
knee [30]. lon temperature measurements would be more accessible if the electron
ux is reduced.

This is the goal of the Ball-Pen probe (BPP). It uses the fact that ions have a
Larmor radius that is 1800 times larger to reduce the electron ux in the electron
saturation region. As shown in Figure 2.6, the probe is hidden inside a shielding with
a depth h that can be varied. Since the magnetic eld is perpendicular the to probe,
ions are able to get around the shielding and still be collected. However, electrons
will e ectively be blocked because their gyration radius is too small and they will
only hit the shielding, reducing the electron ux incident on the probe.

Another way of measuring the electron temperature with Langmuir probes would
be to use the ion and electron saturation current using Equation 2.49 [2, 3]

Vi =V, k—l‘*m(R): (2.49)
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Figure 2.6: Working principle of the Ball-Pen probe. Electrons are blocked by the
shielding while ions can get around it and be collected due to their larger
Larmor radius (not-to-scale).

where R = |s=lgs IS the ratio of the ion saturation current to the electron sat-
uration current. The value for In(R) can be found by taking the ratio of the elec-
tron saturation current (Eq. 2.47) and the Bohm current (Eq. 2.33) which gives
R = 0:61Io 2m .=m;. This agrees with the result previously found using Equation
2.37. If the shielding is su cient enough, the electron ux can be reduced to the
point where the electron saturation current is the same as the ion saturation current.
In that case, the |-V curve would become symmetrical, and the electron temperature

term in Equation 2.49 would vanish. The oating potential of the Ball-Pen probe

is then the plasma potential. Figure 2.7 compares a generated |-V curve from a
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Figure 2.7: When the saturation currents are equal, the oating potential of the Ball-
Pen probe gets close to the plasma potential.

Langmuir probe and an I-V curve measured with a Ball-Pen probe with the same
parameters except the electron saturation current that is equal to the ion saturation
current. As expected, the oating potential of the Ball-Pen probe is close to the
plasma potential as measured by the Langmuir probe, removing the ambiguity of the
de nition of the plasma potential.

This allows for direct plasma potential measurements, as the probe does not need
to be swept anymore, increasing the temporal resolution of plasma potential measure-
ments. If the probe is swept, the |-V curve becomes symmetrical and a curve t can
be applied to the exponential trend near the electron saturation region to measure

the ion temperature.
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Figure 2.8: Simpli ed schematic of the Triple probe setup in the STOR-M. The values
for R;, R, and Rgy are 100k, 1k and 10 respectively. All voltage
dividers are the same.

2.8.3 Triple probe con guration

The triple probe (TP) setup consists of three Langmuir probes in which two are
biased {1, V,) with a xed voltage and the other one is oating. In the STOR-M, it
is actually four probes, but two of them are oating (41; V;,) and are averaged so it
e ectively acts as a triple probe con guration as shown in Figure 2.8 [42].

Assuming Maxwellian distribution with a voltage below the plasma potential, the
current on each probe is equal to the sum of the electronic current (Eq. 2.46) and

the ion saturation current (Eq. 2.48)
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It = lis+ lesexpE(Vs  Vp)=ks Te); (2.50)
| 1= | is T |eseXp(e(V1 Vp):kB Te), (251)
I2 - | is + |esexp(e(v2 Vp):kB Te): (2-52)

By subtracting 1, and I, from the oating potential, it is possible to get rid of
the unknown plasma potential and the saturation currents. The ratid, I¢=l, ¢

now only depends on the probe potentials and the electron temperature

. 1r _ 1 exple(Vi Vi)=ksTe].
l; 12 1 exple(Va Vi)=kgTe]’

(2.53)

On the simpli ed schematic, the resistorsR; = 100 k and R, =1 k are used
as a voltage divider to measure the probe voltages. Since their values are high, the
probes are e ectively isolated from the ground. The plasma completes the loop of
current between the tips 1 and 2 which passes through the current sampling resistor
Rsat and the battery. This means that the current going toward tip 1 is the same as
the current going out of tip 2 such thatl; = 1,. The current on the oating probes
is I+ = 0 by de nition of the oating potential [41]. Substituting the current values,

it is possible to simplify the equation above to

1 exple(V  Vi)=ks Tl
1 exple(Ve Vi)=ksTe]

1 —
5= (2.54)

If the xed voltage is greater than the electron temperature such thav; V.
kg Te=€ the exponential term in the denominator vanishes. The electron temperature

now can be found with a simple equation and can be measured by measurwig



2.8. PROBE MEASUREMENTS 38

and V¢ as shown in Equation 2.55. With the electron temperature and the oating

potential, the plasma potential can also be obtained using Equation 2.37

keTe _ Vi Vi,
e  In@ -

(2.55)

In the STOR-M, the value for Rgy is around 10 . Since tips 1 and 2 form a
closed loop with the battery and the sampling resistance, the current owing out of
tip 1 is the same as the current owing in tip 2 such thatl; = 1, = |. This poses
a limit on the current |,, because even if the voltage between the tips is large, the
shielding of the probe saturates the current o, so that it cannot be higher than
the ion saturation current. On the I-V curve on Figure 2.9, the voltage/; will be
higher than the oating potential becausel ; is positive. However, since the current
is limited to 15, V; will never exceed a couple of volts. As the voltage between the
tips is increased, the voltagd/, will become more and more negative, but the current
will not vary signi cantly because of the saturation.

Using Eq. 2.52, it can be found that the ratio [js + 1)=(lis |) is independant
of the electron saturation current

lis+ 1 _ lis+ 11 eVi Vo)

e T Tl OF kel (2.56)

Isolating |, the measured current is a function of the ion saturation current, the

potential di erence between the tips and the electron temperature

eVi W)

| = |l tanh
° 2kg Te

(2.57)

The hyperbolic tangent term accounts for the di erence betweehg and |, on
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Figure 2.9: Voltages and currents of the triple probe tips on the I-V curve.

Figure 2.9. In the limit whereV,; V.,  2kg Te=g the hyperbolic tangent term will
approach 1 and the measured current becomes close to the ion saturation current.
This means thatV, is negative enough to actually measure the ion saturation on the
I-V curve. The measured current can be found by taking the voltage di erence across

Rsat @and by dividing by the current sampling resistor

| =(Vo  Vi)=Rsa: (2.58)

The electron density can be found using the Bohm current (Eq. 2.34). In practice,
the positively biased tip will be a little bit above the oating potential and the negative
tip potential will be Vi 1isRsat  Vhatery - Even if the voltage di erence between the

two tips is high, the plasma will limit the current at the ion saturation current.
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The advantage of the triple probe setup is that it gives measurement for the
oating voltage, electron temperature, electron density and plasma potential with
the temporal resolution at the sampling frequency of the data acquisition module.

However, the full I-V curve and the electron saturation current cannot be obtained.
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Chapter 3

Experimental Setup

3.1 Tokamaks

A tokamak is one of the magnetic con nement devices used for nuclear fusion. Essen-
tially, it is a toroidal vacuum chamber in which an ionized gas is magnetically con ned
using a large toroidal magnetic eld. A plasma discharge would go as follows: the
toroidal magnetic coils generate a strong magnetic eld along the torus as shown by
the blue arrow in Figure 3.1. Then a large increasing current is sent to the central
ohmic transformer which induces a toroidal current in the plasma because it acts as
the secondary coil of the transformer as shown by the green arrow. The plasma cur-
rent creates a poloidal magnetic shown by the green arrows along the smaller radius
of the torus. Since the gas inside the chamber is ionized and moves along the torus
axis, the particles gyrate around the magnetic eld and their guiding centers travel
along the eld.

Now that the plasma ows, it can be controlled by the magnetic elds. Two sets
of coils serve to move the plasma horizontally and vertically by the Lorentz force.

These coils are shown in gray in Figure 3.1. This is to ensure that the plasma stays
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Figure 3.1: Principal components of a tokamak including the main magnetic coils and
the toroidal magnetic eld in blue, the plasma current and the poloidal
magnetic eld in green and the positioning coil in gray. The resulting
magnetic eld has a toroidal and poloidal component resulting in a helical
magnetic eld [27].

in the center so that it does not collide with the walls of the vessel which would cause

a disruption.

3.1.1 Particle drifts

Due to the shape of the device, there is a higher density of magnetic eld lines
toward the center of the device. In their gyrating motion, the particles will see a
lower magnetic eld when they are closer to the outer walls which will temporarily
increase their Larmor radius. This will cause their guiding center to drift slightly
outwards as they move along the magnetic eld. This e ect is called the gradier-
drift and the drifting velocity can be expressed by Equation 3.1. The plus or minus

sign is chosen depending upon whether the particle is positive or negative respectively.
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This drift depends on the charge of the particle and their mass which will cause a

charge separation [37]

1 B 1 Bj
Vg = Vol ———:

5 5 (3.1)

Ignoring the gradient-B drift, the particles will also experience a centrifugal force
solely due to the curvature of the magnetic eld. This force is directed outward in

the er direction and the drifting velocity is displayed in Equation 3.2. This drift also

contributes to the charge separation in the plasma [37]

_ mv2R. B

S R (3.2)

VR

We can see that both the gradient-B and curvature are outward if the particle is
positive and inward if the particle is negative. This means that the two e ects add
up, further contributing to charge separation. The sum of the two contributions is
also called the toroidal drift. The charge separation will generate an electric eld
E in the radial direction. If we consider the same treatment as in Section 2.2 with
an added static and homogeneous horizontal electric eld, it will be found that the
guiding center will shift vertically. This is because the derivative of the, will include
a constant term proportional to E and will only appear in the vy equation once the

expressions are decoupled. THe B velocity is given by Equation 3.3

E B
BZ

VE B = (3.3)

All of the drifts then depend on the inverse of the magnetic eld, so to minimize

the drifts the magnetic eld must be large. In practice, this can be hard to do but
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tokamaks naturally have a mechanism that will attenuate drifts. The plasma current
generates a poloidal magnetic eld as shown in green in Figure 3.1. Therefore, the
resulting magnetic eld is helical and the particle's guiding center will follow a helical
trajectory. The poloidal motion averages out the e ects of thee B drift so that
the average guiding center stays constant. To improve the con nement, it is therefore

advantageous to have a larger plasma current and a larger magnetic eld.

3.2 The STOR-M tokamak

The STOR-M tokamak is the only operational tokamak in Canada and it is located
at the University of Saskatchewan in Saskatoon. It is considered a small size tokamak
with a major radius R of 46 cm and a minor radiusa of 12.5 cm. The 16 coils spaced
evenly along the torus allow a toroidal magnetic eld of 0.7 T. Each coil is made of
9 turns of 5" x 2 %" copper. Connected in series, they have a total inductance of
2.06 mH and a resistance of 13.5 m. The coils are supplied by a 22 capacitors bank
at 4.0 kV. Because the discharge is made in one stage, the magnetic eld decays in
time [20].

A lament is heated to release electrons in the chamber that will act as a preion-
ization stage. To induce a current in the plasma, an increasing magnetic ux must
be applied in the iron core of the ohmic transformer. To do so, three large capacitor
banks are used. The bias bank (450 V, 20 mF) is used to bias the core negatively at
-100 V to have a larger ux range which will increase the ux change in the central
iron core in Figure 3.2. The fast bank (450 V, 200 mF) held at 165 V initially ramps
up the current and then the slow bank (100 V, 10 F) held at 65 V is used to maintain

it once the fast bank drops below the slow bank's voltage [20]. With these settings,
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Figure 3.2: Cross-section of the STOR-M tokamak [18].

the plasma current in the STOR-M can reach up to 30 kA as shown in Table 3.1. The
fast bank supplies current for the rst 10 ms of the discharge. The slow bank needs a
much larger capacitance than the fast bank because it needs to supply current during
the steady period of the plasma. At 65 V, the steady period can be up to 50 ms but
it could be longer if the voltage is increased. The total duration of the discharges in
this thesis is about 60 ms.

During the time of the experiments, the tokamak vacuum vessel would reach a
base pressure of 810 & Torr. To initiate a discharge, the pressure was maintained
between 510 ° Torr and 8 10 ° Torr. Typically, low pressure is wanted to minimize

impurities and to have a large mean free path, allowing the particles to accelerate
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su ciently before collisions occur. However, if the pressure is too low, there are not
enough collisions to create an electron avalanche and have a proper discharge. This is
why the pressure was not kept at the minimum pressure achievable by the STOR-M.
For every discharge, the pressure was adjusted to satisfy the conditions needed for a

stable plasma.

Parameter Symbol Value
Major radius R 46 cm
Minor radius a 12 cm

Toroidal magnetic eld Br 05-1T
Plasma current I 20-50 kA
Electron density Ne 10¥ m 3

Electron temperature Te 2-300 eV ( 3.5MK)
Discharge time D 30-60 ms

Table 3.1: Main parameters and dimensions of the STOR-M tokamak.

3.3 Diagnostic instruments

The STOR-M tokamak has many diagnostic instruments to measure plasma param-
eters such as the plasma currenkt,, loop voltage V., electron density ne, plasma
horizontal position h and the toroidal magnetic eld Bt. Other more speci ¢ diag-
nostics such as the soft X-Ray camera, a hard X-ray detector, an optical spectrom-
eter and Mirnov coils as shown in Figure 3.3 are also available. The STOR-M is
also equipped with other tools to measure operating parameters such as the chamber
and mainline pressure, the gas feed and the input position of the position feedback

control.
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Figure 3.3: Diagnostic instruments in the STOR-M tokamak. The main probes used
in this thesis are highlighted in red.

3.3.1 Rogowski Coll

The plasma current is measured by a Rogowski coil, which is a wire wrapped around a
non-magnetic torus with a rectangular cross-section [28]. The torus is placed around
the chamber so that the plasma goes through it. The plasma current induces a
poloidal magnetic eld that goes through each of the windings of the Rogowski coil,
inducing a voltage proportional to the number of turnsN,. and the rate of change of

magnetic ux . in the core of the Rogowski coil, as shown in Equation 3.4

d
Vrc (t) = NI'C Trc. (3.4)

The plasma current can then be found by integrating the induced voltage and
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relating the magnetic ux in the Rogowski coil with its parameters as shown in

Equation 3.5

2r z
()= — v (t)dt; 3.5
p(t) NeA. re(t) (3.5)

wherer,. is the major radius of the Rogowski coilN,. is the number of turns in

the coil, A; is the rectangular cross-section area of the Rogowski coil core. To reduce
unwanted changes in magnetic ux from the environment, the coil is wound back up
along the torus in the opposite direction. The plasma current in the STOR-M can
vary between 20 to 50 kA as shown in Table 3.1. For most of the discharges, the
plasma current typically went up to 30 kA. The plasma current is a main diagnostic

of the STOR-M because it gives a quick look at the general state of the plasma. The
period where the plasma is stable can be seen where the plasma current is constant
and near the maximum value. Typically, the plasma current is slightly decreasing

over time in the stable region and then abruptly stops at the end of the discharge.

3.3.2 Loop voltage

The loop voltage is the di erence of potential that the plasma picks up after one loop

in the tokamak due to its resistivity. It is simply measured by having a loop of wire

along the central axis of the torus on top of the tokamak. With the plasma current

and the loop voltage, it is possible to nd the resistance of the plasnfa, using Ohm's

law. The resistivity of the plasma can be found using the dimensions of the chamber
\A 2R

= — (3.6)

R,= —
p 2

The electron temperature in eV can be calculated using Spitzer's formula and the
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Coulomb logarithm In  shown in Equation 3.7 [11]

. Pem |
T (47 )2Te(eV)32"°

In (3.7)

In the STOR-M, the temperature is calculated from Equation 3.8

2R 1, >

To(eV) 52 10° 2V, Ze In : (3.8)

whereR and a are the major and minor radii of the STOR-M. In the STOR-M, the
e ective mass numberZ, is 1.5 due to the presence of heavier nuclei in the plasma
and the Coulomb logarithm In() is determined to be around 15 [33]. The 2 10 °
constant comes from all the physical constants in the Spitzer resistivity formula and
a calibration factor.

The loop voltage is also a main plasma parameter because it gives a general idea
of the purity of the plasma. Typically, the voltage rises quickly initially and decreases
to a plateau when the plasma stabilizes. If the plasma is well contained there should
be no impurities from the walls and the loop voltage should stay constant with low
noise. In the presence of impurities, spikes can be observed because the resistivity of
the plasma would be increased. In a typical discharge, with a plasma current at 20
kA and a loop voltage of around 3 V, the plasma temperature would be around 60

eVv.

3.3.3  4-mm microwave interferometer

The electron density can be measured with the 4 mm microwave interferometer pre-
sented in Figure 3.4. It is located near the Langmuir and Ball-Pen probes port. A

waveguide above the tokamak splits the 75 GHz microwaves to go through the plasma
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Figure 3.4: Schematic diagram of the 4-mm microwave interferometer used for plasma
density measurement in the STOR-M.

and into two reference paths Er;, Er2) in quadrature. The 90 phase shift between
the reference paths can be adjusted with phase shifters. Due to the refractive index
of the plasma, the waves going through it travel at a di erent velocity, creating a
phase shift proportional to the electron density.

The refractive index N of the plasma can be given b)P 1 ne=ne Whereng is
the electron density andne. is the cuto electron density at the speci ed frequency.
The cuto density is the maximum density that can be measured and is given by
me"o! 2=€?, which is 70 10 m 3 at 75 GHz. Typically, the electron density is
around 108 m 3, which is 70 times smaller than the cuto density. The refraction
can then be approximated to 1 ne=2ne. Sincene Nec. The phase shift between

the two paths is therefore given by Equation 3.9

Iza
— N 1)d
c a( ) o 2C0Ngc 4

Ne(Xx) dx; (3.9)
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wherea is the minor radius of the tokamak. This expression is closely related to

the line average densityne

y4

a

Ne Ne(X) dX: (3.10)

:2—a .

By measuring the phase shift, it is possible to nd the line average density

CNec
al

; (3.11)

where the negative sign indicates that the beam that went through the plasma
is delayed compared to the reference path. The interferometer therefore gives the
line average electron density of the plasma, which will simply be referred to as the
electron density.

To measure the phase shift, the interferometer uses a zero-crossing fringe counting
algorithm. The bene t of this is that the phase counting becomes independent of the
amplitudes which can vary depending on the plasma and eliminates the ambiguity on
changes of direction of the cos() term when the derivative is zero.

A classical interferometer would have a voltage signal proportional to the norm

squared of the superposition of the electric eldEs

Es=(E.i+ Eoexp( ))exp(i't ) (3.12)

jEsj?= EZ2+ E2+2E;E;,cos; (3.13)

where E; is the reference beam andE, is the delayed beam going through the

plasma. When the cosine term is equal to a multiple of, it becomes impossible
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to know if the signal changes direction. When adding another reference beam in
guadrature with the rst one, the delayed beam is compared with the quadrature
reference, it is possible to measure if the direction changed. However, the amplitudes
still need to be known.

In the STOR-M interferometer, the delayed beamEs;, Es,) are recombined with
hybrid tees. The voltage from the photodiodes is proportional to the sine and cosine
of the phase shift ; = Kysin( ), Vb = K,cos( )). Ky and K, are amplitude
constants that can be adjusted with attenuators.

To demonstrate how the zero-crossing fringe counting works, an example is dis-
played in Figure 3.5 using a synthetic phase pro le with added noise. The measured
signals are labeled (t) and Q(t). Every time the signals cross zero, a count is added.
If the cosine signal leads the sine signal, the count is positive and if the sine signal
leads the cosine signal, the count becomes negative. Every count acts as a phase
shift of a quarter fringe, so the resolution of the system is of 2 rad. All counts are
summed up and then multiplied by =2 resulting in the phase shift caused by the
plasma [42]. The reconstructed density has discrete jumps that are limited by the
resolution of the fringe counting algorithm. Due to noise, it is possible to observe
rapid jumps between two values as shown in the density shown in the last graph in

Figure 3.5.

3.3.4 Plasma position sensing coils

To control the position of the plasma inside the chamber, the STOR-M has a position
control system. To measure the position, it uses four coils spaced evenly @part

from each other outside the chamber. Their axes are parallel to the surface of the
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Figure 3.5: Steps for the zero-crossing fringe counting algorithm from simulated data.
a) Generated density pro le with random noise. b) Quadrature signals
measured by the interferometer. c) Sign of the quadrature signals. d)
Zero crossings of the signals. e) Summation of the zero crossings. f)
Combined summation of the quadrature signals zero crossings compared
to the input.
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chamber and are located 17 cm away from the center of the minor axis. These coils
measure the poloidal magnetic eld. In addition, there are also two coils placed on
top and at the bottom of the chamber. Their axes are perpendicular to the surface
of the chamber which allows them to measure the radial magnetic eld.

To attenuate any other unwanted component of the poloidal magnetic eld, the
position sensing coils also have a Rogowski coil. This is mostly to compensate for
any misalignment of the position coils that can add some signal primarily from the
toroidal magnetic eld. Its contribution can be adjusted by a compensation circuit.

Other diagnostics include Mirnovs coils to measure the magnetic eld modes,
Mach Probe for plasma ow measurements, Optical spectrometer for Hemission

and lon Doppler spectrometer for impurity ow measurement.

3.3.5 Energy con nement time

With the electron density, the electron temperature and the physical parameters of
the STOR-M, the energy con nement time can be calculated. It is an important
parameter for fusion plasmas as it characterizes how long the plasma is able to contain
its thermal energy, being an indicator of how well the plasma is con ned.

The thermal energy of a particle is #2kg T, per degree of freedom. In 3-D and
assuming thermal equilibrium in the bulk plasma such thaffe T, the total vol-
ume averaged thermal energy of the plasma isiXg T where impurities and other
species in the plasma have been neglected. With the volume of the chamber being
(a?)(2 R), the total thermal energy W = 6 2nckg TeRa?. Since the plasma in the
STOR-M does not generate energy from fusion, the supply of energy comes from

the ohmic heating with a power ofPoy = 1,V.. Therefore, the energy con nement
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time is the ratio of the thermal energy of the plasma and the supplied power from
ohmic heating. The energy con nement time is calculated with Equation 3.14 in the

STOR-M.

I:)OH IpVL

e —

(3.14)

In a typical discharge, (, 20 kA,Vi 33V, Te 60eV,n, 10% m 3)
the energy con nement time is around M6 ms. Even though the energy con nement
time is much lower than the duration of the discharge, the discharge can last up to

60 ms because energy is still supplied to the plasma through ohmic heating.

3.4 The probes

Three types of electrostatic probes were used: the Langmuir probe (LM), the Ball-
Pen probe (BPP) and the triple probe (TP). All of the probes were already built. The
Langmuir probe is used in a oating con guration and a sweeping con guration. The
oating con guration allows to measure the local oating potential at the position of
the probe. The probe potential is determined by the oating potential of the plasma
and by de nition of the oating potential, the current going through the probe would
be zero. When in a sweeping con guration, a power supply applies an oscillating
voltage between -100 V and 100 V to the probe and the current will vary depending
on the voltage. By plotting the current as a function of the voltage at any point
in time, an |-V curve can be made. Local plasma parameters such as the oating
potential, the plasma potential, the electron temperature and the electron density
can then be extracted from the I-V curve. Therefore, the temporal resolution of the

plasma parameter will depend on the time it takes to have a complete I-V curve and
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is limited by the sweeping frequency.

The Ball-Pen probe is used in the same con guration as the Langmuir probe. It
can be used in a oating or sweeping con guration. In the oating con guration, no
voltage is applied and the only the oating potential is measured. In the sweeping
con guration, the same plasma parameters can be extracted with the addition of
the ion temperature. The shielding of the probe limits electrons, allowing for a
symmetrical I-V curve and the ion temperature can be extracted from the exponential
trend of the negative side of the I-V curve because it is related to the ion thermal
energy. It is attached to the Langmuir probe so they measure the plasma parameters
in the same area of the plasma. All of the probes can be moved radially inside the
chamber to probe at di erent distances.

The triple probe works di erently. There are three probe tips spaced 2.5 mm
apart from each other. One of them is negatively biased, another is positively biased
and the last one is oating. Since the biasing is constant in time, it can be done
by using stacks of batteries. The voltage of each tip is measured and the electron
temperature can be obtained by subtracting the signals using Equation 2.55. The ion
saturation current can be obtained from the two biased tips which allow for electron
density measurement using Bohm current (Eq. 2.33). One advantage of this method
is that it allows for time resolved electron temperature and density measurements
because the limiting factor is the sampling frequency. The triple probe is located in a
di erent port than the Langmuir and Ball-Pen probe. The measurements taken with
the triple probe will di er slightly because probe measurements are local. However,
for every plasma discharge, the triple probe was adjusted so it has the same radial

position as the other probes so its measurements can be used as a comparison and
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validation of the Langmuir and Ball-Pen probe measurements.

3.4.1 Langmuir and Ball-Pen probes

The Langmuir probe shown in Figure 3.6 is made of tungsten wire and has cylindrical
shape with a diameter of (100 0:01) mm and a length of (20 0:1 mm). Because the
plasma is magnetized, the e ective area of the LM probe is two times the projection
of the cylinder such thatA,y = 2dL which is (40 0:4) mm?. Assuming a density
of 108 m 2 and an electron temperature of 20 eV, the expected Debye length is the
plasma would be around @3 mm which is much lower than the probe radius.

The Ball-Pen probe is signi cantly bigger than the Langmuir probe. The trun-
cated cone shape is made to avoid arcing. The design needed the probe to be machin-
able so the BPP is made of stainless steel. Using a caliper, the larger diameter is
D =(5:00 0:02) mm. Using ImagedJ with known lengths and pixel ratios, the diame-
ter at the end of the probe isd = (1:63 0:05) mm, the diagonal of the truncated cone
is found to bel = (2:90 0:05) mm and the height ish = (2:30 0:05) mm as shown
in Figure 3.7. The uncertainty of these lengths comes from the ambiguity due to the
picture resolution. The exposed area of the probe depends on the shielding of the
probe. However, the BPP will mostly be used when it is hidden inside the shielding.
The e ective area of the BPP is taken as the projection of the truncated cone seen
from the top of the probe which is onlyAgpp = (D=2)2=(19:6 0:2) mm?. If the
probe is out such that the shieldingh > +2:3 mm, the e ective area is increased.

The probe is installed in such a way that it can be moved inside the chamber
without depressurizing the chamber. The depth of the probe can be varied by adjust-

ing Bellows 2 in Figure 3.8. The whole apparatus installed on the vacuum chamber
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Figure 3.6: Langmuir and Ball Pen probes used for the measurements.

Figure 3.7: Dimensions of the Ball-Pen probe tip.

is shown in Figure 3.9. It is worth noticing that if the probe radial position is higher
than 13 cm, the probe is hidden by the limiter and will not be directly exposed to the
plasma. The Ball-Pen probe shieldindgy can be adjusted with the linear feedthrough.

Turning the feedthrough only changes the Ball-Pen probe tip position.
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Figure 3.8: Single probe system used in the STOR-M (Not-to-scale).

3.4.2 Triple probe

The Triple probe setup is shown in Figure 3.10. The four tips are made of tungsten
and have a diameter of (1L 0:1) mm, a length of (30 0:1) mm and a distance
of 25 mm between them. Therefore, the e ective area of each tip B1p = 2dL =
(6:6 0:8) mm?. To accurately measure the triple probe area, the probes would need
to be taken out of the chamber. Because it would break the vacuum and take a
week before recovering a good plasma quality this was not done and the uncertainty
was only based o the number of signi cant gures given from past work [42]. The

position of the probes can be adjusted with the linear feedthrough. Every time a
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Figure 3.9: Installation of the probe system in the chamber (Not-to-scale).

comparison is made with the Langmuir and Ball-Pen probes, the radial position of
the TP was matching the position of the LM and BP probes setup.

A simpli ed version of the circuit was shown in Figure 2.8. The values foR;
and R, are 100 k and 1 k respectively, acting as a voltage divider with a gain of
1=101. The signals are then sent to the Data Acquisition system (DAQ) that samples
the signal and saves the data on a computer. The values for these resistors are high
to keep the probe oating while the ratio of the two resistors is adjusted so that the
output voltage is kept between 0V to 10V to t within the input range of the DAQ.
The four signals are connected to the DAQ with 50 BNC cables through the ports

located on top of the tee tting. The value for the resistor used to measure the ion
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(a) Setup

(b) Tips (c) Dimensions

Figure 3.10: Triple probe used for results comparison [42].
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saturation current Rgy is 10 .

The voltage source is composed of several 30 V battery cells with a rotary switch
to select di erent voltage ranges. For most shots, the voltage source was set at around
84 V. In addition, two capacitors (1 F , 250 F ) are connected in parallel with the
battery to compensate for small variations and keep the voltage as constant as possible
[42]. Every shot, some current is drawn between the biased tips for a small amount
of time. This causes the voltage from the batteries to vary, but it was recorded every
day. Since the approximationV; V, kg Te=eis used, the voltage is not used in
the equations and is measured only as a precaution to assure that it is high enough

to satisfy the approximation.

3.5 Circuit and electronic considerations

3.5.1 Measuring circuits

The two circuits used for the Langmuir probe and the Ball-Pen probe are shown in
Figure 3.11. The rst circuit measures both the applied voltage and the current while
the second only measures the oating voltage of the probe. This is because only one
sweeping power supply was available so if it is used on one probe, it is only possible
to measure the oating potential on the other probe. The current is not measured
because it should be 0 by de nition of the oating potential. Both circuits were put
inside aluminum cases to limit noise due to external elds.

The values of the resistors were chosen to match the input range of the DAQ.
The applied voltage on the probe is 100 V, so the ratioR,=R; + R,) was chosen
to be a bit under 1=10 to t with the input range of 10 V. The values of the

resistors are kept high to limit the current going through the voltage divider. In
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(a) Circuit 1 measures both the voltage and the current.

(b) Circuit 2 measures the current only.

Figure 3.11: Circuits used for the voltage and current measurement with the Lang-
muir and Ball Pen probes.

circuit 1, the values forR; and R, are 429 k and 36 k and in circuit 2, they are
429 k and 36 k respectively. All the resistors are rated at 2 W. The circuits' gain
were measured experimentally following the procedure shown in Appendix A.2. The
measured calibration factor for circuits 1 and 2 are:076 0:002 and 0094 0:004
respectively.

The current sampling resistorRs was chosen to be as small as possible to limit
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the e ect on the measured current. Although the power supply is supposed to work
while it is oating, it works best when grounded and it was found that havingRs at

a small value provided a better use. The current is measured by dividing the voltage
acrossRg by the resistance. Therefore, the value for the current sampling resistor
needed to be measured accurately with a precision multimeter. It was found thRf

is (0:57 0:01) . This resistor is rated for 10W making it small enough to tin the
circuit box.

In case there is a short in the plasma, a 100 current limiting resistoiR_ is
added to the circuit to protect the current sampling resistor. The position in the
circuit does not measurably change the voltage and current measurements since it is
still the voltage applied to the probe that is measured. However, it limits the voltage
on the probe since it acts as a voltage divider with the plasma. If the resistance was
smaller, a higher voltage could be applied to the probe. In the case where the probe
shorts, all the current goes into this resistor so it needs to tolerate high power. To
prevent this resistor to heat up too much, it is rated at 500 W. Due to its size, it was
put outside the circuit box.

The position of the BNC output cables on the circuit is also important. Since the
DAQ could only measure grounded signalf}, and Rs need to be grounded and the
BNC cables connector is also connected to the ground.

A simpli ed schematic of the circuit used to measure the signals from the triple
probe is shown in Figure 2.8. The measuring part of the circuit consists of 4 voltage
dividers with a ratio of 1=101. The current is measured by the two voltages across a

current sampling resistor of 10 .
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Figure 3.12: Kepco Bipolar Operational Ampli er BOP-200.

3.5.2 Sweeping power supply

The power supply used to apply an AC voltage on the probe is the Kepco BOP-
200 Bipolar Operational Power Supply presented in Figure 3.12. It can amplify the
voltage from a 10 V signal generator in a oating con guration, so it does not need
to be grounded. According to the speci cations, the power supply is rated for 200 W.
In practice, the electron saturation current on the probes does not exceed 500 mA.
If the probe voltage is 100 V, the power dissipated by the entire circuit would be
P = Vyles+ 1 2(Rs + RL) = 75 W which is within the range on the power supply. In
the worst case of a short on the probe, the only component in the circuit is the 100
limiting resistor, so the Kepco BOP-200 supplies 144 W when the voltage i920 V,
which is also safe for use.

There is a trade-o between the number of I-V curves in each shot and the number
of points in each I-V curve that is determined by the sweeping frequency. Having more
points to average leads to a more accurate I-V curve and better plasma parameter
estimation. Due to the high amount of noise in the data, the cycles are relatively
long allowing to average over more data points on each |-V curve. Most of the time,

the sweeping frequency is kept around 200 Hz.
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(a) BNC-2110 (b) PXI-6133

Figure 3.13: Data acquisition modules for the probe and interferometer data.

3.5.3 The data acquisition module

The acquisition modules are shown in Figure 3.13. The signals from the probe are
plugged into the BNC adaptor National Instruments (NI) BNC-2110. The data is
transferred to the NI PXI-6133 acquisition card that has 8 channels each having a 14
bits resolution with a sampling frequency of 2.5 MS/s. This di erential ampli er stage
allows for high impedance input signals. Multiple PXI modules are rack mounted
on the NI PXle-1078 chassis that can receive multiple acquisition units which are
connected to a PC. The signals are recorded by a custom LabView script made for
the STOR-M lab. This script managed the data of the triple probe, the Langmuir
probe and the Ball-Pen probe signals. The sampling frequency was set at 1 MHz
and the input voltage range is 10 V. Therefore, the DAQ has a resolution of
10 V=(2* 1)=0:6 mV.

To have a valid voltage measurement, the signals need to be referenced to the
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Figure 3.14: Data acquisition module modes.

ground. If the signal source is oating, the BNC-2110 port needs to be in the Floating
Signal (FS) mode which will close the switch. Otherwise, there is a possibility of high
voltage that could damage the DAQ if the signal exceeds 42V or 60 Vpc. In the

Grounded Signal (GS) mode, the Al GND switch is opened to avoid ground loops.
If the switch was closed, the signal would still be referenced to the ground but the
circuit would be grounded from two di erent places that are far apart in the lab. It

would be grounded at the chamber and in the BNC-2110 (Al GND in Figure 3.14),

creating a ground loop that can pick up and add undesirable noise to the signal.

3.5.4 Grounding of the chamber

Ohmic heating is the main heating mechanism in the STOR-M tokamak. This is
done by having an increasing current in the primary which induces a toroidal current.
However, the induced current needs to ow through the plasma and not the chamber
walls that are made of conductive material. For this reason, the chamber is made of

two halves that are electrically insulated by a ceramic break as shown in Figure 3.15.
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Figure 3.15: Grounding of the STOR-M chamber.

This breaks any loop of current that could be induced in the chamber walls allowing
the plasma to act as the secondary winding of the transformer.

Also, at least one half needs to be hard grounded for the instrumentation to work
properly. After many tests, it was found that the plasma stability is better when one
half is soft-grounded through the 100 resistor and the other is hard-grounded. When
the two halves were hard-grounded, it was hard to get a shot with a stable plasma
current and a long discharge. Since the DAQ works better with grounded signals, it
was decided that the half with the Ball-Pen probe should be hard grounded and the

other half would be soft-grounded through a 100 and 500 W resistor.
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3.6 Data Analysis

The general data analysis pipeline is presented in Figure 3.16. All data analysis was
performed in Python. First, the data needs to be extracted from the les saved.
The general plasma parameters such as the plasma currépt the loop voltageV,,
the plasma densityne, the H emission, the horizontal position H, the electron
temperature T, the toroidal eld Bt and the energy con nement time . are stored

in binary les which can be read with the 212A MATLAB routine. The triple probe,
Langmuir probe and Ball-Pen probe data are stored in LVM les and can be read
with the 6133 MATLAB routine. Both data analysis routines have been converted
to Python. The triple probe data gives four signals: two oating potentialV; + =\f

that are averaged to get the oating potential signalV; and the voltage on the biased
tip V; and V,. Using Equation 2.55, the electron temperature is measured as well as
the ion saturation current and electron density using Equations 2.58 and 2.34.

The Langmuir and Ball-Pen probe data give the voltage and current as a function
of time. Depending on the circuit used, the voltage signals are divided by the gain
of the divider (0.094 or 0.076) and the current signal is divided by 0.57 which is
the current sampling resistor value. Multiple signal analysis graphs are generated
here. A Fast Fourier Transform (FFT) is performed on the voltage signal and the
magnitude and phase spectrum are plotted as a function of frequency. The Power
Spectral Density (PSD) of both is also plotted as well as the Cross-Power Spectral
Density (CSD), Coherence spectrum and Cross-Correlation between the two voltage
signals.

Next, the I-V curves are generated. Since the plasma parameters evolve during

the discharge, the data are separated into cycles and each cycle will produce one
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upward (going from -100 V to +100 V) and one downward (from +100 V to -100 V)
[-V curve. A sinusoidal tis applied to the voltage and is split in chunks every time
the phase reaches an integer multiple of. The I-V curve is generated by plotting
the current as a function of the voltage within one increasing or decreasing cycle.
The reason why the data is separated into upward and downward cycles is because a
hysteresis e ect can be observed which will vary the plasma parameters. The I-V is
then smoothed by convoluting a triangular window with a width of 800 data points.
The choice of the triangular window was made so that points further away have less
weight. Typically, the sweeping frequency is 200 Hz so each |-V spans over 2.5 ms
which is 2500 points since the sampling frequency is 1 MHz. Even though some data
is lost on both ends of the I-V curve due to the convolution, a smooth |-V curve is
needed to extract the plasma parameters.

As there is a lot of variation in the I-V curve, the error on the I-V curve is

calculated as the Standard Error of the Mean (SEM) within the convolution window

X

o<

1

SEM; = N (i n=2 )2 (3.15)

i
where the weighted mear' is the smoothed I-V curve andN = 800. The upper
bound for the I-V curve is the smoothed curve plus the SEM while the lower bound

is the the smoothed curve minus the SEM.

The oating potential is measured as the voltage at which the current is 0. After,
the plasma potential is calculated using the minimum of the second derivative of the
I-V curve. Taking the derivative of a signal greatly ampli es the noise so this is
another reason why the I-V curve needs to be smooth. The minimum of the second

derivative needs to be the curvature point and not some random point with a lot
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of variation between its neighbors. The second derivative is taken using the central

second order nite di erence shown in Equation 3.16

d?l _ lim 25+ 1 g
dvz = (M V)2

(3.16)

The second derivative is then smoothed with a 200 points wide triangular window
and the minimum is found to be the plasma potential. This process is repeated on
the upper and lower error bounds for the I-V curve. The uncertainty on the plasma
potential is found by subtracting the values obtained on the upper and lower curve
and dividing by two. The values for the ion and electron saturation current are found
from the minimum and maximum of the I-V curve if a plateau is observed.

Finally, the plasma parameters are extracted from the |-V curve. The electron
temperature is found using Equation 2.37 and the uncertainty is found by propagation.
The electron density can be found with Equation 2.34 and the Debye length can be
found with Equation 2.16. Another method is used to nd the electron and ion

temperatures by tting the exponential curvature using Equations 2.46 and 2.48.
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Figure 3.16: Entire data analysis pipeline for the probe data.
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Chapter 4

Results

4.1 Signals

4.1.1 Main diagnostics signals

An example of the main diagnostics of a plasma discharge is shown in Figure 4.1.
The rst graph shows the plasma current ,. Between 0 and 10 ms, the fast capacitor
bank activates and the current ramps up to reach a maximum of 20 kA. This period
is called the transition region. After that, the slow capacitor bank comes in and the
plasma current stays more or less constant with a slow decline and little variation
until it abruptly goes back to 0 marking the end of the discharge. A at-top region is
observed between 20 ms to 30 ms. The time during which the plasma current plateaus
is called the stable region. A discharge typically lasts 50 ms to 70 ms.

The next graph shows the loop voltage measured by the pickup loop. Initially,
the voltage di erence picked up by the plasma in one turn goes up to about 20 V
very quickly. In the transition region, it decreases quickly to stay stable at about
3 V for the remainder of the discharge. Here, the loop voltage in the stable region

indicates the presence of some contaminant within the plasma. With more impurities,
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Figure 4.1: Basic parameters of plasma discharge #349105.

the plasma picks up more voltage after one turn in the chamber and voltage spikes
become visible as shown between 15ms to 30ms. Another voltage spike is observed
at the end of the discharge at 52ms.

The line-averaged plasma density shows it quickly rises to about7s 10® m 3
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at the beginning of the discharge and dips to around:3 10 m 2 in the transition
region. In the stable region, the density gradually declines from:® 10® m 3
to 41 10" m 3. The discrete jumps arise from the fringe counting algorithm as
explained in Section 3.3.3. However, the density does not come back to the baseline.
This is due to some noise in the fringe counting circuit that causes uneven steps.
Therefore, the interferometer results are not reliable but still provide a good idea of
the order of magnitude you would expect in the plasma.

The H graph shows the horizontal position of the plasma. It initially goes to
30 mm in the transition region and then the position regulation system activates so
the plasma stays between 24 mm and 28 mm. Some variations are seen but they are
small so the plasma stays con ned without hitting the chamber walls which could
cause a disruption and end the discharge prematurely.

The H graph shows the intensity of the Hydrogen alpha line at 6583 nm [28, 39].
The amount of noise increases with time which also shows impurities in the plasma.

The temperature graph is obtained by using Equation 3.8 with the plasma current
and the loop voltage. It is denotedT to show it is obtained from the conductivity
formula. In the transition region, it increases linearly to reach around 60 eV. In
the transition region, variations ranging from 40 eV to 80 eV are observed. They are
mainly caused by the noise in the loop voltage used in the calculation. To get burning
plasma conditions, it should be noted that the temperature should be around 13 keV
which is much more than what is achieved by the STOR-M [24].

The magnetic eld starts at 1 T and decreases at what can be seen as a constant
rate but is actually an exponential decay. By looking at the initial slope and assuming

a decay in the formB (t) = Boexp( t= ), a time constant of approximately 185 ms
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can be estimated.

Finally, the energy con nement time is calculated with Equation 3.14 and sits
around 300 ms in the stable region. The large amount of variation ranging from
280 ms to 360 ms is caused by the noise of all the signals it comes from since the
energy con nement time is proportional ton.Te=1,V, which makes it proportional to
ne=(1, V).

The product of the plasma density, the energy con nement time and the plasma
temperature is often used as a gure of merit to quantify how close a reactor is
to achieve ignition or breakeven. This is called the Lawson criterion. Breakeven
happens when the energy produced by the nuclear reactions is equal to the energy
used to create the plasma whereas ignition occurs when the fusion reactions produce
enough energy to maintain the plasma temperature without supplying more energy.
Increasing the density increases the chance of collision for the fusion reactor to oc-
cur, increasing the temperature increases the cross-section of the D-T reaction and
increasing the energy con nement time increases the amount of energy kept in the
reactor to sustain the plasma. To get to the breakeven point for the D-T reaction, it
would require a triple product of 20 10'® eV slem®. Using the quantities measured
in the STOR-M, the triple product would be around 15 10 eV s/cm?® which is

very far from achieving breakeven [11].

4.1.2 Determination of the stable region

The typical discharge can be separated into three regimes that are called regions in
this thesis: the transition region, the stable region and the termination region of

the discharge. It is possible to nd the stable region consistently by looking at the
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derivatives of the plasma current. The stable region is de ned as the region where
three conditions are met: the plasma current is above 20% of its maximum, the
absolute value of the rst derivative is below 20% of its maximum and the second
derivative is above 20% of its minimum. To make sure the plasma in the stable
region is in the steady state, 3ms are added at the end of the transition region and
3ms are added before the termination region. The stable region has a high and slowly
decreasing current with a stable derivative as shown in Figure 4.2. The transition
region is de ned as what comes before the stable region and the end of the discharge
is de ned as what comes after the stable region. It is important to have a de nition of
the stable region because some parameters are averaged over the entire stable region
and it makes them more comparable between di erent discharges.

Using the de nition of the stable region, experimental plasma parameters from

the main diagnostics are measured and shown in Table 4.1.

Parameter Measurement
I (18 2) kA
Vioop 29 07V
Ne (50 05 10®¥m?3
Te (61 7)eV
Br (0:83 0:04) T
e 3 1)ms

Table 4.1: Experimental average plasma parameters in the STOR-M tokamak for
discharge #349105 in the stable region.

4.1.3 Triple Probe

The measured voltages for the triple probe for discharge #349105 are presented in
Figure 4.3. For this shot, the probes were located at a radial position of (EL 0:2) cm

and the bias voltage was 84 V. The grey outline shows the raw voltage and the
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Figure 4.2: The three regimes of a plasma discharge in the STOR-M tokamak.

black line is the Itered voltage convoluted with a 500 points or 0.5ms wide triangular
window.

The Itered signals with the error bars as calculated with Equation 3.15 are pre-
sented in Figure A.3 in the Appendix A.3. The raw voltage shows large variations
introduced by the plasma but when the error bars are calculated, they are almost
indistinguishable from the Itered voltage. This shows that only a few outliers make

it seem like the voltage varies a lot but most points are actually near the average.



4.2. LANGMUIR PROBE 79

For all the voltages, a dip going down to 50 V is observed. This is because of the
phenomenon explained in Section 2.3. Initially, the electrons hit the probe rst due to
their high mobility making the potential negative. The negative charge accumulated
on the probe then attracts ions which makes the potential reach equilibrium. Then
at the end of the discharge, another negative voltage spike is seen.

Averaging the two oating potentials V;, and V;,, it is found that the oating
potential in the stable region is (3 3) V. The voltage of the positive tip is (16 3) V
and the bias voltageV, is (13 3) V meaning that the negatively biased probe tip
sits around ( 71 3) V. The current between the two tips is ( 260 50) mA. The
negative sign signi es that the current ows toward the negative probe, just like it
would in a single Langmuir probe.

Using Equations 2.55 and 2.58, the electron temperature and the ion saturation
current are calculated. Using the triple probe area, the electron density is then ob-
tained with the Bohm current equation. In the stable region, the electron temperature
is (19 4) eV and the electron density is (11 2) 10 ®* m 3. The edge electron
temperature measured by the triple probe is lower than the temperature from the
resistivity formula from the bulk plasma as expected. However, the measured edge
density is more than twice the line-averaged bulk plasma density which should not

be the case. Using Eq. 2.37, the plasma potential is calculated to be (7@0) V.

4.2 Langmuir probe

An example of the raw signals measured when the Langmuir probe is swept is shown
in Figure 4.5. The ion saturation is clearly seen as the bottom half of the sinusoidal

current is soft clipped when the voltage is negative. The upper halves of the cycles
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Figure 4.3: Raw signals for each tip of the triple probe.
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Figure 4.4: Triple probe calculated signals.
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Figure 4.5: Raw voltage and current signals of the Langmuir probe when swept.

show very noisy current due to the large electron ux variations. The electron satu-
ration would be more apparent if the voltage was swept with a higher amplitude, but
a somewhat at top can still be seen in the ltered current shown in red.

After splitting up the signals into half periods, the I-V curves are plotted. The
upward and downward cycles between 25ms and 30ms are shown in Figure 4.6. Be-
cause the voltage and the current are Itered via convolution, some data is lost on
both edges of the I-V curve, making it hard to clearly see the saturation in some
cases. This limits the amount of ltering that can be done. Having a higher sweeping
voltage amplitude would extend the saturation regions and allow for more Itering.

One thing to notice is that the upward cycles show an |-V that is shifted to the
left. Upward cycles start at a negative voltage so the ion density near the probe is
high initially. The hysteresis e ect is most likely due to probe contamination [38, 5].
However, it should not a ect the temperature measurements as the curvature and

the voltage di erence betweenV; and V, does not change. This will also leave the
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Figure 4.6: Upward and downward |-V curves for discharge #349105 between 25ms
and 30ms. The upward cycles are shifted to the left.

saturation currents unchanged. Since downward cycles oating potential and plasma
potential agree more with the triple probe measurements, the analysis will focus more
on downward cycles. Unfortunately, choosing downward cycles can sometimes make
it hard to measure the plasma potential because the electron saturation region is
shorter.

Comparing the upward and downward cycles in Table 4.2, it is seen that the
oating potentials and the plasma potentials for upward and downward cycles don't

agree. The hysteresis e ect shifts the curve by about 20 V to 30 V. The downward
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cycle agrees with the voltage from the oating tip of the triple probe which was (3
3) V. As for the electron temperature measured with Eq. 2.37, itis (20 0:6) eV for
the upward cycle and (22 1) eV for the downward cycle. Both of these measurements
agree within uncertainty with the triple probe. The electron densities are also similar,
with (1:9 0:2) 10 ¥ m 3 for the upward cycle and (17 0:4) 10 ¥ m 3 for the
downward cycle. The saturation currents also agree with each other between upward
and downward cycles. However, the density does not agree with the triple probe

measurement of (11 2) 10 ¥ m 2 which is higher than expected.

Parameter Upward cycle | Downward cycle| Triple probe
(Langmuir) (Langmuir)
Vi (V) 15 1 6 3 3 3
Vp (V) 533 06 804 03 70 20
Te (eV) 204 06 22 1 19 4
Ne (10 ¥ m 3) 19 02 1.7 04 11 2

lis (MA) 219 06 18 7 260 50
les (MA) 1966 0.6 212 7 -

Te (eV, 1) 2697 0:.05 2219 0:.04 -

T, (eV, 1) 1136 0:04 6:2 01 -

Table 4.2: Experimental plasma parameters obtained from |-V curve compared with
the triple probe for discharge #349105.

The estimated temperatures tted from the curvature of the I-V curve vary slightly
depending on the tting domain. To make the measurement as consistent as possible,
the tting domain in the ion saturation region is chosen to be from -65 V tov; + 20.

If the tis not optimal, which can be the case if only a small portion of the plateau
or the curvature is included, the tting domain is adjusted manually.

Even though the curvature is not ideal for a t in the electron saturation region,
the ion temperature was measured on the Langmuir probe as it will be used as a

way of validating the ion temperature measurements from the Ball-Pen probe. The
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tting domain in the electron saturation region goes from the highest voltage on the
I-V curve to V, 5. In the case of a sub-optimal t, the range is adjusted manually.
The electron temperatures measured by the t and the formula do not agree within
uncertainty but are within 10 eV from each other. Itis seen that the ion temperature is
generally lower than the electron temperature because the curvature radius is sharper

in the electron saturation region.

4.2.1 Floating potential

The oating potential as measured by the I-V curves in a single discharge were com-
piled and separated into downward and upward cycles in Figure 4.7. It is then com-
pared to the average of the triple probe oating potential signal during the time
period of a half-cycle. The error bars come from the error bars of the I-V curve and
the error bars from the triple probe data comes from the standard error.

For the triple probe, all discharges show the same behavior. The oating potential
rises at the beginning of the discharge and then stays constant with little variation.
For the Langmuir probe data, the oating potential is only measured in the stable
region because full smooth I-V curves are harder to obtain when the plasma is not
stable. Due to the hysteresis e ect, there is a di erence between the upward and
downward cycles. However, the downward cycles are consistently more in agreement
with the triple probe data. More variation is shown in the Langmuir probe data due
to the fact that the voltage is swept at 200 Hz so the probe stays around the oating
potential for a shorter time. Two of the triple probe tips are left oating so a lot
more points can be averaged during one half-cycle, reducing the standard error and

the variations.
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It can also be seen that the oating potential increases slightly as the probe goes

further in the chamber. More analysis will be done in Section 4.3.

4.2.2 Plasma potential

The same process was made with the plasma potential in Figure 4.9. Here, the data
from the triple probe were calculated from the oating potential and the electron
temperature using Eq. 2.37 meaning that it is not directly measured and should not
be taken as a reference. Similarly to the oating potential, the plasma potential as
measured by the Langmuir probe initially rises and stays more or less constant in the
stable region. There is no distinct trend between the upward and downward cycles
apart from the fact that the plasma potential might be slightly lower for the upward
cycles on average. The upward cycles have a bit more variation compared to the

downward cycles overall.

4.2.3 Electron temperature

Because the downward cycles agree more with the triple probe measurements for the
oating potential and its lower variation compared to upward cycles for the plasma
potential, the analysis for the electron temperature will focus on the downward cy-
cles. Out of the 25 discharges with a long and stable plasma current analyzed with
the Langmuir probe, six discharges at di erent probe positions in the chamber were
selected. On these discharges, the electron temperature was measured as a function
of time using the three proposed methods: using Eq. 2.37, using the slope of the
logarithm of the I-V curve and tting the curvature near the ion saturation region.

The three methods are generally in agreement with each other within 5 eV in the
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(a) #349090 (r =13:1 cm) (b) #349093 (r =12:8 cm)
(c) #349100 (r = 12:1 cm) (d) #349105 (r =11:5cm)
(e) #349109 (r = 11:2 cm) (f) #349114 (r =10:7 cm)

Figure 4.7: Time evolution of the oating potential for multiple discharges. The
hysteresis causes the oating potential to be higher in upward cycles.
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(a) 349090 ¢ =13:1 cm) (b) 349093  =12:8 cm)
(c) 349100 ¢ =12:1 cm) (d) 349105 ¢ = 11:5cm)
(e) 349109 ¢ =11:2 cm) (f) 349114 ¢ =10:7 cm)

Figure 4.8: Time evolution of the plasma potential for multiple discharges. The triple
probe data is calculated using the temperature data and Equation 2.37.
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stable region so any of them should be valid to use. Since it's generally more con-
sistent, does not necessarily need an |-V curve with a good curvature and does not
rely on a t, the preferred method is the one using Eq. 2.37. For the method using
the formula, the electron temperature initially rises and stays constant in the stable
region. Data for upward cycle is also presented in Figure A.5 in Appendix A.5.

Figure 4.10 shows a comparison of the electron temperature measured by the
di erent diagnostics of the STOR-M. The Langmuir probe data were calculated using
Eqg. 2.37 and the error bars come from the propagation of the error ¥f andV,. As
explained earlier, since the hysteresis only shifts the |-V curve, the di erence between
V; and V, stays relatively the same and the upward and downward cycles generally
agree with each other. The triple probe signal starts at a higher value because in
the transition region, the oating potential dips to -50V. It then stays constant with
little variation at a value slightly lower than the Langmuir probe in the stable region.
The electron temperature di erence between the Langmuir and triple probes is within
10 eV and they agree more as the probes are located further in the chamber.

The electron temperature measured from the resistivity is higher, but that's be-
cause, as opposed to the probe measurements, it measures the bulk plasma and not
the edge plasma which should be typically higher but still in the same order of magni-
tude. The error bars come from the standard error of the signal during one half-cycle.
Even though the signal is noisy, the error bars stay small because of the large number

of points in the sample.
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(a) 349090 ¢ =13:1 cm) (b) 349093  =12:8 cm)
(c) 349100 ¢ =12:1 cm) (d) 349105 ¢ = 11:5cm)
(e) 349109 ¢ =11:2 cm) (f) 349114 ¢ =10:7 cm)

Figure 4.9: Comparison of the edge electron temperature measured by the downward
cycles of the Langmuir probe for multiple discharges.
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(a) 349090 ¢ =13:1 cm) (b) 349093  =12:8 cm)
(c) 349100 ¢ =12:1 cm) (d) 349105 ¢ = 11:5cm)
(e) 349109 ¢ =11:2 cm) (f) 349114 ¢ =10:7 cm)

Figure 4.10: Comparison of the edge electron temperature measured by di erent di-
agnostics for multiple discharges.
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4.2.4 Electron density

The time evolution of the edge electron density is shown in Figure 4.11. Initially, the
Langmuir probe measurement shows a really high density in the transition region.
This is only due to the high ux of particles at the beginning of the discharge that
prevents e ective shielding making the probe unable to saturate. I-V curves in the
transition region show that the current as a function of the potential in the ion
saturation region is not at as it is supposed to be. This can also be seen in the raw
signals in Figure 4.5 around 5ms where the current does not saturate like the later
cycles. The edge electron density for upward and downward cycles stay constant and
agree with each other in the stable region. Since it stays constant with the probe
distance, in the six presented discharges, the average electron edge density measured
by the Langmuir probe between 20 ms and 45 ms is:24 0:.08) 10 m 2 and
(1:26  0:09) 10 m 2 for upward and downward cycles respectively. Calculating
the same average with the interferometer data yields % 0:2) 10 m 3. This is
expected since the electron density in the bulk plasma should be higher than in the
plasma edge.

The triple probe data give higher densities. In the transition region, the density
starts negative because of the initial voltage dip and increases to reach a plateau in
the stable region, where it reaches densities that can be ve times higher than what
is measured by the Langmuir probe. The triple probe density measurements are still
on the same order of magnitude as the main diagnostics but don't agree with the
other methods within uncertainty. A possible cause of this discrepancy is discussed
in Section 5.6. From the six density graphs, it can be seen that the density measured

by the triple probe increases as the probes go further in the chamber.
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Using the density and electron temperature data, the Debye length can be calcu-
lated as shown in Figure A.6 in Appendix A.6. The Debye length is much smaller
than 3.5 times the probe radius during the entire discharge which respects the sheath
condition. For the entire discharge, the Debye length is always less thanlOmm
while the sheath condition requires it to be less than:15 mm. This also ensures that
there is no sheath overlap between the tips of the triple probe, which are separated

by 2.5 mm.

4.2.5 lon temperature

Figure 4.12 shows the time evolution of the ion temperature calculated from the t of
the I-V curve measured by the Langmuir probe. Because it needs a full I-V curve to
measure the ion temperature, no data can be taken with the triple probe or the main
diagnostics. In a magnetic fusion plasma, thermal equilibrium would be expected
between ions and electrons because the particles are trapped and the energy lost in
collisions is just transferred to another particle [37]. According to Figure 4.10, the
ion temperature should be around 10 to 30 eV. However, it can be seen that some
points show ion temperature well above that which is due to bad ts. When the |-V
does not have a large plateau in the electron saturation region, the tting domain is
mostly linear, which appears to be exponential with very low curvature, blowing up
the temperature parameter. Apart from these outliers, most points stand between
5 eV to 30 eV. Because the ts in the electron saturation region are less consistent,
there is a lot more variation in the data compared to the electron temperature. This
makes it harder to nd a trend in the time evolution of the discharge and as a function

of the probe distance. In Figure 4.12(d), the downward cycles don't have any outliers
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(a) 349090 ¢ =13:1 cm) (b) 349093  =12:8 cm)
(c) 349100 ¢ =12:1 cm) (d) 349105 ¢ = 11:5cm)
(e) 349109 ¢ =11:2 cm) (f) 349114 ¢ =10:7 cm)

Figure 4.11: Comparison of the edge electron density measured by di erent diagnos-
tics for multiple discharges.
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and it shows a stable ion temperature in time. Excluding the outliers with bad ts on
the six presented discharges, the average ion temperature is (18) eV(N = 22) and
(11 6) eV(N = 18) for upward and downward cycles respectively, which is in the
same range as the electron temperature. The uncertainty comes from the standard
deviation of the distribution to show the range of the measurements instead of the

error on the mean.

4.3 Spacial pro ling of plasma parameters

Statistics have been compiled across multiple discharges with the same probe distance
to generate gures of plasma parameters as a function of the probe distance inside
the chamber. The graphs in this section will show data from 24 discharges between
13.1 cm and 10.4 cm. Only the I-V curves in the stable region between 20 ms and
30 ms on which good ts in the electron saturation region have been kept. Data is
compiled over 47 upward cycles and 48 downward cycles for a total of 95 cycles.

Each data point in Figures 4.13 to 4.18 is the average from all I-V curves at
a speci c probe location in the chamber. The error bars are calculated using the
standard error. The x-axis shows the distance of the probe from the center of the
chamber meaning that ag gets lower, the probe is located further in the chamber.

To account for points with large error or low statistics, a weighted linear regression
is performed and the weights are proportional to the inverse of the error squared. In
the case where a point only has one sample, the standard deviation is zero. To solve
this problem, an unweighted linear regression is made and the weight is set to the
square of the inverse of the residual for this point. Therefore, the closer a point is to

the t, the larger the weight and it gives a number on the same order of magnitude
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(a) 349090 ¢ =13:1 cm) (b) 349093  =12:8 cm)
(c) 349100 ¢ =12:1 cm) (d) 349105 ¢ = 11:5cm)
(e) 349109 ¢ =11:2 cm) (f) 349114 ¢ =10:7 cm)

Figure 4.12: Time evolution of the plasma edge ion temperature as measured by the
Langmuir probe.
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as the error. This choice was made because some outliers would signi cantly a ect

the regression like in Figure 4.14.

4.3.1 Floating potential

Itis seenin Section 4.2.1 that the oating potential stays mostly constant as a function
time which justi es the averaging of the oating potentials between 20 ms and 30 ms.
Using linear regression, it is seen that all curves show an increase of the oating
potential as the probes go further in the chamber. Due to hysteresis, the upward
cycles are shifted down and do not agree with the triple probe data, but the downward
cycles do. The linear regressions show that the downward cycles are at ma& @
away from the triple probe data while the upward cycles are at most 16 V lower. All
three datasets show a decreasing slope, showing that the oating potential gets higher
as the probe goes further in the chamber. Downward cycles show a oating potential
varying from 3:6 V to 7:5 V between 131 cm and 104 cm. The parameters for the

regression are shown in Table A.2 in Appendix A.7.

4.3.2 Plasma potential

Repeating the same process for the plasma potential, Figure 4.14 is obtained. Here,
the triple probe data is still calculated from the oating potential and the electron
temperature, meaning that it is not directly measured and should not be taken as
a reference. The upward cycles are still shifted compared to the downward cycles
and the slope remains similar. No signi cant trend shows that the plasma potential
increases towards the center of the chamber. The triple probe shows a much stronger

trend in the increase of the plasma potential as a function of the probe distance
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Figure 4.13: Floating potential pro le extracted from 325 |-V curves across multiple
discharges. Thex-axis shows the distance from the center of the cham-
ber so the oating potential increases as the probe goes further in the
chamber.

because the electron temperature also increases with the probe distance. However,
the data still stay within the same order of magnitude as the Langmuir probe data
further con rming the validity of the full I-V curve method. There is one outlier

in the triple probe dataset which comes from an outlier in the electron temperature
measurement which will be seen in the next section. Because isolatvgin Eq. 2.37
makes it so that the electron temperature is multiplied by 3.34, the e ect of the outlier

is ampli ed. Detailed information on the linear regression parameters are shown in

Table A.3.
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