
U N I V E R S I T Y  O F  C O P E N H A G E N
F A C U L T Y  O F  S C I E N C E

Master thesis

Propagtion of blobs in NORTH
A study of NORTH Using Langmuir probes

Bjarke Brask Nielsen

Advisors: Peter Ditlevsen, Stefan Kragh Nielsen

Submitted: February 28, 2023

This thesis has been submitted to the The Faculty of Science, University of Copenhagen



Acknowledgements

I want to express my sincere gratitude to my supervisor at KU, Peter
Ditlevsen and at DTU, Stefan Kragh Nielsen and Raheesty Devi Nem, for
their unwavering support, guidance and encouragement throughout the en-
tire process of writing this thesis. Their insightful feedback and expert
knowledge have been invaluable to me, and their belief in my ability has
given me the confidence to pursue my goals. I am truly grateful for their
time and energy dedicated to helping me bring my research to life.

I would also like to thank my girlfriend, Emilie Wedenborg, for her un-
conditional love and support. She has been my source of strength and inspi-
ration; her encouragement and motivation have been essential to my success.
I am deeply thankful for her understanding and support, especially during
the long hours and late nights spent writing this thesis.

Finally, I would like to express my gratitude to all those who have directly
or indirectly contributed to the completion of this thesis. Their generosity,
time, and effort have not gone unnoticed, and I am grateful for their support.

This thesis would not have been possible without the contributions of
all those mentioned above, and for that, I am truly grateful.

i



Abstract

During this thesis, a Langmuir probe array consisting of multiple Lang-
muir probes was developed and tested at the plasma device NORTH located
at Denmark’s Technical University. The theory of Langmuir probes and
drifts in general in plasma was explained in theory using the guiding centre
plasma approximation for cold plasma and ended with a brief explanation
of waves in cold plasma.

The probe array consisted of 12 independent Langmuir probes, each with
circuitry designed to remove the bias signal and amplify the signal from
the Langmuir probes. The circuitry was tested in a lab setting and found
to work as intended for low frequencies, while the frequency response was
worse than expected, likely due to a less-than-ideal choice of components for
the circuitry. The new multi-probe array could measure more samples per
second than possible before while allowing for measuring at multiple points
in the plasma simultaneously.

A single Langmuir probe installed at NORTH was used to understand
how the plasma behaves inside NORTH until the new multi-probe array was
ready. The new multi-probe array was then used to measure the plasma
density profile and temperature profile, as well as an investigation of blobs
generated in the plasma. The measured plasma profiles agreed with earlier
results at NORTH, and the measured velocity of blobs agreed with results
from other papers. The blobs were found in 2 different regimes with a clear
difference in velocities and shapes.
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Chapter 1

Introduction

It is widely known that the increase in the well-being of all, historically,
has led to larger energy needs[2]. Under the assumption that we will keep
needing increasing amounts of energy, we need to find sustainable ways to
produce this energy to reduce the toll we take on the climate[4]. One of
the possible solutions is fusion-powered energy generation. This technology
is being researched worldwide, with the most significant project being the
ITER project[9], an international collaboration working to prove fusion as a
viable energy source. One of the difficulties with fusion energy is containing
and keeping the plasma within the device stable enough to produce more
energy than it consumes by heating the device. To obtain fusion, the fuel
(hydrogen/deuterium/tritium, most likely) must be heated to over 100 mil-
lion degrees[5]. At these temperatures, the fuel ionises and becomes plasma.
As the walls within the device can’t sustain these temperatures, the plasma
needs to be contained using strong magnetic fields.

The device being researched the most to do fusion power is the tokamak.
A tokamak is a doughnut-shaped vacuum chamber in which the plasma is
controlled using electromagnets. As plasma is electrically charged, it is hard
to predict how it behaves in the device, which causes instabilities and loss of
confinement due to turbulence and plasma drifts. At Denmark’s Technical
University, DTU, the device NORTH is located. NORTH is technically
not a tokamak, as there isn’t an induced current into the plasma; however,
the plasma obtained is still helpful in better understanding plasma effects
in tokamaks. This reduces the confinement of the devices, but it is still
used to conduct plasma experiments. The device is being used to better
understand plasma’s physics, which is necessary for controlled fusion. The
device NORTH is explained in detail in the following chapters.

To obtain a stable plasma, we need to understand the plasma and develop
diagnostics able to measure the plasma. The theory of plasma physics in a
tokamak is explained in chapter 2, while in chapter 3, diagnostics are being
created and tested to measure in more detail than possible at the moment,
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at the device NORTH. These new diagnostics are used to investigate plasma
transport due to blobs in NORTH. Blobs are increases in charge densities
of final size within the plasma.

I will take a prominent role in designing and building a probe system
of Langmuir probes which will be tested at the Tokamak NORTH at DTU.
This probe system will be used to measure the density and temperature of
the plasma to a higher degree than before. The transport in the plasma’s
edge will be investigated and compared to the established results from other
devices.
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Chapter 2

Theory

From electromagnetism to plasma physics

A plasma is a collection of charged particles. The particles are to behave
collectively, and the motion of these particles is controlled mainly by the elec-
trodynamic forces[3]. One characteristic of plasma is the ability to ”remove”
local charge collections from the rest of the plasma. Suppose we consider
a positively charged ball inserted into a plasma. In that case, electrons (or
other negative particles) will surround this ball so that the potential differ-
ence between the ball and the main plasma can’t be measured away from
the ball. This sheath of electrons will have a size that we find by solving
Poisson’s equation in one dimension:

ϵ0∇ϕ = ϵ
d2ϕ

dx2
= −e(ni − ne) (2.1)

For the case where the density of the positive ions is ni, which in this
case has an atomic number of Z = 1, the density of the negative particles
(electrons) is ne, and ϕ is the potential compared to the main plasma. Under
the assumption that the mass of the electrons is much lower than the mass
of the ions, we can assume the ions are not moving, as the electrons move
much faster than the ions and therefore don’t move significantly far enough
in this timescale. This means the ion density is the same close to the ball
as far away from the ball.

ni = ninf (2.2)

Meanwhile, the electrons are distributed by the Maxwell-Boltzmann dis-
tribution:

f(v) = A

(
− Ee

KTe

)
= A

(
−

1
2mv2 + qϕ

KTe

)
(2.3)

3



We find the electron density by integration:

ne =

∫ ∞

0
A

(
−

1
2mv2 + qϕ

KTe

)
dv =√πA(

√
1
2mv)

2
√

1
2m

(
eϕ

KTe

)∞

0

=

√
π

2
√

1
2m

(
eϕ

KTe

)
=

n∞

(
eϕ

KTe

)
(2.4)

where we remember that ne = n∞ when ϕ = 0. substituting this into
Poisson’s equation, we have:

ϵ0
d2ϕ

dx2
= en∞

(
exp

(
eϕ

KTe

)
− 1

)
(2.5)

If we Taylor expand this to the first order, it gives:

d2ϕ

dx2
=

n∞e2

ϵ0KTe
ϕ =

ϕ

λ2
D

(2.6)

The solution to this is:

ϕ = ϕ0exp

(
− |x|
λD

)
, λD =

√
ϵ0KTe

ne2
(2.7)

The thickness of the sheath surrounding the ball is λD called the Debye
length[3]. This gives the first criteria for plasma:

λD << L (2.8)

Where L is the typical length scale of the plasma, this criterion says that the
density of the plasma must be large enough compared to the temperature
of the plasma so that the sheath thickness from local charge disturbances is
small compared to the overall plasma size. At the same time, there must be
enough particles inside the sheath to be seen as homogeneous. The number
of particles inside a sphere with radius λD:

ND = n
4

3
λ3
Dπ (2.9)

ND is called the plasma parameter and is the second criterion for plasma.
The last criterion, which is that electromagnetic forces rather than hydro-
dynamic forces must dominate, is:

ωτ > 1 (2.10)

Where ω is the frequency for typical plasma oscillations, and τ is the
mean time between collisions with neutral particles in the plasma.
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Plasma physics

In plasma in a tokamak, you often have densities too large to find the dy-
namics of the plasma simply by solving Maxwell’s equations, and you have
too few particles for fluid dynamics to be a good approximation. The most
comprehensive description of plasma is made from kinetic theory[17], though
to get an idea of how the plasma behaves, we look at guiding centre plasma
(GCP).

In GCP, we look at the single particle motions of ions and electrons
subject to the Lorentz force to understand the motion the plasma undergoes
inside NORTH.

Larmor gyration

To see where the name guiding centre comes from, we look at the case of a
charged particle in a uniform magnetic field with no electric field. From the
Lorentz force:

m
dv

dt
= qv̄ × B̄ = q

 vyB
−vxB

0

 , B̄ = Bẑ (2.11)

Differentiating again:

d2v

dt2
=

qB

m

 dvy
dt

−dvx
dt
0

 = −
(
qB

m

)2
vxvy
0

 (2.12)

This is simply a harmonic motion with the cyclotron frequency:

ωc ≡
|q|B
m

(2.13)

The orbit is clockwise for positive ions and counterclockwise for negative
ions or electrons. The guiding centre is the centre at which the particle is
orbiting around. The radius of the orbit is called the Larmor radius:

rL ≡ v⊥
ωc

(2.14)

This is also an example of how particles follow the magnetic lines, lines
drawn following the magnetic field with constant size, as the velocity per-
pendicular to the magnetic field is used in the orbit around the guiding
centre. In contrast, any velocity in ẑ, along the magnetic field, is conserved.
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Figure 2.1: External force F̄ in the x̂-ẑ plane.

General drift due to an external force

If we imagine an arbitrary constant force acting on the particle, we have:

m
dv

dt
= qv̄ × B̄ + F̄ , B̄ = Bẑ, F̄ = Fxx̂+ Fz ẑ (2.15)

See figure 2.1 for a sketch of coordinates.
The ẑ component is simply an acceleration in the same direction as the

magnetic field, B̄:
dvz
dt

=
Fz

m
→ vz =

Fz

m
t+ vz0 (2.16)

Where vz0 is the starting velocity in the ẑ direction.
Looking only at the transverse components, we differentiate as before:

d2v

dt2
= ωc

[
dvy
dt

−dvx
dt

]
= −ω2

c

[
vx

vy +
Fx
qB

]
(2.17)

This motion is again the Larmor gyration, but a drift of the guiding
centre is superimposed, a drift along the magnetic field, and a drift perpen-
dicular to the magnetic field. To get an equation for the drift, we find the
solution to the static equation, as the acceleration (mdv

dt ) is only responsible
for the Larmor gyration, which we already know of.

0 =
F̄

q
+ v̄ × B̄ (2.18)

Taking the cross product on each side and solving the triple vector prod-

6



uct using the BAC rule1:

0 =
F̄

q
+ v̄ × B̄ =

F̄

q
× B̄ − B̄ × (v̄ × B̄) =

F̄

q
× B̄ − v̄B2 + B̄(v̄ · B̄) =

F̄

q
× B̄ − v̄B2 + B̄(v||B) =

F̄

q
× B̄ − v̄B2 + v̄||B

2 =
F̄

q
× B̄ −B2(v̄ − v̄||) =

F̄

q
× B̄ −B2 ¯v⊥gc = 0 (2.19)

From this, we define the guiding centre drift arising from a force acting upon
the particle as:

vF ≡ ¯v⊥gc =
F̄ × B̄

qB2
(2.20)

This means that, in total, a charged particle under a constant force in a
magnetic field has:

1. A linear acceleration along the magnetic field.

2. Larmor gyration perpendicular to the magnetic field.

3. A drift of the guiding centre perpendicular to the force and the mag-
netic field.

Drift due to magnetic gradient

A gradient in the magnetic field means that the particle experiences a vari-
able force from the Lorentz force due to being in a different position where
the magnetic field is different in the gyration. To find the drift arising from
this, we find the average force exerted on the particle from the loop. If the B
field points in the ẑ direction, and the gradient of the magnetic field points
in the ŷ direction, the force in the ŷ direction on the particle are:

Fy = qv̄ × B̄(y) = −qvxB(y) (2.21)

From before, we know the Larmor motion is harmonic, so we can let
vx = v⊥cos(ωct), which then means we have to have vy = q̂v⊥sin(ωct). We
Taylor-expand the magnetic field around the guiding centre:

B(y) = B0 + (y − y0)
dB

dy
= B0 + q̂

v⊥
ωc

cos(ωct)
dB

dy
= B0 + q̂rLcos(ωct)

dB

dy
(2.22)

This gives the Lorentz force:

Fy = −qvxB(y) = −q (v⊥cos(ωct))

(
B0 + q̂rLcos(ωct)

dB

dy

)
= −qv⊥

(
B0cos(ωct) + q̂rLcos

2(ωct)
dB

dy

)
(2.23)

1a× (b× c) = b(a · c)− c(a · b)
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Averaging this over one gyration, the first term in the parenthesis gives
zero, while the second term gives a factor of 1

2 from the squared cosine;

⟨Fy⟩ = −1

2
qq̂v⊥rL

dB

dy
(2.24)

Since the choice of y-axis was arbitrary, we can generalize the expansion
in the magnetic field as B̄ = B̄0 + (r̄ · ∇)B̄, from where we then get:

⟨F̄ ⟩ = −1

2
qq̂v⊥(r̄ · ∇)B̄ = −1

2
qq̂v⊥rL∇B̄ (2.25)

As we now have the force, we can find the corresponding drift:

v∇B =
F̄ × B̄

qB2
= −qq̂v⊥rL

qB2
(∇B̄ × B̄) =

q̂v⊥rL
B2

B̄ ×∇B̄ (2.26)

This means that in our situation, as described above, we get a drift in
the x̂ direction, where the sign depends on the charge.

As the plasma device is spherical, a drift will also arrive from the cen-

trifugal force acting on the particles. The centrifugal force is Fcen =
mv2∥
R r̂,

where R is the radius of the orbit in the tokamak along the B field, and
r̂ is the direction of the said vector. This gives a drift which adds to the
gradient drift, as the forces have the same direction.

In NORTH, a magnetic field is created by the eight coils around the
torus. This creates a magnetic field which runs around the torus on the
inside. As there is a higher density of coils close to the centre of the torus
compared to the outside, the magnetic field is strongest closer to the centre;
therefore, we have a magnetic field gradient that points inward to the centre
of the torus.

A sketch of the cross-section of the device is seen in figure 2.2 together
with the drift of the particles. As the gradient is in the direction r̂ direction,
while the B field is into the sketch, we have a gradient and curvature drift
that points upward for positive ions and downward for electrons. This gives
rise to an electric field pointing downwards. This electric field results in a
new drift from the Lorentz force from this electric field, F̄ = −qEẑ:

vE = −q

q

Ē × B̄

B2
=

E

B
r̂ (2.27)

This means all charged particles in the plasma drift towards the edge of
the plasma device, no matter the sign of the charge. This gives rise to loss
of confinement for the plasma.

Filament transport - Blobs

Local density perturbations in the plasma, called blobs, are also influenced
by the drifts mentioned above. Blobs are found to travel radially outwards
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Figure 2.2: a) Sketch of the cylindrical coordinate system and the direction
of the magnetic and its gradient. b) due to the gradient drift, ions drift
upwards while electrons drift downwards. c) The drifted particles generate
an electric field pointing downwards. d) The drift arising from the electric
field drifts all charged particles outwards of the machine.

with a velocity of up to one-tenth of the ion sound speed[10]. Under the
assumption of cold ions, the sound speed is calculated as follows:

vs =
γeZTeV

M

Where γe ∼ 1, Z is the atomic charge number, M is the mass of the ion
forming the plasma, while TeV is the plasma temperature. If we assume the
temperature of the plasma to be 8eV , we find an acoustic velocity of:

vHs = 28
km

s
(2.28)

For hydrogen, and:

vHe
s = 20

km

s
(2.29)

for Helium.
The dynamics of blobs have been investigated numerically by different

people and are shown to have complex behaviour. In appendix D in figure

9



D.1, made by A.E. Thrysøe, seeded blobs are simulated, and we can see
the evolution of these blobs as they propagate outwards. As we can see in
the figure, the shape of the blobs are very different depending on where in
the tokamak the blob is measured, i.e. it might be thinning over time if we
measure the blob at y = 0mm and it might be thickening if we measure the
blob at y = −10mm. In appendix D figure D.2, from [7], blobs are both
simulated and measured from ESEL[15] and TCV[6] respectively. These
blobs are shown to have a profile where the blobs have a sharp rise and a
longer tail. We hope to be able to detect blobs in NORTH which has some
of these characteristics.

Langmuir probe

We will be using Langmuir probes to measure the parameters of the plasma.
A Langmuir probe is a thin piece of wire inserted into the plasma. When

a bias potential is applied to the probe, which differs from the plasma po-
tential, the probe collects either ions or electrons due to the difference in
potential. When a potential lower than the plasma potential is applied,
primarily ions are collected, though fast electrons might still be collected.
Only ions are collected if the applied bias potential is much lower than the
plasma potential. And the opposite is true for bias potentials higher than
the plasma potential. To find the current flowing to the probe at different
bias potentials, we use Poisson’s equation to find the minimum particle ve-
locity required to reach the probe so that we can relate the current flowing
to the probe to the density and temperature of the plasma.

When applying a large negative bias potential, the plasma creates a
sheath surrounding it, masking the potential drop from the rest of the
plasma. We imagine the situation in figure 2.3, where ions enter the sheath,
at x = 0, with a drift velocity of u0. The ions must have a drift velocity
towards the probe so that the loss of ions to the probe compared to the
regions of the plasma where they were created by ionization are balanced.
We assume the temperature of the ions to be zero; Ti = 0 so that all ions
enter the sheath with speed u0.

By conservation of energy, we have:

1

2
Mu(x)2 =

1

2
Mu20 − eϕ(x) (2.30)

u(x) is the velocity of the ions inside the sheath, and −eϕ(x) is the
energy from the potential. This gives:

u(x) =

√
u20 −

2eϕ(x)

M
(2.31)

From the continuity equation, for ions, we have that n00 = ni(x)(x),
where ni(x) is the density of ions in the sheath and n0 is the density of the

10



Figure 2.3: A sketch of the sheath potential around a negative probe.

main plasma. Combining this with the velocity above, we have:

ni(x) = n0

√
1− 2eϕ(x)

Mu20
(2.32)

Assuming steady-state, the electrons are distributed with the Boltzmann
relation[3]

ne(x) = n0e
eϕ

KTe , (2.33)

This now means Poisson’s equation gives:

ϵ0
d2ϕ(x)

dx2
= e(ne(x)− ni(x)) = e

(
n0e

eϕ
KTe − n0

√
1− 2eϕ(x)

Mu20

)
(2.34)

To simplify the expression, we rewrite the expression into the following
dimensionless quantities: Ep as the potential energy in terms of thermal
energy, L as the length in terms of Debye length, and U as the velocity of
the particle in terms of the thermal velocity:

Ep ≡ −eϕ(x)

KTe
(2.35)
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L ≡ x

√
n0e2

ϵ0KTe
(2.36)

U ≡ u0√
KTe/M

(2.37)

so that we have

E′′
p =

(
1 +

2Ep

U2

)− 1
2

− e−Ep (2.38)

Where Ep is differentiated with respect to L
We then multiply both sides with E′

p, after which we integrate from 0 to
L: ∫ L

0
E′

pE
′′
pdL1 =

∫ L

0
E′

p

(
1 +

2Ep

U2

)− 1
2

dL1 −
∫ L

0
E′

pe
−EpdL1 (2.39)

Since Ep is the potential scaled, and L is the distance from the sheath
edge scaled, we have that Ep = 0 when L = 0 when we define that the
potential is zero in the central plasma.

We are now able to complete the integrations:∫ L

0
E′

pE
′′
pdL1 = [E′

pE
′
p]
L
0 −

∫ L

0
E′′

pE
′
pdL1 →

∫ L

0
E′

pE
′′
pdL1 =

1

2
[E′

pE
′
p]
L
0 =

1

2
(E′

p
2 − E′

p(0)
2
) (2.40)

∫ L

0
E′

p

(
1 +

2Ep

U2

)− 1
2

dL1 =

∫ Lu

0
u−

1
2E′

p

U2

2E′
p

du = [U2u
1
2 ]Lu

0 =[
U2(1 +

2Ep

U2
)

]L
0

= U2

(√
1 +

2Ep

U2
− 1

)
(2.41)

∫ L

0
e−EpE′

pdL1 = [e−Ep ]L0 = e−Ep − 1 (2.42)

With the assumption E = 0 inside the plasma, we have Ep(0)
′ = 0, so

that:
1

2
E′2

p = U2

(√
1 +

2Ep

U2
− 1

)
+ e−Ep − 1 (2.43)

Since E′2
p is positive, the right-hand side must be positive at all values of

Ep. Regarding the sheath edge (low Ep), we can Taylor-expand the right-
hand side to get (ignoring Ep terms of order higher than 2):

U2 < 1 → u0 >

√
KTe

M
(2.44)
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Which says that ions must enter the sheath with a velocity of
√

KTe
M .

This is known as the Bohm sheath criterion[16].
We can now use this velocity to determine ion density at the sheath edge.

We start by redefining the potential so that the potential at the sheath edge
is −1

2KTe/e. This gives a pre-sheath potential[12] of 1
2KTe/e so that the

ions have the velocity found above. If the electrons are Maxwell-Boltzmann
distributed, we can find ns:

ns = n0e
eϕs/KTe = n0e

− 1
2 ≈ 0.61n0 ≈

1

2
n0 (2.45)

We can now determine what the current flowing to the probe, at large
negative bias voltages, is:

Iis = ens⟨u⟩thermalAp =
1

2
n0eAp

√
KTe

M
(2.46)

This is called the ion saturation current. Ap is the collection area of the
probe, which often is just above the surface area of the probe. We can use
this to determine the density of the plasma when we find the temperature
of the plasma.

When the bias voltage isn’t very negative, electrons are also collected.
In an ideal planar probe, the electrons collected before the plasma potential
is met are exponential (assuming a maxwell-Boltzmann distribution of the
electrons) and saturate at an electron saturation current when the bias po-
tential is larger than the plasma potential, and all electrons are collected.
The current density to the probe from electrons is:

je(VB) = q

∫
vxne

(
me

2πKTe

) 3
2

e−
mev

2

2KTe dv

= ene

√
me

2πKTe

∫ ∞

vmin

vxe
−mev

2
x

2KTe dvx

= ene

√
KTe

2πme
e−

e(Vp−VB)

Te

(2.47)

Where vmin is the minimum energy required for the electrons to over-
come the potential VP − VB, the relative probe potential. This is found by
the conservation of energy:

1

2
mev

2
min = e(Vp − VB) → vmin =

√
2e(Vp − VB)

me
(2.48)

If the bias potential is larger than the plasma potential, the electron
current density saturates so that we have:

je(VB) = ene

√
KTe

2πme
e−

e(Vp−VB)

Te , for VB < Vp (2.49)
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je(VB) = ene

√
KTe

2πme
, for VB >= Vp (2.50)

We find the electron current by multiplying with the area of the probe:

Ie = Iese
− e(Vp−VB)

Te , for VB < Vp (2.51)

Ie = Ies, for VB >= Vp (2.52)

Ies = eneAp

√
KTe

2πme
(2.53)

With this, we can find the current flowing to the probe:

I = Ii + Ie

I = Iese
− e(Vp−VB)

KTe + Iis, for VB < Vp

I = Ies, for VB >= Vp

(2.54)

As derived above, a sketch of an ideal planar Langmuir probe is seen in figure
2.4. Measuring the current flowing to the probe at different bias voltages
lets us find the plasma density using the current at large negative bias, the
plasma’s temperature using the exponential part’s slope, and the floating
potential by the point at which the measured current is zero.

Since the Langmuir probe used is cylindrical instead of planar, edge
effects result in the IV curve being less well-defined since the collection area
of the probe increases as the voltage difference between the probe and ground
increases. This increase in collection area results in the IV curve looking
more smooth and not plateauing compared to the ideal planar probe.

In practice, we use cylindrical probes, introducing boundary conditions
to the probe. This gives rise to a sheath with a larger surface than the surface
of the probe. Langmuir and Mott-Smith[13] derived this effect, which is
mainly seen as an approximately linear increase of the electron saturation
current and rounding the ”knee” where we go from exponential to linear.
This makes it hard to determine the electron saturation current. But, as we
aren’t going to measure this in this project, we aren’t delving further into
this. A general sketch of the IV curve for a cylindrical Langmuir probe is
seen in figure 2.5.

Plasma waves and heating in NORTH

While GCP is great for getting a general idea of how particles in a plasma
behave, we introduce plasma waves to gain a deeper understanding of the
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Figure 2.4: A sketch showing the general shape of the current-voltage curve
(I-V curve) using an ideal planar probe.

behaviour of plasma and how the plasma in NORTH is heated. In general,
both electrostatic and electromagnetic waves can propagate inside a plasma.
We look again at the limit of cold plasma, i.e., ions don’t move.

To start, we use Maxwell’s equations together with the equation of mo-
tion for a particle in an electromagnetic field:

∇× Ē = −∂B̄

∂t
(2.55)

∇× B̄ = µ0(j̄ + ϵ0
∂Ē

∂t
) (2.56)

m
dv̄

dt
= q(Ē + v̄ × B̄) (2.57)

If we assume that the waves in the plasma are small perturbations to
the main electromagnetic field, we can assume that:

Ē = Ē0 + Ē1e
i(k̄̄̇r−wt) = Ē1e

i(k̄̄̇r−wt) (2.58)

B̄ = B̄0 + B̄1e
i(k̄̄̇r−wt) (2.59)
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Figure 2.5: A sketch of the IV curve of a cylindrical Langmuir curve.

v̄ = v̄0 + v̄1e
i(k̄̄̇r−wt) = v̄1e

i(k̄̄̇r−wt) (2.60)

Since we still assume that the plasma is neutral, the static electric field
Ē0 is zero. B̄0 is the static magnetic field. We also move the frame of
reference so that any constant velocity, v̄0, is zero.

If we combine these equations and linearize them, assuming that the
perturbation is small, we can find a wave equation for waves in a cold plasma.
This is relevant since the plasma in the device NORTH is heated using waves
in plasma. Depending on the angles between the wave vector k̄, electric
field Ē1 and the magnetic field B̄0, the wave equation gives many different
waves, which have different cut-offs and resonances. In the following, I’ll
only show a derivation in the case of the ordinary wave called O-waves, but
the derivation of the different waves can be found in Plasma Waves by D.
G. Swanson[17].

The O-wave is a wave which propagates perpendicular to the static mag-
netic field and has the electric field component along the static magnetic
field. We place the frame of reference so that B̂0 = Ê1 = ẑ and k̂ = x̂.

We start by taking the curl of equation 2.55:

∇×
(
∇× Ē

)
= ∇×

(
−∂B̄

∂t

)
= − ∂

∂t

(
∇× B̄

)
(2.61)
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We then insert equation 2.56:

∇×
(
∇× Ē

)
= − ∂

∂t

(
µ0 (j̄ + ϵ0)

∂Ē

∂t

)
= −µ0

(
∂j̄

∂t
+ ϵ0

∂2Ē

∂t2

)
(2.62)

Since j̄ = qnv̄:
j̄ = qnv̄1e

i(k̄r̄−ωt) (2.63)

Which we insert in equation 2.62, and calculate the derivative:

∇×
(
∇× Ē1

)
= −µ0

(
−iωqnv̄1 − ϵ0ω

2Ē1

)
(2.64)

Calculating the left-hand side:

∇×
(
∇× Ē1

)
= ∇

(
∇ · Ē1

)
−∇2Ē1 = −k̄

(
k̄ · Ē1

)
+ k2Ē1 (2.65)

Since k̂ is perpendicular on Ê1, we have:

k2Ē1 = µ0

(
iωqnv̄1 + ϵ0ω

2Ē1

)
(2.66)

We find another relation between Ē1 and v̄1 using equation 2.57:

m
dv̄

dt
= −imωv̄ = q

(
Ē + v̄ × B̄

)
(2.67)

Linearizing v̄ × B̄ → v̄1 × B̄0, gives us:

−iωmv̄1 = qĒ1 + qv̄1 × B̄0 = qĒ1 (2.68)

v̄1 =
−qĒ1

iωm
(2.69)

Substituting into equation 2.66, we find the dispersion relation:

k2Ē1 = µ0

(
iωqn

−qĒ1

−iωm
+ ϵ0ω

2Ē1

)
(2.70)

ω2 = c2k2 − ω2
p (2.71)

Where ω2
p = e2n

mϵ0
is the plasma frequency. This wave is the O-wave, which

has the most straightforward dispersion relation. From this, we can see that
the wave can’t propagate when ω is below ωp as k is then purely imaginary.
The point at which k = 0 is the cut-off frequency and is the frequency at
which the wave is reflected.
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Plasma heating in NORTH

NORTH is primarily heated using O-waves, made by a microwave source
with a frequency of fh = 2.45GHz. The electrons in the plasma absorb
waves at the electron cyclotron resonance ωce = eB

me
. Since there is a sub-

stantial amount of neutral gas inside NORTH, the electrons then ionize
nearby gas, generating more plasma and increasing the plasma density. To
figure out what the magnetic field in NORTH looks like, we can use Amperes
law around the torus through the toroidal field coils:∮

B̄ · dl̄ = µIenclosed (2.72)

Due to symmetry, the line integral is simply the circumference of a circle
at a radius r times the magnetic field since the magnetic field is constant
at the same r. The current enclosed in radius r is the current through the
coils, times the number of turns, N , through radius r:∮

B̄ · dl̄ = 2πrB = µIenclosed = µ0IcoilN (2.73)

B =
µ0NIcoil

2πr
(2.74)

Where we assume µ ∼ µ0.
NORTH has eight coils, each with 12 turns, which means N = 96. If

we assume the current through the coils is Icoil = 1000A, we can find the
position in NORTH at which the electron cyclotron resonance is:

2πrB = µ0IcoilN → r =
1

B

µ0NIcoil
2π

=
e

ωceme

µ0NIcoil
2π

=
µ0NIcoile

4π2mefh
(2.75)

Inserting the values assumed above, the magnetic field and the resonance
can be seen in figure 2.6.

From this, the plasma is heated at a radius of 22cm. If we want to heat
the plasma with O-waves, the wave has to travel through the plasma until
it reaches the electron cyclotron resonance. If the O-wave reaches plasma
with a too high plasma frequency, i.e. the density is too large, it is reflected
and won’t heat the plasma. As we heat with a source at 2.45GHz, we can
calculate the density at which O-waves are reflected:

ω2
h =

e2n

meϵ0
→ n =

mϵ0ω
2
h

e2
= 7.4× 1016m−3 (2.76)

This means that using solely O-waves, we won’t heat the plasma from
the LFS unless it has a density lower than 7.4× 1016m−3. Plasma in which
the density is too high to be heated using O-Waves is called over-dense.
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Figure 2.6: A plot of the magnetic field inside NORTH. The blue plot shows
the cross-section of NORTH, while the orange plot shows the strength of the
magnetic field depending on the distance to the centre of NORTH. The grey
line shows the radius at which the electron cyclotron resonance is located,
rheating = 22cm.

OXB heating

One way to heat over-dense plasma is through OXB heating. When solving
equations 2.55 through 2.57 where the wave isn’t required to propagate
perpendicular to the static magnetic field, and the electric field can have
components in any direction, we end up with different waves, which has
different cut-offs and resonances.

One possibility is the extraordinary wave, X − wave. It has a more
complex dispersion relation than the O − wave and has multiple cut-offs
and resonances[17].

If the angle between the magnetic field and the O−wave is close to the
right angle[11] (This angle depends on the plasma), the O − wave couples
to the X − wave at the O − wave cut-off, so that the O − wave can be
converted to a X−wave at the reflection. The microwave source at NORTH
is angled to make this possible. This X −wave then has a resonance at the
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upper hybrid resonance, at which the X − wave converts into an electron
Bernstein wave, EBW . The EBW doesn’t have cut-offs and can propagate
through the plasma until it reaches the electron cyclotron resonance and
heats the plasma. As the EBW doesn’t have cut-offs, it is possible to heat
over dense plasma using this OXB heating. It isn’t clear if the plasma is
heated with/partly with OXB heating at NORTH yet, but the device is set
up for it to be possible.

To get an understanding of the OXB heating, I have drawn a CMA
diagram2 at figure 2.7. The cut-offs and resonances of the O − wave and
X − wave are drawn at this, as well as the possible heating schemes at
NORTH. The X − wave has a cut-off at the L and R cut-offs. To see the
complete CMA diagram, see appendix C.

2Clemmow– Mullaly–Allis diagram
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Figure 2.7: Part of a CMA diagram showing the cut-offs and resonances
of the O − wave and X − wave. The x-axis is proportional to the density
of the plasma, while the y-axis is proportional to the magnetic field. The
red dashed line shows how the O − wave travels from the LFS to heat the
plasma at the electron cyclotron resonance, while the blue dashed line shows
heating by a X − wave launched from the HFS. In the dashed green line,
the OXB heating is shown for an overdense plasma; first, the O − wave is
launched from the LFS, at the O−wave cut-off, the wave is converted to a
X − wave which travels until it hits the upper hybrid resonance, at which
it is converted to an EBW, which can propagate through the plasma until
it hits the electron cyclotron resonance, and therefore heats the plasma.
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Chapter 3

Setup

The device NORTH is at DTU; see figure 3.1 for a picture. NORTH is a
torus-shaped vacuum chamber with a major radius of 25cm and a minor
radius of 12cm. Figure 3.2 shows the axis of coordinates used in this paper.
Eight toroidal field coils, with 12 turns each, are wrapped around the device
at even spacing. There are four sockets in which a flange can be installed in
the chamber. It is in such one the Langmuir probe is installed. The system
is brought to a low pressure using a vacuum pump and a turbo pump when
the pressure is low enough for that to work.

Figure 3.1: Picture of the device NORTH.
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Figure 3.2: The position inside NORTH is referred to as the distance from
the centre of the device.

The gas supply is easily changed between hydrogen, helium and argon
by changing the connection tube to the chamber. When changing gas, the
machine has to do a few runs before the data acquired is reliable, as there
will be a bit of stray gas from the surrounding air when changing the supply
gas, introducing impurities to the plasma. The plasma is powered using
a microwave source at 2.45 GHz from either the low field side (LFS) or
high field side (HFS). LFS is referring the magnetic field, which is low on
the side furthest away from the centre of the device, and vice versa for
HFS. If it isn’t noted otherwise, we only power the plasma from the LFS in
these experiments. The LFS microwave source is angled with respect to the
magnetic field so that the chance for O-mode X-mode conversion is possible.
The length of the shot (when the machine produces plasma), the pressure
and the power of the microwave source can all be changed from shot to
shot. We usually take shots of 1-second length at a pressure of 10−3mbar
with 900W of power.

A current is run through the toroidal field coils to generate the magnetic
field inside NORTH. This current is ITf ∼ 1kA. 4 Maxwell banks are used
to power the toroidal field coils. Depending on the length of the shot, it can
take up to multiple minutes to charge the Maxwell banks to full capacity
again. As the Maxwell banks discharge during the shot, the current through
the toroidal field coils is reduced. In figure 3.3, the toroidal field current can
be seen.
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Figure 3.3: The toroidal field current is reduced during the shot, leading to
a lower magnetic field strength in the device.

The control of NORTH is done using LabView[19] made by National
Instruments.

Early setup

Before the Langmuir probe array was made, a single Langmuir probe was
commissioned to get an understanding of the device. The single Langmuir
probe was a cylindrical probe with a length of 2mm and radius of 1

2mm.
It was placed at the end of an electrical actuator, BLT45 Linear actuator,
letting us control the probe’s position.

Data acquisition

For data acquisition, we used a Red Pitaya Stemlab 125-10, 10bit. If we
were measuring the ion saturation current, the Langmuir probe was biased
using a TDK Lambda 300-11 power supply, with which we biased the probe
at -50V. As the input of the Red pitaya can’t be this large, the Red pitaya
is floating at the same voltage as the probe. The Red pitaya can only take
16383 data points per shot at different preset frequencies, which meant that
if we wanted to do a 1-second long shot, we could only measure at 15.6k
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samples per second. When sweeping the voltage, we used a PXI 6040E
card from National Instrument to generate a signal, which we ran through a
6826A Bipolar power supply from HP to amplify the signal x10 to end at the
desired sweeping voltage. In experiments where we only swept at voltages
close to 0 so that the measured signal has no absolute voltage over 10.5V, we
can measure the data using another card from National Instruments; PXI
4472 DAQ 24bit. This card takes data at 102.4k samples per second for the
whole experiment duration.

The signal from the Rogowski coil is measured using this NI card. All NI
cards were placed inside a PXI 1000B chassis. The Rogowski coil is created
at DTU, and the specific characteristics of the coil are unknown to me. The
signal in the Rogowski coil is proportional to the change in current running
through the coil.

Shortly before the new probe setup was made, a new single probe was
made available. It was briefly used but found to have unstable signals.

Langmuir probe array

The new Langmuir probe array (Lpa) was designed and commissioned by
me and constructed at DTU. The Lpa was made with a thin metal core with
a diameter of 3mm. Around this core was beads made of a ceramic material
with an inner diameter of 3.4mm and an outer diameter of 5mm. Between
these beads and the core was insulated copper wires. These wires had a
diameter of 0.15mm. A tiny hole was cut in every second bead, from where
a wire tip was taken out. At the end of the probe, a bolt was keeping all the
beads in place tight. The bolt was coated so that it wasn’t conducting. In
total, 12 wire tips were taken out of the probe. A picture of the assembled
probe is seen in fig 3.4. It was difficult to remove the insulation on the wires,
of which we tried using acid and fire before grinding down a wire stripper
so that the wires could be stripped down to the base of the probe. As the
wires were fragile, some broke when we tried to strip them. For the same
reason, not all wires are of the same length. A close picture of the probe
tips can be seen in figure 3.5. The different wire lengths can be seen in table
3.1.

Amplifier circuitry

I built an amplifier circuit which we used between the Lpa and the data
acquisition system. This circuit is seen in fig 3.6. This circuitry is similar to
one used at TORPEX[1]. After the circuit had been tested on a breadboard,
I made one of these circuits for each Langmuir probe in the Lpa and soldered
them on a stripboard. The physical circuit is seen in fig 3.7.

In short, the circuitry removes the bias voltage from the input signal,
amplifies it by a factor of 20.15 and filters out signals over 100kHz.
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Figure 3.4: The Langmuir probe array created and used in this experiment.

Figure 3.5: Picture of probe tips # 5, 6, 7 and 8, unfortunately, probe tip
#8 is broken and therefore can’t be seen on the picture.
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Probe tip# (Length from probe end [cm]) Length [mm]

1 20

2 0

3 14.3

4 0

5 14.3

6 17.1

7 14.2

8 0

9 0

10 0

11 0

12 14.1

Table 3.1: The different wire lengths and their distance from the tip of the
array.

Figure 3.6: Diagram of the circuit used to isolate and amplify the signal.

Looking at fig 3.6, we provide the bias voltage and the probe voltage to
the circuit and read a voltage as an output. To find the current running
to the probe tip, we use Ohm’s law while taking into account the 20-factor
amplification:

Iprobe =
Vout/20

R1
=

vout
2000

Referring to the coloured boxes in fig 3.6, the red box is a non-inverting
amplifier which amplifies the voltage at the probe, Vpr, relative to the bias
voltage VB. The relative amplification is Ared = 1 + R3

R2 = 19. In the green
box, we have a differential amplifier, which in total removes the bias voltage

27



Figure 3.7: Picture of the circuitry board. This board can amplify 12 Lang-
muir probes.

from the signal while amplifying the signal with: Agreen = R7
R5 = 220kΩ

1MΩ
1

4.55 .
The blue box is a low-pass filter which amplifies the signal by Ablue = −R9

R8 =

− 27kΩ
5.6kΩ − 4.82 at low frequencies, while it reduces the signal the higher the

frequency of the signal[8]. In total, I have calculated the transfer function
of the circuitry to be:

H(ω) =

(
1 +

R3

R2

)
·
(
R7

R5

)
·
(
− R9

−βω2 +R8 + iωα

)
(3.1)

Using:
α = C1(R8R9 +R9R10 +R8R10), (3.2)

β = C1C2R8R9R10, (3.3)
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We find the gain as the amplitude of the transfer function as:

|H(ω)| =
(
1 +

R3

R2

)
·
(
R7

R5

)
· R9√

R2
8 − 2R8βω2 + α2ω2 + β2ω4

(3.4)

At low frequencies, this reduces to:

Aamplitude =

(
1 +

R3

R2

)
·
(
R7

R5

)
·
(
R9

R8

)
(3.5)

Which with the component values as seen in fig 3.6, gives:

Aamplitude =

(
1 +

270kΩ

15kΩ

)
·
(
220kΩ

1MΩ

)
·
(
27kΩ

5.6kΩ

)
= 20.15 (3.6)

The phase shift can be found as the angle of the transfer function:

ϕ = ∠H(ω) = −arctan

(
Im(H(ω))

Re(H(ω))

)
= −arctan

(
−αω

R8 − βω2

)
(3.7)

This transfer function has a cutoff frequency of:

ωcutoff =

√√√√R8

β
− α2

2β2
−

√
2
R2

8

β2
− R8α2

β3
+

α4

4β4
(3.8)

For the values seen on fig 3.6, this gives a cutoff frequency of:

ωcutoff = 125kHz (3.9)

The cutoff frequency is the frequency at which the power transmitted is
halved[8], and as the power scales with P ∝ V 2, this is when the voltage

gain is reduced by a factor of
√

1
2 .

The frequency response can be seen plotted in fig 3.8.
The frequency response was also simulated using LTSpice, and found to

be the same.

Frequency response from the actual circuit

A signal generator and an oscilloscope were used to measure the frequency
response of the circuit build, by sending a set of sine waves with an amplitude
of 100mV and specific frequencies into the amplifier, while the amplitude and
phase shift of the output wave was measured. An example of a measurement
is seen in fig 3.9. The average response of these amplifier circuits can be
seen in table 3.2 and plotted on top of figure 3.8 in figure 3.10.

At the same time, the value of R5 was fine-tuned. In place of the 1MΩ
resistor, a 680kΩ−, 270kΩ−, 47kΩ resistor and a 5kΩ potentiometer. This
is important as the ratio of R7

R5
needs to be very close to the ratio R8

R4
, as
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Figure 3.8: Frequency response of the circuitry seen on fig 3.6.

Figure 3.9: Measurement of the frequency response of probe tip 1 of the
Langmuir probe array.

otherwise, the difference between them will result in an offset in the signal
proportional to the bias voltage. The potentiometer was tuned by testing
the offset at 40V bias, comparing it to the signal at -40V bias, and then
minimizing the difference. The signal was measured using an oscilloscope.
All amplifier circuits were tuned so that the difference was less than 200µV .

We can convert the measured voltage to the current flowing to the probe
tips using the amplitude gain and the specific resistor values measured.
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Frequency [kHz] ⟨A⟩ A std ⟨∆ϕ⟩ [deg] ∆ϕ std [deg]

1 20.33 0.11 174 0.61

5 19.87 0.21 162 0.50

10 19.00 0.19 145 0.34

20 16.32 0.20 114 1.07

30 13.60 0.17 87.8 1.77

50 9.51 0.24 42.5 1.84

75 6.10 0.16 -2.20 2.97

100 4.38 0.12 -41.24 2.57

150 4.10 0.078 -184 5.54

200 0.810 0.090 -273 5.68

Table 3.2: Measured frequency response of the amplifier setup. A: Ampli-
tude. ∆ϕ: Phase shift. Std: Standard deviation.

Figure 3.10: Calculated and measured frequency response of the amplifier
setup.

Data acquisition

The data taken from the Lpa is recorded using a National instruments card.
This card lets us save the data with 102.4kS/s for as long as we need, using
up to 8 signals simultaneously. We can gain an increased sampling rate if
we only use 2 or fewer signals. The card can take an input of up to 10.5V ,
which in practice only means we can’t measure the electron current, as the
Ion saturation is much lower.

As we could only measure 8 signals at a time, we used 1 input for mea-
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suring the applied bias voltage and 1 input to measure the signal from the
Rogovski coil. The last 6 inputs were used to measure the signal from up to
6 probe tips from the Lpa.

Camera footage

During the project, it was briefly looked into whether a camera could be set
up to record the plasma during the experiments through the glass at the
front of NORTH. This was set up with a Raspberry pi 4 B and a Raspberry
pi camera module. The goal was to record the plasma and see whether
differences in the plasma density vertically and in time could be measured
visually and held together with density measurements. The camera could
measure at a maximum of 150 frames per second. However, the raspberry pi
wasn’t powerful enough to encode the video data at 150 frames per second,
so the maximum frame rate captured was closer to 40. Due to significant
differences in incoming light from the device and surroundings, the camera’s
contrast was hard to set at a functional level. When taking 150 frames per
second, the resolution is 640x160. The resolution and the difficulties with
the contrast settings lead me to put the camera closer to the device. This
resulted in the camera breaking. Better results with a larger frame rate
and a larger resolution are expected, using a better quality camera and a
computer with more processing power than a Raspberry pi. Using a camera,
we had hoped to be able to visually identify whether the plasma had denser
areas than the rest.
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Chapter 4

Results

Single Probe

The single probe has been used to gain an understanding of the device and
the plasma created by it before the new Langmuir probe array is ready.
Figure 4.1 shows a typical shot with the original probe.
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Figure 4.1: Shot number 2811 is seen. From top to bottom: Current mea-
sured at the probe, current through the tokamak coils, the voltage from
the Rogowski coil, power inserted on the plasma through low field side mi-
crowaves and the pressure inside the device.
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This shot is number 2207, where the probe is positioned in the centre of
NORTH at r = 25cm. This shot measures ion saturation current by biasing
the probe at −50V during the shot. Under the assumption that the plasma
temperature is constant, the ion saturation is proportional to the density of
the plasma. In this shot, NORTH was filled with helium.

The Rogowski coil measures the magnetic field through it and is used
as an extra way to confirm a shot is done correctly by confirming magnetic
activity inside the device. If we had seen activity on the Langmuir probe
without activity on the Rogowski coil, we would have to ensure the probe
setup is not faulty.

From earlier experiments done at NORTH, the temperature is deter-
mined to be up to 20eV [14]. Assuming the temperature is constant through-
out the experiment, the ion saturation current is proportional to the plasma
density using equation 2.46. Figure 4.2 shows the density from shot #2208.
As seen in the figure, the ion saturation is quite noisy. In this shot, the
device uses hydrogen.
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Figure 4.2: density of shot number 2208. The density is calculated assuming
a constant temperature of 5eV .

To determine the plasma’s temperature, we sweep the voltage from -40V
to 40V to make a current-voltage curve (I-V curve). Figure 4.3 shows a single
sweep from experiment #2817. The temperature is found, by fitting 2.54 to
the measured current, to be 4eV . The sweep uses the National Instruments
card to take the measurements, making it possible to take 102.4k samples
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per second. The voltage is swept at 1000Hz, which means there are 51 data
points per I-V curve. As can be seen in the figure, the signal is only smooth
at lower bias voltages. When the bias voltage gets larger than ∼ 5V , the
electron saturation dominates the signal, and we can’t fit a proper function
to the signal.

-40 -30 -20 -10 0 10 20 30 40

Bias potential [V]

-1

0

1

2

3

4

5

6

7

8

P
ro

be
 c

ur
re

nt
 [m

A
]

IV curve, shot#2817

Fitted curve
Data

Fitting coefficients: 
 Is = -0.423 pm 0.014
 Vf = -5.194 pm 0.189
 Te = 4.484 pm 0.116

Figure 4.3: A single sweep from experiment #2817. The temperature, ion
saturation and floating potential are found by fitting.

The complete shot is seen in figure 4.4. At the same time, the results of
all the fitted sweeps during the experiment are seen in figure 4.5. Note that
for ∼ 50ms, a burst of high power was emitted from the HFS. The data
in this section is ignored as the voltage received from the probe saturates
at the maximum possible voltage the data acquisition can measure. The
average density of the shot is n = 2.09×1016m−3. The average temperature
is Te = 5.11eV .

The power spectrum of the Rogowski coil is seen in figure 4.6. The most
notable feature from the power spectrum is the lines at 20kHz, 40kHz and
just below 50kHz. The 20kHz line is likely due to noise in the system, as
the line is throughout the whole data set, even before and after the plasma
is turned on. The 40kHz is just the next harmonic of the 20kHz line. The
50kHz line is more interesting, starting when the plasma is turned on. Then,
when the power to the high field side is increased, it is reduced to 45kHz.

We can profile the plasma characteristics using the single probe by mov-
ing the probe between experiments. In figure 4.7, the density profile is made
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Figure 4.4: The data taken from experiment number 2817.
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Figure 4.5: The fitted results from experiment number 2817.
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Spectrogram of rogovski coil, Shot#2817
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Figure 4.6: Power spectrum of the Rogowski coil from experiment number
2817.

from this method. The figure is made where the probe position, seen in the
plots, is the distance to the centre of NORTH. This scan shows that the
density of the plasma is highest the further inside the device you go and
gets lower the further you go towards the outer wall. All the experiments
are done with hydrogen, at 590W , from the high field side. The sweeps are
done at 1000Hz. All these experiments are done with the same settings for
the device. Figure 4.8 shows the pressure during the experiments.

The floating potential can be seen in figure 4.9, while the temperature
profile of the plasma can be seen in figure 4.10. As expected, the floating
potential is negative since the electron moves faster than ions. The average
electron temperature of the plasma is Te = 4.83eV . The temperature is
close to uniform in the plasma, with a slight increase the further out of the
device you go.

37



20 22 24 26 28 30 32 34 36

Probe position [cm]

0

1

2

3

4

5

6

7

8

E
le
ct

ro
n

d
en

si
ty

[m
!

3
]

#10 15 Electron density from fitted data

Figure 4.7: Density profile made from experiments with different probe po-
sitions.
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Figure 4.8: The mean of the pressure during the experiments at different
probe positions.
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Figure 4.9: Floating potential profile made from experiments with different
probe positions.
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Figure 4.10: Temperature profile made from experiments with different
probe positions.
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Single probe - Modes

Using the single probe, we sometimes had experiments in which the signal
had strong modes. With modes is meant that the signal oscillates at a
specific frequency. An example is in figure 4.11, where the ion saturation
current and the Rogovski coil have a mode at 7.4kHz. This experiment is
number 2201 and is done with hydrogen. The data is taken with the Red
pitaya at 122k samples per second and therefore only for 0.135s. The data
acquisition starts just before the plasma is turned on. The following two
harmonics of the 7.4kHz signal can also be seen. It is interesting that the
mode can be seen in both the Rogowski coil and the ion saturation current,
as this means that small perturbations in plasma current over time and the
change in density are related.

Spectrogram of probe current, Shot#2201
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Figure 4.11: Top plot: Spectrogram of the ion saturation current, from
which a mode at 7.4kHz and the corresponding harmonics of this frequency
is easily identified. Bottom plot: Power spectrum of both the Rogovski coil
and the ion saturation current. Both plots are made with data from shot
#2201.

We do not know what contributes to the plasma having these modes. In
figure 4.12, experiment number 2201 is repeated. On this spectrogram, we
do not have a mode close to the 6.5kHz from the earlier experiment, but
instead a faint signal at 50kHz, in which the mode frequency reduces as
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time passes. These two experiments have the same setup and settings and
are done with only one experiment in between. The plasma density might
be a reason, as the density of shot #2203 is ∼ 50% larger than the density
of shot #2201.

Spectrogram of probe current, Shot#2203

20 40 60 80 100 120

Time (ms)

0

10

20

30

40

50

60

F
re

qu
en

cy
 (

kH
z)

-150

-140

-130

-120

-110

-100

-90

-80

-70

-60

-50

P
ow

er
/fr

eq
ue

nc
y 

(d
B

/H
z)

Figure 4.12: Spectrogram of the ion saturation in shot # 2203

This mode in the signal seems to be random and able to change within
the experiment. The only way to influence whether there is a mode or not
that we have found is to introduce a vertical magnetic field. In shot #2211,
see figure 4.13, we have done the same experiment as number 2201 but have
a current of 21A running through the horizontal coils to create a vertical
magnetic field. This signal changes significantly over time, and as seen in
figure 4.14, there are different changing modes in the ion saturation current
and the Rogowski coil. We are taking data at 15.2k samples per second to
record the whole experiment; this means we can’t see modes at frequencies
larger than 7.6kHz. We see a 6.5kHz mode in the first half of the ion
saturation current. This mode then increases in frequency until t ∼ 750ms,
where it drops to ∼ 2.3kHz. In the Rogowski coil, we see the same modes as
in the ion saturation current and the corresponding harmonics. The density
of shot # 2211 is ∼ 15% larger than that of shot #2201.
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Figure 4.13: Experiment number 2211, the ion saturation current is seen to
change over time.
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Figure 4.14: Spectrogram of experiment number 2211. There are strong
modes during the shot.
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New setup - 1D Langmuir probe array

We can now do the same experiments as we did for single-probe, but at
multiple places simultaneously.

In figure 4.15, the plasma density is measured. The Langmuir probe
array is swept at 200Hz, from −50V to 50V . The gas in the chamber is
helium. It can be noted from this figure that not only does the signal at the
different probe tips change over time, but the relative density between the
different probes also changes over time, meaning that the plasma changes
not only the density over time but also its shape.

200 300 400 500 600 700 800 900

Time [ms]

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

6

D
en

si
ty

 [m
-3

]

#10 16 Density over time, shot#3192

Probetip 1
Probetip 3
Probetip 5
Probetip 6
Probetip 7
Probetip 12

Figure 4.15: Density measured at different points simultaneously using the
Langmuir probe array. The plot is a moving average.

Taking the average of this shot, a density profile has been made in fig-
ure 4.16. From this, it can be noted the main plasma body is confined at
primarily r = [25cm; 30cm].

Likewise, plots are made for the electron temperature in figure 4.17 and
figure 4.18. From this, we see that the plasma has the largest temperature
closer to the centre of the tokamak, and further out of the plasma, it drops
in temperature over a few centimetres.
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Figure 4.16: Density measurement found from IV curves. The error bars
show the standard deviation of the density over time.
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Figure 4.17: Electron temperature measured at different points simultane-
ously using the Langmuir probe array. The plot is a moving average.
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Figure 4.18: Electron temperature measurement found from IV curves. The
error bars show the standard deviation of the temperature over time.
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Blob transport

To detect blobs in the plasma, the Langmuir probe array is biased to −50V
so that the signal is proportional to the density of the plasma under the
assumption of a constant temperature. In figure 4.19, this calculated density
is de-trended by subtracting a moving mean with a window of 300 data
points, normalized to the signal from probe tip 1, and plotted together with
the signal from probe tip 2 and 3.
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Figure 4.19: Subset of the de-trended normalized density measurement from
probe tips 1, 2 and 3. Note that many of the peaks in each probe tip signals
follow each other in the order of probe-tip 1, 3 and then 5.

In this figure, we can note that for every peak of a big enough size in
the signal from probe tip 1, we have a peak from probe tip 3 shortly after
and then a peak from probe tip 5 shortly after again. We can track the time
when these peaks are measured to calculate the speed at which these blobs
move. Unfortunately, each peak only spans a few data points since they are
moving so fast, and we can only take data at 102.4k samples per second.

To classify blobs, I have done the following:

1. Each signal is normalized.

2. Each peak in the signal is found as all the points for which the neigh-
bouring points are lower than the peak.
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3. All peaks larger than a threshold value while spanning at least 4 points
are kept, while the rest is discarded.

4. All these peaks are fitted with a gaussian distribution using the data
from valley to valley.

5. The peaks from the different signals are compared. Peaks are consid-
ered part of a blob if a peak in probe tip 1 is followed by a peak in
probe tip 3 before another peak is seen in probe tip 1. This peak in
probe tip 3 then needs to be followed by a peak in probe tip 5 before
another peak in probe tip 3. This continues at least until probe tip 6.
The more probe tips we include, the more possible blobs are discarded.

6. Lastly, the speed of the possible blob is calculated from probe-tip to
probe-tip by taking the physical distance between the probe tips and
dividing it by the time between the peaks found by the gaussian fits.
The blob is then accepted if the speed of the blob from probe tip 1 to
2 is not faster than five times the speed from probe tip 2 to probe tip
3 and not slower than 1

5 of the same speed.

Since these blobs are measured at irregular times, these blobs are called
irregular blobs in the rest of this paper.

In figure 4.20, a histogram of the radial velocities of these blobs from
probe-tip to probe-tip can be seen. This experiment is number 3203, done
with helium using a low field power of 900W . From this plot, we see that
in this shot, the blobs are slowed down the further out the blob travels.

Doing multiple of these for helium and hydrogen, we can create the
velocity profiles seen in figure 4.21 and figure 4.22. It is seen from these
plots that the blobs have the same behaviour of slowing down the further it
travels in both helium and hydrogen, though it travels faster in hydrogen.

During these shots, probe 1 is positioned at r = 23.5cm. Probe 2 is 2cm
further out at r = 25.5cm; probe tip 3 is 2cm further out at r = 27.5cm,
probe tip 4 is 1cm further out at r = 28.5cm, and probe tip 5 is 1cm further
out at r = 29.5cm. All the experiments are done at 900W power from the
LFS.

The average velocity of the blobs in helium was 1940m
s while for blobs

in hydrogen, it was 1260m
s .

Figure 4.23 and figure 4.24 combine velocities from the first probe tip to
the last and then plotted for a different amount of power from the low field
side. It is interesting that for helium, the blobs travel faster the higher the
power is, while for hydrogen, the blobs have the same velocity for 600W −
800W but travel slower at 900W .
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Figure 4.20: Histogram of radial velocities from probe tip to probe tip.
Probe 1 is positioned at r = 23.5cm. Probe 2 is 2cm further out at r =
25.5cm; probe tip 3 is 2cm further out at r = 27.5cm, probe tip 4 is 1cm
further out at r = 28.5cm, and probe tip 5 is 1cm further out at r = 29.5cm.
This experiment is done with helium.
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Figure 4.21: Histogram of multiple experiments using helium at a low field
power of 900W.
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Figure 4.22: Histogram of multiple experiments using hydrogen at a low
field power of 900W.
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Figure 4.23: Histogram of multiple experiments using helium with a varying
low field power
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Figure 4.24: Histogram of multiple experiments using hydrogen with a vary-
ing low field power
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Mode transport

Modes were also found using the multi-probe array. These modes are dis-
tinctive from other blobs in the plasma because they are measured at regular
intervals. These blobs are also wider/move slower than other blobs, which
means the probes have more data per blob from a mode.

In figure 4.25, a close-up of the irregular blobs and the periodic blobs
from modes are seen. Due to the sampling rate, we can see more features of
the periodic blobs, as they are wider and/or move slower than the irregular
blobs.
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Figure 4.25: Close-up look at the density measured by probe tip #1 in shot
3222. The signal is de-trended and normalized. Top: Periodic blobs from
modes during the beginning of the shot. Bottom: Irregular blobs from the
end of the shot.

The velocity and size of these blobs were calculated as well. The velocity
of blobs is found by measuring the phase shift between the signal from the
different probe tips in a rolling window, which included ∼ 5 blobs at a time,
by fast Fourier transform. This phase velocity was then converted into the
velocity at which the blobs travel. In figure 4.26, the velocity of these blobs
is seen. The average blob velocity from modes in this shot is v = 530m

s .
The blobs’ width and height are also found during shot #3222. In this

shot, there are both irregular and periodic blobs. The heights of the blobs
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Figure 4.26: Histogram of the blob velocities from modes. v1 is the velocity
from probe-tip 1 to 3. v2 is the velocity from probe-tip 3 to 5. v3 is the
velocity from probe-tip 5 to 6. v4 is the velocity from probe-tip 6 to 7.
While v − total is the velocity from probe-tip 1 to 7.

are found by the prominence1 of the blob’s peak, while the width is found
as the width at half prominence. In figure 4.27, the widths of the blobs can
be seen for the whole shot; note that the plot in this figure is made as a
moving mean of the calculated velocities. During the shot, there are clear
modes in the signals from t = 300ms to t = 400ms, then there is an area
where there sporadic are periodic blobs while there otherwise are irregular
blobs, while at the end, after t = 700ms are purely irregular blobs.

It is interesting to see that the width of the periodic blobs is getting
thinner the further out in NORTH they travel, while (if we ignore the mea-
surement from the first probe tip) it is reversed for when there are only
irregular blobs.

The height of the blobs be seen in figure 4.28
It can be noted that the heights don’t change much relative to each

other. The exception is heights measured at probe-tip 7, which decreases
throughout the whole shot and doesn’t follow the trend the other probe-tips
see, where the height changes at different rates.

1The prominence is the height of the peak relative to the surrounding signal.
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Figure 4.27: The widths of the blob during shot #3222. The widths are
calculated as the width of the blob at half prominence.
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Figure 4.28: The heights of the blobs during shot #3222. The heights are
calculated as the prominence of the blob.
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Chapter 5

Discussion

Density and temperature profiles

When comparing the plasma density profile using the single probe, see fig-
ure 4.7, and the Langmuir probe array, see fig 4.16, they are both of similar
shape and size. This indicates that the Lpa is working as intended, even
though some probe tips are missing while others are different sizes than the
rest. Even though the amplifier setup was shown to work outside of plasma
and in simulations, it is usable even though the circuit’s frequency response
was measured to be lower than what it should have been, as seen in figure
3.10. The reason the frequency response was lower than expected could
be due to the use of components with a too-high tolerance. However, it
is much more likely that the most significant reason it doesn’t perform as
expected is the operational amplifiers used in the setup. The operational
amplifiers used have a gain bandwidth product of 600kHz. This means
the cut-off frequency is lowered because the amplifier cannot ”keep up”. In
the setup’s first amplifier, the gain is 19, which gives a cut-off frequency
of 600kHz

19 = 31.5kHz. The cut-off frequency is further lowered as multiple
operational amplifiers are in series. Creating new circuitry using operational
amplifiers with a higher gain bandwidth product would be interesting and
likely give a better frequency response.

The density profile acquired from using the single probe, as seen in figure
4.7, is similar to earlier results made by student Nicklas Erichsen Kihm on
the same machine (see appendix A). At the same time, the density profile
using the single probe from figure 4.7 and the new Lpa from figure 4.16 are
similar as they are in the same order of magnitude while having a similar
profile shape. The two shown profiles have different gas used, so they can’t
be expected to have the same density. Both profiles have a low density on
the low field side and increase until the centre of the plasma. The Lpa then
have a significant drop-off at the probe tip closest to the high field side of
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the device. This could be due to the plasma having a different point for
resonance heating leading to a different density profile. The same is true
in the case of temperature. The differences in probe tip length could also
be problematic as if our assumption that edge effects from the probe are
minimal isn’t valid; the differences in probe length then lead to differences
in edge effects, which could increase the collection area of some of the probe
tips more than others. It would be possible to test the effect of different
probe-tip lengths if the Lpa was put on an actuator so that the position in
the plasma could be changed. Then by comparing the profile measured at
different positions, the signal from each probe tip could be calibrated.

Another thing is that as the probe is larger than the earlier probe, it
should be tested to determine whether the probe array is large enough to
perturb the plasma, reducing the usefulness of the data taken. This could be
done by simultaneously having both the Lpa and another probe inside the
plasma and doing different shots where the probes have different positions.
If the plasma parameters don’t change whether the probe is inserted into the
plasma, it would mean that the Lpa doesn’t perturb the plasma. Based on
previous results, it is assumed that it doesn’t perturb the plasma as it isn’t
much bigger than the old probe and finds the same results. It should also
be possible to do simulations to determine how much the Lpa will perturb
the plasma.

As touched briefly upon, the camera used to try to get video data from
the plasma wasn’t feasible. The Raspberry Pi used as the computer was
too slow to capture the data at a high frame rate, while the video captured
by the camera was low resolution. The camera’s contrast wasn’t easy to
set right, meaning it had to be closer to the chamber, which resulted in it
breaking. It would be interesting if a proper setup were made to monitor
the plasma during shots. Better hardware would solve the problem of low
resolution and frame rate, while some solution for the contrast of the video
must be found. A possible solution might be to encase the camera and put
it on one of the flanges to shield it from outside light.

Transport at NORTH

Using the Lpa, two different types of blobs were identified. ”Irregular blobs”
were measured in the plasma at seemingly random times, and ”periodic
blobs” were detected at a close to constant frequency. See figure 4.25 for
a close-up of both types of blobs. The periodic blobs span more data
points than the irregular blobs though this doesn’t mean they are of dif-
ferent widths, as the blobs travel at different velocities. The Irregular blobs
have an average velocity of 1940m

s in helium and 1260m
s in hydrogen. While
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the periodic blobs have an average velocity of 530m
s

According to an article by R. Kube and O. E. Garcia[10], the velocity
of blobs are up to one-tenth of the sound speed. Under the assumption of
cold ions, the sound speed is calculated as follows:

vs =
γeZTeV

M

Where γe ∼ 1, Z is the atomic charge number, M is the mass of the ion
forming the plasma, while TeV is the plasma temperature. Taking the tem-
perature to be 8eV as per the temperatures from figure 4.17, we find an
acoustic velocity of:

vHs = 28
km

s

for hydrogen, and:

vHe
s = 20

km

s

for Helium.
This means that the average blob velocities we found are 9.7% of the

sound speed for helium and 4.5% for hydrogen for irregular blobs. The av-
erage blob velocity of periodic blobs is then 2.7% of the sound speed. All
were within one-tenth of the sound speed, as reported by R. Kube and O.
E. Garcia. It is high for helium as it was 9.7% for the average, meaning
some blobs were likely propagating with an even higher velocity. This might
be due to uncertainties in calculating the velocity, as there were only a few
data points for each blob per probe. Better diagnostics must be made to
verify if the blobs propagate at this speed. A high-motion camera might be
able to detect blobs if placed correctly, as it is done in the article.

The profile of the blobs was determined by averaging the different blobs.
This can be seen in figure 5.1 for irregular blobs. This was made by tak-
ing the times for the peaks of the blobs, which were determined when the
blob velocities were calculated, and then taking the nine closest data points
and, after removing offsets and normalising the size, averaging all the blobs
together.

As can be seen in the figure, the profile looks very gaussian, though with
different starting and ending levels.

The profile looks quite different when the same is done for periodic blobs.
In figure 5.2, the profile for periodic blobs is shown. This profile has a sharp
rise, and a slower descent, compared to the irregular blobs. These blobs also
have multiple peaks as well.

It was hoped that the profile of the blob would look like the profile O.
E. GARCIA has shown in his paper ”Blob Transport in the Plasma Edge:
a Review”[7] of data from TCV[6] and ESEL[15]. The blob profile from
his article can be seen in appendix B. It is seen that the periodic blobs
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Figure 5.1: Normalised average of all irregular blobs detected in NORTH.

have a somewhat similar shape to the blobs in the paper mentioned above,
with a sharp rise and a slower descent. The difference between the shape
of the irregular blobs and these might be due to the low sample rate when
measuring the ion saturation current, as the blobs often only had very few
data points. This, together with the uncertainty of finding the peaks of the
blobs, might result in the gaussian shape due to the central limit theorem.
Better diagnostics would be required to determine whether the shape of
these blobs is gaussian or another shape. It wasn’t taken into consideration
that different blobs were propagating at different speeds at different probes,
so the probes have measured the blobs to varying lengths of time since the
blobs travel through some of the probes faster than others, which would also
lead to increased uncertainties.

As seen in figure 4.27, the periodic blobs get thinner in cross-section the
further it travels, while the irregular blobs widen. One explanation of why
the blobs behave differently in this regard can be found in the simulation
seen in appendix D. Here it is seen that depending on where the probe is
located vertically compared to the blob, it might get broader or thinner as it
travels outwards. The irregular and periodic blobs may be part of the same
blob generation scheme. Still, depending on the relative height between the
probe array and the generation of blobs, they might be measured as one
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Figure 5.2: Normalised average of periodic blobs detected in NORTH
shot#3222.

or the other type. To investigate whether this is possible, having probes in
directions other than just a straight line would be beneficial.

During shots with both the old probe and the Lpa, modes, as seen in the
top of figure 4.25, could be seen in the plasma. How these modes are made
and why these blobs are detected at a close to constant frequency during
the shots aren’t clear. One hypothesis is that the plasma has increased
confinement during these shots, meaning the density in the centre of the
plasma is larger. If this plasma is over-dense, the O-wave heating can reflect
off the plasma and instead heat the plasma at other positions than the
centre of the plasma. This leads to the density of the plasma centre falling,
which leads to the O-waves being able to heat the plasma again, leading to
higher densities. This cycle of lower and higher densities could be measured
as the periodic blobs we see. The fact that periodic blobs were more often
generated when a vertical magnetic field was added supports this hypothesis,
as the vertical magnetic field increases the confinement of the plasma.

To investigate this further, it would be advantageous if a 2-dimensional
probe array were constructed to measure what happens in the plasma above/below
z = 0cm to determine whether it is heated/generated at those positions.

With the densities measured for the Lpa and the single probe, it can’t
be determined if OXB heating is happening in the tokamak, as the density
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measured isn’t higher than the 7.4 × 1016m−3 calculated density for over-
dense plasma. Many of the densities measured are close to this barrier, so
the plasma may be over-dense if the collection areas of the probes are larger
than expected. Further experiments would have to take place to determine
this. Since there haven’t been any measurements with r < 19cm, the density
may be larger further in the plasma, but it seems unlikely since the resonance
heating happens at r = 22cm.

Given these results, it would be interesting to compare simulated plasma
to these results and try and figure out which models best describe the
NORTH tokamak to further assist in future research in plasma and tokamak
physics.
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Chapter 6

Conclusion

In this thesis, I have constructed a probe consisting of multiple Langmuir
probes. This probe can simultaneously measure the plasma’s density, tem-
perature and floating potential in the tokamak NORTH at multiple posi-
tions. I have created and tested an amplifier setup for each Langmuir probe
used in the probe, making it possible to measure the probes’ signal with-
out biasing the data acquisition system at the same large voltage as the
probe. The probe has been used to experimentally show that radial plasma
transport exists in the NORTH tokamak for plasma made with helium or
hydrogen. This transport is found to be happening in 2 different regimes.
In one case, irregular fast-moving blobs are generated at seemingly random
times. These irregular blobs have a gaussian density profile, which gets
wider the further out of the tokamak the blob travels. While in the second
case, periodic blobs are generated at a close to constant interval. These
blobs travel radially outwards slower than irregular blobs and get thinner
the further they travel.

These results can be used to improve simulation tools and models for
plasma and tokamak physics and thereby help further research, such as the
ITER project, to obtain green energy from fusion sources earlier.
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Figure C.1: CMA diagram from Plasma waves by D. G. Swanson[17]
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Appendix D

Figure D.1: Simulation of seeded blobs done by A. E. Thrysøe[18]
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Figure D.2: Simulation and experimental data of blobs from ESEL[15] and
TCV[6] respectively. Figure is made by [7]

.
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