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Abstract 

The pressure anisotropy is quantitatively estimated in RF-heated plasmas which are mag-

netically confined in tandem mirror GAMMA 10. The pressure anisotropy is defined as 

ratio of pressures perpendicul ar to parallel to the magnetic field Jj ne ( P上!P" )， which 

indicates a degree of distortion of a distribution function in a velocity space. The pressure 

profile of the anisotropic plasmas (P.i! PII ~ 1) is peaked at the midplane of the magnetic 

mirror in the direction of the Inagnetic field line. The pressure of the isotropic plasJna.s 

(Pょ!P" '" 1) is constant along the magnetic field line. The pressure profile is connected 

with P.i! P11 in term of n1agnetohydrodynamic (MHD) equilibrium 

Some simple methods are developed for estimating the pressure a.nisotropy and com-

pa.red with each others. The first is to use an array of diamagnetic loops which is arranged 

along the magnetic field line for measuring the axia.l pressure profile. The second is to 

use a. small Faraday cup which can directly obtain a pitch angle distribution of ions at 

periphe凶 regionof the plasma. The third is to use a secondary electron detector (SED) 

arrゎ.which detect neutral particles emitted from a plasma through the cha.rge excha，nge 

collisions. The neutral particle carries a.way the same lTIOmentum as an ion. Then、t.hp
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pitch angle distribution of the ions is deduced from tha.t of the neu tra.l particles. 

Effects of the pressure a.nisot1'opy on microinsta.bility a.re studied. An Alfven Ion Cy-

clotron (AIC) mode is one of microinsta.bilities in the 1'a時 eof a.n ion cyclotron f1'equency， 

which is d出むr巾、

p戸re白ss刊ur閃eanlso叩Oωtropy.Magnetic fluctuations which a1'e dependent on beta and the pressu1'e 

anisotropy are identified as the AIC mode. Spatial structure of the AIC mode is clarified 

in the axial， radial and azimuthal direction. The AIC mode p1'opagates azillluthally in 

the left-ha.nded direction with respect to the magnetic五eldline and has a.n azimuthal 

wave length comparable with a circumference of the plasllla column. The AIC 11l0de has 

a left-handed polarization at the core of the plasma co]umn and the 1'ight-ha.nded polar-

ization on the periphery. These characteristics of the fluctuations agree with a theoretical 

prediction on the AIC mode. Measurements ofaxial wave numbers in the a.xia] direc-

tion indica.te tha.t the AIC n10de has a propagating region and a standing wave region. 

The axial extention of the standing wave region is found to depend on an AIC driving 

term defined by s.i (P.i / PIl)2. Here， s上 isa perpendicular beta va]ue along the n1a.gnetic 

field line. A new theoretical model on a one dimensional axially-bounded AIC mode is 

proposed. Fine structure of the frequency spectra of the AIC mode is compa.red with 

the dispersion relation which is derived from the newly岨 proposedeigenvalue equations. 

This model explains well the measured discrete spectra which depend on both s.i and the 

pressure a nlsot ropy. 

Helaxation of the pre只surcanisotropy a.ssociated with an onset of the ATC nlocle is 
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experimentally observed by using the diamagnetic loop array， the small Faraday cup and 

the SED array. The pressure anisotropy relaxation corresponds to an enhancement of the 

velocity space diπusion caused by the AIC mode. 

Effects of the pressure anisotropy on a macroinstability a.re a.lso studied. Flute-

interchange mode is one of the macroinstabilities which are driven by the pressure weighted 

on bad curvature region of a magnetic field line. Stability limit detefIT1inecl by the flute-

interchange mode is typically described by the beta value ratio between the cenLral and 

anchor cells. This critical beta ratio has a strong dependence on the pressure anisotropy 

of the central cell. The stronger pressure anisotropy leads to the higher critical beta ratio. 
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Chapter 1 

Introduction 

It is in the decade from the early 1960s to early 19708 that rrucroinstabili ties in n1irror 

machines are of crucial subject， because it is considered that the plasma con日nement

was degraded owing to the instabilities 1). The microinstabilities in the mirror system is 

driven by a free energy owing to loss-cone character of the ion distribution function， which 

has a negative gradient and an anisotropy in the velocity space. Many microinstabilities 

are studied experimental by and theoretical by. Their physical characteristics are to be 

obvious and stabilizing methods are developed. The suppression of the microinstability 

is a.tta.ined by filling the loss-cone and reducing the free energy due to the loss-cone. 

The tandem mirror concept is one of the ideas which reforms the distribution function 

to be a stable one. ln this concept the confinement system basically consists of three 

link吋 mlrror亡ells.A large volume mirror cell is centered and two small rnirror cclls are 

placぞdat hoth ends of the central cell where a positive potentiaJ is produced and supprcss 
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end losses along the magnetic field Ene. With the potential formation， the loss cone of 

the ion distribution function of the central-cell plasma is filled out. 

Recentlyヲ inorder to attain plasma parameter in the fusion reactor regime， additional 

plasma heating is attempted by various methods， such as high energy neutral beam¥lnJec-

tion and high power radio frequency (RF) heating. The principle of the RF heating is to 

convert the oscillating-field energy to a therma.l energy of the plasma particles. The energy 

conversion from the RF wave to the plasmas takes place through collisional dissipation， 

such as resistivity and viscosity， as well as collisionless dissipation such as cyclotron damp-

lngぅtransittime magnetic pumping and Landau damping. Particles which are accelerated 

by the RF五eldyield a high energy tail in the distribution function especially in the case 

of the collisionless dissipation. This high energy tail deforms the distribution function 

into an anisotropic one. The anisotropy of the ion distribution in the velocity space is 

determined by the balance between production and loss of the high energy components in 

the velocity space and the energy relaxation from the energetic particles to the thennal 

component. 

In the GAMMA 10 tandem mirror 2，3) high energy plasmas with hot ions are produced 

by using radio-frequency (RF) heating in the range of ion cycIotron frequency. Energy 

containment of the ions in the present experiments is dominated by charge-exchange loss 

and/or electron drag. Typical tirne scale of the ion-ion coulornb collision is much longer 

than those of these energy ]oss processes， and then the energy of the hot ions can not 

be sllfficiently converted to the therrnal energy. In a sIfnulation st.udy by llsing a Foklく町二
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Planck code， an anisotropic distribution function is demLonstrated for the plasma. parame-

ters obtained in the experiments 4). Sudden saturation phenomena. of the energy which is 

stored in the central cell has been observed in the strong heated plasma.s. This saturation 

is not explained by the electron drag and charge-exchange loss. It is expected that the 

instability related to the anisotropy plays an important role in this saturation mechanism. 

Hence， the rnicroinstabilities which are driven by the free energy of a.nisotropic， high-beta. 

plasmas deserve to be studied with a special attention. 

Alfven ion cyclotron mode (AIC) is one of a electromagnetic instabilities which is 

driven by plasma pressure and pressure anisotropy. Shear Alfven wave couples with free 

energy derived from the relaxation of an anisotropic population of ion energy state and 

becomes unsta.ble. Here， the anisotropic population means a distribution function which 

has the perpendicular pressure greater than the parallel pressure. 

Study of the AIC mode is advanced by many theorists 5，6) and experimentalists 7) from 

the various standpoints. In comparison with the theoretical development of the AIC 

mode， the experimenta.l study in a laboratory is less advanced because of difficulties in 

producing a highly anisotropic plasma and then rarely observed except for a few examples 

as follows. In the foreshock region of the earth 's bow shock， both of incident and reflected 

ion beams are observed. A heating source is required for the existence of the ion beams. 

¥Va¥・eheating due to the AIC mode is simulated in the hybrid-particle code and discussed 

on t he possibility 8). Deterioration of the plasma confinement particular in the Jnirror 

d刊 -jcesbぞcausefluctuating wave field associated with t.he AIC mode induces the di汀USJon
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in the velocity space. Ions are scattered to the loss cone in a tilue scale shorter than 

the coulomb collision time 9}. It is of crucial issue to study the AIC mode in the tandem 

ロ11rror.

In TMX (Tandem Mirror Experiment) device， the AIC modes are observed in the end-

cell plasma which is produced by perpendicularly-injected high energy neutral beam in 

order to form a plugging potential formation and the plasma confinen1ent is degraded 10} . 

It is reported that the AIC modes have small azimuthal mode number and frequencies as 

lowas 12 % below the minimum ion cyclotron frequency :in the end cell. The polarization is 

in the direction of the ion gyration， and the azimuthal propagation is in either the eleciron 

or the ion diamagnetic direction. Stabilization of the AIC mode is achieved by reducing 

the anisotropy which is controllable by adjusting the injection angle of the neutral beam. 

The physics of the shear Alfven wave generated by the AIC instability is also studled by 

observation. The mode conversion from shear Alfven wave to compressional Alfven wave 

is theoretically predicted at the transition region of the lnagnetic五eldbetween the central 

cell and end cell11
). 

In the Tara tandem mirror， the AIC modes which are excited in the ICRF-heated and 

central-cell plasma are studied 12). Stability threshold of the AIC mode is discussed and 

is within a factor of 2 ofもhetheoretical value. The stability threshold of the AIC mode 

is theoretically predicted as the boundary between absolute and convective instabilities. 
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The unstable region is approxilnately represented as follows : 

sl (号r三3.5 1.1 

In the Tara experiment the AIC modes have frequencies ofω/nci = 0.8 -0.9 and have the 

parallel wave number of kll = 2-6 m-1
. Here， nci is the cyclotron frequency corresponding 

to the minimum magnetic field strength of the central cell. 

In the central cell of the GAMMA 10 tandem mirrorヲ thepeak ion temperature of 5 

i 

observed depending on the beta value s 上 and the pressure a訂叩nls叩otropy1川3勾 Fromdetailed 

measurements， we have identified the mode as an AIC mode. In order to specify the 

mode structure， we need spatia.l measurements of these fluctuations 14). In this paper， we 

mainly report the identification of the fluctuations and specification of the mode structure 

in an inhomogeneous and bounded plasma column. Detailed ll1easurements of the spatial 

structure reveal that the AIC mode is excited as an eigenmode constrained by an axial 

boundary condition. The AIC-mode stability threshold in GAMMA 10 is experunentally 

obtained and represented approximately as follows : 

sl (号)三 0.3 1.2 

In t he region of /3上(P1-/PII)2 < 3..5， the conventional theory fo1' an infi吋 eand uni forrn 
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plasma predicts that the AIC mode will be released out of the plasma region before 

growing up to a observable fluctuation level. The unstable parameter regime should be 

modified by the finite-length ef[ect in the real experiments. A new model which includes 

the e汗ectof the axial boundary condi tion is developed in this paper. Theoretically i t 

is usually considered that the日nite-length e百ectstabilizes the AIC mode 15). In the 

present new theoryヲ theAIC mode is destabilized by wave reflection which is caused at an 

axial boundary layer. Recently， it is reported that the AIC mode is observed by a using 

non perturbing reflectometry system in the G AMMA 10 experiments 16，17). 

For another example on the interaction between the anisotropic distribution and shear 

Alfven waves， toroidal Alfven eigenmodes (TAE) are observed in large-tokarr叫(current-

drive experiments by use of deuterium neutral-beam injection 18，19). Because the velocity 

of the high energy neutral beam is comparable with the Alfven velocity， the neutral beam 

interacts strongly with the shear Alfven waves which are driven unstable. The resulting 

fluctuations cause di百usionof fast particles produced by the neutral beam injection and 

reduction of the current-drive efficiency. In this case， the anisotropic population is com-

posed by a. distribution function with the parallel pressure greater than the perpendicular 

pressure. In the fusion reactor regime， i t is expected that the 3.5 Me V alpha particles 

from D-T reaction are born and from the high energy anisotropic population. It is possible 

that the highly energetic alpha particles drive the TAE mode and degrade the confine-

rnent. Frorn the sense of the physics of the shear Alfven wave， the AIC modcs havc SOJl1C 

rha re¥ct eri吋 ic~ siJnile¥r lo the TAE modcs on wave propagationぅ excitation con CI j t.ion ancl 
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effects on the plasma parameters. Thereby， the study of the interaction between the shear 

Alfven wave and the anisotropic distribution is a comrnon problem in various magnetic 

confinement devices. 

The plan of this paper is as follows : experimental setup is described in chapter 2ヲ the

quantitative analyses on the pressure anisotropy by using diamagnetic loops in chapter 3， 

the identification， spatial structures and the new model of the AIC mode and an effect on 

the plasma parameter due to the AIC ll10de which is experIlnentally observed in chapter 

4， possibility of controlling the pressure anisotropy by using two-frequency RF heating 

and suppression of the AIC mode， for another example on the stability which is related 

to the pressure anisotropy， stability study on flute-interchange mode in chapter 5， and 

finally conclusion in chapter 6. 



Chapter 2 

Experimental Setup 

2.1 GAMMA 10 Tandem 1¥征irror

GAMMA 10 is an axisymmetrized tandem mirror with a thermal barrier which is schemat-

ical1y drawn in Fig.2.1. The tandem mirror is designed to improve the plasma confinement 

by the combination of a magnetic mirror and positive electrostatic potential hill's which is 

produced at both ends of the mirror for reducing axial endloss ions. The thermal barrier 

helps an efficient forn1ation of the plug potential for the ion confinement. GAMMA 10 

consists of五vemirror cells， which are a central celI， rninimum-B anchor cells and end 

plug/barrier cells at both ends. Totallength of GAMMA 10 is 27 m and total volume of 

stainless-steel vessel is 150 m3
. The length of the central cell between the mirror throats 

is .5.8 m and the diameter of the vacuum vessel is 1 rn. Magnetic field strcngth at the 

midplane of the central cell is 0.40.5 T in a st.anclard mode of the operation and thc mirror 

8 
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ratio is 5. A limiter of which diameter is 0.36 m is set near the rnidplane. The a.nchor cells 

are located at the both ends of the central cel1 and consists of a minimum-B mirror field 

which is produced by a basebal1 seam coil. The anchor cell is named after the role that 

the anchor plasmas fastens the central plasma which is， otherwise MHD unstable. The 

magnetic field strength is 0.610 T at the midplane of the anchor cell a.nd the mirror ratio is 

3. The plugjba凶 ercells are located at the both ends of GAMMA 10， where the thermal 

barrier and plug potential are produced. The base pressure is less than 5 x 10-8 torr; it 

is maintained by turbomolecular pumps (three pumps with 2.5 m3s-1 and three pumps 

with 1.5 m3s-1)ぅ cryopumps(two pumps with 10 m3s-1 and 18 m3s-1 in the central cel1， 

two pumps with 18 m3s-1 in the plugjbar巾 rcel1s and two pumps with 18 m3s一1in the 

end nl1rror tanks) and Cl・3叩 anels(two panels for the ancl 

panels for the end-mirror tanks with 900 m3s-1). At each end of GAMMA 10， radially 

and azimuthally-segmented end plates are installed and are grounded with resistors of 1 

Mn to ground. Typical plasma parameters are as follows : the density 11 = 3.0 X 1018 m-3 

on axis， the averaged ion temperature Ti上 =3.6 keV， the electron temperature Te = 100 

e V a.nd the averaged plasma beta perpendicular to the magnetic field line sょ=2.3 %. 

Because the electron temperature is much lower than the ion temperature and is expected 

to be uniform along the field line， the ion diamagnetic current is dominated by the ion 

pressure. 
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2.2 Heating and Gas Fueling S~y"stem 

ICRF System 

Figure 2.2 shows schematics of power supplies， antennas and transmitter lines for the 

ICRF heating. Two kinds of antennas are installed near the mirror throats at the central 

cell. One is so-called N A GOY A TYPE-III antennas which are installed at the locations of 

z 士2.2mぅ whereR = 1.620
，21，22). The other is conventional double-half司 turnantennas 

which are installed at the location of z =土1.7m， where R = 1.1. These antennas are 

driven by two different frequencies of 9.6 MHz and 6.2 MHz. The frequency of 9.6 MHz 

which corresponds to the ion cyclotron frequency near the midplane of the anchor cell is 

required for producing and sustaining plasmas. Two oscillator systems are constructed， 

which are named as RF1 and RF2 systems. The perforrnance of each system is as follows 

the frequency ranges from 6.2 MHz to 30 MHz for R，F1 system and from 4.6 MHz to 

9.9 MHz for RF2 systemぅ themaximum output power is 1 MW  and the maximum pulse 

duration of 100 ms for two system. 

Each RF system has two final amplifiers in order to drive each antenna independently. 

RF1 and RF2 have almost same composition. The RF source signal is generated by a 

signal generator (SG) MG439B (ANRITSU Elec. Corp.) and divided into two branches. 

The outputs of the wide-band amplifier are connected to intermediate power amplifiers 

(IPA) and final1y connected to the power amplifiers (PA). One is connected to a wide-

bctnd amplifier and another is also connected to the wide-band a.mplifier via phase shiftcr. 
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Between antennas and power amplifiers， there are matching boxes which have roles of 

tuning a.nd impedance matching. One branch of RF1 system has a.n additional exciter 

amplifier (EX) which is used for getting a sufficient drive power for IPA2. Phase shifters 

installed between the signal generators and wide band amplifie1's cont1'ols the phase dif-

ference between two outputs. The RF current of RF2 system is divided into two lines 

in the matching box and connected to each half-turn antenna with same phase. The RF 

current of RF1 system is divided into two lines and connected two matching boxes. Each 

matching box is connected to the set of top and bottom antenna elements 01' to the set of 

north and south antenna e]ements of NAGOYA TYPE-III antenna. The top and boUom 

elements or north and south elements are driven out of phase. The phase between the 

set of topjbottom a.nd northjsouth is controlled by cha叩ngthe cable length between 

the matching box a.nd divider. A compressional Alfven wave which is launched f1'om the 

NAGOYA TYPE-III antenna propagates through a flux tube with an el1iptical cross sec-

tion between the anchor and central cells and converted to a shear Alfven wave 23). The 

converted share Alfven wave is damped at the ion cyclotron 1'esonance layer in the anchor 

cell. Thereforeヲ ahigh-beta plasma is maintained in the anchor cell and provides on the 

~1HD stability of the GAMMA 10 tandem mirro1' 24). The frequency of 6.2 MHz which 

corresponds to the ion cyclotron frequency at the midplane of the centra.l cell is required 

for the central-cell ion heating. 

The plasll1a is started up by injecting a short pulse (lms) gun-procluccd plasma [rom 

each encl ancl is fiustainecl by applying only ICRF power in cOll1bination wiLh a hyclrogcn 
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gas pu伍ngin the central cell. The radiated power of ICRF antennas is typically 200 kW 

in total with the duration of 50 ms. 

Gas Puffing Systenl 

Four kinds of piezoelectric gas puffed are equipped in the GAMMA 10 as shown in 

Fig.2.3. Some of these are combined to start up (#1 b and #2b) and sustain a plasma 

(#laヲ#2a，#3aand #4a) in a pre-programmed manner and the others are auxilia.ry used 

for a special physical purpose such as a short-pulse additional gas pu伍ngfor studying 

plasma. responses by increasing of the charge exchange loss and of wall 1'eflux (#3b and 

#4b). In the transient phase of the plasma start叩， a puffer (#1 b and #2b) with a fast 

response of 1-2 ms is combined with a puffer (#la and #2a and/or #3a and #4a) with 

a slow response and a good axisymmetry fo1' gas injection. In the quasi-steady phaseぅ

only the latter pu百eris used at a reduced gas flow rate. Gas flow rate of each puffer is 

controlled by the rese1'voir pressure because of the better reproducibility compared with 

the voltage control of the flow rate. 

2.3 Diagnostics 

Figure 2.4 shows the axial p1'ofile of the magnetic field strength in the central a.nd the 

anchor cel1 and locations where the dia.gnostic a.nd the heating systems a.re a.rra.nged. 
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2.3.1 Measurements of Pressure Anisotropy 

Diamagnetic Loop 

Three diamagnetic loops are installed at the locations of z=-0.33 nl， z=-1.5 m and 

z=1.95 m in order from the central-cell nlidpJane. Mirror ra.tios at the localion of lhe 

each diamagnetic loop are 1.008ヲ1.077and 1.264， respectively. Each d ialnagnelic loop is 

named as the midplane loop W1， the second loop vV2 and the third loop W3・ Theinner 

dia.meter of the diamagnetic loop is large enough compared with the limiter dialneter of 

0.36 m. Two diamagnetic loops are installed at the midplane in each anchor cell， which 

are named as li! EA and H1w A. The surn of the VV EA and HノWA are represenled as W A. 

The inner diameters of H今?日12，H/3， W EA and WWA  are 0.55 m， 0.55 lnぅ 0.40rn， 0.50 

m and 0.50 m. From the diamagnetism measured by loops installed at the loca.tions of 

z=土1..5m， it is con日rmedthat the axial pressure profile is symmetric with respect to the 

central-cell midplane. 

A simplified method enlployed to determine plasma pressure from lhe observed dia-

magnetic loop signals is described as follows The signal-to-noise ratio is improved by 

using a novel cancellation technique with a concentric pair of diamagnetic loops. The 

plasma pressure equilibriurn is described by the ideal MHD equation. 

jxB-VP， 2.1 

where 
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p=仰向 +neme 

V =  
問 1niVi+ nemeVe 

p 

j = e (niVi - neVe) == e川Vi- Ve). 

P is plasma pressure， ni，ne and n are ion， electron and plasma densities， respectively， Vi， 

Ve are velocity vector of ions and electrons， respectively. In a steady state (θ/θt = 0) 

¥7P=jxB. 2.2 

From the Maxwellヲsequation in a steady state ¥7 x B=μoj， whereμo is the magneti c 

permeability of vacuum， Eq.2.2 is represented as follows : 

vp= (かXB) X B 

The right-ha.nd side in Eq.2.3 tells that 

(かXB) X B 

where 

去((-¥7(B.B)+2(B.¥7)B+Bx (マ xB))ぅ

¥7B2 

(V×B)×B =(B-V)B--z-

2.3 

2.4 

2.5 
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Substituting Eq.2.5 in Eq.2.4， 

v(p十三)士(B町 2.6 

Because the right-hand side of Eq.2.6 is neglected in a near1y unifonn ma.gnetic field， the 

pressure equilibrium is represented as follows : 

D2 

p+二一=constanL. 
2μO 

Then， the pressure in a straight cylindrical plasma is obtained as 

p=ネ(B6一的

2.7 

2.8 

where Bo and B are the ma.gnetic field strength outside and inside of the plasma， respec-

tively. Jf the plasma pressure is small， the plasma pressure in a uni[onn ma.gnetic field is 

represented as follows : 

P 
Bo'ムB

2.9 
μ。

where Bo is considered to be uniform in the radial direction at least within the outer coil 

radius as in the GAMMA 10 central cell. 6B is defined asムs= Bo -B. Ma.gnetic f1ux 
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<1>1 and φ2 through the inner and outer coils are simply written as follows : 

φπ77B+π(イーづ)Bo

φ2 作ï~B + π (ï~ -ï~)Bo ， 2.10 

where Tp，il and i2 are the plasma radiusぅtheinner and outer coil radii， respectively. The 

electromotive force generated on the coils (V1 and 九)its 
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whereN is the number of turns of each coil. In Eq.2.11， the first tern1 is the diama.gnetic 

signal and the second term is noise caused by the field ripples. The concentric diamagnetic 

loop is used to cancel the ripple as follows : 

%三川j(ムB)=14-t弓(九一竹) 2.12 

where vo is the ripple-canceled loop signal. From the time-integration of Eq.2.12 the 

diamagnetic loop signal W (in unit Wb) is obtained as follows : 

H! =ゆβ二点JVodt 2.13 
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The substitution of Eq.2.13 into Eq.2.9 yield 

p==よTJWt=Fhw 2.14 

In this sectionぅ thesimplified relation between the plaslna pressure a.nd the diama.gnetic 

loop signal is represented. The more rea.listic calculation including the effects of finite 

length of plasmas is discussed in chapter 3. 

Small Faraday Cup 

A small Faraday cup is a multi-grid-type electrostatic energy analyzer， which is installed 

at the midplane of the central cell and can rotate around the x-axis of GAMMA 1025). 

A schenlatic of the sma.ll Faraclay cup is shown in Fig.2.5. The small Fara.cla.y cup is 

used for measurements of the pitch-angle distribution of ions. The first grid is floated for 

minimizing a disturbance to the plasma. The second ancl third grids are nega.tively biasecl 

to retard electrons. The fourth and fifth grids are used for sllppressing secondary elcctrons 

which are emitted from the collector and the thircl gricl. By tracing the ion orbits in the 

energy range from 1 eV to 5 keV by lIse of a computer， ion energy clependcnce of the 

detector efficiency is estimated for the angle ()， where ()' is clefined as the angle between 

the axis of the sma.ll Fa.raclay Cllp ancl the magnetic fielcl line. No energy clepenclence 

for a fixぞdangle () is con日nnedby the compl1ter simulation above 100 eV. When thc 

magnetic field st.rength is 4 Tぅ themininll1m cletcctable cnergy is 100 cV. By tracing the 
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ion orbit with the energy from 1 eV to 5 keV with pitch ang]es different from 0， the pitch 

angle resolution of the Faraday cup can be eva1uated. Figure 2.6a shows the pitch ang1e 

dependence with the Faraday cup set at {} 700 under the lnagnetic field strength of 

0.4 T. The pitch ang1e reso1ution is determined to be about土50from the FWHM of the 

pitch angle profile. The detector efficiency depends on tlhe pitch angle. Figure 2.6b shows 

efficiencies normalized by the efficiency for the case of () = 270， which corresponds to the 

10ss cone angle in the present experiments. The signa1s detected by the small Faraday cup 

are integrated flux of ions which have their pitch ang1es between (} +ム()/2 and {}ーム{}/2

The detected flux r 0 Is represented as follows : 

roαにに;;2仙川 2.15 

where Vmin is the minimum detectab1e velocity， J is the velocity distribution function and 

Vo is the velocity of ions which have the pitch angle of 6'. By changing {}ヲ thepi tch angle 

distribu tion of the total ion current can be measured under a五xedplasma operation 

condition. 1n the case of strongly RF-heated plasmas the distribution function of ions 

can be a.pproximately described by a bi-Maxwell distribution. The distribution function 

is written as follows : 

r = n
3f2 

k
3f2 

(品川右)叶千(竺F+勺S2 2.16 
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By using Eqs.2.15 and 2.16， we can calculate the total ion flux which is collected by 

Faraday cup. The total ion flux in the () direction becOlmes 

山吋(号)十in
2

() +弁ベ

The signa] ratio in the case of ()1 to ()2 is evaluated f1'orn Eq.2.17 and given by 

R12 
らin291+AcdO1)3/2

かin2()2+ A凶 ()2)
3/2 where A = 

P.L 

PII 

2.17 

2.18 

A represents the pressure anisotropy. In Fig.2.7ぅ theca.lculated pi tch angle dist ri bu tion 

which is normalized by the value of () = 900 is shown as a function o[ A. Experimentally 

obtained pitch angle distribution is also shown in Fig.2.7. 

Charge-Exchange Neutral Particle Analyzer 

Time-of-Flight Type Energy Analyzer 

A time-of-flight type neutral-particle energy analyzer (TOF) placed at z = 1.8 m with 

the mirror ratio of R 1.16 is schematically shown in Fig.2.8. The TOF is used for 

measurements of ion temperature in a relative]y low energy range and fo1' the estimation 

of radia.tion ]oss energy in the central ce1l26}. Turning point of the ions with the pitch angle 

700 is ]ocated in front of the TOF， then the TOF systern dominantly measu1'es the pitch 

angle of 700 in the ion distribut.ion functIon of central cell midp]ane. The TOF lTlainly 



20 

consists of a chopper， a 3.5 m -long flight tube and Daly type detector. The chopper is 

beryllium-copper disc with 24 slits of 0.2 mm in width and rotatcs at about 40ぅ000r.p.m・-

Charge-excha.nge neutra.l particle flux esca.ping from a p] a.sma strikes a copper ta.rget after 

being chopped by the rotating disc. The target emits secondary electrons， a.nd then the 

electrons are collected by the detector. lon temperature is estimated from the spectrum 

of the secondary electron current as a function of the delay tin1e after chopping. 

TOF can discriminate between particle loss and radiation loss from plaslnas by use of 

the difference between their flight times. The signals of TOF caused by the pa.rticle and 

photon are separately described as follows. The signal S:a(Ej) fo1' the pa1'ticle loss with 

the pitch angle e in the energy range from Ej -I1E /2 to Ej + I1E /2 is 

sroF(Ej) Cη(Ej )N'!aOF (Ejヲ。)1日 rOF (θTOF = 700
) 

NrF(Ej，O) ムァよど:;:!?η0(')川(，)くω>fm2山

where C is the efficiency of the detector which is geometrically dete1'mined. 7](Ej) is the 

secondary electron emission coe伍cientof copper fo1' energy Ej and ni is the ion density， 

ηo is the neutral particle density，σcx is the charge-exchange cross sectionヲ J(E，O)is the 

distribu tion function of ionsぅムnis the so1id angle subtended by the slit on the chopper 

disc at the center， 115 the viewing area of the detector system andムT the gate timc. 

Secondary e]ectron emission coefficient 7](E) used here has been reported with uncertainly 

less t han 2.5 (70 2i) The uncertainly COll1es from lTlOStly the Lcchnica.1 error of lncasl1ring 
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η(E) rather than from the surface conditions to the emiUer n1aterial. The detected signa.l 

for photons in the j th energy range S:hTOF (Ej) with photon energy fronl Ej -!J.E /2 to 

Ej + !J.E /2 is 

rEj+dE/2 
S:{OF(Ej) = C名/_-• _._ I(E)dE = CカNph(Ej)， 

JEJ-dE/2 
2.20 

w here ii is the total efficie肌 yaveraged over the above energy range， I(E) is the iniensity 

of photons at energy E， Np九(Ej)is the total number of photons in the energy range !J.Ej 

Typica.l time evolution of TOF signal is shown in Fig.2.9a. The first peak of the signal 

is caused by the photon and the following peaks are caused by the neutral particles. In 

Figures 2.9b and c， it is shown that the signa.l ratio of the photon to the neutral partic1e 

depends on both time and radial position. The ratio Rph is defined a.s follows : 

2S37仰 (Ej)

R h-EJ 、

pn一I:(S:{ぺ叫)+srぺ鳥))
Ej 

2.21 

The photon signal area is integrated over the time from the rising to the faU off of the 

自rstpeak. The neutral pa.rtjc]e signal area is integrated around the second pea.k which is 

concern with the particle energy spectrum. Rph is represented by using the ratio of signal 

areas due to photons and pa.riic1es. As described in the next paragraph， it is nceded for 

the eliminat.ion of the photon signal from SED to obtain informations of the pitch a.ngl 

distrihution 



22 

Pitch Angle Distribution Analyzer (Secondary E~lectron Detector) 

Figure 2.10 shows schematically a secondary electron detector (SED) sy批 m.SED detects 

the secondary electrons emitted from the copper target on which and the neutral particle 

and photons impinge. The neutral particles which have informations on pitch angle and 

energy of ions are emitted from the plasma by the charge exchange process. Three SEDs 

are installed near the midplane with the angles of 45， 60 and 90 degrees with respect to 

the magnetic field line. The signal of SED should be clescribed by integrating Eqs.2.19 

and 2.20 of the TOF signals. The SED signal IsED(0) with an angle 0 is represe凶 edby 

the sum of signals contributed for both neu tral particles and photons. 

IsED(0) =乞(弔問)+訪問))=乞弔問)+ -;Rtzs7i(EJ) 222 
~ ~ ~-1ιph E) 

S:a (Ej) is the signal from the neutral particles from EjームEto Ej + oE detected by a 

SED with the angle 0. S:h(Ej) is the signal from the pl川 on.S! (Ej) can be estimaLed 

by using the distribution function of Eq.2.16. The pressure anisotropy dependence of the 

signal ratios of 600 to 900 SED and 450 to 900 SED is estinlated as a function of the 

photon ratio Rph under the fixed energy distribution at the pitch angle of 700 which is 

shown in Fig.2.11. 
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2.3.2 Fluctuation Measurements 

孔1agneticProbe 

Magnetic probe consists of a small pick up coil with 4 rnm in radius and a stainless steel 

cover for shielding the coil from the charge-exchange fast neutral particles. Figure 2.12 

shows schematically the measurelnent system of the magnetic probe. Snlall coils are made 

by a coated wire of 0.05 mm  in diameter and are wound around a Teflon tu be of 1.5 mm  

in diameter with 10 turns for r-cOJllponent and 5 turn for B-component. The signal of the 

magnetic probe is digitized in 8-bit by a digital oscilloscope DL2120b (Yokoga.wa Elec. 

Corp.) which has two channels of fast A/D converter with the maXimUIll sampling of 200 

MHz and a large memory of 128 kwordl ch・Thedigi tal data is transferred to a personal 

computer PC-386 (Epson corp.) and stored in a digital audio tape (DAT) system (ρ 1 

Gbyte句telザ!ゾ/ハta.pe吋).By usir 

are converted to the f仕requencyspectrum. The cross correlation between two probe signals 

are a.nalyzed. A hybrid combiner as shown in Fig.2.13 is used to discririllnate between 

the electric and the magnetic component. The hybrid combiner consists of three identical 

coils、eachwith about .5 turns， trifilar-wound on a small toroidal ferrite core. Owing to the 

hybrid仁ombiner，electrostatic noise is suppressed to a ]ower level. Rela.tionships between 

the voltage are derived as follows : 

V1 υ=一υ3 内 υυ3
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as a result υ1 -V2 = 2υ3・ 2.23 

Here，υis the voltage drop across each of the three transformer windings.υ1 -V2 is the 

voltage induced by the pick up coil. 

The magnetic probes are installed at z = -1.28 m， -1.12 m， 0.3 m， 0.9 m and 2.8 

m， which are used for measuring parallel wave number， azimuthal mode number and 

radial profile of magnetic fluctuations. The magnetic probes at z = -1.28 m， -1.12 m 

and 2.8 m are radially movable to pick up the magnetic signal at any radial position. 

Probe measurements of magnetic fluctuations are atten1pted in the periphera.l plasmas， 

because we must avoid the impurity contarnination frorn the magnetic probes. Once the 

contamination reduces the plaslna pressure， the AIC modes are not excited. The radial 

profile is measured near the lnirror throat of the central cell， where the lnagnetic PI叶)e

e汗'ecton the core plasma is minimized con1pare with those near the midplane. 

The magnetic probe is calibrated by RF magnetic field which is induced by a Helmholtz 

coil. The calibrating system is shown in Fig.2.13. Figure 2.14 shows the example of the 

magnetic probe signa.l with a frequency f = 3.84 MHz which is obtained by using the 

calibra.tion system. The difference between probe signals with and without a stainles's 

steaJ cover in Fig.2.14. The field is uniform in the central region and is given by 28) 

B =I =- z・ 55r r v- 1 
α(1.25)1.5¥/  

2.24 
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The radius and current of the Helmholtz coil are α= 2，，5 X 10-2 m and 1 = 0.2 A.turn， 

respectively. Then the oscillating magnetic field strength of B = 7.2 X 10-6 T is produced 

with frequency J = 3.84 MHz. From Faradayヲslaw V = -dφjdt = -SdBjdt = -2πSfB， 

the effective area for picking up the oscilla.ting magnetic field is obtained as follows : 

¥1 V 
f=一一 x2=二一 x2 (m2)ヲ

2πf B . - 174 
2.25 

here， the multiplier 2 is the e百ectof the hybrid combiner from Eq.2.23. The effective area 

Sef f in unit m2 of each magnetic probe is shown as follows : 

component z==-1.29m z==-1.14m z==2.8Ill 

r 20.0 X 10-6 23.0 X 10-6 23.0 X 10-6 

θ 46.0 X 10-6 36.0 x 10-6 23.0 X 10-6 

The coil areas of the magnetic probes with a stainless steel cover are as follows : 

component z==-1.29m z==-1.14m z==2.8m 

r 17.2 X 10-6 17.2 X 10-6 8.6 X 10-6 

。 17.2 X 10-6 14.4 X 10-6 12.0 X 10-6 

The cross section of r-component of the magnetic probe is about 5 =πx (0.75 X 10-3)2 X 

10 "-' 18 X 10-6 m2
. In order to adjust a B-component sensitivitie to r-componentぅ the

cross sぞct10nof B-component is twice of that of r-component because the stain less cover 

I1le¥inly deぐreasethe sensitiγity of O-con1poncnt. The calcule¥t ed area S of t.he cross s('ction 
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of the coil is wi thin the error of less than 30 % as large as the effective area Sef f' We can 

obtain a level of the magnetic fluctuation by using the following relation 

-

r

J

 

一
r
J

/

一C
U

T--
一f
j

一

π
一q
L

一一B
 

2.26 

The stainless steal cover reduces the probe sensitivity of the B-component by about 30 % 

compared with that without the cover. It is confirmed that the probe system shows no 

resonance which is caused by a stray capacitance and inductance because the lnagnetic 

probe signal increases proportionally with the frequency up to 20 MHz. 

Electrostatic Probes 

Electrostatic probes are installed at z -0.6 m， z 0.3 m and z 5.0 m. The 

electrostatic probes are biased at -200 V in order to ITleaSUre density fluctuations from 

the ion saturation currents. The voltage is sufficiently biased to saturate the ion current 

on the cha.racteristic curve of the electrostatic probes. The curves show that the floating 

potential lies at about several hundred volts about the grounded potential. At z = 0.3 

nl ， the electrostatic probes are a.zimuthally arrayed with the angle of 45 degree， which 

measure the azimuthal mode number. The electrostatic probes at z -0.6 and 5.0 m 

nlea.sure the wave number along the ma.gnetic field line by analyzing the cross correlation 

between the t¥VO probe signals. At the inner transition rcgion z -3.7 m and th 

outer transition regionz = 6.7 m， radia]]y scannalコleelectrostat.ic probes are installcd to 
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measure the radial profiles of the ion saturation current and the floating potentia.1. The 

ion current of the electrostatic probe is picked up by a resistor o[ 1.0， a.mpliIied by an 

isolation amplifiers P-64 and P62A (NF Elec. Inst.)， AD-converted to 12-bit digital data 

by a digital oscilloscope DL1200E (Yokogawa Elec. Corp.)， transfer陀 dto a personal 

computer and stored in the DAT storage system. 



Chapter 3 

Quantitative Estimation 

of Pressure Anisotropy 

3.1 Pressure Profile Model 

Procedure for quantitatively estimating the pressure anisotropy by using the three dia-

magnetic loops is described in this section 29). In an infinite and homogeneous plasma 

columnぅ thediamagnetic loop signal is proportional to the local plasma pressure. An 

infinite-length solenoida.l coil which induces magnetic Hux proportional to the current 

density is the closest analogy. If the coil has a varying radius in the axial direction and 

a finite a.xial lengthラ however，the induced magnetic flux is not proportional to the local 

ぐurrぞntdensity owing t.o the fringing field ef[ect. The di.ama.gnet.ic loop signal is a.ffccted 

h~. a n axia 1 profiJe of the plasl11e1 pressure and D1ust be evaluat.ecl by int.cgrating thc loca.l 

2 



current density 30). 

First， we assume a perpendicular pressure profile as follows : 

P1-(争う z)

φ。

九[1-H(φ-φ。)]と(z)

T02B(z=0) 

29 

3.1 

3.2 

Here，φis the magnetic flux，争ois the magnetic flux at z = 0 m， ]{ (φ) is Heaviside's 

step function， TO is the plasma radius， Po isもheperpendicular pressure at z = 0 lTI and 

B is the externally applied magnetic field. 1n Eq.3.1 P1-is homogeneous in the radial 

direction and the axial profile is represented by c (z). We select [our types of c (z) as 

follows : 

Z2 
Type A と(z) = max[l-L2ぅ0] 3.3 

Z2 
Type B ご(z)= exp(-L2) 3.4 

Type C 
BI--B2 

ご(z)= max[ Bia--B2 ーヲ 0] 3.5 

Type D ごい= (互)2(BT-B)~ - 1 
BO' 'BT -Bo 3.6 

Hぞre、L1S a scale length， BL， Bo and BT a.re the magnetic field strengths at z = L， 

z 0 and at t.he mirror throat located at z 2.8 lTI， rcspectively， and ηjs a fr何
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parameter. Figure 3.1 shows P.l and 1l， profiJes correspondi時 tothe four types of c (z) 

with L = 2 m and n = 50. Type A is a parabolic profile and Type B is a Gaussia.n profile， 

both of which depend on the z-position. Type C is an ideal distribution conventionally 

used in the calculation of the ballooning mode 31). Type D is a pressure profile obtained 

when the ion distribution function is assumed as f( E，μ) = (μ 一 ε)π-~g(μ)， whereεis the 

total energy，μis the magnetic moment of ions and g(μ) is an arbitrary function 32). The 

function g(μ) does not appear distinctly in the pressure distribution of Type Dぅ because

it is contained in the constant PO， which is evaluated in the process of integrating the 

distribu tion function. This distribution function proposed by Taylor satisfies the MHD 

equilibri um condi tion犯人 By use of the conventional two-component pressure tensor of 

the collisionless guiding-center fluid theory， the MHD equilibrium condition is given as 

follows 34): 

θ PII¥ - P上
一(-~I) =一一θB ¥ B I B2 3.7 

B is the externally applied magnetic field. This equation gives the relationship between 

the perpendicular and the parallel pressures. When the axial profile of the perpendicular 

pressure is obtained， the profiJe of the parallel pressure is evaluated numerically from 

Eq.3. 7. In the cases of Type B and Type D， the boundary condi tion is 11， = 0 at the 

mirror throat. In the cases of Type A and Type Cぅtheboundary condition is 11， = 0 at 

z 土Ln1. 
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The diamagnetic currents in a plasma with a finite axial extent are deter1Tuned from the 

balance between the Lorentz force and the pressu1'e gradient force. The signals picked up 

byeach diamagnetic loop can be estimated as an integrated magnetic flux induced by the 

axially dist1'ibuted dia.ma.gnetic current. As a result， from the pressure profile rep1'esented 

with a.n arbitra.ry scale lengthぅ thesigna.l ra.tios of the third loop to tbe midplane loop a.nd 

the second loop to the midplane loop are evaluated. Figu1'e 3.2a shows the relationship 

between the ratio of the second loop signal to the m.idplane 1.00p signal and the scale 

length L a.nd n. Figure 3.2b shows the calculated relationships of the diama.gnetic loop 

signal at the locations of the second loop and the third loop which a.re normalized to 

the diama.gnetic loop signal at the location of the 1TUdplane loop [01' the four types of 

pressure profiles defined above. In Fig.3.2c， the calculated anisotropy at the 1TUdplane 

is shown as a function of the normalized diamagnetic loop signal of the second loop. It 

can be clea.rly seen that there remains ambiguity in determining the anisotropy in Fig.3.2 

when only two diamagnetic loops are used. The anisotropy can be determined from 

comparing the experimentally obtained ratios between the diamagnetic loops with those 

of the calculated ratio， as shown in Fig.3.2b and Fig.3.2c.日1hendata point is not located 

on the assumed distribution， the anisotropy can be represented by a linea1' cOlubination 

of the two neighboring distributions in Fig.3.2b and Fig.3.2c. 
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3.2 Experimental Results and Discussion 

As shown in Fig.3.2c， a temporal evolution of the dia.nlagnetic signals indicates the pres-

sure anisotropy. The signals of the second and the third loops normalized by the midplane 

loop are plotted in Fig.3.2b. The experimentally obtaiIled ratio of the diamagnetic fluxes 

a.t t = 56 ms lies exactly on the curve of Type C with the scale length of L = 1.9 m. On 

the other handう theratio of the diamagnetic loop signal at t = 60 ms corresponds to the 

distribu tion of Type A. lt is clearly seen that the axial pressure profile varies temporally 

and cannot be described by only one of the pressure distributions assumed in the previous 

section. 

Effect of an isotropic cold ion component on the diamagnetic loop signals has been 

estimated. The hot iOll temperature is by more than五veas high as the cold ion tempera-

ture， which is evaluated by a small Faraday cup installed in the transition region between 

the central a.nd anchor cells， a.s shown in Fig.2.4. Because the distribution o[ the cold 

ions is more isotropic than that of the hot ions， the ions in the losscone of the central 

cel1 will be dominated by such cold ions. The number of cold ions is determined from 

measurement by a microwave interferometer installed at the central-cell mirror throat， 

where the isotropic component should be dominant. The line density o[ the mirror throat 

is less than one-ha.lf of the line density of the central cell. As a result， contribution o[ the 

cold ions to the total pla.sma pressure is less than ten percent of tha.t of the hot ions. 

In order to estimate effect of the radial pressure profile， the relationship between 
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the anisotropy and the ratio of the second loop signal to the midplane loop signal is 

calculated in the case of two different plasma radii of 0.9 m and 0.18 m. It is shown from 

the calculation that Figs.3.2b and 3.2c are hardly modified by the difference in thc plasma 

ra.dius. The assumption of the hon1ogeneous pressure profile in the radial direction wiU be 

adequa.teヲbecausean inhomogeneous pressure profiJe by the superposition of homogeneous 

pressure profiles w hich different radii. 

Extended Model of Pressure Profile 

When a data point satisfies the calculated relations in the previous section， the anisotropy 

is only approximately estimated in Fig.3.2. When the data point lies in the outer region 

which is not covered by the model， the anisotropy can not be estimated. Axial pressure 

profiles in the anchor， tra.nsition and plug/barrier cell is required for an analysis of flute-

interchange instability. In order to improve this problem， a new model of the pressure 

profile is developed. The new model is more flexible because of the adoption of two free 

paralneters a.吋 includesthe pressure profiles in the anchor， transition and plug/barrier 

cells. The profile is shown as follows : 

Ptotαl pl +吋+Pl+庁=hot + cold 3.8 

.hot component 



(υ1一 B/BLc)n 

P門附巾削fμ作川υωz)= ~ (ο1 一B/B川BLAω)n

for 

for 

o for else 

0< zく 2.8m

4.5く z< 6.0m 

吋(z) from MHD equilibrium (see Eq.3.7) 

ecold component 

Pl(z) =可(z)= Pc = constant 
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where B is the ma.gnetic field strength， Lc and LA the scale lengths， nc and nA the 

shaping factors for the hot component pressure in the central and anchor cells， suffixes h 

and c for the hot and cold components， .L and 11 the directions perpendicular and parallel 

to the magnetic field line， respectively. It is considered that the cold components Pc does 

not depend on the axial position z because the cold plasma component is thermalized 

owing to the short collision time. By using the new pressure model in the computer code 

described in the section 3.1 estimated the ratio of the diamagnetic loop signals. Because 

of the isotropic cold pla.sma， the assumption of Pf 可isva.lid. Figure 3.3a shows 

the relationship between the ratio of the second loop signal to the midplane loop signal 

and the scale length Lc and 11C・Figure3.3b shows the calculated relationships of the 

dia.magnetic loop signals of the second loop and the third loop which are normalized by 

the diamagnetic loop signal a.t the lnidplane for the pressure profiles de日neda.bove. In 

t his calculation、the cold pressure component is included with a fraction of ] 0 % of thc hol. 
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pressure at the rnidplane of the central cell z = 0 m. In Fig.3.4， the calculated anisotropy 

at the rnidplane is shown as a function of the scale length Lc in various cases of nc・The

new model of the pressure profile extends the covered parameter region in comparison 

with the model described in the section 3.1. 



Chapter 4 

Alfven Ion Cyclotron Instability 

4.1 Physical Picture of AIC M4Jde 

In this subsection， we present the physical picture of the AIC mode by using a combination 

of a single pa.rticle motion and a fluid approximation 35). We consider a plane wave which 

propagates along the magnetic field line with the left-handed circular polariza.tion. The 

wa.ve electric field is represented as follows : 

E.L = exlE.L1 cos(kzー ωot)十円IEょ|山(kzー ωot) 4.1 

36 
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Here， the wave number is k， the angular frequency ωo and the wave electric field Eょ・ The

velocity of ion in a gyration motion is given as 

V.10 exυ上 cos(!1cit一命)-eyv上 sin(!1cJーめ). 4.2 

The unit vectors in the direction of the x-and y-axes are ex and ey， The ion cyclotron 

angular frequency !1ci and the initial phase of the ith particle is仇.The substitution of 

Ampere's law into the equation of motion in the parallel direction yields 

d v 11 _ q _. "L  q 
7τ 立の.10X b.1 =石二りょox (k x E上)・ 4.3 

By solving Eq.4.3， we obtain the parallel velocity as follows : 

oE I v I k 1 
υ，，=三:ニでそ n ，. sin [kz一仇 +(!1ci一ω。)t] 

rTl， WO ~ lci - ω。 4.4 

We define the pressure tensor P 

Pxx Pxy P. 

P=  Pyx ~νν PYZ 4.5 

Pzx Pzy 九z
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PZX and Pzy components of the pressure tensor are evaluated using Eqs.4.2 and 4.4 as 

follows : 

PZX く υIIV上Ox>= 

Pzy くり11υょOy>=

qE上kυ?
ム¥"sin(kz一ωot)

2n1，ω。(f1ciー ω。)
GE， kv~ 

2171，よ(f1二ωJm(kzー ωot)

The自uidequation for ions in the perpendicular direction is 

dv上 qr.t . q 1 (βP7.r 8P，ー ¥
一一一 =~E ， +よ v，x Bn一一一 l一二王 p 一一二Y..p ¥ 
dt mーム m ム u 1un ¥δz 勺 θz νj 

4.6 

4.7 

The velocity displacement due to the stress of the pressure tensor is evaluated from Eq.4.7 

a.s follows : 

8v， --q-IE1-|ilK21v 1-12 1 
む よ=

The net current which is induced by the pressure tensor is given by 

J=ηq8v 1-. 4.9 

The current which is represented as Eq.4.9 is fed back to the perturbed magnetic field 

and aIl1plify the fluctuation. Figure 4.1 shows the schematic of the ion motions which 

af{" r!f'rIypd fro111 Eqs.4.2 and 4.3. Tilting discs correspond to the t.ra.jecLory of gyrating 
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ions with the perpendicular velocity of V.L υ上0・ Becausewe consider the anisotropic 

ion distribution， the discs are fixed at an initia.l fixed point a]ong the magnetic fie]d line. 

Figure 4.1a shows a gyration motion of a single ion. When the magnetic field fluctuation 

b.L is directed upward and the phase of the gyration rnotion varies uniformly from 0 to 

180 degree， the velocity vector of the ion inclines to the positive direction of the z-axis. 

When the gyration phase is from -180 to 0 degree， the velocity vector tilts in the negative 

z-direction. If the magnetic fiuctuations with left-handed polarization are spontaneously 

excitedぅtheion begins the ti1ting ITIotion. The net current due to the ti1ting motion is in 

the perpendicular direction to the z-axis and 90 degree out of phase against the magnetic 

fluctuation. As a result， the net current is fed back to the magnetic fluctuation as shown 

att=27r/ωo in Fig.4.1 and the fluctuation can grow up. 

4.2 Observation and Identification of Fluctuations 

Figures 4.2a and 4.2b show a temporal evolution o[ (a) the line-integrated electron density 

using a millimeter wave interferometer at z = -0.6 m and (b) diamagnetic loop signals 

which are mea.sured with three diamagnetic loops. The discharge starts at 50 ITIS when 

initial gun-produced pla.smas are injected. The on-axis plasma density is 3 X 1018 m-3， 

the averaged sょ is1 % and the averaged perpendicular temperature is 3.6 ke V at 60 ms. 

Figure 4.3 shows the RF power dependence of the beta value and the pressure anisotropy 

in the central cell. The beta. value is defined as a product of the density at the Cf'ntf'r and 
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the radially averaged temperature. The density profile is assumed to be parabolic profile 

in the radial direction. The pressure anisotropy is evaluated using the diamagnetic loop 

array which is described in chapter 3. The evaluated pressure profile well fitted to the 

Type D in Eq.3.6. The beta value of the central cell increases with the increase in RF 

power. The pressure anisotropy becomes strong and reaches 12.5 at 100 kW of the RF 

power and saturates suddenly. 

As shown in Fig.4.3， the evaluated anisotropy should be large enough to induce the 

microscopic instabilities which are driven by the pressure anisotropy and the plasrna s.i 

value. In GAMMA 10ぅrnagneticfield fluctuations near the ion cyclotron [requency mea-

sured with small rna.gnetic probes are studied as a function of the pressure anisotropy 

and the plasma s上 value.Figure 4.4 shows a typical frequency spectrurn of the rnagnetic 

fluctua.tion obtained from the conventional FFT (fast Fourier transform) ana.lyses. Fluc-

tuation measurernents with the rnagnetic probes are perforn1ed in the peripheral region 

in order to rninimize the disturbance to the core plaslnas. The peaks at 6.3 MHz and 

9.9 MHz in the figure correspond to the frequencies externally applied by the RF anten-

nas. The peaks from 5.6 MHz to 5.9 MHz are the spontaneously excited fluctuations. 

These fluctuations are observed， on]y when both the anisotropy and the plasma s.i are 

relat.ively high. The frequencies of the fluctuation are below the ion cyclotron frequency 

at the n1idplane. There are some discrete peaks. The frequency differcnces betwcen the 

adja何 ntt ¥-¥"o spectral peaks side by side becomes narrower with higher freqllE'ncy p('aks 

than ¥¥・ilhlo¥¥'('r freqllellcy ppaks. 
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Figure 4.5a shows a paranleter space of s 1.. VS (Pょ/PII)2obtained experimenta.ll)人 The

solid circles show the data in the parameter range where the fluctuations are observed 

and the open circles the data without fluctuations. The criterion of the excitation of 

the fluctuations is defined a.s the minimum amplitude of the fluctuation of 1 x 10-7 T 

which is determined by the sensitivity of the magnetic probes and the precision of the 

FFT method. The amplitude of the wave magnetic field excited by the ICRF antenna is 

typically about 1 x 10-4 T. 

Figure 4.5b shows the dependence of the fluctuation amplitude on all AIC driving 

term. Here， the AIC driving term is defined as sJ..(p.上/PII)2which is a product of the two 

parameters on the vertical and transverse axes in Fig.4.5a. The fluctuations are observed 

in the pa.rameter region of the AJC driving term beyond 0.3. The fluctuation amplitude 

increases with increase of the AIC driving term. The自uctuationamplitude nleasured by 

the lnagnetic probe at the z = -1.12 m have the maximum amplitude at the AIC driving 

term of 1.2. On the other ha.nd， the fluctuations at the z = -1.28 m have the maxIlnum 

at he AIC driving term of 1.5. 

Dispersion relation of the AIC mode is as follows 36): 

D(い)=仇2-J+Zfl;jXj(い)= 0ぅ 4.10 

vv.here Opi・ isthe plasma. frequency， nci is the ion cyclotron frequencyぅ kis the axia] 

"・a"enUlnber. ω is the fI・ぞqupncyof the AIC mode and X is the p]asrna susceptibility (s 
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Appendix B Eqs.B.13 and B.16). Figure 4.6 shows a typical dispersion凶 ationof the AIC 

mode which is derived by solving Eq.4.10 with respect to the real wave number kr. Here， 

the pressure anisotropy and s 1.. of 12.5 and 0.007 are used， respectively. The maximum 

growth rate [Wd!1ci]MAX is defined as a peak value of the imaginary frequency which 

is shown by a dotted-broken line in Fig.4.6. The solid lines in the Figure 4.5a indicate 

contour of maximum growth rate， [wd!1cdMAX of 10--5 and 10-2 which are calc山 ，ted

from Eq.4.10. The dotted line shows a boundary between the absolutely and convectively 

unstable regions of the AIC mode 12). 

ln Fig.4.7 it is shown that the frequency of the fluctuations depends on the strength of 

the externally applied magnetic field in the range from 0.3 to 0.6T. Using an appropriate 

frequency of the RF2 system for the ion heating in the central cell， the resonance layer is 

fixed near the midplane of the central cell. Thereby， the heating geometry is not modified 

even in the various strengths of the magnetic field， where the pressure profiles are also 

peaked at the midplane in the central cell. A solid line shows the ion cyclotron frequency of 

the minimum strength of the magnetic field in the central cell. Br叫(en，dotted-broken and 

dotted lines correspond to frequency of 0.9!1ciヲ0.85!1ciand 0.8!1ci， respectively. Here， !1
ci 

is the ion cyclotron frequency at z = 0 m. The frequencies of the fluctuations are slightly 

below the ion cyclotron frequency. This dependence agrees well with the prediction from 

the dispersion relation of the AIC mode. 

Figure 4.8 shows the wave structure in the azillluthal direction. The azimuthal 1110de 

nunlbf'r 171 is rneasured by magnet.ic probes which pick up the radia.l C0l11pOnent. h
r 
of the 



43 

日uctuationsand are azimuthally arrayed at z = 0.3 m. Four lnagnetic probes are set on 

the angles of 0， 22.5， 45 and 90 degrees with the x-axis. The magnetic fluctuations have 

azimuthal mode number of 7TI = -1 or -2. This means that the fluctuations propa.gate 

in the ion diamagnetic direction and have the wavelength equals to the circumference of 

the plasma column. As mentioned above in Fig.4.4， several spectra peaks are observed. 

These peaks have the same azimuthal structure. 

Figures 4.9 show radial profiles of each peak which are measured at the mirror throat of 

the central cell. 10ns are accelerated up to a high energy of severa.l ke V and trapped near、

the midplane of the central cell. Therefore， most of the high energy ions cannot reach the 

mirror throa.t. Then the contamination due to impurities from the probe surface which 

are bombarded by the high energy ions would be reduced. The frequencies of each peak 

are (a) f勾 .5.50MHz， (b) f勾 5.55MHz， (c) f勾 5.65MHz and (d) f勾 5.75MHz. The 

amplitude profiles of the radial component br as well as the azimuthal component be are 

plotted for each spectrum peak in Fig.4.4. The fluctuation amplitudes are larger in the 

core region than in the edge region. This means that the observed modes have a property 

of body waves not of surface wave. Profile of the phase difference between the b
r 
and be 

components at the frequency shown in Fig.4.9 is shown in Fig.4.10. The polarization in 

this figure is defined a.s follows : 

bL bh 
4.11 PL 

bL + bh 
PR一-一

bi+bh 
br + ibe br - ibe 

4.12 bL bR =一一一一
2 2 



44 

PL shows ratio of the square of the magnetic fluctuation strength with left-handed polar-

ization to that to the total fluctuation strength. Figure 4.10 shows that the left-handed 

polarization dominates in the center region of plasmas， while the right-handed polarization 

in the outer region for all spectral peaks. This result is consistent with the experimental 

observation that the AIC mode are shear Alfven waves excited by the free energy of the 

anisotropic distribution function. 

It is concluded that the magnetic fluctuations are identified as the AIC mode from 

the experimental results on the frequency dependence on the magnetic field strength， the 

excitation condition depending on the pressure anisotropy and s 1.. and the consistency 

with the shear Alfven wave properties with respect to the radial and azimuthal wave 

propagation 37，38) 

Figure 4.11 shows that axial wave numbers of the AIC mode depend on the AIC driving 

term. The wave number is evaluated from the phase difference between the fluctuation 

signals w hich are detected using two magnetic probes along the magnetic field line. It 

is shown that the wave numbers converge to zero with the increasing AIC driving term. 

This behaviour on the wave number also depends on the position of the magnetic probe 

along the magnetic field line. When the magnetic probes at z = 0.3 and 0.9 m are used， 

the zero wave number is observed at lower driving term than that at z = -1.12 and -1.28 

m. The measured wave number of k = 0 could be attributed to the standing wave. As a 

result， it is indicated that the AIC mode has two regions along the magnetic field line; on 

is a central region with a standing wave near the midplane and the other is a propagating 



45 

wave region at both sides of the standing wave region. This type of Alfven wave structure 

has been observed in single mirror experiments on ballooning instabilities 39). 

The expansion of the standing wave region corresponds to the axial expansion of 

the AIC driving term. The axial structure of the AIC mode is schematically drawn in 

Fig.4.12. The axial AIC-driving-term profile determined by using the diamagnetic loop 

array is represented by a solid line in Fig.4.12. 

4.3 Spatial Structure and Excitation Condition 

4.3.1 New Theory for AIC Eigenmod.~s 

It is predicted theoretically that the AIC mode is to be unstable in the region of 

s1-(Pょ/PII)2 > 3.5 which corresponds to the absolutely unstable region in the case of 

infinite and homogeneous plasmas. If an initial perturbation is excited with a thermal 

noise level in a finite-length system， the maximum growt.h level is restricted by the system 

length in the case of the convectively unstable. The initial perturbation can grow up from 

an excitation point to an observation point. The group velocity v
g 
of the AIC mode with 

the maximum growth rate [Wdf1ci]M AX is evaluated frorn Fig.4.6 as follows : 

dw ~ω ムω/ f1ci f1 
りg 一=一一---:-=---"X 一二;-= 0.473 x出三dk ムk ~kC/f1pi" f1pd  c -V.A  I V "'f1

pi 
4.13 
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The propagation timeムtfor a typical length f = 5 nl frOlTI the genera.ted point to the 

observation point is 

f f1pl 30 1 63.4 ム --P'- 一一一一一一一一
υ9 0.4 73f1cic 0.4 73 f1ci f1ci 

4.14 

The AIC mode grows duringムtas follows : 

ぽ p(川

This estimation indicates that the amplitude of the fluctua.tion becomes large enough 

for the detection when it is excited with a thermal-noise level and propagates to the 

observation point. 

In GA!¥.lMA 10， the AIC mode is obser刊 din the 陀 gionof the s上(P.ょIP，，)2 > 0.3 

This observation indicates that the AIC mode is sufficiently growing for the detection 

in the convectively-unsta.ble parameter region and needs for a.n ana.lysis including finite 

length effects， which is described in the following part. 

We consider the boundary problem which is drawn schematically in Fig.4.13 40). Two 

reflection points are a.ssumed to be at z 士~ a.nd a.n initial pert川a.tionis excited at 

z = o. The wave number k and the frequency ωare defined a.s complex numbers k
r 
+ ik

i 

and Wr + iいt・ Thewave propaga.tion in the positive z-direction has a. wa.ve number k+ and 

the other ¥¥'ave propaga.t.ion in the negative z-direction has a wave number k_. We denote 
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k+ and k_ as poles of Green 's function de1'ived from the wave eqllations which yield the 

dispersion 1'elation of Eq.4.10. As 同→ [ωdMAX， k+ and k_ are i n the II pper a吋 lower

half-plane of complex k-plane 41)， respectively. Asymptotic expressions far f1'o111 Z = 0 for 

the waves which propagate from the midplane in the positive and negative z-directions is 

ゆ+

ゆ-

αexp [i (k+zー ωt)] 

αexp [i (k_zー ωt)] 

4.16 

4.17 

After a reflection from the right-hand boundary at z = ~，弘 propagates to the lcft， an 

a抗ts叩u伍cientlylong distance from the boundary takes an asymptotic for、~m a剖sfol1ows : 
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ゆ-is a.lso reflected and has the asymptotic form， 
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The弘 isreflected again at z = -~ and ぱ lectedwave rþ~ has the asy叫 toticfonn， 
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The condition for the standing wave formation is given by 

ゆ+ バ+ゆ 4.21 

The substitutions of Eqs.4.16，4.19 and 4.20 into Eq.4.21 yield 

x2 + x -1 = 0 
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Then， the eigen value equation is written in term of k+ and k_ as follows : 

k+i -k-i ~ [2山げプ)] 4.23 

k+r -k-r 

Here， 11 is an axial mode number and R a reflection coefficient.ん+and k_ are given by 

the dispersion relation D(丸刈

simplex method 42). Figure 4.14 shows the eigenmode in term of k+ which is evaluated 

from Eq.4.23. The boundary length Lf'lpd c， reciprocal of pressure anisotropy T， beta 

value s..L and reflection coefficient are given as 20， 0.08， 0.007 andゾ江5. The real and 

imaginary parts of the frequency and the ilTIaginary part of the wave nUInber are derived as 

a function of the real part of the wave number. The unstable eigen JTIodes have the negat.ive 

imaginar~' part of the ¥¥'an' Ilumber and the positive im.aginary part of t.hc frrqllcncy. II1 



49 

the case of Fig.4.14a， unstable waves have the mode numbers of n 8，9，10 between 

the boundary length L. This theoretical model can explain the discrete spectrurll and 

the frequency difference between spectrum peaks which becomes narrower ai the higher 

frequency side than at the lower frequency side. Figure 4.14b shows a contour map of ihe 

amplitude of the AIC mode which shows the axial profile and time development of the 

AIC mode corresponding to the dispersion relatiol1 of Fig.4.14a. The axial mode number 

n is 8. Both z-and t-axis are non-dimensional pararneter which are normalized by a 

product between the inversed plasma oscillation frequency and the light speed and the 

ion inversed gyration frequency， respectively. At the inner region between the reflection 

points of z 土L/2，the AIC mode forms the standing wave structure. At the outer 

regions， the AIC mode propagates in the ouier direction. 

The eigenmodes depend on the parameters of L， R， sJ.. and T defined above. Figures 

4.15a and 4.15b shows the drive term dependence of the AIC-mode frequency. The AIC 

driving term is a product between the beta and the square of the pressure anisotropy. In 

Fig.4.15a， the AIC driving term increases with the increasing s上 underthe fixed pressure 

anisotropy. On the contrary， the AIC driving term increase with decrease of T in Fig.4.15b 

under the fixed s J... When the s上 increases，the new eigenmodes appea.r from the low 

frequency side a.s shown in Fig.4.15a. As the free energy originated from the pressure 

anisotropy is increasing， the new unstable eigenmodes appear from ihe high frequency 

side as shown in Fig.4.15b・Inboth Figs.4.15a and 4.15b， the frequency of the eigenmod 

increases and the frequency inierval between each mode and are contract.cd with increasf> 
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of the AIC driving term. When the length L is varied， the mode are drastical1y changed 

as shown in Fig.4.15c. A new mode appears from the hiigher [requency side. Its frequency 

decreases and disappears at the lower frequency side with increase in the boundary length 

L. 

4.3.2 Experimental Results and DiscUlssion 

In this section， the experimenLally obtained spectra of the AIC mode is compared with 

the spectra which are derived from the new theory in the previous section. In the initial 

startup phase， the temperature， density and anisotropy increase temporally. It is shown 

in the measurement of the diamagnetic loop array that the axiallength of the hot pla訂 na

region is extended in this phase. The frequency of the AIC mode move to higher fre-

quency side and the frequency difference between spectrum peaks get narrower as shown 

in Fig.4.16. It is rather difficult to co山刀1precisely plasma parameters such as P 1./111 

and J九inthe plasma startup phase because of the lack in the reproducibility of plasmas. 

Hence， the comparison between the experiment and theory is very djfficult in the start 

up phase. 

In order to obtain a reproducible plasma parameters， the AIC driving term is controlled 

by the pulse modulation of the RF2 power for the ion heating of the central cell. The time 

m叫utionof the line density， diamagnetic signal and RF input power including the power 

loss of thぞ circuitare shown in Figs.4.l7a，b，c. The input power of the RF2 is 1110duJatcd 

clo¥¥"n fronl 7.5 lns to 8.5 ms. The line density slight1y decrcases and the c1ia.magnetic Joop 
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signal drastically decreases rnainly due to the reduction of the ion ternperature. 

Figure 4.18 describes the AIC driving term dependence of the frequency of the spec-

trum peaks which are norrnalized by the ion cyclotron frequency nci/2π= 6.335 ~1Hz at 

the position of the magnetic probe. The frequencies of the spectrum peak increase with 

an increase in the AIC driving term. The frequency difference between the peaks becomes 

narrower and the nurnber of the eigenmode increases. Solid lines are the frequencies of 

the unstable mode of the AIC instability evaluated theoretically and agree well with the 

experimentally-obtained data. The parameters of T， R2 and Lnpi/ c are日xedat 0.08， 

0.5 and 20， respectively. The boundary length L is 3.2 rn which is corresponding to the 

density of 2 x 1018 m-3
. It is confirrned that the reflection coefficient R does not influence 

on the frequency spectrum but on the growth rate of the AIC rnode. 

Figure 4.19a shows the AIC driving term dependence of the reciprocal of the pressure 

anisotropy T and s..L. Beca.use the pressure anisotropy is almost constantァ =0.08 above 

s..L(P上/PIl)2 '" 0.8， the increase in the AIC driving terrn in the region above s上(Pょ/PIl)2 '" 

0.8 is originated from the increa.se in s..L. Figure 4.19b shows the axial profiles of the AIC 

driving term which a.re drawn by four vertical lines (I)，(II)，(III) and (IV) in Fig.4.19a. 

Each line corresponds to a pa.rticu]ar condition which is as follows. The boundary length 

L depends on the extension of the hot ion distribution. When the axial profiles of the AIC 

driving term are (1) and (II)， the boundary crosses over in front of the magnetic probes 

which are inst.alled a.t. z 1.28 rn and z 0.90 m in Fig.4.11. Hence， the boundary 

1('時 thL is 山terrninedas 2.6 rTI and 1.8 ln with respect to (1) and (Il) profilcs. FrOJl1 th 
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theoretical calculation of the frequency spectrum， the boundary length L is given a.s 3.2 

m in Fig.4.18， which is represented by the profile of (III) in Fig.4.19b・ Theca.se of the 

maximum AIC driving term in Fig.4.19a is described by the profile of (1V) in Fig.4.19b. 

The critical values of the A1C driving term at the reflection point of the AIC mode a.re 

experimenta.lly obtained as 4.6 and 5.4 corresponding to (1) and (II) of Fig.4.19b・ The

avera.ged critical value of the AIC driving term is 5.0. As a result， the bounda.ry length 

of the profile (III) is determined as 3 m which is a good agreement with the theoretical 

value within the ambiguity of the estimation. 1n Fig.4.19bう theboundary length are little 

expanded in profile (IV) when the AIC driving term inc閃 asesat the Jnidpla.ne. Hence， 

the日xedboundary length of L = 3.2 m is valid in the profile (1II) and (IV) 

From the above reasons， the AIC mode is expected to be excited as the eigen mode 

determined by the axial boundary. The boundary length of the AIC mode depends on 

the axial extension of the hot ions. The reflection will be caused by the mismatching of 

the wave number which are caused by the spatial variation of the AIC driving term. 

4.4 Pressure Anisotropy Relaxa.tion 

due to AIC Instability 

Relaxation of the pressure anisotropy is predicted by the quasi-linear theory 6)う computer

simulation 9) and 80 on. The first experimenlal observation of the pressure anisot.ropy 

rf'la xぉtiondue to t.he AIC insta.bility is presented in t.his section 43). Fig1¥l'f' 4.20 shows 
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the time evolution of the observed signals which indicate the relaxation of the pressure 

anisotropy; (a) the diama.gnetic signals of the midplane loop and the second loop (b) the 

signals of the SEDs in the direction of pitch angles of 90 and 45 degrees at the lnidplane. 

( c) the signal of 5.1 1 

of the AIC mode. During the relaxation period， the density measured by the radially-

scannable microwave interferometer is almost 2 x 1018 m-3
. The ion telnperature obtained 

from the midplane diamagnetic signal is above 1 ke V arid is increasing. Relaxation due to 

Coulomb collisions cannot be expected because the ion-ion collision time is of the order 

of 10 msec and becomes longer as the ion temperature becomes higher. The SED signal 

due to photons in this period is relatively small based on the measurements of the TOF 

analyzer. The increasing ra.te of the signal SED(90) for charge-exchange net 

pitch angle of 90 degrees decreases due to the onset of the mode， while the signal SED( 45) 

for neutrals with the pitch a.ngle of 45 degrees increases continuously. In this period the 

increasing ra.te of the diamagnetic signal near the midplane becomes slightly smaller and 

the diamagnetic signal off midplane maintains its increasing rate. These two phenomena 

suggest the 凶 axationof the pressure anisotropy. The ratio of the signal SED( 45) to the 

signal SED(90) is also shown in Fig.4.20b. The time evolution of the amplitude of the 

AIC mode is shown in Fig.4.20d which is obtained by using the several plaslna discharges. 

Figure 4.20c is the time evolution in the end-loss ions with the pitch angle near the loss 

cone boundary. The time evolution of the end-loss ion flux resembles that of thc excited 

modp. The increasC' of t.he end-loss ion fiux corresponds to thc rcduction of SED(90)ぅ
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which is clearly related to the onset of the AIC mode. 

A sma.ll Faraday cup (FC) is used to investiga.te effect of the AIC n10de during the 

relaxa.tion period. The FC is inserted in the peripheral region of the midplane to measure 

the ftux of ions with the sa.me pitch angle as the angle between the magnetic field line 

and the FC orientation. Figure 4.21a shows the ratio of the ion ftux at the end to the 

beginning points the relaxation period as a function of the pitch angle. The ratio decreases 

toward 90 degrees and becomes less than unity at 70 degrees. Figure 4.21 b shows the 

pitch angle dependence of the ion ftux normalized to the ion flux with pitch angle of 

90 degrees， where solid and open circles represent the data at the beginning point and 

the end of the relaxation period， respectively. The beginning point means the point at 

which the increasing ra.te of the signal begins to decrease and the end point means the 

point at which the decrease stops. This confirms the relaxation of the pressure anisotropy 

suggested by the SED measurement. 



Chapter 5 

Pressure Anisotropy Effects 

on民生icr0・ and民生aeroseopic

Stabilities 

5.1 Suppression of AIC mode 

by Control of Pressure Anisotropy 

The double-half turn antennas which ai'e installed in the central cell are usually driven by a 

frequency of 6.2 MHz in the standard operation. As described in the previous chapter 1 the 

AIC I110de excited in the central cell of the tandem mirror causes a pitch angle scattering 

of t he n廿rrortrapped ions Into the loss-cone region. The dispersion relation of the AIC-

55 
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mode wi th a confinement potential is theoretically sol ved 36). In the veloci ty space， ions 

confined by the potential contribute to the relaxation of the pressure anisot1'opy and the 

AIC mode will be suppressed. Recently， experiments in a plasma with a highe1' density 

and higher temperatu1'e have been initiated. The supp1'ession expe1'iments of the AIC 

mode by the formation of the confining potential wiU be pe1'fo1'med in nea1' futu1'e. In the 

present heating experimentう thereduction of the pressure anisotropy with second ICRF 

pulse has been tested in order to suppress the AIC-lTIode 44). Another resonance layer is 

located off-midplane in addition to the midplane resonance layer. Because the lna♂letic 

field profile of the G AMMA 10 is nearly flat near the midplane， the location of the 

resonance layer fo1' the second ICRF pulse of which frequency is slightly higher than that 

of the rnidplane resonance frequency is apart about 1 m f1'om the midplane. Figure 5.1a 

shows the pressure anisotropy of the central cell determined with the diamagnetic loop. 

It is clearly shown that the pressure anisotropy in the case of two frequencies is relaxed 

in comparison with the case of only the midplane resonance. The integrated intensity of 

the AIC mode is suppressed in the case of two frequencies as shown in Fig.5.1 b. This 

suggests the possibility of suppressing the AIC mode even in the future cases where the 

fluctuation level becomes high enough to affect the plasnn.a confinement. 



5.2 Pressure Anisotropy Effect ()n 

of Flute-Interchange民生ode

5.2.1 Stability Theory of Flute-Interchange Mode 

57 

A flute-interchange mode is driven by the plasma pressure weighting on the bad curvature 

region. The stability is determined by integrating the product of the total pressure and 

the normal curva.ture along the ma.gnetic field line divided by the magnetic自eldstrength 

as follows : 

r = J iPょ+li，)~ゎo 5.1 

Equa.tion 5.1 is estimated by su bstituting the pressure profile which is estima.ted as de-

scribed in the section 3.2 for Pょ十円，.Solid line shows a typical pressure profile a dot ted 

line the ma.gnetic field strength， a thin solid line the normal curvatureκψand a thin 

dotted line the integrand in Eq.5.1. When the pressure anisotropy is strongぅ thepres-

sure profile is more peaked near the midplane of the central cell. It is expected that the 

flute-interchange sta.bility is influenced by the decrease in the pressure weighting on the 

ba.d curvature region. It is obvious that the pressure of the cold cornponent dominates 

the integration of Eq .5.1 at the transi tion regions from the central cell to the anchor cells 

because of t he presence of large ba.d curvature. Estimation of r is made as follows ; Thc 

preS' llr~ profile is given by Eq.3.9 a.nd the integration of ]巴q.5.1is thC' sUIlllning up to the 
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pressure weighting of the hot component in the central and anchor cell as well as the cold 

component which consists of potentially trapped ions in the whole flux tube. By using 

relation P 1.. +ηI =P上(1+ P，，/ PJ...)， Eq.5.1 reduces to 

F fcp1c + f AP1A + fColdPI 5.2 

where f c，f A and f Cold are components of the hot ions in the central cell， in the anchor 

cell， and the cold ions respectively. r C and f A are functions of each pressure anisotropy 

in the central and anchor cells in Figs.5.3a and 5.3b. Figure 5.3c shows that f Cold is 

determined locally as a function of the plasma length alo時 themagnetic field line. Plc 

is a pressure of the hot ions at the midplane of the cent川 cell，plA at the midplane 

of the anchor-cell and Pi the pressure of the cold component. It is useful to reλrrange 

Eq.5.1 with respect to the perpendicular pressure components， because we measure the 

perpendicular pressure profile by use of the diamagnetic loop array. We set f = 0 in order 

to obtain the stability threshold as a function of ratiosof the central beta to anchor beta 

and the pressure anisotropy. We obtain the following equations by rearranging Eq.5.2 and 

f=O 

FょC s1ムC+sムiσレ =(x一+と
5.3 一

sJ...A s1A + siA -" " f C 

(rA - fc。川αBR- r ABR 5.4 

oB
R 
=Pic 

sJ...A 
.5..5 
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R=  Bb =L-.L-Ij in standard operation. 

Reciprocal of the integration r C is approximately described as a linear function of the 

pressure anisotropy of the central cell as follows : 

nh 

_.1. = -0.148 x当三
1 C .IIIC 

5.6 

From Eqs.5.3 and 5.6ヲ weobtain the following relation 

C

A
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5.7 

Eq..5.7 shows the pressure anisotropy dependence of the critical beta ratio. It is necessary 

to obtain parameters of the pressure anisotropy and the ratio of the cold COlllpOnent to 

the hot COlllpOnent in the anchor cell in Eq.5.7. Here， we assume reasonably that the 

pressure anisotropy of the anchor cell lies within P1-A/ PUA = 5 rv 10， then the minimum 

of r A is 6 in Fig.5.3b. Figure 5.4 shows the theoretically-predicted critical beta ratio with 

a parameter ofαwhich indicates contribution of the cold component. The anisotropy 

dependence of the critical beta ratio strong function of the parameterα. 
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5.2.2 Experimental Results and Discussion 

The stability boundary of GAMMA 10 for the flute interchange modes is experimentally 

obtained. Additional gas puffing into the anchor cell enhances the charge-exchange loss 

and reduces the anchor beta. Modulation of the ICRF heating power is successfully used 

to vary the beta values at anchor (sJ..A) and central cel1s (s上c)in a wide range. When 

the ratio of the central beta to the anchor beta reaches a critical value， the central beta 

abrupt1y dump and the plasma. is terminated associated with violent density fluctuations. 

In Fig.5.5 the experimentally obtained data are plotted on sょc-s J..A diagram. The central-

cell plasmas can not be maintained stably in the region of the low anchor beta. The 

stability boundary corresponds to agree well with the threshold predicted by the fiute-

int.erchange instability theory including the effect of the pressure anisotropy of the central-

cell plasma. 

Figure 5.6 shows a temporal evolution of the central-and anchor-cell pressure. When 

the additional gas is puffed into the anchor ceIl， the anchor-cell pressure decreases because 

of an increase of the charge exchange energy loss. When the beta ratio reaches a critical 

value， the central-cell pressure abruptly dumps. It is found that the MHD stability is 

determined by the ratio of the central-cell beta value sJ..c to the anchor-cell beta value 

sJ..A. 

Low-frequency fluctuations on ion saturation currents are detected as shown in Fig..5.7 

b~・ 8 elect.rosta.tic probes which are arrayed on the centra.l-cell limiter and fiush with t.he 
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limiter edge. As seen in Fig.5.7， the fluctuations have an azinluthal lTIode nunlber of 

rn = -1; propagation in the direction of the ion diamagnetic drift wi th the phase velocity 

nearly equal to E x B rotation velocity. Moreover， the phase difference between a central-

and anchor-cell probe signals which are arranged along the field line is quite small. This 

indicates that an axial wavelength is much longer than the distance of 5.8m between the 

two probes， tha.t is， parallel wave number k rv O. These results indicate that the observed 

low-frequency instability is caused by a flute interchange mode. 

1n Fig.5.8， the critical beta ratios s1-C / s上Aare plotted against the pressure anisotropy 

in the central cell. The solid line is theoretically obtained dependence of the cri tical 

beta. ra.tio on the anisotropy of the central cell. The stability boundary of the flute-

intercha.nge mode is influenced by the pressure of the cold component which is weighted 

on the transition region from the central cell to the anchor cell shown in Fig.5.4. Figure 

5.9 shows the RF2 net power dependence of (a) the diamagnetism in the central and 

anchor cells， (b) the pressure anisotropy of the ce山~al cell， and (c) the density of r = 0 

m a.t the midplane and mirror throat in the central cell. When the radiated power from 

the RF2 antenna increases the stored energy in the central cell increases and decreases 

oppositely in the anchor cell. lons are heated by the wave field which is excited by the RF2 

antenna. and trapped in the mirror field of the central cell， then， the passing ions to the 

anchoτcell dぞcreases.The density of the central cell is estimated from the radial profile 

of the line-integrated density， by the Abel inversion. The density o[ the mirror throat 

i s est i 111o t eC! fron1 t he on-axis line densi ty and the profile o[ the ion sat l1ration Cl1rrent. 
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The absolute value of the density is evaluated from cornparing between the line density 

and the profile of the ion saturation current. 1n Fig.5.10， the radial profiles of density 

are shown at the central cell， inner and outer transition region and rrurror throat of the 

central cel1. The pressure in the transition region is estirnated frorn the measurements of 

the ion saturation current and the smal1 Faraday cup which are installed at the transition 

region. The density of the inner transition region is three times higher than in the outer 

transition region at i = 0 m. The axial profile of the pressure of the cold component is 

assumed to be constant in the region between both anchor midplanes. The pressure in 

the outer region from the anchor midplane is assumed to be 1/3 times lower than that of 

the inner region from the rneasurement of the ion saturation current. The pressures of the 

a.nchor and central cells is estinla.ted from the dia.magnetic loop signa1. We aSSUlne that 

the density profile n(γ) is 1河川刈icand the temperature profile T( i) is radially constant. 

The pressure is defined as the product of n(O) and T(γ = t. The assumption o[ the 

a.xial profile of the pressure is reasonable by taking into .account the measurement shown 

in Fig.5.10. 

The anisotropy dependence of the pressures in the central， anchor and transition re-

gions is shown in Fig.5.11a. From the experimentally-obtained parameters as shown in 

Fig.5.9， the parameterαis obtained and is shown in Fig.5.11 b. The αhas only a weak 

dependence on the pressure a.nisotropy of the central-cell plasma. The minimum αbe-

conles about 0.1 as seen in Fig.5.11b. By using α=  01.1ぅ thetheoretica.l curve of the 

什 itica 1 bりta rat io is obt ained as a function of thc pressure anisot.ropy ancl corrcsponcls t.o 
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the solid line of the critica.l beta ratio shown in Fig.5.8. 

Pressure Anisotropy Effect to AIC and Flute-Interchange Instability 

The stability regimes for both the AIC and the flute-'interchange modes are shown on 

s .1C-P.1I P" diagram as seen in Fig.5.12. Solid lines show the theoretical contour of the 

constant growth rate of the AIC mode. Dotted lines are the flute stability boundary 

which is calculated from Eq.5.1. The solid circles indicate the case in which the AIC 

mode is observed and the open circles no AIC mode. 'When the amplitude of the AIC 

mode increase， relaxation of the pressure anisotropy has been observed. In the parameter 

region including the solid and open circles the plasma is macroscopically stable， which is 

good agreernent with the predicted stable region. 

With the increasing beta value， the pressure anisotropy is enhanced， and the increase 

of the amplitude of the AIC mode suppress the pressure anisotropy. When the beta value 

is more increasing， the plasma is terminated owing to the limit of the flute-interchange 

instability. In a future 10 experiments in GAMMA 10， the auxiliary heating to the anchor 

cell， for exa.mple as a neutra.l beam injection， may be needed for the avoidance of the flute-

interchange limit assisted by the AIC mode. 



Chapter 6 

Conclusion 

1. The pressure anisotropy is quantitatively obtained by using the diamagnetic loop 

array， the secondary electron detector and the small Faraday cup. 

2. The ftuctuations which depends on both the ion pressure and the pressure anisotropy 

are ide凶日edas an Alfven ion cyclotron (AIC) mode. 

(a) The ftuctuations have discrete frequency spectra in the range slightly below 

the ion cyclotron frequency at the midplane of the central cell. 

(b) The azimuthal mode number of the自uctuationsis low m number of -1 or -2 

which propagate to the direction of ion diamagnetic drift. 

(c) The ra.dial profile of the fluctuation amplitude is peaked at the core region of 

the plasma. 

(d) The lf'ft-handed circular pola.rization is dominant in the core region， while， the 
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right-handed circular polarization is dominant at the edge region. 

(e) The fluctuations take the standing wave structure in the axial finite extension 

and propagate in the outer region. The standing wave region is expanded 

depending on the AIC driving term. 

Because the characteristics of the fluctuations agree well with the theoreticaI pre-

diction of the AIC mode， we identify the fluctuations as the AIC mode. 

3. A new theory of the AIC mode is developed including effect of the of the axial nnite 

extension and compared with the experimental results. The theory predicts well 

the observed fine structure of the frequency spectra of the AIC mode; the frequency 

gets higher and the djfference between the frequency spectral peaks become nar-

rower with the increase of the AIC driving tenTI. The absolutely unstable region is 

enhanced by the自nitelength effects. 

4. The relaxation of the pressure anisotropy is experimentally observed by using the 

diama.gnetic loop arrayぅ thesmall Faraday cup and the SED array. 

5. The pressure anisotropy is controlled by the supplernent of the additional RF-heating 

power which is absorbed at the off-midplane resonance layer. It is demonstrated 

experimentally that the suppression of the AIC made is possible by the control of 

t.he pressure anisotropy. 

日.Thf' st a bi li ty bounda ry for the ftute-interchange modc are experi ment.ally obtai Jl('d 
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and is in good agreement with the theoreticaI prediction. The ratio of the centraI 

celI s上ct.o the anchor cell s.LA determines the MHD stability. By the decrelnent 

in the pressure weighting on the bad curvature region， thc sta.ble region greatly 

expa.nds on s上ca.nd s.LA diagraOl. 
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Appendix A 

Other Heating Systems and 

Diagnostics 

Other Heating System 

Ma.gneto-pla.sma.-dyna.rruc (MPD) guns a.re insta.lled a.t both ends of GAMMA 10. The gun 

ha.s a. coa.xia.l electrode a.s shown in Fig.A.1. The a.node， which is ma.de of molybdenum， has 

the outer diameter of 70 mm  a.nd the inner dia.meter of 30 mm. The cathode， which is lna.de 

of tungstenぅ hasthe outer diameter of 10 lllln. There a.:re two kinds of insula.tors， which 

a.re nla.de of boron nitride (BN) a.nd glass cera.nlic (MACOR)， between the a.node a.nd the 

cathode. A pilot a.node， which is ma.de of molybdenum and has the inner dia.meter of 20 

mm、isadded between the anode a.nd the BN insula.tor for obta.ining a reliable discha.rge 

at a reduぐedgas flow rat.e without employing any trigger electrode. Ma.ximum cha，rging 
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volta.ge on the pulse forrning network (PFN) is 1 kV. Typica.l discha.rge voltage a.nd curr 

a.re a.bout 200 V a.nd 10 kA， respectively. Hydrogen ga.s is injected quasistea.dily during 

the discha.rge by use of a. [a.st-a.cting electrolna.gnetic va.lve (FAV) in order to mJnIffiJZe 

excessive ga.s before a.nd a.fter the discha.rge. The ga.s pulse-width is a.djusta.ble by cha.nging 

the spring strength in this va.lve. In the present experirnents the pulse width of 1 ms in 

a. steady ga.s flow ra.te is selected. The ga.s flow ra.te a.t the reservoir pressure of 1 a.tm 

hydrogen is 150 torr.fjs. Short-pulse (1 ms) gun-produced pla.sma.s a.re injected into the 

centra.l cell a.long the n1a.gnetic field line. The gun-produced pla.sma. 1S very effective [or 

building up the pla.sma. in combina.tion with ICRF power a.nd a. sma.U qua.ntity of central-

cell ga.s puffing. 

The electron cyclotron resona.nce hea.ting (ECRH) sy批 m consists of four gyrotrons 

with the frequency of 28 GHz a.nd the lna.ximum output power of 160 kW. At the 

plugjba.rrier cells， the funda.Jne川a.1ECRH (ω= Dce) is Ca.l巾 dout to form the ion confin-

i時 potentialby prod ucing warm e]ectrons， and the second ha.rmonic ECRH (ω= 2Dce) 

is ca.rried ou t to deep the thermal ba.rrier potential by prod ucing lT1irror-trapped hot 

electron. 

Neutra.l Beam Injection (NBI) system is instal1ed in the plugjba.rrier cells. Neutral 

beams of 23 k V a.cceleration voltage and 60 A drain current are injected nea.l、themidplane 

of the plugjba凶 ercell at the angle of 400 in order to procluce sloshi時 ionsfor the effective 

ion confining potential. 
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Other Diagnostics 

The electron line densities are measured by six microwave interferometers (wave le時 th

= 4 mm) at central cell， west a恥}問， east/west barrier， east plug cells and the centra.l 

transition in one shot. Scanning microwave interferomleters are employed for the mea-

surements of the radial density profile at the central cell and the barrier cell. 

The radial profile of the end loss ions are measured by a lTIovable end loss analyzer 

(mov. ELA). The ELA is a multi-grid type electrostatic energy analyzer. It is scannable 

in the x-direction and is installed between the outer mirror throat of the end mirror cell 

and the end plate. Fixed ELA's with the same structure as the mov. ELA are located 

behind the end plate. 

The plasma potentials at the midplane of the east barrier cell and the central cell are 

diagnosed by neutral Au-beam probes. An energy resolution is no lTIOre than 50 V and a 

time resolution is 200μsec. 



Appendix B 

Dispersion Relation of AIC mode 

We start the l¥1axwell and collisionless Boltzlnann equations. 

θfj θんの θfj 
= 0 B.l -W-+-I E + u×Bi--

θtθr nl，j θu 

V.E = L qjnj B.2 
J=e，t 

VxE = 
θB 

B.3 
θt 

V.B = 0 B.4 

VxB 
θD 

B.5 =μo  Bt 

D 一 εoK・E B.6 

3 =σ・E B.7 
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Here， the j-particle charge is qj， the mass 1ηj， the density njヲ thedistribution function 

ん theelectric日eldE， the magnetic flux B， the electric displacement vector Dぅ the

current density i， the conductivity σ， the dielectric tensor K and the effective dielectric 

permittivity tensor ιεo and μo are the permittivity and the permeability of free space， 

respectively. Owing to linearizing the Eqs.B.I-B.7， the wave equations for the AIC modes 

can be obtained in the form 

k x (k x企)
い)2

--_K4.E 
C" 

B.8 

Here， k ia a wave numberぅaone-ordered perturbation of the electric field E， an angular 

frequencyωand the light speed c. K is a dielectric tensor for the hot plasma as follows : 

r、2
ん =1-Zi子(Xj++ Xjー)

:r、2
ん =-Z7(Xj+-xj-)

:r、2
ん乞ニヂ(Xj++ Xj-) 

r、2
ffuu=1-EL7(Xj++Xj-) 

F∞ roo ')"..()2 !/:L 

Kιz口z= 1H+ j玉zζil工ム∞Jfd伽向州υ叫叫11叫ん d υU上ι土7LωトJJ一了Jυ叶1丸LL|;Lいい;んんんυ叫町ρ11

](x口z ](らνz= ](イzx= ](ιzν=0 
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l(xx Jイzν l(xz

where K=  l(yx JピννIイνz B.9 

l(zx Jイzν l(zz

npj and ncj are the plasma frequency and the cyclotron frequency， respectively. When the 

parallel propagation is assumed for the AIC mode， susceptibility Xj+ and Xj-is evaluated 

from the moment integration of the distribu tion function of the ion and the electron. 

Xj士
に A∞吋l(れ11一 ω)託-kV-L品l

dulllduiL J 

Jo ω-kυ"干 djnpj
B.IO 

When the condition of det( k~~2 (1 -仏)一 K]= 0 is satisfi叫 thewave equations have 

a nontrivial solution. The explicit expression is given by 

f】2 ¥ I L2 _2 (、2¥

Z7xj+i ll-予-EJ7χj-) 

× (1+ =0 B.ll 

The AIC mode is excited due to the ion anisotropic distribution， a:nd hence， the dispersion 

relation of the AIC mode is given by 

ω2 _ k2c2 _ 乞 n~jXj+ = 0 B.12 
J=e，l 
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Hereafter， the subscript of + is omitted. Under the condition of Teぉ othe electrol1 term 

lS 

w w 

Xe=Qce-ω 勾百二 B.13 

The distribution function of ions is assumed as the anisotropic distribution function de-

scribed as follows : 

f(υ上川1/)= CI-f(ω)ωexp(-αυi-αIIv，i) B.14 

Then ion term is as follows : 

Xt=χiO+dXi B.15 

XiO =ω了。 -A片山)
. r Dri 2 1 ω / γ ¥ 1  

-Alω 一Cci+干十五ゴー R~ 1 ~ 1十五ご1)J Zl (ご)

{VQ • Cα V~ f 三 r_ u(J' I _ _ ¥ 1 
A治=引切dullpe||||{(ω 0'州 ll-e-O'(7一千 (1+パl

+ムCtω(1-e-O'(7 -叶 (σ三日)

C is a normalized constant C =α;/2αm+leαVh /π2m!/3 <p defines the plasma potential <p = 

QII'1.'6. T defines the pressure ani則 ropyT =α/α". A is a constant A =ρα，，/αp/(2Id 
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The perpendicular velocity υょistransformed toωwhich is defined as w = v~ -( ~VIÏ -

V6)/(R-1 )・Theloss boundary is defined asυ11=(R-1)υi+υ;.αis defined as αp α11+ 

α/ (R -1) = M / (2TII). Z is the plasma dispersion function. The argument of the plasma 

dispersion function is defined as c = ((ω 一九)α!/2)/ん and C1 =と/(ゾ1+ァ/(R-l))

H(ω) is the Heavisideうsstep function. The notation "1" indicates the integration defined 

as follows : 

I1(<p， T，R) 

Ls 
dt e-，2 (1 -~) + J; dt e-，2ーρ(1+~) 

(P三七)

B.16 

12( <p， T， R) B.17 

13( <p， T， R) B.18 

The pressure anisotropy is deterrnined as [ollows : 

九
一
円

1ん

7ん
B.19 



Appendix C 

Absolute and Convecti've 

Instabilities 

In order to determine the stability of a system， we consider a point source with respect to 

the coordinate z， which starts at t = O. The stability of the system can be obtained from 

studying the responses to the point source 40，41). The source function is given as follows : 

nu ω
 

ρU 

、、B
E

，，，
z
 

〆
'a
，、、

Pλυ ×
 

+
b
 n

 
a
 

4
E
U
 

F
D
 n

 
o
 

n

u

c

 

/
E
B
E
E
-
r

、t
Z
E
E
-

一一
、、，，，
，
，?ι
 

Z
 

，r
s
a
t

、.
G
d
 

for t < 0 
C.l 

for t > 0 

Hereぅ 8is the Dirac delta function. The system response is defined asψ 

ψkω gkw 

D(k，ω) C.2 
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We execu te the Fourier transform for the source fUl1ctiol1 of Eq. C.1 so that 
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C.3 

The response functionゆ(z，t) is then found from the inversion formula 

ψ constant x I∞+tσφ(M)-e-M 生
人∞+ia-¥ ) ~- / i(ω-ω。)2π 

φ(z，ω)=j e 
人∞ D(k，ω)

C.4 

C.5 

This expression necessarily satisfies the equationsゆ(z， t) = 0 for tく oin accordance 

with the condition of the problem: the perturbation occurs only after the source comes 

in at t O. 111 order to find the asymptotic expression fOIゆ(z，t) far from the source 

Izl一→∞ ina steady condition， the source begins to operate t→∞ To find the required 

aSylnptotic form， we noteヲ五rstof all， that the asymptotic limit t →∞ must be taken 

before Izl→∞・ Sincethe perturbation cannot propagate to infinity in a白1itetime， 

ψ→o as Izl一→∞ fora finite t. 

日lernove the contour of integration with respect to ωin Eq.C.4 downwards in order 

to get the asymptotic expression as t →∞. Since the system is convectively unstable， 

φ(z，ω) has no si時 ularityin the upper ha1f-plane of ωぅ andthe highest singulari ty of 

the intぞgrandin Eq.C.4 is the pole ω=ωo on the real axis. It is discussed in the later 

parag川 ')hfor t.he case of φ(z，川
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Hence， the asymptotic form as t →∞ for the convectively unstable case is 

ψ(z， t)αe一向tφ(z，ω。) C.6 

To find an asymptotic form of争(z，ω0)as Izl→∞バvemust now move the path of 

integration with respect to k upwards for z > 0 or downwards for zく Oぅ untilit catches 

the pole of the integrand in Eq.C.5， i.e. the root of the equation D( k，ω0) = o. 

k+(ω) and k_(ω) are defined as the poles which are respectively in the upper and lower 

half-planes of k asωi→∞・ Asωi decreases， the pole move， and for a real ω=ωo they 

ma.y either remain in their original half-plane or enter the other half-pla.ne. ln the fi1'st 

case， the contour of integration inφ(z，ω。)remains on the real a.xis as in Fig.C.la; in the 

second ca民 itis deformed a.s s1 

k一(ω均0)(point A and C) that have escaped into the other half-plane. ln the either case， 

wben the contour is moved up 01' down， it catches on the pole k+ and kーヲ1'espectively.

The asymptotic form ofゆ(z，t)a.sz→+∞ is determined by the contribution from the 

lowest pole ん(ω山 thatis determined by the highest pole k_ (μ心asz →一∞ Thepole 

concerned is thus the closest to the real axisヲ orthe farthest from the real axis among 

those which have moved into the other half-plane. With these values of k+ and k_， we 
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C.7 

for zく O.

For a stable system， al1 poles remain in their original ha.lf-plane when ω=ω0， since the 

a.bsence of oscillation branches with ωi(k) > 0 (for real k) means that a pole k(ω) can 

cross the real axis only with Wi < O. He民向 inEq.C.7 k+i(ω0) > 0ぅ k_i(ω0)く oso that 

the waves d ump in both directions from the source. 

In the case of the convective instability， the poles k(ω) reach the real axis with ωi>O 

There are therefore certainly poles k+ and k_ which have entered the other half-plane for 

ω=ω0， i.e. which have k+i(ω。)く oor し(ω0)> O. The presence of such a pole k+ (ω0) 

or k_(ω0) amplified the wave to the right or left of the source， respectively. 

ln the ca.se of the a.bsolute instability， the integration of Eq.C.4 is lTIodified owing to 

the singula.rity of φ(z内)c)for ω=ωc' The asymptotic value of the integral is determined 

by the neighbourhood of that point， so that 

ψ(z， t)αexp( -iωct) = exp( -iwcrt +ωcit) . C.8 

If Wci > 0ヲ theperturbation increa.ses at any fixed point z; i.e. the instability is absolute， 

but if Wciく othe perturba.tion tends to zero at a fixed point， i.e. the instabi]ity is 

con¥・ぞcti¥・
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1n Fig.C.2 ぅ the contour pμ10ωt of D(伏k，川内Lμ刈ι

drawn in the case of (a) the absolute and (b) convective instability. The trajectory of the 

roots of the dispersion relation is described as the white lines for the ωo of 0.76，0.80，0.84 

and 0.88. The imaginary part of ωis moved frolll 0 to [ωdS1cdMAX which is defined in 

Fig.4.6. The singularity of φ(z，ω0) is caused by the dou ble root of the dispersion relation 

D(ムω)= 0， which is shown as a saddle point in Fig.C.2a. in the velocity space due to 

the electric or magnetic fluctuations. 
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Figure Captions 

Fig.2;1 Schematic of GAMMA 10 tandem mirror and axial profile of magnetic field 

strength. 

Fig.2.2 RF heating systems. 

Fig.2.3 Gas puffing systems. 

Fig.2.4 Diagnostics and axial profile of magnetic五eldstrength. 

Fig.2.5 Schematics of small Faraday cup. 

Fig.2.6 (a) Pi tch-angle resol u tion and (b) pitch angle dependence of ion-collecting effi-

ciency of sn1all Faraday cup are computed. 

Fig.2.7 Anisotropy measurement by using small Faraday cup. 

Fig.2.8 Time-of-Flight-Type (TOF) charge-exchar 

Fig.2.9 (a) TypicaI Iaw data and energy spectrum of TOF ana]yzer， (b) temporaJ cvo-

Iution of ratio of signal due to photon to charge-exchange neuLral parLicleヲ (c)
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profile of ratio of photon to neutral particle signal is peaked at the center of 

plasma column. Because the peak value is under 30 %， charge-exchange neutral 

particle domInates over TOF signal. 

Fig.2.10 (a) Schematic of Secondary electron detector (SED) system and (b) measurement 

of pitch-angle distribution by using SED. 

Fig.2.11 Relation between SED signal and pressure anisotropy 

Fig.2.12 Design of magnetic probe with protection from fast charge-exchange neutral par-

ticles due to SUS cover. 

Fig.2.13 Calibration of magnetic probe by use of well-k:nown RF-magnetic field induced 

by a Helmholtz coil. 

Fig.2.14 Typical signal of magnetic probe in calibration. Spatial resolution and sensitivity 

to oscil1ating magnetic field are tested. SUS-cover reduce sensitivity of magnetic 

probe to under 30 %. 

Fig.3.1 Schematic of pressure distribution. Pressure distributions perpendicular and 

parallel to the magnetic field line are indicated by solid and dotted lines for the 

four types of distribution， respectively. Scale length o[ L are 2 m， 1.6 m， 1.8 m 

and the index of n is 50. Broken line is the magnetic field profile of the GAMMA 

10 central cell. 
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Fig.3.2 (a) Relationship between ratio of second loop signal to mid plane-loop signal and 

scale length L and n; dotted line for pressure distribution of Type A， dashed 

line for Type Bヲ chainline for Type C and solid line for Type D. (b) Diagram 

of diamagnetic Ioop signal ratios for various pressure profiles: dotted line is 

caIculated by computer code for pressure distribution of Type A， dashed line for 

Type B， chain line for Type C and solid line for Type D. 

Diamagnetic fluxes at the midplane， second and third loops are represented by 

Mノ}， W2ヲ日13respectively. Closed circles show experimenLal data， which corre-

spond to data at 55 ms， 56 ms， 60 ms and 61 ms. Error bars for the data are 

smaller than closed circIe radii. Time evolution is expressed by the arrow. From 

this diagram， time variation of the axial pressure profile can be estimated. (c) 

Pressure anisotropy versus diamagnetic loop signal ratio. Each line corresponds 

to the lines in Fig.3.2b. SoIid circles are experimental results. From this figure， 

pressure anisotropy is estimated once after the pressure pro自leis determined 

from Fig.3.2b. 

Fig.3.3 diamagnetic loop signal ratio of second loop to midplane'loop and ratio of third 

loop to midplane loop is a function of (a)ηc and (b) Lc・ Anew model of the 

pressure profile extends the parameter region of ratio of diamagnetic loop signal 

comparing with Fig.3.2. 

Fig.3.4 Anisotropy P 1-/内 isdescribed as a function of Lc and 町 FromFigs.3.3a 
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and 3.3bヲparametersLc and nc are evaluated by using experimental1y-obtained 

ratios of diamagnetic loop signal. 

Fig.4.1 Physical picture of AIC mode is drawn. Figure 4.1a shows Lorentz force due to 

magnetic fluctuation for gyrating ion. Arranged discs corresponds with trajectory 

of ions with velocity of V.lO・ Initialperturbation is growing due to net current 

induced by tilting motion of ions. 

Fig.4.2 Typical time evolution of electron line density (a) and diamagnetic loop signal 

(b) in the central cell. Midplane loop signal is represented by (0)， the second 

loop signal (x) and the third loop s訂ignal(ム)

Fig.4.3 RF power dependence of beta value and pressure anisotropy are evaluated by 

using diamagnetic loop array. 

Fig.4.4 Typical frequency spectrum of the magnetic probe signal. 

Fig.4.5 (a) Diagram of P.上/円Iversus beta value. Solid circles represent the parameters 

in which the fluctuations are observed and open circles show no fluctuations. 

Solid lines are nlaximum growth rate， [ωdncdMAX of 10-5 and 10-2. Dotted line 

is a theoretically-calculated boundary between convective and absolute instabil-

ity. (b) Fluctuation amplitude depend on AIC drivi時 termwhich is defined as 

prod uct between beta and pressure anisotropy. 

Fig.4.6 Dispersion relation are derived fronl Eq.4.10. ivlaxirnum growth rate are shown 
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by a vertical dotted-broken line. 

Fig.4.7 Frequency of AIC mode increased with increasing magnetic field strength. and 

is slightly below ion cyclotron frequency defined at mlnlmum magnetic field 

strength of central cell. 

Fig.4.8 Phase variation at dominant oscillation frequency versus angles between magnetic 

probes. Observed oscillation has azimuthal rnode number of m -1 which 

propagates in ion diamagnetic drift direction. 

Fig.4.9 Amplitudes of fourier spectrum are plotted as a function of radial position. Peaks 

of spectrum consist of narrow bands of frequency ce凶ersare (a) 5.50 MHz， (b) 

5.55 MHz， (c) 5.65 MHz and (d) 5.75 MHz. Closed and open circles show radial 

and azimuthal components of magnetic fluctuations. Fluctuation amplitude is 

lager in core center region than that in edge region. 

Fig.4.10 Axial variation of polarization of fluctuation wave for each peaks of Fourier spec-

trum. Here， bR = (br - ibo)/2 and bL = (br + ibo)/2. Polarization fraction is 

defined by PR = b'h/( bi + b}J and PL = bi/( bi + b'h). • Component with left-

handed polarization is dominant at center region. 

Fig.4.11 Wave numbers are determined from phase difference of two magnetic probes at 

z = -1.12 m and -l.28 m and at z = 0.3 m and 0.9 m. Wave numbers beLwecn 

z = -l.12 nl and -1.28 m are shown by closed square. Wave nunlbers between 
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z = 0.3 m and 0.9 m are shown by opened square. Wave numbers converge to 

zero with increase of AIC driving term. In region with zero wave number， AIC 

mode is standing wave. In outer region， AIC mode propagate to both anchor 

cells. Region of standing wave is expanded with the increase of AIC driving term. 

Fig.4.12 Schenlatic ofaxial structure of perpendicular and parallel pressure in direction 

of magnetic field line AIC mode has axial reflection points. At inner region of 

reflection points， AIC mode is standing wave. At outer region of reflection points， 

AIC mode propagates toward both anchor cells. 

Fig.4.13 Boundary condition for eigen value equation on AIC mode. Initial perturbation 

excited at z = 0 propagates toward positive CP+ and negativeゆ-direction along 

the z-axis and 児島ctedat z =土L/2 with reflection coefficient R as何?に.Wave 

component ゆ~ reflected at z = L /2 is again reflected at z = -L /2 with reflection 

coefficient R as列 Asa result， unstable wave should satisfy the condition of 

o+ =ゆ:+《.

Fig.4.14 (a) Eigenmodes about k+ are evaluated from Eq.4.23. Boundary length Lnpdc， 

reciprocal of pressure anisotropy T， beta value s 1. and reflection coefficient R 

are given as 20ぅ 0.08，0.007 and V5， respectively. R叫 andimaginary pa巾 of

frequency and imaginary part of wave number are derived as a function with 

respect to real pa.rt of wave number. (b) Propa.gation o[ modc nUlnber of η=8 

is shown by conLour of amplitude. Standing wave is excited betwecn boundary 
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Lnpd c = 20 and leaks out as propagating wave to anchor cells. 

Fig.4.15 (a) Parameter dependence of frequency spectrum which are theoretically ob-

tained. n is axial mode number. AIC driving term ( sl..(P上/PII)2 ) dependence 

of frequency spectrum of AIC mode. Fixed parameters are T = 0.08ヲ R2= 0.5 

and Lnpd c = 20. A variety of AIC driving term is originated from beta value. 

(b) AIC driving term ( s上(Pl../PII)2 ) dependence of frequency spectrum of AIC 

mode. Fixed parameter is sl. 0.007， R2 0.5 and Lnpi/c = 20. Variety 

of AIC driving term is originated from reciprocal of pressure anisotropy (ア)・

(c) Boundary length (Lnpd c) dependence of frequency spectrum of AIC mode. 

Fixed parameter are s上=0.007， R2 = 0.5 and T = 0.08. 

Fig.4.16 Experin1entally-obtained frequency spectra which vary temporally with the in-

crease of diamagnetism， density and temperature. 

Fig.4.17 Typical time evolution of (a) electron line density， (b) diamagnetic loop signal 

in the central cell. Midplane loop signal is represented by W1， the second loop 

signa.l VV2 and the third loop signal W3 and power supplied by RFl and RF2. 

Input power of RF2 for heating ions in central cell is modulated from 75 ms to 

85 ms. 

Fjg.4.18 A IC driving tern1 dependence of frequency spectrum. Pressure and pressure 

anisotropy are controlled by using RF modula.tion method. Solidヲdottedヲdashed

and dotted-仁lashedlines are correspond with axial mode numhers of n = 7，8，9，10， 
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respectively， which are theoretically obtained withァ =0.08， R2 = 0.5， Lnp) c = 

20 and varying s.1.' 

Fig.4.19 (a) Relations between AIC driving term， beta value and reciprocal of pressure 

anisotropy. At parameter of (1) and (II)， the boundary for eigenmode of AIC 

mode is cross over magnetic probes at z 30 and 90 cm and at z -112 

and -128 cm. Parameter of (III) is used fo1' theo1'etical evaluation of f1'equency 

spectrum. Maximum driving te1'm is obtained at parameter of (IV). (b) Axial 

profile of AIC driving term a1'e evaluated for pa.1'a 

Dotted line is magnetic f五ieldstrength. Broken-dotted line is AIC d1'iving te1'm of 

0.5ヲ whichco1'respond with parameters of 1'eflection point of AIC mode. 

Fig.4.20 Time evolutions of experimental data: (a) dian1agnetic loop signals at midplane 

W1 and off-midplane W2， (b) SED signals which a1'e set in direction of pitch 

angles of 90 deg. SED(90)， and 45 deg. SED(45)， and signal 1'atio of SED(45) 

to SED(90)， (c) end-loss ions which a1'e near loss-cone bounda1'Y of cent刈 cell，

with energy of 5.1 keV， (d) amplitude of AIC mode. 

Fig.4.21 (a) Ratio of snlall Fa1'aday cup signal at end to that at beginning of the pe1'iod 

as a function of pitch angle， (b) pitch angle dis'tribution at beginning (・)and 

end point (0 )of period. 

Fig..5.1 (a.) An isotropy vs. midplane dia.ma.gnetic signal， (b) alTlplit ude of AIC modc vs. 

n山 d命la川I問 di悶山a引I口Il1a
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resonance (0 ). 

Fig.5.2 (a) Solid and dotted lines are axial profile of pressure and magnetic日eldstrength， 

respectively， (b) solid and dotted lines are axial profile ofκφand Pκゅ/B，問 spec-

tively. 

Fig.5.3 Pressure anisotropy dependence of r due tωo hoωt pressure c∞O口mponer

and (伶例b川)anchor cell. (c) Integration of cold cOHlponent from z = 0 to z. 

Fig.5.4 Dependence of critical beta ratio of sc to s A on pressure anisotropy (Plc / P
11C
) 

of central cell.αis ratio of cold pressure component to hot pressure in anchor 

cell. 

Fig.5.5 Experimentally-obtained flute-interchange stability boundary of GAMMAI0 on 

sl.C vs. sl.A diagram. Solid line is theoretical stability limit for a plasma with 

pressure anisotropy in central cell and dotted line is stability limit for an isotropic 

plasma. 

Fig.5.6 Temporal variation of anchor and central cell diamagnetism with additional gas 

puffing in anchor cell. 

Fig.5.7 Identi自cationof a flute interchange mode by use of edge probe array. Density 

fluctuation rotates in order 135， 90， 45 and 0 deg. Density fluctuation are axially 

in phase at z = -0.6 and 5.0 m. 
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Fig.5.8 Beta ratios s上c/βょA plotted against pressure anisotropy. Critical beta ratio 

strongly depends on pressure anisotropy. Stronger anisotropy leads to larger 

critical beta ratio. Solid line show theoretically derived relation between critical 

beta ratio and pressure anisotropy. 

Fig.5.9 RF2 power dependence of (a) diamagnetic signal of W1 and WA
， (b) pressure 

anisotropy of central cell and (c) density at midplane and mirror throat of central 

cell. 

Fig.5.10 Radial profile of density at mjdplane (dashed line) and mirror throat (x)， inner 

transition of magnetic自eldfrom central cell to anchor cell (・)and outer 

transition (0). 

Fig.5.11 Pressure anisotropy dependence of pressures at central， anchor and nlirror throat. 

Ratio of cold pressure component to hot component is represented by α. 

Fig.5.12 Stability diagram of pressure anisotropy vs. s l.C. 

Fig.A.1 Structure of MPD plasma gun. Plasma gun has coaxial electrode and pilot anode 

instead of trigger electrode. Typical discharge voltage， current and duration are 

about 200 V， 10 kA and 1 ms， respectively. 

Fig.C.l Po]e trajectory in complex wave number p]ane are schematically drawn for (a) 

no unstable mode and (b) arnplifying mode cases. 
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Fig.C.2 Contour mapping of roots which are evaluated from disper計onrelation of 

D(k，ωo  are drawn for (a) absolu tely and (b) convecti vely unstable case. 

When imaginary component of frequency are lTIoved from 0 to 0.05， trajectories 

of roots are drawn as white lines. Saddle point is marked in absolute unstable 

mapping of (a). 
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