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Abstract
Target plasmas, on which the formation of the electrostatic potentials and the improvement

of the confinement are studied, are produced with ICRF in the GAMMA 10 tandem mirror. The ion
temperature of more than 10 fceFhas been achieved in relatively low density plasmas. When the
strong ICRF heating is applied, it is observed that the high frequency and the low frequency
fluctuations are excited and suppress the increase in the plasma parameters. Recently, a new high
power gyrotron system has been constructed and the plug ECRH power extends up to 370 kW. The
improvement of the confinement due to the formation of the potential in the axial direction and the
strong radial electric field shear has been observed.
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1. Introduction

The GAMMA 10 tandem mirror has MHD anchors with a minimum-B field and is arranged in

an effectively axisymmetrized configuration [1]. The high-density plasma production and

confinement with electrostatic potentials are the major important issues in the present experiments

[2]. The ion cyclotron range of frequency (ICRF) waves are used for the initial plasma production

and heating in the central cell. The electron cyclotron resonance heating (ECRH) is used for the

potential formation in the plug/barrier region and for the electron heating in the central cell. The

axisymmetrization of the heating system is important in relation to the radial particle transport. The

improvement of the ICRF antenna system has been made because the antenna configuration in the

central cell affects the plasma profile in the azimuthal direction [3]. In relatively low-density

(order of 1018m'3) plasmas, the hot ion mode operation has been realized and ion temperature of

more than 10 keVhas been achieved [4]. In such a mode of operation, the plasmas with a strong

temperature anisotropy are magnetically confined in the central cell. In the high-p, which is defined

as the ratio between plasma pressure and magnetic field strength, plasmas with the strong

temperature anisotropy, the Alfven ion cyclotron (AIC) mode, which is one of the

micro-instabilities are excited spontaneously [5]. The plasma confinement will be affected from the

externally applied RF waves and also spontaneously excited waves in the plasma.
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By using high power ERCH at the plug region, a positive potential is generated to improve the

axial ion confinement [6,7]. And also at the barrier region, a thermal barrier potential (smaller than

the potential in the central cell) is generated. When the plug ECRH is applied, the potential

increases due to the induced electron loss in the axial direction and the positive potential with

peaked profile in the center is formed in the central cell. The resultant electric field in the radial

direction and its shear will suppress the fluctuations, for example, the drift-type low frequency

instability [8]. Recently, the suppression of the large amplitude fluctuations has been clearly

observed in the soft X-ray measurement [9].

In this manuscript, the recent results of the potential formation and ICRF experiments for the

high-beta plasma production are described.

2. GAMMA 10 Device and ICRF Systems

Figure 1 shows the axial profiles of the magnetic field line, strength and plasma potentials on

the typical discharge conditions in GAMMA 10. The axial location is represented on the basis of the

midplane of the central cell, 2 = 0. The minimum-B anchor cells are located on both sides of the

central cell and the axisymmetric plug/barrier cells are located at both ends. The magnetic field

strength at the midplane of the central cell is 0.4IT and the mirror ratio is 5 in a standard mode of

operation. As indicated in the figure, the hill and well type potentials are formed in the plug/barrier

region. ICRF powers (RF1,2 and 3) are only injected in the central cell. Two kinds of ICRF

antennas are installed near both mirror throats of the central cell. One is the so-called Nagoya-type

III antenna (Type III) [10] that is installed at z = ±2.2m where the mirror ratio R is 1.6. The

other is the conventional double-half-turn antenna (DHT) that is installed at the location of

z = ±1 .lm where R = \.\. Three ICRF systems (RF1, RF2 and RF3) are now in operation.

Principally, Type III is driven by the RF1 system and used for the plasma production in the

central cell and the ion heating in the anchor cell [11]. The frequency is adjusted to the ion

cyclotron frequency near the midplane of the anchor cell. The high-beta plasma production in the

anchor cell is essential to sustaining the MHD stability of the whole GAMMA 10 plasma. DHT is

driven by RF2 and used for the main ion heating in the central cell. The frequency is adjusted to the

ion cyclotron frequency near the midplane of the central cell. In mirror plasmas, ions that are heated

in the perpendicular direction are deeply trapped near the midplane. To avoid the energy loss due to

the charge exchange reaction, the locations of the gas puffing are selected to be near the mirror

throats where less hot ions exist. The radiated powers from each Type III and DHT are typically

lOOkJV with a duration of 200ms. RF3 is an additional system and used for high-density plasma

production [12].

The high power gyrotron systems with a frequency of 28GHz are used for the potential
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formation. Fundamental ECRH is applied at the plug region (5=77) between the midplane

(B=0.5T) and the outer mirror throat {B-3T) of the plug^arrier cells. In addition to the plug ECRH,

a second harmonic ECRH is applied to the midplane for creating the barrier potential. The radiated

power is mostly coupled to the X-mode for the present geometry. The radiation pattern on the

resonance layer is arranged to be nearly axisymmetric. Segmented end plates, which are electrically

floated from the vacuum vessel by using large resistances, are installed at the end wall

3. Target Plasma Production and Low Frequency Fluctuations with ICRF

The plasma is started up by injecting short pulse (1ms) gun-produced plasmas (PG) from both

ends and is sustained by applying RF1, of which frequencies of 9.9 MHz (west) and 10.3 MHz (east),

in combination with a hydrogen gas puffing in the central cell. For the main ion heating, the RF2

pulse, of which frequency is 6.36 MHz, is applied to the east DHT antenna. The additional RF3

pulse, of which frequency is 41.5 MHz, is applied to the west DHT antenna. The temporal evolution

of the plasma parameters is indicated in Fig.2. The line density increases with RF1 and diamagnetic

signal increases with RF2. In the typical experiments, the saturation of the density is observed at the

line density of near 4 times 1017 m'2. The mechanism of this saturation is interpreted as the

eigenmode formation of the ICRF waves which satisfy the axial boundary conditions. In plasmas

with a relatively low density (order of 1018 m3) and a small radius (a few tens cm), the wavelength is

in the same order of the plasma size and eigenmodes are formed in both radial and axial directions.

Because the wavelength depends strongly on the density, the density is likely to be clamped at the

optimum value for the eigenmode formation [12]. When RF3 is applied, the density starts to

increase again due to another eigenmode formation.

The plasma pressure increases almost linearly with the RF2 power. The highest ion

temperature above 10 fceFhas been achieved in the case of the magnetic field strength of 0.577. As

previously indicated in such high-p plasmas, the temperature anisotropy becomes more than 10. In

GAMMA 10, electro-magnetic fluctuations due to the AIC modes have been observed

experimentally in the parameter range of J3A2>O.3. [13]. The behavior of the plasmas in the central

cell is affected by the excitation of the modes [14, 15]. The effects of the AIC modes on the particle

transport have been observed clearly in the behavior of the high-energy ions. The pitch angle

scattering and the axial transport of the high-energy ions due to the AIC modes are clearly observed

[3].

When the ICRF pulses are applied, the low frequency density fluctuations are detected in many

diagnostics. Figure 3(a) shows the temporal evolution of the line density and diamagnetic signal on

the typical discharge in which large amplitude fluctuations are observed. Figure 3(b) shows the

density fluctuations in the peripheral region measured by an electrostatic probe. There are six
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regions in which fluctuations are observed as indicated in Fig.3(b). The large amplitude drift-type

fluctuations are clearly excited when the RF3 pulse is applied as shown in Fig.3. There are two

types of fluctuations observed typically in GAMMA 10, that is, a drift-type (#1,2,3, and #5) and a

flute-type (#4 and #6) fluctuation. The initial phase of the plasma build-up (#1), small fluctuations

are excited due to the steep gradient of the density profile. When ICRFs for the plasma production

are applied, the drift-type fluctuations are strongly excited (#2 and #3). These fluctuations are

stabilized when ECRH is applied. The mechanism of the stabilization is considered to be strong

shear of the radial electric field due to the potential formation. Instead of the drift-type fluctuation,

the flute-type fluctuation is excited due to the Er x Bz rotation [16]. When the ECRH pulse stops, the

drift-type fluctuation is excited again as indicated by #5. When ICRF pulses stop, the strong

flute-type fluctuations are excited due to lack of high-P plasmas in the anchor cell. In the RF3

period (#3), a frequency peak near 10 kHz is observed that corresponds to the mode with the

azimuthal mode number of m=+l, which rotates in the direction of the electron diamagnetic motion.

In GAMMA 10, these drift-type fluctuations are observed also at the plug/barrier cell with the same

frequency as in the central cell. Both peaks in the frequency spectra have the strong coherence and

with finite phase difference, that is, the drift-type fluctuations are propagating in the axial direction.

On the other hand, the flute-type fluctuations have no phase differences. These fluctuations will be

mainly driven by the density gradient. The density gradient is strongly affected from the gas puffing

rate, and the RF1 and RF3 powers. A large amount of gas injection, that is, from the gas puffing

and/or from the wall, intends to increase the edge density and decrease the density gradient. The

drift-type fluctuations appear when the gas injection is reduced and/or the RF1 and RF3 power

increases.

4. Potential Formation with ECRH

In previous sections, the behaviors of the target plasmas for studying the potential effect to the

plasma confinement are investigated. On hot-ion mode plasmas with the ion temperature in the keV

range, the plug and barrier ECRHs are turned on after the plasma reaches in a steady state. The

plasma potentials from the vacuum vessel change in the step-like response. When the plug potential

is formed, the reduction of the end-loss ion current and the increase of the line density in the central

cell are clearly observed. Typical feature of the confinement improvement in the axial direction is

shown in Fig.4. If one side of ECRH is only turned on, another side of the end-loss current

increases and no increase of the line density are observed.

The plug potential <J>P is determined from the energy spectrum of the end loss ions and is the

highest value along the magnetic field line. The central cell potential Oc and barrier potential O^are

determined with beam probe measurements. The ion confining potential §c is defined by <j>c = Op -
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<&c. In Fig.5, Op and Oc are plotted as a function of the plug ECRH power. Recently, a new high

power gyrotron system is constructed and the plug ECRH power extends to 370 kW [17]. The plug

potential increases with the ECRH power, while the variation of the central cell potential is not so

large. Then, the ion confining potential (|>c increases with <t>p, that is, the plug ECRH power. The

value of 2.1kV has been attained with the high power ECRH [18]. For efficient generation of the

high potential with the high power ECRH, the induced diffusion of warm electrons in the velocity

space is essential. The velocity space diffusion of electrons can be evaluated from the energy

spectrum of the end-loss electrons. The mean energy of the end-loss electrons is strongly related to

the ECRH power.

5. Summary

Target plasmas, on which the formation of the electrostatic potentials and the improvement

of the confinement are studied, are produced with ICRF in the GAMMA 10 tandem mirror. A new

high power gyrotron system is constructed and the plug ECRH power extends up to 370 kW. The

improvement of the confinement due to the formation of the potential in the axial direction and the

strong radial electric field shear has been observed.
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Fig.l Schematic drawing of the GAMMA 10 tandem mirror
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Fig.2 Temporal evolution of plasma parameters
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Fig.4 Typical feature of the confinement improvement
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Fig.5 Central and plug potentials as a function of plug ECRH power
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