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Chapter 1 

Introduction 
 

1.1 Nuclear Fusion Energy 

 

1.1.1 Nuclear Fusion 

 

 The nuclear fusion is one of the advanced energy resource for the electric 

power plant and the research and development are being pushed forward. Nuclear 

fusion is a process that produces heavy nucleus by collision reaction of light nucleus, 

and an atomic reaction causes mass defects and generates a huge amount of energy. 

At this time, fusion reactions that are thought to be available on the earth are as 

following reactions; 

                               (1.1) 

                           (1.2) 

                             (1.3) 

                                 (1.4) 

 Nuclear fusion can be caused by hitting particle beam on light nucleus, but 

in such a way most of the beam energy is wasted on the ionization of the target 

particles and the thermalization by elastic scattering before the fusion reaction. 

Therefore, nuclear fusion utilizing high temperature plasma has been researched. If 

high temperature plasma, where the particles are separated into ions and electrons, 

can be confined in a certain region, ions collide with each other with overcoming the 

electric repulsive force and nuclear fusion reaction is expected. 
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1.1.2 Nuclear Fusion Reactivity 

 

 Nuclear fusion reaction requires approaching less than the distance 

working nuclear force with overcoming Coulomb repulsive force. Probability of 

fusion reaction is referred as fusion reactivity which is a product of reaction cross 

section   and relative velocity   of each nucleus and product of two nucleus’s 

density and fusion reactivity has the dimension of reaction times per unit volume 

and unit time. Maxwellian averaged reactivity      is a function of temperature, 

and those of Eqs. (1.1) ~ (1.4) are in the nuclear data file issued by INDC 

(International Nuclear Data Committee) in IAEA [1]. Figure 1.1 shows temperature 

dependence of fusion reactivity      curves [2] [3]. D-T reaction has the most 

probability and the curve of this reaction has a peak value at nearly 50 keV. To 

cause effective fusion reactions, it is necessary to heat fuel particles at least the 

order of ~10 keV. 

 

1.1.3 Energy Confinement 

 

 Energy confinement is an important concept for nuclear fusion energy. 

Thermal energy of the plasma is referred as               , where        and     

 

Figure 1.1: Maxwellian fusion reactivities for D-T, D-D and D-     
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denote plasma density, Boltzmann constant, electron temperature and ion 

temperature, respectively and plasma confinement time   is defined as 

 
  

              

     
 
    

     
  (1.5) 

where       is energy loss per unit volume and unit time. In order for plasmas to 

retain high temperature, it is necessary to balance energy loss and heating power 

produced by fusion reaction and outer input. In D-T reaction, one reaction creates 

an alpha particle which has            energy and a neutron which has 

            . Alpha particles heat up electrons and ions by Coulomb collisions, 

while neutrons have few interactions with plasma, so output power per unit volume 

is 

 
   

  

 
        (1.6) 

assuming that the density ratio of Deuterium and Tritium is          . Fusion 

reaction can continue without any input power, if         , i.e. 

 
    

    

      
  (1.7) 

This is one of a fundamental indicator about product of density and confinement 

time. J. D. Lawson evaluated criterion for producing thermonuclear reactor, so 

called Lawson criterion [4], which postulates                     and   10keV. 

Nuclear fusion reaction requires high temperature plasmas and long confinement 

time is also important for nuclear fusion power plant.  

 

1.2 Magnetic Confinement 

 

 In magnetic field, charged particles are received Lorentz force, which is 

perpendicular to the magnetic field, and move helically around magnetic field line, 

so that magnetic field restricts the motion of charged particles and confines plasma. 

There are several plasma experimental devices, which have a concept of magnetic 

confinement, such as tokamak, sterallator, reversed field pinch, tandem mirror and 

internal coil. Tokamaks and sterallators are most progressed devices for plasma 
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confinement and nuclear fusion reactor. On the other hand, in this work, a dipole 

confinement which has magnetic field like a planet is treated. The configuration is 

produced by an internal coil device the Mini-RT. Internal coil devices and dipole 

confinement are developing for applying nuclear fusion reactor, and this 

configuration has the possibility of the exceedingly high beta plasma confinement 

by Alfvénic flow [5] [6]. Beta value is an important parameter for magnetic 

confinement plasma and is defined as the ratio of plasma pressure and magnetic 

pressure 

 
  

      
      

  (1.8) 

where subscript ‘s’ denotes the species. High beta means high density and high 

temperature plasmas are confined in relatively low magnetic field, so that the beta 

value is an important index of economy of nuclear fusion reactor. To realize compact 

and economic fusion reactor, high beta plasma studies have been carried out [7] [8] 

[9]. 

 

1.3 Plasma Heating 

 

 Plasma heating method is generally categorized as follows; ohmic heating, 

Neutral Beam Injection (NBI) heating and Radio Frequency (RF) heating. In 

particular, Electron Cyclotron Heating (ECH), which is a kind of RF heating, has 

engineering benefits; the Electron Cyclotron Wave (ECW) has competence to 

propagate in a vacuum and to be transmitted with high electric power density, and 

physical benefits; fundamental structure of energy absorption is revealed and can 

be predicted theoretically with ease and the ECW can affect local plasma heating 

and current drive. ECH is a practicable method for plasma heating and is organized 

in International Thermonuclear Experimental Reactor (ITER) [10]. However, since 

the ECW has the cutoff density, it is difficult to generate and heat the high density 

plasma with ECH. The cutoff density is determined by the strength of magnetic 

field, the frequency of microwaves, and etc, and waves in plasmas have several 

modes by interaction with charged particles. The Electron Bernstein Waves (EBWs) 
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are electrostatic mode waves, which have no cutoff density and plural energy 

absorption layers. Therefore, EBW heating is expected to be one of the most 

promising methods for generating and heating high density plasmas and heating 

and current drive by EBWs are actively investigated [11] [12] [13] [14] [15]. As an 

example, the following is an EBW heating experimental result in the Large Helical 

Device [16]. H. Igami et al. launched the slow extraordinary mode from the lower 

port antenna in the LHD, and made the SX microwaves reach the Upper Hybrid 

Resonance (UHR) layer. Figure 1.2 shows a schematic of the ray trajectories of the 

incident beam in the LHD. The launched X mode microwaves can reach the center 

of the plasma through the region where the electron density and temperature are 

very low and the width of evanescent region lying the Right-handed Cutoff (RC) and 

the UHR is very thin. Figure 1.3 shows the frequency spectrum of a Lower Hybrid 

(LH) wave along with its harmonics range. This figure shows that the parametric 

decay wave in the LH wave frequency occurred because of the coupling process at 

the UHR that the SX-mode reaches, so that it suggests that the SX-mode reached 

 

 

 

 

Figure 1.3: Frequency spectrum of a LH 

wave [16] 

 

Black and grey shows the frequency 

spectrum during EC wave launching 

and the background level, respectively.  

  

Figure 1.2: Schematic of the SX-mode 

launching in the LHD [16] 

 

Contours of flux surfaces, the UHR layer, 

the ECR layer and the RC are plotted on 

the plane. 
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the UHR layer and that the condition of the EBW excitation was fulfilled. 

 I. B. Bernstein has predicted the existence of the EBW as an electrostatic 

mode which propagates perpendicular to the external magnetic field with 

theoretical analysis of hot plasma [17]. K. Mitani et al. showed the harmonic 

structure of the dispersion relation by investigating the resonant radiation from a 

magnetoactive plasma for the extraordinary wave [18]. This is the first 

experimental verification of the EBW. They measured the microwave radiations 

from the positive column immersed in a magnetic field by means of X-band 

radiometer and observed that the radiation patterns exhibit the resonant peaks 

near the 2nd, 3rd, 4th and 5th cyclotron harmonics in addition to the frequency of the 

UHR. These observed radiations were interpreted as the EBW which leaked out 

from the thin column plasma and radiated with the waveguide mode. During much 

of the same period, F. W. Crawford et al. [19] and R. S. Harp [20] also measured the 

transmission and emission of the EBW in linear plasma devices. Later on, it began 

to study a new method to heat overdense plasmas with the EBW [21] [22], and 

demonstrated EBW heating and EBW emission in the W7 – AS stellarator [11]. In 

addition to overdense plasma heating, EBW is used for current drive and start-up 

assistance in Spherical torus [7] [14] [13].  

 

Figure 1.4: Harmonic structure of the dispersion relation [18]. 
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Actual proofs of EBWs have been carried out mainly with indirect 

measurements like as electron cyclotron emission measurement, and EBW heating 

and EBW current drive experiments are interested in their effects on the plasma. 

Inserting probes, however, enables the direct investigation of waves in the plasma, 

and a few actual proofs of EBW with direct measurement by probing antennas have 

been carried out. S. Gruber and G. Bekefi investigated longitudinal waves in a 

magnetically confined linear hot-cathode arc discharge 5 cm in diameter [23]. They 

showed a drastic change in wavelength was observed with increasing magnetic field 

strength. H. Sugai verified experimentally that short-wavelength waves excited 

around the upper hybrid resonance (UHR) were mode-converted EBWs in a pulsed 

discharge plasma with a cathode of 60 cm diameter [24]. Y. Y. Podoba et al. 

demonstrated mode conversion from O-mode to X-mode waves around a cutoff layer 

and a phase jump around the UHR on the WEGA stellarator [25]. They measured 

 

Figure 1.5: EBW measurement in a linear plasma device with a coax-fed wire 

antenna [24]. 

 

(a) Spatial waveforms by interferometer (arrows indicate the location of the UHR) 

(b) Experimental and theoretical curves of the dispersion relation of EBW 

(c) Mode conversion efficiency from X-mode into EBW 
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the amplitude and phase of electric and electromagnetic field with rf-probes and 

loop antennas, and showed several characteristics of the EBW via spatial profiles of 

amplitude. However, since they did not measured the wavelength of the microwaves 

and EBWs, comparisons theory and experiments in terms of dispersion relations 

cannot be distinguished. 

 

1.4 Outline of This Research 

 

 This work is concerned with waves in dipole confinement plasma and an 

 

Figure 1.6: Radial profiles of electric and magnetic field components in the WEGA 

stellarator [25]. 

 

(a) – (d) show measured and calculated    (X-mode) amplitude,    phase,    

(O-mode) and    (X-mode) wave components, respectively. The phase jump of ~ 180° 

near the UHR confirm the existence of the UHR layer in the device, and    

decreases and    increase between the cutoff and the UHR indicates the mode 

conversion from O-mode to X-mode. 



17 

 

experimental verification of Electron Bernstein Waves in the internal coil device 

Mini-RT is carried out. In fusion plasma experimental devices, most of 

Experimental verifications of EBWs have been fulfilled with indirect measurements, 

while detailed direct measurements of them are not necessarily complete. In order 

to research the mode conversion process of electromagnetic mode wave to the 

Electron Bernstein Waves, the propagation of waves in internal coil torus plasmas 

is investigated by direct measurement with several kinds of probes. Three 

conversion scenarios, details are described in Ch.2, are well known and the most 

suitable method depends on the plasma coordination. The aim of this work is to 

verify experimentally with all the three excitation methods of EBWs in the internal 

coil torus plasma. 

The architecture of this thesis is the following. In chapter 2, basic physics of 

waves in plasma is described. Then, the experimental device, the Mini-RT is 

overviewed in chapter 3.  A numerical analysis with ray tracing and with FDTD 

code is described in chapter 4. After that, in chapter 5, diagnostic microwave 

systems are described. Chapter 6 shows the experimental results, and they are 

discussed in chapter 7. Finally, the conclusion of this research is declared in chapter 

8. 
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Chapter 2 

Waves in Plasma 

 

 RF heating is a part of plasma heating methods and waves in plasma have 

several characteristics by interaction with charged particles. In this chapter, 

behaviors of waves in plasma are described, and the description is started with a 

simple approximate model and is expanded to more general plasma model. 

 

2.1 Basic Equations 

 

Waves in plasmas are described by Maxwell equations, 

 
    

 

  
 (2.1) 

       (2.2) 

 
     

  

  
 (2.3) 

 
    

 

  
  

  
      (2.4) 

Charge density   and current density   which are made by charged particles in 

plasmas are determined by their distribution function, 

        
    

 

 (2.5) 

        
     

 

 (2.6) 

where    and    denote the distribution function and charge of “s” respectively and 

subscript s denotes ion’s specie. The time evolution of the distribution function 

obeys the Vlasov equation [26], 
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                (2.7) 

where    denotes mass of s. Since the plasma is a dispersive medium, the 

conductivity, relationship between electric field and current density, is written as a 

tensor 

             

 

 (2.8) 

and the electric displacement vector D is defined as 

          (2.9) 

where P is a polarization vector, which is defined by induced current density 

 
  

  

  
  (2.10) 

By assuming perturbed values vary as                 the relationship between 

conductivity and dielectric tensor can be written as 

 
             

 

 
       

 

                 

 

     (2.11) 

where       and    are the dielectric tensor, the susceptibility tensor and the unit 

tensor, respectively. 

 

2.2 Waves in Cold Plasma 

 

 Cold plasma model assumes homogeneous plasma whose temperature is 

zero in equable magnetic field, i.e. electrons and ions rest in non disturbance state 

and Larmor radius is much shorter than wavelength. 

 

2.2.1 Dispersion Relation of Cold Plasma Waves 

 

In cold plasma approximation, Eqs. (2.5), (2.6) and (2.7) are simplified as 

follows; 

        
 

 (2.12) 
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 (2.13) 

    
  

 
  
  

          (2.14) 

where    and    denote density and macroscopic average velocity of s respectively. 

Assuming the steady magnetic field         and electric field     , we can get 

the dielectric tenser from Eqs. (2.8), (2.11), (2.13), (2.14); 

 
      

     
    
   

 . (2.15) 

The parameters     and   were introduced by H. T. Stix in 1962 [27]. They are 

defined as follows 

 
  

 

 
         

   
 

     
 

 

 (2.16) 

 
  

 

 
       

  
 

   
 

     
 

 

 (2.17) 

 
     

   
 

  
 

 (2.18) 

 
     

   
 

       
 

 (2.19) 

 
     

   
 

       
 

  (2.20) 

where plasma frequency     and cyclotron frequency    are defined as 

 
   
  

    
 

    
 (2.21) 

 
   

    
  

  (2.22) 

The parameters, R (right), L (left), P (plasma), S (sum) and D (difference) are also 

referred to as “Stix parameters”. 

 We are assuming that perturbed values vary as               , and Eqs. 

(2.3) and (2.4) are 

          (2.23) 

             (2.24) 

Dispersion relation can be obtained from dielectric tensor, by substituting Eqs. 

(2.11), (2.15), (2.23) into (2.24) then 
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       (2.25) 

By introducing refractive index vector N and specific dielectric tensor    be as 

       and               , then (2.25) becomes 

               (2.26) 

Assuming that N is on the z-x plane and that   is defined as the angle between 

wave number vector   and static magnetic field     i.e. 

                               (2.27) 

Eq. (2.25) is written as follows 

 

 
                      

       
                    

   

  
  
  

          (2.28) 

Then determinant of    should be 0 to have nontrivial solutions of E, 

         
          (2.29) 

This is so called the dispersion relation of cold plasma, and the parameters 

          are 

                   (2.30) 

                       (2.31) 

        (2.32) 

respectively. There are two solutions of Eq. (2.29) involving imaginary number; 

 
   

   

  
  (2.33) 

where   is 

                              (2.34) 

 

2.2.2 Cutoff and Resonance 

 

 The solution   is determined by some plasma parameters. The point at 

    is called the cutoff, where the wave is reflected and at     is done the 

resonance, where absorption occurs, in particular. 

 For example, if propagation angle θ is equal to 0, 

             (2.35) 
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The first solution     corresponds to the so called “plasma oscillations”, where 

the charged particles oscillate for the parallel direction to the magnetic field around 

their equilibrium position. Since the plasma oscillations have no wave numbers, 

these oscillations cannot propagate in the plasma. The two other solutions      

and      are dubbed as R- and L-wave, after their polarizations. The R (L)-wave 

is a clockwise (counterclockwise) circular polarized wave. Since the R (L)-wave has 

the same direction of rotation with electron (ion) cyclotron, the wave can be 

absorbed by the charged particles at the point of        . 

 Then if   is equal to    , the solutions of Eq. (2.27) become 

 
     

  

 
  (2.36) 

The first solution      is a mode whose direction of electric filed vector is parallel 

to    and is referred to as O-wave (Ordinary). This wave cannot be absorbed in this 

approximation and has a cutoff at the plasma frequency. On the other hand, the 

second solution         is referred to as X-wave (eXtraordinary), which has 

either clockwise or counterclockwise elliptical polarization in the x-y plane.  The 

cutoff occurs at     or     and the wave absorption does at     which is so 

called hybrid resonance. Assuming single ion plasma, there are two resonances, the 

Upper Hybrid Resonance (UHR) and the Lower Hybrid Resonance (LHR). They 

occur at 

    
     

    
  (UHR), (2.37) 

  

   
  

 

  
     

  
 

      
 (LHR). (2.38) 

 

2.3 Waves in Hot Plasma 

 

2.3.1 Dielectric Tensor of Hot Plasma 

 

 In cold plasma, electrons and ions are regarded as motionless in the 

unperturbed state. In hot plasma, however, charged particles have a spiral motion 
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around the magnetic line even in the unperturbed state. To evaluate the time 

development of perturbed distribution function, Vlasov equation is integrated along 

the unperturbed orbits [28]. According to Ref. [29], assuming the isotropic non-drift 

maxwellian plasma, i.e. parallel and perpendicular temperature same value 

             and there is no flow, the susceptibility tensor    is 

 

    

      
                          

                
                 

                            

   (2.39) 

where the wave number vector                     . The parameters   -   

are defined as follows; 

 
     

   
     

      
                         

 

     

 (2.31) 

 
    

   
     

      
 

        

  
      

 

     

 (2.32) 

 
     

     
     

      
            

            

 

     

 (2.33) 
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where                        
   

                                     

               is the l th modified Bessel function of the first kind and        is the 

plasma dispersion function, respectively. In addition, the superscript “ ’ ” means 

total differentiation of the function. 

 

2.3.2 Electron Bernstein wave 

 

 The Electron Bernstein Wave (EBW) is an electrostatic mode, which is 

longitudinal polarized, and propagates nearly perpendicular to the magnetic field. 

The electron cyclotron motion plays an important role in the propagation of the 

EBW and its wavelength is the order of the Larmor radius. Figure 2.1 shows the 
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schematic description of the EBW propagation. Some characteristics of the EBW are 

found in its dispersion relation with electrostatic approximation. In this 

approximation, electric field is written with scalar potential  , i.e.      . By 

substituting this expression into      , we obtain the following 

       

   
       

       
                                

                  

(2.37) 

By setting the axis so as to                 , Eq. (2.37) is reduced to 

   
                

        (2.38) 

Ignoring the contributions of ions for simplification, the elements of dielectric tensor 

in Eq. (3.38) is written as follows 
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  (2.41) 

By substituting Eqs. (2.39) – (2.41) into (2.38) and using a Bessel identity, the 

dispersion relation of the EBW is obtained; 

 
    

   
 

   
    

     
 
    

 

     
       

       

 

    

     (2.42) 

 Some characteristics such as resonance and cutoff can be shown by 

asymptotic expansion of the plasma dispersion function and the modified Bessel 

function as a limiting case of the wave number vector. In the case of perpendicular 

 

Figure 2.1: Schematic description of the EBW propagation 

The corrective electron cyclotron motions create periodic charge accumulation. 
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propagation, the parallel component of the wave number vector     , Eq. (2.38) is 

reduced to 

        (2.43) 

In addition, in the case of       where the parameters are not too close to the 

Electron Cyclotron Resonance (ECR) harmonics, the plasma dispersion function Z 

can be expanded as follows; 

 
       

 

  
 

 

   
     (2.44) 

Then, the dispersion relation of the EBW is 

 
  

    
    

  
  

 
       

     

 

   

    (2.45) 

where       . 

 Considering the case of cutoff,    goes to be 0, and for small variable   the 

product of the modified Bessel function and exponential function can be expanded 

by asymptotic form with respect to   [28] [30] 
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Therefore, the dispersion relation near the cutoff can be expressed as 
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The condition of cutoff obtained from Eq. (2.47) is 

       (2.48) 

                       (2.49) 

On the other hand, in the case of resonance    goes to be  , and for large   

 
         

 

        
   

      

    
 
                

       
     (2.50) 

Substituting Eq. (2.50) into (2.45), 

 
  

    
 

     
     

 
  

     
   

      

    
   

 

   

     (2.51) 

Thus, the condition of resonance is 

                       (2.52) 

 Therefore, cutoff and resonance occur at any harmonic ECR layers, and 
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only exceptional instance is the cutoff at the UHR layer. The validity of electrostatic 

approximation is vanished and the EBW has a marginal electromagnetic component 

near the cutoff region. On the other hand, the resonance of the X mode occurs at the 

UHR layer, where the refractive index of the X waves becomes large, the 

wavelength of them becomes much shorter and longitudinal electric filed dominates. 

Therefore, the X waves and the EBWs merge and mode conversion occurs at the 

UHR layer. In order to excite EBWs and to heat plasma with them, X waves reach 

the UHR layer. The dispersion relation of the EBWs as the solution of Eq. (2.43) is 

shown in Fig. 2.2. The parameter in this figure is normalized electron density     

  . In addition to the condition of cutoff and resonance, dispersion relation curve 

gives the characteristics of the group velocity. Since the group velocity      

 

Figure 2.2: Dispersion relation of the EBW for perpendicular propagation at different 

values of parameter        
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appears as the slope of a tangent, one can find the EBWs are backward wave except 

for the region near the cutoff. 

 

2.4 Excitation of EBW 

 

 As already mentioned, since the EBW cannot propagate in vacuum, it is 

necessary to convert wave from electromagnetic mode into electrostatic mode in the 

plasma. This mode conversion requires an access to the UHR of the X waves. Three 

excitation scenarios of the EBWs are well known, i.e. 

 1) Perpendicular injection of X waves from high field side (SX-B conversion), 

 2) Perpendicular injection of X waves from low field side (FX-SX-B conversion), 

 3) Oblique injection of O waves from low field side (O-X-B conversion). 

In this section, each schemes of excitation are described with the dispersion relation 

and some schematic wave trajectories. 

 

 

Figure 2.3: The dispersion relation of perpendicular propagation in the cold plasma 

 The ratio between the frequency of incident wave and electron cyclotron frequency 

is fixed as          . 
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2.4.1 SX-B Conversion 

 

 The cold plasma dispersion relation for perpendicular propagation mode is 

shown in Fig. 2.3. This figure shows O mode, Fast X (FX) mode and Sow X (SX) 

mode, and SX has a branch connecting the UHR. Thus, if the SX waves are injected 

into the plasma, they can be converted into the EBW. The CMA (Clemmow-Mullaly- 

Allis) diagram [31], which is shown in Fig. 2.4 [32], describes properties of the 

 

Figure 2.4: CMA diagram 

This figure is quotation from Ref. [32]. 
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waves in a very intuitive way. In this diagram, horizontal axis corresponds to the 

square of a plasma frequency, which is proportional to the density, normalized by 

frequency of the incident wave, and vertical does to the electron cyclotron frequency, 

which is proportional to the strength of the magnetic field, normalized similarly. For 

example, if the wave injected from outside of the plasma, the initial position of the 

wave on the CMA diagram is a spot on the vertical axis. Therefore, to inject SX wave 

from the outside of the plasma, the initial position needs to be on          region, 

and this condition corresponds to injection from high field side. Figure 2.5 (a)-(I), 

the blue line shows the schematic trajectory on the CMA diagram of SX-B 

conversion. Launched SX wave propagates from high field side to low field side and 

access the UHR directly. In this scenario, injected wave can reach the UHR without 

 

(a)SX-B conversion                  (b) FX-SX-B conversion     

 

 

            (c) O-X-B conversion 

Figure 2.5: Wave trajectories on the 

CMA diagram 

The UHR layers are drown as red 

lines in the diagram and blue lines 

show the proper trajectories for the 

EBW excitation in each scenario. 
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passing the evanescent region. 

 The SX-B conversion is a straightforward scheme of an access to the UHR 

of the X wave. However, the plasma density has to be limited in order that wave 

trajectory on the SX-B conversion would not cross the cutoff line in the diagram. In 

Fig.2.5 (a)-(II), the dashed green line, the wave trajectory cross the L-cutoff line, so 

that the wave reflects at the cutoff and cannot access to the UHR layer. In addition, 

the SX-B conversion has some technical difficulties, because higher magnetic field 

side is located on the center of vacuum vessel in many torus plasma experimental 

devices. The internal coil device Mini-RT, which is treated in this research, is no 

exception, too. Thus in the SX-B scenario, wave launcher system should be in the 

center of the vacuum vessel where some complicated mechanisms exist. The detail 

of excitation system and antennas for SX-B conversion in the Mini-RT is described 

in Chapter 5. 

 

2.4.2 FX-SX-B Conversion 

 

 Next, the perpendicular injection of the X wave from low field side, 

FX-SX-B conversion is mentioned. This conversion scenario is a method that makes 

the incident FX wave tunnel by reducing the thickness of the evanescent region 

between R-cutoff and the UHR. Figure 2.5 (b) shows FX-SX-B conversion trajectory 

on the diagram. FX wave is injected from low field side to high field side and 

propagate to the R-cutoff line, and then, if the width of evanescent region is much 

smaller than the incident wavelength, the tunneling of the FX wave occurs. The 

incident FX wave is converted into the SX wave and the wave reaches the L-cutoff 

and the UHR. The reflected SX wave at L-cutoff also accesses to the UHR. After 

that, the EBW is excited as well as the SX-B conversion. The thickness of the 

evanescent region between the R-cutoff and the UHR depends on the density 

gradient and magnetic field gradient. The steeper the gradient of density and 

magnetic field is, the thinner the evanescent region becomes. K.G. Budden 

investigated mode conversion efficiency by evaluating the tunneling and reflecting 

wave with the distance of the evanescent region normalized by the wavelength in 
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vacuum [33]. He constructed a mode of refractive index at the vicinity of the UHR, 

and analytical solution is obtained. It is assumed that the incident wave propagates 

along the x direction and uniformity in the y direction. Then, let the tunneling 

parameter     introduced as follows 

         (2.53) 

where    is a wave number vector at infinity and    is the distance between 

R-cutoff and the UHR. The reflection coefficient    was evaluated by the ratio of the 

amplitude of the incident wave and that of the reflected wave. 

            (2.54) 

Similarly, the transmission coefficient     was obtained from the ratio of the 

amplitude of the incident wave and that of the transmission wave. 

       
  

   (2.55) 

Then, the conversion efficiency          is written as 

             
                      (2.56) 

Therefore, the maximum mode conversion efficiency with the Budden’s model is 1/4 

at                . 

 A. K. Ram constructed a more detailed model about the mode conversion 

efficiency [34]. His model contains the influence of the reflected wave at L-cutoff 

also [35]. In this model, the mode conversion efficiency is obtained as follows 

 

(a) Budden’s model                       (b)Ram’s model            

Figure 2.6: Mode conversion efficiency as a function of η  

(b) shows contours of constant conversion efficiency as a function of η and ϕ  
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            (2.57) 

whre   is the phase of          and   is the phase difference between the SX 

wave propagating toward the L-cutoff and the reflected component propagating 

toward the UHR. The tunneling parameter η is estimated by using the gradient 

scale length of the plasma density and magnetic field. 
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where 
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respectively.  

 

2.4.3. O-X-B Conversion 

 

 The incident wave trajectory of O-X-B conversion is described in Fig.2.5 (c). 

As shown in Fig.2.3, the branch of O wave and SX wave separated off between 

P-cutoff and L-cutoff in perpendicular propagation mode. However, if the incident 

wave has a parallel propagation component, the distance of evanescent region 

becomes thinner. From Eq. (2.29) we can obtain the perpendicular refractive index 

which includes parallel component as a parameter, i.e. 

 
  
  

         

  
   

   (2.62) 

where 

            
     

  (2.63) 

          
       

   (2.64) 

Figure 2.7 shows the perpendicular dispersion relation in the case of three constant 
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values of parallel refractive index. The evanescent region becomes thinner with 

increasing the parallel component (Fig. 2.7 (a)), and the branch of O wave and that 

of SX wave connects when the parallel refractive index becomes a certain 

appropriate value (Fig. 2.7 (b)). The additional parallel component separates the 

branch of O and X waves again (Fig. 2.7 (c)). Therefore in the case of optimal 

parallel component, injected O wave is converted into SX wave and the SX wave is 

similarly done into the EBW. This optimal value of parallel component is obtained, 

by assuming the refractive index of the X mode and that of the O mode have the 

same value at the P-cutoff. Thus 

      
    (2.65) 

Assuming that the wave propagation along the magnetic field varies little in its 

 

            (a)                                 (b)           

 

 

             (c)           

Figure 2.7: Dispersion relations of the 

perpendicular component 

The case of (b) shows the connection of 

the branch, while (a) and (c) the branch 

of O wave and that of X wave are 

displaced between the cutoffs. 
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parallel component of the wave number vector     the optimum injection angle of 

the O wave to the plasma is obtained as follows; 

 

        
   

  
    

  (2.66) 

Figure 2.8 shows the refractive index profiles of O wave injection with typical 

parameters in the Mini-RT for optimal and slightly non-optimal oblique injection. 

To perfectly convert the injected O wave into the SX wave, the injection angle leaves 

no margin, but waves can also tunnel through the evanescent region with reflection 

and dumping. The conversion efficiency of O-X conversion was calculated with 

several model of wave propagation [36] [21] [37]. F. R. Hansen showed the Mjølhus’s 

formula [38] to be the best approximation to the exact result of conversion efficiency 

 

Figure 2.8: Perpendicular refractive index profile 

The O wave is injected form right-hand side, which is low density and low magnetic 

field side. The plasma parameters are assumed as typical parameters in the 

Mimi-RT. The optimal injection condition, the red line in this figure, only has no 

evanescent region. 
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in a numerical study [39]. The formula is 

 
             

  
  
 
   

     
  
 
    

       
  

 
   

     (2.67) 

We are assuming that       and     , so that the conversion efficiency can be 

described as normal distribution whose median becomes      . Then, 

 
             

  
  
 
   

     
  
 
    

       
  

 
    (2.68) 

Since the variance of this normal distribution is proportional to       , a small     , 

which means low frequency of the incident wave and steep gradient of the density 

profile, gives high conversion efficiency in broad range of    . Here note that this 

conversion efficiency is only applicable in the O-X conversion. The SX wave 

converted from incident O wave propagates toward the UHR and couples to the 

EBW.  However, if the evanescent region between the UHR and R-cutoff is 

adequately thin, this case is corresponds to small     , the tunneling incident 

occurs and the FX wave propagates toward the outer region. This is one reason why 

the SX-FX-B conversion and O-X-B conversion don’t go together for the same 

plasma. Thus, high efficiency of the total O-X-B conversion requires both large       

and accurate injection. 
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Chapter 3 

The Internal Coil Device Mini-RT 

 

3.1 The Mini-RT Device 

 

 The Jupiter is a planet which has the magnetosphere. Plasmas which are 

mainly supplied by the Jovian satellite such as the Jupiter I, Io, are confined in the 

magnetosphere [40]. The rotary motion of them excels in a large domain within the 

range of the magnetism. Relaxation plays an important role in plasma dynamics. S. 

M. Mahajan and Z. Yoshida have developed a relaxation state based on two-fluid 

plasma theory [5]. To explore the relaxation phenomena, torus devices with a 

superconductor coil called Superconductor-Ring Trap (S-RT) was constructed [41] 

 

Figure 3.1: Schematic cross section of the Mini-RT device 
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[42]. 

 

3.1.1 Overview 

 

 Figure 3.1 shows schematic view of the cross section of the Mini-RT device. 

The diameter of the vacuum vessel is 1.0 m, and its height is 0.7 m, respectively. 

The device has two coils; one is an internal coil constructed with a high temperature 

superconductor (HTS) and the other is levitation coil done with copper. Magnetic 

configurations are determined by magnetomotive force of these two coils. In other 

words, one can change the plasma confinement region easily with applying 

levitation coil current. Figure 3.2 shows two types of configuration. In the case of (a), 

with no levitation coil current, the configuration becomes simple dipole 

configuration, where confinement region of plasmas is limited by vacuum vessel 

 

Figure 3.2: Configurations of the device 

        (a) simple dipole configuration        (b) regular configuration 
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wall, on the other hand, in the case of (b), with applying levitation coil current, 

plasmas are confined in the last closed magnetic flux surface.  

 

 

3.1.2 Coils in the Device 

 

 The internal coil in the Mini-RT device is cooled by helium gas with two GM 

refrigerators and is directly charged with persistent current. Figure 3.3 shows a 

 

Figure 3.3: Schematic cross section of internal coil 

 

 

Figure 3.4: Comparison of current decay between Bi2223 and REBCO 
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cross section of the coil. The internal coil had been wound with BSCCO tapes and 

was replaced with the new one wound with the REBCO tapes [43]. Table 3.1 shows 

a comparison between the old and new internal coil [44]. Replacing the HTS tape 

results in extension of time constant of current decay. A comparison between them 

is shown in Fig. 3.4. 

 

 

Table 3.1: Specifications of the main coil wound with the BSCCO and REBCO tape 

 BSCCO coil REBCO coil 

Fabrication year 2003 2013 

Major radius 150 mm 149.3 mm 

Minor radius 16.15 mm 16.04 mm 

Total coil current 50.0 kA-turns 55.2 kA-turns 

Vendor Sumitomo Fujikura 

Cross section of a tape   

Width 4.4 mm 4.36 mm 

Thickness 0.39 mm 0.272 – 0.281 mm 

Stabilizer Silver ratio = 1.57 Copper laminate 0.1 mm 

Critical current (77K) ~ 100 A 216 – 223 A 

Critical temperature ~ 113 K 92 K 

Operation current 116.82 A 100 A 

Current density 64.95 A/mm2 68.30 A/mm2 

Total tape length 403.4 m 517 m 

Winding / bonding Layer winding / epoxy resin 

Coil inductance 0.0876 H 0.144 H 

Stored magnetic energy 0.598 kJ 0.720 kJ 

Magnetic field strength 

Br : radial component 

Bz : perpendicular component 

 

0.6043 T 

0.7944 T 

 

0.656 T 

0.841 T 
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3.2 Plasma Production 

 

 Plasmas in the Mini-RT are produced and heated by Electron Cyclotron 

Heating (ECH) with continuous microwaves at 2.45 GHz and 1.0 - 2.5 kW. Figure 

3.5 shows the diagram of plasma production. The mode of the microwaves is 

selected by applying straight waveguide or twisted waveguide. A straight 

waveguide is used for O wave injection and a twisted waveguide is for X wave 

injection. In this research, the O mode waves were injected. The produced plasma is 

maintained for 7 seconds by keeping injection of continuous microwaves. The cutoff 

density for 2.45 GHz is             . Filler gas is hydrogen and typical pressure of 

it is      -      Pa with base pressure of      Pa.  

 

  

  

 

Figure 3.5: Schematic diagram of the plasma production system 



41 

 

 

Chapter 4 

Numerical Analysis 

 

 As mentioned in Ch.2, the EBW excitation requires that X-mode 

microwaves reach the UHR layer and three ways of accessibility are well known, i.e. 

FX-SX-B, SX-B and O-X-B conversion methods. The mode conversion efficiency 

depends on the propagation characteristics of electromagnetic waves in Electron 

Cyclotron Range of Frequencies (ECRF) such as tunneling, cutoff, O-X mode band. 

In this chapter, two approaches for description of wave propagation in plasma are 

mentioned. One approach is the geometrical optical approximation known as ray 

tracing, and the second one is so called full-wave solution that Maxwell equations 

are directly solved. 

 

4.1 Ray Tracing method 

 

 If the wavelength of the incident wave is sufficiently smaller than the 

typical scale length of plasma parameters, the effectiveness of geometrical optical 

approximation is guaranteed and the wave is described as a ray. Since the 

wavelength of EBW is the order of Larmor radius, the ray tracing method is useful 

for describing the wave trajectory. However, in the Mini-RT device whose major 

radius is 500 mm, this approximation for the electromagnetic mode whose 

frequency is the order of GHz and whose wave length is the order of ~ cm, is no 

longer valid. In addition, the ray doesn’t have the tunneling incident effect, so it can 

only propagate in the region where the dispersion curve connects in real number 

space, which corresponds to the case of         . In this section, to estimate 

O-X-B conversion process in the Mini-RT briefly, wave trajectories of incident 
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microwaves from the top of the vacuum vessel are described with the ray tracing 

method by using force assumption of geometrical optics. 

 The direction of the energy flow of the wave is given by group velocity 

        , and then angular frequency   and wave number vector   have to 

satisfy the dispersion relation              according to varying of the time and 

the coordinate of the ray. Assuming that the dispersion function D includes no loses, 

the angular frequency    can be written as            . Then, time developments 

are given [28] by 

 

   
  

  
  

 

 
 
  
  

  
  

 

 

 
 
 

  

  
  
  
  

  
  

   
  

  
  
  
  

  
  

   (4.1) 

The dispersion function of the injected O wave and the X wave and of the excited 

EBW was obtained in Ch.2 as Eqs. (2.62) and (2.42). Then, we can describe the wave 

trajectories in the plasma by integration of Eq. (4.1). The ray tracing method is able 

 

Figure 4.1: O-X-B conversion trajectory in the Mini-RT 

The O wave is injected from the top of the vacuum vessel and couples to the X wave 

at P-cutoff. The EBW excited at the UHR propagates toward the core plasma region 

and is damped down at the 4th ECR by resonance absorption. 
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us to obtain other wave properties such as damping, reflect and energy absorption 

in addition to the chase of wave trajectories. 

 Ray tracing calculations are carried out to show the possibility of the O-X-B 

conversion in the internal coil device Mini-RT. This device has purely poloidal 

magnetic field, so the plasma can be regard as identical for toroidal way. Therefore 

this calculation is carried out only in the poloidal cross section. The plasma 

parameters are assumed as a function of magnetic surface which is produced by 

internal superconductor coil, and are located two dimensionally. The frequency of 

injected microwave is 1.0 GHz, and the density of the plasma at the core is 

about           . The microwave is injected as a beam from the top of vacuum 

vessel so that the polarization of the wave can be the O mode wave. As described in 

Ch.2 in the O-X-B conversion parallel component of the wave is a cardinal factor. 

The Mini-RT device has closed magnetic lines in the poloidal cross section, so that 

the parallel component of the wave number vector has a periodic boundary 

condition along the field line. The poloidal mode number is determined by initial 

argument of the tangent between the field line and wave number vector. Figure 4.1 

shows the wave trajectory whose mode is converted from O mode into the SX mode 

and the Bernstein mode, in the Mini-RT device. In the case of Fig. 4.1 the initial 

 

Figure 4.2: Non-optimal injection 

The injected O wave is reflected at P-cutoff line and cannot propagate into core region 

nor be absorbed. 
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injection angle which is determined at the last closed magnetic surface is 75.06°. 

The O wave is launched from the top of the vacuum vessel toward the center of the 

plasma. The wave propagates to the P-cutoff line (shown as the rose line) and then 

the mode is converted into the SX mode and the wave propagates to the higher 

density region. After the slightly rollback, the SX wave reach the UHR layer (shown 

as the light blue line) and is converted into the EBW. The EBW propagates toward 

the core of the plasma and absorbed at the ECR layer (the 4th ECR is shown as the 

green line). This is the optimal case of the O-X-B conversion. If the initial injection 

angle moves a little over, the branch of the O wave and that of the SX wave cannot 

be connected. Figure 4.2 shows the case of non-optimum. The injected O wave is 

reflected at P-cutoff line and cannot propagate to higher density region. These 

results are too sensitive because the conversion efficiency curve has broadening 

shape. This is a bound of the ray tracing method. In addition, the assumption of 

parallel mode conservation could well have error factors attributed to the collapse of 

the approximation of geometrical optics. 

 

4.2 FDTD method 

 

 As mentioned above, geometrical optics is applicable only in the media 

whose scale length of the refractive index is much longer than the incident 

wavelength. The plasma in the Mini-RT which is treated in this research has the 

scale about the order of 10 cm, so the geometrical optics is not applicable for the 

1GHz microwaves. Therefore, in order to analyze wave propagation in the Mini-RT 

plasma, it is necessary to directly solve the Maxwell equations. 

 

4.2.1 Basic Concept of FDTD 

 

 The Finite-Difference Time-Domain (FDTD) scheme is an explicit method 

[45] [46] for the Maxwell equations that are shown in Eqs. (2.3) and (2.4). This is a 

popular technique to calculate the propagation of the electromagnetic wave in 
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inhomogeneous media like as magnetized plasma [47] [48]. The finite-difference 

method enables us to visualize the spatial wave pattern in detail, and the 

time-domain method does us to obtain time evolution of the propagation and the 

mode conversion processes. According to Yee’s FDTD algorithm [49] magnetic and 

electric field components are located between a pair of the other component in each 

time step. In Yee cell, since the electric and magnetic fields are present with shifted 

by a half step with each other, the boundary conditions are set only for the electric 

field at the interface. The FDTD method adopts the central difference and the 

temporal derivatives of E and B by finite differences can be written as follows; 
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  (4.3) 

where    is the time increment and the superscript   is the time index, i.e. 

              . Then the Maxwell equations with this notation result in 

following equations; 
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        (4.5) 

 

Figure 4.3: Illustration of the location of electric and magnetic component. 

The spatial and temporal derivatives of each component by finite difference coincide 

in an equation. 
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 The response of the plasma appears in the current density j as the motions 

for electrons and ions. In cold plasma approximation, the motions of the charged 

particles are described by Eq. (2.14). Assuming that the plasma is one species of 

hydrogen and the velocity of ions is much smaller than that of electrons, the first 

order of the current density due to the cold plasma is written as 

    
  

      
   

 

  
           (4.6) 

where ν is the collisional frequency. The     term is responsible for collisional 

damping of the wave. In the cold plasma model, the propagation of the EBW and the 

mode conversion which occurs at the UHR cannot be described, but tunneling and 

the cutoff is able to be. Therefore, this model is fruitful for analysis of the wave 

propagation and accessibility to the resonance or cutoff in a plasma device. 

 

4.2.2 Two-dimensional Calculation 

 

 As described, the Mini-RT device has purely poloidal magnetic field. Thus, 

 

Figure 4.4: The cross section of the Mini-RT device 

The cutoff and resonance lines are described for 1.0HGz microwave in typical profile 

of hydrogen plasma which is produced by 2.45 GHz microwave. 
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the wave analyses of the cross section of the Mini-RT are conducted as to be 

isotropic in the toroidal direction. Thus parameters are independent of the y 

direction. Thus,         and an arbitrary function of space and time can be 

written as                                    . Figure 4.3 shows the two 

dimensional coordinate system and the grid positions of E and B components, where 

each E component is located between a pair of B components and vice versa. The 

current density j exists with E component simultaneously, and is located at the 

same point of B component in order not to conflict with constitutive equations. By 

solving Eqs. (4.5), (4.5) and (4.6), one gets 
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where 
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(4.17) 

 Figure 4.4 shows the cross section of the Mini-RT device and characteristic 

location of cutoff and resonance for 1.0 GHz microwave in typical plasma 

parameters. It is assumed that injected microwaves are radiated from the antenna 

which is placed at the internal coil level and excites an electric field in the toroidal 

direction, which corresponds to X wave injection. The source of the microwave is 

regarded as a spot source and microwaves are spread as spherical waves, so that 

injected wave results in perpendicular X wave injection in a slab of internal coil 

level. 1.0 GHz microwaves are supplied continually with modulated end to gentle. 

 The grid size and the time increment have to be chosen with care for 

numerical dispersion and stability. The grid size has to be much smaller than the 

wavelength in order not to change the wave properties significantly. In this work 

           mm is chosen. According to Ref. [50], it is possible to compute in a 

stable manner in the numerical dispersion of about 5 % or less in the refractive 

index N within a range of               In addition, time increment also has 

some restriction to ensure the stability of the time-stepping algorithm [51]. This 

condition is referred to as Courant-Friedrichs-Lewy (CFL) condition [52]; 

 
     

 

   
 

 

   
 

 

   
 
 
 
 
  (4.18) 

where c is the speed of light. On 2d grid with equal grid sizes δ, Eq. (4.18) is reduced 

to 

 
   

  

 
    (4.19) 

The time increment of this work is 1 ps. Then the left hand of Eq. (4.19) corresponds 

to 0.42 which satisfies the CFL condition. 
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(a) t = 1.2 oscillation periods     (b) t = 5.6 oscillation periods 

 

(c) t = 11.6 oscillation periods    (d) t = 20.0 oscillation periods 

Figure 4.5: Time evolution of electric field intensity pattern 
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(a) t = 1.2 oscillation periods     (b) t = 5.6 oscillation periods 

 

 

(c) t = 11.6 oscillation periods    (d) t = 20.0 oscillation periods 

 

Figure 4.6: Time evolution of the electric filed profiles 

The UHR is located about x = 310 mm (shown as dot-dash lines). The short 

wavelength mode is excited for a few oscillation periods and its wavelength becomes 

shorter about 10 mm after 20 oscillation periods. 
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 The boundary conditions to the electric field are set as a perfect conductor 

wall of vacuum vessel and the shield of internal coil, i.e. electric field parallel to the 

surface is set to zero at the grid points where the wall is located. 

 

4.2.3 Wave Propagation in the Mini-RT 

 

 Figure 4.5 shows the time evolution of the wave pattern in the cross section 

of the Mini-RT. Since the X waves are injected from low field side, the FX-SX-B 

conversion is expected. The injected microwave at 1.0 GHz whose wavelength is 10 

cm in vacuum, propagate toward the center of the vessel (Fig. 4.5 (a) at t = 1.2 

oscillation periods). The wave is inundated with being reflected at cutoffs, vacuum 

vessel wall and internal coil, and reach the UHR layer after tunneling the 

evanescent region (Fig. 4.5 (b) at t = 5.6 oscillation periods). After a while, a 

short-wavelength-wave mode is excited at the UHR (Fig 4.5 (c) at t = 11.4 oscillation 

periods), and the wavelength of this mode becomes shorter (Fig. 4.5 (d) at t = 20.0 

oscillation periods). Figure 4.6 shows the time evolution of wave pattern at the 

internal coil level. At first, the injected wave has only y-component of electric field 

corresponding to the X mode (Fig. 4.6 (a) at t = 1.2 oscillation periods). The UHR 

layer is located about x = 310 mm at z = 0 level and the longitudinal polarization 

component (x component of electric field) begins to be excited at the UHR (Fig. 4.6 

(b) at t = 5.6 oscillation periods). Then, in the component of longitudinal 

polarization, the wavelength becomes shorter and the amplitude does larger (Fig 

4.6 (c) at t = 11.4 oscillation periods). Finally, the wavelength attains about 10 mm 

near the UHR (Fig. 4.6 (d) at t = 20.0 oscillation periods). In this calculation, since 

the response of the plasmas is expressed by cold plasma approximation, the 

short-wavelength mode is corresponds to the UHR wave and stays near the UHR 

layer. 

 

4.2.4 Mode Conversion into the EBW 

 

 Although the cold plasma model can exhibit basic characteristics 
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(polarization, resonance at the UHR, tunneling, cutoff and so on), to describe mode 

conversion to the EBW mode and its propagation, the thermal effect is need to be 

introduced. Thus, hot plasma formalism, described at Ch. 2, is substituted into the 

current density terms, i.e. Eq. (4.6) is written as follows; 

        

  
                     (4.20) 

where     is a susceptibility tensor, described in Eq. (2.39). Here, we assumed that      

can be divided into       and       . Then, the first order of  corresponds to that 

of cold plasma, and the second order of   can be written as follows; 

                                              (4.21) 

Once here, with fixed the wave number  , domain is converted from frequency to 

time. Note that the Fourier transform of the product is an integral convolution of 

the Fourier transform: 

 
                           

 

  

      (4.22) 

Since the EBW is an electrostatic mode,    equals to zero, and the electric field of 

EBW can be written as 

                                         (4.23) 

 

4.2.5 RC scheme 

 

 An temporal discretized convolution        results in the following 

formula; 

 
                      

   

 

 

      
   

   

       
       

   

  

(4.24) 

If there is a following relationship between the  th integral and      th integral 

 
       
       

       

         
       

   

  (4.25) 

then the convolution can result in a recurrence formula; 
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(4.26) 

This scheme which makes convolution result in recurrence formula is called as 

Recursive Convolution (RC) scheme [45] [46]. 

Here, assuming that      has only diagonal components, we can solve Eq. (4.23) 

and represent    as; 

 
  
  

           
           

 

             
  

 

  (4.27) 

For perpendicular propagation to   , the xx component of the hot plasma 

susceptibility tensor is written as series expansion of  ; 

 

     
   
 

      
 

   
   
 

    
   

 

                   
    (4.28) 

where the first term corresponds to that of the cold plasma susceptibility, so that the 

second term is set to be       in particular case where only the dominant first order 

term in Larmor radius expansion and perpendicular dispersion are considered in 

the plasma current [53] [54]. Since Eq. (4.28) has ω only in denominator, this is a 

proper form in Laplace transformation. Setting as           , Laplace 

transformation technique is useful and   can be easily inverse Laplace transformed. 

The wave number vector is only numerator as   
 , so that inverse Fourier for   is 

written as follows; 

 
       

         
  

   
        (4.29) 

 

4.2.6 1D FX-SX-B Conversion 

 

 To demonstrate FX-SX-B conversion, 1D model calculations are carried out 

in assumption of the Mini-RT typical parameters; electron density, temperature and 

external magnetic field. The injected microwaves are assumed to be 1.0 GHz and X 
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mode, and injected from low field side at z = 0 line. The wavelength of the EBW is 

estimated about 2 mm, so that the spatial grid size is set to be 0.1 mm. Two cases 

are assumed; one is steep density gradient profile, which corresponds to applying 

levitation coil current, and the other is moderate gradient. Figure 4.7 shows the 

refractive index profile in these assumptions, which is solved in wave number and 

angular frequency domain. In Fig.4.7 (a) the UHR is located at major radius R = 295 

mm, where the EBW mode is excited, and R-cutoff is at R = 310 mm, while in the 

case of the Fig.4.7 (b) the UHR is located at 265 mm and R-cutoff is at 395 mm. 

Thus, in the case of Fig. 4.7 (a), tunneling parameter        is 0.05, and in the 

case of Fig. 4.7 (b),    becomes 2.7, where    is wave number in vacuum and    is 

the distance between the UHR and R-cutoff. 

 A numerical result of 1D FX-SX-B conversion is shown in Fig.4.8 and Fig. 

4.9. Figure 4.8 shows time evolution of electric fields and mode conversion process. 

The incident X wave has only Ey component at first (Fig. 4.8 (a)), and then Ex 

component corresponding to longitudinal polarization arises at the UHR (Fig. 

4.8(b)). The wavelength of longitudinal component becomes shorter gradually, and 

begins to propagate toward higher density region (Fig. 4.8 (c)). Finally, the 

wavelength becomes about 3 mm, which corresponds to refractive index of 100, and 

gets to be steady state (Fig. 4.8 (d)). This temporal series of flow is showing the FX 

to SX conversion and SX to B-mode conversion. 

 

Figure 4.7: Assumed refractive index profiles 

(a) Assumption of steep density gradient (b)Assumption of moderate density gradient  
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Figure 4.8: 1D simulation of the FX-SX-B conversion 

 

(a) 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

(c) 

 

 

 

 

 

 

(d) 
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 On the other hand, in the case of large   , the short-wavelength mode does 

not appear. Figure 4.9 shows time evolution of electric fields in the case of Fig. 4.7 

(b). In this case, Ex component becomes long-wavelength mode which corresponds 

to the polarization of the FX mode in a low density plasma and in high density 

region (R < 300), both components of Ex and Ey are damped down. 

 It is demonstrated that the perpendicularly injected X mode from low field 

side is converted into the EBW mode with temporal evolution. However, this 

calculation adopts some approximation. The susceptibility tensor was expanded 

with small    so that this approximation loses its validity in the region of large  . 

In addition, ignoring high order term of   make us lose the effect of high-harmonic 

ECR. This calculation only concern      component, but in order to exhibit oblique 

propagation and to be expanded for 2-dimensional calculation, the equations should 

be solve for     matrix. 

 

 

 

 

Figure 4.9: 1D simulation in the case of Fig.4.7 (b) 
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4.3 Summary of Numerical Analyses 

 

 Two methods for numerical analysis have been described in this chapter. 

The ray tracing calculations have shown the wave trajectories with satisfying their 

dispersion relations and mode conversion scheme form injected O waves into the 

EBWs. Since the ray tracing method applied to the Mini-RT device, where the 

wavelength of incident 1.0 GHz microwave is comparable in the size to the major 

radius of the device, understandingly contains the force approximation of 

geometrical optics, the O-X-B conversion in the device should be investigated with 

full-wave calculations and plasma experiments. However, it is shown that 

microwaves injected from the top of the vacuum vessel have a possibility of EBW 

excitation via O-X-B conversion scenario in a certain optimal condition. Thus, these 

results may be some indicators for actual architectonics of microwave launching 

systems for EBW excitation by O-X-B conversion method. 

 The FDTD calculations, where Maxwell equations are directly solved, have 

shown spatial wave pattern with time evolution. On 2d grid in the Mini-RT, where 

the cold plasma model is applied, it has shown that injected fast-X waves propagate 

toward core plasma region and tunnel the evanescent region, and short-wavelength 

mode whose polarization has large longitudinal component is excited around the 

UHR layer. This short-wavelength mode is coupled to the EBW mode, so that the 

possibility of FX-SX-B conversion in the device has been shown including the 

excitation antenna, reflected waves and configuration. Furthermore, 1D grid model 

including warm plasma effect has shown FX-SX-B conversion with time evolution, 

and serves as a stepping stone to full-coverage analyses of the device including 

antennas and O-X-B conversion. 
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Chapter 5  

Experimental Setup 

 

5.1 Measurement System 

 

 As mentioned in Ch.3, plasmas are produced by 2.45 GHz microwaves in 

the internal coil device Mini-RT. In the device, waves at frequencies lower than 

2.45GHz was injected to diagnose wave propagation in overdense plasmas; the 

plasma produced by 2.45 GHz microwaves acts as an overdense plasma with respect 

to lower frequency diagnostic waves. In this work, diagnostic waves at 1.0 ~ 1.6 GHz 

were injected from low field side and high field side. To examine the mode 

conversion of the waves from electromagnetic to electrostatic mode, the 

electromagnetic and electrostatic components were measured simultaneously by 

probing antennas inserted directly into the plasmas. 

 

5.1.1 Interferometry System 

 

 Interferometry enables us to obtain a snapshot of the electric or magnetic 

field [55]. Several modes of the waves have been investigated with directly 

observation by using interferometry systems such as lock-in amplifier [56] [57]. The 

profiles of electromagnetic field appear as waveforms and give us some 

characteristics of the wave, i.e. wavelength, phase, amplitude. The characteristics of 

the EBW require high axial resolving power, i.e. the wavelength of the EBW is the 

order of Larmor radius, excitation occurs at limited region and the EBW is 

efficiently absorbed at any ECR layer. Interferometry combined to IQ demodulation 

gives us precise measurements and is immune to noises [52]. 

 Figure 5.1 shows as schematic diagram of the diagnostic system in the 
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Mini-RT. The local oscillator generates microwaves at 10 MHz and they are split in 

three signals; one is reference signal for IQ demodulation, another is transmission 

wave, and the other is reference signal for heterodyne interferometer. A synthesizer 

on the transmission lice generates 1.0 - 2.1 GHz microwaves from 10 MHz 

microwaves sent to it. The transmission microwaves are phase-controlled by phase 

shifter and variable attenuator and amplifier adjust the injection power 1 – 10 W. To 

prevent the 2.45 GHz microwaves used for plasma production from affecting the 

diagnostic circuits, a band pass filter was installed in each line. Figure 5.2 shows 

the band pass filter in (a) and its frequency characteristics (b). The transmission 

microwaves are divided into three lines in order to control the propagation pattern 

of injection waves by phased array antenna, and are injected into the plasma. The 

injected waves are detected by probing antennas and are mixed with reference 

signals which are synthesized so that the difference of the frequency between the 

transmission and received wave is 10 MHz. The beats produced by heterodyne 

interferometry are sent to IQ demodulators and mixed with 10 MHz reference 

 

Figure 5.1: Schematic diagram of diagnostics 
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signals. The IQ demodulator output two time-independent signals. The outline of IQ 

demodulator is shown in Fig.5.3. The output signals have the information of 

amplitude and phase which depend on only the position of probing antennas.  

 

5.2 EBW Excitation Antennas 

 

 As described in Ch.2, to excite the EBW the Slow X (SX) wave has to access 

to the Upper Hybrid Resonance (UHR) layer. The excitation antennas are directly 

  

Figure 5.2: Band pass filter 

      (a)photograph of the filter                (b) frequency characteristics 

 

 

Figure 5.3: Schematic diagram of IQ demodulator 
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Figure 5.4: The photograph of receiver unit 

 

 

Figure 5.5: The photograph of transmission unit 



62 

 

located in the vacuum vessel. Thus, antennas have to be shielded from the charged 

particles. The mode of the incident waves is determined as initial conditions of 

electromagnetic oscillating direction. Since the internal coil device Mini-RT has 

pure poloidal magnetic field, the structure of the magnetic field is relatively simple, 

compared with other experimental torus plasma devices such as tokamaks and 

stellarators. Thus, it is easy to excite with aiming at the mode, just having to attend 

the radiation pattern of the antennas. 

 Dipole antennas are adopted for excitation antennas because of high 

polarization selectivity controlled by its direction of the elements with ease. 

Injection and received signals are transmitted in coaxial cables whose intrinsic 

impedance is 50 Ω. In vacuum vessel, antennas and semi-rigid coaxial cables are 

covered with ceramics       . Figure 5.6 shows pictures of excitation antenna. The 

length of the antenna is 100 mm, which corresponds to         for 1.0 ~ 1.5 GHz 

microwave. 

 

5.2.1 for FX-SX-B Conversion 

 

 For FX-SX-B conversion, the excitation antennas have to be located at low 

field side, which is corresponding to the outer region in the vacuum vessel. The X 

wave excitation requires toroidal oscillation of electric field. An ideal single dipole 

antenna radiates microwaves isotropically in poloidal direction. However, actual 

 

Figure 5.6: Excitation antennas for FX-SX-B conversion 
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antennas have the width of the elements, so that radiation pattern in poloidal cross 

section has directivity. To inject microwaves perpendicularly to magnetic field, 

arrayed dipole antenna is introduced for excitation antenna. A schematic overview 

of FX-SX-B conversion in poloidal cross section is shown in Fig.5.7. Excitation 

antennas for FX-SX-B conversion are located at R = 450 mm z = 0 level. 

 

5.2.2 for O-X-B Conversion 

 

 As described in Ch.2, to excite the EBW efficiently via O-X-B conversion, 

accurate injection angle between wave number and magnetic field is required. The 

O wave corresponds to electric oscillation in poloidal cross section, so that excitation 

antennas for O-X-B conversion are located so as to align with magnetic field. 

Injection angle can be adjusted by shifting position of the antenna mechanically. 

Figure 5.8 shows the relation between injected waves and last closed magnetic 

surface which is determined by the wall of the vacuum vessel. The injection angle θ 

 

Figure 5.7: Schematic illustration of FX-SX-B conversion 
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is not strictly determined because of extent of microwave radiation. Both the width 

of main lobe and spatial length of the antenna elements should be narrow, but they 

do not go together. The more factors of array antenna make the radiation beam 

width narrow, while the total length of the antenna becomes longer. In this work, 

the array antenna of three factors is adopted. The radiation intensity of this 

antenna is approximately written as 

 

  
  
 

      

     
 
 
     

     

    
 
 
       

    
 
 
       

  (5.1) 

where    and   are amplitude of current profile on antenna elements and angle 

formed by the element. Figure 5.9 shows the radiation pattern of the antenna, and 

the radiation intensity of 90 % or more is in the range of ±12°. The distance between 

excitation antennas and the surface of the plasma is about 15 mm. Thus 

microwaves are injected mainly in the range of 63 mm on the plasma surface. The 

injection angle θ is extended as shown in Fig. 5.10. 

 

 

 

Figure 5.8: The definition of injection angle θ and radiation angle ϕ 
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5.2.3 for SX-B Conversion 

 

 The excitation antenna for SX-B conversion should be located at high field 

side of the plasma. In the Mini-RT device, high field side corresponds to the center 

of the vacuum vessel and near the superconductor magnetic coil. The transmission 

waves are sent in folded semi-rigid coaxial cable covered with Almena ceramic tube 

to the antenna. Since the antenna has to be located in the core plasma region, the 

antenna and transmission lines are contrived not to disturb the plasma and 

magnetic field if possible. Figure 5.11 shows the excitation antenna which is 

installed as shown in Fig. 5.12. 

 

5.3 Probing Antennas 

 

 Inserting antennas enables the direct investigation of waves in plasma. 

Antennas detect some particular component depending on their characteristics. 

Thus, the structures and size of antennas let us measure components of the waves 

selectively.  

 

 

Figure 5.10: Relationship between   

and extended injection angle 

 

Figure 5.9: Schematic illustrate of 

propagation patterns 
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Figure 5.11: Schematic illustration for SX-B conversion 

 

 

Figure 5.12: A photograph of installed SX-B antenna 
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5.3.1 Pole Antennas 

 

 In common with the excitation antennas, dipole antennas are adopted for 

probing antennas. The pole antenna emits induced voltage signals by detecting the 

electric field on its element. The element length should be adjusted to the 

wavelength of the mode, since the current profile on the antenna determines the 

signal amplitude. Thus 37.5 mm pole for X-mode and O-Mode waves and 2mm tip 

for EBWs are installed. The way of antennas corresponds to the electric component 

of the received waves. The antennas are covered with ceramic just like excitation 

antennas. 

 

5.3.2 Loop Antennas 

 

 The loop antenna emits signals by changing the magnetic flux though its 

loops. There are several types of loop antennas and one of them shown in Fig. 5.13 is 

called a King probe [58]. This type probe is immune to noise and do not need baluns 

[59]. The outer sheath shield the inner signal line from external electric fields, and 

the generated voltage appears across the central sheath gap [60]. To avoid a 

lopsided voltage distribution along its loop, the loop used in this work is much 

smaller than the wavelength. The sheath depth of cupper for 1.0 GHZ microwave is 

written as 

                          (5.2) 

where σ is the electric conductivity of cupper,         m/Ω. Since this value is 

much smaller than the thickness of the outer conductor, the function of shield is 

ensured. The shape of a loop is a square 5 mm on a side. The self-inductance of a 

square loop antenna is written as 

 
  

   

 
   

   

 
                            (5.3) 

where a and   represent a side length and a radius of an antenna element 

respectively. Thus, the inductance is 5.04 nH, and the characteristic impedance of 
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the measurement system is 50 Ω, resulting in a time constant of          ps. The 

time constant is about ten times as fast as a period of a diagnostic microwave, so 

that the skew of waves do not matter so much. 

 

5.4 Triple Probe 

 

 Triple probe is installed to measure radial electron density and 

temperature profiles in the Mini-RT. It is a kind of Langmuir probe which has three 

probes. This measurement method enables us to obtain electron temperature and 

density without sweeping bias voltage [61]. Figure 5.14 show a photograph of the 

triple probe. The tips of them are made of tungsten and length and diameter of 

them are 5 mm and 1.5 mm, respectively. Figure 5.15 shows the schematic diagram 

for triple probe. The biased voltage between two probes is DC 90 V, and this value is 

assumed to be sufficiently large to repel electrons at probe3. Then electron 

temperature can be approximately obtained; 

 

       

Figure 5.13: Magnetic probing antenna (King probe) 

     (a) schematic diagram                  (b) a photograph 
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 (5.4) 

 

             
   
  
  (5.5) 

where S denotes surface area of probe tip. 

  

 

Figure 5.15: Schematic diagram fro triple 

probe measurement 

 

Figure 5.14: Tip head of triple probe 
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Chapter 6 

Experimental Results 

 

 In this chapter, experimental results of electromagnetic field measurement 

are described. The electromagnetic field profiles are separated into each component, 

i.e. electromagnetic, electrostatic and oscillating directions, and they show 

waveforms and wave characteristics. The EBWs characteristics to focus attention 

on are as follows; 1) EBWs have no cutoff density, 2) they are electrostatic-mode 

waves, 3) they are excited by mode conversion from electromagnetic waves in 

plasma, 4) their typical value of the wavelength is of the order of the Larmor radius. 

5) they are longitudinally polarized, 6) they are backward wave mode (they have 

negative group velocity), and 7) their group velocity is in the range of the electron 

thermal velocity. We are trying identifying the EBWs by collating these 

characteristics with wave properties in experimental results. 

 

6.1 FX-SX-B Conversion 

 

6.1.1 Wave Forms 

 

 The results of FX-SX-B conversion are described in this section. This 

conversion requires steep gradient of density profile. As described in Ch. 3, the 

density profiles in the Mini-RT can be changed easily by applying levitation coil 

current. Figure 6.1 (a) shows electron density profile and Fig.6.1 (b) does 

temperature profile measured by triple probe, when internal coil current was 34 

kA-turns and levitation coil current was 15 kA-turns. The levitation coil current 

makes a steep slope of electron density profile, while electron temperature profile 
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has nearly constant value about 6 eV. A diagnostic microwave at 1.0 GHz and 10 W 

was injected from low field side into this plasma which was produced by the 

microwaves at 2.45 GHz and 2.0kW. Several specific density curves for 1.0 GHz 

microwave in the magnetic profile of the Mini-RT are plotted in Fig. 6.2. This figure 

shows the cutoff layer as an intersection point between density profile and the curve. 

Thus, the R-cutoff is located at major radius R = 286 mm, the UHR is done at R = 

282 mm, the P-cutoff is done at R = 280 mm and L-cutoff is done at R = 274 mm, 

respectively. The electromagnetic field profiles measured by probing antennas are 

shown in Fig. 6.3, where 

(a) radial component of electric field measured by tip pole antenna (Ex), 

(b) toroidal component of electric field measured by 35 mm dipole antenna (Ey), 

(c) poloidal component of electric field measured by 35 mm dipole antenna (Ez) 

and 

(d) poloidal component of magnetic field measured by 5mm loop antenna (Bz), 

respectively. The amplitude of the wave is a function of antenna element length or 

 

Figure 6.1: Electron density and temperature profile measured by triple probe. 

(a) shows electron density profile, and does (b)electron temperature profile. 
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its structure and the absolute value cannot be obtained with the circumstances, so 

that the vertical axis in Fig. 6.3 is applied arbitrary unit to. In this experiment, 

diagnostic X wave was injected perpendicularly to the magnetic field and toward 

the center of the device, so that Ex component corresponds to longitudinal 

polarization. Similarly, Ey and Bz component do to the X mode polarization and Ez 

do to O mode polarization, respectively. In addition, the blue lines and red lines 

show sine and cosine component, respectively.  Here, radial profiles are divided 

into two regions by its plasma frequency. One is the lower density plasma region 

where        , and the other is core plasma region where        . The 

electromagnetic field measurements in Figs. 6.3 (b), (c) and (d) show a 

long-wavelength mode in the lower density region. This corresponds to an 

electromagnetic wave mode excited by excitation antennas on the outside of the 

plasma. In radial electric field measurement, shown in Fig. 6.3 (a), a 

short-wavelength mode is observed in the core plasma region. The wave in this 

mode propagates in the evanescent region over the cutoff layers, and is excited 

around the UHR region. The wavelength evaluated from the waveforms is around 

20 mm, which exhibits a refractive index of ~ 15. In this era, electromagnetic mode 

waves are damped down, which suggests that the short-wavelength mode wave 

 

Figure 6.2: Specific density lines 

The intersection point represents the location of cutoff or resonance layer. 
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Figure 6.3: Electromagnetic field profiles for 1.0 GHz microwaves. 

 

 

 

 

(a) 
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(d) 
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shown in Fig.6.3 (a) are electrostatic mode waves excited by conversion from 

electromagnetic mode waves. 

 

6.1.2 Amplitudes and Phases 

 

 IQ signals give us signals containing information on the amplitude and 

phase of the electromagnetic field. Amplitude is obtained as sum of squares of sine 

and cosine component, i.e. assuming the sine and cosine component are written 

as         and           then         . Figure 6.4 shows the profiles of 

amplitude of electrostatic (Fig.6.3 (a)) and electromagnetic (Fig.6.3 (d)) component. 

Although electrostatic and magnetic component cannot be compared directly, Figure 

6.4 shows the relative variation of amplitude in each component. Since the 

 

Figure 6.4: Amplitude profiles of electrostatic and electromagnetic component 
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excitation antennas are located at a remove from the measurement line, the 

conductivity of the vacuum vessel wall cancels out the electromagnetic field at R = 

500 mm, where probing antennas act as shielded. Thus, the waves end up like a 

standing wave between two reflections; at cutoff layer in the plasma and at vacuum 

vessel wall. 

 Phase profiles are also obtained by taking inverse function, that is 

                          . Since the phase can be arbitrary value, it is 

 

Figure 6.5: Phase profiles of electrostatic components 

 

 

Figure 6.6: Phase profiles of electrostatic and electromagnetic component 

Phase profiles are plotted by combination of arcsine and arccosine. The gradient of 

the tangential line give wave number and the refractive index of 15. 
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necessary to attend to the domain of inverse function. Figure 6.5 shows phase 

profiles of electrostatic component. We cannot distinguish      from          and 

     from         . Thus, a phase profile is determined by apposed inverse 

functions so as to be a connected gentle curve. A phase profile comparison between 

electromagnetic component and electrostatic component is shown in Fig. 6.6. The 

phase is a function of the spatial position and length of the transmission lines, so 

that the gradient of the phase profile gives the wave number vector. The figure 

confirms a reversal of the phase gradient around the UHR in the electrostatic mode 

wave. This suggests a change in the direction of the phase velocity, and Fig. 6.6 

shows that the phase velocity at R < 255 and 260 < R < 280 is opposite to that in 

other regions. Thus, this electrostatic wave is a backward wave. In addition, the 

wave number, which is read from the tangential line plotted as the broken line in 

the figure, is 0.10        . It corresponds to refractive index of 15, which coincides 

with the value estimated from the waveform. 

 

6.1.3 Dispersion Relation 

 

 Figure 6.7 shows the radial profile of the refractive index, which is 

calculated by solving the dispersion relation with the measured parameters and 

magnetic profile. The refractive index profile of the EBW is greater than 100, i.e. 

their wavelength is less than 3 mm, whereas experimentally observed wavelength 

is somewhat smaller (20mm). However, spatial properties coincide with 

experimental results. The drastic change of phase gradient in electrostatic 

component occur at the location of the UHR (R = 285 mm), where the SX waves are 

converted into EBWs. The SX mode contains electromagnetic component, so that 

amplitude profile of electromagnetic component has a local maximal value around 

the UHR. 
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6.1.4 Configuration and Frequency Dependence 

 

 Figure 6.8 (a) shows another density profile, which has slightly moderate 

density gradient. This configuration is made by 35.9 kA turns of internal coil and 

13.6 kA turns of levitation coil current, and the plasma is produced by 2.0 kW 

microwaves. Figure 6.8 (b), (c), (d) and (e) show longitudinal polarized waveform in 

this configuration for 1.0 GHz (b), 1.1 GHz (c), 1.2 GHz (d) and 1.4 GHz (e), 

respectively. In Fig.6.8 (b)–(e) short-wavelength mode waves appear, and the most 

noticeable one is for 1.1 GHz diagnostic microwaves. Their phase profiles are shown 

in Fig.6.9. The refractive indexes estimated from tangential line of phase profile are 

17 for 1.1 GHz and 15 for 1.5 GHz. These values are an order of magnitude smaller 

than that of dispersion relations of the EBW. Figure 6.10 shows specific density 

curves of R-cutoff and the UHR, similarly to Fig. 6.2. The higher the incident 

frequency becomes, the higher density region the short-wavelength mode is excited 

at. As described in Ch. 2, the mode conversion efficiency of FX-SX-B conversion is 

estimated by tunneling parameter    ,which is a product of the wave number in 

vacuum and the distance between R-cutoff and the UHR. The relationship between 

 

Figure 6.7: Perpendicular refractive index profile for 1.0 GHz X waves 

To solve the dispersion relations, the smoothed density profile and a certain 

amount of     ~ 10 eV are substituted. 
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the location of the specific layers and appearance of phase reverse and tunneling 

parameters for each frequency is summarized in table 6.1. 

 

 

Figure 6.8: Electron density and electrostatic components under several injection 

frequencies 
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Table 6.1 Relationship between frequencies and locations of the UHR 

frequency Rcutoff UHR Phase reverse   

1.0 286 282 282 0.0816 

1.0 334 322 323 0.0628 

1.1 322 317 316 0.0801 

1.2 317 315 312 0.0628 

1.4 312 310 310 0.0753 

 

 

Figure 6.9: Phase profiles under several injection frequencies 
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6.2 O-X-B Conversion 

 

6.2.1 Wave Forms 

 

 O-X-B conversion contains two conversion processes, i.e. the first transition 

from O mode to X mode and the second one from SX mode to EBW mode. At first, 

obliquely injected O mode has its polarization in the poloidal cross section. After the 

O-X conversion, the incident wave mainly has ellipsoidal polarization in a plane 

which is perpendicular to the magnetic field. Finally, the injected wave is converted 

into the EBW which is polarized longitudinally. Radial profiles of electromagnetic 

field show these variations of polarization. 

 Figure 6.11 (a) and (b) shows the density profiles measured by the triple 

probe, when the internal coil current is 27.6 kA turns without applying levitation 

coil current, respectively. In this case, incident waves are O-mode, so that the 

P-cutoff layer is located at R = 320 mm. Figure 6.12 shows the waveforms; they are 

wave signals of electromagnetic component measured by magnetic loop antenna 

directed at toroidal direction, and electrostatic component measured by tip pole 

antenna directed at radial direction, respectively. Diagnostic microwaves are 

 

Figure 6.10: Specific density curves for several frequencies 
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injected from top of the vacuum vessel with O mode. The diagnostic microwaves at 

1.0 GHz and 10W are injected with the injection angle        . The UHR is 

located in the outer region of the core plasma. Similarly to the FX-SX-B conversion, 

a short wavelength mode is observed in radial electrostatic measurement at the core 

plasma region, as shown Fig. 6.11 (b). The wavelength of this mode is estimated 15 

mm from the waveform and this value corresponds to refractive index of 20. On the 

other hand, electromagnetic component, as they are shown in Fig. 6.11 (a), waves 

are damped down at the region. In the outer region, where the density is lower, the 

 

 

Figure 6.11: The electron density and temperature profiles for O-X-B conversion 

 

(a) 

 

 

 

 

 

 

 

 

 

 

 

(b) 
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Figure 6.12: Comparison of waveforms between electromagnetic components and 

electrostatic ones. 

 

Figure 6.13: Phase profiles of electrostatic component 

There is no drastic change of gradient of the phase profile 



83 

 

 

Figure 6.14: Variation of waveform with different injection angle 
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waves of all the components show the long wavelength mode. These characteristics 

obtained only when   is 71.1°. If the injection angle slightly differs from this value, 

the short-wavelength mode cannot be observed. The waveforms of the short 

-wavelength mode collapse with differing from         . The phase profiles of them 

are shown in Fig. 6.12 by taking the inverse function. A drastic reverse of the phase 

gradient cannot be observed, although the wavelength becomes shorter. However, as 

mentioned, this short-wavelength mode does have the dependence on injection 

angle. Figure 6.14 shows the variation of waveforms with alternation of injection 

angle. We cannot obtain the absolute value of the amplitude with this apparatus, 

but in obvious, these wavelength and amplitudes are changed at the core plasma 

region. It is only at         that the short-wavelength mode is observed, and no 

drastic change of the gradient of phase profile is observed at any injection angle. 

 Figure 6.15 shows the perpendicular refractive index profile for 1.0 GHz 

with keeping optimal value of parallel component. The density profile shown in Fig. 

6.11 (a) and magnetic field give us the optimal angel        . Similarly to the 

FX-SX-B conversion, the refractive index obtained from dispersion relation is about 

one order larger than that from experiment. In addition to the information of 

wavelength, the dispersion relation shows that four modes can exist near the UHR 

 

Figure 6.15: Dispersion relation for oblique O mode at optimal angle 
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layer, i.e. injected O waves, SX waves converted from O mode, SX waves 

propagating toward the UHR and the EBWs converted from SX mode. Thus, 

waveforms in this region seem to be superimposed state. This overlap prevents us 

from evaluating phase profiles by taking the inverse function of the waveforms. 

 

6.2.3 Configuration Dependence 

 

 In the O-X-B conversion, optimal injection angle is determined by density 

profiles and magnetic field. The EBW excitation experiments via O-X-B conversion 

were carried out in several density profiles. Figure 6.16 shows the electron density 

profiles and these density gradient lengths at each P-cutoff layer. The density 

gradient length and strength of magnetic field at the P-cutoff give us the conversion 

efficiency and optimal injection angle, as shown in Fig.6.16, by using Eq. (2.66) and 

(2.68). Figure 6.17 shows the variation of waveforms with different injection angle 

in the case where optimal angle is       . The short-wavelength mode laps over the 

 

Figure 6.16: Density profiles and conversion coefficient curves. 

Here, “n” denotes the ratio of frequencies between injected microwaves and electron 

cyclotron at the plasma cutoff layer.  
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Figure 6.17: Variation of waveforms with different injection angle when the optimal 

angle is 64.8 degree. 

The dot line and broken line show the location of the P-cutoff layer and the UHR 

respectively. 
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long wavelength mode only when the experimental injection angle is 62.4 . The 

relationship between optimal angle and experiment is shown in Fig 6.18. Error bars 

in this figure is evaluated as extent of conversion efficiency and injected microwaves. 

Experimental results not necessarily coincide with the expected line because of 

paucity of available data and length of error bars. However, it may be said that the 

result is showing a certain constant relationship between excitation of the 

short-wavelength mode and initial injection angle of incident microwaves. 

Dependence on the oblique injection angle is an important property of O-X 

conversion and having this dependence suggests injected microwaves are converted 

into SX mode that have the blanch connecting the EBW mode. 

 

 

 

  

 

Figure 6.18: Relationship between theoretical optimum and experimentally obtained 

injection angel about the O-X conversion 
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6.3 SX-B Conversion 

 

6.3.1 Wave Forms and Dispersion Relation 

 

 As described in Ch. 2, in SX-B conversion, it is necessary to restrict the 

density profile so that the L-cutoff layer does not appear between excitation 

antenna and the UHR layer. In addition, the frequency of the incident X waves has 

to be lower than the electron cyclotron frequency. EBW excitation experiments were 

carried out, paying these limitations. 

 Figure 6.19 shows the density profile and wave signals. This configuration 

was made by 35.9 kA-turns internal coil current without applying levitation coil 

current. In the toroidal electric measurement, shown in Fig. 6.19 (c), a 

long-wavelength mode is dumped down around R = 300 mm, whereas in 

longitudinal electric field measurement, shown in Fig. 6.19 (b) a short-wavelength 

mode is excited in the region of          . A phase profile of Fig. 19 (b) is 

plotted in Fig. 6.20. In this figure, the reverse of the phase gradient is not observed. 

The refractive index estimated from tangential line of the phase profile is about 3.8, 

and the refractive index profile, which is calculated by solved dispersion relation, is 

shown in Fig. 6.21. The UHR is located at R = 265 and L-cutoff does not appear. 

Although the refractive index of EBW is slightly smaller than that of the previous 

two conversion cases because of lower density, it is at least, about 20 ~ 30 near the 

UHR. On the other hand, in the case of improper condition for SX-B conversion, i.e. 

the density is enough high to appear the L-cutoff layer between the excitation 

antenna and the UHR. The case that L-cutoff layer prevents incident SX waves 

from reaching the UHR is shown in Fig. 6.22. Both waves electromagnetic and 

electrostatic component are damped down immediately and cannot propagate 

toward the UHR layer, because the injected microwaves burst into the evanescent 

region right after the launching from the excitation antenna.  The refractive index 

profile obtained by solving dispersion relation with this density profile and 

magnetic field is shown in Fig. 6.23. The evanescent region lies between the 

antenna and the L-cutoff layer which is located at R = 300 mm. 
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Figure 6.19: Short-wavelength mode excitation via high filed X injection 

 

(a) 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

 

 

 

(c) 
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Figure 6.20: The phase profile of longitudinal component 

 

 

Figure 6.21: Dispersion relation for 1.0 GHz microwaves 
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Figure 6.22: SX injection into the too high density plasma 

 

Figure 6.23: Refractive index profile in cutoff case 
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Chapter 7 

Discussion 
 

 As shown in the previous chapter, we observed signals having most of the 

characteristics of the EBW; propagation in the evanescent region, excitation around 

the UHR, short wavelength, electrostatic mode, backward wave mode and observed 

at some certain conditions. However, quantitative discrepancies exist between the 

experimental observations and the theoretical values. 

 

7.1 High Energy Electrons 

 

 As mentioned, experimentally observed wavelength is about one order 

longer than theoretical value. The EBW has a wavelength of the order of the 

electron Larmor radius, and therefore, the electron temperature is one of the most 

important parameters for determining their wavelength. The EBW’s wavelength of 

20 mm represents an electron temperature of approximately 1keV. The plasmas are 

produced by ECH in the Mini-RT device, and ECH plasmas have possibilities to 

contain high energy electrons because of quasi-linear diffusion of resonant electrons 

[62]. Thus, measurements of electron energy distribution function (EEDF) [63] in 

the Mini-RT were carried out with Druyvesteyn method. The ideal I-V 

characteristic of Langmuir probe in transition region can be written as [64] 

 
      

     

      
   

    
  
 
           

 

  

  (7.1) 

where    is surface area of the probe tip,    is minimum energy of electron which 

can reach the probe and      is the EEDF, respectively. By using the second 

derivative of Eq. (7.1), one can obtain following equation [65] [66]; 
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   (7.2) 

Assuming that the EEDF consists of two-temperature Maxwellian, Eq. (7.2) is 

proportional to             . 

 Figure 7.1 shows a result of EEDF measurement in the Mini-RT plasma. A 

Langmuir probe is inserted into core plasma region (R = 300 mm), and bias voltage 

are swept ± 120 V by a bipolar power supply. To obtain EEDF, I-V characteristics 

curve was differentiated numerically. As shown in Fig. 7.1, differentiated signal is 

distorted by negative spike noises. Two temperatures estimated from the tangential 

line by rather main force, are 

                          
           

                             
 

Starting with the FX-SX-B conversion, the reflective index profile with these 

parameters is plotted in Fig. 7.2. The high energy electrons affect on the refractive 

index near the UHR and do not near the ECR. On the other hand, experimentally 

observed waves, as shown in Fig. 6.6, have constant value of k in broad region. Thus, 

short-wavelength mode waves observed in Ch. 6 cannot be identified as the EBWs 

whose wavelength is extended by effects of hi-energy electrons. In addition, high 

 

Figure 7.1: EEDF measurement 

Two tangential lines represent each electron temperature. 
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energy electrons have an effect on sheath formation and measurement of probes, so 

that electron density profiles may have much amount of error. The scale and 

allocation of probes also become something of problems themselves. In this work, 

the elements of triple probe are adopted tungsten rods whose length and diameter 

are 5mm and 1.5 mm, respectively. Figure 7.3 shows the comparison between 

refractive indexes, waveforms and phase profiles for (a) 1.0 GHz, (b) 1.1 GHz and (c) 

1.4 GHz with concerning the size of probes. These figures may suggest that the 

short-wavelength mode is the Slow X mode which is about to be converted into the 

EBW mode. The reversal of phase profiles means the reflected waves at L-cutoff 

layer. In addition, even if density profiles could not obtained correctly, the 

short-wavelength mode moves the location of excitation to inner region according to 

its frequency, as shown in Fig. 6.8. That is, excitations of this short-wavelength 

mode occur at a certain region related to plasma density, magnetic field and their 

frequency. 

 

Figure 7.2: Refractive index profiles with two temperature model 
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              (a) 1.0 GHz                           (b) 1.1 GHz 

 

              (c) 1.4 GHz 

Figure 7.3: Comparisons between 

Refractive index profiles and locations 

of excitation short-wavelength mode 

 

Refractive indexes are estimated 

from tangential lines on phase 

profiles. 
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Chapter 8 

Conclusion 

 
 The objective of this work was to substantiate characteristics of the 

Electron Bernstein Waves by excitation and measurement in the internal torus 

plasmas. The EBWs, as well known, have several properties that are undeniably 

good for heating high beta plasmas, that is, the EBWs have no cutoff density. 

Recently, to realize advanced nuclear fusion reactors, various plasma confinement 

and heating methods have been investigated. A dipole confinement is one of the 

magnetic plasma configuration structures which are similar to a space planet. The 

Mini-RT device which is an internal coil device was constructed to confine hi-beta 

plasmas with planetary magnetic field and high density plasma production is 

achieved. To verify the characteristics of the EBWs in the dipole confinement 

plasmas, this research dealt with experimental measurement of the EBWs in a 

directly manner and with numerical simulations by using the Finite-Difference 

Time-Domain method. 

 The EBWs are excited at the Upper Hybrid Resonance layer in the plasmas, 

that is, to harness EBW heating and current drive, it is necessary to inject 

microwave to the UHR and to convert the mode of incident wave. The excitation 

scenarios have three accesses to the UHR, i.e. 1) perpendicular X wave injection 

from high field side, 2) perpendicular X wave injection from low field side and 3) 

oblique O wave injection from low field side. These three methods are 

complementary, that is, there is one appropriate approach to excite the EBW 

according to the target plasmas. On the other hand, the Mini-RT device has two 

magnetic coils to structure magnetic coordination for plasma confinement, and 

applying coil current enables us to change plasma profiles easily. Thus, all the three 

excitation schemes can be applied. 
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 After a brief introduction to the basic physics of waves in plasma, two 

numerical analyses are demonstrated; one is the trajectory of waves with ray 

tracing and the other is temporal evolution of mode conversion from 

electromagnetic mode to electrostatic mode with Finite-Difference Time-Domain 

method. The ray tracing code demonstrates the propagation of the incident wave as 

a ray trajectory, i.e. the injected O waves propagate toward the core plasma and the 

mode of them is converted into the X mode. Furthermore the X waves are converted 

into the EBWs at the UHR and absorbed at the harmonics of electron cyclotron 

resonance. Since ray tracing method uses the approximation of geometrical optics, 

to investigate propagation of waves in the Mini-RT, the Maxwell equations needs to 

be directly solved. Thus, the FDTD method is adapted to the wave analysis in the 

Mini-RT. By taking into account the warm plasma effects on the FDTD code, 

FX-SX-B conversion is demonstrated in 1D plasma model with time development. 

 For experimental verification of properties of the EBWs, waves in plasma 

are directly measured with probing antenna by interferometry demodulation. To 

examine the mode conversion of the waves from the electromagnetic mode to the 

electrostatic one, the electromagnetic and electrostatic components were measured 

simultaneously. The experimental results show many properties of mode conversion 

from electromagnetic to electrostatic. That is; 

 

(i) EBWs have no cutoff density. 

 Experimentally excited waves propagate in higher density region than cutoff 

density. 

(ii) They are electrostatic mode waves. 

 Comparison with signals emitted by magnetic loop antennas show the waves do 

not have electromagnetic component. 

(iii) They are excited by mode conversion at the UHR layer. 

 Characteristics of the waves, such as wavelength, spatial phase gradient, 

amplitudes of electrostatic and magnetic component and polarization, drastically 

change at the UHR. In addition, according to the transfer of the UHR by variations 

in plasma confinement and frequencies of the incident microwaves, the locations of 
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these changes are shifted to the expected region. 

(iv) Their typical value of the wavelength is of the order of the Larmor radius. 

 The wavelength obtained by experimental results is much smaller than that in 

vacuum, but it is about one order larger than that obtained from dispersion relation. 

(v) They are longitudinal polarized. 

 Pole antennas directed to the radial, toroidal and poloidal direction show the 

waves mainly have longitudinal polarization. 

(vi) They are backward wave mode (they have negative group velocity). 

 The reverse of phase gradient suggests the change of the direction of wave 

number vector and phase velocity; however this is clearly observed in FX-SX-B 

conversion only due to the superposition of multiple modes around the UHR. 

Furthermore, 

(vii) they have three excitation scenarios and each scenarios have a certain proper 

condition. 

 In FX-SX-B conversion, the short-wavelength mode having above properties is 

obviously observed with the small distance between the R-cutoff and the UHR, i.e. 

necessity of steep gradient of density profile has been shown in the experiments. 

 In O-X-B conversion, the short-wavelength mode is observed in a certain initial 

injection angle, and the angle varies with changes in plasma configuration. The 

experimental results show the angle between incident waves and magnetic field has 

a significant relationship to excitation of the short-wavelength mode. 

 In SX-B conversion, the short-wavelength mode is observed in high density 

plasma without appearing the evanescent region. This result indicates the density 

limit of EBW excitation and plasma heating. 

 

As seen above, observed signals have most characteristics of the EBWs, but their 

wavelength is about one order larger than theoretical one. Since the energetic 

electrons have a great affect on the wavelength of EBWs made of electron coherent 

motion, measurement of energy distribution functions are carried out. Although the 

EEDF measurement may suggest the existence of high energy electrons, they are 

inadequacy for explanation. Taking into account of the scale of probes as an error 
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factor, the short-wavelength mode is considered as the Slow X mode which is about 

to be converted into the EBW mode. We could not obtain decisiveness evidences of 

direct observation of the EBWs, but at least, we have directly observed that the 

injected wave reach to the UHR and change its characteristics. Therefore, it would 

be safe to say that directly observation of excitation scheme in all the three methods 

is achieved. 
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