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Abstract

Tokamak is a candidate scheme for a fusion reactor, but the reduction of its aspect ratio is
required to make an economically competitive reactor. Therefore, experimental data at small
aspect ratio tokamaks (i.e., spherical tokamaks) are quite important to design a prototype
fusion reactor. In TST-2 (Tokyo Spherical Tokamak-2), various issues, such as plasma start-
up using radio frequency (RF) waves, plasma equilibrium, plasma turbulence, instabilities
and disruptions, have been studied. Current density is closely related to them, since tokamak
plasma are characterized by the current density profiles. Thus, the development of current
density diagnostic is quite valuable in tokamak research.

In this study, the development of a current density diagnostic using a small Rogowski
coil has been performed. A Rogowski coil is a current sensor and its general shape is a
toroidal coil. The exclusive advantage of a Rogowski coil is the direct measurement of an
electrical current passing through a hole of the coil. In order to measure the internal current
density of spherical tokamaks, a high performance small Rogowski coil is required. Therefore,
we have invented a multi-layer Rogowski coil (outer diameter = 20 mm; inner diameter =
12 mm; thickness = 12 mm; number of turn 360; and thickness of the cable = 0.12 mm)
wound by a specific winding method, which enables us to fabricate a small Rogowski coil
with small sensitivity to the external magnetic field and with large number of turns within
a short fabrication time. Using this Rogowski coil, we have successfully measured the edge
current density of TST-2 plasmas with a good signal to noise ratio.

A Rogowski probe consisting of two multi-layer Rogowski coil, five magnetic pick-up coils,
and two Langmuir probes has been also fabricated. The feature of the Rogowski probe is that
it can be moved along the major radius of the tokamak and rotated around the shaft axis
(in the toroidal-poloidal plane). As a result, the current density, magnetic field and pressure
profiles were obtained. In addition, the angular dependence of the current density in the
toroidal-poloidal plane was obtained. It was found that the angular dependence cannot
be explained by geometrical configuration but can be interpreted by the following model
developed by us. We made a sheath model in the vicinity of the Rogowski probe head
and calculated the electron orbits under a given magnetic field and the sheath potentials.
The calculation revealed the effects of plasma parameters, including sheath potential. The
experimental angular dependence was reproduced by our model. Furthermore, a part of the
plasma parameter dependences were confirmed experimentally. This is the first study on the
current passing through a hole in magnetized plasmas, and we have established the insertable
Rogowski coil measurement.

Using the Rogowski probe, plasma equilibrium and the instabilities were studied. In
Ohmic plasma discharges, we found that the measured edge current density profiles and
those calculated by an equilibrium code agree each other when the plasma is in inboard-
limited configuration. For the outboard-limited configuration, a finite current in the region
outside the RF antenna limiter position was observed. Such current cannot be reconstructed



by the equilibrium code. In RF startup plasma discharges, which is sustained by a dielectric
loaded 4 waveguide antenna, we successfully and directly observed local current density for
the first time. On the other hand, the equilibrium calculation code which allows finite scrape
off layer current failed to reproduce the measured local current density. Therefore, further
improvement in plasma equilibrium calculations is required.

In the studies of instabilities, we mainly investigated the difference between two types of
internal reconnection events (IRE, which are instabilities often observed in spherical toka-
maks). One is that occurs at the initial and the middle phase of a discharge duration, and it
often induces a plasma disruption. Second is that occurs at the end of a discharge duration
and it does not induce a disruption. From the comparison between them, sudden emissions
of soft X-ray and low frequency magnetic fluctuations near the core region were found to be
the main two precursors for the IRE which induces a disruption. For both IREs, transports
of plasma density and the current from the core region to the edge region are observed, and
such transports seems to cause high frequency fluctuations near the plasma edge region. In
addition to IREs, edge localized filamentary structures were also observed by the Rogowski
probe. The Rogowski probe was found to be a powerful tool to measure and study such
localized structures.

Finally, we have developed a high performance Rogowski coils, and demonstrated that
the Rogowski coil is a powerful tool to measure the current densities, such as equilibrium
current, current density fluctuations and filamentary structures. A Rogowski coil enables us
to study various tokamak physics.
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Chapter 1

Introduction

1.1 Nuclear fusion

Nuclear fusion is considered to be a promising candidate for energy source for the future
because of its high degree of safety and benign environmental impact. Among numerous
fusion reactions, the DT (deuterium-tritium) reaction (see Fig. 1.1) is the most effective
reaction [1]. Both deuterium and lithium (used to produce tritium) are virtually inexhaustible
on the earth. Thus, fusion power is very attractive for providing the base-load power for the
long-range future.

K. @

iti Fusion
tritium Y

“ / DT reaction

deuterium

helium

Fig. 1.1: DT reaction.

In order to realize fusion reactions on the earth, we need to generate a high temperature
and high density plasma. Plasma is an ionized gas, and can be generated by supplying
sufficient energy to the neutral gas. Sometimes, the plasma is called 'the fourth state of
matter’ [2]. In the plasma state, charged particles such as ions and electrons collide with each
other. When the plasma is heated to high enough temperatures for the ions to approach close
enough to each other, the nuclear fusion reaction can occur. Although, the fusion reactor has
inherent safety since runaway reactions cannot occur, unlike fission reactors, there are many
technical difficulties to generate plasmas with sufficiently high temperature and density, and
confine the energy for a sufficiently long period of time. Therefore, it is critically important
to study the physics of plasma confinement.
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1.2 Tokamak and spherical tokamak

Presently, the tokamak is the most successful plasma confinement configuration. The tokamak
is a toroidal magnetic confinement device with toroidal symmetry. ITER (International
Thermonuclear Experimental Reactor), which is being constructed to study fusion burning
plasmas, is a tokamak device [3]. A schematic configuration of the tokamak is shown in Fig.
1.2.

VA
CS coil (OH coil)

ol T e
-

Vacuum vessel

Fig. 1.2: Schematic configuration of the tokamak with several important quantities. I, :
plasma current, Ry : major radius, ag : minor radius, ¢ : toroidal angle, 6 : poloidal angle,
By : toroidal magnetic field, By : poloidal magnetic field.

A tokamak device consists of a vacuum vessel, toroidal field (TF) coils, poloidal field (PF)
coils, and the central solenoid (CS) or OH (Ohmic heating) coil. These coils play important
roles in plasma confinement. By is the magnetic field produced by the TF coil current and
By, is the magnetic field produced by the plasma current I;, and the PF coil currents. The
PF coils are used for controlling the plasma shape and position. In the tokamak, the plasma
is confined by controlling these magnetic fields. The CS is used for inductive current drive
and Ohmic plasma heating. As will be described later, minimizing or eliminating the CS is
required to realize an attractive commercial fusion reactor.

In magnetically confined plasmas, charged particles gyrate and travel along magnetic field
lines. This gyration is called the Larmor motion (Fig. 1.3). In tokamak plasmas, electrons
and ions travel mainly in the toroidal direction (along the torus). If there is no I, in the
toroidal direction, charge separation occurs in the vertical (Z) direction (Fig. 1.2), and
charged particles escape in the major radial direction by the E x B drift (Fig. 1.4) [1,2].
When I, is finite, B, provides a short circuit path for electrons and ions in the poloidal
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direction, and the plasma can be confined. Thus, driving the plasma current is essential for
the tokamak.

@ B magnetic field

Fig. 1.3: Larmor motion.

E x B drift

Fig. 1.4: E x B drift.

As a commercial fusion reactor, a tokamak device with a weak magnetic field strength
and a high plasma pressure is desired since the cost of a tokamak device depends strongly
on the magnetic field strength and the mass of the electromagnetic support structure. The
8 value

_ 2p0<p>
- B

is used to characterize plasma stability. Here, pg is the magnetic permeability in vacuum,
< p > is the volume averaged plasma pressure, and Byg is the toroidal magnetic field strength
at major radius R = Ry. In previous studies, it was demonstrated that the stability limit for
[ can be increased by controlling the plasma pressure profile, the current density profile, and
the magnetic field configuration [4,5].

The spherical tokamak, which can confine high pressure plasmas at a weak magnetic
field strength (i.e., high ), was proposed by M. Peng [6]. A schematic comparison between
the conventional tokamak and the spherical tokamak is shown in Fig. 1.5. In the spherical
tokamak, the 8 limit is improved by reducing the aspect ratio A (= Rp/ag) and by optimizing
the poloidal cross-sectional shape. Aspect ratios for a typical spherical tokamak and for a
typical conventional tokamak are less than 1.5 and greater than 3, respectively. In order to
realize an economically competitive fusion reactor, a reduction of the aspect ratio is effective,

B (1.1)
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Conventional tokamak

Spherical tokamak

Fig. 1.5: Schematic comparison of the conventional tokamak and the spherical tokamak.

as shown by the VECTOR study [7]. Presently, JT60-SA is being constructed at JAEA
(Japan Atomic Energy Agency). JT-60SA has an aspect ratio of A = 2.5 and its main
mission is to explore improved stability of high 5 plasmas to indicate a favorable path toward
a more efficient demonstration reactor (Demo) [8]. The Slim-CS Demo was designed with
presently available technology, and adopted a reduced-size CS to reduce the reactor size and
the construction cost [9]. In this device, the CS is used only for initial start-up and for
plasma control. Therefore,an alternate method of plasma current ramp-up is required. For
the design of a prototype fusion reactor, experimental data at small aspect ratios are quite
important.

The Tokyo Spherical Tokamak-2 (TST-2, Ry ~ 0.38 m, agp ~ 0.25 m, By ~ 0.3 T, I, ~
0.1 MA) is a spherical tokamak device at the University of Tokyo Kashiwa Campus [10]. A
photograph of T'ST-2 is shown in Fig. 1.6.

Fig. 1.6: The TST-2 spherical tokamak.
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1.2.1 Tokamak plasma equilibrium

For stable fusion reactor operation, we need to develop effective methods to control the
tokamak plasma. The determination of tokamak plasma equilibrium is an important issue.
The plasma equilibrium is determined by the force balance between the pressure gradient force
and the electromagnetic force. The plasma shape and position are controlled by external coil
currents [11]. The tokamak equilibrium is usually considered to be toroidally symmetric, and
the magnetic field lines lie on nested toroidal magnetic surfaces as shown in Fig. 1.7. In

Fig. 1.7: Magnetic surfaces in a tokamak.

general, the force balance equation is expressed as
Vp=jx B, (1.2)

where p is the plasma kinetic pressure, j is the plasma current density and B is the magnetic
field. It is clear from Eq. (1.2) that B-Vp = 0 and j - Vp = 0. Thus, in an equilibrium
state, there is no pressure gradient on the magnetic surface (on which the poloidal flux ¢ (r)
is constant), and the current flows on the magnetic surface. Since v(r) varies in the direction
perpendicular to the flux surface,

B -Viy(r) =0. (1.3)

In a toroidally symmetric system, a magnetic surface corresponds to a surface on which the
poloidal flux is constant, and can be expressed by the vector potential as ¢ = RA4(R, Z) [12].
From this equation, it is clear that the R and Z components of the magnetic field are given

by
B oY - oY
=357 RB; = R (1.4)

In addition, from B - Vp = 0, p and % should satisfy the equations:
oY Op @ O(RBy)

0ZO0R 0Z OR

RBpg

= 0, (1.5)
p = p¥). (1.6)
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Thus, in equilibrium, the plasma pressure p is a function of . Similarly, from 7 - Vp =0
and ppj = V x B, By and p should satisfy the equation

OR 0Z 0Z OR ’ '

This equation shows that RBy is also a function of 1. The relationship between RB, and 1
is written as
ol (¥)

RBy = o

(1.8)

where R is an arbitrary radius, By is the magnetic field at R, and I(%)) is the current flowing in
the poloidal direction through hole of the torus defined by the poloidal flux surface ¢ = RAy.
The R components of Eq. (1.2) can be written as

op(y) | g OI*(¥)

2 —
L(¢) + uoR a0 + R T 0, (1.9)
010 0?

This is the Grad-Shafranov equation [11,13,14] which describes equilibrium in axisymmetric
configurations. The current density can be obtained as

L(¥) . —10I(y) .1 0I(Y)

TwR T2k 0z ° 7T 2R 8R -

(1.11)

1.2.2 Plasma heating

As explained in Sec. 1.2, I, must be driven to form the tokamak configuration. A large
current is applied to the CS (or OH coil) which is located at the center of the tokamak (see
Fig. 1.2). When the current in the CS changes, a toroidal electric field is induced (V x E =
—0B/0t) and a toroidal plasma current is driven. This is shown schematically in Fig. 1.8.
Since the plasma has a finite resistivity, the plasma is heated by Ohmic heating. Using the
plasma resistivity 17 and the plasma current density j, the Ohmic heating power density P is
written as

P =nj. (1.12)

Although Ohmic heating is very effective in low temperature plasmas, it becomes ineffective in
high temperature plasmas with low resistivity (because the plasma resistivity is proportional
3

to Te ?).

Magnetically confined charged particles gyrate at the cyclotron frequency w. which is pro-
portional to the magnetic field strength. When an electromagnetic wave with the frequency
wee (electron cyclotron frequency) is injected into the plasma, electrons resonate with the
wave and can absorb energy. The electron cyclotron frequency is

B
Wee = ., (1.13)

(&)

where e is the magnitude of the electronic charge, B is the magnetic field strength, and m,
is the electronic mass.
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Ohmic coil

Fig. 1.8: Principle of Ohmic current drive.

1.3 Plasma sheath

When a solid material is placed inside the plasma, electrons and ions will flow to the material
surface. Since the electron thermal velocity is much larger than the ion thermal velocity due
to the large discrepancy in their masses, electrons reach the surface faster than ions, and
accumulate near the surface. In order to limit the electron flow, the electrostatic potential of
the material surface becomes negative and a large electric field is formed. Ions are accelerated
towards the surface and electrons are repelled. Thus, quasi-neutrality is violated near the
material surface. Such a region is called the plasma sheath. The Debye length Aq is used to
characterize the sheath thickness and is given by

1
A = (50Te> : (1.14)

Ne€?2

where g¢ is the electrical permittivity in vacuum, T is the electron temperature and n, is the
electron density. In this thesis the temperature is measured in eV, and other parameters are
measured in SI units. In order to form a stable plasma sheath, the sheath thickness varies
according to circumstances.

Basically, stable formation of the plasma sheath requires that the drift velocity of ions at
the the sheath entrance must be greater than the ion sound velocity Cs = /T./m;i, where
m; is the ion mass. This condition is the Bohm criterion. Thus, there must be a region
for ions to be accelerated up to or greater than Cy before entering the sheath. As shown
in Fig. 1.9, we can separate the plasma sheath into two regions: the Debye sheath region
with a characteristic length several times )\q, and the presheath region with a characteristic
length Lyr.. These two regions must be connected smoothly, and there are various views.
For simplicity, we present a basic calculation for the Debye sheath region in an unmagnetized
plasma.
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~ A

Fig. 1.9: Schematic of the plasma sheath. L. is the characteristic length of the presheath
region and Vgneatn is the surface potential.

Generally, the mean free path for thermal electrons is larger than Ay, and the plasma
is collisionless in the Debye sheath region. Thus, electrons can be assumed to satisfy the
Boltzmann relationship. In order to calculate the Debye sheath potential, the following
dimensionless quantities are defined [15]

2
miv; €Vsheath Mei z
= = I — n = 2 = ~ ].].5
Yy 2, s X T, norm, e,i o s 5 >\d ( )

where mv2 /2T, and —eVipeatn/Te are kinetic and potential energies of a singly charged ion
normalized by the electron temperature, n.; are the electron and ion densities in the Debye
sheath, ng is the plasma density at the entrance to the Debye sheath, z is the spatial coordi-
nate perpendicular to the material surface defined in Fig. 1.9, and £ is the spatial coordinate
normalized by the Debye length Aq. In order to calculate the sheath potential, Poisson’s
equation must be solved, and we need to know the equations for electron and ion densities in
the Debye sheath. As described above, the electron density is assumed to be in Boltzmann
equilibrium, and the ion density can be calculated using the ion continuity equation and ion
energy conservation. Thus, the Debye sheath is described by the following equations:

d2
d7§>2< = Tnorm,i — Mnorm, e Poisson’s equation, (1.16)
Nnorm,e = €xp(—x) electron Boltzmann relation, (1.17)
Mnorm, 2 = Yo7 ion continuity, (1.18)
Yy = Yo+Xx ion energy conservation, (1.19)

where g is the normalized ion kinetic energy at the entrance to the Debye sheath. From the
ion continuity equation and ion energy conservation, the ion density is given by 7norm,i =
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(1+ X/yo)_%- By multiplying Poisson’s equation by dy/d¢ and assuming that dy/d¢ and x
approach 0 for £ — 0, we can obtain the normalized electric field (i.e., dx/d§) as

2
(?g) = 4dyo[(1 + X/yo)% — 1]+ 2(exp(—x) — 1). (1.20)

By integrating this equation numerically, the sheath potential in the Debye sheath can be
calculated. Examples of calculation are shown in Fig. 1.10. From these figures, it is clear that
the characteristic length for the Debye sheath is larger than Ay and the ion density is larger
than the electron density inside the Debye sheath. For small yg, the solution of Poisson’s
equation diverges and yo must be greater than 0.5. This is the Bohm criterion and the details
are discussed in Ref. [15]. While the plasma sheath has been studied since the 1920 " s, the
physics of plasma sheath is still unsolved. In addition, the sheath can present a problem for
the interaction between the plasma and the plasma facing component [16]. Thus, it is still a
very important subject for investigation.

10

evsheath/ Te
o N H D

Ilnorm. e, i

Fig. 1.10: Calculation results for the potential (a) and density (b) inside the Debye sheath.
Black, red and blue lines are for yo = 0.5, 1 and 1.5. Solid curves and dashed curves in (b)
are the ion and electron densities, respectively.

1.4 Magnetic reconnection and internal reconnection event in
spherical tokamaks

1.4.1 Magnetic reconnection

Magnetic reconnection is a well-known phenomenon in which anti-parallel magnetic field lines
in a plasma reconnect to form a different magnetic topology. It is frequently observed in the
nature and in fusion plasmas. Magnetic reconnection cannot occur in a plasma with no
resistivity, since the magnetic field lines are frozen in the plasma and must move together.
The generalized Ohm’s law is

njg=E+V xB, (1.21)

where n is the plasma resistivity. Using Eq. 1.21 and Ampere’s law, the time derivative of
the magnetic field is given by
0B

2 7N 2
5 =V x (VXB)+M0V B. (1.22)
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The first and second terms on the right hand side of this equation describe convection and
diffusion of the magnetic field. If the plasma has no resistivity, the second term is 0, and this
equation describes the movement of the magnetic field with the plasma (frozen-in condition).
When 7 is finite, the magnetic field can diffuse relative to the plasma. In such a case, magnetic
reconnection can occur. A schematic of magnetic reconnection is shown in Fig. 1.11 When

current sheet

Fig. 1.11: Magnetic reconnection.

the antiparallel magnetic field lines approach each other, a localized current sheet forms at
the X point. After reconnection, the straightening of the magnetic field lines take the plasma
with them and particles are accelerated. When magnetic reconnection occurs, a part of the
magnetic energy is converted to the plasma kinetic energy.

1.4.2 Internal reconnection event (IRE) in TST-2

The internal reconnection event (IRE) is an MHD energy relaxation phenomenon often ob-
served in spherical tokamaks. It accompanies a transient increase of the total plasma current
(positive I, spike) caused by sudden reductions of the plasma thermal energy and magnetic
energy. The latter is expressed by a reduction of the internal inductance which corresponds
to the flattening of the current density profile [17]. Since a large fraction of the stored energy
can be lost due to an IRE, it is an urgent issue to understand and control it. IRE is considered
to occur when the pressure gradient exceeds a threshold value. IRE is observed and studied
in TST-2 [18-20] and in other spherical tokamaks [21-23].

In Ref. [18], increases of the ion temperature 7T; at three different spatial regions corre-
sponding to emission regions of CV, C'' and OV lines are observed during an IRE (see Fig. 5
in [18]). In this figure, time evolutions of I,,, impurity line intensities (CV at Z = 0, —0.2 m,
Cat Z = —0.2 m and OV at Z = —0.2 m), and ion temperatures obtained from Doppler
broadening of these lines are plotted. Data shown in this figure were obtained in four different
plasma discharges with similar I, traces. Al defined in Fig. 5 in Ref. [18] is a good indicator
of the strength of IRE. The four shots selected have the same AI,. T} increased up to ~ 400
eV (CVatZ=0,-02mand OV at Z = —0.2 m). For C'" at Z = —0.2 m, the increase of
T; starts earlier than others, but the increment is much smaller. During the period indicated
by the arrow in Fig. 5(b) in Ref. [18], the intensities of CV at Z = 0 m and —0.2 m are
constant in time suggesting that the profile of CV line emission intensity became flatter and
that T} obtained from CV represents the ion temperature over a broad region. For At > 0.2
ms, the CV intensity at Z = 0.2 m decreases and the intensity profile became peaked again.
Thus, the decay of the CV intensity at Z = 0 m reflects the core information.

In Refs. [19,20], pick-up coils and a tangential pin-hole camera with a 20-channel PIN-
diode array were used to measure magnetic fluctuations and the radial SXR (soft X-ray
radiation) profile during IREs in TST-2 Ohmic plasmas. Figure 4 in Ref. [19] shows time
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evolutions of the frequency spectra of magnetic fluctuations measured by pick-up coils located
at R = 0.49, 0.51, 0.53 m, and in the shadow of the outboard limiter, I;, and the loop voltage.
A growth of 10 kHz magnetic fluctuations (R < 0.51 m) accompanied by a growth of up to
the 4th harmonic are shown. In addition, a 10 kHz mode appears behind the limiter. Just
before the drop of the loop voltage, stabilization of harmonics and a growth of mode at 15
kHz and 30 kHz are also observed. From these results, we can infer that some non-linear
processes are involved in MHD instabilities which cause the IRE.

Figure 4 in Ref. [20] shows a typical time trace during an IRE in a TST-2 Ohmic plasma
discharge. The time traces of the SXR camera shows an inward shift of the plasma. The
increase of I, starts from 21.3 ms, and magnetic fluctuations with mode numbers n =1 (10
kHz) and 2 (20 kHz) grow. A rapid increase of H, line emission indicate hydrogen recycling
from the vacuum vessel wall. The SXR profile shows a collapse at ¢ = 21.35 ms, and the
particles are expelled from the plasma core region. After that, the SXR signal propagates
towards outside of the plasma.

1.4.3 Non-linear simulations of IRE

Theree-dimensional MHD simulations in toroidal geometry were performed and several key
features of IRE have been revealed by H. Hayashi and N. Mizuguchi [24,25]. The boundary
of the computational region is a perfectly conducting wall. The following full set of resistive
and compressible MHD equations were used for the simulation:

dp
% = —V - (pv), (1.23)
aat(pv) = —V.(pvv) - Vp+jijxB+pu {VZ'U + <:1))V(V : v))] , (1.24)
0B
= = “VxE (1.25)
0 .
= V) - -Vt (- D+ @ -Vq),  (126)
j = VxB, (1.27)
E = —vxB+nj, (1.28)
o = 2u (eijeji - %(V : ’0)2) : (1.29)
1/(0v;, Ov;
i = g <8x- * a:ﬁ) ’ (1.30)
j )
a = —kV)(p/p). (1.31)

Figure 3 in Ref. [24] shows the calculation result for the pressure profile during an IRE.
Parameters used for the simulation were: aspect ratio A = 1.35, elongation x = 1.6, central
beta 3(0) = 48%, and the central safety factor ¢(0) = 0.91. As seen in Fig. 3 in Ref. [24], the
plasma pressure in the central region falls on a timescale of 10074, and the thermal energy
is transported from the core to the edge. 10075 roughly corresponds to 1us.

Figure 6 in Ref. [24] shows the development of an isobaric surface of the plasma and
magnetic field lines for the same calculation condition as Fig. 3 in Ref. [24]. It can be seen
that the thermal energy is transported from the plasma core region to the plasma edge region
by convection caused by the excited modes. This can be seen as the collapse of the plasma
pressure profile. In addition, simulation results suggest that a current sheet structure is
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formed in the region where the bulge-like perturbation grows. It is localized near the plasma
edge and in the toroidal direction.

Figure 2 in Ref. [25] shows the overall plasma structure monitored by a CCD (charged
couple device) camera in the START spherical tokamak [21]. Frame (a) was taken with a
higher time resolution of 30us, whereas frames (b)-(d) were taken with a time resolution of
100 ps). From Fig. 2(a) in Ref. [25], a helical structure, which is localized in a narrow region
and in the toroidal direction is observed. These are very similar to the simulation result
shown in Fig. 6 in Ref. [24]. In Fig. 2(b) in Ref. [25], a filamentary structure can still be
seen. Overall distortions are observed in Figs. 2(c) and (d) in Ref. [25].

1.4.4 IRE in NSTX

In NSTX (National Spherical Torus Experiment) [26], IREs were also studied using 3 sets of
SXR detectors (16 vertical and 16416 horizontal channels) and pick-up coils (see Fig. 2 in
Ref. [23]). Two types of IREs were studied, minor IRE and major IRE. The vertical array of
detectors have sensitivities to both SXR and UV (ultraviolet), and the two horizontal arrays
have sensitivity to only SXR. Typical plasma discharges with minor IRE and major IRE are
shown in Fig. 1 in Ref. [23]. For the minor IRE case, I, decreases moderately after the I,
spike. On the other hand, for the major IRE case, plasma disruption occurs at the same time
as the I, spike. In these two types of discharges, the time sequence of events was different.

An expanded view of SXR and magnetic signals for a minor IRE are shown in Fig. 3 in
Ref. [23]. A sinusoidal oscillation can be seen on SXR and magnetic signals before the IRE.
The toroidal mode number n and the poloidal mode number m are both 1. This precursor
oscillation persists for 10 ms. From the horizontal and vertical arrays of SXR detectors, we
can see that the precursor oscillation moves to a larger minor radius. After the oscillation
slows down, the oscillation stops (mode locking). This condition lasts for about 2 ms, and
then an internal crash occurs followed by peripheral UV radiation. This peripheral radiation
is considered to be due to influx of impurities from the wall caused by highly energized
electrons escaping from the plasma core.

Figure 5 in Ref. [23] shows the time sequence for a major IRE. In this case, a spontaneous
development of the locked mode is seen (phase I). After 5 ms, the plasma collapses and the
energy is transferred from the core region to the external region (phase II). The crash of the
core SXR emission is caused by a flattening of the T, profile, similar to the thermal quench
in conventional tokamaks. In phase III, I}, starts to increase, then MHD activity in the edge
region increases. The increase of I, could be a consequence of the expansion of the current
channel. As a result of central cooling, I, falls. It is apparent that this current quench is
caused by the vertical instability. During this period, Figs. 3 and 5 in Ref. [23] show that
a hot region is formed in the cold plasma region with the center displaced downward and
outward.

1.5 Plasma diagnostics in TST-2

1.5.1 Magnetic pick-up coil

The magnetic pick-up coil is a fundamental diagnostic for magnetic field. The principle
of magnetic pick-up coil is based on electromagnetic induction. When a magnetic field B
passing through the pick-up coil changes in time as shown in Fig. 1.12, an output voltage V
is induced. The relationship between V and B is given by
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where S is the cross sectional area of the pick-up coil, N is the number of turns, and n is
the normal vector perpendicular to S as shown in Fig. 1.12. The pick-up coil measured the
time derivative of the magnetic field, and by integrating the signal in time the magnetic field
is obtained.

v

/

Fig. 1.12: Magnetic pick-up coil.

Pick-up coils are used to measure the spatial distribution of the magnetic field which is
needed to calculate plasma equilibrium [27]. They can also measure MHD fluctuations, and
toroidal and poloidal mode numbers (n and m) can be derived [28]. Dozens of pick-up coils
are located inside the TST-2 vacuum vessel. Fig. 1.13 shows the locations of the pick-up
coils in toroidal and poloidal cross sections of TST-2. Hereafter, we call pick-up coils in Fig.
1.13(a) and (b) as n coils and m coils, respectively.

1.5.2 Langmuir probe
Current-voltage characteristic

The Langmuir probe is a traditional plasma diagnostic developed by I. Langmuir in 1924 [29].
It can measure many plasma parameters. The Langmuir probe is a small electrode inserted
into a plasma. When an electrode is located in a plasma, some ions and electrons enter
the electrode. The magnitude of electric current flowing into the electrode due to such ions
and electrons (lelectrode) depends on the difference between the plasma potential (or space
potential, V;) and the electrode potential (Velectrode). When Vejectrode 1S sufficiently lower than
Vs, Ielectrode 18 dominated by ions, and is called the ion saturation current I;;. On the other
hand, when Vgjectrode is larger than or equal to the plasma potential, Igjectrode i dominated
by electrons, and is called the electron saturation current I,s. When a voltage is applied
to the electrode and varies in time, the relationship between Igectrode aNd Vilectrode Shows a
characteristic shape (I-V curve). A schematic of the I-V curve is shown in Fig. 1.14 (red
curve).

Typically, the I-V curve can be divided into three regions (Regions I, IT and III), where
the electron current is dominant, where both electrons and ions enter the electrode, and where
the ion current is dominant. In Fig. 1.14, V; is the floating potential, which is the potential
when the ion and electron currents are balanced (i.e., Igloctrode = 0 A). When the target
plasma to be measured has a Maxwellian velocity distribution, the electron temperature and
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Fig. 1.13: Locations of magnetic pick-up coils inside the TST-2 vacuum vessel. (a) toroidal
cross section viewed from the top, and (b) poloidal cross section. Blue symbols indicate the

locations of pick-up coils.

Region I1

V' : Floating potential

éRegion 11

Tgiectrode 1 : Electron saturation current

Region |

—/

I, : lon saturation current

Velectrode

1
2

: Plasma potential
(Space potential)

Fig. 1.14: Schematic of Langmuir probe I-V characteristic curve.
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density can be estimated from the I-V curve. Since the shape of the I-V curve depends
on the velocity distribution function, it can deviate from the typical shape for Maxwellian
distribution. For example, when the velocity distribution is bi-Maxwellian, consisting of bulk
electrons and energetic electrons, V; becomes very negative, and the I-V curve shows a tail in
Region IIT [30]. In such a case, typical I-V fitting assuming Maxwellian distribution cannot
be used. In this section, we present a representative case of I-V curve fitting assuming a
Maxwellian plasma.
Firstly, we give lcectrode for Regions I and IT as

1
1 8T, \ 2
Ies = Zeneselectrode ( < ) ) (1.33)
TMe
1 T, \ 2
2
Iis = exp (_2> eNeSelectrode (e) ) (134)
m;

where Sglectrode 18 the surface area of the electrode exposed to the plasma. Here, Ios and Iis
are given as constants, but in reality, there are weak dependences on Vgjectrode depending on
the measurement condition such as the size of the electrode. In Region III, I jectrode inCreases
exponentially with Vijectrode if the electron velocity distribution is Maxwellian (see Fig. 1.14).
The electron current I, is given by

(1.35)

Ie _ IeseXp (‘/electrode - ‘/s> )

Te

By taking the logarithm of Eq. (1.35), T, can be estimated from its slope, and n, can be
estimated using T, and Eq. (1.34). In principle, n, can also be estimated using Eq. (1.33),
but this is quite difficult since s can be distorted easily by a variety of factors such as plasma
fluctuations and electron Larmor motion. From Eqgs. (1.33) and (1.34), the plasma potential
is given by

Te i
Vs,:Vf+10g< m ) (1.36)
e 2TMme

In actual experiments, there are difficulties in estimating T, and n, precisely. In the following
subsection, we present a method and examples of -V curve fitting for data obtained in TST-2
Ohmic plasmas.

Examples of [-V curve fitting

A schematic of the circuit used for Langumuir probe measurement in TST-2 is shown in
Fig. 1.15. In TST-2, a coaxial cable is used for Langmuir probe measurement. The outer
conductor of the coaxial cable and the circuit ground is connected to the tokamak ground.
The current is measured by the voltage drop across the resistance R in the circuit (see Fig.
1.15).

A typical example of the measured Igjectrode data is shown in Fig. 1.16. In this experiment,
a sine wave voltage at 100 kHz was applied to the electrode. The measured signal is distorted
due to the capacitance between the center and outer conductors of the coaxial cable. The sine
wave in Fig. 1.16(c) and the asymmetry of the raw data in Fig. 1.16(d) show this effect. The
capacitance effect is determined by curve fitting to the raw Igectrode data in the absence of
plasma (red curve in Fig. 1.16(c)). The capacitance effect determined this way is subtracted
from the raw Iqectrode data in the presence of plasma. By eliminating the capacitance effect,
we can obtain a clearly symmetric I-V curve as shown by the blue curve in Fig. 1.16(d).
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Fig. 1.15: Schematic of Langmuir probe measurement circuit used in TST-2.
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For the estimation of T, and ne, I-V curve fitting must be performed precisely. The
selection of a model function for fitting is important. In T'ST-2 Ohmic plasmas, the measured
Iis shows a weak dependence on the applied voltage. The model function used in this thesis

1S
Velectrode — @3

as ) + a4vzelectrode + as. (137)

Telectrode = @1€XP (

The dependence of Iis on Vijectrode 1S given by a linear function (a4 Velectrode + @5). a2 corre-
sponds to the electron temperature 1,. For I-V curve fitting, initial values for a1, as, as and
a4 should be determined. In order to estimate them, we need rough estimations of T, and
Ne.

Figure 1.17 shows a typical I-V curve and a semi-log plot of the I-V curve. The red line
in Fig. 1.17(a) shows a linear fitting result for the ion saturation current, a4Vejectrode + @5 in
Eq. (1.37). For the estimation of initial a4 and as, certain regions of Vejectrode for linear fitting
are tested, and we select the fitting results whose a4 is greater than 0, and the smallest ay
in the selected sets is chosen. The red line in Fig. 1.17(b) shows a linear fitting result where
Velectrode 18 above Vi, From the slope of the red curve, we can estimate T,. In Eq. (1.37), a3
corresponds to V. Since V4 is expected to be approximately 1.57,, we set the initial ag to be
1.5 times the initial as in this fitting.
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Fig. 1.17: Typical I-V curve (a) and a semi-log plot of the I-V curve (b). Red lines in (a)
and (b) are linear fitting results for ;s and for log(Zelectrode), Where Vejectrode iS above Vi,
respectively.

Initial values of a1, a9, a3, a4 and a5 can be estimated as described above. Using these
values, we perform a nonlinear fitting to the measured I-V curve. The fitting result depends
strongly on the fitting region of Vijectrode- In addition, a1, az and as must be greater than
0. If the fitting region is not adequate, these values may become negative. In this fitting, 20
regions were tested, and we selected the results with a1, ag and a4 > 0. Figure 1.18 shows
the fitting results for the I-V curve in Fig. 1.17. As described above, the fitting regions are
different in each case (see the blue curves in Fig. 1.18). For precise estimation, the result
with the smallest fitting error o7, is chosen for the electron temperature. For the case of Fig.
1.18, (a) is adopted and n. is estimated using [;s and T determined by fitting.

Thomson scattering (TS) is presently the most reliable T, diagnostic. A TS system is used
in TST-2 [31]. In order to verify T¢ derivation from the I-V curve, a comparison between
electron temperatures measured by TS and Langmuir probe was performed, as shown in Fig.
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Fig. 1.18: Fitting results using the model of Eq. (1.37). Black curve: raw data, red and
blue curves: fitted curves. Blue curve shows the fitting region. T, and o7, are the electron
temperature and the fitting error for 7.

1.19. The electron temperature was measured at the same radial location. We can see the
agreement within the error bars of the measurements. This demonstrates the validity of T¢
estimation by fitting to the I-V characteristic curve. In the following sections, the estimation
of T, from Langmuir probe measurement are performed by the fitting model described here.

1.5.3 Interferometer

A microwave interferometer is a standard diagnostic to measure the line-integrated electron
density [32]. A schematic of a typical interferometer system is shown in Fig. 1.20. When a
microwave beam passes through the plasma, the phase velocity differs from that in vacuum.
In a microwave interferometer diagnostic, the line-integrated density can be measured from
the phase difference between the wave which passes through the plasma and the wave which
does not pass through the plasma (see Fig. 1.20). The phase shift of microwave ¢ when it
passes through a plasma of thickness L in the x direction is given by

ap:/kzpdm:ko/ Ndx, (1.38)
L L

where kj, is the wavenumber in the plasma, ko is the wavenumber in vacuum, and N is
the refractive index of the plasma (N? = 1 — (wpe/w)? = 1 — ne/nc, where ne and n. are
the electron density and the cut-off density). The phase difference between the two waves
(passing through the plasma and passing through vacuum) is given by

5o = ko /L(1 — N)da. (1.39)
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When ne < ne, IV is approximately given by
1 /ne
N~1—=-(—). 1.40
Using this equation, Eq. (1.39) can be rewritten as
ko
S / dr, 1.41
0= 5 [ neda (141)
showing that the line-integrated density can be measured.

1.5.4 Fast visible-light camera

Fast visible-light cameras are frequently used to study plasmas, and its importance is growing
with the development of technology. Plasmas emit visible light radiation through a variety of
processes. Plasma boundary, plasma position and localized composition can be inferred from
these emissions [33]. A fast visible-light camera is useful for the study of MHD equilibrium
and instabilities [34]. In Ref. [35], a photograph of a high speed camera (MEMRECAM HX-3,
NAC Image Technology. Inc.) used in the experiment in this thesis is shown.

The maximum frame rate of MEMRECAM HX-3 is 1,300,000 frames/s. Detailed specifi-
cations of MEMRECAM HX-3 can be found in [35]. Figure 7 in Ref. [36] shows recent results
obtained in amagnetic reconnection experiment in the UTST spherical tokamak [37,38] using
this camera. The stratified visible light emission before fast reconnection shows the current
sheet. The photograph taken during the fast reconnection phase indicates emissive regions
in the upper left and lower right regions, which are inferred to be due to energetic electrons
localized along one pair of separatrix [36].

1.5.5 Radiation measurements

In TST-2 experiments, soft X-ray (wavelength ~ 10~8 m) radiation from the plasma are mea-
sured using surface barrier diodes (SBDs) and photodiodes (AXUV-20EL, AXUV-16ELOHYBI,
RAD Device Co., Ltd.). These are semi-conductor detectors. The electrical conductivity of a
semi-conductor increases with temperature. When impurities are added to a semi-conductor,
its property changes. Types of semi-conductors can be classified into p-type, n-type and p
and n-type (p-type has missing electrons, n-type has extra electrons and p and n-type is
electrically neutral). For the detection of X-rays, the depletion layer, which is a p-n junction
in a semiconductor crystal, is used. When an X-ray photon hits the depletion layer, pairs of
holes and electrons are produced and they move towards negative and positive electrodes. As
a result, electrical current is created whose magnitude is proportional to the incident photon
energy.

The energy regions which can be measured by SBD and AXUV detectors are different.
The measurement of X-rays in different energy ranges can be performed by simultaneous
measurements using different detectors with different filters.

1.6 Review of current density measurements

The current density profile has important roles in plasma equilibrium, momentum transport,
magnetic reconnection and particle transport. Therefore, reliable measurements of the cur-
rent density profile is quite important for understanding the physics of tokamak plasmas.
In particular, the measurement of the edge current density profile in a spherical tokamak is
important for the following reasons.

33



(1) Particle transport

The radial particle transport flux can be expressed as [39]

<hE. > <jjBr>
[pe= —T2t= - ”;’“, (1.42)

where I, . is the radial electron flux, n is the fluctuating density, E| is the fluctuating
perpendicular electric field, 5“,6 is the fluctuating parallel current density, B, is the fluctuating
radial magnetic field and B is the static magnetic field strength. Since the particle transport
is inversely proportional to B, transports in low toroidal field configuration such as the
spherical tokamak and the reversed field pinch, can be larger than that in the conventional
tokamak. In MST (Madison Symmetric Torus) reversed field pinch experiments, current
density fluctuations were measured using multi-channel magnetic probes and an electrostatic
analyzer [40,41], and they have concluded that the current density fluctuations can affect
transport. In addition, they have demonstrated that both fluctuations and transport can be
suppressed by improving the current density profile [42]. In the HIST spherical tokamalk,
the toroidal current density profile and fluctuations were measured using 6 Rogowski coils
arranged in the radial direction, and studied plasma equilibrium in plasmas produced by
CHI (coaxial helicity injection) [43]. Although the HIST group has measured the current
density profile, the large size of the Rogowski coil did not permit measurements of small-
scale structures and fluctuations. For turbulence-driven particle transport study small-scale
structures and fluctuations must be measured.

(2) H-mode physics

The low confinement mode (L-mode) and the high confinement mode (H-mode) are the two
standard confinement regimes of tokamak operation. In the H-mode, high temperature and
high g plasmas can be produced more easily, and it is considered to be a favorable operating
mode for a fusion reactor [44,45]. The H-mode operation has been accomplished in spherical
tokamaks such as START, MAST, NSTX and Pegasus [46-49]. In H mode plasmas, an MHD
instability called the ELM (Edge localized mode) is observed. The ELM can cause significant
particle and energy loss, which can result in serious damages to plasma facing components.
It is known that the edge pressure gradient and the edge current density play important roles
in H-mode and ELM [50,51]. In MAST and Pegasus, edge current density diagnostics using
EBW (Electron Bernstein wave) emission and Hall probe array are being developed [52,53].

(3) Plasma equilibrium in RF start-up experiments

In order to realize a spherical tokamak fusion reactor, the CS must be eliminated to achieve
sufficiently low aspect ratio. In the absence of the CS, an effective non-inductive plasma
current start-up method to reach high enough plasma current and plasma temperature must
be developed. Plasma start-up experiments using radio frequency (RF) waves are being
performed in TST-2, QUEST, LATE and MAST spherical tokamaks [54-57]. In TST-2 and
LATE experiments, equilibrium calculations suggest that a highly localized plasma current
in the plasma edge region [58,59]. These localized currents are considered to be carried by
highly energetic electrons accelerated by RF waves [60,61]. Understanding of the physical
mechanisms of current generation current density profile formation is needed to extrapolate
knowledge from past experiments on conventional tokamaks.
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(4) Measurement of filamentary structures

Filamentary structures have been observed during MHD activities such as ELMs and IREs.
Such filamentary structures can cause localized heat loads on plasma facing components
and a wide range of studies using visible-light imaging by high-speed cameras and three-
dimensional MHD simulations have been performed [25,62]. For the study of filamentary
structures, it is important to obtain information on its spatial scale in toroidal, poloidal and
radial directions, how they are created, and how much current they carry. These properties
are needed to calculate their effects on plasma facing components including diverter target
plates for fusion reactors.

1.6.1 Magnetic probes

A magnetic pick-up coil array has been used conventionally in small low-temperature toka-
maks for MHD studies [63,64]. Recently, a Hall probe array consisting of Hall element sensors
was used as a current density profile diagnostic [53,65]. In these diagnostics, the current den-
sity profile is reconstructed from the measured poloidal magnetic field profile using Ampere’s
law, puog = V x B. An example of current density profile measurement using a pick-up coil
array is shown in Ref. [28,63]. Pick-up coils mounted on a probe shaft were used to measure
the radial profile of the poloidal magnetic field. For tokamak plasmas, the toroidal current
density j; can be derived from

, 8B, OB,
- T 1.4
HoJt 87" 82 5 ( 3)
0B, B,
= — — — 1.44
or a’ ( )

where B, is the poloidal magnetic field, B, is the radial magnetic field, a is the radius of
curvature of the magnetic field at the pick-up coil. Equation 1.44 is derived assuming the
cylindrically symmetric assumption of the plasma shape. The advantage of this diagnostic
is that both the magnetic field profile and the current density profile can be obtained simul-
taneously. However, there are several difficulties for accurate determination of the current
density profile as described below.

On the mid-plane of a tokamak plasma, the magnitude of B, is much smaller than B; or
B,. For example, in TST-2 Ohmic plasmas, By and B}, are typically in the range 0.1-0.3
T and 0.04-0.08 T while B; is less than 5 mT. Thus, for a precise measurement of By, coil
windings with very small sensitivities to By and B, are required. If there is a measurement
error of about 10% for By, the error for spatial differentiation can easily become large. In
addition, high accuracies are required for location and orientation of the pick-up coils on the
probe head. For the same reasons, the first term on the right hand side of Eq. (1.43) tends
to have large measurement errors.

It is difficult to measure an unknown current density profile or fine-scale structures in
the current density profile with magnetic pick-up coils. Figure 1.21(a) shows a case with
line currents orthogonal to the page in alternating directions. The rectangles labeled Pick
1 and Pick 2 are pick-up coils. In order to derive I, the horizontal spatial derivative must
be calculated accurately from the signals measured by Pick 1 and Pick 2. For Pick 1, Iy
produces Bj in the upward direction, and I also produces aBs in the same direction, so Pick
1 cannot distinguish B; from Bs. In addition, Pick 1 is also sensitive to B3 created by I3.
The situation is the same for Pick 2. In this case, the spatial derivative cannot be determined
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uniquely, and I; cannot be calculated unambiguously. When the current density profile is
unknown, this diagnostic has such an uncertainty.

Figure 1.21(b) shows the case in which a small structure in the current density profile
exists between the pick-up coils but its position is closer to Pick 1. In this case, the magnetic
fields at Pick 1 and Pick 2, and their difference are given by

pol 1
B = B2
! 2T ll’

pol 1
By, = Mo

2 ol — 1y
I 1
By — By Ko (1.45)

2 (1 -1 /1)
When [ is located half way between the pick-up coils, the difference between B; and Bs is
%%, and the ratio between this difference and Eq. (1.45) is

(4%1(1 - %1))_1. (1.46)

As shown by this result, the pick-up coil array diagnostic has an uncertainty due to the
position of the localized current between pick-up coils.

1.6.2 Rogowski coil

The Rogowski coil is a current sensor which is often used for measuring short pulse and large
electrical currents [66]. Because of its high insulation ability, the Rogowski coil is employed
in many industrial situations. The Rogowski coil is sometimes called the Chattock-Rogowski
coil since it was described first in 1887 [67] by A. P. Chatthock. In 1921, W. Rogowski
rediscovered that the Chattokck-Rogowski coil is an excellent current sensor. In tokamak
plasmas, the Rogowski coil has been used for current density measurements [68], but much
less frequently than pick-up coil arrays. The Rogowski coil has the form of a toroidal coil.
When a time-varying electrical current passes through the hole of the Rogowski coil, an
output voltage V is induced. The relationship between the current and the output voltage is
given by
_ uoNSdI
L at’
where pg is the magnetic permeability in vacuum, S is the cross-sectional area of the coil
core, N is the number of turns and [ is the circumference of the coil core. The Rogowski coil
signal is proportional to N and S, and is inversely proportional to I

A precisely fabricated Rogowski coil has a constant turn density N/l and a constant
cross-sectional area S. Since the principle of the Rogowski coil is based on Ampere’s law, an
ideal Rogowski coil has no sensitivities to fields generated by currents flowing external to the
Rogowski coil. Thus, when an ideal Rogowski coil has N/l and S, the total magnetic flux ®
is given by [69]

v

(1.47)

SN [2mr
=7,
For a Rogowski coil with non-uniformity, the flux deviates from Eq. (1.48), and the Rogowski
coil has unwanted sensitivities to fields generated by external currents.

The advantage of using the Rogowski coil is that it can measure the current directly
without taking spatial derivatives. Thus, there are no uncertainties associated with the pick-
up coil array described in Sec. 1.6.1. The same signal is obtained regardless of where the

i) Bdl. (1.48)
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Fig. 1.21: (a) A case with one line current into the page and two line currents out of the
page, and (b) a case in which a localized current exists between pick-up coils but not exactly
half way. Rectangles labeled Pick 1 and Pick 2 are pick-up coils.
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current passes through the hole. In addition, it is easy to calculate the current since it is
obtained by using Eq. (1.47). In addition, since the Rogowski coil measures the current
passing through the hole, it can measure the current direction. Since the measurement of the
parallel current is quite important, the Rogowski coil has a powerful advantage compared to
other methods.

However, there are some difficulties as explained below. Firstly, a small Rogowski coil is
needed to achieve high spatial resolution and to minimize perturbation to the plasma. On the
other hand, since the current must pass through the hole of the Rogowski coil, the hole radius
must be large enough. In addition, the sensitivity of the Rogowski coil (uoNS/l) tends to be
small. Since there is a limitation on the size of the Rogowski coil, the number of turns must
be increased to improve the sensitivity. When designing a Rogowski coil for current density
measurement, these tradeoffs must be considered carefully. Secondly, accurate windings with
constant S and N/l are required to ensure small sensitivities to fields generated by external
currents. For measuring the local current in a tokamak, a small Rogowski coil is inserted into
the plasma. In tokamak discharges, there are currents external to the Rogowski coil such as
the plasma current, PF coil current and TF coil current. These currents are from several kA
to over 100 kA. On the other hand, the current passing through the hole of the Rogowski coil
is only about 10 A. Thus, the noise source is much larger than the signal source. Thirdly, the
sheath effect on the measured signal must be taken into account. The electron orbit can be
affected by the plasma sheath potential formed around the hole of the Rogowski coil. This
effect has never been investigated. In order to develop the Rogowski coil as a reliable current
density diagnostic, it is inevitable to study the plasma sheath effect.

1.6.3 Motional Stark effect measurement

The Motional Stark Effect (MSE) measurement is a conventional current density profile di-
agnostic for tokamak plasmas developed by F. M. Levinton [70]. In MSE, a neutral beam is
injected into the plasma and the polarization of the Balmer-alpha transition (n = 3 to n = 2)
line emission from neutral hydrogen or deuterium is measured. When a neutral hydrogen or
deuterium atom moves across the magnetic field with velocity V', it experiences the Lorentz
electric field, E = V x B and the emitted Balmer-alpha light is polarized. The polarization
provides a local (1-2 cm resolution) and accurate magnetic pitch angle measurement Opiccn
= tan"1[Bp/Bi]. From the measured pitch angle profile and equilibrium calculation, the
current density profile can be reconstructed. The advantages of this measurement are that it
can measure the current density without disturbing the plasma with high spatial resolution,
and that the safety factor (¢) profile can be obtained at the same time. Since the signal
strength of MSE measurement depends on the magnetic field strength and the Stark split-
ting is insufficient at low magnetic fields, it is difficult to apply this technique to spherical
tokamaks. Furthermore, the necessity to use a neutral beam makes it difficult for small-scale
experiments.

1.6.4 EBW measurement

Since the EBW can propagate in overdense plasmas (i.e., wpe > Wee, Where wp, is the electron
plasma frequency and we, is the electron cyclotron frequency), the use of EBW for emission
measurement, current drive and heating is being considered as an alternative where the
ECW cannot be used. In [71], it was proposed that high radial resolution measurements
of the edge current density profile can be performed based on the anisotropic properties of
mode conversion of the EBW, and a current density profile diagnostic was newly developed
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to study H-mode plasma physics [52]. Advantages of this technique are that it can measure
the current density in the plasma edge region (i.e., less limitation for the measurement of
current density profile at the plasma edge), and that it can measure not only the current
density profile but also the electron temperature profile in principle. However, this technique
is extremely new and the analysis is complicated.

1.7 Objectives of this thesis

In previous sections, we presented representative current density diagnostics. Their features
are summarized in Table 1.1.

Large or small tokamak device | Advantages Disadvantages

MSE large ehigh spatial resolution | difficult for small B device
eboth j and B
eno plasma disturbance

EBW large and small ehigh spatial resolution | complicated analysis

eboth 5 and B

eno plasma disturbance

ecasy principle
ecurrent direction

ehigh spatial resolution

Pick-up coil array small eboth j and B edifficult for unknown j profile
ehigh spatial resolution | edifficult for small scale current
eplasma disturbance
Rogowski coil small edirect measurement esmall sensitivity

ehighly accurate windings
esheath effect

eplasma disturbance

Table 1.1: Comparison of current density diagnostics.

The first goal of this study is to develop the Rogowski coil as an edge plasma current
density diagnostic, in particular for the TST-2 spherical tokamak. TST-2 is a medium-sized
spherical tokamak with high experimental mobility. It has both Ohmic and RF (21 MHz,
200 MHz, 2.45 GHz and 8.2 GHz) heating systems. Ohmic plasmas in TST-2 are overdense,
and MHD instabilities in the frequency of 10-100 kHz are often observed. Sometimes, IREs
and disruptions are also observed. In TST-2, it is possible to perform various plasma studies
including RF plasma start-up, plasma turbulence and instabilities, and disruption. For these
studies, it is quite important to measure the edge current density profile as described in Sec.
1.6. The SlimCS Demo reactor with a reduced-size CS [9] and the VECTOR commercial
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reactor [7] are designed with smaller aspect ratio compared to typical conventional tokamaks,
and both devices require I, ramp-up without the CS. A wide variety of tokamak fusion
physics research performed on TST-2, including a successful demonstration of I, ramp-up by
RF waves, would contribute to the early realization of fusion power on earth.

As shown in Table 1.1, there are some difficulties to be solved in developing the Rogowski
coil as a current density profile diagnostic, to increase the sensitivity, to wind the coil with
high precision and uniformity, and to consider the sheath effect. In addition, no one has
compared the pick-up coil array and the Rogowski coil directly. Since the Rogowski coil has
good linearity, it can be used to measure both slow evolutions of the current density profile
and fast fluctuations. Furthermore, it can measure the direction of current flow. Thus, it is
a powerful diagnostic for current density profile measurement, and enables studies of various
plasma fusion topics. For example, during an IRE, an existence of a localized filamentary
current structure is expected from 3 dimensional MHD simulation [25]. It is quite interesting
to measure such structures using a Rogowski coil. In addition, it is important to determine the
time sequence of physical phenomena during an IRE (i.e., to identify the trigger mechanism
for IRE). In RF plasma start-up experiments, the Rogowski coil can be a powerful tool since
it can measure the local current directly with no uncertainties even for the case with unknown
current profile. The objectives of this thesis are:

1. to develop a small Rogowski coil with highly accurate windings and large number of
turns

2. to measure a slow evolution of current density in Ohmic plasmas

3. to study the plasma sheath effect for the Rogowski coil diagnostic

4. to compare measurements using the pick-up coil array and the Rogowski coil
5. to measure the plasma current in the edge region in RF start-up plasmas

6. to confirm the existence of current density fluctuations and to investigate the time
sequence of physical phenomena during an IRE
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Chapter 2

Development of a small multilayer
Rogowski coil

2.1 Numerical evaluation of sensitivity to external fields

Two types of Rogowski coil are well known. One has a normal forward helical winding
around the torus (mainly poloidal turns with one toroidal turn) and a backward toroidal
winding called the return cable. The other has two layers of winding: one layer of forward
helical winding and another layer of backward helical winding. Hereafter, these two types are
referred to as the return winding and the two-layer winding, respectively. Ten Rogowski coils
of each type were made, and we found that the two-layer winding always performed better
than the return winding. This is probably because of the difficulty in precisely adjusting the
area enclosed by the return coil. Thus, we used the two-layer winding in our experiment. To
estimate and minimize the sensitivity of the two-layer winding to external magnetic fields,
we performed numerical simulations. The configuration of the Rogowski coil and external
magnetic fields B, (corresponding to the toroidal field in a tokamak) and By (corresponding
to the poloidal field in a tokamak) are shown in Fig. 2.1.

The wire of the Rogowski coil was represented by a set of points with coordinates (7,
0, z), and the fabrication error was simulated by adding random errors to each coordinate
at each point. In the rectangular cross-section case, we need four points per turn to define
the wire. In a uniform magnetic field, the effective projection areas (Sx—y and Sx_,) give
the sensitivity to the external magnetic fields. These areas are calculated by summing up
the projected areas of the triangles formed by two adjacent coordinates on the wire and a
reference point. For a Rogowski coil with finite Sy_y and Sx_,, the relationship between the
output voltage and, the toroidal and poloidal components of the magnetic field (B; and By)
are given as

OB

VB, = Sx,y(a—tt, (2.1)
0B

VvBp = SX*Z Btp (22)

In the simulation, the outer diameter, the inner diameter, the thickness, and the number of
turns of the Rogowski coil are taken to be 20 mm, 12 mm, 12 mm and 240 turns, respectively.
The calculation was repeated 500 times with different sets of random errors. The results are
shown in Fig. 2.2. The error bar is the standard deviation derived from 500 trials. From
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Fig. 2.1: Rogowski coil in an external field. B, corresponds to the toroidal field in a tokamak,
and By corresponds to the poloidal field in a tokamak [72].

Figs. 2.2 (a), (b) and (c), it can be seen that the manufacturing errors in the 6 direction
tends to cause higher sensitivity than those in the r or z directions.

2.2 Optimum two-layer winding

In the previous section, it was found that minimizing the errors in the 6 direction reduces
Sx—y and Sx_, effectively. Several winding cores with small cutouts at the corners were
made in order to set the correct number of turns by fixing the cable in place precisely. We
tested three cutout arrangements with the same size and number of turns. The three winding
patterns are shown in Fig. 2.3. The red and blue lines represent the forward and backward
windings, respectively. Surfaces A, B, C and D are defined in Fig. 2.1. In pattern 1, the
cutouts on all surfaces have the same phase (i.e., at the same #). In pattern 2, the cutouts on
the right and left sides of surfaces B and C have the same phase, and the cutouts on the two
sides of surfaces A and D have the opposite phase (i.e., shifted by half a period). In pattern
3, the cutouts on the two sides of surfaces A and B have the opposite phase and the cutouts
on the two sides of surfaces C and D have the same phase.

We wound the Rogowski coils manually on the three winding cores. In order to determine
which pattern is most effective for reducing unwanted sensitivities (i.e., Sx_y and Sx_,), we
performed a test using a Helmholtz coil. The Helmholtz coil consists of two circular coils
with the same radius a, separated from each other by distance a. This configuration is very
similar to a pair of PF coils (upper and lower) in a tokamak. A precisely fabricated Helmholtz
coil produces a constant and straight magnetic field in the direction of the coil axis inside
the region between the two coils. A configuration for the sensitivity test is shown in Fig.
2.4. The Rogowski coil is located at the center of the Helmholtz coil, and is connected to an
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pattern 1

Small dip for
fixing cable

pattern 3

B A C D

Fig. 2.3: The three winding patterns tested. Surfaces A, B, C and D denote the four (top,
inner, bottom, and outer) surfaces of the rectangular cross section of the winding core (see
Fig. 2.1) [72].
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amplifier circuit. By applying an alternating current to the Helmholtz coil from a function
generator and a bipolar amplifier, we can test the sensitivities to external magnetic fields,
Sx—y and Sx_,.

Rogowski coil Helmbholtz coil
amplifier % lTl_ bipolar amplifier : function generator

o0 L X
CHI CH2
oscillscope

Fig. 2.4: Configuration of sensitivity test to determine Sx_y and Sx_, [72].

pattern Se—y [m?] | Sx—p [m?]
pattern 1 | 1.8 x 107° | 4 x 107
pattern 2 | 1 x 107° 4x107°
pattern 3 [ 1.8 x 107> | 2 x 107°

Table 2.1: Sensitivity comparison of the three Rogowski coils.

Table 2.1 summarizes the results of the test. The sensitivity to B, (Sx—y) was always ~
107° m~2 for all patterns. On the other hand, the sensitivity for pattern 3 to By (Sx_,) was
always an order of magnitude smaller than for patterns 1 and 2. The cable is wound with
a certain tension so that the cable is fixed in place at each cutout. Therefore, it is useful to
have a zigzag pattern in addition to the uniform helical structure necessary for the Rogowski
coil. The cable traversing surfaces A, C and D in pattern 1 has almost no zigzag structure.
On the other hand, there are zigzag patterns on all surfaces in patterns 2 and 3, so it can be
expected that Sy, for pattern 2 is as small as that for pattern 3. To explain the experimentally
observed difference, we simulated patterns 2 and 3, but no noticeable difference between the
two patterns was seen. Although we were unable to explain why Sy, for pattern 3 is better
(i.e., smaller) than that for pattern 2, we adopted pattern 3 based on these measurements.
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2.3 Multi-layer Rogowski coil

To obtain a large signal intensity, the cross sectional area S and the number of turns N
should increase, and the circumference of the coil core [ should decrease. As a local current
diagnostic, the Rogowski coil must be sufficiently small. On the other hand, the size of the
central hole of the Rogowski coil should be large enough to enable the local current to pass
through. S and [ must be determined considering these aspects. On the other hand, it is
clear that a larger signal can be obtained for larger N. Therefore, the number of turns must
be large to obtain sufficient signal intensity. To increase N, we used a twisted wire pair. If we
use a twisted wire for a two-layer winding, we can make a four-layer Rogowski coil. The use
of a twisted wire shortens the winding time and improves durability. A small Rogowski coil
with a large number of turns is wound using a thin cable, but that requires careful winding
and increases the fabrication time. By making a four layer Rogowski coil with two forward
and two backward windings using a twisted wire, we successfully fabricated an eight-layer
Rogowski coil (Fig. 2.5). When we compare the and, The fabrication times per unit turn for
the eight-layer winding is a factor of 20 shorter than for the one-layer return-type winding.
The eight-layer winding performed better than the twelve-layer winding. In making a twelve-
layer Rogowski coil, it was difficult to count the number of turns in a cutout. Furthermore,
it was difficult to keep the winding uniform for a twelve-layer Rogowski coil. After winding
the cable, it is necessary to adjust the position of the cable at the cutout (cutout width =
0.5 mm) using a small tool like a thin needle. We made the adjustment by monitoring the

Fig. 2.5: Eight-layer Rogowski coil: Outer diameter = 20 mm; inner diameter = 12 mm;
thickness = 12 mm; number of turns = 360; and cable diameter = 0.12 mm [72].

sensitivity, and achieved a good performance as shown in Sec. 2.5. For Ohmically heated
plasmas, the dominant sources of noise are from B, and By. We define the signal-to-noise
ratio S/N as S/N(B,), S/N(By), which are the ratios of the current signal to noise in the B,
and By directions, respectively. The S/N depends not only on Sx_y and Sx_,, but also on
coil dimensions, the magnitude of noise, and the magnitude of signal. They can be defined
as

Kamr? j
SN(B,, y) = —& —2—, 2.3
(Biy) = g 23)
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where K is the sensitivity to the current passing through the hole, e is the inner radius,
j is the current density in front of the hole. Here, we assumed that j is constant throughout
the hole region. As is shown in Eq. 2.3, S/N(B,, y) also depends on 7inpe;. Using the method
described in Sec. 2.1, we can calculate the dependences of S/N(B,, y) on coil dimensions.
The calculation results are shown in Fig. 2.6.

1.5%10° 1x10° 1.5%10°
. . 8x10° M\ — .
o 1.0x10 B exi0° o 1.0x10
Z . P4 6 Z
?D  50x10° »  4x10 D 50%x10°
6
(a) 2x10 (c) (e)
0 0 0
2 4 6 8 10 12 14 16 18 20 5 10 15 20
inner radius [mm] outer radius [mm] thickness [mm]
5x10° 12x10° 5x10°
4x10° 1.0x10° 4x10° b
— - 6 -
o 3x10° @ 80x10. @ 3x10°
z : > 6.0x10° = 7
Z  ax10° G aoxiot Z 2x10°
5 . 6
1x10 (b) 2.0x10° (d) 1%10 )
0 0 0
2 4 6 8 10 12 14 16 18 20 5 10 15 20
inner radius [mm] outer radius [mm] thickness [mm]

Fig. 2.6: Dependences of S/N(B,, y) on Rogowski coil dimensions. (a) and (b) Dependences
on the inner radius, (c¢) and (d) dependences on the outer radius , and (e) and (f)dependences
on the thickness. Typical dimensions: outer diameter = 20 mm, inner diameter = 12 mm,
thickness = 12 mm, and number of turns = 360. Black curve shows the calculation result
and the red curve shows the linear fitting result [72].

From Fig. 2.6, we found that S/N(B,) increases with the inner radius and the thickness,
whereas it decreases with the outer radius. S/N(By) increases with the outer radius and it
is independent of the thickness. On the other hand, S/N(By) is optimized by controlling the
inner radius. This is due to the dependence on the radius of the hole. The outer radius and
the thickness were determined from the viewpoints of plasma disturbance and fabrication.

2.4 Frequency response of the multi-layer Rogowski coil

Since an equivalent circuit of a Rogowski coil consists of an inductance L and a capacitance
C' [73], the sensitivity of a Rogowski coil has a frequency-dependent response to the current
passing through the hole of the Rogowski coil. For the measurement of the current, we need
to know such characteristics. The frequency response can be checked from a calibration. The
calibration setup for a Rogowski coil is shown in Fig. 2.7. A function generator (FG) is a
source of voltage. The Rogowski coil signal is proportional to the frequency and magnitude
of the current passing through the hole (see Eq. 1.47). The current flowing through the hole
of the Rogowski coil is measured by the voltage drop across the resistance R in Fig. 2.7. The
sensitivity at each frequency is obtained by changing the frequency of the current using the
FG. The calibration result is shown in Fig. 2.8. Figs. 2.8(a) and (b) show the frequency
responses of the sensitivity and the phase difference between the current being measured
and the output signal of the Rogowski coil. From (a) and (b), linear dependences on the
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Fig. 2.7: Calibration setup for a Rogowski coil.

frequency is seen up to 200 kHz, and the sensitivity and the phase difference start to increase
and decrease sharply from about 300 kHz. The resonance frequency is around 350 kHz.

2.5 Typical signals of the Rogowski coil

The sensitivities to external magnetic fields were measured using a Helmholtz coil as shown
in Fig. 2.4. A typical frequency for calibration was 500 Hz, which is far from the resonance
frequency (around 350 kHz, see Fig. 2.8) of the Rogowski coil. Because the output signal
of the Rogowski coil was very small, an amplifier with a gain of 100 was used. Sx_y and
Sx—y, were 1.37 x 1076 m? and 5.20 x 107% m?, respectively. We also simulated Sx—y and
Sx—z for the eight-layer Rogowski coil. Comparing the calibration and simulation results,
the fabrication accuracy of the eight-layer Rogowski coil is determined to be smaller than
4+0.1 mm. The eight-layer Rogowski coil was used to measure the edge current in Ohmic
plasmas. In the experiment, the output of the Rogowski coil was connected to an integrator
circuit with a cutoff frequency of about 0.03 Hz and a gain of about 1100 s~!. The Rogowski
coil was located just inside the last closed flux surface (R = 551 mm) and on the mid plane
(Z = 0 mm). Figure 2.9 (b) shows the time evolution of the local current measured by the
Rogowski coil. The observed local current was about 15 A when the plasma current reached
its maximum value. On the other hand, the expected current calculated assuming a parabolic
current density profile is 10 A. In the discharge, an abrupt current drop was seen at 23 ms.
This seems to be caused by an internal reconnection event that redistributes the current [18].
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Fig. 2.8: Calibration result for the Rogowski coil. (a) Frequency response of the sensitivity
and (b) frequency response of the phase difference between the current and the output signal
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Fig. 2.9: Time evolutions of (a) the plasma current and (b) the local current measured by
the Rogowski coil [72].
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Chapter 3

Performance of the Rogowski probe

3.1 Rogowski probe

For the measurement of the current density profile in TST-2, we fabricated a Rogowski
probe consisting of two multi-layer Rogowski coils [72], five pick-up coils and two Langmuir
probes [74]. Cross-sectional views of the Rogowski probe head is shown in Fig. 3.1. The
probe head is covered by copper shielding and enclosed in a ceramic cover. There is a ceramic
cylinder through the hole of the Rogowski coil to prevent direct contact with the plasma. The
two multi-layer Rogowski coils and pick-up coils are lined up in the radial direction. Pick-up
coil 1 and pick-up coil 3 consist of two pick-up coils for measuring the toroidal and poloidal
magnetic fields (By and Bj,) simultaneously. Pick-up coil 2 is a one dimensional pick-up coil.
The dimensions of the Rogowski probe head are 27 mm by 27 mm by 156 mm. The radius
of the hole is 4.6 mm. The probe is located on the equatorial plane (Z = 0 mm) of TST-2.
The copper shielding has a thickness of less than 0.5 mm, and is connected to the tokamak
ground (i.e., the TST-2 vacuum vessel). The Rogowski probe can be moved along the major
radius of the tokamak, and can be rotated around the shaft axis (in the toroidal-poloidal
plane. Thus, measurements of the current density (Rogowski coils), magnetic field (pick-up
coils), and pressure (Langmuir probes) profiles in the major radial direction, including the
angular dependence in the toroidal-poloidal plane, can be accomplished. The definition of the
orientation angle of the Rogowski coil hole is shown in Fig. 3.2. The dashed arrow indicates
the direction of the hole axis and 6 is the angle between the hole direction and the toroidal
direction. When 6 is set to 0° (i.e., the hole direction is parallel to the toroidal direction),
pick-up coil 2 measures Bp. In the case of 6 = 90°, pick-up coil 2 measures B;. Figure. 3.3
shows a photograph of the Rogowski probe seen from inside of the vacuum vessel of TST-2.

3.2 Integrator circuit

The output voltage of a Rogowski coil is the time derivative of the current passing through
the hole. In order to study the time evolution of the current I(¢), this signal must be
integrated. First we tested numerical integration, but we found that numerical integration
does not produce reliable results because of large fluctuations on the Rogowski coil signal.
Thus, we decided to use an analog integrator circuit. A circuit diagram of the integrator is
shown in Fig. 3.4. It has a gain of G = 2200s~! and an integration time of 4.7 s, which are
sufficient for both Ohmic and RF plasmas in TST-2. The electromagnetic noise from TF, PF
and OH coil currents were successfully reduced to a low enough level by wiring the circuit
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Fig. 3.1: Cross-sectional views of the Rogowski probe consisting of Rogowski coils 1 and
2, pick-up coils 1 through 3, and Langmuir probe electrodes 1 and 2. The Rogowski probe
assembly is covered by copper shielding (orange region) and enclosed in a ceramic cover (green
region). There is a ceramic cylinder (red region) through the hole of the Rogowski coil to
prevent direct contact with the plasma.
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Fig. 3.2: Definition of the Rogowski coil hole direction.
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Fig. 3.3: Photograph of the Rogowski probe seen from inside the TST-2 vacuum vessel.

carefully to avoid the ground loop between the two operational amplifiers. The white noise
tends to be large because of the long integration time and large gain. We tested many kinds
of operational amplifiers, and found that the smallest white noise is achieved with a set of
two OPA627ap.

1 MQ

91 kQ

_|
47 uF _1|00|pT

10 kO —
0.91 kQ / =
OPAG27 OPA627

Fig. 3.4: Integrator circuit for the Rogowski coil.

The current sensitivities of the Rogowski coils (Rogowski 1 and Rogowski 2 in Fig. 3.1)
are K ~ 5 x 1077 Vs/A. The output voltage of the integrator circuit for the Rogowski coil
can be written as

Vo = G / Viogowsia dt = GKI(2). (3.1)

where VRogowski is the raw output signal of the Rogowski coil. We can see that Vi, is
proportional to I(t). Calibration similar to that shown in Fig. 2.7 was performed for the
integrator connected to the output of a Rogowski coil. The is shown in Fig. 3.5. The current
measured by the Rogowski coil was calculated using Eq. (3.1), and was also measured from
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the voltage drop across the resistor. Good agreement was obtained between them. Using Eq.
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Fig. 3.5: Result of calibration of the integrator circuit connected to the output of a Rogowski
coil. Black: current calculated from the integrator output signal using Eq. (3.1). Red:
current passing through the hole of the Rogowski coil measured by the voltage drop across a
resistor as shown in Fig. 2.7).

(3.1) and the area of the hole for the current to pass, we can calculate the current density as
j=1I/(ma?) = Vou/(GK7a?) (3.2)

where a is the radius of the hole. In the following sections and chapters, we calculate the
current densities using Eq. (3.2).

3.3 Absolute sensitivity calibration of magnetic pick-up coils

In this section, we present the method and result of absolute calibration of the pick-up coils
installed in the Rogowski probe head. As described in Sec. 3.1, pick-up coils 1 and 3 are
two-dimensional pick-up coils, each consisting of two orthogonal pick-up coils. Hereafter, we
call the pick-up coils in pick-up coil 1 and 3 as pick-up coil 1-1 pick-up coil 1-2, and pick-up
coil 3-1, pick-up coil 3-2. When the hole direction is set to be 0°, pick-up coils 1-1 and 3-1
measure the toroidal magnetic field B; and pick-up coils 1-2 and 3-2 measure the poloidal
magnetic field B,. The outputs of these pick-up coils are also connected to the integrator
circuit to obtain the time evolution of the magnetic field components.

First, we show typical signals of pick-up coils when only the TF coil was energized for the
case of § = 40° (see Fig. 3.6). Since the hole direction is 40°, all pick-up coils show signals very
similar to the time evolution of By calculated from the TF coil current. By fixing the location
of the Rogowski probe head in the major radius direction, and by changing the direction of
the hole in the toroidal-poloidal plane (i.e., changing #), we can test the dependence of By
sensitivity on @ for each pick-up coil. The result is shown in Fig. 3.7. In this test, B for each
coil location was calculated from the TF coil current, and black symbols show the measured
sensitivity (Vout/Bs, where Vo is the output voltage of a pick-up coil). The sensitivities
of pick-up coils 1-1 and 3-1 show a sine wave shape while the other pick-up coils show a
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cosine wave shape. For the case of # = 0°, pick-up coils 1-1 and 3-1 measure Bi, while the
other three coils measure B. In this case, the former coils and the latter coils must show
approximately the maximum and the minimum sensitivities and their angular dependence
must be sine and cosine curves. Thus, the test result is consistent with the expectation. Red
curves in Fig. 3.7 are fitted curves using the functions

Kgi(0) = aocos(d + a1) + az (B sensitivity for pick-up coil 1-1 and 3-1), (3.3)

Kgi(0) = apsin(f + a1) + ag (By sensitivity for pick-up coil 1-2, 2 and 3-2), (3.4)
where K () is the By sensitivity as a function of §. By moving fitting functions in the 6
direction by —7, the sensitivities to B}, can be written as

Kpp(0) = —aosin(f + a1) + az (Bp sensitivity for pick-up coil 1-1 and 3-1),  (3.5)

Kpp(0) = agcos(0 + a1) + ax (B, sensitivity for pick-up coil 1-2, 2 and 3-2), (3.6)

where Kpp(6) is the B, sensitivity as a function of . Good fits were obtained using Egs.
(3.3) and (3.4) The fitted parameters, a1, az and as, are listed in Table. 3.1.
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Fig. 3.6: Typical signals of pick-up coils for the case of §# = 40°. (a) Time evolution of By at
R = 0.495 m calculated from the TF coil current Itp (B = “207{7};) (b) Time evolutions of
pick-up coil signals.

Measurement of magnetic field pitch angle

0.5
By using a two-dimensional pick-up coil, the magnetic field strength B = (Bt2 + Bp2> and
the magnetic field pitch angle fpitcn = tan™! (Bp,/B;) can be calculated. For example, when
pick-up coil 1 is oriented at a finite angle 6 (see fig. 3.2), pick-up coil 1-1 and pick-up coil 1-2
have finite effective cross sections in both toroidal and poloidal directions. Thus, the their
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Fig. 3.7: Dependence of By sensitivity on 6 for each pick-up coil. Black symbols: measured
sensitivity. Red curves: curves fitted by agcos(6 + a1) + a2 or apsin(6 + ai) + as.

pick-up coil agp a1 as fitting function for By | fitting function for B,
pick-up coil 1-1 | 2.89 | 0.0149 | -0.0010 apcos(f + a1) + ag -apsin(f + ay) + ag
pick-up coil 1-2 | 3.26 | -0.0030 | 0.0009 apsin(0 + ay) + ao apcos(f + a1) + as
pick-up coil 2 2.28 | 0.0029 | -0.0042 apsin(f + a1) + as apcos(f + a1) + ag
pick-up coil 3-1 | 2.02 | -0.0015 | 0.0024 agcos(0 + ar) + as agcos( + ay) + az
pick-up coil 3-2 | 7.16 | 0.0070 | -0.0037 apsin(f + a1) + as -apsin(f + aq) + as

Table 3.1: Fitted parameters from sensitivity calibration of pick-up coils.
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signals are expressed by a linear combination of B; and Bj,. The geometry is shown in more
detail in Fig. 3.8.

poloidal

Fig. 3.8: Pick-up coil 1 oriented at angle 8. The square is the core of pick-up coil 1. Black
dashed lines: windings of pick-up coil 1-1, wound perpendicular to the z axis. Red lines:
windings of pick-up coil 1-2, wound perpendicular to the y axis. . The blue arrow indicates
the directions of B, The toroidal and poloidal components By and By, are shown in the lower
right diagram. Open is the pitch angle of B (fpiten = tan™! (B,/By)).

Using Egs. (3.3)—(3.6), the output signals for pick-up coils 1-1 and 1-2 for the case shown
in Fig. 3.8 can be written as

Vit = Kgu1-1(0)By + Kppi-1(0) By, (3.7)
Vie = Kgt1-2(0) By + Kppi-2(8) By, (3.8)
where V11 and Vj_5 are the output signals of pick-up coils 1-1 and 1-2, Kpt1.1(6), Kpt1-2(6),

Kpp1-1(0) and Kppi-2(0) are the By and B, sensitivities for angle 6 for each coil, respectively.
From Egs. (3.7) and (3.8), we can calculate By and B, as

B Vi-1KBpi1-2(0) — ViaKpp1-1(6) (3.9)
’ Kg1:1(0) Kp1-2(0) — Kpp1-1(0) Kpt1-2(6) '
ViiiKgi-2(0) — VieaKpii-1(0)
B, — -, 3.10
P Kpp1-1(0)KBt1-2(0) — Kpt1-1(0) Kpp1-2(0) (3.10)

From the calculated By and By, (Egs. (3.9) and (3.10)), fpitcn is calculated. In the test of
Fig. 3.7, we measured the sensitivity of each pick-up coil to the magnetic field. In order to
calibrate the absolute sensitivity, we also performed a test with only the PF coil energized.
Dozens of pick-up coils are located on the inside of the vacuum vessel wall as shown in Fig.
1.13(b), and the Rogowski probe is located at Z = 0 m. We compared the signals measured
by pick-up coil 1 and pick-up coils located at (R, Z) = (0.7 m, 0.07 m) and (0.7 m, —0.07
m). The test result is shown in Fig. 3.9. Pick-up coil 1 was located at R = 0.7 m and 6 was
set to 17.5°. B, was calculated using the parameters determined from sensitivity calibration
shown in Table. 3.1 and Eq. (3.10). Good agreement was obtained in measured magnetic
fields,and the uncertainty in the absolute sensitivity is estimated to be within 3%.
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Next, we checked the B, signal measured in typical plasma discharges. The result is
shown in Fig. 3.10. In each case B, measured by pick-up coils almost agreed but small
differences were observed. In the test shown in Fig. 3.9, only the PF3 coil was energized
and the magnetic field in the region around the pick-up coils was nearly uniform. In the case
shown in Fig. 3.10, B}, is produced by the plasma current I,, PF coil current and the eddy
currents flowing in the vacuum vessel. In this case, the magnetic field in the region around
the pick-up coils is not uniform. This is believed to be the reason for the small differences in
the measured B, seen in Fig. 3.10.

pick-up coil 1, R=0.7 m, 6= 17.

(&)
o

0.025

0.020

0.015

0.010

Bp [T]

0.005

0.000

-0.005 P T R S
0 50 100 150 200
time [ms]

Fig. 3.9: Comparison of measured B, when only the PF coil was energized. Black: B,
measured by pick-up coil 1 on the Rogowski probe with 6 = 17.5 °. Red and green: B,
measured by pick-up coils located at (R, Z) = (0.7 m, 0.07 m) and (0.7 m, —0.07 m).

Lastly, we evaluated the accuracy of the 6, measurement. As shown in Fig. 3.7, with
only the TF coil energized, measurements were made by changing 6 on a shot by shot basis.
Since there is no Bj, in this test, the measured 6, should be 0°. The time evolution of
the measured fpien is shown in Fig. 3.11. 6pien was calculated using Eqgs. (3.9) and (3.10)
and averaged over 1 ms. The error for the measurement is estimated to be within +0.25° for
both pick-up coils 1 and 3.

Based on the calibration results described in this section, we conclude that the measure-
ment of the magnetic field using the pick-up coils on the Rogowski probe is reliable.

3.4 Open vs. closed hole experiment

In Sec. 2.5, a typical signal of the Rogowski coil was shown. In order to evaluate the signal
to noise ratio (S/N) of the Rogowski coil, signals obtained with the hole of the Rogowski coil
open and closed were compared. As described in Chap. 2, an unideally fabricated Rogowski
coil has sensitivities to external magnetic fields. In addition, a Rogowski coil can be sensitive
to electrostatic noise (i.e., capacitive electrostatic coupling) [75] due to plasma potential
fluctuation. From the closed hole experiment, we can evaluate the total noise due to external
magnetic fields and electrostatic noise. A comparison between the signal of Rogowski coil 1
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Fig. 3.10: Comparison of measured B, for a typical plasma discharge. Black: B, measured
by pick-up coils on the Rogowski probe. Red and green: measured by pick-up coils located
at (R, Z) = (0.7 m, 0.07 m) and (0.7 m, —0.07 m).

with the hole open and closed is shown in Fig. 3.12. The hole direction 6 was set to be 0°
(see. Fig. 3.2). In this experiment, good discharge reproducibility was obtained. As shown
in Fig. 3.12(b), the signal of Rogowski coil 1 for the case with the hole closed was very small.
This test was repeated at several values of . When the signal is averaged over 1 ms, the
noise level is less than 5 kA /m?. Since a typical signal level for j is 100 kA /m?, the present
S/N is greater than 20.

3.5 Angular dependence of Rogowski coil sensitivity

The direction of the hole of the Rogowski probe can be rotated in toroidal-poloidal plane.
Therefore, the dependence of the Rogowski coil signal on the angle between the hole direction
and the magnetic field direction can be measured. Hereafter, we call this dependence the
angular dependence of current density j. The center of Rogowski coil 1 was located inside of
the LCFS (Last closed flux surface, at R = 515.5 mm). The current densities measured in
several 6 cases are shown in Fig. 3.13. The symmetric inversion for 0° and 180° was obtained
and the offset in the measurement is negligible. The signal for 15° is larger than that at 0°,
and this is the effect of the finite pitch angle of the current density 6;.

By changing 6 on a shot by shot basis, the angular dependence of j can be measured
(Fig. 3.14). The black symbols are the measured data points at ¢ = 26 ms (averaged over 1
ms). From Fig. 3.14(a), the angular dependence from —10° to 40° is clearly inverted from the
angular dependence from 170° to 220°. When the angular dependence is measured over many
discharges, it is important to confirm the reproducibility of the plasma. In this experiment,
macroscopic parameters such as I,, By, and B, are reproduced to within 1%-2%. In the
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Fig. 3.11: Test of the Oyt measurement. Data points are averaged over 24 shots for the
test. Error bars show the scatter of the mean value.

99



20 £#107733

(@)

—. 40 F#106578
< 30¢
o 20}

100

1

1505

10 20 30 40
time [ms]

Fig. 3.12: Comparison of the Rogowski coil signal with the hole open (black) and closed
(blue). (a) I, , and (b) j measured by Rogowski coil 1 [74].

expanded view shown in Fig. 3.14(b) (—20° to 60°), several data points at the same angle
are shown, with scatters of 5%-20%. These scatters are larger than the noise level evaluated
in Sec. 3.4.

In Fig. 3.14(b), the measured angular dependence were fitted by a Gaussian function
(blue). The scatters of the Rogowski coil signals of 10% were used for the fitting weights.
The systematic error was also considered. From the peak location of the fitted Gaussian
function, the j pitch angle, 6;, can be determined. Since the depth of the hole is 26 mm, the
angular dependence deviates from the cosine shape. A geometrical dependence was obtained
by calculating the projected cross sectional area of the hole (green curve in Fig. 3.14(b))
using the equation S(0) = 2a2cosf(y) — sin(2¢)/2) where 1) = arccos(dtanf/2a) (a is the
radius of the hole, 6 is the angle between the axis of the hole and the magnetic field line, and
d is the height of the cylinder). S(0) in Fig. 3.14(b) is shifted horizontally, and expanded
vertically to fit the experimental profile. In this calculation, a finite sheath potential effect is
not taken into account.

Figure 3.15 shows the relationship between the magnetic field pitch angle 65 measured by
the pick-up coil 2 and 6; measured by Rogowski 1. In these discharges, the difference of 0g
between radial positions of the Rogowski 1 and the pick-up coil 2 is less than 1°. When there
is a finite pressure gradient Vp, 6p and ¢; must be slightly different each other to satisfy
Jj x B = Vp. Since near the LCFS in low field side, the pressure gradient force (—Vp)
directs outward so the electromagnetic force 3 x B must direct inward. Thus, fg can be
slightly larger than 6. A possible angular difference is less than 1° for this case from EFIT
calculation.
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Fig. 3.13: Comparison of Rogowski coil signals for § = 0°, 180° and 15°. (a) I, , (b) j
measured by the Rogowski coil, and (¢) magnetic field pitch angle [74].

61



400 ' % ' 400
200 | % x 300 f
E | E
< Ofx x x = B = o0}
=, X =,
e— ¥ —
200 1 100
¥ %
'400 1 1 1 1 1 1 O E * 1 1 N *
-200-150-100-50 O 50 100 -20 0 20 40 60
B [deg] 0 [deg]
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Fig. 3.15: Magnetic field pitch angle 6 vs. current density pitch angle ¢;. Lines indicating
0° and 1° difference between fp and 6 are also shown [74].
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3.6 Electrostatic noise test

A Rogowski coil can have a sensitivity to electrostatic noise [75]. Since there are electrostatic
potential fluctuations in the plasma, it is possible for a Rogowski coil signal to be affected by
electrostatic noise. If the sensitivity to noise is large, the noise can mistakenly be identified
as current fluctuations. Thus, it is important to check the sensitivity to noise. In order to
estimate the signal (current fluctuation) to noise (electrostatic potential fluctuation) ratio,
two kinds of the noise tests were performed. Photos of the test setups are shown in Fig. 3.16.
In (a), a tin foil stick was placed inside the hole. In (b), the probe head was covered by a tin

(b)

Fig. 3.16: Electrostatic noise tests for the Rogowski coils (Rogowski 1 and Rogowski 2). (a)
Test I for inside the hole, and (b) Test II for outside the probe head.

foil.

In these tests, the main frame of the probe was grounded, and the frequency responses
of the Rogowski coils (Rogowski 1 and Rogowski 2) to the applied voltage between the tin
foils and the ground were measured. The test results are shown in Fig.3.17. K is the
sensitivity to electrostatic noise, Vo is the output signal of the Rogowski coil and V,pplied
is the amplitude of the applied voltage. From Fig. 3.17, the sensitivity to electrostatic noise
of Rogowski coils are up to 2.4 x 107 Voutsecond/Vyppliea. From the noise test, we need to
estimate S/N of the Rogowski coils to electrostatic noise. In this case, we can define S/N as

K, current I

S/N = :
/ Kele Vapplied

(3.11)

where Kcurrent 1S the sensitivity of the Rogowski coil to the current passing through the hole.
Examples of S/N given by Eq. (3.11) for several currents are shown in Fig. 3.18.

In TST-2 Ohmic plasmas, a typical potential fluctuation near the plasma edge is up to
450 V. From Fig. 3.19, we can see that the amplitude of current fluctuation is greater than
+5 A, so S/N can be estimated to be greater than 20 from Fig. 3.18. In addition, the
current measured by Rogowski coil 1 and the current deduced from magnetic fields measured
by pick-up coils 1 and 2 agreed with each other (see Fig. 3.19 black and red traces). This
result ensures the accuracy of the measurement and confirms the existence of a large local
current fluctuation.
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Fig. 3.18: Examples of S/N between the current fluctuation and the potential fluctuation for
I =5,10,20 A.
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Fig. 3.19: Typical current signals measured by Rogowski 1 (black) and that deduced from
pick-up coils 1 and 2 (red). For time integration, analog integrators with a time constant of
1 ms were used.
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Chapter 4

Plasma sheath effect

4.1 The sheath model

In previous sections, we presented the results of current density measurement, and it was
found that the sensitivities to external magnetic fields and electrostatic potential fluctuation
are sufficiently small compared to the current signal of the Rogowski coil. As discussed in
Chap. 3, one uncertainty for the diagnostic remains: the plasma sheath effect. Since the
current is carried by electrons which pass through the hole of the Rogowski coil, it is possible
that their orbits are affected by the sheath potential in the vicinity of the Rogowski probe
head. The sheath is formed near the insulating material that protects the probe head. In
order to investigate the sheath effect on the diagnostic, we consider a sheath model and
calculate electron orbits numerically under the influence of a given sheath potential. First,
we describe the numerical calculation in detail.

The Rogowski coil is located inside the probe head, and is covered by ceramic shields.
Figure 4.1 shows a schematic drawings of the Rogowski probe. The Rogowski coil is indicated
by the hatched region. The Rogowski probe can be moved along the major radius of the
tokamak, and can be rotated around the shaft axis (in the toroidal-poloidal plane). This
allows the measurements of the radial profile and the angular profile of the current. Figure
4.2 shows the definition of the (z, y and z) coordinate system and the angle . The z axis
is the symmetry axis of the Rogowski coil, and the y axis is in the direction of the major
radius. 6 is the angle between the z axis and the direction of the magnetic field B (defined
by the toroidal and poloidal components By and By,).

Here, we introduce a sheath model. Since the sheath is affected by the angle between the
magnetic field and the material surface, we should divide the plasma region into three regions,
and use different functions in each region. The definitions of the three regions: Regions I, II
and IIT are shown in Fig. 4.3. rycje and ¢ are the radius of the hole (4.6 mm) and the thickness
of the Rogowski probe (27 mm). Black dots in the front view and the side view represent the
target point (7, z) where we calculate the sheath potential. Ar and Az are the coordinates
used to express the functions of the sheath potential, and are given as Ar = 7o — r and
Az =—1/2 —z (for 2 < —t/2) or Az =z —1t/2 (for z > ¢/2). A, B, C and D are the points
used in Sec. 4.2.

Generally, the sheath consists of the Debye sheath and the presheath which accelerates
ions from 0 velocity to the acoustic velocity. In a tokamak plasma discharge, several kinds
of presheath should be considered, such as the magnetic presheath [77], collisional presheath
and collisionless ptesheath [78]. The magnetic presheath length is estimated to be of the
order of ion Larmor radius [77], and it depends on the angle between B and the wall [77].
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Fig. 4.1: Rogowski coil inside the Rogowski probe head.
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Fig. 4.2: The definition of the coordinates (z, y, z) and the angle of 6.
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Fig. 4.3: Definitions of Regions I, II and III for the sheath model, and representative points
A, B, C and D.

In TST-2 Ohmic plasmas, the ion Larmor radius is about 2 mm which is comparable to e
(4.6 mm).

The sheath model for the orbit calculation, including the angular dependence of the
magnetic presheath, was constructed referring to the analytical sheath equation consisting of
the Debye sheath and the magnetic preseath [79]. The potentials in Region I, IT and IIT are
written as

Ar Ar
VRegion 1(AT) = Viexp (_2)\d) + Viexp (— — Ls) , (4.1)
VA2 + A2 Ar \? Az \?
ion 1T (AT, Az) = —_—— - — )
VRegion 11(Ar, Az) = Viexp ( 2N +Vaexp <7-i + Ls) * (pism9 + LS>
(4.2)
Az Az
VRegion 111(A2) = Viexp (-2)\d> + Vaexp <_plsmc9—|—Ls) : (4.3)

where VRegion 1, 11, 111 are the sheath potentials in Regions I, II and III, respectively, \q =
VeoTs/nee is the Debye length, p; is the ion Larmor radius, Lg is the length of the collisionless
presheath [78], and r; is the magnetic presheath length whose order is the same as p;. The
definition of r; is given later. In Ref. [78], the equation for the collisionless presheath length is
introduced [Eq. (39), Ls = (\@/3(\/% - 2)% +2v2(V1 = 2dw — 2)%) A4, where ¢w
is the normalized wall potential]. Since the collisional term is very small in TST-2 Ohmic
plasmas, it is ignored in this sheath model. The sheath potential at the wall surface (Ar =0
in Region I, Ar = 0 and Az = 0 in Region II, and Az = 0 in Region III) is set to be
equipotential. Hereafter, we express the potential at the wall surface as V.
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The values of V4 and V5 in Eqgs. (4.1)—(4.3) must be determined somehow. In Ref. [80], a
parameter fg which quantifies the contribution of the Debye sheath term is introduced as

. VRegion 1(6)\d)
VRegion I(O) ’

For given fyq and VRegion1(0), we can determine V; and Vo using Eq. (4.1). These values
are used in Egs. (4.2) and (4.3). With the decrease of fq, the contribution of the presheath
increases.

fa=1 (4.4)

The parameters r; and p; sin 6 represent the angular dependence of the magnetic presheath
length. When B is parallel to the wall, the magnetic presheath length cannot be defined
accurately [81]. In our sheath model, the magnetic presheath length was set to p; for the
parallel case. Thus, in Region III, it is given by pisinf. On the other hand, in Region I
and Region II, the situation is more complicated. Figure 4.4 shows the angle ¢ between the
wall surface and B. In these Regions, the magnetic presheath depends on ¢, which can be

>

NONONNNNNNNN

r

B

<Y

Fig. 4.4: Angle between B and the probe wall in Region I and Region 1II.

calculated using r and B. Thus, each set of B and r have different ¢ and different presheath
length when 0 is finite. r; is defined to include the ¢ dependence as

™

¢ = 5 cos H(# - B) (4.5)
_ T -1 x :

= 5 —cos (\/TT?JZSIDQ), (4.6)

ri = pi(1— 2sin228in2<;5). (4.7)

Equation (4.7) indicates that r; decreases monotonically with the increase of ¢. In the case
of 8 = 0, r; is equal to p; for any set of B and r. In the region —ro1e < & < The1e and y = 0,
r; is equal to pjcosf. In the region —rpgle <y < Thole and x = 0, 7 is equal to p; for any 6.
Examples of VRegion1 given by Eq. (4.1) is shown in Fig. 4.5. Near r = 7pole, the
contribution of the Debye sheath is dominant and the electric field is quite large. With the
decrease of f4, the contribution of the presheath increases. Figure 4.6(a) shows a contour
plot of the sheath potential in the y-x plane. Contour shape reflects the angular dependence

expressed by Eq. (4.7). For § = 0°, the shape is axially symmetric (i.e., circles). A smooth
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Fig. 4.5: Potential given by Eq. (4.1) as a function of r. Vi, 0, A, pi and L were set to
be —100 V, 0°, 20 gm 1.5 mm and 0.1 mm, respectively . Black, red and blue curves show
VRegion 1 for the cases with fq = 0.5, 0.8, and 0.9. (Vi, V») for the black, red, and blue curves
are (—49.53 V, —50.47 V), (—83.16 V, —16.84 V), and (—94.37 V, —5.63 V). Dashed line
shows the location of rygje (4.6 mm).

transition from Region I to Region III can be seen in Fig. 4.6(b). In the z-z plane, there are
no large differences between the shapes for cases with different 6.

4.2 Electron orbit calculation

For orbit calculation, Newmark’s beta method was used to solve the equation of motion
medv/dt = —e(E + v X B) under a given magnetic field B and a sheath electric field. The
V B drift and the curvature drift are included in the calculation (B = Bo%, where R is the
major radius in the tokamak, Ry is the radial location of the center of the hole, and By is the

magnetic field strength at Rp). Normally, the time steps for the calculation are set to % and

0‘]9% for low energy electrons and high energy electrons, respectively, where f.. is the electron

cyclotron frequency. Low and high energy electrons are those with kinetic energy lower or
higher than | — eViay|. In addition, E and VE could be large when Ar, Az or vV Ar? + Az?
is small. Thus, in the regions where Ar, Az or VAr? + Az? is smaller than 10)\q, the time
step is set 100 times smaller than the normal time step.

In the absence of a sheath potential, an electron exhibits a parallel motion along the
magnetic field when we can neglect the finite Larmor radius. Therefore, the condition for an
electron to pass through the hole depends on whether the field line penetrates through the
hole. In such a case, the sensitivity of the Rogowski coil depends on the hole geometry and
the relative angle 6 between the field line direction and the hole direction. The dependence
of the sensitivity on 6 can thus be calculated. Hereafter, the angular dependence of this
sensitivity is referred to as the geometrical curve. However, when we consider the E x B
drift due to the sheath electric field, the electron orbit is changed and the sensitivity becomes
different from the geometrical curve.
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Fig. 4.6: Contour plots of the sheath potential for § = 35° (dashed curves). Vian, Ad, pi, Ls
and fgq were set to —100 V, 20 pm, 1.5 mm, 0.1 mm and 0.5 respectively. (a) contour plot in
the y-z plane, (b) contour plot in the z-z plane.

We show two representative cases: in the first case the electron can pass through the hole
geometrically (0 = 0°, Fig. 4.7), and in the second case the electron cannot pass through the
hole geometrically (0 = 25°, Fig. 4.8).

Figure 4.7 shows the electron orbit when 6 = 0°. The electron was initially located at (,
Y, ) = (2.5 mm, —2.5 mm, —t/2 — p;). The drift along the wall surface is due to the E x B
drift. In this case, E| is finite and E| is zero. Thus, the guiding center of the electron shows
a constant parallel motion with a nearly constant E x B perpendicular drift.

In Fig. 4.8, an electron orbit when 6 = 25° is shown. The electron was initially located
at (z, y, z) = (—3.8 mm, —2.5 mm, —t/2 — p;). In this case, both E| and E| are finite. As
the electron approaches the wall surface (defined in Sec 4.1), the electron is decelerated due
to the sheath potential, and when the parallel velocity is low the electron is reflected near the
wall. Near the reflection point (i.e., Ar ~ 0 mm), the E; x B drift velocity becomes large.
In this region, the z component of the E x B drift is Ey/Bsinf, and the electron shows a
rightward motion as shown in Fig. 4.8(b). As a result, the electron exhibits a zigzag motion
between the wall surfaces, and the electron can eventually pass through the hole. The orbit
in Fig. 4.8 demonstrates that the measured current can be finite even if the angle 6 is larger
than that allowed geometrically.

4.3 Angular dependence of the current

A large number of electron orbits were calculated for a given 6. The initial z locations (zp)
were fixed at —t/2 — p;. In the y-x plane, the initial r locations (rg = v/xo? + yo?) were
distributed uniformly using random numbers, with the maximum 7y set sufficiently larger
than rpoe. The current is carried by the asymmetric component of the electron velocity
distribution function. In this calculation, however, the Maxwellien distribution was adopted
for the electron initial velocities to investigate the dependence on the typical electron energy.
The current is calculated by integrating the initial v, (> 0) of electrons which pass through
the hole (i.e., I = —e [dz [dy [v,fy,dv,). By calculating the current for various 6, the
angular dependence of the current is reconstructed. Figure 4.9 shows a comparison between
the angular dependences of data obtained experimentally, the orbit calculation result, and
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Fig. 4.7: Typical electron orbit when 6§ = 0°. The thick black circle and the thick black lines
in (a) and (b) are wall surfaces. The points A, B, C and D are the same as those in Fig. 4.3.
Dotted curves are the sheath contours. Black curves are projections of the electron orbit seen

along the z and y axes, respectively. The blue, red and black arrows show the directions of
the sheath electric field E, the magnetic field B and the E x B drift.
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Fig. 4.8: Typical electron orbit when § = 25°. The thick black circle and the thick black
lines in (a) and (b) are wall surfaces. The points A, B, C and D are the same as those in
Fig. 4.3. Dotted curves are the sheath contours. Black curves are projections of the electron
orbit along from the z and y axes, respectively. The blue, red and black arrows show the
directions of the sheath electric field E, the magnetic field B and the E x B drift.
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the geometrical curve mentioned in Sec. 4.2.
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Fig. 4.9: Comparison between angular dependences. Black symbols: experimental data
obtained on a shot by shot basis, blue curve: result of orbit calculation, and red curve:
geometrical curve expected from the probe geometry [76].

The blue curve in Fig. 4.9 is obtained with the parameters: A\q = 20 pum, Ly = 0.1 mm,
Vwal = —100 'V, fq =0.8, To =40 eV, T; =10 eV and B = 0.15 T. The values used for Aq, T,
and B are calculated from the experimentally measured values using the Langmuir probe and
the pick-up coils located near the Rogowski coil [74]. In TST-2 Ohmic plasmas, the value
of Ti near the plasma edge is in the range 5 to 20 eV. For comparison between measured
and calculated dependences, the vertical scale was adjusted so that the peak heights become
equal. In the experiment, the current was measured on a shot by shot basis and 6 was scanned
to obtain the angular dependence. The experimentally obtained result is well reproduced by
the orbit calculation, which has a broader width than the geometrical curve (blue). In the
calculation, some electrons with the parallel energy higher than | — eVin| can hit the wall.
For that case, we adopted two scenarios: forward elastic scattering and backward elastic
scattering, but the results of these scenarios do not show a large difference.

Although we have shown that the width of the angular profile becomes broader due to
the sheath potential, we must also consider the electrons repelled by the sheath potential.
Here, we discuss the sensitivity at # = 0°. In this case, all the electrons located in front of the
hole can pass through the hole as long as their energies are sufficiently higher than the sheath
potential. However, when the electron energy is low, the electron is repelled and cannot pass
through the hole. Figure 4.10 shows the initial velocity distribution function (black curve),
and that of the electrons which passed through the hole (red curve). In the case of the red
curve, the electrons whose energy is lower than | — eV | are affected by the sheath electric
field. In the case of Fig. 4.10, the current calculated using the blue curve is estimated to be
10% smaller than that calculated using the black curve.
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Fig. 4.10: The initial velocity distribution function f,,. Black: electrons initially located in
the region of \/x2 + y2 < ryele, and blue: electrons which passed through the central hole at
6 = 0°. Dashed line shows the velocity for an electron with the energy of 100 eV.

4.4 Parameter dependence of the angular dependence

In order to clarify the features of the angular dependence of the current and to understand
the physics of the sheath effect, we performed orbit calculations under various conditions. In
Secs. 4.1 and 4.2, it was shown that the electron orbit and the height of the angular profile
are affected by the E x B drift due to the sheath electric field E and the sheath potential
V. The sheath electric field E, the magnetic field strength B and V. are considered to be
important parameters. If Vi, is negatively large or the sheath length is large, the fraction
of electrons repelled by the sheath potential is also large. fq and p; (T;) are the parameters
that determine the sheath length. Ay and Lg are negligible since they are much smaller than
pi- In this section, we present the dependences of the angular profile width and the height
on Vian, fa, pi (Ti) and B. Te, Aq, Ls, Thole and ¢ were set to 40 eV, 20 um, 0.1 mm, 4.6
mm and 27 mm, respectively. Generally in a plasma, Vi, depends strongly on T.. However,
we proceed with the analysis using a typical electron energy for 7,, which is independent of
Vwall~

Figure 4.11 shows the dependences of the angular profile width on different parameters.
The width is defined as the 1/e width of the fitted Gaussian curve obtained from the measured
data points larger than 20% of the maximum value. Dashed lines indicate the width of the
geometrical curve. The dependences on Vi, fq and 7i (Figs. 4.11(a), (b) and (c)) are
weak and nearly constant. In Fig. 4.11(b), calculations were performed only for the range
0.5 < fg < 0.9, because other cases such as fq = 0 (presheath dominant case) and fqg = 1
(no presheath) are impractical. In Fig. 4.11(d), a clear dependence on B can be seen. This
result suggests that the broadening of the width is quite sensitive to the E x B drift. Since
the drift velocity is proportional to E, dependence on Vg, was expected, but we cannot see
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Fig. 4.11: Dependences of the angular profile width on different parameters. (a) Dependence
on Vi, with (fg,Ti, B) = (0.8,10eV,0.15 T), (b) dependence on fg, with (Viyan, T3, B) =
(=100V,10eV,0.15T), (c) dependence on T;, with (Vian, fa, B) = (—=100V,0.8,0.15T), and
(d) dependence on B, with (Vian, fa,7i) = (=100 V,0.8,10 eV). Dashed lines indicate the
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such a dependence in Fig. 4.11 (a). We will discuss the reason in Sec 4.5. Weak dependences
on fq and 7; can be explained by the fact that the E x B drift velocity does not depend on
these parameters.

Vwall [V]
-160 -140 -120 -100 -80

1.0 *’/M—X 1.0 /
09¢F E 09F 3

€ €
£ 08} i s o8} ;
07F (a) ; 0.7t (b) ;
0.6 E. . . . . 0.6 . .
40 -35 -30 -25 -20 0.4 0.6 0.8 1.0
VwaII/Te fd
T [eV] B [T]
5 10 20 0.2 0.15 0.1
1.0f ' ' (0] S ——
09F *\‘\x- 09F 3
€ £
£ 08¢ { 2 os} ;
0.7F (C) E 0.7 (d) E
0.6 . . . . . 0.6 k. . . . . .
0.25 0.30 0.35 0.40 0.45 0.25 0.30 0.35 0.40 0.45 0.50 0.55
pi/rhole pi/rhole

Fig. 4.12: Dependences of the height of the angular profile on different parameters. (a)
Dependence on Vi, with (fq,7i, B) = (0.8,10 €V,0.15 T), (b) dependence on fq, while
(Vwan, Ti, B) = (=100 V,10 eV,0.15 T), (c) dependence on Ti, while (Vian, fa,B) =
(—100V,0.8,0.15T), and (d) dependence on B, while (Vian, fa,7i) = (—100V,0.8,10eV).

Figure 4.12 shows the dependences of the height of the angular profile on different pa-
rameters. The current is calculated by integrating the distribution function for the electrons
passing through the hole. In order to clarify the features of the angular profile height, the
calculated current is normalized by the current due to the electrons located in front of the
hole as jnorm. Due to this normalization, the current at angle 8 = 0 should be that when we
omit the sheath effect. In Figs. 4.12(a) and (b), the angular profile height decreases with
the decrease of Vi, and fyq. Since low energy electrons are repelled by the sheath potential
as shown in Fig. 4.10, the Vi dependence (Fig. 12(b)) is reasonable. When the value of
fa becomes small, the presheath contribution increases (see Fig. 4.5) and the fyq dependence
becomes similar to the Vi, dependence. In Fig. 4.12(c), the presheath length increases with
the increase of T; and the dependence can be interpreted by the electrons repelled in the
presheath region. A clear dependence of the height on B is not observed (Fig. 4.12(d)).

In TST-2 Ohmic plasmas, the ion temperature is 5 to 20 eV near the plasma edge.
Generally, the fraction of the presheath is much smaller than the Debye sheath, and the cases
for fqg = 0.8 and 0.9 are more realistic than that for fq = 0.5. If we estimate fq to be 0.8,
the current measured in TST-2 using the Rogowski probe is 5-10% smaller than the actual

76



current. Figure 4.13 shows the dependence of the angular profile width and height on Ts.
In order to clarify the dependence on the electron energy, the values of other parameters
which depend on T are fixed to be those for a typical electron temperature of 40 eV. In Fig.
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Fig. 4.13: Dependence of the angular profile width and height on T, with (Vian, fa, Ti, B) =
(—100 V, 0.8, 10 €V, 0.15 T). Dashed line in (a) indicates the width of the geometrical curve.

4.13(a), a clear dependence can be seen. This result suggests that the angular profile width is
also affected by energetic electrons. In Fig. 4.13(b), the normalized current is greater than 1
at high T¢. In such cases, some energetic electrons with large Larmor radii can wrap around
the rim of the hole and enter the hole even if the initial locations are outside the hole (i.e.,

To = V0% + Yo > Thole)-

4.5 Analytic calculation with rhombus tube

As shown in Fig. 4.8, electrons exhibit precession in the z direction, while making round
trips between the upper and lower walls (zigzag motion). Since the precession arises from FE
and Ey, it is useful to consider electron orbits in a square tube oriented along the z direction
and rotated from the x axis by 45° as shown in Fig. 4.14. E, and Ey are assumed to be finite
and constant only near the wall. In this analysis, the orbit of the electron guiding center
with a finite angle of 8 from the z axis is calculated. The initial location and velocity are set
to (zo,v0,0) and (vx0,0,v,0). Figure 4.14(a) shows the cross section of the tube in the z-x
plane at y = yo and Fig. 4.14(b) shows the cross section in the y-x plane. For simplicity,
the strength of the electric field in the sheath region is set to be constant and VB and the
curvature of B are not considered.

Initially, the electron travels from point O to point P (Fig. 4.14). P is the entry point to
the sheath region whose width is A. The location of the electron at this point (zp,yp, zp) is
given by

Tp = yo+a— V2, (4.8)

yp = Yo, (49)
(%

o= 2(zp —10), (4.10)
UxO
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Fig. 4.14: Configuration for analytic calculation. Black line (OP), blue curve (PQ) and red
line (QR) indicate the electron orbit, A\ is the length of the sheath, Fy and Ey are z and
y components of the electric field, By and B, are x and z components of the magnetic field,
and 6 is the angle between B and the z axis.

In the sheath region (PQ), E| and E| (the sheath electric field components perpendicular to
and parallel to the magnetic field) are finite. The electron is reflected in the parallel direction
when the electron energy is low. In the perpendicular direction, the electron exhibits the
E x B drift. The electron velocity in this region is given as

el E
vpq = (v + m“t)sin@—k Eycos& (4.11)
e
Ey
UypQ = —ECOSH, (4.12)
el E
vpq = (v + m“t)cos@ - Eysin& (4.13)
e

where v is the velocity in parallel to B. We calculate the rightward displacement zq —
zp during the transit of the electron in the sheath region (red curve in Fig. 4.14). This
displacement is an important quantity, which causes net movement along the hole as shown
in Fig. 4.8.

Q is the exit point from the sheath region, and the coordinates (zq,yq, 2q) can be cal-
culated using the staying time in the sheath region Atpq and the velocity expressed by Egs.
(4.11)—(4.13). Since both the entry and exit points are located on the straight boundary, the
displacements should satisfy the condition Azpq = Aypq. Using these relationships, Atpq
can be calculated and the resultant coordinates for Q(zq, yq, 2q) are written as

2v| By

rQ = :UP—I-HE—HCOSG, (4.14)
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211” Ey

= — — —=cosf 4.15

T (4.15
2 By

2q = zP—;;”Esine, (4.16)

where Q = ¢B/m.. From Q to R, the electron travels along B since there is no electric
field. At point Q, the velocity is given by (vx0, 0, —v,0). The time it takes from Q to R is
determined by vyo and zq, and is given by

v

2R = 2Q — QZ—OxQ. (4.17)

Ux0O
When zr > 0, the electron exhibits a similar zigzag motion as shown in Fig. 4.8, and the
electron can pass through the hole. On the other hand, when zg < 0, the electron moves
leftward and escapes from the hole. The condition for the electron to pass through the hole
is given by

2v tané
— _ — V2
Q - tan29+2(x0+y0+a \f)
tand
—A=x. 4.1
tan26 + 2 . (4.18)

where Az is defined in Fig. 4.14. tanf/tan?f + 2 is a positive increasing function of 6 as
long as [#] < 50°. Eq. (4.18) implies that an electron with a large parallel velocity and
an initial position located in the left lower region in Fig. 4.14(b) has a possibility to pass
through the hole due to the E x B drift in the sheath region. This result is consistent with
the orbit calculation results shown in Figs. 4.11 and 4.13. In Eq. (4.18), the contribution
of the sheath electric field E is cancelled out. This can explain the weak Vi, dependence
shown in Fig. 4.11(a). The A term on the right hand side of Eq. (4.18) also contributes to
relax the condition, and has a similar effect to Vian.

4.6 Experiments at low B and high B

Ohmic plasma experiments at low B and high B were performed to verify the dependence
of the angular profile. These experiments were carried out with special care to maintain the
I, waveform the same. The central hole of the Rogowski coil was located at R = 515.5 mm,
and the angular dependence of the current was measured by rotating the direction of the
hole on a shot by shot basis. B, T, and n. were also measured by the pick-up coils and
the Langmuir probe located near the Rogowski coil. The waveforms of plasma discharges
at low B and high B are shown in Fig. 4.15. The waveforms of I, are almost the same in
these two discharges, and the hatched interval in Fig. 4.15(a) where good reproducibility was
obtained, was analyzed. Time evolutions of V;, T, and ne measured by the Langmuir probe
on the Rogowski probe are nearly the same in these two discharges. Thus, a comparison
between these two cases reflects the B dependence. The angular profile width was calculated
according to the definition described in Sec. 4.4.

Figure 4.16 shows the time evolutions of the angular profile width for these two cases.
The width is larger for the lower B case than the higher B case. This is consistent with the
calculated width of 13° for B = 0.13 T and 12° for B = 0.17 T. In Fig. 4.16, the widths in
increase monotonically with time. This trend cannot be explained by the time variations of
measured plasma parameters, which are nearly constant. Although energetic electrons may
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Fig. 4.15: Waveforms of plasma discharges at low B (0.13 T, black) and high B (0.17 T,
blue). I, (a), Tc (b), ne (c), floating potential measured by the Langmuir probe V¢ (d). The
error bars show the scatter of averaged values.
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Fig. 4.16: Comparison of the angular profile width at low B (black) and high B (blue). The
error bars show the fitting errors.
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affect the width as was shown by the T, dependence shown in Fig. 4.13(a), we cannot find
such a trend in the measured floating potential, suggesting that the contribution of energetic
electrons is small. Thus, further study is necessary to interpret this trend.

4.7 Summary of the sheath effect

Sheath effects on the Rogowski probe measurement were studied using orbit calculations of
electrons passing through the hole of the Rogowski coil, combined with analytic calculations of
a simplified configuration. The calculations suggest that the angular profile width is affected
by the E x B drift and repulsion by the sheath electric field. The height of the angular profile
is affected by Vian and by the fraction of the presheath (i.e., T} and fg). In TST-2 Ohmic
plasmas, the measured current using the Rogowski coil is estimated to be 5-10% smaller than
the real current. Experiments at low B and high B were also performed to verify the effect of
the E x B drift on the angular profile width. The width obtained in the low B case was wider
than that obtained in the high B case. This is consistent with both numerical and analytic
calculation results. Considering these results, we can conclude that the broadening of the
angular profile is explained by the E x B drift due to the sheath formed around material
surfaces.

In the orbit calculation, the V B drift and the curvature drift effects are included. For
R=05m, B=0.1T and T, = 40 eV, the sum of the drift velocities is estimated to be
800 m/s. When the distance from the probe wall is 2\g, F is 10° V/m and the E x B drift
velocity is about 10° m/s at B = 0.1 T. Thus, in this case, the VB drift and the curvature
drift velocities are much smaller than the £ x B drift velocity and can be ignored.

The experimentally obtained result was reproduced well by the calculation. In addition,
parameter dependences agreed among the experimental result, numerical calculation, and
analytic calculation. In conclusion, we have clarified the sheath effects on the local current
measurement by a Rogowski probe.

81



Chapter 5

Experimental results using the
Rogowski probe

5.1 Experimental setup

In order to study plasma equilibrium and instabilities, we employed not only the Rogowski
probe, but also the other diagnostics installed in TST-2. Figure 5.1 shows toroidal cross
section seen from the top, and the diagnostics placed at Z = 0 mm are shown. The details
of SBD, AXUV, an interferometer and a fast visible camera are described in Sec. 1.5. These
are employed to understand the whole plasma configurations. A mach probe is also placed
in a different toroidal location from the Rogowski probe, and it consists of some Langmuir
probes and pick-up coils. A schematic configuration of the mach probe is shown in Fig.
5.2. Electrodes A and B for the mach probe in TST-2 are parallel or anti-parallel to the I,
direction. Generally, a mach probe is used for the measurement of plasma flow at the plasma
edge region in tokamak plasmas [82]. Using the mach probe, we can measure the toroidal
asymmetry of ion saturation current I;s and floating potential Vi, which reflect the plasma
flow and the electron current, respectively. From the signals of the Rogowski probe and the
mach probe, we can get information on plasma parameters at the plasma edge region.

5.2 Radial current density profile for Ohmic plasma

Results of current density profile measurements for Ohmic plasma discharges are presented in
this section. The TST-2 Ohmic plasma configurations can be classified into two types. One
is the inboard-limited configuration whose radial location of the Last Closed Flux Surface
(LCFS) in the low field side (Rrcrs) is located inside the antenna limiter location (Rant—1im)
(see Fig. 5.1). The other is the outboard-limited configuration whose Ry crs is the same as
R.nt—1im. Using the Rogowski probe, we investigated the radial current density j profile for
these two configurations. The measured profiles and the calculated profiles from EFIT code
were compared.

Inboard-limited plasmas

Here, the results for inboard-limited plasma are shown. Figure 5.3(a) shows an example of the
Jj signals measured by the Rogowski 1 and 2, and Figs. 5.3(b) and (c) show the comparison
between j and By profiles measured by the Rogowski probe and calculated from the EFIT
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Fig. 5.1: Experimental setup.
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Fig. 5.2: A configuration of the mach probe on TST-2.

code at 29 ms. The location of LCFS at the low field side is calculated by the EFIT code
and it is located at R < Rant—1imit- From Figs. 5.3(b) and (c), good agreements between the
experimental and calculated profiles near the plasma edge were confirmed for both j and By.

Figure 5.4 shows the radial j profiles measured by a shot on shot basis for the inboard-
limited configuration and they were measured for three 6 cases (10°, 15°, 20°, see Fig. 3.2).
In Fig. 5.4, the absolute current density (j2 + j2)%° calculated by EFIT shows the profiles
with (black curves) and without (blue curves) the probe insertion. Similar to Fig. 5.3, a good
agreement between the experimentally obtained j profile and the calculated profile near the
plasma edge (R < 550 mm) was confirmed. On the other hand, in the region of R < 550 mm,
deviations were seen. Due to the time evolution of current direction 6; and due to the angular
dependence of the Rogowski coil signal, the true j can be larger than the values obtained at
these three 6 cases. Considering these effects, the experimental j seems to be larger than the
j from the EFIT code at R < 550 mm. This deviations are partly due to the model profile
used in EFIT. Therefore, taking into account the systematic error of 5 kA /m?, and the shot
to shot scatter of 5%-20%, it seems to be possible to improve the accuracy of equilibrium
reconstruction by using the Rogowski coil data.

Outboard-limited plasmas

Local currents in the vicinity of R.nt_1im were investigated for outboard-limited configura-
tions. The experimental results are shown in Figs. 5.5 and 5.6. In Figs. 5.5(a) and 5.6(a),
signals of Rogowski 2 and 1 were finite while they were located in the region of R > Rant_lim-
In the EFIT code, toroidal symmetry is assumed and the current outside the LCFS is set
to be 0. It is a remarkable fact that both measured and calculated By profiles agreed each
other even if the j profiles disagree. These results suggest that the assumptions of toroidal
symmetry and no current outside Rant_1im are not valid. In such a case, a pickup coil array
would fail in reconstructing j, and only a Rogowski coil can be used.
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Fig. 5.3: Time evolution of local current densities measured by Rogowski 1 (black) and 2
(red) at # = 15° (a), and the radial j profiles obtained from the experiment (red symbols)
and EFIT code (black curve) (b) and the radial By profiles obtained from the experiment
(red symbols) and EFIT code (black curve) (c). Blue vertical lines indicate Rycrg and black
vertical lines indicate Rani—lim-
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Fig. 5.4: Radial profiles of j at two different times. Black and blue curves represent the
EFIT calculations for the cases with the deep insertion of the Rogowski probe (black) and
without the insertion of the Rogowski probe (blue), respectively, and orange (10°), red (15°),
and blue (20°) symbols represent the measured values. Dashed vertical lines in (a) and (b)
indicate Rant—lim-
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Fig. 5.5: Time evolution of local current densities measured by Rogowski 1 (black) and 2
(red) at 6 = 15° (a), and the radial j profiles obtained from the experiment (red symbols)
and EFIT (black curve) (b) and the radial B, profiles obtained from the experiment (red
symbols) and EFIT (black curve) (c). Black vertical lines indicate Rrcrs and Rant—1im-
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Fig. 5.6: Time evolution of local current densities measured by Rogowski 1 (black) and 2
(red) at 6 = 15° (a), and the radial j profiles obtained from the experiment (red symbols)
and EFIT (black curve) (b) and the radial B, profiles obtained from the experiment (red
symbols) and EFIT (black curve) (c). Black vertical lines indicate Rpcrs and Rant—fim-
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5.3 Current density measurement for RF plasma

In TST-2, non-inductive plasma startup experiments using RF (Radio frequency) waves in
the frequency ranges of LHW (Lower hybrid wave) have been performed using various types
of antennas [54]. By using the Rogowski probe, we successfully measured j at the plasma
edge region for RF startup plasmas, which is driven by the waves from the dielectric loaded
4-waveguide array (GRILL) antenna. A photograph of the GRILL antenna is shown in Fig.
5.7.

Fig. 5.7: A photograph of the GRILL antenna [54].

Each waveguide consists of a rectangular alumina block whose surfaces are covered with
a layer of 80 pm thick nickel [83]. The cross-sectional dimensions of the waveguide is 30
mm (width) x 285 mm (height). In the experiment, the GRILL antenna was located at the
man hole (see Fig. 5.1) and RF wave is injected oppositely to the By and I, directions. The
experimental result is shown in Fig. 5.8.

In this experiment, plasmas is initially excited by LHW and ECW, and I, is driven up
to 1.5 kA. The RF antenna limiter was located at R = 585.5 mm and the Rogowski 1 was
located at R = 501.5 mm, and the hole direction (6) was set to be 0°, since the magnetic pitch
angle in this experiment is almost 0° due to the small I,. At the initial of plasma discharge,
abrupt increases of both line integrated density and j are observed. Since the line integrated
density depends not only on the electron density but also on the plasma size, it is inferred
that the plasma size is large at the initial of the discharge, and the increase of the current
density can be explained from its time evolution. In RF startup plasmas, localized j at the
open flux surface region is expected by the equilibrium calculation which allows the existence
of the finite current density where R > Rycrs [58]. In the EFIT code, the current density
outside Ry crs is considered to be 0 and EFIT cannot be applied to such plasma equilibrium
reconstruction. Thus, we compared the result of equilibrium calculation used in Ref. [58] and
the experimentally obtained result (see Fig. 5.9). Even if the existence of the current density
at the open flux surface is allowed in the equilibrium calculation, the large current outside
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Fig. 5.8: The experimental result for a RF startup plasma. (a) plasma current, (b) RF power
(black : injection, red : reflection), (c) ECH power (black : injection, red : reflection), (d)
line integrated density, (e) floating potential at R = 501.5 mm, (f) current density measured
by the Rogowski 1 at R = 501.5 mm. The hole direction () is 0°.

of LCFS was observed. At 70 ms, the averaged j in the poloidal cross-section (Ip,/Spoloidals
where Spoloidal is the poloidal cross-sectional area inside of LCFS) is about 7 kA/ m? and the
measured value is seven times larger than it. From this experiment, we obtained the first
result which indicates the existence of a large current in the open flux region.

5.4 Results for plasma instabilities for TST-2 Ohmic plasmas

5.4.1 Typical Ohmic plasma discharges

In Ohmic plasma discharges, there are mainly two types of plasma instabilities. One is an
IRE (Internal Reconnection Event) and the other is instabilities accompanying fluctuations in
the frequency ranges from 10 - 100 kHz. These instabilities are being studied to understand
the underlying physics for spherical tokamak instabilities and the turbulences [18,84].
Firstly, we show typical signals of magnetic fluctuation dB/dt at Z = 7 mm and R = 700
mm, current density j, and ion saturation current iz which were measured by the Rogowski
probe (R = 551.5 mm) (see Fig. 5.10). dB/dt signal mainly reflects the global fluctuations,
and j and [is reflect local fluctuations. From Fig. 5.10(a), sudden increase of plasma current
(I, spike) due to an IRE can be seen at 29 ms. At the same time of the I, spike, the large
fluctuations of dB/dt, j and Ijs appeared. In addition, different types of magnetic fluctuations
are seen at the initial, the middle and the end of the plasma discharge (17-21.5 ms, 26-28
ms and 30-36 ms), respectively. For these time periods, j and [;s also show fluctuations with
almost similar frequency ranges of dB/dt. Hereafter, we call these time periods as Phase 1,
Phase 2 and Phase 3. Figure 5.11 shows enlarged views of fluctuations, dB/dt, j and I;s for
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Fig. 5.9: The comparison between the equilibrium calculation and the experimentally ob-
tained current density at 70 ms for the plasma discharge shown in Fig. 5.8. Red symbol is

the measured data using the Rogowski 1.
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Phase 1, 2 and 3 respectively. In Phase 1 and 3, sinusoidal oscillations for dB/dt are seen,
and the fluctuations of j and Ijs seem to be correlated. In Phase 2, sudden spikes for dB/dt,
j and Iis are observed and they show very different appearance from the oscillations in Phase
1 and 2. In addition, the shape of spikes of j and [is are quite similar. Since the signal of Iig
is affected by both ne and /T, we need to investigate that which has large contribution to
the current spikes.

125860
L

80! (a) | I, spike due to IRE

__ 60}
2 40
— 20t

0 | | . . ‘ ]
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Fig. 5.10: Typical Ohmic plasma discharge in TST-2. Time evolution of plasma current I,
(a). Figures (b), (c) and (d) are the sets of the raw data and power spectrum for dB/dt (Z
= 7 mm and R = 700 mm), j fluctuation (above 2 kHz, R = 551.5 mm) and Iis (R = 551.5

mm).

As described in Sec. 1.5.2, we carefully performed the IV curve fitting for the estimation
of electron temperature T, and electron density ne. Figure 5.12 shows the time evolutions of
7, Ne, Te and the electron pressure P, measured by the Rogowski probe at the plasma edge
region. Hatched regions of Figs. 5.12(a) and (b) (red and blue) represent during Phase 2
and IRE, respectively. During the sudden spikes and IRE, some IV curves were not able
to be measured due to the abrupt changes of the plasma potentials in the vicinity of the
measurement regions. In such a case, we cannot estimate T, and n.. In Fig. 5.12(c)-(h),
the data points those who show clear experimental IV curve and good IV curve fitting are
plotted. For example, IV curve I and II in Fig. 5.12 show the fitting results for the sudden
increases of n, and T,. The fitting curves (red and blue) are well fitted to the experimental
data (black curves), and the estimations of ne and Tt seems to be reliable. From Fig. 5.12,
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Fig. 5.11: Enlarged views of dB/dt, j and I;s for Phase 1, 2 and 3, respectively.

we can see that the shape of sudden spikes for j are quite similar to those for n.. On the
other hand, such similarities between j and T, cannot be seen. These result indicate that the
increase of ne near the region of the Rogowski probe mainly contribute to sudden spikes for
j. Two scenarios which can cause these sudden spikes are possible. One is a simple increase
of ne at the edge region, and second one is that the high dense structure crosses the region
around the Rogowski probe head. Detailed investigation for the sudden spikes are presented
in Sec. 5.4.6. Typical values of ne and T; at the central region of TST-2 Ohmic plasmas are
~ 5 x 10 m~3 and 200-300 eV. From Fig. 5.12, n, and T, at the edge often increases up to
10-20% of their central values during Phase 2. Similar to Phase 2, increases of j and n, are
also observed during an IRE, but the increase of T, cannot be seen.

5.4.2 Tow types of IRE and characterization of IRE

In TST-2 Ohmic discharges, there are two typical IREs. One is that occurs at the initial
or the middle of phase of a discharge duration, and it often induces a plasma disruption.
Second is that occurs at the end of a discharge duration and it does not induce a disruption.
Hereafter, we call these IREs as type A and type B, respectively. Typical plasma discharges
for these two types of IREs are shown in Fig. 5.13. In the case of type A, I, spike and a
plasma disruption are induced at 27.3 ms, and in the case of type B, I, spike occurred at
31.5 ms.

Similar to in Ref. [18], we are going to use I, spike as a representative parameter for
the analysis. In Ref. [18], the magnitude of I, spike is used to analyze IREs and Al,eak is
introduced as the height of I;,ca. They have a linear relationship each other. In the following,
we are going to use Deltal,e.x as the representative indicator for IRE and, hereafter, we
denote Alpear as Al Figure 5.14(c) shows an example of the estimation of AI,,. Before the
peak of I}, spike, the waveform of I}, is fitted by apexp((z —a1)/az) where g /1 /.0 are fitting
parameters and x is the time (see blue curve in Fig. 5.14(c)). As shown in Fig. 5.14(c), Al
is the height of I, from the linear trend before the peak of I, spike. At is like a time width
of I, spike. For the type B of IRE, typical At is about 0.45 ms. Aj describes peak to peak
amplitude of the current spike during an IRE. Note that the current density shows a bipolar
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((c) and (d)), time evolutions of T, ((e) and (f)) and time evolutions of plasma pressure P,
((g) and (h)). Black curves for IV curve I and II are the experimentally obtained data which
show sudden spikes of ne and T, respectively. Red and blue curves in IV curve I and II are
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Fig. 5.13: Two typical plasma discharges with type A (black) and type B (red) of IREs.

spike. The detailed description on the bipolar spike is presented in Sec. 5.4.4.

Figure 5.15 shows the comparison of the shapes of I, spikes for type A (a) and B (b),
respectively. AT, are normalized to 1 and peak timings of the spikes are set to be 0. In order
to perform the analysis of IRE, some kinds of characterization of IRE is important. The
shape of I, spike should be affected by many kinds of reasons. Actually, there are some kinds
of shapes of I, spikes in both type A and B. From Fig. 5.15, it is clearly seen that shapes of
I, spikes appeared to be almost the same (each AI, have almost the same At), and we can
assume that IREs which have almost the same At as IREs induced by the same reasons. In
the following, we proceeded analysis gathering data which have almost the same At for type
A and B.

5.4.3 Time sequence of the changes of plasma parameters due to IRE

When an IRE occurs, many plasma parameters changes. Some parameters response to the
IRE quickly. On the other hand, the others show delayed responses to the IRE. The investiga-
tion of the time sequence of plasma parameters during an IRE can be helpful to determine the
precursor or the cause of an IRE. In addition, the comparison between the time sequences for
type A and B can clarify the main cause for a disruption. Firstly, the time sequences of main
plasma parameters which reflect the global plasma status (SXR emissions, plasma radiations,
electron densities, and magnetic fluctuations) for type A and B are investigated. Secondly,
the edge plasma parameters are investigated using the Rogowski probe signals. Comparison
between these plasma parameters during IREs gives us understandings of plasma motions
and its frequencies (or velocities) during IREs.
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SXR emissions, radiations and line-integrated density before I, spike

SXR emissions, plasma radiations and electron densities are one of the main plasma parame-
ters varying during an IRE in TST-2. As shown in Fig. 5.15, we gathered their data for type
A and B, respectively, and SXR emissions (SBD), radiations (Hy, AXUV) and line-integrated
densities (nel) of the discharges with type A and B are plotted in Figs. 5.16 and 5.17. For
the comparison, the peak of each I, spike are set to be 0 ms. In Figs. 5.16(f) and 5.17(f),
values of nel just before 0 ms are adjusted to be 0. Numbers of positive spikes of SXR signals
for type A are quite larger than those for type B (see Figs. 5.16 and 5.17 of (b) and (c)).
For both cases, SXR emissions decrease just before 0 ms. Similar to it, nel for both cases
decreases before 0 ms. In type A, nel is almost constant before the decrease of nel. On the
other hand, in type B, nel increases before the decrease.
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Fig. 5.16: I, (a), SBD signal with polypropylene filter (SBDp,: sensitive up to 400 eV) (b),
SBD signal with Beryllium filter (SBDpge: sensitive up to 1 keV) (c), Hy (d), AXUV (e), and
nel (f) for type A.

Figure 5.18 shows the comparison between the averaged waveforms for type A (black)
and type B (red) shown in Figs 5.16 and 5.17, respectively. On average, SXR emissions for
type A are quite larger than those for type B. This is due to many positive spikes before I,
spikes (see Fig. 5.16). In addition, the SXR emissions show keen spikes (i.e., with a shorter
At) before 0 ms for type A. The responses of H, emissions for both type A and B have time
delays to those of SXR emissions, AXUV and nel. Thus, H, emission is a result of the IRE
for both cases. As is shown in [85], the pressure gradient can cause an IRE. Since the increase
of nel is seen in the case of type B, it can be assumed that one of the reasons to cause type
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nel (f) for type B.

96



B is the pressure gradient. However, in the case of type A, the increase of nel cannot be seen
before 0 ms. Since type A occurs at the initial and the middle of a discharges duration, the
plasma temperature is probably not so high. Thus, the cause of type A seems to be different
from that of type B.

The event timings for type A and B are different. For example, positive spikes for SBD
signals tend to be observed at the initial of the discharges in TST-2 Ohmic plasmas. Thus,
we need to check whether the differences of averaged SXR, emissions for type A and B can
be attributed to the difference of the timing or not. For the check, we compared two types
of discharges: with type A and another without type A but showing almost the same time
evolutions of plasma parameters before the timing of the IRE. As shown in Fig. 5.19, averaged
SBD signals with polypropylene and beryllium filters for the latter discharge are less than 0.1
and 0.02, and these are smaller than those for the discharges with type A of IRE (see Figs.
5.18(b) and (c)). On the whole, we found that lots of positive SBD signals tend to occur
before the disruptions, and this is one of the precursors of type A.

, (a) Hq (d)

I, [a.u]

2 -1 0 1 2
time [ms] time [ms]

SBD,, (b) AXUV (e)

time [ms] time [ms]

SBD, () nl (f)

SBDg, [a.u.]

time [ms] time [ms]

Fig. 5.18: Comparison of the averaged time evolutions of the plasma parameters for type A
(black) and type B (red). I, (a), SXR emissions (SBDp, (b) and SBDg. (¢)), Hy (d), AXUV
(e), and nel (f) are plotted.

Fluctuations before I, spike

We investigated the behaviors of magnetic fields and edge plasma parameters measured by
the Rogowski as we did on the SXR emissions and etc. Figure 5.20 shows I, and the magnetic
fluctuations above 10 kHz and those from 1 to 10 kHz, respectively. Before the disruption
(27.3 ms), the waveforms of the magnetic fluctuations above 10 kHz for type A and B are
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(Black and blue) over the discharges without disruption.
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almost the same. On the other hand, there is significant difference between the waveforms
from 1 to 10 kHz (see Fig. 5.20(c)). Figures 5.20(d) and (e) show the contours of magnetic
fluctuations measured by the poloidal pickup coil array, and it can be seen that the magnetic
fluctuations for type A is much larger than those for type B. This difference indicates that
the low frequency magnetic fluctuations can be one of the precursors of a plasma disruption.
The detailed comparison of time evolutions is shown in Fig. 5.21.
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Fig. 5.20: A typical waveforms of magnetic field measured by pick-up coils located inside
the vacuum vessel (R=700 mm and Z=7 mm) for the cases with type A and type B. I, (a),
poloidal magnetic field By, fluctuations above 10 kHz (b) and from 1 to 10 kHz at Z = 7 mm
and R = 700 mm (c) are shown. The time evolutions of m and n coil signals with type A
(d) and B (e) are shown. The time period hatched in plots (a), (b) and (c) are plotted.

Figure 5.21 shows B, fluctuations at Z = 7 mm and R = 700 mm for the discharges with
type A and type B. To clarify the difference, fluctuations above 10 kHz and those from 1 to
10 kH are plotted in different figures (see Figs. 5.21(b), (c), (f) and (g)).

In both cases, the lower frequency fluctuations start to grow 1 ms before the I, spikes,
while the higher frequency fluctuations start to grow 0.1 ms and 0.3 ms before the spikes in
type A and type B. These results suggested that lower frequency fluctuations are one of the
precursors of an IRE. Especially, in the case of type A, its magnitude is quite large, and it
can be considered to be one of the causes for a disruption. Thus, controlling low frequency
magnetic fluctuations is an important issue to suppress disruptions induced by IRE.

We need to determine the position where such low frequency fluctuation happens. Figure
5.22 shows j fluctuations for the cases with type A and type B. Two frequency bands are
plotted as in Fig. 5.21. High frequency fluctuations for j are seen before 0 ms for both cases.
This is similar to the result of magnetic fluctuations. However, low frequency fluctuations
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Fig. 5.21: Time evolutions of I, (a) and (e), higher frequency By, fluctuation (b) and (f),
lower frequency By, fluctuation from 1 to 10 kHz (c) and (g), and power spectrum density for
B, above 1 kHz (d) and (h) are plotted. For the comparison, the peak timings of the each
I, spike are set to be 0 ms.

for j cannot be identified for both cases (see Figs. 5.22(d) and (h)). From Figs. 5.22(c) and
(g), the increases of j near the plasma edge region seem to start from 0.1 and 0.3 ms before
the I, spike. This is the current transported from the core region to edge region due to the
IRE. From Fig. 5.18(f), the decreases of nel before I, spike are seen and they start from 0.1
and 0.3 ms before the I, spike. These timings are the same as those of the increase of edge j.
In general, current and pressure flattenings occur as a result of IRE [86], and ¢ profile is also
changed. In Fig. 5.22, high frequency fluctuations start after the low frequency j fluctuation
and the decrease of nel. Since g, current and pressure profiles are related to some kinds of
plasma instabilities, high frequency j fluctuations are probably the results of the changes of
them.

Figures 5.23 and 5.24 show the time evolutions of iz and V; during the IRE. As in the
case of j fluctuations, low frequency fluctuations are not clearly seen, but, the increase of [is,
abrupt changes of V4, and high frequency fluctuations are clearly observed.

In Ref. [18], the relationship between A}, and the plasma parameters are investigated and
it was found that AT, and the increase of ion temperature 7; during IREs showed almost linear
relationships. As shown in Fig. 5.14, j fluctuates in both positive and negative directions and
it is important to know which physical parameters are correlated to Aj. Figure 5.25 shows
the relationship between Aj measured by the Rogowski 1 and 2 (a), and the relationship
between A, and Aj. It was found that inner Aj (Rogowski 1) are larger than outer Aj
(Rogowski 2) for both type A and type B. From Fig. 5.25(b), a rough linearity between AI,
and Aj can be seen. In Ref. [18], AL, is introduced as a good indicator for the degree of
IRE strength. The linearity between AI, and Aj indicate that the edge instabilities becomes
large when the magnitude of IRE is large.
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Fig. 5.22: Time evolutions of j fluctuations measured by Rogowski 1 (located at Z = 0 mm
and R = 551 mm) for the discharges with type A and type B. I, (a) and (e), j fluctuations
above 10 kHz (b) and (f), j fluctuations from 1 to 10 kHz (c) and (g), and power spectrum

densities for j above 1 kHz are shown. For the comparison, the peak timings of the I, spikes
shot are set to be 0 ms.

Figure 5.26 shows radial Aj profiles, where the horizontal axis represent the radial distance
between the measurement position and the Last Closed Flux Surface position. The figure
indicates that quite large current flows near Rpcrs during IREs. For example, a typical

current density at the core region is about 1 MA/m?, and the maximum of the observed Aj
is much larger than this typical j.

Lastly, we summarize the time sequence before I}, spike as follows:

. The growth of low frequency magnetic fluctuations at the core region before 1 ms.

. The increase of the current density at the edge region and decrease of nel at 0.1 and
0.3 ms before I, spike for type A and B, respectively.

3. The growth of the high frequency fluctuations (B, j, n. and V}).

. The decay of the high frequency fluctuations and start of I, spike.
The differences of type A and B of IREs are as follows:

e The number of sudden positive spikes in SBD signals before I}, spikes.
e The magnitude of low frequency magnetic fluctuation.

These results suggest that controlling sudden SXR emissions and low frequency fluctua-
tions at the core region is important to suppress the disruption in TST-2 Ohmic discharges.
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Fig. 5.23: I;s fluctuations measured by Electrode 2 (located at Z = 0 mm and R = 582 mm)
for the discharges with type A and type B. I, (a) and (e), Iis fluctuations above 10 kHz (b)
and (f), [is fluctuations from 1 to 10 kHz (c) and (g), and power spectrum densities for I
above 1 kHz are shown. For the comparison, the peak timings of the I}, spikes are set to be
0 ms.
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Fig. 5.24: V; fluctuations measured by Electrode 2 (located at Z = 0 mm and R = 582 mm)
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and (f), V¢ fluctuations from 1 to 10 kHz (c) and (g), and power spectrum densities for V¢
above 1 kHz are shown. For the comparison, the peak timings of the I}, spikes are set to be
0 ms.
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5.4.4 Negative current and filamentary structures during IRE

The generation of filamentary structures during IRE is predicted by a 3 dimensional MHD
simulation, and such structure was observed using a fast visible camera in START experiment
[25]. Similar to Ref. [25], filamentary structures were detected using a fast visible light camera
(FastCAM-512PCI 32K, Photoron) in TST-2 Ohmic discharge as shown in Fig. 5.27. This
experiment was carried out without the Rogowski probe insertion. Figure 5.27(b) shows the
time sequence of the visible image of the whole plasma. At 13 ms (5.27(b) I), the plasma is
in steady state and the emission is dark, then the emission becomes bright with the increase
of I, (Fig. 5.27(b) II). The size of plasma in 13.25 ms is much larger than those in the others.
After the I, spike, the emission becomes dark again. Figure 5.27(c) shows the enlarged
view at 13.25 ms, and we can see the filamentary structure crossing the RF antenna area
(blue arrow). The height of the RF antenna in Z direction is 60 cm, and the width of the
filamentary structure in Z direction is less than about 20 cm. In Fig. 5.27(b) IV, a helical
structure can also be seen.

We also performed measurements using the fast visible camera with 100,000 fmps (see
Sec. 1.5.4) to see the visible light emission around the Rogowski probe during the IRE (see
Fig. 5.28). The experimental geometry is shown in Fig. 5.1. In order to see the time
relationshiips precisely, time evolutions of the visible light emission, I;, and j were recorded
by the same data acquisition system (MEMRECAM HX-3, NAC Image Technology. Inc.)
and the clock time for these data acquisition was adjusted to be the same. Thus, there is
no time delay for the data shown in Fig. 5.28. During the spikes and large fluctuations
of j, strong visible light emissions are observed. These emissions are probably due to the
impurity emissions caused by the electron hitting the ceramics cover of the Rogowski probe
head. When j becomes negative, the inversion of the visible light emission area is seen. This
result indicate that the negative j is not a noise signal but it is the real current signal. The
strong visible light emission region in radial direction is about 5 cm in the R direction. Thus,
the radial size of the filamentary structure is greater than 5 cm. In Fig. 5.26), lots of data
points are in 0 < R < Rpcrs + 5cm. The estimation from the visible light image is consistent
with the radial Aj profile. As a result, the size of the filamentary structure during the IRE
was about 20 cm x above 5 ¢cm in Z and R directions. We found that the local current
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Fig. 5.27: Visible light image during an IRE. (a) I,, (b) visible light images (I, II, III, IV),
and (c) enlarged view for the picture of II.

flowing both positive and negative direction during the IRE. Such bipolar currents are the
first observations in spherical tokamak plasmas.

5.4.5 Filamentary structures during Phase 1

During Phase 1, we also detected filamentary structure during Phase 1 by the fast visible
camera (1,6000 fmps). Figure 5.29 shows the time evolutions of I, and dB/dt (Z = 7 mm
and R = 700 mm), and the visible light images in the peripheral region during Phase 1. As
shown in Figs. 5.29(b) and (c), the magnetic field is oscillating with frequencies from 10 to
20 kHz, and clear filamentary structures localized at plasma edge regions are observed (Fig.
5.29(d)). The height of the bright filamentary structure near the antenna is about about 5
cm. In addition, the filamentary structure in the upper region of Fig. 5.29(d)I crosses the
antenna area during 3 frames (i.e., the elapse time for the crossing is about 0.1875 ms). Thus,
the velocity of the filamentary structure in 6 direction (poloidal direction, see Fig. 1.2) is
estimated to be about 2 km/s. The vertical distance between the two adjacent filamentary
structures is about 20 cm (see Fig. 5.29(d) I), and the frequency of the filamentary structure
crossing the equatorial plane is 10 - 20 kHz. This is the consistent with the frequency of the
magnetic fluctuation (see Fig. 5.29(c) and (d)). Since the correlation between the fluctuations
of dB/dt and j is high (Fig. 5.11(a)), it is suggested that the fluctuation of j in Phase 1
reflects signal due to the filamentary structures passing through the Rogowski probe region.
Figure 5.30 shows radial profile of the amplitude of j fluctuation during Phase 1 obtained from
various plasma discharges. In Fig. 5.30, radial profile of the rms amplitude of j fluctuation
is shown. The j fluctuation is localized near Ry,crs with a width of 3 to 5 cm, the peak value
is almost 20 kA /m?2. During Phase 1, typical value of j near the plasma edge (equilibrium
current) is less than 100 kA /m2. By multiplying the peak current density 20 kA /m? and the

105



Before negative j At negative j After negative j

Frame +00002352 Frame

R “ -\.-qura-ﬂ* e amm Bam

J

Fig. 5.28: Time sequence of the visible light emission from the Rogowski probe during IRE.
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are 5 cm X 5 cm the total current of the filament becomes 50 A, and it carries the current
comparable to more than 20% of equilibrium current.

1276767

; Distance between two filaments
60 6.2 6tﬁne [mz.]s 68 7.0 about 10-30 cm

Fig. 5.29: Magnetic fluctuation and visible light emission during Phase 1. (a) plasma current
I, (b) magnetic fluctuation dB/dt, and (d) visible light images in the plasma edge.

Figure 5.31 shows time evolutions of I, and m coil signals for a certain Ohmic plasma
discharge. From m coil signal, it can be seen that magnetic fluctuations propagate from
bottom side to upper side, and this direction is consistent with the direction of the filamentary
structure crossing the antenna area.

5.4.6 Analisys for sudden spikes for j

In this section, analysis of the sudden spikes during Phase 2 in TST-2 Ohmic discharges is
represented. We found that the sudden spikes in j and ne show a good correlation. There are
two possible causes for these sudden spikes. One is simple increase of j and n. at the edge
region. Second is that the generation of high density localized structure, and it crosses the
Rogowski probe head. In order to verify the cause, we compared the signals measured by the
Rogowski probe and mach probe (see Sec. 5.1). Using Electrodes A and B of the mach probe,
toroidal asymmetry of Iis can be measured. Figure 5.32 shows the typical time evolution of j,
dB/dt, Iis, and fluctuations of 7./ measured by the interferometer during Phase 2. The visible
light images (100,000 fmps) near the Rogowski probe head are also shown. All signals are
correlated with the spikes of dB/dt. Here, we can see that 1.l increases before the spikes and
decreases at the spikes. In addition, the toroidal asymmetry in [js measured by Electrodes
A and B is seen. If these spikes are caused by a simple increase of electron density at the
edge region, the toroidal asymmetry of Ijs (Fig. 5.32(c)) should not be observed. Thus, these
sudden spikes cannot be explained by the simple increase of electron density at the edge
region. From the time evolutions of nel and Iis (the Electrode A), we can see that a high
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density structure is produced in the core region at first, then, it is transported to the edge
region. Since the Electrode A is exposed to the direction of the electron flow (see Fig. 5.2),
it can be inferred that this asymmetry is due to the high density structures, which carrie a
current, crossing around the Rogowski probe head.
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Fig. 5.32: A typical time evolutions of j above the frequency with 1 kHz, dB/dt (a), Iis ((b)
and (c)), and fluctuations of line integrated density 7, measured by the interferometer (e)
during Phase 2, enlarged view of (a) (f), and the visible light emissions (g). j and Is were
measured at the same radial location (R = 551.5 mm).

Figure 5.33 shows a typical time evolution of g measured by pick-up coil 1 during Phase
2. We can see that 0p;cn, near the Rogowski 1 does not vary largely during the sudden spikes.
Since the angle sensitivity is not too sharp, the sudden spikes in j cannot be explained by
the sudden change in 0g.

Figure 5.34 shows the relationship between Aj (peak to peak amplitude) and An, at
sudden spikes. Aj shows the magnitude of the amplitude of j during the spikes, and Aljs is
the increase of I;s before the spikes. Since we found that T, does not abruptly change during
the spikes (see Fig. 5.12), we calculated n. using a typical T, at the plasma edge region
(40 eV). Clear linearity was obtained between Aj and An.. From the slope of this result,
electron drift velocity vg o (j = —enevq,e) can be roughly estimated to be 2000 km/s. In
TST-2 Ohmic plasma discharges, typical j and n. at the plasma edge is 200 kA /m? and 2.5
x 108 m™3 and typical vq . is calculated as 500 kAm/s. Thus, at the spikes, we found that
structures which has a similar density as the background edge density and high vq, ., crosses
across the Rogowski probe head.
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Fig. 5.33: A typical time evolution of fg during Phase 2. (a) time evolution of s, measured
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Chapter 6

Discussion

6.1 Rogowski coil vs magnetic probe array

In the previous chapters, we presented the results of the current density j measurement using
the Rogowski probe. In Sec. 1.6, we reviewed current density diagnostics in tokamak study,
and we also discussed the j measurement uncertainties for a pick-up coil array. We have
pick-up coils on the Rogowski probe head, and the comparison between the current densities
measured by using the Rogowski coil and by using the pick-up coils is presented in this
section.

In pick-up coil array diagnostic, the spacial differentiations of poloidal and radial magnetic
fields must be performed (uoji = dBp/dR — dBr/dZ, where pg is the magnetic permeability,
B, is poloidal magnetic field and Bg is radial magnetic field). By assuming that the shape of
the poloidal magnetic flux surface is a circle, we can use cylindrical coordinate and dBgr/dZ

can be given by [63,64]

dBr By,

7 - (6.1)
where a is the radius of curvature of the magnetic field at the position of the pick-up coil.
By using pick-up coils located on the Rogowski probe head, B, can be measured directly,
and dBRr/dZ can be calculated from the EFIT code. Using these values and Eq. 6.1, we can
estimate a. As a result, j; can be calculated.

As described in Chap. 4, the Rogowski coil diagnostic has an dependence on the angle
between the directions of the hole and the magnetic field B and it was found that the angular
dependence is affected by the plasma sheath formed on the boundary region between plasmas
and the ceramic surface, which covers with the Rogowski probe head. Thus, in order to
calculate j; from the Rogowski coil signal, it is needed to consider these effects. From the
study of the plasma sheath effect on the Rogowski probe measurement, a typical width of the
angular dependence is found to be about 11°. Since we have pick-up coils on the Rogowski
probe head, we can measure magnetic pitch angle g and we can estimate the angle between
the directions of the hole and B. Since g and 6; (the pitch angle of the current density) agree
each other within £1° near the plasma edge, the difference between the measured current
density jrogo and jj (current density flowing in parallel to the magnetic field direction).
Considering above, ji, Rogo can be calculated by

B 2
j||,Rogo = jRogo(e)/eXp <_ <0 1198) ) ) (62)
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jt,Rogo = jH,RogoCOS(eB)' (6'3)

where jRrogo(f) is the current density passing through the hole of the Rogowski coil at finite 6,
a factor of exp ((9 — 6/ 11)2) represents the Gaussian function term. jj rogo is the parallel
current along the magnetic field estimated by using Eq. 6.2. Finally, we can estimate ji Rogo
using Eq. 6.3.

Figure 6.1(a) shows the comparison of toroidal current densities of ji Rogo, Jt, pick and
Jt, EFIT, Which is the current density calculated by EFIT code. The comparison is performed
for the inboard-limited plasma discharges since we demonstrated that EFIT code in TST-2
can be employed precisely in this case. A rough agreement between ji Rogo and ji, pick for the
region of 50 kA/m? < j; < 100 kA/m? can be seen. On the other hand, there is a tendency
that j; Rogo becomes much larger than ji pick for the region of ji >100 kA/ m?2. On the other
hand, ji Rogo and ji, griT agree. The data points in the region of 50 kA/In2 < jy < 100
kA /m? were obtained from the initial phase of the discharge durations. In this time periods,
the shape of the poloidal magnetic flux surface is almost circular (see Fig. 6.1(b) 20 ms).
On the other hand, at the middle phase of discharge durations, the current density near the
plasma edge region is j; >100 kA/m? and the shape of the poloidal magnetic flux surface
deviates from a circle (see Fig. 6.1(b) 27 ms). Thus, in this time period, the estimation
of agprr is difficult and the assumption of a cylindrical symmetry is not satisfied. Since we
have evaluated all noises for the Rogowski probe such as the magnetic field, electrostatic
fluctuation and the sheath effect, the current value passing through the hole is quite reliable.
In addition, the measurement accuracy of the magnetic field using pick-up coils is within 3%
(see Sec. 3.3). Thus, the large deviation between ji Rogo and ji pick is considered due to the
error in the estimation of the magnetic spatial differentiation.

6.2 Measurement of j x B = Vp

The feature and the advantage of the diagnostic using a Rogowski probe is the direct mea-
surement. In addition, it also has a high directionality for the measurement of current density
direction. When a magnetically confined plasma is in the equilibrium state, the electromag-
netic force and the pressure gradient force are balanced (j x B = Vp). When there is a
finite pressure gradient, the current density direction and the magnetic field direction must
be different due to the diamagnetic current jp. By employing the Rogowski probe in TST-2
Ohmic discharges, it is possible to investigate the capability of the measurement of jp. For
the investigation, we performed the angular dependence measurement (as shown Sec 3.5) for
three types of TST-2 Ohmic discharges (low, middle and high I, cases) shown in Fig. 6.2.
In these experiments, we also measured the electron pressures using the Electrodes 1 and 2.
The radial pressure gradients in the low and the middle I, cases are almost the same. On
the other hand, from 25 to 30 ms, pressure gradient for high I}, case is about twice larger
than the others. Figure 6.3(a) shows the relationship between 6;, g, and the difference of
the electron pressure P, measured by the Electrode 1 and 2 (P; - P,). When the pressure
difference is from 4 to 12 Pa, 6; and 0 agreed each other within +1°. On the other hand,
we can see that ; deviates from fg by about 2° when the pressure difference is large (> 14
Pa). As described in Sec. 3.5, near the outboard LCFS, the pressure gradient force (—Vp)
is directed outward so the electromagnetic force 7 x B must be directed inward. Thus, 6g
should be slightly larger than ¢;. This tendency is consistent with the expectation. Figure
6.3(b) shows the angle dependence for a representative case where the angle difference more
than is 2°, and it is clearly shown that the Gaussian fitting is good enough to show that 2°
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Fig. 6.1: Comparison between j; measured by the Rogowski 1 ji Rogo and j; deduced by
pick-up coil 1 and 2 j¢ pick and EFIT code ji, grir (2). Black and red symbols represent
Jt, pick and ji grrr. The data points were averaged over 1 ms. The waveform of the plasma
current and the poloidal magnetic surfaces at 20 ms and 27 ms are also shown (b).

is much larger than the error in the peak angle. Using the values: j, B and dP./dR where
P, is the electron pressure, the angle difference A6 is

A =sin™! <‘W> : (6.4)
711B]

where P, is the ion pressure. Assuming that P, = P, (dP ~ 30 Pa), and typical |j| and | B| are

200 kA /m? and 0.15 T, respectively, the A# is estimated to be about 1.85° and it is almost

consistent with the experimental result.

In the next, we need to discuss whether it is possible to measure jp using a Rogowski coil
or not. In principle, jp is the current which is produced by Larmor orbits. If the electrons
pass through the hole of the Rogowski probe very slowly, they have enough time to describe
a lot of Larmor orbits inside the hole and jp can be 0 averaging over the time periods for the
electrons to pass through. On the other hand, when the electrons have much higher parallel
velocity, jp can be finite as follows. In Figs. 6.4(a) and (b), 3 electron Larmor orbits inside
of the hole of a Rogowski coil are considered in the presence of Vn.. Circles and squares
show the hole of a Rogowski coil and arrows show electron orbit. The directions of the hole
and B are considered to be the parallel. In Fig. 6.4(a), the case with a slow parallel velocity
is considered, and from z — y plane, we can easily see no finite jp. In Fig. 6.4(b), the
case with high parallel velocity is considered. In this case, electrons have insufficient time to
make one Larmor orbit inside the hole. Thus, when there is Vn, in y direction, total current
in x direction can be finite and this is the diamagnetic current. In TST-2 Ohmic plasma
discharges, typical cyclotron frequency fee is ~2.45 GHz, and the thickness of the Rogowski
1 and 2 are is 21 mm. Using these values, we can calculate the condition for the electrons
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Fig. 6.2: Plasma current I, for three types discharges (low, middle and high I, cases) (a).
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to pass through the hole without making one Larmor motion, and the electrons which have
parallel velocities equivalent to the electron temperature of 7 keV can pass through the hole.
The effect of the high energy electron is one of the probable reason to cause the difference
between 6p and 6;. Actually, there is a possibility that the number of high energy electrons
in the peripheral region is larger than that in core region [87]. Fig. 6.5 shows the time
evolutions of SBD signals for the 3 types of plasma discharges. The clear emissions can be
seen in the high I, case. The difference between 60; and 0g is larger than the error bars and
we can see that 0; deviates from 0 when the edge pressure gradient and the SBD emissions
are large.

XA A

\

R
<
\\

® Vn, (b) B 5

Fig. 6.4: Electron Larmor orbits inside the hole of a Rogowsk coil in the presence of density
gradient Vne. The case with small parallel electron velocities (a) and the case with electron
orbits with high parallel velocities (b) are shown.
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Fig. 6.5: Time evolutions of SBD ((a) Polypropylene and Beryllium) signal for the 3 types of
plasma discharges.
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6.3 Plasma wall interaction

Issues of plasma wall interactions are frequently important for the diagnostics with an inser-
tion of materials toward plasmas, and there are various considerations for the interactions
such as plasma sheath, secondary electron emission and increase of impurities near the surface.
As described in Chap. 4, we have already investigated the sheath effect on the Rogowski coil
diagnostics and we concluded that it’s effect on the measurement of jj is small. As shown
in [88], secondary electrons are emitted when electrons collide with the ceramic surfaces.
Here, we consider the case with 6§ = 0°. When the direction of the hole is parallel to the
direction of B, most of electrons can pass through the hole gyrating around B, and describing
FE x B drift without collisions with the ceramic inner surface of the hole. Although electrons
with large Larmor radii which are comparable to the radius of the hole can collide with the
ceramic surface, the number of such electrons is much smaller than the electrons with small
Larmor radii. In addition, even if a secondary electron is emitted due to the collision, the
charge will be conserved. Thus, the effect of the collision on the measured j is quite small.

In Fig. 5.28 (see Sec. 5.4.4), we found that strong visible light emissions from the
Rogowski probe appear when the large instabilities occur in TST-2 Ohmic discharges. This
emission is probably due to the impurities produced by the electrons hitting the probe surface.
In such cases, T, may become small and n, may become large near the surface. Since Debye
sheath length is in proportion to /Tt /ne, the sheath effect becomes small. In addition, a large
decrease in T, measured by Electrodes 1 and 2 was not observed during the large instabilities
(see Fig. 5.12). The clear increase of n, can be seen during the instabilities. It is not caused
by the increase of impurity but it is caused by a high density structure crossing around the
region of the Rogowski probe head (see Secs. 5.4, 5.4.3, 5.4.4 and 5.4.6). Thus, actually, the
decrease and increase of T, and n. due to the electrons is quite small. Thus, the effect of the
impurity emission on the diagnostic is small.

On the whole, we consider that the plasma wall interaction for the Rogowski probe diag-
nostic is quite small.
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Chapter 7

Conclusions

This study consists of two main parts. One is the development of a small and multi-layer
Rogowski coil for a current density diagnostic in a tokamak. Second is the studies of plasma
equilibrium and instabilities in the TST-2 spherical tokamak device using a Rogowski probe,
which contains the developed Rogowski coils.

In order to measure the internal current density with a high signal to noise (SN) ratio,
a small Rogowski coil with high precision windings and uniformities (which enable small
sensitivities to external currents or external magnetic field), large number of turns (which
lead to large sensitivity to the current passing through the hole of a Rogowski coil) is required.
In order to fabricate such a Rogowski coil, we devised a new winding pattern with high
uniformities. We also used a twisted cable to increase the number of turns and to shorten
the fabrication time and to make the coil durable. We call a Rogowski coil fabricated by
this method as the small and multi-layer Rogowski coil. Using this Rogowski coil, we have
successfully measured the edge current density in TST-2 Ohmic plasma discharges. The
resultant SN ratio was estimated to be larger than 20.

We fabricated a Rogowski probe consisting of two multi-layer Rogowski coils, five pick-up
coils and two Langmuir probes. The features of this Rogowski probe is that, it can be moved
along the major radius of the tokamak and rotated around the shaft axis (in the toroidal-
poloidal plane). As a result, the radial current density, magnetic field and pressure profiles and
the angular dependence in the toroidal-poloidal plane were obtained. The angular dependence
cannot be interpreted by the geometrical structure of the Rogowski probe. For example, a
finite current signal was detected when the magnetic field cannot pass through the hole. In
order to interpret such phenomena theoretically we have developed a numerical model and
analytical model, which include the sheath effect and E x B drift effect. The experimental
angular dependence was quantitatively reproduced by the numerical model and some plasma
parameter dependences are confirmed experimentally. While the angular dependence shows
a clear sheath (and E x B) effects, the maximum value of the current density (at § = 0°) was
found to be insensitive to such sheath effects under the present plasma parameters.

We have measured the radial current density profile in Ohmic plasma discharges. From
the experiment, we have found that there is finite current in the (SOL) region of R > Rant—1im
for outboard-limited plasmas. Obviously, such finite current is inconsistent to the results of
EFIT code, which cannot take into account SOL current without toroidal symmetry. On
the other hand, good agreements were found for the edge region of inboard-limited plasmas.
These results indicate that the measured current density profile should be used to improve
the accuracy of equilibrium reconstruction.

The measurements for RF startup plasmas were also performed. The equilibrium analysis
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or magnetic measurements in TST-2 and LATE suggest a high edge plasma current density.
By using the Rogowski probe, we successfully and directly observed such high current density
for the first time in a plasma initiated by the dielectric loaded 4-waveguide array (GRILL)
antenna. Although we confirmed large edge current density, the position for the large cur-
rent density is different from that obtained by equilibrium calculation, which allows finite
current at the open field line region. These results imply that the accuracy of equilibrium
reconstruction can be improved by the Rogowski coil measurements.

In the studies of stabilities, we mainly analyzed IREs in TST-2 Ohmic plasmas. From
the SXR emissions and the magnetic signals measured by pick-up coils located inside the
vacuum vessels, it was found that positive spikes of SBD signals and low frequency magnetic
field fluctuations are two main precursors for the IREs which induce disruptions. Comparing
the signals which reflect global structures and the (local) signals measured by the Rogowski
probe, it was indicated that the low frequency fluctuations occur near the core regions, while
the high frequency fluctuations are related to the changes in current density profile, pressure
and q. Besides the IREs, the Rogowski probe signals and the visible light emissions detected
by fast visible camera indicated a high density and a high current filamentary structure
during instabilities. These results demonstrated the Rogowski probe is also a powerful tool
to measure and study such localized structures in tokamak plasmas.

Finally, we have developed a high-performance Rogowski coil and a probe containing two
of them. We have demonstrated that the Rogowski coil is a powerful tool for the current
density diagnostic due to its capability of the direct measurement.
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