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PREFACE

　　　　　The　electromagnetic　interactions　of　radio　frequency (RF)

waves　with　plasmas　have　been　basic　and　important　problems

in　plasma　physics.　　The　interactions　are　also　extensively

investigated　in　conjunction　with　thermonuclear　fusion　re -

search。

　　　　　The　purpose　of　the　present　thesis　is　to　study　experimental-

１ｙ　the　plasma　heating　and　confinement　with　the　application　of

RF waves.　The main　technique　we　employ　is　to　use mode-control-

led　RF　fields　for　the　excitation　of　the　RF waves.　　By properly

choosing　the　mode　of the　applied　RF　fields, we　can　achieve

the　radial　confinement　of　ａ　plasma in　ａ　single　axisymmetric

mirror　through　the　stabilization　of　flute　instabilities, the

improvement　of　the　heating　efficiency　in　ion　cyclotron　heating

through　the　elimination　of　nonlinear　convective　plasma　loss,

and　the　improvement　of　the　axial　confinement　in　RF-plugged

open　ended　systems 。

　　　　　The　experimental　results　and　techniques　developed　in

this　thesis　can　be　readily　applicable　ｔ０　larger-scale　experi-

merits , and　in　fact, have　been　successfully　put　into　use　in

several　present-day　devices 。

●
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CHAPTER 1

INTRODUCTION

1, ROLES　OF　工CRF WAVES　工Ｎ MAGNET工Ｃ　ＣＯＮＦ工NEMENT　SYSTEMS

　　　　　Radio　frequency(RF) wave　applications　in magnetic　con-

finement systems　have　held　an　important　position　in　this　decade

in　researches　of　controlled　thermonuclear　fusion.　RF waves

can　directly　couple　with　charged　particles　providing　energy

deposition　and/or momentum transfer　in　ａ　desired position

in　the　phase-space　of　particles,　This　enables　us　to　utilize

the　RF waves　as　an　efficient method　for　plasma　heating　and

confinemenや．　　Among　several　frequency　ranges, it may　be　the

ion　cyclotron　range　of　frequencies (工CRF) that　is　used most

extensively　for　additional　heating　and　controls　of　plasmas

in　tokamaks　and　open　ended　systems.　Ａ MW-level　RF　power　in

工CRF was　successfully　coupled　into　ａ　plasma　to　achieve　an

efficient　heating　up　to　ａ　few keV in　七〇kamaks [1].　Reduction

of　high-Z　impurities　through　ａ　control　０ｆ　temperature　profile

by　ICRF　heating was　investigated [2].　studies　of　toroidal

current　generation by waves　in　工CRF　as　well　as　by　lower　hybrid

and　electron　cyclotron waves　are　also　performed [3]。

　　　　　For　open　ended　systems， RF waves　seem to　have　much more

potentially　important　uses　in　viewpoints　of　RF　heating　and

confinement　of　plasmas.　since　the　confinement　of　ａ　plasma

with　fusion-oriented　parameters　was　demonstrated　in　the　mirror

－１－



machine　２ＸＩ工B [4], investigations　of　open　ended　systems　have

become　active.　and　recently, large mirror machines　based　on

ａ　new　concept　of　ambipolar　potential　confinement･were construct-

ｅｄ［５－７］．　Although　such　ａmirror machine, the　tandem mirror,

greatly　improves　the　plasma　confinement, and　hence, the　Ｑ

value (energy　amplification　factor) over　ａ　simple mirror.

there　are　still　problems　such　as　resonant　radial　diffusion

of　particles　due　to　asynunetric　configuration, large　gas　load

and　technological　restriction　associated with　high-energy

neutral　beam　injections (NB工）ａｔ　plug　cells, needs　for　an

efficient　heating　of　ａ　central　cell　plasma, and　so　on.　Use

of　RF waves　may　resolve　these　problems, and　in　fact, is　being

investigated　in　detail,　For　example.　MHD-stable　radial　con-

finement　of　ａ　tandem mirror　plasma　may　be　achieved ｌｂｙ･RF　stabi-

lization [8】instead　of　ｎｏｎ－ａχisymmetric　MHD　anchors ， and　the

high-energy　ＮＢ工　can　be　replaced　by　工CRF　heating　and　sustainment

of　plug　plasmas　Ｅ９１ ．　エ七　is　also　predicted　that　the　pumping　of

cold　ions　in　ａ　thermal　barrier　or　sloshing　ion　formation　can

be　performed　by RF waves　[10].

　　　　　Besides　the　tandem mirror, the　RF wave　applications　have

played　an　important　role　in　Radio　Frequency　Containment (RFC)

experiments［11-13] .　Large　amplitude　エCRF　fields　applied

at　open　ends　produce　the　ponderomotive　potential　to　confine

particles　axially　just　as　the　ambipolar　potential　in　the　tandem

mirror,　This　configuration, the　RF　plugging, requires　an　ef －

ficient　method　for　creating　the　ponderomotive　potential.

　　　　　The　roles　of　工CRF waves　described　above　are　characterized

as　energy　and momentum transports　from waves　to　particles

－２



through　particle　acceleration　and　deceleration　by　Lorentz

force　and, for　large　amplitude　waves, ponderomotive　force.

For　ａ　cylindrical　plasma　surrounded　by　ａ　conducting wall,

which　is　the most　general　situation　in　real　experiments, the

wave　characteristics, e.g., field　distribution　and　polarization

　are　strongly dependent　on　geometrical　parameters　as　well　as

plasma　parameters.　The　magnitude, the　direction, and　their

spatial　distribution　of　the　Lorentz　force　and　the　ponderomotive

force　are　dependent　on　such　ａ　mode　structure　of　the　RF　field.

Hence, in　order　to　realize　efficent　RF　heating　and　confinement,

it　is　important　to　select　RF mode　so　that　desired　energy　and/or

momentum transports　take　place　in　ａ　desired　position　of　phase=

space.　　Stix [14】was　the　first who used　the　antenna which

selectively　excites　・ specific mode.　He　chose ｍ＝　Ｏ　mode

for　ion　cyclotron　heatinｑ， 　ＶＩhereｍ　is　the　azimuthal　mode　of

RF　fields　in　ａ　cylindrical　coordinate.　Several　experimental

reports　by　Russian　authors　are　available　concerning　the　effect

of　RF　mode　selection　in　heating　and　stabilizing　plasmas.　Diky

et　al.[15 １　showed　that　the ｍ ＝　＋１　mode(1 inear　combination
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－

of　ｍ ＝　＋１　andｍ ＝　－１･modes) was　better　than　the ｍ＝　Ｏ mode

for　heating　the　core　of　ａ　plasma　in　ａ　circular　torus.

Demirkhanov　et　ａ１ 。［１６］used、ａ　phased　helical　antenna　to　excite

Alfven wave　of　ｍ ＝　＋２　mode　selectively.　　The　plus　sign　of

ｍ means　that　the　RF　field　rotates　macroscopically　in　left-hand

sense　with　respect　to　the　axial　static　magnetic　field.　工ｔ

was also　reported　that　ａ　plasma　in　ａ　linear　solenoid was　formed

into　ａ　column when　the　RF　field (not　ａ wave) of　ｍ ＝　－１　mode　with

ａ　frequency much　lower　than　the　ion　cyclotron　frequency was

－３－



　applied　１１７】．　Hipp　et　al. [18］calculated　the　loading　resist-

　ance　of　ａ　phased　helical　antenna when　launching ｍ °０，十１，

　or　－１　wave　in　工CRF.　Knox　et　al.[19］demonstrated　the　selective

　excitation　of　ｍ＝　＋１　slow wave　and ｍ ＝　－１　fastwave　in　工CRF　using

　the　phased　helical　antenna.　Although　the　improtance　of　RF

　mode　selection　has　been　recognized　in　several　experiments

　mentioned　above, it　seems　that　little　attention　has　been　paid

　so　far　to　systematic　selection　of　RF mode　in　viewpoints　of

　optimization　of　Lorentz　force　and/or　ponderomotive　force。

　　　　　　工ｎ　the　present　thesis, we　present　the　experimental　studies

　on　plasma　heating　and　confinement with mode-controlled　RF　fields

　in　工CRF.　The　experiments　described　here　are　RF　stabilization

　of　MHD　instabilities　for　radial　confinement　in　an　axisymmetric

　mirror, observation　of　ａ　new　type　plasma　loss　associated with

　the　工CRF　heating　and　its　elimination　for　an　improvement　of

　the　heating　efficiency, and　efficient　RF　plugging　for　axial

　confinement　in　open　ended　systems.　The main　idea　we　employ

　is　to　control　the　azimuthal　mode　of　applied　RF waves　as　well

　as　the　selection　of ｖiave　branches　for　the　purpose　of　efficient

　RF　controls　of　plasma　transports.　工ｎ　the　following　Sections,

historical backgrounds　and　critical。issures　of　these　subjects

　are　described.

2. ALTERNAT工VE METHOD　FOR MHD　ANCHORS　IN A TANDEM Ｍ工RROR

　　　　　Mirror　trap　is　one　of　the　most　common　configurations

in　open　ended　systems.　工ｎ　1975, it was　demonstrated　that

４－



ａ　plasma　with　fusion-oriented　parameters　was　created　in　the

mirror machine　２Ｘ工工Ｂwith　high-energy　ＮＢ工　andwarm plasma

stabilization　of micro　instabilities［４１．　工ｔ　is　well　known

that　the　mirror　trap has　several　advantages　over　ａ　tokamak

such　as　ａ　simpler　configurationwith　good　accessibility.　steady

state　operation, confinement　time　independent　of　machine　size.

high-g　operation, possible　use　of　ａ　direct　energy　converter.

and　so　on.　However, the most　serious　problem that　prevented

the mirror　from being　ａ　fusion　reactorwas　the　１０ｗＱ value

due　to　losses　through　open　ends　even　if　ａ　direct　converter

with　very much　high　efficiency was　incorporated,　Ａ new concept

”ambipolar　potential　confinement" was　proposed　by　Dimov et　ａ１．

【２０】and　Fowller　and　Logan[21］as　ａmethod　for　enhancing

the　Ｑ　value　considerably.　Based upon　the　concept, tandem

mirrors　were　constructed　in　Tsukuba　Univ. and　later　in　LLNL

and　Univ. of Wisconsin.　The　tandem mirror　consists　of　ａ　long

central　cell　and minimum-B　end　plug　cells　in　both　ends.　工ons

in　the　central　cell　is　confined　byan　ambipolar　potential

created　in　plug　cells　with　high-energyＮＢ工．　This　configura-

tion　was　experimentally　confirmed to work well　in　GAMMA6 [5],

ＴＭＸ［6],and　Phaedrus [7].　１ｔwas　further　shown　that　the

ambipolar　potential　could･be　created with　less　plasma　density

in　plug　cells　and　less　ＮＢ工　power　provided　that　the　thermal

contact　between　electrons　of　the　central　and　plug　cells　was

broken　down　by　ａ　thermal　barrier［２２１．　The　experiment　of

the　thermal　barrier　is　nowbeing　carried　out　in　TMX-U[231.

Rapid　progress　of　the　tandem mirror　research　enables　us　to

ensure　enough　longitudinal　confinement　of　ａ　plasma.　It　has
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been,　however,　pointed　out　that　the　resonant　transverse　dif-

fusion　due　to　non-axisymmetric　configuration　degrades　the　radial

confinement　significantly.　　工ｎ　fact, although　the　original

tandem mirror　had minimum-B　end　plugs, they were　axisymmetrized

and　only　anchor　regions　remain　asymmetric　in　present-day　and

future machines［２４－２６１．　The　non-axisymmetric　anchor　regions

are　necessary　to maintain magnetohydro-dynamic (MHD) stability

of　ａ　whole　plasma.　Although　sophisticated　designs　of　the

anchors　have　been made　to minimize　the　resonant　diffusion.

it　is　impossible　to　completely　eliminate　the　enhanced diffusion

in　this　configuration.　工七　is, therefore, important　to　investi-

gate　other methods　for　maintaining MHD　stability　in　order　to

realize　ａ　purely　axisymmetric　tandem mirror。

　　　　　The　most　deleterious　MHD　instability　in　an　axisymmetric

mirror　is　the　flute ｍｏｄｅ［271.　This　instability　is　driven

by　ａ　radial　force　due　to　"bad”curvature　of　the magnetic　field

line.　工ons　and　electrons　drift　oppositely with　each　other

in　azimu七hal　direction　by　the　radial　force　so　called　the　ef-

fective　gravity.　　工ｆ　ａ　small　perturbation　occurs　at　ａ　plasma。

vacuum interface, a　charge　separation　is　created　and　ａ　resultant

electric　field　acts　as　to　enhance　the　perturbation　through　the

ExB drift.　The　plasma　is　then　lost　radially。

　　　　　工ｆ　we　apply　an　RFwave (or　field) in　such　ａ　way　that

the　ponderomotive　force　of　the　RF　field　acts　on　ions　or　elec-

trons　oppositely　to　the　effective　gravity, the　relative　azi-

muthal　drift　of　ions　and　electrons　is　eliminated　and　the　plasma

becomes　stable　against　the　flute　perturbation［２８－３０１．　The

experiment　of　stabilizing　ａ　precessional　drift wave　using
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this　method was　done　by　Yamamoto et　ａ１．［31].　工ｎthe succeeding

paper［32], they　showed　flute　stabilization　by an RF　field which

was　generated　electrostatically by　rod　electrodes　aligned

to　cover　almost　the　entire　plasma　surface.　　工ｎ　their　experiment.

　however, the　observed　instability was　not　clearly　identified.

Furthermore, the　density was　restricted　to 1012cm‾３，　so　the

availability　of　this　stabilization method was　not　confirmed

for　higher　densities　where　the　electrostatic　RF　field　exci-

tation would　become　inefficient.　Yasaka　et　ａ１ 。［３３］showed

the　experimental　identification　of　the　curvature-driven　ｆ lute

instability　in　ａ　density range higher　than　lol^cmT^　　They

also　demonstrated　the　stabilization　of　the　flute　instability

by　the　RF　field which was　electromagnetically　coupled　and

applied　only　in　the　bad-curvature　region　in　ａ　single　axisym-

metric　mirror [341.　The　stabilization method was　confirmed

to　be　effective　in　ａ wide range　of　density　up　ｔ0　1014cm‾３。

　　　　　To　clarify　the　utility　of　the　RF　stabilzation　in　ａ　fusion

plasma, it　is　necessary　to　obtain　ａ　scaling　relation　of　re-

quired　RF　field　strength　to　plasma　parameters.　An　empirical

scaling　of　the　RF　stabilization　in　ａ　single　axisymmetric mirror

was　obtained [35] .　The　results　of　these　experiments　suggest

that　the　RF　stabilization　could　be　an　alternative　for MHD

anchors　of　ａ　tandem mirror.
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３．工CRF　HEAT工NG　BY　ＲＯＴＡＴ工NG　RF　Ｆ工ELDS

　　　　　ICRF　heating　is　divided　into　two　categories;　one　is　ion

cyclotron　heating (工CH) in which　ion　cyclotron (slow)　waves

are　absorbed　by　ions　through　fundamental　ion　cyclotron　damping.

and　the　other　is　fast wave　heating　in which　magnetoacoustic

(fast) waves　are　absorbed　through　second　harmonic　damping

in　one　ion　species　plasma　or　are　absorbed　via mode　conversion

near　the　ion-ion　hybrid　resonance　layer　in　two　ion　species

plasma.　工on　cyclotron　heating　was　first　proposed　by　Stix

□．４］and　was　investigated　in　B-65, B-66, and　C-stellarators

in　ＰＰＰＬ［36,37].　An　azimuthally　symmetric　slow wave was　ex-

cited　by　ａ　Stix　coil　at　ａ　uniformmagnetic　field　section, propa-

gated　toward weaker　field　side, and　damped　at　ａ magnetic　beach.

工ｎ　the　local　magnetic　beach, ion　temperature　reached　３　keV.

Although　the　wave　was　efficiently　coupled　and　absorbed　in

the　linear　section　of　the　racetrack　torus ，it　could　not　propa-

gate　around whole　of　the　torus.

　　　　　工ｎ　the　Uragan　stellarator,an　azimuthally　asymmetric

slow wave　of　ｍ＝±１　mode　was　launched　by　ａ　Kharkov　coil　and

propagated　around　the　torus　to　bring　ａ　uniform heating　of

ａ whole　plasma［15,38].　The　asyinmetric　wave　had　one　more

advantage　over　the　symmetric　wave　that　the　perpendicular　com-

ponent　of　the　RF　field was　maximun　on minor　axis, hence　the

wave　could　heat　ａ　core　of　the　plasma.

　　　　　工ｎ　circularmachines　such　as　ST　tokamak [39］or　Heliotron

［40,41], the　slow wave　was　propagated　perpendicularly　to　the

toroidal　magnetic　field with　ａ　fixed　axial　wave　length.　After-
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wards,　the　density　of　tokamak　plasmas　became　so high　that　the

slow wave　could　not　propagate　into　the　core　unless　the　axial

wave　length　of　the　wave was　chosen　to　be　unreally　short.

Hence, the　fast wave　came　into　use　for　RF　heating　in　tokamaks。

　　　　　The　工CRF　heating was　investigated　also　in　open　ended

systems.　The　azimuthally　symmetric　slow wave was　used　in

THM-2　mirror　machine　and　plasma　heating　at　first　and　second

harmonic　ion　cylotron　frequencies　was　observed［42,431 .　工ｎ

ＴＰＤ一工工工　[44], plasma　heating　by　the ｍ ＝±１　Ｓ１０ｗwave was　com-

pared　with　that　by　the　ｍ＝　Ｏ　slow wave.　Ａ detailed　experiment

concerning　the mode　effect　on　antenna　loading was　performed

by　Knox et　ａ１。［１９］using ｍ＝＋１　and ｍ ＝　－１　RF　fields.　They

indicated　that　ａ　proper　selection　of　the　direction　of　rotation

might　increase　the　efficiency　of wave　excitation。

　　　　　工七　is　of　cource　desirable　not　only　to　achieve　higher

heating　efficiency　but　to　suppress　enhanced　plasma　loss　during

工CRF　heating. which was　observed, for　example, in ＡＴＣ【451,

Ｐｒｏｔｏ－Ｃｌｅｏ［46],and Macrotor［47].　since　the　excursion

velocity　greatly　exceeds　the　thermal　velocity　in RF　heating,

nonlinear　effects　due　to, for　ｅχample, a　ponderomotive　force

will　１ﾆ?ecome　important.　Although　nonlinear　processes　in　lower

hybrid　heating　have　been　investigated　in　detail [48,49], few

experimental　reports　are　available　for　工CRF　heating。

　　　　　Yasaka　and　Itatani　showed　that　the　conventional　slow

wave　of ｍ ° ±１　mode　gave　rise　to　ａ　new type　of　plasma　transport

leading　to　ａ　reduction　of　plasma　confinement　in　ａ　linear　device

[50].　The　transport　is　produced　through　ａ　radial　convective

motion of　ions　caused　by　the　nonlinear　interaction　of　ｍ ＝　＋1
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and ｍ＝　－１　RF　fields,　It　was　found　that　the　anomalous　trans-

port　could　be　eliminated　if　the　slow wave　was　of　ｍ ＝　＋1　rotating

mode.　The　use　of　the ｍ＝　＋１　mode　improves ．the　overall　heating

efficiency　by　ａ　factor　of　１．７［50].　　　　　The　improvement

of　heating　efficiency　by　the　use　of　the　slow wave　of　ｍ ＝　＋1

rotating mode was　also　confirmed　in　toroidal [51]　and mirror

plasmas.　These　experiments　have　first　established　the　superi-

ority　of　using　the　rotating　RF　field　in　slow wave　heating　of

both　linear　and　toroidal　plasmas。

　　　　　Adati　et　ａ１．［５２１　performed　エCH　experiments　in　the　double

cusp machine　RFC-XX　following　in　the　wake　of　our　experiments.

　　They　changed　the mode　of　the　slow wave, from non-rotating

to　rotating　mode　continuously, and　found　that　the　best　heating

occurred　in　the　case　of　the ｍ ＝　＋1　rotating mode ．　This　result

also　supports　our　conclusion.

４．工MPROVEMENT　OF　RF　ＰＬＵＧＧ工NG

　　　　　LowＱ　value　of　open　ended　systems　requires　some　efficient

methods　for　reducing　end　losses.　The　principal　method　is

the　arabipolar　potential　confinement, which　is　explained　in

Section　２．　The　other method, which　has　longer　history　of

investigation, is　the　RF　plugging　of　end　losses.　工ｆ　an　RF

field　of　appropriate　mode　and　frequency　is　applied　at an　open

end, charged　particles　are　repelled　along　the　static magnetic

field　by　ａ　ponderomotive　potential　created　by　the　applied

RF　field.　The　ponderomotive　potential　confinement　has　an
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outstanding　advantage　over　the　ambipolar　potential　confinement

that　the　ions　with　ａ　specific　charge　to mass　ratio　can　be

plugged　selectively.　　This　leads　to　ａ　possibility　that, in

ａ　reactor, only　fuel　ions　are　confined　selectively　and　ash

or　impurity　ions　are　automatically　exhausted　from the　confine-

ment　region。

　　　　　The　RF　plugging　can　be　applied　ｔ０　linear　solenoids.

mirror machines ，and　cusp machines.　工ｎ　the　course　of　researches

in　工PP, Nagoya, the　effectiveness　of　plugging　the　cusp　plasma

has　been　established　[53-56].　The　loss　flux　through　ａ　line

cusp was　reduced　by　ａ　ponderomotive　potential　０ｆ　electrostatic

ion　cyclotron　RF　fields　launched　by　parallel　plate　electrodes.

The　loss　flux　could　be　reduced　ｔ０　５　１　０ｆ　the　initial　value

with　８００　V/cmRF eletric　field　in ａ plasma　of, density of　１．３×

1012cm‾３　[57].　The　ability　of plugging　ａ　specific　ion species

was also　demonstrated [58]。

　　　　　For　ａ　point　cusp　or　ａ　mirror　end,　an　electromagnetic

coupl ing　is　used　to　create　ａ　ponderomotive　potential　in　ａ

larger-cross-section, higher-density　plasma　compared　to　the

line　cusp　plasma.　工ｎ　the　experiment　performed　by Watari　et

ａ１．［59],it was　shown　that　the　azimuthally　asyminetric　RF　fields

produced　by　the　type一工工工　coil　was　muchmore　effective　for　end

loss　reduction　than　the　symmetric　RF　fields　in　the　sense　that

the　required　RF　electric　field　strength　remained　relatively

small　for　higher　densities.　They　also　found　that　the　plugging

effect was　due　to　the　axial　ponderomotive　potential　for　ions ，

and　electrons　were　confined　by　ａ　resultant　ambipolar　potential ．

since　the　perpendicular　acceleration　of　ions　by　RF　fields　is
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responsible　for　RF　plugging, it　is　expected　七hat　ａ　use　of

left-hand　circularly　polarized　RF　fields　of　ｍ＝　＋１　mode　will

enhance　the　end　loss　reduction　compared　to　the　linearly　polar-

ized　RF　fields　of　ｍ＝　＋１　mode　used　in　ＴＰＤ一工工工．
　　　　　　　　　　　　　　　　　　　　　－

　　　　　Yasaka　et　ａ１．【６０】showed　that　the　plugging　effect was

greatly　improved when　the ｍ＝　＋１　RF　fields　were　employed　in-

stead　of　the ｍ ＝±１　RF　fields.　The　particle　and　energy　confine-

ment　times　in　an　RF-plugged　simple mirror　were　compared　for

different　RF modes.　The　best　confinement　occurred when　the

ｍ＝　＋１　RF　fields　were　used.

　　　　　工ｎ　the　simple　mirror, the　flute　instability was　observed

resulting　in　significant　reduction　of　the　confinement　time.

工ｎ　this　case, both　the　RF　stabilization　and　the　RF　plugging

are　necessary for　confinement.　The　simultaneous　application

of　the　RF　stabilization　and　the　RF　plugging was　reported［61].

　　　　　The　experiments　of　RF　plugging　in　ａ　different　frequency

range [62］or　in　ａ　different magnetic　field　configuration

[63,64]　were　also　performed　successfully　although　the　density

and　the　tempera七ure　used were　relatively　low.

　　　　　工ｎ　order　to　extend　the　results　in　ＴＰＤ一工工工　and　to　obtain

prospect　for　using　the　RF　plugging　in　ａ　reactor, Nagoya　group

constructed　the　double　cusp machine　RFC-XX, which　consisted

of　ａ　central　solenoid　section　and　two　cusp　regions　in　both

ends.　By　applying　the　RF　voltage　to　the　parallel　electrodes

located　at　two　line　cusps, the　end　loss　flux　through　the　line

cusps　was　reduced　ｔ０　less　than　several　急　of　the　initial　value.

The　energy　confinement　time　of　the　central-section　plasma

is　improved　by　ａ　factor　of　２　through　the　line　cusp　plugging
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【60].　The　end　loss　flux　through　the　point　cusps　was　about

one-tenth　of　that　through　the　line　cusps, and　hence　had minor

effects　on　total　plasma　confinement.　However, once　almost

complete　end　loss　reduction　is　achieved　at　the　line　cusps,

an　efficient　RF　plugging　of　the　point　cusps　is　necessary　for

further　improvement　of　the　energy　confinement　time.　Yasaka

et　ａ１．[６５１　applied　the　asymmetric,rotating　RF　fields　to　the

point　cusp　plugging.　according　to　the　results　in　the　simple

mirror, and　found　that　this　type　of　RF　field　had better　plug-

ging　effect　than　the　non-rotating RF　field。

　　　　　The　RF　plugging　of　ICRF-heated　plasma was　also　performed

[65] .　The　streaming　plasma　with　ion　temperatures　up　to　２５０　eV

could　be　plugged　by　the　rotating　RF　field　of　ｍ＝　＋１　mode　with

ａ　voltage　less　than　２０　kV.　Ａ　scaling　formula　of　the　RF　plug-

ging　of　the　ICRF-heated　plasma　was　obtained　experimentally

for　the　first　time.

5. FRAMEWORK OF　THE　PRESENT　THESIS

　　　　　The　present　thesis　is　organized　as　follows:

　　　　　工ｎ　Chapter　2,basic　properties　of　RF waves　in　ICRF　in

ａ　cylindrical　plasma　are　explained.　工ｔ　is　described　how　the

effects　of　Lorentz　force　and　the　ponderomotive　force　on　energy

and momentum transports　depend　upon　the　azimuthal　mode　of

the　RF　fields.　Forced　excitation of　RF　fields　and　ａmethod

for　controlling　the　azimuthal　mode　of　RF　fields　are　also

discussed.
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　　　　　RF　stabilization　and　associated　radial　confinement　in

ａ　single　axisymmetric mirror　is　presented　in　Chapters　３　and

４．　　工ｎ　Chapter　3,low　frequency　instability　observed　in　the

mirror　is　identified　as　ａ　curvature-driven　flute　instability

for　ａ　wide　range　of　densities　up　to　1014cm‾３．　　工ｔ　is　demon-

strated　that　the　flute　instability　is　stabilized　by　the　RF

field which　is　electromagnetically　coupled　and　applied　only

in　the　bad-curvature　region.　　Radial　loss　of　the　plasma　is

reduced　significantly　through the　stabilization.　This　method

of　stabilization　is　revealed　to　be　effective　in　densities

ｆｒｏｍ，1010cm‾３　to　1014cm‾３．　　　　　　　　　　　　　　　　　　　゛

　　　　　In　Chapter　４， the　RF　stabilization　of　the flute　instabili-

ty　is　investigated　by varying　the　plasma　density, the　radius

of　curvature　of　the magnetic　field　line, and　the　ion　tempera-

ture.　工七　is　described　that　ａ　scaling　formula　of　the　RF　stabi-

lization　which　relates　the　required　RF　electric　field　strength

to　plasma　parameters　is　obtained, predicting　ａ　reasonable

value　of　１．１　kV/cm !or　the　stabilization　of　ａ　fusion-grade

plasma.　The　results　of　Chapters　３　and　４　suggest　that　the

RF　stabilization　could　be　an　alternative　for　MHD　anchors　of

ａ　tandem mirror。

　　　　　Chapters　５　and　６　contain　the　studies　on　improvement　of

the　heating　efficiency　of　工CRF　heating.　　工ｎ　Chapter　5, we

present　that　ａ　conventional　slow wave　of　ｍ ＝±１　mode　gives

rise　to　ａ　new type　of　plasma　transport　leading　to　ａ　reduction

of　radial　confinement.　The　mechanism of　the　anomalous　trans-

port　is　investigated　both　theoretically　and　experimentally.

工七　is　found　that　the　anomalous　transport　can　be　eliminated
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if　the　slow wave　is　of　rotating mode.　The use　of ｍ ＝＋１

rotating mode　improves　the　overall　heating　efficiency　by　ａ

factor　of　１．７。

　　　　　工ｎChapter　6, the　slow wave　of　rotating mode　is　applied

to　工CRF　heating　of　toroidal　land, mirror　plasmas.　工ｔ　is　also

confirmed　that　the ｍ＝　＋１　rotating mode　can　reduce　the　anoma-

lous　loss　leading　to　an　improvement　of　the　heating　efficiency.

These　experiments　have　first　established　the　superiority　of

the　ｍ　＝　＋１　RF　fields　in　slow wave　heating　of　linear　and　toroid-

al　plasmas。

　　　　　Chapter　７　contains　the　results　on　improvement　of　RF　plug-

ging　in　open　ended　systems ．　The　particle　and　energy　confinement

times　in　an　RF-plugged　axisymmetric mirror　are　compared　for

different　RF modes.　The　best　confinement　is　achieved when

the ｍ　＝　＋１　RF　field　is　applied　for　plugging。

　　　　　The　simultaneous　application　of　the　RF　stabilization

and　RF　plugging　are　also　described.　工ｔ　is　observed　ａ　combined

effect　that　the　plugging　efficiency　is　enhanced with　less

total　RF　power　as　compared with　the　case　of　RF　plugging　only。

　　　　　工ｎ　the　latter　half　of　Chapter　7, the　RF　plugging　of　ICRF=

heated　plasma　is　performed　at　ａ　point　cusp.　　The　streaming

plasma　with　ion　temperatures　up　ｔ０　２５０　eV　can　be　plugged　by

the　ｍ　＝　＋1　rotating　RF　field.　Ａ　scaling　formula　of　the　RF

plugging　of　the　工CRF-heated　plasma　is　obtained　for　the　first

time.
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CHAPTER 2

MODE CONTROLLED ELECTROMAGNETIC FIELD

IN ION CYCLOTRON RANGE OF FREQUENCIES

１．工ＮＴＲＯＤＵＣＴ工ON

　　　　　Radio　frequencywaves　in　Ion Cyclotron Range　of　Frequencies

（工CRF) have　been used with　growing　importance　in　researches

of　additional　heating　and dynamic　control　０ｆ　plasmas.　There

have　been　reported　ａ　number　of　theoretical　studies　concerning

the　wave　coupling, propagation, and　absorption　in　infinite

or　slab　plasmas, while　such　investigations　in　ａ　cylindrical,

bounded　plasma, which　is　the　most　general　situation　in　real

experiments ， seem to　be　not　enough.　For　ａ　cylindrical　plasma

surrounded　by　ａ　conducting　wal １，the　wave　characteristics,

ｅ・ｇ・,field　distribution　and　polarization, are　strongly　de-

pendent　on　geometrical　parameters　including　antenna　structures

as　well　as　plasma　parameters.　For　example, it was　shown　that

the　cutoff　frequency　of　ａ　compressional　Alfvぷｎ wave (or　simply

termed　as　ａ　fast wave) significantly　changes　when　the　thickness

of　vacuum　layer　between　the　cylindrical　plasma　and　the　wall

１Ｓ　changed [ 1］。

　　　　　The　cylindrical　plasma　can　support　ａ　variety　of　eigen-

modes.　each　of　which　has　ａ　different　characteristics　of　prop-

agation.　Stix［２］proposed　ａ　"Stix" coil　to　generate　an

ion　cyclotron wave　of　azimuthally　symmetric mode　and　to　heat
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ａ　plasma　via　ion　cyclotron　damping　of　the wave.　The　use　of

the　Stix　coil　was　successful　in　the　ion　cyclotron　heating

experiments　performed　in　the　straight　section　of　C-stellarator

［３１．　But　the wave　did　not　propagate　through　toroidal　sections,

and　hence,　did　not　bring　ａ　heating　of　the whole　plasma.　０ｎ

the　other　hand.　the　same　wave　but　of　azimuthally　asymmetric

mode　was　experimentally　revealed　to　propagate　freely　in　ａ

toroidal　plasma [4].　These　extremely　different　characteristics

come　from only　the　difference　in　the　azimuthal　mode　of　ion

cyclotron waves。

　　　　　Knox　et　al.[5],used　ａ　phased herical　antenna　to　excite

azimuthally　asymmetric　Alfven waves　in　ａ　linear machine.　They

showed　that　the　antenna　can　selectively　couple　to　either　the

slow wave　or　the　fast wave　by　controlling　the　phase　difference

of　RF　currents　in　the　antenna, i.e., the　azimuthal　mode　of

RF　current　distribution。

　　　　　As　described　above,the　propagation　of　waves　in　ICRF

in　ａ　cylindrical　plasma　ｉｓ・strongly　dependent　on　the　azimuthal

mode.　工ｔ　is, therefore, easily　predicted　that　plasma　transport

phenomena　are　also　strongly　affected　by　the　azimuthal　mode

of　the　wave, while　few experimental　reports　in　this　standpoint

are　available　so　far.　Before　describing　the　experimental

results　which　show the　very　evidence　of　the　prediction, we

here　present　in　Section　２，ａ　brief　theoretical　consideration

of　the　dispersion　and mode　structure　of　waves　in　工ＣＲＦ。

　　　　　when　ａ　plasma　is　subjected　to　the　large　amplitudeRF

fields, nonlinear　effects　become　important　for　plasma　trans-

ports.　As　an　example　of　positive　utilization　of　these　effects,
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we　can　point　out　ａ　series　of　studies　on　RF　plugging　of　ａ　cusp

plasma［6-81.　Although　the　mechanism of　plugging　in　relation

to　the　axial　ponderomotive　force was　investigated　in　detail

by many　authors, the　effect　of　other　components　of　the　pondero-

motive　force　has　been　looked　over.　工ｎ　Section.3, the　pondero-

motive　force　is　derived　and　effects　of　each　component　on

plasma　transports　are　discussed。

　　　　　Forced　excitation　of　RF　fields　in　工CRF　is　accomplished

by　an RF　antenna　outside　ａ　plasma　column.　Energy　and momentum

transports　due　to　the wave　fields　are　dependent　on mode　struc-

ture.　So, to　optimize　ａ　desired　transport, the RF　antenna

must　be　designed　so　that　it　generates　coherent mode　spectrum.

The　antenna　design　is　discussed　in　Section　４ 。

２．Ｅ工GENMODE　工N A CYL工ＮＤＲ工CAL　PLASMA

　　　　The　behavior of waves　in ａ plasma　is　governed by the

wave　equation　given　by

　　　　　　　　　２ｳｘ似玄4.西宮を＝ｏ， (2-1)

where　E　is　the　electric　field which　varies　as　ｅｘｐ［j(-k。ｚ　十

ωｔ）］with　ｋ。ａｎｄωbeing　the　parallel　wave　number　and　the

angular　frequency.　respectively.　ｃ　is　the　velocity　of　light,

and
ｙ
is the dielectric tensor. As far as the propagation

of　waves　is　concerned, it　is　sufficient　to　use　the　cold　plasma

approximation　for　ions.　　But, for　electrons, we　consider
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both　cases　of　hot　and　cold　electrons.　For　ａ　collisionless,

homogeneous　plasma　immersed　in　ａ　uniform　staticmagnetic　field

in　z-direction, the　dielectric　tensor［９］takes　the　form.

Ｓ

Ｄ
　
　
Ｏ

where

Ｄ
　
　
Ｓ
　
　
Ｏ

S＝-j一（Ｒ＋Ｌ），

　　　　　　２

R = 1 - Z三舒（で

う　
０
　
　
０
　
　
Ｐ

Ｄ　＝

＋　ω
C(J

い・づ子心子脳

ｒベー５ご芒・
　イ　　，

‾　マ‾十　　

ｋ”
２λ

Ｄ

２　゛

　１

- ２

）

），

（Ｒ－Ｌ），

（2-2）

(2-3)

(cold　electrons)

(hot　electrons)

ωｐ(Ｊａｎｄ　ωＣ(Ｊｄｅｎｏｔｅ　the　plasma　and　the　cyclotron　frequencies

of　the a-th　species″respectively, and　λＤ　is　the　Debye　length°

The　explicit form of　the　wave equation　for　Ｅｚ　is　written　as

where

［∇Ｔ４ ゛（３゛ｃ）∇Ｔ２．゛(ac - bd)］Ｅｚ °０’･　(2-4)

８°(‾ｋ”
２
゛ｋ０
２
S)P/S,
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ｃ　°‾ｋ”‘“＋　ｋｏ ^RL/S, ｄ°‾如ｅｏｋ ｡DP/S,

ｋＯ　°co/c, and ｐ０ and　ｅＯ　are　the ｐｅｌ°゜eability and the ｐｅｌ°゜ｉｔ‾

tivity in vacuum, respectively［１０］．

　　　　工ｆ　we　further　assume　that　も　is　proportional　to　ｅｘｐ『－ｊｉｔ』．童），

Eq.(2-4) reduces　to　second　order　differential　equation with

two　eigen values　ｋよ１　and　ｋ』･２°　The　eigen　values must　satisfy

the　dispersion　relation:

ｋ．

４

゛（８　゛ｃ）ｋ．２　゛（８ｃ　- bd) = 0 (2-5)

工ｎ　infinite　plasmas,　　the　propagation　of　waves　is　well　ｅχplained

by　Ｅｑ．（２－５）．　Figure　２－１　shows　the　dispersion　relation　on

ｋＪ
’
ｖｅｒｓｕｓ　ωｐｉ

２／ω２

plane　for　ａ　frequency　of　ω／ωci　°Ｏ’９°　The

other　parameters　are　ｋ。゜２１　ｍ‾１ ａｎｄω/2TT　＝　３．５　MHz. (Hereafter,

if　otherwise　noted, the　plasma　contains　single　ion　species

of　hydrogen.)　工ｔ　is　seen　that　for the　slow wave, the propaga-

tion　is　limited up to ａ density where　（ｋ。ｃ／ω）２＝Ｓ　in the

case　of　cold　electronｓ，　while　for　hot　eletrons　with　the　tem-

perature　of　'^e　°３０　eV, the　wave　can　propagate　into　higher

densities.　Fast wave appears　beyond　ａ　density where （ｋ。ｃ／ω）２

゜Ｒ°　　　　The　same　plot　is　given　in　Ｆｉｇ°２‾２　for　ω／ωＣｉｌ°2.4,

ｋ。゜10.5　m‾１，　and　ω／２１　＝　１０　MHz.　Slowwave　becomes　evanescent

for　ａ　cold　electron plasma.　　There　is　no　essential　change

in　fast wave　propagation　as　compared with　Fig.2-1。

　　　　　We　then　consider　the　case where　ａ　cylindrical　homogeneous

plasma　with　radius　ｐ　is　surrounded　by　ａ　perfectly　conducting

cylindrical　wall　with　radius　Ｗ as　shown　in　Fig.2-3.　An RF
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Fig.2-1　Dispers ion

relat ion　of　fastﾆ

wave, slow wave　with

Ｔｅ’ｏ゛ａｎｄ　s low wave

with　Ｔｅ°３０ eV　for

ｆ °３゛５ ＭＨ２゛ｆ／ｆｃｉ

＝　0.9, and ｋＨ＝　２１

m　　The　value　of

（ｋ。ｃ／ω）２　is　equa 1　to

S(R) at　the　dens ity

labeled Ｓ（Ｒ）。

Fig.2-2　Dispers ion

relat ion　of　fast

and　slow wave s　for

ｆ ’ １０ MHz, f/f^.

=2.4, and　ｋ。= 10.5

m . ･　Slow wave　is

evanescent　for

cold　electrons .
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Fig.2-3　Cross　sect ion　of　ａ　bounded

cylindrical　plasma.
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antenna　is　approximated　by　ａ　current　sheet　at　ｒ　＝　s, and　the

static　magnetic　field　is　again　in　z-direction.　The　solution

of　Eq.(2-4) is　given　by

　　　　　　　　　　　　２

　　　　　　　　Ｅ２乱乱ApJ (kりI r ) exp［ｊ（゛Θ- k,,z゛wt)］’　　　　（２－６）

where ｍ　is　the　azimuthal　mode　ｎｕⅡ!ber.　and　ｋよ見　must　satisfy

Eq.(2-5).　The　other　components　of　the　electric　fields　and　the

magnetic　fields　are　obtained　from Maxwell's　equations.

Restarting　from Eq°(2-4) withωpa　0, we　can　also　obtain

the　fields　outside　the　plasma　in　the　same　manner.　The　results

are　summarized　in Appendiχ Ａ．　These　fields　must　satisfy　bound-

ary　conditions　at　plasma-vacuum and　vacuum-wall　interfaces.

which　are　given　by

?去＝き， (2-7)

where A　is　ａ　constantvector　of　field　amplitudes, J　is　the

RF current density in the antenna, and matrix T is defined

in Appendix Ａ．　For　an　eigenmode(finite　A with　infinitesimal

J) , a　non-trivial　solution　requires

ｄｅｔＴ＝０ （2-8）

The　dispersion　in　the　cylindrical　plasma　is　given　as　ａ　simul-

taneous　solution　of　both　Ｅｑｓ．（２－５）ａｎｄ（２－８）．　The　ω－ｋ。diagram

of　fast　and　slow waves　in　工CRF　is　shown　in　Fig. 2-4　for ｍ＝

－１　and　＋１　modes.　The　plasma　has　following　parameters;　density
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Fig.2-5　　Radial　distribut ion　of　electric　fields　for

（ａ）ｍ　＝　＋Ｉ　slow wave, (b) m　－　－Ｉ　slow wave, (c) m　・　－１

fast　wave, (d) m　＝　＋２　fast　wave, and (e) m　＝　－２　fast

wave. For　(a), (b), and (c).ω／ωc
i　=≫
0.96　and　ｋ’１　°２１

ｍ‾ｌ　with　other plasma　parameters　be ing　the　same　as　in

Fig.2-4 ｙｏｌ°!d) and (e ) ,ω／ωc
i　°2.4,

k,,゜　１０‘５　１１　≒

"o　°５×１０ ‘｀‘cm

and ｗ ＝　７．５　cm.

ＢＯ　° 0.3 1　T, T　° ２０　eV,　ｐ　’ ３　cm
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ｎＯ　°４×1012cm‾３″ＢＯ　°Ｏ’３　Ｔ″７ｒｅ　°ｏ″plasma　radius　ｐ　°４　ｃｍ″

and wall　radius　ｗ °５　cm.　The many　branches　for　the　slow

waves　correspond　to discrete　sets　of　ｋ町２,’ｓ　which　satisfy　the

boundary　condition.　The　ａχial　wave　number　of　each　branch　of

the　slow waves　in (a) or (b) becomes　larger　as　the wave　fre-

quency　approaches　the　ion　cyclotron　frequency.　　The　fast wave

appears　in very　small　k,,　range　for ｍ ＝　－１　mode, while　it

becomes　cutoff　ｆｏｒｍ＝＋１　mode [1]。

　　　　　工ｎ　Fig.2-5, the　radial　profiles　of　the　electric　field　are

shown　for (a) m =　＋１　slow wave, (b) m =　－１　slow wave, (c) m =

－１　fast wave, (d) m =　＋２　fast wave, and (e) m =　－２　fast wave.

We　plot　‾ｊＥｒ　instead　of　Ｅｒ° Hence　one　can easily　find　that

Ｅｒ　leads　ＥΘ　or　Ｅｚ　by　９０°if　‾ｊＥｒ　is　positive″and　vice　versa.

For (a), (b), and (c), the　frequency　and　ｋ。of　the wave　are

chosen　to　be　ω／ωci　°0.96　and　２１　ｍ‾１
″
respectively

″
and　the

plasma　parameters　are　the　same　as　in　Fig.2-4.　The ｍ ＝　＋1

slow wave　is　left-hand　circularly　polarized　on　axis　and has

ａ maximum amplitude　there.　Both　the ｍ ＝　－１　slow wave　and

ｍ °－１　fast wave　are　right-hand　circularly　polarized　near　ａχis.

Although　the　polarization　reverses　near　the　mid-radius　for　the

ｍ °－１　slow wave.　the ｍ °－１　fast wave　is　almost　purely　right-

hand　ｃｉ：rcularly polarized　over　all　plasma　radii。

　　　　　工n(d) and (e), we･ plot　the ｍ ＝　＋２　and　－２　fast wave　field

with　ω／ωci　°２゛４　and ｋ”゜１０°５‘ｍ‾１ｌin　ａ　plasma　of　"o　ニ　５）（1013

cm‾３″ＢＯ　°0.31　Ｔ″Ｔｅ　° ２０　eV, p　°３　cm, and ｗ　＝　７．５　cm.

The　field　pattern　at　ａ　radius　larger　七han　３．０　cm is　not　shown

here.　　The　perpendicular　field　for　these　modes　is　zero　on　axis

and　increases　with　r, in　contrast　to　those　of　ｍ＝　＋１　and　－１　modes.
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３ EFFECT　OF　ＰＯＮＤＥＲＯＭＯＴ工VE　FORCE

　　　　　The　equation　of　motion　of　particles　in　an　electromagnetic

field　is　given　by

宍√礼や礼゜ぺと(il

゛＼ ≪
s>. （2-9）

where　ａ＝　i(ion) or e(electron)″４（ｘ　is　the　particle　ｖ elocity″

ｉ;　is　the magnetic　field, q　and ｍ（ｘare　the　charge and the

mass　of　the　particle, respectively.　　Expanding　physical　quan-

tities　in power　series　of　field amplitude and assuming
g(0)

゜Ｏ″がＯ）゜ＢＯ乱　311d苔（ｘ（Ｏ）゜　0, we　obtain　the　second　order

part　of　Eq.{2-9) [11]:

ト＝一礼1)賀y)＋畿(i(2)゛礼1)４(1)゛ぶ12)4o)

　　　　　　　　　　　　　　　(2-10)

since　we　are　interested　in　the　quasi-steady　part, we　take

ａ　short-time　average　over　ａ　few periods　of　the　fundamental

frequency.　　The　slowly varying　part　of　the　solution　of　Eq.(2-10)

is　written -as

　　　　　　　　　　　　　　　　　　ゆ（2）
飛l）゛［（£（2）゛乱）｀含o゛畿?lj二］/％2’

q(X

-ｍ(X
（ES2） ＋　Ｓ

where

４→･
Ｓａ‘ く　Ｖ

ｙ），が１）ツー

a"
），

ｍ(χ

-
ｑ
(ｌ
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which　reprersents　so　called　ponderomotive　force　if　multiplied

by ｑａ° The　steady　electric　ｆｉｅｌｄｉｌｉ（２）ａｒｉＳｅＳ　due　to　ａ　charge

separation　caused　by　the　difference　ｂｅｔｗｅｅｎ≒（２）゛111d礼（２）。

　　　　The　axial　component　of　the　ponderomotive　force　has　been

intensively investigated in researches of RF plugging [6-8].

工ｔ　should　be　noted that　the perpendicular　components　of　言（ｘ

　take more　important　roles　giving　rise　to　ａｎ吉ｃｚｘ １０　drift‘

The　radial　component　of　吉
　　　　　　　　　　　　　　　　　　　　　　　　　ａ

makes　particles　drift　azimuthally.

We　can　expect　ａ　cancellation　or　reversal　０ｆ　particle　drift

due　to　”bad" curvature　of　ａ magnetic　field　line　leading　to

the　stabilization　of　flute-type　instabilites.　This　effect

will　be　investigated　in　Chapters　　３　and　４。

　　　　　We　can　also　see　that　ａ　radial　drift　is　caused　bythe

azimuthal　ponderomotive　force.　The　radial　drift　of　particles

may　produce　ａ　degradation　of　the　particle　confinement.　０ｎ

the　other　hand, this　effect　may　be　useful　for　the　RF　pumping

in　ａ　thermal　barrier.　工ｎ　Chapter　5, we　will　present　the　effects

of　the　azimuthal　ponderomotive　force.

4. FORCED　ＥＸＣ工ＴＡＴ工ON OF　Ｅ工GENMODES

　　　　　Several　types　of　RF　antennae　have　been　used　to　launch

waves　in　工CRF.　Schematic　views　of　the　RF　antennae　are　shown

in　Figs.2-6　ｔ０　２－８　togetherwith　the　Fourier spectrum ａｍof

the　azimuthal　antenna　current 工Θ″namely″

ａ

　ｍ

て
ｆＩ
Ｆ Θ（Θ）ｅ°tp(-jmG)

de.

－34－
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Fig.2-7　RF　antennae　for　generating　ｍ　°１･１，ｍ　・　＋ｌ，
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－

and　ｍ　＝　－Ｉ　RF　fields.

(b) ROTATING

(c) ROTATING

①
-4 -2　０　２　４

６-４　０　２　４
　　　　　　　　　　　　　　　　　　　　　　　　　ｍ　　　　　　　　　　　　　　　　　　　　　ｍ

Fig.2-8　　RF　ａｎｔ:ennae　for　generat ing　ｍ　°！２，ｍ　＝　十２，

and　ｍ　＝　－２　RF　fields .
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The RF　power　Ｐｗwhich　is　coupled to　ａwave　from an　antenna

is　represented　by

　　　　　　　　　　　　　　　　２７Ｔ

Ｐｗ　°ｓ　Re　〈　‾

于

ｏ　

ＥΘ|ｒ’ｓｌΘ
大ｄΘ　〉

(2-14)

where　Ｓ　is　the　radius　of　the　antenna, and　Re　and　大　denote

the　real　part　and the　compleχ　conjugate, respectively.　　Ｓ０，

if　one　wants　to　excite　the wave　of　azimuthal　mode m, one　should

use　the　RF　antenna whose　spectrum has　ａ　peak　at　the ｍ。

　　　　　Figure　２－６　shows　the　RF　antennae　which　excite mainly

ｍ＝　Ｏ　mode.　The　Stix　coil　was　used- in　earlier　studies　of

工CRF　heating [2,3], but　was　replaced　by　the　half　turn　antenna

in　experiments　in　ST　tokamak［１２］and　TFR [13］．　　For　the　purpose

of　ion　heating with　the　slow wave, it　is　desirable　that　the

wave　is　left-hand　circularly　polarized　at　the　plasma　core

as　discussed　in Sectioi. 2.　Referring　Fig.2-５． 　ｖｊｅ　find　that

the ｍ＝　＋１　mode　is　the most　convenient　one.　The　antennae

in Figs.2-7(a) and (b) have ｍ ＝　＋１　Fourier　component, which

is, howerver, not　large　as　compared with　other　Fourier　com-

ponents .　The　Kharkov　antenna ［１４］has the ｍ＝＋１　and －１

components　of　the　same　amplitude　and　generates　linearly　polar-

ized　field　in vacuum.　Therefore, we　call　this　field　as　the

ｍ＝　＋１　field.　The　pair　of　two　half　turn　antennae　used　in
　　　　－

TFR　１１３］and the　type一エII　ｃｏμ　used　in RFC-XX [15】　are　essen-

tially　the　same　as　七he　Kharkov　antenna　in　the　sense　that

they　all　generate　the ｍ ＝　＋１　RF　field。
　　　　　　　　　　　　　　　　　　　　　　－

　　　　On　the　contrary, the　antenna　in　Fig.2-7(c) can　generate

either　the ｍ＝　＋1　or ｍ＝　－１　component　selectively.　provided

36



that　the　phase　of　RF　currents　in　two　coil　units　is　properly

adjusted.　　since　the　fields　of　these　modes　are　rotating　in

azimuthal　direction.　they　are　termed　as　the　rotating　RF　field.

By　using　this　antenna, it　is　possible　to　generate　the　RF　field

of　purely　coherent　azimuthal　mode。

　　　　　As　will　be　described　in　chapter　3,the　cancellation　of

particles'　drift　due　to　ａ　bad　curvature　of　the magnetic　field

line　requires　radially　inward ponderomotive　force　at　the　plasma

periphery.　　The　RF　field of m = +2　0ｒｍ＝－２ mode meets　this

requirement　in the case of ω　＞ωci　because E.　０ｆ　the　field

peaks　near　the　periphery　and　decreases　toward　the　center［

Figs.2-5{d) and (e)］．　We　illustrate　the　antennae　for　the

excitation　of　the ｍ＝　＋2　0ｒ　－２　RF　field　in　Fig.2-8.　Although

the　antenna (a) has　the multi-mode　structure, it will　be　shown

in　Chapter　３　that　this　antenna　is　sufficient　for　the　excitation

of.the ｍ＝　＋２　mode.
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CHAPTER 3

RF STABILIZATION OF HIGH-DENSITY PLASMA

　　IN AN AXISYmETRIC MIRROR

１．工ＮＴＲＯＤＵＣＴ工ON

　　　　　Recently,　ａ　tandem mirror　with　minimum-B　field　has　re-

ceived　considerable　interest　as　an　effective　confinement

system［1,2].　The　plasma　in　ａ　long　central　cell　is　confined

by　the　ambipolar　potential　created　in　plug　cells　located　at

ｂｏ七ｈ　ends.　工七　has　been, however, pointed　out　that　the　reso-

nant　radial　diffusion　due　to　non-axisynunetric　configuration

degrades　the　confinement.　工ｎ　fact, although　the　original

tandem mirror［３－５］had minimum-B　end　plugs, they were　axi-

symmetrized　and　only　the　MHD　anchor　regions　remain　asynmetric

in　present-day　and　future　machines　[6-81.　工七　is, therefore,

important　to　investigate　other　methods　for　maintaining MHD

stability　in　order　to　realize　ａ　purely　axisymmetric　tandem

mirror。

　　　　　Following　the　experiment　performed　by　Arsenin　et　ａ１ 。［９１，

ａ　great　deal　０ｆ　reports　concerning　the　feed back　stabili-

zation　of　flute　instabilities　were　published.　This　method.

which was　confirmed　to　be　effective　in　low-density　plasmas.

may　not　be　applicable　for　ａ　fusion-oriented　plasma　because

some　electrodes　must　be　placed　close　to　ａ　high-density,　hot

plasma.　This　unfavorable　situation　is　the　same　for　the　line-
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tying　stabilization [10】scheme　in which　conducting plates

contact　with　ａ　plasma.　Even when　ａ　surface　line-tying　stabili-

zation［１１］is　employed, energy　loss　through　the　end　plates

would　be　significant。

　　　　　Sidorof［１２］discussed　the　possibility　of　stabilizing

the　flute　mode　by　the　application　of　radio　frequency　field.

The　experiment　of　stabilizing　ａ　precessional　drift wave　using

this　method was　done　by Yamamoto　et　ａ１ 。［13].　工ｎ the　succeed-

ing　paper［14],七hey　showed　the　flute　stabilization　by

the　RF　field which was　generated　electrostatically　by　the

rod　electrodes　aligned　to　cover　almost whole　of　the　plasma

surface.　工ｎ　their　experiment, however, the　observed　instabili-

ty was　ｎｏｔ･clearly　identified　and　remained　to　be　experi-

mentally　clarified.　Furthermore, the　density was　restricted

　within　an　order　of 10 cm , so　the　availability　of　this

stabilization method was　not　confirmed　for　higher　densities

where　the　electrostatic　RF　field　excitation would　become

inefficient。

　　　　　We　here　present　the　experimental　identification　of　the

MHD　instability　in　ａ　density range higher　than　１０１３Ｃｍ‾３．　　The

observed　instability　in　the　axisymmetric　mirror machine　Ｈ工Ｅ工

is　identified　as　the　curvature-driven　flute　instability

through　the　experimental･ determination　of　the　dispersion

relation　and　its comparison with　the　theoretical　prediction.

We　further　demonstrate　the　stabilization　of　七he　flute　instabili-

ty　by　the　RF　field which　is　electromagnetically　coupled

and　applied･ only　in　the　bad-curvature　region.　　This　method

of　stabilization　is　revealed　to　be　effective　in　ａ wide　range
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of　density. ｆｒom1010cm‾３　up　to　1014cm‾３．　The　results　of

this　work　suggest　that　the　RF　stabilization　could　be　an

alternative　for MHD　anchors　of　ａ　tandem mirror.

2. DESCRIPT工ON　OF THE　EXPERIMENT

　　　　　The　experiment was　carried　out　in　the　axisyinmetric mirror

Ｈ工Ｅ工　as　shown　in Figs.3-1　and　3-2.　The　hydrogen plasma of

density　ranging　from　１０
１０　to　５×1011cm゛３（１ｏｗ

density　regime)

or　from lO-*-^　ｔ０　１０１４ｃｍＴ３（ｈｉｇｈｄｅｎＳｉｔｙ　regime)is　produced

by　TPD　or　MPD　plasma　guns［16], respectively,　in　ａ　static

magnetic　field　up　ｔ０　１．１　Ｔ　at　the　throat.　The　length　between

two mirror　points　is　１．２　ｍ and　the mirror　ratio　is　variable

from　１．４　ｔ０　４．　The　plasma　diameter　at　the　throat　is　４　cm

(FWHM), which　is　fixed by　the　limiter　made　of　pyrex　glass.

Typical　electron temper°tures　are Ｔｅ　°(15-20) eV, and　ion

temperatures　without heating　are　Ｔｉ　°(10-15) eV°　The　gun

injectged　plasma　is　terminated　by　an　end　plate　of　insulator

located　outside　the mirror　point。

　　　　　The　RF　stabi･lization　of　MHD　instabilities　is　accomplished

by　applying　the RF　field　only　in　the　bad-curvature　region・

The　stabilizing　antenna　shown　in　Fig.3-3　consists　of　ａ　copper

strap　of　２　cm width　and　０．３　cm　thickness　formed　just　like

ａ　quadrupole winding　of　７　cm　in diameter　and　３０　cm　in　length.

This　antenna　is　placed　at　the midplane　and　produces　the　RF

field　of　１１１° ±2　mode　in　frequency　range　１
‘
５（　ｆ／ｆｃｉＯ（　３’

where　ｆ　is　the　applied　RF　frequency　and　^ciO　is　the　local　ion
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cyclotron　frequency　at　the midplane.　This　antenna　is　driven

by　an　RF　self-oscillator which　can　deliver pulsed　RF　power up

to　２００　kWat　ｆ　＝　１０　ＭＨｚ。

　　　　　Themaximiim RF　current　in　the　antenna was　50 ^rms　in　this

experiment.　The modulation　of　the　static magnetic　field　due

to　the　RF　is　less　than　２０　Ｇ　at　the　plasma　surface.　This　is

an　order　of magnitude　smaller　than　the　difference　between　the

confining magnetic　field　strengths　at　the　Dlasma　surface　and

on　axis　for　typical　operations.　Hence, the modification　of

the mirror　field by　the　RF magnetic　field　is　negligible。

　　　　　Plasma　parameters　and　instability　signals　are measured

with　ａ　charge　exchange　analyzer.　diamagnetic　loops, end　loss

analyzers, and　electrostatic　probes.　The　raw data　from these

equipments　are A/D-converted, stored　on　magnetic　tapes, and

analyzed　in　real　time mode with　ａ　digital　data　acquisition

system using °iltiple microprocessors.　　The　block　diagram of

this　system　is　shown　in　Fig 。3-4(a), where　three　blocks　are

connected　to　ａ main bus　line.　Each　block　including　one CPU

has　ａ　peculiar　function　such　as　controls　of　A/D　converters.

display　and management　of　experimental　parameters, controls

of　ａ　graphic　display, and　so　on.　　These　functions　are　operated

by　ａ　request　from the bus master (CPU　１）．　An　example of　the

data　acquisition　is　shown　in Fig.3-4(b), where　raw data of

voltage　and　current　from　ａ　swept　double　probe (graph　１Ａand

IB) are　converted　into　plot　of ｖ一ｴ　characteristics.　We　have

also　developed　an FFT program.　which　is　used　for　an　analysis

of　instabilities　described　in　next　Section.・

－45－



(Ｇ)

（b）　８0

(
Ａ
)
Ｐ
ａ

－80

0.1

(
Ｖ
)
Ｐ
Ｔ

-0.1

EXR[WA

　Ｗ

lfl

－,－４みﾀW

　　　　♂

./

み‘.

/

z……

A

I

‘ｗ

IE

.-yW-●4
.>-''

　/

,.-■
y

へ4～

O.lms/div

Eilふ
l)汀K)N　TRG.

D ATA ACQU I 51T10N SYSTEM

０．１

(
ｖ
)
Ｐ
ｔ
　
■

0.11

Fig.3-3

RF　antenna　for

stabilization.

ぷ’゛

ＺＪｒ

μ’

.･jr°S゛こ

〆

･ダ･

･．４ふ｀

1が｀
Ｚｒｔ

、

j｀゛゛'ぶ

嘩･･

８０ ０ ８０

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Vd(V)

Fig.3-4　(a) Blockdiagram　of　data　acquis it ion　sys tem, wh ich

cons i s t s　of　trans ient　recorders(T/R), A/D　converters(A/D) ,
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３．工ＤＥＮＴ工Ｆ工ＣＡＴ工ON OF　THE　工NSTAB工Ｌ工TY

　　A.Measurement　of　the　Mode

　　　　　Fairly　monochromatic　oscillations　of　plasma　density　and

potential　are　observed near　the　plasma　periphery　in　both　high-

and　low-density　regimes. with　ａ　fluctuation　level ?ｉ／１１０　larger

than　80%.　工ｎ　the　following, we will　determine　the mode　of

the　instability　in　both　density　regimes　separately.

(1) Low density　regime

　　　　　Figure　３－５　shows　typical　oscillogram of　the　density

fluctuation　near pi゛isma periphei°ｙ　に/1°Ｌ°O°6　゛゛i七ｈ　ｌ７Ｌbeing

the　local　radius　of　the　plasma which maps　on　the　limiter　radius

at　the　throat.) and　the　ion　saturation　current　at　ｒ　＝　０．　As

the　instability grows　up.　the　build-up　of　the　central　density

slows　down　and　then　the　density　begins　to　decrease　until　the

amplitude　of　the　instability　gets　saturated.　The　density

at　quasi-steady　state was　about　６０１　０ｆ　thatwithout　the　insta-

bility.　’ The　decay　time　of　the　density　after　the　gun　turn-off

was　rapid　as　compared with　the　stable　case。

　　　　　The　radial　variation　of　the　fluctuation　level, plasma

density″space　potential, and Ｔｉ　are　plotted　in　Ｆｉｇ°３“６　for

magnetic　field　strength　at　the　throat　ＢＭ °0.38　T, mirror

ratio Ｒ ＝　2.4, and density "o　°１×1011　cm°　For　this　mirror

ratio, the　radius　of　curvature　of　the　magnetic　field　line.

Ｒｃ″　is　４．３　ｍ．　The　electrontemperature　on　ａχis was　２０　eV.

The　fluctuation　level　has　ａ maximum around i°／１７Ｌ° Ｏ°７　゛１ｔ

the　midplane, where　the density gradient　is　large, and has
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very　small　amplitude　at　the center.　The　frequency　spectrum

of　the　fluctuation was　sharply　peaked　at　about　１５　kHz.　The

wave　number　of　the　fluctuation was　measured　by　two　single

probes　using　cross-correlation　technique.　Setting　one　probe

at　ａ　radius　where　the　fluctuation　level　is　ａ maximum, we move

the　other　probe　along　the　circumference with　the　same　radius.

The　measured　phase　difference　is　plotted　in　Fig.3-7(a) as

ａ　function　of　azimuthal　offset　angle　of　two　probes.　We　can

see　that　the　observed　fluctuation　is　of　Ｍ＝　１　azimuthal　mode.

The　direction　of　propagation　coincides　with　that　of　electron

diamagnetic　drift.　We　also measured　the　phase　difference

along　the　magnetic　field　line　to　find　that the　axial　wave

number　is nearly　zero within　the plasma　column　as shown　in

Fig.3-7(b)。

　　　　　As　will　be　shown　later, the　fluctuation　is　stabilized

by　applying　an RF　field.　We　can measure　the　growth　rate　of

the　instability　by measuring　the　time　evolution　of　the　flue-

tuation　amplitude　after　switching　off　the　RF　pulse.　The

value　of　the　growth　rate　Ωｉ　thus obtained　is　０．２　く　Ωｉ／Ω（　０．４

with　Ω　being　the　real　angular　frequency.　　The　fluctuation

level　observed　at　the midplane　increased with　the mirror　ratio

Ｒ as　shown　in　Fig.3-8, roughly　indicating　the　increase　of

the　growth　rate with　Ｒ．

(2) High-density　regime

　　　　　Figures　３－９　and　３－１０　show,respectively, typical　density

fluctuation　and　radial　variations　of　the　fluctuation　level ，

the　density, and　the　space　potential　for　ＢＭ °0.51　Ｔ″Ｒ　°２’３″
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'^e　°１１eV, and n≪　°２）（1013　cm°　The　fluctuation　level　has

ａ maximum ａｒｏｕｎｄ゛／兄゛Ｏ°６［１７°(2.5-3) cm]　８ｔ the °idplane.

and　has　very　small　amplitude　on　axis.　The　frequency　spectrum

of　the　fluctuation was　sharply　peaked　at　about　３０　kHz　and

had　ａ minor　peak　around　１５　kHz.　The　result　of　the　cross-cor-

relation　measurement　is　shown　in Fig.3-11; (a) and (b) are

auto　power　spectra　of　two　probe　signals, (c) and (d) are　cross

amplitude　spectrum and phase　spectrum。respectively.　　The

phase　difference　of　two　probe　signals　at　ａ　frequency　of　３０

kHz, which　is　given　by　Fig.3-ll{d), is　plotted　in　Fig.3-ll(e)

as　ａ　function　of　the　azimuthal　offset　angle　of　the　probes.

Three　lines　in　the　figure　represent　ideal　cases　of　Ｍ＝　１，

2, and　３　azimuthal　modes.　工七　is　seen　that　the　observed　flue-

tuation　is　of　Ｍ＝　２　mode.　We　also measured　the　phase　differ-

ence　along　the magnetic　field　：Line　to　find　again　that　the

axial　wave　number　is　zero within　the　plasma　column.　The　flue-

tuation　level　versus　Ｒ　is given　in　Fig
°
3-12　for　ＢＭ °Ｏ°４２　Ｔ

and　　"o　°２×1013　cm°　工n this　case　the　fluctuation　level

was　measured　at　ａ　radius　of　maximum　instability　amplitude

for　each　mirror　ratio.　工ｔ　should　be　noted　that　the　fluctuation

level　becomes　greater　than　several　tens　of　ｌ　inunediately　after

Ｒ exceeds　unity.　The　normalized　growth　rate　was　Ｏ°４　＜　Ωｉ／Ω

＜　　０．６。

　　　　　We　finally　summarize　the　results　of　the　observation　in

１０ｗ-　and　high-density　regimes　in　Table　３－１．

Ｂ．　Comparison with Theory

　　　There　have　been many　theoretical　works　concerning　the
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dispersion　relation　of　flute mode.　In　the　present　problem.

the　perpendicular wave　length　of　the　observed　instability

is　of　the　order　of　plasma　radius.　Hence　it　is　not　appropriate

to　use　ａ　local　approximation　in deriving　the　dispersion　re-

lation.　We　therefore　employ　the　finite　Larmor　radius　equation

derived　by Rosenbluth and　Simon[17 ].　This　equation　describes

the　low　frequency　flute　perturbation　of　the　form ｅｘｐ【ｊ(ＭΘ十Ωｔ)]

propagating '１ｎ-．ａ　cylindrical　plasma with　arbitrary　density.

radial　electric　field, and　gravity　profiles, and　is　given　by

１
一
ｒ
お（Ｔ訂）゛［（1‾3M2）Ｔ゛（Ｍ２Ｇ ゛Ω2i）iilU1］Ψ－,0，

　　　　　「

where　Ｔ　＝　５２ｍ．ｎ
　　　　　　　　　　　　　・

(3-1)

ＯＳｊ’Ψ゜Ｅｅ／乱　在゜n - mojq ’ and Ｓ ° １ ‾Ｍ

／（ｌ°“11110（１）ｃｉＯΩ)d(nQeT^)/dr.　　Ｈｅｌ：ｅ’ＥＯis the　azimuthal component

of　electric　field　of　the　flute　fluctuation. 町［゜EQ(r)/r：ＢＯ］

is　the　rotation　frequency of　the plasma drift due　to the

steady radial　electric　field Eq　and　the　external magnetic　field

ＢＯ　(evaluated　at　the midplane), m.　is the　ion mass, and T.　is

in　the　unit　of　eV.　　For　simplicity.　we　assume　the　radial

variation　of　the plasma　parameters　such　that　"o　and　ωＯ　have

ａ　discontinuity at　ｒ　＝ｒｓｆ　but　are　constant　in　both　sides

Ｏ（　ｒ（　r (region　1) and ｒｓ く　ｒ　くrQ (region　２）［see Ｆｉｇ°3-13］

In　region　ｉ， the　normalized density　Pi　°ｉｌｏｉ／（1101十nQ2) and

“joi　°EOi（゛）/しＢＯ）（ｉｌ°1,2), and　there　is　８　perfectly　conduct-

ing wall　at　ｒ　°ｒＯ　　The　effective　gravity G　due　to　the　curva-

　　　　　　　　　　　　　　　　　　●

ture　of　the　magnetic field　line　is given　by　eT./R ,　which

is　assumed　to　be constant　in both　regions.　Following　the

procedure　used　by　Kent　et　ａ１．［18], we　obtain　the　dispersion
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relation　from Eq.{3-1):

［ｐｌ（こ‾1）゛P2U+1)］Ω２　‾　２［（Ｍ　-l){p,(c-l)゛p2（ご1）｝

゛２ｐ２こ]ωＯｓΩ　＋　Ｍ　ωＯｓ

２

［（Ｍ　-i){p,(c-i)゛P2U゛1）｝

゛2p2C］‾2M【Ｍ‘’‾】）ωOｓＹ（pl‾p2）（こ‾１）

＋ (p,-P2)(C-l)゜０

（3-2）

Ｍ　Ｇ

-
ｒ　ｍ．
Ｓ　１

゛゛here　2m °（叫）１　十“ｊ０２）／２’８!id　’Ｙ° ｅＴｉ／（２・Ｓ２ｅＢ（ｊ）

As　we have　replaced Ｍ　in Eq.(3-1) by　-M, Eq.(3-2) describes

the perturbation of　the　form exp [j(M0 －Ω七）］．　From Fig.3-10,

we　can　determine　the parameters　in Ｅｑ°(3-2) to be ｐ１　° Ｏ°７７″

2 < r^(cm) < 3, 4 < EQ^(V/cm)< 5, 20 < Eq2< 25 for the high-

densﾆLty　regime. We　have　chosen　the　value　of p
ｌ　so that

（ｐ１　‾ｐ２）／１７ｓｆ　゛hich　corresponds　to　the　density gradient.

is　equal　to　the measured　density　gradient.　The　other　parame-

ters　necessary for　calculation　are Bq　°0.22　Ｔ″Ｒｃ　°４‘３　ｍ″

and T.　°２０ eV.　As　the measured values, especially″ｒｓ　and

^Oi　have　some　ambiguity, we　calculate　Ｅｑ°(3-2)　for　several
㎜

combinations　of ｒｓ　and E　and　plot　the　frequency S^/2tt　and

the　square　of　the　ｇｒｏｗｔｈｒａｔｅΩｉ２　in Fig.3-14　as　ａ　function

of Ｍ’　Although the values　of n/2!ｌ　ａｎｄΩｉ　have　some　spread,

all　curves　predict that M =　2 mode　is most unstable　in ａ　fre-

quency　range　from　２０　to　４０　kHz.

　　　　　The　circles　in　Fig.3-14　denote　experimental　points for

the　high-density　regime (see Table　３－１）．　The　agreement　between

the　theory　and　the　experiment　is　very　good　in　spite　of　the

simplification　of　the　theoretical　model.　工ｔ　is　also predicted

　　　　　　　　　　　　　　　　　　　　　　　　　　　－５６－
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Fig,3-14　　Dispersion

relatﾆion　of　the

instability. Solid

curves　are the　solut io

of　Eq.(3-2)：　curve　ａ；

^01 =　5V/cm, E°２５

V/cm, r°2 . 0cm,

curve　ｂ；　Ｅ０１°5V/cm,

Ｅ０２°25V/cin, r°２°５

Ｃｍ゛ curve　Ｃ ；　Ｅ０１°１５

V/cm, E = 25V/cin,

ｒｓ°3.0cm, and　curve

ｄ；　Ｅ０１°4V/cin, E°

２０　Ｖ／ｃｍ゛ｒｓ°３°Ｏｃｍ°

Open　circles　and

closed　circles　are　the

experimental　point s

for　Ｍ　＝　２　and　Ｍ　・　ｌ

modes, respectﾆive ly・

Fig.3-15　Modified

growth　rate　of　the　flute

ins tab ility　due　to　the

1ine-tying　effect　on

ｙ＿－ｚ＿　plane.(Prater,

1974)



from Eq.(3-2) that　the　growth　rate　increases　with　decreasing

Ｒｃ″ｉｎａｃｃｏｒｄａｎｃｅ　with　the experimental　result　in Fig.3-12.

Thus, we　conclude　that the　observed　fluctuation　in　the high-

density　regime　is　the　flute　instability・

　　　　　For　the　low-density　regime, we　also　calculate　Eq.(3-2)

to find that　１０　＜Ω／２１（ｋＨ２）＜　２０　and　0．４　＜Ωｉ／Ω　＜　Ｏ°６　for

Ｍ＝　１　mode, and　thatΩ？＜　Ｏ　for　Ｍ　〉　２ン　　These　values　are
　　　　　　　　　　　　　　　　　　　　１　　　　　　　　　－

in　quantitative　agreement with　the measured　ones　shown　in

Table　3-1.　The　difference　of　the　most　unstable mode　number

from that　in　the　high-density　regime　is　mainly　due　ｔ０　larger

|EJ　°１１ｄ　largei°dIEqI/dr　in　the　TPD　plasm゛１’　We　can　say　that

the　instability　arising　in　the　low-density　regime　is　also

identified　as　the　flute　instability・

　　Ｃ．　Effect　of　Line-Tying

　　　　　工ｔ　has　been　said　that　the　flute　instability hardly　occurs

in moderate-scale　experiments　because　ａ　mirror　plasma　contacts

directly, or　through　an　ambient　plasma, with　end walls. 工ｎ

our　experiment, however, it　seemed　that　the　end　effects　were

negligible　on　flute　destabilization.　As　shown　in　Fig.3-12,

the　fluctuation　level　０ｆ　the　flute　mode　exceeds　０．１－０．２（ｔｙｐｉ－

cal　for　drift mode) and　increases　monotonously　immediately

after　the　mirror　ratio　exceeds　unity.　　工ｆ　there　exists　some

stabilizing effect, the　fluctuation　level　should　remain　small

and　cons七ant　until　the　curvature　effect　overcomes　the　stabili-

zing　effect.　So, in　the　following, we　consider　the　line°

tying　effect　in　our　experiment　in more　detail。

　　　　　The　MPD　gun　used　in　the　experiment　consists　of　ａ　rod
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cathode　and　ａ　　hollow ring　anode　separated　each　other　by

ａ　　Macor　insulator.　The magnetic　flux　tube　on which　the

instability　has　ａ maximum amplitude　at　the　midplane maps　on

the　insulator　surface, not　on metal　electrodes.　The　other

end　of　the　plasma　is　terminated　on　the　end　target made　of

pyrex　glass.　Thus　there　is　no　contact　of　the　plasma with

conducting　walls　at　least　in　ａ　radial　region where　the　insta-

bility　amplitude　is　large。

　　　　　Prater[19】reported　that　the　longitudinal　current　flow

to　conducting　end　plates　can　decrease　or　even　increase　the

growth　rate　of　the　flute　instability　depending　on　the　admit-

tance　of the　sheath　at　the　contact　region.　　He　showed　that

if　the　sheath　parameters, y_　and　2_f　are　small,　the　growth

rate　of　the　flute　instability　is　enhanced　and　vice　versa.

　　　　　　　　　　２　２

Here, y　°ω　．　「
　　　　　－　　　Cl　　Ｓ

/{2c M
２ＬΩ）2111d　2－　゜V

./(2Lf2) with ｃｓ’Ｌ’

ａｎｄ‘̂Ti　being″ respectively″ the　sound　velocity″ the　length

of　the　ambient　plasma, and　the　ion　thermal　velocity.　　Figure

3-15　shows　the　value of　Ωｉ’／Ωｉ　onｙ－‾２－　planewhere　Ωｉ゛2111d

Ω. are　the　growth　rate　of　the　flute　mode　with　and without
　ｌ

the　wall　effect.　Calculation　of　Eq,(14) in　Ref .19　under　the

present　experimental　condition　gives　the　sheath　parameters

shown　as　ａ　hatched region　in　Fig.3-15. since　０．８　＜　Ωｉ’／Ωｉ

＜　1.1, it　is　seen　that, according　to　the　Prater's　theoty,

the　stabilizing　effect　is　very weak.　if　any.　　This　prediction

is　in　agreement with　our　observation.　Thus, the　second　reason

is　the　relatively　low　sheath　admittance　which　prevents　elec-

trons　from moving　freely　to　cancel　the　charge　separation

due　ｔｏ･flute　perturbation.　We　conclude　that　the　effect　of
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line-tying　on　the　flute　instability　is　negligible　in　our　experi-

mental　condition　for　these　two　reasons.

4. RF　STAB工Ｌ工ＺＡＴ工ON

　　A. Stabilization Measurements

　　　　　The　flute　instability　described　in　the　previous　Section

is　investigated　in　the　presence　of　RF　fields.　During ａ　quasi-

steady　state　of　the　plasma, which　lasts　about　１ 。５　msec,

the　RF　field　of　ｍ＝±２　mode　is　applied　with　the　RF　antenna

shown　in　Fig,3-3　for　ａ　period　of　about　０．５　msec.　The　density

fluctuation　of　the　flute　instability　is　sampled　for　this　period

except　for　each　５０　μsec　of　beginning　and　end　of　the　RF

pulse.　Figure　3-16(a) shows　the　flute　fluctuation　for　ＢＭ

＝　0.39　T，Ｒ＝１．８，ａｎｄｎＯ　°5x10 cm (low-density　regime).

エｆ　゛ｅ　°pply　theRF　field (゜几）ｃｉＯ　°２．９　゛１ｔ　themidplane) for

ａ　duration　of　the　gate pulse　shown　in　the　figure, the ampli-

tude　of　the　flute　fluctuation　decreases　with　increasing

the　RF　antenna　current 工ＲＦ［２°５̂rms　in (b) and　３
°
５ ＡｒｍＳ　in

(c)].　The　power　spectra　of　the　fluctuation　during　the RF

pulse　is　displayed　in Ｆｉｇ°3-16(d) for　工RF　°Ｏ″１°１″2.5, and

３’５　rms ■ For　工RF　°３°５　Ａｒｍｓ″ the　spectral　component　of　the

flute　fluctuation　around　２０　kHz　completely　disappeared.

Figure　3-17　also　shows　the　power　spectra　of　the　flute insta-

bility　in　ａ　plasma with　ＢＭ °Ｏ‘６２　Ｔ’Ｒ°２″and "o　°(3-5)x

1013Cm‾３
（ｈｉ･gh-density　regime).　The arrow in　each　spectrum

denotes　the　D.C. level　of　the　ion　saturation　current.　When
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the m °に　２　RF　field　佃／（１ｊｃｉＯ　°2.4)is　applied, the　spectral

amplitude　at　２０　kHz　decreases［（ｂ）］, and　further　increase

of　工results　in　almost complete　suppression　of　the　flute

instability [(c)］．　As　the　vertical　gain　is　doubled　in　the

spectrum (c) so　that　the　D.C. level　is　approχimately　equal

to　those　in (a) and (b), one　can　readily　compare　the　f luctu-

ation　level　each　other.　In　practice, the　ion　saturation

current　for (c) at　the　plasma　periphery　decreased　to　hal ｆ

of　the　initial　value　showing　that　the　radial　diffusion　is

reduced　through　the　flute　stabilization.　The　flute　instabili-

ty　disappeared　everywhere　in　the　plasma, even　though　the

RF　stabilization was　applied　only　for　３０　cm　length　around

the　midplane。

　　　　　when　工RFwas　increased″it was　observed　ａ　little upward

shift　of　the　instability　frequency [see　Fig.3-16(d)］, which

was. hardly　notable　in　the　high-density　regime.　This　may　be

attributed　to　ａ　change　in　the　plasma　density　and/or　its　pro-

file　caused　by　the　RF　field。

　　　　　工ｎ　Figs.3-18(a) and (b), the　ratio　of　the　spectral　ampli-

tude　of　the　instability with　stabilizing　RF　to　that without

the　RF, 6″is　plotted versus　工RF　for　the　１０ｗ-　and high-density

regimes, respectively.　　In the　low-density　regime, several

amps　of 。工良ＦｗａＳ　sufficient　for　the　stabilization with　６　く

0.2, while　much　larger　current　was　required　for　the　high=

density　regime.

B. Estimation　of　the　Ponderomotive　Force ’

　　　When　the　large　amplitude　RF　field　is　applied　to　the　plasma ，

－63－



charged　particles　feel　the　ponderomotive　force　as　described

in　Section　３　of　Chap.2.　工ｆ　the　radial　component　of　the　pondero-

motive　force　is　such　that　the　resultant　azimuthal　drift

of　ions　or　electrons　tends　to　cancel　the　charge　separation

of　the　flute　instability, the　charge　accumulation　is　reduced

and　the　stabilization　of　the　flute　instability　will　be　achieved。

　　　　　The　RF　electric　field　in　the　plasma　may　by　represented　by

Ｅ（１）
　「

EO

（1）

Ｅ
ｚ

（1）

＝　Ｅ（ｒ）ｃｏｓφ

　　「

゜Eg(r) sinΦ

＝　E (r) sin$
　　　Ｚ

(3-3)

where　Φ　゜me　－　k,,z　十ωｔ．　The　radial　component　of　the　pondero-

motive　force [see　Eq.(2-12)］is　written　as

Ｆ
　ａ「 ゛ｑａＳ(ｘｒ

-

-
q

(X

＋　Ｖ

＜Ｖ（　ａΘ

(1) 1
�E）

ｌ）Ｂ

　　Ｚ

（１）
　　　－

　（１）

^az

（１）

ｊ　‾’Ｃχｒ

r 36゛゛ａｚ

BΘ
（1）〉

（１）
∂Ｖ
　　（

9_y

∂ｚ

m(X

１）

-

く　Ｖ

（１）

（１）

－

「

（l「

ｖａΘ
( 1)2

〉,(3-4)

where　angular　brackets　denote　high-frequency　average.　The

values　ｏｆがand V can　be　obtained using Eq.(3-3),

Ｍａχwell's　equations, and　the　equation　of　motion.　Substitut-

ing　these　values　into　Eq.(3-4), we　obtain
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(3-5)

for　electrons (3-6)

where　the　prime　denotes　the　derivative with　respect　to　ｒ．

In　above　equations, we　have　retained　only major　terms.　工ｔ

should be noted　that Eq.(3-5) differs　from the　conventional

expression　of　the　radial　ponderoraotive　force

Ｆ

　　　　　　　　２

　　　ａ　‾ｅ
ir　　　４ｍ．
　　　　　　　　１

１

ω　一　ω　．
　　　　　　　Ｃ１

∇　Ｅ

　「

２

　ｆ

(3-7)

which　has　been　employed　for　the　explanation　of　the　RF　stabi-

lization［13,141.　工ｎ　the　present　experimental　condition.

the　azimuthal　scale　length　of　the　RF　field　is　comparable　to

the　radial　scale　length.　Furthermore, the　polarization　of　the

RF　field varies with　ｒ．　since　these　effects　are　not　included

in Eq.(3-7), we must use Eq.(3-5) for　the　present problem｡

　　　　　工ｎ　order　to　calculate　Eq.(3-5) and (3-6),　■ｗｅmust　deter-

mine　the　RF　field　distribution　first.　Figures　2-5(d) and

(e) in　Chap. 2　show七he　calculated　RF　electric　field　distri-

bution　for　the ｍ＝　＋２　and　－２　modes,respectively, in ａ
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electric　fields are　shown　in　Fig.2-5 (d) and (e) in

Chap.2.
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cylindrical ， sharp boundary, cold　plasma.　　The　plasma　parame-

ters　are　the　same　as　in　Fig.3-17　except　for　the　fact　that

the　density　profile　in　the　calculation　is　rectangular　rather

than　parabolic　as　in　七he　experiment°　工ｎ　general″ＥＯ（ｒ）

increases with ｒ″while Ｅｒ（１°）　becomes　ａmaximum at　ａ　certain

radius within　ａ plasma　radius.　We　define　the maximvun value

of　|Ej.(r)|　゛ＩＳＥｒｍ’　Substitution of E(r) in Ｆｉｇ°２‾５　into

Eq.(3-5) gives　the　radial ’ponderomotive　force　for　ions ．　The

value　of F normalized by Ｅｒｍ２　isshown　in　Fig.3-19　as　ａ

fuction of ｒ for (a) m = -2　and (b) m = +2 modes.　For ｂｏ七ｈ

modes, F.　is　negative in　almost　the　entire plasma　column

producing　the　ion　drift　in　十〇 direction, which　cancels　the

charge　separation　resulting　from the　curvature　drift.

The　RF　field　generated　by　the　antenna　shown　in　Fig.3-3 is

of　ｍ　＝　＋２　mode.　sinceが１）ｏｆ　ｍ ＝　＋２　mode　is　ａ　linear　combi-
　　　　　　　－　　　　　　　　　　　　　　　　　　　　－

nation of　those　of ｍ ＝＋２　and　－２　modes.　the　value　of　^ir

for ｍ ＝＋２ mode will　be　in the　range between　the above two

values.　　[Note that　the　cross-term　such　as ｖｉΘCOS(2Θ- k,,z

十ωｔ）ＸＢ
　　　　　　Ｚ

cos{-2e　-ｋ。ｚ　十　ωt)vanishes　if　averaged over　Θ　and ｔ．］

　　　　　We　can　calculate F^^　in Ｅｑ‘(3-6)　in　the　same　manner.

The　ponderomotive　force　for　electrons　is　produced mainly　by

the　product　of　ＢＯ　and ｖｅｚ°■ But″in　the　present　experiment,

electron-neutral　and　electron-ion　collision　frequencies　are

much　larger　than　ω, hence　the　phase　correlation　between　Ｂ
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Θ

and　ｖ
　　　　　ez

is　easily　destroyed　by　the　collisions.　Therefore,

we　can　expect　no　ponderomotive　force　for　electrons.　For　ａ

case　of　weak　collisions″^er　would　become　greater　than　Ｆｉｒ’

　　　　　The　necessary　condition　for　the　RF　stabilization　of　the
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flute　instability may　be　written　as

-

^ir
〉　Ｇ (3-8)

The　value　of　the　RF magnetic　field　is　measured　to　be　|Bj(r/r^

゜0.8) ~ 6　G (Measured ＢΘ　is maximum at　this position.)

under　the　same　condition　as　in　Fig 。3-17 （ｃ）．　　since　the　cal-

culated　radial　distribution　of　も　and　B　determines　the　relative

magnitude of　the　RF field, we　can　estimate　the　value　of ^rm

by　fitting　the　calculated　ＢＯ　to the measured　one.

This　procedure　gives　Ｅｒｍ　’１６　Ｖ／Ｃｍ° The　absolute　value　of

the　radial　ponderomotive　force　is　estimated　from Figs.　3-19(a)

and (b) to　be

Ｆｉｒ = (1.6-4.3)×１０‾１８ Newton/particle.

On　the　other　hand, the　effective　gravity　is　given　by

Ｇ °ｅＴｉ／Ｒｃ　^゛

　　＝　７．４×１０‾１９

(1.6×１０
１９

×20)/4.3

Newton/particle.

A1!ﾆhough　the value　of ^ir　is　only　８１１ordei°of °ignitude

estimation, it　can　be　seen　that　the　stability　condition of

Eq.(3-8) could be　satisfied　in the　case　of Fig.3-17(c).

　　Ｃ．］:mproved　Confinement

　　　　　If　the　flute　instability　is　suppressed, radial　particle

diffusions　should　be　reduced　and, consequently, the　plasma
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confinement　would　be　improved.　We　here　show ａ　typical　example

demonstrating　an　improvement　of　the　plasma　confinement.　Figure

３－２０　shows　the　oscillogram of (a)the　density　perturbation

of　the　flute　instability measured　゛ｌｔ　ｌ７／゛Ｌ°ｏ‘7,(b) the　ｌ°adial

loss　flux　at　the midplane, (c) the　radial　loss　flux　near　the

throat,　and (d) diamagnetic　signal　for　ＢＭ °0.26　Ｔ″Ｒ °２°３″

and　"o　°５×１０ １０ｃｍ‾３．　The　radial　loss　collector　consists　of

negatively　biased plane　electrode　and　grounded mesh　grid　in

front　of　the　electrode.　For　one　axial　position, four　collectors

are　set　with　９０°interval　along　the　azimuthal　direction　at

ａ　radius　larger　than　that　of　the　limiter.　The　signal　shown

in (b) or (c) is　the　sum of　ion　currents　detected　by　these

four　collectors.　As　shown　in (a), the　flute　instability　arises

just　after　the　gun　injection, and　by　the　application　of　the

ｍ°±２　RF　field　the　instability　amplitude　eventually　decreases.

As　ａ　consequence, the　radial　loss　ｆｌｕχ　Γeduces　to　about (20-30)%

of　the　initial　value　at　the　midplane［（ｂ）］and　to (60-80)%　even

at the　throat where no RF　is　applied [(c)].

　　　　The　energy　rate　equation　is　written　as

‾

;ＲＩ
‾゜‾Ｐ”‾　Ｐｌ　＋　Ｐｉｎ　‾　

７

‘　　´ (3-9)

where　Ｗ　is　the　total plasma　ｅｎｅｒｇｙ″Ｐｉｎ　is　the　power　input

from　the　gun.　Ｐ･, and　Ｐエ　are　the　parallel　and　perpendicular

power　conduction　losses, respectively, and　て　represents　the

loss　time　due to　charge　exchange, collision, and　radiation.

工ｆ　we　assume　that　the　input　power ’from the　gun
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and parallei　energy　loss　are　not　affected　by　the　stabilizing

RF, we　obtain　from　Eq.(3-9) that Ｐｉｎ　‾Ｐ¨　゜^inO　‾Ｐ･･０

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●
゜ＷＯ／てＯ　＋　Ｐｊ･Ｏ″ｗｈｅｒｅ　suffix　ｏ　represents　the　value　in　quasi°

steady　state.　　Then　the　energy　rate　equation　during　the　RF

pulse　is　given　by

ご

＋　Ｐよ０ Ｐ・

Ｗ
一
て

(3-10)

(3-11)

71－

dW
-
dt

"o

-
ＴＯ

If　we　further　assume　that Wq/'^O　゛ Ｗ／１　８ｔ　the　beginning　０ｆ　the

RF　pulse, we　find　that

‾

;RI
‾’｀’Ｐよ　‾　Ｐよ

ｔ

We　can　estimate　ｔｈｅ▽alue　of　Ｐよ　and　Ｐ」．　fromFigs.3-20(b)

and (c) to be　Ｐよ　－　Ｐよ　～　１．２Ｗ．　０ｎthe other hand, the

value　of　the　left　hand　side　of　Eq.(3-ll) can　be　obtained　from

ａ　rise　of　diamagnetic　signal　due　to　the　stabilization　of　the

flute　instability　shown　in　Fig.3-20(d).　At　ａ　time　immediately

after　switching　on　the　RF　pulse, dW/dt　＝　２．３　joule/sec(We

have　assumed　parabolic　profile　of　the　plasma　energy　density.).

We　can　see　ａ　fairly　good　agreement　between　these　two values

of　”power　gain”due　to　the　stabilization　obtained　in different

ways ．　　This　fact　strongly　indicates　that　the　plasma　confinement

is　improved　through　the　stabilization　of　the　flute　instability・

For　later　time, Eq.(3-ll) no　longer　holds　since　the　increase

of　the　plasma　energy　enhances　other　power　losses.　This　can

be　seen　from ａ　saturation　and　even　decrease　of　the　diamagnetic

signal　during　the　latter　half　of　the　RF　pulse.



　　　　　工ｎ　Fig.3-20,the　net　RF　power　into　the　plasma was　about

２０　W,which　is　much　larger　than　the　power　gain　of　the　plasma.

This　is　due　to　the　lack　of　ａ　mirror　confinement　in　the　present

system　in which　the mean　free　paths　for　ions　and　electrons

are much　shorter　than　the mirror　length.　The　electrons　near

the　RF　antenna　are　collisionally　heated　extracting　the　RF　power

and　are　lost　through　both　ends 。　工ｆ　the　axial　confinement

is　improved　by　increasing　Ｔｉ　and　decreasing　neutral　gas　density,

the　electron　loss　could　be　reduced　and　the　power　gain　of　the

plasma would　exceed　the　RF　ｉ･nput　power.

5. CONCLUS工ON

　　　　　In　this　Chapter, we　have　investigated　the　instability

arising　in　the　axisymmetric　mirror machine　Ｈ工Ｅ工。

　　　　　The　instability　observed　in　ａ　wide　range　of　density　has

been　identified　as　the　flute　instability　through　the　comp-

arison　of　experimentally　determined　dispersion　relation with

the　theoretical　ｏｎｅ。

　　　　　We　have　demonstrated　that　the　flute　instability　can　be

stabilized by　applying ｍ °±２　RF　field only　in the bad curv-

ature　region.　The　stabilizing mechanism has　been　revealed　to

be　the　reversal　０ｆ　azimuthal　drifts　of　ions　by　the　radial

ponderomotive　force.　The　simple　calculation　shows　that　the

stabilization　occurs　when　the　ponderomotive　force　exceeds

the　effective　gravity。

　　　　　工ｔ　has　also　been　observed　that　the　radial　confinement
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of　the　plasma　is　improved with　the　stabilization　of　the　flute

instability.　　The　increase of　the　plasma　energy　during　the　RF

stabilization　can　be　explained　by　the　energy　balance　equation.

At　the　present　stage, however, the　power　gain　of　the　plasma

achieved　through　the　flute　stabilization　is　smaller　than　the

input　RF　power,　　　This　difficulty will　be　easily　overcome

by　improving　the　axial　confinement　in　ＨＩＥ工　through　reduction

of　residual　neutral　gas　and　ion　heating, then　the　plasma

power　gain　will　exceed　the　RF　power.
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1. INTRODUCT工ON

CHAPTER 4

SCALING OF RF STABILIZATION

　　　　　Complete　axisyiranetrization　of　ａ　tandem mirror　requires

ａ　method　of　MHD　stabilization　other　than minimum-B　anchors.

We　have　reported　in　the　previous　Chapter　that　the ｍｏｄｅ－Ｃｏｎ･ｔ－

rolled　RF　field　in　the　ion　cyclotron　range　of　frequencies

can　stabilize　the　flute　instability　arising　in　ａ wide　range

of　density, ｆｒom1010Cm‾３　up　ｔ0　1014Cm‾３，　resulting　in　the

reduction　of　radial　diffusion［１１．　The　stabilization mechanism

is　well　explained by the　reversal　０ｆ　ion drift　caused by　the

radial　ponderomotive　force　for　ions ．　　This　has　been　con-

firmed　by　the　estimation　of　the　ponderomotive　force　from　the

measured　value　of　RF　field　strength　and　its　comparison with

the　effective　gravity　force。

　　　　　To　clarify　the　utility　of　this　method　for　stabilizaing

ａ　fusion　plasma, it　is　necessary　to　obtain　ａ　scaling　relation

of　required　RF　electric　field　strength　to　plasma　parameters。

　　　　　工ｎ　this　Chapter, we　perform the　RF　stabilization of　the

flute　instability, varying　the　plasma density.　the radius　ｏｆ‘

curvature　of　the magnetic　field　line, a!id　the　ion　tempera-

ture. 工七　is　to　be　described　that　the　required　strength　of

RF　field　in　vacuum region　for　the　flute　stabilization　scales

as　ｎ
０

０‘３土Ｏ‘０５（Ｔｉ／Ｒｃ）Ｏ
°
４!Ｏ
°
１
・ predicting ａ　reasonable　value　of
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１。１　kV/cm for ａ plasma of　"o　°５×1013cm‾３″T.　°２０　keV, and

Ｒ　= 4.3 ｍ．　ｃ

　　　　Following　the　description　of　the　experimental　setup　in

the　next　Section, the　experimental　results　of　the　RF　stabi-

lization　in　various　plasma　parameters　are　presented　in　Section

３Ａ．　　The　detailed measurement　of　the　RF　field　penetration　is

shown　in　Section　３Ｂ．　　Section　４　gives　the　theoretical　calcu-

lation　and　its　comparison with　the　experiment.　　　Conclusions

are　given　in　Section　５ 。

2. DESCR工ＰＴ工ON　OF　THE　EXPER工MENT

　　　　　The　experimentwas　performed　in　the　axisymmetric mirror

machine　Ｈ工Ｅ工,details　of　which　are　described　in　chap.　３．

The　major modification　of　the　setup　is　the　installation　of

heating　RF　antenna　at　ａ　place　just　inside　the　throat　of　the

gun　injection　side　as　shown　in　Fig.4-1.　　　This　antenna　pro-

duces the　rotating　RF　field　of　ｍ＝　＋１　mode　at　ａ　frequency

slightly　lower　than　the　local　ion　cyclotron　frequency.　　　The

ｍ°＋１　mode　has　been　confirmed　to　give　better　heating　effi-

ciency　than　the ｍ ＝±１　mode　used　conventionally [2-4].　　We

use　this　antenna　to　change　ion　temperature　through　ion

cyclotron　heating.　　　The　resistance　of　the　antenna was　０．３　Ω

with　no　plasma　present,　while　it　increased　to　０．４　U when　the

plasma　of　"o　°１’５×1013Cm‾３　was　injected゜ This　value was

measured　at　an　RF　power　level　of　２０　kW.　　工ｔwas　observed

七hat　the　plasma　loading　resistance　decreased　for　higher　RF
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power.　　　This　fact　as　well　as　relatively　large　charge　exchange

loss　restricted　the　increase　of　ion　temperature　up　to　３　times

the　initial　value.　　The　increase　of　plasma　energy was　meas-

ured　by ａ　diamagnetic　loop　located　close　to　the　ｈｅａ七ing

antenna. (12　cm downstream　from the　heating　antenna　and　２ ０　cm

upstream　from the　stabilizing　antenna.)　　The　RF　stabilization

was　carried　out with　a density range　from　1010cm‾３　up　to　1014

cm ,　ion　temperature　range from　１０　eV to　３０　eV, and the

mirror　ratio　from　１ 。４　ｔ０　４．　　Figure　４－２　shows　the　radius　of

curvature　of　the magnetic　field　line　at （ｒ″２）゜（ｒＬ″0)as　ａ

function　of　the mirror　ratio。

　　　　　During　the　quasi-steady　state　of　1-1.5　msec　after　the

plasma　injection　from TPD　or MPD　gun.　the　stabilizing　RF　field

of　ｍ ＝±２　mode　was　applied　at　the midplane　for　ａ　duration　of

０．５　msec.　　The　frequency　of　the　stabilizing　RF was　１０　MHz

（６　MHz　in　some　cases) and　the　ratio　of　it　to　the　local　ion

cyclotron　frequency　at　the midplane　ranged　１．５　ｔ０　3.5.

Ａ change　of　this　ratio　affected　little　the　stabilizing　charac-

teristics　provided that　the　antenna　current 工RF　in　the　stabi-

lizing　antenna　was　kept　constant.　　stabilizing effects　in

various　plasma　parameters　are　investigated　by measuring

power　spectrum of　the　flute　fluctuation　at　various　positions.

3. EMP工Ｒ工CAL　SCAL工NG　OF　RF　STAB工Ｌ工ＺＡＴ工ON

A. Dependence　on　Plasma　Parameters

　　　As　described　in　Chap.　3,low　frequency.　large　amplitude
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fluctuation　observed　in　Ｈ工El　has　been　identified　as　the　flute

instability　for　ａ　density range　１０１０ｃｍ‾３　to　1014cm‾３．　　We

apply　the ｍ ＝±２　RF　field　at　the midplane, and　observe　power

spectra　of　density　fluctuations　of　the　flute　instability・

The　spectrum has　ａ　sharp　peak　at　ａ　certain　frequency, and

the　peak　decreases　with　increasing　the　RF　current　in　the　stabi-

lizing　antenna.　　Let　us　define　６　as　the　ratio　of　the　spectral

amplitude　of　the　instability with　stabilizing　RF　to　that

without　RF.　　Figure　４－３　shows　the　value　of　６　as　ａ　function　of

square of　工RF　for a plasma with n≪　°１２×1010Cm‾３″Ｔｉ　°１５　ｅｖ″

ＢＭ°Ｏ°４　Ｔ″and　Ｒ＝　2.3.　　For　６　＜　0.1, the　curve in　Fig.4-3

has　large　ambiguity　since　the　spectral　amplitude　of　the　insta-

bility　is　too　small　to　be　distinguished　from background　noise

level.　　工ｔ　is　seen　that　６　can　be expressed　as　６　°ｅｘｐ（‾ＣＯ

）（工ＲＦ２）ｆｏｒ　６　〉　0.1,with Cq　being　ａ　constant。

　　　．　We　plot　in　Fig.4-4(a) the　value　of　工RF　necessary　for

obtaining　６　＝　0.5, 0.3, and　０．２　versus　the　plasma　density

in　the　low-density　regime. The　value　of ^RF

proportionally　to　"o
０．６

２　．
　　・ncreases

for　this‘ density　range.　　　In　Fig.4-4

（ｂ）″the　value　of　^RF　for　６　＝　０．２１in　both　the　low-　and high-

density　regimes　are　given　versus　the　plasma　energy　density.

where　T.　十　Ｔｅ　is　approximately　kept　constant　to be (20-25)

eV.　　　Here, the　value　０．２　is　chosen　in　order　to determine　６

within an　accuracy of 土　10%.　　For Hq　°３）（1013cm‾３″the

value　of　工RF was　３０　ＡｒｍＳ″ａｎｄ　the　net　power　into　the　plasma

was　１２　kW.　　Although　there　is　no　experimental　point　in　the

middle　pressure　range　in　Fig.4-4(b), it　is　found　that　the

extrapolated　line　for　６　°０．２　in　Fig.4-4(a) connects　smoothly
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to　the　experimental　data　for　ｎＯ（Ｔｉ十　Ｔｅ）〉　１０
１４

eVcm　゛．

Therefore, from Figs.4-4 (a) and (b), we　obtain　ａ　scaling

law that　工RF　necessary　for　６　°Ｏ゛２　is　proportional　to

O.3iO‘05 for　ａdensity up　to 1014cm‾３．

　　　　Themost　important　parameter　that　affects　growth　of　the

flute　instability　is　the　effective　gravity, which　is　equal

七〇　eT./R　゛ith.R　being the　radius　of　the curvature　of　the

magnetic　field　line.　　We　proceed to measure　the　effect　of Ｒｃ

and　T.　upon the　RF　stabilization.　　The　value　of Ｒｃ　is　given

in　Fig.4-2　as　ａ　function　of　the mirror　ratio.

　　　　工ｎ　Fig.4-5,the　suppression　ratio　６　is　plotted versus

工ＲＦ
２

for　the mirror　ratio　of　１ 。5, 2.0, and　２．５ other　param-

eters　ａｒｅＢＭ °Ｏ°６３ Ｔ″Ｔｉ　°１０　eV, and "o　°（３‘２‾３°５））（1013

　－３
cm It　is　seen　that　larger　^RF　is　required　for　the

stabilization　of　the　plasma　with　larger　mirror　ratio.　　The

value　of　６　is　limitted　ｔ０　０．５　for　Ｒ＝　２．５　because　the　plasma

radius　at　the　midplane　for　this　Ｒ　is　Ｓ０　large　that　the　direct

contact　of　the　plasma　to　the　stabilizing　RF　antenna　causes

ａ　breakdown　especially　for　larger　ＩＲＦ°

　　　　　In　order　to　see　the T.-dependence　of　the　stabilization.

we　perform　工CRF heating　as　described　in　Section ’２．　The　ion

temperature was　doubled　for the　net　input　power　of　４ 。５　kW

from　the　heating　RF　antenna ．　　Figure　４－６　compares　the　char-

acteristics　of　the　RF　stabilization with　and without　the

工CRF　heating.　　when　T.　べ10　eV, about　１９　^rms　of　工RF　is

sufficient　for　obtaining　the　suppression　ratio　of　０．２．　　If

T.　is increased　to　～２５　eV, the　required　工RF ‘for　６　°Ｏ°２

exxreeds　２５　Ａ　　。　　　　　　　　　　　　rms
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　　　　　The　experimental　data　in　Figs.4-5　and　４－６　and　those

obtained　in　different　conditions　of "O^i　are　plotted　in

Fig.4-7,　where　the　normalized　value　of 工RF　necessary　for

obtaining　６　＝　０．２　is　given　as　ａ　function　of　the　effective

gravity　Ｇ．　　The　value of　工RF　is normalized　ｂｙｎ００’３　ａＣ‾

cording　to　the　result　in　Fig.4-4.　　工ｔ　is　clearly　seen　that

the　experimental data　for　different n≪T.　fall　０ｎ　the　line.

By　combining　the　results　in　Figs.4-4　and　4-7, the　empirical

scaling　formula;

工RF
~ O゛3 1100‘3土O°05（Ti/Ｒｃ）O’吐O°1 （4－1）

is　obtained″where　ＩＲＦ″ｎＯ″Ｔｉ″and　ＲＣ　are　in　the　unit　of

ｋＡｒｍｓ″1013cm‾３″ｋｅｖ″ａｎｄmeter, respectively°

　　B. Penetration　of　RF　Fields

　　　　　We　measured　the　RF magnetic　field　generated　by　the ｍ ＝

±２　RF　antenna　by　using　ａ　shielded　loop　of　２．５　mm in　diameter

covered　by　ａ　glass　tube, which　is　inserted　at　the midplane.

工ｎvacuum, Bよ/工ＲＦｗａＳ　ｍａχimumat　ｒ　＝　Ｏ　and　decreases　mono-

tonously with　ｒ　as　shown　in　Fig.4-8(a).　　This　kind　of　field

pattern　is　different　from that　of　ｍ＝　＋2　or　－２　eigenmode,

indica七ing　that　the　antenna　near　field　dominates　the　radiated

field.　　When　the　ｐ!asma　with n≪　°５゛1013cm‾３　is　present, the

measured　field　has　ａ　well-defined　shape　of　ｍ＝　＋2　or　－２　mode,

as　shown　in　Fig.4-8(b)。

　　　　　We　calculate　the　dispersion　relation　and　RF　field　dis-

tribution　in　ａ　cylindrical, uniform, sharp　boundary　plasma
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with　parameters　"o　°５）（1013cm‾３″ω／ωci　°２’４″Ｔｅ　°２０　ｅｖ″

T.　°0, and　the　plasma　radius　ｐ　° ３　cm.　　We　assume　that

2TT/k。is　constant　and　fixed　to　be　０．６　m, which　is　twice　the

axial　length　of　the　antenna.　　The　dispersion　relation　shows

that　the　RF　field　consists　of　the　fast mode　ｗｉｔｈｋ↓１　°８０　ｍ‾１

and　the　slow mode with kよ２　°１４×１０３　ｍ‾１
’　　The　field

distri- ．

bution　of　the　latter mode　is　highly　oscillatory with　respect

to　r, and　is　quite　different　from the　measured　pattern　shown

in　Fig,4-8{b).　　Therefore, we　neglect　this　mode, and　calculate

the　field　distribution　of　the　fast mode.　　Figures　2-5 (d) and

(e) in Chap.　２　show the　electric　field　distribution　of ｍ＝　＋２

and　－２’fast mode, respectively.　　　The　solid　curves　in　Ｆｉｇ。

4-8(b) represents　the　calculated magnetic　field　distribution

for　the　ｍ＝　－２　fast mode.　　The　value　of　numerical　constants

of　the　field　amplitude is　so　chosen　that　the amplitude　of　ＢΘ

at　the　peak　fits　to　the　experimental　value.　　工七　seems　that

the measured magnetic　field　pattern　is　well　approximated　by

the　calculated　one.　　The　descrepancy　for　small　ｒ may　come

from the　fact　that　the ｍ ＝　Ｏ　mode　is　partially　excited　in　the

real　experiment. (Remember　that　the ｍ　＝！２　RF　antenna　generates

the ｍ ＝　Ｏ　mode　simultaneously　as　described　in　Chap. 2.)

The　calculated magnetic　field　distribution　for　the m = +2

fast　mode　is　very　similar　to　that　of　the　ｍ ＝　－２　fastmode,

except　that　the　phase relation　between B　and　ＢＯ　is　inverted.

So, we　cannot　identify　the　excited　field whether　it　is　of

ｍ°－２　or　＋２　mode, because　the　phase　difference　of　the mag-

netic　fields^ is　not measured.　　　There　is,　however,　no　experi-

mental　report　showing　that　the　fast　wave　of　positive ｍ is
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excited　in　ａ　laboratory　plasma.　　The　possibility　of　the

excitation　of　the ｍ＝　＋２　fast　wave　would　be　ｅｘＣＩＵｄｅｄ；　　There

is　another　possibility　that　the　measured　RF　field　is　formed

by　the ｍ ＝　－２　fastwave　and　the　ｍ＝　＋2　quasi　mode.　　工ｎ　this

ＣａＳｅ″Ｂｒshould　be　zero　on　Ｏ　＝　const.　plane　including　the

axial　antenna　current, and　maximum　if　Θ　differs　by　４５° ．

The　position　of the magnetic　probe was　very　close　to　the

plane which　included　the　axial　antenna　current.　　Therefore,

Ｂｒ should　be　very　small　if　the　ｍ＝±２　RF　field　is　formed.

This　is　not　the　case.　　We　could　say　that　the ｍ＝　－２　fast

wave　is　excited　in　the　experimental　condition　shown　in　Ｆｉ９・

4-8（ｂ）. For　ａ　density lower　than ０．５×1013cm‾３，　the　fast

wave　becomes　cutoff, and　the　excited　field will　be　an

evanescent mode.　　工ｔ　should　be　emphasized　that, for　the　RF

stabilization, it　is　not　essential　whether　the　RF　field　is

of .m　＝　－２　or　＋2　or　＋２mode　as　will　be　shown　later.　So, it　is
　　　　　　　　　　　　　　　　　　－

sufficient　to　confirm　from Fig.4-8(b) that　the　stabilizing　RF

antenna　indeed　exci七es　the　RF　field　of　Im I　＝　２　mode.

　　　　　Figure　４－９　shows　the　relation bet゛een　ｌＢΘ１２／ＩＲＦ２　and

the　plasma　energy density, where　ＢＯ　is　measured　at　ｒ／ｒＬ　°

Ｏ°８　for　ω／ωci　°2.4.　工ｔ　is　evident　that　the　RF　field　is

screened　heavily　ｆｏｌ°higher　density‘（Ｔｉ　十「ｒｅ　is　阿」ｐｌ°oximately

constant.)　　工ｆ　we　take　this　effect　into　account, we　obtain

ＢΘ
ｐ -0.35+0°０５エRF

’
（4-2）

where B^^^　is the　absolute　value of Ｂｅ at r/r^ ° Ｏ
’
８ (pe-

riphery　of　the　plasma　column).
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4. COMPAR工SON Ｗ工TH　THEORY

　　　　　In　the　previous　Section, an　empirical　scaling　formula

of　the　RF　stabilization　has　been　obtained.　　We, then, consider

the　RF　stabilization　scheme　theoretically.　starting　from　the

simple model　shown　in　Fig.4-10.(See　also　Fig.3-13　in　Chap.　３．）

since　we　are　much more　interested　in　the　result　in　the　high-

density　regime　than　in　the　low-density　regime, the　following

discussions　are　devoted　to　the　former　density　regime, if

otherwise　noted。

　　　　　工ｎ　the　case　of　no　stabilizing　RF　field　applied, the　dis-

persion　relation of　the　flute mode　is　given by Eq.(3-2).　　We

approximate　the　effect　of　the　RF　field　by　ａ　change　in　effective

gravity　in　the　regiori　ｒｓ く　ｒ　く　ｒＯ　as　shown　in　Fig.4-10.　工ｎ

this　case, we　replace　Ｇ　in Eq°(3-2) by Ｇ 十v ゛ith "p being

the　radial　ponderomotive　force　existing　only　in　region　2 [5].

This　situation　is, of　course, not　exact　because　the　radial

ponderomotive　force　affects　ions　for　almost　whole　of　the　plasma

radii　as　shown　in Fig°3-19‘　　　Ｂｕｔ″as　the　direction　of　^ir

in　Fig.3-19　is　favorable　for　the　RF　stabilization, it may　not

be　an　overestimate　of　the　Ｆ＿　to　assume　Ｆ_　＝　F. (r　＝　ｒｓ

ｌ ｒＯ）

　　　　　　　　　　　　　　　　　　　　　　　　　　ｐ　　　　　　　　　　ｐ　　　lr　　　　　　２

with　ｒＯ　°ｐ°　　Assuming　that　こ　〉〉　1, and　neglecting　the　finite

Larmor　radius　effect, we　solve　Ｅｑ．（３－２）ｔｏ　find　that

Ω．
２

　１

MeT.

　　　１

゛

こy

゛｛（“-1）゛2°2トS Os
2］なぺ_!!
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(4-3)

since

．Ｒ
Ｉ　Ｃ

The　stabilization　of　the　flute　mode　requires　Ωｉ　゛０

the　first　term in the　square　brackets　in　Eq.(4-3) is　much
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larger　than　the　last　term under　the　present　experimental

condition, the marginal　stability　is　achieved when　－Ｆｐ°

2eT /R°　As　the　ponderomotive　force　is　considered　to be pro-

portional　to　the　square　of　the　RF magnetic (or　electric) field

in　the　plasma, F　can　be　written　as　　　　　　　　　　　　　　　ｐ

Ｆ　　＝　Ｆ
　ｐ

　　　　ｒ　　＋　「
。（マ）＝－と|％1）12’ （4-4）

where　Ｂ　ｐ　is the　azimuthal　component　of ･ the　RF magnetic　field
　　　　　　Θ

in　the plasma　region at r/r^ °Ｏ°８　and　こ　is　ａ　form factor,

which will　depend on ｎＯ″Ｔｉ″ａｎｄ ｍ even　if　the　geometries　of

the　plasma　and　the　stabilizing　RF　antenna　are　fixed.　Here,

there　is　no　reason゛゛hy　ｌ７／゛Ｌ should　be　０．８．　We　have　chosen

this　value　only　because Ｂ　is　measured　at　this　position　in　the
　　　　　　　　　　　　　　　　　　　　　　０

experiment.

　　　　The　value　of　　is　calculated　as　follows:　　We　solve　the　　　　　　　　　　　　　　　　こ

dispersion　relation　for　ａ　given　density　and　obtain　the　RF

field　distribution using　the　parameters　ω／ωci　°２°４″ｋ”゜

　　　　　－110.5　m　″ｐ(゜ｒＯ)゜３゛Ｏ　ｃｍ″Ｔｉ　°Ｏ″and Ｔｅ °２０　ｅｖ゛　　The value

of　Ｆ．
　　　１「

is　obtained　from Eq.(3-5) for　the　calculated　RF　field

distribution.　Then, we　divide　this　value　by　the　square　of

Ｂ　ｐwhich　can　be　read　from　the　field　distribution. The
　Θ

Γesult　is　given　in Fig.4-11, where　こ　for　the ｍ＝－２ｍｏｄｅ　is

plotted　as　ａ　function of　the　density.　　We　note　that　the　density

dependence　of　と　is　very v/eak though　the　RF　field changes　its

mode　from evanescent mode　to propagating mode　as　"o　exceeds

５×1012cm‾３．　Wealso　calculate　the　value of I　for the ｍ ＝＋２

mode　to　find　that　it　is　smaller　than　the　value　in　Fig.4-11
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by　only　ａ　factor　of　^'２″and　is　very weakly　dependent　on　ｎＯ°

工ｔ　is　also expected that　こ　is　insensitive　to T.　at　least

for　the　range　used　in the　experiment.　　Thus, we　can treat　と

as　ａ　constant value, and　the　stability　condition yields　。

）Ｏ‘５
(4-5)

This　expression predicts　that　the　RF magnetic　field　necessary

to　stabilize　the　flute instability　is proportional　ｔｏＧＯ゛５

regardless　of　the　density.　　It ･simply means　that　the　larger

ponderomotive　force　is　required　to　reverse　the　azimuthal　drift

of　ions　due　ｔ０　larger　effective　gravity.　　We　must　note　that

Eq.(4-5) does　not　hold when　the　sum of　the　first　two　terms　in

the　square　brackets　in　Eq.(4-3) becomes　comparable　to　the

last term for large　Ｆｐ゛

　　　　　On　the　other　hand, Eqs.(4-1) and (4-2) give　the　empirical

scaling　formula　for　the　flute　stabilization.　As　the　RF　elec-

trie　field　in　the　vacuum region (outside　the　plasma　column),

ＥＶ,･　ｉ５proportional　to 工ＲＦ″　Eq.(4-1) is　rewritten　as

ＥＶ
~ Ｏ°３　ｎｏ

０．３十〇．０５
（Ti/Ｒｃ）O‘4 + 0.1 (4－6)

Here, the　relation　between E and　ＩＲＦｈａｓ　been　calculated

using Maxwell's　equations.　　This　equation　gives　the　RF　electric

field　in　vacuum region　necessary　for　the　flute　stabilization

with　６　＝　０．２。

　　　　　Combining　Eqs.{4-1) and (4-2), we　obtain　the　empirical

relation　ｂｅｔＷｅｅｎＢΘｐｎｅＣｅＳＳａｒｙ　for　the　flute　stabilization with
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６　°０．２　and　the　plasma　parameters;

ＢΘ
ｐ
CXご　ｎ
　－0.05十〇．１

　　　　－０ (Ti/Ｒｃ
）O‘4+0.1

(4-7)

Comparing　Eq.(4-7) with　Eq.(4-5), one　finds　that　the　powers　of

１１０　and(T./R )　which　are　determined experimentally　are very

close　to　those　predicted by　the　theory‘［The　ｐｏ゛゛ers　of n　is

zero　in　Eq.(4-5).] We　have　already　obtained　the　semi-quanti-

tative　agreement　of　the　experiment　and　the　theory　in　Section　４

０ｆ　Chap.　３　concerning　the　absolute　value　of ＢΘｐ necessary　to

stabilize　the　flute　instability　at iIq　°５×1013cm‾３‘　Therefore,

it　is　concluded　that　Eq.(4-7) agrees　with　Eq.(4-5) within　an

accuracy　of　the　ｅχperiment.

　　　　　Having　established　the　scaling　formula　of　the　flute　stabi-

lization [Eq.{4-6) or Eq.(4-7)],　we　can predict　ａ　necessary

value　of　the　RF　electric　field　for　the　RF　stabilization　of　ａ

fusion-oriented plasma　from Eq.(4-6) to be Ｅ７ ～　１．１　kV/cm for

"o　°５×1013Cm‾３″Ｔｉ　°２０ keV, and R　° ４．３　ｍ．　The　value　of　Ｅｖ

is　easy　to　be　realized　and　this　method　is　hopeful　for　an

application　to　ａ mirror　fusion　reactor.　　Furthermore, in　ａ

hot　plasma　the　required RF　field　strength　should be　smaller

by　additional　effects　of　finite　Larmor　radius　and　thin　RF　field

penetration　depth.

　　　　　There may　arise　ａ question　that　Eq.(4-6) or　Eq.(4-7)

still　holds　or　not　for　ion　temperatures　and　the　plasma　radius

larger　than　those　in　our　experiment.　工七　was　reported　that,

in　the　tandem mirror　Phaedrus ， the　central　cell　plasma　could

be　stably　sustained by the　ＲＦ（゜／“Ｊｃｉ　こ　1)even ゛゛hen the plug
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cell　plasmas are　turned off.　If　ω　＜　ωｃｉ″large　amplitude

MHD　instabilities　were　observed　to　reduce　the　central　cell

beta significantly.　　Having　referred　to our　results　in ＨＩＥ工，

Hershlowitz　et ａ１．［６］concluded　that, in　the　case　of　ω　＞

ωｃｉ″the　stability　of　the　axisymmetric mirror　plasma　in

central　cell　stand ・alone mode　was maintained by　the　radial

ponderomotive　force.　The estimated　value　of　the ponderomotive

force was　just　enough　to　overcome　the　curvature　force　in　ａ

plasma of　"o　°３×1012　cm″Ｔｉ^ｊ　６０　ｅｖ″and　ｒＯ　こ　１５　ｃｍ’

Although　their　RF　antenna　configuration is　different　from ours.

the　results　in Phaedrus　strongly　support　our　scaling　formula,

and　confirm that　the　RF　stabilization method　is　still　effective

for　these values　of T.　and　ｒＯ°　It　ｉｓ″however″necessary　to

confirm　the validity of　Eq.(4-6) or　Eq.(4-7) for much　higher

T. .　・

　　　　　There　are　two more　problems　which　remain　to be　resolved.

First, which mode　of　RF　is　the　best　for　the　stabilization　？

In　the　experiments　described　in Chapters　３　and　４ ， the modes　of

the　RF were　the　propagating　fast wave　for　the　high-density

regime, and　the　evanescent mode　for　the　low-density　regime.

工ｆ　weuse　the　propagating mode, the　RF　field　can be　large　in

the plasma producing　large　ponderomotive　force, but　cares

should　be　taken not　ｔ０　lose　the　RF　energy　as　it propagate

away　towards　the　ends.　For　the　evanescent mode, although　the

efficiency of　the　RF　field　excitation　is　smaller, the

problem　of　the　RF　energy　loss　will　be　insignificant.

　　　　　We　have　used　the ｍ ＝　＋２　RF　field, which　is　linearly　polar-
　　　　　　　　　　　　　　　　　　　　　　　　－

ized, for　stabilization.　As　will　be　shown　in　the　next　Chapter,
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the　linearly　polarized　field　produces　radial　convective　loss

of　the　plasma.　The　convective　loss　is, however, negligibly

small　as　compared with　the　loss　caused　by　flute　instabilities.

Therefore, the　convective　loss　has　no　effect　on　the　RF　stabili-

zation　experiments　described　in　Chaps.　３　and　４．　But　once　ａ

complete　stabilization　of　the　flute　instabilities　is　achieved,

we must　use　a circularly　polarized RF　field　for　further ・

improvement　of　radial　confinement.　The　RF　antenna　shown　in

Fig,2-8(b) in　Chap.　２　is　suitable　for　this　purpose。

　　　Second, can　the　RF　stabilization method　improve　the　plasma

confinement｡ time　in　the axisyiranetric mirror　to　ａ　classical

value　？　　As　described　earlier.　the　residual　neutral　gas

pressure　was　relatively　high　and　T^ was　less　than　several

tens　of　eV　in　Ｈ工Ｅ工,resulting　in　the　lack　of　ａ mirror　con-

finement.　Therefore, we　could　not　discuss　about　overall

particle　and energy　confinement　times　using　七he　experimenta ｌ

results.　We　did observe　the　decrease　of　the　radial　diffusion

loss　followed　by　the　increase　of　the　diamagnetic　signal

when　the　RF　stabilization　was　applied　to　Ｈ工Ｅ工。　工七was　also

observed　in　Phaedrus [6１　that　the　central　cell　beta　increased

with　the　RF　stabiliza七ion　compared　to　the　unstable　case.

Judging　from these　experimental　results,　we　can　surely　expect

an　improvement　of　the　particle　and　energy　confinement　times

by　the　RF　stabilization.　The　experiment　of　the　RF　stabilization

ｏｔ　ａ　mirror-confined　plasma　is　now　in　progress.
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5. CONCLUS工ON

　　　　　The　RF　stabilization　of　ａ　plasma　in　the　axisynmetric

mirror　Ｈ工Ｅ工　was　investigated　in　various　plasma　parameters ．

　　　　　We　have　obtained　the　empirical scaling　formula　of　the　RF

stabilization　that　the　required　RF　field　strength　increases

proportionally　ｔｏｌｌ００’310’０５（Ｔｉ／Ｒｃ）Ｏ°４土Ｏ°１°　　This　scaling

formula　has　been　revealed　to　agree　fairly well　with　the

theoretical　prediction　that　the　radial　RF　ponderomotive　force

must　overcome　the　curvature　force　for　stability・

　　　　　From this　scaling, a　reasonable　value　of　the　RF　electric

field　of　１．１　kV/cm　is　estimated　for　the　RF　ｓ七abilization　of

ａ　fusion-oriented　plasma　with n^　°５）（1013Cm‾３″T.　°２０ keV,

and Ｒ　＝　４．３ｍ．
　　　　　Ｃ

　　　　　This　method　of　stabilization will　be　effective　for　in-

creaseing　the　central　cell　beta　of　ａ　tandem mirror　and

could　be　an　alternative　for　non-axisyiranetric　MHD　anchors.
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CHAPTER 5

CONVECTIVE　PLASMA LOSS. CAUSED BY AN　ION　CYCLOTRON　RFFI ELD

　　　　　　　　AND　ITSELIMINATION BY MODE CONTROL

1. INTRODUCT工ON

　　　　　RF　fields　in　ioncyclotron range　of　frequencies (ICRF)

have been　successfully　employed　in heating　ions　in　linear

and　toroidal　devices.　　工ｎ most　experiments,　slow and　fast

waves　are　launched by half-turn　coil(s)［１－３］or　ａ Kharkov=

type coil［4],which produces　RF　fields　of ｍ ＝＋１　and－１［and

ｏ　for　half-turn coil(s)］azimuthal modes　simultaneously.

Here, RF　fields　are　assumed　to vary as　exp[j (in9-k。ｚ＋ωｔ）］in

cylindrical　geometry.　　　For　large　amplitude waves, there may

arise　deleterious　effects due　to nonlinear　interactions

between these　fields　and　ａ plasma.　　Chen.and Etievant [5]

calculated particle drifts　caused　by ponderomotive　force　of

excited waves.　　The ponderomotive　effects will　become

important　if　the　excursion velocity of particles　in wave　fields

exceeds　the　thermal velocit 。。　　　　　　　　　　　　　　　　　　　　　　　　ｙ

　　　　　Althoughnonlinear processes　in　lower　hybrid　heating［６，

７１　have been　investigated　in　detail, few experimental　reports

are　available　concerning　the　nonlinear　effects　in　工CRF　heating.

　　　　　工ｎ　thisChapter, we wish　to present　the　experimental　evidence

that　the RP　field　of ｍ ° ＋1　azimuthal mode, which　is　conventionally
　　　　　　　　　　　　　　　　　　　　　　　－

used　in　工CRF　heating, produces　convective　cross-field plasma　loss.
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The　convective　loss　is　produced　through　particle　drifts　due

to　the　ponderomotive　force　of　the　large　amplitude ｍ＝±１　RF

field.　　By　utilizing　the ｍ °＋１　circularly　polarized　RF　field,

we　can　achieve　higher　overall　heating　efficiency　in　conse-

quence　of　eliminating　the　convective　loss。

　　　　　Theoretical　consideration　of　the　convective motion　in

an　RF　field　is　presented　in　Sec. 2,　Section　３　includes　the

description　of　the　experimental　setup.　　The　experimental　re-

suits　which　demonstrate　the　convective　loss　in　工CRF heating

are　given　in　Sec. 4　together with　the　comparative measurement

of　the　heating　efficiency.　Section　５　contains　conclusions.

2. THEORY　OF　CONVECTIVE　LOSS

　　　　　The　mechanism producing　ion　convection may　be　understood

from the　following　fluid　theory　in which　the　quasilinear　cor-

rection　to　the　linear　solution　is　taken　into　account［５１。

Let　us　consider　ａ　cylindrical ， homogeneous, collsionless　plasma

with　radius　ｒＬ immersed　in　ａ　static magnetic　field　ＢＯ　in　the

positive　ｚ　direction.　　工ｆ　the　current　density　in　ａ　Kharkov-

type　RF　antenna (see　Fig.2-7　in　Chap. 2) is　approximated　by

ＪＯ　°Ｊ０ 6{r-s) sin6　ｃｏｓ（－ｋ。ｚ　十　ωt)with　ｓ being　the　coil　radius,

the　RF　electric　field　in　the　plasma　is　ａ　superposition　of　the

fields　of　ｍ＝　＋１　and　－１　modes, and may　be　represented by

Ｅ（１）
　「

＝［Ｅ (r)+E
2［０］cosO

.
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EΘ
（1）
゜

Ｅ（１）
　Ｚ

[-Ｅ

゜０　，

(０゛E2 Ｇ）］ｓｉ゛Φ１ ゛[-E3(r)゛Ｅ4 （ｒ）］ｓinΦ ２

(5-1)

where　Φ１　°Θ　‾　ｋ”ｚ　十　ωｔ″Φ２　°‾Θ　‾ｋ”ｚ　十　ωｔ with　k,, being　the

axial　wave number
″
and　Ｅ１ （Ｅ３）ａｎｄ　E- (E.) are, respectively,

the　amplitudes　of　the　left　and　right　hand　circularly　polarized

field　components　of　the ｍ＝　＋1（－１）ｍｏｄｅ．　Using　Eq.(5-1), we

can　obtain　linear　and　second　order (in　the　field　amplitude)

solutions　for　particle motions.　To　second　order, the　pondero-

motive　force　gives　rise　to　ａ　quasi　steady　drift　of　ions　in　the

direction　perpendicular to　both　the　force　and S≫　as　given by

Eq.(2-12) in　Chap. 2.　For　the　field　of　Eq.(5-1), no　charge

separation　arises　due　to　the　second　order　drifts　of　ions　and

electrons.　We　can　calculate　the　quasi　steady　flux　of　ions:

八’（ll（1）すi（1））゛゛O八（２）・ （5-2）

where n^.　andｎ（１）ａｒｅ　thezeroth-　and　first-order　density.

respectively, v.　is　the　ion　velocity, and the　brackets　denote

ａ　high-frequency　average.　　After　some　algebra, we　obtain　the

radial　component　of　the　quasi　steady　ion　flux, which　is　given

by

ｒ

ｉｒ
＝２（ ÷）

２
"o
-
ωci

－

「
sin2G［

ＥＩＥ３　　　　　　Ｅ２Ｅ４

--

（ω“ωｃｉ）

２　　（ω゛ω

ｃｉ）

２
］，（5-3）

where ｍ．　is　the　ionmass　and　ω　.is　the　ion　cyclotron　angular
　　　　　　　・　　　　　　　　　　　　　　　　　　　Cl

frequency.　　This　equation has　been　derived　under　the　condition
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that　the　RF　field　is　traveling　in　the　ｚ　direction.　In　the

case　of　an　axially　standing　RF　ｆｉｅｌｄ″Γｉｒ　is　represented　by

Eq.(5-3) multiplied by　し２　゛“ｊｃｉ２／（２（１ｊ“）ｃｉ）］ｃｏｓ２ｋ’．２‘　Equation

(5-3) shows　that　the　large　cross-field　ion　flux　is　produced

by　the ｍ ＝±１　RF　field at　fundamental　ion　cyclotron　resonance.

We must note ｔｈａ七七he ｍ ＝＋１　and －１　RF　fields　in Ｅｑ．（５－１）　are

not　necessarily　the　wave･ fields.

　　　　　since　we　have　assumed　ｔｈａｔｎＯ（ｒ）゜Ｏ　for ｒ’〉　r , the net

plasma　loss　is　obtained　by　integrating　Eq.(5-3) over　that

half-wave　of　the　sine which　leads　七〇　flux　toward the　outside.

　　　　　工ｎ　order　to　eliminate　this　convective　plasma　loss, we

design the　RF　antenna which can　produce　the ｍ ＝＋1　0ｒ　－１　RF

field　selectively, [see　the　antenna (c) in　Fig.2-7　０ｆ　Chap. 2］

工ｎ this　case, we have Ｅ３　°Ｅ４　°Ｏ（ｆｏｒ the ｍ °＋１ｍｏｄｅ）ｏ「

Ｅ１　°Ｅ２　°Ｏ　(for the ｍ＝－１ｍｏｄｅ），　then･Eq.(5-3) predicts･

that　no　radial　flux　of　ions　is　produced.

3. EXPER工MENTAL　SETUP

　　　　　The　ｅχperiment　was　performed　in　the　single-ended　Ｑ－

machine　Ｈ工ＥエーＱ　illustrated　in　Fig.5-1.　A potassium plasma

is　continuously　produced　by　thermal　ionization　of　the　neutral

K-beam　on　ａ　tungsten　plate　heated ，七〇　about　2200°K, and　forms

ａ　column　of　about　1.2　ｍ　long　and　３　cm　in　diameter.　Ａ uniform

static　magnetic　field　up　to　１．０　Ｔ　confines　the　plasma　radi-

ally.　　工nitial　temperatures　of　ions　and　electrons　are　both

about　0.25　eV, and　electron density　is　in　the　range　of　１０９
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cm with　the　background　neutral　pressure　less　than

Torr. For the　plasma　parameters　described　above,

mean　free　paths　of　ion-neutral　and　ion-electron　collisions

are　much　longer　than　the　length　of　the　plasma　column。

　　　　　工ｎ　order　tomeasure　the　perpendicular　and　parallel　ion

temperatures ， we constructed　an　ion　sensitive　probe　and　ａ

Faraday　cup.　　These　probes　should　be　as　small　as　possible

not　to　disturb　the　plasma, and　should　have　ａ　heater　to　avoid

contaminative　attachment　of　potassium atoms.　The　ion　sensi-

tive　probe　which　is　shown　in　Fig.5-2{a), has　the　structure

so　as　to　receive　ions　selectively　using　the　difference　of　the

Larmor　radii.　　The　configuration　of　the　Faraday　cup　is　shown

in　Fig. 5-2(b).　Considering　the　Debye　length　of　the　plasma.

we　adopted　grids　with　１００　meshes　per　inch　to　apply　ａ　uniform

retarding　potential 。

　　　　　工ｎ　the　experiments　described　later, it　is　sometimes　neces-

sary　to measure　　two　dimensional　profiles　of　the　plasma

parameters.　We　developed　ａ　probe　mechanism which　enables

us　to　set　the　probe　tip　at　any　position　in　the　plasma　column・

Figure　5-3(a) shows　the　bird's-eye　view　of　the　three　dimension-

al　probe　（３Ｄ　probe) mechanism, where　the　single　probe

is　mounted　on　ａ　pantograph which　slides　back　and　forth　along

the　guide　rail　laid　in　the　axial　direction.　The　lower　pivots

of　the　pantograph　are　coupled with　the　ends　of　the　inner　and

outer　shafts　which　are　extended　ｏｕ七　〇ｆ　the　vacuum chamber

through　ａ　gauge　port.　　The　relative　translational　movement

of　the　inner　and　outer　shafts　makes　the　probe　go　up　or　down,

and　the　rotaion　of　the　shafts　results　in　the　probe　tip move-
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merit　along　an　arc.　　The　axial position　of　the　probe　is　easily

changed　by　sliding　the　schafts.　By　combining　these　three

driving　mechanisms, we　can　set　the　probe　tip　at　ａ　desired

position.　The　photograph　of　the　probe　and　the　gear　box　which

drives　the　inner　and　outer　shafts　are　shown　in　Figs.5-3(b)

and (c), respectively。

　　　　　The　RF　antennae　are　installed　５０　cm downstream　from　the

hot　plate　with　the　electrostatic　shield　inside.　The　antenna

Ａ　in　the　inset　of　Fig.5-4　is　the　Kharkov-type, and　consists

of　two　half-turn　loops.　　Each　１００ｐ　is　made　of　８　turn　copper

wire　of　２　mm　in　diameter　and　has　ａ　length　of　２６　cm, which

determines　the　axial　wave　length　of　the　excited RF　field　to

be　λ,ｌ　＝　５２　cm.　The　loops　are　connected　in　series　to　an　RF

oscillator　which　can　deliver　pulsed　RF　power　up　ｔ０　２００　Ｗ at

ａ　frequency　of　0.35　MHz.　The　RF　antenna　Ａ excites　the

linearly　polarized　RF　field　given　by　Eq.(5-1), which we　call

the ｍ　＝　＋１　field。
　　　　　　　　－

　　　　　The　RF　antenna　which　produces　circularly polarized　RF

field　consists　of　見　half　turn　loops　placed　around　the　plasma

column　so　that　they　forms　an　angle　of　３６０°／几　with　each　other

in　azimuthal　direction.　工ｎ　the　experiments, we　use　both　the

兌　＝　３　and　几　＝　４　RF　antennae.　The　RF　antenna　Ｂ　in　Fig.5-4

shows　the　case　of　兌　＝　3, while　the　antenna (c) in　Fig,2-7　is

essentially　the　几　＝　４　type.　　Each　１００ｐ　has　the　same　di-

mension　as　that　used　in　the　antenna　Ａ．　The　loops　are　con-

nected　in　parallel　to　the　RF　oscillator　through　an　LC-phase

divider　and　　　impedance matching　circuits.　By　adjusting

the　phase　divider　so　that　免－ｐｈａｓｅ　RF　current　flows　in　the
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antenna with　proper　sequence.　we　can　establish　the ｍ ＝　＋1

0ｒ　ｍ°－１　RF　field　selectively.

4. EXPER工MENTAL　RESULTS

A. Antenna　Loading　and Wave　Excitation

　　　　　The　series　loading　resistance of　the antenna
″ ^in/^T' ″ was

measured　as　ａ function of　ω／ωci　and　ｎＯ″where　^in　is　the　incident

RF power　into　the RF　circuits　and　the plasma　as measured with ａ

directional　coupler　connected　at　the　output　of　the　oscillator　and

^t' ゛ く去lyl（゛Ileﾄﾞdo）″ （5-4）

゛゛hich　gives　ｔｏｔ°１　spectral　ｐｏ｀゛ｅｌ°of azimuthal RF　current 工Ｏ　in

each U-turn　１００ｐ．　　　The　axial　RF　　current　is　of　no　consideration

because　it　does　not　couple　to　the　plasma　as　long　as　the　electro-

static　shield　is　installed.　　The　resistance was　resonantly peaked

nearω／ωci　° １　for the ｍ＝＋１　and the ｍ°±１　operations, and　the

increment of　the　series　loading　resistance　at　resonance　relative

to　its　vacuum value,△Ｒ´ is　plotted　against "o　in Ｆｉｇ°５‾４　for

several　　modes.　　The value　of　△Ｒ　increases linearly with ｎＯ’

工ｔ　should　be　noted　that　the ｍ ＝＋１　data points　obtained　by　using

different types of antennae （兌＝３　and　几＝＝　4) fit on the　same　line.

The　ratio of resistive　load　for　the ｍ＝＋１　operation　to　that　for

the ｍ ＝－１　operation　is　about　５．　　For　the ｍ ＝±１　operation. the

loading resistance　should　be　tho　arithmetic mean of　the ｍ ＝　＋１

and ｍ °’１values　because　ＩＴ２　is　equally divided　ｉｎｔ‘ｏ　theｍ °＋1
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and ｍ ＝　－１　spectral　power.　　This　is　clearly　seen　from the

result　shown　in　Fig.5-4.　We　have　thus　confirmed　the　reasona-

bleness　of　Eq.(5-1).

　　　　　The　RF　field was　measured　by　ａ　magnetic　probe　located　４４

cm downstream　from the　center　of　the　RF　antenna.　The　amplitude

of　the　azimuthal　component　of　the　magnetic　field　is　shown　ヶ

in　Fig.5-5 as　ａ　　function　ｏｆω／仙ci for the ｍ ° ＋１operation

（Ｓ０１１ｄ　line), the ｍ ＝　－１　operation (broken　line), and　the ｍ＝

＋１　operation　with　no　plasma (dotted　line) .　工ｔ　is　clearly

seen　that,・for　the ｍ ＝＋１　mode, the　slow wave　is　resonantly

excited　near　the　ion cyclotron　frequency (ω／ωci　°Ｏ°９６　for

"o　°６）（1010cm‾３）゜　　工ｆ　the　densitywas　more　decreased.　the　peak

shifted　closer to the　point whereω／ωci　°１°　When　the RF

antenna was　operated　in　the ｍ＝　－１　mode, the　RF magnetic　field

ampl itude　had　no　dependence　on ω／ωci
°　The

measured　phase

difference　between　the　radial　and　the　azimuthal　magnetic　fields

showed　that　the　field was　almost　left-hand　circularly polar-

ized　on　axis.　These　results　indicate　that　the ｍ ＝　＋１　field

generates　the ｍ＝　＋１　slow wave, while　the　ｍ＝　－１　field　gener-

ates　only antenna　near　field　rather　than　ａ　propagating wave

field.　For　the　antenna　A, the　ｍ＝±１　field　is　equally　divided･

into　the　ｍ＝　＋１　and　－１　spectral　powers, and　both　七he ｍ ＝　＋１

slow wave　and　the ｍ＝　－１　antenna　near　field　are　generated.

　　　　　Radial　profiles　of　ｌＢΘｌfor ｍ　＝　＋１　and　－１　modes　are

compared　in　Fig,5-6.　工七　is　found　that　the　ｍ＝　＋1　wave　field

is　sharply　peaked　as　compared　with　the　ｍ ＝　－１　field.　　　The

axial　components　of　the　RF　magnetic　field was　about　１０１　０ｆ

the　other　components ．
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B. Measurement　of　Convective　Loss

　　　　　The　temporal　evolution　of　two-dimensional　profile　of　ion

saturation　current ^is during rf pulse was　measured with the

Langmuir probe movable　in　three　degrees　of　freedom.　　The　equi=

工is　contours　゛１°ｅdisplayed　in Fig. ５－７　for　the 111°＋1　and±１　０ｐ－

erations with mean squared　rf　current
一ｴＴ２°Ｏ°５１×1031

A2 ″ω／ωＣｉ°

０．９９，ａｎｄｎＯ°１’２×1010　cm　forboth modes.　　The　contours　are

almost　concentric　at　七゜0 (before　the RF　pulse) and　continue　to be

so with　time　for　the ｍ＝＋１　operation.　　０ｎ　the　contrary, the　pro-

file　for　the ｍ °±１　operation　shows　ａ　convective　drift pattern at

ｔ°０．４　msec　such　ｔｈ弓七higher　density, hot　ions　in　the　plasma　core

drift radially outward　and　lower　density, cold　ions　in　the periph-

ery　radially　inward　in　adjacent quadrants　alternatively.　　From the

boundary　condition which relates　Ｂｚ（１）ｔｏ
'^e″
we　note that　the　azi-

muthal　position ｗｈｅｒｅ．Ｊｅ°Ｏ　corresponds to　ｅ＝Ｏ　or　７Ｔ　in　thetheory

described　before.　　The　arrows　in Fig.5-7　　designate　the　direction

of　^ir　predicted　from Ｅｑ・(5-3). There　is　ａ　good　agreement　between

the prediction　and　the　experimental　result.

　　　　　We　also　note　from Eq.(5-3) that　the　rotation　of　the　RF

antenna　Ａ　in　Fig. 5-4　by　９０°in　azimuth　will　resul七　in　the

reversal　０ｆ　the　direction　of　Γｉｒ°　This　is　demonstrated by　ぢｈｅ

difference　of　the measured 工. -contours　in　Fig.5-8°

Only the antenna　Ａ　was　rotated　by　９ ０° between ．the　two　traces, all

other parameters　were　the same.　　The　convective　drift patterns

well　corresponds　with　the　theoretically predicted direction　of ^ir

which　is　again　indicated by　arrows.　　　No　enhanced　cross-field　loss

was　observed when　the　m =-1　field was　applied, showing　that both
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Fig.5-7　　Two-dimensional　profile　of　ion　saturat ion　current

ｌｉｓ（ｉｌ１　arbitrary　unit) for　n (r゜Ｏ）゜　1.2xio'°c°‾３’ω／ωc
i

°0,99, and　ＩＴ２　°Ｏ°５１×１０３　Ａ２‘　　Temporal　evolution　of　ｌｉｓ゛

profile　for　the　ｍ　＝　十ｌ　mode (left　traces) and　for　the　ｍ　＝

＋ｌ　mode (right　traces )　is　shown.
－

with ｍｓ！ＩRF

＠
恥

t = 0.36 ms

Fig.5-8　Two-dimens ional ｌｉＳ‾ｐｉｒｏｆｉｌｅ　for　the°゜！ｌ　mode

wi th　two　di fferent　antenna　positions .
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Ｅ１ and Ｅ３ (Ｏｒ Ｅ２ and Ｅ４ are　necessary　for　the　convective motion.

　　　　The　cross-field　ion　flux was　obtained　in　such ａ way　that the

axial　ion　saturation　current 工ｃ　to　the　negatively biased　cold end

plate of　radius　ｒＰwas measured　as　ａ　function of　ａχial　distance　ｚ

to　give　ｒｉｒ｀゛hich　is　equal　to (2TTr e)"-^Ol^/3z) [8]. Figu・ｅ　５‾９

shows　^ir divided by　the　density　averaged　over　the　cross　section.

n, as　ａ　ｆｕｎｃｔｉｏｎｏｆＩＩＴ２”Thedrift wave　activities　；　an increase

of　the　amplitude　and　the phase velocity　and　changes　　in　the　freq-

uency　spectriom, were　observed as ＩＴ２was　increased The　dotted

line in Fig.5-9　is　drawn　theoretically using　the Bohm diffusion　CO-

efficient with ｍｅａｓｕｒｅｄＴｅ　and　the　density　scale　length　for　the ｍ °

+１　case. The　numerical　factor　of　the　coefficient, so　chosen　as　to

fit　the　experimental　data at　ＩＴ２°Ｏ
″
･Is　５
１
２）（１０‾２’　　『rhe　theoretical

curve agrees well with　the experimental points　for　the ｍ ＝＋１ mode.

showing　that　the　increase of　radial　loss　for　this mode　is　due　to

the　enhancement　of　Bohm diffusion. ･since　the　drift wave　activi-

ties were　nearly the　same　for both modes with　the　same ＩＴ“″the

　　　　　　　　、　　　　　㎜excess　of　r. /n　for　the m ゛±1mode (solid　curve) over　that of　the

Bohm diffusion (dotted　curve) is　attributed　to　the　radial　ion

convection peculiar　to　the ｍ＝＋１　field

　　　　　　　　　　　　　　　　　　　　　　　　　－

　　　　　　　　　　　　　　　　　　　－This　fractional r,yn

corresponding　to the　convective　loss　is proportional　to　ＩＴ“″which

is　consistent　with Eq°(5-3) since　Ｅｌ　to　Ｅ４　are　proportional　to　工Ｔ°

From the measurement　of wave　magnetic　fields with probes. the

magnitudes　of Ｅｌ　and Ｅ３ are　estimated to be　6.3 V/m and　３ 。８　V/m ，

respectively, at　ｒ千２．０　cm for　工Ｔ２°0.62×１０３　Ａ２° Substituting

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－these　values　ａｎｄ“ｊ／゜ｃｉ°Ｏ°９８　into　Ｅｑ’ (5-3) , we　obtain Γｉｒ／ｌｌ　°

2r. /no(r°Ｏ）ｔｏ　be　６
’
７　m/sec with an error ｏｆ±３０ １ involved in

the　estimation of　the　field　amplitudes.　　The　directly measured
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　　　　　　　　　　　　　－
゛ilue of Γiｒ/ll fol°the m °±1 mode　above　the　Bohm diffusion value

is (6.9-9.3)　m/sec　for　the　same ＩＴ“　as　shown　in　Fig. 5-9
’　The

agreement between　theory　and　experiment　is　seen　to　be　very　good。

　　　　　There may　arise　ａ　question　that　the　convective drifts　are

produced　by　the　azimuthal　asymmetry　of　equilibriiiin potential　due

to　asymmetric　heating　of　ions　or electrons　by　the ｒｒ!＝±１　field.

The　difference　in　equilibrium poten七ial　of （０．６－０．８）ｖ between

two points　separated by　９０°in　azimuth　at r=;1.5　cm　is　necessary

to produce　r. .9×10151m‾２ＳｅＣ‾１″which is measured　at ｉｉ＝０．５×１０９

cm" , jIq (r°１
’
５　cm) ゜Ｏ‘３）（１０９　cm″and　工Ｔ２゛Ｏ°４８）（１０３　Ａ２’ However,

the measured potential　difference　is　always　less　than　０．３　Ｖ，

which　is　much weaker　than　that　required.

　　C. Comparison　of　Ion　Heating

　　　　　The　perpendicular　ion　temperature　Ｔｉよwas　measured with　the

multi-grid　energy　analyzer　and　the　ion　sensitive　probe.　　工ｎ

Fig,5-10　are　shown　the temporal　evolutions　of　Ｔｉ・″T , and　"o

at　ａ　position　of　４４　cm downstream　from the　RF　antenna.　The

envelope　of　RF　current　in　the　antenna　is　also　shown　in　the

Figure.　　significant　difference　in　ion　heating　is　observed

between　the ｍ ＝＋１　and ｍ ＝　－１　cases　although　the　RF　electric

fields　in　the　plasma　have　little　difference　in　amplitude.　This

is　the　very　confirmation　of　the　theoretical　prediction　that

ions　are　heated　by　the　RF　field which　is　left-hand　circularly

polarized.　Ａ　little　ion　heating　for　the　ｍ ＝　－１　mode　may　be

due　to　the　presence　of　the　left-hand　component　in　outer　radii.

For　the　ｍ＝　＋１　mode, it　is　the　fractional　component　of　ｍ ＝　＋1
　　　　　　　　　　　　－

mode　that　heats　ions 。
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　　　　　The　electron　heating may　be　due　to　the　electron　Landau

damping　of　the　slow wave (the　thermal　velocity　of　the　electron

is　nearly　equal　to　the　phase　velocity　of　the　wave)〇ｒ　RF　Joule

heating.　The　density　decrease　for　the　ｍ＝　＋１　mode　and　for　the

ｍ＝　－１　mode　is　attributed　to　the　enhanced　Bohm diffusion　as

duscussed　in　the　previous　Subsection.　The　convective　loss

peculiar　to　the ｍ ＝±１　mode　produces　very　rapid　decrease　of　the

density　as　seen　from Fig.5-10。

　　■　　The　reciprocal　０ｆ　the density decay time.てｎ‾１″ｆｏｒ　the ｍ

゛±１　operation with　工Ｔ２° 1.27　）（　１０３ Ａ２ was　９‘６メ　１０３　sec　, which

is　larger　than the　sum-of　てｎ‾１°!?”４　×　１０３　sec for the ｍ＝＋１

operation with　ＩＴ２° 9.79　×　１０２　Ａ２ and　Ｔｎ‾１°　３°０５　×　１０３　ＳｅＣ‾１for

the ｍ ＝－１　operation with I
2°
３°３３　×　１０２　Ａ２　’ This　result　shows

that　the　density decay　for　the ｍ ＝±１　operation　is　enhanced　over

the ｍ　＝＋１　case by an amount more　than what　is brought by the

fractional ｍ =-1 spectral　power　in　the ｍ ＝!１　field, supporting

the　existence　of nonlinear　effect　in　the plasma　loss mechanism.

that　is, convective　plasma　loss。

　　　　　Figure　5-11　shows　the　increment　of　the　ion　temperature　as

ａ　function　of　the　static　magnetic　field.　　The　RF　current　reached

its　maximum value　of 工Ｔ　°３０　Ａ　at　２００　lasec　after　switching　on

the　RF, and　Ｔｉエwas　measured　at １８０μsec.　The　ions　are　heated

resonantly　at　ａ　frequency　near　the　ion　cyclotron　frequency

for　the ｍ ＝＋１　mode.　Ｔｈｅ±１０１ discrepancy in cj/o) . value

yields　the　reduction　of Ｔｉよ　by　ａ factor　of　３．　For　the ｍ ＝　－１

mode, ion　heating　is　very　little　as　expected。

　　　　　Figure　5-12　shows　the　dependence　of　ion　heating　on　the

plasma　density　for ｍ °＋１　and　ω／ωci　° １．０　．　The value　of Ｔｉ・
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is　plotted　versus　the　initial　plasma　density　at　different　times

after　RF　is　switched　on.　The　RF　current, which　reaches　４９　Ａ

at　ｔ　＝　２００　μsec,is　kept　Ｃｏｎｓ七ant　throughout　themeasurement.

No　obvious　dependence　of　Ｔ．』．０ｎ　the　initial　plasma　density　is
　　　　　　，　　　　　　　　　　　　　　　　１

observed.　This　result　implies　that　the　RF　power　absorbed　by　ions

per　unit　volume　is　proportional　to　the　plasma　density　as　expected

from　the　hot　plasma　theory.　　The　result　is　also　consistent with

the　plasma　loading　resistance　in　Fig ．５－４　where　△Ｒ　is　proportional

to　the　density.　The　value　of　Ｔｉｌ　is maximum on　axis　and　becomes

markedly　smaller　for　larger　radii　in　accordance with　the　radial

profile　of　the　left-hand　component　of　the　ｍ＝　＋１　slow wave　field.

These　facts　indicate　that　七he　observed　ion　heating　results　from

fundamental　cyclotron　damping　of　the　slow wave.[9].

　　　　　The　heating　efficiency　for　each　RF mode　is　given　in　Ｆｉｇ・

5-13, where　the ･ordinate　is　the　ｍａχimum　increment　of　ion　energy

density.△p, and　the　abcissa　is　the　incident　RF　energy　into　the

plasma　from ｔ　＝　Ｏ　to　the　time　when　the　maximum　△ｐ　is　attained.

The　increased　ion　energy　density　is　proportional　to　the　incident

RF　energy.　　We　can　see　that　the　ｍ＝　＋１　RF　field　indeed　improves

the　overall　heating　efficiency　over　the ｍ ＝±１　RF　field　bymore

than　７０　１．　　Fromthe　antenna　loading　measurement　shown　in　Ｆｉｇ・

5-4,　we　found　that, in　the ｍ＝＋１　operation, about　２０　１　０ｆ　the
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－

incident　RF power　is　dissipated　in　the ｍ ＝－１　fieldwhich　heats　ions

little　as　shown　in Fig .5-13 ．　So, the　elimination of　the ｍ＝－１　field

component　should　result　in　improvement　in　heating　efficier!cy　of　no

more　than　２０　名．　　　The　observed　improvement　farmore　than　ｅχpected

is due to the　fact ｔｈ°ｔthe ｈｅ゛itingby the ｍ °!１　fieldis accomp-

anied　by　the　convective　cross-field　loss　of　accelerated　ions.

－119－



　　　　6

（10’4 Joute)

　　4

ENERGY

２

－120－

Fig.5-13　　Maximum　increment　of　ion energy　dens ity

versus　the　inc ident　RF　energy　for　three　RF　modes .

(１１０　°５゛Ｏ)(1010cll‾３　and　り／ωci　°Ｏ°97.)

RF

2
0
（
Ａ
ａ
）

　-4

･二

10

０
１

りUJ。i＝1･0

m = !

190 usec　　　　　　　　　χ　　　　χ

　　　　　χ
　　　　　　　　　　　　　　　　　　　　　　　　χ

　　　　　　　　　　　χ

nousK

●

7０ｐ sec　　　　　　　　　Ｏ
after rf on　　ｏ

　　　　　　　　　　　　　　　　　○

1（y°

ne (cm°3）

Fig.5- 12　　Dependence　of　the　ion　heat ing　on　the

plasma　dens ity　for　the　ｍ　＝　十ｌ　mode.

14

１２

　
　
1
0
　
　
8
　
　
6

(
ｅ
.
”
'
５
-
Ａ
ａ
ｏ
ｉ
Ｏ
こ
ｄ
Ｖ

４

２

０



5. CONCLUSION

　　　　　We　have　investigated　nonlinear　effects　in　the　Q-machine

plasma　subjected　ｔ０　large　amplitude　RF　fields　in　ion　cyclotron

range　of　frequencies。

　　　　　'Ｗｅ　have　observed　for　the　first　time　that　the ･ convective

plasma　loss　occurs　due　to　the　azimuthal　ponderomotive　force

of　the ｍ °±1　工CRF　field.　　This　result　is　in　quantitative

agreement　with　the　theory　based　on　the　fluid model　in which

quasi-linear　corrections　are　taken　into　account。

　　　　　工ｎ　order　to　eliminate　the　convective ･plasma　loss, we

have　developed　the　RF　antenna　which　can　produce ｍ＝　＋１　circu-

larly　polarized　RF　field.　By　utilizing　the　ｍ＝　＋１　RF　field,

the　convective loss　is　eliminated　and　the　improvement

in　heating　efficiency　by more ･than　７０　１　is　achieved。

　　　　　Careful　measurements　of　the　wave　propagation　and　charac-

teristics　of　the　ion heating　have　revealed　that　the　power

absorption　is　entirely due　to　the　cyclotron　damping　of　ion

cyclotron　waves.
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CHAPTER 6

APPLICATIONS OF IMPROVED ICRF HEATING

　TO TOROIDAL AND MIRROR PLASMAS

1.１ＮＴＲＯＤＵＣＴ工ON

　　　　　工CRF　heating　is　recognized　to　be　one　of　the most　prom-

issing methods　for　additional　heating　of　ａ　fusion　plasma.

Ａ number　of　experiments　performed　in　tokamaks　have　confirmed

the　effectiveness　of　工CRF　heating with　fast waves　up　to MW

level.　　For　open　ended　systems, power　level　０ｆ　工CRF　heating

with　fast　or　slow waves　is　yet within　ａ　few hundred　of　kW,

and　ａ　great　deal　０ｆ　efforts　are　devoted　into　the　increase　of

input　RF　power　and　the　improvement　of　heating　efficiency・

　　　　　工ｎ　1978, we　first　verified　experimentally　that　the　RF

field　of　ｍ＝　＋１　mode　was　much　more　effective　in　slow wave　heating

than　the　ｍ＝±１　mode　employed　conventionally [1].　The ｍ ＝　＋１　RF

field　is　purely　left-hand　circularly　polarized　on　axis　and　can

accelerate　ions　effectively.　while　for　the　ｍ＝　＋１　field, a
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－

fractional　RF　power　of　the　ｍ＝　－１　component　is　lost without

heating　ions.　Furthermore, we　have　observed　in　Chap.　５　that,

for　the ｍ ＝　＋１　mode, the　nonlinear　interaction　between　the ｍ ＝
　　　　　　　　　　　一

＋１　and　－１　RF　fields　produces　convective　motion　of　ions　in　radial

direction　resulting　in　the　reduction　of　radial　confinement.

The　pure　ｍ °＋１　RF　field　has　no　such　problem, and　can　give　the

heating efficiency　１．７　times　higher　than　the ｍ °±１　RF　field [21.
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　　　　　In　this　Chapter,　in　order　to　clarify　the　advantage　of　the

ｍ°＋１　RF　field　in more　general, we　investigate　the　工CRF　heating

by　slow waves　in　two　types　of　devices, i.e., a　small　axisymmetric

七〇rus　and　ａ　simple　mirror.　　ICRF　heating ’of　the　toroidal　plasma

is　performed　in　Sec. 2　using　slow waves　generated　by ｍ °＋１

circularly　polarized　RF　fields　and ｍ ＝ｉｌ　linearly　polarized　RF

fields.　From direct　comparison　between　two　field-modes　on

wave　excitation, ion　heating, and　effects　on　plasma　confinement,

it　is　revealed　that　the　circularly　polarized　fields　are　far

more　effective　than　the　linearly　polarized　fields　in　both

achieving　higher　heating　efficiency　and　reducing　plasma　loss・

The　ion　heating　by　the　linearly　polarized　fields　is　accompanied

with　enhanced cross-field　plasma　loss, which　is　again ｑリanti-

tatively　explained　by the　two-fluid　theory・　　　　　　　　　　　　　　　　‥

　　　　　Section　３　contains　the　experimental　results　of　工CRF　heating

in　the　simple mirror.　工七　is　also confirmed　that　the　use　of　the

ｍ°＋１　RF　field　improves　the　heating efficiency.　Discussions

and　conclusions　are　given　in　Sec. 4.

２．ＴＯＲＯ工DAL　PLASMA HEAT工NG

　　A.Experimental　Apparatus

　　　　　The　experiment　is　performed　inａ　small　axisyimnetric　torus

named　Synchromak [3,4］shown　in Fig.6-1. A hydrogen plasma　of

４　cmin minor　radius　and　２５　cm　in major radius　is　produced by

Joule　heating　in　ａ　toroidal　field up　ｔ０　６　KG.　　Typical

toroidal　current　and　loop voltage　are　３　kA and　２０　V,respective-
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Fig.6-I　　Schemat ic　of　the　exper imental　apparatus
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１ｙ．　　　？he　plasmadensity as　measured with ａ　６　mmmicrowave

interferometer　is initially　１　）（　1013　cm　and decays　at　ａ　time

constant of　about　０．５ msec.　　工on and　electron　temperatures

without　RF　are (12-14)eV and (20-25)eV, respectively。

　　　　　工CRF　field　is　produced with　an　１　＝　２　helical　coil　０ｆ　one=

field-period which consits　of　four　helices wound　at　９０°inter-

vals　around　the　glass　section of　the　torus with an　electro-

static　shield　inside［５１．　　The pitch　length of　each helix　is

０．３m, hence, giving　the　axial wave　niimber　ｋ。to be　２１ｍ‾１．

An RF　oscillator which can deliver　the maximum power　of　２００　kW

at ａ　frequency of　３．５MHz　is　connected　to　the　helical　coil

through　ａ phase　shifter　and　impedance matching　circuits.

Four　helices　are　driven　in　sequential　phase　difference　of　９０°．

We can　thus　establish the RF　field of ｍ＝＋１ mode (field

rotation　in　the　left-hand　sense with respect　ｔ０ the　toroidal

magnetic　field) or　the ｍ＝　－１mode, selectively.　　These modes

are　circularly polarized　on minor　axis.　　The ｍ ＝±１　linearly

polarized　RF　field, which　ｉ芦　the　superposition of　the ｍ ＝　＋１

and ｍ＝　－１　fields, is　obtained when　two　helices placed opp-

osite　to　each other　are driven　out of　phase, with the other two

being　in open-circuit.　　This　implies　that direct　comparison

between　circularly　and　linearly polarized　fields　is　possible

using　the　same　RF　coil　in　the　same machine.

　　B. Wave　Excitation

　　　　　The　series　loading　resistance　of　the　RF　coil, R, is　Ob-

tained　by　the　relation;　Ｒ　＝Ｐｉｎ／　工Ｔ２″ｗｈｅｒｅ　Ｐｉｎ　is the　incident

RF　power　and　工Ｔ２　is the　sum of　ｔｈｅ･squared　RF　current　in　every
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helix.　The　resistance　without　the plasma″ＲｖａＣ″is　about　１’２　Ω″

which　corresponds　to　the　circuit　and wall　losses.　工ｎ　Fig.6-2　is

shown　the　series　plasma　loading･ resistance　△Ｒ;　the　difference

between Ｒ with and without the plasma.　as　ａ function　of　ω／ωｃｉ″

where　ωci　is　the　ion cyclotron　frequency on minor　axis.　　Data

were　taken　at　ａ density n-　°６゛OX　1012　cm and with ^in less　than

３　kW.　　For　the m =+1　and ｍ ＝±１operating modes. △Ｒhas　ａ peak at

W/U) .

seen.

＝　0.95, while, for　the ｍ ＝－１mode, no resonant　coupling　is

　　　　The　wave　field　is　detected by　ａ　small　magnetic　probe　away　from

the　RF coil.　　As　the　RF power　is　applied　to　the　density-decaying

plasma, the wave　field　on minor　axis　is　peaked　once　at　ａ　certain

time　after　ｓ゛itching on the RF ｐｏ゛゛ｅｌ°for ゛１fixed w/o) . .　The plot

of　the density　and (jj/u) .　゛１ｔthat　time on　the parameter　space　gives

the dispersion　relation.　　The　result　for　the ｍ＝＋１　operation　is

shown　in　Fig.6-3.　We　also　calculate　the　dispersion　relation　of

the　slow wave　in　ａ　cylindrical ， bounded, cold　plasma　using　the

procedure　described　in　Chap. 2, (The　toroidal　effect　is　not　taken

into　account.)　The solid　curves　in　Fig.6-3　show　the　dispersion

relation of　the ｍ＝＋1　slow wave with　the　radial　ｎ ＝　0, 1, and　２

modes　for　ｋ。＝　２１　ｍ‾１･．　　The　experimental　points　seem　to　agree

semi-quantitatively with　the　calculated　dispersion。

　　　　The　radial　distribution　of　the　RF　electric　field　for　the

present　experimental　condition　is　shown　in　Fig.2-5(a) in　Chap. 2

for ｍ °＋1″ｎ °1, andω／ωci　°0.96°　We　compared the measured

radial　magnetic　field　distribution with　the　theoretical　one

and　ｏｂ七ained　reasonable　agreement　between　them。

　　　　The ｍ °＋１　slow wave was　also　excited　by　the ｍ ＝　＋1
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operation　of　the　RF　coil ．　As　explained　in　Sec. 4　０ｆ　Chap.2, the

spectral power of　the ｍ °±１　field would be　equally divided　into

the ｍ ＝＋１　and　－１　spectral　powers, and　it　is　the ｍ＝＋１　component

that　generates　the ｍ ＝＋1　slow wave.　　工ｎ　this　sense, the　value　of

△Ｒ　for　the m =+1　operation　should be　the　arithmetic mean　of　those
　　　　　　　　　　　　－

for　the ｍ ＝＋１　and －１　operations.　工ｎ　Fig.6-2, this　ｒｅ工ationship　is

fulfilled　in　the region “ｊ／“）ｃｉ（　１‘0(propagating region) .

We　note　that (△Ｒ）－１　゛（ｏ‘２‾Ｏ°25) (△Ｒ）＋1″where　the　subscript

denotes　the mode of　operation.　　This means　that, in the ｍ＝

＋１　operation, (20-25)%　of　the　RF　power　is　lost　as　ｍ＝　－１　field.
－

We　define　ｎｗ as　the　efficiency　of　generating　left-circularly

polarized　RF　fields, which accelerate　ions.　　For　the ｍ ＝　＋１

opei°atio山（ｎｗ）＋1 ｡゜ 1″゛゛hile″ for the “l ’ ±１ operatio叫（ｎｗ）＋1

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－＝０．８－０．８３．

　　C. Comparison　of　Ion　Heating

　　　　Ａtypical　oscillogram of perpendicular　ion temperature,

Ｔｉよ″and density n^ with　and without　RF　are　shown　in Fig･6-4.

Here, T.よ　is measured with a multi-grid　energy analyzer　of

６ nun in diameter which　is　inserted at r =　１．５　cm.　　The RF

coil　is operated　in the ｍ＝　＋１mode, and　the　RF pulse of
　　　　　　　　　　　　　　　　　　　　　　　　－

duration of　０．５msec　starts　at　ｔ　＝　0.24　msec.　　As　the　plasma

density decays　from １　×　1013　cm　to　the　half during　RF　pulse,

the　toroidal　field　Is　chosen　to be (jj/oj . ° ｏ°８８　so that

optimum　coupling　is maintained.(see　Fig.6-3)　The　temperature

of bulk　ions　is raised　from １２　ev to about　２０ eV.　　The

electron　temperature without　rf　ｉｓ（２０－２５）ｅｖ．　　　No　change　in

both　the　loop voltage　and　the　toroidal　current　is　observed

　　　　　　　　　　　　　　　　　　　　　　　　　　－１２９－
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when　the　RF　pulse　is　applied, showing　little　electron　heating・

if　any.　　　Here, the　effect of　potential　fluctuation caused　by

the　RF　pulse　on probe　characteristics　of　the　analyzer must

be　considered.　　The　fluctuation　level　in potential ， 吊, is

several volts　at　ａ position　of　the measurement.　　since　e$/kT

く　１　for　both　ions　and　electrons, an error　involved　in　the

determination of　the　ion　and　electron　temperatures　is　expected

to be　less　than ａ　few　急【石】．

　　　　　工七　is　found　fromFig.6-4　that　the　decay　of　the　plasma

density　is　enhanced　by　the　RF　pulse.

　　　　　Figure　６－５　gives　the　increment　of　perpendicular　ion　energy

density.△Ｐｉよ″as　ａ　function of　^net　for　three　operating modes
″

where　△Ｐｉｌ　isdefined　as　the difference　ｏｆｎＯ（ｔ）Ｔｉよ(t) with

RF　from that without RF″and　^net is　the　net　RF power　into　the

plasma, v゛hich　is　given by Ｐｉｎ△Ｒ／(Ｒｖａｃ十　△Ｒ)゛　　An　example　of

temporal　evolution ｏｆ△Ｐｉｊ．　forＰｎｅｔ＝　１４kW is　shown in the

inset.　　The value　ｏｆ△P.j^ reaches　ａ maximum within μΓｓｔ（０．１

－0.15）ｍｓｅｃ and remains approχimately constant during RF pulse.

We have used the value at ｔ ＝　０．５msec　in the plot of Fig.6-5

in order　to　eliminate　an error　in T.よmeasurements　caused by

RF　fields.　　The value　ｏｆ△Ｐｉよ　increases　linearly with ^net

for　the ｍ ＝＋１　and m = +1 modes.　　When the　RF coil　is　operated

in the ｍ ＝　－１mode,there　is　little　ion heating.　　The ｍ＝　－１

field　is　right-circular:1-y polarized on minor　axis　and　continues

to be　so　for most plasma　radii, so　it does　not　accelerate　ions.

工ｔ　is　clearly　seen　from Fig 。 ６－５　　that　the　energy　gain　of　ions

per　unit　RF power　for　the ｍ ＝　＋１mode　is　larger　than　for　the

ｍ＝＋１ mode; The value of △Ｔ

　　－ ｉ』． /^net

－131－

is　１ 。５　eV/kW for the



m = +1 mode and　０．９ eV/kW for the ｍ ＝＋１ mode.　　In this case.
　　　　　　　　　　　　　　　　　　　　　　　　－

T , is　not measured″but　in ａ　separate　experiment″it　is　ｏｂ‾

served　that　Ｔｉ¨　゜（Ｏ°４‾Ｏ°6) T』．　’　　Ｓｏ″it may be　reasonable

to set Ｐｉ ° ｎｏｋ『Ｔｉ』十十rn ^ ~ :卜゛ｎｏｋＴｉ』‘　Thuｓ．　we　can

say　that the use of　the ｍ ＝＋１ mode ｉ°ｐｌ°oves　△Ｐｉ／Ｐｎｅｔby　゛

factor　of　１．７　．　　　　　　　　　　　　　　　　　　　　　　　上

　　D. Enhanced　Plasma　Loss

　　　　　When　the　RF　power　is　applied, the　decay　time　of　the

plasma density　appears　to be　shorter　than　that without RF.

工ｎFig.　６－６　is　plotted　the　reciprocal　０ｆ　the　decay time″てｎ‾１″

versus　the　applied　RF power.　　　The　increase of　てｎ‾１ｗｉｔｈＰｉｎ

for　the　m = +1　mode　Is　significant　compared with　that　for　the

m = +1 mode.　　We　suspect that the　confinement　of the plasma

is　seriously　influenced by　the　RF　field of ｍ °±１mode.

In our plasma, the　density　is　partially maintained　by　ion-

ization　of incoming neutral　gas
°　　So″ the value of　てｎ　inＦｉｇ°

６一一６　　is　different　fromthe particle confinement　time　Ｔｐ　’

工ｎorder　to　obtain　て　, we measure　ion　flux　toward　the　outer　　　　　　　　　　　　　　　　　　ｐ

wall with plane　collectors　set　just outside　the　radius　of　the

limiter (r_　゛ 4.0 cm).　　The value　of Ｔｐ　iscalculated by　the

relation;　Ｔｐ　°．Ｎ／Ｆ″where Ｎ　is　the　total　number of plasma

particles within　the　radius　of　the　limiter　estimated　from the

microwave measurement, and Ｆ　is　the　radial particle　flux toward

the whole　wall　estimated　from the　flux　to　the　collectors.

To do　this we must　assvime　toroidal　and poloidal　symmetry　of

ion flux　ａｎｄｎＯ°　　Thevalue　ｏｆてｐｔｈｕｓ　obtained　is(0.22-

0｡29) msec when no RF　is　applied.　　Using　the relation;
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The　start　of　RF　pulse　is　indicatﾆed　by　an　arrow.
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with　〈り〉　being　the　average　ionization　rate, we　find　〈v> to　be

（１．５－２．５）×　10.３　sec The value of てｐｗｉｔｈRF　is　ｃａ:Lculated

by the relation;　てｐ‾１　°てｎ‾１＋　＜り〉″under the　assumption that

〈v> is　unaffected　by RF　power.　　　　　　This　assumption　is　con-

firmed　to be　七rue　as　discussed　in the　following.　　when　the

electrostatic　shield　beneath　the　RF　coil was 。･removed, the

density　increased　by more　than　３０　１　with Pin　゛２０　ｋＷ‘　　　工ｔ　is

evident　that　the　axial　RF　electric　field　enhances　ionization.

工ｎ　the present　experiment with　the　sheilded coil, the　density

rather decreases with RF　and　no　electron heating　is　observed.

Hence, the　effect　of　RF　field on　ionization　is　negligible.

We　finally obtain the　particle　confinement　time with RF　to be

（ｌｐ）＋1°　(0.20-0.25) msec for the m = +1 mode and （ｌｐ）ﾆt1　°

(0.15-0°１８）゜sec　ｆｏｌ°the ° ゜ｉ１ mode.【Ｐｉｎヂ　４５ ｋＷ（Ｐｎｅｔ°

１４　kW) for　both ｍｏｄｅｓ．］

　　　　Figure　６－７　shows　temporal　evolution of　the　radial　profile

of　ion　saturation current　to　ａ Langmuir　probe　for　the ｍ．＝　＋１

and　ｍ＝±１ modes.　　This　curve roughly gives　the　radial　density

profile　since　T varies within　４ ０　１　or　less　over　the minor

radius.　　In the　case of　the ｍ ＝＋１ mode, the density decays

holding　an　initial　shape　of　the　radial　distribution　after　the

start of　RF.　　The density profile　for　the ｍ＝＋１ mode becomes

much　flatter with　time　indicating　enhanced　radial　loss。

　　　　工ｔhas　been shown七hat the application of the ｍ ° ±1

工CRF　field　results　in decrease　of　particle　confinement　time
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accompanied with　the modification　of density profile.　　It

should　also be　noted　that　such ･ａ　reduction　ｉｎてｐ　Is　little

when　the ｍ ＝　＋１　field　is　launched.　　As　the　excursion velocity

of　ions　in　RF　fields　exceeds　the　thermal　velocity　in　the

present　experiment, we must　take　into　account ponderomotive

effects。

　　　　　Letus　consider　ａ　cylindrical, homogeneous.　collisionless

plasma with radius ｒＬｉｍｍｅｒＳｅｄ　in　ａ：static magnetic　field　ＢＯ

in　ｚ　direction.　　工ｆ　the　azimuthal　current density　in　the

helical　RF　coil　in ｍ ＝±１　operation　is　approximated　by

J0 ｓ ｊ０ ６Ｇ - s) cos(0 - k,,z) coscjt (6-1)

with　ｓ　being　the　coil　radius, the　RF　electric　field　in　the

plasma, which　is　ａ　superposition　of　the ｍ ＝　＋１　and　－１　modes,

may　be　represented　by

Ｅ　　ａ

　「

Ｅ
＋
-２
［　ＡＪＯ‾　ＢＪ２］ｃｏｓΦ１ ＋

Ｅ

　一

一２ [‾ＢＪO 十　AJ, ］ＣＯＳΦ２

　　　　　　Ｅ　　　　　　　　　　　　　　　　　　　Ｅ　　　　　　　　　　　　　　，

ＥΘ゜‾

ｙｌ［-AJ_

“ ＢＪ２］sinO .゛孚［‾ＢＪＯ‾ＡＪ２］s inΦ２

Ｅ

　　Ｚ

＝　０ (6-2)

where　Φ１　°Θ　‾　k,,z　十　ωｔ″Φ２　°‾Θ　＋　ｋ”ｚ　十　ωｔ″Ｅ＋　and　E are,

respectively, m °＋１　and ｍ＝　－１　field　amplitudes　which　are

proportional　to　the　coil current, Jり　is　the　り‾ｔｈ　order

Bessel　function　of　the　first　kind with　the　argument　kj^r,

Ａ°ｋよ
２／(－ｋ･,２

十ｋ０
２Ｌ）
’2111d B °‾ｋ」．２／（‾ｋ･．２
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Following　the　procedure　used　in　Chap.5, we　obtain　the　radial

component　of　the　quasi-steady　ion　flux, which　is　given by

^ir
畠　ｎ o(÷

-

）２

　　　　（ω２　＋ω　．２）　　　　　２

Ｅ
十
Ｅ-　　

２ωω

ｃｔ
２　［

（ω　-

Ａ

ω　．）２

　　　　　　　　　Cl　　　　　　　　　Ｃ１

　　Ｂ２

（ω＋ω．）２
　　　Ｃ１

ＪＯ（ｋよr)J2(kよｉ）ｓ in2 （Θ　‾　k,,z ｈ

　　　　　　　　　　　　　　　　　　　　　　　（６－３）

for the ｍ＝＋１　RF field.　For the case of the ｍ＝＋1（－１）

RF　field　in which　Ｅ（Ｅ

　　　　　　　　　　　　　　　　　　－ ＋
is　identically　zero, Eq.(6-3!　predicts

that　^ir　°Ｏ’　This　ｅｑ゛ation　shows that　ａ　radial　ion　flux　is ，

produced　by　the　interaction　of　field　components　of　the　same

polarization　but　different　propagation　direction with　respect

to　one　another.　The　net　loss　flux　of　ions　is　obtained　by

integrating　Eq.{6-3)　over　the　whole　surface　at　ｒ　＝ｒＬ°　　since

"o　°Ｏ　for　ｒ　〉ｒＬ″．the　integration　should　be　taken　over　that

hal f-wave　of　the　sine which　leads　to　flux　towards　the　outside

　　　　　The　reciprocal ０ｆ　characteristic　ion　loss　time てL
″

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　／which　is　given　by　ｒｉｒ／ｎＯｒＬ″is　proportional　to　the　field ampli-

tudes　Ｅ十　and　Ｅ－　and　becomes　very　large　at　ion　cyclotron

resonance.　　This　prediction　is　consistent　with　the　experimental

result　shown　in　Fig.6-6, in which　the　reciprocal　０ｆ　the　density

decay　time　for　the　m = +1　mode　is　proportional　to　the　incident

RF　power, i . e・, to　the　square　of　the　field　amplitude. To

calculate　Γｉｒ　in　Ｅｑ°(6-3), we measure wave　fields　with　ａ　cali-

brated °agnetic　ｐｌ７°ｂ９’　When　^in　゛４５　kW, E十Ａ and　E B are

estimated　to　be　２８ ｖｐｐ／ｃｌｉｌand　n　ｖｐｐ／ｃｌｌ１’respectively・

Substituting　plasma　parameters　into　Eq.(6-3) with A/B　●　1, we

obtain　ｒ
・「
(r = r )/n ゛３°１　゛１０２
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loss　time　is, therefore, 0.13　msec.　　０ｎ　the　other　hand, a

reduction　in てｐ″　from(0.22-0.29) msec　to (0.15-0.18) msec, is

observed when　ａ　45-kW, m =±1-mode　RF　pulse　is　applied.　This

requires　that　てＬ　°　（０．３－０．４）ｍｓｅｃ．　Theagreement　between　the

predicted　てＬ　from Ｅｑ°(6-3) and　the　experimental value　is fairly

good.　The　prediction may　be an　underestimate　of てＬbecause

the　convective　loss　is　considered　to　be　localized　near　the　RF

coil.

　　　　　The　fact　that　て　　is　affected　little　by　the ｍ＝　＋１　RF
　　　　　　　　　　　　　　　　　　　ｐ

filed　is　also　explained　by Ｅｑ．（６－３）．　We　can　thus　say　that　the

enhanced　loss　observed when　the ｍ ＝±１　RF　field　is　applied　is

due　to　the　ion　convection　caused　by　ponderomotive　effects.

　　E. Power　Balance

　　　　　We　consider　power　balance　of　ions　by　using　the　following

equation:

dW.
　　１

七゜ＴｌｗＴｌｈＰｎｅｔ“

w.

-

^Ei

-

Ｗ．－　Ｗ

　。１_　　　ｅ

　　て　　　eq

（6-4）

Here″w.　and "e　ａｒｅ″respectively″ ion　and　electron energy.

てEi is　the　ion energy　confinement　time.てeq　is the equipartition

time″and　ｎｈ is　the　efficiency of power　transfer　from　left-

circularly polarized RF　fields　to　ions.（ｎＷis defined　in Sub-

section　２Ｂ The value　of　てＥｉｃａｎbe　estimated　fromてEi
－１

゜てｐ‾１　十　てＣＸ‾１１十てＣＯｎｄ‾１″where　てex　and　てＣＯｎｄare　loss　times

of　energy due　to　charge　exchange　and　therma:Ｌ　conduction, res-

pectively.　　Under　the　experimental　condition　shown　in　the

inset　in Ｆｉｇ‘６‾５　″we obtain てex ° Ｏ°２ msec″ hence″（てEi）＋1　°

　　　　　　　　　　　　　　　　　　　　　　　　－137－



１１０　ysec and (T
i)^.　°８５

ysec.【て_. without RF　is (110-160)
　　　　　　　　　　　　　　－
usec.］　　The　last term on the　right hand　side of Eq.(6-4) is

negligible　since T　is　an order-of-maqnitude　larger　ｔｈａｎてＥｉ

From Eq°(6-5)″we　find that ″ at　equilibrium″ △"i　ΞＷｉ　‾Ｗｉｏ

°ｎｗｎｈ^net　てＥｉ″where "iO　is　the value of Wi without ＲＦ゛

Recalling ｔｈａｔ（ｎｗ）＋1°１ ａｌｌｄ（ηｗ）＋1°　0.8-0.83,and noting
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－
that　n. should　be　the　same　for both modes″we　can predict

that　△"i/^net　for the ｍ＝＋１ mode is larger　than　for　the ｍ＝

±１mode by ａ factor　of　１．６　．　　Directmeasurement of △Ｔｉ』．

exhibits　that　the improvement　factor　of △^i/^net Is　１’７　°

The　agreement　between the prediction and　the　experiment　is

very･ good.　　The value of　Ｔｌｈ　iscalculated　to be　２３　名　under

the　assumption that　the　radial profile　of　Ｐｉ　is　parabolic

and　that　the　heating　is　uniform along　the　torus.

３．Ｍ工RROR　PLASMA HEAT工NG

　　A. Experimental　Apparatus

　　　　　RF heating　of　ａ mirror　plasma　at ω　≦　ωＣｉａ″Ｗｈｅｒｅ　ωＣｉａ

is　the　ion　cyclotron　frequency　at　an　RF　antenna　position　and

ω　is　the　applied　RF　frequency.　was　carried　out　in　the　axi　－

symmetric　mirror　ＴＰＤ一工工工．　The　magnetic　field　could　be

varied　up　七〇　１．３　Ｔ　at　the　throat with　the　mirror　ratio　of

2-3.　　Hydrogen　plasmas　were　injected　through　one mirror　throat

by　the　TPD　plasma　gun.　　The　initial　plasma　parameters　were

as　follows:　"o　°（３‾８））（1011Cm‾３′'^e　°(10-15) eV″and　T.　°

１０　eV.　工ｎ　Fig.6-8, the　schematic　diagram of　ＴＰＤ一工工工　is　shown
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TPD-plasm【】source experimental region

Fig.6-8　　Schemat ic　view　of　TPD-III.
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　　　　　　　　　　　　　　　　　　　　　9心ｃｉ。

Fig.6-9　　Series　load ing　resistﾆance　of　ｔﾆhe　RF　antenna

versus　ω／ωｃｉａ　for　ｔﾆhe　ｍ　＝　＋】mode.
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together　with　RF　antenna　and　some　diagnostics ．　　It　is　operatedｌ

in　quasi-steady mode　of　３０　msec　duration　and　at　５　sec　inter-

vals.　　The　pressure　of　the　neutral　particles　in　the　experi-

mental　region　is　kept　less　than　１×１０‾５ＴＯｒｒ・

　　　　　The　RF　antenna　sinunilar　to　the　one　shown　in　Fig.2-7(c)

in　Chap.　２　is　installed　at　２７　cmdownstream　from the midplane.

The　length　and　the　radius　of　the　antenna　are　６　cm and　３　cm,

respectively.　　Beneath　the　antenna, copper　straps　of　０．５　cm

width　and　２０　cm　length　are　aligned with　１　cminterval　along

azimuthal　direction.　These　straps　work　as　ａ　Faraday　shield.

Feeding　RF　currents　９０°out　of　phase　into　two　coil　units　of

the　antenna, we　can　establish　the　azimuthally　rotating　RF

field　either　of　ｍ＝　＋１　mode　or　of　ｍ＝　－１　mode.　The　in-phase

excitation　of　two　units　gives　the ･ｍ＝　＋１　RF　field.　The　an-
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－

tenna　is　excited　by　ａ　self-oscillator　with　output　power

up　ｔ０　５００　kWat　ａ　frequency　of　6.35　MHz.　The　resistance　of

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●the　antenna　with　no　plasma　present was　０.38　Ω．

　　B.Heating　Results

　　　　　After　the　plasma　injection　from the　TPD　gun,　the　quasi=

steady　state　of　plasma　density　lasts　for　about　３０　msec.　The

MHD　stability　of　the　plasma　is　maintained　through　ａ　ｌ ine-tying

effect　of　the metal　plate　of　ａ　Faraday　cup which　is　located

outside　the　right　throat.　The　heating　RF　is　applied　for

(0.5-1) msec　during　this　period.　Figure　６－９　shows　the

series　loading　resistance　of　the　RF　antenna　as　ａ　function

of　ω／ωcia　for　ｍ＝　＋１　mode.　The　resistance　issharply　peaked
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near　the　fundamental　ion　cyclotron　resonance.　We measured

the　polarization　of　the　excited　RF　field　by　ａ　magnetic　probe

to　find　that　the　field was　almost　left-hand　circularly　polar-

ized　on　ａχis　when　the ｍ ＝　＋１　field was　generated。

　　　　　Unlike　the　case　of　the toroidal　plasma, the　slow wave

launched　from the　RF　antenna　propagates　toward　the　midplane　and

cyclotron-damps　at　the　beach.　工on　temperature was　measured

at　the midplane　by　using　ａ　Faraday　cup,　which　is　inserted

perpendicularly with　respect　to　the　static　magnetic　field.

Figure　６－１０　shows　the　increment　of Ｔｉｌ　just　after　the　RF　pulse

of　Ｏ°５４　msec″△Ｔｉ．Ｌ″　as　ａ　function　of　the　net　RFpower　net　for

the ｍ＝＋１　and ｍ ＝＋１ modes.　The value of　Ｐ

　　　　　　　　　　　　　　－ net
was　almost

constant　during　the　RF pulse.　The　data　for ｍ＝　－１　mode　is　not

shown　here　because　the　increment　of Ｔｉよ　is　very　little　for

this　mode.　The　value　of △Ｔｉよ　increases　linearly with　^net　for

both　the ｍ＝＋１　and ＋１　modes.　with　０．７　kWof　ＲＦｏｆｍ＝＋1
　　　　　　　　　　　　　　　　　－

mode,　the　ion　temperature　doubled, from　１５　eV　to　about　３３　eV.

工ｎ　the　toroidal　plasma　heating, it was　confirmed　that　the

increment　of　Ｔｉ．Ｌ　per　unit　RF　power for　the ｍ＝　＋１　mode was

１．７　times　greater　than　that　for　the ｍ ＝　＋１　mode.　　This　result
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－

is　reproduced　in　the mirror plasma　heating　as　shown　in　Ｆｉｇ・

６－１０．　工ｔ　is,however, seen　that　the　improvement　factor　of　the

heating　efficiency　is　1.5, which　is　smaller　than　in　the

toroidal　plasma.

　　　　　We　have　observed　in　the　previous　Section　that　the　con-

vective　loss　caused　by　the　ｍ　＝±１　RF　field　yields　ａ　flattening

of　the　radial　density　profile.　　We　also measured　the　density

profile　in　ＴＰＤ一工工工．　　Figure　６－１１　displays　the　ion　saturation
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Fig.6- 10　　Increment　of　Ｔｉよ as　ａ　funct ion　of　the　net

RF　power　for　the　ｍ　＝　＋１･and　ｍ　＝　！ｌ　mode.
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Fig.6一川　　Radial　profile　of　the　ion　saturat ion

current　with (dotted　line) and　without　ＲＦ（Ｓ０１１ｄ　1ine)

for　the　ｍ　＝　+1 (a) and　ｍ　＝　＋ｌ　mode(b) .
　　　　　　　　　　　　　　　　　　　　　　　　　　　－
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current　of　ａ　single　probe　^is located　at　the midplane versus

the　radius　for　"o　°１‘８）（1011cm‾３″ω／ωcia　°0.71, and　^net　°

０．５　kW.　The　solid　line　in　the　figure　denotes　the　case　without

RF, while　the　dotted line　shows　工is　at　０．３　msec　after switching

on　the　RF　pulse.　　We　note　that　the　density　decreases　signifi-

cantly　by　the　application　of　RF　pulse　even　for　the　ｍ＝　＋１　mode.

The measurement　of　the injected　ion　flux　from　the　TPD gun with

ａ　directional　probe　at　the　midplane　showed　that　the　amount　of

plasma　influx　itself　decreased　and　broadened　during　RF　regard-

less　of　the　RF mode.　So, the　observed　decrease　in　density　in

Fig.6-11　may　come　from the　change　of　plasma　influx　from the

gun　as　well　as　the　enhancement　of　diffusion　due　to　RF heating

【月゛　ＣＯ°ｐ°１°ing　the　エｉＳ‾ｐｌ：ofile　for　the　m ° ±1　mode　with　that

for　the　ｍ °＋１　ｍｏｄｅ″we find　larger　decrease　of　工is　on　axis

and　more　remarkable　distortion　of　the　profile　especially　near

the　periphery.　　These　characteristics　indicate　the　existence

of　the　convective　radial　loss　for　the ｍ ＝　＋１　mode.
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－

　　　　　The　profile　of　Fig.6-ll(b) was measured　on ａ　plane　４５°

offset　from the　polarization　plane　of　the　RF　electric　field.

The　theory　described　in　Chap.　５　predicts　that　the　convection

leads　the　flux　七〇ward　outside　on　that　plane.　This　may　be　in

qualitative　agreement with　the measurement.　工ｎ　ａ　plasma　produced

by　ａ　TPD　source, a　deep　potential　well　tends　to　be　formed within

ａ　radius　of　the　anode　hole.　The　resultant　steady　radial　ｅ－

lectric　field　gives　rise　to　ａ　plasma　rotation, and　ions　would

feel　the　ponderomotive　force　averaged　over　Θ．　工ｆ　the　period　of

ExB　rotation　is　much　shorter　than　the　time　for　ions　to　traverse

convectively　the　plasma　radius, the　averaged　ponderomotive　force
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is　zero, and　hence　no　convection　occurs.　For　ａ moderate　ExB

rotation　frequency.　there　would　appear　ａ　flattened　or　hollow

density　profile　instead　of　the　convective　pattern　as　observed

in　Ｈ工ＥエーＱ．　　This　is　the　case　of　Fig.6-ll{b).　The　convective

loss　for　this　case　is　considered　to　be　smaller　than　expected

from Eq.(5-3), and　this　may　be　ａ　reason　for　the　smaller　differ-

ence　of　heating　efficiencies　of　ｍ＝．＋１　ａｎｄ±１　modes　observed

in　Fig.6-10.

４
Ｄ工scuss工ON AND ＣＯＮＣＬＵＳ工ON

　　　　　In　Ｓｅｃ°２″ICRF　heating　at　ω　≦　ωci　has　been　investigated

in　Synchromak　using　the　helical　RF　coil　which　can　generate　both

the ｍ ＝　＋１　circularly　polarized　field　and　the ｍ＝±１　linearly

polarized　field.

　　　　　工ｔ　is　found　fromthe　comparative measurements　that　the

ｍ°＋１　RF　field　greatly　improves　the　overall　efficiency　of　ion

heating　over　the ｍ ＝±１　RF　field used　conventionally・

　　　　　Theion heating by the ｍ ゛ ±１ RF field is accompanied with

the　enhanced　cross-field plasma　loss.　　For　an　explanation

of　this　result, is　presented　the　theoretical　prediction　that

the　radial　ion convection　is　caused　by　the poderomotive　force

of　the　applied ｍ °±１　RF　field.　　Theprediction　agrees

quantitatively with　the　experimental　result.

　　　　　０ｆ　course,the　slow wave　heating　used　here　is　not　applica-

ble　to　larger　tokamaks.　　工ｔ　should　be　noted, however, that

if poloidally　asymmetric　RF　fields　of moderate　amplitude (　ａ

　　　　　　　　　　　　　　　　　　　　　　　　　　　－１４４－



few hundred　volts　／　cm　for　present-day　tokamaks) exist.

resulting　ponderomotive　force might　give　rise　to　convective

loss　of　surface　plasmas, at　least, near　an　RF　coil。

　　　　　工ｎ　fastwave　heating of　ａ　two-ion plasma ，　radial　loss

of　the minority　species　would　take place, resulting　in

increase　of　recycling or decrease of　energy confinement　time.

　　　　　工ｎ　Sec.3, we　have　applied　the　improved　工CRF　heating　to

ａ　mirror　plasma　produced　in　ＴＰＤ一工工工．

　　　ｉ　Although　the　anomalous　convective　loss　caused　by　the　ｍ　＝±１

RF　field was　not　clearly　observed　as　in　Ｈ工ＥエーＱ　and　Synchromak,

we　again　confirmed　that　the　ｍ＝　＋１　RF　field　could　improve　the

heating　efficiency　by　ａ　factor　of　１ 。５．　The　smaller　improvement

factor　as　compared with　other　two　experiments　may　be　attributed

to　the much　larger　ExB　rotation　frequency　in　ＴＰＤ一工工工．

　　　　　Through　the　experiments　described　in　Chaps.　５　and　6, we

have　established　the　superiority　of　the　ｍ＝　＋1　rotating　RF　field

over　the　ｍ＝　＋１　RF　field　used　conventionally。
　　　　　　　　　　　　－

　　　　　Recently ， Adati　et　ａ１。［８］performed　工CRF　heating　experiments

in　the　double-cusp machine　RFC-XX　following　in　the wake　of　our

experiments.　They　changed　the　polarization　of　the　excited　RF

field　at　ω　≦　ωＣｉ″　from　linear　to　circular continuously, by

varying　the　phase of　RF　currents, cp,　in　two　pairs　of　the　Type一工工工

coils　located　at　the　central　cell 。･ The　increment　of　plasma

energy measured　from　the　diamagnetic　signal　is　plotted　in　Ｆｉｇ・

6-12　as　ａ　function　of　ｇ　for　ａ　constant　RF　coil　current

and n-　゛1012Cm‾３’　　工ｎ　the　abscissa, the　point where　９　＝　-7T/2

(+tt/2) corresponds　to　the　RF　field of　ｍ＝　＋1（－１）ｍｏｄｅ．　Their

resul ｔ　shows　that　the　energy　increment　for　the ｍ ＝＋1　mode　is
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１。６　times　higher　than　for　the ｍ ＝±１　mode {cp　＝　Ｏ　or　tt),rep-

resenting　the　exact　reproduction　of　our　preceding　results 。

　　　　　工ｎ　the　tandemmirror　Phaedrus　is　obtained　an　experimental

result　in which　the　convective　drift　due　to　the　azimuthal

ponderomotive　force　may　play　an　important　role.　Hershkowitz

et　ａ１．［９］observed　that　the　radial　potential　profile　was　hollow

when　the　plasma was　RF-sustained　and　heated　by　the　RF　field

launched　from half-turn　antennae.　As　the　RF　field　includes　the

ｍ°＋１　component, the　resultant　convective　drift　of　hot　ions
　　　　－

toward　outside　may　possibly　form　larger　potentials　in　larger

radii.　They　started　to　investigate　the　mechanism of　the

potential　formation　along　this　interpretation［１０１。

　　　　　We　finally conclude　that　the　superiority of　the ｍ＝　＋１　RF

field　in　slow wave　heating　observed　in　Ｈ工ＥエーＱ　for　the　first time

has　been generally　confirmed　by　the　experiments　described　in

this　Chapter.
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CHAPTERア

PLUGGING OF OPEN ENDS IN LINEAR DEVICES

　BY ROTATING ION CYCLOTRON RF FIELDS

1. INTRODUCT工ON

　　　　　RF　plugging　is　one　of　the　methods　for　enhancing　the　energy

amplification　factor　of　an　open　ended　system.　Ａ number　of

experimental　and　theoretical　studies　have　been　carried　out

especially　in　工PP, Nagoya［１１．　工ｎ　the experiment　performed

by Watari　et　ａ１．［2], it was　shown　that　the ｍ＝　＋１　RF　field
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－

produced　by　the　type-Ill　coil　was　much more　effective　for

end　loss　reduction　than　the　ｍ＝　Ｏ　RF　field　in　the　sense　that

the　required　RF　electric　field　strength　remained　relatively

small　for　higher　densities.　They　also　explained　that　the

plugging　effect was　due　to　the　axial　ponderomotive　force　for

ions,　and　electrons　were　confined　by　ａ　resultant　ambipolar

potential.

　　　　　Fader　et　al.[3･ｌ　concluded　that　the　ponderomotive　effect

on　electrons　was　dominant　in　their　plugging　experiment　where

the　cross-sectional　variation　of　end　loss　reduction　was　com-

pared　with　the ｍ＝　＋１　RF　field　distribution　of　the　type一工工工
　　　　　　　　　　　　　　　　　　　－

coil　to　find　that　the maximum reduction　occurred　along　the

magnetic　field line　on which　the　axial　electric　ｆｉｅｌｄＥＺ　was

large.

We　have　shown　in Chaps.　５　and　６　that　the ｍ＝＋1　RF　field
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is　far more effective in 工CRF heating than the ｍ＝＋１ RF field。
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－

since　the　perpendicular　acceleration　of　ions　by RF　fields　is

responsible　also　for　RF　plugging　in which　the　ponderomotive

force　for　ions　is　dominant, it　is　predicted　that　ａ　use　of

the　ｍ＝　＋１　RF　field will　enhance　the　end　loss　reduction.

　　　　　工ｎ　this　Chapter, it　is　reported　that　the　plugging　effect

is　greatly　improved when　the ｍ ＝　＋１　RF　field (rotating　in

the　sense　of　ion　gyration) is　used　instead　of　the ｍ ＝±１　RF

field　generated　by　the　type一工工工　coil.　This　result　suggests

that　the　plugging　is　attributed　to　the　ponderomotive　effect

on　ions　because　the　left-hand　polarized　component　of　RF　field

of ｍ ＝　＋１　mode　is　larger than　that　of　ｍ°±１　ｍｏｄｅ″while　Ｅｚ

remains　the　same ．

　　　　　We　further　present　the　detailed　experimental　investigation

of　effects　of　RF mode　on　the　plugging　and　resultant　plasma

confinement　in　an　axisymmetric　mirror　stabilized by　line-tying・

The　particle　and　energy　confinement　times　with　and without

the　RF　plugging　are　compared　for　different　RF modes.　　The

best　confinement　occurs　when　the　ｍ＝　＋１　mode　is　used.　The

confinement　time　is　observed　to　be　limited　by　an　increase

of　the　radial　loss　of　the　plasma　due　to　associated　heating

and MHD　activities.

　　　　　工ｆ　the　line-tying　is　removed,　the　flute　instability　is

observed　resulting　in　ａ　significant　reduction　of　the　confine-

ment　time.　工ｎ　this　case, both　the　RF　stabilization　and　the

RF　plugging　are　necessary　for　confinement.　We　also　present

the　first　experimental　result　on　simultaneous　application

of　the　RF　stabilization　and　the　RF　plugging.　　工ｔ　is　observed
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ａ　combined　effect　that
the　plugging　efficiency　is　enhanced

with　less　total　RF　power　as　compared　with　the　case　of　RF

plugging　only・

　　　　　工ｎ　the　latter　half　of　this　Chapter　is　described　the

application　of　the　plugging　by　the ｍ ＝　＋１　RF　field　to　ａ　point

cusp　of　ＲＦＣ-χχ．　ＲＦＣ-χχ　is　the　open-endedmachine　in　工pp,

Nagoya,　which　consists　of　ａ　central　section　and　two　cusp

regions　in　both　ends［４１．　By　applying　the　RF　voltage　to　paral-

lei　electrodes　located　at　two　line　cusps, the　end　loss　flux

through　the　line　cusps　is　reduced　ｔ０　less　than　ａ　few　ｌ　of

the　initial　value.　The　energy　confinement　time　of　the　central=

section　plasma　is　improved　by　ａ　factor　of　２　through　the　line

cusp　plugging［５］。　The　end　loss　flux　through　the　point　cusps

is　about　one-tenth　of　that　through　the　line　cusps, and　hence

up　to　now, has　minor　effects　on　total　plasma　confinement.

However, once　almost　complete　end　loss　reduction　is　achieved

at　the　line　cusps, an　efficient　RF　plugging　of　the　point　cusps

is　necessary　for　further　improvement　of　the　energy　confinement

time.　The　type一工工工　coil　is　adopted　for　this　purpose　so　far,

but　we　apply　the ｍ ＝　＋１　RF　field　to　the　point　cusp　plugging.

The　ｍ＝　＋１　RF　field　is　confirmed　again　七〇　have　better　plugging

effect　than　the ｍ＝　＋１　RF　field。
　　　　　　　　　　　　　　　　　　　　－

　　　　　The　RF　plugging　of　ICRF-heated　plasma　is　also　performed.

The　streaming　plasma with　T.　up　ｔ０　２５０　eV　can　be　plugged　by

the　ｍ＝　＋１　RF　field with　an　RF　voltage　less　than　２０　kV.　Ａ

scaling　formula　of　the　RF　plugging　of　the　工CRF-heated plasma

is　obtained　experimentally　for　the　first　time.
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2. BR工EF　THEORY　OF RF　PLUGG工NG

　　　　　The　RF　plugging　scheme　has　been　investigated　by many

authors　Ｅ ３
’
6-81.　工ｆ　３　pondei°omotive　ｑ゛１°si-potential　岨　acts

on　ions, there　would　arise　an　ambipolar　potential cp　that

maintains　plasma　quasi-neutrality.　　The　local　densities　of

electrons　and　ions　are　given　by

ｎ

　ｅ
゛i10 exp[cp/ Tj

111　゛110　e゛p［(-ecp　-vlj.)/(eT.)］″

（7-1）

(7-2)

where　ｎｏ　is　ａ　density　at　ａ　reference　position　and　Ｔｅ　and　Ｔｉ

are, respectively, the　electron　and　ion　temperatures　in　the

unit　of eV
°　The　quasi-neutrality　requires　that　"e　゛ｎｉ’

工ｔ

is　found　from Eqs 。(7-1) and (7-2) that

ｌｌｉ　゛１１０　exp[-^./{e(T.　゛T )}]

The　ion　flux　ｒ。passing　over　the　ponderomotive　potential

barrier　is　written　as

ｒ･． ゜Γ･･Ｏ ｅ゛ｐ［‾φｉ／｛ｅ（Ｔ１ ゛T )}］″

(7-3)

（7-4）

where　ｒ”Ｏ　isthe　ion　flux　in　the　absence　of　RF.　Even when

the　electrons　are　directly　plugged　by　ａ　ponderomotive　potential

Eq.(7-4) applies　provided　ﾙｉ　is　replaced　by　ﾙｅ・

　　　　　Thenwe　proceed to　obtain　an explicit　form ０ｆ　ﾔi　in　゛1
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cylindrical　plasma.　We　assume　the　RF　electric　field　in　the

plasma　launched　from the　antenna　in　Fig.2-7(c) in　Chap. 2

to ｂｅ｀

Ｅ

　「

ＥΘ

（１）。　１　　［ε

　　　／匹’

（１）　１
･

Ｅ（１）
　Ｚ

（Ｅ

Ｉ
十Ｅ

2)
cos<I>. ＋　ｅ（Ｅ

　　　　－ ３゛Ｅ４）ｃｏｓΦ２

］ｅ｀Ｋ”ｚ

｀ﾝ１‾［Ｃ＋【‾Ｅ】゛E2)sinΦ１゛e_(-E゛E ) sinΦ２!ｅ‾Ｋ”２

＝　０ （ｚ 〉

－

Ｏ）， (7-5)

where　K,, is　the　axial　scale　length　of　the　localized　RF　field,

Ｅ１（ｒ）ｔｏＥ４（ｒ）　are　the　field amplitudes, $,　°ｏ　十　ω七″Φ２　°

‾ｏ　＋　ωt,and　Ｅ２　and　Ｅ３ are　zero　at　ｒ　＝　０．　工ｎ　Eq.(7-5),　ｅ十

゜/2 and　ｃ－゜Ｏ（ｃ十゜Ｏ　and　ｅ－゜/I) for the ｍ °+1 (-1) mode.

and　Ｅ　＝　ε　＝　１　for　the ｍ＝　＋１　mode　if　the　antenna current。
　　　　　＋　　　－　　　　　　　　　　　　　　　－

is　kept　constant.　The　ａχial　ponderomotive　force　can　be　calcu-

lated　from Eqs.(2-ll) and (2-12) in　Chap. 2.　Assuming　that

ＢＯ　is uniform and　the plugging　is　adiabatic, we　find　that

魁゜jドj;［
　　１

（Ｃ．EI）2

-

゛２ｅ
･ト
ｅ－（

＋

一
一

（Ｃ

-ωc
i

Ｅ】Ｅ

-ω　一

E3）

-
ω　．
　Ｃ１

２

（ε。Ｅ

ω

２）
２

-

Ｅ２Ｅ４

-

十　ωc i

十

一

＋

（

－ω

Ｅ　Ｅ

　－

Ｃ１

４

）２

)cos20］-2K,,Z(7_6)

For　the　case　of　the ｍ °＋1（－１）ｍｏｄｅ，ｔｈｅ　ponderomotive　po-

tential　near　(r,z) = (0,0) is　represented　as

中ｉ　°

　　２

__ｅ_

２ｍ．

　　１

１

－ω ω

Ｅ】
２

-

‾　ωci
（魁゜
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and　hence　the　conventional　expression　is　recovered.　　For　the

ｍ'゜±1　°ode, the dominant　term in　ﾙｉ　is

　　２
　ｅ

４ｍ．
　　１

－

ω

［

Ｅ１

２

ω　一　ω

Ｃ１

＋

　Ｅ４

-
ω　＋　ω

２

Ｃ１

which is　smaller than ４Ｊ．　for the m = +1 mode near ｒ ＝　Ｏ。
　　　　　　　　　　　　　　　　　　　　　　　・　　　　　　　　　　　　　　　　　　　　　　　．

Furthermore, for　larger　r, the　ponderomotive　potential　is

azimuthally　asymmetric　producing　an　asymmetric　density　distri-

bution.　The　resultant　density　gradient may　bring　about　an

electric　field　Ｅ
　　　　　　　　　　　　　　　　　Θ

due　七〇　Ｅ
　　　　　　　　Θ

（２）

xBq

（２）

giving　rise　to　ａ　convective　plasma　loss

drift.　Convective　plasma　loss　may　be　produced

also　through　Ｓｉｅ)(ＢＯ　driftwith　ＳｉΘ　being　the　azimuthal　com-

ponent　of　the　ponderomotive　force　of　the ｍ ＝±１　RF　field　divided

by　e, as　described　in　Chaps.　５　and　６．　Therefore, it　is　pre-

dieted　that　the　ｍ＝　＋１　RF　field　is　superior　for　the　RF　plugging

to　the　ｍ＝±１　RF　field　in　viewpoints　not　only　of　efficient

plugging　but　of　overall　plasma　confinement.

3. BASIC　EXPER工MENTS　工Ｎ　Ｈ工Ｅ工

A. Experimental　Apparatus

　　　The　experiments　are　carried　out　in　the　axisymmetric　mirror

machine　Ｈ]:El　in which　a hydrogen　plasma　of　density　from　１ ０
１０

ｃｍ‾３　ｔ０　５｀1013cm‾３　is　producedwith　TPD　or MPD plasma guns.

in　ａ　static　magnetic　field　up　ｔ０　１ 。１　Ｔ　at　the　throat.　The

length　between　two mirror　points　is　１．２　m, and　the　mirror

ratio　is variable　from　１ 。４　to　４．　Figure　７－１　shows　the　sche-
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matic　diagram of　Ｈ工El.　The　plasma　diameter　at　the　throat　is　４

cm (FWHM), which　is　fixed　by　the　limiter　made　of　pyreχ　glass・

Typical　electron temperatures　are　Ｔｅ　°（１５－２０）ｅｖand　ion

temperatures without heating　are　T.　°１５　ｅｖ’　The　plasma

injected　through　the　left mirror　point　is　terminated　by　the

metal　end　plate which　is　located　outside　the　right mirror

point　and　has　an　entrance　slit　to　an　end　loss　analyzer.　　This

plate　ensures　MHD　stability　of　the　plasma　through　line-tying

effects.　（Ｔｈｅ　plate　is　removed　in　the　experiment　in　Subsection

3E.)

　　　　　The　RF　antenna　for　the　plugging　is　essentially　the　same

as　that　used　in　Chap.　５．　The　configuration　of　the　antenna

is　shown　in　Fig.2-7(c) in　Chap.　２．　　We　install　this　antenna

４０　cm　downstream　from the　midplane　and　generates　ｍ ＝　十1,-1,

ａｎｄ±１　RF　fields　selectively.　　An　RF　oscillator　which　can

deliver　the　RF　power　of　200-kW, 0.5-msec　pulse　at　ａ　frequency

of　８　to　１０　MHz　is　connected　to　the　antenna　through　ａ　phase

shifter　and　impedance matching　circuits。

　　　　　工ｎ　Subsection　3E,we　apply　the　RF　stabilization　together

with　the　RF　plugging.　　The　antenna　at　the midplane　generates

ｍ　°±２　RF　field　and　suppresses　the　flute　instability　as　de-

scribed　in　Chaps.　３　and　４．

　　B. End　Loss　Reduction

　　　　　We　first perform the RF plugging by the ｍ °±１　RF field

to　confirm the　result　in TPD一工工工[21.　The　end　loss　flux 工ｅ

measured with　the　end　loss　ａ･nalyzer　is　shown　in　Fig.7-2　for

"o　°2x10 cm ,ω／ωcia　°１°1, andω/27T　＝　９．０　MHzwithωcia
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　　　　　　　　　　　　　　　　　　RF ＰＯＷＥＲ（ＩＮＴＯ THE PLASMA)

Fig.7-4　　End　loss　reduc tﾆion　ratio　versus　the　net　RF

power　for Uq　°（５‾８））ｄ０１３ｃＩＩＩ‾３’　　Other　parameters　are

the　same　as　in　Fig.7-3.
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being　the　ion　cyclotron　frequency　at　the　plugging　antenna.

The　value　of　工　reduced　ｔ０　less　than　２０　急　of　the　initial　value
　　　　　　　　　　　　　　ｅ

with ａ net RF power　of　２００ Ｗ into the plasma.　　The　ratio of

end　loss　flux with　RF　to　that　without　RF, a。, is　plotted　in

Fig.7-3　as　ａ　function　of　the　net　RF power　net　for　"o　°３’４×

1010cm‾３″ＢＭ ° 0,63　T, R　＝　2, m°±1″ａｎｄω／ωcia °。１‘１゛　The

value　of a”　decreases　with increasing　Ｐｎｅｔ’　Figure　７‾４　shows

the　same　plot　for n　こ（５‾８））（1013Cm‾３゛　　(Other　parameters

are　the　same　as　in　Fig.7-3.)　These　characteristics　in　Figs.

７－２　ｔ０　７－４　are　qualitatively　the　same　as　in　ＴＰＤ一工工工．　We　have

also　found　that　the　net　RF　power　necessary　for　ＣＸ。＝　０．１　in-

creases　proportionally　to　"o
０．５

up　七〇　ａ　density　of　1014cm‾３

　　　　　We　then　investigate　the　effect　of　RFmode　on　the　end

loss　reduction.　The　value　of　ａ。is　given　in　Fig.7-5　as　ａ

function　of　the　axial magnetic　field　ＢＯ　for　the　RF　fields

of ｍ ＝十1, -1, and±1　modes.　　The　plasma　density　is (2-3)x

1011cm‾３　with Ｒ＝　4, and　the RF power　is　kept　constant　for

three　operating modes ．　The　end　loss　flux　is　resonantly　de-

creases　near　the　cyclotron　resonance　for　the　ｍ＝＋１　mode.　since

BO varies　more　than　１５　１　under　the　RF　antenna　of　１５　cm　long.

the　resonance　is　rather　broad.　The　value　of　ａ。for　the ｍ

＝－１　mode　is　little dependent　on　ＢＯ’　We also　note　that　the

resonant　decrease　of　a,, for　the ｍ ＝　＋１　mode　is　weaker　than　for
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－

the　ｍ＝　＋１　mode.　If　the　plasma　density was　decreased　less

than　１×1011Cm‾３，ｔｈｅ　resonant　point　shifted　toweaker　ＢＯ

indicating　the　change　from electromagnetic　to　electrostatic

coupling。

　　　　　Wemeasured　the　perpendicular　component　of　the　RF magnetic
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Fig.7-5　　End　loss　reduct ion　ratio　versus　the　ａχial

magnetﾆic　field　strength　for　ｍ　＝　+ I, - I, and　＋ｌ　modes .
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versus　the　square　of　amplitude　of　the　RF　magnet ic　field

for　ｍ　＝　＋】and　十ｌ　modes.
　　　　　　　　　　　　　　　－
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field　underneath　the　RF　antenna,　Ｂ↓ｆ　by　using　ａ　magnetic　probe.

工ｎ　Fig.7-6, the　value　of　In(I/a。）ｉｓ　given　versus Ｂ．２

ｍ＝　＋１　and　＋１　modes.　工ｔ　should　be　noted　that　Ｂ“　＝　Ｂ
　　　　　　　　　　＿　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　工

for

　２

「

(ｏｒ

ＢΘ
２）ｆｏｒ　the　ｍ

＝　＋１　mode　and B^ ° Ｂｒ２ 十ＢΘ２ ｆｏｌ°the ｌｌ｀゜±１

mode.　We　can　see　that　the　same　value　of　a,.　is　obtained with

less　Ｂ．２　for　the ｍ ＝　＋１　ｍｏｄｅ。

　　　　　工ｔ　is　predicted　from Ｅｑ°(7-6) that　ﾙｉ　becomes　resonantly

large near　ω　＝ωci　for the ｍ＝＋１　and ｍ ＝±１　modes　and　that

岨　for the ｍ＝＋１　mode　is larger　than　for　the ｍ＝±１　mode　since

the　numerator　of　the　first　term　in　the　square　brackets　for　the

former　is　larger　than　for　the　latter.　These　characteristics

are　just　what　Fig.7-5　shows.　The　non-resonant　behavior　of a 。

for　the　ｍ°－１　mode　is　also　explained　by　Eq.(7-6)。

　　　　　The　ponderomotive　potential　given　in　Eq.(7-6) is　expressed

in　an　alternative　form　in　terms　of　the　perpendicular　RF magnetic

field　at　ｒ　＝　０．　The　results　are

八

　　　　　　　　　　　　　　　２　　ω　　　　　Ｂ

し（゛ｏ ・ ２°ｏ） ゛
ぶむてコヨ［丁二

where　ＢＬ

２

　゛２

Ｌ
-
　ω　．
　Ｃ１

ω

ＢＲ

-
＋

２

-ω

　Ｃ
●
１

(m = +1)

　　　　（７－７）

(m = +I)/
　　　－

（7－8）

is　the　amplitude　of　left-hand　component　of　the ｍ ＝　＋1

　　　　　　　　　　　　　　　　　１　　　　　　１RF　field　and　ＢＬ　and　ＢＲ　are　the　amplitudes of　left-　and right-

hand　components　of　the　ｍ ＝±１　RF　field, respectively.　　Experi-

mentally　observed　ampli七ude　Ｂエ　is　related　as (Bエ

for　the　ｍ＝　＋１　mode　and 『Ｂ』．２)＋1°ＢＬ
－

mode.　　In　Fig.7-6,　we　varied　Ｂ」｡２

１２

十　ＢＲ

’２

holding (Bよ
２

２）
＋1 °ＢＬ２

for the ｍ ＝＋1

)＋1　°(Ｂよ
２)
＋1°

工n　this　case, Eqs°(7-7) and (7-8) predict　ｔｈ°ｔ（岨）＋1　〉（ﾙi）＋1

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－
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for　ω　゛ωci　since　ＢＬ２　〉　ＢＬ゛２ The　ordinate　in　Fig 。７－６　is

proportional　to　h　°ｓ　seen　ｆｌ°ｏ°Ｅｑ°(7-4)‘　　So
’
the　experimental

result　agrees　qualitatively with　this　prediction.　Using　the

ratio　ｏｆ（魁）＋1　ｔｏ（魁）＋1　which　is　obtained　from Fig.7-6, we

　　　　　　　　　　　　‾　　　　　　　　　　　　　　　　　　　　ｌ　　　ｌfind　from Eqs.(7-7)　ａｎｄ（７－８）ｔｈａｔＢＬ/^R　^゛１°９　for the ° ゜

　　　　　　　　　　　　　　　　　　　　　　　　●　　　ｌ±1 mode.　The　value　of ＢＬ　/^R　obtained　directly　from the

measured　amplitudes　of　the　RF magnetic　field was　about　１ 。２．

The　aqreement between　both　values　of　ＢＬ　/^R　is　ｆ°irly　good

showing　the　reasonableness　of　Eqs,(7-7) and (7-8)。

　　　　　We　have　thus　verified　both　theoretically　and　experimentally

that　the　ｍ＝　＋１　RF　field　is　more　effective　for　the　end　loss

reduction　than　the ｍ ＝±１　RF　field　used　conventionally・

C. Particle　Confinement　Time

　　　The　particle　confinement　time　of　ａ　plasma　is　given　by

て　ｐ
－Ｚ

　　　　Ｎ

Γ
Ｕ　＋　ｒｄ　十　ｒ・

(7-9)

where　Ｎ　is　the　total　number　of　particles　in　the mirror　region.

Γｕ　and　Γｄ　are　the　parallelloss　fluxes through　the　mirror

points　of　upstream and　down　stream　sides, respectively, and

ｒよ　is　the　total　perpendicular　loss　flux.　　We　estimate　these

values　as　follows;　From the　measured　density　profile　at　the

midplane, we　approximate　that　Ｎ　＝Ｌ１　１Ｌ　2TTrnQ(r)dr, where

ｒＬ　is the　radius　of　the　limiter　and　Ｌ　is　the length　between

the　positions　where　Γｕ　and　Γｄ　are　measred°（Ｌ　is　nearly

equal　to　the　leng七ｈ　between　the mirror　points.)　The　value　of

Γｄ　is　measured　by　the　end　loss　analyzer　used　in　the　previous
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Subsection.　The　loss　flux　toward　the　plasma　source　is　obtained

by　scanning　ａ　small　Faraday　cup　over　the　plasma　radius.　Three

loss　collectors　which measure　perpendicular　loss　flux　are　set

at　three　different　axial　positions, left　and　right mirror

points, and　the midplane.　Each　collector　consists　of　negatively

biased　plane　electrodes　and　ａ　grounded mesh　in　front　of　them.

We　estimate　the　七〇tal　Γよ　by　integrating　ｒよ(z) which　is　obtained

from an　interpolation　of　measured　values.

　　　　　Figure　７－７　shows　the　ratio　of　ｒｄｗｉｔｈ　RF　to　that without

RF, a,ロ　and　the　ratio　of　ｒよ　with　RF　to　that without RF, a⊥，

as　ａ　function　of　the　net　RF　power　divided　by　the　density　for

ＢＭ °Ｏ°７１　Ｔ″Ｒ　°2, and　ω／ωcia　°１｀２°　The　plasma　density　is

varied　as　indicated　in　the　figure.　The　value　of a,,　decreases

with　the　normalized　RF　power　for　both　the ｍ ＝　＋１　and　＋１　modes,

while　ail　for the ｍ＝＋１ｍｏｄｅ　is　smaller than　for the ｍ＝＋1
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－

mode　indicating　better　plugging　effeciency　for　the　former・

These　results　are　the　same　as　those　described　in　the　previous

Subsection.　The　perpendicular　loss　flux　increases　proportionally

to　the　normalized　RF　power　regardless　of　the　RF mode.　The

increase　of a.　may　be　due　七〇　flute　instabilities　caused　by　the

reduced　line-tying　effect　through　the　RF plugging.　　　The　value

of　Γｕ　decreased　to (70-80) %　of the　initial value ｆｏｌ°^net/^O

～　１　ｋＷ／1011cm‾３，　and was　insensitive　to　the　RF mode.　The　ratios

of　Γｊ．
″
Γｄ″ａｎｄ　ΓＵ　to the　七〇tal　loss　flux were　～ 0.15,～　0.8,

and　～　0.05, respectively　in　the　case　of　no　RF　applied.

工七was　also　observed that　the　value　of　Ｎ　increased by　ａ　factor

of　２．５ when the ｍ ＝＋1．良Ｆ　field ^ith Pnet/"O　^ｊ　Ｏ°９　ｋＷ／1011C“ｌ‾３

was　applied.　For　the　ｍ ＝　＋１　mode,七he　increment　factor　was
　　　　　　　　　　　　　　　　　　　　　　　　－
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about　２．　The　increase　of　Ｎ　is　brougt　about　not only　by　the

RF　plugging　but　also　by　RF　ionization　of　residual　neutral　ｇａＳ・

This　is　the　very　reason why　we　use　Eq.(7-9) to　estimate　the

particle　confinement　time.　　The　value　of　the　particle　con-

finement　time without　the　RF plugging″ＴｐＯ″ was　obtained　from

Ｅｑ°(7-9) to be　0.45　msec.　We　plot　the　value　of Ｔｐ　normalized

by　てｐｏ　in　Ｆｉｇ‘７‾８　as　ａ　function　of Ｐｎｅｔ／Ｉ｀１０　for　theｍ ＝＋１　and

±１　modes.　　The　particle　confinement　time　is　indeed　improved　by

more　than　ａ　factor　of　２　by　applying　the　RF　plugging　of　ｍ　＝　＋１

mode.　The　use　of　conventional　ｍ＝　＋１　RF　field　results　in　an
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－

improvement　of　"p　by　only　ａ factor　of ･１。５。

　　　　　工七　seems　that　the　value　ofｌ’ｐ／１｀ｐｏ　saturates　for　larger

Ｐｎｅｔ／ｌｌＯ°　This　is　due　to　the　increase　ofｒエ　which　amounts　to

(60-80) %　of　the　total　loss　flux　for larger　Ｐｎｅｔ／ｎＯ°　　since　the

increase　of　ｒエ　is　caused　by　the　flute　instabilities, it may　be

easy　to　reduce　ｒよ　by　using　the　RF　stabilization method　simul-

taneously.　　We will　describe　the　preliminary　experiment　of　the

RF　plugging　of　　RF-stabilized　plasma　in　Subsection　３Ｅ．

　　Ｄ．　Effect　on　Energy　Confinement

　　　　　since　the　RF　field　near　the　fundamental　ion　cyclotron

frequency　is　used　for　plugging, fractional　ions　are　heated

through　ion　cyclotron　resonance.　Figure　７－９　shows　the　dia-

magnetic　signal　measured　at　２０　cm upstream　from the　plugging

antenna The　ｍ＝　＋１　　270-W　RF　power　is　applied　to　ａ　plasma

of IIq　°２‘２×1011cm‾３ in　ａ magnetic　field　of　ＢＭ °Ｏ°６９　Ｔ　and

Ｒ　＝　1.7.　The　increment　of　the　diamagnetic　signal　depends

strongly　on　the magnetic　field　strength.　工ｎ　Fig.7-10　is
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Fig　７－１０　　Increment　of　the　plasma　energy　dens i ty　divided

by　the　initial　value　versus　the　axial　magnetic　field

s trength .　The　peak　of　the　curve　corresponds　to　the　point

where　ω／ω　．　＝　1.1.
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shown　the　increment　of　the　perpendicular　plasma　energy density

△Ｗdivided　by the　initial　value W-　versus　the　magnetic　field

strength.　　　　　　　　　　　　　　　　　　　　　　　　　　The　value　of　△Ｗis

resonantly　peaked　at　ω／ωcia　° １
‘
１
″
indicating　that　the　heating

is　due　to　the　cyclotron　acceleration.　The　deviation　of　the

“)／“ｊｃｉａｖａｌｕｅ　for　themaximum　△Ｗ from unity　is because　the　in-

crease of Ｗ is　partly produced　by　the　RF plugging　effect which

is　maximum ２１ｔ　ｔ１)／(ＪＪｃｉａ　°(1.2-1.3)゜

　　　　　The　perpendicular　component　of　the　plasma　energy Ｗ　is

expected　to　vary　as

W(t)゜"o ゛ＰｎｅｔＴＥ［I - exp(-t/てＥ）］″ (7-10)

where　ｔ　is　ａ　time　after　the　start　of　the　RF pulse　and　てＥ　is

the　energy　confinement time　with　the　RF　plugging.　　If　the　RF

pulse　is　switched　off　after　Ｗ　reaches　ａ maximum ｖａｌｕｅＷｍａｘ

(= Wq
＋　netて Ｅ）″Ｗ decays　as

w(t)゜Ｗｍａｘｅ゛ｐ（‾ｔ　／てＥＯ）″ (7-11)

where　ｔ　is　ａ　time　after　switching　off　the　RF　pulse　and　てEO

is　the　energy　confinement　time　without　the　RF　plugging・

Figure　7-11　shows　the　product　of　plasma　energy　and　energy

confinement　time　as　ａ　function　of Ｐｎｅｔ／１１０°　　The　value　of

max^E　is　increased　by　ａ factor　of　５　with　the　ｍ＝　＋1　RF　field

with　Ｐｎｅｔμ１０　゛Ｏ°５ｋＷ／1011c°-^ V゛hile　for the m ° ±1　RF　field

with　the　same　ｐｏｗｅｒ″ＷｍａｘＴＥ　is　increased　by　ａ　factor　of　３

The　absolute　value　of てＥwith the ｍ ＝＋１　RF　field is　４０
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ｔ０　５２　μsec,which　is　about　twice　as　long　as　that without　RF

　　Ｅ．　RF　plugging　of　an　RF-Stabilized　Plasma　　　　　　　　　．．

　　　　　工ｔ　has　been　observed　that, if　the　RF　power　is　increased

to　obtain　larger　end　loss　reduction, the　perpendicular　loss

ｆｌｕχ　increases　due　to　the　flute　instabilities.　The　onset　of

the　instability　is　attribu七ed　to　ａ　reduction　of　line-tying

effects　caused　by　the　RF　plugging.　　The　flute　instabilities

can　be　easily　stabilized　using　the method　described　in　Chaps・

３　and　４．　　So,the　simultaneous　application　of　the　RF　stabili-

zation　and　the　RF　plugging will　surely　improve　the　particle

confinement　time more　than　observed　in　Subsection　３Ｃ．

Before　performing　such　an　experiment, we　think　it　is　important

to　investigate whether　any　combined　effect　other　than　additive

effects　exists　or　not when　the　plugging　RF　and　the　stabilizing

RF　are　both　applied.

　　　　　We　now　replace　the metal　end　target　by　ａ　target made　of

pyrex　glass　to　remove　the　line-tying　effects.　The　end　loss

is　measured　by　an　むｎｄ　loss　analyzer　of　６　mm　in　diameter　and

１０　nun　long which　is　movable　along　the　radius.　The　analyzer

is　located　ａぢ　１０　cm upstream　from the　target.　　The　RF　antenna

for　stabilization　is　installed　at　the　midplane　as　shown　in

Fig,7-1.　The　structure　and　RF　circuits　of　the　stabilizing

antenna　are　the　same　as　those　described　in　Chap.　３．

　　　　　The　end　loss　flux measured　at　ａ　radius r/r^ ° ０．４ is

shown　in　Fig.7-12　together v/ith　the　gate　signal　to　the　RF

oscillator. By applying　the ｍ ＝±１　RF　field ゛゛ith 0)ん）ｃｉａ

＝　1.2, the　loss　flux　is　reduced　to　about　５０　１　of　the　initial
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value　for ｎ０　２　１０１１ｃｍ‾３″ＢＭ　°0.69　T, and Ｒ＝　2.3.　　It　is.

however, found　from Fig,7-12(a) that　the　flute　instability

leads　to　bursts　of　the　end　loss　flux even during　the　plugging

RF　pulse.　　No　stabilization　effect　was　observed both　at　the

midplane　and　at　the　throat.　Figure　7-12(b) shows　the　end　loss

flux　for　the　case　of　simultaneous　application　of　the　plugging

RF and the　stabilizing RF.　The　total　RF　power　is　the　same　as

in (a).　As　the　stabilizing　RF　antenna　is　excited by　the　same

RF　oscill°七〇１７’ the　value　of （゛）／“ｊｃｉａ　is　２。４　゛ｌｔ　themidplane.

We　find　not　only　the　stabilization　of　the　flute mode　but　also

the　improved　RF　plugging with　ａ。＝　0,35　during　the　RF　pulse.

We　also　note　in　the　separate　experiment　that　no　reduction　of

the　end　loss　flux　occurs　by　the ｍ ° !２　stabilizing　RF　field。

　　　　　工ｎ　Fig.7-13, the　reciprocal　０ｆ　a,, is　given　versus　the　RF

power　for　two　cases.　　The　cross　points　show the　case with　the

plugging　RF　only, while　the　open　circles　show the　case　in

which　the　plugging　and　stabilizing　RF　are　applied　simul-

taneously.　　The　abscissa　is　the　total　RF　power　to　the　two

antennae.　Larger　reduction　of　the　end　loss　ｆｌｕχ　is　achieved

with　less　RF　power　in　the　latter　case。

　　　　　The　ion　saturation　current　at　the　midplane　corresponding

to　the　case　in　Fig.7-12　is　shown　in　Fig.7-14.　The　Langmuir

probe was　inserted　at r/r　°0.2, where　the　fluctuation　of

flute　instability was　sma 11.　The　increase　in　the　ion　satu-

ration　current　for (b) the　simultaneous　application　of　two

RF　fields　is　larger　than　for　・(a) the･plugging RF only｡

　　　　　Comparing　Figs.7-12(a) and (b), we　note　that　the　decrease

of　the　fluctuation amplitude　in (b) is ｌdue　to an additive
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effect　of　the　RF　stabilization.　But　the　further　reduction　of

the　end　loss　flux　is　considered　to　be　ａ　combined　effect　of　the

RF　plugging　and　the　RF　stabilization.　The　larger　increase　of

the　midplane density　observed　in　Fig.7-14(b) may　be　caused　by

larger　decreases　of　Γｄ　and　Γよ　as　compared ゛゛ith　the　case　in (a) .

Ａ　rough　estimation　of　て　　from Eq.(7-9) in　the　cases　of　Figs。　　　　　　　　　　　　　　　　　　　　　　　ｐ

７－１２and　7-14　shows　that てｐ　is　increased　by　ａ factor　of　１．４

by　the　superposition　of　the　RF　stabilization　even　if　we　assume

that　Γエ　is　the　same　for　both　cases.　　As　shwon　in　Fig,3-20　in

Chap.　３ｆ　ｒよ’ｉｓ　significantly　reduced　by　the　RF　stabilization.

Hence, we　can　expect　an　improvement　factor much　larger　than

estimated.

　　　　　The　mechanism responsible　for　七he　combined　effect, i.e.,

the　further　reduction　of　ａ。with　the　RF　stabilization, is　not

clearly　understood　at　present.　　But　ａ　possible　explanation

is　as　follows;　When　the　RF　stabilization　is　superimposed, the

densi七ｙ　perturbation　is　reduced　and　the　density　profile　changes

especially　near　the　periphery.　　工ｆ　this　change　of　the　density

profile　is　such　that　the　region　of　the　left-hand　polarization

of　the　plugging　RF　field　extends　to　outer　radii, the　end　loss

tends　to　reduce　further　in　outer　radii.　This　ｅχplanation　is

consistent with　the　observation　that　the　combined　effect　is

significant　in　the　periphery・
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4. APPL工ＣＡＴ､工ON OF　PLUGG工NG　BY THE ｍ ＝　＋１　RF　Ｆ工ELD TO RFC-XX

　　Ａ．　Experimental　Apparatus

　　　　　Figure　7-15　shows　the　schematic　view of　RFC-XX, details

of　which　are　described　elsewhere［４１．　Ａ hydrogen　plasma　is

injected　f rcm　the　TPD　plasma　gun　to　the　central　section　through

differential　pumping　sections.　Typical　plasma　parameters　in

the　central　section are　ａｓ’follows;　"o　° ２×1012cm‾３″Ｔｉ　°２０

ｅｖ″and　Ｔｅ　°１０　ｅｖ°　Themagnetic　field　strengths　are　２　Ｔ　at

the　line　cusp, 3.7　Ｔ　at　the　point　cusp, and　0.95　T　at　the

central　section.　The　cusp　field　ensures　MHD-stability.　　The

ion　temperature　is　increased　up　to　２５０　eV　through　the　ion

cyclotron heating　at　the　central　section。

　　　　　Two　line　cusp　ends　and　two　point　cusp　ends　are　plugged　by

RF　fields　in　ICRF［９］。　　工ｎ　the　present　experiment, only　the

point　cusp　end　of　downstream　side　is　RF　plugged　to　investigate

effects　of　RF mode　precisely.　　The　RF　antenna　for　the　point

cusp　plugging. which　is　shown　in　Fig.7-16, consists　of　two

pairs　of　type一工工工　coils　displaced　azimuthally　by　９０°with

respect　to　each　other.　Two　200-kW RF　amplifiers　tuned at　ω/2tt

°５１　MHz　are　excited　by　two　signal　generators　with　the　same

frequency　but with　ａ　different　phase　angle　△．　Each　output　of

the　RF amplifier　is　connected　to　one　of　the　type一工工工　coils

through　an　impedance matching　line.　since　the　value　of　△　is

variable　continuously, we　can　establish　the　RF　field　of　any

desired　polarization.　The　ratio　of　the　applied RF　frequency

to　the　local　ion　cyclotron　frequency　at　the　center　of　the　RF

coil　is　chosen　to　be　1.1.　The　RF　field　is　measured　by　ａ
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calibrated　small　１００ｐ　inserted　２５　cmupstream　from the　RF

coil.

　　Ｂ．　Mode　Effect　on　RF　Plugging

　　　　　We　measured　the　RF magnetic　field　components, B^ and B ,

and　their　phase　difference　by　the　small　１００ｐ　inserted　onto

the　axis.　　The　field　amplitudes　of　right-　and　left-hand　polar-

ized　components　are　calculated　from the measured values　and

are　plotted　in　Fig.7-17　as　ａ　function　of　the　phase　shift　△

of　the　coil　currents.　The　point where　△　＝　－９０°（＋90°）Ｃｏｒ－

responds　to　the ｍ＝　＋1（－１）ｍｏｄｅoperation　of　the RF coil.

The　density was　"o　゛５×1011cm‾３　at the cusp　region　of　down-

stream side.　The　left- (right-) hand　component　of　the　RF

field　is　ｍａχimum near　△　＝　－９０°（＋90°）．　This　is　in　agreement

with　the　theory　described　in　Chap.　２．　工ｔ　seems　that　the　right-

hand　polarized　field　is　excited　ａ　little　more　effectively

than　the　left-hand　polarized　field.　It　is　thus　confirmed　that

the　polarization　of　the　excited　RF　field　is　controllable

through　the　phasing　of　the　RF　antenna　in　ＲＦＣ－ＸＸ。

　　　　　Figure　7-18　shows　typical　temporal　evolutions　of　the　out-

put　of　ａ　24-GHz　microwave　interferometer, the　end　loss　flux,

and　the　RF　voltage　to　the　RF　antenna.　The　line　density was

２．５×１０
１２
　－２cm and the antenna was　operated　in the ｍ ＝＋１　mode.

When　the　RF　field　is　applied　the　end　loss　flux　through　the

point　cusp　decreases　and, at　the　same　time, the　line　density

slightly　decreases.　We　define　the　loss　reduction　rate a。

as　ａ　ratio　of　the　end　loss　flux with　RF　to　that without　RF

in　the　same　way as　in　Sec. 3.　The　value　of a,,　is　０．５　in　this
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case°　The　dependence　of a,, on　the　applied　RF　voltage　^RF　is

measured　for　three　cases　of　RF modes.　As　shown　in　Fig.7-19,

the　value　of a。decreases　with　increasing　the　RF voltage

regardless　of　the　mode.　But, for　ａ　fixed　RF　voltage, the

reduction　of　the　end　loss　flux　is　the maximum when　the ｍ ＝　＋１

RF　field　is　applied.　　This　is　because　the　ponderomotive　po-

tential　for　ions　is　the　largest　for　the　left-hand　circularly

polarized　RF　field.　The　result　in　Fig,7-19　is　qualitatively

the　same　as　that　already　obtained　in　Ｈ工Ｅ工．　We　have　achieved

further　improvement　of　the　plugging　efficiency　over　that

obtained in ＴＰＤ－エエエbyusing the ｍ °±１ RF field【２１。

　　　　　We　plot　the value　of　ln(l/a。) and　the　ratio of　the density

reduction　associated with　the　RF plugging・‾△n/iiQ, in　Fig.7-20

versus　△．　Small　changes　in　"o　and ^RF　in the measurement　are

corrected　by　normalizing　the　values ｂｙ（ＶＲＦ／１１０）２‘　　The　plasma

parameters　are　the　same　as　in　Fig.7-17.　１ｔ　is　evident　that

the　plugging　effect　becomes　very　large　for　the ｍ ＝　＋１　RP　field.

The　minimum of　ln(l/a。) occurs　at　△　●　１３５°,not　at　900．　Refer-

ring　to　Ｆ工g.7-17 ， we　note　that　the　polarization　of　the　RF　field

at　△　2　135°　is　almost　completely　right-handed　rather　than　at

△　＝　９０°。･　This　is　the　reason　for　the　deviation　of　the minimum

point　of　ln(l/a。) from　△　ど９０°in　Fig.7-20.　工ｔ　is　clearly

seen　from Fig,7-17　and　７－２０　that　the　plugging　effect　increases

with　increasing　the　left-hand　circularly　polarized　component

of　the　RF　field。

　　　　　On　the　other　hand, the　decrease　of　the　density　at　the　cusp

region　seems　to　be　significant when　both　the　left-　and　right-

hand　components　coexist.　:［ｔ　is　not　surprising　that　the　density
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in　upstream　side　does　not　increase　with　the　RF　plugging.　　The

plugging　is　applied　only　to　one　point　cusp　end, the　loss　flux

through which　is　less　than　１０　１　０ｆ　the　total　loss　flux　in　the

absence　of　RF,　Hence　the　point　cusp　plugging　contributes

little　to　an　improvement　of　the　total　particle　confinement,

and　rather　enhance　the　line　cusp　losses　through RF　heating.

工ｎ　the　case　of　the　RF plugging　with　the ｍ ＝±１　mode, the

significant　decrease　of　the　density was　observed　as　in　Ｆｉｇ・

７－２０．　This　may　be　due　to　the　convective　loss　peculiar　to

this　RF mode　described　in　Chap.　５．

　　C. Scaling　of　RF　Plugging

　　　　　We　proceed　to　investigate　the　RF　plugging　of　ａ　high-temper-

ature　plasma.　工ｎ　addition　to　the　RF　antenna　for　plugging.

another　RF　antenna　is　installed　at　the　central　section.　This

antenna excites　slow waves　of　ｍ ＝　＋１　mode　at　ａ　frequency　Ｓｌight-

１ｙ　lower　than　the　local　ion　cyclotron　frequency　for　工CRF　heat-

ing　μＯ］゛　In　the　experiment　presented　ｈｅｌ°ｅ
’
the value　of　Ｔｉ

is　varied　from　２０　eV to　about　２５０　eV by　controlling　the　RF

power　to　the　heating　antenna ．　The　工CRF-heated　plasma　passes

through　the　field-null　point　before　it　reaches　the　point　cusp・

So, the　velocity　dist再ribution　function　is　considered　to　be

isotropic　at　the　RF　plugging　section.　The　plasma　density

is　kept almost　constant　to　be ０．７×1012Cm‾３　atthe　line cusp

of　downstream side。

　　　　　Figure　7-21　shows　ａ　typical　oscillogram of (a) the　dia-

magnetic　signal　at　the　central　section, (b) the　fringe　shift

of　ａ　７０　GHz　microwave　interferometer　at　the　central　section,
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and (c) the　end　loss　flux　through　the　point　cusp.　When　the

heating　RF　power　is　applied, the　diamagnetic　signal　increases

with　ａ　rise　time　of　～４０　ysec　followed　by　ａ　gradual　decrease

of　the density.　　The　ion　temperature　was　obtained　from the

diamagnetic　signal　and　the　density.　　The　electron　temperature

has　been　confirmed　to　change　little　by　the　工CRF heating　in

ａ　separate　experiment. The　value　of T.　is　about　２２０　eV　in

this　case.　工七　is　seen　that　the　end　loss　ｆｌｕχ　increases　rapidly

with　the　工CRF　heating.　By　applying　the　plugging RF　at　１，

msec　after　the　heating　RF, the　end　loss　flux　is　reduced　to

less　than　１０　１　０ｆ　the　initial　value.　The Ｉvalue　of “ｊ／“cia

is　1.43　at　the　center　of　the plugging antenna.　We measure

the value　of a,,　varying　the　RF voltage　of　the　plugging antenna

for　several　values　of Ｔｉ’　The　result　is　displayed　in Ｆｉｇ°7-22

for　the ｍ＝　＋１　mode.　The　RF　voltage　necessary　for a。＝　0.2

1ｓ　１０ %p　for T.　°２０　eV, while　it　increases　to　''■' ''^pp

for　Ｔｉ　° ２２０　eV.　　The plot of　ln(l/a。）ｖｅｒｓｕｓｖＲＦ２／Ｔｉ　is　given

in Fig.7-23　for ｍ＝　十1, m =　十1, and ｍ＝　－１　modes.　工ｔ　is　clear-

１ｙ　seen　that a”is　proportional　to exp(-V
２／Ｔｉ）ｆｏｌ°each

mode.

Comparing　this　result with　Eq.(7-4), we　can　obtain　the　absolute

value　of　the　ponderomotive　potential ． The value of 岨

as

where　ｎｓ

巾ｉ　°ｎｓｖＲＦ“　ｆ

scales

(7-12)

is　the　efficiency of　the　RF　plugging　and　七弓kes　the

values of　1.02, 0.59, and 0.31　for the ｍ ＝十１，十1, and -1

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－

Ｉ゛ode, I：espectively, and　h　and ｖＲＦａｒｅ　in　the　units　of　eV
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and　ｋｖｐｐ°（Ｗｅ　have　assumed　that T.　〉〉　Ｔｅ‘）　The value of　ηｓ

for　the ｍ＝　＋１　mode　is　larger　than　that　for　the ｍ＝　－１　mode

by a　factor　of　３ 。３．　工ｔ　is　found　from Eq‘（フ-6) th°ｔ（ψｉ）＋1／Ｏｉ）－１

°（Ｅ１／Ｅ４）２佃十“ｊｃｉ）／（（ｊ‾“ｊｃｉ）．　　since　the　value　ofE,/E,　is

0.75 (see　Ｆｉｇ゛７‾１７）’（ﾙi）＋1／(^i ）－１　is calculated　to　be　３．２

by　assuming　ωci　°ωcia*　This　value　is　in　quantitative　agree-

ment with　the　directly measured　value　in　Fig.7-23.　Therefore,

it　is　proved　that　the　ponderomotive　potential　for　ions　is

essential　for　the　RF　plugging　observed here.　工ｔ　is　also　con-

firmed　that　the　use　of　the　ｍ　＝　＋１　RF　field　improves　the plugging

efficiency　by　ａ　factor　of　１ 。７　over　the ｍ ＝±１　RF　field　used

conventionally.

5.C0NCLUS工ON

　　　　　We　have　investigated　the　RF　plugging　by　the　rotating　RF

field　of　ｍ＝　＋１　mode　in　the　axisymmetric mirror　ＨＩＥ工　and　the

double　cusp　RFC-XX.　The ｍ ＝　＋１　RF　field　has　been　found　to

be　more　effective　for　end　loss　reduction　than　the ｍ ＝　＋１　RF
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－

field　used　conventionally.　　This　result　has　been well　explained

by　the　theoretical　model　of　ponderomotive　potential.　工七

has　been　also　revealed　that　the　plugging　effect　is　entirely

due　to　the　ponderomotive　potential　on　ions　for　both　devices ，

since　the　plugging　is　strongly　dependent　on　the　field　polari-

zation.

　　　　　工ｎ　Ｈ工Ｅ工,by　using　the ｍ ＝　＋１　RF　field, the　particle

confinement　time　and　the　energy　confinement　time　has　been
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improved　by　ａ　factor　of　２　and　１ 。7, respectively, compared　to

the ｍ °±１　RF field.　The RF plugging of an RF-stabilized

plasma　has　been　investigated.　工ｔ　has　been　confirmed　that　both

the　plugging　and　the　stabilization　are　achieved　additively・

Ｉ七　has　been　further　observed　that　the　end　loss　is　decreased

further　due　to　the　combined　effect　of　the　stabilizing　RF　and

the　plugging　ＲＦ。

　　　　　工ｎ　RFC-XX,a　scaling　of　the　RF　plugging with　respect　to

the　ion　temperature　has　been　obtained　for　the　first　time.

　The　end　loss　reduction　factor　scales　as ｅ°（ｐ（‾％ＶＲＦ２／Ｔｉ）ｆｏ：「

　T.　up to　２５０　eV.　The　value　of ＴＩＳ　is　the largest　for　the m°

　＋１　RF　field　among　the　three　RF modes　tested.　　This　scaling

･ formula　agrees　well　with　the　theory　in　terms　of　the　pondero-

　motive　potential 。
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CHAPTER 8

CONCLUSIONS

　　　　　In　this　thesis,we　have　studied　the　plasma　heating　and

confinement with mode-controlled　ion-cyclotron　RF　fields　both

experimentally　and　theoretically.　Summaries　of　the　studies

are　given　in　the　following.

　　　　　工ｎ　Chapter　2,we　have　considered　linear　and　nonlinear

effects　of　waves　in　the　ion　cyclotron　frequency　range, and

found　that　the　azimuthal　mode　of　RF waves　plays　an　important

role　in momentum transport　and　energy　deposition.　We　have

proposed　the　ａｎ七ennae　for　the　forced　excitation　of　RF waves

with　coherent　azimuthal　ｍｏｄｅ。

　　　　　工ｎ　Chapter　3,we　have　investigated　the　instability　arising

in　the　axisymmetric mirror　machine　HIEI.　The　instability

observed　in　ａ wide　range　of　density　has　been　identified　as　the

flute　instability　through　the　comparison　of　experimentally

determined　dispersion　relation with　the　theoretical　ｏｎｅ。

　　　　　We　have　demonstrated　that　the　flute　instability　can　be

stabilized by applying the ｍ °±２　RF　field only in the bad

curvature　region.　　The　stabilizing mechanism has　been　revealed

to　be　the　reversal　of　azimuthal　drifts　of　ions　by　the　radial

ponderomotive　force.　The　simple　calculation　shows　that　the

stabilization　occurs　when　the　ponderomotive　force　ｅχceeds the

effective　gravity・
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　　　　　It　has　also　been observed　that　the　radial　confinement　of

the　plasma　is　improved with　the　stabilization　of　the　flute

instabil ity ．　　The　increase　of　the　plasma　energy during　the

RF　stabilization　can　be　explained　by　the　energy　balance

equation。

　　　　　工ｎ　Chapter　4, the　RF　stabilization　of　ａ　plasma　in　the

axisymmetric　mirror　Ｈ工Ｅ工　has　been　investigated　in various

plasma　parameters ．　We　have　obtained　the　empirical　scaling

formula　of　the　RF　stabilization　that　the　required　RF　field

strength　increases　proportionally　ｔｏｌｌ００°３土Ｏ°０５(Ｔｉ／Ｒｃ)Ｏ°4+0.1

This　scaling　formula　agrees　fairly well　with　the　theoretical

prediction。

　　　　　From this　scaling, a　reasonable　value　of　the　RF　electric

field　of　１．１　kV/cm　is　estimated　for　the RF　stabilization　of

ａ　　fusion-grade　　plasma　with　"o　°’５×１０

and Ｒｃ °４’３ｍ’

１３

・

＝　２０　ｋｅｖ･，

　　　　　From the　experiments　described　in　Chapters　３　and　４ ｆ　the

utility　of　the　RF　stabilization　of　the　flute　instability、 for

high-density　plasmas　has　been　established・

　　　　　工ｎ　Chapter　５、we　have　investigated　nonlinear　effects

in　the (⊇-machine　plasma　subjected　ｔ０　large　amplitude　RF　fields

in　ion　cyclotron　range　of　frequencies.　　We　have　observed

for　the　first　time　that　the　convective　plasma　loss　occurs

due　to　the　azimuthal　ponderomotive　force　of　the ｍ ＝　＋1　工CRF
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－

fields,　which　are　used　conventionally　for　工CRF　heating・

This　result　is　in　quantitative　agreement with　the 、theory

based、on　the　fluid model　in which　quasi-linear　corrections

are　taken　into　account.

－190－



　　　　　In　order　to　eliminate　the　convective　plasma　loss, we

have　developed　the　RF　antenna which　can　produce ｍ ＝　＋１　circu-

larly　polarized RF　field.　By　utilizing　the ｍ＝　＋１　RF　field.

the　convective　loss　is　eliminated　and　the　improvement　in

heating　efficiency　by more　than　７０　１　is　achieved.

　　　　　InChapter　6, ICRF heating　by the ｍ ＝＋１　RF　field has

been　applied　to　the　small　torus　Synchromak　and　the　simple

mirror machine　ＴＰＤ一工工工．　　工ｎ　Synchromak, it　is　found　from the

comparative measurements　that　the ｍ＝　＋１　RF　field　greatly

improves　the ．overall　efficiency　of　ion　heating　over　the ｍ＝±１

RF　field.　The　ion　heating　by　the ｍ ＝±１　RF　field　is　accompanied

with　the　enhanced　cross-field　plasma　loss.　For　an　explanation

of　this result,　the theory　of　convective　plasma　loss　is　again

applied.　The　theory　agrees　quantitatively with　the　experi-

mental　result.

　　　　　In　ＴＰＤ一工工工,although　the　anomalous　convective　loss　caused

by　the ｍ ＝±１　RF　field was　not　clearly　observed　as　in　Ｈ工ＥエーＱ

and　Synchromak, we　again　confirmed　that　the ｍ＝＋１　RF　field

could improve　the　heating　efficiency　by　ａ　factor　of　１ ．５．　The

smaller　improvement　factor　as　compared with　other　two　cases

may　be　attributed　to　the much　larger　ExB　rotation　frequency

in　ＴＰＤ一工工工．

　　　　　We　have　found　from the　studies　in　Chapters　５　and　６　that

the　azimuthal　synunetry　of　RF　fields　is　indispensable　for　ef-

ficient　heating without　degradation　of　confinement.

　　　　　In　Chapter 1，　ＶＪｅ　have　investigated　the　RF　plugging　by

the　RF　field　of ｍ＝’＋１　mode　in　the　axisymmetric mirror　Ｈ工El

and　the　double　cusp　RFC-XX.　The　ｍ＝　＋１　RF　field　has　been　found
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to be more　effective　for end　loss　reduction　than the ｍ＝＋１　RF
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－

field　used　conventionally.　　This　result　has　been well　explained

by　the　theoretical　model　０ｆ　ponderomotive　potential.　工七　has

been　also　revealed　that the　plugging　effect　is　entirely due

to　the　ponderomotive　potential　on　ions　for　both　devices,

since　the　plugging　is　strongly　dependent　on　the　field　polar-

ization.

　　　　　工ｎ　Ｈ工Ｅ工,by using　the ｍ＝　＋１　RF　field, the　particle

confinement　time　and　the　energy　confinement　time　has　been

improved　by　ａ　factor　of　２　and　1.7, respectively.　compared　to

the ｍ °±１　RF　field.　　The RF plugging　of　an RF-stabilized

plasma　has　been　investigated.　工ｔ　has　been　confirmed　that　both

the　pigging　and　the　stabilization　are　achieved　additively.

工ｔ　has　been　further　observed　that　the　end　loss　is　decreased

further　due　to　the　combined　effect 。０ｆ　the　stabilizing　RF　and

the　plugging　RF.

　　　　　工ｎ　RFC-XX, a　scaling　of　the　RF　plugging with　respect　to

the　ion　temperature　has　been　obtained　for　the　first　time.

The　end　loss　reduction　factor　scales　as ｅｘｐ(‾ＴｌｓｖＲＦ
2/Ti）fｏl7

T.　up　to　２５０　ｅｖ’　Thevalue　of　ｎｓ　is　the　largest　for　the

ｍ°＋１　RF　field　among　the　three　RF modes　tested.　This　scaling

formula　agrees　well　with　the　theory　in　terms　of　the　pondero-

motive　potential 。

　　　　　Some　problems　are,however, left　in　open　for　future　study･

工ｎ　Chapters　３　and　４ｆ　we　used　the　simplified　solution　for　the

dispersion　relation　of　the　flute mode.　Ａ　full　solution　of

the　dispersion　relation　is　necessary　for more　detailed　expla-
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nation　of　the　experimentally　obtained　empirical　scaling　of

the　RF　stabilization.　It　is　also　necessary　to　extend　the

plasma　parameters　in　the　RF-stabilization　experiments　in　order

to　prove　the　effectiveness　of　the　RF　stabilization　in　high =

temperature　plasmas。

　　　　　Concerning　the　experiments　in　Chapters　５　and　6, the　power

level　０ｆ　工CRF　heating was　restricted　to　ａ　few tens　of　kW.

We must　confirm the　superiority　of　the ｍ ＝　＋１　RF　field　in

higher　power　levels。

　　　　　The　RF　plugging　experiment　in RFC-XX described　in Chapter

７　was　done　at　one　point　cusp　end.　　Plugging　of　ａ１１　open　ends

is　necessary　for　comparative　measurements　of　overall　particle

and　energy　confinements.

　　　　　As　summarized　above,this　thesis　has　made　some　contribu-

tions　to　the　researches　of　controlled　nuclear　fusion, especially

to　those　of　open　ended magnetic　confinement.　We　have　ｅχtended

the　RF　stabilization method　so　that　it　is　applicable　to　ａ

high-density, high-temperature　plasma　for　complete　axisymmetri-

zation　of　ａ　tandem mirror.　工ｔ　is　worth　emphasizing　that　our

work　has　stiiranulated　experimental, theoretical, and　numerical

investigations　of　the　RF　stabilization。

　　　　　We　have　developed　the　ICRF　heating　and　RF　plugging with

mode-controlled RF　fields, which　are　much more　efficient　than

those　with　the　RF　fields　of　conventional　type.　　These methods

have　been　successfully　applied　to　present-day　larger. devices

and　are　now giving　further　achievements.
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2. DEFINIT工ON　OF MATRIX V"
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where

^A,B4 ° Ｓｌｋ１，２１２，１Ｊｍ’（ｋ１，２ｐ）‾布ら，１ｊｍ（ｋ１，２ｐ）］

　　　　　十jD【ｷ１２，１Ｊｍ（ｋ１，２ｐ）十L2，1k1，２Ｊｍ
゛（k1，2p）］

^A,B3

２

　ｐ １２，１Ｊｍ（ｋ１，２ｐ）＋Ｌ２，１ｋ１，２Ｊｍ（ｋ１，ｉｐ）

　　　　　　　　　　　　for (A,B)=(1,2),

and Ｊｚ　andＪＯare　axial　and　azimuthal　current　densities　in

the　antenna.
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