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Abstract

LONG SUSTAINMENT OF JT-60U PLASMAS WITH HIGH INTEGRATED PERFORMANCE

This paper treats the recent development of quasi-steady ELM)B@igkmode discharges
with enhanced confinement and higfstability, where i) long sustainment time, ii) increase in
absolute fusion performance and iii) expansion of the discharge regime towargs|ov8)are
emphasized. After modification to the new W-shaped pumped divertor, a long heating time (9sec)
with a high total heating energy input of 203MJ became possible without harmful increase in impurity
and particle recycling. In addition, optimization of the pressure prdiidgacterized by the double
transport barriers, electron density and / or high triangukaegtyabled us to extend the performances
in long pulses the DT equivalent fusion gal@y1¢%0.1 § =0.16) was sustained for ~9 sec (850
~10r,") and Qyr®%0.16 § = 0.3) for 4.5s at,F1.5MA. In the latter case, H-factor it/ TER89PL)
~2.2,B\~1.9 and3,~1.6 were sustained with 60-70% of noninductive driven current. In theglpw q
(=3 ) region, theB-limit was improved by the high (~ 0.46) shape whefi~2.5-2.7 was sustained
for ~3.5s with the collisionality close to that of ITER-FDR plasmas. The sustafatddimited by
onset of the low-n resistive modes. The direct measurement of the island width shows the agreement
with the neoclassical tearing mode theory. The edge pedestal\wisitd in the ELMy phase evolves
gradually with increasing; &t the pedestal shoulder and the saturated width (10-151;,mLMA) is
2-3 times larger than that in the ELM-free phase. The widtedis proportional to (a/F@)5ppi. The
limit of the edgen-parameter increases with increasdqgvhich is the main reason of the improved
high{3 stability in a long pulse by high-The sustainable value BfH increases with increasirdy

1. SUSTAINMENT OF HIGH PERFORMANCE

Toward thesimultaneouschievement of i) high confinement , ii) highiii) high bootstrap
fraction and iv) high efficiency of heat and particle exhaust istdely-statedischarges have been
optimized in JT-60U based mainly on the hfghH-mode with g(0)>1. Up to,+#1MA, an
optimized pressure profile with high triangularity (=0.35) enabled the favorable integrated
performance sustained for 2 s with H-factor~ 2.5@FpeB under full non-inductive current drive
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Fig. 1: Sustainment of @®9and ByH . Long sustainment became possible with the new divertor.
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Table 1: Parameters of long pulse discharges (¥¢D: E29941="long' , E30006=" high Q', E32218=" low-q'

shot I By0) Kk 3 dgs5 Paps Mp(©) Me fow TiO/Te© By By T Hgg fin TeM Hogy Qft 4t Avrglol
time(s) MA T MW 1019/m3 keV s s s

29941 15 37 158 016 4.0 221 41 41 051 88/42 168 128 018 161 0.75 0.13 090 0.11 85 486
10.0

30006 15 36 156 030 45 150 45 31 043 11.0/6.0 198 155 032 233 0.75 024 118 018 45 143
5.1

32218 11 21 143 046 33 112 29 26 052 85/53 268 155 023 215 0.68 0.15 1.02 0.08 28 124
8.2

dw/dt=0, fg\y=electron density normalized by Greenwald limit, f,= fraction of thermal component
ripple & orbit loss subtracted ( 8.8%(E29941),14.8% (E30006), 15.5%(E32218))
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Fig. 2: (a) Evolution of the 9sec-ELMy H-mode. The total NB heating energy reached 203MJ without increase
in carbon brightness and particle recycling. (b) With the open divertor, carbon burst was observed at ~70MJ.

(bootstrap ~60%) [1,2]. Recently, with the new W-shaped pumped divertor [3], the high performance
discharge regime was extended to the new long-pulse region. The sustained values of the DT
equivalent fusion gain §®9 andByH are shown in Fig.1, and the main parameters of the three
typical discharges are listed in Table 1. In this paper, the ripple and orbit losses of the injected NB
power (~15%) calculated by the OFMC code was subtracted in evaluating the absorbed heating
power. The H-factor is defined as the confinement improvement from the ITER-89PL scaling.

As for the longest sustainment (E29941) , the ELMy H-mode wi#f9%0.1, H-factor ~1.6,;T
(0)~9keV and3y~1.7 was sustained for 9 sec (¥50 under a high NB power of 20-25MV\{,#|1.5
MA, B=3.6T,8=0.16 ) (Fig.2(a)). Since the effective particle confinement t&ghevas ~ 0.7-0.8s.
the sustained duration was sufficiently long compared to the particle confinemerg*oflm this
discharge, even with the high total energy input up to 203MJ, no increase in impurity (carbon) and
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Fig.3: Time evolution of the higif, ELMy H-mode discharges. (a) £}°9~0.16 and (nc)Jn inductive current
drive fraction ~60-70% were sustalned for 4.5%0.30). (b) By ~2.6 was sustained for 2.8s ag&r3.3.
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particle recycling was observed. Before the divertor modification, an increase in carbon (Fig.2(b)) and
recycling degraded performance at ~3 sec duration of high power (20-30MW) heating (~70-100MJ of
the total energy input).

In case of highe&r (=0.3), (Fig.3(a);E30006), the better performance wihe3-0.16, H-factor~
2.2,By~1.9 andB,~1.6 were sustained for 4.5 s with 60-70% of non-inductive driven current (by
ACCOME code) at a relatively high density of ~43% of the Greenwald limid=8146 (E32218), a
high value of3y=2.6-2.7 was sustained for 2.8 s at the low valug,g313 (Fig.3(b), see also Fig.6
(b)). In these discharges, the current profile has reached the steady-state in the later phase of the H-
mode according to the data of internal inductance and internal poloidal magnetic field by MSE.
Duration of the highd equilibrium is limited (< 5sec) by heat capacity of the shaping coils.

These plasmas with the favorable confinement and stability have been obtained infihéthigh-
mode [4]. The typical radial profiles at a higi=0.49) is given in Fig.4, where, in addition to the edge
transport reduction by the H-mode, bgftandy, drop inside the Internal Transport Barrier (ITB) with
the monotonic g-profile (positive magnetic shear). (The time traces of this discharge are given in Fig.
11). In the higtB, H-mode, although such the double transport barriers are produggdifoa wide
range of operation regions, the dropinat the ITB is not always observed. However, in the Bigh-
discharges, the drop ) tends to be clearly observed.
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Fig.6: (a) The upper boundary of the sustainable % By is ~2.8 over the wide range ogg Even at g5~3,
Bn=2.6-2.7 can be sustained. (b) Wave formsfgf for low-gg5 (=2.9-3.3) discharges with a higid (=0.46)
and q(0)>1 (no sawtooth). IB\>2.8, bursts of the n=1 mode degrade the discharge performance.

N -

2.B-LIMITS IN LONG PULSES

In the long pulse discharges, we controlled the heating profile to produce the optimum peakedness
of the pressure profile p(r) for maximizifg [2]. At a larger peakedness, fg-limit is lower due to
the Bp-collapse which is consistent with the ideal kink-ballooning limit. At a smaller peakefiess,
is limited by giant ELMs which is consistent with the high-n ballooning limit. The ELM-limit
increases wittd [2]. Figure 5(a) showByH increases witld in any duration from 'transient’ to ‘long
pulse'. However, the level @kH decreases with extending sustainment time. Among discharges
with dW/dt=0 (W: stored energypyH decreases by ~40% from the short-duration limit (upper
envelope of open circles) to quasi-steadyx8losed square). One of the main reasons of the better
performance at highdydis the improved edge pedestal energy caused by the higher limit ef the
parameter (Figs.5 (b) and (c)). As shown later in Fig.9, even in the type-I ELMy phase, the edge
plasmas keep a clear and steep gradient structure of the thermal pressure. The pressure gradient is
limited by the type-I ELMs (~ high n ideal ballooning mode limit) and the time-averaged pedestal
structure seems to be determined by the ELM frequency and heating power. Theshagie is
beneficial to keep the steep pressure gradient inside the pedestal layer.

In a transient phase, the achiev@lés limited by ideal MHD instabilities. Thus tifgg limit
increases with increasingg) this is because the peakedness of the current profile can be higher
(higher ]) at higher gs. On the other hand, in the long pulse discharges, the upper boundary of the
sustainablgy, is ~2.8 over the wide range qfss shown in Fig.6(a), This limit is due to slowly (~
100ms) growing resistive instabilities with mode numbers of (m/n)=(3/2), (2/1), (3/1) etc. [2].

Figure 6(a) also shows thi} ~2.8 can be sustained even in the low-<8) region. This
regime have been newly demonstrated in JT-60U at adhigFigure 6(b) shows the traces3gf for
low-gg5 (=2.9-3.3) discharges with0.46. 1f3y>2.8, bursts of the n=1 mode degrade the discharge
performance. In this region, the dominant mode number is m/n=2/1. Since these plasmas are the high
Bp H-mode with q(0)>1, no sawtooth activity exists. If q(0)<1 in this low-q reignis lower (~
1.8) due to (m/n)=(1/1) mode and sawteeth [5].

For identification of the slowly growing low-n instabilities, a direct measurement of the evolving
island width of the m/n=3/2 mode was carried out [6] by using the heterodyne radiometer with a fine
spatial resolution of ~2cm in the radial direction. This mode number m/n=3/2 is often observed in
long-pulse discharges a§«43.5 - 4.5. Figure 7(a) shows the electron temperature profi{gsbbth
when the line of sight of the measurement is looking at the O-point and the X-point of the rotating
magnetic island. (Note: Thesg(l) are the partial profiles from R= 3.5 to 3.8m just around the island
region). From the O-point measurement, the island width can be evaluated as ~ 7cm. Figures 7(b)
and(c) show that the island width increases with the magnetic fluctuation. In this discharge, the



CD2/EX9/2

) Aonnint [ © 6500208 T T (b) L7 E029828, 1.5MA, 3.6T,
( ) [O-point 0 6.50042s [ X-point 1 [ Bp dg5=4.05
_ < 6.50068 i
A6— t 6.55 A6500922 - - N 1.3 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
S + 6.50112s 8 5 A B C D E
Q F& 8 4 & 4 I B T T —T T
= . 6y dB/dt (T/s) ||} | -
AT Saggs ] e, 1 Oy
8a 4 FRout=3.97m 8ay | 6 L L L
) Raxis=3.28m 55 6.0 time (s) 6.5
35 36 37 3835 36 37 38 (c) o[ 7 ]
R (m) R (m) ot E
E6l ]

. . . ) B 1
Fig.7: (@) The magnetic island width of the m/n=3/2 mode was measuredc"4 - A+ + 8
by the heterodyne radiometer. The island width increases with theg , [ ]
magnetic fluctuation (b)&(c) and the saturated valige~ 7 cm. =71

OO 2 4 6 8 10
dB/dt| (a.u.
(a) fast collapse @ resistive mode onset (b) m=3 / n=2 onset | | (au)
4 —l LI ] LI . ] LI . ] LI . ] LI . ] L l: 3 -I LI | L | L | L) T | LI I_
£ collapse limit resistive 3 - ]
E modes 3 F1MA, 2.1T, q95~3.5 E
3E E 5 [8-04,1=0.7-09, ]
B E confinement3 - po/<p>~2.6-3.3 .
N 2 E ] 2 r -
: ] @ ]
3 E 1F ]
1F = C 1
E E [ 15MA, 36T, qos~4.1, 3
of 1.5MA, 3-3.5T, 15-25MW  E30006 3 F 970.14,1=0.9-1.2, p of<p>~3-3.7
I N T T N VNN TN T T N T TN T O T Y TN N T T T N N SO Y W1 o v v o by o by vy by by g g by oy 0
0 2 4 6 0 0 1 2 3
w 19,-3
Neg (1a~0.2) 10-“m 5.2 Vg* (r/a=0.5)
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saturated value of the island width is ~ 7 cm. This island width agrees with the theoretically predicted
width [7] of ~9cm for the neoclassical tearing mode [6].

The thresholfy for onset of the resistive modes increases with increasing electron density and
with broadening of p(r). Figure 8(a) shows the density dependengsd &WA, B=3-3.5T and<0.3
where the closed circles correspond to onset of the resistive modes. In this figure, at a density higher
than ~3.4x18m3 (~50% of Greenwald limit)3y, decreases because of confinement degradation by
high recycling. For sustainment of the long pulse discharges, we kept the optimum set of density and
By to avoid both the resistive modes and confinement degradation. (For example, the shot E30006
shown in Fig.3(a) hay =2 with iz=3.2x13°m3.) In Fig.8(a), the threshoy for the resistive mode
increases with density. However, no clear tendency of the threshold value related to the collisionality
[8] has been observed in JT-60U as shown in Fig.8(b). Increase in density tends to broaden the
pressure profile. This effect changes the local combination of the pressure and the current profiles and,
thus, the stability can be affected. The JT-60U data suggest a broader pressure profile tends to be more
stable against the m/n=3/2 mode.

3. EDGE PEDESTAL EVOLUTION IN THE ELMy H-MODE

To sustain high confinement, control of the edge pedestal structure is essential. In JT-60U ELM-
free H-mode, the edge pedestatth A-pedis 3-5cm at J~2MA and scales roughly with the ion
poloidal gyro radius [9]. On the other hand, in the giant-ELMy plaped can be 10-15cm (r/a~80
%). Figure 9(a) shows a typical ELMy discharge alMA, 0g5=3.5 and6=0.46, where the type |
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ELMs (giant ELMs) are observed throughout the NB heating phase. The time evolution of the ion
temperature profile;{r) is given in Fig.9(b) and the time evolution ¢fped, T.-ped, R-ped andh-

ped are shown in Fig.9(a). In the ELM-free phase (t~6.15s), b@&dT(T at the pedestal shoulder)

and the pedestal depfiped are small. In the ELMy phase, these parameters increase gradually in
time. Here, Twas measured by the CXR system with the time resolution of 50ms. Since the ELM
frequency of the discharge is 50 - 100 Hz, the measyfgdsTlthe time-averaged profile over a few
ELMs. The profiles of T and , were measured by the YAG Thomson scattering system with the
measuring time of 20ns. Therefore, the measured valugsaoidTy in the pedestal layer is affected

0.15

L DL L L L L L P~
- A-ped (m) J =7
C - 3
- s EE
0.1F g 5
RV
- o o& —3
0.05 - — - _E
F E32358 -grad-p (10 4Pa/m) = 2
o =1
ot R R EE N B 0
0 0.5 1 15 2
Ti-ped(keV)

Fig.10: Aped and the edge pressure

gradient increases with ;fped (E32358).

(keV) (109m-=3) (au) B, Bp

(m)_

E32511, 3.6T, IMA, qgz=6.1

2 .
r By B
H positive-NB .
o) e Lo b b v b v b v Ly
[ Ii il
2k
Ok 0o} A P NN U BRI BT R .
oF //—/"’_ e
[ e0e®ee0eoeeteto o0 0ooetoetooste ]
1t ne-ped 3
Ok cooc e e e | R Lo b g by g
r Ti-ped 1
1F 1
r Te-ped b
Ok oo e v b b e b b
r A-ped
0 Covv v b b v b v b b by
6 ; 8 9
7 time (s)

Ly
o

30

PNB (MW)

0.5

Fig.11: Evolution of the edge pedestal values in the higg-r6.1) high ﬁp H-mode discharge. The
ELM activity disappears (t ~ 8 - 9s) anfitped and T-ped increase further. (For profiles, see Fig.4)



CD2/EX9/2

AL L B L L L L B e A L A R
(@) 0'16: ® E32511,1MA, qg5=6.1 Ny gy (b)f Ti-ped (keV) 1MA, ]
= C O E32358, IMA, qg5=35 @R ) 1- B dg5=3.4-3.8 ]
~0.12¢F (O 1 - ® ® ]
< o > O~ 4 1f ° o .
c o 1%, ) ] 5 [ J ) ]
2 0.08F H 0 5:_ 0G0 ) ._1
% C EE\E B ] T & O Opo |
° - o Tm F - W-ped (MJ) 9
© C \\N’\\e EE: () AP N EIVEN IS B B
-‘(3 004 - 6\’ H ]
I C H i (C):""I'"'I""I""I""I""I""
2 = Ip=0.7 - 1.8MA, - - A-ped / (/R)°2Py, ]
o C -0.15- : :
S TUUTRUNIUN < .2 JOE R S
0 0.004 0.008 . Y Q) e o ¢
(@/R)°> ppi ) x o503 :
Fig.12: (a) The pedestal depth in the ELMy phase scales wigf E
(a/R)0-5ppi g5 935 The ELM-free data are shown for | ]
comparison. (b)&(c) With decreasing ELM frequengy . F 1MA, qg5=3.4-3.8 ]
Ti-ped and W-ped increase by factors of 2-3. Thepedesgall, ., 1, 010ttty
width normalized by (a/F@)5ppi is ~10 and almost constant. O 100 200 300
(IMA, ¢y5=3.4-3.8). feLm (Hz)

by the relative timing of an ELM and the Thomson laser launch. On the other hand, T in the
inner area does not seem to be affected very much. Therefore, For the evaluatipedbid g
ped, we excluded the data just during the ELM burstpbBbghtness and, in addition, we used the
fitting of the inner data and did not use the data inside the pedestal layer. In Fig9¢d), T-ped
and A-ped increases in time, whilg-ped stays almost constant. The time scale of the pedestal
evolution is gradual (~2s) and much longer tha~ 0.2s) Figure 10 shows th&-ped and the edge
pressure gradient increase witAped. On the other hand, at highs¢=6.1; b=1MA, &=0.49), the
behavior of ELMs are different. Figure 11 shows that the ELM activity is weaker than that in the
low-gg5 discharge i firig.9. In particular, the ELM activity disappears at t ~8 -9s /apdd and F
ped increase further. The internal inductapcetreases almost simultaneously. Such disappearance
of ELMs are observed whei>0.3-0.4,[5p>1.5-2.0 and g5>5-6. In this parameter region, the minute
grassy ELMs are observed Wh%n'sl smaller (typically ~0.6MA) [2,10]. It seems that the increase
in A-ped and Fped coincide with disappearance of the ELMs. The access to the second stability
regime for the high n ballooning mode may cause this phenomena.

The widthA-ped in the ELMy phase scales with (&R);; ag50-3° (Fig.12(a)), where evolution
of E32511(Fig.11) and E32358 (Fig.9) are shown by closed circles. The g-dependence, not strong,
was evaluated from these two cases. For a fixgg~$-4,A-ped is proportional to ~10(a/@?§ppi
and is 2 -3 times larger than that of the ELM-free phase. (In the figure, the ELM-free data are shown
just for comparison. For the ELM-free data, no g-dependence has been observed [9].) The ELM
frequency £, \, is an important parameter for the development of the pedestal structure. Figure 12(b)
shows that ;Fped and W-ped increase by factor of 2-3 with decreagiig fOn the other hand, the
normalized Widtm-ped/((a/R9-5ppi) is ~10 and almost constant over the wide rangg, ¢f. f(LMA,
Ogs=3.4-3.8). The pedestal width seems to be determined by both MHD stability (ELM) and
transport related Py This combined effect on the pedestal structure formation in the ELMy phase
is to be understood for optimizing the integrated performance including SOL and divertor plasmas.

4. SUMMARY

The JT-60U discharge regions toward the steady-state high integrated performance are
summarized in Fig.13. Before the divertor modification, we mainly focused on the concept
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optimization of the ELMy plasmas with high integrated performance [1,2]. After the modification

to the new W-shaped pumped divertor, we have been focusing on i) long sustainment time,ii)
increase in absolute values of fusion performance and iii) expansion of the discharge regime toward
low-q (gg5~3). A long heating time with a high total heating energy input of 203MJ became possible
without harmful increase in impurity and particle recycling. In addition, optimization of p(r) with the
double transport barriers, . and / or highd enabled us to extend the long-pulse performances;
Qpr®*0.1 § =0.16) was sustained for ~9 sec (90-10,*) and Qy1°%*-0.16 for 4.5 sexd(= 0.3)

at [,=1.5MA. In the latter case, H-factor ~2.2 afg~1.9 were sustained with 60-70% of
noninductive driven current. The sustainable valug®f increases with increasidg In the region

of low gg5 (=3), the highB stability was improved by the high(~ 0.46) shape whef&~2.5-2.7

was sustained for ~3.5s with the collisionality close to that of ITER-FDR plasmas. These long pulses
have made progress in studies on the key physics issues for the steady-state tokamak operation: The
sustainablg8y is limited by the low-n resistive modes. The direct measurement of the island width
shows the agreement with the neoclassical tearing mode theory. However, no clear effects by
collisionality was observed. The edge pedestal widpled evolves gradually (~2 s) with increasing
T;-ped and the saturated width (10-15cmpaflMA) is 2-3 times larger than that in the ELM-free
phase. The data shows thgpedis proportional to (a/F@)5ppi. The edg@-parameter increases with
increasingd, which is the main reason of the improved Hegétability in a long pulse by high-
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