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Abstract 
 

Study on Solenoid-free Start-up utilizing 
outer PF coils with help of pre-ionization 
via direct XB mode conversion in VEST 

 

HyunYeong Lee 

Department of Energy System Engineering 

(Fusion & Plasma Engineering) 

The Graduate School 

Seoul National University 
 

Solenoid free startup scenario is the efficient way to utilize loop voltage from the 

evolution of equilibrium field using outer PF coils and can be applied for fusion devices 

such as Spherical Torus (ST) with narrow space in the central region. Also, it can be an 

attractive startup scheme in the fusion machines with low aspect ratio since flux from 

external inductance change can be utilized when the plasma is started from outboard and 

moved inward. The solenoid free startup experiments using outer PF coils have been 

conducted in various devices, but the results show the failure of the closed flux surface 

(CFS) formation or low plasma current with sufficient ECH power. In this paper, the 

condition for formation of CFS assisted by pre-ionization is investigated for successful 

startup. Electron Bernstein Wave (EBW) collisionless heating near outboard and 

enhancement of particle confinement with change of mirror ratio in trapped particle 
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configuration (TPC) have been utilized to reduce the resistivity of pre-ionization plasma. 

Also, solenoid free startup scenario has been suggested with consideration of the location 

and size of CFS. 

It is essential to understand the mechanism of CFS formation for important factor of 

successful startup condition and the experiments for CFS formation have been conducted. 

The startup in VEST is divided with three phases that open field current, the CFS 

formation and the current ramp up phase. Before CFS formation, the plasma current 

increases with open field current. The CFS formation has been occurred when the poloidal 

field from open field current overcomes the existing vertical field from PF coils. After 

CFs formation, the plasma current kicks up rapidly inside CFS due to different 

confinement from CFS formation. This has been confirmed with the experiments along 

the ECH power and toroidal field and the model based on the experimental results. The 

general criteria have been derived with the model for CFS formation and the criteria are 

matched better than the Lloyd condition that is known for startup condition. This 

quantitative condition for CFS formation tells that the pre-ionization plasma and the size 

of CFS must be considered for successful startup. 

After the successful CFS formation, the plasma current has been demonstrated to be 

ramped up with loop voltage from outer PF coils with help of reduced external inductance 

when the plasma column grows and moves inward. The plasma current evolution has been 

presented with 0 dimensional power balance modeling with consideration about force 

balance along plasma current. The initial plasma current evolution has difficulty due to 

the size of CFS that causes resistive dissipation. Also, the induction voltage from outer 
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PF coils has limitation that it is not easy to change rapidly due to eddy current from vessel 

wall and causes increase of vertical field that affects to CFS formation and equilibrium. 

The solenoid free startup using outer PF coils must consider the distribution between flux 

from external inductance and resistive dissipation. The successful startup has been 

determined by the location and size of CFS along the pre-ionization resistivity. The region 

for successful startup has been broadened along lowering the resistivity of pre-ionization 

plasma. It is essential for increase on the electron temperature to lower the resistivity of 

pre-ionization plasma. 

The pre-ionization plasma with low resistivity is necessary for CFS formation based on 

the quantitative condition. EBW collisionless heating makes possible to have lower 

resistivity of pre-ionization plasma due to the existence of 2nd or 3rd harmonics near 

outboard. Also, the enhanced particle confinement along mirror ratio in TPC is helpful for 

lowering resistivity of pre-ionization plasma near outboard. With comparison between 

mirror ratio 2.3 and 3.5, the higher mirror ratio makes the higher confinement time and 

the condition for successful startup has been expected with ECH power ~45 kW in case 

of mirror ratio ~ 3.5 and ~60 kW in case of mirror ratio ~2.3. 

 

Keywords: Solenoid-free startup, Closed Flux Surface Formation, Resistivity of Pre-
ionization Plasma, Electron Bernstein Wave, Trapped Particle Configuration, VEST 
Student Number: 2011-30293 
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Chapter 1. Introduction 
 

Spherical Torus (ST) has the feasibility as an alternative for future fusion reactor that it 

has merits on compactness and high beta, but the limitations due to the narrow central 

region for solenoid and toroidal field coil. It is essential to understand the startup 

mechanism requiring large loop voltage for efficient utilization of limited volt-second in 

ST [1-6]. 

 

1.1. Versatile Experiment Spherical Torus 
 

VEST is the first ST in Korea for studying innovative start-up and non-inductive current 

drive methods [7-8]. The first plasma has been generated successfully and the plasma 

current has been achieved 100 kA with 0.1 T toroidal field [9]. VEST is the first ST device 

built in Korea with a major radius of R = 0.43 m and a minor radius of a = 0.33 m in 

Figure 1-1. The toroidal magnetic field is easily changeable within 0.1 T at the center of 

vacuum vessel. The power system for poloidal field is possible to make several loop 

voltage based on the double swing circuit. Also, it is easily changeable to the single swing 

circuit along the startup scenario and the power system using both double and single 

circuit is utilized for these experiments. In addition, the efficient plasma start-up study has 

been conducted with trapped particle configuration (TPC) that enhances the ECH assisted 

pre-ionization plasma and make the low loop voltage and low volt second consumption 

start-up possible in VEST [10]. The TPC concept for start-up has been adopted to the 

KSTAR and improved and efficient start-up using TPC than conventional null 

configuration is achieved by enhanced pre-ionization plasma quality [11]. 
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Versatile Experimental Spherical Torus (VEST) is a low aspect ratio tokamak in Seoul 

National University, featuring 0.1 MA plasma current, 0.1 T toroidal field, 0.44 m and 

0.32 m major and minor radii, and 1.60 and 0.51 elongation and triangularity, in a single 

null diverted or limited configuration with the 95% flux safety factor of around 5 depicted 

in Table 1-1 and the history of VEST discharge is shown in Figure 1-2. A robust start-up 

technique utilizing trapped particle configuration has been developed by identifying a 

general start-up criterion based on the closed surface formation with stability, which will 

lead to the solenoid-free startup scenario by using the outer poloidal field coils with 

efficient electron Bernstein wave heating [12]. Currently, research activities at VEST is 

targeting to access the advanced tokamak regime in the low aspect ratio configuration 

with high power neutral beam injection (NBI) heating resembling alpha heating in fusion 

reactor regimes. As a preparation, the 600-kW, 15keV NBI system developed by KAERI 

is commissioned up to 200 kW and the modification of the lower hybrid fast wave 

accessibility condition by the parallel refractive index up-shift via microwave scattering 

is confirmed for the development of a central current drive tool. 
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Table 1-1 Specifications of VEST 

 

Figure 1-1 Schematics of VEST 
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Figure 1-2 History of VEST Discharges 
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1.2. Startup in Tokamak and ST 
 
1.2.1. Lloyd condition 
 

In fusion devices, the startup can be described by the Townsend avalanche in Figure 1-3 

and the empirical condition for reliable plasma startup and the condition can be relaxed 

with help of pre-ionization. But the studies are under way how the pre-ionization 

contributes to the startup quantitatively. It is well known that pre-ionization is important 

for efficient startup but the studies are under way how the pre-ionization contributes to 

the effects of the startup in ST. The field null configuration (FNC) is well known for 

startup method and the FNC of KSTAR is depicted in Figure 1-4 [13]. 
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Figure 1-3 Basic concept of startup in tokamak 

 
Figure 1-4 Field null configuration in KSTAR 
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1.2.2. Trapped Particle Configuration 
 

Reliable and efficient start-up method with lower loop voltage has been successfully 

developed by enhanced pre-ionization and prompt current initiation in a mirror-like 

trapped particle configuration (TPC) in Versatile Experiment Spherical Torus (VEST) [10] 

and demonstrated in KSTAR [11]. 

Figure 1-5 is shown for the field line for TPC and FNC. With FNC, the connection length 

is long but in case of TPC, the connection length is short but the plasma current iis more 

favorable than the case of FNC in Figure 1-7. With the result of TPC in VEST, the KSTAR 

has attempet to use TPC for successful startup in Figure 1-6. With utilizing of TPC in 

KSTAR, the experiment results are better than the case of FNC in Figure 1-13. 

The specifications of the TPC are depicted in Table 1-2 for telling the enhancement of 

particle confinement and prompt plasma current initiation. In Figure 1-9, the enhancement 

of pre-ionization plasma is shown. 
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Figure 1-5 Field null configuration vs Trapped particle configuration in VEST 

 

Figure 1-6 TPC configuration in KSTAR 
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Table 1-2 Trapped particle configuratioin with enhanced pre-ionization and promt plasma 
current initiation 

 
Figure 1-7 Plasma current and loop voltage of comparison between TPC and without TPC 

in VEST 
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Figure 1-8 Comparison between pure Ohmic, TPC and FNC in KSTAR 
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Figure 1-9 Enhancement of plasma density between only TF, TPC and FNC in VEST 
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1.2.3. Closed flux Surface 
 

The Formation of CFS is very important factors of successful startup in tokamak. With 

successful CFS, the plasma current jumps in Figure 1-10 [14]. Also, in the case of KSTAR, 

the failure of CFS is the main factor of startup fail due to convective loss time in Figure 

1-11 [11]. And the operation region of successful startup using TPC is shown in Figure 1-

12. In case of JET, the 0D simulation called DYON has been constructed but the DYON 

does not tell the quantitative condition for CFS formation [15]. It only tells that 100 kA 

from the experimental result reaches for CFS formation and after that the transport has 

been changed. 

Successful startup with TPC depends on the formation of closed flux surface (CFS) in the 

presence of significant vertical field contrary to the negligible stray field in field null 

configuration. Improved pre-ionization in TPC enhances the initiated plasma current by 

lowering plasma resistivity, which makes plasma poloidal field exceed the vacuum 

vertical field enough to form CFS. Timing and location for the formation of the CFS are 

confirmed to be directly linked with plasma current initiation experimentally by modeling 

the current evolution with the resistivity profile of the pre-ionization plasma and the loop 

voltage inside the vessel. 
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Figure 1-10 After CFS formation, the plasma current jumps. 

 

 

Figure 1-11 Failure of CFS in KSTAR due to faster convective loss time 

Convective loss time 
Closed surface formation time 
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Figure 1-12 Operation region of Successful TPC startup in KSTAR 

 

 

Figure 1-13 Comparison of startup operation region between TPC and FNC in KSTAR 
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1.3. Solenoid-free startup 
 

1.3.1. Helicity injection, RF, and Outer PF coils 
 

The fusion devices such as tokamak have relied on the inductive loop voltage of central 

solenoid during operation including breakdown and start-up. Spherical Torus (ST) with 

low aspect ratio is important to utilize the loop voltage efficiently since it has relatively 

high beta but narrow central region. To overcome the limitations of the limited loop 

voltage, solenoid-free startup scenario utilizing outer PF coils, investigated in various 

devices, requires high power ECH pre-ionization for formation of CFS from the evolution 

of equilibrium field which provides loop voltage simultaneously. Also, it can be expected 

to be as an attractive start-up scheme in the fusion machines with low aspect ratio since 

flux from external inductance change can be utilized.the solenoid free start-up scenario is 

the way to utilize loop voltage from the evolution of equilibrium field using outer poloidal 

field (PF) coils. It can be expected to be as an attractive start-up scheme in the fusion 

machines with low aspect ratio since flux from external inductance change can be utilized 

when the plasma is started from outboard and moved inward [21]. 

In NSTX, the solenoid free start-up scenario has difficulties on formation and 

maintenance of CFS with shortage of sufficient auxiliary power [16] as depicted in Figure 

1-14. The solenoid free start-up experiments have been conducted with sufficient ECH 

power and have relatively low plasma current compared to ECH power in TST-2 and JT-

60 [19-20] as depicted in Figure 1-15 and 1-17. In PEGASUS, the CFS has been 

successfully formed near outboard region with help of local helicity injection (LHI) and 
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the plasma current has been ramped-up to 110 kA with help of external inductance change 

[22] as depicted in Figure 1-16. It tells that the effective pre-ionization plasma near the 

location of plasma current start-up has important role on CFS formation. 
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Table 1-3 Pros and cons of solenoid-free startup in fusion devices 

 

Figure 1-14 Failure of Solenoid free startup using outer PF coils with FNC in NSTX 
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Figure 1-15 Solenoid free startup using PF coils in JT60U 

 

Figure 1-16 Solenoid-free startup using local helicity injection in Pegasus 
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Figure 1-17 Solenoid free startup using outer PF coils in JT60U 
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1.3.2. 0 Dimension Power Balance Model 
 

For reliable startup, 0D model has been adopted for Pegasus [23]. The 0D equation is 

shown in Figure 1-20 and the detail term for driving voltage and anti driving voltage is 

shown in Figure 1-18and 1-19.The driving voltage from external inductance change is the 

main flux with movement of plasma [21] and it is more essential for the case of low aspect 

ratio as depicted in Figure 1-22. With this 0D simulation, the Pegasus has explained the 

the experimental result with outboard startup in Figure 1-21 [22]. 
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Figure 1-18 0D power balance model for outer CS-less startup 

[

Figure 1-20 Driving voltage from external inductance change 

Figure 1-19 Anti-driving voltage from resistive dissipation and internal inductance 
change 
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Figure 1-21 Examples of drive and anti-drive flux in Pegasus 

 

 
Figure 1-22 The change of external inductance due to high aspect ratio and low aspect ratio  
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1.4. Electron Bernstein Wave (EBW) 
 

1.4.1. OXB and XB mode conversion 
 

In various fusion devices, Electron Cyclotron Heating (ECH) is widely used for pre-

ionization, heating and current drive methods. In devices with low aspect ratio tokamak, 

the pre-ionization for efficient start-up is essential due to the lack of space for sufficient 

loop voltage. In low toroidal field devices, ECH has the limitations for plasma heating 

methods due to low cut-off density. However, Electron Bernstein Wave (EBW) is an 

effective heating method to overcome the low cut-off density in low magnetic field 

devices such as reversed field pinch (RFP) [26], Tokamak [27], stellerator [28], and 

spherical torus (ST) [29]. The EBW can be generated through XB or OXB mode 

conversion (MC) processes with extraordinary (X) or ordinary (O) mode injection [24]. 

The X mode wave can be tunneled through the cutoff layer with the relatively long 

wavelength of the injected wave compared to the length of evanescent region [25]. 

Beyond the cutoff layer, the injected MW can encounter the Upper Hybrid Resonance 

(UHR) and Electron Cyclotron Resonance (ECR). In the simple magnetized torus, the 

plasma production has been occurred in the both region of ECR and UHR [34-35], and 

the parametric instability has been found near UHR showing the feasibility of the 

electrostatic wave such as EBW [38]. The electron density increase near UHR by EBW 

collisional heating has been controlled by the impurity removal with evaporated lithium 

conditioning in NSTX [37]. Also, the multiple reflection of microwave due to vessel wall 

can lead to effective heating of plasmas [36]. If the mode converted EBW and MW 
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multiple reflection are applied to generate plasma efficiently, it can be considered as an 

efficient pre-ionization method. In other words, the over-dense plasma has been generated 

by EBW in small magnetic devices and the power deposition has been occurred near ECR 

and UHR by collisional damping. 

The electron Bernstein wave (EBW) has been utilized for effective pre-ionization plasma 

in this paper. The electron cyclotron resonance heating (ECRH) is widely used in various 

fusion devices for local heating and current drive. But there are limitations on ECRH with 

low toroidal field machines. The EBW is an electrostatic wave converted from 

electromagnetic wave regardless of cut-off density, which can be generated through XB 

or OXB mode conversion (MC) processes [24]. The direct XB MC has the merits on 

simple design of waveguide system and single MC but it must surpass the evanescent 

layer. The injected X wave must pass through the cut-off density layer and can be 

converted to EBW near Upper Hybrid Resonance (UHR). The relatively longer 

wavelength of injected wave than the length of evanescent region has an advantage for 

tunneling the evanescent region [25]. After tunneling, the wave can encounter the UHR 

and Electron Cyclotron Resonance (ECR) and the steep density gradient near UHR can 

enhance the efficiency of direct XB MC. But OXB MC is necessary for injected O wave 

to make EBW. Injected O wave must be converted to X wave for successful OXB MC at 

the specific position to reflect wave such as cutoff layer, polarizer. Converted X wave can 

be changed to EBW with same method in the direct XB MC. In other words, it is important 

that not O wave but X wave reach at the UHR for successful EBW MC. The OXB MC 

has been utilized in many devices, but it has demerits such as its high cost with 
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complicated launcher for the optimum angle, the existence of the polarizer at the inboard 

side and density fluctuation near MC region. Meanwhile the direct XB MC from low field 

side (LFS) injection has been rarely conducted due to its high density gradient requirement 

for the efficient MC that was performed in the flat-top phase using local limiters at other 

fusion devices. However, it may be used effectively for the start-up phase because the 

LFS X-mode has large fraction of right-hand (RH) side polarization which is coupled to 

electron acceleration even at low plasma density and cold plasma [30]. The over dense 

plasma production via direct XB mode conversion from LFS X-mode injection can be 

considered as an efficient pre-ionization and heating method. The summary of the mode 

conversion for EBW is shown in Table 1-4. 
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Table 1-4 Pros and Cons for EBW mode conversion in fusion devices  
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1.4.2. Resistivity Calculation 
 

The resistivity of the pre-ionization plasma is expressed in the sum of the resistivity from 

collision between electrons and neutrals and the resistivity from collision between 

electrons and ions that is the spitzer resistivity. The spitzer resistivity and the resistivity 

from the collision between electrons and neutrals are related to the ionization rate and 

electron temperature. The detailed resistivity calculation is derived as following (1). The 

total cross-section for collision of hydrogen is from reference [31]. 

 

The ratio of the total resistivity and the spritzer resistivity in Figure 1-23 tells that in the 

case of low electron density, the total resistivity has been determined by the density but 

with increasing the density, the electron temperature is more essential for total resistivity. 
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Figure 1-23 Ratio of Spitzer and Total resistivity along electron density and temperature 
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Chapter 2. EBW Heating Experiments in Linear Device 
 

In the linear device, it is observed that over dense plasmas above X-mode cutoff density 

is generated by LFS X mode injection and the electron temperature peaks near Electron 

Cyclotron Resonance (ECR), indicating the presence of direct XB mode conversion and 

EBW collisional heating due to the short density scale length near edge Upper Hybrid 

Resonance (UHR) layer. In addition, the experimental results in the linear device for the 

effect of MicroWave (MW) multi-reflection using polarized slits reflecting X or O mode 

only show that the multi-reflected X wave can affect the direct XB mode conversion. 

Electron Cyclotron Resonance Ion Source (ECRIS) is the most powerful devices for 

accelerators in a reliable and efficient way and the recent progress of ECRIS is linked to 

the improvement of plasma confinement take to higher plasma density for the 

enhancement of beam emittance and the production of high current beams [32-33]. The 

main issues for ECRIS needs high magnetic field for higher density plasma production 

due to the limitations of cutoff density determined by magnetic field. Even the expensive 

superconducting magnet can be utilized for higher and steady magnetic field. 

However, if we can change the injection direction of the microwave from the parallel way 

(R&L wave) to the magnetic field to the perpendicular way (X&O wave) to the magnetic 

field, it is possible to overcome the cutoff density in low magnetic field. Electron 

Bernstein Wave (EBW) is an electrostatic wave converted from electromagnetic wave 

regardless of cutoff density, which can be generated through XB or OXB mode conversion 

(MC) processes [24]. In direct XB MC, injected X wave must pass through the cutoff 

density layer and can be converted to EBW near Upper Hybrid Resonance (UHR). The 
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relatively longer wavelength of injected wave than the length of evanescent region has an 

advantage for tunneling the evanescent region [25]. After tunneling, the wave can 

encounter the UHR and Electron Cyclotron Resonance (ECR) and the steep density 

gradient near UHR can enhance the efficiency of direct XB MC. But OXB MC is 

necessary for injected O wave to make EBW. Injected O wave must be converted to X 

wave for successful OXB MC at the specific position to reflect wave such as cutoff layer, 

polarizer. Converted X wave can be changed to EBW with same method in the direct XB 

MC. In other words, it is important that not O wave but X wave reach at the UHR for 

successful EBW MC. 

In previous works, the plasma production using microwave has been occurred in the both 

region of ECR and UHR in simple magnetized devices [34-36] and the over dense plasma 

has been generated in the Microwave Discharge Ion Sources [33]. Converted EBW has 

dissipated near UHR due to collisional damping [37] and the parametric instability near 

UHR has been found showing that the feasibility of the electrostatic wave such as EBW 

[38]. In other words, the enhancement of plasma density has been occurred by converted 

EBW collisional damping. Also, the full wave simulation shows that the multiple 

reflection of vessel wall can be helpful for plasma heating near UHR [36] and it tells that 

the multiple reflection of the microwave can be helpful for better EBW mode conversion 

than single pass absorption of microwave. 

In this paper, the experiments in simple linear device have been performed with X&O 

wave and the possibility of EBW mode conversion has been confirmed. In addition, the 

effects of single pass absorption and multiple reflection of the injected wave have been 
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compared experimentally and it is identified how the wave reflection of the specific 

direction affects the EBW mode conversion.  

 

2.1. Experimental Setup 
 

The simple linear device is composed of the magnets, MW launching system, and vacuum 

chamber. The schematic diagram of the experimental setup is described in Figure 2-1. The 

magnetic field can be made by two magnets such as TF coils in tokamak. Inside the vessel, 

the magnetic field is bent similar to toroidal field due to the location of the two magnets 

and it is possible to inject the microwave from high field side (HFS) and low field side 

(LFS) as shown in Figure 2-2. The ECR layer exists inside the chamber that microwave 

(MW) frequency of 2.45 GHz has ECR with 875 G and the location of ECR is movable 

along the magnet current. 

The 2.45 GHz MW launching system consists of 1.5 kW magnetron, auto-matching 

3 stub tuner, and WR 284 rectangular waveguide. The auto-matching tuner makes 

possible to protect the magnetron and minimize the MW loss from reflection. The WR284 

is selected to make linearly polarized wave that the electric field of electromagnetic wave 

has direction to perpendicular and parallel to magnetic field such as X and O mode and is 

easily changeable to X and O mode injection. The chamber is made from quartz tube of 

diameter 8 cm and the tube is utilized for vacuum window of open waveguide. The 

stainless steel wall exists for protection of MW loss outside the quartz tube, and is 

changeable to the wall with polarized slit. The wall with polarized slit can change the 

electric field of reflected MW on the wall to the direction perpendicular or parallel on the 
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magnetic field as shown in Figure 2-3. It means that the wall with X slit make the MW 

inside the chamber to have the electric field perpendicular to the magnetic field after wall 

reflection. In the same manner, O slit has the same role to make electric field parallel to 

the magnetic field. 

For diagnostics, movable Langmuir probe with planar tip is installed to obtain radial 

profiles of plasma density and temperature during discharge. The planar probe tip with 

radius 1.5 mm locates perpendicular on the magnetic field for reliable probe measurement 

to eliminate the magnetic field effect and the experimental results between probe and 

interferometry has been shown in Figure 2-4. Hydrogen is used as a working gas with a 

piezoelectric valve for gas puffing. The operating pressure is approximately 4 × 10−5 Torr 

and the base pressure is about 1 × 10−6 Torr. 
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Figure 2-1 Experimental setup in Linear devices 

 

Figure 2-2 Magnetic field inside the chamber 

 

Figure 2-3 Polarized slit of O Slit and X slit 
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Figure 2-4 Comparison between interferometer and Langmuir probe 
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2.2. Over dense plasma generation in linear device 
 

The experiment results from the LFSX and HFSX injection are described in Figure 2-5. 

ECR layer and the probe are located in the central region (r = 0 cm). In case of HFSX 

injection, the plasma density does not exceed the L cutoff density but in case of LFSX 

injection, over-dense plasma generates beyond the cutoff density as shown in Figure 2-5 

(b). The movement of MW in both cases has been described in CMA diagram of Figure 

2-5 (a). The MW from HFS encounters the L cutoff layer and the MW from LFS 

encounters the R cutoff layer, UHR, and L cutoff layer but this over-dense plasma implies 

other feasibility to exceed cutoff. In simple linear device, the evanescent layer is very 

narrow compared to the wavelength of injected 2.45 GHz MW (λ~ 12 cm) and the steep 

density gradient near UHR exists due to narrow chamber. Based on the results, direct XB 

mode conversion from LFS injection might be the main reason of over-dense plasma 

production. The mode converted EBW can make possible efficient plasma heating beyond 

cutoff density. The experiments have been conducted to find the possibility of direct XB 

mode conversion from LFSX injection. 

The plasma density and temperature profiles along the MW power are described in Figure 

2-6. At the lower power of 300 W, the plasma density remains near cutoff layer and the 

density peak does not exist. But increasing the MW power to 700 W, the over-dense 

plasma has been generated and the density peak has been appeared between ECR and 

UHR as shown in Figure 2-6 (a). Assuming the density profile to the vessel wall depicted 

in dashed line due to the limitation of Langmuir probe size, the UHR exists inside the 

dashed line and the evanescent layer is very narrow under 1 cm. The tunneling of injected 
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wave has been occurred easily with short length of evanescent layer compared to 

wavelength of injected wave. In addition, it can be found that the deposition of MW power 

has been occurred near UHR mainly and some part of converted EBW has contributed to 

the Te rise in ECR as shown in Fig. 2-6 (b). In other words, the power of injected wave 

has been deposited near ECR and UHR and mode converted EBW has contributed to the 

density increase via collisional damping moving to the central region. 

The plasma density and temperature profiles with MW power of 700W from LFSX along 

the location of ECR layer are described in Figure 2-7. In case of ECR layer exists the 

location of r = 2 cm near outboard, the plasma density does not exceed the L cutoff density 

with low density scale length and non-converted X wave can make collisionless heating 

in ECR layer. With decrease of the magnetic field, the EBW mode conversion efficiency 

can be improved with change of magnetic scale length. As ECR moves inward, the higher 

over-dense plasma has been generated and the density peak exists between ECR and UHR 

due to the EBW collisional damping describe in Figure 2-7 (a). Also, part of EBW has 

affected to the Te rise in ECR in case of the location of ECR inside the chamber shown in 

Figure 2-7 (b). 
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Figure 2-5 (a) CMA diagram for wave accessibility (b) Over dense Plasma generation with 
LFS and HFS injection 

 

Figure 2-6 (a) Over dense plasma generation along ECH power (b) Increase on electron 
temperature in linear system 
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Figure 2-7 (a) The movement of density peak along the magnetic field (b) the movement of 
electron temperature rise along the magnetic field 
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2.3. The wall Reflection effect of Polarized wall 
 

From the experimental results, it is important to understand the EBW mode conversion 

mechanism for efficient plasma production. In TJ-K stellerator, the importance of multiple 

reflections on the vessel wall has convinced with full-wave simulations for EBW heating 

[36]. The experiments have been conducted utilizing wall with polarized slit for the 

classification of the multiple reflection effect. If the wall with O silt is covered with the 

quartz tube, reflected X wave should be got out between slits and only O wave remains 

inside the chamber. 

In case of LFSX injection, the over-dense plasma has been generated regardless of the 

wall with polarized slit as described in Figure 2-8. It means that EBW collisional damping 

is dominant due to high direct XB mode conversion efficiency with steep density gradient. 

With the wall of O slit, the density is similar with the case of no wall, which reflected O 

wave does not affect the plasma heating. But utilizing the wall with X slit, the density has 

the similar tendency of the case using conducting wall with no slit. This shows that the X 

wave including reflected wave has a strong influence on effective plasma heating, which 

the EBW from XB mode conversion is the main part of plasma production. 

The results of LFSO injection have been described in Figure 2-9. Utilizing the wall with 

O slit, it does not exceed L cut off density, which O wave remaining inside the chamber 

does not have an effect to EBW mode conversion due to the absence of X wave. But in 

case of the wall with X slit, the over-dense plasma has been generated in the same way of 

the conducting wall. It tells that injected O wave is converted to X wave inside the vessel 

after wall reflection and the EBW is made by converted X wave, which is OXB mode 
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conversion. The plasma density is lower than the case of LFSX with low efficiency of 

double conversion. Therefore, the conversion to the X wave from the multiple reflection 

of the vessel wall is essential for efficient plasma production utilizing EBW. 

Therefore, the EBW assisted plasma production experiments have been conducted in 

simple linear device. The microwave from LFSX injection has been converted to EBW 

due to steep density gradient near UHR. The mode converted EBW has generated the 

efficient over-dense plasma between UHR and ECR via collisional damping. The part of 

mode converted EBW has contributed to the collisionless heating of Te in ECR. Installing 

the polarized slit in the wall covered with chamber, the only X wave has influenced to 

EBW mode conversion including XB and OXB. The generation of efficient pre-ionization 

plasma utilizing EBW collisional damping has been achieved successfully. Innovative 

research such as solenoid free start-up utilizing outer PF coils will be conducted with pre-

ionization plasma specialized near outboard. 
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Figure 2-8 The electron density along ECH power in case of LFSX injection 

 
Figure 2-9 The electron density along ECH power in case of LFSO injection 
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Chapter 3. Experimental Setup in VEST 
 

3.1. 2.45 GHz Microwave Generator 
 

3.1.1. The pulsed microwave generator system 
 

The magnetron in a commercial microwave oven has been used in a various experiments 

due to the simple, safe, easily available and economical factor [40]. In pre-ionization 

system for VEST multiple units of household microwave ovens will be used as a cost-

effective RF source at the frequency of 2.45GHz. 

Preliminary plasma generation tests with a microwave source are performed for pre-

ionization. However consecutive microwave and triggering signals cannot be performed 

as we want in the reason that the original circuit utilizes AC power (220V, 60Hz). 

Modification in the circuit is performed to operate adequately in pre-ionization system for 

VEST. 

The low and high voltage part supplied by the transformer to operate the magnetron is 

important. The low voltage part is used in heating the electrode for thermionic emission 

and the high voltage part is to accelerate the electron from the cathode to the anode. The 

electron from the cathode that makes a resonance in LC circuit has the helical motion due 

to the magnetic field of the permanent magnet inside the magnetron. It makes the 2.45GHz 

microwave. 

Using the magnetron, hydrogen ECRH plasma was produced. The appearance of ion 

saturation current shows that the microwave plasma is turned on and off with 60Hz 

frequency due to the AC power. However on considering the fact that the purpose of the 
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magnetron system is a pre-ionization, the modification of the circuit needs to trigger the 

signal and control the microwave power. 

The low voltage part in the original circuit is changed to the dc power supply whose 

current is about 10A heat the electrode in the magnetron. The high voltage part is 

composed of negative high voltage power supply. The cathode voltage is about -3.5kV to 

accelerate electrons. Because of the power of the microwave is determined by the 

emission current, the RF power is controllable in this negative power supply. The isolated 

transformer to make the independent circuit for the AC power is utilized to be possible to 

get negative high voltage -3.5kV in magnetron part of the circuit. 

The magnetron of the household microwave oven to have the limit of 1kW must be used 

in multi units to have power over 3.8kW. On account of using multiple units of magnetron 

and pulse operation of the VEST triggering the signal is important. To do this, it can be 

made use of capacitors and IGBT switches in Figure 3-1. When the capacitors are charged 

fully, the switches are turned on at the time that the pre-ionization is needed. In this way 

multiple units of magnetron are synchronized by turning on the switches at the same time. 

The capacitance of the capacitors is determined by the operation time that is made a 

decision by VEST scenario. 
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Figure 3-1 The schematics of 3 kW magnetron operation circuit 
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Table 3-1 Specifications of 3 kW magnetron 

 
Figure 3-2 The schematics of 10 kW magnetron operation circuit 
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Figure 3-3 The Successful 2.45 GHz microwave generation from the pulsed generator 

 
Table 3-2 Specifications of 10 kW magnetron 

 

  



 

 
 

57 

 

3.1.2. The CW microwave generator system 
 

The ECH/EBW system of VEST has been designed in a perpendicular injection from the 

LFS X mode. A frequency of 2.45 GHz has been selected for fundamental ECH at the 

toroidal magnetic field of 875 G, and two microwave sources with the power of 6 kW and 

30 kW are installed with open rectangular waveguide such as WR 284. The 6 kW 2.45 

GHz microwave source is installed for pre-ionization and has an ability of microwave 

power control but has the difficulties to control operation time. The 30 kW 2.45 GHz 

magnetron for both pre-ionization and heating experiments has been installed recently and 

it has the ability of controlling microwave power and operation time. 

 

 

Figure 3-4 The pictures of the 6 kW 2.45 GHz microwave generator 
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Figure 3-5 The pictures of the waveguide system for 6 kW 2.45 GHz microwave generator 

 

  Figure 3-6 The pictures of the 30 kW 2.45 GHz microwave generator and waveguide system in 
VEST 
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3.2. Waveguide Systems 
 

The waveguide systems are composed with directional coupler, RF power meter, 

circulator, dummy load, 3 stub tuner and quartz window. The directional coupler and RF 

power meter is utilized for monitoring forward and reflected microwave. The impedance 

mating for minimizing the reflected microwave power is provided with manual 3 stub 

tuner and the circulator and dummy load is installed to protect the microwave source from 

the reflected microwave. The quartz window made by ourselves is possible to protect 

vacuum boundary but it has the limitations with higher microwave power due to O-ring 

and the EBW heating experiments in this paper have been performed under the microwave 

power up to 10 kW. 

 

3.3. Diagnostics 
 

3.3.1. The Triple probe 
 

For diagnostics, a triple probe with linear guide is constructed and installed to obtain time-

varying radial profiles of plasma density and temperature during discharge. The magnetic 

diagnostics including flux loops, magnetic probes, rogowski coil and limiter current 

monitoring are installed to show the plasma current and movement inside the VEST [41-

42]. 
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Figure 3-7 The picture of triple probe in VEST 
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Chapter 4. Formation of Closed flux Surface (CFS) 
 

4.1. Experiments for CFS formation 
 

Successful startup with TPC depends on the formation of closed flux surface (CFS) in the 

presence of significant vertical field contrary to the negligible stray field in field null 

configuration. Improved pre-ionization in TPC enhances the initiated plasma current by 

lowering plasma resistivity, which makes plasma poloidal field exceed the vacuum 

vertical field enough to form CFS. Timing and location for the formation of the CFS are 

confirmed to be directly linked with plasma current initiation experimentally by modeling 

the current evolution with the resistivity profile of the pre-ionization plasma and the loop 

voltage inside the vessel. 

 

4.1.1. The open field current 
 

In Figure 4-1, the open field plasma current has been increased successfully at the different 

timing along the MW injection power. [43-48, 14] 
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Figure 4-1 The process of plasma current startup in VEST 
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Figure 4-2 The grad B effect along the toroidal magnetic field 
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Figure 4-3 The current comparison between the electric field and vertical field 
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Figure 4-4 The open field current along the existing vertical field and CFS formation 
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4.1.2. The timing of CFS formation 
 

The start-up experiment has been conducted with double swing circuit on the central 

solenoid in the case of ECR layer at R = 0.22 m. In Figure 4-5, the plasma current has 

been increased successfully at the different timing along the MW injection power. The 

central solenoid supplies the loop voltage steadily inside the vessel and the stray field 

from the central solenoid decreases slowly along the current inside the central solenoid. 

The plasma current has been determined by the loop voltage and the resistivity of the pre-

ionization plasma and when the poloidal field generated by plasma current overcomes the 

vertical field from central solenoid, the closed flux surface has been formed and the 

plasma current has been ramped up rapidly inside the surface. In the top graphs of Figure 

4-5, the poloidal field has been calculated with the loop voltage and resistivity of the pre-

ionization plasma and the timing of the plasma current ramp-up in start-up experiment 

concurs in the moment of for the calculated poloidal field overcoming the vertical field 

that 404.1~404.2 ms in case of 6 kW MW injection, 404.4 ms in case of 4 kW MW 

injection and 404.8~404.9 ms in case of 2 kW MW injection. The smaller resistivity of 

the pre-ionization plasma makes the bigger plasma current and the bigger poloidal field 

overcomes the decreasing vertical field in the different timing that is the moment of 

formation of closed flux surface and plasma current kick-off. 
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Figure 4-5 The plasma current along the ECH power 

 

 
Figure 4-6 The resistivity of the pre-ionization plasma along the ECH power 
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Figure 4-7 Resistivity of pre-ionization plasma along the magnetic field 
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4.1.3. 2D model for CFS formation 
 

In Figure 4-9 and 4-11, the 2D model has been depicted for more detailed information 

about CFS formation. At first, the 2D resistivity of pre-ionization plasma has been 

estimated by the resistivity of pre-ionization plasma measured in the central region. And 

then normalized 2D current density profile has been calculated by 2D resistivity, loop 

voltage from PF coils and measured plasma current. The normalized 2D current density 

profile has been depicted in the background of Figure 4-9 graphs and the red means higher 

current density and the blue means lower current density. The poloidal field has been 

calculated from 2D current density profile and the vertical field from PF coils has been 

calculated with consideration on eddy currents. The sum of the poloidal field and vertical 

field has been depicted in red line of Figure 4-9 graph. The magnetic field lines tells the 

process of CFS formation during start-up that 404.3~404.4 ms in case of 6 kW MW 

injection, 404.4~404.5 ms in case of 4 kW MW injection and 404.7~404.8 ms in case of 

2 kW MW injection and it is similar timing of Figure 4-5. The CFS formation has been 

occurred when the poloidal field from plasma current overcomes the vertical field from 

external PF coils and after CFS formation, the plasma current inside CFS increases rapidly. 

The start-up experiments along toroidal field have been conducted with 2D model for CFS 

formation. The experimental condition is same with Figure 4-5 but the only toroidal field 

has been changed to 500 G, 700 G and 1000 G as depicted in Figure 4-10. The background 

of Figure 4-11 graphs shows the 2D current density profile from measured resistivity of 

pre-ionization plasma. As the toroidal field increases, the ECR resonance layer moves 
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outward that ECR exists 0.22 m in case of 500 G, 0.3 m in case of 700 G and R0 = 0.45 

m in case of 1000 G. The timing change of the CFS formation has been occurred along 

the different current density profile and it is similar to the experimental results of the 

timing of plasma current initiation. In addition, the location and size of CFS formation 

has been differed with 2D current density profile. It tells that the location of CFS 

formation and plasma current kick-up has been determined by pre-ionization plasma and 

loop voltage by external PF coils. 
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Figure 4-8 The process of 2D model for CFS formation 
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ECH 6 kW : 404.4 ms 

ECH 4 kW : 404.5 ms 

ECH 2 kW : 404.8 ms 

Figure 4-9 The process and timing of CFS formation along the ECH power 
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404.6 ms 404.1 ms 404.1 ms 

Figure 4-10 The plasma current evolution after CFS formation  
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B0 ~ 1000 G : 404.5 ms 

B0 ~ 700 G : 404.2 ms 

B0 ~ 500 G : 404.2 ms 

Figure 4-11 The process and timing of CFS formation along the magnetic field 
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4.1.4. Plasma current ramp up inside CFS 
 

After formation of CFS, the electron density and temperature increases inside the CFS in 

Figure 4-12. The electron density increases at the position of R = 0.4 m and then R = 0.3 

m but no increase in R = 0.2 m. With increasing plasma current, the size of CFS is enlarged 

and it may affects to the order of increasing the electron density. After density increases, 

the electron temperature increases inside CFS in Figure 4-13. The plasma current inside 

CFS may be dominant among total plasma current and ohmic heating from plasma current 

affects to the plasma density and temperature increase. Also, the electron temperature 

increases inside CFS but the order of the increase is opposite to the density, R = 0.25m, 

0.3 m and 0.4 m. It might be the difference of loop voltage inside CFS. The ohmic heating 

from increasing plasma current and EBW heating affects to the density and temperature 

increase inside CFS and the future works are planned to distinguish the two effects. 
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Figure 4-12 The density evolution after CFS formation 

 

Figure 4-13 The electron temperature evolution after CFS formation 
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4.2. General Criteria for CFS formation 
 

Based on the experimental results, the quantitative condition for CFS formation has been 

derived in the consideration of pre-ionization plasma resistivity as following (1) and 

Figure 4-16. 

𝐵𝐵𝑝𝑝
𝐵𝐵𝑣𝑣

> 1 → 𝐸𝐸𝑡𝑡𝑎𝑎
𝐵𝐵𝑣𝑣𝜂𝜂

> 1.6 × 102[ 𝑉𝑉
𝐺𝐺Ω𝑚𝑚

]  (1) 

Although the derivative does not calculate the poloidal field using Green’s function, the 

poloidal field has been calculated simply in one torus. The derivative tells that the CFS 

formation has the advantages for larger electric field, lower resistivity of pre-ionization 

and lower vertical field. ‘a’ is a minor radius of CFS when the CFS is formed. The minor 

radius of CFS has the difficulties for measurement and the minor radius is estimated by 

the measurement of plasma current when the plasma current has been increased rapidly. 

In this experiment in VEST, CFS has been formed when the plasma current reaches 1 kA 

and the minor radius is estimated to 10 cm. With this 2D model of CFS formation, it makes 

the quantitative analysis about CFS formation and plasma current start-up possible. The 

standard condition for successful start-up is Lloyd condition as an empirical formula. This 

condition tells that the condition is relaxed with the existence of pre-ionization plasma but 

the quantitative analysis on pre-ionization plasma has not been considered. There is a 

comparison between Lloyd condition and 2D model for CFS formation in Figure 4-14 and 

Figure 4-15. With all successful start-up conditions, some cases do not satisfy the relaxed 

Lloyd condition but 2D model for CFS formation satisfies with all cases. Although the 

analysis has not been adapted to all cases, the successful start-up must be considered the 

effect of pre-ionization plasma. 
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Figure 4-15 The quantitative CFS condition for all successful startup cases 
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 > 1000 �𝑉𝑉
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Figure 4-14 The Lloyd condition for all successful startup cases 
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𝐸𝐸𝑡𝑡𝑎𝑎
𝐵𝐵𝑣𝑣𝜂𝜂

 

> 1.6 × 102 [
𝑉𝑉

𝐺𝐺𝛺𝛺𝑚𝑚
] 

𝐵𝐵𝑝𝑝
𝐵𝐵𝑣𝑣

=
𝜇𝜇0𝐸𝐸𝑡𝑡𝐴𝐴
𝐵𝐵𝑣𝑣2𝜋𝜋𝜋𝜋𝜂𝜂

> 1 

Figure 4-16 The quantitative condition for CFS formation 
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Chapter 5. Solenoid-free startup scenario using outer PF 
 

5.1. Scenario from 0D power balance model 
 

5.1.1. The region of successful SF startup 
 

Based on the 2D model of CFS formation, the poloidal field from plasma current must 

overcome the vertical field from outer PF coils. With the loop voltage from outer PF coils 

single swing, the vertical field increases simultaneously. Lower resistivity of pre-

ionization plasma make higher poloidal field and under the resistivity of 3.0 × 10−5, it 

satisfies with the condition of successful CFS formation as shown in Figure 5-1. In 

previous chapter, the EBW experiments have been conducted to lower the resistivity of 

pre-ionization plasma. The pre-ionization plasma near outboard via EBW collisional 

damping and collisionless heating near harmonic resonance, have been generated with 

auxiliary heating system of higher power to decrease the resistivity under 3.0 × 10−5 as 

depicted in Figure 5-2. 

The start-up scheme utilizing outer PF coils may be suggested for the existence of low 

resistivity plasma near outboard as depicted in Figure 5-2. If the plasma current is 

generated by loop voltage from outer PF coils, the inner central solenoid will be useless 

and it will make possible for keeping low aspect ratio and high beta operation without 

solenoid in fusion devices. The plasma current formed near outboard region moves inward 

naturally due to vertical field from outer PF coils. The inward movement will make the 

decrease of external inductance and it will be helpful for reduced volt second consumption 

for plasma current ramp-up. With proper equilibrium field, the solenoid free start-up 
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scheme utilizing outer PF coils may be successful. For solenoid free start-up, it is possible 

that the loop voltage is supplied from outer PF coils but high vertical field is also generated 

due to the eddy current from thick outer wall.  
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Figure 5-1 The location and size of CFS for successful solenoid free start-up utilizing outer PF coils 
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Figure 5-2 The increase on the pre-ionization plasma resistivity 
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5.1.2. The plasma current along CFS size and resistivity of pre-ionization 
plasma 
 

After the successful CFS formation, the plasma current has been demonstrated to be 

ramped-up with loop voltage from outer PF coils with help of reduced external inductance 

when the plasma column grows and moves inward. The plasma current evolution has been 

presented with 0-dimensional power balance modelling with consideration about force 

balance along plasma current [23]. The initial plasma current evolution has difficulty due 

to the size of CFS that causes resistive dissipation. Also, the induction voltage from outer 

PF coils has limitation that it is not easy to change rapidly due to eddy current from vessel 

wall and causes increase of vertical field that affects to CFS formation and equilibrium. 

The solenoid free start-up using outer PF coils must consider the distribution between flux 

from external inductance and resistive dissipation. . In the CFS size of R~0.70 m and 

a~0.05 m, the huge flux from external inductance has been acquired from great change to 

the plasma shape and the resistive dissipation is also significant due to small size of CFS. 

In case of resistivity of  7.0 × 10−6, the plasma current of R~0.70 m and a~0.05 m has 

the most increase from biggest flux from external inductance since the resistive 

dissipation has little influence as depicted in Figure 5-6. In case of resistivity of 3.0 ×

10−5, the plasma current doesn’t grows up easily due to enormous resistive dissipation 

although the help of external inductance exists as shown in Figure 5-6. Therefore, it is 

important to make appropriate size and location of CFS formation for successful solenoid 

free start-up in VEST and for decreasing the resistivity of pre-ionization plasma, it is 

possible to utilize the limited flux from external inductance change efficiently. The Figure 



 

 
 

84 

5-1 shows the region of the CFS location and size along the resistivity of pre-ionization 

plasma for successful solenoid free start-up using outer PF coils with 0D power balance 

modelling. For successful SF start-up, the maximum resistivity of pre-ionization plasma 

is 3.0 × 10−5, and the range of CFS is broadened with lowering the resistivity. 
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Figure 5-3 the plasma current evolution along the CFS size and location 
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Figure 5-4 The driving voltage and resistive dissipation along the CFS size and 
location 
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Figure 5-5 The magnetic filed line when the CFS formation near outboard 



 

 
 

88 

 

 

 

 

Figure 5-6 The Plasma current evolution along the pre-ionization plasma resistivity 
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Chapter 6. EBW pre-ionization experiments in VEST 
 

6.1. EBW pre-ionization experiments 
 

The similar experimental result of XB mode conversion and EBW collisional heating are 

observed in VEST pre-ionization plasma that the pattern of density profile, the position 

and density scale length of mode conversion layer depend on the toroidal magnetic field 

and MW power. It is expected that those dependency on input MW power can be used for 

non-inductive EBW heating experiment in startup phase has been conducted for efficient 

XB mode conversion by controlling magnetic scale length (LB) and density scale length 

(Ln). 

 

6.1.1. Pre-ionization plasma with only TF 
 

The pre-ionization experiments have been conducted in VEST based on the results from 

simple linear device. As shown in Figure 6-1, the plasma density peak exists near UHR 

and the density increases via EBW collisional damping such as the experimental results 

from simple linear device. The density profile from LFSX and LFSO injection has the 

similar tendency and it shows that some part of injected O wave might be converted to X 

wave and converted X wave has affected to the plasma density profile although the density 

peak of LFSO is lower than that of LFSX due to the efficiency of double MC. In case of 

LFSO injection, the reflected X wave has been measured in other place, but in case of 

LFSX injection, only X wave has been measured. Therefore, the results show that OX 

MC has been occurred in specific place inside vessel and converted X wave has affected 

to the pre-ionization plasma. 
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Pre-ionization experiments are conducted under the pure toroidal field current of 3.8 kA 

and 8.2 kA that makes fundamental ECR (Electron Cyclotron Resonance) layer at R = 0.2 

m and 0.45 m. Injected microwave power is 6 kW & 10 kW. Figure 6-1 shows radial 

profiles of the electron density for injected microwave powers. Required electron density 

to form the UHR (Upper Hybrid Resonance), L cut-off and R cut-off is also plotted by 

blue, magenta and green line respectively in Figure 1 to show the positions of resonance 

and cut-off layers. 

In the case of toroidal field current of 3.8 kA, high density plasma generates near ECR 

layer and does not exceed the L cut-off density as shown in Figure 6-2 and in the case of 

toroidal field current of 8.2 kA, over dense plasma generates near UHR layer with 

microwave power 10 kW as shown in Figure 6-2. This over dense plasma shows that the 

EBW with direct XB mode conversion from LFS injection can make collisional damping 

[37]. If the thickness of the evanescent region is smaller than the wavelength of the 2.45 

GHz microwave, the injected X mode microwave has the possibility to overcome the R 

cut-off density and reach to the UHR layer and can be converted to the EBW with steep 

density gradient near UHR layer. In case of TF current 8.2 kA, the evanescent region 

between R cut-off and UHR is narrow and steep density gradient is detected near UHR as 

shown in Figure 6-2. 
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Figure 6-2 The density profile of pre-ionization plasma along the TF 

  

Figure 6-1 The density and temperature profile of pre-ionization plasma with only TF along ECH power 
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6.1.2. Pre-ionization plasma with TPC 
 

The efficient pre-ionization experiment has been conducted in VEST based on the results 

from simple linear device. The pre-ionization experiments without poloidal field show the 

similar results, which are the generation of EBW from observation of parametric 

instability and the density peak from collisional damping between UHR and ECR [38]. In 

addition, successful enhancement of pre-ionization utilizing trapped particle 

configuration (TPC) has been achieved [10]. But the EBW heating in pre-ionization 

plasma has been confirmed restrictively with relatively low MW power. The additional 

pre-ionization experiments have been conducted with TPC configuration and additional 

MW power of 10 kW. Figure 6-3 shows the generation of over-dense plasma between 

UHR and ECR made by EBW collisional damping. The steeper density gradient near 

UHR has been measured with additional MW power and TPC and it has been achieved 

the higher direct XB mode conversion efficiency. 

In case of toroidal field 500 G as depicted in Figure 6-3 (a), the ECR resonance locates in 

22 cm. The experiments have been conducted with only TF and TPC and the density in 

case of TPC is higher than that in case of only TF [10]. In addition, the over-dense plasma 

overcoming the L cut-off density has been generated with increasing ECH power. The 

over-dense plasma has been made by EBW collisional damping that mode converted 

EBW near UHR moves to ECR resonance and damped away in the collisional plasma 

[37]. In case of toroidal field 1000 G as depicted in Figure 6-3 (b), the enhancement of 

pre-ionization with TPC has been confirmed. The over-dense plasma from EBW 

collisional damping has been generated near outboard region. However, it is important to 
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decrease the resistivity of pre-ionization plasma to make CFS near outboard easily and 

EBW collisionless heating as well as collisional damping is required to increase electron 

temperature. It has been occurred higher density enhancement in TF 8.2 kA than in TF 3.8 

kA and it is confirmed that simulated results from 1-D full wave code shows the MC 

efficiencies of both cases ~26 % and ~10 % [39]. As a result, it is possible to generate 

over dense plasma near the inboard or outboard and higher density enhancement than in 

case of pure TF and the efficient start-up schemes based on the EBW pre-ionization results 

are suggested. Also, in the case of ECR layer at R = 0.45 m, the over dense plasma is 

generated by EBW collisional damping with direct XB mode conversion and the higher 

MC efficiency about 91% has been confirmed with much higher plasma density as shown 

in Figure 6-3 (b). 
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Figure 6-3 The density profile with TPC along ECH power in case of (a) TF 0.5 kG (b) TF 1 kG 
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6.1.3. TPC pre-ionization plasma along harmonics and mirror ratio 
 

To decrease the resistivity of pre-ionization plasma, it is important to increase the electron 

temperature via collisionless heating withtout collisional damping. To diminish the effect 

of collisional damping, several methods are adodpted in VEST pre-ionization plasma that 

are pressure, glow discharge cleaning (GDC), harmonics and TPC mirror ratio. With GDC, 

the impurity influx from the wall has been decreased and the resistivity of pre-ionization 

plasma has been lowered in Figure 6-4. With the next method, the ECR harmonic 

resonance is located near outboard to increase the electron temperature as shown in Figure 

6-5. In case of Figure 6-5 that the 3rd resonance is located near outboard, the over dense 

plasma has been generated via EBW collisional damping and the electron temperature rise 

near 3rd resonance along ECH power increases. In case of Figure 6-5 which 2nd resonance 

is located near outboard to control the toroidal field, the electron temperature rises near 

2nd resonance. In case of Figure 6-6 that is the same condition of Figure 6-8 but the change 

of TPC mirror ratio, the over-dense plasma via EBW collisional damping and the electron 

temperature rise have been occurred simultaneously near 2nd resonance. The change of 

TPC mirror ratio affects to the change of particle confinement time and the higher mirror 

ratio make the higher plasma pressure possible with larger ECH power. It is expected that 

the much lower resistivity of pre-ionization plasma has been generated near outboard 

region. 
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Figure 6-4 The resistivity profile with and without GDC 
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Figure 6-5 The resistivity profile along harmonics change 
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B0 ~ 500 G 

TPC Mirror ratio ~ 3.5 

Figure 6-6 The density and temperature profile in case of TF 500 G and TPC mirror ratio ~ 3.5 

B0 ~ 750 G 

TPC Mirror ratio ~ 3.5 

Figure 6-7 The density and temperature profile in case of TF 750 G and TPC mirror ratio ~ 3.5 

 

B0~ 750 G 

TPC Mirror ratio ~ 2.3 

Figure 6-8 The density and temperature profile in case of TF 750 G and TPC mirror ratio ~ 2.5 
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6.2. Power estimation for successful SF startup 
 

The change of TPC mirror ratio affects to the change of particle confinement time and the 

higher mirror ratio make the higher plasma pressure possible with larger ECH power. It is 

expected that the much lower resistivity of pre-ionization plasma has been generated near 

outboard region in Figure 6-9. 

For successful solenoid free start-up using outer PF coils, it is essential to lower the 

resistivity of pre-ionization plasma at the point of the current initiation. In the previous 

section, the EBW pre-ionization plasma has been generated near outboard in various cases 

including ECH power, mirror ratio and TF field. With the experimental results, the ECH 

power has been estimated with consideration of mirror ratio in TPC in Figure 6-10 and 6-

11. The required power has been estimated utilizing the discrepancy between the red and 

the green in case of ECH power 5 kW and 14 kW. In Figure 6-10, about 60 kW has been 

required to achieve the resistivity of 3.0 × 10−5 and about 45 kW in Figure 6-11. The 

higher mirror ratio in TPC makes easier to reach the target resistivity due to different 

confinement time and the electron temperature increase has more possibility for 

successful solenoid free start-up to lower resistivity of pre-ionization plasma easily. 
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Figure 6-9 The ECH power estimation along the TPC mirror ratio 
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Figure 6-10 The ECH power estimation in case of mirror ratio ~ 2.3 
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Figure 6-11 The ECH power estimation in case of mirror ratio ~ 3.5 
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Chapter 7. Future work 
 

7.1. EBW Heating experiments in QUEST 
 

We have been working on EBW heating in VEST at Seoul National University. Over-

dense plasmas are generated for pre-ionization by applying 2.45 GHz microwave in X 

mode from LFS via direct XB mode conversion. Efficient penetration and mode 

conversion with LFS X mode injection are successfully explained with both Budden 

parameter analysis and numerical simulation with one-dimensional full wave code. [30,39] 

Even for the frequency of 8.2 GHz equipped in QUEST, possibility of significant XB 

mode conversion efficiency with LFS injection were proposed by expecting much steeper 

density gradient near UHR than that of the VEST at the low frequency of 2.45Hz. Recently, 

high power heating systems such as 28GHz and CHI successfully generate high density 

plasmas, which may provide sufficient density gradient for efficient mode conversion for 

the 8.2GHz microwave system. These target plasmas are utilized to get optimal mode 

conversion efficiency for 8.2GHz EBW heating. 

At first, the density profile has been assumed with the experimental results of QUEST in 

Figure 7-1. The previous experimental results with non-inductive current drive using 28 

GHz microwave show the peak density 4 × 1017 #/𝑚𝑚3 and varying the peak density 

makes the steep density gradient in the UHR near outboard. With the 28 GHz microwave 

plasma, the 8.2 GHz MW has been injected from low field side after 28 GHz microwave 

plasma generation. The mode conversion efficiency of direct XB mode conversion has 

been calculated by 1D full wave simulation [39] and the results has been shown in Figure 
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7-2. With increasing the peak density of the plasma, the mode conversion efficiency 

increases from 10 % to 90 %. Therefore, the QUEST has also the possibility of direct XB 

mode conversion and the electron density and temperature profile from QUEST Thomson 

scattering has been calculated also. With the measured profiles, mode conversion 

efficiencies for the 8.2GHz RF system are estimated with one-dimensional full wave 

simulation. For higher XB mode conversion efficiency in QUEST with the 8.2 GHz 

heating system, higher plasma density should be generated for steep density gradient near 

UHR by providing trapped particle configuration (TPC) with high mirror ratio via better 

particle confinement [10]. Various combinations of PF coils need to be utilized for 

appropriate density profiles as well as high peak density with better mirror trapping in 

high power 28GHz ECCD experiments. 

One-dimensional full wave simulation has been performed for the QUEST heating system 

at the frequency of 8.2 GHz. Recent high density profiles measured with Thomson 

scattering are utilized as shown in Figure 7-4. Once it is mode converted, converted 

Bernstein wave can meet either second harmonic or fundamental electron cyclotron 

resonances, providing efficient heating without density cut-off. With the measured plasma 

density profiles provided in Figure 7-4, XB Mode conversion efficiencies are calculated 

to be from 22% (at 2.0sec) to 29% (at 2.1sec) as shown in Figure 7-3, which is believed 

to be due to low plasma density gradient at UHR layer between 0.7m and 0.8m. Relatively 

low plasma density in QUEST may be due to the low absorption efficiency of the second 

harmonic resonance of the 28GHz heating system. Moreover, since the resonance position 

is very close to the inner wall, density gradient at the UHR layer is still small even with 
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relatively high peak density of 4×10^18 #/m^3. Trapped particle configurations with high 

mirror ratios from different sets of poloidal field coils will be attempted to increase plasma 

density gradient at the UHR layer for higher mode conversion efficiency. 

On the other hand, if the peak density is increased to 6 × 1018 #/m3 as shown in CHI 

case, this low efficiency is expected be increased with steep density gradient compared to 

the profile of the 28GHz heated plasma case. However, the case for CHI looks still much 

lower mode conversion efficiency even with higher plasma density and density gradient. 

In this case, XB mode conversion may become low since density gradient becomes too 

high compared to the optimal mode conversion efficiency. When we reduce the gradient 

by half or two thirds with artificially reduced peak density, then the conversion efficiency 

is expected to be increased up to 85% or 96% as depicted in Figure 7-5. These mode 

conversion efficiencies may be attempted experimentally by adjusting plasma density 

with different operating pressure at CHI experiments. 
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Figure 7-1 The expected density profile of QUEST plasma 
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Figure 7-2 The mode conversion efficiency along the expected density profile in QUEST 

 

 

Figure 7-3 The mode conversion efficiency along the time from the Thomson scattering 
signal in QUEST 
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Figure 7-4 The density profile in QUEST using CHI and 28 GHz ECH 
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Figure 7-5 The mode conversion efficiency for the expected CHI density profile in QUEST 
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7.2. Non-inductive EBCD in VEST 
 

The mechanism of non-inductive current drive from RF is that the imbalance of electron 

parallel velocity distribution makes plasma current in the fusion plasmas. The EBW has 

the possibility of non-inductive current drive also if the EBW can heat the electron with 

specific direction. The feasibility of non-inductive current drive by EBW is confirmed 

with the ray tracing code called GENRAY. The general ray tracing code has the operation 

range for the frequency of electromagnetic wave but the GENRAY has the wide operation 

regime for the frequency and also has the options for EBW that the dispersion relation of 

EBW has been solved in GENRAY. Using GENRAY, the feasibility of EBW non-

inductive current drive has been confirmed. The starting point of EBW has been calculated 

by 1D full wave simulation [39]. In Figure 7-6, the EBW via direct XB mode conversion 

moves from the calculated starting point and is absorbed in the 1st harmonic near central 

region. Also, the efficiency of EBW current drive and power depoistion has been 

increased by changing the injection point that is 20 cm height from equatorial plane in 

Figure 7-7. In the future, the feasibility of EBW non-inductive current drive will be 

studied more in the low toroidal field fusion devices such as ST and the non-inductive 

current drive experiment will be conducted. 
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Figure 7-6 Power deposition and current drive by EBW via direct XB mode conversion 
using GENRAY 

 

Figure 7-7 Power deposition and current drive by EBW with change of injection position 
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Chapter 8. Conclusion 
 
Solenoid-free startup scenario is an efficient way to utilize loop voltage from the evolution 

of equilibrium field using outer PF coils, and it is useful for Spherical Torus (ST) with 

narrow space in the central region. In addition, it can be an attractive startup scheme in 

the ST with low aspect ratio since flux from external inductance change can be utilized 

when the plasma is started from outboard and moved inward. 

Closed flux surface (CFS) formation has been found to be an essential step for successful 

ohmic startup in Versatile Experiment Spherical Torus (VEST). The ohmic startup process 

in VEST is divided into three phases that are open field current phase, CFS formation 

phase and fast current ramp-up phase. Before the CFS formation, the open field current is 

enhanced by the presence of the pressure driven current with trapped particle 

configuration (TPC). With the increased open field current, the CFS formation has been 

occurred when the poloidal field from the plasma current overcomes the existing vacuum 

vertical field. After the CFS formation, the plasma current kicks up rapidly with much 

higher confinement time inside the last CFS than that in the open field configuration. This 

process has been confirmed experimentally by changing ECH power and toroidal field, 

where a general criterion for the successful start-up has been derived with the model for 

the CFS formation. This quantitative condition for the CFS formation tells how to improve 

the start-up process; i.e lowering both plasma resistivity with efficient pre-ionization and 

vacuum vertical field strength with stable field index while providing sufficient loop 

voltage. 

After the successful CFS formation in the outboard region, the plasma current may be 
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increased only with the loop voltage from outer PF coils with the help of reduced external 

inductance when the plasma column grows and moves inward. The plasma current 

evolution has been simulated with the 0D power balance model in the consideration of 

force balance with the applied equilibrium field. The solenoid-free startup using outer PF 

coils will be successful when the loop voltage from external inductance change overcome 

resistive dissipation with sufficient pre-ionization. The CFS formation region for 

successful startup can be broadened by lowering the resistivity of pre-ionization plasma. 

Therefore, it is essential to increase plasma density and temperature, especially electron 

temperature, to lower the resistivity of the pre-ionization plasma. 

In ST, electron Bernstein wave (EBW) was found to be an efficient heating mechanism 

without accessibility problem. Over-dense plasmas beyond L-cut-off density was obtained 

in TPC via X-B mode conversion in the VEST pre-ionization. In addition, the enhanced 

particle confinement along mirror ratio in TPC is helpful for lowering resistivity of pre-

ionization plasma near outboard. With comparison between mirror ratio 2.3 and 3.5, the 

higher mirror ratio makes the higher confinement time. For successful startup, the 

minimum resistivity of pre-ionization plasma has been expected as 3.0 × 10−5 and the 

ECH power for pre-ionization has been estimated to be about 45 kW in case of mirror 

ratio 3.5 and about 60 kW in case of mirror ratio 2.3. 

CFS formation, main factor of successful start-up, is convinced with 2D model and 

experiments with decreasing vertical field. The general criterion for CFS formation is 

suggested by considering quantitative resistivity of pre-ionization and the size of CFS. 

The power of mode converted EBW has been deposed moving toward ECR by collisional 
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damping and electron temperature increases in ECR harmonics by EBW collisionless 

heating near 2nd or 3rd harmonic resonance. However, the lower resistivity of pre-

ionization plasma has been required for successful solenoid free start-up utilizing outer 

PF coils with 0D power balance modelling. It can be confirmed for the region of CFS 

location and size with lower resistivity and the ECH power of 45 kW in mirror ratio ~ 2.3 

and 60 kW in mirror ratio ~ 3.5 has been estimated to achieve the target resistivity 3.0 ×

10−5 for successful solenoid free start-up utilizing outer PF coils. 
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국 문 초 록 
 

VEST 장치에서 EBW 전이온화와 바깥쪽 PF 코일을 

이용하여 중앙 솔레노이드 사용 없는 시동 연구  

이 현 영 

에너지시스템공학부 

(핵융합 및 플라즈마 공학 전공) 

서울대학교 대학원 

 
솔레노이드 시동 없는 시동 시나리오는 바깥쪽 PF 코일들을 이용하여 

평형을 위한 자기장으로부터 발생되는 일주 전압을 이용하는 효율적인 

방식으로 ST와 같이 좁은 가운데 공간을 가지고 있는 핵융합 장치에 

적용가능하다. 또한, 플라즈마가 바깥쪽에서 안쪽으로 움직이면서 발생되는 

외부 인덕턴스의 도움이 가능한 낮은 aspect 비율을 가지고 있는 핵융합 

장치에서의 매력적인 시동 방법일 수 있다. 바깥쪽 PF 코일들을 이용한 

솔레노이드 사용하지 않은 시동 방법은 다양한 장치에서 실험이 

진행되었으나 충분하지 않은 ECH 파워로 인하여 CFS가 형성되지 않거나 

낮은 플라즈마 전류를 나타내었다. 이 논문에서는 성공적인 시동을 위하여 

전이온화의 도움으로 CFS 형성의 조건을 알아볼 것이다. TPC 구조의 미러 

비율 조율과 그로 인한 입자 구속의 강화를 이용하여 전자 번스타인파의 

충돌없는 가열은 전이온화 플라즈마의 비저항도를 낮추는데 이용될 수 있다. 
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또한 솔레노이드 없는 시동 시나리오는 형성되는 CFS의 크기와 위치를 

반드시 고려해야 함을 제안한다. 

성공적인 시동 조건 중 중요한 요소 중 하나인 CFS 형성 원리를 이해하는 

것은 필수적이며 그에 대한 실험이 진행되었다. VEST에서의 시동은 세 

과정으로 나누어지는데 열린 자기장에 의해 형성되는 전류, CFS 형성 순간 

그리고 전류 상승 구간이다. CFS 형성 전 플라즈마 전류는 열린 자기장 

아래에서 증가한다. 그 후, 열린 자기장에서 형성된 플라즈마 전류로부터 

발생되는 폴로이달 자기장이 바깥쪽 PF 코일들로부터 발생되는 존재하는 

수직 자기장을 이겨낼 때 CFS 형성이 일어난다. CFS 형성 후, 플라즈마 

전류는 CFS 형성 이후 달라지는 구속 때문에 CFS 내부에서 급격하게 

자라나기 시작한다. 이는 ECH 파워와 토로이덜 자기장에 따른 실험을 

통하여 확인되었으며 또한 실험 결과를 기반으로 하는 모델에서도 

확인되었다. CFS 형성에 대한 모델을 기반으로 일반 식을 유도하였으며 이 

유도식은 기존의 성공적인 시동 조건으로 알려진 로이드 조건보다 더 잘 

맞는 것을 확인하였다. CFS 형성에 대한 이런 정량적인 조건은 성공적인 

시동을 위해서는 전이온화 플라즈마와 CFS의 크기를 반드시 고려해야 

한다는 것을 이야기해준다. 

성공적인 CFS 형성 후, 플라즈마가 자라고 안쪽으로 움직이면서 발생하는 

외부 인덕턴스의 도움과 바깥쪽 코일로부터 공급되는 일주 전압으로 

플라즈마 전류는 증가하기 시작한다. 플라즈마 전류는 플라즈마의 평형을 
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고려하여 0 dimensional 파워 균형 모델로부터 예측되었다. 초기 플라즈마 

전류 상승은 저항 방사 때문에 CFS 크기에 많은 영향을 받는다. 또한, 

바깥쪽 PF 코일에 의한 일주 전압은 벽으로부터 발생하는 회오리 전류와 

CFS 형성과 평형을 위해 존재하는 수직 자기장의 증가와도 연관되어 있어 

쉽게 바꾸기 어렵다. 그러므로 바깥쪽 코일을 이용한 솔레노이드 없는 

시동은 바깥쪽 인덕턴스와 저항 방사 사이의 구속 사이의 적절한 배분이 

중요하다. 성공적인 시동은 전이온화 플라즈마의 비저항도와 CFS 위치와 

크기에 의해 결정된다. 성공적인 시동 지역은 전이온화 플라즈마의 

비저항도가 낮아질수록 더 넓어진다. 그러므로 전이온화 플라즈마의 

비저항도를 낮추기 위해서 전자 온도의 증가가 필수적이다. 

앞서 말한 CFS 형성을 위한 정량적인 조건에 따라 낮은 비저항도를 가지는 

전이온화 플라즈마는 반드시 필요하다. 바깥쪽 챔버 근처의 두번째 또는 

세번째 harmonics의 존재로 인하여 변환된 전자 번스타인파의 충돌없는 

가열이 가능할 수 있다. 또한 TPC로 인하여 강화된 입자 구속은 바깥쪽 

부근의 전이온화 플라즈마의 비저항도를 낮추는데 도움이 된다. 미러 비율 

2.3과 3.5 사이의 비교를 통하여 더 높은 미러 비율은 더 높은 구속 시간을 

보여주며 3.5인 경우 ECH 파워 약 45 kW 그리고 2.3인 경우 약 60 kW로 

예측된다. 

주요어: 솔레노이드프리 시동, 닫혀진 속면 형성, 전이온화 플라즈마 
비저항도, 전자 번스타인파, 닫혀진 입자 구조, VEST 
학  번: 2011-30293 
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감사하다는 말을 새삼 전하고 싶습니다. 그 외에 내 주변에 계신 모든 분께 

고맙다는 말을 하고 싶습니다. 

끝으로 오랜 시간동안 믿고 기다려 주신 부모님과 멀리 가 있는 동생, 

그리고 항상 내 곁에서 큰 힘이 되어주며 기다려준 와이프와 모든 힘든 일을 

잊게 만들어 준 승원이, 승윤이에게 이 모든 공을 돌리고 싶습니다. 

부족한 논문이지만 앞으로 나아갈 길의 첫 발이라는 마음으로 다시 시작할 

수 있기를 희망해 봅니다. 감사합니다. 
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Abstract

Study on Solenoid-free Start-up utilizing 
outer PF coils with help of pre-ionization 
via direct XB mode conversion in VEST

HyunYeong Lee

Department of Energy System Engineering

(Fusion & Plasma Engineering)

The Graduate School

Seoul National University

Solenoid free startup scenario is the efficient way to utilize loop voltage from the 

evolution of equilibrium field using outer PF coils and can be applied for fusion devices 

such as Spherical Torus (ST) with narrow space in the central region. Also, it can be an 

attractive startup scheme in the fusion machines with low aspect ratio since flux from 

external inductance change can be utilized when the plasma is started from outboard and 

moved inward. The solenoid free startup experiments using outer PF coils have been 

conducted in various devices, but the results show the failure of the closed flux surface 

(CFS) formation or low plasma current with sufficient ECH power. In this paper, the 

condition for formation of CFS assisted by pre-ionization is investigated for successful 

startup. Electron Bernstein Wave (EBW) collisionless heating near outboard and 

enhancement of particle confinement with change of mirror ratio in trapped particle 
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configuration (TPC) have been utilized to reduce the resistivity of pre-ionization plasma. 

Also, solenoid free startup scenario has been suggested with consideration of the 

location and size of CFS.

It is essential to understand the mechanism of CFS formation for important factor of 

successful startup condition and the experiments for CFS formation have been 

conducted. The startup in VEST is divided with three phases that open field current, the 

CFS formation and the current ramp up phase. Before CFS formation, the plasma 

current increases with open field current. The CFS formation has been occurred when 

the poloidal field from open field current overcomes the existing vertical field from PF 

coils. After CFs formation, the plasma current kicks up rapidly inside CFS due to 

different confinement from CFS formation. This has been confirmed with the 

experiments along the ECH power and toroidal field and the model based on the 

experimental results. The general criteria have been derived with the model for CFS 

formation and the criteria are matched better than the Lloyd condition that is known for 

startup condition. This quantitative condition for CFS formation tells that the pre-

ionization plasma and the size of CFS must be considered for successful startup.

After the successful CFS formation, the plasma current has been demonstrated to be 

ramped up with loop voltage from outer PF coils with help of reduced external 

inductance when the plasma column grows and moves inward. The plasma current 

evolution has been presented with 0 dimensional power balance modeling with 

consideration about force balance along plasma current. The initial plasma current 

evolution has difficulty due to the size of CFS that causes resistive dissipation. Also, the 
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induction voltage from outer PF coils has limitation that it is not easy to change rapidly 

due to eddy current from vessel wall and causes increase of vertical field that affects to 

CFS formation and equilibrium. The solenoid free startup using outer PF coils must 

consider the distribution between flux from external inductance and resistive dissipation. 

The successful startup has been determined by the location and size of CFS along the 

pre-ionization resistivity. The region for successful startup has been broadened along 

lowering the resistivity of pre-ionization plasma. It is essential for increase on the 

electron temperature to lower the resistivity of pre-ionization plasma.

The pre-ionization plasma with low resistivity is necessary for CFS formation based on 

the quantitative condition. EBW collisionless heating makes possible to have lower 

resistivity of pre-ionization plasma due to the existence of 2nd or 3rd harmonics near

outboard. Also, the enhanced particle confinement along mirror ratio in TPC is helpful 

for lowering resistivity of pre-ionization plasma near outboard. With comparison 

between mirror ratio 2.3 and 3.5, the higher mirror ratio makes the higher confinement 

time and the condition for successful startup has been expected with ECH power ~45 

kW in case of mirror ratio ~ 3.5 and ~60 kW in case of mirror ratio ~2.3.

Keywords: Solenoid-free startup, Closed Flux Surface Formation, Resistivity of 

Pre-ionization Plasma, Electron Bernstein Wave, Trapped Particle Configuration,

VEST

Student Number: 2011-30293
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Chapter 1. Introduction

Spherical Torus (ST) has the feasibility as an alternative for future fusion reactor that it 

has merits on compactness and high beta, but the limitations due to the narrow central 

region for solenoid and toroidal field coil. It is essential to understand the startup 

mechanism requiring large loop voltage for efficient utilization of limited volt-second in 

ST [1-6].

1.1. Versatile Experiment Spherical Torus

VEST is the first ST in Korea for studying innovative start-up and non-inductive current 

drive methods [7-8]. The first plasma has been generated successfully and the plasma

current has been achieved 100 kA with 0.1 T toroidal field [9]. VEST is the first ST 

device built in Korea with a major radius of R = 0.43 m and a minor radius of a = 0.33

m in Figure 1-1. The toroidal magnetic field is easily changeable within 0.1 T at the 

center of vacuum vessel. The power system for poloidal field is possible to make several 

loop voltage based on the double swing circuit. Also, it is easily changeable to the single 

swing circuit along the startup scenario and the power system using both double and 

single circuit is utilized for these experiments. In addition, the efficient plasma start-up 

study has been conducted with trapped particle configuration (TPC) that enhances the 

ECH assisted pre-ionization plasma and make the low loop voltage and low volt second 

consumption start-up possible in VEST [10]. The TPC concept for start-up has been 

adopted to the KSTAR and improved and efficient start-up using TPC than conventional 

null configuration is achieved by enhanced pre-ionization plasma quality [11].
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Versatile Experimental Spherical Torus (VEST) is a low aspect ratio tokamak in Seoul 

National University, featuring 0.1 MA plasma current, 0.1 T toroidal field, 0.44 m and 

0.32 m major and minor radii, and 1.60 and 0.51 elongation and triangularity, in a single 

null diverted or limited configuration with the 95% flux safety factor of around 5

depicted in Table 1-1 and the history of VEST discharge is shown in Figure 1-2. A 

robust start-up technique utilizing trapped particle configuration has been developed by 

identifying a general start-up criterion based on the closed surface formation with 

stability, which will lead to the solenoid-free startup scenario by using the outer poloidal 

field coils with efficient electron Bernstein wave heating [12]. Currently, research 

activities at VEST is targeting to access the advanced tokamak regime in the low aspect 

ratio configuration with high power neutral beam injection (NBI) heating resembling 

alpha heating in fusion reactor regimes. As a preparation, the 600-kW, 15keV NBI 

system developed by KAERI is commissioned up to 200 kW and the modification of the 

lower hybrid fast wave accessibility condition by the parallel refractive index up-shift 

via microwave scattering is confirmed for the development of a central current drive 

tool.
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Table 1-1 Specifications of VEST

Figure 1-1 Schematics of VEST
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Figure 1-2 History of VEST Discharges
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1.2. Startup in Tokamak and ST

1.2.1. Lloyd condition

In fusion devices, the startup can be described by the Townsend avalanche in Figure 1-3

and the empirical condition for reliable plasma startup and the condition can be relaxed 

with help of pre-ionization. But the studies are under way how the pre-ionization 

contributes to the startup quantitatively. It is well known that pre-ionization is important

for efficient startup but the studies are under way how the pre-ionization contributes to 

the effects of the startup in ST. The field null configuration (FNC) is well known for 

startup method and the FNC of KSTAR is depicted in Figure 1-4 [13].
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Figure 1-3 Basic concept of startup in tokamak

Figure 1-4 Field null configuration in KSTAR
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1.2.2. Trapped Particle Configuration

Reliable and efficient start-up method with lower loop voltage has been successfully 

developed by enhanced pre-ionization and prompt current initiation in a mirror-like 

trapped particle configuration (TPC) in Versatile Experiment Spherical Torus (VEST) 

[10] and demonstrated in KSTAR [11].

Figure 1-5 is shown for the field line for TPC and FNC. With FNC, the connection 

length is long but in case of TPC, the connection length is short but the plasma current 

iis more favorable than the case of FNC in Figure 1-7. With the result of TPC in VEST, 

the KSTAR has attempet to use TPC for successful startup in Figure 1-6. With utilizing 

of TPC in KSTAR, the experiment results are better than the case of FNC in Figure 1-13.

The specifications of the TPC are depicted in Table 1-2 for telling the enhancement of 

particle confinement and prompt plasma current initiation. In Figure 1-9, the 

enhancement of pre-ionization plasma is shown.
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Figure 1-5 Field null configuration vs Trapped particle configuration in VEST

Figure 1-6 TPC configuration in KSTAR
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Table 1-2 Trapped particle configuratioin with enhanced pre-ionization and promt plasma 
current initiation

Figure 1-7 Plasma current and loop voltage of comparison between TPC and without TPC 
in VEST
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Figure 1-8 Comparison between pure Ohmic, TPC and FNC in KSTAR
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Figure 1-9 Enhancement of plasma density between only TF, TPC and FNC in VEST
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1.2.3. Closed flux Surface

The Formation of CFS is very important factors of successful startup in tokamak. With 

successful CFS, the plasma current jumps in Figure 1-10 [14]. Also, in the case of 

KSTAR, the failure of CFS is the main factor of startup fail due to convective loss time 

in Figure 1-11 [11]. And the operation region of successful startup using TPC is shown 

in Figure 1-12. In case of JET, the 0D simulation called DYON has been constructed but 

the DYON does not tell the quantitative condition for CFS formation [15]. It only tells 

that 100 kA from the experimental result reaches for CFS formation and after that the 

transport has been changed.

Successful startup with TPC depends on the formation of closed flux surface (CFS) in 

the presence of significant vertical field contrary to the negligible stray field in field null 

configuration. Improved pre-ionization in TPC enhances the initiated plasma current by 

lowering plasma resistivity, which makes plasma poloidal field exceed the vacuum 

vertical field enough to form CFS. Timing and location for the formation of the CFS are 

confirmed to be directly linked with plasma current initiation experimentally by 

modeling the current evolution with the resistivity profile of the pre-ionization plasma 

and the loop voltage inside the vessel.
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Figure 1-10 After CFS formation, the plasma current jumps.

Figure 1-11 Failure of CFS in KSTAR due to faster convective loss time

Convective loss time
Closed surface formation time
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Figure 1-12 Operation region of Successful TPC startup in KSTAR

Figure 1-13 Comparison of startup operation region between TPC and FNC in KSTAR
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1.3. Solenoid-free startup

1.3.1. Helicity injection, RF, and Outer PF coils

The fusion devices such as tokamak have relied on the inductive loop voltage of central 

solenoid during operation including breakdown and start-up. Spherical Torus (ST) with 

low aspect ratio is important to utilize the loop voltage efficiently since it has relatively

high beta but narrow central region. To overcome the limitations of the limited loop 

voltage, solenoid-free startup scenario utilizing outer PF coils, investigated in various 

devices, requires high power ECH pre-ionization for formation of CFS from the 

evolution of equilibrium field which provides loop voltage simultaneously. Also, it can 

be expected to be as an attractive start-up scheme in the fusion machines with low 

aspect ratio since flux from external inductance change can be utilized.the solenoid free 

start-up scenario is the way to utilize loop voltage from the evolution of equilibrium 

field using outer poloidal field (PF) coils. It can be expected to be as an attractive start-

up scheme in the fusion machines with low aspect ratio since flux from external 

inductance change can be utilized when the plasma is started from outboard and moved 

inward [21].

In NSTX, the solenoid free start-up scenario has difficulties on formation and 

maintenance of CFS with shortage of sufficient auxiliary power [16] as depicted in 

Figure 1-14. The solenoid free start-up experiments have been conducted with sufficient 

ECH power and have relatively low plasma current compared to ECH power in TST-2 

and JT-60 [19-20] as depicted in Figure 1-15 and 1-17. In PEGASUS, the CFS has been 
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successfully formed near outboard region with help of local helicity injection (LHI) and 

the plasma current has been ramped-up to 110 kA with help of external inductance 

change [22] as depicted in Figure 1-16. It tells that the effective pre-ionization plasma 

near the location of plasma current start-up has important role on CFS formation.



28

Table 1-3 Pros and cons of solenoid-free startup in fusion devices

Figure 1-14 Failure of Solenoid free startup using outer PF coils with FNC in NSTX
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Figure 1-15 Solenoid free startup using PF coils in JT60U

Figure 1-16 Solenoid-free startup using local helicity injection in Pegasus
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Figure 1-17 Solenoid free startup using outer PF coils in JT60U
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1.3.2. 0 Dimension Power Balance Model

For reliable startup, 0D model has been adopted for Pegasus [23]. The 0D equation is 

shown in Figure 1-20 and the detail term for driving voltage and anti driving voltage is 

shown in Figure 1-18and 1-19.The driving voltage from external inductance change is 

the main flux with movement of plasma [21] and it is more essential for the case of low 

aspect ratio as depicted in Figure 1-22. With this 0D simulation, the Pegasus has 

explained the the experimental result with outboard startup in Figure 1-21 [22].
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Figure 1-18 0D power balance model for outer CS-less startup
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[

Figure 1-20 Driving voltage from external inductance change

Figure 1-19 Anti-driving voltage from resistive dissipation and internal inductance 
change
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Figure 1-21 Examples of drive and anti-drive flux in Pegasus

Figure 1-22 The change of external inductance due to high aspect ratio and low aspect ratio 
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1.4. Electron Bernstein Wave (EBW)

1.4.1. OXB and XB mode conversion

In various fusion devices, Electron Cyclotron Heating (ECH) is widely used for pre-

ionization, heating and current drive methods. In devices with low aspect ratio tokamak, 

the pre-ionization for efficient start-up is essential due to the lack of space for sufficient 

loop voltage. In low toroidal field devices, ECH has the limitations for plasma heating 

methods due to low cut-off density. However, Electron Bernstein Wave (EBW) is an 

effective heating method to overcome the low cut-off density in low magnetic field 

devices such as reversed field pinch (RFP) [26], Tokamak [27], stellerator [28], and 

spherical torus (ST) [29]. The EBW can be generated through XB or OXB mode 

conversion (MC) processes with extraordinary (X) or ordinary (O) mode injection [24].

The X mode wave can be tunneled through the cutoff layer with the relatively long 

wavelength of the injected wave compared to the length of evanescent region [25]. 

Beyond the cutoff layer, the injected MW can encounter the Upper Hybrid Resonance 

(UHR) and Electron Cyclotron Resonance (ECR). In the simple magnetized torus, the 

plasma production has been occurred in the both region of ECR and UHR [34-35], and 

the parametric instability has been found near UHR showing the feasibility of the 

electrostatic wave such as EBW [38]. The electron density increase near UHR by EBW 

collisional heating has been controlled by the impurity removal with evaporated lithium 

conditioning in NSTX [37]. Also, the multiple reflection of microwave due to vessel 

wall can lead to effective heating of plasmas [36]. If the mode converted EBW and MW 
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multiple reflection are applied to generate plasma efficiently, it can be considered as an 

efficient pre-ionization method. In other words, the over-dense plasma has been 

generated by EBW in small magnetic devices and the power deposition has been 

occurred near ECR and UHR by collisional damping.

The electron Bernstein wave (EBW) has been utilized for effective pre-ionization 

plasma in this paper. The electron cyclotron resonance heating (ECRH) is widely used in 

various fusion devices for local heating and current drive. But there are limitations on 

ECRH with low toroidal field machines. The EBW is an electrostatic wave converted 

from electromagnetic wave regardless of cut-off density, which can be generated 

through XB or OXB mode conversion (MC) processes [24]. The direct XB MC has the 

merits on simple design of waveguide system and single MC but it must surpass the 

evanescent layer. The injected X wave must pass through the cut-off density layer and 

can be converted to EBW near Upper Hybrid Resonance (UHR). The relatively longer 

wavelength of injected wave than the length of evanescent region has an advantage for 

tunneling the evanescent region [25]. After tunneling, the wave can encounter the UHR 

and Electron Cyclotron Resonance (ECR) and the steep density gradient near UHR can 

enhance the efficiency of direct XB MC. But OXB MC is necessary for injected O wave 

to make EBW. Injected O wave must be converted to X wave for successful OXB MC at 

the specific position to reflect wave such as cutoff layer, polarizer. Converted X wave 

can be changed to EBW with same method in the direct XB MC. In other words, it is 

important that not O wave but X wave reach at the UHR for successful EBW MC. The 

OXB MC has been utilized in many devices, but it has demerits such as its high cost 
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with complicated launcher for the optimum angle, the existence of the polarizer at the 

inboard side and density fluctuation near MC region. Meanwhile the direct XB MC from 

low field side (LFS) injection has been rarely conducted due to its high density gradient 

requirement for the efficient MC that was performed in the flat-top phase using local 

limiters at other fusion devices. However, it may be used effectively for the start-up 

phase because the LFS X-mode has large fraction of right-hand (RH) side polarization 

which is coupled to electron acceleration even at low plasma density and cold plasma

[30]. The over dense plasma production via direct XB mode conversion from LFS X-

mode injection can be considered as an efficient pre-ionization and heating method. The 

summary of the mode conversion for EBW is shown in Table 1-4.
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Table 1-4 Pros and Cons for EBW mode conversion in fusion devices
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1.4.2. Resistivity Calculation

The resistivity of the pre-ionization plasma is expressed in the sum of the resistivity 

from collision between electrons and neutrals and the resistivity from collision between 

electrons and ions that is the spitzer resistivity. The spitzer resistivity and the resistivity 

from the collision between electrons and neutrals are related to the ionization rate and 

electron temperature. The detailed resistivity calculation is derived as following (1). The 

total cross-section for collision of hydrogen is from reference [31].

The ratio of the total resistivity and the spritzer resistivity in Figure 1-23 tells that in the 

case of low electron density, the total resistivity has been determined by the density but 

with increasing the density, the electron temperature is more essential for total resistivity.
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Chapter 2. EBW Heating Experiments in Linear Device

In the linear device, it is observed that over dense plasmas above X-mode cutoff density 

is generated by LFS X mode injection and the electron temperature peaks near Electron 

Cyclotron Resonance (ECR), indicating the presence of direct XB mode conversion and 

EBW collisional heating due to the short density scale length near edge Upper Hybrid 

Resonance (UHR) layer. In addition, the experimental results in the linear device for the 

effect of MicroWave (MW) multi-reflection using polarized slits reflecting X or O mode 

only show that the multi-reflected X wave can affect the direct XB mode conversion.

Electron Cyclotron Resonance Ion Source (ECRIS) is the most powerful devices for 

accelerators in a reliable and efficient way and the recent progress of ECRIS is linked to 

the improvement of plasma confinement take to higher plasma density for the 

enhancement of beam emittance and the production of high current beams [32-33]. The 

main issues for ECRIS needs high magnetic field for higher density plasma production 

due to the limitations of cutoff density determined by magnetic field. Even the 

expensive superconducting magnet can be utilized for higher and steady magnetic field.

However, if we can change the injection direction of the microwave from the parallel 

way (R&L wave) to the magnetic field to the perpendicular way (X&O wave) to the 

magnetic field, it is possible to overcome the cutoff density in low magnetic field. 

Electron Bernstein Wave (EBW) is an electrostatic wave converted from 

electromagnetic wave regardless of cutoff density, which can be generated through XB 

or OXB mode conversion (MC) processes [24]. In direct XB MC, injected X wave must 

pass through the cutoff density layer and can be converted to EBW near Upper Hybrid 
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Resonance (UHR). The relatively longer wavelength of injected wave than the length of 

evanescent region has an advantage for tunneling the evanescent region [25]. After 

tunneling, the wave can encounter the UHR and Electron Cyclotron Resonance (ECR) 

and the steep density gradient near UHR can enhance the efficiency of direct XB MC. 

But OXB MC is necessary for injected O wave to make EBW. Injected O wave must be 

converted to X wave for successful OXB MC at the specific position to reflect wave 

such as cutoff layer, polarizer. Converted X wave can be changed to EBW with same 

method in the direct XB MC. In other words, it is important that not O wave but X wave 

reach at the UHR for successful EBW MC.

In previous works, the plasma production using microwave has been occurred in the 

both region of ECR and UHR in simple magnetized devices [34-36] and the over dense 

plasma has been generated in the Microwave Discharge Ion Sources [33]. Converted 

EBW has dissipated near UHR due to collisional damping [37] and the parametric 

instability near UHR has been found showing that the feasibility of the electrostatic 

wave such as EBW [38]. In other words, the enhancement of plasma density has been 

occurred by converted EBW collisional damping. Also, the full wave simulation shows 

that the multiple reflection of vessel wall can be helpful for plasma heating near UHR 

[36] and it tells that the multiple reflection of the microwave can be helpful for better 

EBW mode conversion than single pass absorption of microwave.

In this paper, the experiments in simple linear device have been performed with X&O 

wave and the possibility of EBW mode conversion has been confirmed. In addition, the 

effects of single pass absorption and multiple reflection of the injected wave have been 
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compared experimentally and it is identified how the wave reflection of the specific 

direction affects the EBW mode conversion.

2.1. Experimental Setup

The simple linear device is composed of the magnets, MW launching system, and 

vacuum chamber. The schematic diagram of the experimental setup is described in 

Figure 2-1. The magnetic field can be made by two magnets such as TF coils in tokamak. 

Inside the vessel, the magnetic field is bent similar to toroidal field due to the location of 

the two magnets and it is possible to inject the microwave from high field side (HFS) 

and low field side (LFS) as shown in Figure 2-2. The ECR layer exists inside the 

chamber that microwave (MW) frequency of 2.45 GHz has ECR with 875 G and the 

location of ECR is movable along the magnet current.

The 2.45 GHz MW launching system consists of 1.5 kW magnetron, auto-matching 

3 stub tuner, and WR 284 rectangular waveguide. The auto-matching tuner makes 

possible to protect the magnetron and minimize the MW loss from reflection. The 

WR284 is selected to make linearly polarized wave that the electric field of 

electromagnetic wave has direction to perpendicular and parallel to magnetic field such 

as X and O mode and is easily changeable to X and O mode injection. The chamber is 

made from quartz tube of diameter 8 cm and the tube is utilized for vacuum window of 

open waveguide. The stainless steel wall exists for protection of MW loss outside the 

quartz tube, and is changeable to the wall with polarized slit. The wall with polarized slit 

can change the electric field of reflected MW on the wall to the direction perpendicular 
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or parallel on the magnetic field as shown in Figure 2-3. It means that the wall with X 

slit make the MW inside the chamber to have the electric field perpendicular to the 

magnetic field after wall reflection. In the same manner, O slit has the same role to make 

electric field parallel to the magnetic field.

For diagnostics, movable Langmuir probe with planar tip is installed to obtain radial 

profiles of plasma density and temperature during discharge. The planar probe tip with 

radius 1.5 mm locates perpendicular on the magnetic field for reliable probe 

measurement to eliminate the magnetic field effect and the experimental results between 

probe and interferometry has been shown in Figure 2-4. Hydrogen is used as a working 

gas with a piezoelectric valve for gas puffing. The operating pressure is approximately 4 

× 10−5 Torr and the base pressure is about 1 × 10−6 Torr.
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Figure 2-1 Experimental setup in Linear devices

Figure 2-2 Magnetic field inside the chamber

Figure 2-3 Polarized slit of O Slit and X slit
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2.2. Over dense plasma generation in linear device

The experiment results from the LFSX and HFSX injection are described in Figure 2-5. 

ECR layer and the probe are located in the central region (r = 0 cm). In case of HFSX 

injection, the plasma density does not exceed the L cutoff density but in case of LFSX 

injection, over-dense plasma generates beyond the cutoff density as shown in Figure 2-5

(b). The movement of MW in both cases has been described in CMA diagram of Figure 

2-5 (a). The MW from HFS encounters the L cutoff layer and the MW from LFS 

encounters the R cutoff layer, UHR, and L cutoff layer but this over-dense plasma 

implies other feasibility to exceed cutoff. In simple linear device, the evanescent layer is 

very narrow compared to the wavelength of injected 2.45 GHz MW (λ~ 12 cm) and the 

steep density gradient near UHR exists due to narrow chamber. Based on the results, 

direct XB mode conversion from LFS injection might be the main reason of over-dense 

plasma production. The mode converted EBW can make possible efficient plasma 

heating beyond cutoff density. The experiments have been conducted to find the 

possibility of direct XB mode conversion from LFSX injection.

The plasma density and temperature profiles along the MW power are described in 

Figure 2-6. At the lower power of 300 W, the plasma density remains near cutoff layer 

and the density peak does not exist. But increasing the MW power to 700 W, the over-

dense plasma has been generated and the density peak has been appeared between ECR 

and UHR as shown in Figure 2-6 (a). Assuming the density profile to the vessel wall 

depicted in dashed line due to the limitation of Langmuir probe size, the UHR exists 

inside the dashed line and the evanescent layer is very narrow under 1 cm. The tunneling 
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of injected wave has been occurred easily with short length of evanescent layer 

compared to wavelength of injected wave. In addition, it can be found that the 

deposition of MW power has been occurred near UHR mainly and some part of 

converted EBW has contributed to the Te rise in ECR as shown in Fig. 2-6 (b). In other 

words, the power of injected wave has been deposited near ECR and UHR and mode 

converted EBW has contributed to the density increase via collisional damping moving 

to the central region.

The plasma density and temperature profiles with MW power of 700W from LFSX 

along the location of ECR layer are described in Figure 2-7. In case of ECR layer exists 

the location of r = 2 cm near outboard, the plasma density does not exceed the L cutoff 

density with low density scale length and non-converted X wave can make collisionless 

heating in ECR layer. With decrease of the magnetic field, the EBW mode conversion 

efficiency can be improved with change of magnetic scale length. As ECR moves 

inward, the higher over-dense plasma has been generated and the density peak exists 

between ECR and UHR due to the EBW collisional damping describe in Figure 2-7 (a). 

Also, part of EBW has affected to the Te rise in ECR in case of the location of ECR 

inside the chamber shown in Figure 2-7 (b).
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Figure 2-5 (a) CMA diagram for wave accessibility (b) Over dense Plasma generation with 
LFS and HFS injection

Figure 2-6 (a) Over dense plasma generation along ECH power (b) Increase on electron 
temperature in linear system
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Figure 2-7 (a) The movement of density peak along the magnetic field (b) the movement of 
electron temperature rise along the magnetic field
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2.3. The wall Reflection effect of Polarized wall

From the experimental results, it is important to understand the EBW mode conversion 

mechanism for efficient plasma production. In TJ-K stellerator, the importance of 

multiple reflections on the vessel wall has convinced with full-wave simulations for 

EBW heating [36]. The experiments have been conducted utilizing wall with polarized 

slit for the classification of the multiple reflection effect. If the wall with O silt is 

covered with the quartz tube, reflected X wave should be got out between slits and only 

O wave remains inside the chamber.

In case of LFSX injection, the over-dense plasma has been generated regardless of the 

wall with polarized slit as described in Figure 2-8. It means that EBW collisional 

damping is dominant due to high direct XB mode conversion efficiency with steep 

density gradient. With the wall of O slit, the density is similar with the case of no wall, 

which reflected O wave does not affect the plasma heating. But utilizing the wall with X 

slit, the density has the similar tendency of the case using conducting wall with no slit. 

This shows that the X wave including reflected wave has a strong influence on effective 

plasma heating, which the EBW from XB mode conversion is the main part of plasma 

production.

The results of LFSO injection have been described in Figure 2-9. Utilizing the wall with 

O slit, it does not exceed L cut off density, which O wave remaining inside the chamber 

does not have an effect to EBW mode conversion due to the absence of X wave. But in 

case of the wall with X slit, the over-dense plasma has been generated in the same way 

of the conducting wall. It tells that injected O wave is converted to X wave inside the 
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vessel after wall reflection and the EBW is made by converted X wave, which is OXB 

mode conversion. The plasma density is lower than the case of LFSX with low 

efficiency of double conversion. Therefore, the conversion to the X wave from the 

multiple reflection of the vessel wall is essential for efficient plasma production utilizing

EBW.

Therefore, the EBW assisted plasma production experiments have been conducted in 

simple linear device. The microwave from LFSX injection has been converted to EBW 

due to steep density gradient near UHR. The mode converted EBW has generated the 

efficient over-dense plasma between UHR and ECR via collisional damping. The part of 

mode converted EBW has contributed to the collisionless heating of Te in ECR. 

Installing the polarized slit in the wall covered with chamber, the only X wave has 

influenced to EBW mode conversion including XB and OXB. The generation of 

efficient pre-ionization plasma utilizing EBW collisional damping has been achieved 

successfully. Innovative research such as solenoid free start-up utilizing outer PF coils 

will be conducted with pre-ionization plasma specialized near outboard.
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Figure 2-8 The electron density along ECH power in case of LFSX injection

Figure 2-9 The electron density along ECH power in case of LFSO injection
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Chapter 3. Experimental Setup in VEST

3.1. 2.45 GHz Microwave Generator

3.1.1. The pulsed microwave generator system

The magnetron in a commercial microwave oven has been used in a various experiments 

due to the simple, safe, easily available and economical factor [40]. In pre-ionization 

system for VEST multiple units of household microwave ovens will be used as a cost-

effective RF source at the frequency of 2.45GHz.

Preliminary plasma generation tests with a microwave source are performed for pre-

ionization. However consecutive microwave and triggering signals cannot be performed 

as we want in the reason that the original circuit utilizes AC power (220V, 60Hz). 

Modification in the circuit is performed to operate adequately in pre-ionization system 

for VEST.

The low and high voltage part supplied by the transformer to operate the magnetron is 

important. The low voltage part is used in heating the electrode for thermionic emission 

and the high voltage part is to accelerate the electron from the cathode to the anode. The 

electron from the cathode that makes a resonance in LC circuit has the helical motion 

due to the magnetic field of the permanent magnet inside the magnetron. It makes the 

2.45GHz microwave.

Using the magnetron, hydrogen ECRH plasma was produced. The appearance of ion 

saturation current shows that the microwave plasma is turned on and off with 60Hz 

frequency due to the AC power. However on considering the fact that the purpose of the 
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magnetron system is a pre-ionization, the modification of the circuit needs to trigger the 

signal and control the microwave power.

The low voltage part in the original circuit is changed to the dc power supply whose 

current is about 10A heat the electrode in the magnetron. The high voltage part is 

composed of negative high voltage power supply. The cathode voltage is about -3.5kV 

to accelerate electrons. Because of the power of the microwave is determined by the 

emission current, the RF power is controllable in this negative power supply. The 

isolated transformer to make the independent circuit for the AC power is utilized to be 

possible to get negative high voltage -3.5kV in magnetron part of the circuit.

The magnetron of the household microwave oven to have the limit of 1kW must be used 

in multi units to have power over 3.8kW. On account of using multiple units of 

magnetron and pulse operation of the VEST triggering the signal is important. To do this,

it can be made use of capacitors and IGBT switches in Figure 3-1. When the capacitors 

are charged fully, the switches are turned on at the time that the pre-ionization is needed. 

In this way multiple units of magnetron are synchronized by turning on the switches at 

the same time. The capacitance of the capacitors is determined by the operation time that 

is made a decision by VEST scenario.
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Figure 3-1 The schematics of 3 kW magnetron operation circuit
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Table 3-1 Specifications of 3 kW magnetron

Figure 3-2 The schematics of 10 kW magnetron operation circuit
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Figure 3-3 The Successful 2.45 GHz microwave generation from the pulsed generator

Table 3-2 Specifications of 10 kW magnetron



59

3.1.2. The CW microwave generator system

The ECH/EBW system of VEST has been designed in a perpendicular injection from the 

LFS X mode. A frequency of 2.45 GHz has been selected for fundamental ECH at the 

toroidal magnetic field of 875 G, and two microwave sources with the power of 6 kW 

and 30 kW are installed with open rectangular waveguide such as WR 284. The 6 kW 

2.45 GHz microwave source is installed for pre-ionization and has an ability of 

microwave power control but has the difficulties to control operation time. The 30 kW 

2.45 GHz magnetron for both pre-ionization and heating experiments has been installed 

recently and it has the ability of controlling microwave power and operation time.

Figure 3-4 The pictures of the 6 kW 2.45 GHz microwave generator
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Figure 3-5 The pictures of the waveguide system for 6 kW 2.45 GHz microwave generator

Figure 3-6 The pictures of the 30 kW 2.45 GHz microwave generator and waveguide system in 
VEST



61



62

3.2. Waveguide Systems

The waveguide systems are composed with directional coupler, RF power meter, 

circulator, dummy load, 3 stub tuner and quartz window. The directional coupler and RF 

power meter is utilized for monitoring forward and reflected microwave. The impedance 

mating for minimizing the reflected microwave power is provided with manual 3 stub 

tuner and the circulator and dummy load is installed to protect the microwave source 

from the reflected microwave. The quartz window made by ourselves is possible to 

protect vacuum boundary but it has the limitations with higher microwave power due to 

O-ring and the EBW heating experiments in this paper have been performed under the 

microwave power up to 10 kW.

3.3. Diagnostics

3.3.1. The Triple probe

For diagnostics, a triple probe with linear guide is constructed and installed to obtain 

time-varying radial profiles of plasma density and temperature during discharge. The 

magnetic diagnostics including flux loops, magnetic probes, rogowski coil and limiter 

current monitoring are installed to show the plasma current and movement inside the 

VEST [41-42].
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Figure 3-7 The picture of triple probe in VEST



64

Chapter 4. Formation of Closed flux Surface (CFS)

4.1. Experiments for CFS formation

Successful startup with TPC depends on the formation of closed flux surface (CFS) in 

the presence of significant vertical field contrary to the negligible stray field in field null 

configuration. Improved pre-ionization in TPC enhances the initiated plasma current by 

lowering plasma resistivity, which makes plasma poloidal field exceed the vacuum 

vertical field enough to form CFS. Timing and location for the formation of the CFS are 

confirmed to be directly linked with plasma current initiation experimentally by 

modeling the current evolution with the resistivity profile of the pre-ionization plasma 

and the loop voltage inside the vessel.

4.1.1. The open field current

In Figure 4-1, the open field plasma current has been increased successfully at the 

different timing along the MW injection power. [43-48, 14]
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Figure 4-4 The open field current along the existing vertical field and CFS formation
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4.1.2. The timing of CFS formation

The start-up experiment has been conducted with double swing circuit on the central 

solenoid in the case of ECR layer at R = 0.22 m. In Figure 4-5, the plasma current has 

been increased successfully at the different timing along the MW injection power. The

central solenoid supplies the loop voltage steadily inside the vessel and the stray field 

from the central solenoid decreases slowly along the current inside the central solenoid. 

The plasma current has been determined by the loop voltage and the resistivity of the 

pre-ionization plasma and when the poloidal field generated by plasma current 

overcomes the vertical field from central solenoid, the closed flux surface has been 

formed and the plasma current has been ramped up rapidly inside the surface. In the top 

graphs of Figure 4-5, the poloidal field has been calculated with the loop voltage and 

resistivity of the pre-ionization plasma and the timing of the plasma current ramp-up in 

start-up experiment concurs in the moment of for the calculated poloidal field 

overcoming the vertical field that 404.1~404.2 ms in case of 6 kW MW injection, 404.4 

ms in case of 4 kW MW injection and 404.8~404.9 ms in case of 2 kW MW injection. 

The smaller resistivity of the pre-ionization plasma makes the bigger plasma current and 

the bigger poloidal field overcomes the decreasing vertical field in the different timing 

that is the moment of formation of closed flux surface and plasma current kick-off.
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Figure 4-5 The plasma current along the ECH power

Figure 4-6 The resistivity of the pre-ionization plasma along the ECH power
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Figure 4-7 Resistivity of pre-ionization plasma along the magnetic field
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4.1.3. 2D model for CFS formation

In Figure 4-9 and 4-11, the 2D model has been depicted for more detailed information 

about CFS formation. At first, the 2D resistivity of pre-ionization plasma has been 

estimated by the resistivity of pre-ionization plasma measured in the central region. And 

then normalized 2D current density profile has been calculated by 2D resistivity, loop 

voltage from PF coils and measured plasma current. The normalized 2D current density 

profile has been depicted in the background of Figure 4-9 graphs and the red means 

higher current density and the blue means lower current density. The poloidal field has 

been calculated from 2D current density profile and the vertical field from PF coils has 

been calculated with consideration on eddy currents. The sum of the poloidal field and 

vertical field has been depicted in red line of Figure 4-9 graph. The magnetic field lines 

tells the process of CFS formation during start-up that 404.3~404.4 ms in case of 6 kW 

MW injection, 404.4~404.5 ms in case of 4 kW MW injection and 404.7~404.8 ms in 

case of 2 kW MW injection and it is similar timing of Figure 4-5. The CFS formation 

has been occurred when the poloidal field from plasma current overcomes the vertical 

field from external PF coils and after CFS formation, the plasma current inside CFS 

increases rapidly.

The start-up experiments along toroidal field have been conducted with 2D model for 

CFS formation. The experimental condition is same with Figure 4-5 but the only 

toroidal field has been changed to 500 G, 700 G and 1000 G as depicted in Figure 4-10. 

The background of Figure 4-11 graphs shows the 2D current density profile from 
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measured resistivity of pre-ionization plasma. As the toroidal field increases, the ECR 

resonance layer moves outward that ECR exists 0.22 m in case of 500 G, 0.3 m in case 

of 700 G and R0 = 0.45 m in case of 1000 G. The timing change of the CFS formation 

has been occurred along the different current density profile and it is similar to the 

experimental results of the timing of plasma current initiation. In addition, the location 

and size of CFS formation has been differed with 2D current density profile. It tells that 

the location of CFS formation and plasma current kick-up has been determined by pre-

ionization plasma and loop voltage by external PF coils.
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Figure 4-8 The process of 2D model for CFS formation



75

ECH 6 kW : 404.4 ms

ECH 4 kW : 404.5 ms

ECH 2 kW : 404.8 ms

Figure 4-9 The process and timing of CFS formation along the ECH power
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Figure 4-10 The plasma current evolution after CFS formation 
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4.1.4. Plasma current ramp up inside CFS

After formation of CFS, the electron density and temperature increases inside the CFS in 

Figure 4-12. The electron density increases at the position of R = 0.4 m and then R = 0.3 

m but no increase in R = 0.2 m. With increasing plasma current, the size of CFS is 

enlarged and it may affects to the order of increasing the electron density. After density 

increases, the electron temperature increases inside CFS in Figure 4-13. The plasma 

current inside CFS may be dominant among total plasma current and ohmic heating 

from plasma current affects to the plasma density and temperature increase. Also, the 

electron temperature increases inside CFS but the order of the increase is opposite to the 

density, R = 0.25m, 0.3 m and 0.4 m. It might be the difference of loop voltage inside 

CFS. The ohmic heating from increasing plasma current and EBW heating affects to the 

density and temperature increase inside CFS and the future works are planned to 

distinguish the two effects.
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Figure 4-12 The density evolution after CFS formation

Figure 4-13 The electron temperature evolution after CFS formation



80

4.2. General Criteria for CFS formation

Based on the experimental results, the quantitative condition for CFS formation has 

been derived in the consideration of pre-ionization plasma resistivity as following (1)

and Figure 4-16.

��

��
> 1 →

���

���
> 1.6 × 10�[

�

���
] (1)

Although the derivative does not calculate the poloidal field using Green’s function, the 

poloidal field has been calculated simply in one torus. The derivative tells that the CFS 

formation has the advantages for larger electric field, lower resistivity of pre-ionization 

and lower vertical field. ‘a’ is a minor radius of CFS when the CFS is formed. The minor 

radius of CFS has the difficulties for measurement and the minor radius is estimated by 

the measurement of plasma current when the plasma current has been increased rapidly. 

In this experiment in VEST, CFS has been formed when the plasma current reaches 1 kA 

and the minor radius is estimated to 10 cm. With this 2D model of CFS formation, it 

makes the quantitative analysis about CFS formation and plasma current start-up 

possible. The standard condition for successful start-up is Lloyd condition as an 

empirical formula. This condition tells that the condition is relaxed with the existence of 

pre-ionization plasma but the quantitative analysis on pre-ionization plasma has not 

been considered. There is a comparison between Lloyd condition and 2D model for CFS 

formation in Figure 4-14 and Figure 4-15. With all successful start-up conditions, some 

cases do not satisfy the relaxed Lloyd condition but 2D model for CFS formation 

satisfies with all cases. Although the analysis has not been adapted to all cases, the 

successful start-up must be considered the effect of pre-ionization plasma.
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Chapter 5. Solenoid-free startup scenario using outer PF

5.1. Scenario from 0D power balance model

5.1.1. The region of successful SF startup

Based on the 2D model of CFS formation, the poloidal field from plasma current must 

overcome the vertical field from outer PF coils. With the loop voltage from outer PF 

coils single swing, the vertical field increases simultaneously. Lower resistivity of pre-

ionization plasma make higher poloidal field and under the resistivity of 3.0 × 10��, it 

satisfies with the condition of successful CFS formation as shown in Figure 5-1. In 

previous chapter, the EBW experiments have been conducted to lower the resistivity of 

pre-ionization plasma. The pre-ionization plasma near outboard via EBW collisional 

damping and collisionless heating near harmonic resonance, have been generated with 

auxiliary heating system of higher power to decrease the resistivity under 3.0 × 10��

as depicted in Figure 5-2.

The start-up scheme utilizing outer PF coils may be suggested for the existence of low 

resistivity plasma near outboard as depicted in Figure 5-2. If the plasma current is 

generated by loop voltage from outer PF coils, the inner central solenoid will be useless 

and it will make possible for keeping low aspect ratio and high beta operation without 

solenoid in fusion devices. The plasma current formed near outboard region moves 

inward naturally due to vertical field from outer PF coils. The inward movement will 

make the decrease of external inductance and it will be helpful for reduced volt second 

consumption for plasma current ramp-up. With proper equilibrium field, the solenoid 
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free start-up scheme utilizing outer PF coils may be successful. For solenoid free start-

up, it is possible that the loop voltage is supplied from outer PF coils but high vertical 

field is also generated due to the eddy current from thick outer wall. 
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Figure 5-1 The location and size of CFS for successful solenoid free start-up utilizing outer PF coils
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5.1.2. The plasma current along CFS size and resistivity of pre-ionization 
plasma

After the successful CFS formation, the plasma current has been demonstrated to be 

ramped-up with loop voltage from outer PF coils with help of reduced external 

inductance when the plasma column grows and moves inward. The plasma current 

evolution has been presented with 0-dimensional power balance modelling with 

consideration about force balance along plasma current [23]. The initial plasma current 

evolution has difficulty due to the size of CFS that causes resistive dissipation. Also, the 

induction voltage from outer PF coils has limitation that it is not easy to change rapidly 

due to eddy current from vessel wall and causes increase of vertical field that affects to 

CFS formation and equilibrium. The solenoid free start-up using outer PF coils must 

consider the distribution between flux from external inductance and resistive 

dissipation. . In the CFS size of R~0.70 m and a~0.05 m, the huge flux from external 

inductance has been acquired from great change to the plasma shape and the resistive 

dissipation is also significant due to small size of CFS. In case of resistivity of 

7.0 × 10��, the plasma current of R~0.70 m and a~0.05 m has the most increase from 

biggest flux from external inductance since the resistive dissipation has little influence 

as depicted in Figure 5-6. In case of resistivity of 3.0 × 10��, the plasma current 

doesn’t grows up easily due to enormous resistive dissipation although the help of 

external inductance exists as shown in Figure 5-6. Therefore, it is important to make 

appropriate size and location of CFS formation for successful solenoid free start-up in 

VEST and for decreasing the resistivity of pre-ionization plasma, it is possible to utilize 
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the limited flux from external inductance change efficiently. The Figure 5-1 shows the 

region of the CFS location and size along the resistivity of pre-ionization plasma for 

successful solenoid free start-up using outer PF coils with 0D power balance modelling. 

For successful SF start-up, the maximum resistivity of pre-ionization plasma is 

3.0 × 10��, and the range of CFS is broadened with lowering the resistivity.
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Figure 5-5 The magnetic filed line when the CFS formation near outboard
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Figure 5-6 The Plasma current evolution along the pre-ionization plasma resistivity
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Chapter 6. EBW pre-ionization experiments in VEST

6.1. EBW pre-ionization experiments

The similar experimental result of XB mode conversion and EBW collisional heating 

are observed in VEST pre-ionization plasma that the pattern of density profile, the 

position and density scale length of mode conversion layer depend on the toroidal 

magnetic field and MW power. It is expected that those dependency on input MW power 

can be used for non-inductive EBW heating experiment in startup phase has been 

conducted for efficient XB mode conversion by controlling magnetic scale length (LB) 

and density scale length (Ln).

6.1.1. Pre-ionization plasma with only TF

The pre-ionization experiments have been conducted in VEST based on the results from 

simple linear device. As shown in Figure 6-1, the plasma density peak exists near UHR 

and the density increases via EBW collisional damping such as the experimental results 

from simple linear device. The density profile from LFSX and LFSO injection has the 

similar tendency and it shows that some part of injected O wave might be converted to

X wave and converted X wave has affected to the plasma density profile although the 

density peak of LFSO is lower than that of LFSX due to the efficiency of double MC. In 

case of LFSO injection, the reflected X wave has been measured in other place, but in 

case of LFSX injection, only X wave has been measured. Therefore, the results show 

that OX MC has been occurred in specific place inside vessel and converted X wave has 

affected to the pre-ionization plasma.
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Pre-ionization experiments are conducted under the pure toroidal field current of 3.8 kA 

and 8.2 kA that makes fundamental ECR (Electron Cyclotron Resonance) layer at R = 

0.2 m and 0.45 m. Injected microwave power is 6 kW & 10 kW. Figure 6-1 shows radial 

profiles of the electron density for injected microwave powers. Required electron 

density to form the UHR (Upper Hybrid Resonance), L cut-off and R cut-off is also 

plotted by blue, magenta and green line respectively in Figure 1 to show the positions of 

resonance and cut-off layers.

In the case of toroidal field current of 3.8 kA, high density plasma generates near ECR 

layer and does not exceed the L cut-off density as shown in Figure 6-2 and in the case of 

toroidal field current of 8.2 kA, over dense plasma generates near UHR layer with 

microwave power 10 kW as shown in Figure 6-2. This over dense plasma shows that the 

EBW with direct XB mode conversion from LFS injection can make collisional 

damping [37]. If the thickness of the evanescent region is smaller than the wavelength of 

the 2.45 GHz microwave, the injected X mode microwave has the possibility to 

overcome the R cut-off density and reach to the UHR layer and can be converted to the 

EBW with steep density gradient near UHR layer. In case of TF current 8.2 kA, the 

evanescent region between R cut-off and UHR is narrow and steep density gradient is 

detected near UHR as shown in Figure 6-2.
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Figure 6-1 The density and temperature profile of pre-ionization plasma with only TF along ECH power
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6.1.2. Pre-ionization plasma with TPC

The efficient pre-ionization experiment has been conducted in VEST based on the

results from simple linear device. The pre-ionization experiments without poloidal field 

show the similar results, which are the generation of EBW from observation of 

parametric instability and the density peak from collisional damping between UHR and 

ECR [38]. In addition, successful enhancement of pre-ionization utilizing trapped 

particle configuration (TPC) has been achieved [10]. But the EBW heating in pre-

ionization plasma has been confirmed restrictively with relatively low MW power. The 

additional pre-ionization experiments have been conducted with TPC configuration and 

additional MW power of 10 kW. Figure 6-3 shows the generation of over-dense plasma 

between UHR and ECR made by EBW collisional damping. The steeper density 

gradient near UHR has been measured with additional MW power and TPC and it has 

been achieved the higher direct XB mode conversion efficiency.

In case of toroidal field 500 G as depicted in Figure 6-3 (a), the ECR resonance locates 

in 22 cm. The experiments have been conducted with only TF and TPC and the density 

in case of TPC is higher than that in case of only TF [10]. In addition, the over-dense 

plasma overcoming the L cut-off density has been generated with increasing ECH power. 

The over-dense plasma has been made by EBW collisional damping that mode 

converted EBW near UHR moves to ECR resonance and damped away in the collisional 

plasma [37]. In case of toroidal field 1000 G as depicted in Figure 6-3 (b), the 

enhancement of pre-ionization with TPC has been confirmed. The over-dense plasma 

from EBW collisional damping has been generated near outboard region. However, it is 
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important to decrease the resistivity of pre-ionization plasma to make CFS near outboard 

easily and EBW collisionless heating as well as collisional damping is required to 

increase electron temperature. It has been occurred higher density enhancement in TF 

8.2 kA than in TF 3.8 kA and it is confirmed that simulated results from 1-D full wave 

code shows the MC efficiencies of both cases ~26 % and ~10 % [39]. As a result, it is 

possible to generate over dense plasma near the inboard or outboard and higher density 

enhancement than in case of pure TF and the efficient start-up schemes based on the 

EBW pre-ionization results are suggested. Also, in the case of ECR layer at R = 0.45 m, 

the over dense plasma is generated by EBW collisional damping with direct XB mode 

conversion and the higher MC efficiency about 91% has been confirmed with much 

higher plasma density as shown in Figure 6-3 (b).
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6.1.3. TPC pre-ionization plasma along harmonics and mirror ratio

To decrease the resistivity of pre-ionization plasma, it is important to increase the 

electron temperature via collisionless heating withtout collisional damping. To diminish 

the effect of collisional damping, several methods are adodpted in VEST pre-ionization 

plasma that are pressure, glow discharge cleaning (GDC), harmonics and TPC mirror 

ratio. With GDC, the impurity influx from the wall has been decreased and the 

resistivity of pre-ionization plasma has been lowered in Figure 6-4. With the next 

method, the ECR harmonic resonance is located near outboard to increase the electron 

temperature as shown in Figure 6-5. In case of Figure 6-5 that the 3rd resonance is 

located near outboard, the over dense plasma has been generated via EBW collisional 

damping and the electron temperature rise near 3rd resonance along ECH power 

increases. In case of Figure 6-5 which 2nd resonance is located near outboard to control 

the toroidal field, the electron temperature rises near 2nd resonance. In case of Figure 6-6

that is the same condition of Figure 6-8 but the change of TPC mirror ratio, the over-

dense plasma via EBW collisional damping and the electron temperature rise have been 

occurred simultaneously near 2nd resonance. The change of TPC mirror ratio affects to 

the change of particle confinement time and the higher mirror ratio make the higher 

plasma pressure possible with larger ECH power. It is expected that the much lower 

resistivity of pre-ionization plasma has been generated near outboard region.
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6.2. Power estimation for successful SF startup

The change of TPC mirror ratio affects to the change of particle confinement time and 

the higher mirror ratio make the higher plasma pressure possible with larger ECH power. 

It is expected that the much lower resistivity of pre-ionization plasma has been 

generated near outboard region in Figure 6-9.

For successful solenoid free start-up using outer PF coils, it is essential to lower the 

resistivity of pre-ionization plasma at the point of the current initiation. In the previous 

section, the EBW pre-ionization plasma has been generated near outboard in various 

cases including ECH power, mirror ratio and TF field. With the experimental results, the 

ECH power has been estimated with consideration of mirror ratio in TPC in Figure 6-10 

and 6-11. The required power has been estimated utilizing the discrepancy between the 

red and the green in case of ECH power 5 kW and 14 kW. In Figure 6-10, about 60 kW 

has been required to achieve the resistivity of 3.0 × 10�� and about 45 kW in Figure 6-

11. The higher mirror ratio in TPC makes easier to reach the target resistivity due to 

different confinement time and the electron temperature increase has more possibility 

for successful solenoid free start-up to lower resistivity of pre-ionization plasma easily.
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Chapter 7. Future work

7.1. EBW Heating experiments in QUEST

We have been working on EBW heating in VEST at Seoul National University. Over-

dense plasmas are generated for pre-ionization by applying 2.45 GHz microwave in X

mode from LFS via direct XB mode conversion. Efficient penetration and mode 

conversion with LFS X mode injection are successfully explained with both Budden 

parameter analysis and numerical simulation with one-dimensional full wave code.

[30,39] Even for the frequency of 8.2 GHz equipped in QUEST, possibility of 

significant XB mode conversion efficiency with LFS injection were proposed by 

expecting much steeper density gradient near UHR than that of the VEST at the low 

frequency of 2.45Hz. Recently, high power heating systems such as 28GHz and CHI 

successfully generate high density plasmas, which may provide sufficient density 

gradient for efficient mode conversion for the 8.2GHz microwave system. These target 

plasmas are utilized to get optimal mode conversion efficiency for 8.2GHz EBW heating.

At first, the density profile has been assumed with the experimental results of QUEST in 

Figure 7-1. The previous experimental results with non-inductive current drive using 28 

GHz microwave show the peak density 4 × 10��	#/�� and varying the peak density 

makes the steep density gradient in the UHR near outboard. With the 28 GHz 

microwave plasma, the 8.2 GHz MW has been injected from low field side after 28 GHz 

microwave plasma generation. The mode conversion efficiency of direct XB mode 

conversion has been calculated by 1D full wave simulation [39] and the results has been 
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shown in Figure 7-2. With increasing the peak density of the plasma, the mode 

conversion efficiency increases from 10 % to 90 %. Therefore, the QUEST has also the 

possibility of direct XB mode conversion and the electron density and temperature 

profile from QUEST Thomson scattering has been calculated also. With the measured 

profiles, mode conversion efficiencies for the 8.2GHz RF system are estimated with 

one-dimensional full wave simulation. For higher XB mode conversion efficiency in 

QUEST with the 8.2 GHz heating system, higher plasma density should be generated for 

steep density gradient near UHR by providing trapped particle configuration (TPC) with 

high mirror ratio via better particle confinement [10]. Various combinations of PF coils 

need to be utilized for appropriate density profiles as well as high peak density with 

better mirror trapping in high power 28GHz ECCD experiments.

One-dimensional full wave simulation has been performed for the QUEST heating 

system at the frequency of 8.2 GHz. Recent high density profiles measured with 

Thomson scattering are utilized as shown in Figure 7-4. Once it is mode converted, 

converted Bernstein wave can meet either second harmonic or fundamental electron 

cyclotron resonances, providing efficient heating without density cut-off. With the 

measured plasma density profiles provided in Figure 7-4, XB Mode conversion 

efficiencies are calculated to be from 22% (at 2.0sec) to 29% (at 2.1sec) as shown in 

Figure 7-3, which is believed to be due to low plasma density gradient at UHR layer 

between 0.7m and 0.8m. Relatively low plasma density in QUEST may be due to the 

low absorption efficiency of the second harmonic resonance of the 28GHz heating 

system. Moreover, since the resonance position is very close to the inner wall, density 
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gradient at the UHR layer is still small even with relatively high peak density of 

4×10^18 #/m^3. Trapped particle configurations with high mirror ratios from different 

sets of poloidal field coils will be attempted to increase plasma density gradient at the 

UHR layer for higher mode conversion efficiency.

On the other hand, if the peak density is increased to 6 × 10��	#/m� as shown in CHI 

case, this low efficiency is expected be increased with steep density gradient compared 

to the profile of the 28GHz heated plasma case. However, the case for CHI looks still 

much lower mode conversion efficiency even with higher plasma density and density 

gradient. In this case, XB mode conversion may become low since density gradient 

becomes too high compared to the optimal mode conversion efficiency. When we reduce 

the gradient by half or two thirds with artificially reduced peak density, then the 

conversion efficiency is expected to be increased up to 85% or 96% as depicted in 

Figure 7-5. These mode conversion efficiencies may be attempted experimentally by 

adjusting plasma density with different operating pressure at CHI experiments.
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Figure 7-1 The expected density profile of QUEST plasma
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Figure 7-2 The mode conversion efficiency along the expected density profile in QUEST

Figure 7-3 The mode conversion efficiency along the time from the Thomson scattering 
signal in QUEST
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Figure 7-4 The density profile in QUEST using CHI and 28 GHz ECH



113

Figure 7-5 The mode conversion efficiency for the expected CHI density profile in QUEST
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7.2. Non-inductive EBCD in VEST

The mechanism of non-inductive current drive from RF is that the imbalance of electron 

parallel velocity distribution makes plasma current in the fusion plasmas. The EBW has 

the possibility of non-inductive current drive also if the EBW can heat the electron with 

specific direction. The feasibility of non-inductive current drive by EBW is confirmed 

with the ray tracing code called GENRAY. The general ray tracing code has the 

operation range for the frequency of electromagnetic wave but the GENRAY has the 

wide operation regime for the frequency and also has the options for EBW that the 

dispersion relation of EBW has been solved in GENRAY. Using GENRAY, the 

feasibility of EBW non-inductive current drive has been confirmed. The starting point of 

EBW has been calculated by 1D full wave simulation [39]. In Figure 7-6, the EBW via 

direct XB mode conversion moves from the calculated starting point and is absorbed in 

the 1st harmonic near central region. Also, the efficiency of EBW current drive and 

power depoistion has been increased by changing the injection point that is 20 cm height 

from equatorial plane in Figure 7-7. In the future, the feasibility of EBW non-inductive 

current drive will be studied more in the low toroidal field fusion devices such as ST and 

the non-inductive current drive experiment will be conducted.
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Figure 7-6 Power deposition and current drive by EBW via direct XB mode conversion 
using GENRAY

Figure 7-7 Power deposition and current drive by EBW with change of injection position
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Chapter 8. Conclusion

Solenoid-free startup scenario is an efficient way to utilize loop voltage from the 

evolution of equilibrium field using outer PF coils, and it is useful for Spherical Torus 

(ST) with narrow space in the central region. In addition, it can be an attractive startup 

scheme in the ST with low aspect ratio since flux from external inductance change can 

be utilized when the plasma is started from outboard and moved inward.

Closed flux surface (CFS) formation has been found to be an essential step for 

successful ohmic startup in Versatile Experiment Spherical Torus (VEST). The ohmic 

startup process in VEST is divided into three phases that are open field current phase, 

CFS formation phase and fast current ramp-up phase. Before the CFS formation, the 

open field current is enhanced by the presence of the pressure driven current with 

trapped particle configuration (TPC). With the increased open field current, the CFS 

formation has been occurred when the poloidal field from the plasma current overcomes 

the existing vacuum vertical field. After the CFS formation, the plasma current kicks up 

rapidly with much higher confinement time inside the last CFS than that in the open 

field configuration. This process has been confirmed experimentally by changing ECH 

power and toroidal field, where a general criterion for the successful start-up has been 

derived with the model for the CFS formation. This quantitative condition for the CFS 

formation tells how to improve the start-up process; i.e lowering both plasma resistivity 

with efficient pre-ionization and vacuum vertical field strength with stable field index 

while providing sufficient loop voltage.

After the successful CFS formation in the outboard region, the plasma current may be 
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increased only with the loop voltage from outer PF coils with the help of reduced 

external inductance when the plasma column grows and moves inward. The plasma 

current evolution has been simulated with the 0D power balance model in the

consideration of force balance with the applied equilibrium field. The solenoid-free 

startup using outer PF coils will be successful when the loop voltage from external 

inductance change overcome resistive dissipation with sufficient pre-ionization. The 

CFS formation region for successful startup can be broadened by lowering the resistivity 

of pre-ionization plasma. Therefore, it is essential to increase plasma density and 

temperature, especially electron temperature, to lower the resistivity of the pre-

ionization plasma.

In ST, electron Bernstein wave (EBW) was found to be an efficient heating mechanism 

without accessibility problem. Over-dense plasmas beyond L-cut-off density was 

obtained in TPC via X-B mode conversion in the VEST pre-ionization. In addition, the 

enhanced particle confinement along mirror ratio in TPC is helpful for lowering 

resistivity of pre-ionization plasma near outboard. With comparison between mirror 

ratio 2.3 and 3.5, the higher mirror ratio makes the higher confinement time. For 

successful startup, the minimum resistivity of pre-ionization plasma has been expected

as 3.0 × 10�� and the ECH power for pre-ionization has been estimated to be about 45 

kW in case of mirror ratio 3.5 and about 60 kW in case of mirror ratio 2.3.

CFS formation, main factor of successful start-up, is convinced with 2D model and 

experiments with decreasing vertical field. The general criterion for CFS formation is 

suggested by considering quantitative resistivity of pre-ionization and the size of CFS. 
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The power of mode converted EBW has been deposed moving toward ECR by 

collisional damping and electron temperature increases in ECR harmonics by EBW 

collisionless heating near 2nd or 3rd harmonic resonance. However, the lower resistivity 

of pre-ionization plasma has been required for successful solenoid free start-up utilizing 

outer PF coils with 0D power balance modelling. It can be confirmed for the region of 

CFS location and size with lower resistivity and the ECH power of 45 kW in mirror 

ratio ~ 2.3 and 60 kW in mirror ratio ~ 3.5 has been estimated to achieve the target 

resistivity 3.0 × 10�� for successful solenoid free start-up utilizing outer PF coils.
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국 문 초 록

VEST 장치에서 EBW 전이온화와 바깥쪽 PF 코일을

이용하여 중앙 솔레노이드 사용 없는 시동 연구

이 현 영

에너지시스템공학부

(핵융합 및 플라즈마 공학 전공)

서울대학교 대학원

솔레노이드 시동 없는 시동 시나리오는 바깥쪽 PF 코일들을 이용하여

평형을 위한 자기장으로부터 발생되는 일주 전압을 이용하는 효율적인

방식으로 ST와 같이 좁은 가운데 공간을 가지고 있는 핵융합 장치에

적용가능하다. 또한, 플라즈마가 바깥쪽에서 안쪽으로 움직이면서 발생되는

외부 인덕턴스의 도움이 가능한 낮은 aspect 비율을 가지고 있는 핵융합

장치에서의 매력적인 시동 방법일 수 있다. 바깥쪽 PF 코일들을 이용한

솔레노이드 사용하지 않은 시동 방법은 다양한 장치에서 실험이

진행되었으나 충분하지 않은 ECH 파워로 인하여 CFS가 형성되지 않거나

낮은 플라즈마 전류를 나타내었다. 이 논문에서는 성공적인 시동을 위하여

전이온화의 도움으로 CFS 형성의 조건을 알아볼 것이다. TPC 구조의 미러

비율 조율과 그로 인한 입자 구속의 강화를 이용하여 전자 번스타인파의

충돌없는 가열은 전이온화 플라즈마의 비저항도를 낮추는데 이용될 수 있다.
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또한 솔레노이드 없는 시동 시나리오는 형성되는 CFS의 크기와 위치를

반드시 고려해야 함을 제안한다.

성공적인 시동 조건 중 중요한 요소 중 하나인 CFS 형성 원리를 이해하는

것은 필수적이며 그에 대한 실험이 진행되었다. VEST에서의 시동은 세

과정으로 나누어지는데 열린 자기장에 의해 형성되는 전류, CFS 형성 순간

그리고 전류 상승 구간이다. CFS 형성 전 플라즈마 전류는 열린 자기장

아래에서 증가한다. 그 후, 열린 자기장에서 형성된 플라즈마 전류로부터

발생되는 폴로이달 자기장이 바깥쪽 PF 코일들로부터 발생되는 존재하는

수직 자기장을 이겨낼 때 CFS 형성이 일어난다. CFS 형성 후, 플라즈마

전류는 CFS 형성 이후 달라지는 구속 때문에 CFS 내부에서 급격하게

자라나기 시작한다. 이는 ECH 파워와 토로이덜 자기장에 따른 실험을

통하여 확인되었으며 또한 실험 결과를 기반으로 하는 모델에서도

확인되었다. CFS 형성에 대한 모델을 기반으로 일반 식을 유도하였으며 이

유도식은 기존의 성공적인 시동 조건으로 알려진 로이드 조건보다 더 잘

맞는 것을 확인하였다. CFS 형성에 대한 이런 정량적인 조건은 성공적인

시동을 위해서는 전이온화 플라즈마와 CFS의 크기를 반드시 고려해야

한다는 것을 이야기해준다.

성공적인 CFS 형성 후, 플라즈마가 자라고 안쪽으로 움직이면서 발생하는

외부 인덕턴스의 도움과 바깥쪽 코일로부터 공급되는 일주 전압으로

플라즈마 전류는 증가하기 시작한다. 플라즈마 전류는 플라즈마의 평형을



124

고려하여 0 dimensional 파워 균형 모델로부터 예측되었다. 초기 플라즈마

전류 상승은 저항 방사 때문에 CFS 크기에 많은 영향을 받는다. 또한,

바깥쪽 PF 코일에 의한 일주 전압은 벽으로부터 발생하는 회오리 전류와

CFS 형성과 평형을 위해 존재하는 수직 자기장의 증가와도 연관되어 있어

쉽게 바꾸기 어렵다. 그러므로 바깥쪽 코일을 이용한 솔레노이드 없는

시동은 바깥쪽 인덕턴스와 저항 방사 사이의 구속 사이의 적절한 배분이

중요하다. 성공적인 시동은 전이온화 플라즈마의 비저항도와 CFS 위치와

크기에 의해 결정된다. 성공적인 시동 지역은 전이온화 플라즈마의

비저항도가 낮아질수록 더 넓어진다. 그러므로 전이온화 플라즈마의

비저항도를 낮추기 위해서 전자 온도의 증가가 필수적이다.

앞서 말한 CFS 형성을 위한 정량적인 조건에 따라 낮은 비저항도를 가지는

전이온화 플라즈마는 반드시 필요하다. 바깥쪽 챔버 근처의 두번째 또는

세번째 harmonics의 존재로 인하여 변환된 전자 번스타인파의 충돌없는

가열이 가능할 수 있다. 또한 TPC로 인하여 강화된 입자 구속은 바깥쪽

부근의 전이온화 플라즈마의 비저항도를 낮추는데 도움이 된다. 미러 비율

2.3과 3.5 사이의 비교를 통하여 더 높은 미러 비율은 더 높은 구속 시간을

보여주며 3.5인 경우 ECH 파워 약 45 kW 그리고 2.3인 경우 약 60 kW로

예측된다.

주요어: 솔레노이드프리 시동, 닫혀진 속면 형성, 전이온화 플라즈마

비저항도, 전자 번스타인파, 닫혀진 입자 구조, VEST

학  번: 2011-30293
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