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                  Chapter 1 

              Introduction 

1.1 Fusion-oriented plasma physics 

   Fusion-oriented plasma physics is a promoter for realization of a fusion reactor to 

obtain an environmentally-safe energy source. For these four decades a great number 

of experimental studies have been performed in many magnetic confinement devices as 

well as theoretical researches  [1]. In order to obtain a burning condition, a high-density, 

high-temperature, and well-confined plasma is necessary, and many aspects of research 

such as transport, heating, and stability have been investigated. Optimization of device 

configuration is also a key issue for a fusion reactor; various kinds of devices such as 

tokamaks, stellarators, reversed field pinches, field reverse configurations, tandem mirrors, 

and so forth, have been examined so far. One of the main results from the researches 

in magnetic confinement devices is significant amount of energy output from Deuterium-

Tritium (D-T) reactions in the Joint European  Tokamak (JET) and the Tokamak Fusion 

Test Reactor (TFTR) [2, 3]. 

  Because of prediction and discovery of its good properties, experimental and the-

oretical studies of a high-density and high-temperature magnetized plasma have been 

concentrated on researches of a tokamak. However, a tokamak is inherently operated in a 

pulse discharge, and scenario of its steady state operation has not been well established.



A fusion reactor in other types is another candidate to avoid such inevitable disadvantages 

of tokamaks. Among them a mirror device has a linear configuration with its simple struc-

ture, which leads to its promising properties such as sustainment of a high-beta plasma 

and steady state operation in a future reactor [4]. Neutrons from thermonuclear reactions 

were detected in the previous mirror experiments [5, 6] as well as in tokamaks. They need 

only a linear-shaped chamber and a set of magnetic coils for construction of a machine 

itself, which is a great advantage from the engineering point of view. Experimentally a 

high-beta plasma was successfully confined in the central cell [4]. Energy output from 

fusion reaction is readily available using a direct energy convertor at one end of a ma-

chine if it is carried by charged particles such as protons. However, such a configuration 

also results in difficulties in magnetohydrodynamic stabilization and enhancement of axial 

confinement, and not only these problems but also other fundamental plasma behavior 

have not been well resolved. A mirror device, which has such a significant potential for 

a fusion reactor, can be a good target of fundamental researches of a completely-ionized 

plasma. 

   These researches in mirrors are also connected to phenomena in other types of ma-

chines. For instance, axial confinement in mirrors has a number of common features to 

scrape-off layer (SOL) transport in divertor configuration in a tokamak [7-9]. A exper-

imental mirror device has an end plate with tangential injection of the static magnetic 

field lines. This configuration resembles the situation of a divertor plate in a torus device. 

There  has been  a proposal that end plugging in  a magnetic cusp device is applicable to 

control of heat flux to a divertor plate [8]. Another method for that control is "thermal 

dike", in which  radiofrequency (RF) waves play a role on reduction of heat transport to-

wards a divertor plate [10]. This concept is now investigated in the GAMMA 10 tandem 

mirror using the region in front of the end plate [9]. 
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   Another good example of the research in which collaboration with other types of 

machines will be important is transport study across the magnetic field lines. Particularly 

reduction of anomalous losses is an inevitable factor for realization of any kinds of magnetic 

fusion, i.e., not only tokamaks but also stellarators, tandem mirrors, and other torus and 

linear devices, since radial confinement time in such machines is by one or two orders 

smaller than a value predicted from the classical theory [11]. From this point of view 

the discovery of high confinement mode (H mode) in the Axially Symmetric Divertor 

Experiment (ASDEX) tokamak [12] was a significant trigger for promotion of researches on 

radial energy and particle confinement. Unfortunately there has been a misunderstanding 

for almost one decade that H mode is a phenomenon that can be realized only in tokamaks, 

although related results from other types of machines have been reported so far. Study 

on H-mode physics in a non-tokamak device may contribute to its understanding rather 

than that in a tokamak in order to extract an essential point. Plasma physics for fusion 

is such a huge science that organized collection of experimental and theoretical results in 

all kinds of machines will lead to a smoother progress for the fusion research. 

   Besides the prospects as an alternative fusion reactor, there has been a proposal to use 

a mirror device as a neutron source for material testing [4, 13]. Materials on the first wall 

and of the divertor plate in a D-T reactor will be exposed to a large number of high-energy 

neutrons, and a compact and efficient neutron source is desirable for development of a new 

material that can be stable in such a severe environment. A mirror device is suitable to this 

usage due to its simple configuration and its inherent high-beta operation. That is, the 

research on mirror devices has an urgent driving force to realization of a neutron source, 

which will be the first step of its development. After construction and data accumulation 

as a neutron source for the first generation reactor, which may be a D-T tokamak reactor, 

a mirror device will become one of the closest systems to the second generation reactor, 
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which will utilize a deuterium-deuterium (D-D) or  deuterium-31-1e  (D-3He) reaction that 

can be realized only in a high-beta machine. 

  Another important contribution of this kind of research is a driving force of progress 

in. studies on weakly-ionized plasmas [14]. That kind of plasma has been widely used 

in material science such as thin film deposition and dry etching process. A number of 

techniques developed in fusion-oriented plasma physics have been already and success-

fully adapted; plasma production by electron cyclotron resonance (ECR) [14] and helicon 

wave propagation [15, 16], and various kinds of measurement methods for plasma param-

eters [17]. In order to get more understanding of general plasma physics, researches of 

completely-ionized plasmas for fusion are of importance because of its long history and 

its potential on application to other fields. 

1.2 Overview of researches in mirror devices 

   As mentioned in Sec. 1.1, mirror devices have disadvantages as well as advantages due 

to its linear configuration. One of the well-known disadvantages is its inherently poor axial 

confinement as a result of open field lines. A simple mirror device confines a plasma due 

to its inhomogeneity of the strength of magnetic field, although its ability of confinement 

is quite low since there is a loss region in the velocity space, which is called "loss cone" 

Concept of tandem mirror with axial potential formation was proposed by Dimov et  al. 

[18] and Baldwin et al. [19], and potential formation by neutral beam injection (NBI) 

and electron cyclotron resonance heating (ECRH) was experimentally investigated in the 

TMX-U and GAMMA 10 tandem mirrors [20, 21]. Sloshing ion distribution for ion-

confining potential with thermal barrier was examined,  and plug ECRH experiment with 

high input power indicated that plateau distribution in the plug electron velocity space 

was essential to form the observed ion-confining potential [22], which was predicted from 
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the strong  ECRH theory [23]. On the other hand, potential formation along the magnetic 

field lines was performed in the Phaedrus, TARA, and HIEI tandem mirrors, by ion 

cyclotron range of frequencies (ICRF) waves [24-28], which is more convenient in terms 

of  •accessibility towards a reactor with remote transmission, with simple system of power 

generation, and with confirmed techniques for high power supply. Hershkowitz et al. 

revealed in the Phaedrus experiments that ion confining potential was created by the RF 

axial electric field in the near-field region of the ICRH antenna [24], and that magnetic 

moment conservation in the presence of gradient of the magnetic field strength led to 

potential dips like a thermal barrier [25]. In TARA the electron bounce resonance modified 

the electron distribution function and created the ion-confining potential [26]. In  HIEI, 

effects of ICRF injection in the plug cell were investigated, and the ion-confining potential 

with a thermal barrier was successfully formed  [27] The formation of the ion-confining 

potential was due to electron acceleration by Landau damping of an electrostatic wave 

generated directly from the antenna, and thermal barrier formation and sustainment was 

attributed to ICRF ponderomotive potential [24] with axial ion pumping. In the recent 

experiment in HIEI, local electron heating by ICRF waves which encountered the ion-ion 

hybrid resonance from the high-field side resulted in a potential hill in the plug cell [28]. 

That formation mechanism has been clarified in the sequential experiment in HIEI by 

experimental evidence and theoretical analysis on interaction between a mode-converted 

electrostatic wave and electrons [29]. The common point of the potential formation by 

ICRF waves in these three machines is that ion-confining potential cannot be explained 

with the modified Boltzmann relation  [30] with observed electron temperature in the plug 

cells, and modification of electron velocity space distribution is considered to play an 

essential role rather than plug electron temperature. Its scaling law with the theoretical 

prediction has been confirmed in the experiment in HIEI [29]. Efficient plug electron 

                           5



heating by ICRF waves and incidental potential formation will be discussed in Chap. 3 

and Chap. 5, respectively. 

  Another disadvantage of mirror is the difficulty in magnetohydrodynamic stabilization. 

Magnetohydrodynamic stability is necessary to be held against the flute mode, which is 

inherent due to bad curvature of the static magnetic field lines in the central cell of 

a tandem  mirror.. Conventional way to remove its instability is to set anchor cells with 

baseball coils [31]. Inutake et al. showed stability criteria of the flute mode experimentally 

by changing beta ratio between in the central cell and in the anchor cell, and its criteria 

was in good agreement with the theoretical prediction [32]. However, additional heating is 

necessary to keep a relatively high beta value in the anchor cells, and its nonaxisymmetry 

produces neoclassical radial transport. Another way is to utilize RF ponderomotive force 

by mode control [33-35]. RF stabilization was found to be effective in the frequencies of 

both the helicon wave propagation  [33,  34] and the  Alfven wave propagation [35]. Yasaka 

 et  al. controlled radial profile of RF electric field using the mode-control technique, which 

could make it possible to excite a favorable eigenmode to control radial profile of the 

RF electric field. Such a method induces no additional radial loss, and the scaling law 

in a small simple mirror showed its possibility for a future mirror reactor  [36]. Further 

experimental verification in a tandem mirror with relatively high beta values [37] has been 

confirmed in HIEI in the regime of enhanced axial and radial confinement [29], which will 

be mentioned in Chap. 5. 

   Central cell ion heating is another problem in a mirror device. NBI heating will break 

axisymmetry in the central cell plasma and make it less stable. Another method for 

ion heating is ion cyclotron resonance heating (ICRH). Unlike tokamaks, magnetic field 

strength changes mainly along magnetic field lines  and the accessibility of ICRF waves 

is different. Slow wave beach heating is readily applicable [38-40],  but the slow wave 
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cannot penetrate into a high-density plasma because of its cut-off density. Roberts  et  al. 

showed one possibility of its utilization with suggestion that the slow wave was possible 

to access into a relatively high-density multi-ion-species plasma [41]. Another way to 

overcome this problem is mode conversion from the fast magnetosonic to the slow ion-

cyclotron wave in the longitudinal inhomogeneity, which was theoretically predicted by 

White et al. [42] and by Lashmore-Davies  [43]. There have been other theoretical studies 

dealing with this mode conversion [44-46]. Experimentally change of radial profiles of the 

RF fields were measured near the mode-conversion point in Phaedrus, although no ion 

heating was detected [47]. Ion heating via the mode conversion examined in part in the 

HIEI simple mirror device [48]. In the HIEI tandem mirror, specific wave propagation 

has been measured, which shows clear feature of mode conversion into the slow wave, 

and simultaneously minority heating was observed [31, 49]. Such recent results on the 

mode conversions will be reported in Chap. 3. If a nonaxisymmetric elliptical flux tube 

is present in a machine, another mode conversion will take place [50], although it is not 

applicable in an axisymmetric tandem mirror. 

   As mentioned in Sec. 1.1, once axial confinement is enhanced, improvement of radial 

confinement in a mirror is an inevitable task as well as in a tokamak and other magnetic 

confinement systems. One of the good suggestions to solve this problem is understanding 

of high confinement mode (H mode) phenomena. In H-mode discharges in tokamaks, 

the following sequential events are observed in general; Auxiliary heating beyond the 

threshold power produces transition to the phase in which outward particle and heat 

flux decreases with reduction of edge fluctuations, and consequently particle and energy 

confinement time increases by a factor of 2-3. The accumulation of experimental results 

in tokamaks and the extensive efforts on theoretical progress revealed the part of the 

physics of H mode. Itoh and Itoh [51] predicted the essential role of radial electric field on 
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H mode, and it was extended by Shaing et al. theoretically [52]. In the experiment in the 

DIII-D tokamak, sheared poloidal rotation and related radial electric field were observed 

in H-mode discharges by auxiliary heating [53], and in the Continuous Current Tokamak 

(CCT), radial electric field and radial current imposed by an inserted electrode successfully 

created a H-mode-like discharge [54]. Reduction of edge turbulence and sheared radial 

electric field were linked with theoretical work by Biglari et al. [55] 

  These results on H-mode phenomena remind us of the previous experimental observa-

tions in other types of devices. In the Heliotron-E device, roles of radial electric field on 

confinement were examined [56]. The radial electric field changes significantly according 

to electron density, although no clear relation to the change of confinement predicted 

from the neoclassical theory was observed. In linear machines, radial electric field was 

successfully controlled by multi end ring biasing. The end plate biasing experiments in the 

QT-Upgrade machine  [57], the GAMMA 10 [58] and Phaedrus [59] tandem mirrors, and 

the PISCES-A linear plasma device [60] represented that radial electric field with rigid 

rotation in the quasi-steady state affects micro instabilities and magnetohydrodynamic 

stability. Drift wave instability in the edge was suppressed in either sigh of radial electric 

field [58], which was possibly related to tokamak situations in H mode. In PISCES-A 

effects of sheared electric field was examined [60], although no observation of transition 

phenomenon was reported. Recently H-mode-like transition was observed in the W 7-AS 

[61], the Compact Helical System (CHS) [62], and HIEI [6, 63-65]. These experimental 

results emphasize that a H-mode-like discharge is possible in a currentless torus plasma 

or in a mirror (linear machine) plasma if a significant sheared rotation to suppress edge 

turbulence is created by any means. We note that this discharge observed in HIEI, in 

which  a limiter in the central cell is DC-biased, differs from the previous results in other 

mirror or linear machine in the following points: (1) the observation of bifurcated states 
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between high and low confinement regimes, and (2) the presence of sheared rotation. Such 

results will be discussed in detail in Chap. 4. 

  Conventional concept of a tandem mirror was realized in GAMMA 10 and  TMX-

U;. they are equipped with baseball coils for magnetohydrodynamic stabilization, NBI 

for formation of sloshing ion distribution, and ECRH for plug electron heating. Their 

necessities result from the physical demands for the operation of a mirror device. From 

the engineering point of view, however, they make the whole system rather complicated. 

Here an alternative scheme is taken into consideration: "ICRF tandem mirror", which is 

the main focusing point in this study. With elaborate combinations of each ICRF wave, 

a tandem mirror sustained by ICRF waves may be operated, preserving its simplicity in 

both configuration and system. That is, when we take a look at the above problems in 

a tandem mirror, it is readily found that ICRF wave can play quite large roles in mirror 

operation, i.e., magnetohydrodynamic stabilization, axial confinement, and ion heating. 

Plasma production in the upper side of ICRF wave, i.e., the helicon wave [15, 16, 66], 

is also possible in a mirror device. Furthermore, sheared rotation for trigger of H-mode-

like behavior might be induced by ICRF waves [67, 68]. (However this will be verified in 

experiments in the future since mechanism of radial transport itself has not been confirmed 

in its fundamental physics and DC biasing on metal exposed to a plasma is still reliable to 

control a radial potential profile.) Such schemes of plasma control are possible because of 

the specific features of an ICRF wave; It is resonant with ions by cyclotron resonance, it 

can be also resonant with electrons in the condition of their thermal velocity comparable 

to the wave phase speed, and it has a wave length comparable to or less than device 

characteristic length. The whole system of a tandem mirror becomes quite simple due to 

usage of only one kind of RF without anchor cells. More experimental verification of ICRF 

tandem mirror is expected to measure the feasibility of its reactor. At the same time, 
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such an experimental study will contribute to more understanding of general magnetic 

confinement system, especially on radial transport, which is also the important focusing 

point of this study. 

1.3 Goal of this study 

  The following subjects will be discussed from the next chapter. The goal of this 

study is summarized by the word of "driving force to a further progress on ICRF mirror 

confinement system as well as on related general plasma phenomena" Properties of 

ICRF-interacted and DC-biased plasmas are investigated in the HIEI tandem mirror. In 

the physical phenomenology, this study deals with a magnetoplasma with longitudinal 

inhomogeneity and with controlled two-dimensional potential profiles. 

  In Chap. 2, theoretical background for heating and confinement with propagation 

of ICRF waves is reviewed. First, dispersion relation of ICRF waves is presented, and 

various kinds of interaction with ions and electrons are introduced. Second, in addition 

to radial confinement, which includes a common physics to other magnetic confinement 

systems, axial confinement, which is a main loss channel in a linear device with open field 

lines, is discussed in terms of utilization of ICRF-induced potential. The scenario of an 

axisymmetric mirror operation by ICRF waves and DC fields is presented. 

  From Chap. 3, experimental results of this study are demonstrated with theoretical 

analysis. Chapter 3 represents mode conversions of ICRF waves with incidental ion and 

electron heating [28, 31, 49]. Axial inhomogeneity of the strength of the static magnetic 

field causes mode conversions  in a two-ion-species plasma.  In the case of the low-field side 

launching, the fast magnetosonic wave, which can propagate in a high-density plasma, 

converts into the slow ion-cyclotron wave at the ion-ion hybrid resonance layer . This 

mode conversion provides efficient minority ion heating  in the central cell of a mirror 
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device. On the other hand, the high-field side incidence of the fast wave results in mode 

conversion to an electrostatic wave with incidental electron heating and velocity space 

diffusion. 

   Chapter 4 deals with improvement of radial confinement through H-mode-like transi-

tion [6, 63-65]. DC limiter biasing produces high radial confinement mode with reduction 

of edge turbulence and with formation of sheared plasma rotation. The high confinement 

mode emerges from bifurcated transition represented by sudden drop of atomic line emis-

sion and hysteresis in edge plasma parameters. Mechanism of transition is discussed with 

a model from azimuthal momentum balance affected by shear stabilization in the radial 

edge region. 

   In Chap. 5, concept of "ICRF tandem mirror" is expressed with experimental verifica-

tion [6, 29, 37]. Axial confinement by ICRF-induced potential is investigated and possible 

mechanism of electron heating in the plug cell is discussed in the case of the high-field side 

incidence of the fast wave. Simultaneous application of DC limiter biasing and two mode 

conversions for ion heating and axial potential formation leads to high-beta operation, in 

which stability high-beta plasma is within the criteria supported by RF ponderomotive 

force. Estimation of simultaneous enhancement axial and radial confinement is shown, 

where it includes the effects of two-dimensional potential profiles. 

  Finally, in Chap. 6, this work will be summarized as a conclusion. 
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                  Chapter 2 

        "ICRF Tandem Mirror" 

    with Controlled Potential Profiles 

2.1 Introduction 

  A mirror device has inherently a different magnetic field configuration to torus devices; 

Axial magnetic field lines are open to an end metal plate in an experimental device or 

will be open to an energy convertor in a future reactor, and the strength of magnetic field 

changes mainly parallel to its field lines. Assumed that a mirror plasma is sustained mag-

netohydrodynamically, confinement property strongly depends on axial transport (parallel 

to the magnetic field lines), although main loss channel will be across the magnetic field 

lines in the case of enhanced axial confinement. 

  In order to keep its simplicity, a tandem mirror can be operated by ICRF waves, as 

mentioned in Sec. 1. In such a machine ICRF propagation parallel to the field lines is 

the main path along its dispersion curve. Dispersion relation of ICRF wave is associated 

with not only ion heating but also potential formation for confinement through electron 

heating in an ICRF tandem mirror. Another feature of ICRF waves is that the scale 

length of the gradient of the radiofrequency  (RF) field amplitude is comparable or less 

than machine characteristic length, which plays an important role on RF stabilization . 
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   Another important subject in this chapter is theoretical review of radial confinement 

determined by micro instabilities. One of the causes of radial anomalous transport, which 

is present throughout magnetoplasmas, is considered to be due to micro instabilities in 

the edge of a plasma. Recent researches on H-mode physics revealed that radial potential 

profile affects micro instabilities that causes fluctuation-driven transport. 

   Section 2.1 describes dispersion relation of ICRF waves and its contributions to plasma 

production, ion and electron heating, and RF stabilization. Section 2.2 represents con-

finement properties based on propagation of ICRF waves and control of radial electric 

field. Subsection 2.2.1 shows property of axial confinement in an ICRF tandem mirror, 

subsection 2.2.2 describes magnetohydrodynamic stability affected by ICRF waves, and 

subsection 2.2.3 reviews radial transport caused by micro instabilities that can be affected 

by radial electric field. 

2.2 Dispersion relation in ICRF waves and their contributions 

to plasma production, heating, and stabilization 

   Our starting point for description of ICRF propagation is the general dispersion rela-

tion in a cold and infinite plasma, expressed as 

 P  k14[—k112(—sRL               1) +  ko2(p (—k112  ko2R)(  kHz  ko2L) = 0. (2.1) 

Here  k1 and  k11 are wavenumbers perpendicular and parallel to the static magnetic field, 

respectively,  /cc, = w/c with the applied RF frequency  c.,)/27r and the light velocity c, 

and  P,  S,  R, and L are dielectric tensor elements, defined in the Stix notation [1]. The 

dispersion relation written by  co —  kil diagram is useful to investigate propagation of the 

ICRF waves in a mirror device since waves propagating in the axial direction are dominant 

and the strength of the magnetic field  B0 changes mainly in the parallel direction. In the 

cylindrical plasma geometry with the surrounding vacuum layer and the conducting wall 
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[2],  k1 is determined from the boundary conditions with continuity of tangential electric 

and magnetic fields at the plasma-vacuum interface and zero of tangential electric field on 

the wall. The configuration of the cylindrical plasma also makes it possible to deal with the 

ICRF waves with a specific azimuthal mode number m, where RF field is assumed to vary 

as  exp[j(m0 —  kHz +  wt)]. When  Bo changes with the fixed RF frequency, the dispersion 

relation of a two-ion-species (He-H) plasma in the uniform profile of B0 is derived as 

in Fig. 2.1. Here  in is set to —1, which indicates that right-rotating propagation, and 

electron mass  me is retained in the calculation. The calculation reveals that in this range 

of frequency and density only the m = —1 mode can propagate except the region near 

  =  52H, minority (H) cyclotron resonance. Figure 2.1 shows that the fast wave mode 

propagates in the whole range of frequencies with some modification. 

  First, let us take a look of the range above the minority (H) cyclotron frequency 

 (co >  C/H). The propagating wave, which is on the continuous branch of the fast mag-

netosonic wave ("F" in fig. 2.2), is called helicon wave ("H"), and its propagation has 

been investigated in terms of efficient plasma production with electron density  rte >  1013 

 cm' [3-5]. One of the reasonable descriptions of production mechanism is RF power ab-

sorption via electron Landau damping. Equivalent collision frequency of electron Landau 

damping of the helicon wave is derived by Chen [4] as 

 v =  2I7-ry3exp(—y2), (2.2) 

where  y =  kll  (rne/2Te)1/2 with electron temperature  71 Takeno et  a/.[5] showed that 

the efficient damping takes place for the range of  kil = 9 — 30  m-1 with  Te = 20 eV, which 

is coincident with the range of the helicon wave propagation in Fig. 2.1. However, the 

production mechanism are now discussed in a number of  different points of view, which 

is beyond the scope of this study. This production is more efficient than the slow wave 

production utilized in the GAMMA 10 tandem mirror [6]. The plasma production by 
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 He+H(10 %) 

 3-  _  ne-_1012  cm-3 

                             plasma  radius  : 
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FIG. 2.1. Dispersion relation of ICRF waves near and above the minority ion cyclotron 

frequency (w =  EIH). The parameters used in the calculation are shown in the figure. 

Label  "H"  (solid line), "F"(solid line), "S"(dashed line) and "ES"(dotted line) denote the 

branches of the helicon wave, the fast magnetosonic wave, the slow ion-cyclotron wave 

with the lowest radial order, and the electrostatic wave near the ion-ion hybrid resonance 

 (w  =  S2„). 

                            21



the slow wave takes place in the magnetic beach configuration with the ion cyclotron 

resonance. In that case plasma with high ion temperature can be produced. However 

there exists density limit of the slow wave propagation, which will be discussed in the 

next paragraph. 

  Second, propagation near and below  Clif is focused on its contributions to ion and 

electron heating. In a one-ion-species plasma, mirror magnetic beach heating has been 

investigated [6-8], and its efficiency to ion heating in a relatively low-density plasma 

was clarified. However, the slow wave has a poor accessibility to a high-density plasma. 

Considering refractive index perpendicular to the static magnetic field as a function of 

plasma density, the fast wave mode has no upper limit for its propagation  [9], and the 

slow wave launched directly from an antenna propagates only below the density limit of 

 ne  ti 2  x1012  cm' with B = 0.6 T and  k11  = 5  rn-1 On the other hand, with the presence 

of the minority ion, mode conversion from the fast magnetosonic to the slow ion-cyclotron 

wave can be expected. The cut-off point is present on the fast wave branch at the ion-ion 

hybrid resonance layer (w =  12,2), and the slow wave branch emerges for  Sit, < w  <  11H 

("S", which in fig. 2.1 is the one with the lowest radial order). The slow ion-cyclotron 

wave is resonant at w =  CIH with the minority (H) ion. There is a close pair of the cut-off 

and the resonance layers and the wave encountering this region is transmitted, reflected or 

absorbed. The mode conversion in the case of the low-field side  (w  >  I/H) launching takes 

place in the following sequence: the fast wave propagation, its reflection at w =  f2„, mode 

conversion into the slow wave, and its propagation to the w =  S1H layer [10]. As mentioned 

above, the fast wave is excited without a density limit, and the mode conversion into the 

slow wave results in the core ion heating of a high-density plasma like that in a fusion 

reactor through the ion cyclotron damping. This process is completely different from the 

case in a tokamak  [11]. where the launched fast wave in the  low field side converts into the 
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ion-Bernstein mode near w =  1l, with the perpendicular wave  propagation and a thermal 

effect from the finite Larmour radius. 

  In the case of the high-field side launching  (S/He  <  w < where  flHe is the majority 

ion cyclotron frequency), wave propagation is totally different from that of the low-field 

side launching. The fast wave branch just below w =  Il,, ("F") shows a slight change to 

the higher k11. As the wave gets close to  co =  Iii, Eq. 2.1 reduces to the cold electrostatic 

dispersion as 

 Ici'S +  k112  P = 0. (2.3) 

Ono  [12] showed theoretically  and experimentally that the slow ion-cyclotron wave con-

verts into the cold electrostatic ion-cyclotron wave as approaching to the  co =  IL layer 

 ("ES"). Besides transmitting wave to the fast wave branch above  w =  IL  7 the wave 

through the narrow tunneling region for  co <  Sti encounters this electrostatic branch, 

which may resonates with electron via Landau damping. On the other hand, Lashmore-

Davies et al. predicted ion heating by 100 % energy conversion to the slow wave using 

a simple model equation, in which that electrostatic wave might be dropped in their ap-

proximation. Such a mode conversion process also completely differs from the case in a 

tokamak; In experiments of the fast wave excitation in tokamaks, the mode conversion to 

the ion Bernstein wave takes place, as mentioned above [11]. In the case of the high-field-

side excitation this electrostatic wave gives its energy mainly to electrons (roughly 70 % 

[13]). 

  Another feature of ICRF waves is that wave length is comparable to or less than the 

characteristic length of a device, resulting in axial and radial gradient of RF electric fields. 

In the range of the helicon wave not only  in = —1 but also in  = 0, +1, and +2 modes 

can propagate. A radial profile of the RF fields is expressed by linear summation of  inth 

order of Bessel function  and its derivative with the  azimuthal dependence of  exp(jrn0). 
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When a wave with adequate azimuthal mode number is excited, favorably-localized RF 

ponderomotive force affects flute mode stabilization [14], control of radial convection [34], 

and ponderomotive potential [16]. For instance, right-rotating polarization is dominant 

in the propagation of the  m = —1 fast wave and the m = —1 helicon wave. The profile 

of the right-rotating field is peaking at the center of the plasma column, and that of the 

left-rotating field has a smaller peak in the periphery with zero amplitude at the center 

in a certain frequency range. Such profiles stabilizes flute mode, as discussed in Subsec. 

2.3.2. 

  We note here that the helicon wave for plasma production and RF stabilization and 

the fast magnetosonic wave for ion and electron heating are on the same branch with 

different strength of the static magnetic field. If an ICRF wave is in the range of the 

helicon wave in the midplane of the central cell, it contributes to plasma production and 

RF stabilization. The same RF wave propagating towards the mirror point encounters 

the mode conversion region, which gives rise to ion and electron heating. That is, one 

ICRF wave can play a number of roles simultaneously in an ICRF tandem mirror. 

2.3 Confinement properties in an ICRF tandem mirror 

  Confinement property in a magnetic confined device is basically characterized by its 

magnetic field configuration, and classical theory for each kind of device has been devel-

oped. However, many of such theories didn't explain experimental results [17]. Another 

important factor for confinement has been recently recognized, and it is plasma potential . 

Potential formation in a mirror device has been studied since the 70's for reduction of 

energy and particle loss along its open magnetic field lines. Furthermore, recent studies 

related to H-mode physics revealed that radial potential profile  plays an essential role 

on radial confinement, i.e., transport across the magnetic field lines. That is , two- or 
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three-dimensional potential profile determines the global confinement in a mirror. 

2.3.1 Axial confinement with potential formation along the field lines 

   In a simple mirror configuration, plasma is confined via reflection near the mirror 

point according to the conservation law of the magnetic moment. However, there exists 

the so-called "loss cone" which is displayed in the velocity space and in which plasma 

particles escape though the mirror point. Thus confinement time is not enough to realize 

an efficient reactor. For instance,  T11 = 0.20 msec for the plasma with  ne = 5 x 1012  cm', 

ion temperature  Ti = 60 eV and mirror ratio  R, = 7.1, which is estimated from the rate 

of pitch angle scattering into the loss cone [18]. 

   In order to enhance axial confinement, tandem mirror configuration with axial poten-

tial formation was proposed by Dimov et al. [19] and Baldwin et al. [20], shown in Fig. 

2.2 with definition of ion-confining potential  0, and thermal barrier depth  Ob. The first 

idea of a tandem mirror is that the plug cell with higher density than in the central cell 

creates the confining potential according to the Boltzmann relation, but in such a case 

the energy amplification factor of a reactor Q is estimated to remain low. Ion-confining 

potential with thermal barrier was thus proposed. In this case electron heating in the plug 

cell gives rise to formation of ion-confining potential with assistance of thermal barrier 

which avoids exchange of electrons in the central and plug cells with different Te. 

  In general plasma potential is determined by a local difference from the condition 

of charge neutrality, or external and internal forces of expelling one kind of charged 

particles, i.e., ions or electrons. In order to create  0,, hill-shaped potential in the plug 

cell, control of plasma parameters in the plug cell is necessary, which have been predicted 

by theories shown in the following. The most fundamental equation for expression of 

plasma potential difference along the magnetic field lines is the Boltzmann relation,  and 
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FIG. 2.2. Axisymmetric tandem mirror configuration expressed by the strength of static 

magnetic field ("B", dotted line) and the axial potential profile  ("  q5"  , solid line). 
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it reduces in the case of a tandem mirror to  0),  =  Teln(nep/n„) with electron density 

in the plug cell  nep and that in the central cell  n„.  It shows that, with constant Te 

throughout a tandem mirror device, higher density in the plug cell than in the central cell 

gives rise to ion-confining potential. However, this is an unrealistic situation in combined 

three simple mirrors, as mentioned previously. With the idea of thermal barrier, the 

modified Boltzmann relation was developed by Cohen et  al. [21], which is 

                  e(Oc Cbb) =Tepin (Tec )1 , 
                    net)Tepli(2.6) 

where  neb is electron density in the thermal barrier region, and Tep and  T„ are electron 

temperature in the plug cell and that in the central cell, respectively. In other words,  neb 

is density of the electrons passing from the central cell to the plug cell with temperature 

 T„. According to Eq. 2.6, even if  nep is less than  n„, increase of  Ter, by electron heating 

in the plug cell results in formation of  0,, and there is no dependence on heating method 

such as electron cyclotron heating (ECH) and heating by ICRF waves (ICH). 

   In the modified Boltzmann relation electron energy distribution is assumed to be 

Maxwellian. If the distribution changes from Maxwellian towards plateau shape, that 

makes enhancement of potential formation. The influence of electron velocity space dif-

fusion parallel to the magnetic field by RF fields was investigated theoretically by Hojo 

et al. [22] Starting from the Fokker-Plank equation with quasi-linear RF diffusion term, 

the derived expression for potential difference enhanced by RF fields is 

               e(Oc06) = 

                                          — 

                      —n613(,T)1121 1}        Aep(2.7)  n  eb 

where  A =  DRFIDcL is the ratio of the  RF-induced to collisional diffusion coefficients in 

the electron velocity space. DRF is estimated as  re2E112/8777,2w  and  DcL =  (eTep/177,) 

 /2(0neTep3/2/37rnepe4 In A) with the Coulomb logarithm  In A, so that A is a function 

of the parallel  RF (electrostatic) field  EH,  Tep,  nep, and w. Boundary conditions for dis-
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tribution function are given by ne)91Tep)net), and T„, and quasi-static approximation  [23] 

is used to derive Eq. 2.7. Hojo also mentioned to the effect of radial particle diffusion on 

potential formation, and it was concluded that radial particle loss enhances ion-confining 

potential. We note that this radial loss in the plug cells is in the level of usual anomalous 

transport and make no degradation of particle confinement in the central cell. In the 

ultimate scheme of velocity space diffusion, i.e., "strong ICH" scheme, the electron distri-

bution function becomes flat, and  e(&,  Ob) is derived as  (7r/4)T„(nep/neb)2 Figure 2.3 

displays enhancement of ion-confining potential by RF-induced velocity space diffusion. 

In this case validity of Eq. 2.7 is kept for  A  < 2.6. 

  Figure 2.2 shows that thermal barrier between the central cell and the plug cell elec-

trons enables efficient electron heating in the plug cell. Formation of such a potential 

depth by ICRF waves were investigated by Hershkowitz et al.  [24] and Yasaka et al. [25] 

Yasaka et al. showed that thermal barrier formation and its sustainment were caused by 

ponderomotive potential of near fields of injected plug ICRF in the experiment in  HIEI. 

Ponderomotive potential for ions by RF waves  ORF is expressed as [26] 

                                          2 

            qi E_ 2 Ez2                 ORF =(1)               4miu,w —ww) 

where  mi,  qi, and  S/i are ion mass, ion charge, and ion cyclotron frequency, respectively. 

w is the applied RF frequency, and  E+, E_, and  Ez are the RF electric fields of left-

circularly-polarized, right-circularly-polarized, and axial components, respectively. In the 

experiment of Yasaka et al.  Ez of the near fields is  considered to be quite large, and 

potential well is formed with its width owing to axial profile of  lEd.  In another experiment 

in HIEI  [27], thermal barrier formation was not controlled and spontaneous formation was 

utilized. Observation of this phenomenon on the boundary of two plasmas with different 

Te was first reported by  Hatakeyama  et al. [28] The potential dip is enhanced with the 

presence of a mirror point on their boundary. In the case of  HIEI, such  a situation can 
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FIG. 2.3. Enhancement of ion-confining potential by RF-induced velocity space diffu-

sion [22].  nep/neb(T„/Tep)1/2  = 3.5  and  74 = 20 eV The case of  A = 0 indicates the 

modified Boltzmann relation, and dotted line indicates the scheme of "strong ICH" 
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occur at the mirror point between the central and the plug cells where the plasmas with  T„ 

and with  Tel, encounter each other. Assumed that an electron flux flowing into the mirror 

point is simply expressed as  ne  sin-1(1/  ?,,,)^eTe/me with the mirror ratio  R, in the 
central cell 7.1 and that in the plug cell 2.6, the electron fluxes are equal with  12„/n  ep = 2.5 

and  Tel,/T„ = 2.0. If  Teo from this condition, the electron flux from the plug cell 

exceeds to that from the central cell and potential dip is formed in the central cell near 

the mirror point to make the electron current to be zero at the dip. Specific values of 

the potential dip and its location depends on magnetic field configuration near the mirror 

point and electron energy distribution functions in both cells. One related calculation of 

thermal barrier and reduction of electron heat flux was performed by Ohkawa et al. in 

the case of a scrape-off layer  (SOL) plasma of divertor configuration [29]. 

   In the configuration shown in Fig. 2.2, axial particle confinement time is estimated. 

According to the theoretical studies [23, 30, 31], particle confinement time in a collisionless 

regime  Tplia is 

                                                                    2 

              V7r
\ + 2VR,iirirn-}- 2 + 1e0                         exp(c)(t)   TPIla In  (2.4) 

 — 1Tic) + 1 
          R„,c 2 

where  Tii is ion collision time, and  Ti, is ion temperature in the central cell . Particle 

confinement in a collisional regime  rob is 

                      RmL expI \IeTic      TPIlb(2 .5) 
                                   Tic  772i 

where L is length of the central cell, and  mi is ion mass. Particle confinement time of 

intermediate regime between collisional and collisionless cases are are simply expressed as 

 TPII =  rplia +  rob. For instance,  rpii = 4.5 msec for the plasma with  ne = 5 x  1012  cm-3, 

 Tic = 60 eV, L =  1.9 m, and  0,  = 70 V, which is enhanced by more than one order from 

the value in a simple mirror (0.20  msec). 
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2.3.2 Stability of magnetohydrodynamic modes 

  In the central cell of a tandem mirror the region with bad curvature for the flute 

interchange mode spreads around the midplane, whereas good curvature region is around 

the mirror points. Plasma pressure is distributed mainly according to the mirror magnetic 

confinement in the central cell, so that the flute mode usually becomes unstable with 

the central cell alone. In a conventional tandem mirror, minimum-B configuration by 

baseball coils stabilizes a plasma magnetohydrodynamically. However, additional heating 

source is required to keep plasma pressure high in the minimum-B region, and such a 

nonaxisymmetric configuration enhances ion neoclassical transport [32, 33]. In order to 

avoid these inconveniences, another method for stabilization of the flute mode in a mirror 

was proposed, utilizing RF ponderomotive force in axisymmetric configuration [34, 35]. 

Yasaka et al. investigated RF stabilization in the frequency range of the helicon wave 

[34], while Ferron et  al. examined it using the  Alfven wave. Here we review its effects in 

the helicon wave regime in the following part. 

  Stability criteria against the flute interchange mode with the effects of RF fields is 

determined by both two-dimensional (radial and axial) profiles of plasma pressure and RF 

fields. The effects of the radial profiles were investigated in the range of 2.3  <  w/52,  < 2.6 

by Yasaka et  al. [34, 36] RF ponderomotive force  Fp is written as 

                               VE_2VEz2)          F=E  2VE+2                                                             (2.8 r)                  4rnaw—-FC1c, 
                                          cr=e,z 

where  E+, E_, and  Ez are the RF components of the left-circularly-polarized, right-

circularly-polarized, and axial field, respectively,  and  q,„  m„,  and  C2, are the charge, mass, 

and cyclotron frequency of  a species (electron or ion). Condition of  Fr  >  e(T,  Te)/Rc 

is required for stabilization, where  R, is the curvature radius of the magnetic field lines. 

Radial gradient of amplitude profile of RF fields was successfully controlled by mode-

controlled RF excitation. Profile of RF wave with in = ±2 has a smaller radial scale 
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length 4 cm) than that with  m  +1 14 cm). As a result, the stabilization effect 

was observed in the case of m = +2 due to larger VE12 and not observed in the case 

of m =  +1 [34]. In another report stabilization criteria was examined using maximum 

value of  Fp and  R, to see the effect of radial dependence [36]. Takeno et al. [37] showed 

that influence of side band waves could not be ignored in the range of  w/Qi = 14 — 34 

and  ne < 3 x  1012cm-3 in which side band waves can propagate. The effect of the side 

band cancels 60 % of RF stabilization of direct ponderomotive force (Eq. 2.8). It can be 

concluded that favorable mode excitation of RF waves and suppression of side band effect 

by parameter control create a RF stabilized mirror plasma. 

  Another important aspect of RF stabilization is an effect of axial profiles of plasma 

pressure and RF field amplitude. Stability criteria with such effects against the flute mode 

is written as [38, 39] 

                 L dz            -
.1710P (2.9) 

where 1 is the length from the midplane to the mirror point of the central cell, = 

 (b. V)b  KoVO  i9VO, magnetic field vector B =  BbVb  x  VO, and P is the plasma 

pressure. In the presence of RF waves, it is more convenient to express  kip as  koo 

 Kti,F,„ where  koo is defined by the above expression and  kvFp is the equivalent term from 

contribution of  Fp using the relation  Fp =  e(Tj  Te)I  R,Fp =  e(T, Te)  sin-1(KoFp). 

2.3.3 Radial confinement with suppression of micro instabilities 

  Even if  magnetohydrodynamic mode is stable, radial confinement in a magnetic con-

fined plasma is much smaller than that predicted by classical transport [17]. This anoma-

lous transport across the magnetic field lines is partly due to micro instabilities in the 

edge. Fluctuation-driven transport is written in general as 

 =<  dwii*  (wP ,(o.,), (2.10) 
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where the right hand side is convolution of fluctuations of density n and radial velocity  vr. 

If the microturbulence is electrostatic,  fir = E9  x  BIB'  ikeiPB, where  ko(= m/r) and 

 0 indicate azimuthal wavenumber and plasma potential, respectively. Fluctuation-driven 

transport is outward when  fi, and  fir are in phase, so that suppression of micro instabilities 

driving such turbulence is a key issue for enhancement of radial confinement. 

   One of the micro instabilities driving anomalous losses is the drift wave mode. Ob-

servations of  H mode correlate improved confinement with reduction in the drift wave 

turbulence [40]. The dispersion relation of the drift and  drift-Alfven waves in a cylindri-

cal plasma was derived by Fredrickson et al. [41], shown in Fig. 2.4. The drift mode 

rotates in the direction of electron diamagnetic drift and its rotational frequency is near 

the electron diamagnetic frequency for large  kll. The dispersion of the low-frequency edge 

fluctuations observed in the HIEI tandem mirror is also plotted in Fig. 2.4 as vertical 

and horizontal bars. The detected fluctuations are in good agreement with the branch of 

the drift mode. Several theoretical studies suggested suppression of drift wave turbulence 

by radial potential profiles with rigid plasma rotation. Sanuki [42] and Chaudhry et al. 

[43] assumed a parabolic ambipolar potential and investigated the growth rate of the drift 

wave as a function of potential. The numerical result showed that a slightly negative 

(well-shaped) potential destabilizes the drift wave and that both further increase of neg-

ative potential and increase of positive potential lower its growth rate. Similar result  was 

reported by Horton et al. using analytical study [44]. 

  Another possible method for suppression of edge turbulence like the drift wave mode is 

creation of sheared plasma rotation, or large radial gradient of radial electric field.  Bigla.ri 

et al. proposed shear stabilization of edge turbulence in order to explain turbulence sup-

pression in a H-mode discharge [45]. If sheared azimuthal rotation is present in the edge, 

azimuthal decorrelation of two fluids in different radial positions is enhanced by difference 

                            33



      2•

._•• •  r . 

    ., , 

             kr2iCili(MA2D-0.25 

 Alfven mode 

 1_                driftmode 
 3 F÷I 

                   I-1—i 

       1 .  

  0  10  2() 
 kliVA/w. 

FIG. 2.4. Dispersion relation of the drift and  drift-Alfven waves in a cylindrical plasma 

[41]. kr is defined as  x3m  /a, where  X  3m is the jth order of the  mth Bessel function and 

a is plasma radius. VA  is the  Alfven velocity, and  w, is the electron diamagnetic drift 

frequency. Inset vertical and horizontal bars show edge fluctuations observed in the HIEI 

tandem mirror. 
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of azimuthal flow, so that edge turbulence quenches. Hinton proposed bifurcation theory 

for  L-H  transition using shear stabilization effect, in which radial diffusion coefficient was 

described as a function of rotational shear [46]. Staebler et al. developed Hinton's theory 

for more close configuration to tokamak experiments [47]. They define radial energy flux 

Q and particle flux  F as 

         XL 1 dPDL  1 do   Q = -(xif+ r(DH(2.11)        1+ n dr' 1  + n  dr 

Here thermal conductivity  x and diffusion coefficient D, expressed in the large brackets 

in Eq. 2.11, have dimensions of conductivity.  Si represents the E x B rotational shear, 

and  erg,  ar, and  -y are constants. D expressed in Eq. 2.11 indicates that D = DH DL 

in the case of  Si = 0 and D DH for  SI oo. New operator f is defined as 

 (c/eB)(QF/XHDH) for expression of energy input by additional heating assumed that  SI 

simply depends on radial gradient of the ion diamagnetic drift and that fueling rate  (r) 

is constant. That is, 

          c Qr = (1 + xLhoi )(1+ DLIDHSl(2.12)  f eBxHDH 1+ ceQ151 1+cerISj _I-Y 

Figure 2.5 displays that bifurcation of  Si and therefore that of radial diffusion and ther-

mal conductivity as a function of f As f is increased, which corresponds to increase 

of additional heating power, low (L) confinement phase  (S1 < 1.5) jumps to high (H) 

confinement phase at f  — 19. In the case of decreasing  f, transition from L phase to H 

phase takes place at f 12, which indicates that hysteresis phenomenon is inherent in 

 L-H  transition. This analysis is based on a cylindrical geometry, so that this is applicable 

to mirror configuration. 

  However some additional conditions should  be under consideration in order to analyze 

radial confinement in a  mirror.  A mirror device has two paths of energy and particle 

loss: axial direction and radial direction. When radial confinement itself or any factors 
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FIG. 2.5. Model of bifurcation of  SI as a function of f [47].  XL/XH = DL/DH = 4, 

 crQ  =  =  0.25,  and  7  =  2. 
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affecting radial confinement changes, such changes may affect axial confinement. The 

first proposal for explanation of L-H transition by Ohkawa et al. [29] dealt with energy 

transport along the magnetic field lines in SOL influenced by radial energy flux across 

separatrix in divertor configurations. By additional heating in a diverter tokamak, ions 

in the periphery are heated and have larger Larmour radius, so that plasma potential 

becomes more positive just outside the separatrix. On the other hand, larger heat flux 

to outer divertor plates enhances cold plasma production due to higher neutral density. 

Hot electrons just outside the separatrix and cold dense electrons in front of the divertor 

plates are connected through an accretion region near X-point, where a mirror point 

exists. In order for electron current to be zero, thermal barrier to separate each electron 

group to a certain extent is spontaneously formed, and electron heat flux from SOL to 

the divertor plates is reduced, which means that energy transport across the field lines 

is reduced, leading to enhancement of the whole energy confinement. Another principle 

of relation between axial and radial confinement was recently proposed by  Ho  jo in terms 

of axial potential formation [48]. Axial ion-confining potential is assumed to affect radial 

diffusion coefficient through sheared E x B rotation like expression in Eq. 2.11. Then both 

radial and axial confinement times change with bifurcated solutions in some parameter 

range. Such studies remain in the primary level, and more development is expected. 

2.4 Overview of ICRF tandem mirror with controlled two- di-

mensional potential profiles 

  The above sections are summarized as follows: (i) Although axial inhomogeneity in a 

mirror makes the magnetohydrodynamical mode unstable, it also provides mirror confine-

ment and propagation and resonance phenomena of variety of ICRF waves, one of which 

contributes to plasma production  and stabilization of the unstable mode, and another of 
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which contributes heating and improvement of axial confinement. (ii) Confinement both 

along and across the magnetic field lines in a mirror device is determined by electrostatic 

potential profiles which can be controlled by resonance of ICRF waves resulting from axial 

inhomogeneity and by external input of additional power. In this study, in order to ac-

complish operation of a high-density, high-temperature, and well-confined mirror plasma, 

such features in a mirror are utilized and the above hypothesis is examined. 

  Figure 2.6 shows the operation scenario of an axisymmetric mirror by ICRF waves 

and DC electric fields. First, plasma is produced in the propagation of the helicon wave, 

and stabilized simultaneously against the flute interchange mode. Second, the fast wave is 

launched in the central cell and resonates with ions in the central cell and with electrons 

in the plug cell through sequential mode conversions. As a result, ion heating takes 

place in the central cell, and electron heating and velocity space diffusion in the plug cell 

cause enhancement of ion-confining potential. Finally, DC electric fields are imposed on 

the central cell plasma near the radial edge by limiter biasing in the central cell. Such 

a localized radial electric field Er induces sheared  EtimesB rotation, which suppresses 

edge turbulence and reduces fluctuation-induced transport. Note that in this scenario 

inherent property of a mirror device ("axial inhomogeneity") is systematically linked to 

optimum confinement regime ("controlled two-dimensional potential profiles") through 

ICRF waves and DC electric fields. 
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                  Chapter 3 

           Mode Conversions of 

 Fast Magnetosonic Waves with Selective 

   Minority Ion and Electron Heating 

   in a Longitudinally Inhomogeneous 

            Magnetic Field 

3.1 Introduction 

  Several schemes of ion heating via ICRF (Ion Cyclotron Range of Frequencies) waves 

have been proposed for a magnetoplasma [1]. Several modes propagating in a magneto-

plasma are present in ICRF, and the contribution of each mode to ion heating depends 

on its own dispersion relation. The slow ion-cyclotron wave resonates directly with ions 

immersed in a magnetic field, but has poor accessibility to a high-density plasma like the 

one in a future reactor. On the other hand, the fast magnetosonic wave can propagate in 

a high-density plasma but it is less capable of accelerating plasma particles. From this 

point of view, mode conversion  plays an important role. In tokamaks where the main 

magnetic field gradient is perpendicular to a static magnetic field, fast wave heating via 

mode conversion has been extensively explored, both in experiments  [2] and theories [1, 

3]. In this operation, the fast wave is launched in a two-ion-species plasma and converts 
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into the ion Bernstein wave near the ion-ion hybrid resonance layer. 

   In mirror machines, ICRF has been studied as a scheme for heating ions as well as for 

potential formation [4-6] and for plasma production [4, 7]. Magnetic beach heating was 

investigated in Phaedrus experiments [8], in which the addition of a second ion species 

changes excitation of the wave eigenmodes, leading to improvement on the accessibility 

to the high-density plasma. In GAMMA 10, mode conversion from the fast to the slow 

wave took place through the spatial modulation of magnetic field lines in the quadrupole 

field region [7]. In our configuration described in this paper, variance of the magnetic field 

strength parallel to the field line, which is inherent in mirrors, plays an essential role on 

mode conversion. According to the theoretical works [9, 10], the fast magnetosonic wave 

that is launched in a two-ion-species plasma from the low-field side converts into the slow 

ion-cyclotron wave in the vicinity of the close pair of the ion-ion hybrid and minority ion 

cyclotron resonance layers, and resonates with minority lighter ions at the minority ion 

cyclotron resonance. However, the experimental studies which have been done so far are 

not sufficient for understanding of the specific feature of this mode conversion process. 

  In single mirror operation [11], enhancement of radio frequency (RF) fields of the slow 

wave mode and associated ion heating were observed in the presence of the ion-ion hybrid 

resonance with appropriate minority ion concentration (5 %-10 %). These experimental 

results on radial profiles of RF fields and on ion heating were in qualitative agreement 

with the one-dimensional (1-D) mode conversion theory [10] and two-dimensional (2-D) 

calculation. Another report [4] demonstrated that the maximum heating efficiency was 

obtained by excitation of the right-rotating field, which is favorable for launching of the 

fast wave, which will convert into the slow wave mode. Roberts et al. [12] revealed the 

change of the propagating mode from the fast wave to the slow wave across the  Alfven 

resonance layer by calculating the dispersion relation in a two-ion-species plasma. Such 
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change was identified experimentally by various radial profiles of the wave fields. However, 

no direct measurement of the longitudinal dispersion relation of the mode-converted slow 

wave mode was reported. They predicted theoretically the presence of the slow wave 

with higher radial orders, which can contribute to minority ion heating, although no 

experimental result was shown on ion heating, such as an increase in ion temperature. 

  In the case of the high-field-side launching of the fast wave, one theoretical study by 

Davies [10] showed that the whole energy of the fast wave converted into the slow wave 

which gives rise to the minority ion heating. However the calculation by Roberts [12] 

suggested that the branch of the fast wave was not connected to the slow wave mode and 

showed some resonance near the ion-ion hybrid resonance layer. No experimental result 

has been available so far. 

  The present chapter deals with mode conversion phenomena of ICRF waves in the 

HIEI tandem mirror. ICRF wave propagation revealed by direct measurements of longi-

tudinal dispersion relation is demonstrated. In the case of the  in = —1 (right-rotating 

propagation) fast magnetosonic wave launching, the  rn  = —1 slow ion-cyclotron wave is 

detected between the resonance (the minority ion cyclotron resonance) and cut-off (the 

ion-ion hybrid resonance) layers in the central cell, and an electrostatic wave is possibly 

present in the vicinity of the ion-ion hybrid resonance layer in the plug cell, where  in is 

the azimuthal mode number. 1-D and 2-D theoretical analyses of the dispersion relation 

in a cylindrical plasma are described, which yields calculated wave numbers in reasonable 

agreement with measured wave numbers parallel to the static magnetic field  k11. Increases 

in minority ion temperature with the presence of the slow wave and electron temperature 

in the plug cell are also shown. 

  We start from review of dispersion relation of  ICRF waves in a cylindrical plasma 

immersed in a longitudinally inhomogeneous magnetic field in Sec. 3.2. The experimental 
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setup is described in Sec. 3.3, where the measurement technique of  191 for each rotating 

wave field is mentioned. The experimental results on measurements of propagating waves 

are presented in Subsec. 3.4.1, which are followed by observation of minority ion heating 

in Subsec. 3.4.2 and electron heating in Subsec. 3.4.3. In Sec. 3.5 the experimental 

results on  k11 are compared with the theoretical dispersion relation described in Sec. 3.2. 

The conclusion follows in Sec. 3.6. 

3.2 Review of mode conversion features due to axial inhomo-

geneity 

  In this section we review the dispersion relation of ICRF waves in a longitudinally 

inhomogeneous magnetic field. White et al. predicted theoretically that the fast magne-

tosonic and slow ion-cyclotron waves are coupled for a finite perpendicular wave number 

 ki in the presence of a second ion species  [9]. Lashmore-Davies et al. developed this 

theory and derived the transmission, reflection, and mode conversion coefficients in a 

simpler manner  [10]. Their theories remain within 1-D calculations with infinite plasma 

approximation. 

  We examine the dispersion relation with the effects of radial boundary conditions. The 

derivation is based on the work by Allis et al.  [13], including the effect of the presence 

of a second lighter ion species. We assume that a cold, cylindrical and uniform plasma is 

enclosed by a vacuum layer and a perfectly conducting vessel in a constant magnetic field 

B0 in the z direction. We take into account the boundary conditions that the azimuthal 

and axial components of RF electric and magnetic fields (E  and B, respectively) in 

the vacuum layer and the plasma region are continuous at the plasma surface,  and the 

azimuthal and axial components of E  are zero on the surface of the conducting wall. Such 

boundary conditions are used to derive the values of  k1 so that k1 is neither  zero nor 
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constant. The calculated parallel dispersion relation is shown in Fig. 3.1, where  w/27r,f2H 

and  fill, are the applied wave, minority (H) ion cyclotron and majority (He) ion cyclotron 

frequencies, respectively.  colSZH in Fig. 3.1 in dielectric tensor elements (R, L, S, and 

D in Stix's notation  [14]) is swept in the calculation by changing a value of B0 with a 

fixed  co/27r = 8 MHz. We set the similar plasma parameters to those in the experiments  : 

 in = —1, density ne = 1 x 1012  cm' , minority ion concentration  vH  = 10 % with majority 

(He) ion concentration  vile  = 90 %, plasma radius  rp  = 5.5 cm, and wall radius  ri, = 7.0 

cm. It is of considerable importance that the inertial effects of electrons are not ignored 

in R and L. 

   The sketched dispersion relation in Fig. 3.1 shows the mode-conversion feature in 

a longitudinally inhomogeneous magnetic field. The fast wave mode (shown as branch 

F) incident from the low-field side (the upper side in Fig. 3.1) encounters the  Alfven 

resonance layer S =  c/w  )2  (co/S/H  ti 0.92 in Fig. 3.1), where c is the light velocity. 

Here the energy of the fast wave converts into the slow wave mode, with the lowest radial 

order (S1). It is reflected on the cut-off layer at the ion-ion hybrid resonance , expressed 

as 

                 (.1VHe911)1/2(3 .1)                   = Sizt E (Qine 
                                        VHellHeVI-19H 

which comes from S = 0 and corresponds to  ci..)112H  ti 0.84 in Fig. 3.1. A part of 

reflected waves which will not go back to branch F proceeds along the slow wave branches 

with higher radial orders (S2, S3, ...) into the resonance condition near the minority ion 

cyclotron resonance layer  (w =  C2H). The hatched region in Fig. 3.1 represents the slow 

wave branches with higher radial orders. On the other hand , propagation of the fast wave 

from the high-field side is completely different from  that from the low-field side . The 

fast wave branch below the ion-ion hybrid resonance shows a slight change in the vicinity 

of  w =  S2,j. It appears to experience some resonance through another mode conversion
,
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FIG. 3.1. Dispersion relation in a cylindrical plasma in the normalized frequency  range. 

of the mode conversion. F denotes the branch of the fast wave mode. S1 denotes the 

branch of the slow wave mode with the lowest radial order (0.84 <  w/C/H < 0.90). The 

branches of the slow wave mode with higher radial orders are shown as S2, S3, ... and the 

hatched region between the ion-ion hybrid resonance  (co =  ft,,) and the minority (H) ion 

cyclotron resonance  (co =  f1H). The used parameters for the calculation is shown in the 

figure, where  rp and  r„, denote the plasma radius and the wall radius, respectively. 
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shown as a dashed line in Fig. 3.1. Since this resonance layer is located apart from the 

minority ion cyclotron resonance, it may give rise to electron heating. The high-field side 

launching of the fast wave corresponds to the case in the plug cell, where the transmitted 

fast wave propagates from the mirror point. Electron heating in the plug cell is favorable 

for formation of ion-confining potential for enhancement of the axial confinement. 

  When we distinguish the slow wave from the fast wave experimentally, polarization 

of the wave field is an important aspect. Figure 3.2 shows the power component of the 

left-circularly polarized wave fields, obtained with the same parameters as Fig. 3.1. Wave 

polarization is readily obtained by  jEslEy  = (n2 —  S)/(—D), where n is the refractive 

index (n =  (c/w)k),  jEzI  Ey = —1 in the case of right-circular polarization and  jExl  Ey = 

1 in the case of left-circular polarization [14]. We note that wave fields are assumed to 

vary as  exp[j(wt—k•T)]. The fast wave is right-circularly polarized and the slow wave is 

left-elliptically-polarized at w  ti  S2H. Without minority ions (shown as a dotted line) the 

propagating mode is restricted to the fast wave in this frequency region, which consists of 

left-circularly polarized field  (E+) component  ti 2 % and right-circularly polarized field 

(E_) component  — 98 %. With  vH = 10 %,  E+ component is enhanced drastically by 

the presence of the slow wave modes (Si, S2, S3, ...) for  5212  < w  <  C/H, whereas E+ 

component has 0 %-2 % of the wave energy for w <  S21i and w >  f2H, which is the 

region of the fast wave propagation. That is, the characteristics of the slow wave modes 

with higher radial orders shown in Figs. 3.1 and 3.2 are as follows : reflection and going 

backward from the ion-ion hybrid resonance layer, enhancement of a left-polarized field 

E+, and approaching to the minority ion cyclotron resonance layer. 

  In the above description of polarization dependence, we neglect two aspects which 

affect enhancement of E+ of the fast wave. The first one is the presence of the surface 

mode. The derivation of the dispersion relation of the fast wave provides two existing 
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FIG. 3.2. Left-circularly polarized component of the propagating modes in the center 

of the cylindrical plasma. The used parameters for the plot of the solid lines are the same 

as in Fig. 3.1. The dashed line denotes the case without minority ions. 

                            51



modes with different values of  kl, body mode and surface mode. Here we denote the 

corresponding k1 as kii(kii 2 "" 10 m-2) for the body mode and kj_2(k-±2 2 < —104 m-2) 

for the surface mode [12]. We take in Fig. 3.2,  n2  (c2/w2)(k112  k11  2  ) to see the wave 

propagation near the center, where wave fields resonating with ions contribute to main 

plasma heating. When we take  n2 = (c2/w2)(k112 k122), the result will show that a 

wave field is linearly polarized, so that even for the fast wave propagation, a significant 

component 50 %) of E+ is involved in the edge region. The other aspect is enhancement 

of  E+ by the parallel thermal motion of ions [1]. We can introduce the effect of the parallel 

thermal motion of ions into the dielectric tensor, such as 

 S(-02  f (9091                      Pc' 1  f2«2—(u)E —(3.2)  ..H,He 

where  (.,), is the plasma frequency, v11 the parallel velocity of ions, and  E is introduced in 

order to make the integral valid at  Sic, —  w +  kllvll = 0. For the first approximation, we 

obtain 

 E+  2 16 

                E+2E_2  16  +  25(vHf2HZ  —  1)2'(3.3) 

where 

 Z =r  f  (vll)dvll   C2
a  (W  f  klIvII) 

In our case, however,  kHz/ is so small(by one or two orders) compared to  co and  SI  H that 

this effect is not influential on the result in Fig. 3.2. 

3.3 Experimental setup 

  The HIEI tandem mirror is so-called "ICRF tandem mirror" experimental machine, 

that is, the tandem mirror operated only by mode-controlled  ICRF The configuration 

is purely  axisymmetric with three cells, shown in Fig. 3.3. The central cell is 1.9 m in 

length and 0.25 m in radius, with a plug cell 0.5 m in length on both sides of the central 
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FIG. 3.3. Schematic view of the HIEI tandem mirror with its configuration of the magnetic 

field strength. 
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cell. Four limiters aligned axially in the central cell constrict the size of the plasma as 

large as 0.14 m in radius in the midplane. The magnetic field strength in the standard 

operation is 0.1-0.7-0.25-0.7 T (from the midplane of the central cell to the outer plug 

mirror point along the axis). The ponderomotive force produced by RF fields stabilizes the 

flute instability [15]. Axial confinement is improved by ion confining potential enhanced 

by RF in the presence of thermal barrier resulting from ponderomotive potential [4]. 

  To initiate the plasma, mixed gas, including He (majority) and H (minority) with some 

ratios is stored in a gas tank in advance, and it is puffed into a gas box located in the 

midplane of the central cell. Pulsed ECH (Electron Cyclotron Heating) for 3 msec at 2.45 

 GHz follows immediately to ionize a part of the puffed gas up to  ne  ti 1011  cm-3 After 

the start-up by ECH the central cell RF is injected from two antenna elements without 

Faraday shields. The set of the antenna elements, which is called a dual double half-turn 

antenna, is driven at a frequency w/27r = 8 MHz by two 250 kW amplifiers. The two 

antenna elements are located at z = + 24 cm, where z is distance from the midplane of the 

central cell along the magnetic axis. Rotating RF electromagnetic fields with a specific  rn 

number can be launched by mode control, i.e., by varying phase difference between two 

antenna currents [16]. The field rotation of  in  n = —1 is favorable for the m = —1 fast wave 

launching, which is used in the experiments described later. In the region of u.) /He 20 

the central cell RF propagates as the helicon wave, where efficient plasma production up 

to ne  ti 1 x  1013cm' is realized. The launched wave goes on toward the mirror point, 

and, as B0 increases along the magnetic axis, it encounters the ICRF region  as the fast 

wave. 

  RF magnetic fields  are measured using a magnetic probe, which consists of two small 

one-turn coils with 4 mm in diameter shielded electrostatically. Output RF signals provide 

the amplitude and phase of the radial and azimuthal components of RF magnetic fields 
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 (Br and  Bo, respectively) in cylindrical coordinates. Both the fast and slow wave modes 

have axial field components  B. However, usually measurement of  13, is skipped, since 

measurements of Br and  Bo reveal polarization of the wave fields, which gives us important 

information of propagating modes. In our case, since the experimental results indicate 

that  IBzi is less than 20 % of  IBl in  r/rp < 0.7,  B+ and B_ approximately reflect  E+ and 

E_ electric fields, respectively. The magnetic probe is inserted from the end plate of the 

vessel, and it is movable axially and radially. Thus 2-D profiles of RF wave propagation 

are obtained, in particular, in the region of mode conversion. 

  Using this magnetic probe, we identify  k11 of a propagating wave, as mentioned below. 

The circularly polarized components of a propagating RF magnetic field take the forms 

 B+ = Br  j130,  B_ = Br —  j_130. (3.4) 

Here  Bi varies with  exp(j0i), and the subscript i denotes +, r, or 0. The phase angle 

 Oi is expressed as  Oi =  m0 —  kiliz  +  wt. We note here that "+" and "—" indicate the left-

circularly polarized and right-circularly polarized components of a RF field, respectively, 

with respect to the direction of  Bo. We divide Eq. 3.4 into real and imaginary parts, and 

obtain 

 B  cos  + Br  cos  0  r  +  Bo  sin  00 (3.5) 

and 

 B± sin  cb+ = Br sin  Or ±  Be  COS  019. (3.6) 

Using Eq. 3.6 divided by Eq. 3.5, we obtain the expressions for phase angles as 

                         sin  0+ Br  sin  Or  ±  Bo  Cos  Cbe  
      tanq5± =   (3.7) 

 cos 0± Br  cos 0, +  Be  sin00' 

where B, in Eqs. 3.4-3.7 indicates the wave field amplitude. If we choose one fixed radial 

and azimuthal position (which is determined by one pair of  7.  and 0)  and investigate 
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a wave field at a time  to, then the phase angle of a detected RF field  cbi reflects  kiliz 

component, where  kili is the parallel wave number of  Bi. The fixed time  to is determined 

by the relative comparison with the phase of one antenna current, which produces RF 

electromagnetic fields detected by the magnetic probe. We finally derive  k111 as a gradient 

of the axial profile of  kiliz. As complex scaler, the detected wave fields take the forms 

Br =  1/2(B+  B_) and  Bo =  1/2j(B+  —  B_), and the Br loop gives us direct information 

on  koz as a sum, B+ B_. In the region of fast wave propagation the B+ component is 

detected with small amplitude, compared with the B_ component (e.g.,  IB+II1B_I  _< 0.2), 

and  kHz measured by the Br loop approximately reflects that of B_. In the region of mode 

conversion, however, B+ component has significant amplitude and the measurements of 

 kliz are made using both Br and  Bo loops to obtain the values of  k11+  and  k11_ separately 

by Eq. 3.7. 

  A charge-exchange neutral particle energy analyzer (NPA) is used for the measure-

ment of ion energy distribution and ion temperature. NPA in HIEI can determine ion 

temperature for each ion species separately, using electromagnetic and electrostatic de-

flection. It is located at z + 60 cm and measures the energy spectrum of ions which is 

in the midplane (z 0), with the pitch angle around 45  ° 

3.4 Experimental results 

3.4.1 Wave propagation in the regions of mode conversion 

  A stable and lower-density plasma is produced for observation of propagating modes. 

 kll in the dispersion relation sensitively depends on plasma density, and smaller density 

fluctuations realize more rigorous  kii measurements. The plasma parameters are as follows 

 

:  ne  — 1 x  1012cm' (measured by the far infrared (FIR) laser interferometer at z  = 0), 
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density fluctuation level  nein,  < 0.2, ion temperature  T,  ---, 0.2 keV, electron temperature 

Te = 15 — 25 eV, and the mirror ratio  R„ is set to be 7. Because of this low value of  Te, 

He is ionized as He+ and the presence of  He2+ is negligible. The net loading resistance 

of the plasma during the ICRF launching is approximately 0.3  ft, and coupled RF power 

into the plasma  Pnet is 60-70 kW. 

  The experiments for investigation of mode conversion are performed in the condition 

with or without the resonance layers, i.e., the minority ion cyclotron resonance layer 

(w =  S1H) and the ion-ion hybrid resonance layer = The magnetic field strength 

 B, >0.53 T is required for the presence of the minority ion cyclotron resonance at  w/27 

= 8 MHz, and  B, > 0.60 T for the ion-ion hybrid resonance in the case with  vH = 7 %, 

where  B, indicates the strength of the static magnetic field at the mirror point (z = 95 

cm). 

  The concentration of the minority ion species  vH is monitored through measurement 

of relative intensities of two atomic emission lines (HeI:587.6 nm, Ha:656.2 nm) in the 

central cell as ionization rates. Based upon the measured intensities of  HeI and  Ha in 

a one-ion-species plasma of He and H as a function of density, we can derive  vH of the 

two-ion-species plasma for a partial pressure of H in the puffed gas  vpuff.  . In the range of 

our experimental parameters,  vH is found to be larger than  Vpuf  f by a factor of  — 1.3 for 

 vpuf  f > 3 %, whereas minority ions are always involved with  vH = 1-4 % for  vpuif  < 3 

% due to the recycling H particles from the wall. 

  Wave propagation is investigated in the mode-conversion regions, where  rp is  — 5.5 

cm with  r„ = 7.0 cm and the gradient of the magnetic field strength is relatively steep 

  0.02 T/cm). The magnetic probe is scanned axially at  r/rp = 0.16 to observe wave 

propagation near the center of the  plasma.. 

  In the case of the low-field side launching wave measurement is performed in the central 
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cell region. In Figure 3.4(a) the axial profile of  kHz is displayed in the case with neither the 

minority ion cyclotron nor ion-ion hybrid resonance layer in the whole region of the central 

cell. Note that the central cell RF is launched from the left side of this figure and that the 

mirror point is located at z = 95 cm. Thus the RF wave is incident from the low-field side 

for z < 95 cm. The spatial region of the measurement corresponds to 2.1  <  co/QH  < 3.3. 

The profile shows a slightly positive gradient, indicating that  k11 > 0 and the direction 

of the wave propagation is from the left to the right. The value of k11 remains constant 

around 9  m-1, obtained as a gradient in Figure 3.4(a). The dispersion relation of the fast 

wave in the cylindrical plasma model is derived theoretically as described in Sec. 3.2, 

and the calculated curve with the same plasma parameters as those of this experiment 

is plotted as the inset line for comparison. The measured profile roughly agrees with the 

theoretical one. The measurement of wave amplitude shows that B_ is 3-5 times larger 

than B+. The wave propagation observed in this region is consistent with the fast wave 

feature. 

  Figure 3.4(b) shows the axial profile of  kHz in the case with the minority ion cyclotron 

resonance but without the ion-ion hybrid resonance. The spatial region of this measure-

ment corresponds to 0.94  <  w/12H < 1.5. The profile with a monotonic positive gradient 

is again obtained and the theoretical curve for the fast wave branch in the same condition 

is also given by the inset line. The monotonic profile is obtained even in the vicinity of the 

minority ion cyclotron resonance layer. The gradient of the experimental data suggests 

 kll 3  rn-1 The propagating mode observed in this case is the fast wave only and no 

resonance occurs, which yields the fact that effective minority ion heating is not expected 

in this regime. 

  Figure 3.4(c) demonstrates the wave propagation with both the minority ion cyclotron 

resonance and ion-ion hybrid resonance layers. The  axial profiles of  kii+z  (kHz of B+) and 
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FIG. 3.4. (a) Axial profile of  kHz in the central cell region without the ion-ion hybrid res-

onance and the minority ion cyclotron resonance. The maximum magnetic field strength 

 B, is set to 0.26 T with minority concentration  vii = 13 %, and RF signals are monitored 

at r = 1 cm. The solid line results from theoretical analysis using the dispersion relation 

of the fast wave in a cylindrical plasma with the same parameters as those in the experi-

ment. (b) Axial profile of  kliz with the minority cyclotron resonance only.  B, = 0.58 T, 

 vii = 14 %, and monitored at  r = 1 cm. The solid line is the theoretical prediction for 

the fast wave branch in this condition. 
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FIG. 3.4. (c) Axial profile of  kHz of  B+  (Icii+z) and  knz of B_  (kii_z) with the ion-

ion hybrid resonance and the minority cyclotron resonance.  B, = 0.69 T,  vii  = 9.0 %, 

and monitored at r = 1 cm. The solid line shows the theoretical prediction for the fast 

wave branch in this condition, and the dashed line indicates the region where reflected 

waves are present propagating in the opposite direction. 
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 kll-z  (kHz of B_) are displayed separately. The profile of  kii_  z shows that k11_  (-- 2.0 

 m-1) remains in a small positive value, and this right-polarized wave is a right going one, 

which is in the direction of the RF injection. This quantitatively agrees with the feature 

of the fast wave mode in this region which is predicted theoretically in Fig. 3.1. The 

profile of the  Icii+z demonstrates a drastic difference from that of  kii_z. In the region 

between the minority ion cyclotron resonance layer (z  ti 82.5 cm) and the ion-ion hybrid 

resonance layer (z  ,-- 87 cm) the gradient of the profile is negative, which indicates that 

the left-polarized wave propagates in the direction against the RF injection. This reveals 

the existence of reflected waves and the presence of cut-off layer near the ion-ion hybrid 

resonance layer.  I  kii+I is found to be quite large in comparison with  I  kii_  I and, furthermore, 

 1k11+1 increases with approach to the minority ion cyclotron resonance layer, which suggests 

some resonance phenomenon. These measured axial  !kid profiles will be discussed in great 

details in Sec. 3.5 with the theoretical dispersion relation. 

  The role of the ion-ion hybrid resonance on wave propagation is examined by changing 

 vH and moving the axial position of the ion-ion hybrid resonance layer. Horizontal bars 

in Fig. 3.5 show the axial regions of reflected wave propagation against the RF injection 

as a function of  vH with corresponding positions of the minority ion cyclotron and ion-ion 

hybrid resonance layers. As  vH is increased the ion-ion hybrid resonance layer becomes 

apart from the minority ion cyclotron resonance layer. The region of the reflected wave 

becomes broader up to  vH = 14 %, and it is consistent with the hatched region of the 

slow wave propagation predicted in Fig. 3.1. 

  Wave propagation in the  case of the high-field side launching is investigated in the 

plug cell, where the central cell RF comes through the mirror point. Figure 3.6 displays 

the axial profile of  kHz in the case with both the ion-ion hybrid resonance and the minority 

cyclotron resonance layers. Except the region near the ion-ion hybrid resonance, the  profile 
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FIG. 3.5. Regions of the reflected wave (horizontal bars) as a function of  vH with the 

positions of the corresponding minority ion cyclotron (dotted line) and the ion-ion hybrid 

(solid curve) resonance layers.  B, = 0.69 T and monitored at r = 1 cm. The hatched 

region indicates the predicted region of the slow wave propagation in the calculation of 

Fig. 3.1. 
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FIG. 3.6. Axial profile of  kliz with the ion-ion hybrid resonance in the plug cell.  B, 

 = 0.69 T,  vH = 13 %, and monitored at r = 1 cm. The solid line is the theoretical 

prediction for the fast wave branch in this condition. 
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shows a slightly positive gradient, which is in good agreement of theoretical dispersion 

of the fast wave branch shown as an inset solid line. However, change of the profile is 

observed near the ion-ion hybrid resonance layer, where discontinuity of the profile with 

large  191 is observed. 

  The axial shift of the region with large  k11 is examined by changing  vH, shown in Fig. 

3.7 as a hatched region, where the inset solid line indicates axial position of the ion-ion 

hybrid resonance layer. The axial shift observed experimentally agrees with change of the 

position of the ion-ion hybrid resonance layer up to  vH = 15 %. The region with large k11 

tends to emerge for w >  Ili;, which means that this wave resonance takes place just on 

or slightly beyond the ion-ion hybrid resonance layer. Figure 3.8 shows the change of the 

radial profile of  B, as a function of  Bm. The ion-ion hybrid resonance layer is located near 

z = 103 cm in the case with  Bm = 0.69 T and  vH = 10 %, as shown in Fig. 3.7. When 

the ion-ion hybrid resonance layer is apart from z = 103 cm (shown as open circles or 

closed squares), the profile shows a peak for 0.45 <  r/rp < 0.55, while  B, becomes small 

below the noise level for the magnetic probe measurement in the bulk region for  r/rp < 

0.70. This experimental fact indicates that the wave energy of the electromagnetic wave 

converts into another wave energy, which might be carried by an electrostatic wave. 

3.4.2 Ion heating via mode conversion 

  As described so far, left-polarized waves were observed which propagate in the direction 

opposite to the launched wave, and it vanishes near the minority ion cyclotron resonance 

layer. The value of  1191+  I was found to be quite large  and the polarization is in the same 

sense as the ions, which suggests  that the wave is resonant with the minority ions. In this 

subsection we demonstrate minority ion heating due to the  change of the wave propagation 

between the minority ion cyclotron  and ion-ion hybrid resonance layers. 
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FIG.  3.7. The position where  k  of the  wave  becomes a maximum in the plug  cell  versus 

 vH (hatched  region). The solid line  gives the position of the  ion-ion hybrid  resonance 

 layer  calculated  for a  given  vH. 
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FIG. 3.8. Radial profiles of the wave magnetic field  B , at z  = 103 cm for  Bm = 0.69 T 

and  vH  = 1.1 % (open circles),  Bm = 0.47 T  and  vH = 13 % (closed squares), and  Bm = 

0.69 T and  vH = 13 % (closed triangles). The noise level of  B, is  ' 10 in arbitrary units 

in the figure. 
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  As the mirror ratio is increased over 7, the plasma turns into higher-density and 

relatively less stable mode. A higher beta plasma is expected in this operation. The 

plasma parameters are as follows :  ne = 2 — 3 x  1012cm-3,71,in, < 0.5,  Ti  > 0.2 keV 

(depending on several parameters mentioned later),  Te = 20 — 25 eV, and the mirror 

ratio is 7-10. There is no apparent increase in Te in the presence of the resonance layers, 

leading to the fact that electron heating by the ICRF waves can be negligible in the central 

cell. Possibility of electron heating will be discussed in Sec. 3.5. 

  Figure 3.9 shows the energy distributions of the minority (H) ions measured by NPA. 

In Fig. 3.9(a), displayed distributions are obtained for different values of the magnetic field 

strength. The signal in the case with the minority ion cyclotron resonance and without 

the ion-ion hybrid resonance shows the perpendicular ion temperature at z = +60 cm 

 T1 remains around 0.13 keV The efflux in high energy regions  (> 0.9 keV) is so small 

that scattering of the experimental points is present. The signal in the case with both the 

minority ion cyclotron and ion-ion hybrid resonance layers exhibits significant minority 

ion heating, and  Ta rises by a factor of 2 from the case with the minority ion cyclotron 

resonance only. The high energy efflux of minority particles is quite large. When neither 

the ion-ion hybrid resonance nor the minority ion cyclotron resonance are present,  Ta 

remains around 0.10 keV or less. As for the energy spectrum of majority (He) ions in the 

case with both the minority ion cyclotron resonance and ion-ion hybrid resonance layers, 

we obtain an approximate value of  Ta = 0.10-0.13 keV. This ambiguity of  Ta of  He+ 

results from the poor stripping efficiency of He fast neutrals in NPA. Figure 3.9(b) shows 

the energy distributions of minority (H) ions with  and without puffing of the minority 

ions. In the case with  vpuff 0 %, minority ions are provided as recycling particles from 

the vessel wall with  vy  ti 1 %. No significant heating is found in the energy spectrum. In 

the case with  vp,iff = 4.5 %  (vy 5.7 %),  Ta rises significantly in comparison with the 
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FIG. 3.9. (a) Energy distributions of minority (H) ions monitored by NPA. The solid 

circles represent the case with the ion-ion hybrid resonance and the minority ion cy-

clotron resonance  (Bm = 0.69 T,  ne = 2.3 x  1012cm-3). The open circles represent the 

case with the minority ion cyclotron resonance only  (13, = 0.60 T,  rie = 2.7  x  1012cm-3). 

 vy = 7.9 %,  Pnet = 80-90 kW. and  Rm = 7.1. (b) Energy distributions of minority ions 

monitored by NPA. The open circles represent the case for  vpuff  = 0 %  (vH = 1.1 %,  Rm 

= 7.1,  ne = 2.7 x  1012cm'). The closed circles represent the case for  Vpuf  f = 4.5 %  (vH 

= 5.7 %,  Rm = 10.4,  ne = 2.7  x  1012cm-3).  Pnet = 60-70 kW  and  Bm  = 0.69 T. 
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case of no minority puffing. As the ratio of minority in puffing gas is increased further 

up to 30 %,  Ta gradually decreases below 0.13 keV. This result shows that the efficiency 

of mode conversion depends on minority concentration. In other words, there is the 

most efficient distance between the ion-ion hybrid resonance and minority ion cyclotron 

resonance layers. The numerical result of a 2-D ICRF code [11, 17] shows that the rate 

of the mode conversion is maximized at  vH = 4-6 %. The experimental condition which 

yields the highest  Ta value agrees with the optimum minority concentration predicted 

by the numerical result. 

  Figure 3.10 shows the dependence of  Ti1 the central cell beta  01, and the heating 

quality factor on  P,t. Heating quality factor is defined as  ne  Ta/P„t. In the case of 

the maximum input power (Pnet SO kW)  Ti1 is 0.26 keV with ne  — 2.7 x  1012cm-3 As 

 Pnet is increased,  131 increases up to 1.7 % and heating quality factor is slightly enhanced 

without degradation. 

3.4.3 Electron heating via mode conversion 

   Wave propagation suggests occurrence of some resonance near the ion-ion hybrid reso-

nance layer in the plug cell. The ion-ion hybrid resonance layer is apart from the minority 

ion cyclotron resonance layer in the presence of sufficient fraction of minority ions, so that 

this resonance is not associated with ion heating. 

   Figure 3.11 shows  k11 and Tep near the ion-ion hybrid resonance layer as open circles. 

k11 is derived from the profile of  kHz by the magnetic probe measurement. The region with 

large  kii is localized in the vicinity of the layer.  Tel, with the ion-ion hybrid resonance 

increases near the layer than that without it, which  shows constant profile through the 

region of the measurement. 

  Figure 3.12 displays  Tep  and  T„ as a function of  vH. In the presence of the minority 
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FIG. 3.11. (a)  k11 of the wave near the ion-ion hybrid resonance layer in the plug cell 

versus z for  B, = 0.72 and  vii = 12 %. (b) Plug electron temperature  Tep versus z 

for  B, = 0.72 T (with the ion-ion hybrid resonance, open circles) and for  B, = 0.47 T 

(without the ion-ion hybrid resonance, closed circles). 
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FIG. 3.12. Electron temperature in the plug cell  Tel, at z = 103 cm and in the cen-

tral cell  T„  at z = 0 cm  as a function of  vH• 

                            72



 ion,  Tel, increases, whereas  T„ remains constant. Tep is more than 40 eV for 10 <  vH < 

15 %, where measuring point z = 103 cm is located in the downstream from the ion-ion 

hybrid resonance to the plug cell midplane. For  vH > 15 % rise of  Tel, is not observed 

since the ion-ion hybrid resonance layer is not present in the plug cell. The increase of  Tel, 

with  vH up to 15 % suggests the importance of some distance between the ion-ion hybrid 

resonance and the minority ion hybrid resonance layers for electron heating . 

3.5 Discussions 

   The dispersion relation of a cylindrical homogeneous plasma shown in Fig. 3.1 de-

scribes the process of ion heating via mode conversion. We note that the wave propagat-

ing into the region of the close pair of cut-off and resonance layers may be transmitted, 

reflected or absorbed  and contribute to minority ion heating. Such flow of the wave 

energy is as follows : excitation in the low-field side  --4 F S1  ---4 the ion-ion hybrid 

resonance layer  -4 S2, S3, ...  -> the minority ion cyclotron resonance layer. The measure-

ments of wave propagation reveal the features of the propagating modes. Figure 3.4(c) 

shows directly the propagating modes in the mode conversion region and the values of 

k11 obtained as gradients of the experimental data are shown in Fig. 3.13(a) with the 

dispersion relation of Fig. 3.1 with  vH = 9 %. Here, open triangles represent  k11_, and 

open and closed circles represent  kli+ of the transmitted waves and  kii+ of the reflected 

waves, respectively. The fast wave branch in Fig. 3.1 is shown as a solid curve, and the 

hatched region indicates propagation of the slow wave modes. The experimental points 

 of  kll-, which show the propagation of the right-circularly polarized field in the direction 

of the incident RF with a small value of  jkill, is well consistent with the propagation of 

the fast wave mode predicted in the cylindrical plasma model. The axial profile of  kii+ 

shows the propagation of the left-circularly polarized wave in the direction opposite to the 
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FIG. 3.13. (a) Axial dependence of measured  k11 in Figure 3.4(c) and theoretical mode 

branches with the profile of the static magnetic field strength. The open triangles indicate 

k11 of transmitted right-circularly polarized wave  (B_), and the open and the closed circles 

indicate  k11 of transmitted and reflected left-circularly polarized wave  (B+), respectively. 

The solid lines denote theoretical branches of F and  S1 in Fig. 3.1. The hatched region 

corresponds to the slow wave modes (S2,  S3, ...). Note that the ICRF wave (the m = —1 

fast wave) is launched  at z = +24. 
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FIG. 3.13. (b) Axial dependence of measured  k11 and mode branches at r = 0.9 cm 

obtained by 2-D ICRF code [17]. The solid curve indicates the right-circularly polarized 

wave (E_) propagating to the right side, and the dashed curve indicates the left-circularly 

polarized wave (E+) going to the left side. The used parameters in the code calculation 

are as follows :  m =  —1,  B, = 0.7 T,  R, = 1.7, 10 %,  ne = 5 x  1012cm-3, plasma 

radius = 5.5-6.5 cm in the mode conversion region,  and the wall radius = 10 cm. 
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incident RF, with a large value of  lkii  I increasing as the wave approaches to the minority 

ion cyclotron resonance. 

  This feature qualitatively agrees with the dispersion relation of the slow wave shown 

in Figs. 3.1 and 3.2. From the values of  14+1 the detected waves are found to be the 

slow wave modes with higher radial orders. Outside the mode conversion region relatively 

small fraction of signals is detected as a left-circularly polarized field. It is probably a 

small part of the energy of the fast wave mode. k11_ and kii+ for  w <  SI,, and  w >  C2H 

represent k11 of the fast wave. 

  In the plug cell region, the fast wave propagates from the high-field side of the ion-ion 

hybrid resonance, and electron heating is observed with different wave propagation from 

the case in the central cell. The region with large  kii is localized in the narrow region in the 

vicinity of the ion-ion hybrid resonance layer. Furthermore, electromagnetic component 

of the propagating wave almost diminishes in that region, which suggests mode conversion 

into an electrostatic mode. An electrostatic wave with large k11 and possibly with large  E11 

is likely to resonate with electrons through Landau damping. The observation strongly 

indicates the close relationship between change of wave propagation and electron heating. 

Detailed mechanism of mode conversion into the electrostatic wave and effects of electron 

heating on ion-confining potential will be discussed in Chap. 5. 

  While there are gradients of  Bo and  ne in the actual experimental conditions, the 

calculated dispersion relation in Fig.  3.13(a) includes no effects of the longitudinal inho-

mogeneity. The Wentzel, Kramers, Brillouin (WKB) approximation might break down 

for waves with small  km. In terms of energy flow into another mode via mode conversion, 

more explicit analysis is required rather than the WKB approximation. Furthermore, a 

slab model is used as a radial density profile in the previous model, which is different 

from a diffuse density profile observed in the experiment. We use a 2-D ICRF code [17] 
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to obtain the dispersion curves in a bounded inhomogeneous plasma so as to estimate the 

effects resulting from such discrepancies. In this numerical code a cold plasma bounded 

by conducting walls in cylindrical geometry is assumed and calculation is performed by 

the finite element method. It can deal with the inhomogeneity in both radial and ax-

ial directions and the power absorption by introducing collisional effects in the dielectric 

tensor. The configuration of magnetic fields is set to a simple mirror so that obtained 

results represent the wave propagation in the central cell. The results of the calculation 

are shown in Fig.  3.13(b), where the solid line shows  k11_ of the transmitted wave, and 

the dashed line shows  kik_ of the reflected waves. In this calculation we assume a smaller 

mirror ratio (= 1.7) than those in the experiments, since a larger number of lattices  (-

40) in the region of close resonance-cutoff pair would make it possible to simulate the 

mode-conversion phenomena rigorously with higher spatial resolution. The plasma radius 

is set to 5.5-6.5 cm in the mode-conversion region with  ri,, = 10 cm. The radial profile 

of the right-polarized wave is approximately consistent with the feature of the measured 

B_ profile. The resolution of  k11 measurement is  ti 1  m-1, and it is difficult to compare 

the measured  kil values with the calculated ones (0.3-0.6  m-1) for the right-polarized 

wave. These calculated small values reflect the presence of the standing wave which con-

sists of the transmitted and reflected fast waves. The profile of the left-polarized wave, 

which shows propagation of a reflected wave, indicates a qualitative agreement with the 

measured B+ within several factors. The presence of the reflected wave coincides with 

an increase in the power absorption in the calculations. That is, in the case of a one-ion-

species (He) plasma, we find no propagation of reflected waves from the vicinity of the 

ion-ion hybrid resonance and the power absorption is low by one order from the case of 

a two-ion-species plasma with  vy = 10 — 20 %. We find some discrepancy between the 

theoretical curve and the experimental points in the axial direction. It could be due to 
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the difference between the actual and calculated values of the static magnetic field. For 

instance,  5-10 % decrease of the calculated values will cause the shift of the theoretical 

curves to the right by 1-2 cm, and in such a case we could find a better qualitative agree-

ment. The above results of the 2-D calculation support the derivation of the dispersion 

relation in the homogeneous cylindrical plasma model so as to explain the experimental 

results. 

  Here additional description on connection between physical and mathematical points 

of view follows in order to reinforce the mode conversion phenomena predicted in the 

WKB model (Fig. 3.1 and Fig. 3.13(a)) and displayed in the numerical result of the 2-D 

ICRF code (Fig. 3.13(b)). In general, linear mode conversion takes place where two or 

more different modes coalesce at a certain set of wavenumber and frequency values. Wave 

energy of each wave, which oscillates a plasma at that point, may be transferred into 

another wave that is excited by the oscillated plasma. In a mathematical point of view, 

a linear differential equation is probably the best analytical expression to describe the 

whole process of mode conversion in an inhomogeneous plasma. Some typical types of the 

equations are known such as the Standard Equation and the Tunneling Equation which 

have a characteristic of preserving wave energy throughout the process [18], and dispersion 

relations in some simple cases are reduced to one of these differential equations through 

the inverse Fourier transform (k  -f —jd/dz). An asymptotic solution for each mode can 

be obtained apart from the mode conversion point, and they corresponds to the branches 

of the dispersion relation in the WKB approximation (like the ones expressed in Fig. 3.1 

and Fig. 3.13(a)). In the vicinity of the mode conversion point, where usually singularity 

is present, such a differential equation is frequently solved via the matched asymptotic 

expansion or other alternative techniques. However some complicated dispersion  rela-

tions, among which a case in a hot plasma with thermal effects is well known, cannot be 
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converted into such differential equations, so that it is impossible to obtain an analytical 

solution. In our case, analysis with reduced differential equations have been skipped and 

more rigorous calculation has been performed numerically by the 2-D ICRF code that can 

deal with inhomogeneity which cannot  be dealt with an analytical differential equation. 

  We should mention the possibility of mode conversion into the ion Bernstein wave like 

in tokamaks. Thermal effects give rise to a possible branch of the ion Bernstein wave 

near the ion-ion hybrid resonance. If some energy of the fast wave converts into that of 

the ion Bernstein wave, it might heat ions to some extent. However, conversion into this 

electrostatic mode could be neglected since  kip is less than 0.11  (<< 1) in our experimental 

condition (k1  ti 40  m-1 and the H-ion Larmour radius p  ti 0.25 cm at the ion-ion hybrid 

resonance). 

   When the ion-ion hybrid resonance is present and the mode conversion into the slow 

wave mode occurs, significant minority ion heating is observed, as shown in Fig. 3.9 

and Fig. 3.10. Effects of energy transfer from the other heated ions (He+ or some 

impurity ions) should be ruled out by the longer energy relaxation times with He and 

other impurities than the energy confinement time 0.5-1 msec). 

  As mentioned in Sec. 3.2, E+ component of the fast wave is so small in the center. 

On the edge, however, a significant fraction of the wave energy is present as left-circularly 

polarized fields, which could transfer their energy to the ions. We apply the well known 

condition for the cyclotron resonance w —  kiivii =  wc, to our case, where  v11 is the parallel 

thermal velocity of the ions.  kl1 is assumed to be 3  m-1 for the fast wave, and bulk 

minority ions have  v11 < 1.3 x  105 m/sec, which corresponds to parallel ion energy  5 0.1 

keV The resonance condition becomes w —  (Iff < 3.3 x  105  sec-1, which corresponds to 

the axial resonant width 0.13 cm. In comparison, in the case of the slow wave  (kii  — 20 

 rn-1), the resonant width is found to be  '  0.8 cm. Energy absorption from the fast 
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wave is much smaller due to low thermal velocity of ions in our experiments. Fig. 3.9(b) 

indicates such tendency clearly. In the case of  vH = 1.1 %, damping of the fast wave 

would be the dominant term due to the poor efficiency of the mode conversion, and no 

effective heating is observed. In the case of  1/H = 5.7 %, damping of the mode-converted 

slow wave would be dominant [11] and significant minority heating is observed. 

  It is found that  km of the detected slow wave is so large that it could possibly resonate 

with electrons with  T, = 20  —25 eV through electron Landau damping (ELD) or electron 

transit-time damping (ETTD) [3]. However no significant electron heating is observed 

in the experiment. Stix dealt with ELD and ETTD of the fast wave [3], and a simple 

method for evaluation of wave damping was derived. Wave damping rate  -y is defined as 

the power absorption  Pabs divided by the wave energy density  147 We modify the form of 

W for the case of the slow wave, such as 

                                   5 47nim.c2                W 

             27B2 lEy12, (3.8) 

where  ni is the ion density,  rni the ion mass, and B the static magnetic field. Using 

the form of Pabs given as a total absorption of ELD and ETTD [3], wave damping rate 

is obtained as  -y =  Pabs/W  ti 25  sec-1  -y-1(-- 40  msec) is longer than the particle 

confinement time  (rp  ti 1 msec) in our case by more than one order.  rp is not enough to 

observe such kinds of electron  heating. 

  As for heating efficiency, the heating quality factor is 0.5-1.0  x1013  cm-3 eV/ kW up 

to  P„t = 80 kW. The dependence on  Pnet indicates the further increase in the heating 

efficiency with  Piet. This result suggests the possibility that more RF input power could 

give rise to further minority heating attained by this heating configuration in larger mirror 

machines. Unlike tokamaks, incident power of  ICR.F waves is used in plasma production 

and  magnetohydrodynamic stabilization  as well as ion heating in our experiments, and 

heating efficiency of this configuration will be satisfactory for practical use in the future. 
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3.6 Conclusion 

   In conclusion, we have shown the direct measurement of mode-converted waves in a 

longitudinally inhomogeneous magnetic field and ion heating via mode conversion which 

can provide good efficiency as a heating method in a dense two-ion-species plasma. 

  In the case of the low-field-side launching of the fast wave in a two-ion-species plasma, 

two propagating modes have been observed. One is the fast wave, which propagates in 

the whole range of the magnetic field strength. The other one is the slow wave, which 

is present between the minority ion cyclotron resonance and ion-ion hybrid resonance 

layers, and propagates in the direction opposite to the fast wave. According to the k11 

measurement,  'kill of the slow wave increases as it approaches to the minority ion cyclotron 

resonance, which indicates that the slow wave modes are close to the resonance condition. 

This shows that the m = —1 fast magnetosonic wave propagating from the low-field side 

converts into the m = —1 slow ion-cyclotron wave via reflection near the ion-ion hybrid 

resonance layer. Then the slow wave propagates toward the low-field side, approaching to 

the minority ion cyclotron resonance. These experimental results are both qualitatively 

and quantitatively consistent with the theory of the cylindrical uniform plasma model 

and with 2-D calculation based on a mirror geometry. 

  In the case of the high-field-side launching, the fast wave converts into an electrostatic 

wave, which is verified by the diminishing of the electromagnetic component, and resonates 

with electrons in the plug cell with observed large  kil. The change of the wave propagation 

is localized in the vicinity of the ion-ion hybrid resonance, so that there might be some new 

branch of the electrostatic mode near the ion-ion hybrid resonance. Significant minority 

ion heating  and electron heating incidental to the mode conversions have been observed. 

In the presence of the slow wave mode, ion temperature measured by NPA increases up 
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to 0.26 keV by a factor of 2 with respect to the case without the ion-ion hybrid resonance. 

The absence of the ion-ion hybrid resonance produces no significant increase in minority 

ion temperature, which strongly suggests that the ion-ion hybrid resonance layer plays 

an critical role on mode conversion process. The condition of the efficient ion heating 

corresponds to the presence of the slow wave, which is the evidence of ion heating via 

mode conversion. In the plug cell electron heating occurs with the change of the wave 

propagation near the ion-ion hybrid resonance. These discrete mode conversions are quite 

favorable for simultaneous ion heating in the central cell and electron heating for formation 

of ion-confining potential by one excitation of the fast wave in the central cell. 
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                   Chapter 4 

        High Confinement Mode 

   Resulting from Bifurcated Transition 

          in Radial Transport 

4.1 Introduction 

  Since the axial particle confinement in tandem mirrors was greatly improved by form-

ing confining potential with thermal barrier  [1, 2], the radial particle transport has become 

of primary importance as in tokamaks. The discovery of an improved confinement regime 

[3], which is called H mode, has initiated extensive investigations for enhanced radial con-

finement in many tokamak devices. In H-mode discharges, which are generally generated 

by high power auxiliary heating, the following features are observed : Transition through 

bifurcation leads to the drops of  Ha/Dc, emission, density and energy rise, and density 

profile is steepened on the edge. Particle or energy confinement time is enhanced by a fac-

tor of 1.5-3 in comparison with low confinement mode (L-mode) plasmas. Change to the 

enhanced confinement phase takes place within several hundred microseconds, which indi-

cates the presence of bifurcated states of edge plasma parameters. The understandings of 

the conditions leading to H mode and the physical mechanism of reduction of particle and 

energy loss are inevitable in order to produce a controlled improved confinement. Some 
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theoretical and experimental studies have shown that the radial currents/electric fields 

could trigger H mode through sheared plasma rotation [4-7].  Although no observation 

of H-mode-like behavior has been reported in tandem mirror devices, similar situation 

could be realized through the generation of radial electric field Er and/or its shear. 

   Earlier works in mirror devices have shown the possibilities of control of radial electric 

fields and reduction of fluctuations of certain instabilities. In the experiment of QT-

Upgrade machine [8], segmented plates located at both ends were biased with various 

voltage levels and radial potential profile was successfully controlled , although there is no 

description of biasing effects on the anomalous transport . In HIEI single mirror device 

flute mode instability was suppressed using RF stabilization method [9]. Stability of 

rotationally driven flute or interchange modes was investigated in Phaedrus by controlling 

Er [10]. It was found in this experiment that the rigid E x B rotation was a dominant 

influence on the observed instability rather than shear in Er. The experiments of GAMMA 

10 [11] revealed that ambipolar potential controlled by biased end rings affected drift 

wave instability. Gradual change in fluctuation level and radial transport with the bias 

voltage was observed in correlation with a change in global radial potential profile. These 

experimental results in mirrors could be explained by a "soft" transition in stability 

due to a gradual change in rigid rotation of plasma column. Recently, radial transport 

in a sheared electric field was studied in the PISCES-A linear plasma device [12], and 

reduction of fluctuation-induced transport was observed. In this experiment, however, no 

observation of transition or bifurcated phenomenon was reported. 

  This chapter deals with the improvement on radial confinement using limiter biasing, 

which is the first observation of H-mode-like behavior in tandem mirrors. With positive 

limiter biasing, increase of bulk density and energy, reduction of edge fluctuation level, 

and steepening of edge density profile are observed. Simultaneous drop of neutral emission 
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and bifurcation of limiter current indicate "hard" transition phenomena. The suppression 

of edge turbulence may be attributed to the observed rotational shear in the edge. When 

a bias voltage applied on the limiter is changed gradually up and down, edge plasma 

parameters vary with hysteresis characteristics. Such characteristics could be explained 

by bifurcated solutions of azimuthal momentum balance equation with a radial current 

imposed by limiter biasing and with a diffusion coefficient affected by rotational shear. 

  Section 4.2 describes experimental set-up with configuration of limiter biased by DC 

power supply. In Sec. 4.3 experimental results are demonstrated, including typical time 

evolution of a H-mode-like discharge, bias voltage dependence, and change of edge plasma 

parameters. In Subsec. 4.4.1 enhancement factor of radial confinement is estimated from 

the experimental results, and a simple transition model based on azimuthal momentum 

balance is employed to clarify physics of the observed bifurcation in Subsec. 4.4.2. 

4.2 Experimental setup 

  HIEI [1] is the so-called "ICRF tandem mirror" experimental machine, that is, the 

tandem mirror operated only by mode-controlled ICRF (Ion Cyclotron Range of Fre-

quencies). HIEI has a completely axisymmetric configuration, and the central cell is 1.9 

m in length and 25 cm in radius with plug cells 0.7 m in length on both sides of the central 

cell. The central cell  ICRF(w/2ir = 8 MHz) generates a helicon/fast wave to produce and 

heat the plasma simultaneously via mode conversion [13]. Ponderomotive force produced 

by RF field stabilizes the plasma macroscopically against the flute instability [9]. All the 

measurements described below are performed in the HIEI central cell. End plates located 

outside both plug cells are floating. The limiters are located at four axial positions(z  = 

+ 18 cm  and + 34 cm, where z denotes axial position with respect to the midplane of 

the central cell). Each limiter  has a radius a = 14 cm (projected to z = 0 cm plane) 
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and is segmented into 4 parts azimuthally. One limiter located at z = —34 cm is utilized 

for biasing by applying DC voltage to 4 segments in parallel, and the other limiters are 

floating. The DC power supply is a capacitor bank of  2.8  x104/iF and the voltage between 

 —300--1-300 V with respect to the grounded vessel wall is used for biasing on the limiter 

in the experiments. A grounded gas box is located in the midplane(z 0 cm), which 

is axially separated from the biased limiter by a floating one(z = —18 cm). Radial edge 

of the grounded gas box is approximately 1 cm inside the biased limiter. When a bias 

voltage  Vbias is applied on the limiter, a bias current  Ai" flows radially to the gas box and 

axially to the grounded throat wall(z = —75 cm). Probe measurements indicate forma-

tion of radial electric field Er near the biased limiter edge and ion sheaths on the limiter 

and the throat wall surface in the case of limiter biasing, which verifies the presence of 

both radial and axial currents. 

  The magnetic field strength at the midplane of the central cell is set to 0.035 T with 

the mirror ratio 7. Plasma is produced using the central cell ICRF(the net input power 

= 50-70 kW) with He gas puffing. Hydrogen atoms with a few percents are involved 

from the wall as recycling particles. The plasma parameters of typical discharges are  : 

peak plasma density  ne 7 x 1012  cm-3 in the case of no biasing on the limiter,  Te = 

10-30 eV, and  Ti = 30-40 eV. Plasma line density is measured by far-infrared (FIR) 

laser interferometer, and local density  and density fluctuations in the edge are monitored 

by Langmuir probes calibrated by the FIR interferometer. Te and  Ti shows no significant 

change by the limiter biasing. 

4.3 Experimental results 

  Figure 4.1 shows the time evolution of, from top  to bottom, limiter bias voltage  Vbia.s, 

limiter current  I  bias, line density  Ill, stored energy as  measured by diamagnetic loop  117dia, 
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FIG. 4.1. Typical temporal evolutions of global plasma parameters of a positive bias 

shot(solid line) in comparison with a no-biasing shot (dotted line). From top to  bottom  : 

bias voltage on the limiter  Vb,„,, limiter current  /b,„,, line density through the axis(z = 0 

cm)  ni, stored  energy(diamagnetism)(z = —60 cm)  Wdia, and HeI emission through the 

axis(z = —30 cm). 
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and neutral line emission(HeI) with(solid line) and without(dotted line) the limiter biasing 

of  ^430 V Before the limiter biasing for t < 10 msec, fluctuations with large amplitude 

are observed at 10 cm < r < 13.5 cm (0.71 <  r/a < 0.96), i.e., in the plasma periphery. 

The density and potential fluctuation levels  Ft  /(n  ) and  Vf/(Vf) at r  = 12 cm are  ti 0.5 and 

  0.2, respectively, where n is the local plasma density,  Vf is the floating potential , tilde 

denotes the fluctuating part, and angular brackets denote a time average over a time-scale 

long compared to the frequency of the fluctuations. The value of  n/(n) at r = 12 cm 

 (^, 0.5) is larger by a factor of 5-10 than at  r = 0 cm (< 0.1). The frequency of the 

fluctuations ranges from 4 kHz to 12 kHz with the azimuthal mode number 2-6 . The 

fluctuations are inferred to be driven by drift mode instability as described in the following. 

The fluctuations are localized in the region of steep density gradient. Axial correlation 

measurement reveals that the instability has finite values of The propagating direction 

is inferred to be of the electron diamagnetic drift by a cross-correlation technique. After 

the onset of limiter biasing at t = 10 msec, edge fluctuations suddenly vanish within 0.2 

msec. Simultaneously  n/ rises up to approximately 1.5 times of the initial value as well 

as  Wdia, as shown in Fig. 4.1. The emission line intensity of HeI(5876A) drops clearly 

for 4 msec from the onset of biasing. The dotted line of  HeI in the case of no biasing 

indicates averaged value for clarity. It is found that  Ha drops as well. Another significant 

change is found in  /bias in Fig. 4.1. At t = 10 msec, which corresponds to the starting 

point of  HeI drop,  /bias decreases suddenly(we can recognize it as a small peak in  'bias at 

t = 10 msec). Then at t = 14 msec, which corresponds to the ending point of  HeI drop, 

it jumps up to higher level again. From the estimation of time evolution of Wdia, radial 

energy loss flux decreases by a factor of  —2, and becomes approximately half of axial flux 

which is doubled by the biasing with unchanged axial confinement. Here the input power 

by the limiter biasing  (<6kW) is considerably smaller than that by the ICRF injection 
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 ('70 kW) which is almost constant through the discharge. 

  The voltage-current characteristic of the limiter is shown in Fig. 4.2. The floating 

potential of the limiter is around  — — 30 V  Ibta, shows a transition from  ti 60 A to 

49 A at  Vbias  ̂, 80 V, which represents some bifurcation phenomenon. The transition 

point to lower current level varies with conditions such as amount of gas puffing or net 

power of the central cell ICRF, which are related to the content of neutral particles in 

the scrape-off layer(SOL). As shown in Fig. 4.1, density build-up and reduction of edge 

turbulence are observed in the lower current phase. Earlier studies of electrode biasing [5, 

14, 15] showed the similar tendency, i.e., low currents in the H mode and high currents 

in the L mode. 

  Figure 4.3 shows the dependence of local density at r = 0 cm n(0),  Wdia, and  71/(n) at 

 r = 12 cm(r/a = 0.86)  ii/(n)(12)  on  Vbias. As Vbias is raised above the floating potential 

level of the limiter  Vf/(Vf/  — —35 V in this case),  71/(n)(12) decreases sharply, which is 

accompanied by the increase of n(0) as well as  Wdia• Since Te is invariant on  Vbias, the 

change of  Wdla reflects that of the global density.  ill through the axis rises with  Vbias 

as well.  nl/(nl) at r = 9 cm and Vf/(Vf) at r = 12 cm shows the similar variation to 

 ii/(n)(12) with  Vbias. No significant change is found in all the signals when  Vbias is varied 

below 

  Figure 4.4 displays the radial profile of density in the edge. The increase of density 

is observed inside the limiter edge, and density in  SOL (r > 11.5 cm in Fig. 4.4) shows 

abrupt reduction by a factor of 3-5 on the onset of biasing. E-folding length of radial 

density gradient in the periphery near the biased limiter changes from  ti 1.5 cm in the 

case of no biasing to  < 0.4 cm in the case of biasing. Such significant modifications of 

the density profile have not been reported in the DC biasing experiments in other linear 

devices [10-12]. 
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FIG. 4.4 Radial profiles of density in the edge in the cases of limiter biasing and no 

biasing measured at z = —60 cm. Bias voltage is applied from t = 11.0  cosec in this case. 

                           93



   Azimuthal rotation velocity is measured by a modified Gundestrup probe, which has 

a smaller size than the original one [16] to be inserted into a main plasma. An insulator 

cap is attached to prevent radial ion flux from entering a tip. Figure 4.5 shows radial 

profiles of ion azimuthal rotation velocity  ve, expressed as Mach number  Me, in the cases 

of limiter biasing and no biasing. As compared with a monotonous profile in the case 

of no biasing, significant rotation is induced in the edge region by limiter biasing, while 

rotation velocity remains constant in the bulk region. Rotation velocity with Me = 0.6 is 

ti 2 x  104 m/s, which corresponds to Er x B rotation velocity with Er 10 V/cm. This 

value agrees with Er measured by a Langmuir probe within one order. Furthermore, a 

large rotational shear is observed in the edge region. The observation of strong rotational 

shear distinguishes our experiments from those in other mirror devices [11, 12]. Similar 

features, that is, larger Er and larger rotational shear in the periphery, have been observed 

in tokamak H-mode discharges [5, 6]. The reduction of fluctuations in the edge (see Fig. 

4.3) is attributed to the occurrence of rotational shear, which is theoretically pointed out 

by Biglari et al. [7] 

  As shown in Fig. 4.1, transition from low to high confinement phase takes place rapidly 

in the case of step-wise biasing. Transition phenomena are investigated in Fig. 4.6 as  Vbias 

is gradually increased or decreased during one discharge. When  Vbias is gradually raised 

(open circles), the edge plasma parameters change monotonously, and they show simulta-

neous changes in a step-wise way at the threshold bias voltage  (Vbias  ' 103 V);  /bias and 

 HeI drop, floating potential  Vf on the edge increases,  and  ii/(n) decreases. On the other 

hand, when  Vbias is decreased (closed circles), they change at the different threshold bias 

 voltage(Vbias  '- 84 V). The threshold values  are almost constant when the rate of changing 

 Vbias varies from 10 V/msec to 50  V/mscc, and the possibility that hysteresis  comes from 

time delay due to instability growth rate can be ruled out.  Hysteresis phenomena are also 
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FIG. 4.5. Radial profiles of  Mo at z = —60 cm before(closed circles) and during(open 

circles) limiter biasing in the case of  tibias  -- 150 V and  'bias  --, 40 A with the projected 

area of the biased limiter. 

                           95



          0-8--1- . ; - r; " ' 
                                                            ;:tn.'% 

                                                                                                                                                                                                                            ..-- 

                                                                  _       co —60__:7 .60008'„  co 00641181404090G0e06          :a            —40"rsneig`i/1 i 
            1.6hc3r1 i 4 frilill' 

 .d -                              1
.2-.,000Q9Q00008 ,0_ 

                                                                                                                                                          . 

          as 
                       ....,         )-1 sg1""ilsehaiesseles• 

      a) 0 .8-:w000creogoe 

                                                                            , 

                -11  4  Ail:111
011       —20.7 

1118gOttlOgg0800g  —30  -  608880 
 —40041° 

               

I  i 4  I  I 1 I  i I  i  1 . 

       'a  0.1  8  *. 
 V  4000 

 j  c  0.05.77-  :  %ia-, •• 7  •• T0 

 I 

 ,c)0003  ° 
 7         n       ‘# 50 100 150 

 tibias (V) 

FIG. 4.6.  Variation of edge plasma  parameters  ('bias, HeI at z = —60 cm,  Vf at r/a  ,  1 

and z = —60 cm, and  71/(n) at r/a  ,-- 0.95 and z  = 0 cm) as  Iibias is gradually increased 

(open circles) or decreased (closed circles) during one discharge. Vertical dashed lines 

indicate the threshold voltages. 

                          96



found in the same signals as in Fig. 4.6 when plasma parameters are  plotted as a function 

of  Ibias.  Ibiaa can take one value for different values of edge parameters such as  Vbias,  V1, 

 ii/(n). Such bifurcation is also observed in the rotational velocity, that is, for one value 

of limiter current  (Ibias  ̂, 40 A),  M0 is 0.48  at r/a  rs, 1.0 for  Vbias — 150 V and  M0 is 

ti 0.35 for  Vbia, 50 V. 

4.4 Discussion 

4.4.1 Enhancement factor of radial confinement 

  Radial particle flux induced by edge turbulence [17], F, can be estimated by the 

correlation between the density fluctuations  n and the plasma potential fluctuations 

over the observed frequency range. The experimental parameters used for the estimations 

are in the following :  n = 6.0 x 1011  cm-3,  q  ti  V1 = 6 V, m = 2-6 at r = 0.13 

m(r/a  ti 0.93) for the case of no biasing, and  n = 9.0 x 1010  cm',  cbti  VV =  1 V, m = 2, 

for the case of biasing. Thus we obtain  r = 2.2 x 1020  m-2  sec-1 for the case of no biasing 

and F  = 2.8 x 1019  m-2  sec' for the case of biasing. The calculated  r for the case of no 

biasing is smaller by one order than  r predicted by the Bohm's diffusion and  r for the 

case of biasing is larger by a factor of 2 than  r predicted by the classical diffusion theory. 

Fluctuation-induced transport decreases with the limiter biasing by one order. Figure 

4.3 shows such tendency clearly, that is, the density rise due to the reduction of outward 

fluctuation-induced transport is observed when positive bias voltage is applied to the 

limiter and the fluctuation is sufficiently suppressed. F is connected to the corresponding 

radial particle confinement time  Tit by the relation F  27r =  (n)R-r2/Tit•  Tit in the case 

of no  biasing(Tit) and biasing (ni.'t) are estimated using the calculated values of  F, which 

yields  Tit = 0.29 msec and  7-It = 2.8 msec. 
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 n1 and  Wtha rise by the limiter biasing as shown in Fig. 4.3, and such changes represent 

the enhancement of particle and energy confinement in the bulk region. The enhancement 

of radial particle confinement is estimated as follows. The particle balance equation can 

be written as 

 dN  N  N 

  dt =  S  –7 -1- — –7(4.1) 

                                  

11 

where N is the global density, S is the fueling rate, and  T is the particle confinement 

time across/along the magnetic fields. N is estimated from  nl, and S is considered to 

be proportional to the intensity of  HeI. We can obtain three equations for (a) the phase 

before biasing, (b) the density build-up phase just after the onset of biasing, and (c) the 

steady phase after the build-up phase (see Fig. 4.1). TM shows no significant variation 

with  Vbias by the measurement of end loss flux. We take  (71- 70-1\ -                                                    )1 before biasing 

0.91 msec as the decay time of density after switching off the central cell ICRF injection. 

The value of  (r11  711-1)-1 during  HeI drop is calculated as 2.3 msec from Eq. 4.1. The 

density exponentiation time in the phase (b) in Fig. 4.1 is  — 1.5 msec, which also yields 

 (71-1 + 711-1\ -1          )— 2.3 msec. We note that this enhancement of particle confinement time 

  2.5) is attributed to the improved radial confinement. 

  The improvement on radial confinement is also verified by the drop of  HeI and the 

shortened radial density decay length by a factor of 4. That is attributed to the reduc-

tion of fluctuation-induced transport, and the edge turbulence suppression is inferred to 

result from rotational shear. The observed rotational shear appears to be formed through 

bifurcation in rotation velocity that is related to the observed bifurcation in  Ibias. 

4.4.2 Model of bifurcated transport 

  In order to interpret the observation of the bifurcated feature with the induced edge 

rotation, we conventionally introduce an  available model from tokamak H-mode analysis 
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[18], using a momentum balance equation 

                 dv . 
               p—dt=3 xB—V  II  —  V  P  —  l?. (4.2) 

Here p(= mn) is the mass density, v the fluid velocity, j the current density, B the 

static magnetic field, and P the plasma pressure. The second term of the right hand side 

indicates the plasma viscosity, and  R represents collision terms. For ion momentum in 

the azimuthal direction in a steady state, Eq. 4.2 becomes 

                  1 d               —
rdr(rmD—dvo) —  nmviove =(4.3)  dr 

where 

         1 dn DL 
                                                     dt'

re         r—Dndr,  D=DH(4.4)                                   1 + ar 

and ion-neutral collision frequency  vio =  no(crcxvi) with the neutral density of  no. F is 

the radial particle flux, and the diffusion coefficient D has the dimension of conductivity. 

D is assumed to be reduced by the gradient of the azimuthal rotation velocity  dve/dr, 

where DH and DL are the constants and  ar and  -y determine threshold and sharpness 

of the nonlinear process [18]. This form of D was based on the work by Biglari et al. 

[7] and was proposed to account for the H- and VH-mode (very high confinement mode) 

in DIII-D [18]. Eq. 4.3 indicates that (I) radial current density  jr is a driving force of 

the azimuthal rotation, (II) viscosity and ion-neutral collision are decelerating forces, and 

(III) increase of  dvoldr reduces D by Eq. 4.4 [7], which leads to nonlinear effects on 

the first term of the left hand side. Several rotation velocity profiles are assumed and 

Eq. 4.3 is solved as a function of  jr, shown in Fig.  4.7 In the case of rigid rotation 

(a), no bifurcation is present. On the other hand, parabolic rotation (b) and localized 

rotation in the periphery (c) result in the bifurcated states of  dvoldr and D for  jr. Strong 

rotational shear is expected to produce transition from low to high confinement mode. In 

                           99



                                    2  10.11,1,111-“IITI,.171111111/111“111^IIIIIII' 
 c a  b  . 

 - 

 -a  7 .  -
:.u1 -)_ 

     >E  -a 

       ,1t-                                 r....- 
      0 
   I---*Ni' . 

  ......... 
. 

 0- - 

                                                                                                                                                                           . 

   ...-..1 5_ 

                                                                                                                                                                           .  7 

 . . 

 U)  
 1  0  :  _ 

     CI E  1 1  I I _               co          ,-, 5 
          4, 4,       0 

 1.-.   ....... . .                                             —.1-1,...1,-.1,-.1....1....1.-1..••  
 0  —20  —40  —60  —80 

 jr (A) 

FIG. 4.7. Numerical results of transition model by Eq. 4.3  (dye/dr and D as a func-

tion of  j,.). Curve "a" denotes the case with ye = kr , curve "b" with ye =  kr2, and 

curve "c" with ye = k(r -  ro) for r >  ro and  vg = 0 for r  <  r0 with  r0 = 11 cm , where 

k is constant in one profile. Other parameters are as follows; He plasma with density 

 ne = 1018  m-3 and  T, = 30 eV, B = 0.06 T, r = 12 cm ,  r  = 5 x  1020  m-2s-1,  ar =  10-17, 

 -y  =  2 .6,  DL  =  1.3  x  1019  m-ls-1,  DTI  =  2.0  x  1018  m-ls-1 , and  n0=  1017m-3 
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the experiment the induced rotation velocity profile is similar to  (b) or (c) since rotational 

shear is clearly observed in Fig. 4.5. 

  This model is one of the good candidates for explanation of our experimental observa-

tion. The rapid change of plasma parameters, as shown in Fig. 4.1, is due to the transition 

to the high confinement mode with strong rotational shear and with a reduced diffusion 

coefficient. The bifurcated states of edge fluctuation level and rotational velocity for 'bias 

are well expressed in this model. Figure 4.8 shows the edge fluctuation level and D as a 

function of  4i„ derived from Fig. 4.6 and Eq. 4.3, where in the model analysis formation 

of ion sheaths is assumed in the axial direction and the force balance equation is com-

bined with Eq. 4.3 to derive the sheath potential. When fluctuation-induced diffusion is 

dominant on the edge, D is determined by the edge fluctuation level. Bifurcated states of 

 h/(n) are qualitatively in agreement with the calculated plot of D. Application of more 

explicit expressions for D and viscosity term relevant to mirror configuration remains 

for the future work. However, basic phenomena in the experimental observation are all 

involved in the results of calculation:  jr is the driving force for sheared rotation, shear 

in plasma rotation reduces edge turbulence, and bifurcation in radial transport results in 

transition to the high radial confinement mode. 

4.5 Conclusion 

  In conclusion, we have demonstrated the transition leading to the improved radial 

confinement induced by DC limiter biasing in the  HIEI tandem mirror. As the bias 

voltage on the limiter is raised in the range of positive values, the fluctuation level of 

both density and potential in the edge region decreases and the bulk density increases 

up to  1.9  x1013  cm' by a factor of 1.5-2. The particle confinement time is estimated 

to increase by a factor of  2.5. During this high radial confinement mode,  HeI  and  H, 
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FIG. 4.8. (a) Edge density fluctuation power spectra from Fig. 3, and  (h) theoretical plot 

of D obtained in the case of "c" in Fig. 4 with DL = 12.8 x 1018  m-ls-1, DH = 2.2 x 1018 

 rn-ls-1 and  ar = 1.5 x  10-18  as a function of  /bias. Formation of ion sheaths on the 

grounded throat wall and on the biased limiter is assumed in the axial direction, and the 

force balance equation is combined with Eq. 4.3 to derive sheath potential. ne = 1018 

 m-3 at r = 11 cm, and  ne at r = 12, which is assumed to be the radial  position of the 

biased limiter edge, is derived from Eq. 4.4. 
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drop, limiter current decreases, and plasma rotation changes significantly. Radial electric 

field is inferred to be larger from the rotation measurement, and its shear might suppress 

the edge turbulence. As bias voltage is increased or decreased in one shot , edge plasma 

parameters change along bifurcated paths. The observed strong nonlinear phenomena, 

the change of the limiter currents, and the sudden drop of  HeI demonstrate bifurcation 

feature, which is similar to that in L-H transition in tokamaks. Such transition features 

are basically explained by the model from the azimuthal momentum balance and the 

shear stabilization. 
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                   Chapter 5 

   High-Beta Operation with Enhanced 

     Axial and Radial Confinement 

5.1 Introduction 

  In a mirror device it is well known that reduction of axial particle loss along the mag-

netic field lines is one of the key issues for improvement of confinement. Simultaneously, 

once axial confinement is enhanced, radial anomalous transport, which is commonly ob-

served in magnetic confinement devices, becomes a dominant particle and energy loss. It 

is of importance that both axial and radial confinement are enhanced simultaneously to 

improve global confinement property. 

  Several methods [1-4] have been successfully used to form ion-confining potential 

in plug cells of tandem mirrors, and axial confinement time  ni has been increased. In 

GAMMA 10, ECRH (Electron Cyclotron Resonance Heating) formed the ion-confining 

potential for the plasma with the central cell density  n„ = 4.3 x 1011  cm-3 and the central 

cell ion temperature  T„  < 5  keV, or for the plasma with  n„ = 1.4 x 1012  cm-3 and  Ttc < 5 

keV In  Phaedrus, near fields of ICRF (Ion Cyclotron Range of Frequencies) waves in the 

plug cell enhanced the axial confinement for the plasma with  n„ = 8.5 x 1012  cm' and 

 Tic  ti 55 eV [2]. In the HIEI tandem mirror, formation of ion confining potential by ICRF 
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propagating waves has been investigated, and it is based on the mode conversion from 

the fast magnetosonic mode into an electrostatic mode at the ion-ion hybrid resonance 

layer [4]. The measurement of wave propagation showed that , in the case of the high-

field-side injection of the fast wave, parallel wavenumber becomes large  (k11 = 10 — 100 

 m-1) at the ion-ion hybrid resonance layer enough to be resonant with bulk electrons. 

Simultaneously, the amplitude of electromagnetic fields turned into a small value, and it 

is considered to be due to mode conversion from the fast wave mode into an electrostatic 

mode. However, effects of the ion-ion hybrid resonance on potential formation has not 

been fully understood. 

  Radial transport will be a main loss channel in the case where axial confinement is 

significantly enhanced, as mentioned above. Before the prediction that high confinement 

mode (H mode) in tokamaks is attributed to formation of radial electric field [6, 7], radial 

confinement has been investigated in mirror devices in relation to radial electric field [8, 

9]. In GAMMA 10 radial potential profile was controlled by end plate biasing, and change 

of edge fluctuation driven by the drift wave was observed in a quasi-state rigid rotation 

state. High radial confinement mode like H-mode discharges in tokamaks was observed 

using DC limiter biasing in HIEI with enhancement on the particle confinement of 2.5 

[10]. Strong rotational shear was formed through transition from low to high confinement 

phase, and it suggested creation of the radial electric field in the edge. That is, ICRF 

waves and limiter biasing can change axial and radial potential profiles, which are strongly 

related to mirror confinement properties. Simultaneous application of axial ion-confining 

potential and sheared radial electric field  may result in enhancement of global confinement. 

  To sustain such a high-beta plasma, stability against the flute interchange mode may 

be a critical problem. Beta limit  against the flute interchange mode has been studied 

in several mirrors with  quadrupole anchor cells. In GAMMA 10, stability limit was 
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experimentally clarified by the critical ratio of beta value in the central cell to that in the 

anchor cells [5]. 

  However the presence of the minimum-B configuration causes additional radial loss. 

On the other hand, radio frequency (RF) stabilization for the flute mode has been per-

formed in a completely axisymmetric configuration in HIEI [11] and Phaedrus in different 

frequency regimes [12]. Device configuration is axisymmetric with the stabilized plasma 

by ponderomotive force of RF fields so that no additional radial loss takes place.  If  the 

RF stabilization is found to be effective for a high-density (>  1013 cm-3) and high-beta 

(> 10 %) plasma, that will lead to its application in a future mirror reactor. 

  This chapter deals with enhancement of axial confinement by ICRF waves which is 

incident from the high-field side and the effects of the ion-ion hybrid resonance on forma-

tion of ion confining potential are clarified experimentally. Simultaneous enhancement on 

axial and radial confinement by controlled potential profiles is observed. The maximum 

core beta value obtained in the experiment reaches  0 = 14%. The experimental results 

are compared with theoretical analysis of beta limit with the effects of RF stabilization 

above the ion cyclotron frequency against the flute interchange mode. 

  In Sec. 5.2, the experimental setup is described. The experimental results on axial 

confinement is shown in Subsec. 5.3.1, and here importance of the ion-ion hybrid reso-

nance is clarified to create ion-confining potential. High-beta operation is presented with 

estimations of the enhancement factor of axial and radial confinement in Subsec. 5.3.2. 

The roles of ICRF waves on axial potential formation, interaction between enhanced ax-

ial and radial confinement,  and beta limit in the presence of RF ponderomotive force are 

discussed in Sec. 5.4. Conclusions follow in Sec. 5.5. 

5.2 Experimental setup 
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  HIEI is the so-called "ICRF tandem  mirror" experimental machine, that is, the tandem 

mirror operated by ICRF waves. The HIEI tandem mirror has a completely axisymmetric 

configuration, and the central cell is 1.9 m in length and 25 cm in radius with plug cells 0.7 

m in length on both sides of the central cell. The production ICRF  (.4  27r. = 8 MHz, net 

input power = 70-90 kW, injected from dual half-turn antenna at z = —24 cm) generates 

the helicon/fast wave to produce a two-ion-species (He-H) plasma, where majority ions 

are He+ and minority ones are H+ The minority concentration is expressed by the 

puffed minority ratio  ("puff) which is determined by the partial pressure of H stored in 

a gas tank before puffing. This value of concentration is used for determination of the 

position of the ion-ion hybrid resonance layer in the plug cell. To make sure that this 

ratio represents approximate concentration of each ions, the intensities of atomic emission 

lines (Hei:587.6 nm,  H,:656.2 nm) are monitored as ionization rates. Measurement in 

advance on these intensities as a function of density of a one-ion-species plasma enables 

to determine a ratio of each ion using relative intensities of two emission lines. In a range 

of this experimental parameter, ion ratio of H+ in a two-ion-species plasma is estimated 

to be within a factor of 1.2 of gas puffing ratios for  vpuff  > 4 %, whereas minority 

ions are always involved with the ratio 2-3 % for  vpuff  < 3 % due to the recycling 

hydrogen particles from the wall. The production ICRF simultaneously stabilizes the 

produced plasma magnetohydrodynamically. Calculations of the propagating helicon/fast 

waves by the 2-dimensional ICRF code [13] show that the radial gradient of RF electric 

fields produce the ponderomotive force which stabilize the flute interchange mode. More 

detailed discussion will be held in Sec. 5.4. 

  The plug ICRF  (w/27r = 1.5 MHz, net input power < 100 kW) is injected from the 

dual half-turn antenna  at z = +24 cm in the central cell. The resonance layers with the 

axial profile of the strength of the static magnetic field B are shown in Fig. 5.1. In 
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FIG. 5.1. Axial configuration of the static magnetic field B with the resonance layers 

of the plug ICRF waves (1.5 MHz). The central cell region is —95 < z < 95 cm, and the 

plug cell region is 95 cm < z < 165 cm and —165 cm < z < —95 cm.  B0 is the strength 

of the static magnetic field in the central cell  midplane ,  B, is that at the mirror point, 

and  Bo is that of in the plug cell midplane. The ion-ion hybrid resonance layer  (c,"  =  flii) 

is shown for the case of the minority ion concentration = 10  %. 
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the central cell region the launched  ICRF wave (the fast magnetosonic mode) encounters 

the pair of resonance layers (the minority cyclotron resonance  ((o =  11H) and the ion-ion 

hybrid resonance  (co =  Clii)) from the low-field side, and contributes to ion heating via 

mode conversion into the slow ion-cyclotron wave [14, 15]. In the plug cell region the 

transmitting wave approaches to the ion-ion hybrid resonance from the high-field side, 

and converts into an electrostatic wave at the ion-ion hybrid resonance layer [4]. In the 

experiment of ref. 4, the ion-ion hybrid resonance layers are located near the mirror point 

between the central and the plug cells. Using the plug ICRF with  w/27 = 1.5 MHz, the 

position of the ion-ion hybrid resonance layer is arranged near the midplane of the plug 

cell in order to create the ion-confining potential in a more efficient axial position. 

  The plasma radius a is limited to 14 cm by limiters in the central cell. The biased 

limiter is located at z = —34 cm, and the applied voltage ranges from +100 V to +200 V 

with respect to the grounded vessel wall. This range is considered to  he appropriate to 

enhance the radial confinement [10]. End plates located outside both plug cells are kept 

floating. 

5.3 Experimental results 

5.3.1 Formation of ion confining potential in the presence of the ion-ion hybrid 

resonance layer 

  Formation of ion confining potential in the plug cell and its effect on axial confinement 

is examined using the plug ICRF The strength of the static magnetic field  at the mirror 

point  B, is 0.25 T, that in the  midplane of the plug cell  Bo is 0.097 T, and the  mirror 

ratio in the central cell  R, is 7.1 in the standard operation. The parameters of the central 

cell plasma in typical discharges are : plasma density  n„  — 2-3 x 1012  cm' in the case 
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without injection of the plug ICRF, electron temperature Te = 7-15 eV, majority  (He+) 

ion temperature  THei  e•-0 30  eV, and minority (H+) ion temperature  TH±  N 70 eV in the 

case of the plug ICRF injection.  n„ is monitored by far-infrared laser interferometer, and 

 Tic for each ion is measured by Time-of-Flight neutral particle energy analyzer (TOF) 

located at z = —60 cm. 

  Figure 5.2(a) displays the time evolutions of electron temperature in the plug cell Tep, 

and the maximum potential on axis  V,  max.  Tel, is measured from the ratio of two atomic 

emission lines of  HeI (504.8 nm and 471.3 nm) [16].  Vs  max is defined as the maximum 

plasma potential along the static magnetic field lines, and is determined from the ion end 

loss flux monitored by end loss analyzer (ELA) with repeller grids. When the plug ICRF 

is injected, Tep increases by a factor of 2, and  Vs  max rises up to  -, 70 V  Tic is 30-70 eV 

and this potential hill is efficient for plugging the ions in the central cell. Plasma density 

in the central cell increases by the plug ICRF injection;  n„ in the case without injection is 

3.5  x  1012  cm-3 and  n„ in the case with injection is 5.0  x  1012  cm-3 Diamagnetic flux  Wdia 

is detected by a diamagnetic  loop located at z = —60 cm, and is found to increase as well 

as  n„. Figure 5.2(b) shows the time evolution of the energy spectra of end loss ion flux at 

 r = 0  rend. The energy spectra Fend(E) before the plug ICRF injection is approximately 

Maxwellian, and parallel ion temperature  To is estimated to be 20-30 eV During the 

plug ICRF injection, a significant reduction of  Fend by a factor of 4-8 is found. In the low 

energy region  (< 50 eV)  Fend(E) decreases greatly, or is not detected under resolution. 

The energy spectra are peaking at 50-70  eV, and such a value is evaluated as  V,  mar, 

which is shown in Fig. 5.2(a). In the high energy region  (> 70 eV)  Fend(E) increases 

by the plug  ICRF injection  and it shows  T11  ---, 40-50 eV This is partly because of the 

ion heating in the central cell by the plug  ICRF. Axial profiles of plasma potential  V, is 

measured by an axially movable  Langmuir probe. In the case with injection of the plug 
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FIG. 5.2.(a) Time evolutions of electron temperature in the plug cell  Tel, and the max-

imum plasma potential Vs  max. The dotted line represents the case without plug ICRF 

injection. Timing chart of the  ICRF injections are shown below the figure.  vpuf  f = 3.6 

%,  13, = 0.25 T, and  Bpo = 0.092 T. 
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ICRF, confining potential  0,  ti 75 V is formed, where  0, =  Vs(the maximum value in the 

plug  cell)  —V,(the average value in the central cell). The result of measurement of  Vs  ma, 

from  rend(E), as shown in Fig. 5.2(a), coincides with  0, by the probe measurement. 

  We display the dependence of axial particle confinement factor and  Tep on strength 

of the static magnetic field in the midplane of the plug cell  Bo in Fig. 5.3. rpnand                                                     d 

 ros are defined as  n„(z =  0)1,/r  -  end (measured at z = +210 cm, "north end") and 

 n„(z  = 0)1,/r           ,-end (measured at z = —210 cm, "south end"), respectively, where  lz is 

the axial characteristic length of HIEI in the approximation as a cylinder.  7-puN or  7 II 

                                                                      represents axial particle confinement factor at each end. The vertical dotted line in 

Fig. 5.3 indicates the corresponding strength of the magnetic field at the ion-ion hybrid 

resonance layer  B,, (in this case  Bi, = 0.104 T). On the left side of the dotted line the 

ion-ion hybrid resonance layer is present in the plug cell, while on the right side it is 

not the case.  THIN in the case with the ion-ion hybrid resonance is larger approximately 

by one order than that without the ion-ion hybrid resonance. As  Bo is raised beyond 

 TPIIN decreases to the value of the case without injection, which shows that the axial 

confinement is enhanced only when the ion-ion hybrid resonance is present.  Tep in the 

case with the ion-ion hybrid resonance increases by a factor of  — 3 in comparison with the 

case without the plug ICRF injection, which is the direct evidence of electron acceleration 

by the plug ICRF When the plug electron is heated and the potential hill is formed by 

 ICRF injection, the plug cell density decreases by a factor of  — 3. This decrease coincides 

with the reduction of  rend. Tep decreases when  Bo is beyond  B„, which is the similar 

change to that of  THIN. It is observed that increase of  rpiis is limited up to a factor of  — 

1.6, since propagation of the plug  ICRF to the  "south" plug cell is less than that to the 

"north" plug cell because of the axial position of the plug ICRF antenna in the central 

cell. Enhancement of the total axial particle confinement is estimated to be  — 4.0. 
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FIG. 5.3. Dependence of  rpiiN and  Ter, at z = 130 cm on the strength of the static 

magnetic field in the midplane of the plug cell  Bp0. The open circles represent the case 

with plug ICRF injection, and the closed circles represent the case without plug ICRF 

injection. The vertical dotted line indicates the corresponding strength of the ion-ion 

hybrid resonance  1311.  vpuf  f = 3.6 %. 
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  To clarify the role of the ion-ion hybrid resonance, critical values of  Bo for improved 

confinement and for electron heating  B„ are compared with  Bii. The critical strength  Be,. 

is defined as the minimum value of Bp0for  rpliNtiroN0 or  TeptiTeo, where the subscript 

0 indicates the case without the plug ICRF injection. In the case of Fig. 5.3,  Be,. for  TPIIN 

is calculated as 0.115-0.120 T, and  B„ for  Tel, is calculated as 0.105-0.120 T. By varying 

puffed minority ratio  vpuff,  B„ and  Bii are plotted in Fig. 5.4. When  vpuff is increased 

up to 15 % and therefore  Bii up to 0.125 T, good consistency is observed between  Be,. 

and  B11 for  vpuff > 5 %. Some discrepancy is present for  vpuff  < 5 %, and it would be 

due to the difference between  vpuff and minority ion concentration caused by recycling 

hydrogen from the vessel wall, as mentioned in Sec. 5.2. 

  In order to see what happens near the ion-ion hybrid resonance layer, which plays 

the essential role on axial confinement and electron heating as shown in Figs. 5.3 and 

5.4, measurement of wave propagation is performed. Ref. 4 showed that the parallel 

wavenumber becomes large and electromagnetic field becomes much smaller near the ion-

ion hybrid resonance layer. Figure 5.5 displays RF electric field parallel to the magnetic 

fields  EH measured by a dc-biased dipole antenna.  EH becomes large near the ion-ion 

hybrid resonance layer, which shows enhancement of its amplitude and sequent damping. 

Relation between the measured  EH and  Tel, will be discussed in Sec. 5.4. 

   Figure 5.6 shows ion-confining potential  0, as a function of  Tep. As  Tep is increased, 

 0, increases up to 0.13 kV in this parameter range. Enhancement of  EH is observed, as 

shown in Fig. 5.5, and One possible interpretation is that, since electron heating via 

Landau damping of the observed  EH takes place and that this increase of  0, can result 

from the rise of  Tel, through the modified Boltzmann relation. However, if RF field  EH 

induces the velocity space diffusion and electron velocity distribution function becomes 

 non-Maxwellian, enhancement of  0, from the modified Boltzmann relation is possible. 
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FIG. 5.6. Ion confining potential  0, as a function of  Tep with the theoretical scaling 

law. The open circles are the experimental data points. Solid curves are calculated by 

Eq. 5.2 on  0, with RF-induced electron velocity diffusion. A dotted curve indicates the 

modified Boltzmann relation. Used parameters  are in the following.  Tu 15  eV,  Tpo  = 

 Tpio,  EII = 0.20 V/cm at  Tt = 20 eV, and  nt/n„ = 2.0 for curve (a) and  rzt/n„ = 3.5 for 

curve (b). 
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Dependence of  0,  on  Tel, will  he discussed in detail in Sec. 5.4 in comparison with 

theoretical prediction. 

5.3.2 High-beta plasma production with enhanced axial and radial confine-

ment 

   Effects of simultaneous enhancement of axial and radial confinement are examined 

using the plug ICRF and limiter biasing. In this experiment , the strength of the static 

magnetic field at the mirror point  B, is 0.19 T with the mirror ratio 7.1 in the standard 

operation. The parameters of the central cell plasma in typical discharges before the plug 

ICRF injection and the limiter biasing are similar as those described in Sec. 5.2 and Sec. 

5.3.1. 

  Figure 5.7 shows the time evolution of diamagnetic flux  Wdza and beta value  01 in the 

application of the limiter biasing and the plug ICRF After the limiter biasing +120 

V) is imposed,  W  dia increases by a factor of  — 1.5. When the plug ICRF is injected, 

increase of  W  dia is a factor of  ti 2.5 from the value in the phase of the production ICRF 

only.  n„ produced by the production ICRF remains 2.0 x 1012  cm-3, while  n„ increases 

to 1.0 x  1013  cm-3 in the phase of the combination of the plug ICRF and the limiter 

biasing. Minority heating is observed during the plug ICRF injection and  TH1 rises up 

to 70 eV by a factor of 2.5, whereas  THei(-, 30 eV) shows no change by the plug ICRF 

injection.  7', in the central cell rises from 7-10 eV to 10-13 eV by the plug ICRF. As a 

result, the beta at the core  01 is estimated to be  ' 12 % in the case of the plug ICRF 

injection and the limiter biasing, where  01 is obtained from ne  and  Te at z = 0 cm,  and 

 TH1 and  THei  at z —60 cm which are converted into the values at z = 0 cm on the 

assumption of conservation of the magnetic moment. 

  Figure 5.8 shows  0.1. in various conditions  as a function of  Wtha. The experimental 
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points for the case with the production ICRF only (closed squares) are linearly changing 

by variation of its net input power. The data points for the plug ICRF injection without 

limiter biasing (open squares) are on the extrapolation of the case with the production 

ICRF only. By application of the limiter biasing, the data points moves to the upper side 

of beta, and the maximum beta value obtained is 13.6 % in the case with the plug ICRF 

and with the limiter biasing. Such a shift of the characteristic line is considered to be 

due to peaking of pressure profile by the limiter biasing. Simultaneously density profile 

in the edge (including the scrape-off layer) changes significantly by the limiter biasing. 

For radial positions inside the limiter edge, density increases by the limiter biasing. On 

the contrary, in the scrape-off layer (the limiter shadow), density decreases by a factor of 

3-5. As a result, radial density profile in the edge is steepened by the limiter biasing. E-

folding length of the radial density profile  A, in the case with the plug ICRF and without 

the limiter biasing is 2.0 cm, while  An in the case with both the plug ICRF and the 

limiter biasing is 0.7 cm. This steepening is due to the enhancement of the radial particle 

confinement. 

  Change of the energy confinement time can be estimated from the time evolutions of 

Wdia in the following. It is assumed that the axial energy confinement time  TEII increases by 

the injection of the plug ICRF, and that the radial energy confinement time  TEI increases 

by the application of the limiter biasing. Change of  TEl by the plug ICRF or that of  TR 

by the limiter biasing can  be negligible since neither change of the radial density profile 

in the periphery by the plug ICRF nor change of the axial particle confinement factor by 

the limiter biasing in the previous measurements are observed. The global power balance 

equation is expressed as 

 dl  VW                           1±7 
         dtTEI (5.1) 

where  IV is the stored energy and P is the input power. From this equation, time 
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dependence of Wdia is estimated to be 1 —  exp(—t/TE) and  exp(—t/TE) just after the plug 

ICRF or the limiter biasing is turned on and off, respectively. One more assumption 

is used that enhancement of  TEn is 4.0, which comes from the fact that enhancement 

factor of the total axial particle confinement is 4.0. This assumption may be valid since 

most of the axial energy loss in a mirror device is a convective one. Using several shots 

of  Wdia and the above assumptions, the enhancement of the global energy confinement 

time TE  =  (TE11-1  +  TEI-1)-1 is estimated as 3.9 (from 0.33 msec to1                                                        o.3 msec). This 

enhancement is realized by the combination of the plug ICRF injection and the limiter 

biasing.  1-Eil is estimated to change from 1.1 msec to 4.4 msec, and  TEI is enhanced by a 

factor of 3.8 (from 0.47 msec to 1.8 msec). 

5.4 Discussion 

5.4.1 Scaling of axial confinement and identification of mode conversion 

  The observed  0, as a function of Tep is displayed with the modified Boltzmann re-

lation [17] in Fig. 5.6. Increase of  0, does not agree with this theoretical prediction 

(dashed line). Another mechanism including an effect of RF-induced electron velocity 

space diffusion [18] is taken into consideration for explanation of these experimental re-

sults. Starting point of this theory is the particle transport equations for electrons in the 

plug cell with the effects of radial diffusion by some fluctuations and RF-induced velocity 

space diffusion. The relation between trapped electron density in the plug region  nt and 

untrapped electron density  nu (where the plug cell density  ner =  nt +  nu) is expressed 

in the "improved" modified Boltzmann relation which includes the effects of RF-induced 

velocity space diffusion parallel to the static magnetic field. Such diffusion will take place 

under the presence of large parallel RF electric field E11 that results in Landau damping. 
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Dependence of  0, on  Tt(,  74, the electron temperature in the plug region) is derived as 

 e(&  fib) 1nt Ti, (1Tp0 )A                    [- (1 +- - 1, (5.2) 
 Tt A  nu  Tt  Tp10 

where  To indicates the axial confinement time in the plug cell  To at r = 0 cm, and the 

radial confinement time in the plug cell  7-1,10 is assumed to be equal to  TO  . A is the ratio 

of the RF-induced velocity space  (v11) diffusion to the classical one and is determined by 

 E11,  Tt, nt, and the applied RF frequency. The dependence of  Tt on  nt experimentally 

was examined in advance, and obtained empirical relation is used for derivation of  nt 

as a function of  Tt  (nt[cm-3] = 1.32 x  1012(Tt[eV])-1/2). Such relationship between  Tt 

and  nt is determined by the power balance of the trapped electrons and escaping rate 

from the trapped region, and the escaping results from both pumping-out by acceleration 

with  E11 and shift into the plug cell loss cone by collisions. The calculated curves using 

the above equation are shown as solid lines in Fig. 5.6. Here spontaneous formation of 

thermal barrier  01, is assumed to 0.75 x Tep/e in this calculation. The experimental points 

(open circles) are in an agreement with the theoretical curves. In these experiments E11 

(measured as 0.1-0.2 V/cm in Fig. 5.5) would be produced via mode conversion from the 

fast wave to an electrostatic wave at the ion-ion hybrid resonance layer. The RF-induced 

velocity space diffusion is considered to play a role to enhance the ion confining potential. 

  Electron acceleration and heating in the plug cell take place in the presence of the ion-

ion hybrid resonance layer. Resonance of the injected fast wave with the plug cell electrons 

is examined using theoretical analysis. Fig. 5.9(a) displays the parallel dispersion relation 

of the cold two-ion-species cylindrical  plasma [15] with the minority (H) ion concentration 

5 %. Here the solid lines denote the branch of the fast  magnetosonic wave, the dashed 

line indicates the slow ion-cyclotron wave with the lowest radial order,  and the dotted 

region is an new emerging branch which is discussed later. In the case of the low-field 

side incidence, the fast  magnetosonic wave converts into  t  he slow ion-cyclotron wave via 
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FIG. 5.9. (a) Dispersion relation of ICRF waves near the ion-ion hybrid resonance. The 

parameters for calculation is as follows:  m =  —1,  ne = 5.0 x 1011  cm-1,  ru, = 25.0 cm, 

and  ri, = 9.0 cm. The solid line indicates the fast  magnetosonic wave, the dashed line 

the slow ion-cyclotron wave with the lowest radial order, and the dotted line is the cold 

electrostatic ion-cyclotron wave. (b) Ratio of the  parallel and perpendicular wave number 

near the ion-ion hybrid resonance layer calculated by Eq. 5.3. Here the parameters for 

calculation is as follows:  ne = 5.0 x 1011  cm-1,  T  e = 20 eV, and  wIkliVe = 3.5. 
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the reflection at the ion-ion hybrid resonance layer [15]. In the case of the high-field side 

incidence (from the lower side in Fig. 5.9(a)), the fast wave branch shows a slight change 

to larger  k11 values in the vicinity of the ion-ion hybrid resonance layer. It is considered 

to continue to a new branch just beyond the ion-ion hybrid resonance layer through 

the narrow tunneling region. The new branch, which is a continuous one from the slow 

ion-cyclotron wave, shows some resonance just above the ion-ion hybrid resonance. Ono 

[19] derived the cold electrostatic ion-cyclotron wave just beyond the ion-ion cyclotron 

resonance theoretically. Starting from the dispersion relation in a hot plasma and using 

some approximations, the dispersion relation near the ion-ion hybrid resonance is written 

as [19] 

                                                             wpa2        wpe2ki2    1 + [1 + kIVe   Z T,me            tti: Ve )1ki2k11a                               2 Te=Ee ,H,Heila2—W2 k±2+k2 = 0. (5.3)                                              ll 

Here Z is the plasma dispersion function, Ve =  (2Teln2e)1/2  ,  k1 is the perpendicular 

wavenumber,  wpa and  ft, are the plasma and the cyclotron frequencies respectively, and 

me is the electron mass. When  w/kii  V, 1.0, Eq. 5.3 reduces to the expression of the 

general cold dispersion relation which is used to obtain the branches in Fig. 5.9(a). Figure 

5.9(a) shows that the phase velocity of the wave on this new branch gets into the region 

of  w/kiiVe  ti 1.0 with  Te = 20 eV for  kii  > 3.5  m-1 Figure 5.9(b) shows the ratio of the 

parallel and perpendicular wave number near the ion-ion hybrid resonance layer calculated 

by Eq. 5.3. This represents that this wave shows the electrostatic nature where the branch 

is close to the ion-ion hybrid resonance. The new emerging branch just beyond the ion-ion 

hybrid resonance is then identified as an electrostatic mode. The observed large  EH near 

the ion-ion hybrid resonance layer is consistent with this theoretical analysis predicting the 

branch of the electrostatic wave. Ono also presented the experimental results of electron 

Landau damping of this wave [19]. 
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5.4.2 Model description of enhancement of two-dimensional confinement 

  Simultaneous application of ICRF-enhanced potential in the plug cell and DC field in 

the radial edge of the central cell creates a high-beta plasma with enhancement of the 

global energy confinement  ,4.0, where no clear interaction between changes of axial and 

radial confinement is observed. Here such an interaction is analyzed theoretically in two 

cases: without and with the plug ICRF injection. 

  In the case without the plug ICRF injection, which has been shown in Chap. 4, the 

central cell is in a positive potential with respect to the plug cell due to density difference. 

Assumed that axial potential is constant in one cell and potential difference  Od is present 

near the mirror point, the condition for electron current to be zero is written as 

      1/21/2                     = nep sin( 1 )(Tee0d)    n„ sin-1  1)Te(5.4)    ( 
      Rmc112Rmp1/2m 

where  T„ is electron temperature in the central cell, and the mirror ratio of the central cell 

 R, is 7.1 and that of the plug cell Rmp is 2.6 in the HIEI standard operation. Since there 

is no electron heating source and no thermal  harrier, electron temperature is constant in 

the axial direction throughout the device.  Od is determined from the Boltzmann relation 

as  e0d =  Teln(n„Inep) with Eq. 5.4. Electron flux from each cell to another is balanced 

when  n„/nep = 2.4, and  cbd is 8.5 V with Te 10 eV 

  The axial particle confinement time  rpm is derived with Eqs. 2.4 and 2.5, and the global 

particle balance is expressed by Eq. 4.1. As  n„ increases according to enhancement of the 

radial particle confinement time  To_ that can  he assumed to be proportional to a2/D with 

the radial diffusion coefficient  D,  Tpii decreases gradually with constant  Te. Such tendency 

is displayed in Fig. 5.10, where production source S is assumed to be linearly changed 

with radial loss flux  (n„/rp±  ).  rpi jumps up to the higher branch at the transition point, 

whereas  rpli gradually decreases. However, its degradation is too small to be detected in 

experiments, and almost no effect to the  global confinement. As a result,  n„ increases by 
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FIG. 5.10. Analytical result of changes of  Tpl,  To, and  71„ as a function of biased limiter 

current  'bias. The same parameters are used as in Fig. 4.8(b). The potential difference 

between the central and the plug cells  Od is assumed to be 8.5 V Other parameters are 

as follows:  Tic = 30 eV,  T„ = 10 eV, and S  ti 1 x 1016  cm' and is changed linearly with 

 n„/Tp± 
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a factor of 1.5-2.0, which was observed experimentally. 

  When  n„ increases, ion diamagnetic drift velocity, which is proportional to  dn„ldr 

with constant  T„, becomes large, so that it may affect  dvoldr in the edge. However its 

contribution of  vo is approximately by one order smaller than that of E x B drift velocity 

induced by limiter biasing in the experiment, and is neglected in the above calculation. If 

the end plate is grounded, axial potential profile  (0d) is strongly linked to radial potential 

profile  (dve/dr), and confinement in each direction affects each other, although the end 

plates are completely floating in this experimental regime. 

  In the case of the plug ICRF injection, thermal barrier is spontaneously formed in 

the vicinity of the mirror point between the central and the plug cells, and values of 

electron temperature are different in both cells. If  n„ increases,  Ob becomes large for 

electron current to be zero, where  0,-k  Ob is constant. In this case electron flux from each 

cell is derived from the integration of velocity distribution function in the loss cone of 

the electron velocity space with the energy above zero at the bottom of thermal barrier. 

When  cbb increases,  0, decreases and axial confinement is degraded. Formation of  0, or 

 (kb does not affect radial profile of potential in the central cell since no significant radial 

electric field in the plug cell in the scheme of ICRF-induced potential. 

  Figure 5.11 shows such tendency schematically, where  0,  Cbb is according to the 

improved modified Boltzmann relation with  nt/n„ = 3.0.  01, is assumed to be  0.75x  Tep/e 

with  n„ = 5.0 x 1012  cm-3 and to change proportionally to  ln(n„). As 'bias is increased 

and consequently  TN_ gradually increases, transition from A to B takes place due to jump 

of  dvoldr with  rapid enhancement of radial confinement and drop of  r to 70 % of the 

initial value.  However no degradation of axial confinement was observed in the previous 

experiment, and some effect included in the transition  may enhance axial confinement (B 

to C, or A to C). Bifurcation of  radial transport might reinforce axial confinement, for 
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FIG. 5.11. Relation between  r and  rpi as a function of  n„ with constant  Tep. Two 

cases are shown: Tep = 20 eV and  Ter, = 22 eV The values of  n„  at three points (A, B, 

C) are shown in the inset of the figure. Used parameters are as follows:  Tic = 30 eV,  T„ 

= 15 eV, and S  ti 5 x  10'  cm' and is changed linearly with  necfrpi 
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instance, by further plug electron heating due to increase of mode conversion rate to the 

electrostatic mode, or due to enhancement of the fast wave propagation, with the change 

of  n„. 

5.4.3 Beta limit against the flute mode instability 

  The simultaneous enhancement of the axial and radial confinement realizes a high-beta 

 (/3  >, 10 %) plasma production. Here beta limit against the flute interchange mode [20, 

21] is derived for this experimental parameter, and it is compared with the experimental 

results. Stability condition against the flute interchange mode is expressed as 

                              dz 
                 1-  K  P  (  z  ) 0, (5.5) 

where 1 is the length from the midplane to the mirror point of the central cell,  K. = 

 (b. V)b =  KoVz/)  k9VG, the external static magnetic field B = Bb = x VO, 

and P(z) is the plasma pressure. In the case of HIEI,  to(z) includes the effect of the 

ponderomotive force  Fr  (KoFp) as well as curvature of the magnetic field itself  (Kipp).  Fp 

for electrons  (Fpe) is much larger than that for ions in this experimental regime, that 

is, the applied ICRF frequency for stabilization  (w/27r = 8 MHz) and the magnetic field 

strength in the central cell.  Fpe by rotating fields is obtained as 

                         e2 V1E-12V1E-Fi2  
              F=——                                 Pe                      mew ((wC2,) (w — fie)) (5.6) 

where  IS1,1 is the electron cyclotron frequency and  ft,  < 0. The contribution of the axial 

component of RF electric field  Ez is neglected since it is much smaller than the right-

circularly-polarized field E_ and the left-circularly-polarized field  E+ in this frequency 

range.  When the m  = —1 (right-rotating) fast  rnagnetosonic wave propagates, amplitude 

of E_ prevails that of E+ approximately by a factor of 3.  KoF, is derived as 

 Fp  qTfrcii  Fp, (5.7) 
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where T = Tec  Ttc. Figure 5.12 shows the axial profiles used for derivation of the 

stability criteria. The profile of the pressure P(z) is calculated from the axial density 

profile measured in the central cell and the temperature profile derived from  Tec and  Tic 

measured at z = 0 cm and z = —60 cm on the assumption of the conservation of the 

magnetic moment.  Fp(=  F„,,) is calculated using a two-dimensional ICRF code [13] with 

the antenna current of the production ICRF  IA = 60 A, and  iv, along the magnetic field 

line through r = 6 cm at z = 0 cm is derived. Calculation of Eq. 5.5 reveals that these 

profiles are in the stable region against the flute mode. The critical value of  IA for stability 

is  ti 30 A, whereas  IA in the experiment ranges 100-150 A. It can be concluded that the 

produced high-beta plasma is below the beta limit against the flute interchange mode. 

5.5 Conclusion 

  The enhanced axial confinement of a two-ion-species plasma by ICRF waves have 

been presented. With the injection of the plug ICRF in the central cell, the ion confining 

potential is formed in the plug cell and the ion end loss flux is significantly reduced. 

Simultaneously the rise of the electron temperature in the plug cell and the increase of 

the density in the central cell were observed. The enhancement factor of the axial particle 

confinement is estimated to be 4.0. The regime of the improved axial confinement has 

been observed in the case with the ion-ion hybrid resonance layer in the plug cell. The 

ICRF wave (the fast magnetosonic mode) transmitting to the plug cells encounters the 

ion-ion hybrid resonance from the high-field side, and it would convert into an electrostatic 

mode which gives rise to a large  EH. One candidate of this electrostatic mode is the cold 

electrostatic ion-cyclotron wave which is enhanced near the ion-ion hybrid resonance. The 

experimental results are in an agreement with the theory on the potential enhancement 

by RF-induced velocity space diffusion. 
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FIG. 5.12. Axial profiles of B, the plasma pressure  P, the RF ponderomotive force 

 Fp, and effective curvature  Ko.  Fp is calculated by the 2-dimensional ICRF code [13] with 

 IA  =  60  A. 
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   In the experiment using both the plug ICRF and the limiter biasing, we have demon-

strated a high-beta operation in which  > 10 % in the central cell. The radial energy 

confinement is enhanced by a factor of 4 using the limiter biasing, and the global energy 

confinement is estimated to be enhanced by a factor of 4 due to the applications of the plug 

ICRF and the limiter biasing. Simple model for description of simultaneous enhancement 

regime is proposed, and interaction between axial and radial confinement is discussed. 

The calculation of the stability criteria against the flute interchange mode shows that 

such a high-beta plasma is in the stable region with the effects of the ponderomotive force 

of propagating ICRF waves. 
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                   Chapter 6 

                 Conclusion 

   This study on tandem mirror plasmas controlled by ICRF waves and DC fields is 

summarized in the following conclusion. 

   Theoretical background of this study has been reviewed in Chap. 2. In Sec. 2.2, 

starting from the dispersion relation on ICRF waves, various resonance and mode con-

version features have been derived for the configuration of a mirror device, where axial 

inhomogeneity is a key issue. In the regime of the helicon wave propagation, it contributes 

to efficient plasma production. Two mode conversions occur in a two-ion-species in the 

range of the fast wave propagation near the ion-ion hybrid resonance layer. Mode conver-

sion into the slow wave gives rise to the ion heating, and that into the electrostatic mode 

contributes to electron heating. In Sec. 2.3, confinement in a mirror device has been 

discussed. Axial confinement of a tandem mirror strongly depends on the axial potential 

formation, as mentioned in Subsec. 2.3.1,  and electron heating discussed in Sec. 2.2 can 

be beneficial on the ion-confining potential formation in the plug cell. Radial confinement 

properties related to  magnetohydrodynamic stability has been described in Subsec. 2.3.2, 

and it is shown that stabilization by ICRF waves is effective against the flute mode in-

stability, which is inherent in a mirror device. That is, ICRF waves can play various roles 
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to control a tandem mirror plasma. Radial confinement determined by anomalous trans-

port is an important issue in general magnetic confinement systems, and possibility for 

improvement of radial confinement related to tokamak H mode, which is characterized by 

bifurcated states of edge plasma and edge localized sheared rotation, has been mentioned 

in Subsec. 2.3.3. Bifurcation phenomenon can be explained by the transport equation 

with the effect of shear stabilization. That is, improvement of radial confinement via L-H 

transition mainly observed in tokamaks is possible in all the magnetic confinement devices 

in which radial confinement is degraded by edge turbulence. 

   One of the promising features of the  ICRF waves is resonance with ions and electrons, 

and ion heating in the central cell and electron heating in the plug cell are indispensable 

points for ignition in a mirror device. The experimental results shown in Chap. 3 have 

represented skillful method which realizes such situations simultaneously using only one 

ICRF wave. If the fast magnetosonic wave is excited in the midplane of the central cell 

and the minority cyclotron and ion-ion hybrid resonance layers are located in the region 

with gradient of the magnetic field strength in both cells, then the fast wave converts into 

the slow ion-cyclotron wave in the central cell and into the electrostatic wave in the plug 

cell. The wave dispersion relation derived in the experiment with the new measurement 

technique (described in Sec. 3.3) is in good agreement with the one-dimensional and two-

dimensional theoretical analysis, and it is verified that the ion-ion hybrid resonance layer 

plays the essential roles on both mode conversions. Consequently such mode-converted 

waves contribute to ion heating or electron heating in each cell. That is, two mode 

conversions are completely discrete, and selective heating of ion or electron in each cell 

is controllable. The empirical scaling law of the ion heating quality factor shows no 

degradation of that  factor in the parameter range of the experiment, so that, for instance, 

input ICRF power with 10  MW will produce  a.  plasma with  72  e  x  Ti =  1015  cm'keV, 
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which is close to ignition condition of a D-T reactor. If the scale of a machine is enlarged 

and energy confinement is enhanced, required input power per volume will be reduced, 

and this heating method can contribute to a future mirror reactor. 

  Improvement of radial confinement in a tandem mirror plasma has been investigated 

in Chap. 4. Using DC limiter biasing, H-mode-like discharge via hard transition has been 

observed, for the first time, in a mirror device. Transition features are similar to those in 

tokamaks; atomic line emission drops, density and stored energy in the bulk rise, density 

in the SOL decreases, edge turbulence is reduced, and edge-localized plasma rotation is 

induced. Enhancement factor of the global particle confinement is estimated to be 

2.5. This is explained with effect of shear stabilization. That is, DC biasing induces edge 

plasma rotation through localized E x B drift, and edge turbulence quenches, resulting 

in decrease of fluctuation-induced transport and good radial confinement. The new ex-

perimental result throughout magnetic confinement systems is the clear observation of 

bifurcated states of edge confinement. When bias voltage is increased or decreased in one 

discharge, edge plasma parameters change along the different paths with hysteresis. Such 

a strong nonlinear feature in radial transport is predicted by several theories for tokamak 

geometry, and this experimental result suggests that radial transport in a mirror includes 

similar characteristics to tokamaks and stellarators. One simple model has been proposed, 

which is based on transport equation with the effect of shear stabilization. 

  Enhancement of axial confinement  has been examined using ICRF waves, and the 

experimental results have been demonstrated in Chap. 5. The mode conversion into 

the electrostatic wave, described in Chap. 3, has been utilized for formation of ion-

confining potential. The potential hill in the  plug cell which can confine ions in the 

central cell has been created, and ion end loss flux is significantly reduced. Axial particle 

confinement is enhanced by a factor of  —  -1. The importance of the mode conversion has 
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been emphasized with the change of electron temperature in the plug cell and with axial 

confinement factor due to presence of the ion-ion hybrid resonance layer. The propagating 

wave resulting from the mode conversion in the vicinity of the ion-ion hybrid resonance 

layer is considered to be the cold electrostatic ion-cyclotron wave, and axial electric field 

of the wave would accelerate plug cell electrons via Landau damping. The experimental 

results on the ion-confining potential and electron temperature is in good agreement with 

the theoretical scaling law with the RF-induced velocity space diffusion rather than that 

from the modified Boltzmann relation. The extension of this scaling law predicts that the 

ion-confining potential of 10 kV is created with the electron temperature in the plug cell 

several keV 

  Complete operation of an ICRF tandem mirror produces a high-beta and stable 

plasma, as shown in Chap. 5. Plasma is produced with the helicon wave, axially confined 

with the mode-converted ICRF wave (the electrostatic wave), radially confined with DC 

biasing, heated with the mode-converted  ICRF wave (the slow wave), and stabilized with 

RF ponderomotive force. Such methods of control of a plasma are simultaneously applied, 

and no degradation coming from their combination has been observed. The beta value 

in the central cell reaches 14 %, and the global energy confinement time is increased by 

a factor of 4, where both the axial and radial confinement are enhanced by a factor 

of  ti 4 with a controlled two-dimensional potential profile. Such a high beta plasma is 

sustained magnetohydrodynamically by the RF ponderomotive force, which is confirmed 

using two-dimensional ICRF code. This experimental result has verified the operation of 

the ICRF tandem mirror, which will be one candidate of tandem mirror configuration for 

a neutron source and a future reactor. 
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