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Abstract

The overview of TRIAM-1M experimentsis described. The up-to-date issues for steady-state operationare
presented through the experience of the achievement of super ultralong tokamak discharges (SULD) sustained by
lower hybrid current drive (LHCD) over 2 hours. The importance of the control of aninitial phase of plasma, the
avoidance of the concentration of huge heat load, thewall conditioning, and abrupt stop of the long dischargesare
proposed as the indispensabl e issues for the achievement of the steady-state operation of tokamak. A high ion
temperature (HIT) discharge fully sustained by 2.45 GHz LHCD with both high ion temperature and steep
temperature gradient is successfully demonstrated for longer than 1 min in the limiter configuration. The HIT
discharges can be obtained in the narrow window of density and position. Moreover, the avoidance of the
concentration of heat load on alimiter isthe key point for the achievement and its long sustainment. Asthedfective
thermal insulation between the wall and the plasma is improved on the single null configuration, HIT discharges
with peak ion temperature> 5keV and steeper gradient up to 85 keV/m can be achieved by the exquisite control o
density and position. T he plasmas with high k ~1.5 can be also demonstrated for longer than 1 min. The current
profileis alsowell-controlledfor about 2 ordersin magnitude longer than the current diffusiontimeusing
combined LHCD. The seriousdamageto thematerial of thefirst wall caused by energetic neutral particlesproduced
via charge exchange process is also described. As the neutral particles cannot be affected by magnetic field, this
damage by neutral particles must be avoided by the new technique.

1. INTRODUCTION

The seady-state operation and the achievement of high performance plasma are most
important issuesfor tokamak fusionreactor. In these years, various improved confinement modes
have been found in many devices. On the other hand, steady-state tokamak discharges over 1 hour
have been proceeded only in the superconducting (SC) machine TRIAM-1M inthe world. Recently
the steady-state high performance plasmaisalso achieved on TRIAM-1M.

Thisexcellent machine of foresight had been proposed to achieve the following objectives
which were pointed out by one of the author a quarter century ago[1].

1) Development of the high-field superconducting magnet for fusion reactor and establishment

of SC magnet technology,

2) Development of steady-state tokamak operation using non-inductive current drive,

3) Investigation of impurity dynamics and hydrogen recycling,

4) Feedback control of non-circular plasma for steady-state operation,

5) Additiona heating for high performance plasma.
These objectives were consdered to be fresh at that time, although the issues concerning them are
well known and studied actively in many devices recently. They have been almost achieved through
the progresses of TRIAM-1M project successfully. However, through the experiments of steady-
state and high performance plasma, the other new issuesfor the fusion reactor have been madeclear.
These new issuesmay beimportant in order to realize the first fusion reactor in 25 years after. Before
the description of recent progress, wewouldliketo propose the new issues through the experience of
TRIAM-1M experiments in order to predict for future issuesin fuson research a quarter century
hence.

In this paper the outline of TRIAM-1M and the survey of process of super ultralong discharge
(SULD) are described in second and third chapters. T he recent progress, which are the high ion
temperature mode, the singlenull configuration, the current profile control and material studiesare
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described from the forth to seventh chapters inorder. In the last chapter this paper issummarized.
2. OUTLINE OF TRIAM-1IM MACHINE AND EXPERIMENTS

TRIAM-1M is the high-field superconducting tokamak with 16 toroidal field coils made of
Nb; (R=0.8m, ax b=0.12m x 0.18m)[2], which can produce the steady-state ssrong magnetic
field continuoudy. The maximum fieldreaches 11 T at windings and 8 T at the plasma center.
One of them was demonstrated its performance and stability in 1983[3] and the superconducting
system including the TRIAM-1M machine was completed in 1986.

At the initial stage of experiment, the impurities (CO, and H,O)were released from the
magnets because of repetition of mechanical vibrations dueto the electromagnetic force by plasma
productions. They wereaccumulated at the refrigerator for the cryogenic system. This phenomenon
obliged to turn off the refrigerator and the short runs of plasma experiment within a week were
repeated. In order to eliminate the impurities, an adsorber wasinstalled[4], and then the continuous
operation of the superconducting magnets system longer than 100 days has been demonstrated
successfully up to now.

T he plasma chamber is made of SUS304L and the poloidal D-shape limiters and toroidal
divertor plate are made of Mo. The surfaceof plasmachamber is cleaned effectively using el ectron
cyclotron resonance dischargecleaning (ECR-DC) without baking the chamber[5]. In ohmic heating
(OH) experiments, the maximum plasmacurrent of 420kA wasachieved and the elongation of the
D-shaped cross section (kK ~ 1.4) was obtained [6].

In order to realize the continuous steady-state operation, the non-inductive current drive
experiments have been carried out since 1987 usingthe 2.45GHz, 50kW lower hybrid current drive
(LHCD) system with a klystron and a4 x 1 grill launcher[7,8]. In 1989 the 1-hour ultra long
discharge was abtained[9] and finally the 2-hour discharge was demonstrated in 1995[10]. Onthe
other hand, aiming the operation of a high density region which is comparable to the D-T burning
dengity in JET and TFTR, the high frequency LHCD experiments have been carried out using an
8.2GHz, 200kW LHCD system with 8 klystrons anda 8 x 2 grill launcher[11]. Then in 1995, the
high density plasma was maintained for ~1 min, so the posshility of the steady-state tokamak
operation with a reactor-grade plasma dendity sustained by non-inductive current drive could be
indicated[10].

Furthermore TRIAM-1M has a unique equipment with acollector probe on which the various
specimens are exposed to a plasma during the real long-time discharge, and the plasma-wall
interaction have been investigated[12,13].

The problems of impurity dynamics, hydrogen recycling[14] and heat load being never
experienced in pulsed plasmas have been made clear from the experiences of these long-time
experiments[10].

Recently the high-performance of dseady-sate plasmas have been demondrated in
experiments on TRIAM-1M. The single null configuration with high elongation K has been desired
for future reactor both to remove the H, ash and the huge heat load and to improve the plasma
performance. The improved high temperatiure mode and the current profile control are
important factors of high performance plasmafor fusion reactors. These kind of experiments have
been investigated in many devices, however, ailmost of them have been carried only in short pulses
upto several secexcept TRIAM-1M. From the view point of asteady-state reactor operation the
control technique to maintain the high-performance plasma has to be established.

In TRIAM-1M experiments, the several world records of long sustainment for high-
performance plasmas have been achieved in last two years. The single null divertor configuration
with Kk ~ 1.5 has been successfully maintained for 1 min by 2.45 GHz LHCDJ[15]. The hot ion
temperature (HIT) mode (T; > 2keV) has been successfully maintained for longer than 1min by
exquisite control of the density and position on the limiter configuration, using only the 2.45 LHCD
system without other additional heating, and especialy on the divertor configuration Ti of 5keV
has been achieved[16]. Furthermore the control of the global current profile have been carried out
for 50 times longer than the current diffusiontime by combination of two LHW's (2.45 GHzand 8.2
GHz) with different parallel indexes spectra[17].
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On the other hand, from the investigation of plasma-wall interaction in the long-time
operation on TRIAM-1M, the problem is made clear that the damage against the wall due to the
neutral particles should be so serious, and the new technique must be devel oped[18].

After the next chapter the details of the experiments on TRIAM-1M will be described.

3. EXPERIMENTS OF SUPER ULTRA LONG DISCHARGE (SULD)
3.1 Developments and issuesfor 3-min discharge

In 1988, the first long pulse tokamak plasmafor longer than 3 min wasachieved [7,8], based
on the essential developments asthe following; 1) construction of superconducting (SC) magnets
made of Nb;Sh, 2) stable operation of tokamak with SC magnet, 3) continuous wave (CW)
microwave system for non-inductive current drive, and 4) the plasma production by flux swing
generated by the decrease in the center solenoid coil current. The 3-min tokamak discharge wasthe
first step of steady state operation and some issues appeared.

Thefirg oneisthe drift of the integratorsfor magnetic coils. The magnetic measurement
plays an important rolein the operation of tokamak. Infact, the 3-min dischargestopped dueto the
error caused by the accumulated drift of integrators. T his showed clearly that the conventional
method using magnetic coils wasnot available in the long discharges.

Second isthe issue concerning the data acquisition system. In the case of long time or steady
state operation, it isimportant to monitor and control the plasma condition continuously duringthe
discharge. However, conventional systems cannot follow these operation asit showsthe resultsafter
each discharge. Moreover the memory prepared in a CAMAC moduleis not sufficient, therefore it
isimpossble to sore the data with high time resolution for the whole of along discharge. These
issues become more serious with the increasing of the discharge duration time.

3.2 Developments and issuesfor SULD

In 1989, the SULD for longer than one hour wasdemonstrated by the progresses[9], those are
the adoption of the Hall generators for the measurement of the magnetic field and a new data
acquisition system.

The Hall generators can measurethe local magnetic field directly, therefore they arefreefrom
the problem of the drift of integrators. However, the time response of the Hall generators is not so
high for the fagt change in the magnetic field as observed in the break-down and current ramp up
phases. Therefore, the plasma position was controlled with the usual magnetic coil system at the
initial phase of the discharge, and the Hall generator system wasused in the subsequent phase.

Asfor the data acquistion system, the continuous monitoring and data acquisition system,
which iscalled "cyclic processng’, was also developed [19]. On thisnew system, multiple lines of
data processing are running smultaneoudy and each line of processing is switched in the regular
interval. Thissysem has been successfully applied to SULD. Moreover event trigger method was
also establishedto acquirethe data with a high time resolution around some interesting events during
long duration discharges[20].

Theissue of the heat load appears in one-hour discharges. T he heat load from the plasma
sometimes concentrates on acertain point of a poloidal limiter, wherethe point becomes bright (hot
spot), and it sometimes causesthe intense sputtering. The hot spot isthe source of impurity, andthe
performance of the plasmawas sometimes declined by the hot spot. To avoid the appearance of the
hot spot, i.e., concentration of heat load, the position control of plasmaissignificantly effective.

At firgt, the plasma podtion and fueling were controlled in the manual manner, because
appropriate operation of the plasmaposition and the fueling hasto bederived from many input data,
for example, plasma current, postion, microwave input power, coupling, density, temperature,
behavior of impurity, and so on. However, the manual control strongly depends on the “ know-how”
of the operators. From the hugeexperimental data and the accumulated experiences, two important
points for the steady-state operation are made clear.

One isthe avoidance of the hot spot. The position control using the TV image of the plasma
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cross section and the poloidal limiter is suitable for this purpose. When the hot spot appears, the
bright point on the limiter iscaught by the TV image and the automatic control system makesthe
plasma moved in the inverse direction of the bright point to eliminate the hot spot. The distance and
the speed of the movement of the plasma to avoid the hot spot is just “know-how” and the
appropriate operation can be obtained from many experimental data.

The other is the fueling control taking the hydrogen recycling property into consideration.
Temperature of wall and hydrogen recycling property changesgradually during the discharge aswell
as shot by shot. Moreover the amount of the fuel adsorbed into the wall varies shot by shot, because
it dependsmainly both on the previous shots and on the present shot. Therefore, the fueling control
must be adapted itself to adjust the changein the wall condition. In order to cope withit, the fueling
control system has beenimproved by the feedback control usingthe Ha signal. The intensity of Ha
line corresponds to the influx of the fuel to the core plasma. Asthe influx of the fuel isproportional
to the electron density in steady state, the fueling control using the Ha intensity isalso sensitiveto
electron density.

Based on the two improvements, a longer discharge than 2-hour could be achieved by the
automatic control in 1995 [10]. This isamilestone of the steady-state operation of tokamak. The
progresses of steady-state operation on TRIAM-1M are summarized in Fig. 1.
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Fig.1. Progresses of steady-state operation usng 2.45GHz LHCD on TRIAM-1M. The main
parametersis smilar in all of the dischargesin thisfigure, 1,~20KkA, n_e~1.5x1018m'3, T~0.6keV,
T~0.5keV, Bi=6T, Pre~20KW.

3.3 Time scale for steady state during SULD

The characteristics timescaefor steady-state should beinvestigated in the SULD. The plasma
was maintained in the limiter configuration by the microwave of 2.45 GHz, 20kW and the plasma
current (~20kA) wasdriven by the energetic electrons drifting in the toroidal direction. Inthe limiter
configuration, heat load by the plasma concentrates on the poloidal limiter. The many plasma
parameters, for example dendty, plasma current, temperature, and so on, are kept constant during
the discharge. The impurities estimated by the vacuum ultraviolet (VUV) become constant (O ~2%,
Mo ~0.2%) [21] and they do not change sgnificantly during discharge [9]. Thisis a preferable
phenomenon for the seady-state operation, because the contamination and concentration of
impurity in the core plasmaprevent from maintaining the plasma. These plasma parameters become
congtant in early time of the discharge, because characteristics time scale depends on the energy
confinement time, T (~10ms) and current diffusion time, T,z (~200ms). The recycling ratio, which
significantly affects the performance of plasma, gradually increases and then reaches about unity as
shown in Fig.2. It takeslonger than 30 secto become constant. This characteristic time scaleisone
of the longest time scalerequired to become steady state. This shows that the duration of longer than
30 secishecessary to obtain the steady-state condition in the view of the performance of the plasma.

The mog important and difficult problem during steady-state discharge isthe control of the
wall condition, because temperature of the wall and the limiter increases and consequently the wall



ov2/3

condition gradually changes duringthe discharge. Inthe 2-hour discharge, the time evolutions of the
temperature of the wall andthe limiter are shownin Fig. 3. The characteristic time scaleis about 30
minutes. In order to investigate the performance of the steady state plasma, 1-hour discharge is
necessary from the view point of the wall condition.
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Fig. 2. Time evolutions of the recycling ratio of the low density discharge ( n, ~0.2x10"°m, 1 ~21KA,
B=6T) sugtained by the 2.45GHz LHCD with ~20kW (open circles) and the high density discharge
(N, ~1x10"°m, 1,~23kA, B=7T) sustained by the 8.2GHz LHCD with ~100kW (open squares).
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Fig. 3. Time evolutions of the temperature of (a) the limiter and (b) the wall in the case of the 2-
hour discharges.

3.4 Long duration discharge in the high density region

Steady-state operation in high density region (n_e ismore than 1x10'° m™®) has been executed.

The 8.2 GHzLHCD isutilizedfor the sustainment of the plasma current. The line-averaged electron
density reaches upto ~2 x10"° m*and the duration of the dischargein the high density region exceeds
1 min. Two important pointsare made clear from the high density discharge. Oneisthe recycling
property. Therecycling ratio also increases gradually and it approachesto unity. It takes about 20
sec to become congtant as shown in Fig. 2. It isfound that the time scale for the saturation of the
recycling ratio corresponds to afew 10 sec even in the high density plasma.

The other isthat the termination of the discharge ismainly caused by the wall saturation, that

isthe recycling ratio isexcessof unity. The electron density abruptly increases without the gasfeed
in the end of discharne The denditv contral dnes not work well ingt befaore the termination of the
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discharge. The abrupt wall saturation may be caused by the large outflux of the particles, because
outflux of the high density plasma(~ 2x10%° particles/s) is about 4 times larger than that of the low
density plasma. The wall saturation may become alargeissuefor steady-state operation in the high
density region.

3.5 Heat load issuefor future fusion reactor

Heat load issueisalsoimportant in steady-state operation. Heat load levelsin many devicesare
summarized in Fig.4.

Heat Load (MJ / m?

Discharge duration (sec)

Fig. 4. Heat load as the function of the duration of the discharge. The data of TRIAM-1M were
estimated asthe heat load at the limiter and the otherswereestimated asthe heat load at the divertor
plate. The dotted lines in the figure show that the heat flux is constant. In high density dischargein
TRIAM-1M, heat flux is comparable to large tokamaks.
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Fig. 5. Current drive products (n_e El,) in 8.2GHz LHCD plasma as the function of the duration of

the discharges. The current drive product is proportional to the input power, if the current drive
efficiency is constant.
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The heat load of the 2-hour dischargeon TRIAM-1M at the limiter (more than 1GYm?) iscompared
to the divertor plate of ITER. This huge heat load generates the hot spot and intense sputtering on
the limiter, which sometimes make the plasma performance declined. Figure 4 showsthat the hot
spot and intense sputtering may occur in the divertor plate on ITER and this hugeheat load has been
realized on only TRIAM-1M in the world. T his circumstances concerning heat load are suitable to
investigate the characteristics of the material for the fusion reactor. The issue of the heat load has
appeared aready in TRIAM-1M as shown in Fig.5. It showsthat the duration of the discharge is
limited by the heat load. The steady-state operation in low current and density can be realized by the
capacity of acooling system of TRIAM-1M, however, it isimpossible to obtain the SULD in high
density region without the improvement of cooling system.

3.6 Issuefor current drive efficiency of non-inductive current drive

Current drive efficiency isthe important index for the steady-gate cost-effective tokamak
reactor, and required efficiency correspondsto 0.2-0.3x10?° A/Wm™. The current drive efficiency
OF LHCD issufficient for the requirement of tokamak reactor in many tokamak devices. However,
these current drive efficiency have been estimated not in full current drive dischargebut in the partial
current drive discharge asssted with the OH electric field. It should be noted that the current drive
efficiency of LHCD estimated in the OH plasma does not follow the synergetic effect between OH
electric fieldand LHW. In TRIAM-1M, the invegtigation of the effect of OH electric field for the
current drive efficiency is carried out and the result is summarized in Fig. 6. The current drive
efficiency is dgnificantly enhanced by the OH electric field. The enhancement factor strongly
depends on the value of the OH electric field and it reaches over 3. Thisindicates that the non-
inductive current drive efficiency in the plasma assisted with the OH electric field isover-estimated
[22].
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Fig. 6. Current drive efficiency as the function of loop voltage. The zero loop voltage cases
corresponds to thefull current drive plasma sustained by LHCD for longer than the current diffusion
time.

3.7 Other issuesfor steady-state operation

Two largeissues are made clear through thereal experiments of steady-state operation. Oneis
that the dischargessometimes stop abruptly, although the automatic control isactive. The causeof
this abrupt stop of the dischargeis not clear. One possibility isthat largeMo grainsgenerated by the
sputtering from the limiter may plunge into the plasma. If this hypothesis istrue, it may bedifficult
to avoid the abrupt termination of long discharges. The solution will be the avoidance of the
concentration of heat load by the plasma as possible.

T he other isthe difficulty of the plasma control at the very early phase, especially break-down
phase asshownin Fig.7. The difference between these two dischargesisonly in the horizontal plasma



ov2/3

position of about 20 mm. In the caseof short dischargedue to the plasma disruption, the interaction
of plasmawith the limiter at the break-down phase may have sputtered the impurity from the limiter.
Asthe reault, the plasma current is not sustained by LHCD in spite of the effort of the control
system. Thisindicatesthat the control in the very early phase of plasmaisone of key points for the
steady-state operation of tokamak.
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Fig. 7. Typical examples of the discharge (a) operated well and (b) operated bad in very early phase.
It should be noted that the small difference of the horizontal plasma position in the early phase
causes large effects.

4. ACHIEVEMENT OF HIGH PERFORMANCE PLASMA AND ITS LONG SUSTAINMENT

Recently a long duration discharge with the high ion temperature (HIT) mode has been
obtained using 2.45GHz LHCD on both the limiter and the single null configuration[16]. The ion

temperatures T;, and T, , have been measured with two kinds of neutral particle analyzer (NEA),
NEAP (6~90 K) and NEAT( 6~36 K) respectively, here 0 isthe anglebetween the line of sight and

toroidal direction. The HIT modeis obtained under the following conditions; 1.4x10**m® n_

e
2.0x10®¥ m®and-2.5cm AR(=R-R;) -0.5cm in the limiter configuration, where R means the
horizontal plasma position. However, as the horizontal position of the plasma must be controlled
tightly in the single null configuration, andthe position scan can not be carried out inthe singlenull
configuration. T he dendty window is the amilar both in the limiter and sngle null configurations.
The HIT mode has been successfully maintained for 1 min by exquisite control of ARand n,asshown
in Fig.8.

The HIT mode ischaracterized by the steep temperature gradient formed around half of the
minor radius as shown in Fig.9. This suggeststhat atransport barrier isformed in the middie of the
plasma. A transition from low ion temperature (LIT) to HIT sometimes takes placein the fast time

scale ( 10ms). At the trandtion, both T, and T;, measured with NEAT and NEAP change

simultaneously within the sampling time of 10ms. Thisindicatesthat T; becomesamost isotropic at
any time and the energetic ions with small v, are well confined at least during the estimated value of

pitch angle scattering time (~8 ms for 6=36 K).
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Fig. 8. Time evolutions of T; at r~Ocm (closed Fig. 9. Radial Profilesof T, at r~Ocm in the HIT
circles) and r~3.6cm (closed sguares) in long mode (closed circles) and the LIT mode (open
sustained HIT discharge. circles).

These experimental results indicate that 1) effective ion heating takes place in the full LHCD
plasma, 2) energetic ions are confined well by the weak poloidal field. In HIT region, ion heating does
not occur by direct heating vialinear mode conversion process of LHW. Moreover the power viathe
dowing down processalmost flows from energetic electronsto bulk electrons. Mechanism of ion
heating may bethat the wave excited by the energetic electrons accelerated by LHW interacts with
ions. The electromagnetic (EM) wave emitted from the plasma are detected by a horn antenna
through a quartz vacuum window. Main part of the EM wave corresponds to the wave with the
frequency of the 2.45 GHz. Thisis clearly originated from the injected microwave of 2.45 GHz
LHCD. The EM wave at the frequency of the 2.45} 0.4 GHz is sometimes observed. This sideband
wave isoriginated by the scattering process of the waves of 2.45 GHz and 0.4 GHz, therefore, the
signal of sidebandwave showsthat the wave with the frequency of 0.4 GHzexists inthe plasma. This
wave of 0.4 GHz may have arelation to the ion heating, becausethe time evolution of the power of
the EM wavecorrelates withthat of the ion temperature as showninFig. 10. Around 6 s, T, isclearly
higher than T, and ion heating takes place. At that time, the amplitude of the EM wave of the
sideband increases and the abrupt decrease of both T; and amplitude of EM wave occursat 7.5 s.
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Fig. 10. Top figure showsthe time evolution of the amplitude of EM wave at the frequency 2.45 GHz
- 0.4 GHzmeasured with a spectrum analyzer. The amplitude of pump wave (2.45GH?z) is about 30
dBm. Bottom figure shows the time evolution of T; at the plasma center.
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As for the confinement of energetic ions, athough the mechanism is not made clear, the
energetic ions by weak poloidal field may be confined well by the presence of appropriate negative
radial electric field shear. The study for the confinement of energetic ionsin the weak poloidal field
must be continued further, because the same situation is consideredin the fieldof a particlephysics
in areactor plasma

The optimum window for HIT may bequalitatively explained as the following. For the density
window, the coupling of LHW to the plasmaand the slowing down process of energetic electrons play
an essential role. Inlow density side of the window, electrons are easily accelerated, but the coupling
between the plasmaand LHW becomeworse. Onthe contrary, the improvement of the coupling are
competed with the enhancement of the slowingdown process in high density side of the window. As
the results, the number of energetic electrons hasan optimum value at the appropriate density. For
the position window, the coupling and the loss of energetic electrons are essential. An outward shift
of plasmaimproves the coupling. However, as the orbitsof energetic electrons shift outward, the
energetic electrons frequently hit the limiter and the launcher of LHW . On the contrary, inward
shift of plasma reducesthe loss of energetic electrons, but it makesthe coupling of the LHW with
plasma worse. Therefore, the number of energetic electrons has an optimum value at the appropriate
position.
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Fig. 11 Thevaluesof T; (open circles)and / T, (solid circles) just beforethe transition fromHIT to
LIT as the function of the discharge duration.

The maximum valuesof T; and / T;seem to belimited in the HIT discharge asshown inFig.
11, although the maintenance of the HIT mode does not depend on duration of the discharge. The
maximum value of / T; reaches up to 85 keV/m, which is comparable to / T; in the internal
transport barrier on the large tokamaks. Asthe MHD instabilities are not observed just before the
transition from HIT to LIT, the direct cause of the termination of the HIT mode isnot madeclear.

When the hot spot sometimes appears in the very early phase of the discharge on the limiter
configuration, the HIT mode can not be obtained for the wholeof the discharge. This suggeststhat
the impurity generated by the hot spot plungesinto the core plasma and it prevents from achieving
the HIT mode. It should be noted that the performance of the plasma is not recovered after the
extinction of the hot spot appeared in the very early phase. Thisindicates again that the postion
control in the break-down phase isvery important to achieve the high performance plasma.

Generally speaking, the HIT experiments on TRIAM-1M is the good news of steady state
operation of tokamak, becausethe high performance plasmacan bemaintained by exquisitecontrol
for the longer time than the required time for seady recycling ratio. While, the high performance
results in the large tokamaks may not reach the steady state condition, but remain transent
phenomena in the view point of the recycling. This result of TRIAM-1M indicates that the
steady-state high performance plasmawith / T; ~60 keV/m can be obtained by the exquisitecontrol
for the whole of dischargesincluding the very early phase.
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5. @GRECENT PROGRESSES OF THE PLASMA ON THE SINGLE NULL CONFIGURATION

Establishment of technique to maintain long single-null configuration with high elongation, K,
has been desired for the futurereactor both to remove the huge heat load andto improve the plasma
performance [15]. Figure12 showsthe summary of the achieved Kk plotted as afunction of discharge
duration in various tokamaks in the world. This figure clearly shows the difficulty of the long
duration discharge with high k. Generally speaking, main reasons of the difficulty are vertical
displacement event (VDE) and power handling on the divertor plate. Although dischargein circular
limiter configuration was successfully maintained for longer than 2 hours using hall generators
without drift problem of integrator, VDE cannot be avoided inthe single null configuration because
of the dow time response of hall generators. Vertical position control system wasimproved to aim
at the long duration sustainment of the singlenull divertor configuration by LHCD and the control
asfast asthe skintime of the vacuumwall wastried. Although the present duration time islimited by
both V?t value of the power supply for vertical position control and the drift of the integrator, where
V and t show the voltage and the duration of power supply and the value of Vt correspondsto the
calorific power of the power supply, the single null configuration with Kk ~ 1.5 for 1min by 2.45 GHz
LHCD only; Pge =22 kW, B,=6 T, n, =1 x 10 m*, T, = 600 eV, |, = 23 kA was successfully
achieved. This result indicates that the steady-state discharge of high k in the single null
configuration. is possible by developing quick-responsible and long-time-measureable magnetic
Sensor.
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Fig. 12. Plasma elongation, k, asa function of the discharge duration in various tokamaks. The
data on the single null configuration in TRIAM-1M (open circles) and in other tokamak (open
triangles), on the limiter configuration in TRIAM-1M (close circles) and in other tokamak (close
triangles) are plotted in the figure.

The energy of 200 MJ has been injected into the plasma in the limiter configuration. The hot
spot and the intense sputtering sometimes appears during the long discharge dueto the hugeheat |oad.
While, the hot spot and the intense sputtering does not occur in the single null configuration. This
showsthe better power handing in the single null configuration can be achieved than that in the
limiter configuration. The input energy to the divertor plate has been measured with the temperature
rise of cooling water of the divertor plate. The therma input calculated by integrating the
temperature risesmultiplied by the water flow isplotted asafunction of dischargeduration in Fig. 13.
At first, the plasma isproducedin limiter configuration from 0to 4 s. Duringthis phase, the thermal
input to the divertor plate is not detected as shown in Fig. 13. From 4 sto 6 s, the plasma
configuration isdrastically changed and the single null configuration isformed at 6 s. After 6 sthe
thermal input to the divertor plate increaseslinearly with the dischargeduration. From the slope, the
input power isestimated to be 10 kW, whichisabout 30 % of the energy lost from the plasma. This
result indicates that apart of the input energy flowsto the divertor plate instead of the limiter, and
consequently the hot spot isdifficult to be formed.
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Fig. 13. Input energy to the divertor plate as the function of the discharge duration in 8.2GHz
LHCD plasma. The single null configuration isformed completely at 6 s.

Asapart of input energy flowsto the divertor plate, the heat loadto limiter isreduced and
consequently the hot spot and intense sputtering is difficult to take place on the sngle null
configuration, compared with the limiter one. The improved thermal insulation between the wall and
the plasmaon singlenull configuration bringsto higher performance plasmaasshowninFig. 14. The
maximum ion temperature reaches at more than 5 keV.
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Fig. 14 Timeevolution of T; (closed circles). The configuration ischanged gradually from4 sto
6sand at 6 s, the single null configuration isformed completely.

6. CURRENT PROFILE CONTROL USING COMBINED LHCD

Recently the controllability of the magnetic shear (i.e., current profile) has beeninvestigated
from a viewpoint of correlation with the various improved confinement modes. In the present
method, the negative shear isformed by increasing the current diffusion time using the neutral beam
heating at the current ramp-up phase. However, this methodis not available for the steady-state
plasma. Asfor the method of the current profile control using LHCD in many devices, the discharge
duration is not enough becauseit isshorter than the current diffusiontime. The development of the
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non-inductive current drive method isindispensable to sustaining the current profile in the steady
state. Asfor the current drive efficiency, in many devicesit is estimated under such a best condition
as the electric field exists in the plasma as described in the section 3.5. It is an important issue
whether the improvement of the current drive efficiency can consist with the control of the current
profile in steady state.
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Fig. 15 Demonstration of the controllability of current profile using combined with 8.2GHz and 2.45
GHz LHCD. Insets show the radial profile of hard X-ray of 80 keV emitted from energetic electrons
driving plasma current.

The controllability of the current profile has been investigated by the combination of
2.45GHz and 8.2GHz LHCD with different spectra of paralel refractive index (N,) [17]. The
2.45GHz LHW is superimposed on the high density plasma sustained by 8.2GHz LHCD (8.2GHz +
2.45GHz LHCD). The controllability of the current profile in 8.2GHz +2.45GHz LHCD isshownin
Fig.15. Shafranov A (=3, + |;/2- 1) remarkably reduces depending on the power of 2.45GHz LHW,
P«(2.45GHz). Theinternal inductance |; isestimated using A and 3, , which isobtained in akinetic
manner. From this estimation, the value I; decreases with P;(2.45GHz) and the change in [; isupto
about -0.4. It suggeststhat the current profile becomes broad with P4(2.45GHz), which issupported
by the measurement of hard X-ray emission profile viewing vertically as shown in the insets of
Fig.15.

In the combination of two LHW'’ s, the current drive efficiency isimproved by afactor of about
1.5 times (~0.4x10"°Am?W™). The effective temperature of the high energy electrons estimated
from the slope in the spectrum of hard X-ray emission increases by afactor of 1.2 times by
superimposing the 2.45GHz LHW, although it doesnot change by increasing only P:(8.2GHz). This
suggeststhat the higher energy electrons are accelerated by superimposing the 2.45GHz LHW and
therefore the local current density may be changed.

The well-controlled current profile can be succesfully sustained for about 2 orders in
magnitude longer than the current diffusion time (1, ,g~200ms) and moreover and the current drive
efficiency isimproved by the combined LHCD. This indicates that the compatibility of the profile
control and sufficient current drive efficiency isachieved by the combined LHCD.

7. PLASVMIA-WALL INTERACTION AND INTERACTION AND MATERIAL STUDIESUSNG
LONG
DISCHARGES

High energy charge exchange (CX) particles emitted from the core plasmabombard the plasma
facing wall and result in the sputtering and formation of lattice defects in the materials. The defects
may affect material properties such asthermal conductivity and mechanical strength. The behavior
of CX-particles andtheir effects on materials have been studied by exposing the material specimens
to the long duration discharge plasma of the TRIAM-1M by using a collector probe system [18].
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Fig. 16. TEM dark field images showing radiation damage in molybdenum placed at plasma facing
side by exposing to the high ion temperature discharges.

Thetransmisson electron micrographs (dark field images) in Fig. 16 show typical damage in
molybdenum specimens exposed to plasma by inserting in the scrape-off layer through ahorizontal
port; 6mm behind the poloidal limiter surface. In order to eliminate the effects of the charged
particles and to collimate the incident directions of the neutral particles, the specimens were
mounted in the holes ( 2 mm in diameter and 4 mm in depth) at the plasmafacing sde. The holes
direct to the five different directions from the bottom to the top of the plasmawith semiangleof 14
degrees. They wereexposed to successivehigh ion temperature discharge (hydrogen plasma, limiter
configuration) sustained by lower hybrid current drive (2.45GHz). Typical plasmaparameters wereas

follows, T;=1.5~2.5keV, n_e =1.5x10'%/m3, | =20~25kA. T he duration time of each discharge was

about 1 min andthe total duration time reached 31.5 min. The temperature of the specimen holder
during exposure was almost constant at about 23°C. Such type of material irradiation experiment,
which requireslarge accumulation of particle load, cannot beperformed so easy except TRIAM-1M.
As shownin the figure, dislocation loops (aggregates of radiation inducedinterstitials, small white dot
images) were formed with strong specimen direction dependence. Namely, considerable amount of
damage (defect density: 3-4x10'°/m?) was observed in the specimens directing to the lower side (-
45, -30 degrees) andthe plasma center (0 degree), whilealmost no damage for those directing to the
upper sde (30, 45 degrees). These results imply that CX-neutrals with enough energy to cause
radiation damage in metalswere mainly formedin the lower half of the plasma. Accordingto the
gsereo-observation, the defects distribute up to 40-50nm in depth, which correspondsto those for
the damage production by hydrogen particlesranging from 3 to 6 keV. Thisfact meansthat some
part of CX-particles have energy of several keV, which is enough for radiation damage in
molybdenum, and is correspond well with the result of energy spectrum measurement of neutral
particles with NEA. By comparing quantitatively with hydrogen ion irradiation experiments carried
out before, the flux of the hydrogen neutrals responsble for the damage was estimated to be about
1.5x10"/m?/s. It must be pointed out that this flux is not low from the stand point of material
damage. As demonstrated in Fig.17, which showsthe evolution of radiation damage in molybdenum
under 2 keV hydrogen ion irradiation, the amount of the defect reaches saturated level by the
irradiation about 10%iongm? [23] and results in strong surface hardening [24]. Due to strong
interaction between hydrogen and the radiation induced interstitial atoms, formation of the
didocation loops is enhanced very much under hydrogen irradiation [25]. Figure 18 shows
macroscopic damage of a pre-thinned tungsten foil, which was located at 6mm behind the poloidal
limiter surfacefor one experimental campaign. The specimen wascracked along grain boundaries. | t
seems that the energetic hydrogen atoms, which can penetrate into the subsurfaceregion through the
surface, diffused into the bulk and brought the hydrogen embrittlement. These experimental results
indicated the influences of the energetic hydrogen influx are not restricted in the surface and shallow
subsurface range but may change even the properties of bulk materials [26].
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The localized formation of energetic CX-neutrals at the lower half of the plasma indicates
stronger sputtering and radiation damage at the bottom of thetorus. The present results are also
important for understanding and assessment of eroson and damage of PFC and also for impurity
behavior.

Fig. 17. TEM bright field images showing radiation damage in molybdenum under 2 keV hydrogen
ion irradiation at room temperature.

| un-exposed specimen | exposed specimen || SEM image

Fig. 18. Macroscopic damage of pre-thinned tungsten specimens placed on the inner wall of the
vacuum vessel for one experimental campaign (about 3 months).

8. SUMMARY AND CONCLUSION

The up-to-date issues and demonstrations for approach to future fusion reactor are proposed
as the following through the experience of the achievement of super ultra long tokamak discharges
(SULD) sustained by lower hybrid current drive (LHCD) over 2 hours.

1) Issue of the control of initial phase of plasma.

2) Issue of the avoidance of the hot spot.

3) Demonstration of the recycling property.

4) Issue of the abrupt stop of the long discharges.

5) Demonstration of steady-state high performance plasma.

6) Issue of the development of new control to maintain the plasma with high k.

7) Demonstration of the long discharge with the favorable current profile.

8) Issue of the serious damage to the material caused by energetic neutral particles.

These issues and demonstrations may become guide for future fusion reactor.

The position control isvery important to avoidthe hot spot, especially inthe initial phase of
plasma the bad control sometimes causes the plasma disruption. The time scalerequired to reach the
steady recycling ratio isabout a few tens seconds, which does hot depend on the electron density so
much. This time scale isthe standard for steady-state operation. The transport barrier could be
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maintained for longer than 1 min andthisindicatesthat the high performance plasmawith transport
barrier can be maintained in steady state. In TRIAM-1M, the steady-state plasma both with highk
on the singlenull configuration and with controlled current profileusingthe combination of LHW’ s.
are successfully demonstrated. These efforts for the steady-state operations has been carried out to
obtain the steady-state higher performance plasma.
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