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Abstract

Development of Full Electromagnetic
Start-up Model and its Validation for the
Prediction of Ohmic discharges in
Spherical Tori

Seong Cheol Kim

Department of Energy System Engineering
(Fusion & Plasma Engineering)

The Graduate School

Seoul National University

A tokamak start-up model is developed to predict ohmic discharges in VEST
(Versatile Experiment Spherical Torus) which has been operated at Seoul National
University. There is significant electromagnetic effect by the central solenoid, PF coils,
and vacuum vessel eddy currents and impurity effect by the plasma wall interaction in
overall discharge of VEST. Therefore, it is required to consider these effects for the model
development. For development of the tokamak start-up model, a zero dimensional burn-
through simulator, DYON is utilized with dedicated atomic processes model at start-up
phase.

For the prediction of ohmic discharge for VEST-upgrade, validation with comparison
between the model and experimental data should be necessary. In the validation step,
several plasma parameters such as plasma current and electron temperature & density and

filterscope data are utilized for the comparison.



The plasma current evolution is one of the important parameters in the model result,
which is obtained by the circuit equation. For a reliable result, exact modelling for circuit
parameters is required. Several start-up models in previous studies has a limitation for
exact calculation of loop voltage as driving source of plasma current. For exact calculation
of loop voltage, an electromagnetic analysis which considers a central solenoid, PF coils
and vacuum vessel is required. In this research, electromagnetic model is developed and
it is validated by utilizing the experimental flux loop data in VEST. Other factors to
determine the plasma current evolution are the plasma inductance and resistance. It is
found that external inductance with large aspect ratio assumption is invalid to ST plasmas.
Therefore, new external inductance for VEST is developed based on the Hirshman model.
Also, in STs, effective plasma resistance can be larger than one calculated by classical
spitzer model due to the larger trapped particle fraction, called the neoclassical effect. In
order to consider this effect, the analytic model derived by O. Sauter is introduced. For
exact calculation of neoclassical factor, simulation result by NCLASS which calculates
the neoclassical transport is utilized. In the case of confinement model, the previous model
with convective transport losses is utilized. The confinement model utilized in the start-
up model is confirmed by comparison between the model and experiment in VEST. Main
impurity source is set to be carbon. The proper coefficient related to the plasma wall
interaction is found with parameter scan simulation and it is utilized in validation and
prediction at chapter 4.

Validation of the start-up model is conducted in order to confirm the validity of the
model in VEST. Ohmic discharges in VEST is divided into three: (1) central solenoid coil
current, (2) outer PF coil current and (3) wall conditions. The star-up model can reproduce
the ohmic discharges under the above operational conditions with reasonable level.
However, there are discrepancies between the model and experiment. For example, it is

observed that electron temperature increases during the plasma current ramp-down phase
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which is thought to be caused by the compressional heating. It is limitation to reproduce
this feature by using the present start-up model. Therefore, improvements of the model
are needed for better reproduction of experiments in VEST. After the validation, the model
is utilized for prediction of ohmic discharges in VEST. According to the prediction result,
similar current evolution with the target plasma can be achieved with slow ramp-down of
the CS current waveform from 20 kA to -20 kA during 50 ms. However, the wall condition
with low hydrogen retention wall is required for the target plasma current. In other words,
it is difficult to achieve the target plasma current with present wall conditions after the
boronization due to the significant hydrogen retention. Therefore, improvements in wall
conditioning methods should be required. The model is utilized for mid-and huge size ST
devices, MAST and STEP. The start-up model well reproduces a ohmic discharge
conducted in MAST. Also, predictive burn-through simulation is conducted for prediction
in STEP which is a huge fusion project on design step in the UK.

In this research, new start-up model based on the 0D burn-through simulator is
developed for prediction of ohmic discharges in VEST and it is validated in VEST by
reproducing the experimental data. After the validation, the model is utilized in prediction
of ohmic discharge of VEST. It is confirmed that the model can be utilized regardless of
machine specification by the simulation results in MAST and STEP. Even though the start-
up model is applied in conventional ohmic discharge in this research, it is expected that
the model is utilized for alternative start-up method such as outer PF coil start-up or
double plasma merging start-up methods.

Keywords: Tokamak start-up, burn-through, Tokamak start-up model,
electromagnetic analysis, spherical torus, VEST.

Student Number: 2014-22716
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Chapter 1. Introduction

1.1. Nuclear Fusion and Tokamaks

Realization of clear and renewable energy source is an urgent issue due to the growth
of energy demand in the world-wide. New energy sources should have unlimited resource
and not destroy the environment. Nuclear energy released by the fusion reaction is an
energy source which meets these requirements. Therefore, nuclear fusion is one of the
strong candidates for the future energy source.

Huge amount of energy can be generated by fusing two light nuclei into a heavy
nucleus with higher binding energy (alpha particle). The most probable fusion reaction is
between deuterium and tritium (D-T reaction) [1] by following reaction:

D+ °T=jHe (35 MeV) + ;n (14.1 MeV) (1.1)

When a deuterium ion and a tritium ion collide with sufficient energy for fusion reaction,
an alpha particle and a neutron are generated with energy of 3.5 MeV and 14.1 MeV,
respectively. Figure 1.1 shows the cross-section for three different fusion reactions. For
fusion reaction, at least above 10 keV energy is required for all cases. Importantly, many
fusion reactions are needed to utilize the nuclear fusion as an energy source. For this, fully
ionized gas state with high temperature and density is necessary and it is called the plasma.
DT fusion reaction is relatively easy to be achieved due to its higher cross-section at lower
deuterium ion energy. Nevertheless, it is difficult to maintain the extremely high
temperature with dense fuel density. Also, on earth it is impossible to maintain fusion
reactions with strong gravity like the sun. Various fusion device concepts have been
suggested for the fusion energy research, but the most promising concept for the nuclear

fusion is a Tokamak device.
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Figure 1.1 Cross-section for fusion reactions. Taken from figure1.2.2 [1].

Tokamak confines a high temperature and density plasma in a shape of torus utilizing
the complicated magnetic field which electrons and ions orbit around the magnetic field
line. This complicated magnetic field line that move around the torus is necessary to
confine a plasma in a stable equilibrium, which can be formed by toroidal and poloidal
magnetic fields. The toroidal magnetic field can be generated by wrapping a series of coil
around the toroidally continuous vacuum vessel. This configuration makes 1/R
dependency on the toroidal magnetic field strength according to the Ampere’s law. The
1/R dependency leads drift motions by VB and magnetic curvature. In a pure toroidal
magnetic field, the ions and electrons are separated by the drift motion and it generates an
electric field. Consequently, the combination of electric field and magnetic field makes an

E X B drift resulting in complete loss of the charged particles. One solution to tackle this



problem is to utilize the poloidal magnetic field and tokamak is a concept which utilize
the poloidal magnetic field by generation of plasma current. Fig. 1.2 shows a schematic
cross-section of tokamak depicting key components; toroidal field coil, poloidal field coil
and plasma current. An external poloidal field coil provides an equilibrium magnetic field
(or vertical magnetic field) to satisfy the radial force balance as the plasma tends to move
outward. By using the sets of poloidal field coils, plasma shape parameters such as major

radius, minor radius, elongation and triangularity are controlled.

Poloidal Field Coil

Figure 1.2 Basic characteristic of tokamak geometry. Taken from figure 120 [2].
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1.2. Tokamak start-up and its modelling
The tokamak start-up is divided into three phases: plasma breakdown, burn-through

and current ramp-up. The plasma breakdown can be described by the Townsend avalanche
theory which is originally used to describe DC breakdown. In the conventional ohmic
discharge of tokamak, toroidal electric field is induced by the central solenoid coil swing.
Due to the similarities of plasma breakdown in tokamak and DC breakdown, it is utilized

for tokamak breakdown phase [3-6]. According to the Townsend theory with the @ process,

the minimum electric field for breakdown can be represented by a function as neutral
pressure and connection length. The connection length is defined as the distance that the
electrons travel along the magnetic field line till they hit the vacuum vessel wall. The

Townsend minimum electric field for breakdown is expressed as following:

1.25x10*p(Torr)
In(510p(Torr)Ls(m))

Emin (V/m) = (1.2)

where p is neutral pressure and Ly is a connection length. Fig. 1.3 shows a Townsend
breakdown curve in several tokamak devices [7]. Recently, it is reported that Townsend
theory has a limitation to explain the tokamak breakdown phase due to self-generated
electric field by plasma. In the research, tokamak breakdown in KSTAR device is
analyzed by using the particle-in-cell (PIC) simulation which considers the self-generated
electric field by plasma [8, 9].

After the successful plasma breakdown in tokamak, electrons generated during the
breakdown phase are continuously accelerated by induced toroidal electric field and
ionize the prefilled hydrogen (or deuterium) neutrals. This process with fully ionization
of injected fuels is the ‘burn-through’. In the burn-through process, not only the hydrogen
fuels but also low-Z impurities such as carbon and oxygen are ionized. For successful
burn-through, ohmic heating power need to exceed the sum of ionization and radiation

power losses. With failure in plasma burn-through, plasma current cannot ramp up due to



its high spitzer resistance with the relation of electron temperature, 7g,;, Te_3/ 2. After
the successful burn-through, plasma current can rise with ohmic heating.

The tokamak start-up is very dynamic phase in which plasma parameters
significantly vary. So, it is very difficult to control plasma parameters experimentally in
this phase with the real-time feedback control. Typically, an approach with the
feedforward control is utilized for a successful start-up in all devices at this phase. It is
necessary to establish a predictive model for the tokamak start-up with given operational
conditions such as PF coil currents, prefill pressure and wall conditions and so on.
Tokamak start-up model can provide a proper operational scenario for the successful
tokamak start-up. If a reliable tokamak start-up model is developed, it can significantly
reduce trial an error in experiments. The tokamak start-up model can be utilized not only
to look for the operational recipes for the successful start-up but also to provide several
design parameters such as vacuum vessel, central solenoid and PF coil structure for
construction of new tokamak machine. For example, electromagnetic effect from the PF
coil and vacuum vessel current is significant in the start-up phase. It is important to
estimate several electromagnetic parameters exactly such as loop voltage and poloidal

magnetic field which are main parameters to determine the burn-through success or fail.
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1.3. Motivation
Versatile Experiment Spherical Torus (VEST) is a compact ST device which has been

operated at Seoul National University in Korea [10]. Improvements in plasma
performance such as plasma current and plasma beta are required for advanced tokamak
studies and it is prepared for upgrade of VEST device. Mainly, power control systems for
the central solenoid and PF coils are upgraded for higher ohmic power and plasma shape
control. With the upgraded coil power systems, a new plasma current evolution which has
a maximum plasma current with ~10 MA/s ramp-up rate and a flat-top phase during ~20
ms with the maximum plasma current is targeted. A predictive start-up modelling is
necessary to achieve the target plasma current with the operational limitation of the central
solenoid and PF coil systems.

Typically, there is a limitation for utilization of the start-up model in the start-up
phase. Effects by electromagnetic and atomic physics such as ionization, radiation and
charge exchange are dominant in the start-up phase. When the plasma current grows to
some extent after the burn-through phase, the transport effect becomes dominant than
effects by electromagnetic and atomic physics. Therefore, the start-up model is utilized to
simulate the burn-though phase and partial current rise phase in medium or huge tokamak
devices. However, features of ohmic discharge in VEST is different from medium or huge
tokamak devices. Firstly, the electromagnetic effect from the PF coil and vacuum vessel
is dominant during the whole discharge in VEST. Fig.1.4 shows time evolutions in the
plasma current, loop voltage and vacuum vessel eddy currents. The loop voltage affects
plasma evolution and significant vacuum vessel eddy currents flow during the whole
discharge. In addition to the electromagnetic effect, atomic physics are dominant even
after the burn-through phase. Fig.1.5 shows time evolutions in the plasma current and
neutral pressure in typical VEST ohmic discharge. It is observed that the increase of

neutral pressure is measured by a fast penning ion gauge installed in VEST [11]. It



indicates that significant neutrals are released from the wall due to the interactions
between the plasma and wall. In other words, features of the start-up phase are observed
in whole ohmic discharge of VEST. The start-up model can be applied to the plasma
breakdown and burn-through phases as well as the whole current rise phase in VEST.

Electromagnetic analysis is important in terms of prediction of target plasma current
evolution. Main driving source for plasma current is a loop voltage induced by central
solenoid, PF coils and vacuum vessel eddy currents. For exact estimation of loop voltage,
configuration of complicated coil and vacuum vessel should be considered. In this
research, the full electromagnetic analysis with consideration of PF coils and vacuum
vessel is developed for exact estimation of loop voltage as driving source which generates
the plasma current. Also, a model for neutral particles should be considered. In the early
start-up phase (i.e. the plasma breakdown and the burn-through phases), the effect of
neutral particles is mainly due to the prefilled hydrogen fuel and initial impurities. After
the early start-up phase, the effect of neutral particle is dominated mainly be the plasma
wall interactions. Several factors which can affect the plasma wall interactions should be
considered: What is impurity species, where are impurity sources in the vacuum vessel,
and when does plasma touch the impurity sources. In the chapter 3.4, the plasma wall
interaction model is described.

Even though the start-up modelling in this research starts with motivation for the
prediction of new ohmic discharge in VEST, the start-up model can be utilized as burn-
through simulation for the optimization of operational scenario or design of tokamak
machine in huge devices such as ITER and STEP. In this research, utilization of the start-

up model for burn-through simulation in STEP is shortly described in the chapter 4.4.
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line (plasma current) [11].
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1.4. Previous works

In this section, previous studies for start-up modelling are described. Table 1.1 shows
a short description of previous studies for start-up modelling in terms of circuit model,
plasma wall interaction model and confinement model. In the B Lloyd paper [5], burn-
through simulation in ITER is conducted with a 0D based model which consists of energy
& particle balances and single circuit equation. From the energy & particle balances, time
evolution in electron’s and ion’s temperature & density are obtained. The plasma current
evolution is calculated by an electric circuit equation. In this 0D burn-through model,
impurity density is simply assumed to be constant ratio to the main deuterium ion density
and INTOR scaling raw is utilized for confinement model.

Second example is a DYON code with 0D burn-through model developed by Hyun-
Tae Kim [12-14]. Basic structure of DYON code is similar as the model in B Lloyd’s
modelling. In the DYON code, ion’s and neutral’s particle balance with various species
such as carbon, oxygen, nitrogen and beryllium are established. Two circuit equations are
utilized to consider a passive structure in JET. Different confinement model is utilized at
open field and closed field phases. Detailed confinement model in DYON code is
described in the chapter 3.3. DYON code is validated in JET ohmic discharges and Fig.1.6
shows comparison of DYON simulation results and JET experiments with the C wall and
the Be wall [13]. It is showed that DYON code well reproduce the experimental results
with different two wall.

BKDO is one of main stream burn-though model with DYON code. BKDO has
similar model structure as DYON code. In the paper with BKDO [15], BKDO linked to a
beam tracing code computing for EC absorption is validated and utilized to determine the
operation window of sustained breakdown as a function of toroidal electric field and
neutral pressure as shown in Fig.1.7. The overall evolution in the plasma current and

density well reproduced. Also, it shows the agreement between simulations and
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experimental results in 2D operational window.

0D models as mentioned above such as DYON and BKDO utilize experimental loop
voltage waveform measured by flux loop for model input in circuit equation. Even though
each model reproduces the experimental results with reasonable level, the use of
experimentally measured loop voltage such as flux loop data in specific position is
improper. Also, it is difficult to apply the model to other devices with this approach. Rather
than the use of experimental data, exact estimation of loop voltage at plasma center
position is required for a reliable plasma current evolution.

There is a new model with full electromagnetic analysis for direct induction start-up
scenario development on MAST-U and NSTX-U [16]. In this study, the electromagnetic
code called the LRDFIT calculates a time-dependent vacuum field with consideration of
PF coils and vacuum vessel structure. Therefore, it is possible to estimate exact loop
voltage and magnetic field in the start-up phase. However, the overall start-up model is
based on the experimental results in MAST and NSTX. In other words, temperature and
density evolution cannot be obtained like other start-up models. It is difficult to apply this
model to other devices due to the lower predictive capability.

Recently, a full electromagnetic model with DYON code is developed and validated
on MAST ohmic discharges [17]. Several model such as full electromagnetic circuit
model and Townsend volume model described in the paper are included in this dissertation.
Detailed descriptions of the full electromagnetic start-up model are described in the

chapter 3.
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T

B Lloyd., et al., NF, 1996. 38 (1627-
1643) [5]

DYON code

Hyun-Tae Kim., et al., NF, 2012. 52
(103016) [12]
Hyun-Tae Kim., et al., PPCF, 2013. 55
(124032) [13]
Hyun-Tae Kim., et al., JNM, 2013. 438
(S1271-S1274) [14]

BKOD code

G. Granucci., et al., NF, 2015. 55
(093025) [15]

Full EM empirical code
D. J. Battaglia., et al., NF, 2019. 59
(126016) [16]

Full EM code with DYON

Hyun-Tae Kim...Seongcheol Kim., et
al., NF, 2022. 62 (126012) [17]

©® 0D burn-through code with energy & particle balances and single
circuit equation

©® Constant impurity density ratio to main ion density
® INTOR scaling for confinement model
©® Simulation of ITER burn-through

©® 0D burn-through code with energy & particle balances and two ring
circuit equations with passive structure in vacuum vessel

® Plasma wall interaction model with wall sputtering yield in various
species

® Confinement model with convective transport loss & different form in
open field and closed field regime

@ Validation in JET Ohmic discharges & simulation of ITER burn-
through

® 0D burn-through code with energy & particle balances and single
circuit equation

© Confinement model with convective transport loss
® Simulation of FTU tokamak burn-through

® Full electromagnetic circuit model

® No other physics model such as energy & particle balances

©® Empirical model with based on experimental database

® Start-up scenario check in MAST-U & NSTX-U

® Full electromagnetic & Townsend volume model + DYON code
® Validation in MAST Ohmic discharge

Table 1.1 Previous studies for tokamak start-up modelling.
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Figure 1.6 Comparison of DYON simulation results and JET experiments with the C wall
(#77210) and the Be wall (#82003). Taken from figure 6 of [13].
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1.5. Objectives of this research

Main objective of this research is to develop a reliable start-up model for
achievement of 300 kA target plasma current in VEST. In this research, previous DYON
code [12-14] is utilized for power and particle balance model because sub-models such as
atomic physics model and confinement model are well-established than other models. For
its applicability in VEST, the new start-up model is validated on ohmic discharges with
different operational conditions. After the validation in VEST, predictive simulations
using the start-up model are conducted for achievement of 300 kA target plasma current
in VEST. In order to suggest that this model can be utilized not only in a compact device,
VEST, but also other devices, it is showed a validation on MAST [17] and a prediction on
STEP.
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Chapter 2. Compact ST device, VEST

2.1. Ohmic discharge

VEST (Versatile Experiment Spherical Torus) is a compact spherical torus which has
been operated at Seoul National University in Korea [10]. It has been constructed for
studying the innovative start-up, non-inductive current drive, and disruption research. Fig.
2.1 shows a picture of VEST device and specification of VEST in present and future.
Toroidal field is operated between 0.1 — 0.18 T at machine center. Major and minor radius
is about 0.43 m and 0.33 m, respectively. Plasma elongation is operated about 2.
Maximum plasma current is about 170 kA in present state. There are several heating and
current drive sources: electron cyclotron heating (8 GHz — 3 kW and 2.45 GHz - 6 kW)
[18], neutral beam injection (15 keV — 600 kW) [19-21] and lower hybrid fast wave (500
MHz - 10 kW) [22, 23]. In this section, ohmic discharge [24] and validation diagnostic

systems for plasma start-up model are described.

Present Future

Toroidal B Field 0.1-0.18T 0.1-0.18T
Major Radius 043 m 043 m
Minor Radius 033 m 0.33m
Aspect Ratio =133 >1.33

Plasma Current <170 kA <300 kA

H & CD
(ECH, NBI, LHFW)

ECH (7.9GHz, 3kW)
ECH (2.45GHz, 15kW)
NBI (15keV, 600kW)
LHFW (500MHz, 10kW)

ECH (7.9GHz, 3kW)
ECH (2.45GHz, 30kW)
NBI ( 20keV, 1.2MW)
LHFW (500MHz, 200kW)

Figure 2.1 Picture of VEST device and specification of VEST operation in present and
future.

The TF coil in VEST consists of 24-turn around the vacuum vessel and is powered
by an ultra-capacitor bank. It typically carries 200 — 360 kAt total current to generate the
toroidal magnetic field of 0.1 — 0.18 T on the machine center (~0.4 m). The schematic of

a poloidal plane in VEST is shown in Fig. 2.2, where the poloidal field (PF) coils, vacuum
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vessel and the piezoelectric valve (PEV) for the prefill gas injection are marked. An ohmic
discharge starts with the toroidal field ramping-up. The toroidal magnetic field flat-top is
maintained for 100 — 150 ms. And an ohmic plasma is generated, maintained and
terminated within the TF flat-top region. Then, neutral gas (H2) is prefilled by PEV
control. Next, electron cyclotron heating (ECH) power is injected in EC-assisted ohmic
discharge for pre-ionization which guarantees the robust start-up and pre-ionization
plasma is formed [18]. In a pure ohmic discharge, ECH power isn’t utilized. After the
formation of pre-ionization plasmas, PF01(central solenoid) coil current ramps-up. PF05
is used for the formation of the trapped particle configuration which enables a more
efficient ECH assisted ohmic start-up [25]. Toroidal loop voltage is induced by PF01 coil
current ramp-down. After the generation of plasma current, plasma shape and position are
adjusted by using PF06 and PF09-10 coil which provide equilibrium magnetic field.
Typical ohmic discharge process is shown in Fig. 2.3. Detailed features of VEST ohmic

discharges are described at chapter 4.
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Figure 2.2 Schematic of a poloidal plane in VEST. Vacuum vessel are colored in black. PF
coils utilized in typical ohmic discharge are colored in red. Location of PEV is colored in

blue.
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Figure 2.3 EC-assisted ohmic discharge procedure in VEST: evolution of (a) Toroidal field
coil current (b) prefill neutral pressure (c¢) ECH injected power (d) PFO1(Central
solenoid) coil current (e) PFO5 coil current (f) PF06 and PF09-10 coil current and (g)
plasma current.
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2.2. Equilibrium reconstruction
Tokamak equilibrium can be obtained by solving the Grad-shafranov equation which
describes a force balance state in toroidal geometry and this process is called the

equilibrium reconstruction. The Grad-shafranov equation is expressed as,

* dp(y) OFF(Y)
AP = —poRJg = —poR? == == & 2.1)

where 1 is the poloidal magnetic flux, R is the radial position, J4 is the toroidal
current density, p is the plasma pressure, F = RBy /1y and A*= R*V - (V/R?). EFIT
is the well-known equilibrium reconstruction code, which efficiently solves for the
equilibrium numerically using the Picard iteration scheme by dividing ¥ =, + eyt
into a plasma and an external component, ¥, and .y, separately computed using the
differential and the integral forms of the Grad-shafranov equation [26]. From the
equilibrium reconstruction, the plasma shape (Ry, a, k, },) and global MHD parameters
(l;, Wonna, B) can be obtained. The plasma shape and the normalized internal inductance
are important input parameters for the start-up model in this research.

Various diagnostics such as magnetics, Thomson scattering, charge exchange
spectroscopy and motional stark effect measurement can be utilized for constraints to
solve the equilibrium equation. However, equilibrium reconstruction with only external

magnetic constraints in VEST is described at this section.

21



2.2.1. External magnetic diagnostics and wall modelling

Magnetic diagnostics in VEST are located inside and outside the plasma. Magnetic
diagnostics located outside the plasma are called the external magnetic diagnostics [27].
In this research, magnetics diagnostics inside the plasma, internal magnetics [28, 29], are
not utilized. The location of the external magnetic diagnostics sensors is shown in Fig.2.4.
Total 64 magnetic probes are placed at inboard, outboard and side region and they measure
a time derivative vertical component of poloidal magnetic field. Total 11 flux loops are
distributed along the poloidal plane and measure the loop voltage at each position. The
digitization and processing scheme of the external magnetics is shown in Fig.2.4. Flux
loops are sampled at 25 kS/s, while magnetic probes are sampled at 250 kS/s. For
constraints in equilibrium reconstruction, Signals from flux loops and magnetic probes
are digitally filtered to low pass filter with 5 kHz and integrated with time.

Even though typical electromagnetic modelling is conducted with axial symmetry in
cylindrical geometry, magnetic sensors in a real situation are significantly affected by 3D
effect near the vacuum port. In VEST, inboard limiter with tungsten sheet wraps around
the centerstack to protect external magnetic sensors located inboard. Significant eddy
current is induced on the inboard limiter during the ohmic discharge. The inboard limiter
is partially cut due to the installation of carbon mirror for the interferometer. Due to this
situation, magnetic sensors located near the centerstack are affected by such a 3D effect.
It is necessary to consider this effect for a reliable equilibrium reconstruction. In order to
consider this effect in axial symmetry geometry, effective resistances of wall element are
adjusted to minimize the difference in magnetic signals between the experiment and
electromagnetic model. This work is conducted on the inboard tungsten limiter and outer
wall of main vacuum chamber. Fig.2.5 and 2.6 show the time evolution of poloidal
magnetic field and poloidal magnetic flux in vacuum field with experiments and

electromagnetic models. In the case of outboard magnetic probes, side magnetic probes
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and flux loops, there are little improvements in the model with compensated wall
resistances. Better agreements in the case of inboard magnetic probes near the mid-plane
are showed by compensating the effective wall resistances. Fig.2.7 shows a correlation
factor which is the covariance of two variables divided by the product of their standard
deviations and means a measure of linear correlation between two sets of data. The closer
the correlation factor is to 1, the stronger the linear correlation between the two sets of
data is. As mentioned above, inboard magnetic signals are significantly improved with the
compensated wall resistances. The compensated wall resistances are utilized for

equilibrium reconstruction as described in section 2.2.2.
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Figure 2.4 Location of the external magnetic diagnostics sensors with poloidal plane
view and digitization scheme of external magnetics signals.
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Figure 2.5 Comparison of inboard (upper 3 rows) and outboard (lower 3 lows) magnetic
field between experiment and electromagnetic models: Experiment (black dash line)
and electromagnetic model (red line: compensated wall resistance, blue line:
uncompensated wall resistance).
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Figure 2.6 Comparison of side magnetic field (upper 4 rows) and flux loops (lower 3 lows)
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electromagnetic model (red
uncompensated wall resistance).

line:

compensated

26

wall resistance, blue

line:

el

]

&k

- |



gy ]
[ - .l. -l-|=.--. ..|:-= 1.000
[ ] - 0
098 " = ", " N
- [ ]
<] L] . 40995 S
S 8
Ry 0.96 - - - -
c c
o L] 40.990 ©
5 094t L s
E ' £
L | i =
s 0.92 0.985 8
o ®  With wall compensation Inboard = With wall compensation Outboard
®  Wi/o wall compensation magnetic probes ®  Wi/o wall compensation magnetic probes
0.90 0.980
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18
1.000 | | " T . F b 1.000
a
L " Eghn * " u .
. - . o 40.995 §
O 0995+ [} : o
Q L Q
8 1 & L 8
c ] c
S 0990} = - 10990 &
= » =
o fa] [ ] it
[ [
S =
& 0.985( L 10.985 5
o ®  With wall compensation Side = With wall compensation o
®  W/o wall compensation magnetic probes ®  W/o wall compensation
0.980 —————— 0.980
0 2 4 6 8 10 12 14 16 18 0 1 2 3 4 5 6 7 8 9 10 1

Sensor number (#)

Sensor number (#)

Figure 2.7 Comparison of side magnetic field (upper 4 rows) and flux loops (lower 3 lows)
between experiment and electromagnetic models: Experiment (black dash line) and

electromagnetic model (red
uncompensated wall resistance).

line:

27

compensated wall

resistance,

blue line:

s - i)



2.2.2. Procedure of equilibrium reconstruction

Equilibrium reconstruction in VEST has a similar process with the EFIT code. In the
equilibrium process with only the external magnetics constraints, p’ and FF' in the
Grad-shafranov equation are modelled to be polynomial basis function as the normalized
poloidal magnetic flux, Yy = @ —v,)/ (W, —Y,) where Y, and P, are the
poloidal magnetic flux at magnetic axis and plasma boundary, respectively. The p’ and
FF' are represented using a set of polynomial basis functions in terms of a number of
linear parameters as a, and y,, p'(Y) =Y, a, Y, FF'(Y) =X, vn¥n . The

unknown parameters a, and y, are determined from all available magnetic data by

2
e M;—C;
minimizing x? = Zi[—( ’a ’)] where M and C are measured and computed sensor
L

signals respectively and o; is the uncertainty associated with the i-th magnetic
measurement. For the Picard iteration step in equilibrium reconstruction, 2D distribution
of the initial poloidal magnetic flux is necessary. In VEST, the shape reconstruction with
the finite element methods [30] provides not only the plasma shape information but also
the 2D poloidal magnetic flux for the input in the EFIT-like reconstruction. In the shape
reconstruction of VEST, current density which is distributed in rectangular grids is

Mi—Z]'Ki]'I]'

determined by minimizing the cost function, E = Ziwi( "
L

2 12
) + azié where
w; is a weight of i-th measurement, M; is a i-th measurement at fitting time, K;; is a
kernel between i-th measurement and j-th element, I; is a current of j-th element and I,
is a total plasma current measured by a rogowski coil. a is the weighting parameter to
prevent the non-physical fitting oscillation of the current elements. The equilibrium
features are evaluated using the fitted plasma current distribution, PF coil currents, and

the vacuum vessel eddy currents. After the fitting process, distribution of the poloidal

magnetic flux is calculated by solving the Ampere’s equation. Then, the magnetic axis
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and plasma boundary positions are extracted and the flux surfaces are identified by the
field following method. Finally, the plasma shape information such as major radius, minor
radius, elongation and triangularity can be obtained by the definition of the plasma shape.
Fig.2.8 shows an example of VEST equilibrium fitting result by using the shape
reconstruction based on the finite element method. Reconstructed magnetic signals are
good agreement with the measured magnetic signals with ~5 % error on average. The time
evolution in plasm shape and poloidal magnetic flux distribution after the post-processing
are shown in Fig.2.9. From the result, there is a transition from the outboard limited
plasma to the inboard limited plasma.

EFIT-like equilibrium which solves the Grad-shafranov equation is conducted with
inputs obtained by the shape reconstruction. The polynomial orders are empirically set at
n, =2 and np = 2. Fig.2.10 shows a magnetic fitting error and the time evolution of
equilibrium parameters including the plasma shape and global MHD parameters such as
the normalized internal inductance and the plasma stored energy. Fitting error on average
is ~25 % as shown in Fig.2.10. The normalized internal inductance is ~0.5, which means
a flat current density profile on average. It is a consistent result in the fast current ramp-
up of VEST ohmic discharge. The time evolution in plasma shape and normalized internal
inductance are utilized for calculation of plasma circuit parameters such as plasma self-

inductance and plasma resistance in the start-up model.
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2.3. Validation diagnostics

The reliability of model results can typically be confirmed by comparing them with
the experimental results. Main outputs of the start-up model are plasma current, electron
density & temperature and ion temperature. From these basic output parameters, various
synthetic parameters can be obtained such as Z; line emission signals with different
wavelength and total radiative power and so on after the post-processing. In this section,
several diagnostic systems in VEST are described for validation of the plasma start-up

model.
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2.3.1. Thomson scattering [31-33]

A Thomson scattering (TS) system on VEST has been utilized to measure the
electron temperature and density of the core region (0.23 m <R < 0.50 m). The TS system
consists of three parts as shown in Fig. 2.11: laser injection system, collection optics
system, and polychromator with data acquisition (DAQ) system. Since the duration of
VEST plasma discharge is around 20 ms, a laser with a high repetition rate is required to
measure the fast time evolution of the electron properties. Therefore, the Nd:YAG laser
has been upgraded to the burst mode laser [32]. It has 10 pulses with the energy of 2 J and
the repetition rate of 1 kHz. As a result, ten-time point measurements during 10 ms are
possible. The TS photons at the core region of plasma is collected by lens array and
transferred to the polychromator through the optical fiber. The lens array is designed to
focus the straight path of laser. These photons are divided by wavelength at the
polychromator to measure the TS spectrum. The polychromator consists of the five
interference filters, which cover the wavelength range of 950-1064 nm. Recently, five
polychromators are assembled with the fast digitizer whose 32 channels support 200 ns
with the sampling rate of 5GS/s. With the VEST TS system, the 1 kHz time evolution of
radial profile of the electron temperature and density with five local points has been
measured [33]. For validation of the plasma start-up model results, electron temperature
and density profile are processed to be a volume averaged because electron temperature
and density from the model are zero-dimensional parameters. When the volume averaged
values are calculated, boundary in normalized poloidal magnetic flux is set to be from 0
to 0.5 to avoid underestimation of the electron temperature and density. Fig. 2.12 shows

the volume-averaged processing of electron temperature and density.
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2.3.2. Filterscope system

The filterscope diagnostic system was developed for measuring the time evolution
of visible spectral lines from several ions. The diagnostic system consists of collection
optics, beam splitters (dichroic mirrors), bandpass filters, and detectors (photomultiplier
tubes) with DC power supply. Fig.2.13 shows the schematic of the filterscope diagnostic
system. Through the preliminary measurements using existing spectrograph for spectral
line survey, we selected seven visible spectral lines such as H, (434.0 nm), O/l (441.5 nm),
CIII (465 nm), Hp(486.1 nm), CII (514.0 nm), OV (650.0 nm), and H, (656.3 nm). The
visible light is collected by collection optics installed at mid-plane (Z=0) and split by each
beam splitter in order of wavelength from the shortest to longest. Then, the split light is
filtered by each bandpass filter and measured by detector as PMT with sampling rate of
250 kHz using digitizer. Even though different seven line emissions can be observed in
one ohmic discharge simultaneously, not all filterscope diagnostics are utilized in this
study. Two different line emission are utilized in this study: H,(656.3 nm) and CIII (465
nm). H, line emission is an essential diagnostic for observation of hydrogen neutral
burn-through. In other words, whether burn-through of hydrogen neutral are successful or
not can be determined with the H, line emission signal in both experiment and
simulation. CIII line emission is a very good indication of inboard wall interactions in
VEST discharges. Therefore, CIII line emission is also an essential diagnostic for

plasma wall interaction model in the plasma start-up model.
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Chapter 3. Development of Full Electromagnetic Start-
up Model in VEST

3.1. Full electromagnetic model

Prediction of the plasma current evolution is very important part at tokamak start-up
phase. The plasma current evolution at tokamak start-up phase can be described with a
simple circuit system and it is mainly calculated by electric circuit equation in start-up
model. There are several factors which determine the plasma current evolution such as
loop voltage, plasma inductance and plasma resistance. It is necessary to estimate these
electric circuit parameters exactly for a reliable plasma current evolution. In this section,
models for determination of circuit parameters are described. First, a full electromagnetic
circuit model is described for exact calculation of loop voltage as driving force which
generates the plasma current with consideration of PF coil and vacuum vessel structure.
Secondly, plasma inductance and resistance model are described with low aspect ratio

features.
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3.1.1. Full circuit equation [17]

Circuit model in the previous start-up modelling studies typically consists of a single
circuit equation in terms of plasma current. However, the circuit system in real situation
are composed of plasma current, PF coil currents and vacuum vessel eddy current induced
in passive conducting structures, all of which are linked one another through mutual
inductances. The PF coils and the toroidally continuous structures such as the vacuum
vessel are approximated to a set of single filaments with equivalent resistance and
inductance. The vacuum vessel elements are treated as coils with zero voltage, that is,
eddy currents induced only by electro motive force from the mutual inductance between
coils and toroidally continuous structures.

The current of each filament can be solved by simple circuit equation with matrix

dlcy =

form as following: I_/;v = ﬁcvfcv + Mcv? where V., is a n X1 column vector of

voltage applied by power supply system to the PF coils and vacuum vessel elements (zero
for the vector of vacuum vessel components). ﬁw is a nXn diagonal matrix of
resistances and I\7fw is a n X n symmetric matrix of inductances in the PF coils and

vacuum vessel elements. fcv isa n X1 column vector of currents in the PF coils and
vacuum vessel elements. In the same manner, plasma current can be included in above
circuit matrix by attaching the plasma current in the (n + 1) th row of the corresponding
column vectors. The plasma resistance R, and self-inductance L, are added in the
resistance matrix and inductance matrix, respectively. Also, mutual inductance between
the plasma current and the PF & vacuum vessel structure should be included in the
inductance matrix. Then, the extended current vector, voltage vector, resistance matrix

and mutual inductance matrix can be written as
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_IC1 _Vcl_ _Rcl O 0 0 0 ]
I, V. 0 R 0 0 0
icvp = |1, I_/;vp = V], ﬁcvp =[0 0 = Ry 0 -0
L, v, 0 0 =« 0 Ry = 0
[ I | [V} | | 0 0 0 0 Ry
[ Lea Mcicz Meies 0 Meipn Meipz Meapz o Mcl,p_
Mca,c1 Lz Meaes 0 Meapi Meavz Meaps o Mcz,p
Mz e1 Mesco Les i Mey1 Mezpa Mezpz Mc3,p
Mcvp = le,cl le,cz le,c3 Lvl le,vz le,v3 le,p
Mvz,cl Mvz,cz Mv2,03 Mvz,vl LvZ Mvz,v3 Mvz,p
Mv3,cl Mv3,02 Mv3,c3 Mv3,v1 Mv3,v2 Lv3 Mv3,p
-Mp,cl Mp,cz Mp,c3 Mp,vl Mp,vz Mp,v3 Lp |
(3.1)

In more realistic situation, plasma current and its radial and vertical position can

-

o . . .. AMeyy > . L
change in time. This require additional term ——=1,,, in the extended circuit system
at cvP

equation. The circuit equation with time derivative of mutual inductance can be written

o OM.,dR 0M,,0Z dLy\- _ dI,
= Rcvp + =P P + — Icvp + Mcvp -
OR Ot 0z ot dt dt

Aoy o, (= - OMyy OR  OMyyy 02 dLy) -
Tt = ey (= (e + S5 5+ S5 5 4 G

(3.2)

Note, R and Z are the radial and vertical position of each element, respectively. The
elements of time derivative of mutual inductance corresponding to PF coil-vacuum vessel

and vacuum vessel-vacuum vessel are zero because the positions of all PF coils and
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vacuum vessel are fixed. Full circuit system equation is shown in Fig. 3.1. In this study,

>

. : di
PF coil currents are experimentally measurable parameters. Therefore, f can be

obtained by solving the reduced circuit system equation with known fc and %. The

reduced circuit system equation can be written as:

rd 1,1
dt _dlcl_
dl,, [Mcl,vl le,cz le,c3 ] dt
dt - |M02,v1 M‘UZ,CZ Mvz,c3 | dl.,
dl,z| = v_pllMc3,v1 Mys o Mysz 3 = dt
dt : : : : | dIC3
: lMp,vl Mp,cz Mp,c3 J dt
al, .
L dt
[1c1
... OMvipOR | OMyip 0zl
I[ 0 0 Ryy 0 oR at oz 6t] C
a0 00k S
ll“”"""—’* Merpdz - OMuipOR | Moy R, +% Jll‘iz
dR ot 9z ot OR ot 0z ot P oat :
1, |
(3.3)
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Figure 3.1 Full circuit system: blue box (PF coils - known parameters) and yellow box
(vacuum vessel and plasma current - unknown parameters).
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In the circuit system equation, resistance and inductance in each element (plasma
current, PF coils and vacuum vessel) can be easily obtained by simple analytic formula.
Especially, plasma resistance and inductance parameters are calculated by using the
advanced model which will be described at section 3.1.2. By solving the circuit system
equation, time evolution of currents in all vacuum vessel elements and plasma is obtained.
Solutions of the circuit system equation are utilized in the Townsend model to estimate
the plasma volume.

In order to validate the full electromagnetic model, flux loops data between the model
and measurements are compared in simple vacuum magnetic field circumstance without
and without plasma current. First of all, the vacuum vessel is discretized into 186 pieces
and PF coils with large size such as PF01 are discretized into several pieces to enhance
the accuracy of the simulation results. The input geometry and each element dimension
of VEST are shown in Fig. 3.2. Fig. 3.3 show the input PF coil current waveforms and
comparison of flux loops data between the full electromagnetic model and measurements
in the vacuum discharge case without plasma current. The flux loops data from the full
electromagnetic model are reasonably agreement with the experimental measurements.
Secondly, the full electromagnetic model is conducted with experimental plasma current
evolution as shown in Fig.3.4. Plasma current is simply set to be a single filamentary
current and its position has been obtained from the magnetic equilibrium reconstruction
described in section 2. There are differences between model and measurements at early
start-up phase especially in far from the plasma filament. It is thought that the
discrepancies are caused by the simple plasma current model, i.e. single filamentary
current. Even though there are differences in flux loop signals between model and
measurements, final loop voltage waveform at plasma center position isn’t affect
significantly. However, for more realistic situation, plasma modelling in the full

electromagnetic circuit model will be improved.
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Figure 3.2 (a) Input VEST structure (blue: vacuum vessel, yellow: PF coils and magenta:
flux loops) and vacuum vessel (b) and PF coils (c) element table (First column: R-
position of each element, second column: R-position of each element, third column:
width of each element, fourth column: height of each element, fifth: tilting angle of each
element, sixth: toroidal turn number of each element, seventh: material type [0: tungsten,

1: copper, 2: stainless steel] and eight column: section number)
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Figure 3.3 (Left) Input PF coil current waveforms for full EM model in the vacuum
magnetic field calculation and (Right) flux loops data from full EM model (blue line) and
experimental measurements (black line).
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Figure 3.4 (Left) Input plasma and PF coil current waveforms for full EM model in the
magnetic field calculation (Right) flux loops data from full EM model (red line - with
plasma and blue line - w/o plasma) and experimental measurements (black line — with
plasma).
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3.1.2. Plasma circuit model [35]

Tokamak plasma has a self-inductance component which is dependent on the plasma
shape information and the toroidal current density profile. Self-inductance component
which depends on the plasma shape information is called to be a plasma external self-
inductance, L.. Other self-inductance related to the toroidal current density is a plasma
internal self-inductance, L;.

The plasma external self-external inductance describes the plasma current’s own
contribution to the flux surface at the plasma boundary. Therefore, unlike the internal self-
inductance, it has significant dependence on the plasma shape such as aspect ratio and

elongation. A simple external self-inductance formula with assumption on the large aspect
. . 8 .
ratio plasma is expressed by L., = ugRy {ln (;) — 2} where py is the vacuum

permeability, R, is the plasma major radius, x is the plasma elongation and € is the
inverse aspect ratio. Typical tokamak start-up models have utilized above simple large
aspect ratio formula. And there were several reports which show good agreements
between experiments and model based on the simple formula in large aspect ratio device
[12-15, 36]. However, this simple formula is invalid in spherical torus plasmas. For
moderate elongation and low aspect ratio regime, the plasma external self-inductance can
be negative due to the logarithmic nature as shown in Fig. 3.5. Therefore, it is necessary
to establish a proper model for the plasma external self-inductance in ST plasmas. There
is an improved formula developed by Hirshman and Neilson which can be utilized
regardless of aspect ratio [37] and this formula has been utilized in several start-up

modelling for ST plasmas [38, 39]. The improved formula is expressed as,

a(e)(1—¢)
Le = HoRo {(1 —o+ b(e)K} G

where a(e) = (1+ 181ve + 2.05¢) In (2) — (2.0 + 9.25v€ — 1.21€) and
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b(e) = 0.73Ve(1 + 2e* — 6€° + 3.7€°).

The red line in Fig. 3.1 shows that plasma external self-inductance has normal value
at low aspect ratio regime. Confirmation has been conducted whether the improved
formula can be utilized in a specific device using the equilibrium reconstruction results
spanning the operating space of VEST with its actual PF coils and vacuum vessel structure.
Fig. 3.6 shows the comparison in normalized external self-inductance between analytic
formulae and real value from the equilibrium reconstruction. Even though the normalized
external self-inductance value with advanced formula derived by Hirshman and Neilson
is closer to the equivalent line than that of the large aspect ratio formula, it still has
differences. To enhance the applicability to specific device, Hirshman and Neilson
formula has been modified by refitting coefficients in the formula using experimental
equilibrium reconstruction data in VEST. Fitting the coefficients to the VEST equilibrium
provides the new values in Table 3.1. By using the modified Hirshman and Neilson
formula, each equilibrium point is well aligned in the equivalent line as shown in Fig. 3.6

and this new plasma external self-inductance model is utilized for VEST plasmas.

0@ = {1+ 2,08 i (2) = {20+ 5 e 03]

(3.5)
Np
b(e) = blx/E{l +27, bn€2+"}
an (Na=4) b, (Ny=4)
Original Modified Original Modified
1.81 1.56 0.73 5.65
2.05 1.66 2.00 -4.01
9.25 8.85 -6.00 -7.04
-1.21 -2.44 3.70 12.1
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Table 3.1. Original and modified fitting coefficients for external inductance model (3.3).
Physically, the plasma internal self-inductance is defined to be the total poloidal

. . ., Rol;
magnetic energy inside the plasma volume and it is expressed as, L; = % where [;

is a normalized internal inductance and is obtained from equilibrium reconstruction. The
normalized internal inductance is defined as [; and its physical meaning is a hollowness
of the toroidal current density. For example, when the current density is flat, [; is ~0.5.
Strictly, [; is a physical parameter with existence of the closed flux surface. So, it can be
physically invalid to apply this parameter to the phase before the formation of the closed
flux surface. Also, even though [; is a parameter which has a profile effect, there is a
limitation to simulate a dynamic phase such as a transition from the plasma breakdown to
the burn-through with a simple 0D parameter. However, [; is utilized in the overall start-
up phase because evolution of the plasma current is calculated by the electric circuit
equation regardless of the start-up phase. The initial [; is assumed to be 0.5, i.e. uniform
current density at the plasma breakdown initiation. The [; during the dynamic phase is
interpolated with the initial [; and the [; available from the equilibrium reconstruction
as shown in Fig.3.7.

Plasma resistance based on the spitzer resistivity is simply expressed as,

R _3
Ry =5X107° X InA X Zegp X —-X T, (eV) (3.6)

Here [nA is the Coulomb logarithm and Z.ss represents the effective charge defined as

7 _ ZAZznlz;Zz
eff =~ A Zzz1nfx+z

where subscript A represents hydrogen or an impurity. z means an
ionic charge state. Accordingly, n%* indicates hydrogen ion density nj" or impurity
ion densities n?* of which the charge state is z. Importantly, the sptizer resistance is large

dependent of the electron temperature, T,. Typically, the trapped particle fraction can

affect the effective plasma resistance and it is called the neoclassical resistance.
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Neoclassical resistance adds a multiplicative factor that increases the resistance: Ryq, =
FaeoRp where Fpe, can be calculated using an analytic function developed numerically
for arbitrary collisionality by O. Sauter [40]. The analytic function valid for arbitrary

fi, Ve« and Zgsr are given as follows:

E — Nneo — asptz _ 1
"0 T Nspez  Oneo ( 1+ 0.36) v+ 059, 023 5 (3.7
Zers Zeff Zeff

ft
1+(0.55-0.1f¢)/Ves +0.45(1—ft)ve*/ze3){)2“

where X =

Here f; is the trapped particle fraction, and v,, is the electron collisionality expressed

_ —18 ARNeZeprlni,
as Ve, = 6.921 X 10 ez

where ¢ is the safety factor, n. is the electron
density. The trapped particle fraction can be easily estimated by using Pade approximation
[41]:

2\ 2
1-€e*)2(1-¢) (3.8)

fcp 1 'ft =1 _fcp
1+ 1.46€2 + 0.2¢

IR

In order to validate this approach in the plasma resistance model, numerical
simulation has been conducted using NCLASS code [42] which can calculate the
neoclassical resistivity with given plasma equilibrium and kinetic profiles. Fig. 3.8 shows
the results from NCLASS simulation. The neoclassical factor has 1.5~2.0 with given
plasma parameters. There is a discrepancy between the NCLASS and O. Sauter model.
Therefore, the compensation factor is considered and this factor is utilized in the resistance
model.

Importantly, trapped particles mainly occur after the formation of the closed flux
surface. Therefore, it is physically invalid to apply the neoclassical theory in the open
field structure as in the case of the normalized internal inductance. To resolve this problem,

the time point of transition from the open field dominant phase to the closed flux surface
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dominant phase is set based on the plasma current and the H, line emission signal.
Fig.3.9 shows time evolutions in the plasma current and H, line emission signal and the
plasma volume structure calculated by the Townsend volume model which will be
described after this section. At 305 ms before the H, peak, the open field structure is
formed with low plasma current about 5 kA. After the plasma breakdown, both the open
field and the closed flux surface structures exist simultaneously near 305.6 ms as shown
in Fig.3.9 (b). Near the H, peak, the volume model shows only the closed flux surface
structure at 306 ms. The plasma current at the H, peak is about 20 kA in this ohmic
discharge and this value of the plasma current is to set to be a standard for the transition
from the open field-dominant phase to the closed flux surface-dominant phase. In the open
field-dominant phase, the classical spitzer resistivity is utilized. After this phase, the
neoclassical resistivity model by O. Sauter is applied. VEST Ohmic discharges utilized
for validation in this research have similar features as shown in Fig.3.9. However, the ad-
hoc parameters cannot be applied to all operational conditions such as a low stray
magnetic field. Therefore, the model during the transition from the open field-dominant
phase to the closed flux surface-dominant phase will be improved to be applied for various

operational conditions.
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3.2. Plasma volume model with Townsend criterion [17]

This section focuses on the Townsend volume model for estimation of plasma
volume. Townsend breakdown model here is well known criteria which describes a
minimum electric field for successful breakdown as a function of neutral pressure and
connection length. Townsend volume model utilizes the criterion to determine the plasma
volume at early burn-through phase. To determine the criterion quantitatively, several
physical quantities such as electric field, neutral pressure and connection length are
required. Neutral pressure value is easily obtained from measurement and assumed to be
uniform. Then, we need to calculate the electric field and connection length. For these
parameters, two-dimensional poloidal magnetic field is needed. The poloidal magnetic
flux at the position r from a toroidal ring current source (i.e. PF coils or wall eddy currents)

at the position ry can be solved directly using Green’s function as following:
Y(r) = 1.G(r, 1)
(1) = 52 (o) V2[(2 = kK () — 2B ()

(3.9)

where I. is a source current, k? :(r+r0)§1+zo)2’ and K(k) and E(k) are the

complete elliptical integral of the first kind and complete elliptical integral of the second
kind, respectively. With the Green’s function, the poloidal magnetic flux can be easily
calculated by multiplying the Green’s function at given position and source current. The

poloidal magnetic field can be calculated from the poloidal magnetic flux using following

equations:
B — 10y 1. 0G(r,1)
" rdz r o0z
10y 1. 0G(r,1p)
b=t =t o

(3.10)
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Also, induced loop voltage can be expressed in terms of the poloidal magnetic flux as

following: Vipop = dw;:'z) and the toroidal electric field is given by E; = Vzloﬁ. Using

above relations, it is possible to calculate the two-dimensional electromagnetic field with
given PF coils and vacuum vessel eddy currents from the full electromagnetic model. Fig.
3.10 shows an example of two-dimensional electromagnetic field from the above relations.

So far, the 2D electromagnetic information is obtained using the Green’s function.
To evaluate the Townsend breakdown criterion, the connection length should be estimated
accurately. Using the field line following method, it is possible to estimate the connection
length with given two-dimensional vacuum poloidal magnetic field structure. The field
line following method calculates the distance that particles should travel along the

magnetic field line until they are lost at the vacuum vessel wall by using following

equations:
B
Ris1 = Ry + Lk Al
\/Bg,k + B2, +B2,
B
Zior = Zp + 2k Al

\/B;k + B2, +B2,

(3.11)

where (Ry, Zy) and (Ry. 41, Zi+1) are k-th and (k+1) th grids, respectively during the field line
following process, Al is a unit length per one step in the field line following process. When
the total number of points of field line following process in a field line is N, for open field
lines connection length of the field line is calculated to be LAL. Also, using the method the
averaged electric field parallel to the magnetic field line can be obtained and it can be

expressed as:

B¢,k
E\(Ry, Zy) = X Ed)(Rk;Zk)
\/Bg,k + B2, +B2,
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<E S Y Ev(Ry Z1)
R —
N

(3.12)

For open field lines inside the vacuum vessel, the averaged parallel electric field is

1.25 x10*p (Torr)

In(510p (Torr) Lopen (M) If the

compared to the Townsend electric field, Erownsenda =

criterion satisfies in a specific field line, then the breakdown can occur in the field line. All
the grids which satisfy the Townsend criterion makes a volume and it is defined as the plasma
volume in the early burn-through phase or open magnetic field phase.

After formation of the closed flux surface (CFS), the connection length is no longer
important parameter because it has infinite value theoretically. Therefore, other approach is
necessary for identification of plasma volume (or shape) after the formation of the CFS. There
are two methods for identification of plasma shape. First one is a filament method and the
other is an element method. According to the recent research which utilize the full
electromagnetic plasms start-up code, single filament method reproduces well an ohmic
discharge with moderate plasma elongation in MAST [17]. Especially, plasma volume from
the volume model is reasonably agreement with the EFIT result. However, it is difficult to
simulate an ohmic discharge with high elongation (k > 2) using the single filament plasma
current assumption. Therefore, advanced method with element current density distribution is
developed to identify the plasma shape. In this method, it is assumed that plasma current has
a uniform current density. Once a plasma current is calculated from the circuit system equation,
it is uniformly distributed in set grid. Then, by solving the elliptical partial derivative equation
below, total magnetic poloidal flux which includes PF coils, vacuum vessel eddy currents, and
plasma current effect are calculated.

2
(3.13)

Finally, plasma shape such as major radius, minor radius and elongation can be easily
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obtained by definitions with a given poloidal magnetic flux distribution. Fig.3.11 show the 2D
plasma volume evolution in the VEST ohmic discharge using the volume model with different
two methods: single filament and finite element methods. There are no significant differences
between two methods in the plasma breakdown phase. As the plasma current grows, the
plasma volume calculated by two methods begins to be different. The plasma boundary
available from the equilibrium reconstruction is plotted with the model result in each case. In
the case of the finite element method, the highly elongated plasma is well reproduced.
However, the plasma volume model with the single filament method cannot reproduce the

plasma shape with high elongation in VEST.
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3.3. Confinement model [12]

In the previous DYON model, the confinement model is established with the
assumption that all transport losses are convective. Therefore, the energy confinement
time is assumed to be equal to the particle confinement time. In the open field regime, the
mechanism of the dominant particle loss is parallel. The confinement time with parallel

transport is calculated by dividing the connection length Ly by the ion sound speed Cj,

Tp1 = Lg/Cs where Cs = T"T:_Ti. While perpendicular particle loss can be ignored when

4

Ly is sufficiently short, the perpendicular particle transport becomes dominant as the

closed flux surface is formed. In the confinement model at this phase, Bohm diffusion is
adopted to calculate the perpendicular particle transport. The Bohm diffusion velocity is

2Dgonm(t)

expressed as, Vgopm(t) = a(t)

where  Dponm(t) =%;—;. Accordingly, the

confinement time due to the perpendicular transport in 7, , = a(t)/vgonm(t). The

effective confinement time is then obtained by combining two confinement times as, =
14

Ti + TL The previous confinement model is adopted for the start-up model in this
ol p.L

research. In order to check the validity of the confinement model in VEST ohmic plasma,
the effective confinement time between the start-up model and experiments are compared.
A set of equations (3.14) is a derivation of the energy confinement time from the power

balance equations for obtaining the experimental 7.

3d(neTe)

® Electron power balance: > ar = Pon— (Praa + Piz) — Pequi — Pfrans
3d(n;T; i
® on power balance:;% = Pequi — Pcx — Perans

where P,, is a ohmic heating power, P,,4 is a radiation power loss, P;, a
ionization power loss, Pegy; 18 a equilibration power between electron and ion,

Pfqns 1s an electron transport power loss, Pcy is a charge exchange loss, and
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Pfrans 18 an ion transport power loss.

3 (neTe+n;T; 3 neT,

® Sum of two balances: > (%) = Py, — (Prgqa + Piy) — Pex — > ;Ee -

3niT;

2 1

3 neT, i 3nT; .
where PG ns = =—=% and Plgns = =—— with T, = 75 = 7.
TEe Ei

aw w 3

L4 at = Fon — (Prad +Piz) — Pcx _; where W = E(neTe + n;Ty).
w

® .= (3.14)

Poh—(Praq+Piz)—Pcx—dw /dt
In 75, the ohmic heating power, P,, and stored energy, W can be obtained
experimentally by the plasma current and kinetic measurements such as Thomson
scattering in VEST. However, it is difficult to obtain other power losses including the
ionization, radiation and charge exchange power losses experimentally in VEST.
Therefore, sum of other power losses is scanned with ratio of the ohmic heating power.
Fig.3.12 is a result of time evolution in 7z from the model and experiment. According to
this result, when the ratio of the ohmic heating power and power losses is between 50 %
and 75 %, tp from the experiment agrees with the simulation result. As shown in
Fig.3.12 (b), the ratio from the simulation is between 50 % and 75 %. Therefore, it is
confirmed that the confinement model with convective loss can be applied in VEST ohmic

discharges.

63



Ratio
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3.4. Plasma wall interaction model

In the plasma start-up phase, plasma size expands and plasma current ramps-up after
successful formation of closed flux surface. Typically, in early plasm start-up phase,
plasma is operated with limited formation. This means that plasma touches limiters or
vacuum vessel wall and impurity can flow in the main plasma due to the plasma wall
interactions. VEST plasma is mainly operated in limited formation and this effect should
be considered in the plasma start-up model. In this section, plasma wall interaction part
in the model is described in detail.

The main impurity source is carbon and oxygen on the centerstack. In real situation,
both impurities exist and it is observed that line radiation signal related to the carbon and
oxygen occurs when the plasma touches the centerstack. However, it is difficult to
estimate the ratio of oxygen and carbon impurity quantitatively. Therefore, for simplicity,
impurity due to the wall interaction is assumed to be only the carbon. Because the carbon
sputtering yield by the hydrogen is a parameter for which it is difficult to quantify,
calculation with scan is needed. The carbon sputtering yield is set to be constant in time
in each case in order to set the proper sputtering yield in VEST. Fig.3.13 shows the time
evolution in the plasma current, the electron temperature and density with each case. In
the VEST ohmic discharge, the carbon sputtering yield by hydrogen ion with 0.1 is
thought to be a proper value. Based on the value obtained from the test results as shown
in Fig.3.13, the carbon sputtering yield input is set with a waveform similar to the time

evolution in the CIII line emission signal observed in the VEST ohmic discharge.

65



200

=+= Meas.

Model (Y,~0) (a)
Model (Y_~0.05)
— Model (Y_~0.1)
< c
x 100 - model (v.~0.15)

o

T, (eV)

n, (x10°m™)

ol
304 306 308 310 312 314
Time (ms)

Figure 3.13 Time evolution in (a) the plasma current from the experiment (black dash-
dot) and model (lines), (b) the electron temperature from the experiment (shaded

region) and model (lines) and (c) the electron density from the experiment (shaded
region) and model (lines).

66

_H k: 1_'_” 1T



Chapter 4. Model Validation and Prediction of Ohmic
Discharges in Spherical Torus Devices

So far the full electromagnetic start-up model is described at chapter 3. The full
electromagnetic model which solves circuit system equations with given PF coils and
vacuum vessel structure enables to obtain exact loop voltage at plasma center position. To
consider the finite aspect ratio effect, plasma self-inductance and resistivity models are
improved. Plasma shape information such as plasma volume, major radius and elongation
can be estimated in both before and after the closed flux surface formation by developing
the Townsend breakdown model. In addition to main models as mentioned above, several
sub-models such as confinement model and plasma wall interaction model are carefully
checked for application to the ohmic discharges in VEST.

In this chapter, the start-up model validation and prediction of ohmic discharges in
spherical torus devices are described. Firstly, burn-through regime in VEST ohmic plasma
is determined using the start-up model and this regime is compared to experiments.
Detailed evolution parameters such as plasma current, electron temperature & density and
filter-scope data (H, and CIII) from the start-up model are also validated in different
operational conditions: (1) Central solenoid current waveform, (2) outer PF coil current
waveform and (3) wall conditioning methods. After confirming the validity of the start-
up model in VEST, ohmic discharges are predicted for VEST-Upgrade by changing
several input parameters such as ohmic solenoid coil waveform, prefill pressure and wall
sputtering yields (or recycling coefficients). The full electromagnetic start-up model is
applied to not only the compact ST device, VEST but also mid- and large size ST devices,

MAST and STEP.

67



4.1. Identification of burn-through regime in VEST
4.1.1. Experimental operation window in E-field and prefill pressure

A set of experiments aimed at determining the operational window of burn-through
has been performed in VEST. Ohmic discharges are conducted without pre-ionization
procedure (i.e. pure ohmic discharge), in which there are two main operating conditions:
loop voltage and prefill pressure. Additionally, outer PF coil currents for equilibrium field
are adjusted to control the plasma center position. There are two different ohmic
discharges in terms of burn-through success or fail as shown in Fig 4.1. In each ohmic
discharge, evolutions of plasma current and three different line emission signals (H ., OII
and CIII) from filterscope are showed. In first ohmic discharge, a peak in the A, line
emission signal near 306 ms is clearly shown, which means successful burn-through of
hydrogen neutrals. Although it is not a clear peaked signal as observed in the H, line
emission signal, impurities burn-through in OII and CIII line emission signals are seen
near 307 ms. With these peaked signals in line emission, plasma current rise normally.
Increase in line emission signals during the plasma current rise are mainly caused by the
plasma wall interactions. Therefore, discharge features in this phase are far from the burn-
through. The ohmic discharge as mentioned is a burn-through success case. The other
ohmic discharge as shown in Fig 4.1 is a burn-through fail case. In the case of burn-
through fail, simultaneous collapses in both plasma current and line emission signals are
observed. It is indicated that radiation barrier isn’t overcome in this case. Typically,
discharges under the low loop voltage or significant prefill pressure have such discharge
features.

Recent several tens of ohmic discharges in VEST are classified in terms of burn-
through success or fail based on two discharges as shown in Fig 4.1. Each discharge is

plotted with the Townsend breakdown curve in 2-D space which is composed of electric
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field and prefill pressure as shown in Fig 4.2. Two breakdown curves are obtained using
conventional Townsend breakdown criterion and are compensated with consideration of
self-generated electric field by producing a proportional coefficient (~4) [16]. Each
breakdown curve corresponds to connection length of 150 m and 200 m, respectively.
There are three different markers in 2-D space: (1) burn-through success, (2) burn-through
fail and (3) breakdown fail. In breakdown fail cases, there are no plasma current and line
emission signals. It is observed that plasma breakdown doesn’t occur in the prefill
pressure under the 3 mPa. In the 2-D space, a boundary between the burn-through success
and fail regions is seen. In the section 4.1.2, simulations with the start-up model are

conducted to reproduce the burn-through region observed in experiments.
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4.1.2. Reproduction of burn-through region using the start-up model

Three different lines which divide the region of burn-through success or fail are
obtained using the start-up model as shown in Fig 4.3. Input parameters for the start-up
model such as plasma shape and wall recycling coefficients are same in all cases except
for the PF coil current scenario and prefill pressure. Inputs for PF coil current scenario
and neutral pressure are set consistently in operational condition of each ohmic discharge.
And initial oxygen atom density is varied with three cases: 0 %, 1 % and 5 %. Simulation
result in 5 % initial oxygen atom density doesn’t reproduce the experiments and this value
is thought to be too large. The 1 % initial oxygen atom density case divides well the burn-
through region which is observed in experiments. Oxygen impurity exists in the form of
carbon monoxide (CO) and water (H,O) in VEST. Partial pressure in water is about 1 X
107® Torr in RGA measurement [11] as shown in Fig 4.4. Even though partial pressure
in carbon monoxide isn’t in Fig 4.4, it is empirically known that it exists in similar ratio
of water. Therefore, 1 % oxygen atom density in the start-up model is reasonable setting

based on the RGA measurement in VEST.
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4.2. Time evolution of plasma parameters in ohmic discharges
with different operational conditions

So far, determination of burn-through is conducted using the start-up model and the
start-up model well reproduces the burn-through region observed in experiments. In this
section, Reproduction in detailed evolution parameters such as plasma current, electron
temperature & density and filter-scope data (H, and CIII) using the start-up model are
described with several operational conditions: (1) Central solenoid current waveform, (2)
outer PF coil current waveform and (3) wall conditioning methods. The central solenoid
current waveform determines the loop voltage waveform, which has a significant impact
on the plasma current evolution. Outer PF coil current waveform also affects the loop
voltage waveform. However, rather than the loop voltage waveform, it has a significant
impact on the evolution of plasma shape such as major radius and elongation. Final
operational conditions, wall conditioning methods, is related to the plasma wall

interactions. Detailed description is given in each section.
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4.2.1. Ohmic discharges with different central solenoid currents

Two ohmic discharges with different central solenoid current waveforms are
conducted in VEST. Operation conditions in both ohmic discharges are shown in Fig 4.5.
As mentioned above, the main difference between two discharges is the central solenoid
current waveforms. As a result, the loop voltage induced by the central solenoid has a
different waveform in each case. In the shot#37919, maximum loop voltage at machine
center (~0.4 m) is about 7 V and loop voltage with positive region is about 17 ms as shown
in Fig 4.5(b). In the other case, maximum loop voltage is slightly lower than in the case
of shot#37919. However, it lasts for ~30 ms. Other PF coil current scenarios are adjusted
because plasma breakdown and achieved plasma current are different due to the different
loop voltage waveform. Time evolution of prefill neutral pressure is almost identical in
both cases as shown in Fig 4.5(c).

Figure 4.6 show the ohmic discharge features in discharges with different central
solenoid current waveforms. In the shot#37919, the plasma breakdown occurs at 303 ms
and there are burn-through and plasma current rise after the plasma breakdown. Plasma
current of ~100 kA is achieved and it decreases after the peak near 314 ms. There are
several reasons for the plasma current evolution without flat-top. It is thought that main
two reasons are the excessive equilibrium field by outer PF coils and impurity influxes
due to the plasma wall interactions with the inboard centerstack. Several spike signals in
plasma current and filterscope signals are observed [43, 44]. These are kinds of MHD
activity called the internal reconnection event (IRE) which occurs frequently in spherical
tori [45-47]. This phenomenon doesn’t affect significantly the global tendency in overall
discharge. Electron temperature and density increases in time even during the ramp-down
phase. This feature in electron’s kinetic property are not investigated in detail. However,
the compression heating is thought to be one of the reasons for the continuous increase in

electron temperature and density. In the shot#37970, plasma breakdown occurs later than
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in the shot#37919 due to the lower loop voltage. Rather than in the shot#37919, plasma
current evolution has a flat-top like region during ~20 ms. The overall levels of H, and
OII line emission are similar in both ohmic discharge. CIII line emission signal is larger
in the shot#37970 than in the shot#37919 and it indicates that there are more plasma wall
interactions in the shot#37970. Electron temperature and density do not change
significantly in time as shown in Fig 4.5(b). several experimental measurements such as
plasma current, electron temperature & density, filterscope signals (H, and CIII) are
utilized for the start- up model validation.

Fig.4.7 and Fig.4.8 show the model results in the shot#37919 and 37970, respectively.
In both results, the start-up model well reproduces the overall plasma current evolution.
Also, H, line emission peak in the model agrees with the experiment. It indicates that
neutral particle model related to the prefill pressure works well. In both cases, there is a
tendency that the electron temperature evolution after the growth of plasma current in the
model is different from the one observed in the experiment. In several discharges of VEST,
the electron temperature tends to increase even though the plasma current decreases.
Although it has not yet been identified in detail, compression heating affects this result.
Electron density evolution is well reproduced in both cases. But in the shot#37970, the
model underestimates the absolute value in the electron density. Even though the time
evolution in CIII line emission is quite different, it doesn’t affect the plasma current

significantly.
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4.2.2. Ohmic discharges with different outer PF coil currents

In this section, the start-up model is applied to the ohmic discharges with different
PF coil current waveforms. Operational conditions are shown in Fig 4.8. The central
solenoid current waveforms are identical in three cases: shot#37440, 37441 and 37442.
Outer PF coil currents are different as shown in Fig 4.8(a). Vacuum loop voltage at
machine center is almost same due to the identical central solenoid current waveforms.
Even though the loop voltages in three cases are slightly different because the outer PF
coil currents contribute to the loop voltage waveform, it doesn’t have significant impact
on the plasma current evolution. As shown in Fig 4.8(c), evolutions of prefill pressure are
almost identical in three cases. There is a little difference in the prefill pressure evolution
after 350 ms and it is discussed with the results of ohmic discharges in three cases.

Figure 4.8 show the ohmic discharge features in discharges with different PF coil
current waveforms. In the early start-up phase before ~306 ms, overall discharge features
are almost similar in three cases. After ~306 ms, differences in discharge features begin
to occur. In the strong equilibrium field case (shot#37442), impurity line emission signals
(OII and CIII) increase rapidly and it indicates that inboard limited plasma is formed early.
In the medium and weak equilibrium field discharges (shot#37440 and 37441), difference
in impurity line emission signals occurs near the 310 ms. After 312 ms, impurity line
emission signals rapidly jump due to the plasma wall interactions with inboard centerstack
in the weak equilibrium field case. In all discharges, there are IRE events during the ramp-
down phase. Fluctuation tendency in electron density measurements as shown in Fig. 4.9
(b) — (d) is thought to be caused by the IRE events [33]. Fig. 4.10 and Fig. 4.11 are the
major radius & outboard limiter signals and fast camera images in three discharges,
respectively. Three limiter segments with connected to the electrical ground are located
near the outboard vacuum vessel wall. Measured currents flowing through the limiter

segments represent the interactions between the plasma and the outer limiter segments.
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There are no significant differences in lower and upper limiter current signals as shown
in Fig.4.9 (c) and Fig.4.9 (¢) among the three cases. However, current signal flowing
through mid-outer limiter indicates the difference of outboard wall interactions in three
cases. In the weak equilibrium field case (shot#37440), the largest current at mid-outer
limiter is observed as shown in Fig.4.9 (d). Also, major radius evolution from the magnetic
equilibrium reconstruction shows the consistent results. In addition to the filterscope
measurements, fast camera image with CIII filter also indicates the plasma wall
interactions with inboard centerstack. For example, bright region observed near the
centerstack at 314 ms frame in the weak equilibrium field case is measured due to the
plasma wall interactions with the inboard centerstack. It can be seen that the stronger the
equilibrium field by PF coils, the faster the bright region near the inboard centerstack
occurs. There is also an indirect indication for the plasma wall interactions in prefill
pressure evolution as mentioned in Fig.4.8 (¢). Even though there is a time response in
neutral pressure gauge installed in VEST, the neutral pressure in the strong equilibrium
field case increases significantly compared to the other two cases after the minimum
pressure. This increase in neutral pressure is mainly caused by the plasma wall interactions.
All the experimental data presented in this section can be consistent results. Mainly two
different effect, major radius and impurity influx due to the plasma wall interactions, are
properly considered for the start-up model validation in ohmic discharges with different
outer PF coil currents.

Fig.4.13, Fig.4.14 and Fig.4.15 show the model results in the shot#37440, 37441,
and 37442, respectively. In the case of shot#37440, the model reproduces the plasma
current evolution well. Especially, the plasma growth delay during 306-308 ms is
observed in both the model and experiment. In this range, plasma has small size with
outboard limited operation. It is difficult for the plasma current rise due to the higher

plasma external inductance during this phase. Other parameters such as electron
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temperature, electron density and filterscope signals are agreement with the experimental
data. In the case of shot#37441, all parameters are reproduced with reasonable level. In
the last case with strongest vertical field, there is a discrepancy between the model and
experiment after 310 ms. Even though a single IRE burst does not have a significant
impact on the overall evolution, sequential IRE can affect the overall evolution. It is
observed that IREs occur continuously in the case of shot#37442. Therefore, the
discrepancy during this phase is thought to be caused by the sequential MHD activities.
An ohmic discharge less affected by IREs is required in order to investigate only the effect

of vertical field strength by PF coil.
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Figure 4.9 Operational conditions in the shot#37440, 37441 and 37442: (a) PF coil
current waveforms, (b) loop voltage and equilibrium field at machine center, and (c)
neutral pressure evolutions.
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shot#37442.
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Figure 4.4 CIII filtered fast camera images in the shot#37440, 37441, and 37442.
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4.2.3. Ohmic discharges with different wall conditioning methods

Two different wall conditioning methods have been conducted for ohmic discharges
in VEST. One is a typical helium glow discharge cleaning (GDC) [48] and the other is a
utilization of carborane power during the He-GDC, boronization [49]. First method is
effective to reduce the hydrogen retention. However, it doesn’t help significantly to reduce
impurity retention such as oxygen and carbon. On the other hand, boronization
conditioning has an opposite effect to the typical He-GDC conditioning. In other words,
excessive hydrogen recycling and reduced oxygen impurity influxes are observed during
the ohmic discharge after the boroinzation conditioning.

Two ohmic discharges with different wall conditioning method are conducted as
mentioned above. Operational conditions except for the wall conditioning method are
similar in both ohmic discharges as shown in Fig.4.13. Fig.4.14 shows the features of two
ohmic discharges. Before ~309 ms, evolution in plasma current, impurity line emission
signals are quite similar in both ohmic discharges. In the He-GDC discharge (shot#37866),
ramp rate of plasma current decreases and plasma current ramps down after the peak
current, which is mainly due to the impurity influx as observed in the OII and CIII line
emission signals. The increase of impurity influx is caused by the plasma wall interactions
with the centerstack. In the boronization discharge (shot#37906), high plasma current and
longer pulse are obtained with reduction of impurity influx. The reduction of impurity

influx is clearly observed in the OII and CIII line emission signals. Higher H, line

emission signal occurs than in the He-GDC discharge and it indicates the higher hydrogen
recycling due to the boronization conditioning. There is no significant difference in
electron temperature between two discharges. Even though the impurity influx is
significantly reduced, it is thought that excessive hydrogen recycling due to the

boroinzation prevents the electron temperature to rise. Maximum electron density is

higher in the boronization discharge and it is consistent with the H, line emission signal.
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Fig.4.18 and Fig.4.19 show the model results in the shot#37906 and 37866,
respectively. Higher carbon sputtering yield in the shot#37866 is set in order to consider
the wall conditions. Overall time evolution in plasma parameters are well reproduced in
both model results. Especially, decrease of the plasma current after peak due to the
significant impurity influx is clearly reproduced in the case of shot#37866. There is a
discrepancy in H, peak location between the model and experiment. There can be
uncertainty in prefill pressure measured by pressure gauge. However, it doesn't affect the

overall evolution in both cases.
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pressure evolutions.

94



150

-(a)

- 100
< L
=
= 50

0 1 T T (T SO OO SETE |

2 - ——— GDC with BR (Shot#37906)

—— GDC w/o BR (Shot#37866)

£l
&
Id

Clll (a.u)

0.0
302 304 306 308 310 312 314 316 318 320 322
Time (ms)

T, (eV) n, (x10" m?) T (eV)

n, (x10" m?)

150

100 Lo Average T

e

e

—o—Maximum T,

GDC with BR (Shot#37911)
(b)

L o 1 I L 1 1 1 i ! I

0
306 307 308 309 310 311 312 313 314 315 316 317 318

25 |- —o—Maximum n_
20 |—=—Average n_

. S
0 L 1 1 L 1 H s odog i )
306 307 308 309 310 311 312 313 314 315 316 317 318
90 Time (ms)
(C) —o—Maximum T,
60 L —=—Average T,

30| 31

,,/rx w/o BR (Shot#37869)

0 I
306 307 308 309 310 311 312 313 314 315 316 317 318

25 F—o—Maximum n_

20 -—=—Average n_

0 1 1 L L ) 1 L L 1 1 L
306 307 308 309 310 311 312 313 314 315 316 317 318
Time (ms)

Figure 4.17 Features of ohmic discharges in the shot#37906 and 37866: (a) plasma
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Figure 4.19 Time evolution in (from up to down): plasma current, electron temperature,
electron, electron density, H, line emission signal and CIII line emission signal from the
model (red) and experiment (black and grey) in the shot#37866 (only GDC).
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4.3. Prediction of ohmic discharges for VEST-Upgrade

So far, it is confirmed that the start-up model can be utilized for prediction of ohmic
discharges after the validation in several ohmic discharges in VEST. In this chapter,
prediction of ohmic discharge is described for achievement of target plasma current in
VEST. Firstly, the central solenoid current waveform is adjusted with two cases: slow
ramp-down and fast ramp-down. Then, parameters related to the plasma wall interaction
are adjusted based on the first results.

Fig. 4.20 shows a prediction of ohmic discharges with two central solenoid current
waveforms by using the full electromagnetic start-up model. Input parameters for the
calculation as follows in both cases: Prefill neutral pressure (3 mPa), toroidal field (0.18
T), hydrogen recycling coefficient (1.025), and carbon sputtering yield (0.05). Central
solenoid current waveforms are set as shown in Fig.4.20 with consideration of limitation
CS power system. In the fast ramp-down case, fast burn-through is observed due to the
high loop voltage at initial phase. The plasma current evolves with higher ramp-up rate of
13 MA/s on average than the target rate (10 MA/s). With the higher current ramp-up rate,
0.4 MA of plasma current is achieved in the model. However, the maximum plasma
current is not maintained due to the lower loop voltage after 300 ms. According to the
electron density evolution, prefill neutral pressure of 3 mPa is thought to be sufficient due

to the hydrogen wall recycling. In the second case with slow ramp-down, a peak of H,,

line emission occurs late. Plasma current rises with similar target ramp-up rate on average.
After the peak plasma current about 0.3 MA, flat-top phase is achieved during 20 ms.
Overall evolution in the plasma current is similar as the target plasma current. Also, prefill
neutral pressure of 3 mPa is sufficient as like the fast ramp-down case. Consequently,
according to the model result, it is suggested that slow ramp-down of the CS from 20 kA
to -20 kA during 50 ms can achieve the target plasma current.

Next, the wall recycling and sputtering parameters are adjusted with the slow ramp-
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down of the CS waveform. The results are shown in Fig.4.21. Loop voltage is identical in
all cases due to the same CS waveform. In the cases of hydrogen recycling control, plasma
current evolutions are similar in three cases. However, plasma current is significantly
reduced with higher recycling parameter (~1.1) after the peak current. This value is
consistent with the boronization case in present ohmic discharge of VEST. With excessive
retention of hydrogen neutrals, the electron density increases up to 3 X 10'°m ™3 and the
electron temperature decreases constantly. In the control of carbon sputtering yield, the
overall plasma parameters such as plasma current and electron temperature are slightly
reduced with higher carbon sputtering yield. In VEST, carbon impurity can be reduced by
the glow discharge with boronization. Therefore, it is required to control the electron
density due to the excessive hydrogen recycling in boronized wall in order to achieve the

target plasma current.
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4.4. Validation in MAST and prediction in STEP [17, 51]

The start-up model is applied to not only the compact ST, VEST but also the mid-
and huge size ST devices, MAST and STEP. Unlike VEST ohmic discharges, when the
plasma current grows to some extent, the transport effect is dominant than the start-up
features such as electromagnetic or atomic effects in the mid- and huge size devices.
Therefore, the start-up model is applied from the plasma breakdown to partial current rise
phase for MAST and STEP. For application to the MAST and STEP, the sub-models which
are described in section 3 are selectively utilized. First of all, the full electromagnetic
model can be utilized regardless of machine specifications. It is difficult to apply the
VEST external self-inductance to MAST and STEP because the plasma shape information
between VEST and MAST & STEP is different. Therefore, the original Hirshman model
for plasma external self-inductance is utilized for simulations in MAST and STEP.
Transports are assumed to be fully convective and the carbon sputtering yield for the
plasma wall interaction model is set to be constant in time.

There are two main operational scenarios for plasma initiation in MAST, namely
double merging compression [50] and conventional direct ohmic start-up. Fig.4.22 depicts
the central solenoid and PF coils in MAST. Typical ohmic scenario with the central
solenoid is simulated using the full electromagnetic start-up model. Fig.4.X (a) shows the
central solenoid and PF coil currents for model inputs. Solving the full circuit equations,
the vacuum vessel eddy currents and the plasma current evolutions are obtained as shown
in Fig.4.23 (b) and (f). Evolution in the plasma current is reasonably reproduced. The
plasma volume from the Townsend model is compared to the one from the EFIT
reconstruction. The result between the start-up model and EFIT reconstruction shows
good agreement. In addition to the OD parameters, evolution of 2D poloidal magnetic flux
map simulated in the start-up model during the plasma breakdown and burn-through

phases is depicted in Fig.4.24. As can be seen in Fig4.23, due to the open magnetic field
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lines, the plasma volume is extended to the vessel wall at the beginning. The plasma
volume reduced to a smaller volume as the plasma current increases and the closed flux
surface are formed. As mentioned above, the calculated plasma volume agrees well with
the EFIT volume data (the first plasma volume data in EFIT is available from 30 (ms)).
STEP (Spherical Tokamak for Energy Production) is a UKAEA program that will
demonstrate the ability to generate net electricity from fusion and it is on machine design
phase [51]. The start-up model can be utilized to design of the central solenoid, PF coils
and vacuum vessel structure for reliable burn-through. Fig.4.25 is an example of
predictive simulation in STEP [51]. From this result, the successful plasma breakdown
occurs near 400 ms after the central solenoid swing. Also, the plasma burn-through is

achieved and the plasma current ramps up to ~2 MA in the simulation result.
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Figure 4.23 (a) Input coil current waveforms utilized in the start-up model, (b) vacuum
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[17].
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Chapter 5. Conclusions
5.1. Summary and conclusions

In summary, the new start-up model is developed in order to predict ohmic discharges
for VEST-Upgrade. In the new start-up model, dynamic electromagnetic effect induced
by PF coils and vacuum vessel eddy currents and significant neutral effect due to the
plasma wall interactions mainly are considered. In order to confirm validity of the new
start-up model in VEST, several ohmic discharges with different operational condition in
VEST are reproduced by using the model. After the validation, ohmic discharges with
new central solenoid waveforms and different wall condition parameters are predicted in
order to achieve the target plasma current. The new start-up model is also validated in a
medium size spherical torus, MAST [17]. Finally, predictive simulation for burn-through
phase is conducted to utilize for a huge spherical torus (STEP) design [50].

In conclusion, this dissertation presents the development, validation of the model and
prediction of new ohmic discharges in several ST devices: VEST, MAST and STEP. The
full electromagnetic model can calculate the exact loop voltage with given machine
specification. Also, it can be confirmed that a new inductance model without assumption
of large aspect ratio is required for a reliable plasma current evolution in spherical tori.
The new start-up model can reproduce several ohmic discharges in VEST with reasonable
level. According to the prediction of ohmic discharges in VEST, it is suggested that the
target plasma current can be achieved with slow ramp-down of the CS current waveform
from 20 kA to -20 kA during 50 ms. However, the wall condition with low hydrogen
retention wall is required for the target plasma current. In other words, it is difficult to
achieve the target plasma current with present wall conditions after the boronization due
to the significant hydrogen retention. Therefore, improvements in wall conditioning

methods should be required. In order to suggest that the new model can be utilized not
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only in VEST but also other devices, the start-up model is validated in MAST ohmic
discharges [17]. After the validation in the mid-size ST, the start-up model calculates the
burn-through phase in the huge size ST, STEP. From the result in STEP simulation, it is
though that 9 Vs of volt-second provided by central solenoid is sufficient for initiation

and target plasma production [50].
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5.2. Future works

5.2.1. Preliminary result of small ST formation using the start-up model

There are several alternative start-up methods such as outer PF coil start-up [52],
local helicity injection (LHI) start-up [53, 54] and double plasma merging (DPM) start-
up [50, 55], which are suggested in spherical torus due to narrow space in centerstack.
Above start-up methods have been actively investigated in VEST. Among these methods,
the full electromagnetic start-up model in this research can be applied to the outer PF coil
start-up and the DPM start-up. The model is utilized for the DPM start-up method.

Fig.5.1 shows a partial solenoid coil current and loop voltage waveforms calculated
by the electromagnetic model in the shot#38243. In this shot, other PF coils are not
utilized and other operational conditions are as follows: B, = 0.1 T at (0.25,0.98) m
and p0 = 3.3 mPa. Even though loop voltage is applied with prefilled neutral pressure,
no plasma breakdown occurs. The simulation by using the model is conducted with
consistent operational conditions with this fail case for model inputs.

Fig.5.2 shows a simulation result with the partial solenoid operation case. In the
model result, plasma current with ~1 kA can be generated with given operational
conditions. The burn-through isn’t achieved because the loop voltage induced by the
partial solenoid coil is thought to be too low. Important thing is that there is an
inconsistency between the model and experiment. In the experiment, the plasma
breakdown fails. But the plasma breakdown can be achieved according to the model result.
Therefore, it is necessary to improve the plasma breakdown model with consideration of

other factors, such as self-generated electric field [8, 9].
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Figure 5.1 Partial solenoid coil current and loop voltage evolution in the shot#38243.
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5.2.2. Future works

In this research, several ad-hoc models are utilized such as reference plasma current
which determines a transition phase from the open field to closed field configuration. Even
though it is confirmed that the ad-hoc model is valid to VEST ohmic discharges suggested
here for the model validation, a physics model is required for its application to various
circumstance. Dedicated efforts will be conducted to develop a model in a dynamic
transition phase.

After the validation in VEST ohmic discharges, prediction of ohmic discharges with
several operational conditions are conducted. The model results will be confirmed by
experimental results with improved coil power supply system in VEST.

In the previous section (5.2.1), the model is applied to the DPM start-up using partial
solenoid coils to check the generation of small ST plasma in sub-chamber of VEST. The
model shows a consistent result with the experiment, i.e. no plasma initiation. The model
will be utilized for suggestion of operational scenario in order to generate a small ST

plasma in sub-chamber of VEST.
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