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Abstract

Radio frequency (RF) waves are used in many tokamak experiments for heat-
ing, current drive, and plasma start-up. RF and other non-inductive tech-
niques play more important roles in spherical tokamaks (STs) compared to
conventional tokamaks, because of the crucial need for eliminating the cen-
tral solenoid. In conventional tokamaks, the lower hybrid wave (LHW) has
demonstrated high efficiency for driving current [1]. Plasma start-up and
current ramp-up to 100 kA has also been achieved [2]. Waves in spherical
tokamak plasmas behave very differently from those in conventional tokamak
plasmas because of very high dielectric constants (∼ ω2

pe/Ω
2
e) associated with

the ability of the ST to confine high density plasmas at low magnetic fields.
Although a deterioration of the current drive efficiency of the LHW is known
to occur at high densities [3, 4], an effective current drive should be possible
if the LHW is utilized keeping the density low during the plasma current
ramp-up phase. Therefore, in this thesis, the feasibility of plasma current
start-up and ramp-up by the LHW to a sufficient level needed for further
heating is investigated.

The 200 MHz RF power was utilized to excite the LHW in TST-2. This
frequency is one order of magnitude lower compared with typical frequencies
utilized for LHW in conventional tokamaks. Three types of antennas with dis-
tinctive features were used in this thesis: the (inductively-coupled) combline
antenna, the dielectric-loaded waveguide array antenna (a.k.a. grill antenna),
and the electrostatically-coupled combline antenna (ECC antenna).

Initial plasma start-up and plasma current ramp-up to 15 kA were achieved
by the combline antenna but the current drive efficiency was lower than other
antennas. The current drive efficiency could be improved by using the grill
antenna and the ECC antenna which can excite the LHW with suitable po-
larization efficiently. The ability of the grill antenna to excite the LHW with
different n‖ = ck‖/ω was used to identify the most favorable n‖ spectrum
for plasma current ramp-up. It was found that effective current drive can be
achieved by the LHW with n‖ less than 6. However, even in this case, the
energetic electrons which account for a large fraction of the driven current,
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are lost rapidly because the poloidal field generated by the plasma current is
not sufficient to confine these electrons.

The antenna-plasma coupling of the grill antenna deteriorates as the in-
put power exceeds several kW. It was found that this is a consequence of the
density depletion due to the ponderomotive force. The ECC antenna over-
came this problem because the coupling characteristics of this antenna are
not as sensitive as the grill antenna. The highest current drive figure of merit
was achieved using the ECC antenna. This is because the ECC antenna can
launch the LHW with better defined traveling wave spectrum than the grill
antenna.
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Chapter 1

Introduction

1.1 Nuclear Fusion

Nuclear fusion is the reaction which occurs in the sun to produce energy. It
is a reaction in which nuclei with small masses fuse to form a heavier nucleus.
When this reaction occurs, a large amount of energy, equal to the mass defect
(E = ∆mc2), is released.

The fusion reactor utilizes this reaction [5, 6]. The fuel for the fusion
reactor is a mixture of deuterium (D) and tritium (T), and the main reaction
which produces energy is (cf. Fig.1.1)

D + T → 4He (3.52 MeV) + n (14.06 MeV). (1.1)

There are several advantages of nuclear fusion. The first advantage is that
the fuel is virtually inexhaustible and ubiquitous. The second advantage is
the capability of producing massive amounts of energy because of its high
energy density. The third advantage is inherent safety, because runaway
reactions can never occur in a fusion reactor.

In order to utilize nuclear fusion as a source of energy, fusion reaction must
occur continuously. The nuclei repel each other because of the Coulomb
force. Therefore, only nuclei with sufficient kinetic energy can come into
close contact and induce the fusion reaction. The fusion reaction rate can be
increases by confining a plasma with high temperature and density. When
sufficient reaction rate is achieved, the plasma can be heated by the fusion
reaction itself, and the reaction can continue. This state is called ignition.

10
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Figure 1.1: D-T fusion reaction.
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1.2 Tokamak

The most general method to achieve plasma confinement is to use the mag-
netic field. The tokamak is the most successful magnetic confinement con-
cept named after Russian “torodailnaya kamera magnitmaya” which means
toroidal magnetic container [7, 8].

Charged particles gyrate around a magnetic field line. Therefore, a rapid
loss of plasma is prevented by making a toroidal configuration of magnetic
field. However, in a simple toroidal configuration with the magnetic field
only in the toroidal direction, ions and electrons drift in vertically in opposite
directions, and the resultant electric field induces an outward drift of both
ions and electrons, and the plasma is lost quickly. When the plasma current
flows through the torus in the toroidal direction, the poloidal magnetic field
is generated. The addition of this field forms a toroidal surface covered by
helical magnetic field lines, and the charge separation is cancelled. This is
the fundamental concept of the tokamak.

In the conventional tokamak, the plasma current is induced by the air-core
transformer coil threading through the central hole of the torus. This coil is
called the central solenoid (CS). When the current is induced in the plasma
by the transformer effect, the plasma is heated by Joule heating. However,
as the plasma temperature becomes higher, the electrical resistance of the
plasma decreases, and the plasma heating efficiency decreases. In order to
achieve a fusion relevant temperature, some other form of heating (auxiliary
heating) is needed. Two main methods of auxiliary heating are the neutral
beam injection (NBI) and radio frequency (RF) wave heating.

1.3 Spherical Tokamak

The spherical tokamak (ST) is a tokamak with a very small aspect ratio (the
ratio of the major radius to the minor radius of the torus), typically A < 2.
It is sometimes referred to as the spherical torus. The plasma becomes mag-
nethydrodynamically (MHD) stable when the magnetic field curvature points
toward the plasma. Therefore, the ST plasma is more MHD stable than the
conventional tokamak plasma because the dominant field lines have good
curvature on the inboard side of the torus for ST. As a result, the ST has a
potential of confining a high pressure plasma with moderate magnetic field
strength. In other words, high β plasma can be confined stably (where β
is the ratio of the plasma kinetic pressure to the pressure of the confining
magnetic field). The ST has the potential of achieving high power densities
taking advantage of its high β capability [9–11]. However, it is preferable to
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avoid inductive current drive by the CS in fusion applications which require
inboard wall shielding against fusion-produced neutrons. Therefore, the es-
tablishment of non-inductive plasma start-up and plasma current ramp-up
scenarios is the main issue for the future of the ST.

1.4 Fundamentals of Plasma Physics

1.4.1 Definition of the Plasma

The plasma is an ionized gas. When the gas is heated up, the atoms collide
with each other and their electrons are stripped. This state is called the
plasma, “the fourth state of matter” following the solid, liquid and gas. The
plasma has a very high electric conductivity, because the electrons can stream
freely with very rare Coulomb collisions. The high electric conductivity re-
sults in the shielding of the electric field in the plasma. This is called Debye
shielding [12]. Consider the plasma which obeys the Maxwell-Boltzmann dis-
tribution function in the electrostatic potential φ = φ0 at x = 0 and φ = 0
at x = ∞. The electron and ion densities can be written as

ne(x) = ne∞ exp(eφ/Te) (1.2)

Zni(x) = ne∞ exp(−eZφ/Ti), (1.3)

where ne∞ is the electron density at x = ∞, e is the electron charge, Z
is the ion charge number and Te,i are the electron and ion temperatures,
respectively. The Poisson equation can be written as

ε0
d2φ

dx2
= e(ne − Zni) = ene∞[exp(eφ/Te) − exp(−eZφ/Ti)], (1.4)

where ε0 is the permittivity of vacuum. If we assume that eφ ≤ T , the
exponential term can be expanded and Eq. (1.4) becomes

d2φ

dx2
=

e2ne∞(1 + ZTe/Ti)

ε0Te

φ. (1.5)

This equation can be solved easily to give

φ(x) = φ0 exp(−x/λD), (1.6)

where

λD =

(
ε0Te

nee2(1 + ZTe/Ti)

)1/2

. (1.7)

Therefore, the electrostatic potential is shielded in a characteristic length λD.
As a result, quasi-neutrality is usually satisfied in the plasma for distances
greater than λD in equilibrium.
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1.4.2 Single Particle Motion in the Plasma

Guiding Center Theory

Consider a uniform magnetic field along the z-direction, B0 = B0ẑ. The
equation of motion of a charged particle is described by

m
dv

dt
= q (E + v × B0) , (1.8)

where m, v and q are the mass, the velocity and the charge of the particle,
respectively. Defining the cyclotron angular frequency as Ωc = qB/m and
the velocity parallel and perpendicular to the magnetic field as v‖ = vz0 and

v⊥ =
√

v2
x0 + v2

y0, the time evolution of the position of the particle can be

described as

x = x0 − i(v⊥/Ωc) exp(iΩct) (1.9)

y = y0 + (v⊥/Ωc) exp(iΩct) (1.10)

z = z0 + v‖t. (1.11)

Therefore, the motion of a charged particle can be separated into perpendic-
ular gyrating motion with radius ρL = mv⊥/qB, called the Larmor radius,
and the parallel translational motion of the center of the gyrating motion,
which is called the guiding center.

The velocity of the guiding center motion of a charged particle in a non-
uniform magnetic field can be described as the sum of the parallel velocity
and the drift velocity

vd = −
v2
‖ + v2

⊥/2

Ωc

Rc × B

R2
cB

, (1.12)

where Rc is the radius of curvature vector which is drawn from the local
center of curvature to the field line.

Considering the conservation of magnetic moment µ of the gyrating mo-
tion, the perpendicular velocity can be expressed as

v2
⊥ = 2µB/m. (1.13)

In addition, energy conservation gives the differential equation that the par-
allel velocity must obey,

m
dv‖
dt

= −µ
∂B

∂l
, (1.14)

where ∂/∂l is the derivative along the field line.
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Trapped Particle Orbit

As can be seen from Eq. (1.14), the parallel velocity decreases as the particle
moves to a higher magnetic field region. In the tokamak, the magnetic field
is higher on the inboard side of the torus. Therefore, particles with small
v‖ compared with v⊥ are reflected back at a certain major radius and forms
an orbit called the banana orbit. This name comes from the shape of the
poloidal projection of the orbit. The width of this orbit can be expressed as

∆B = q(r)ρLA1/2 (1.15)

where q(r) ∼ rBφ/RBθ is the safety factor and A is the aspect ratio.

1.4.3 Coulomb Collisions

In fusion plasmas, ions can usually be assumed static compared with elec-
trons because of their heavier mass. Here, we consider an electron colliding
with a static ion. The relationship between the impact parameter b and the
scattering angle θ is given by the well-known Coulomb scattering formula,

tan
θ

2
=

Ze2

4πε0mv2b
. (1.16)

The impact parameter corresponding to the 90◦ scattering is calculated from
Eq. (1.16) as

b0 =
Ze2

4πε0mv2
. (1.17)

From these equations, the change in the velocity perpendicular to the initial
velocity can be expressed as,

∆v⊥ = v sin θ =
2vb/b0

1 + (b/b0)2
. (1.18)

Therefore, as a result of accumulated Coulomb collisions in the plasma whose
ion density is ni, the square of the perpendicular velocity changes at the rate

d〈(∆v⊥)2〉
dt

= 2πniv

∫ bmax

0

(∆v⊥)2bdb

= 8πniv
3

∫ bmax

0

(b/b0)
2bdb

[1 + (b/b0)2]2
(1.19)

= 4πniv
3b2

0

{
ln

[
1 +

(
bmax

b0

)2
]

+
1

1 + (bmax/b0)2
− 1

}
,
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where bmax is the upper limit of the impact parameter which is introduced
to avoid a logarithmic divergence of the integral. In most plasmas we are
interested in, the ratio of bmax to b0 is very large,

Λ = bmax/b0 À 1. (1.20)

In this limit, Eq. (1.19) can be written as

d〈(∆v⊥)2〉
dt

= 8πniv
3b2

0 ln Λ =
niZ

2e4 ln Λ

2πε2
0m

2v
. (1.21)

Considering energy conservation, (v + ∆v‖)
2 + (∆v⊥)2 = v2, we obtain

d〈∆v‖〉
dt

= − 1

2v

d〈(∆v⊥)2〉
dt

=
niZ

2e4 ln Λ

4πε2
0m

2v2
. (1.22)

From this relationship, we can define the electron-ion collision frequency νei

for loss of electron momentum as

d〈∆v‖〉
dt

= −νeiv, (1.23)

Therefore the collision frequency between electron and ion can be described
as

νei =
niZ

2e4 ln Λ

4πε2
0m

2v3
. (1.24)

The collision frequency is inversely proportional to the cube of the electron
velocity. It means that faster electrons take longer to slow down.

1.5 Review of Previous Experiments

1.5.1 Review of Lower Hybrid Wave Experiments in
Conventional Tokamaks

The dispersion relation and the accessibility of the lower hybrid wave (LHW)
were confirmed by Bellan and Porkolab in 1975 [13]. In this experiment, the
LHW was excited by a slow wave structure. The wavelength perpendicular
to the magnetic field was measured by a movable RF probe. The LHW
was originally used for ion heating. When the frequency of the wave is such
that the mode conversion layer (close to the lower hybrid resonance layer)
is located inside the plasma, the LHW converts to the short-wavelength ion
plasma wave and is absorbed by ions. On the other hand, the LHW with
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frequency higher than the lower hybrid resonance frequency (typically by a
factor of two or greater) does not interact with ions. When the phase velocity
of the LHW is comparable to the electron thermal speed, the wave is absorbed
by electrons through Landau damping. Electron heating is generally observed
in current drive experiments. A uni-directional LHW has demonstrated high
current drive efficiency in conventional tokamaks, such as PLT [1], ASDEX
[14], WT-II [15, 16], WT-III [17], Alcator C [18], Alcator C-mod [19], Tore
Supra [20], JT60-U [21], JET [22]. Plasma start-up and current ramp-up
to 100 kA was achieved in PLT [2] In this experiment, X-ray measurements
revealed that the fast electrons produced by Landau damping of the LHW
were responsible for the driven current. However, degradations of the current
drive efficiency associated with the increase of the density or the decrease of
the magnetic field strength were reported in Alcator C [18] and PLT [23].

1.5.2 Review of Plasma Start-up Experiments on STs

LATE

Plasma start-up studies using the electron cyclotron wave (ECW, 2.45 GHz/30 kW,
5.0 GHz/200 kW) are performed in LATE at Kyoto University [24–28]. The
major and minor radii are 0.20 m and 0.14 m, respectively. Although the
ECW accelerates electrons perpendicularly to the background magnetic field,
the plasma current is driven by the tangentially injected ECW. This mecha-
nism was revealed by Fisch and Boozer in 1980 [29]. Plasma current start-up
to 20 kA has been demonstrated by 180 kW ECW.

UTST

On UTST at the University of Tokyo, plasma start-up by plasma merging is
studied. The major and minor radii are 0.43 m and 0.17 m. The merging
method used on UTST is called double-null merging (DNM), which uses
external poloidal field (PF) coils for plasma start-up [30]. First, two poloidal
field null regions are generated in the upper and lower formation regions of the
vessel by two pairs of PF coils. After the initial plasmas are generated at the
two null regions, PF coil currents are inverted, and the plasmas are pushed
towards the midplane. Strong ion heating is achieved through magnetic
reconnection by converting the magnetic energy to the ion kinetic energy, and
high β plasmas are generated. Plasma start-up to 50 kA has been achieved
in 0.5 ms without CS induction [31,32].
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NSTX

Plasma start-up experiments without the CS are also performed in larger
STs, NSTX at Princeton Plasma Physics Laboratory (US) and MAST at
Culham Centre for Fusion Energy (UK). NSTX utilizes transient coaxial
helicity injection (CHI) to start and ramp up the plasma current [33–36].
The CHI discharge starts with the breakdown across the insulated gap of
the lower divertor plates. The PF coil located near this gap connects the
field lines between the inner and outer coaxial rings of the divertor plates,
and after a delay a voltage is applied across this gap. With appropriate
gas pressure, breakdown starts and the current flows across this gap. As this
injector current increases, the electromagnetic Jpol×Btor force overcomes the
field line tension and the field lines start to extend into the vacuum vessel.
After the plasma fills the vacuum vessel, if the injector current is reduced
rapidly and the field lines are disconnected from the injector, a closed field
line configuration with toroidal plasma current is formed. Plasma currents
of up to 200 kA has been achieved by this technique.

MAST

Plasma start-up using another RF wave is investigated on MAST [37, 38].
Typical densities of the plasma produced on MAST are too high for ECW
in ordinary mode (O-mode) or extraordinary mode (X-mode) to propagate.
Such a plasma is called the overdense plasma. There is a propagating mode
in the overdense plasma, which is called the electron Bernstein wave (EBW)
[39]. This is an electrostatic wave associated with the coherent gyrating
motion of the electrons and propagates perpendicular to the magnetic field.
Since the EBW cannot be excited directly by an antenna, the O-X-B mode
conversion scenario is employed. The O-mode ECW launched from the low
field side of the tokamak propagates through the plasma to encounter the
grooved mirror-polarizer placed on the center rod (inboard wall of the vacuum
vessel). The polarization of the wave changes to the X-mode upon reflection.
The X-mode ECW propagates to the mode conversion layer located inside
the plasma. The ECW is reflected back at this layer and is converted to the
EBW. The EBW then propagates to the electron cyclotron resonance layer
and is strongly damped. Plasma start-up to 33 kA using 100 kW RF power
at 28 GHz has been demonstrated.
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Figure 1.2: A schematic diagram of the plasma start-up scenario using the
LHW.

1.6 Thesis Objectives

The development of a plasma current start-up scenario without CS induction
is essential for a reactor grade burning ST device. We utilize the LHW, which
is known to have a high current drive efficiency in conventional tokamaks, for
current drive in ST. Although a deterioration of the current drive efficiency by
the LHW is known to occur in high density plasmas, such as those produced
in the ST [3,4], effective current drive may be possible if the LHW is utilized
in the plasma start-up phase, if the density could be kept low. In this thesis,
the feasibility of plasma current start-up and ramp-up by the LHW to a
sufficient level needed for further heating (such as by NBI) is investigated.
Fig. 1.2 shows a schematic diagram of the scenario we try to demonstrate.

Once heating of a high density plasma by NBI becomes effective, the self-
generated current, which is called the bootstrap current [40, 41], becomes
significant [42]. For the ST reactor, a large fraction of the plasma current
should be driven by the bootstrap current for economic competitiveness. This
kind of operation is called the advanced tokamak scenario. This research aims
at the demonstration of a plasma current start-up technique needed for the
achievement of the advanced tokamak operation in ST without the CS.

The experiments reported in this thesis were performed on the Tokyo
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Spherical Tokamak-2 (TST-2) device. In TST-2, plasma start-up by RF
power at 200 MHz is being investigated. The RF wave was excited by three
types of antennas: the (inductively-coupled) combline antenna, the dielectric-
loaded waveguide array antenna (grill antenna) and the electrostatically-
coupled combline antenna (ECC antenna).



Chapter 2

Theory of Plasma Waves

Historically, waves over a very wide frequency range have been used to heat
plasmas and drive current in plasmas. In this thesis, the lower hybrid wave
(LHW) is used. In order to investigate the characteristics of these waves,
dispersion relations are derived.

2.1 Waves in a Cold Plasma

First, the plasma is assumed to have zero temperature (i.e., cold plasma
approximation). The cold plasma model can describe many important waves
including the fast wave (FW) and LHW. The wave equation is derived by
combining the following two Maxwell’s equations,

∇× E = −∂B

∂t
, (2.1)

1

µ0

∇× B = J + ε0
∂E

∂t
=

∂D

∂t
. (2.2)

The wave equation is expressed in Fourier representation (in frequency and
wavenumber domain) as

k × [k × E(ω, k)] +
ω2

c2
ε · E(ω, k) = 0. (2.3)

Here, ε is the dielectric tensor defined by

D(ω, k) = ε(ω, k) · E(ω, k) = ε0E(ω,k) +
iJ(ω, k)

ω
. (2.4)

The plasma current density can be expressed as

J =
∑

s

nsqsvs, (2.5)

21
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where ns and vs are the number density and the fluid velocity of particles of
species s with charge qs. Each species of particles obeys the fluid momentum
equation of first order

ms
dvs

dt
= qs (E + vs × B0) . (2.6)

Consider a uniform magnetic field along the z-direction, B0 = B0ẑ. Using
Eqs. (2.3), (2.4), (2.5), (2.6) the dielectric tensor is expressed as

ε =

 S −iD 0
iD S 0
0 0 P

 . (2.7)

S, P , D are the famous Stix parameters which are defined as

S =
1

2
(R + L), (2.8)

D =
1

2
(R − L), (2.9)

R = 1 −
∑

s

ω2
ps

ω(ω + Ωs)
, (2.10)

L = 1 −
∑

s

ω2
ps

ω(ω − Ωs)
, (2.11)

P = 1 −
∑

s

ω2
ps

ω2
, (2.12)

where ωps =
√

nsq2
s/(msε0) and Ωs = (qsB)/ms are the plasma and cyclotron

angular frequencies of species s, respectively.
It is convenient to normalize the wavenumber vector k by the magnitude

of the wavenumber of light in vacuum

n =
kc

ω
. (2.13)

Taking n to be embedded in the x-z plane, and expressing the angle between
B0 and n as θ, Eq. (2.3) becomesS − n2 cos2 θ −iD n2 cos θ sin θ

iD S − n2 0
n2 cos θ sin θ 0 P − n2 sin2 θ

Ex

Ey

Ez

 = 0. (2.14)
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The determinant of the 3 × 3 matrix in Eq. (2.14) should be zero for a
nontrivial solution to exist. This condition gives the dispersion relation

An4 − Bn2 − C = 0, (2.15)

where
A = S sin2 θ + P cos2 θ, (2.16)

B = RL sin2 θ + PS(1 + cos2 θ), (2.17)

C = PRL. (2.18)

The solution of Eq. (2.15) is

n2 =
B ±

√
(RL − PS)2 sin4 θ + 4P 2D2 cos2 θ

2A
. (2.19)

It is convenient to rewrite Eq. (2.15) as an equation for n⊥ = n sin θ, because
in practice, n‖ = n cos θ is usually a given parameter which is determined by
the antenna structure,

an4
⊥ + bn2

⊥ + c = 0, (2.20)

where

a = S, (2.21)

b = (S + P )n2
‖ − RL − PS, (2.22)

c = Pn4
‖ − 2PSn‖ + PRL. (2.23)

Then, the solution of Eq. (2.20) is

n2
⊥ =

−b ±
√

b2 − 4ac

2a
. (2.24)

A wave encounters a cutoff layer or a resonance layer when n2 becomes zero
or infinity, respectively. According to Eqs. (2.15)–(2.19), cutoff occurs when

P = 0 or R = 0 or L = 0, (2.25)

and resonance occurs when

tan2 θ = −P

S
. (2.26)

Wave classification is clearly expressed in the CMA diagram (named after the
inventors, Clemmow, Mullaly, and Allis). Figure 2.1 is a CMA diagram for a
plasma containing only a single species of ions (deuterium). The parameter
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Figure 2.1: CMA diagram for a deuterium plasma.

space is divided by curves representing principal cutoffs and resonances by
taking

ω2
pe + ω2

pi

ω2
∝ ne (2.27)

for the x-axis and
|Ωe|
ω

∝ B0 (2.28)

for the y-axis.

2.2 Waves in a Hot Plasma

The plasma is assumed to have a Maxwellian velocity distribution function in
order to include finite temperature effects. Solving the Vlasov equation along
the particle trajectory [43], the first order perturbation of the distribution
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function is expressed as

f1 = − qe

me

exp i(k · r − ωt)

∫ t

∞

[(
1 − k · v0

ω

)
E + (v0 · E)

k

ω

]
· ∇′

vf0

× exp

[
ikxv⊥

(
sin[θ + Ωe(t

′ − t)]

ω
− sin θ

Ωe

)
+ i(kxvz − ω)(t′ − t)

]
dt′,(2.29)

where f0 is the unperturbed velocity distribution function

f0 =
1

π2/3V 3
Ts

exp

(
− v2

V 2
Ts

)
, (2.30)

VTs =
√

2κTs/ms. The plasma current density J is given by

J =
∑

s

qs

∫
vfs1dv (2.31)

Therefore, substituting Eq. (2.31) into Eq. (2.4), Eq. (2.3) becomes Kxx − n2 cos2 θ −iKxy Kxz + n2 cos θ sin θ
iKxy Kyy − n2 iKyz

Kxz + n2 cos θ sin θ −iKyz Kzz − n2 sin2 θ

Ex

Ey

Ez

 = 0. (2.32)

where

Kxx = 1 +
∑

s

ω2
ps

ω

∞∑
n=−∞

n2In(λ)e−λ

λ

1

k‖VTs

Z0(yn), (2.33)

Kxy =
∑

s

ω2
ps

ω

∞∑
n=−∞

n(In − I ′
n)e( − λ)

1

k‖VTs

Z0(yn), (2.34)

Kyy = 1 +
∑

s

ω2
ps

ω

∞∑
n=−∞

(
n2

λ
In + 2λIn − 2λI ′

n

)
e−λ

k‖VTs

Z0(yn), (2.35)

Kxz = −
∑

s

ω2
ps

ω

∞∑
n=−∞

e−λ k⊥

Ωs

nIn

λ

1

2k‖

dZ0(yn)

dyn

, (2.36)

Kyz = −
∑

s

ω2
ps

ω

∞∑
n=−∞

e−λ k‖

Ωs

(In − I ′
n)

1

2k‖

dZ0(yn)

dyn

, (2.37)

Kzz = 1 −
∑

s

ω2
ps

ω

∞∑
n=−∞

e−λ 2(ω − nΩs)

k‖V
2
Ts

In
1

2k‖

dZ0(yn)

dyn

, (2.38)

where yn ≡ (ω − nΩs)/(k‖VTs), λ = (k2
⊥κT )/(mΩ2

s), In is the nth-order
modified Bessel function, and Z0 is the plasma dispersion function defined as

Z0(y) =
1√
π

∫ ∞

−∞
dz

exp(−z2)

z − y
, Im y > 0. (2.39)
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2.3 Wave Damping

2.3.1 Landau Damping

Consider a single-particle equation of motion under an electrostatic wave
described by

E = ẑE cos(kz − ωt), (2.40)

m
dv

dt
= qE cos(kz − ωt). (2.41)

The zeroth-order solution of Eq. (2.41) is

z = v0t + z0. (2.42)

Substituting this into Eq. (2.41) gives the equation for first-order velocity v1,

m
dv1

dt
= qE cos(kz0 + kv0t − ωt). (2.43)

Assuming v1 = 0 when t = 0, the solution of Eq. (2.43) is obtained as

v1 =
qE

m

sin(kz0 + kv0t − ωt) − sin(kz0)

kv0 − ω
. (2.44)

The rate of change of particle energy in first order is

d

dt

mv2

2
=

q2E2

m

([
sin(kz0 + αt) − sin(kz0)

α

]
cos(kz0 + αt)

−kv0

[
− cos(kz0 + αt) + cos(kz0)

α2
− t sin(kz0)

α

]
sin(kz0 + αt)

)
, (2.45)

where α ≡ kv0 − ω. The oscillatory terms can be eliminated by averaging
over the initial position,〈

d

dt

mv2

2

〉
=

q2E2

2m

[
−ω sin(αt)

α2
+ t cos(αt) +

ωt cos(αt)

α

]
=

q2E2

2m

ω

k

d

dv

[
sin(kv − ω)t

kv − ω

]
. (2.46)
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The average rate of change of the particle energy is obtained by averaging
Eq. (2.46) over velocity,

dW

dt
=

∫
dvf(v)

〈
d

dt

mv2

2

〉
= −q2E2

2m

ω

k

∫ ∞

−∞
dv

df(v)

dv

sin(kv − ω)t

kv − ω

= −q2E2

2m

πω

k2

∫ ∞

−∞
dv

df(v)

dv
δ
(
v − ω

k

)
(t → ∞)

= −q2E2

2m

πω

k2

df(v)

dv

∣∣∣∣
v=ω/k

. (2.47)

This equation implies that the wave is damped if the gradient of the velocity
distribution function is negative at the resonant velocity v = ω/k. This
process is called Landau damping. The change in particle velocity due to
Landau damping can be expressed as velocity diffusion which is discussed in
next chapter.

2.3.2 Magnetic Pumping

In the low frequency regime, the magnetic moment µm of the particle is
conserved. The kinetic energy of the particle is expressed as

W =
1

2
mv2

‖ + µmB. (2.48)

Therefore, the conservation of kinetic energy leads to

m
dv‖
dt

= −∇‖(µmB) = −µm∇‖B. (2.49)

Comparing Eqs. (2.41) and (2.49), the correspondences of µm and −∇‖B in
Eq. (2.49) to q and E in Eq. (2.41) can be identified. Therefore, the rate of
change of the particle energy is given by

dW

dt
= −µ2

mB2
1z

2m
πω

df(v)

dv

∣∣∣∣
v=ω/k

. (2.50)

This process is called magnetic pumping.

2.3.3 Collisional Damping

The absorption mechanisms presented so far are collision-less processes. Col-
lisional effects are modeled by introducing an effective collision frequency,
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νeff [44], which describes the loss of momentum. The dominant momentum
loss process is electron-ion collision, hence νeff ' νei. The momentum con-
servation equation Eq. (2.6) is modified as

me
dve

dt
= qe (E + ve × B0) − Iνeffmeve. (2.51)

Therefore, the effect of electron-ion collision can be modeled by an effective
electron mass,

meff = me(1 + iνeff/ω). (2.52)

Stix parameters are modified as

P̃ ∼= 1 −
ω2

pe

ω2

(
1 − iνeff

ω

)
, (2.53)

R̃ ∼= 1 +
∑

i

(
ω2

pi

Ωi(ω + Ωi)
+

iω2
piνeff

ωΩiΩe

)
, (2.54)

L̃ ∼= 1 −
∑

i

(
ω2

pi

Ωi(ω − Ωi)
−

iω2
piνeff

ωΩiΩe

)
, (2.55)

S̃ ∼= 1 +
ω2

pe

Ωe

−
∑

i

(
ω2

pi

ω2 − Ω2
i

−
iω2

pi

ωΩi

νeff

Ωe

)
. (2.56)

Here, we expanded terms in powers of me/mi, and assumed νeff/ω ¿ 1
which is a good approximation for typical edge plasmas: ne ≤ 5 × 1018 m−3,
Te

∼= 10–50 eV. Substituting these parameters into Eq. (2.15), the real part
of nx is given as

n2
r = (n2

z − R)(n2
z − L)/(S − n2

z), (2.57)

and the imaginary part of nx is given as

Im(nx) =
nr

2

νeff

ω

ω2

ω2
pe

n2
zD

2

n2
z − S

+
νeff

ω

ω2
pi

ΩiΩe

(n2
r + 2n2

z − 2S)

n2
r

(n2
z − S) + η

, (2.58)

where ω2
pe/Ω2

e ¿ 1 was assumed, and

η =
ω2

ωpe

(RL − n2
zS − 2n2

rS). (2.59)

Unless n2
z ∼ S, η is a small term and can be ignored. In addition, the second

term in the numerator of Eq. (2.58) is also typically small. The spatial
damping rate can be expressed in the following approximate form,

Im(kx) ∼=
νeffnr

2c

ω2

ω2
pe

n2
zD

2

(n2
z − S)2

. (2.60)

This process is called collisional damping.
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Lower Hybrid Wave

The LHW is the slow electrostatic wave in the frequency range intermedi-
ate between the electron cyclotron and ion cyclotron frequencies. The high
current drive efficiency of LHW is confirmed in many conventional tokamaks.

The dispersion relation is plotted as k2(ω) in Fig. 3.1. There is a reso-
nance at ω = ΩLH = |ΩCeΩCi|1/2 for the wave propagating perpendicularly
to the magnetic field (k ⊥ B0). This resonance is called the lower hybrid
resonance, and ΩLH is called the lower hybrid resonance frequency. On the
other hand, the wave propagating parallel to the magnetic field (k ‖ B0)
has a resonance at ω = ΩCe. The LHW can exist in the frequency range
ΩLH < ω ¿ ΩCe. The LHW, in general, has a finite propagation angle. In
the experiment, the LHW is launched by the antenna placed on or near the
outer wall of the vacuum vessel. The antenna imposes a definite periodic-
ity in the toroidal direction and determines the wavenumber parallel to the
magnetic field. Figure 3.2 shows the dependence of n2

⊥ on ω for different
n‖. As described in the following section, the LHW can be treated as an
electrostatic wave provided that

n2 ∼ n2
⊥ À |P |. (3.1)

3.1 Theory of LHW

3.1.1 Electrostatic Approximation

Since the LHW is an electrostatic wave, the electric field can be expressed
as the gradient of a scalar potential,

E = −∇φ = −i(x̂kx + ẑkz)φ. (3.2)

29
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Figure 3.1: The dispersion relation plotted as k2(ω) for ne = 1.8 × 1017m−3

and BT=0.1 T. The black, blue and red solid lines indicate the dispersion
relation for propagation angles 60◦, 80◦ and 85◦, respectively. The black
broken lines with resonances (k2 → ∞) at ω = ΩCe and ω = ΩLH indicate the
dispersion relations for parallel and perpendicular propagations, respectively.
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Figure 3.2: The dispersion relation plotted as n2
⊥(ω) for ne = 1.8 × 1017m−3

and BT=0.1 T. The black, blue and red solid lines indicate the slow wave with
n‖ = 3, 6 and 9, respectively. The black, blue and red broken lines indicate
those of the fast wave. The red dotted line shows the Stix parameter |P |.
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Substituting into Eq.(2.3) and multiplying by k from the left yields

(k · ε · k)φ = 0. (3.3)

For a cold plasma, Eq. (3.3) becomes

Sk2
⊥ + Pk2

‖ = 0. (3.4)

The Fourier representation of Eq. (3.4) can be inverted to obtain

∂2φ

∂x2
= −

(
P

S

)
∂2φ

∂z2
. (3.5)

This equation has a similar form to the wave equation. The solution of
Eq. (3.5) describes propagation along the characteristics z ± (−P/S)1/2x =
const. Because of the symmetry in the plane perpendicular to the magnetic
field in a uniform plasma, the characteristics define resonance cones. By
splitting E into its longitudinal and transverse components, E‖ and E⊥,
Eq. (2.3) can be written as

(n2I − ε) · E⊥ = ε · E‖. (3.6)

Therefore, E⊥ will be small compared to E‖ when

n2 À |P | > |εij| (3.7)

for all i and j. This condition needs to be satisfied for the electrostatic
approximation to be valid.

Eq. (3.4) has a singularity where S = 0. This singularity is removed
by including the finite temperature effect. In this section, the finite Larmor
radius (FLR) effects are assumed to be small, λ ¿ 1 in Eqs. (2.33)–(2.38).
The first-order FLR terms are added to Eq. (3.4) to give [45–47],

αn4
⊥ + βn2

⊥ + γ = 0, (3.8)

where

α = lim
k⊥→0

ω2

c2

∂

∂k2
⊥

Kxx =
3

2

ω2
pi

ω2

V 2
Ti

c2
, (3.9)

β = Kxx cold = S, (3.10)

γ = −n2
‖

∑
s

ω2
ps

k2
‖V

2
Ts

dZ0(y0)

dy0

, (3.11)

and the singularity has disappeared. The n4
⊥ term describes the thermal wave

branch of the dispersion relation (ion plasma wave). Imaginary contributions,
which describe Landau damping of the LHW by electrons and ions, arise from
Z ′

0 in γ.
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3.1.2 Physical Picture of the LHW

The physical picture of the LHW is described. Orbits of electrons and ions
under the influence of an oscillating electric field perpendicular to the mag-
netic field E = x̂Ex cos(ωt) is considered. The equation of motion is written
as

dvxs

dt
− ΩCsvys = ΩCs

Ex cos(ωt)

B0

(3.12)

dvys

dt
+ ΩCsvxs = 0. (3.13)

Since the frequency of the LHW is far greater than the ion cyclotron fre-
quency and far smaller than the electron cyclotron frequency, ΩCi ¿ ω ¿
ΩCe, ions can be treated as unmagnetized whereas electrons are strongly
magnetized. Therefore, the second term on the left hand side of Eq. (3.12)
can be ignored for ions, and the ion velocity can be written as

vxi =
ΩCi

ω

Ex sin(ωt)

B0

(3.14)

vyi =
Ω2

Ci

ω2

Ex cos(ωt)

B0

. (3.15)

Since ω À ΩCi, ions exhibit oscillation nearly aligned to the direction of the
electric field.

On the other hand, electrons are strongly magnetized. In order to sep-
arate the gyro-motion and the drift motion, we introduce a new velocity
variable u,

uxe = vxe +
ω

ΩCe

Ex sin(ωt)

B0

(3.16)

uye = vye −
Ex cos(ωt)

B0

. (3.17)

The equation of motion can then be written as

duxe

dt
− ΩCeuye =

ω2

ΩCe

Ex cos(ωt)

B0

∼ 0 (3.18)

duye

dt
+ ΩCeuxe = 0. (3.19)

The right hand side of Eq. (3.18) is smaller than that of Eq. (3.12) by
(ω/ΩCe)

2. Therefore, electrons exhibit E × B drift oscillation perpendicular
to the electric field.
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3.2 Expected Propagation of LHW in TST-2

3.2.1 Propagation and Mode Conversion

The variation in density and magnetic field across the plasma midplane is
shown by the red trajectory on the CMA diagram in Fig. 3.3. The FW can
exist only between the cutoff layer depicted by the green curve and the mode
conversion layer which is along the edge of the blue region in Fig. 3.3 (a).
In order to examine the characteristics of the cutoff and mode conversion
layers, a higher density case shown by the light blue curve in Fig. 3.3 (a) is
also considered. The solutions of the cold plasma dispersion relation with
parameters indicated by asterisks in Fig. 3.3(a) are shown in (d) for the low
density case, and in (e) for the high density case. It can be seen that the
wave with n‖ smaller than the critical value cannot propagate, and there are
two solutions (LHW and FW) for a certain value of n‖.

In TST-2, the LHW is excited by three types of antennas which are the
combline antenna, the grill antenna and the ECC antenna. As the wave
propagates inward, the toroidal mode number nφ of the wave is conserved
because of toroidal symmetry. As a result, the toroidal component of the
wavenumber kT changes as kT = nφ/R. In the present analysis, the toroidal
direction is considered to coincide with the parallel direction (equivalent to
ignoring the poloidal field) for simplicity. Figure 3.4 shows the solution of
Eq. (2.20) across the midplane for nφ = 18 which corresponds to the LHW
excited by the combline antenna. For the low density case (a), the FW is
evanescent for any R. On the other hand, mode conversion between the FW
and the LHW occurs for the high density case (b).

3.2.2 Quasilinear Diffusion

The effect of high power RF waves was modeled as diffusion in velocity
space [48]. This treatment can be justified if a band of waves produces
an overlap of island phase space trajectories of trapped particles (“phase
mixing”). Considering the one dimensional motion of a single particle whose
zeroth order motion is expressed as

z = vt + z0 (3.20)

in a traveling wave E(z, t) = ẑE cos(kz − ωt), the first order motion can be
described by

m
d

dt
∆v = qE cos(kz0 + kvt − ωt). (3.21)
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Figure 3.3: (a) CMA diagram. Red and light blue curves indicate variations
of density and magnetic field in TST-2 for a low density case and a high
density case, respectively. The green curve shows the cutoff layer for the FW
with n‖ = 7.16 (corresponds to nφ = 18 at R = 0.6m). The edge of the blue
region indicates the LHW to the FW mode conversion layer with n‖ = 12.3
(corresponds to nφ = 18 at R = 0.35m). There is no propagating wave inside
the blue region. The profiles of BT and ne on the midplane of the torus are
plotted in (b) and (c). The solutions of the cold plasma dispersion relation
for plasma parameters at the points indicated by asterisks in (a) are shown
in (d) for the low density case and in (e) for the high density case.
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Figure 3.4: Solutions for n2
⊥ across the midplane for parameters given in

Fig. 3.3 and n‖ = nφ/R (nφ = 18) for (a) the low density case and (b) the
high density case.

Integrating the first order motion one can calculate

∆v =
qE

m(ω − kv)
sin[kz0 − (ω − kv)t] − sin kz0. (3.22)

Averaging over the initial position z0 yields

(∆v)2 = 2

[
qE

m(ω − kv)

]2

sin2

[
(ω − kv)t

2

]
' π

(
qE

m

)2

tδ(ω − kv). (3.23)

The last approximation in Eq. (3.23) is valid in the limit of large t, ωt À 1.
Finally, the velocity space diffusion coefficient can be written as:

Dv =
(∆v)2

2t
=

π

2

(
qE

m

)2

δ(ω − kv). (3.24)

If there is a monochromatic wave, Eq. (3.23) just describes the averaged
width of the trapped particle trajectory in phase space. The concept of ve-
locity space diffusion can be applied if the wave spectrum is dense enough to
destroy the phase coherence between modes by phase mixing and the phase
space trajectory becomes stochastic. Therefore, the quasilinear diffusion co-
efficient can be derived by integrating Eq. (3.24) over k,

Dv(v) =
π

2

( q

m

)2
∫ ∞

−∞
dk|Ek|2δ(ω − kv) (3.25)



3.2. EXPECTED PROPAGATION OF LHW IN TST-2 37

If the LHW with an asymmetric parallel wavenumber spectrum is used,
an asymmetric velocity distribution function with respect to v‖ will develop
as a result of quasilinear diffusion. The v‖ moment of the asymmetric velocity
distribution gives the plasma current driven by the LHW.

3.2.3 Full Wave Simulation Using TORLH/CQL3D

TORLH is a full wave simulation code for propagation and absorption of
LHW [49]. A spectral representation of the electric field is employed in this
simulation as

E(x) =
∑
m

Em(ψ) exp(imθ + inφ). (3.26)

TORLH solves the wave equation Eq. (2.3) by casting it into Galerkin’s
weak variational form. The finite element discretization is used in the radial
direction, which allows fast calculation of the solution. The advantage of
full wave method is that the effect of diffraction and interference can be
retained unlike the ray tracing simulation. In TORLH ion finite Larmor
radius (FLR) effect is neglected. Therefore the ion plasma wave branch
cannot be treated. This simplification is justified since the ion plasma wave
is strongly evanescent under experimental conditions where ω/ωLH > 2. The
waves are absorbed by electron Landau damping (ELD) and transit time
magnetic pumping (TTMP). Although the FLR terms play no role, thermal
effects are retained through the plasma dispersion function contributions to
ELD and TTMP in the plasma model.

The interaction of the waves with the electrons far out on the tail of the
distribution function creates a non-Maxwellian plateau. This deformation
of the distribution function is calculated by the CQL3D bounce-averaged
Fokker-Planck code [50]. The distribution function is assumed to be constant
on the flux surface and can be expressed as f = f(t, ψ, u0, θ0) where u0 =
p0/m is the particle momentum per mass, and θ0 = u⊥,0/u‖,0 is the pitch
angle, both evaluated on the low field side midplane. The Fokker-Planck
equation is written as:

∂

∂t
(λfe0) = ∇u0 · Γu0 + 〈R〉 + 〈S〉, (3.27)

where λ = |v‖,0|τB, τB is the bounce time, 〈R〉 is the bounce and gyro aver-
aged radial diffusion term and 〈S〉 is the averaged particle source term. The
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velocity space divergence of flux vector Γu0 can be written as

∇u0 · Γu0 =
1

u2
0

∂

∂u0

G0 +
1

u2
0 sin θ0

∂

∂θ0

H0 (3.28)

G0 = u2
0Γu0 =

(
A0 + B0

∂

∂u0

+ C0
∂

∂θ0

)
f0, (3.29)

H0 = u0 sin θ0Γθ0 =

(
D0 + E0

∂

∂u0

+ F0
∂

∂θ0

)
f0. (3.30)

The quasi-linear diffusion coefficient is expressed as δB0 [51]

λ〈δB0〉 = v‖0

∮ ∑
m1,m2

dl

|v‖|
u4
‖E

(m1)
‖ E

∗(m2)
‖

γ2(ω/k‖1)(ω/k‖2)
eiθ(m1−m2)δ(ω−v‖k‖1)J0(k⊥u⊥/Ωce)

(3.31)
As can be seen in this equation, the effect of interference for quasilinear
diffusion coefficient is treated properly in TORLH.

3.2.4 Simulations for TST-2 Plasma Parameters

TORLH/CQL3D simulations are performed under the conditions of TST-
2 experiments. Due to the low temperature (less than 100 eV) absorption
of LHW is very weak in Maxwellian plasmas. However, damping becomes
stronger when quasilinear deformation of the distribution function is taken
into account as can be seen in Fig. 3.5. Simulations for higher density and
temperature are also performed. Stronger toroidal field is needed to satisfy
the accessibility condition to the plasma core. In these cases, the central
electron temperature is assumed to be Te0=200 eV. As is shown in Fig. 3.6(a),
relatively strong absorption at the edge is calculated for n‖ = 8.9 which
corresponds to the wave excited for 90 degree phasing of the grill antenna.
On the other hand, for n‖ = 5.9 which corresponds to the wave excited for 60
degree phasing of the grill antenna, the LHW can propagate to the plasma
core and drive current at smaller minor radii (Fig. 3.6).
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Figure 3.5: Comparison of the parallel electric field distribution for (a)
Maxwellian plasma and (b) non-Maxwellian plasma, obtained after 20 it-
erations between TORLH and CQL3D. Te0 = 50 eV, ne0 = 5 × 1017 m−3,
BT = 0.1 T, n‖ = 7.1. The colors indicate the logarithm of the absolute
value of the parallel electric field.
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Figure 3.6: Comparison of the parallel electric field distribution and driven
current density for (a), (c) n‖ = 8.9 and (b), (d) n‖ = 5.9. Te0 = 200 eV,
ne0 = 1 × 1018 m−3, BT = 0.3 T. The colors indicate the logarithm of the
absolute value of the parallel electric field.
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TST-2

4.1 The TST-2 Device

TST-2 (Tokyo Spherical Tokamak 2) is a spherical tokamak at the University
of Tokyo with major radius R0 ' 0.38 m, minor radius a ' 0.25 m, and
aspect ratio A ' 1.5 [52]. Typical plasma parameters are: toroidal magnetic
field BT ' 0.15 T, plasma current Ip ' 100 kA, electron density ne ' 1 ×
1019 m−3, and electron temperature Te ' 300 eV for operation using the
central solenoid. Figure 4.1 shows a cross sectional view of TST-2. The OH
coil (central solenoid) induces a toroidal electric field by induction, which
drives the plasma current and heats the plasma resistively. The TF coils
generate the toroidal magnetic field, the PF coils generate the magnetic field
primarily in the vertical direction to achieve tokamak equilibrium and control
the cross-sectional shape of the plasma, and the H coils are used to control
the vertical position of the plasma.

4.2 Diagnostics

Many diagnostic instruments are installed on TST-2. The plasma current is
measured by the rogowski coil surrounding the vacuum vessel.A microwave
interferometer is used to measure the line integrated electron density along
three vertical (R = 290, 380, 600 mm) and three horizontal (Z = −220, 0,
+200 mm) chords. Electromagnetic radiation from the plasma is measured
over a broad range of photon energies. In particular, the X-ray measurements
are used to investigate the high energy electrons produced by the LHW. The
energy spectrum of X-rays generated by bremsstrahlung (photon number per

41
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Figure 4.1: Cross-sectional drawing of TST-2.
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unit volume per unit time) is given by [53,54]

dPB

dE
= 3 × 10−3 n2

e

Zeff√
Te

gf(Te, E) exp

(
−E

Te

)
[m−3 s−1], (4.1)

where ne [m−3], E [keV], Te [keV], Zeff and gf are the electron density, photon
energy, electron temperature, effective ion charge number, and the Gaunt
factor which is approximately unity.

4.2.1 Soft X-ray Detectors

Soft X-ray (SX:10 eV∼20 keV) radiation is measured by semiconductor de-
tectors. A semiconductor detector has a junction of p-type and n-type semi-
conductors. When a photon with sufficient energy strikes the depletion layer
between the p-n junction, electron-hole pairs are generated, and a current
proportional to the number of electron-hole pairs is generated. We use two
types of detectors, “AXUV” and “SBD”. The “AXUV (absolute extreme
ultraviolet) photodiode” [55] is a product manufactured by IRD Inc., and
it is sensitive to photons in the energy range 7 eV to 6000 eV. The “SBD
(surface barrier diode)” is a photodiode with a thin coating of aluminum,
with additional thin-film filters made of beryllium or polypropylene. Fig-
ure 4.2 shows the detection efficiencies of these detectors. SBD without filter
(aluminum coating only), with polypropylene filter, and with beryllium fil-
ter are mainly sensitive to photons in the energy range 10-70 eV, > 200 eV,
and > 1 keV, respectively. However, it is difficult to detect SX photons with
energies less than 100 eV because photons in this energy range are absorbed
by the impurities on the surface of the detector. Therefore, the SBD without
an additional filter might be sensitive to photons with energies greater than
100 eV.

The AXUV and SBD detectors are connected directly to the vacuum
flange on the mid-plane of TST-2 because SX is strongly attenuated in air.
These detectors view the plasma core perpendicularly to the toroidal mag-
netic field as shown in Fig. 4.7.

4.2.2 Hard X-ray Detector

NaI scintillators were used to measure hard X-rays (HX) with energies in
excess of 100 keV. A scintillator is a crystal which emits scintillation light
when struck by an X-ray photon or an incoming particle. The amplitude of
the emitted light is proportional to the energy of the absorbed X-ray. We
used scintillators made of a Sodium Iodide (NaI) crystal doped by a small
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Figure 4.2: Detection efficiencies of SBD detectors with different filters. The
X-ray attenuation coefficients are derived from the data in [56, 57]. The
thickness of the Be filter is 15 µm, the polypropylene is 4 µm
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amount of Thallium (Tl). The scintillation light is converted to an electric
signal by the photomultiplier tube (PMT). The signal gain of the PMT can
be controlled by changing the control voltage of the PMT. The relationship
between the output signal and the X-ray energy was calibrated by measur-
ing the well-known radiation sources. We used 137Cs and 57Co. The 137Cs
nucleus decays by β− emission to the metastable 137mBa with the probabil-
ity of 94.7 %. The metastable 137mBa decays into the stable 137Ba by the
gamma transition whose energy is 662 keV [58,59]. The 57Co nucleus decays
by electron capture to the excited state of 57Fe at 136 keV. This nucleus
decays into the ground state emitting gamma rays with energies 122 keV
(85.5 %) and 14 keV (9.15 %) in cascade, or emitting 136 keV gamma ray
(10.7 %) [58,60]. The energy resolution of the detector was not high enough
to distinguish these two decay branches. Therefore, the weighted average
value of 124 keV was assumed to be the energy of the photoelectric absorp-
tion of the gamma rays from 57Co. The resultant gamma energy spectrum
of 137Cs and 57Co are shown in Fig. 4.3 and Fig. 4.4. The large lower energy
peak in the 137Cs spectrum is a consequence of the backscatter peak from the
lead block surrounding the radiation source and the detector. The voltage-
energy relationship was estimated using the peak voltages corresponding to
the 662 keV photoelectric peak of 137Cs and the 124 keV peak of 57Co as
shown in Fig. 4.5.

As the HX is not strongly absorbed in air, the NaI scintillator is placed
behind a vacuum window on the mid-plane of TST-2, and its position can
be changed. The detector is surrounded by 30 mm thick lead blocks except
for the front in order to suppress the backscattering effect. The front block
has a 3 mm diameter, 80 mm long pinhole to collimate the sight line of the
scintillator. The directivity of this pinhole was confirmed by changing the
position of the radiating source as shown in Fig. 4.6. The geometric opening
angle of this collimator is 2 degrees while the half width at half maximum is
2.7 degrees. The viewing solid angle is 4 × 10−3 str, but the viewing angle
was restricted by the port edge and the actual viewing solid angle was less
than this value.

The viewing chords of HX detectors are shown in Fig. 4.7 and Fig. 4.8.
Hard X-rays emitted by energetic electrons as bremsstrahlung are strongly
directed in the forward direction when the energy of the incident electron
exceed several hundreds keV, as shown in Fig. 4.9 [61, 62]. Therefore, the
detectors with viewing chords labeled “HX view (Co)” in Fig. 4.7 and Fig. 4.8
measure HX photons emitted from current-carrying fast electrons accelerated
by the LHW. The viewing chords labeled “HX view (Counter)” in Fig. 4.7 and
Fig. 4.8 measure HX photons emitted in the opposite direction. A difference
in HX emission measured along “Co” and “Counter” viewing chords indicates
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Figure 4.3: The gamma spectrum of 137Cs.
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Figure 4.4: The gamma spectrum of 57Co.
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Figure 4.5: The voltage-energy relationship of the HX detector system.
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Figure 4.6: The directivity of the HX detector.
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Gain Input Power Output Power
Pre Amplifier 40 dB 50 mW 1 kW

Excitation and Intermediate Amplifiers 13 dB 1 kW 20 kW
Final Power Amplifier 8 dB 20 kW 120 kW

Table 4.1: Typical parameters of 200 MHz power amplifiers.

asymmetry in the fast electron velocity distribution.
We intend to measure only HX photons emitted by fast electrons colliding

with ions. HX photons can also be emitted when electrons collide with a
solid material. This emission is called thick-target bremsstrahlung. The
strongest thick-target bremsstrahlung is emitted when fast electrons strike
the limiter surrounding the antenna, which is placed approximately 100 mm
inward (towards the plasma) from the vacuum vessel wall. This radiation was
measured when the viewing chord is shifted 5 degrees as shown by the green
region in Fig. 4.7. Figure 4.10 shows the effect of thick-target bremsstrahlung.
The radiation from the chord angle 5 degrees from the center of the viewing
chord is reduced to 0.5 % by the collimator as shown in Fig. 4.6. Therefore,
for the “HX view (Co)” viewing chord in Fig. 4.7 the possible contamination
from thick-target bremsstrahlung is one to two orders of magnitude smaller
than the plasma bremsstrahlung.

4.3 LHW System

4.3.1 High Power Amplifier System

A block diagram of the 200 MHz high power amplifier system is shown in
Fig. 4.11. The RF amplifier system consists of a signal generator, attenuators,
phase shifters, a power divider, power combiners, circulators, and several
stages of amplifiers. The maximum output power is 120 kW for each of
the four units. Typical parameters of power amplifiers are summarized in
Table 4.1.

4.3.2 Combline Antenna

The combline antenna (Fig. 4.12) consists of eleven vertically oriented current
straps whose electrical length is λ/4. The 200 MHz RF power is fed to the
antenna from the amplifier through the vacuum feed-through connected to
the antenna strap on one outermost strap (input strap). Each antenna strap
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Figure 4.7: The viewing chords of X-ray detectors when the combline an-
tenna was used. The purple region indicates the viewing region of the SX
detector. The blue regions indicate the viewing regions of HX detectors in
“Co” and “Counter” directions. The green region indicate the viewing re-
gion which includes the limiter which is the dominant source of thick-target
bremsstrahlung.
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Figure 4.8: The viewing chords of the X-ray detectors when the grill antenna
and the ECC antenna were used. The blue regions indicate the viewing
regions of HX detectors in “Co” and “Counter” directions.
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Figure 4.9: Polar plot of electron-ion bremsstrahlung intensity (in arbitrary
units). The energy of the incident electron is 500 keV. The black, blue, green
and red traces indicate the intensities of the emitted X-rays with energies
100, 200, 300 and 400 keV, respectively.

Figure 4.10: The effect of thick-target bremsstrahlung. The black and red
symbols indicate HX energy spectra measured along the viewing chords la-
beled “HX view (Co)” and “HX view (Thick)” in Fig. 4.7. The collimator
reduced the count rate from thick-target bremsstrahlung 0.5 % (blue sym-
bols), which is much less than the electron-ion bremsstrahlung.
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Figure 4.11: Block diagram of the 200 MHz high power amplifier system.
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is mutually coupled to the adjacent straps inductively. The inductance and
capacitance of the antenna strap are adjusted so that the phase difference
between RF currents in adjacent straps is 90 degrees. As a result, n‖ of the
launched wave is 7.2. The RF power transmitted to the other outermost
strap (output strap) exits the vacuum vessel through the feed-through and
is absorbed by the dummy load. The input port-through power is up to 150
kW, but the power injected into the plasma is less than 70 kW, and the
remainder is dissipated in the dummy load. The current straps are vertically
aligned and the toroidally oriented Faraday shield elements surrounding each
current strap suppress the electric field parallel to the toroidal magnetic field.
Therefore, this antenna excites the RF magnetic field only in the toroidal
direction. This polarization is usually called the “fast wave” polarization.

The wave excitation by the combline antenna was simulated using a ver-
satile finite element method (FEM) solver package COMSOL [63]. This
simulation code solves the wave equation for a specified dielectric tensor.
The cold plasma dielectric tensor expressed as in Eq. (2.7) was given. The
assumed plasma density and toroidal magnetic field were ne = 5 × 1016m−3

and BT = 0.06T. The radial RF electric field distribution of simulated wave
excited by the combline antenna is shown in Fig. 4.13. This wave satisfies
the dispersion relation of the slow wave (i.e. LHW). This is because the FW
is cutoff at such a low density, and a propagating FW cannot exist under
this condition.

4.3.3 Dielectric Loaded Grill Antenna

In many tokamak devices, the LHW is launched by a waveguide array antenna
(a.k.a. grill antenna). The grill antenna can provide slow wave structure
needed to shorten the wavelength, and can excite the RF electric field aligned
in the toroidal direction. The LHW is an electrostatic wave (wavevector
parallel to the electric field). Therefore, the grill antenna is suitable for
exciting the LHW. However, a conventional grill antenna cannot be utilized
in TST-2. The frequency used for the LHW experiment in TST-2 is 200 MHz,
which is one order of magnitude lower compared to conventional tokamak
experiments due to weaker toroidal field. Therefore, the wavelength is an
order of magnitude longer, and the height of the waveguide must be at least
0.75 m (half of free-space wavelength). This is larger than the largest port
of TST-2. In order to overcome this difficulty, a dielectric loaded waveguide
array was proposed. The size of the waveguide can be reduced to about one-
third by filling the waveguide with alumina ceramic (aluminum oxide) whose
relative permittivity is 10. It is technically very difficult to metalize a large
alumina block whose largest dimension exceeds 1 m. Therefore, the method
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Figure 4.12: The (inductively-coupled) combline antenna. The top figure
shows the front view of the combline antenna. The direction of the toroidal
magnetic field is shown by the red arrow and the direction of the RF magnetic
field excited by the antenna is shown by the green arrows. The middle figure
shows an equivalent circuit model of the combline antenna. The bottom
figure shows the top view of the combline antenna. the direction of the
group velocity of the excited wave is indicated by green arrows.
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Figure 4.13: The radial component of the RF electric field excited by the
combline antenna for ne = 5× 1016m−3 and BT = 0.06T. Periodic boundary
conditions are imposed on the left and right boundaries. Artificially high
collisionality is added near the top boundary to suppress unwanted reflection.

of electroless plating was utilized to cover the surface of the alumina block
with an 80 µm thick nickel layer. Four such nickel covered alumina blocks
were used as dielectric loaded waveguide elements of the array. The vacuum
seal is accomplished with O-rings around each waveguide. Figure 4.14 is
a photograph of the grill antenna. This antenna consists four waveguides.
There is a movable private limiter placed around the waveguide array to
control the density in front of the waveguide opening which strongly affects
the coupling efficiency of the grill antenna to the plasma. The relative phase
of the RF electric field in each waveguide can be changed arbitrarily since
each waveguide is fed by a different amplifier with an independent phase
shifter. The n‖ spectrum of the excited wave can be changed by changing
the phase difference between adjacent waveguides. The n‖ spectra for three
different antenna phasings (i.e., relative phases between adjacent waveguides)
are shown in Fig. 4.15. The kinetic energy of electrons which have same
velocity as the parallel phase velocity of LHW is plotted versus n‖ in Fig. 4.16.
The LHW with n‖ = 3 can interact with the electron whose kinetic energy
is 31 keV if v⊥ = 0, for example.

Coax-waveguide transformers are needed because the RF power is trans-
mitted from the amplifiers to the antenna by coaxial lines. Several types of
transformers were investigated using COMSOL [63]. Since a simple design is
preferred because it is difficult to machine alumina, a short-ended design is
employed in which the inner conductor of the coaxial section is connected to
the opposite wall of the waveguide. The optimization of this transition for
200 MHz was achieved with respect to the waveguide thickness (H) and the
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Figure 4.14: Dielectric loaded waveguide array (grill) antenna

Figure 4.15: The n‖ spectra of the LHW excited by the grill antenna for
three different antenna phasings, 30◦ (black), 60◦ (blue) and 90◦ (red).
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Figure 4.16: The kinetic energy of electrons which have same velocity as the
parallel phase velocity of LHW is plotted versus n‖.



60 CHAPTER 4. TST-2

Figure 4.17: The dependence of the reflection coefficient of the coax-
waveguide transition on the position of coaxial feeder x and the thickness
of the alumina block H.

coaxial feeder position from the closed end of the waveguide (x) as shown in
Fig. 4.17.

4.3.4 Electrostatically-Coupled Combline Antenna (ECC
Antenna)

The grill antenna has an advantage that the launched n‖ can be changed.
However, the reflection coefficient became as high as 60 % under the low
density plasma start-up operation condition, and the total input power was
restricted to below 100 kW in order to avoid the arc discharge at the coax-
waveguide transition. As a result the maximum coupled power in the start-up
experiment was 40 kW. In addition, the number of the wave launching ele-
ments of the grill antenna is only four. Therefore, the n‖-spectrum inevitably
has a substantial reverse going peak other than the main peak intended for
current drive. The height of the reverse going peak was one-third of the main
peak for the case of π/2 phasing.

In order to overcome these difficulties associated with the grill antenna,
a novel antenna called the electrostatically-coupled combline antenna (ECC
antenna) was developed in a collaboration with Dr. Charles Moeller of Gen-
eral Atomics. This antenna is similar in principle to the (inductively-coupled)
combline antenna. As can be seen in Fig. 4.18, this antenna consists of 13
vertically aligned metal rods. The shape of the rod and the covers surround-
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ing the upper and lower parts of the rod were designed so that adjacent rods
are electrostatically coupled. As a result, this antenna can excite the RF
electric field aligned in the toroidal direction and excite the LHW directly.
The phase difference between adjacent rods was set to be 60 degrees so that
the launched n‖ is 5.5. However, this antenna launches a backward wave,
therefore the RF power is fed from the opposite end compared to the case of
inductively-coupled combline antenna.

The reflection coefficient of this antenna was below 10 % and the power
which exits through the output port was less than 1 %. Therefore, the
fraction of the coupled power relative to the input power was much higher
than that of the grill antenna or the combline antenna.

4.4 Non-inductive Plasma Start-up Experi-

ment

Plasma start-up experiments using microwave power at 2.45 GHz were con-
ducted previously in TST-2 [64]. The plasma was heated by electron cy-
clotron resonance heating. Initially, the plasma is confined in an open field
line configuration by the magnetic mirror effect. A small net toroidal current
can arise due to pressure driven effects [65–68]. The magnitude of the toroidal
current generated by these effects is proportional to the plasma pressure, so
the current increases as the plasma is heated. When the plasma current be-
comes large enough to cancel the applied vertical field on the inboard side
of the torus, closed flux surfaces are formed. Once closed flux surfaces are
formed, the fraction of confined electrons increase drastically, and the plasma
current increases rapidly. This process is called the “current jump” [24].

In TST-2, not only ECH but also HHFW (21 MHz) was used for non-
inductive start-up [69–71]. Sustainment of the ST configuration by HHFW
after the formation of closed flux surfaces by ECH was demonstrated. Al-
though the formation of closed flux surfaces was not achieved by HHFW
alone, HHFW was able to provide heating and therefore current sustainment.
The plasma current achieved in the plasma start-up experiments using ECH
or HHFW was less than 2 kW.
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Figure 4.18: The ECC antenna. The top right figure shows the front view of
the antenna. The red arrow indicates the direction of the toroidal magnetic
field, and the orange arrows show the direction of the RF electric field excited
by the antenna. The top left figure shows the side view of the antenna rod
without the top and bottom covers. The bottom figure shows an equivalent
circuit model of the ECC antenna.
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Antenna-Plasma Coupling
Study

5.1 Linear Plasma Coupling Simulation

Antenna-plasma coupling of the dielectric-loaded waveguide array antenna
was studied experimentally and theoretically. A linear plasma coupling sim-
ulation was performed using COMSOL under a simplified condition. The
plasma density was assumed to be spatially constant and the toroidal cur-
vature was ignored. Figure 5.1 shows the simulated reflection coefficient
for different plasma densities and relative phases between adjacent waveg-
uides. The reflection coefficient is high with the electron density less than
1 × 1016 m−3. This density is much higher than the low density cutoff for
the LHW, which is about 5 × 1014 m−3 for 200 MHz. This may be because
the impedance mismatch from the dielectric-loaded waveguide to vacuum is
very large. The reflection coefficient is less than 30 % for the density from
1× 1016 m−3 to 1× 1017 m−3 while increases again for the density more than
1 × 1017 m−3. This is because there is no propagating mode for such a high
density plasma as shown in Fig. 5.2.

5.2 Dependence on Input Power

The coupling characteristics of this antenna were investigated over a wide
range of input power (fig. 5.3). The reflection coefficient for the grill antenna
is defined as the ratio of the sum of the reflected powers to the sum of the
input powers measured by directional couplers in coax-waveguide transitions
connected to the four waveguides. The LHW was launched into an induc-
tively sustained plasma. When the movable private limiter surrounding the

63
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Figure 5.1: The dependence of the calculated reflection coefficient of the grill
antenna on the electron density.

Figure 5.2: The n2
⊥ dependence on plasma density for three deferent n‖ is

shown.
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Figure 5.3: The dependence of the reflection coefficient on the input power.

grill antenna was placed 10 mm in front (towards the plasma) of the surface
of the antenna, the reflection coefficient was greater than 50 % at high power,
but decreased to 30 % at low power (less than 100 W). On the other and,
when the private limiter was placed behind the antenna surface, this power
dependence was not observed. This result can be explained by considering
the ponderomotive force which is discussed in detail in next section.

5.3 Ponderomotive Force

The non-linear behavior of antenna-plasma coupling can be explained by the
ponderomotive effect. The equation of motion for a particle of charge q is
given by

m
dv

dt
= q (E + v × B) . (5.1)
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Neglecting the DC electric and magnetic fields, the v × B term becomes
second order. The wave electric field can be written as

E = E(r) cos(ωt). (5.2)

In the first order, we can evaluate the electric field at the initial Position.
Therefore,

m
dv1

dt
= qE(r0) cos(ωt) (5.3)

can be solved to obtain

v1 =
q

mω
E(r0) sin(ωt), (5.4)

r1 = − q

mω2
E(r0) cos(ωt). (5.5)

In the next order, we can obtain the second order electric field by expanding
E(r) about r0,

E(r) = E(r0) + (r1 · ∇)E |r=r0 . (5.6)

To evaluate the v1 × B1 term, B1 is rewritten using Maxwell’s equation
∇× E = −∂tB

B1 = − 1

ω
∇× E(r) |r=r0 sin(ωt). (5.7)

Therefore, the second order terms of Eq. (5.1) satisfy

m
dv2

dt
= q

[
(r1 · ∇)E cos(ωt) + v1 ×

(
− 1

ω

)
∇× E sin(ωt)

]
, (5.8)

where the spatial argument of E is suppressed for notational convenience.
Substituting Eq. (5.4) and Eq. (5.5), we obtain

m
dv2

dt
= − q2

mω2

[
(E · ∇)E cos2(ωt) + E × (∇× E) sin2(ωt)

]
. (5.9)

Averaging over time yields

m

〈
dv2

dt

〉
= − q2

2mω2
[(E · ∇)E + E × (∇× E)]

= − q2

4mω2
∇E2. (5.10)

Finally, the non-linear ponderomotive force is derived as

FP = − q2

4mω2
∇E2. (5.11)
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Figure 5.4: Electrostatic probe array installed on the inner wall of the private
limiter.

As can be seen in Eq. (5.11), the ponderomotive force pushes charged
particle towards the region of weaker electric field. Therefore, the pondero-
motive force reduces the plasma density in front of the antenna where the
intensity of electric fields is high. The antenna-plasma coupling can deteri-
orate if the plasma density becomes lower than the optimum density. The
ponderomotive effect is counteracted by the rapid plasma transport along
the magnetic field when the private limiter does not intersect magnetic field
lines in front of the antenna. Therefore, the deterioration of coupling should
be observed only when the private limiter intersects magnetic field lines in
front of the antenna.

5.4 Density Measurements by the Limiter Probe

To confirm the density reduction by the ponderomotive force, electrostatic
probes were installed on the inner wall of the private limiter (Fig. 5.4).

The applied voltage on the probe was swept from −250 V to +50 V at
1 kHz. The current flowing into the probe changes with the applied voltage.
This current is measured as the voltage across a small shunt resistor betweeen
the variable voltage source and the ground. The current vs. voltage trace
(V-I characteristic, cf. Fig. 5.5) is analyzed to reveal information about the
plasma. When the applied voltage is sufficiently negative (Region I), the
current takes a constant value called the ion saturation current (Iis). As the
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Figure 5.5: Schematic of the V-I characteristics.

probe voltage increases, the probe current becomes zero. This probe volt-
age is called the floating potential (Vf). When the probe voltage increases
further, the probe current increases exponentially (Region II). This is be-
cause the number of electrons which can overcome the Coulomb barrier and
reach the probe increases exponentially if the electron velocity distribution
is Maxwellian. This exponential increase of the probe current saturates at
the value called the electron saturation current (Ies) as the probe voltage ap-
proaches the space potential (Vs, Region III). However, because of the limit
in the current supply capability of the variable voltage source, it is difficult
to measure Ies in our experimental setup. In Region II, the probe current
can be described as [72]

Iprobe ∝ exp

[
eVprobe

κTe

]
(5.12)

where e is electron charge, κ is the Boltzmann constant and Te is the electron
temperature. The electron temperature can be estimated from the slope of
the ln(Iprobe)/Vprobe. The ion density ni can be estimated from Te and Iis

because Iis is expressed as [72]

Iis =
1

2
eniAp

√
κTe

mi

(5.13)

where Ap is the probe area. The factor 1/2 varies depending on electron
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emission from the electrode, the plasma sheath thickness, and the shape of
the probe. Because of quasi-neutrality the electron density is equal to the
estimated ion density, unless there is a large fraction of impurity ions.

The dependence of the estimated density on the input power is shown in
Fig. 5.6. It is clearly seen that the density in front of the antenna decreases
as the input power increases. In addition, the change in density starts around
the same input power as where the reflection coefficients starts to increase.
This result strongly suggests that the deterioration of reflection coefficient is
caused by the density decrease due to the ponderomotive force of the applied
RF electric field.

5.5 Non-Linear Antenna-Plasma Coupling Sim-

ulation

The experimental results described above were compared with the results of
non-linear numerical simulation based on the finite element method (FEM).
This simulation is similar to that performed using the POND code [73, 74].
As we discussed in Sec. 5.3, the ponderomotive force can be described as the
gradient of a scalar potential, FP = −∇ΦP. This ponderomotive potential
can be calculated for the wave field calculated by COMSOL using the formula
[75,76],

ΦPs =
qs

ms

[
|Ez|2

ω2
+

|Ex|2 + |Ey|2

ω2 − Ω2
s

+ Im

{
Ωs(

∗EyEx − ∗ExEy)

ω(ω2 − Ω2
s)

}]
, (5.14)

where it is assumed that B0 = B0ẑ, and s stands for the species index. This
form is derived from the second order term of the perturbative expansion
of the Hamiltonian of the charged particle in the oscillating electromagnetic
field,

H =
1

2m
(p − qA)2 + qΦ, (5.15)

where A and Φ are the magnetic vector potential and the electrostatic po-
tential, respectively.

The ponderomotive force mainly acts on the electrons because of the mass
dependence of Eq. (5.11). However, the electrostatic force acts to neutralize
the plasma. Therefore, the total force felt by the electron is

Fe = −e∇Φes + ∇ΦPe (5.16)

where Φes is the electrostatic potential which appears as a result of the neu-
tralizing effect.
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Figure 5.6: The dependences of the electron density and the reflection coef-
ficient on the input power.
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In equilibrium, the density of each species obeys the Boltzmann distribu-
tion,

ns = ns0 exp

(
−qsΦes + ΦPs

κTs

)
, (5.17)

where ns0 is the density of species s without the ponderomotive effect. As-
suming quasi-neutrality (i.e. ni = ne), the electric potential can be written
as

Φes =
TeΦPi − TiΦPe

eTi + qiTe

. (5.18)

Therefore, the electron density can be expressed as

ne = ne0 exp

(
− qiΦPe + eΦPi

κ(qiTe + eTi)

)
. (5.19)

Expanding this expression for small ponderomotive potential as ne ∼ ne0(1+
δn), one can express the density reduction as

δn = − qiΦPe + eΦPi

κ(qiTe + eTi)
. (5.20)

The benchmark of this simulation was performed comparing the density
change for a certain electric field with the result shown in [77], which solves
numerically the one dimensional MHD equation with RF electric field.

However, as the density in front of the antenna decreases, the reflection
coefficient of the grill antenna increases. As a result, the electric field excited
by the antenna decreases. Therefore, the iteration between the wave field
calculation by COMSOL and the density reduction calculation based on the
ponderomotive theory is needed to obtain a self consistent density profile
for a certain input power. From the experimental result, the effect of rapid
plasma transport along the magnetic field appears to be important, so the
density is averaged along the magnetic field.

The result of simulation is shown in Fig. 5.7. The inflection point of
the simulated reflection coefficient plotted versus the input power shifted to-
wards higher power as the prescribed plasma temperature increased, because
the change in density was determined from the equilibrium relationship be-
tween the plasma pressure force and the ponderomotive force. Compared
with Fig. 5.3, the inflection point of the experimentally measured reflection
coefficient was between 100 W and 1 kW. The corresponding temperature in
the simulation was 5 – 10 eV. This result falls within the approximate range
of electron temperature measured by the mid-plane Langmuir probe. This
result strongly supports the explanation that the observed deterioration of
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Figure 5.7: The simulated dependence of the reflection coefficient on the
input power.

antenna-plasma coupling of the grill antenna is caused by the ponderomo-
tive effect. The simulated reflection coefficient when the input power is more
than several kW is more than 85 % while the experimental value is less than
60 %. This discrepancy might be caused by the edge plasma heating by the
LHW.



Chapter 6

Plasma Start-up Experiments
Using Three Types of Antennas
on TST-2

Non-inductive plasma current start-up experiments using RF power in the
lower hybrid frequency range is being conducted on the TST-2 spherical
tokamak using three types of antennas: the (inductively-coupled) combline
antenna, the grill antenna and the electrostatically-coupled combline (ECC)
antenna .

6.1 Experiments Using the Combline Antenna
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δθ [deg] 30 60 90 180
n‖ 3.0 6.0 9.0 18 (dipole phasing)

Table 6.2: The correspondence between the antenna phasing and the n‖ of
the launched LHW.

6.2 Experiments Using the Grill Antenna

6.2.1 Typical Waveforms

The plasma current start-up to 10 kA was demonstrated using the grill an-
tenna as shown in Fig. 6.5. The advantage of this antenna over the combline
antenna is that this antenna can launch the LHW directly with n‖ varied from
−18 to +18 by changing the phase difference between adjacent waveguides.
The correspondence between the antenna phasing and the n‖ of the launched
LHW is shown in table 6.2. The main objective of the experiments using the
grill antenna is to search the most favorable n‖ for the plasma current start-
up in the TST-2. Therefore, the dependence of the achieved plasma current
on the antenna phasing was studied for several discharge sequence and the
X-ray emission in these experiments were also compared.

6.2.2 Dependence on the Phase Difference

Plasma Current and Soft X-ray Emission

Non-inductive plasma current start-up was attempted with several different
phasings at relatively low plasma current (7 kA). Figure 6.6 shows the de-
pendence of the achieved plasma current on antenna phasing. The waveform
of the externally applied vertical field coil current was kept the same during
this phasing scan while the input power was varied from 4 kW to 15 kW.
The negative value in n‖ denotes the counter drive case. Plasma currents
greater than 3 kA were not achieved for the counter drive case in this scan.
This result again shows that the effect of direct current drive by the LHW is
important to achieve plasma currents greater than 4 kA in TST-2.

In order to investigate the dependence in the co drive case, plasma start-
up to 10 kA was attempted. In this case, the mean value of the input power
was 15 kW and the variation of the input power for different discharges was
kept to less than 35 %. As clearly seen in Fig. 6.7, the highest plasma current
was obtained for 1.5 ≤ n‖ ≤ 4.5. The strength of SX emission in the energy
range 0.1–1 keV also took its highest value for 1.5 ≤ n‖ ≤ 4.5 while thatin the
energy range 1–10 keV showed a monotonic decrease as n‖ increases. This
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Figure 6.5: Typical discharge waveforms of the plasma start-up experiments
using the grill antenna.
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Figure 6.6: Dependence of the achieved plasma currnt on antenna phasing.

is because the LHW with lower n‖ can interact with higher energy electrons.
The higher energy electrons take longer to slow down to become bulk thermal
electrons. Therefore, the LHW with lower n‖ is thought to drive more current
by producing higher energy electrons.

Hard X-ray Spectrum

This hypothesis is confirmed by the measured spectrum of tangential HX
emission. Figure 6.8 shows the HX spectra averaged over 5 shots for each n‖
shown in Fig. 6.7. The sight line lies along a tangential chord and the detector
is oriented to detect HX emitted from high energy electrons accelerated in
the co-direction. The count rate of high energy photons was lower when
n‖ of the launched wave was greater than 7.5. As stated above, the input
power was kept at a certain level but the plasma current differed in this
comparison. Therefore, there is a possibility that the drop in HX emission
at high energies might have been caused by the deterioration of high energy
electrons confinement because of the lower poloidal field strength.

Another phasing scan was performed to investigate whether the difference
in the HX spectrum could be measured with almost the same poloidal field (or
plasma current). As can be seen in Fig. 6.9, the input power was increased in
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Figure 6.7: Dependences of the achieved plasma currnt and SX emission on
Antenna phasing.
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Figure 6.8: Comparison of hard X-ray spectra obtained for different antenna
phasings.
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n‖ Teff,co Teff,ctr

3.0 58±3 keV 52±10 keV
6.0 56±3 keV 53±9 keV
7.5 40±7 keV -

Table 6.3: The effective temperatures of the HX energy spectra for different
launched n‖.

order to maintain the same plasma current in cases with higher launched n‖.
The emission in the counter direction was also measured in this experiment.
Since only one NaI scintillator was available at that time, the direction of the
sight line was changed alternatively for every 3 discharges. The HX counts
were accumulated for 13 shots for every antenna phasing and for both sight
lines.

The measured HX spectra and the fitted effective temperatures for differ-
ent launched n‖ are shown in Fig. 6.10 and table 6.3. Firstly, for all launched
n‖, the emission in the co direction was stronger than that in the counter di-
rection. This is a clear evidence that the LHW created an asymmetry in the
electron velocity distribution function. Secondly, the decreases in the emitted
photon energy and the effective temperature can be seen for n‖ = 7.5. From
this result, we can conclude that the launched n‖ of less than 6 is favorable
for creating high-energy electrons in the co-direction, which is thought to
account for a large fraction of the plasma current in TST-2 non-inductively
driven plasmas.

The higher effective temperature of the HX energy spectrum compared
with the bulk electron temperature accounts for the existence of a plateau in
the electron velocity distribution function. Although the difference between
effective electron temperatures measured in co and counter directions seemed
not to be very different in this experiment, the total counts of counter HX
emission was not sufficient to obtain the effective temperature accurately.
The effective temperatures of the co HX radiation for n‖ = 3 and 6 were
almost the same as that measured in the experiment using the combline
antenna.

Power Modulation Experiments

Amplitude modulation experiments were performed using the grill antenna.
The same model of plasma response to LHW amplitude modulation as that
used to analyze the combline antenna experiment was used. The relative
phases of SX signals to the LHW amplitude modulation are shown in Fig. 6.11.
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Figure 6.9: Discharge waveforms for HX spectrum comparison at the same
plasma current. The black, red and blue traces indicate the discharges with
n‖=3.0, n‖=5.9 and n‖=7.7.
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Figure 6.10: Comparison of HX spectra measured in co and counter directions
for 3 antenna phasings.
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Figure 6.11: Phases of modulated SX signals in three energy ranges relative
to RF modulation. The left, center and right figures indicate the relative
phase of SX signals measured by the SBD with no additional filter, with the
polypropylene filter and with the beryllium filter, respectively.

The relative phase was measured for three energy ranges and four launched
n‖’s with AM frequency from 0.2 kHz to 3.5 kHz. However, a definite delay
in the AM phase of the SX signal was observed only in the lowest energy
component measured by the SBD with no additional filter for the case with
n‖ = 9. For this case, the inflection point of the relative phase plotted against
the logarithm of AM frequency fell around 0.5 kHz. From this result, the
timescale for the loss of electrons which emit low energy photons measured by
the SBD with no additional filter was estimated to be 0.3 ms. This timescale
is of the same order as the electron-ion collision time of 50 eV electrons in
a plasma with a density 1017m−3, which is 0.6 ms. On the other hand, all
the other SX signals did not show any delay in relative phase. This result
indicates that the electrons which emit these photons are lost very quickly,
in less than 50 µs. This rapid loss can be attributed to the orbit loss because
of the deviation of the electron orbit from the flux surface. As stated above,
the size of the drift orbit for a 10 keV electron is approximately 30 mm, while
a typical minor radius of the plasma is 250 mm. Therefore, a certain fraction
of energetic electrons would be created near the plasma edge. This tendency
did not change for the launched n‖ in the range from 3 to 9. The absorp-
tion profile of the LHW might change with n‖. However, if the single-pass
absorption were very weak, the absorption profile would become broad and
insensitive to the launched n‖ because absorption would depend on up-shift
or down-shift of n‖ while propagating inside the plasma. As a result, a cer-
tain fraction of the LHW power would be absorbed at large normalized radii,
and energetic electrons accelerated by the LHW would be lost quickly.
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6.3 Experiments Using the ECC Antenna

6.3.1 Typical Waveforms

Plasma start-up experiments using the ECC antenna were performed after
experiments using the grill antenna and the combline antenna. From the
experimental results using the grill antenna, it became clear that the antenna
which can excite the LHW directly with n‖ less than 6 would be favorable
to initiate the plasma current in TST-2. The ECC antenna can excite the
LHW with n‖ = 5.5 with relatively sharp wavenumber spectrum because
this antenna has 13 elements while the grill antenna has only 4 elements. In
addition, the antenna-plasma coupling characteristics of this antenna is the
best among the three antennas. The reflection coefficients of this antenna is
less than 10 % and the power that exits from the output port is negligibly
small (much less than 1 %). Therefore, more than 85 % of the input power
can be delivered to the plasma. However, the input power has been restricted
to less than 30 kW so far because of impurity production. This antenna was
installed on TST-2 in the spring of 2013. An extensive antenna conditioning
would be required to increase the input power. Up to now, plasma current
initiation and ramp-up to 12 kA has been demonstrated using the ECC
antenna, as shown in Fig. 6.12.

6.3.2 Hard X-ray Spectrum

The HX spectrum was measured in discharges with plasma currents of ap-
proximately 10 kA. Figure 6.13 compares the spectra of HX radiation for
co and counter directions. Again, the HX radiation in the co direction is
stronger than that in the counter direction, which means that the LHW cre-
ated an asymmetric electron distribution function. The effective temperature
of the HX radiation was 27.6 keV, which is less than that measured in exper-
iments using the grill antenna or the combline antenna. The higher density
which is caused by insufficient conditioning of the antenna might account for
this difference.

6.4 Comparison Among Different Antennas

6.4.1 Comparison of the Current Drive Efficiency

We performed plasma current start-up experiments using three types of an-
tennas. Each antenna has its own feature and the achieved plasma current
differs. Although the highest plasma current was achieved using the combline
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Figure 6.12: Typical waveforms of a start-up experiment using the ECC
antenna.
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Figure 6.13: Hard X-ray spectra in the experiment using the ECC antenna.
The HX radiation in the co direction (indicated by black symbols) is stronger
than that in the counter direction (indicated by red symbols), which means
that the LHW created an asymmetric electron distribution function.
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Figure 6.14: Comparison of plasma currents achieved with the three antennas
plotted versus the input RF power.

antenna, this might be attributed to the highest available power. As can be
seen in Fig. 6.14, 15 kA was achieved in the combline antenna experiment
with an input power of 50 kW. The available power in the grill antenna exper-
iment was limited to less than 35 kW to avoid arcing in the coax-waveguide
transition section. The ECC antenna did not have such a restriction in the
input power, but bursts in the plasma density and the H-α radiation were ob-
served for input powers exceeding 30 kW. This implies that impurity and/or
neutral gas influx from the antenna became non-negligible, and effective cur-
rent drive was not possible in this regime.

In order to compare the current drive ability in tokamak devices, the
current drive figure of merit ηCD = n̄eRIp/PLH is widely used [17, 21]. This
parameter normalizes the effects of the device size and the plasma density.
In fact, the value of the driven current per input RF power is not exactly
inversely proportional to the density, but this figure of merit takes into ac-
count the deterioration of the current drive ability at higher density due to
the faster slowing down of high energy electrons.

Figure 6.15 compares ηCD achieved with three antennas against the plasma
current. ηCD increases as the plasma current increases for all three antennas.
This tendency can be attributed to the improvement of high energy electron
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Figure 6.15: Comparison of the current drive figure of merit ηCD achieved
with the three antennas plotted versus the plasma current.

confinement with the increase of the poloidal field strength. In addition, the
bulk electron confinement also improves with the poloidal field. This may
also lead to higher electron temperatures, which improves the absorption of
the LHW. This is another possible cause of improved ηCD.

Among the three antennas, ηCD was the lowest for the combline antenna
even though the highest plasma current was achieved by this antenna. This
is because the combline antenna was designed for excitation of the FW. The
LHW is an electrostatic wave, and an antenna suitable for LHW excitation
should excite RF electric field aligned with the confining magnetic field, but
the combline antenna excites RF electric field perpendicular to the confining
magnetic field (RF magnetic field parallel to the confining magnetic field).
Therefore, excitation of the LHW by the combline antenna relies on the small
parallel magnetic component of the LHW and is not expected to be efficient.

The grill antenna has higher ηCD than the combline antenna. This result
is attributed to the ability of the grill antenna to excite the LHW with
suitable polarization. The highest ηCD on TST-2 was achieved using the
ECC antenna, which can also excite the LHW with the toroidal electric
field. One difference between the grill antenna and the ECC antenna is the
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launched n‖. The launched n‖ of the grill antenna can be varied from −18 to
+18 while that of the ECC antenna is fixed at 5.5. Another difference is the
number of antenna elements. The grill antenna consists of only 4 antenna
elements while the ECC antenna has 13 elements. Therefore, the peak of the
n‖-spectrum of the grill antenna is broader than that of the ECC antenna.
In addition, the n‖-spectrum of the grill antenna has the reverse going peak,
whose height is one-third of the main peak, while that of the ECC antenna
is less than 10 %.

If the absorption of the LHW were strong, most of the power is absorbed
in the first pass through the plasma, and the absorption profile is strongly
dependent on the launched n‖ spectrum. In that case, ηCD of the grill antenna
could be greater than that of the ECC antenna. As stated in the preceding
section, no clear difference in the HX energy spectrum was observed when
the launched n‖ was less than 6. This result suggests that the absorption of
the LHW is weak and multiple passes through the plasma are required for
sufficient absorption. In such a case, absorption should not depend sensitively
on the launched n‖ spectrum. Therefore, even though the launched n‖ of the
ECC antenna is fixed at 5.5, this antenna could drive the plasma current
more efficiently because the reverse going wave component, which drives the
current in the reverse direction, is much weaker.



Chapter 7

Discussion and Conclusions

7.1 Discussion

7.1.1 Difficulty in Using the Grill Antenna at Low Fre-
quency

In other experiments which use the grill antenna, the ponderomotive effect is
usually not critical, especially at input powers as low as several kW [79–84].
A possible explanation of this difference lies in the difference in the RF fre-
quency. As can be seen from Eq. (5.14), the ponderomotive potential is
inversely proportional to the square of the RF frequency. Typical frequen-
cies of the LHW used in conventional tokamaks are in the range of several
GHz because of their higher magnetic fields. On the other hand, the fre-
quency used on TST-2 is 200 MHz. Therefore, the ponderomotive potential
is roughly 2 orders of magnitude larger than in conventional tokamak exper-
iments while the edge plasma temperature is on the same order as in other
experiments. As a result, the fraction of density reduction becomes negligi-
bly small for the same input power density according to Eq. (5.20). However,
the ponderomotive effect cannot be dismissed in almost all experiments when
their maximum powers are used since it is empirically known that the at-
tainable RF power density of the grill antenna scales as the square of the
frequency [85–88].

Another possible cause of deterioration at low power is the effect of the
dielectric. The energy density of the electric field in the waveguide is en-
hanced because of the high relative permittivity of the dielectric material.
This leads to a stronger ponderomotive effect in front of the antenna com-
pared with the grill antenna without a dielectric material. In addition, the
large impedance mismatch from the dielectric-loaded waveguide to vacuum
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causes antenna-plasma coupling to deteriorate at much higher densities than
the cutoff density.

7.1.2 Estimation of the Fast Electron Density

The measured HX spectrum represents the fast electron velocity distribution
function. We assume a spatially uniform 1-D (zero perpendicular velocity)
Maxwellian distribution function with asymmetric temperatures in the “Co”
and “Counter” directions for fast electrons, which can be expressed as

f(p‖) =


exp

(
−

p2
‖

2mekBTCo

)
, (p‖ ≥ 0)

exp

(
−

p2
‖

2mekBTCtr

)
, (p‖ < 0).

(7.1)

The emission intensity is calculated using the differential cross section labeled
“2BN” in [61]. A comparison of the measured HX spectra in the experiment
using the combline antenna and the calculated HX spectra using the as-
sumed fast electron velocity distribution function are shown in Fig. 7.1. The
assumed fast electron density and ion density are nfast = 2 × 1015m−3 and
ni = 1×1017m−3, respectively, and the assumed parallel fast electron temper-
atures in the co and counter directions are TCo = 80 keV and TCtr = 50 keV,
respectively. The measured HX intensity in the energy range less than
100 keV drops because pulses with photon energies less than 100 keV are
easily hidden by the preamplifier noise. The asymmetry in the co vs. counter
directions results in the plasma current driven by the fast electrons acceler-
ated by the LHW. The current density calculated for the assumed velocity
distribution is 12 kA/m2, which corresponds to the plasma current of 2.4 kA,
assuming a circular plasma cross section with a minor radius of 0.25 m. Since
this estimate uses a simple model with uniform spatial distribution and zero
perpendicular velocity, the uncertainty in the estimated fast electron density
and plasma current can easily be several times.

7.1.3 Analysis of Orbit Loss Using a Fokker-Planck
Code

As mentioned in Chapter 6, the orbit loss of fast electrons is believed to
be significant in the low-current start-up plasma created by the LHW. This
assumption is confirmed by calculations using the CQL3D Fokker-Planck
code. The orbit loss is calculated in CQL3D using the simple banana model.
In this model, a trapped particle is considered lost when its banana width
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Figure 7.1: Comparison of the measured HX spectra in the experiment using
the combline antenna (diamonds) and the calculated HX spectra using as-
sumed fast electron velocity distribution function (solid lines). The assumed
values of the fast electron density and ion density are nfast = 2×1015m−3 and
ni = 1×1017m−3, respectively, and the assumed parallel fast electron temper-
atures in the co and counter directions are TCo = 80 keV and TCtr = 50 keV,
respectively.
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Figure 7.2: Comparison of the energy lost by orbit loss for plasma currents
of 10 kA and 50 kA.

plus gyro-orbit width becomes greater than the distance to the plasma edge,
and a circulating particle is considered lost when its gyro-orbit width becomes
greater than the distance to the plasma edge.

A comparison of the energy lost by the orbit loss for plasma currents
of 10 kA and 50 kA is shown in Fig. 7.2. The orbit loss is significant for
normalized minor radius of greater than 0.2 for the 10 kA case. This calcula-
tion strongly supports the assumption that the estimated rapid loss of high
energy electrons is attributed to the orbit loss.

On the other hand, the orbit loss is comparable to the RF power source
only for normalized minor radius of greater than 0.9 for the 50 kA case.
Therefore, a further improvement in the current drive efficiency can be achieved
if the plasma current could be increased.

7.1.4 Start-up Scenario Keeping Low Density

The density profile was reconstructed for a 9 kA discharge obtained using
the grill antenna by inverting the measured line integrated densities measured
along four vertical chords, as shown in Fig. 7.3. Accessibility of the LHW
to the plasma core is ensured for this operation. As shown in Fig. 6.5, the
plasma density was able to be kept at almost constant level while the plasma
current was ramped up from 1 kA to 10 kA for the plasma start-up operation
using the grill antenna, which indicates that it is possible to start and ramp
up the plasma current keeping the plasma density low.

A lower plasma density is favorable for current drive by the LHW because
fast electrons driven by the LHW take a longer time to slow down to thermal
electrons and contribute to more plasma current. The higher fraction of high
energy electrons can be confirmed by comparing the ratio of the SX radiation
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Figure 7.3: Reconstructed density profile.
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Figure 7.4: Comparison of the ratios of SX radiation strengths.

strengths in three energy ranges between the LHW start-up operation and
the inductively sustained operation. As shown in Fig. 7.4, the fraction of the
high energy component is higher in the LHW start-up operation.

7.2 Conclusions

An effective plasma current start-up to 15 kA using the LHW was demon-
strated on the spherical tokamak. By keeping the plasma density sufficiently
low, the problem of LHW accessibility could be avoided. Three types of
antennas were used on TST-2 to investigate current drive by the LHW.

First of all, the combline antenna was used and achieved plasma cur-
rent start-up to 15 kA. By changing the direction of current drive, it was
revealed that the effect of direct RF current drive became significant when
the plasma current exceeded 4 kA in TST-2. However, the current drive
efficiency achieved using this antenna is lower than that obtained using the
antennas used later because the polarization of the fields produced by this
antenna is not suitable for exciting the LHW.

Next, the dielectric loaded grill antenna was used. This type of LHW
launcher is widely used in tokamaks all over the world. A higher current
drive efficiency was achieved compared to the combline antenna. This im-
provement could be attributed to the suitable polarization produced by this
antenna. This antenna has the flexibility of changing the n‖ of the launched
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LHW. Therefore, the most efficient n‖ for plasma current ramp-up for TST-2
was searched. Based on the achieved plasma current and the energy spec-
trum of the emitted X-rays, n‖ of less than 6 was found to be favorable.
However, the antenna-plasma coupling deteriorated non-linearly when the
input power exceeded several kW. This deterioration is believed to be caused
by the density depletion due to the ponderomotive force. This assumption
was confirmed experimentally and theoretically. The actual density deple-
tion when the input power exceeded several kW was measured by the elec-
trostatic probe installed on the inner wall of the private limiter. The FEM
antenna-plasma coupling simulation which takes into account the pondero-
motive effect also shows the coupling deterioration due to density depletion.
The reflection coefficient starts to increase at the same order of input pow-
ers as in the experiment assuming the plasma temperature is 5 – 10 eV,
which is consistent with the temperature measured by the mid-plane Lang-
muir probe. The achieved plasma current using this antenna was restricted
to under 10 kA because the coupled power was limited to under 35 kW due
to the poor antenna-plasma coupling.

Lastly, the ECC antenna was used. This antenna solved the antenna-
plasma coupling problem, and typical reflection coefficients of less than 10 %
were achieved. A plasma current start-up to 12 kA was demonstrated using
this antenna. The highest current drive figure of merit in TST-2 was achieved
by this antenna. This is because the n‖ spectrum of the LHW launched by
the ECC antenna has a sharper peak than the grill antenna. In addition, the
n‖ spectrum of the grill antenna has the reverse going peak whose strength
is one-third of the main peak while that of the ECC antenna is less than
5 %. These differences are the consequence of the difference in the number of
antenna elements. The ECC antenna has 13 elements while the grill antenna
has only 4. Therefore, the ECC antenna can launch a better defined traveling
wave than the grill antenna. When the input power exceeded 30 kW, bursts
in plasma density and H-α radiation due to impurity and/or neutral gas
influx from the antenna were observed, and effective current drive has not
been possible in this regime. An extensive antenna conditioning would be
required to increase the input power while avoiding the problem described
above. Plasma currents of more than 15 kA should be achievable with RF
powers of greater than 50 kW delivered by the ECC antenna.
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[79] V. Petržilka, et al., Nuclear fusion 31, 1758 (1991).

[80] A. Ekedahl, et al., Non-linear effects on the lh wave coupling in tore
supra and impact on the lh current drive efficiency, In AIP Conference
Proceedings (2009).

[81] M. Preynas, et al., Nuclear Fusion 53, 013012 (2013).

[82] P. Jacquet, et al., Lhcd antenna coupling experiments on the tdev toka-
mak, In AIP Conference Proceedings (1996).

[83] C. Gormezano and D. Moreau, Plasma physics and controlled fusion 26,
553 (1984).

[84] V. Pericoli-Ridolfini, Nuclear Fusion 31, 351 (1991).

[85] A. Kaye, Plasma physics and controlled fusion 35, A71 (1993).

[86] Y. Ikeda, et al., Fusion Engineering and Design 13, 209–217 (1990).

[87] V. P. Ridolfini, et al., Nuclear fusion 45, 1085 (2005).

[88] D. Bora, et al., Fusion engineering and design 82, 141–152 (2007).




