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The improvement of potential confinement was attained in the GAMMA 10 tandem rfirhys.

Rev. Lett.55, 939(1985; Proceedings of the 13th International Conference on Plasma Physics and
Controlled Nuclear Fusion ResearchVashington, 199@International Atomic Energy Agency,
Vienna, 199}, Vol. 2, p. 539 by axisymmetrization of heating systems for the plasma production,
heating, and potential formation. A significant increase of the density and diamagnetism by the
potential confinement was observed. In the previous experiment, it was difficult to increase the
central cell density higher than 27.0"¥m~3. One of the possible mechanisms is the density
clamping due to the eigenmode formation of the ion—cyclotron-range of frequUETRY) waves in

the axial direction. With high harmonic ICRF wavéRF3), the experiments to overcome this
problem have been performed. In preliminary experiments with RF3 and NBI the maximum density
of 4x 10" m 2 was attained. €2001 American Institute of Physic§DOI: 10.1063/1.1350962

I. INTRODUCTION and/or the density was clamped by the eigenmode formation
) i o ) of the ICRF waves in the axial direction. The density in-
The high density and long pulse operation is the impor-crease due to the mode excitation has been observed in many
tant subject in the tandem mirror experiments. The forma“o'?aboratory plasma sources with helicon dischafjeRe-
of the confining potential in the high density plasma is alsocently, the peak density 0f410®m~2 was obtained on the
the key issue that should be confirmed on the present expefipmpination experiments with the neutral beam injections
ments. _ ) (NBI) and ICRF waves that have the frequency of much
In the GAMMA 10 tandem mirror, the formation of the pigher than the ion cyclotron frequency. In those experi-
plug and thermal barrier potentials have been realizedl  ments, NBI was effective for the density increase in the an-
the high ion temperature of above 10 keV has beernor region. The ICRF waves with near ten times ion cyclo-
aph|eve . However, t.he density was relatively low on such 5 frequency were effectively used for the high-density
high performance discharges. lon cyclotron range of frepjasma production. The density clamping will become weak
quency(ICRF) waves are used for the plasma production ancEue to the excitation of several eigenmodes with different
heating and electron cyclotron heatiGgCH) are used for  rgia| mode numbers by using high harmonic ICRF waves.
the potential formation. The magnetohydrodynaritMHD)  The density increased 35% of the initial density in the high-
stability is maintained by also ICRF-heated plasmas in th‘ﬂensity experiments with the potential formatfn.
minimum-B anchor cells. The emission of D-D fusion neu- |, this manuscript, the experimental setup is shown in
trons has been observed in the experiment with mixed gase$.: || and eigenmodes formation of the fast Atiweaves
of hydrogen and deuteriuwith strong ICRF heating by  anq preliminary results with high-harmonic ICRF waves are
keeping MHD stability. After improvements of the axisym- gescribed in Sec. Ill. The high-density operation of the

metry of the heating patterns and plasma uniformity, the dengapmMA 10 is described in Sec. IV. The summary is de-
sity increase due to the potential confinement has beeg.riped in Sec. V.

clearly observed.The increasing rate depends on the initial

plasma density. When the density before the potential formay ExpERIMENTAL SETUP

tion is low, a large density increase is observed. When the _

initial density is relatively high, the increasing rate becomeg™ GAMMA 10 tandem mirror

small. It was difficult to obtain the central cell density higher The schematic drawing of the coil system of the
than 2.7 10"¥m™~2% in the GAMMA 10 tandem mirrof.Un-  GAMMA 10 and the magnetic field line are shown in Fig. 1.
der the present experimental conditions, there is a saturatiorhe locations of the heating systems are also illustrated. The
value in the attained density. The mechanism is not weltentral cell and plug/barrier cells have the axisymmetric mir-
understood yet. It was suggested that the density could n@br configuration and the anchor cells located between cen-
increase due to the lack of the gas fueling in the core regiofral cell and plug/barrier cells have the minimuBnmirror
configuration with nonaxisymmetric magnetic fields. The

*Paper UIL 6, Bull. Am. Phys. Sod5, 290 (2000. quadrapole type minimurB- configuration has essentially
"Invited speaker. noncircular and extremely elongated fan regions on both
1070-664X/2001/8(5)/2066/5/$18.00 2066 © 2001 American Institute of Physics
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Magnetic frequencies of RF1 on both sides are slightly different from
coils each other in order to avoid the strong interference. The RF2
system that has also two final outputs with the frequency of
) 6.36 MHz is used for the ion heating in the central cell. The
Magnetic frequency(6.36 MH2 is adjusted to the fundamental cyclo-
Field line .
tron resonance frequency near the midplane of the central
Plasma cell. The radiated power of RF1 and RF2 is typically around
Gun 100 kw. The effect of RF1 for the central cell plasma heat-
ing is small because the fundamental resonance layer for
RF1 exists near the end of the central cell where the mag-
netic field gradient is quite steep. The effect of RF2 for the
plasma production is also small. The density is almost inde-
pendent of the RF2 power. A new ICRF systéRF3) that
| has one output with higher frequen¢36—-76 MH32 is fab-
ricated to produce the high-density plasma.
FIG. 1. Schematic drawing of the coil system and magnetic field lines. The ~ So-called Nagoya-type Il antennas for RF1 and conven-
location of the heating systems is indicated. tional double half-turn antennas for RF2 are installed on both
ends of the central cell. Two output of RFRF2) are con-

nected to both east and west sides of the antennas. Nagoya-

ends. Recently, conducting plates to fix the potential at th .
) pe lll antennas have four plate elements surrounding the
plasma boundary were installed near the surface of th ;
plasma column. The rf current on each plate flows with a

plasma in the fanning magnetic flux tube of the transmonphase difference of 90° and generates a rotating electromag-

::?%?Zzgnvt\)/ﬁthh fzﬁrezi:;rgtzna;:zrggn elg,lgsmtlﬂ'emsﬂl 'aickr: n i netic field in the direction of the electron cyclotron motion
set so as .to follow the sha e%f the mpa net,ic flux Ft)ube gt]ha m=+1). These plates consist of two pairs: one with verti-
. ap 9 . cal plates and the other with horizontal plates. When the
maps to a circular magnetic flux tube of 0.4 m diameter at the . ; .
; I . . power of RF1 into the four plates is equally increased, the

central cell midplané.The positive potential for the ion con-

finement is formed in the axisymmetric end mirror cells byproﬁle of the floating potential of the limiter that is seg-

injecting fundamental ECH with a frequency of 28 GHz. mented into eight sections shows a nonuniformity of the

o o lasma in the azimuthal directidf The relation between the
Before a modification of ECH antennas, the radiation pattenﬁOatiing potential profile and the density profile measured by

of the microwave beam from the antenna on the resonance __. ) I g
. ) . an azimuthal array of the electrostatic probes is discussed in
layer was nonaxisymmetric because the microwave bea

was directly iniected with an anale of about 50° respect ta ef. 13. The reduction of the diamagnetic signal related to
y i 9 P the nonuniformity of the floating potential is also observed.

the machine axis. Between the conventional Viasov-type N is suggested that the effect of the nonaxisymmetry of the

tenna and the resonance layer, a cylindrical reflector has been .
elongated fan region between the central cell and anchor cell

inserted and adjusted its position and focal length. With the . ; . . . .
e L . .1s essential for this nonuniformity. In this experiment, only a
modification, the radiation pattern becomes axisymmetric . . . .
. ) : : Vertical pair of the east antenna and a horizontal pair of the

and the potential profile also becomes axisymmétric.

The strength of the magnetic field at the midplane of theWeSt antenna are used.

central cell and the anchor cell is typically 0.4 and 0.6 T,
respectively. The stainless steel limiter with a radius of 0.18!l. PLASMA PRODUCTION WITH HIGH HARMONIC
m is located near the midplane. The short pilsens gun- ICRF WAVES

produced plasmas are injected initially from both ends andh. Eigenmodes of fast Alfve "n waves

the main discharge is sustained with ICRF power in combi-
nation with the hydrogen gas puffing in the central cell. The
maximum discharge duration of 0.5 s is limited by the ICRF
power supply.

Plasma
Gun

In GAMMA 10 experiments, RF1 is used for the plasma
production in combination with the gas puffing in the central
cell. Because RF1 is used also for the ion heating in the
anchor cell, the frequency of RF1 is restricted near the cy-
clotron resonance frequency near the midplane of the anchor
cell. In present experimental conditions of the GAMMA 10,
ICRF is commonly used for the plasma production in thethat is, the relatively low density 0f:210¥m™3, the plasma

tandem mirror experiment§~? In the GAMMA, three diameter of 0.36 m and the frequency just above the funda-
ICRF systemgRF1, RF2, and RB3are used in the present mental cyclotron frequency, one radial eigenmode of fast
experiments. An RF1 system with frequencies of 9.9 andAlfvén wave with an azimuthal mode numberrof= + 1 is
10.3 MHz is used for the ion heating in the anchor cell andonly excited in the central cell plasma. Eigenmodes excited
the plasma production in the central cell. RF1 has two finain the central cell have been calculated by using a simple
outputs and supplies the power to antennas on both east amibdel, where the plasma is assumed to be cold, cylindrically
west sides of the central cell. The frequencies of R&®, uniform and surrounded by a conducting wall. Figure 2
10.3 MH2 are adjusted to the fundamental cyclotron reso-shows the calculated dispersion relation under the fixed fre-
nance frequency near the midplane of the anchor cell. Thgquency of 9.9 MHz in the central cell. It is clearly indicated

B. ICRF system
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i signals when the RF3 power is injected, as indicated in the figure.
FIG. 2. The dispersion relation af= + 1 fast Alfven waves under the fixed

conditions of the frequency 9.9 MHz, magnetic field strength 0.4 T, and
lasma radius 0.18 m. . L .
P modes increases as the density increases. Those modes will

also form eigenmodes in the axial direction. Because those
that only one mode can be excited below the density ofigenmodes excited strongly at various densities, the density
10**m~3. The second radial mode appears from the densitgan increase more smoothly than in the case of 9.9 MHz. Itis
above 18°m~3. The axial wave number in the present ex- expected the density clamping due to the eigenmodes exci-
perimental conditions is less than 5, as shown in Fig. 2. Théation is avoidable by using a higher-frequency ICRF source.
central cell length corresponds to two to four times the wave-
length of RF1. When there is nonuniformity of the magneticg. Experimental results with high harmonic ICRF
field strength and plasma parameters in the axial directionyaves
the wave excitation is affected from the axial boundary con- - . .
ditions and eigenmodes are also formed. The excitation of The preliminary experiments W'th the RF3 have been
the axial eigenmodes depends strongly on the density. Th%erformed. The frequency of 63 MHz is selected as the tenth

existence of the axial eigenmodes means the wave field bé:_yclotron higher harmonic resonance exists near the mid-

comes strong discretely when the density changes. When t éane of the central cell. Both Nagoya-type Il and double

number of eigenmodes is small, it is possible the density i alf-tum antennas are tested for launching the higher-

. . o Jr ncy waves. There are small differen tween them
clamped to a certain value on which the axial eigenmodes jg equency waves. There are sma differences between the

formed strongly in the preliminary experiments. We need to have more ex-
High-density plasma production by the helicon Wavesperiments for the precise comparison. Figure 4 shows the

with the frequency above 20 times cyclotron frequency nea ypical time evquFion_ of the line density and diamagnetigm.
the midplane of the central cell was reported in the HIEI he RF1 power is fixed at 180 kW.' In th.e case, the lon
tandem mirrol* and the density of above 4m ™3 has been tempera_ture of several ke_V are sustained with t_he RF2 and in
realized in the experiments. The new RF3 system has th € hot ion mode' operatlon. The RF3 Source 1 superpgsed
frequency range of 36—76 MHz, which corresponds to 6—1 romilo(.) ms, as indicated in Fig. 4. An increase of the I|rje
times cyclotron frequency at the central cell midplane anodens"tydIS c(ljearl% observed. \g{?en the RF; p0‘\1Netrh ij?s Itnh
the maximum output power and pulse length are 200 kW an§'cased underine same conditions as in Fig. 4, that 1s, the

500 ms, respectively. In the present experiment, the fre‘:imount of gas puffing, the RF2 power, and so on, we ob-

quency of 63 MHz is selected as the tenth harmonic reso§erve{_j litle Increase on the line density. In the Previous
periment® on which a large amount of gas puffing was

nance exists near the midplane. The calculated dispersio?fs(ed in the low maanetic field operation. we have observed
relation is shown in Fig. 3. Several radial eigenmodes ar 9 P '

excited at the present density range and the number of t ge density increase up to<110"m > accompanied with a
qarge reduction of the diamagnetism. The ion temperature

reduced to less than 100 eV. In the present RF3 case as
shown in Fig. 4, no reduction of the diamagnetism is ob-
served with an increase of the density. Those results indicate
the density clamping due to the eigenmode excitation of RF1
was possible in the GAMMA 10 central cell. When the con-
finement potential is formed, the density is expected to in-
crease smoothly with RF3.

The increasing rate of the line density depends on the
RF3 power as shown in Fig. 5. The increasing rate of the line
density becomes larger with an increase of the power. If the
‘o . gap between densities for the eigenmodes formation of RF1

Density [x10° " m 7] is filled up by the density increase with RF3, the eigenmodes
FIG. 3. The dispersion relation oh=+1 fast Alfven waves under the eXCItatlon.Of RF?’ is expected in t.he _hlgher-densny region.
same conditions as of Fig. 2, except for the frequency. The frequency is 63 N€ density profile measurement indicates that the increase
MHz. of the density occurs mainly in the core region of the plasma.

Axial wave number
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FIG. 7. Typical wave forms of the plugging experiment when ECH is ap-

. . : . - plied (a) only on the east plug/barrier celb) only on the west plug/barrier
As prewously mentioned, there exists a hlgher harmom"‘gell, and(c) both on the east and west plug/barrier cells.

resonance layer near the midplane. The frequency corre-
sponds to the tenth ion cyclotron harmonic frequency near

the midplane of the central cell. The high-energy ions Ofgjge are jllustrated in the figure. There are no increases of the
which energy is above 50 keV are detected in the end los

) ) : central cell line density. When both east and west ECH are
with RF2 heatin§® before RF3 pulse. It is expected that the applied, the clear increase of the central line density is indi-

high-energy ions are produced due to higher harmonic resQsaed. The density increase due to potential confinement de-

nance. Figure 6 shows the signal of CCHE&mE‘I cell  pends on the initial density and the limit of the increase is
high-energy ion detectprinstalled at the midplan€. The  ohqerved in the previous experiménit.was difficult to in-
ccHED is set just outside the limiter radius and can detect the o 55e the central cell density higher than1pt®m=2 with

ions of which energy is above 10 keV. When the RF3 pulseynq/or without potential confinement. When the initial den-
is applied, the signal of hlgh-energy_ ions increases WI'Fh th%ity is low, the increase of more than 100% was attained.
RF3 power. Because there are no increases in the diamagyy, re g shows the density on an axis before ECH and dur-
netic signal, a very small part of high-energy ions will beé jhg EcH as a function of the density before ECH. Closed
accelerated by RF3. circles indicate the central cell densities before ECH and
closed triangles indicate those during ECH. Recently, NBI in
IV. HIGH-DENSITY PLASMA PRODUCTION WITH the anchor cell became effective by reducing gas penetration
POTENTIAL CONFINEMENT from the injector to the plasma region with newly installed
The density increase due to the potential formation idoaffle plates between them. The plasma density in the anchor
clearly observed in the GAMMA 10 tandem mirfbiThe  cell increased 70% with 25 kV—-20 A NBI. However, the
typical wave forms of the plugging experiment are shown in
Fig. 7. When ECH only on the east or west plug/barrier cell

is applied, the reduction of the end loss current on the ECH _ S '
side and the increase of the end loss current on the opposite ®
E
-]
- ° #4
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. § : I
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@ 3| noRF3 g_ _ [ ]
|.|=J (only ] 8 o g
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RF3 Input Power [kW] FIG. 8. Central cell density before EQdircles and during ECHtriangles

as a function of the density before ECH. Closed symbols indicate the pre-
FIG. 6. RF3 power dependence of the signals of the high-energy ionsious experiments and open symbols indicate the experiments with RF3
(ccHED. and NBI.
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density started to decrease during NBI. The shine through ofs. Miyoshi, T. Cho, H. Hojeet al, Proceedings of the 13th International
the beam is more than 90% under the condition of the line Conference on Plasma Physics and Controlled Nuclear Fusion Research
density of 5 10 m~2 in the anchor cell and causes a Iarge Washington, 199@International Atomic Energy Agency, Vienna, 1991
amount of recycling gas. Experiments with the potential con-,°" 2 P- 539. , , _
finement on the higher-density plasma were just started with T. Tamano, T. Cho, H. leate.t al, Proceedings of the 15th Int-ernatlonal

. . L . Conference on Plasma Physics and Controlled Nuclear Fusion Research
RF3 and NBI. In Fig. 8, open circles indicate the densities Seville, 1994(International Atomic Energy Agency, Vienna, 199%0l.
before ECH and open triangles indicate those during ECH in 2, p. 399.
the experiment with RF3 and NBI. The initial density in- %Y. Kiwamoto, Y. Tatematsu, T. Saitet al, Phys. Plasmas, 578
creased and the maximum density 0k20®m—2 was at-  (1996.

tained, as indicated in Fig. 8. Though the density incrementK- Yatsu, L. G. Bruskin, T. Chet al, Nucl. Fusion3g, 1707(1999.
decreases with the initial plasma density, we expect a |argeK. Yatsu, T. Cho, M. H|rataet'al., Proceedings of the 26th European
Conference on Controlled Fusion and Plasma PhysMarstricht, 1999

increment at a higher-density region with the progress of (European Physical Society, Petit Lancy, 1999CA 23J, p. 461.

wall condltlonlng. SR. W. Boswell, Plasma Phys. Controlled Fusi2®) 1147 (1984.
’F. F. Chen, Plasma Phys. Controlled Fus& 339 (1997).
V. SUMMARY 8K. Yatsu, T. Cho, M. Hiratat al, 18th IAEA Fusion Energy Conference

The i t of potential fi ¢ ttained Sorrento, 2000, IAEA-CN-77/EXP1/1Q@International Atomic Energy
€ Improvement or potential confinement was attaine Agency, Vienna, 2000

in the GAMMA 10 tandem mirror by axisymmetrization of o1 saito, v. Tatematsu, Y. Kiwamotet al, Fusion Eng. Desigh3, 267
heating systems for the plasma formation, heating, and po-(2001.

tential formation. However, the saturation of the attained°R. Breun, S. N. Golovato, L. Yujiret al, Phys. Rev. Lett47, 1833
density is observed. One of the possible mechanisms is the(198D. _

density clamping due to the eigenmode formation of ICRF,,S- N- Golovato, K. Braw, J. Caset al, Phys. Fluids31, 3744(1988.

waves in the axial direction. In the previous experiment, g, 'chimura, M. Inutake, S. Adactet al, Nucl. Fusion28, 799 (1988.

. . . . M. Ichimura, S. Kanazawa, E. Ishikave al, Proceedings of the 1998
radial _elgeand? Wlt_h an azimuthal mode numpemmf International Congress on Plasma Phys@mmbined with the25th Euro-
=+1 is only excited in the central cell plasma. With a fast pean physical Society Conference on Controlied Fusion and Plasma
Alfven wave(RF3) of which frequency is about tenth higher  physics Praha, 1998, edited by P. Pavuropean Physical Society, Petit
harmonic frequency at the midplane of the central cell, we Lancy, 1998, ECA 22C, p. 1292.
observed a clear increase of the density. On the preliminary/H. Takeno, Y. Yasaka, O. Sakai, and R. Itatani, Nucl. Fusén 75
experiments with RF3 and NBI, the maximum density of 4 (1995 _ _

%10 m~2 was attained with the potential confinement. We M. Ichimura, S. Adachi, T. Chet al, Proceedings of the 14th European

| . hiaher-d . . ith th Conference on Controlled Fusion and Plasma Phydi¢adrid, 1987, ed-
expect a large increment at a higher-density region with the ited by F. Engelmann and J. L. Alvarez Riv&uropean Physical Society,

progress of wall conditioning. Petit-Lancy, 198Y, ECA 11D, Part II, p. 554.
16T, Saito, M. Sakakibara, Y. Kiwamotet al, Rev. Sci. Instrum68, 1433
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