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1. Introduction

One of the most important issues in the magnetiafitement plasma is to study the mechanism of
anomalous transport. There are classical and resicéd theories for plasma transport. However pidwgicle and
energy transports observed experimentally in mesicgs are much larger than those expected inl#ssical
and neoclassical theories. These transports aledcahomalous transport. It is considered thatahemalous
transport is caused by turbulence of various inlgi@s. In the improved confinement mode callednidde,
reduction of particle and energy transports, desared turbulence level, radial electric field angBEdrift shear
caused by electric field were observed. Relatiaween electric field and turbulence fluctuation baen studied
[1-16]. There are the attempts to control the pider electric field with active control methotis study the
relation between the electric field and the flutiera There is the plasma heating as an examptbeopotential
control methods. The relation between radial plarficx and electric field for the ECH plasma onITds shown
in Fig. 1.1 [13]. The particle flux excited in tlsase of almost no electric field is gradually sesged with an
increase or decrease in electric field. In thiglgtihe electric field was controlled by electrortlotron heating
systems. The other potential control methods @egtric biasing) were also employed in variousicky [17-24].
Figure 1.2 — 1.4 shows schematic view of the satupresult in the biased experiment opldpgrade machine
[24]. The radial potential profile is changed bgatic biasing, and then, the instability appearbe suppressed
with an increase or decrease in bias voltage. Ttamging boundary condition method is useful to ttite
relation between the electric field and the flutta

The relation between the electric field and thetflation was also studied in GAMMAL0. Figure 1.5whk
radial profile of the potential fluctuation level the drift-type fluctuation as a function of RFwper [15]. The
electron diamagnetic drift frequency and ExB driéguency are estimated as shown in Fig. 1.6 (d)lkn Then,
the difference between the drift type frequency abserved frequency has a correlation with theevalusinfin,)
as shown in Fig. 1.6 (c). In addition, it was irated that the dependence of the density fluctuddioel which is
driven ExB drift on phase difference sip() varies with radial position [16]. Suppression tbé drift-type
fluctuation due to applying electron cyclotron egt(ECH) at the plug region has been observedAMS&A 10
[11]. When the plug ECH is applied, central plaspmdential increases at R ~ 0 cm. The potential robnt
experiments with end plate biasing were also carmigt in GAMMAI10 [21,22]. The radial electric fiel was
controlled by varying a bias voltage applied onrtdially segmented end plates. Figure 1.7 show$oitation of
the end plates and the magnetic field lines on GAMBI. Figure 1.8 shows radial profiles of the fluagion level,
the central potential and the electric field foadivoltage ¥ = 1 kV during the formation of confining potensal
by applying the plug ECH. They are suppressed Ip}yam moderate negative bias to lower the radiatteic
field. It may be possible to control the plasmaadbdgities by shaping the radial potential profild$ere is the
other attempt to the potential or electric fielchtol on GAMMA10 [23,25,26]. Figure 1.9 shows thentral
potential, the fluctuation frequency, and the fliation amplitude against end plate resistance. Wthen
resistance is smaller, the radial electric fielegestimated as higher since the potential higheln wit change of
floating potential of the segmented limiter. Thergase of the electric field and the upshift of frexuency
suggest the ExB rotation is the main drive of tluetbiation. The similar dependences of the phafereince
between the density fluctuation and the electradfiare observed in the core region, although, litear

dependence on the density fluctuation is obsermetié peripheral region and the dependence becomaker



with the increase of the electric field. A. Kojined al. expected that the radial particle flux cansippressed
when the weak electric field forms in the core oegand strong one forms in the peripheral regid. [l is
expected that this radial electric field profilencae formed by changing the end plate resistanogeder, the
relation between the radial profiles of the electield and the fluctuation was not studied.

One of the most important issues in the magnetidimement plasma is resolution of anomalous trarispo
which is caused by turbulence fluctuations. Theaackment or suppression of fluctuation with existeof ExB
has been observed in various devices. Thereforenfial and electric field control is effective et to
fluctuation control. Potential control experimehtss/e been carried out in GAMMAL0. In these experitagthe
relationship between electric field and densitgtillation was discussed. However, the simultane@asuarement
of the potential and density fluctuation is impaitéo study the mechanism of transport since thélgarticle
flux depends on the potential and density fluctratiThis thesis have the objected of studying tiation
between the potential formation and the low fregyefiuctuations by using gold neutral beam probectvh
measure the potential and density fluctuation dsiamélously. The relation between the potential amel t
fluctuation is studied by using two kinds of methddr the potential formation control.

Firstly, central potential was increased in radiale region due to confinement potential formatigrapplying
the plug ECH. Suppression of the drift-type flu¢ioia due to the plug ECH injection has been obskinethe
past studies [11,12]. Here, the relation betweenstlppression of the fluctuation and the radiabipiodl and
electric field formation is studied.

Secondly, central potential is increased in pre@ctgion of target due to the insertion of thgaaplate in the
end region. It is known that sheath potential diffevith the plate material [27,28]. The effect dditerials on the
potential formation by using carbon and tungstetaeget plate is studied. In addition, it is exjgelcthat the radial
particle flux which is driven ExB drift can be suppsed when the weak electric field forms in the cegion and
strong one forms in the peripheral region [16]. Tieertion of the low resistance plate is effectiwdorm that
electric field since the central potential beconghtand almost constant in the projected regiothefplate. In
this thesis, the potential formation with the iner of the target and the flute type fluctuatiaiven ExB drift
and the behavior of the potential formation andiéhefrequency fluctuations are studied.

The outline of the paper is as follows. Experimesgup is explained in the Section 2. Result dadusgsion
of fluctuation suppression with radial electricldidoy applying ECH and core plasma control withgédrplate

insertion in end region are presented in the Se@it and 3.2, respectively. And summary is giveSection 4.
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Fig. 1.1.Radial profile of the solution of the ambipola equation for the ECH plasma TJ-1l stellarator

radial position and’/n is normalized particle flt in the Figur. The electric field was controlled by electr

cyclotron heating systen
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Fig. 1.2 The schematic of experimensetup on (-Upgrade machin The plasma potential at a different rac
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radially-different plasma potential, or the radial elecfiald E;, gives rise to an xB drift flow and its shea
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Fig. 1.3 Radial profiles of plasma potential (a) withy; as a paramet for Vi, = 0 V and (b) with V4, as a
parameter for 'y; =0V at z=60 cm for B = 3 ki
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Fig. 1.4 Normalized ion cyclotron fluctuation amplitudefstioe small disk electrode (as shown in Fig. 1.25)
=0cm for \p =90 V (a) as a function ofy; in the case of 1, = 0 V and (b) as a function ofy; in the case ¢
Vy1 = 0 V. The ion cyclotron instability excited in the cadeatmost no perpendicular shear foy; = 0 V is

gradually suppressed with an increase or a decieagy; as shown in (a). Ts suppression of the ion cyclotr
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instability is also observed with an increase deerease in y, as shown in (b
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Fig. 1.5 The radial profiles of thepotential fluctuation levi in various RF powers on GAMMALCThis

fluctuation was identified ethe drift type fluctuatiot
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Fig. 1.6. The dependence of siR) on the frequency parameters, (a) the estimatecreh diamagnetic drift
frequencywpe, (b) the estimated ExB drift frequen®g¢xs and (C)mpet wexs — reay WhiCh mreq IS the observed
frequency. When the value @be+ 0exg iS equal towea, Sin(n,) becomes zero. That is, the source of the drift
type fluctuation is located at the position aigf = 0 (i.e.I', = 0).
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Fig. 1.7 Location of the end plates and the magnetic fiktnes on GAMMA10. The end plates are installe
front of both end walls on tandem mirror, they aoaxially divided into 5 portions numbered 1, 243and 5
Usually, each end plate is grounded through thestesge of 280 ®, therefore, the plate pwmtial indicates
almost floating potentialtherefore, the plate potential indicates almosatfteg potential. This potential wi

self-biased negatively due tnflow of the end loss electrcA voltage bias is applied to the plates #1 -
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Fig. 1.8.(a) Radial profiles of the fluctuation level mea=diwith a reflectometer and of the density for |
voltage 6 = 1 kV, (b) Radial profiles of the central potehtz; (solid line) and the electric field, (dotted line)
It is seen that the fluctuati level is enhanced in the region of large elecigtdf The fluctuations of the cohere

spectrum are driven by the ExB rotat
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2. Experimental Setup

2.2. GAMMA10

A moving charged particle experiences a Lorentz€fan magnetic field. Lorentz force causes a partic
corkscrew along a magnetic field line. This moti@s a Larmor radius which is the radius of theutancmotion
of the charged particle.

A charged particle in magnetic plasma has a magn&tiiment. The magnetic moment is given by

p= 0 e

wherem is a particle massy, is a perpendicular velocity arielis magnetic field. In a magnetic mirror, as a
charged particle moves along a magnetic line, iit eater a region of denser magnetic field linegatticle

experiences a force as following because of ad@abmatariance of the magnetic moment,
F=ulB. (2.2)

This forceF can reflect a particle. This mirror effect onlycacs when a particle has the appropriate velocity a
pitch angle.

GAMMAZ10 in university of tsukuba is a magnetic noirdevice. The detailed information of GAMMA10 is
presented later.

The simple mirror plasma is normally trapped dudh® magnetic moment conservation. However, the
particle with most of the kinetic energy in the gkl direction flows out to end region. To supprésese end loss
particles, the ion confinement potentials and tterivarrier are formed at the plug/barrier cells.eTion
confinement potentials trap low energy ions andttieemal barriers prevent the cold electrons frémwihg in
the confinement potentials.

Figure 2.1 shows a schematic view of GAMMAL0, whisha tandem mirror device with minimum-B
anchor and mainly separated into each sections, tine central to the end. In GAMMALO0, the lengtfsentral,
anchor and plug/barrier cells are 6.0 m, 4.8 mabdn, respectively. Magnetic field strength at thid-plane of
the central cell in which main plasma is produced heated is about 0.41 T in a standard operagioch,mirror
ratio is 5. The anchor cells which suppress thermaeghydro-dynamic (MHD) instability are locatedtla¢ both
sides of the central cell and consist of minimunmBror field which is produced by a base ball cdihe
magnetic field strength is 0.61 T at the mid-plahéhe anchor cell and mirror ratio is 3. The phagtier cells are
located at the both ends of GAMMAL0, where the tetec and ion confinement potentials are producdte T
axial profiles of the magnetic field strength ame tschematic electrostatic potential on GAMMA10 also
shown in Fig. 2.1.

The initial plasma is produced by plasma guns (®Wigh installed at the both ends on GAMMA10. Ané th
gas puffing systems (GP) which inject the hydrogas are used for keeping and fueling the plasmar Afarting
up the plasma with the PG, the ion cyclotron hegfi€H) is used for the plasma production and Ingafrhe ion
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and electron axial confinement potentials are gapdr by using electron cyclotron heating (ECH) fa t

plug/barrier cells. They are called the plug patdstand the thermal barrier potentials

2.2. Heating systems

2.2.1. lon cyclotron heating (ICH)

After starting up the plasma with the PG, the ignolatron heating (ICH) is used for the plasma piitun
and heating. There are two types of oscillatorsegthRF1 and RF2, and two types of antennas namddapeya
type-3 and the double half turn antennas. Normtily,RF1 systems with the frequency of 9.9 MHzcarenected
to the Nagoya type-3 antennas and the RF2 systétimghe frequency of 6.36 MHz are connected todbeble
half turn antennas. The RF1 frequency is equahécidn cyclotron frequency at midplane of the ama@l, the
RF1 systems have roles of plasma heating at theoawell and plasma stabilization. The RF2 freqydaequal

to the ion cyclotron frequency at midplane of tieatcal cell, the RF2 systems heat central plasma.

2.2.2. Electron cyclotron heating (ECH)

In GAMMA 10, the electron cyclotron heating (ECHystems produce the confinement potentials in
plug/barrier cells. The ECH systems with the gywo$ of the frequency 28GHz are installed. In thegpkgion,
the resonance layer is located at the magnetid §gkngth of 1T, that is, the fundamental ECHppliad for
producing the warm electrons. Then the warm elastare accelerated along the magnetic field linenagnetic

field gradient and the positive potential is formed

2.2.3. Neutral Beam Injection heating (NBI)

The neutral beam injection (NBI) is a system toegate the high energy ions by use of high energyrale
particle. The sloshing and pumping NBI systemsiasgalled in east and west plug/barrier cell, amel heam
intensity is 25 keV and 70 A. The sloshing NBI syss product trapped ion distribution called “sloghi
distribution”. The maximum and minimum of this disution are located at turning point and midplane,
respectively. This distribution contributes the fo@ment potential formation. The pumping NBI systehave

role of the pumping cold ion from barrier cell.

2.3 Diagnostics

2.3.1. End Loss lon Energy Analyzers (ELIEA)

End Loss lon Energy Analyzers (ELIEA) has beenaihsti at end to obtain the plug potential and the
structure of the ion distribution in the loss ragi&LIEA consists of secondary electron repelléd,gon repeller
grid and collector plate as shown in Fig. 2.2. Triwédent ion energy E is analyzed by an applied Man the ion
repeller grid, that is, the ions with E < eV/8are repelled by the ion repeller grid bias andcaléected on a
collector plate. Herd) denotes the angle between the ion incident doeand the ion repeller grid surface, and
the electronic charge is described as e. Incidédtrens flow through slanted grid meshes, and theay

through the exit mesh. Therefore, they are noectdld on the collector plate. Further, the apdied of negative

12



for the secondary electron repeller mesh retardsrgkary electrons from the grounded collector péaid the
other meshes.

2.3.2. Gold Neutral Beam Probe (GNBP)
2.3.2.1. Principle of beam probe

Beam probes are useful tools for the plasma petlem@&asurement. A lot of beam probe systems hage be
constructed and widely used. The beam probe iseantieasurement method, and does not influenceagmal.
One is the beam source which produces a high engngyeam and the other is a beam detector bygeefian
electrostatic energy analyzer. The incident beamaisied primary beam, and the ionized ion beam iiseda

secondary beam. The plasma potential is estimabed the change of the beam energy as follows:

o= (E

Z e 'semndary - (2-3)

primary)’

E

whereEyimary andEscondary are the energy of the primary and secondary beanssthe change of the ion charge
number at ionization point is the plasma potential at the ionization poirite Tonization point of the secondary
beam is limited due to the slit in front of the Baar. Therefore the electrostatic potential atitmézation point is

measured with beam probe.

2.3.2.2. Feature of GNBP in GAMMA10
Features of the gold neutral beam probe (GNBPEesysin GAMMA 10 are described. Figure 2.3 shows a
schematic view of the GNBP system. The notableufeatof GNBP are use of the neutral primary beaththe
negative gold source by Cs sputtering. Those adgastare followings:
1. simplicity of maintenance of the beam source
2. no stable isotopé*(Au~100%)
. large mass number
. large sputtering yield
. large cross-section of ionization from the priyngAu®) to secondary (Al) beam

. high neutralizing efficiency from the negatiom$ (Au) to neutrals (Af)

~N o 0o~ W

. no influence of the magnetic field and the eledield on the primary beam

The isotopes and the magnetic fields cause the efrthe potential measurement. There are the ddgas to
earn the high signal-to-noise ratio.

GNBP consists of three parts; an ion source, aal@ér, and an analyzer. The gold negative iageiserated
and accelerated in an ion source. The energy anthtident angle of the beam passing the plasmizicisnabout
11.78 keV and 40 degrees, respectively. The GNBReBy has two incident angle deflectors of the waktand
horizontal directions. In order to obtain the ragieofile of the electrostatic potential, the primdeam is swept
by the vertical deflector. A neutralizer is instalin between an ion source and GAMMAL0 because¢iral

beam has been employed as the primary beam. Theeibbeam from an ion source collides with hydroged

13



neutralize in a neutralizer. An electrostatic eyergalyzer is installed with the incident angleabbut 45 degrees.
In the analyzer, the micro-channel plate (MCP) cleteof 32 anodes is utilized for the beam detectithe width
of an each anode is 2.4 mm.

Principles and applications of the density, potdragnd magnetic field measurement are describesl b€am
diagnostic always has the problem caused by the l@tenuation. Because the primary and secondasnde
pass through the plasma, the beams are affectesbimg interactions. In the density measurementb#an
currents are attenuated by the plasma until thensizsy beam is detected.

Because the neutral beam is utilized as the prilneam, only the secondary beam is affected byldutrie
and magnetic field, that is, the ionization poimegsurement point) is on the straight line of thenary beam.
Then, the ionization point and the beam trajectoeydescribed by some parameters which are theetiadield,
the incident angle, the particle mass, the beamggnthe beam slit position and the plasma poteritizerefore,
there is a possibility of the shift of the ionizatipoint due to the change of the plasma potential.

Figure 2.4 shows the measuring range of GNBP. Bh&ation point (measurement point) shifts in the
direction of the straight line of the primary bearen the beam energy changed. In addition, theabion point
depends on the beam incident angle (i.e. depertieobeam deflector voltage). Therefore, GNBP caasue
spatial distribution by changing beam energy arftbdir voltage as shown in Fig. 2.4.

One of the advantages of the beam probe is tlzahitmeasure potential fluctuation and density dlaton
simultaneously. The potential fluctuation level dgalculated as amplitude of the measured poteniibk
calculation method of the density fluctuation lewdl be described later.

The detected secondary beam is derived from thegoyi beam ionized at the ionization point. The
electron-impact ionization process is dominant inage of the ionization of the primary beam. Thaesfthe
secondary beam current depends on the electronbdigin function. If the electron distribution fation is
assumed to be Maxwellian, the electron density tantperature can be explained. The numerical express

the cross-sectioa is as follow:

a In(E/PR)
E

o(E) = {1-vexd-c(E/Pi)-1]}, (2.4)

whereE is the electron energyi=9.23 eV is the first ionization potentia, b and ¢ are the atomic inherent
constants, (a,b,c) = (7.6><10_17 15018), respectively. The expression of the ionizatiaie efficientsS is

as follow:

S(T.) = 30x10™2 ! TeXp(_X)dx. 2.5)

PYT. o, X

Here =25 is the number of the equivalent electrons ef dtom, T, is electron temperature in unit of eV. The
ionization process from the most other shell isia®s to be dominant. The ionization raf@ can be written as

14



Q= ==, (2.6)
v

where vy is the velocity of the beam. Therefore, the seaoptbeam current depends on both the electron tgensi
and temperature. The beam current depends on #utragl density linearly. Now, the dependence on the

temperature is examined. The total differentiahafionization rate can be written as

dQ = (G—dene + [a—deTe = [Ejdne + [E 6—8de6
on oT, Vv, v, 0T

e e e

“n gAne+g AT, 2.7)
e n ne T T ’ .

_ negn{ﬂﬂ_Tﬂ}
n g, T

e e

where the dependence factor g are defined as follow

S T, 0S
==, === 2.8
gn Vb gT Vb aTe ( )

Therefore, the rate of the differential of the sedary beam current per itself is written as

—=—<="ey 5T (2.9)

Then the dependence factpiis calculated as follow:

—12 ot =
) :LOS(TG) _ 30x10 fil/z expP /Te)_l J' de . (2.10)
v, 0T, v, PT 200,

i'e

Then the ratio of the dependence factors can lieewras

G- expCR/T) 1 (2.11)
9,

00

j{exp(—x) / x}dx

R/Te
The ratio is almost zero in the electron tempeeatagion of GAMMA 10. (For example, the ratio ioab+0.06

and -0.003 with T= 50 eV and 100 eV, respectively.) Therefore itognd that the secondary beam current is

15



more sensitive to the electron density than thetela temperature. The beam current fluctuatiogoisinant to

be the density fluctuation.

2.3.2.3. Calibration

The coordination of the primary beam changes witle t because it of the gold target which produbes t
gold negative ion changes with time. The primarsirbés adjusted as the convergence and the acdéeterahe
primary beam is focused by the use of Focus Led<émzel Lens. The shift of the primary beam isedegd with
Faraday Cup No. 4 (FC4) placed opposite the iomcgodrC4 consists of the cupper 9 plates, and platé can
detect the beam signal independently. The primagmbto the convergence by modulating an appliethgelof
Einzel Lens is calibrated by the use of FC4. Initawid the primary beam can be deflected vertigat{rection)
and Z direction by two kinds of the deflection p&tThe vertical deflection plate is called “defitet, and the Z
direction deflection plate is called “steerer”. Tdygtimal applied voltage to the deflection platedaflecting the
primary beam parallel and perpendicularly is resdlisy calibration data of FC4.

The applied voltages of each deflection plates thatprimary beam passes through the center positio
GAMMA 10 were calibrated. Then, the ionization goivas also calibrated. The potential profile is mead by
deflecting the primary beam by the use of vertsyateping deflector. The Faraday Cup 3 (FC3) isrieddrom
the top in GAMMA 10 for obtaining the relationshijgtween the applied voltages of deflector and etion
point. FC3 consists of the cupper 5 plates, anél pite can detect the beam signal independenily.possible
to detect the primary beam directly and obtainroptiapplied voltage to the inserted position.

The relationship between the plasma potential badlying distance of secondary beam on the anelyas
calibrated. The secondary beam has the informaifothe plasma electrostatic potential because faioned
plasma potential energy on the ionization pointrrially, GAMMAL0 experiments is carried out on oraérl0’
Torr, although, the calibration experiment is adrout on order of 10Torr in the central cell. The magnetic field
distribution in calibration agrees it in normal eximents. The gold neutral beam is ionized by sidlii with N,
(or Oy) at the ionization point. The beam energy is ainge in this case since the plasma does not &xisthe
primary beam has the acceleration energy and td@i@thl energy accelerated by the ion source &asiali
potential. The relationship between the virtualgptil and the flying distance of the secondarynbéa the
analyzer is obtained. The flying distance of theoselary beam is detected as the channel distribofithe beam
signal at the micro channel plate. The beam signaleasured by count mode since the ionized bearardus
very few. Then, the peak channels of beam signahéncalibration experiment are obtained. The imial
expression between the virtual potential and thiedl distance of secondary beam as the channeibdion of
the beam signal at the micro channel plate from dhlébration experimental results is employed taspia
experiments as calibration formula.

Figure 2.5 shows the channel distribution of be&na in the calibration experiment. The red ciscénd
blue squares correspond to the beam signals withavipotential 0 V and 400 V. The potential cadtirg
formula that the arguments of function are thezation point and the peak channel of the beam sitters
obtained. The peak channel is the channel numbéheoimicro channel plate in which the maximum cofrre
signals. Figure 2.6 shows the relationship betvibervirtual potential and the flying distance oft@edary beam

as the peak channel distribution at R = 0 cm. Tlbmation formula in the direction of beam lineoktained by
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currying out same operations a R= 0 - 12 cm. On the other hand, the calibratiamnida in the X direction is
obtained as shown in Fig. 2.7. | found the potérd&rivation formula of the radial profile from Fi@.7 as

follows;

a0 =P (22008+0.05725% - 0.007151%?)
0.01579:-0.00002259x —0.000002297x”

(2.12)

whereg [V] is the electrostatic potentiak [cm] is the radial distance of the measurementtp@ndPy, is the

peak channel.

2.3.2.4. Channel profile of beam signal

The channel profile of beam signal is asymmetrislasvn in Fig. 2.5. The beam has width in the dioac
of R, as shown in Fig. 2.8. The incident angle into thalgzer differs depending on the ionization poirtte
relationship between Rand the incident angle was estimated by beam toajecalculation as shown in Fig. 2.9.

The relationship is presented as following formula;

6= 0367R, +6,, 2.13)

where 6, is the incident angle of beam center. The bearbegin GAMMAL0 was designed @ = 45°. The

flying distance in the analyzer is presented ds\i;

2hE,

sin26d=L+N,d, (2.14)

a

whereE, is beam energyy, is deflecting voltage in analyzer, h is distaneéween deflecting electrodds,is
distance between beam slit and MGR, is channel number of MCP, amidis width of a channel. The channel
numberNg, bears a proportionate relationship to 8in2 the relationship between the beam amount Rnds
assumed as a Gaussian with HWHM 1 cm, the reldtiprisetween the beam amount and 8in@n be presented
as shown in Fig. 2.10. A si6Zorresponds to the flying distance or the chanoetber. However, the calculated
beam profile as shown in Fig. 2.10 is not simitaekperimental it as shown in Fig. 2.5. Here, issumed that
the incident angle of beam centigris 44° (or 46°). Figure 2.11 shows the calculdiedm profile in the case of
6o = 44°. The beam profile as shown in Fig. 2.1%inglar to it as shown in Fig. 2.5. These resultevglthat the

asymmetry of the experimental beam profile arisesfthe beam width and the incident angle gap.

17



'PLUG/ ' ANCHOR | CENTRAL Solenoids Blasma G —

BARRIER ' (Mini . i : ;
(Minimum - B) (Axisymmetric mirror) Basebali Coils
Potential | e I Main Plasma Vacuum Vessel
/\ Plugging MHD Stablizing Confinement f —J
™~ I
y \
=D i ¥ E s j i |

ECRH

ICRF

-13.4 L 0.0 28 5.2 8.8 Z=134m
| Double Half Turn Antenna

Nagoya Type lll Antenna
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potentials. The potential derivation formula isabed from the calibration formula of this profile.
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Fig. 2.9. The relationship between the incidentlamgp and R. 6q is the incident angle of the center beam
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3. Result and discussion

3.1. Fluctuation suppression experiment

In the GAMMAL0, suppression of the drift type fluation has been observed when plug ECH is injected.
This phenomenon has been studied [11,12]. The plagas produced and heated by ICH. Central, baaret,
plug ECHs were applied. The time variation of plagmotential radial profiles in the central cellGAMMA10
was measured by using GNBP. In order to obtainrdldél distribution of potential at each periode thrimary
beam trajectory was deflected in the radial dicecf 0—12cm, and stationary measurement was carried out on
shot by shot.

Figure 3.1.1 shows the time evolution of the limnsity and the diamagnetism of the central plasma (
core plasma). The ICH was applied from 53 ms to @40 The ECH was applied at the barrier region fid&@
ms to 200 ms and at the plug region from 151 m4&0 ms. The line density and the diamagnetism were
maintained almost constant at 120-150 ms and thereased by the plug ECH. Here, a period in whiwh t
plasma was sustained by ICH only is called as “lggtiod” and a period in which the plug ECH was &apls
called as “ECH period”. Figure 3.1.2 shows the tiewelution of the plasma potential at about R =®in the
central cell. The potential was maintained almasistant at 120-150 ms and then increased to alB@uv/ by the
plug ECH. The error of the potential measuremeantds estimated to be about ¥5rom the measurement error
of the GNBP system in GAMMAL10.

Figure 3.1.3 shows a radial profile of the potdntidnich was measured shot by shot. The potem@kased
during the application of plug ECH. The centrallgaltential is estimated to be about 40@t the center. Next,
the radial potential fluctuation in the range oFER0—12cm was calculated by using the fast-Fourier-tramsfo
(FFT) calculation. The window function which wasdsn the FFT was the Hanning window, and the nurobe
samples was 2048. Figures 3.1.4 and 3.1.5 showvathal profile of the potential and density fludioa spectra
in the ICH period and the ECH period, respectiv@lye characteristic fluctuation was observed auatt® kHz
as shown in Fig. 3.1.4. This fluctuation was idiéedi as the drift type fluctuation. Then, the dtifpe fluctuation
suppression with the application of the plug ECHwhserved as shown in Fig. 3.1.5. The electrld Baear in
the ECH period was weak in R = 0-14 cm as showfign 3.1.3. So, strong electric field shear whisteffective
to suppress the drift type fluctuation may exisRir 14-20 cm.

Figure 3.1.6 shows the radial profile®f, = an —a, which is the phase difference of the density arteémtal
fluctuations in the ICH period in this experimefihe radial particle flux', is estimated experimentally according

to the following expression,

Vopl@)i(w)p(w)sing,, (w)dw, (3.1)

2 (o
rp :_EJ.O kﬁ(w)

z

whereky is the azimuthal wave number, and ¢~ are the density and potential fluctuation levels,is the
coherence between the density and potential fltiohs anda,, is the phase difference, respectively. Figure
3.1.7 shows the radial profile of normalized péetitux driven by the drift type fluctuation in tH€H period.

When the drift type fluctuation was suppressed&ECH period, this radial particle flux also digagred.
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The relationship between the electric field strargnd the fluctuation level in the ICH period ahd ECH
period are shown in Fig. 3.1.8. It is seen thatetleetric field was positive when the suppressibthe drift type
fluctuation was occurred.

3.2. Target plate insertion experiment

In order to study relation between the potentialicdtire and the low frequency fluctuations and tiathe
between floating potential of plates in end regionl the central plasma potential, a target plate nserted at
543 mm from the exit of the west end coil (i.eZat 10.74 m) in the west end region and it is gamchthrough
the resistor as shown in Fig. 3.2.1. The matefighe target plate was tungsten or carbon. Theusadl the target
plate is 5 cm and the projected radius at the akno#ll is about 4.1 cm. It is noted that the alifplasma was
generated only by the east plasma gun in this @rpet, since the target plate was inserted at tast wnd
region.

It is known that the electrostatic potential of #rel plates and the core plasma potential coultbb#&ol by
changing the ground resistances of end plates§2Z%P The central potential became high and almosstant in
the projected region of the grounded plate. Theiggloresistance was changed for each plate. Radiéles of
plasma potential at the central cell in the casemoh resistance value of the end plates or terted target plate
were observed by the GNBP.

Figure 3.2.2 shows the time evolution of the lirensity and the diamagnetism of the central plasma (
core plasma). The ICH power was 160 kW and it wadied from 54 ms to 240 ms. The ECH power of 50 kW
was applied at the plug region from 150 ms to 165 Tine statistical errors of the line density arahmhgnetism
are 10% and 8%, respectively. The line densitytaeddiamagnetism were maintained almost constar®-450
ms and then increased by the ECH. After the ECHtwaed off, they decreased toward the originaliesl

Figure 3.2.3 shows the time evolution of (a) théeptal of the target plate of carbon and tungsted (b)
the central plasma potential in the cases of tbargt resistance of 82 and 280 K. As shown in Fig. 3.2.3(a),
the target plate potential was decreased by the BGHtery case of the carbon and tungsten platddcam and
high ground resistances. In the case of the groesidtance of 280¢k, the potential (i.e. floating potential) of the
carbon target became negatively deeper than thahgéten when the ECH was applied. On the othed here
is no difference in the plate potential of the carland tungsten targets in the case of the groesidtance of 80

Q. The reason of this behavior in the potential ildiscussed in next section.

3.2.1. Secondary electron emission of target plate

The difference between the potential of carbon @ngsten targets in the ECH period is considerebeto
caused by the effective secondary electron emis$iidhe secondary electrons are emitted from #rgett plate,
the target plate potential should be increasedgesihe net current from the target to the groumdeiases. The

effective secondary electron emission coefficisrgiven by

o=(2727 O Jm £ exg--2 2%
kT % E kT \E

pm pm

der 3.2)
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wheresy, is the maximum value of the coefficient,Hs primary electron energy wity,, and T is effective
temperature of the primary electron [29]. Figur2.8.shows effective coefficients for carb@m, € 1, Em = 300
eV) and tungsterdf, = 1.35, By, = 650 eV). In the ICH period, inflow electronstémget plate consist of end loss
electrons from core region. There is no differebe®veen the effective coefficients of carbon amdysten for the
electron temperature in the core region (30-80 &/shown in Fig. 3.2.4. In the ECH period, inflolsctrons
consist of warm electrons heating by the ECH ard electrons from core region. When the groundstasice is
high (i.e. the target plate potential is negativadep), effect of the warm electrons to secondigt®n emission
is dominant since inflow of the cold electrons e target plate is prevented by sheath potental.tfie warm
electron temperature (550-750 eV) in the ECH pertbé effective coefficient of tungsten is abous limes
higher than that of carbon, indicating that theoselary emission from the tungsten plate was mughdrithan
that of carbon. On the other hand, when the resistés low (i.e. the plate potential is nearly Q ¥jost cold

electrons inflow to the plate, and then, it is efifee to secondary electron emission.

3.2.2. Effect of change in plate resistance

As shown in Fig. 3.2.2(b), the central plasma pizakis increased by the ECH in every case of tirban
and tungsten plates and low and high ground resiega There is no difference in the central plapoigntial
between the cases of the carbon and tungsten dardgetn the ground resistances were the same. Tiiglce
plasma potential for the low resistance case((80s higher than that for the high resistance ¢286 k2). The
potential decreased gradually with time. In the Egtiod, the central plasma potential depends enpthg
potential, which is produced by the enhanced aacloss due to the ECH at the plug region. Whenpihg
potential increases, the central potential alscem®es, and vice versa. In fact, the plug potewsal increased by
the ECH and was gradually decreased in the ECH¢eas shown in Fig. 3.2.5. This gradual decreasieeiplug
potential causes the gradual decrease in the tetéiema potential. The increase in the targeteptaitential
shown in Fig. 3.2.2(a) was also caused by the dseran the plug potential, since the number ofthe loss ions
which flowed to the target plate increased duecirese in the plug potential.

When the resistance of the target plate is highcagent from the plate to ground is almost z8ieerefore,
inflow of warm electron to the plate is restrictedat is, plug potential is low. On the other handhen the
resistance is low, inflow of warm electron to thiate is large and plug potential is high. The cosfhent
potential prevents that ion in central region flout toward end region. So, central potential inseeahen plug
potential increase. This may be one of the reagmtscentral potential for the low resistance dadggher than
that of the high resistance case. The potentigdlérECH period deceased gradually. This seems &itidleuted to
decrease in the plug potential (i.e. confinemenémital). It should be noticed that the core plagogentials for
the case of carbon and tungsten target platestiagtiyround resistance of 28Q kvere the same, even though the

flouting potentials of the both target plates wengch different from each other.

3.2.3. Radial potential and electric field formatio
Figure 3.2.6(a) and (b) shows the radial centr& @l in the ICH period and ECH period in theeca$the
plate resistance 28QX% In the ICH period, potential profile in the projed region of the target plate was almost

flat, and potential in the outer side of the prtgelcregion increased. When the ECH was injectesl ctntral
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potential increased about 60 V in the center regamidl the radial potential profile was flat, andtlsere were no
radial electric field. Figure 3.2.7(a) and (b) sisaive radial central potential in the ICH period &CH period in
the case of the plate resistancet8dn the ICH period, potential profile in the projed region of the target plate
was also almost flat, and potential in the outde 33f the projected region increased. However, whenECH
was injected, the central potential increased aB00tV in the projected region, and potential peofvas concave
down. The increment of potential in the projectegion of the target plate was significant. As poegiy
explained, plug potential of the high resistancgeda higher and central potential also incredge.dresume that
plug potential was high significantly in the prdjed region of the target plate in the low resistacase (8@).
Therefore, Central potential in the projected ragias also high significantly. Strong radial elecfield formed
outside the projected region by this increase ¢émital in the projected region. On the other haategtric field
in the projected region was weak. For example tiétefields with the insertion of carbon target e*.8 V/cm (at
about 0-4 cm), 12.7 V/cm (at about 4-9 cm) and\V3c3n (at about 9-15 cm), respectively.

3.2.4. Generation of fluctuation

In the case of the resistance @0characteristic fluctuation was observed. On tiveohand, this fluctuation
was not observed in the case of the resistanc&kQ8@.e. in the case of no radial electric field aswn in Fig.
3.2.6(b)). Figure 3.2.8 and 3.2.9 show the cemtogntial and density fluctuation spectra at X en® with the
insertion of carbon target and tungsten target wiiere grounded through the 280, krespectively. It is seen
that characteristic fluctuation don’t occur in tteese of no radial electric field. On the other hasfwhracteristic
fluctuation was observed at X ~ 0 cm in the casthefesistance 8Q as shown in Fig. 3.2.10. The characteristic
fluctuation was also observed on the target pakfitictuation as shown in Fig. 3.2.11 and on ihe density
fluctuation as shown in Fig. 3.2.12. The charasteriluctuation was observed at about 13 kHz. ffeguency of
the fluctuation on the target plate is equal t@f ithe central plasma fluctuations. It is indicatledt the target plate
potential is correlated to the central plasma. fg8.2.13 and 3.2.14 show the radial distributiérecentral
potential and density fluctuation spectra with theertion of carbon target and tungsten which wasigded
through the 8@ resistances, respectively. This fluctuation irs takperiment has unique features. The potential
fluctuation level was strongest at about 4-9 cna, @uis position almost agreed with the positionvimere electric
field was strongest (about 4-9 cm). On the othedh#he density fluctuation level was very weakha region of
large electric field and strong in the projectedioa of the plate. Then, the potential and denBitgtuations
disappear in the peripheral region. The fluctuatihich has unique and new feature is observed i th

experiment.
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4. Summary

One of the most important issues in the magnetidimement plasma is to study the relation betwden t
electric field and the fluctuation. To study théatmn between the electric field and the fluctoati potential
control methods (such as plasma heating, plasnsnglawas employed in various devices. In this ihethe
relation between the potential formation and the frequency fluctuations was studied by using thiéowing
two kinds of methods for the potential formatiomtol in GAMMA10 tandem mirror: (1) confinement eaitial
formation by applying ECH and (2) the insertiontloé target plate in the end region. Plasma poleipidential
fluctuation, and density fluctuation was measurga lgold neutral beam probe (GNBP). The radialijgraff the
potential and fluctuations were measured shot by. sh

Firstly, the fluctuation suppression by applying the plUgHEand relation between radial electric field and
fluctuation level have been studied. The drift tflpetuation was observed at about 10 kHz in thid [g&riod and
the fluctuation was suppressed by applying the pGg. The radial profile of central potential wascave up
and the radial electric field was negative in ti@HIperiod. On the other hand, the radial profilecehtral
potential was concave down and the radial ele@izid was positive in the ECH period. The ExB ddfiven by
positive electric field rotated in the oppositeedtion of the diamagnetic drift in the ECH perittdvas observed
that the electric field shear was weak in R = Gefi¥ So, strong electric field shear which is effexto suppress
the drift type fluctuation may exist in R = 14-2@.c

Secondly, the target plate made of carbon or temgstas inserted into the end region and changed the
ground resistances to modify the potential profllee central potential for the low resistance &) is very
higher than that of the high resistance case (Z80ifk the ECH period. The increment of central pt&gnn the
projected region of the target plate was significAllhen the ground resistance is low @J strong radial
electric field formed outside the projected regionthe ECH period. On the other hand, electricdfigl the
projected region was weak. The radial electricdBelvere 2.8 V/cm (at about 0-4 cm), 12.7 V/cm (@i 4-9
cm) and 3.3 V/cm (at about 9-15 cm), respectively.

In the case of the ground resistance oft80the characteristic fluctuation was observed an fibtential
fluctuation and the density fluctuation in the E@etiod. This fluctuation has the following unigueatures: (1)
The potential fluctuation level was strong in tkegion of large electric field. (2) The density fiuation level was
very weak in the region of large electric field asttbng in the projected region of the plate. (Bg Ppotential and
density fluctuations disappear in the peripherglae. The characteristic fluctuation which has thegeresting

features was discovered by the insertion of therkesistance target plate.
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