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Abstract

A new Langmuir probe was designed and tested for use in the Scrape-Off Layer
(SOL) region of the TST-2 spherical tokamak device. The probe area was in-
creased from the previous design to improve signal clarity. Separate probes were
included on both sides of the plasma limiter to identify asymmetry. Measure-
ments of 1.0 x 10'® m~3 were obtained during LH-driven discharges at the lower
limiter. The increased probe area gave better accuracy of electron density n. mea-
surements by improving the signal-to-noise ratio of ion saturation current. Bulk
electron temperature 7. was found to be 8-10 eV without LH power, which in-
creased to 20 eV during LH power. Floating potential Vi was non-negative at the
lower limiter, and showed positive correlation with injected LH power. The radial
profile of plasma density at the bottom-limiter was estimated, with a decay length
of about 60 mm, similar to previous results from the Outboard-antenna limiter.
A non-thermal, linear component was observed in a particular discharge, which
may correspond to a fast electron plateau caused by Lower-Hybrid Current Drive
(LHCD).
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Chapter 1

Introduction

1.1 The Necessity for Fusion Energy

Nuclear Fusion is the process in which lighter elements fuse to form heavier ones.
It is the process that powers the sun, and in turn provides the vast majority of
all energy ever consumed on Earth. Reactions release nuclear binding energy
which can be captured to produce electricity, known as Fusion Energy. There is
no chain reaction to lead to a core meltdown and little high-level radioactive waste
is produced. As the climate crisis worsens and natural disasters become more
common, a safe and sustainable alternative to fossil fuels is becoming increasingly
necessary. While Nuclear Fission power can provide a carbonless alternative, it
can lead to large and ongoing nuclear disasters such as Chernobyl and Fukushima
Daiichi. Fusion Energy has no potential for such catastrophes. Better yet, Fusion
has roughly 6 times greater energy yield by weight than uranium reactors, and
a single kilo of deuterium can produce as much electricity as 7,000 tonnes of
coal [I]]. It is the responsibility of current generations to earnestly attempt to
provide humanity with a safe, sustainable and economic source of power, which
Fusion energy aims to supply.

Nuclei consist of nucleons - neutrons and protons - bound together by the
short-range Nuclear Strong force. The latter of these are positively charged, mean-

ing nuclei are strongly repelled by each other through Coulomb interaction. This



repulsion becomes stronger with proximity, but if brought close enough - within
a nuclear diameter - the Nuclear Strong force will cause them to bind together
in a fusion reaction. The resulting element has less total mass than the reactants,
and the mass deficit is released as kinetic energy. The energy emitted can be used
to drive a steam turbine generator to produce electricity through use of a thermal
blanket.

The most accessible fusion reaction fuses the Hydrogen isotopes Deuterium D

and Tritium T to produce Helium [1].
D+T — *He+n+ 17.6 MeV (1.1)

For D-T fusion, the optimum fuel temperature is 15-20 keV (= 200 million °C).
At these temperatures, chemical and atomic bonds break down, leading to the
formation of plasma. Plasma is a mixture of negatively-charged electrons and
positively-charged ions, and confining the high energy plasma poses a significant
challenge. The daughter helium nuclei, also known as alpha particles, can be
confined magnetically, while neutrons are quickly lost. Ideally, the heat captured
from the helium’s kinetic energy supplies the energy required to sustain the reac-
tion temperature, which is known as ignition. There exists an ignition condition
relying on the plasma density n and temperature 7, as well as confinement time
7 of [1]

nTtgp > 8.3 atms. (1.2)

1.2 Spherical Tokamak

Magnetically confined fusion uses the combination of strong magnetic fields to
isolate the hot core plasma from direct contact with the device’s wall. Plasma
consists of charged particles whose motion is governed by the Lorentz equation
of electromagnetic force. Charged particles tend to follow magnetic field lines
rather than move across them. Any motion perpendicular to the magnetic field
causes centripetal acceleration by the Lorentz force, leading to a characteristic

gyro-radius p = mv, /eB. The presence of an electric field or inhomogeneity of



the magnetic field gives rise to drift velocities, namely E X B, VB and curvature
drifts [2]. By creating a toroidal (from torus, or donut-shaped) magnetic field,
these particles are confined in the horizontal plane to lowest order, Fig. How-
ever, the curved magnetic field causes the electrons and ions to drift vertically in
opposite directions by the curvature and VB drifts. These cause charge separation
such that the plasma drifts outwards by the E X B drift. The charge separation
can be eliminated by the introduction of a poloidal (from polar-toroidal) mag-
netic field. The combination of these two creates helical field lines, which forms
nested magnetic surfaces. The outer-most magnetic surface is known as the Last
Closed Flux Surface (LCFS), within which core plasma is magnetically confined.
Plasma outside of this region is unconfined, and is referred to as the Scrape-Off
Layer (SOL). Finally, the application of a vertical magnetic field exerts an inward
magnetic pressure on core plasma to balance outward plasma pressure. The ul-
timate result of these three field components (toroidal, poloidal and vertical) is a
plasma which is fully confined. In a tokamak, the poloidal field is generated by
the current carried by the plasma itself, whereas it is generated by external coils
in stellarators. This forms the basis of toroidal magnetic confinement.

The stability of the tokamak plasma can be evaluated using Magneto-Hydro-
Dynamics (MHD) [2]], the result of which is that the plasma is more stable when
magnetic field curvature faces towards the plasma. In the tokamak configuration,
there is unfavourable curvature on the outboard (outer) side, and favourable curva-
ture on the inboard (inner) side. One parameter describing the tokamak geometry
is the aspect ratio: the ratio of the major radius R, and minor radius a of the torus
(A = Ry/a). Tokamaks can be made more stable by reducing the aspect ratio,
allowing for operation at a higher value of 8 = 2uop/B?: the ratio of magnetic
and plasma pressures [3]. Spherical Tokamaks (ST) achieve an aspect ratio much
lower than conventional tokamaks by operating at a lower magnetic field strength,
leading to a compact tokamak.

Plasma current is most easily driven inductively using a Central Solenoid (CS)
in the Center Stack of the tokamak device. Toroidal plasma current is induced in

the plasma via a transformer action, which causes Joule heating through finite



Inner poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Outer poloidal field coils
(for plasma positioning and shaping)
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Figure 1.1: Schematic diagram of the tokamak configuration (reproduced from
WikiCommons [4]]), showing the plasma torus (pink), toroidal field coils and re-
sulting field (blue), primary transformer, plasma current and resulting poloidal
field (green).



plasma resistance. However, as the plasma temperature increases, the plasma
resistance decreases and heating efficiency drops. Additionally, inductive heating
cannot sustain a steady-state discharge. Furthermore, the CS takes up physical
space in the Center Stack of the device, increasing the minimum aspect ratio and
thereby limiting the confinement efficiency. For these reasons, inductive heating
is easy to achieve, but is not ideal for use in a steady-state reactor.

In both conventional and spherical tokamaks, the non-inductive generation of
toroidal current is a major and active field of research. There are a number of non-
inductive means of heating and current drive in tokamak devices. These include
Lower-Hybrid Current Drive (LHCD) [5], Neutral Beam Current Drive (NBCD),
Electron Cyclotron Current Drive (ECCD), and the intrinsic Bootstrap Current of
the device. Each method has its own advantages and disadvantages, and in many
cases, they can be used in conjunction with each other and/or inductive heating.
If these methods can be used instead of induction, the CS can be neglected. This
would relax the space requirements in the Center Stack, leading to more compact
devices. Realizing methods of fully non-inductive start-up, heating and current

drive can be a cost effective pathway to economic fusion.

1.3 Lower-Hybrid Current Drive

Lower Hybrid Waves (LHW) are an effective method of current drive in plasma.
The plasma conditions that allow for the propagation of LH Waves are given by
the cold plasma dispersion relation [2]. Waves are injected at a frequency between
the electron and ion cyclotron frequencies w ~ +/wqw,. The LHW starts to

propagate above the plasma cut-off density:

weym,
n =

, (1.3)

2
which depends only on the injected wave frequency. For TST-2’s 200 MHz sys-
tem, this cut-off is at 0.5 x 10> m™3. There exists another branch at the same

frequency condition, known as the ‘fast’” wave. The density at which the Lower

Hybrid (or ‘slow’) and fast wave branches meet is called the ‘mode conversion’



limit, above which LHW cannot propagate. At this limit, waves undergo mode
conversion to the fast wave and return back towards the plasma periphery.

Lower-Hybrid Current Drive (LHCD) offers an efficient and effective method
of driving toroidal plasma current /, in a tokamak device [5]]. The only mechanism
of wave absorption at the wave frequencies in question is electron Landau damp-
ing, which accelerates electrons in the direction parallel to the magnetic field.
Waves are injected with a directional wave-number, and are absorbed at wave-
particle resonance: when the particle’s velocity parallel to the magnetic field is
equal to the parallel phase velocity of the wave vy = w/kj. Electrons near the
phase velocity v, of the wave exchange energy with the wave: slower particles
gain energy and faster particles lose energy. For a Maxwellian distribution, there
are more particles slower than the wave, and a net transfer of energy to the elec-
trons occurs. This acts to flatten the electron distribution, producing a high energy
‘tail’. Due to the asymmetric velocity distribution of the wave, electrons also
obtain momentum from the wave, generating current. It is the suprathermal tail
electrons that carry most of the current. As long as power is injected, this flatten-
ing of the distribution is maintained and current sustained; but once power stops,
the high energy electrons thermalize into the bulk through Coulomb collisions.
Because collision frequency v,; o 1/v? is reduced at higher velocities, the tail
electrons experience less Coulomb collisions than the bulk, leading to high cur-
rent drive efficiency.

Current drive efficiency decreases at higher plasma density. Experiments on
many devices [6H8] have indicated steeper loss of current drive efficiency than
theoretical models suggest [S]]. The cause of this anomalous loss of efficiency is
not yet fully understood and further research is necessary to identify the cause(s).
Previously identified sources of power loss include SOL power absorption [9],
collisional processes [10], parametric decay instability [6], and SOL density fluc-
tuations [11]. Many of these potential losses involve wave interaction with SOL
plasma, which has yet to be studied in depth in TST-2. Thus, a full profile of SOL
plasma in the TST-2 spherical tokamak is desired to investigate the effect of these

processes on the LHCD scenario.



1.4 Thesis Objectives

In order to meet required confinement conditions, LHW are an attractive current
drive method. Understanding the limitations of LHCD is an important step to-
wards this, and a full profile of SOL plasma is needed. To this end; this thesis
aims to design, develop and test a new Langmuir probe diagnostic for the TST-
2 device. The new probe aims to provide accurate and reliable measurements
of plasma conditions in the SOL region. A more comprehensive profile of SOL

plasma will assist in future research on non-inductive start-up and LHW physics.
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Chapter 2
Langmuir Probe Theory

The Langmuir probe has been described as the ‘work horse’ of measurements
in Tokamak edge plasma and is a fundamental diagnostic tool in low tempera-
ture plasmas [12,|13]]. The basic concept and implementation is simple [14] but
requires detailed analysis. A conductive probe tip is placed in plasma and al-
lowed to accumulate charge from the plasma. If a bias voltage is applied, oppo-
sitely charged particles are screened from approaching the probe. If this voltage
is swept, a current response is produced, which can be measured across a pickup
resistor. The characteristic Current-Voltage (I-V) response is related to the plasma
conditions of electron temperature 7., density n. and potential V,. If the sweep
frequency is sufficiently fast, near continuous measurements of these parameters
can be obtained. This makes the Langmuir Probe a very powerful diagnostic tool
if used appropriately. There are three main modes of operation when using a
Langmuir Probe: the single-, double-, and triple-probe configurations: this thesis

focuses on the use of single-probes.

2.1 The I-V Characteristic

To begin constructing the collisionless I-V response of a probe in plasma, we
shall consider a negatively biased probe tip so that ions are attracted and elec-

trons repelled. If the bias is sufficiently negative compared to the plasma potential
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V,, almost all electrons are screened and a region of reduced electron density
forms. This region of perturbed plasma, referred to as the sheath, does not extend
infinitely: only a small distance away from the probe. This sheath width is typ-
ically a few Debye lengths ~ 41p, and in fusion plasmas is typically tens of um
thick. The electron density is approximated by the electron density of unperturbed
plasma far from the probe scaled by the Boltzmann factor:
e(V(x) - V(O))
kpTe

with n. at a distance x from the probe being roughly exponential using plasma

Nn.(X) = Ny exp( (2.1)

potential as reference V, = 0 (Fig. 2.1). This thesis will take k, = 1 and express
temperature in terms of energy (1 K =k, J). It is easily noticed that the condition
of the probe being sufficiently negative is satisfied when the probe potential |V| =
V(x) - V() > T./e.

If ion and electron temperature are similar 7, ~ Tj, the ion thermal velocity
is smaller by a factor of /m;/m.. For the following derivation, ion temperature
contributions are neglected (7; = 0), but numerical solutions have shown that the
result is mostly unchanged even for the 7. ~ T; case [12,|13]. For 7; = 0, ion

motion towards the probe is caused by sheath potential V alone,

—2eV,
il = 4/ (2.2)
m;

giving ion density flux of I'; = n;v;. At equilibrium, this is constant, giving a total

ion current density to a probe of surface area A:
J; = An;v; = const. (2.3)

Using (2.1)-(2.3)) in Poisson’s equation then gives

vV ="in-nl=—=
€y €

A\ =2eV

¢ [Ji o Neo €XP (i)] (2.4)
T.

This has two main regions of interest: a quasineutral region known as the pre-

sheath where n. —n; < n., and the sheath region where quasineutrality is violated.

In the pre-sheath where n. ~ n;,

eV Ji ni
LexpSL) = L , 2.5
" eXp(Te) AN Z2ev 23)

12



Differentiating this reveals a dV/dx term with a coeflicient of

e 1
— 5. 2.6
" ( T, 2v) (26)
When this term is zero, the potential would have an infinite derivative. This means

that the quasineutral assumption must break down and form a sheath when

T.

Ve ——.
2e

(2.7)

In the sheath region, a planar approximation neglecting probe area dependence

can be made, and the lowest order Taylor expansion results in

en,

A

2V, T,

] V-V (2.8)
€

which has a single exponential solution when

T,

Ve < —.
’ 2e

(2.9)

To satisfy continuity between the sheath and the pre-sheath, the sheath potential
must be given exactly by r
Ve = —2—2. (2.10)
This is the Bohm condition of sheath formation, and is maintained for any
plasma at equilibrium with an insulating surface. If the probe potential were the
same as the plasma, negative charge would build up due to the larger electron
velocity compared to ion velocity. Thus, electrons are repelled and a positively
charged sheath region forms. For the sheath to be positively charged, the sheath
ion density n;; must exceed the sheath electron density n.;. There must be some
minimum current density n;v; at the sheath edge, and given that n; is finite, this
flux is caused by a minimum v; caused by ions accelerated by the sheath potential
V, while crossing the pre-sheath. The ion flux density to a sufficiently negative

probe tip is therefore

VS 2 Vs 1 Te
I; = nmexp(eT ) A - ; = exp(—i)ne — (2.11)
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i X
0 sheath pre-sheath unperturbed plasma

Figure 2.1: Potential schematic of Langmuir probe operation, showing probe bias
V},, sheath potential V, and floating potential Vj relative to plasma potential V),

(V) < Vq in this diagram).

The probe current under this condition is called the ion saturation current /g, given

1\ [T. 1
Ly = eAn. exp (_E) — = eAn. exp (—5) C,. (2.12)
ny

where C; is the ion sound speed.

by,

As the probe potential increases, so too does the population of electrons able
to pass through the sheath and be collected by the probe. Close to the plasma
potential, the electron current is much larger than the ion current, and can easily
damage the probe through particle and heat flux. Excessive probe current can also
perturb the measured plasma, which is undesirable. However, when the electron
current is equal to I, no probe current is drawn. This is known as the probe
floating potential Vj, and is the potential relative to the plasma potential V,, an

insulated surface will naturally tend towards. Below this potential, electron flux

1 \% T, 1%
I'e = —neveexp (e_) =N, exp (e_) (2.13)

is given by

4 T. 27me T.
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A

Y

T Isat

Figure 2.2: The I-V Characteristic of a Langmuir probe around the floating poten-

tial, identifying ion saturation current /g,.

where v, = V8T, /nmm.. For probe potentials below or near Vj in thermal plasma,

probe current pop is then

[T, 1 1 [2m eV
Iprobe = eAn, E [eXp (_5) - 5 p— exXp (E)l (2.14)

This characteristic curve can be seen in Fig. Electron temperature 7., can be

found from the exponential curve, and plasma density n = n. then calculated using
ion saturation current Ig,.

The plasma potential V, can be calculated from the probe floating potential.

By setting I'; = I'¢ and reintroducing V,, one can obtain the result presented
in [12]:
¢ (Vﬂ - Vp) 1 2nm
— ==l “1-1 2.15
=2l @19
This can be expressed in the form
AT,
Va=V,~- (2.16)
e

where A is the plasma sheath coefficient and is approximately 3.3 in H plasma,

3.7 in D plasma, and 3.8 in D-T plasma. The inclusion of finite 7; causes A

15



to decrease [|12,|13]], but only weakly. Experimental results of A obtained in fu-
sion devices [[15H18]] indicate that A ~ 3 is a generally good approximation in D

plasma.

2.2 RF Sheath Rectification

The fluctuation of plasma potential by Radio Frequency (RF) waves causes the
floating potential to decrease, which is known as RF sheath rectification. This
can be accounted for by the addition of an oscillatory potential Vi cos wt to the
plasma potential V), and averaging over RF oscillations [[19]. The I-V response

then becomes

V + VRE _ ynoRE
UV))gp = Lt |1 — exp T (2.17)
where
VRF = T.In [IO(VTRF)] (2.18)

and I is the modified Bessel function. Due to the non-linear I-V response, a
positive fluctuation in potential produces a larger change in the probe current than
a negative one, resulting in an increase in the time averaged probe current. The

resulting I-V characteristic shows a floating potential Vy lowered by V", as shown

in Fig.

2.3 Probe Measurements in Magnetized Plasma

Langmuir probe analysis can become complicated by the inclusion of a magnetic
field. Charged plasma particles in a magnetic field orbit around field lines, trav-
elling in helical paths characterized by the gyro- or Larmour radius p = mv, /eB.
The lighter electron mass results in p, < p; by a factor of Vm./m;. If cross field
motion is restricted on the probe scale, particle motion becomes roughly one-
dimensional along the magnetic field. The usual collisionless theory of probe
electron collection breaks down, and no solution to Eq. (2.8) is found without

accounting for diffusive effects. Most fusion devices use probe dimensions such

16
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Figure 2.3: Schematic of RF sheath rectification showing a) original I-V charac-

teristics and b) the corresponding rectified curve.

that p, < a < p;, causing electron collection on the probe scale to be strongly
inhibited, but ion collection to be largely unchanged [20]. If sufficient cross field

diffusion is present, the electron current is also unaffected, and the I-V character-

istic presented above is still valid.

17



Chapter 3

Experimental Set-up

3.1 The TST-2 Spherical Tokamak

TST-2 is a spherical tokamak device at the University of Tokyo [21]], see Fig.[3.1]
TST-2 is equipped with a CS for conventional inductive operation. Auxiliary heat-
ing power in the form of ECH and LHCD is also available. The LH system oper-
ates at 200 MHz and is injected via two Capacitively Coupled Combline antennae
located at the outboard and top sides of the plasma (see Fig.[3.2]a) ). These can
provide 200 kW and 100 kW of LH power, respectively. Fully non-inductive
discharges are possible, in which breakdown is achieved using ECH power, and
plasma current is driven by LHCD launched from the Outboard-antenna, which
can then be handed over to the Top-antenna if desired. Discharges are referred to
as Outboard- and Top-launch discharges depending on which antenna is used to

sustain flat-top power. Typical operational conditions are given in Table. [3.1

3.2 Development of Langmuir Probe Diagnostic

A new Langmuir probe was designed and implemented in TST-2’s SOL plasma.
Previous Langmuir probes had been installed on the plasma limiters of the Top-
and Outboard-antennae for the measurement of plasma density in front of the

antennae. Results from these previously installed probes were used to inform the
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Figure 3.2: a) Poloidal and b) toroidal location of the new probe. Reproduced

from Plasma Fus. Res. 15 2402009 (2020) [22].
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OH LH
Major radius 0.36 m

Minor radius 0.23m
Toroidal field <03T <0.16 T
Plasma current | <120 kA <27 kA
Plasma density | ~ 10 m™ | ~ 108 m
Electron temp. | <400 eV <50 eV

Table 3.1: Operational conditions of TST-2. OH and LH refer to discharges driven
by the CS and LH, respectively.

new design. The goal of the new design was to increase the sensitivity of density
measurements and obtain additional information on the asymmetry of the electron

velocity distribution.

3.2.1 Previously Installed Probes

Probes previously used in TST-2 were installed on the Top- and Outboard-antenna
limiters, and had probe areas of 20 and 40 mm?, respectively. These probes were
made of copper sheets housed in stainless steel mounts, and were insulated using
machinable ceramic, as seen in Fig. [3.3] The probes drew ion saturation currents
of about 0.5-1 mA, indicating a plasma density of less than 10'® m=3 directly in
front of either antenna. This was comparable to the typical background noise level
during discharges, which was about 1 mA. This required that I-V characteristics

be averaged over many sweeps, limiting the time resolution of each measurement.

3.2.2 New Probe Design

With the above considerations in mind, a new probe was designed and is shown
in Fig. [3.4p). This design featured 4 probe plates. Each probe plate was isolated
from the stainless steel cover plate with spacers made of machinable ceramic.
The probe was assembled using a clamping method whereby the probe plates and

spacers were held fast by the stainless steel cover. The previous Top-antenna
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a) b)
Figure 3.3: Langmuir probes previously used in TST-2, attached to a) Outboard-

and b) Top-antenna limiters. Note the cracked ceramic insulation in b).

probe in Fig. 3.3] b) used the ceramic plate to directly hold the probe plate and
the coaxial cable in place, the pin-point stress of which caused a crack to appear
as shown. Clamping spreads the force required to hold the probes in place in the
strong magnetic fields present over a larger area, greatly reducing pinpoint stress
and avoiding damage to ceramic parts. The area of each probe was increased to
20x6 mm = 120 mm? to increase the current signal. This increased the sensitivity
of probe current by ~6 times, greatly improving the signal-to-noise ratio.

A large alteration in probe signal was observed during RF power, the main
mechanism of which is not yet known. The change in electron temperature and
floating potential indicated direct influence by RF power. Previous probe measure-
ments showed that downstream probes were more strongly affected by RF power
than upstream probes. This indicated asymmetry in the electron energy distribu-
tion. The new design featured probes on either side of the limiter in the hope
that such asymmetry could be detected. Since the large alteration of the floating
potential by RF sheath rectification can cause difficulty in taking measurements
with the present power supply set-up, the new probe was moved away from the

two RF antennae. The location chosen was roughly the midpoint of the Bottom-
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Figure 3.4: a) Exploded design concept and b) probe installed on Bottom-limiter.
Reproduced from Plasma Fus. Res. 15 2402009 (2020) [22].

limiter, as shown in Fig.[3.2] (R, Z)=(275 mm, -450 mm). The radial profile of the
plasma was not known at this position, so two probes were included on each side
to estimate the radial profile. Probe plates were arranged horizontally, with probe
midpoints spaced 5 mm and 13 mm from the limiter edge. This placed them per-
pendicular to the toroidal magnetic field, preventing alteration of the probe area
projected along the magnetic field. The local value of the magnetic field at this
location was 0.21 T during LH discharges. This corresponded to Larmor radii of
Pe =36 um < p; =2.6 mmat T, = T; = 10 eV. As p; is comparable to the probe
size (~6 mm), magnetic influence on probe measurements was not expected to be

significant.
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Chapter 4

Experimental Results

4.1 Typical Results of Plasma Parameters

Results obtained from previously installed probes, attached to the upstream side
of Outboard- and Top-antenna limiters, are presented in Figs. and[4.2using the
analytic model described in Sec. The probe features two plates on both sides,
with midpoints 9 mm and 17 mm, and 8 mm and 16 mm from the limiter edge for
the Outboard- and Top-limiter probes, respectively. Measurements were obtained
during Top-launch discharges, and probe bias voltage was applied relative to ma-
chine ground using a sweep frequency of 1 kHz and a sample frequency of 1 MHz;
giving 1000 samples/sweep. Plasma densities of about 3x10"> m™ were observed
in both probes, which are in close agreement with previously published measure-
ments [23]]. -V characteristics for the two probes during both Outboard- and
Top-antenna power are shown in Figs. and Ion saturation current is fitted
well for the Outboard-limiter probe, giving a good indication of density. How-
ever, large spikes in the current signal were observed when the antenna next to a
probe was energized, making electron temperature and floating potential measure-
ments inaccurate due to poor fitting. The probes measured electron temperatures
of about 40 eV when the antenna away from the probes was energized. While
fitting indicated a negative floating potential during the Outboard-antenna driven

phase (<30 ms), direct observation of the I-V curves determined that floating po-
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tential was actually somewhat positive. Ion saturation current was also well-fitted
for the Top-limiter probe during Outboard-antenna power, but the probe drew a
positive probe current during Top-antenna power. This showed that the I-V char-
acteristic had been strongly altered by RF sheath rectification in this time period,
as described in Sec. 2.2l This had caused electron current to be drawn for the
entire bias sweep. The floating potential of the Top-limiter probes was found to
be near zero during Outboard-antenna power.

Results of measurements taken during both Top- and Outboard-launch dis-
charges using the new probe located at the Bottom-limiter are shown in Figs. {.5]
and [4.6] respectively. The accuracy of density measurements in TST-2’s low den-
sity SOL was improved upon by increasing the surface area of the new probe.
Flat-top power values of electron density were found to be 1.0 x 10 m™ dur-
ing both Outboard- and Top-launch discharges. This is somewhat larger than
measurements using the previously installed probes on the Outboard- and Top-
limiters. Corresponding I-V characteristics taken during flat-top RF power from
both the Top- and Outboard-antennae are shown in Fig. I-V characteristics
were well fitted, with ion saturation current reached in all cases. The floating
potential was found to be positive during operation of either antenna, with down-
stream probes having a higher floating potential during both antenna phases. The
positive floating potential in both probes indicates that RF sheath rectification has

been largely avoided at the new probe’s location.

4.2 Radial Profile Measurements

The radial separation of two probes allowed for the radial plasma profile to be
estimated. Ion saturation currents were measured using both probes with a static
-140 V bias, with probe midpoints Smm and 13 mm from the limiter edge. As-
suming the temperature at the two locations was the same, this was proportional
to density. The ratio of the two was used to calculate the density decay length A4

assuming an exponential decay profile

n(r) = ngexp (%), 4.1)

24



_k
o
3
H‘ TTT

a) electron density|

\

]

o
\
\

—_ a
g o a
o o O
T HH‘?F\‘HH
W
/

Vi [V]

15 —‘ d) plasma current

£ 0
= 5—
0
80
oo &) LH power — _IO_utboard
r — 'op
40

158120

N
o o
J

n
o

40 60

[er]
o

Figure 4.1: Langmuir Probe measurements from the previous probe installed on
the upstream Outboard antenna limiter (shot #158120). Plasma conditions of a)
electron density 7., b) electron temperature 7, and c) probe floating potential Vj
are presented for probes 9 mm (green) and 17 mm (blue) from the limiter edge,
as well as d) plasma current /, and e) injected LH power from the Outboard- and

Top-antennae in black and blue, respectively.
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where n is the plasma edge density and r is the distance from the plasma edge.
The penetration depth of LHW was also found by extrapolating to the radial posi-
tion where the LHW cut-off density was reached by

Feset = Mn(”“‘n“’ff) +r 4.2)

where ry is the probe distance from the limiter edge and » is the density measured
by the probe. These results are presented in Fig. [4.§]

Decay lengths during flat-top were found to be 60-80 mm. These measure-
ments agree with previous results of radial density decay found using the Outboard-
limiter probe [24]]. This corresponded to a penetration length of 20-40 cm from
the limiter edge. A gas puff was introduced at around the beginning of the flat-top
phase (45 ms) to see the impact on the SOL density. No clear difference was seen
between the discharges with and without a gas puff in this experiment. Future
probes should include three or more radial locations to allow for exponential fit-

ting, as well as more poloidal locations to investigate any poloidal variation in the
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profile.

4.3 Influence of RF Power

The dependence of plasma conditions on RF power was investigated by varying
the magnitude of injected LH power across discharges. The experiment used a
Top-launch discharge which varied flat-top power from 10 kW to 90 kW (ramp
up), and vice versa (ramp down). The results of the experiments are shown in
Fig. .9 These showed correlation between injected power and probe floating
potential. As injected power was ramped, the floating potential signals showed
positive correlation with injected power. The floating potential and the ion satura-
tion current were plotted against RF power, as shown in Fig. 4.10, which showed
correlation between injected RF power and the floating potential. The correla-
tion in the density signal was weak; density converged at an earlier time before
decreasing independently of RF power.

To further isolate the time dependent response of the SOL conditions to RF
power, a fast square-wave modulation was applied to the RF power at 1 kHz (60%
duty). The Top-launch antenna was used for this experiment, and the results are
shown in Fig. A modified fitting model was used for this discharge for
reasons which will be described later in Sec.[4.4.1] The RF switching width was
20-40 us, and bias sweeps were performed at 40 kHz with a 2 MHz sampling
frequency, corresponding to an individual time resolution of 25 us. A boxcar
averaging of 3 sweeps was applied. The RF switching was nearly instantaneous
at this resolution.

Large increases to both floating potential and electron temperature were found
when Top-launch RF power was on. Fitting revealed a bulk electron temperature
of about 10 eV, which would increase during RF pulses up to about 20 eV in both
the upstream and downstream probes, before decreasing again in the absence of
RF power. Downstream signals of ion saturation current, electron density and the
coefficient of the linear component all responded to RF power in a similar fashion.

Upstream signals, except occasionally for electron temperature, appeared largely
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Figure 4.10: Comparison of the temporal response of the floating potential V and

ion saturation current Iy, to RF power Pgg using the results presented in Fig. [4.9]

unresponsive. The linear coefficient was smaller for the upstream probe than the
downstream probe. Downstream electron density was larger than upstream den-

sity by about 50%.

4.4 Non-thermal I-V Response

4.4.1 Linear Offset Model

The I-V characteristics for the discharge shown in Fig. are shown in Fig.
There is a clear deviation of the measured I-V characteristic from the thermal
model: a linear component that extends beyond the swept bias (-140 V). The bulk
plasma component can still be observed near the floating potential: represented
by the exponential component. This caused poor fitting of bulk plasma using the
thermal model in the presence of RF power. To obtain the bulk component, a
model function combining linear offset and exponential components was applied:

%
I(V) = Iy + AIV + Cexp (%) 4.3)

€

A linear component was not observed in I-V characteristics shown in Figs.
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4.4 and It is unclear why the deviation from the thermal response was so
prominent for this discharge specifically. One possibility is a difference in the
location of the plasma; the plasma was substantially shifted downwards towards
the probe compared to normal operations. As such, core plasma was much closer

to the probe and may have had a stronger influence than in other shots presented.

4.4.2 Source of the Non-thermal Component

The departure from a purely exponential I-V response is indicative of a response
to a non-thermal electron distribution. A more general expression for the electron

current is the Langmuir expression of electron current (see Appendix [A):

L(V) = 2:;‘4 f (e - eV)fie)de (4.4)
0

e

where ¢ is the electron energy, A is the probe area and V = V,, — V,, is the probe
bias relative to the plasma potential V,. This expression makes no assumption
of the electron distribution function, and indicates that a linear response may be
caused by a flattened region of the electron distribution function.

The only possible source at such high energies (>100 eV) are the ‘fast’ elec-
trons generated by LHCD. As noted in Sec. [I.3] the electron Landau damping
of LH waves produces a ‘plateau’ of flattened electron distribution at high ener-
gies as described by Fisch [5]]. This described a distribution flattened by a step
function D(¢) in the LHW absorption region in velocity space w; < w < w, and

Maxwellian elsewhere.

" w
f:CeXp(— [ dw), @.5)

where w is the electron velocity normalized to thermal velocity vy,. To investigate
the effect a fast electron plateau may have on the probe response, Fisch’s model
was numerically integrated following Eq. (4.4) to elucidate the structure of the I-V
characteristic formed. A parameter scan of variables w; and w, was performed,
using a bulk electron temperature of 7. = 10 eV, the results of which are shown

in Fig. The fraction of fast electrons to bulk electrons was also evaluated as
fn = ne,f/ne,s~
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The calculated electron currents show a strong linearity in the region of wave
absorption w; < w < w,. The electron current showed a strong dependence on
plateau height, reflected by w; in its determination of where the plateau meets the
bulk distribution. At very small plateau heights (w; > 2.0, f, <5%), very little
deviation from the thermal response was seen. Such a small alteration would be
practically indistinguishable experimentally. For larger plateau heights (w; < 2.0,
Jfa >10%), extraordinary deviation from a purely thermal response was seen. The
scan of w; showed that the height of the plateau determined the slope of the linear
component of the electron current, with larger plateau heights corresponding to
larger linear coefficients. Scans of w, showed a clear influence on the fraction
of fast electron, mainly reflecting the beginning of the linear region. However, no
correlation was seen between w, and the slope of the linear component. The strong
resemblance of measured and simulated curves indicates that the linear compo-
nent of the I-V characteristic may be caused by a fast electron plateau driven by
LHCD. Fast electrons can be generated locally in SOL plasma above the LH cut-
off density (0.5 x 10> m™®). According to results in Fig. LHW may be able
to propagate a large distance into the SOL plasma, giving a large volume in which
SOL absorption may occur. However, the linear component observed implies a
fast electron fraction of greater than 5%: larger than can be attributed to local
absorption of waves alone. Fast electrons generated in the core may also be trans-
ported to the SOL through collisions, turbulence, and RF driven diffusion [25],

and may produce larger populations of fast electrons.
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Chapter 5
Conclusions and Future Work

A new Langmuir Probe has been designed and installed in TST-2. This probe
was tested and used to measure SOL conditions at the bottom of TST-2’s SOL.
The measured electron density n. was similar to the value observed at different
poloidal locations with the previous probes, with typical values of 1.0 X 10'® m~3
during both Outboard- and Top-antenna driven discharges. The increased probe
area gave better accuracy of n, measurements due to the improved signal-to-noise
ratio of ion saturation current. The exponential decay length of radial SOL den-
sity was estimated to be 60-80 mm, corresponding to a LHW cut-off layer 200-400
mm outside of the limiter edge during a Top-launch experiment. In terms of the
fast electron flow, both upstream and downstream electron temperature 7, were
found to be 8-10 eV in the absence of RF power, and increased to 20 eV during
RF power. The measured I-V characteristic showed a clear deviation from a re-
sponse to thermal plasma, especially on the downstream side. This deviation was
characterized as a linear region of the I-V characteristic, which may correspond
to a fast electron plateau caused by LHCD. The deviation from the thermal probe
response indicates a fast electron population of greater than 5% of the bulk, larger
than would be expected from local absorption of LHW. This indicates that the fast
electrons detected in the SOL by the downstream probe are mostly transported
from the denser core plasma. Probe floating potential Vj increased during RF

power for the new probes, indicating the absence of significant RF sheath recti-

40



fication at the location of the new probes. This is in contrast with the floating
potential change observed by the previously installed probes at the top-antenna
limiter, which showed large decrease in the floating potential when the nearby
antenna was energized.

Future work should aim to clarify the source of the fast electrons in SOL
plasma. Temporal analysis of the fast electron population with RF power mod-
ulation will be useful in quantifying their source and transport. Electron Energy
Distribution Functions (EEDF) could also be obtained directly from probe char-
acteristics [26] (see Appendix [B). However, such analysis requires development
of the present theory for use in the probe geometry used here. Another method
would be to produce an analytic model of the probe’s response to a plateau dis-
tribution and trialling a fitting function based upon it. Such a model will need to
accurately account for the alteration of electron density, temperature and the probe
floating potential in the presence of a fast electron population. Finally, isolating
the changes in Vj due to RF sheath rectification may help elucidate the effect of

fast electrons on the floating potential.

41



Appendix A

Derivation of the Langmuir
Expressions for Probe Electron

Current

In the absence of a magnetic field, plasma particle flux I" is given by

I'= fvcosef(v) dv (A.1)
where f(v) is the electron energy distribution and
dv = dv,dv,dv, = |v,[*dv.dQ, (A.2)

where v,, . are the velocity components in Cartesian coordinates. The particle

flux in the direction of the probe surface is then

I.=x f ) v f(uy) dv,. (A.3)
0

In the isotropic case, f(v) is Maxwellian, and the resulting electron flux is

3
“( m \2 my?
.= | viexp|-===| dv, A4
’ ’Tfo (ZHTe) ”xeXp( 2T) v (A5

T,
=, /ZME. (A.5)
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This results in the same expression as a purely thermal electron collection to a
probe that is neutral to surrounding plasma (Eq. (2.14)).

For a negatively biased probe, only electrons whose energy exceeds the probe
bias relative to plasma potential V = V;, -V, are collected by the probe, equivalent
to the potential drop across the plasma sheath. Electrons collected by the probe

have their energy reduced by this potential:

m?  me,

262—2 —eV:s—eV, (A6)

where the subscripts co and e denote the unreflected electron distribution and
distribution collected by the probe, respectively. A relation between the original
electron distribution to the one collected by the probe can be obtained by substi-

tuting this expression into Eq. (A.3) to obtain

2 me : e—eV
r=z ( 27rTe) (6 — eV)exp (— ) de (A7)
2 vy [
_ m_’; exp (67) j;v (6 — eV)f(e) de (A.8)

Thus, the electron current collected by the probe becomes

1, = A f (e - V)fo(e) de. (A.9)
e ev

m

This is the standard Langmuir expression and makes no assumption of isotropic
plasma, thus is the more generally correct expression for electron flux to a nega-
tively biased probe.

The inclusion of a strongly perturbing magnetic field is of interest in measure-
ments using electron currents. As noted in Sec.[2.3] if p, < a < p; is satisfied then
ion collection remains unperturbed but electron flux reduces to a 1-dimensional
flow, thus electron current is inhibited. The derivation of the probe current then
requires a kinetic treatment which includes particle diffusion across the magnetic
field. Starting from the kinetic equation of isotropic plasma crossing a collision-
less sheath,

V.D)V,.f(e) =0 (A.10)
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where D(v) = v?*1/3 and A is the electron mean free path. In principle, a full ki-
netic equation including anisotropy must be considered, but its solution is far from
trivial in all situations. Instead, this simplified form may be used if an improved

set of boundary conditions is used as follows:

fole > eV) = vyfi(e) (A.11)

fi(e) = =AV, fo(e) (A.12)

where fy(¢) is the isotropic part and f;(g) is the anisotropic part of the EEDF, and
v is the geometric factor. 7y varies monotonically from 4/3 to 0.71, depending
on magnetic field strength; 4/3 when p, > a, and 0.71 when p, < a. Solving

Eq. (A.10) with these boundary conditions gives the electron probe current as

2neA (7 (e —eV)f(e) e

(V) =
W=y J Trey

) (A.13)

where the diffusion parameter » depends on both probe geometry and orientation
to the magnetic field. ¢ is inversely proportional to p,, thus directly proportional
to |B| and inversely proportional to €. As such,  is larger for stronger B,, but
reduced for particles of higher energy. Qualitatively, this is interpreted as reduced
I, from low energy electrons. This represents the distortion in /, caused by the
magnetic field. Conversely, when i < 1, this expression simplifies to Eq. (A.9)

as expected.
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Appendix B

Electron Energy Distribution

Function Analysis

Typical Langmuir probe measurements rely on the presence of isotropic, unmag-
netized plasma. If asymmetry in the electron energy distribution is suspected,
Electron Energy Distribution Function (EEDF) analysis can be used [26]]. The
EEDF is a function related to the Electron Distribution Function F(z, r, v) but ne-
glects information on spacial and temporal changes, focusing only on electron
energy € = %mvz. Analysing the EEDF can quickly identify any deviation from
a Maxwellian distribution, which appears as linear on a semi-log scale in EEDF
plots.

EEDF analysis is typically performed by the Druyvesteyn method of probe

analysis [27,28]]. f(e) is normalized to number density n by

foof(s) de = n. (B.1)
0

In stable, low density plasma without the strong influence of a magnetic field, the

probe electron current is given by the Langmuir expression (Eq. (A.9)) The EEPF
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can then be found from the second-derivative of (A.9)

, 2meA d «
I = e T (f sf(s)da—er f(s)ds) (B.2)
_ 2ned [—er(eV)—e f f(g)dg+er(eV)] (B.3)
e 2
:_Z”ezA f f(eV)de, (B.4)
I = zm f(eV). (B.5)

This gives the EEDF in terms of the second-derivative of the I-V characteristic.

m2 d’1,
2ne3A dV?

fle)=— (B.6)

This method is appropriate for use in low pressure plasmas which are unperturbed

by the probe diagnostic in the absence of a strong magnetic field.
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