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Abstract TRIAM-1M (R =0.8 m, axb=0.12 mx0.18 m and B = 8T) has the main mission to study the route
toward a high field compact steady state fusion reactor. We have advanced steady state operation (SSO) pro-
gramme in tokamaks, studied a heating mechanism for the high ion temperature (HIT) mode with an interna
transport barrier, obtained an enhanced current drive (ECD) mode in an extended (higher power and higher den-
sity) operation regime, performed current density profile control experiments using multi-current drive sys-
tems and investigated effects of wall recycling, wall pumping and wall saturation on particle control. In HIT
mode a hysteresis relation between T; and ne is found to be ascribed to different timescales for Ti and ne to
change. Excitation of plasma waves corresponding to ion heating is studied by both measurements of electro-
magnetic and el ectrostatic waves and their analysis. Achieved plasma parameters in ECD are as follows; n. is
43x 10" m?3 I ycpis~70KA, Teand T, are 0.8 keV and 0.5 keV, respectively, and the stored energy is 1.9 kJ.
The energy confinement time te of 8 -10 ms, Hrersor ~ 1.4, is achieved and the current drive efficiency
heo= N lepRo/PLy reaches ~ 1x10™ A m?/W at B = 7 T under the fully norrinductive condition. Power
threshold and hysteresis nature are studied. Bi-directional current drive and superposed current drive experi-
ments have been carried out. In the former steady current reduction and peaking of j(r) are observed, but it is
noticed that self-organization of j(r) occurs above a certain power ratio. In the latter broadening of j(r) can be
obtained by increasing superposed RF power, however, self-organization of j(r) also occurs again at a certain
power. Temporal behaviour of the recycling coefficient with two different time constants (~ 3 sand ~30 s) is
analysed. The wall pumping rates are evaluated to be ~1.5 x 10™ atoms/s/m’ for low n, and ~4 x 10% a-
oms/s/n¥ for high n., respectively. In the high power and high density experiments, the wall saturation phe-
nomenon affects the density control.

1. Introduction

SSO of the high performance plasmais a crucia issue for a fusion reactor. Although there are
several subjects for SSO, one of the important issues is how to maintain the high performance
plasma stably for the sufficiently long period. For this purpose both physics and technol ogical

sophisticated control are required. In figure.1, the discharge duration tq is plotted against the
magnetic field of various tokamaks. In superconducting tokamaks TRIAM-1M and Tore Supra,

fully non-inductive discharge duration (two minutes ~ two hours = 10° tg ~ 10° t¢) has already
been achieved [1,2]. Long duration sustainment of high performance is aimed at higher power
level in both devices. On the other hand, for inductive discharges, the L-mode plasma has been

sustained for 60 s=160tg in JET [3]. Recent progressis found that the t4 of the high perform-
ance plasmais extended up to 50 tg [4-7]. A burning duration in ITER-FEAT is 400 s and 100

t, which should be further extended to the order of > 10° tzin DEMO reactor.
The physics and operational aspect for SSO relate to process taking place over several time-

scales, tg, heating time tye, ffective particle confinement time t,*, resistive current diffusion
time t g, wall recycling time tyqe and thermal equilibration time tema among plasma facing
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Fig.1 The discharge duration is Fig.2 The extension of SSO region is plot-
plotted against the magnetic field in ted in the current - density plane at the
various tokamaks. high field of 7T with increasing the cur-

rent drive power.

components. In burning plasmas tyey is considered to be apha particle slowing down time and
t,* effective He confinement time. Generally speaking, if the process approaches a stationary
state with a time constant t as 1- exp(-t/t), the required discharge durationis ~3 t and it is
enough if we are interested in how the plasma approaches the stationary state. Thus, the dis-
charge duration of 3 tris the minimum required vaue for investigation of the high perform-
ance plasma associated with the current density profile, but it is not the case if this phenomenon
has a threshold. In afusion reactor the circulating power should be minimized. In this sense the
threshold power By, above which the high performance can be dtained should be minimized
and if possible, the hysteresis power window should be wide. The latter may support the idea
that once the high performance state is obtained when P > B, this can be sustained even if P ~
P.< Py, here P, isthe apha particle power.

Since the last IAEA conference in Yokohama in 1998 TRIAM-1M has continued to address
major issues for SSO. The following items have been carried out to understand and advance
SSO scenario; a) realization of high performance including high confinement capability and en-
hanced current drive efficiency in afully non-inductive plasma, b) establishment of current pro-
file controllability and long sustainment of an optimised one, and ¢) understanding wall recy-
cling, wall pumping and wall saturation during the long discharge. Since the current drive sys-
tem at 8.2 GHz was installed in 1999, high power (~ 400 kW) current drive experiments have
been carried out. In figure 2, the extension of the SSO range in TRIAM-1M is shown. A new
current drive system was not only useful to extend the SSO region, but also essential to find a
new favourable high performance mode, called enhanced current drive ECD mode. Using three
current drive systems (two 8.2 GHz systems and one 2.45 GHz system of 50 kW) flexible ex-
periments for current density profile modification and sustainment have been conducted. In the
last two years TRIAM-1M has. developed plasma performance at high magnetic field of 7 T
and understanding the physics of the plasmawith an interna transport barrier, called HIT mode
[8-10]; challenged to control the current density profile and to sustain an optimised one for long
duration; and investigated and evaluated the role of the plasma facing components on the
plasma density control.

This paper is conducted as follows; a brief description of the lower hybrid waves in TRIAM-
1M is given in Section 2. High performance study will be presented in Section 3. Control of
current profile will be demonstrated and discussed from the plasma self-organization point of
view in Section 4. The dynamics of wall effects of recycling, pumping and saturation is shown
in Section 5. A summary is given in Section 6.

2. Description of Lower Hybrid Wavesin TRIAM-1M



2.1 LHCD plasma and system hardware

For current drive both 2.45GHz and 8.2 GHz lower hybrid current drive LHCD systems have
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been used. The plasma minor radius g, is ~ 0.12 mand the mgjor radius Ry is 0.84 m The
working gasis hydrogen. The magnetic fieldis6-7 T. Two sets of the 8.2 GHz system having 8
klystrons of 25 kW each are separated toroidally by 180°. The grill type of antenna is used and
the antenna phasing DF is also scanned by the phase shifter from 70° to 270°, but most data are
taken at 90°, whose peak parallel refractive index Ny IS ~ 1.65 corresponding to resonant
electron energy of 100 keV. The spectrum is shown in Fig. 3(b). The 2.45GHz system is lo-
cated between them and delivered power is ~ 30 kW. Four waveguide type grill antenna

launched waves whose Njjpeq IS~ 1.8 and DF can be varied on shot to shot basis.
2.2 Characteristicsof LHW

For 8.2 GHz LHW there is no lower hybrid resonance point in the entire plasma because of By

£ 8 T. Under these experimental conditions the ratio of 8.2 GHz to the calculated lower hybrid
resonance frequency is 4-10. The launched LHW can penetrate into the whole region because
of high B, and high frequency. The critical refractive index Na (bottom line) for accessibility
does not affect the wave propagation, because Npex > Nic[11]. The up-shifting of LHW
refractive index Ny, (second thick line from the bottom) is caused by the toroidal efects, but
the maximum value of N, is limited to ~ 2, because of high aspect ratio of 7 and high g (>8)
operation. Thus the phase velocity of the up-shifting wave is about 13 times larger than the
electron thermal velocity Vie (Ngamp ~ €/13Vye). In this sense there exists a large * spectral gap’
between them [12]. For 2.45GHz there are aso no linear mode conversion points
(corresponding to n_yc~ 1.8x10°m* a B = 6T) and these waves can penetrate into the center
of the plasma under the experimental conditions in Section3.1. Direct ion heating via mode
conversion of LHW cannot be expected.

3. High Performance Study
3.1 High lon Temperature HIT modewith ITB

The HIT mode is characterized by the following observations [8-10]; the density window for
the onset condition, optimised antenna phasing, effective ion heating and the formation of a
steep ion temperature gradient in the core regime. In this experimental campaign the dfects of
RF power on the width of the HIT density window and the correlation of the electromagnetic
and electrostatic waves with ion heating are mainly investigated. Rf power is varied from 15
kW to 30 kW and te results show that the higher edge of the window is expanded from ~
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2x10" m® at 15 kW to ~ 2.7x10" ni® at 30 kW, but the lower edge is remained almost constant
of ~ 1.6 x10™ m®, In addition to the electromagnetic emission measurement outside the plasma
through the quartz window, electrostatic waves are detected by Langmdir probe located at the
bottom of the chamber. Both observed spectra below 3 GHz are very similar and are character-
ized by several satellites whose frequency separation from 2.45GHz is the ion plasma fre-
gquency. A clear correlation between narrowing of the satellites line width and ion heating is
observed, as shown in Fig. 4. Although the centrd line density jumps up at the HIT transition by
30 %, an internal transport barrier for ng(r) is not confirmed experimentally because of the lim-
ited number of chords. The ng(r) deduced from the measured line density profile shows that the
total density isincreased by about 10 to 30 % in the HIT mode with keeping a relative similar
profile. It should be noted that the global particle confinement property deduced from aratio of
the total number density to the H, intensity is improved by more than 30 % in the HIT mode.
Figure 5 shows a clear hysteresis characteristic of T; around the lower edge of the HIT density
window. At the higher edge of the window T; seems to change smoothly as the density changes,
however, T; jJumps in going from LIT to HIT mode or drops in going from HIT to LIT at the
lower edge of the density window. Since the density profiles are different for each mode, this
hysteresis may relate to a profile effect and different characteristic timescales for T, (faster)
and dengity (slower) at the transition.

Since the direct ion heating by LHW is not expected under these conditions, we consider ion
heating mechanisms by waves excited in a low density LHCD plasma [10,13,14]. So far ob-
served wave emissions have three distinct characteristics, (1) satellites at f = 2.45GHz + nxfy;,
(2) narrowing the spectral width at the HIT mode, and (3) similarity of both electromagnetic
and electrostatic spectra, where f; is the frequency around the ion plasma frequency or lower
hybrid frequency.

First, the satellites are only observed below ~ 6 x10®m®. The form of the sideband envelope
shows a maximum near n= -1 to -3. In contrast with the ion cyclotron sideband spectra [15], it
is very difficult to find the harmonics at f = 2.45GHz £ nxf;, where f; is the ion cyclotron fre-
guency which is~76 MHz at the launcher position and 90 MHz at R=R,. Secondly, the width Df

of sidebands is very sengitive to the HIT/LIT performance, as shown in Fig. 4. Here Df is de-
fined as the full width at —10 dB below the peak amplitude of the first lower sideband. It is

found that Df becomes narrow (several MHz to less than 15 MHZz) in the HIT mode and in-
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ECD. Hatched area indicates the waveform of
RF power. At t=2 s power is increased from
65kW to 130 KW.

creases up to 70 MHz in the LIT mode. Reduced fluctuation is a plausible explanation for the
spectral narrowing and ion transport improvement [15-17]. Thirdly, similarity between both
emission spectra (fig.6) suggests that waves are actudly exited in the plasma core region be-
cause of its frequency corresponding to the central fy,. In order to investigate waves observed at
foi areflectometry with a frequency sweepable oscillator is in preparation for local fluctuation
measuremen.

3.2 Enhanced Current Drive ( ECD ) mode

A new operation regime is found in high power 8.2 GHz LHCD plasmas [18,19]. ECD regime
isclearly separated in ne — I ycp plane, as shown in Fig.2. Achieved parametersin ECD are as
follows; hep is0.9-1x10" Am%W and tg is 8-10 ms. hep is higher a factor of two higher than
the empirical scaling and HyrersopiS ~1.4. I cp is 70 KA and the density is 4.3x10% mi®. Total
plasma energy including the high energy component reaches ~ 2 kJ at launched rf power of 230
kW. The ion and eectron temperatures are 0.5 keV and 0.9 keV, respectively. The antenna
phasing is -90° whose peak N, is ~ 1.6. The ECD regime is characterized by simultaneously
improvement of hep and te. InFig. 7 it is shown that both hep and tg are abruptly enhanced at t
~ 3.8 sunder the constant power. When rf power isincreased at t = 2s, tg is reduced from 5 ms
a 65 kW to 3.5 ms a 130 kW, indicating that the typical L-mode power law of P®° is consis-
tent with this case. However, at t = 3.8 s such confinement deterioration is improved and tgis
recovered. hep behaves in a different manner but it is aso increased when the ECD regime is
triggered. At the ECD transition both T, and T;, and n. are increased. The long sustainment for
this ECD regime is tried and the sustainment of this quas steady state for 12 s(> 50 t_ r ) is
achieved.

It should be noticed that the onset of the ECD regime is delayed by a time delay t g4 after
power isincreased. In order to assess t 4q4 and to investigate how this ECD regime is triggered
and established the power dependence of ECD is studied. It is found that there is a certain
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threshold power Py, level and hysteresis relation of hcp for the ECD regime. The threshold
power is~ 130 kW at B = 7T and is ~ 1/3 of that evaluated from ITER H-mode power scaling

law [20]. At Py, thetypical value of tgqa is~ 1.5, whichis 7 to 15 times longer than t g, and
with increasing power above Py, tgaa becomes ~ 180 ms, which is almost the same order of
t r Actually we consider a threshold window of power associated with tgeay, @ shown in
Fig.8. In Ref. [21] it has been pointed out for H-mode that time constants longer than tgplay a
role in some cases for which power is close to P,,. However, for ECD this time delay is found
in the timescale of t, ;g or more. It is speculated that during the time delay the current density
profile grows very slowly and triggers the onset of ECD. Power sweep experiment during a
single shot also shows a clear hysteresis curve between hpand power, which is considered to
link to tgqay. Theratio of hysteresis power width DPy, to the averaged <Py> is ~ 27 %, which
isafigure of merit for saving the power to sustain SSO of ECD.

Parameter changes at the onset time tgcp Of ECD are studied in detail. Figure 9 shows varia-
tionsof I, yep, T, and charge exchange fluxes F  at the energy of ~ 2 — 2.5 keV at the transition
tecp denoted by the vertical line. Both perpendicularly (circles) and tangentially (triangles)
measured fluxes with respect to the toroidal filed are shown. The density rise is delayed by ~
15 ms. Since H, intensity and the scrape-off density drop at t = tecp, ECD transition looks like
H-mode transition. However, there is a clear difference in preceded rise of F , that is, T;. Al-
though fast continuous T, measurement has not been performed, a preceded rise of T is ex-
pected because direct ion heating due to LHW is impossible and collisional heating is only a
mechani sm to heat ions. Thus improved energy confinement propertiesin LHCD plasma trigger
the dengity and current rise at the same power level, that is, enhancement of hp. Further inves-
tigation is under way.

In TRIAM-1M a pure non-inductive current drive experiment with a large spectral gap have
been performed without toroidal induced electric field. According to the favourable <T>

dependence of hp empirical formula[22,23], when <T¢> isincreased from 0.2 keV to 0.3 keV,



the enhancement factor for hep is derived ~ 1.7, which is consistent with our observations.

Thus the enhancement of Te leads to increase | ycp and then the | cp increase improves the
plasma performance. This positive feedback mechanism is considered for this ECD regime.

However this seems not to well explain a mechanism in filling the wide spectral gap. The
knocked-out cold electrons via collision with energetic electrons may play aroleto fill this gap.
The observed density dependence of hcp, which may enhance the source particlesin the gap, is
studied from this point of view in Ref. [24].

Reduction of the lost energetic electrons may aso enhance hep. In the ECD phase the transport
of fast electrons carrying the plasma current might be improved by the same mechanism as that

for bulk electrons is improved. The temperature rise DT of the limiters is measured and is
compared between ECD discharges and non-ECD discharges. DT, is increased with a constant

of proportionality, ~0.18 °C /kW, as the rf power is increased. In case of the ECD discharge
above the threshold power DT, is reduced by more than 5°C suggesting that the lost power is
reduced by 30 kW if the constant of proportionality is not affected.

4. Current Profile Control and Plasma Self-Organization
4.1 Bi-directional Current Drive Experiments

In order to increase the fraction of the bootstrap current, poloidal beta should be increased. Bi-
directiona current drive is one of methods to obtain such a high beta poloidal plasma [25,26].
Furthermore this method is useful to obtain ahollow current profile if the current compensation
takes place near the center. On the other hand when the current compensation occurs near the
edge, the current profile might become peaking. It is worth while investigating controllability
for the current profile. Thus experiments using two identical 8.2 GHz systems which launch the
opposite (forward FW and backward BW) traveling waves are conducted.

Target plasmawhose current direction is clockwise is sustained by FW waves. The BW waves
are injected into the target plasma. Both the antenna phasing are —90° (FW) and +90° (BW),
respectively. The FW power Pry is fixed during the discharge pulse but the BW power Pgy, is
varied shot by shot and is kept constant for the
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injection duration (usually 2 s). In other case it

40 [rrrrrrrrre T can be swept continuoudly in a single shot. It is
—~ Z ] observed that | cp is clearly reduced when Pgyy,
é 36¢ o ] is low, as shown in Fig.10. A relative current
8 A Vol | change Diineo (= 1M- IP®%) is modelled by
= \/ 3 DI(t) = Dl (tsart) (exp(-t /t)-1) for the falling phase
28f ; and by DI(t)=Di(tea)exp(-t/t) for the rising
Laf —HH HHHHHH phase. They can well reproduce the trend of
—>' 1' 25 A ] Dl hep (t) with atime constant of the order of t k.
S Lof A\ 5 The ratio Dl oo/ Iirep IS about -10 % at the
& .4 *—o ] BW/FW power ratio of ~25 %. However, when
= 08¢ 4 ; Psy is increased above 27 kW, the further cur-
0.6¢ ] rent reduction is suppressed, and then above ~
0.0 [H+HHHTHHHHHHHHHHHH 34 kKW the direction of the total driven current is
255 ° ] completely reversed, that is, the direction be-
~r ] comes the same as that driven by FW waves.
= 20f Thus bi-directional current drive scenario shows
: ° o ° ] a highly non-linear behaviour with respect to
15 ] Psw. In addition to enhancement of the FW cur-
1.0 d v b i ] rent drive efficiency with increasing Ry, tem
00 02 04 06 08 10 poral evolution of current cannot be reproduced
Power ratio by above s_imple exponentia forms, as shown in
Fig.12 I yeo, L and | are plotted as a Fig.11. This is not caused by changes of bulk
function of Pey/Pgy. plasma parameters. Changesin n,, Te, and T; are
small but reduced by 510 %. t_r is amost u+

changed.

It is observed that the number of photons at 80 keV corresponding to almost the resonant energy
isincreased with increasing Pgw, Which is consistent with the increase in the stored energy.
From the energy spectrum the maximum energy is also increased as Pgyy is increased. The hori-
zontal hard X ray profile shows that a remarkable change occurs, that is, the profile is changed
from a bell shaped one (FW) to a broad or hollow one (FW+BW). It is aso noted that the pro-
file shows an in-out asymmetry, especially near the outer edge the counts are a factor of three
higher than that in the FW plasma.

In order to monitor the current profile change Shafranov L (= bptl/2-1) is measured as a func-
tion of the BW power. Here bp is poloidal beta including the tail component bs?' and I; is the
internal inductance. These are evaluated from measured L and an assumption of bpd ~
Cia/l iep [27]. Here 15 is Alvén current and C; is a numerical factor of order unity but actualy
gpatial sum of X ray counts ratio to the FW only case is used. Since the hard X ray profileis
not so much changed except the case of only FW, the ratio of be® to bp™ is within a factor of
two. The result is shown in Fig. 12. During the current compensation phase j(r) becomes peak-
ing, while it suddenly changes to a broader one above a certain power ratio. This non-linear
aspect isreproduced in a single shot during which Pgyy is varied smoothly in time from 5 kW to
~ 70 kW for 3 s. This profile change corresponds to the enhanced forward current drive regime,
that is, I"*®" isincreased from initial I™.

Although the observed counter current drive scenario shows a nortlinear behaviour depending
on the current compensating BW power, the following explanations are considered. Since pitch
angle scattering causes the perpendicular energy increase, energetic trapped electrons are pro-
duced. These electrons are drifting back and forth along their fat banana arbits, that is, when
they are drifting in the BW-direction, resonant interaction occurs between BW waves and these
trapped electrons. This results in detrapping the barely trapped energetic electrons in the

backward direction and therefore, the backward current is produced [28]. Thus the total current



liot= lrw-lgw 1S reduced. The hep*© el heoR is dightly increased from 0.45 (FW) to 0.5
FW BW

(FW+BW) when Pg\ < 40 kW. In this case Pgyy is subtracted from Pry. Since trapped particles
arelocated in the low field side (R > Ry), observed in-out asymmetry in hard X ray profile can
be explained by this mechanism. Furthermore it is expected that since Iy tends to flow in the
outer region and current cancellation is expected there, the fina current density profile will be-
come peaked. This is supported by enhancement of |;. However, when Py is increased, the
electric field should be produced via Ohm'’s law E = h (J-Jsw), Where h is the hot eectron
resistivity. Even though E is much small compared with Dreicer field, acceleration effects by
this field cannot be neglected. In ref. [29] it is indicated that close collisions and acceleration
lead to ‘avalanche-like' runaway production. This assists filling the spectral gap and then et
hances the forward current drive efficiency [30]. In fact hcp* increases up to 1.3 at Py of 60
kW. If the electric field is created in the outer region where the backward current is produced,
enhanced forward current will selectively flow in this region. This speculation may explain |;
reduction as Pgyy increases. Explanations for long sustainment of the enhanced forward current
drive are left for the future.

4.2 Superposed current drive experiment and plasma self-organization

Using two different lower hybrid waves current profile control experiments have been carried
out [31,32]. Both launched spectra have peakes at Ny = 1.7 for 2.45 GHz and 1.5 for 8.2 GHz
waves, respectively. A target plasmawas sustained for 5 sby 8.2 GHz LHW of 80 kW and then
2.45GHz LHW of 18 kW was superposed from t = 5 sto 10 s, as shown in Fig.13. Since the
direction of both wavesis the same, the current increases from 20 kA to 28 kA with atime con-

stant of 200 ms ~t . Shafranov L drops from 1.2 to 0.6 indicating a change of the current pro-
file because the bulk plasma parameters are not changed. The hard X-ray profile shows a
change from a peaked one during the 8.2 GHz only phase to a broad one near the central reagin
during the superposed phase. This observation qualitatively agrees with achangein L and j(r).
This apparent stationary state continues for 2.5 s~ 12 t, r. After that a self-organization phe-
nomenon with respect to j(r) occurs suddenly. Current drops by 7 % and L increases up to unity.
Hard X ray profile shows again the peaked profile. Other plasma parameters, n. increases by
29 % and T; by 10 %. The potentia difference corresponding to the poloidal component of the
electric field in the SOL enhances by ~ 100% and extreme enhancement of energetic charge ex-
change flux viewing at the bottom of the plasma. The ion toroidal drift direction is downward.
No enhancement of the flux along the mid plane and at the top of the chamber is observed.
These indicate that LHW coupled to electrons sustaining a performance (confinement and cur-
rent drive) is changed abruptly and some part of LHW drectly couple to escaping energetic

ions.
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The reason is not resolved why this self-organization occurs in SSO phase lasting for more than
10t r. However, observations presented in Section 4.1 and 4.2 give warning about knowledge

for SSO associated with current profile obtained during a short period less than 10 t k. Ina
SSO plasmaj(r) can be modified by plasmaitself with atime delay.

5. Wall Recycling, Wall Pumping and Wall Saturation

In order to control the plasma density in SSO it is quite important to know how the recycling

coefficient R and the wall-pumping rate behave during the discharge [33,34]. This subject is

investigated in long duration discharges under the all-metal environment with molybdenum Mo

limiters, Mo divertor plates and stainless steel wall without low Z materia coating. The ex-

perimental conditions are as follows. The RF power of 2.45 GHz LHW is ~ 20 kW and that of

8.2 GHz LHW is ~ 300 kW. The line averaged electron density is 0.1- 0.2x10" mi® for 2.45

GHz plasmaand 1-3 x10" m? for 8.2 GHz plasma. Figure 14 shows time evolution of R (t) in

2.45 GHz and 8.2 GHz LHCD plasmas. R (t) seems not to depend on . in this range and there
exist two time constants of a few seconds and several tens of seconds for R (t). Since the out-

flux to the wall monitored by ion saturation current and CX flux are constant in time, these two
time constants may reflect processes on the wall itself, that is, physical alsorption, implanta-

tion, diffusion of hydrogen atomsin the material and desorption.

Physical adsorption may reach an equilibrium state and desorption progresses with a shorter

time constant, but the implanted energetic ions accelerated in the sheath near the wall or bom-

barded energetic CX neutrals take alonger time for release from the surface.

The assessment of the wall pumping rate is performed both in 70 minutes for 2.45 GHz and 33
seconds for 8.2 GHz plasmas. The hydrogen gas was supplied through a piezo eectric valve so
as to keep the Ha line intensity at the central chord constant. First, the result is as follows for

2.45 GHz. The averaged gas feed rate from 10 to 40 min was about 1 x10" atoms/s but the gas
feed was automatically stopped several times during the discharge because of feedback control

of gas supply. This means that the R becomes unity or more and again decreases below unity,

i.e. the wall seems to repeat a process of being saturated and refreshed. The particles evacu-
ated by an externa pump-unit subtracted from the total amount of gas supply is the amount of

the particles pumped by the wall, as shown in Fig.15 (a). Here the plasma density and the neu-
tral gas pressure are kept almost constant during the discharge. The averaged wall pumping rate,
which is obtained from a slope of the curvein Fig.15 (), is about 1.5 x10™ atoms/s/nf. About
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3 x10% hydrogen atoms are pumped by the wall for 70 min. Secondly, for 8.2 GHz, higher
pumping rate of about 4 x10" atoms/s/n is obtained as shown in Fig. 15 (b), but this was ~30
times in magnitude higher than that of 2.45 GHz even though the wall saturation has been d-
ready seen at lower pumping rate. This difference is not due to the initial wall conditions. We
notice that the difference of CX flux blow 0.7 keV, where CX flux of 8.2 GHz is higher than
that in 2.45 GHz plasma. It means that particles with relatively low energy contribute to the
wall pumping. These CX neutrals damaged the wall and caused co-deposition of Mo on the
wall surface [35]. This structure change of the wall surface keeps capability of the wall pump-
ing, that is, refreshment of the wall.

6. SUmmary

The three major issues for SSO have been investigated in fully nornrinductive plasmas at the
high magnetic field (B = 6-7 T). The SSO aspects for each issue, that is, onset of the transition

(several tg), sustainment of the improved state (>10°t¢), current profile modification and self-
organization (~20 tyg), wall recycling, pumping and saturation on density control (t eyde.
tierma) @re studied on each characteristic timescale. The results are summarised bel ow.

The operation window of the HIT could be expanded by increasing RF power. Both ion energy
and particle confinement properties are enhanced during the HIT phase. The physical mecha-
nism for ion heating in LHCD plasmasis studied and excitation of waves well corresponding to
ion heating are confirmed.

A new favourable mode ECD has been achieved & the higher density (> 1.7 x 10" m-®) and
higher power (> 130 kW) regime. The confinement improvement factor with respect to t rgrgop
is ~ 1.4. The power threshold for onset of the ECD and hysteresis power relation is investi-
gated. The hysteresis power width is ~ 0.27 Ryesoig- The current drive efficiency reaches
twice the empirically obtained <T.> dependent scaling. The ECD occurs with a time delay
once the drive power reaches the threshold vaue. This time delay is much longer than t g, but
it depends inversely on the RF power.

Current profile control experiments were performed using bi-directional LHW. When the cur-
rent is compensated by backward travelling waves, Shafranov L increases monotonically with

Psw. Above a certain power ratio L drops abruptly, which indicates that a self-organization
occurs on the driven current profile.

Self-organization is aso observed in the superposition experiments of 2.45 GHz and 8.2 GHz
LHW. Superposing the broader 2.45 GHz spectrum and varying its power it is found that the
current profile is spontaneously changed from a peaked profile to a broad one. However, at
some conditions, a certain power and density the current profile strongly tends to go back to the
previous peaked one.

Wall recycling, wall pumping and wall saturation have been investigated using very long pulse
discharges under al metal surface circumstances. The temporal evolution of the recycling coef-
ficient has been investigated in long pulse discharges and it is found that the recycling coeffi-
cient varies with two time constants of ~ 3 s and > 30 s, respectively. Wall pumping rate has
been evaluated and it is found that even once the wall pumping saturates, the wall starts to
pump out the particles via refreshment of the wall surface. In high power and high density
plasmawall saturation is one of the important issues to extend the discharge duration.
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