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Improvement in the performance of energy confinement is one of the most
important issues to realize thermonuclear fusion reactors. The H-mode is one of
excellent improved confinement mcdes. From the view point of steady-state
operation, the ELMy H-mode is considered to be a principal operation mecde in
ITER. For the engineering design of the ITER, there still remain issues to be
clarified on the H-mode characteristics. These issues are required to be
studied on the present tokamaks as ITER physics research needs.

In order to satisfy the above request, experiments of the H-mede confinement
have been carried out on JT-60U. Recent results of H-mode confinement stydy in
JT-60U during April to September, 1995 are summarized in the present report.
The scaling of high T; H-mode confinement is described in section 2. The time
behavicur of transport properties are shown in sections 3 and 4. Result of the
non-dimensional transport experiment is presented in section 5. The H-mode
transition is investigated in sections 6, 7, 8 and 9; threshold power scaling,
parametric study on edge local quantities, effect of edge neutrals, and H-L

back transition. The onset condition of ELMs is studied in gection 10.
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1. Introduction

Improvement in the performance of energy confinement is one of the most important
issues to realize thermonuclear fusion reactors. On the basis of the L-mode confinement
performance, a tokamak reactor will require a large value of AXIp of more than 100 MA, where
A is the aspect ratio and Ip is the plasma current. This value is too large for the economic and
engineering view points. Therefore the improved confinement should be realized in the fusion
plasmas.

Various kinds of improved confinement modes have been found out and developed on
many tokamaks in the world. The H-mode is one of excellent improved confinement modes.
This mode has a characteristic of the edge transport barrier. The feature of improved core
confinement is sometimes combined with that of H-mode, and higher performance of the
energy confinement has been attained through this combination.

From the view point of steady-state operation, ELMs (Edge Localized Modes) are
useful for the particle control, although the energy confinement performance is slightly
degraded by them. The ELMy H-mode is considered to be a principal operation mode in ITER.

For the engineering design of the ITER, there still remain issues to be clarified on the
H-mode characteristics, such as energy confinement time scaling, H-mode power threshold
scaling, non-dimensional transport, ELM model and so on. These issues are required to be
studied on the present tokamaks as TTER physics research needs [1.1]. '

In order to satisfy the above request, experiments of the H-mode confinement have been
carried out on JT-60U. Recent results of H-mode confinement study in JT-60U during April to
September, 1995 are summarized in the present report. The scaling of high Tj H-mode
confinement is described in section 2. The time behaviour of transport properties are shown in
sections 3 and 4. Result of the non-dimensional transport experiment is presented in section 5.
The H-mode transition is investigated in sections 6, 7, 8 and 9; threshold power scaling,
parametric study on edge local quantities, effect of edge neutrals, and H-L back transition. The
onset condition of ELMs is studied in section 10.

The authorship for each study lies on the authors of each section, and there is no special

authorship for the whole report.

References
[1.1] ITER Physics Committee, ITER Physics Committee Meeting, Naka, 1994 .
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2. Scaling of High Ti H-mode Confinement in JT-60U
Tomonori TAKIZUKA, Mitsuru KIKUCHI, Hiroshi SHIRAI

2.1 Introduction

In order to make a tokamak fusion reactor being compact, improvement in the energy
confinement from L-mode state is indispensable. At the present time, the physical mechanisms
of the energy transport and of its improvement are not clarified, and the confinement
performance in future tokamak reactors is estimated by using scaling laws empirically obtained

from the existing confinement database. The energy confinement time Tg of L-mode plasmas

can be predicted by a scaling law called ITER89 power law scaling [2.1];

‘CEITERSQP - 0.038 MO.S Ip0.85 BtO.Z neO.l R1.2 a0.3 K0.5 / PnetO.S . (2.1)

The units in the scaling expression are following; confinement time T is in s, plasma current Iy

3

in MA, toroidal field By in T, line averaged density ne in 101% m™, major radius R in m, minor

radius a in m, and net power Pt is in MW, The ion mass number is denoted by M and the
ellipticity by k. |
Several kinds of improved confinement modes have been found in tokamak
experiments, such as H-mode, Supershot, high Bp mode, VH-mode and so on. Measure of the
improvement in the energy confinement is usually based on the above scaling, i.e., H-factor is
defined as H=Tg/ ‘EEITERSQP . The values of H-factor in timproved confinement plasmas are
not constant at all. As for the H-mode, one sees from the ITER H-mode confinement database
that H-factor increases with the plasma size. A resultant scaling expression for ELM-free H-

mode is given by [2.2]

For the design of tokamak reactors, the confinement performance of thermal energy is more
important than that of total energy which includes the high energy « particle component. A

scaling of the thermal energy confinement time for ELM-free H-mode is also given by [2.2)

In the present paper, we compare the results of ELM-free H-mode confinement in JT-
60U with above scaling laws. The data used in this paper are collected from the shots between
E16098 and E16265, which were discharged in September 1992. The plasma shapes were
almost the same in the data; R = 3.2 m, a = 0.85 m, and k = 1.65. This database was used to
show, in Fig. 6 of Ref. [2.3], the relation between H-factor and the effective safety factor geff.
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In this database, the net power was evaluated by considering effects of shinethrough loss of
beam neutrals, ripple loss of beam ions [2.4], time derivative of stored energy etc. We also
investigate the effect of high ion temperature (Ti/Te > 1) on the improvement in energy
confinement, and a scaling expression for H-mode confinement including its effect is shown.
Generalized H-mode database including hot ion mode and scaling Jaws for them are required as
ITER physics research needs [2.5]. The present paper is the first and preliminary step for this

requirement.

2.2 Comparison with scaling laws
Figure 2.1 shows the comparison of Tg of H-mode plasmas in JT-60U with ’CEITERSQP.

In this subsection, the data of low H-factor (H < 1.1) are omitted. The average of H-factor for
these data is about 1.8 excluding data of low qéff (geff < 3.3), which have low H-factor [2.3]
and are plotted by closed circles. The horizontal axis, therefore, is chosen as 1.8 X ‘CEITERSQP.
The scattering of data points from the line of proportion is rather large. The standard deviation
oy ( Gy =N E(T/Tﬁt 1) ) is about 0.15 excluding data of low qeff. This value is as large
as the standard deviation of variation in ’C ox =0.16 ( Gx =N Z(’E/<’C > - 1) where N is
the pumber of data points and <T >=N" I'rt.

Next we compare the data with H-mode scaling laws in Fig. 2.2 (Tg vs g ELM-freey
The H-factor predicted by Eq. (2.2), Hg* = LM HAree 15 TERSIP i roughly given as Hg* =~
1.1 Bt0'25 R0-66 5032 PnetO.OS . For the typical parameters of JT-60U H-mode plasmas,
values of Hg* are from 3 to 3.5. These values are too large compared with experimental data
of JT-60U as is clearly seen in Fig. 2.2. Even when we compare the data with the thermal

confinement scaling given by Eq. (2.3), we find that majority of predicted values exceed

experimental data. The H-factor predicted by Eq. (2.3), Hp* =1 nEM- free j g ITERSSP 4o

0.21 BtO'“ RO7 2041 016, PnetO'”- For the typical parameters,

given as Hip* = 0.9Ip
values of Hy* are from 2 to 2.5.

It is necessary to establish a new scaling which will be able to fit the H-mode
confinement data of JT-60U as well as the data of ITER H-mode confinement database. It
should be noted that JT-60U data are not included in the ITER H-mode confinement database at
present, because JT-60U data with high Tj nature (Ti/Te > 1) are out of the standard data with

nearly equal temperatures (Tj/Te = 1).

2.3 Effect of high Tj on the improvement

To obtain high H-factor in JT-60U plasmas, the high Tj condition (Ti/Te > 1) has been
inevitable (a necessary condition) so far. The high value of Ti/Te, however, has been
considered not a sufficient condition. Figure 2.3 shows the relation between the H-factor and
the temperature ratio at the plasma center, Tig/Te0. As is mentioned above, high H-factor is
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realized only for high Tijgp/Te(. The data with Bt = 4.2 T /Ip = 2.7 MA (qeff = 4.2) are
selected as shown in Fig. 2.4, where the correlation between H-factor and Tjg/ Te( seems very
weak. We find, however, this scattering is caused by the variation of ne value. We introduce
an improvement rate defined as (H - D)/ (Tig/Teo - 1). Figure 2.5 demonstrates the clear
dependence of the improvement rate on the line averaged density; (H - 1)/(Tj0/Tep - 1) is
almost proportional to nel-3. The H-factor increases not only with Tjg/ Teq but also with ne.
The Ip and Bt dependencies of H-factor are also investigated in the range, 1.5 MA <Ip <3.5
MA and 3.0 T < Bt <4.2 T (3.1 < qeff < 6.3). Figure 2.6 shows (H - 1)/(Tjo/Teo - 1) nel?
vs Ip for qeff > 3.3, where open circles represent the data of Bt = 4.2T and closed squares
represent the data of By = 3.1T. The values of (H - 1}/(Tig/Te0 - 1) ngl-> is inversely
proportional to Ip? while the Bt dependence of (H - 1)/(Ti0/Te0 - 1) neld is weak as shown
in Fig. 2.7, where (H - 1) Ip?/(Ti0/ Teg - 1) ne!-d vs Bt is plotted.

Finaly we obtain a following fitting formula;
(Hfit - 1)/(Tip/Teo - 1) = Cng!-5/1p2 with C=1. (2.4)

Figure 2.8 shows Tg vs TEﬁt, ‘where TEﬁt = Hfit ‘CEITERSQP. The standard deviation Oy is
reduced to 0.098 excluding data of low geff, and the clear correlation is seen. Note that the
data of low H-factor are not excluded in this subsection unlike subsection 2.2.

When H-factor become large, Eq. (2.4) simply gives that Ty is inversely proportional to

ITERSSP Ip. In a highly improved plasma with large H-factor,

Ip because H ~ Ip2 and Tg
however, there exists the strong correlation between parameters, such as (Ti0/Te( -1) ~ Bt , ne
~ Ip0-5 etc. Therefore the obtainable T value at the same Ppet is not inversely proportional to

Ip but is almost independent of Ip. On the other hand it increases with higher By.

2.4 Summary
We have compared the confinement data of ELM-free high Tj H-mode in JT-60U with

an L-mode scaling law (ITER-89 power law) and ELM-free H-mode scaling laws. The average
of H-factor for the present data is about 1.8, which is much smaller than that expected from the
ELM-free H-mode scaling (H = 3). The scattering from a fitting line, Tg = 1.8 X ’EEITERSQP, is
rather large. In order to clarify the effect of high Tj, we have carried out a preliminary analysis
of the data, and found for the first time that values of H-factor are fitted well by a formula,
Hfit = 14+ (Tj0/Te0 - 1) ne! 5 /1p?

The database used here are limitted one. In order to check the validity of the present

formula and to refine it, replenishment of the database will be progressed in near future.
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3, Time Behaviour of Heat Diffusivity during L-H-L Transitions
in JT-60U

Tomonori TAKIZUKA, Sergei V. NEUDATCHIN#, Hiroshi SHIRAI, Nobuaki ISEI,
Yutaka KAMADA,Yoshihiko KOIDE, Masayasu SATO, Masafumi AZUMI

*Nuclear Fusion Institute, Russian Research Center, "Kurchatov Institute”, Moscow, Russia

3.1 Introduction

An understanding of the time evolution of local transport coefficients during a transition
between various confinement regimes is important to clarify the physical mechanism
responsible for the anomalous transport observed in tokamak plasmas.

In relation to L-H-L transitions on JET, the time evolutions of electron temperature T,
jon temperature Tj, electron heat diffusivity X, and ion heat diffusivity X; have been analyzed
and reported previously [3.1,3.2]. The simultaneous T response was clearly seen during L-H-
L transitions in the plasma region, 0.2 < 1r/a < 1. To describe this event, we apply a simple heat
diffusion equation with the change in X, after the transition. It was shown that this X, jump,
X, occurs across almost all plasma volume on a millisecond time scale. Let us remind that in
the "traditional picture” the L-H or H-L transition occurs near the plasma surface, and the
confinement improvement in plasma interior then evolves on a time scale of the order of the
energy confinement time Tg [3.3]. It was not obvious up today whether these diffusivity jumps
across almost all plasma volume are the peculiar feature of JET or not.

In order to answer above questions, we have investigated the time evolution of X, and

X; during L-H-L transitions on JT-60U [3.4,3.5]. The present paper is a review of our

investigations.

3.2 Analyses of X during transitions

We analyze the jumps of X, 8%, during L-H-L transitions on JT-60U mainly for high
field pulses (B; = 4 T). Typical shape parameters are R = 3.2 m, a = 1.05 m (volume-averaged
one), K = 1.6, 8 < 0.1, and V = 70 m3. We restrict the analyses here for the cases of L-H-L
transitions, after the improved confinement with high H-factor (ratio of Tg to TEITERSP) is well
developed, because the change in the global parameters is clearly seen during these transitions.

The time evolution of electron temperature profile, Te(p, t), is measured by ECE grating
polychromator and that of ion temperature profile, Ti(p, t), is measured by charge-exchange
recombination spectroscopy. The normalized radial position, p = 1/a, are labeled in the

following figures of time evolutions of Te and Tj.



JAERI—Research 95—075

Figure 3.1 shows the time evolution of plasma parameters in a high Ti H-mode puise
E17058 (3.5 MA / 4.2 T), where a clear H-L. transition occurred at t = 8.38 s. In the figure,
the plasma current Ip, the line integrated electron density neL. (length L is about 2.5 m), the
stored energy measured by diamagnetic loop W, the injected neutral beam power PNB, and the
He intensity from the divertor region Hodiv are shown. The growth of W was interrupted by
the H-L transition and Hodiv abruptly increased. The value of Tg before the time A is about
380 ms (H = 1.5) and Tg = 190 ms (H = 1.0) after A. Figure 3.2 shows the time evolutions of
Te(p, t) and Tj(p, ). Sawtooth crash occurs about 50 ms after the transition A. The beginning
of the decay of ECE signals over the region 0.43 < p < 0.83 and the jump of Hy occur
simultancously (about 10 ms uncertainties). Ti(p, t) behaves similarly to Te(p, ).

It ié natural for us to explain the sudden change in T, at a transition caused by sudden
variation of the electron heat flux. As described in Refs. [3.1,3.2] we apply a simple heat
diffusion equation with the change in X, across almost all plasma volume after the transition.
The value of X jump, 8X., can be estimated easily from Te(p, t). Values of 86X after the above
H-L transition are about 0.65 m2/s and 0.85 m2/s at p = 0.61 and 0.71, respectively. The
value of 8X; is about 0.55 m?/s at p = 0.56, which is almost the same as that of X .

For the central region, p < 0.36, however, the time delay of Te response is seen as was
observed in JET [3.1,3.2]. This result shows that the heat pulse propagation (HPP) may play
important role near the center or that the improvement and degradation of transport may
propagate from the mid region to the center with the propagation speed of about 10 m/s.

The L-H and H-L transitions in a low-Ip pulse 17038 (2 MA/4.2 T) are studied.
Figure 3.3 shows evolutions of Te(p, ) and Ti(p, t). Waveforms of W, PNB and Hodiv are
also shown to compare the time response of T, and Ti . During short ELM-free H-mode
phases (A-B and C-D) values of Tg are about 330 ms (H = 1.8), while during high-Tj L-mode
phases (before A, B-C, and after D) Tg = 190 ms (H = 1.3). The simultaneous response of Te
and T; over 0.3 < p < 0.8 is clearly seen in Figs. 3.4 and 3.5. The value of O« after the L-H
transition C is about -0.65 m2/s at p = 0.63, of which absolute value js almost the same as
those at p = 0.6 for higher-Ip pulses. On the other hand, values of &X; after C are about -0.64
m2/s and -0.93 m2/s at p = 0.55 and 0.63, respectively. These values are aimost the same as
or a little higher than those for high-Ip pulses.

Values of 8X analyzed for various pulses are summarized in Table 3.1.

3.3 Discussion _

We examine whether obtained values of 8X are consistent with the change of g during
transitions. Though the value of Tg was calculated not from the thermal stored energy but from
the total stored energy including fast ion component, the following approximate relation is used

for the comparison between |8X| and the change of 1g; T = a2/4X p~0.6and 18X ~06l =
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(a2/4) {tp(L) ! - tg(H)1} . Here we consider cases of 8%, = 8X; and the smooth radial
variation of 8X. Typical values of Tg(L) and Tg(H) in plasmas of a= 1.05 m are about 0.2 s and
0.4 s, respectively, and the value of I8X P ~0.6] is about 0.6 m2/s. These values roughly
satisfies the above relation. This result supports the validity of the present model in which X
jumps simultaneously over the wide plasma region during a transition.

The behaviour of X; for a low field pulse 17298 with 1.5 MA/2.5 T is analyzed for
comparison. The polychromator data are not available to use for low field pulses, B; < 3.5 T.
Clear L-H-L transitions were repeated in a shot E17298. High values of X are obtained as
listed in Table 3.1. These values are about three times larger than those for high field pulses on
JT-60U, but similar to those of JET data [3.1,3.2]. If we combine JT-60U data and JET data
together, we suppose that the dependence of 8% is negative on By like 1/B,, while the
dependence of 38X, is weak on By. The tendency of the negative dependence on Ip is also seen
for 8X;. The increase of X;'® with decrease of Ip in JT-60U L-mode plasmas was found from
the power balance analysis [3.6]. The weak I, dependence of Xe"P was also reported in Ref.
[3.6]. These dependencies on I, are in qualitative agreement with each other.

3.4 Conclusion

We have analyzed L-H-L transitions mainly for high field pulses in IT-60U [3.4,3.5].
The simultaneous T, response (with uncertainty of 10 ms) has been clearly observed during L-
H-L transitions over 0.2 < p < 0.9 in JT-60U plasmas similarly in JET [3.1,3.2]. This
evolution of Te(p, t) is difficult to be explained as the result of HPP from the periphery, but is
reasonable to be described as the result of the fast X jump (reduction at L-H transitions and
increment at H-L transitions) over 0.2 < p < 0.9. The simultaneous Tj response (with
uncertainty of 20 ms) were also observed similarly to the T, response. The fast variation of X
(at least 20-40 times less than Tg) inside almost all plasma volume is a new finding of the L-H-L
transitions in JT-60U. The T, response in the central region (p ~ 0.3) often delays, compared
with that in the outer region (p ~ 0.5) seen, and the role of HPP could be important similarly to
JET results [3.1,3.2]. Values of X, jump, 6X., were obtained for 0.5 < p < 0.7, whose
absolute values were 0.6 m2/s < |18X.] < 0.9 m2/s. They usually increase with radius. Values
of 6Xi were also obtained for 0.4 < p < 0.7. Their absolute values, 18Xl and 18Xl, usually
increase with radius. In high I, pulsés (Ip >3 MA/B;=4.2T), values of | 8X; | =0.5 m?/s are
almost the same as or a little smaller than those of 18X;l, while in a low I, pulse (2 MA/4.2T),
values of 0.6 m2/s < 18Xl < 1 m2/s are almost the same or a little larger than 18X.|. In alow
field pulse (1.5 MA /2.5 T), values of |8X;| are rather large as 2 m2/s at p = 0.60.

Values of 8X are consistent with the change of Tg during transitions. The dependence of

8X; is negative on By or I, like 1/B¢ or 1/Ip, while the By or I, dependence of 8X, is weak.
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These I, dependencies agree qualitatively with the result of power balance analysis for JT-60U

L-mode plasmas [3.6].
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Table 3.1 Plasma parameters and 83X values

shot No t (s) I,(MA) B¢ (T) r &Xe (m/s) 8Xi (m2/s)

E16130 7.17 3.0 4.2 0.64 + 0.60

E17058 8.38 3.5 42 0.56 +0.55
0.61 +0.65
0.71 +0.85

E17060 8.49 3.5 4.2 0.63 +0.58
0.73 +0.77

E17038 7.15 2.0 42 0.55 -0.64
(.63 -0.93
0.63 -0.65

E17298 5.71 1.5 2.5 0.44 -0.85
0.52 -1.3
0.60 -2.0
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Fig. 3.1 Waveforms of a hot ion H-mode pulse E17058 (3.5 MA/4.2 T). The growth of W
is interrupted by a clear H-L transition at the time A.
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changed slowly. Tj behaves similarly to Te.
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Fig. 3.3 Evolutions of W, PNB, Haudiv, Te(p, t), and Tj(p, t) for a hot ion H-mode pulse
E17038 with low I (2 MA/4.2T). Clear L-H and H-L transitions are observed and
two short H-mode phases appear. Simultaneous response of T with W and Hadiv 1s

clearly seen over 0.3 < p < 0.8. Simultaneous response of Tj is also seen.
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4, Time Evolution of Transport Properties in JT-60U H-mode Plasmas
with Improved Core Confinement

Hiroshi SHIRAI, Tomonori TAKIZUKA, Yoshihiko KOIDE, Yutaka KAMADA,
Shinichi ISHIDA, Masahiro MORI, Osamu NAITO, Masayasu SATO, Nobuaki ISEI,
Takeshi FUKUDA, Yasunori KAWANO, Toshio HIRAYAMA, Masafumi AZUMI

4.1 Introduction

One of the major objectives of H-mode experiments in JT-60U is to obtain high
confinement plasmas. They were obtained by a high NBI power (Pinj 220 MW) and high
toroidal field (Bi=4.0 T). These high confinement plasmas have a feature of the improved
core confinement (ICC) with T;(0) = 20 keV, T;j(0)/T¢(0) = 2 and high H factor (= 2).
Hereafter we call them "ICC plasmas". The "high T; H-mode plasmas" [4.1] and "high Bp H-
mode plasmas" [4.2] are categorized in ICC plasmas. The ion thermal diffusivity, i,
substantially decreases in the plasma core region to the neoclassical level [4.3]. In some ICC
plasmas an internal transport barrier (ITB) was formed [4.4]. Accross the ITB, the ion
temperature increases by several keV.

Usually the first L-H transition of ICC plasmas occurs when plasma profiles are not yet
in the steady state. Since the improvement of core confinement and the L-H transition occur
simultaneously, the local transport analysis including the time evolution of density and
temperature is necessary to identify the H-mode effect on the transport in ICC plasmas.

Several hundreds milliseconds after the first L-H transition, ELM activity starts in most
of the ICC H-mode plasmas and the stored energy is saturated or gradually decreased. In
some ICC H-mode plasmas, on the other hand, short period (~ 100 ms) of ELM-free H-mode
phase and L-mode phase appear alternately after the saturation of the stored energy. We call
this phenomenon "repetitive L-H-L transitions" in this paper. The stored energy and the local
Te and T; values change simultaneously at L-H and H-L transitions {4.5]. The change rate of
these variables is much larger than that at the first L-H transition. The repetitive L-H-L
transitions were observed after the confinement improvement is well developed.

In this paper, the thermal confinement and local transport properties in relation to the
first L-H transition and the repetitive L-H-L transitions appeared in ICC H-mode plasmas are

analyzed.
4.2 Numerical calculation method

Profiles of electron and ion thermal diffusivities, 3 and %, are evaluated from the

profile data of ne, Te, Ti, Prad, Pabs and so forth. We use 1.5 dimensional time transient
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tokamak transport analysis code, TOPICS, with 1D Fokker-Planck (FP) code which includes
the effect of delayed heating by fast ions. In JT-60U plasmas, however, the ripple loss of
beam ions cannot be neglected. An Orbit Following Monte Carlo (OFMC) code is used to
evaluate the power deposition profile. Thus the deposition profile of NBI is calculated by
OFMC and the total power is adjusted to the results of FP,

At the L-H and H-L transitions, we evaluate the improvement and degradation of the
thermal confinement together with the local transport analysis. The scaling of the thermal
stored energy, Wy, in JT-60 ohmically heated plasmas and NBI heated L-mode plasmas is
given as follows [4.3}],

Wipscaling(MT) = 0.026 M;0-3 0.87 R1-44(m) a0-93(m) B{0-39(T) IpO.S(M A)
ne0-3(101%m-3) Ppe?33(MW) .

When Wy, varies in time, we put Ppet = Pyps - dWn/dt. Here we define the "TH factor”
(Thermal H factor) by Whe*P/Wpscaling The ratio of the beam stored energy, Wheam, to the
total stored energy is considerably large (= 0.3), especially at the beginning of the NBI
heating in ICC plasmas. Therefore we do not use the "H factor” based on ITER89 power
scaling because it is not appropriate for evaluating the transport and thermal confinement

properties.

4.3 Transport properties before and after the first L-H transition

In this subsection, we study the dynamic changes in local transport and global
confinement properties before and after the first L-H transition of an ICC plasma when the
confinement continues to improve.

Figure 4.1 shows the waveform of shot E16168 (Ip=35MA,B(=42T,qef=3.2,R=
32m,a=0.84m, k=165 V=69m3). Theline integrated electron density, neL (L is about
2.4 m), the injected NBI power, Pjyj, the net power, Ppey, the stored energy measured by
diamagnetic loop, W gia, the D from the divertor region, Dggjy, and the TH factor are shown.
A L-H transition (first transition) is clearly seen at t = 8.5 s. The ELM activity starts from t =
9.08 s and W 4j, begins to decrease gradually. In the ohmic heating phase, TH factor is almost
unity. At the L-H transition TH factor jumps from 1.31 to 1.51. After the L-H transition, TH
factor keeps increasing up to 1.73 on a time scale of the thermal energy confinement time,

‘EEth. After the ELM starts, TH factor decreases dramatically to the level before the L-H

transition.
The time evolution of ne, T, and T; profiles of shot E16168 is shown in Fig. 4.2 . The

ITB is seen around r/a = 0.4 ~ 0.5 in the T; profile. Att = 8.4 s, the ITB once disappears

because of the beam fault. After that the ITB is formed again, and the central T; reaches
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about 25 keV. At the L-H transition, Tj increases over the whole plasma. During the NBI
heating phase, ne and Te keep increasing. However, their profiles change little after the L-H
transition.

Figure 4.3 shows the comparison of Xe and y; profiles at (a) before the transition (t =
8.45 s), (b) after the transition (t = 8.55 s), (c) just before ELM (t = 9.0 s) and (d) during ELM
(t =9.15s). Atthe L-H transition, }; decreases over the whole plasma. The time scale of the
yi decrease is much smaller than 7t (1t at (a) is about 300 ms). As for Ye, it decreases in
the outer region (r/a > 0.8), while it does not change too muchinr/a<0.8.

During H-mode phase, ¥; increases gradually. At the time (c), both ye and 7; are almost
the same as those at (a) and 'cEth becomes about 330 ms. Since Ppe; at (c) is about twice as
large as that at (a) and both Te and T; increase during H-mode phase, the improvement of the
confinement proceeds during the H-mode phase in the sense that there is no power
degradation.

Thus the evolution of local transport and the confinement improvement has two
different time scales at the first L-H transition and the successive H-mode phase: fast change
(much smaller time scale of ‘cE’h) at the L-H transition and the succeeding slow change (time
scale of 1g1).

After the ELM activity starts, ¥j increases over the whole plasma and TH factor drops
very fast to the level before the L-H transition. At the same time %e slightly increases. These

are shown in lines (d) in Fig. 4.3.

4.4 Transport properties during the repetitive L-H-L transitions

In this subsection, we study the case of repetitive L-H-L transitions after the
confinement improvement is well developed.

Figure 4.4 shows the waveform of shot E16107 during the repetitive L-H-L transitions
phase. Plasma parameters in the shot E16107 are I, = 2.7 MA, By = 42T, gegr =45, R =32
m,a=091m k=15 V=72m3n =23X 1019 m3, To(0) = 7 keV and Tj(0) = 22 keV.
The NBI heating begins at t = 8.0 s and the first L-H transition occurs at t = 8.5 s. The time
evolution of Dggjy shows that L-mode phase and H-mode phase appear alternately. Both
W gia and neL begin to increase at the L-H transition and decrease at the H-L transition. The
local Te and Tj values over the whole plasma (0.2 < r/a £ 0.9) also begin to change at the
transitions within the time resolution of measurement. The TH factor changes from 1.2 to
1.47 at (e) in Fig. 4.4 and from 1.74 to 1.26 at (f). The time scale of these change is much
smaller than 10, During H phase, TH factor increase as the same as shown in the former
subsection.

Figure 4.5 shows the profiles of ne, Te and T; in the H-mode phase and L.-mode phase
of shot E16107. The corresponding ¥ and ; profiles (thick line to the H phase and thin line
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to the L phase) are calculated as shown in Fig. 4.6. Both %, and ¥; changes over the whole

plasma,

4.5 Conclusion

We have studied the time evolution of global confinement and local transport properties
in ICC H-mode plasmas with Tj(0) = 20 keV in JT-60U. At the first L-H transition when
both T¢ and T; keep increasing and the confinement continues to improve, TH factor and x;
changes in two different time scale: much smaller time scale of Tgth at the L-H transition and
the succeeding slow change on a time scale of Tpth. At the repetitive L-H-L transitions, when
the confinement improvement is well developed, TH factor and ¥ changes on a much smaller
time scale than Tgh.

We continue the transport study of ICC H-mode plasmas to clarify the mechanism of
fast and slow changes in the global confinement and local transport properties. Difference of
Xe behaviour in shot E16168 (small change between L- and H-phases) and in shot E16107

(remarkabie change) is not resolved. The evolution of ¥ in the edge barrier was not studied

here because of lack of edge profile data. These are future problems to be clarified.
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5. Non-dimensional Transport Experiment in JT-60U

Tomonori TAKIZUKA, Hiroshi SHIRAI, Yutaka KAMADA, Takeshi FUKUDA,
Katsuhiko TSUCHIY A, Shinichi ISHIDA, Masahiro MORI

5.1 Introduction

In the thermonuclear fusion research and development, ITER EDA project is one of the
most important projects, which aims to demonstrate an engineering design of a thermonuclear
experimental reactor. It is required for the performance of ITER that ITER should have a
confinement capability to reach controlled ignition and extended burn for a duration longer than
characteristic time scales of plasma processes and plasma wall interactions [5.1]. The ELMy
H-mode confinement is appropriate for satisfying this requirement, and is considered to be
sustained in ITER. The expected performance of the confinement is based on the scaling law.
At the present time, a following scaling law has been recommended by ITER Physics R&D
Expert Group for ELMy H-mode confinement in ITER [5.2];

TthELMy =0.85 ,rthELM-frce , (5.1

ELM-free

where the thermal energy confinement time for ELM-free H-mode, Tty , was given by

the ITER H-mode Database Working Group [5.3] as

TthELM-free =0.036 M041 Ip106 Bt032 neo.17 ng a-O.II K066 / Pnet0.67 . (52)

The units in the scaling expression are following; confinement time T is in s, plasma current Ip

3

in MA, toroidal field B{ in T, line averaged density ne in 109 m , major radius R in m, minor

radius a in m, and net power Pyet is in MW. The ion mass number is denoted by M and the
ellipticity by K.

The thermal energy confinement time Tty is considered to be related to the heat
diffusivity X in a plasma as Ty o< a2 / X. It is also related to the stored thermal energy Wih o<
a? Rne T as Typ; = Wth / Ppet, where T is the plasma temperature. Replacing Ppet with T by
using above relations and Egs. (5.1) and (5.2), we obtain a expression of ¥ correspond to the

H-mode confinement with and without ELM;
A small correction in Eq. (5.2) is necessary for the dimensional correctness, and the size

scaling of R1-79 (R/a)0-11 is replaced to that of R1-775 (R/a)0-11, In the relation (5.3), (T/eBy)
is the Bohm diffusion coefficient and other quantities, p«, § and v, are the non-dimensional
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variables. The normalized gyro radius psx is proportional to T%3/ R By, the beta value P to

H-mode

ne T/Bt2, and the collisionality v to Rne/ T2. Since the dependence of X on Py is

nearly linearly proportional, confinement property of H-mode is like a gyro-Bohm type.
As for the L-mode confinement, ITER89-P scaling of the total energy confinement time
Tg corresponds to a Bohm type confinement with X o< (T/eBy) p*o BO'555 v273 The

improvement in the confinement has been evaluated with the use of H-factor (= Tg/TTERSIP
or = Tg/T/ TER89P). The values of b and vy in the ITER plasma with RITER and B TER will

be almost the same as those attained in the present tokamak plasmas with R and Bt. For this
situation, the value of py in ITER, p*ITER, will become smaller than the present py value;

(p+ITER / p,) = (R / RITER)S/6 (By / B(ITER)2/3 . (5.4)

Therefore, if the ELMy H-mode confinement is really a Gyro-Bohm type, H-factor in ITER
will be larger than that obtained in the present experiments.

In order to confirm above physics base of ITER design, non-dimensional transport
experiments for ELMy H-mode plasmas were required as ITER physics research needs [5.4].
The experiments, then, have been carried out in DIII-D [5.5] and in JET [5.6]. Non-
dimensional plasma parameters except px have been chosen like ITER parameters. The gyro-
Bohm type confinement was found in DIII-D, while the Bohm type confinement was found in
JET. In this paper, we report the result of the non-dimensional transport experiments
performed in JT-60U.

5.2 Experimental Results

We compare three ELMy H-mode shots with different Bt and Ip values; shot E23555
(Bt = 1.5T / Ip = 0.9MA), shot 23556 (2.5T / 1.5MA) and shot E23559 (3T / 1.8MA). The
neutral beam of deuterium is injected into deuterium plasmas. The plasma configurations of
these discharges are nearly similar with each other as shown in Fig. 5.1, R = 3.27 m, a = 0.82
m, and k = 1.6. The safety factor at the 95% flux surface qgs is chosen as an ITER condition
(qos =~ 3). Though one of the major aims of the experiments is to investigate the px scaling in

the ITER relevant plasma condition, an important non-dimensional parameter of the aspect ratio
of JT-60U, R/a = 4 is different from the ITER's, R/a = 8.1m/2.8m = 2.9, Therefore, values of

total B and poloidal Bp in JT-60U cannot simultaneously be set the same as in ITER, and only
Bp value is set the same as in ITER. The collisionality is evaluated as that of passing particles,

Vi = VqosR/vih =2 X 10-3 neqosR/ T2, (5.5)

and the normalized gyro radius as that of a poloidal gyro radius,
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Ps = MeVeth/ eBpR = 104 T3 q95/ k032 By, (5.6)

where ng is in 1017 m'3, Rinm,ainm, Tin keV, and By is in T. The ratio of ion temperature
Tj to electron temperature Te is nearly unity as shown in Fig. 5.2 for By = 2.5T. The Tij (circles
in the figure) is measured by charge-exchange recombination spectroscopy (CXR), and the Te
(squares) is measured by ECE Fourier transform spectrometer (ECE). This equi-temperature
condition is one of ITER relevant conditions. The triangularity § = 0.1 in JT-60U is rather
small compared with that in ITER, 6 = 0.4.

Figure 5.3 shows the wave forms of three discharges. The line integrated electron
density, neL (L is about 2.2 m), the stored energy measured by diamagnetic loop, W(ja, the
injected neutral beam power, PNpy, and the Hg intensity from the divertor region, Hgdjv, are
demonstrated. In order to set values of B and v, similar to the ITER values, the density is
controlled by gas puffing and the neutral beam power is changed stepwise in time. The times
of comparison, at which B and v, are similar to ITER's, are indicated by broken lines. The L-
H transitions for all cases occur enough before the times of comparison. In all cases, ELMy H-
modes are obtained.

The results of experiment are summarized in Table 5.1, where ITER parameters are also
listed for comparison. The absorption power Pabs is given by using a Orbit-following Monte-

Carlo code to estimate the ripple loss. Vailues of T is those near r/a = 0.5. The thermal stored
energy is calculated from profile data, ne, T{CXR and T¢ECE, and from the consistency check

with W{ja, neutron emission rate and so on. Values of thermal poloidal-beta Bpth are almost
similar, while v for By = 1.5T is higher than others due to the difficulty in the control of low

density. We consider that this difference affects little the conclusion because the effect of vy on
the transport may be much weaker than that of p.

The values of H-factor (H = ‘tE/‘rEITERSQP) are compared among three cases. The H-
factor changes little during the decrease of py from 2.4 (Bt = 1.5T) to 1.8 (Bt = 2.5T), and it is
reduced at By = 3.0T. This fact suggests that the confinement property of ELMy H-mode in

JT-60U is never a Gyro-Bohm type, but is like a Bohm type. The comparison of Hy-factor
(Hu = ‘Cthf’tthELMy) shows the same conclusion: If the confinement is a Gyro-Bohm type,

Hy-factor is nearly constant during the change of py value. In fact, however, Hy-factor is
degraded by the decrease of p,. Finally we compare the confinement time T¢, normalized by

the Bohm confinement time Tg o< eB/T. Values of this Bohm-normalized confinement time
vary little during the change of p4 value. This result also suggests a Bohm type confinement of

ELMy H-mode in JT-60U plasmas under the ITER relevant condition.
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5.3 Discussion

The non-dimensional transport experiments shows that the confinement property of
ELMy H-mode in JT-60U plasmas is 2 Bohm type under the ITER relevant condition. The
values of H-factor in these plasmas are rather low compared with DIII-D and JET results. We
discuss in this subsection why the H-factor is not high and why the confinement becomes a

Bohm type.

5.3.1 Low H-factor in plasmas with Ti/Te = 1

The values of H-factor are 1.42 for Bt = 1.5T, 1.39 for Bt = 2.5T, and 1.25 for Bt =
3.0T, which are rather low compared with those in DIII-D (H = 1.5 - 2.0) [5.5] and in JET (H
= 1.7) [5.6]. The values of Hy-factor from 0.62 to 0.51 are also low.

In order to obtain the high H-factor in JT-60U plasmas, the high Tj condition (Ti/Te >
1) has been inevitable. A scaling expression for the H-factor of high T H-mode in JT-60U
was given as H - 1 o< (Tio/Teg - 1) ne!:3 [5.7], where subscript 0 denotes the center value. The
ratio Tig/Teq in the ITER relevant plasmas for the present experiments, however, is almost
unity as already shown in Fig. 5.2. Therefore, high values of H-factor in the present plasmas

are hardly attained.

5.3.2 Effect of ELM activity on the improvement

Non-dimensional transport experiment for ELMy H-mode in JT-60U has shown that
the H-factor does not increase and the Hy-factor decreases with the increase of Bt. This result
suggests that the EL.My H-mode confinement looks a Bohm type. The transport property of L-
mode plasmas in JT-60U was found to be a Weak Gyro-Bohm type [5.8]. It is difficult to.
imagine that the spatial dependence of the heat diffusivity becomes a Bohm type one in H-mode
plasmas. A Bohm type property may be observed when we compare plasmas with different
parameters. The cause of this Bohm type property can be explained as the effect of ELMs,

which become more active in a higher Bt plasma than in a lower Bt plasma.
An index of the ELM activity, p/p«, was found in Ref. [5.9]. Giant ELMs start when

this index exceeds a limit as was shown in Fig. 1(b) in Ref. [5.9]. As the input power
increases and the value of B/p, increases beyond the limit, the ELM frequency fr1.m becomes

high. This tendency was clearly shown in Fig. 2(b) in Ref. [5.9] also. Throughout the non-
dimensional transport experiments, the index is increasing with the increase of Bt (decrease of
Px), and fg1 M is also increasing. One can clearly see in Fig. 5.3 that fgr.m becomes higher in
higher Bt plasmas. When fg1m becomes higher, the improvement in the confinement can be

degraded [5.9]. The relation between fg M and H-factor is shown in Fig. 5.4, which is the
same as Fig. 9(a) in Ref. [5.9]. We suppose, therefore, that the feature of a Bohm type
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confinement is caused by the suppression of improvement due to enhanced ELM activity during
the increase of By .

5.4 Summary

We have carried out the non-dimensional transport experiments of ELMy H-mode in
JT-60U under the ITER relevant condition. The results shows that the confinement property of
the ELMy H-mode is a Bohm type. When Bt increases with constant f and decreasing ps, an

index of ELM activity, B/ps, increases and ELMs become active. We suppose that this

enhanced ELM activity suppresses the improvement in the H-mode confinement of a plasma
with smaller py. This suppression can be the cause of the Bohm type confinement of ELMy H-

mode in JT-60U.

In order to reduce the ELM activity, the increase of the triangularity 8 of a plasma cross
section can be efficient. We will perform the non-dimensional transport experiments in the high
d configuration of JT-60U.
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Table 5.1 Experimental results and comparison with ITER
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IT60-U ITER
R (m) 3.3 8.1
a (m) 0.82 2.8
V (m3) 63 2000
Shot No. E23555 E23556 E23559
Bt (T) 1.5 2.5 3.0 5.7
Ip (MA) 0.9 1.5 1.8 21
Q95 3.0 3.0 3.0 3.0
Pabs (MW) _ 3.0 7.0 9.5
ne (101m3) 1.7 2.5 3.3 13
T (keV) 1.5 2.5 2.7 10
Wih (MI) 0.52 1.32 1.83
Bpth 0.43 0.40 0.39 0.5
Vi (103) 13 8 8 4
ps (103) 2.4 1.8 1.6 0.5
Tth () 0.17 0.19 0.19
H(ITERS9P) 1.42 1.39 1.25
Hy(ELMy H) 0.62 0.55 0.51
(Tth T/eBt )nor 0.95 1 0.89




JAERI—Raesearch 95—075

'SIN[BA JUIES )
Areau oary Aoy, “g0d Aq pansesw 37, Jlouap
sosenbs pue yxD Aq panseaw '3 a10uap saponn
"L §°¢ =g 105 opyoad armesadway, z-¢ S

(15°2="8) 955¢27

(A®)) 98uniesadwa

'109-L{ ut uoRINGIUOD BWSL]]

'e-




JAERI—Research 95—075

i 1g -2
O 0 R A
5F Wdia I
O, ||r-|1>[IFlL A S St
9

[ARe
i

(0.9MA/1.5T) ST |
M
- ! a1

30F Wdia ]
23556 3 |
0 ]

(1.5MA/2.5T)

23559
(1.8MA/3.0T)

time (s)

Fig. 5.3 Time evolution of neL, Wdia, Pngl, and Hadiv for three shots with
Bt = 1.5T, 2.5T, and 3.0T. Dashed lines denote the times of comparison. ELMs

become active in a higher B¢ plasma.
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6. Threshold Power for H-mode Transition in JT-60U Plasmas

Masayasu SATO, Takeshi FUKUDA, Tomonori TAKIZUKA, Yutaka KAMADA,
Katsuhiko TSUCHIY A, Hiroshi SHIRAI, Shinichi ISHIDA, Masahiro MORI

6.1 Introduction

Fusion reactors, such as ITER, are designed based on the H-mode confinement scheme.
Threshold power (Pth) for the H-mode transition is one of the key issues for design of
reactors. Following scaling of Pth was proposed so far [6.1]; PthITER =™, Bt S, where n,
Bt and S are line-averaged electron density, toroidal magnetic field and the plasma surface area,
respectively. Although scaling of confinement time depends on the plasma current (Ip) [6.2],
the dependence of Pth on Ip have been considered to be very weak. Here, dependence of Pth
on Ip and effective safety factor (qeff) have been carefully studied, as well as its dependence on

Bt and 11 in single-null divertor operation withR ~3.3mand a ~0.83 m [6.3].

6.2 Threshold power

In neutral beam heated JT-60U plasma with boronized vessel walls, parametric scans were
performed in order to reappraise the dependence of Pth on Ip (0.9MA < Ip £ 2.4MA), qeff
(3.6 < geff < 10.2), Bt (1.5T < Bt<4.1T) and ne (0.7 X 1019m-3 <, < 2.8 x 1019m-3).
Performed parametric scans are categorized into four cases; (1) Ip scan with Bt = const and 1,
~ const, (2) Bt scan for Ip = const and n. ~ const, (3) Ip and Bt scan for geff = const and n, ~
const, and (4) no scan for Ip = const and Bt = const. The discharge regions are shown in Fig.
6.1. The plasma parameters are as follows: 2 < Zeif £ 5.5, 0.2MW < Prad < 2.2MW where
Prad is radiated power from main plasma.

Since recycling condition of the wall and neutral particle behaviors are found to influence the
transition criteria [6.4], the experiments were carried out in continuous discharges (~70
discharges) with a fixed small ripple-loss configuration which is shown in Fig. 6.2. The ripple
loss is less than 20%. Data of Py, from only discharges with low recycling have been analyzed
in this paper. The typical time evolution of the plasma parameters is shown in Fig. 6.3. In
order to evaluate the Pth for accuracy, neutral beams were injected into plasma in time
dependent shape of step. Net power (Pnet) is evaluated based on following equation; Pnet =
(1-Freion)(Pinj-Pshine) +POH - dW/ dt, where Pinj, Pshine, POH, Freion and W are power of
injected NBI, shinethrough, ohmic, fraction of reionization and diamagnetic stored energy.

The dependence of observed Pt on density is shown in Fig. 6.4 for the region of Nel9
(1019m-3) 2 1.2. The region of density was restrained, because there was a threshold density
below which the H-mode is never obtained for minimum Ptp [6.5]. Obtained scaling is Pth =<

105 for the region. The density dependence of Pth was weaker than Pl TER,
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Concerning the magnetic field strength, dependence of Pth / i.0-3 on the toroidal magnetic
field is shown in Fig. 6.5. It was found that Pth depends on the toroidal magnetic field and its
power factor was about ! in a wide range of Bt from 1.5 to 4.1T.

The density dependence of Pth / (00-> By} is shown in Fig. 6.6. The function of f(n;) was
assumed to be around unity for nejg > 1.2 and f = 1.2/n;)¢ for fie;9 < 1.2. The threshold
power increases with the decreasing density in the range of i19 < 1.2. It was confirmed again
that there is a threshold density below which the H-mode is never obtained for minimum Pth
[6.5].

The dependence of Pt / (005 Bt) on qeff is shown in Fig. 6.7. For geff < 7 there is no
qeff dependence of Pth. However, the threshold power is found to increase with decreasing
Ip for geff > 7. The geff dependence of Py / (Bt n0-3) is written in the function of g(qeff) =
expl{(geff-1)/ 10}#. Therefore the following scaling is obtained; Pth(MW) = 1.1 By(T)
fie190-3 (1019m-3) f(fi;) g(qeff). The comparison between the data and scaling of threshold
power is shown in Fig. 6.8. There is good agreement between them.

Normalized Pnet to Pth is shown in Fig. 6.9 for all data including high recycling shots. The
values of Pnet/ Pth in the high recycling shots (shot no. < 23530) are large compared with that
in the low recycling shots. Since recycling condition of the wall affects the threshold power,

here the threshold power in only low recycling shots was discussed.

6.3 Discussion

The L-H transition threshold was studied using the net power reaching the plasma edge,
Pnet* = Pnet - Prad [6.6]. The value of Prad is from 5 % to 20% of Ppet. Even if the
radiation is taken into account in the evaluation of Pgh, the parametric dependence of Pt is the
same as above-mentioned dependence and following scaling is obtained: Pghy(MW) = 1.0 By(T)
e 199-5(101%m-3) (&) g(gqefs). Only factor is changed from 1.1 to 1.0.

6.4 Summary

The following scaling is obtained for ne19 < 2.8; Pth(MW) = 1.1 By(T) Tiz199-5(1019m-3)
f(n,) g(qeff), where f(ng) is around unity for fisj9 = 1.2 and f = 1.2/ Ne19 for ng19 £ 1.2 and
g(geff) = expl{{(qeff-1)/ 10}4]. The density dependence of Pty was rather weaker than
PthITER. The threshold power increases with decreasing density in the range n.j9 < 1.2.
There is a threshold density below which the H-mode is never obtained for minimum Ptp,. For
qeff < 7 there is no qeff dependence of Pyy. However, for geff > 7 the threshold power

decreases with increasing Ip.
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7. Parametric Study of Edge Local Quantities across the H-mode
Transition Observed at JT-60U

Takeshi FUKUDA, Masayasu SATO, Tomonori TAKIZUKA, Yutaka KAMADA,
Katsuhiko TSUCHIY A, Hidenobu TAKENAGA, Shinichi ISHIDA, Masahiro MORI

7.1 Introduction

It is now regarded to be inconceivable to operate fusion reactors without the H-mode,
which is ubiquitously observed in various plasma devices. However, neither conditions to
attain the H-mode nor physical mechanism has been fully understood. Therefore, it has been
urged to compile the threshold database in order to predict the required heating capability in
ITER, as well as to stimulate theoretical works.

Issues of investigations are (1) why the H-mode transition power threshold (Pygth) is
remarkably dependent on B, but less significant on Ip, which is contrary to their contributions
to the confinement properties, (2) whether the low density limit for the H-mode transition really
exists and how it is scaled, (3) how much is the contributions of the neutrals on Pygth, (4) if
the edge ion collisionality is an adequate criteria to describe the H-mode transition, (5) isotope
effect, (6) how we can scale the L to H back transition and (7) whether the non-dimensional
transition parameters can be an effective measure of Pypth. This paper mainly address the items
from (1) through (5) except (3), of which detailed description is given in another section.
Results of the scaling studies will also be briefly described, since it is discussed in the previous

section.

7.2 Experiment

In order to reasonably reduce the influence of wall conditions as much as possible, power
threshold data was obtained from the consecutive tokamak discharges in a single series of
experiment. Neutral beam (NB) power was varied stepwise with the size of 1 - 2 MW during
the discharge to effectively define the heating power right above and below the threshold. 118
H-mode transition data was obtained from 71 pulses, and the operational parameters were as
follows: (a) Ip=0.9 - 2.4 MA, (b) By = 1.5-4.0T, (c) averaged density no = 0.7 - 2.8 x 10 19
m -3, (d) Vp~61.8m3 (S ~138m2), (¢) Xp~0.18 mand (f) x ~ 1.56. Averaged time
derivative fraction of the stored energy W, Prad / Pper ( = Pabs - W +Poy) and the ripple loss
(including the charge exchange and orbit loss) were respectively 22.0%, 13.1% and 24.3%.
As we kept the equilibrium configuration the same throughout the experiment, the averaged Zesr
was 2.76, and the major impurity species were carbon (~ 3.5%) and oxygen (~ 1.6%).
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Hereafter, carbon is regarded as an influential impurity species in the code analysis and the
estimate of ion collisionality discussed in the later subsections.

In addition to the (i) increase of n. and the diamagnetic stored energy wdia, (i) reduction
of Dy, and fig (with a multichannel microwave reflectometer) as well as the values of edge T;
and v, g (with charge exchange recombination diagnostic of CV] line) were examined to

determine the time of transition.

7.3 Threshold power scaling

NB absorption power and the ripple loss fraction were respectively evaluated by the
TOPICS and OFMC codes, whilst ohmic input and the radiation power were obtained by the
FBI code. As discussed in the prior section, Pyp!h is scaled as ne%> Bt !0 in the region ne 2
1.5% 1019 m -3 [7.1]. This is congenial to the ne®75B1S scaling produced by the ITER H-
mode database working group [7.2], which is weighted more on larger devices, and not to the
neBrRO-75 scaling, seemingly due to the similar dependence on ne. However, JT-60U's
boundary is still 20% higher than the ne®75BtS scaling, in spite of the fact that the current data
base for Pxgth is the lowest, in comparison to the publications at JAEA Wiirzburg (1992) [7.3]
and Seville (1994) [7.4] conference. Reduction in Pnpth is believed to be ascribed to the way
the database was compiled, and we suggest that the accurmulation of the data taken at different
occasions with even a slight difference of the equilibrium shape, may easily mislead the results
of Pxgth scaling. The quality of database having been remarkably improved, Ip dependence of

Pyttt was not resolved.

7.4 Relation between the threshold power scaling and local quantities

In this section, we will focus on the behaviour of Pngth in the low density regime, with
respect to the edge local quantities. Among the various experimental documentations in various
tokamaks, the significance of the edge plasma temperature has been disputed as one of the key
issues to induce the H-mode transition. Theoretical considerations take this quantity in terms of
the ion collisionality vi* ( = VijRq/€23vy,). As predicted by the Shaing's theory, high-energy
collisionless particles contribute to the ion orbit loss and drive a poloidal torque, while low-
energy collisional particles contribute to the poloidal viscosity and resist poloidal rotation. The
critical vi* at which the poloidal flow velocity makes a sudden change to a more positive value
is expected to be around unity. However, quantitative agreement with the theory has not been
previously shown. A candidate for this discrepancy is the influence of impurities, since the
transition condition must naturally be influenced by the impurities. One of the mechanism is the
enhancement of the average ionic charge Zefr. When Zegs increases, pitch angle scattering of the
bulk ions becomes more frequent and the threshold value increases. The other mechanism is
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the non-ambipolar loss of impurities, which is caused by the rotation induced ion-ion
collisions. JFT-2M evaluated at 7 mm inside the separatrix to obtain the value of vi* around 50,
whereas for ASDEX it was larger than three. The DIII-D work also did not include the
impurity effect. '

In this work, we have investigated the effect of ion-impurity collision theoretically in
terms of the normalized viscosity coefficient, considering the ion distribution function is non-
Maxwellian in the area of our interest. Key impurity effect comes from the change of the
deflection and the anisotropy relaxation frequencies by the impurity. In order to have the
formula conserve the structure, we have replaced vi* with vi* (Zefrne/zi2n;) {7.5]. We can
expect such an effect on fast ion orbit loss. This treatment is included hereafter for the estimate
of the ion collisionality at the transition, and we denote as Vi*ei®S evaluated at the 95% of the
outermost flux surface position.

As seen in Fig. 7.1, Pypth increases significantly in the region below ng = 1.5 x 10 19
m - 3, whilst vi*.f?% is concomitantly reduced in the same region. Open circles indicate the
data right before the transition, and crosses represent the data at the very end of the previous
NB power step; namely right above and below Pypth, respectively. It is noteworthy as well
that the value of ion collisionality was first shown to reside around unity in deuterium discharge
in the region ng 2 1.5 x 10 12 m -3. Slight decrease towards higher density region is also
shown in Fig. 7.2, however, definitive statement will have to be done after obtaining additional
transition data in the region fig = 3.0 x 10 19 m - 3. Fig. 7.3 shows the relation between T;5
and n% for fi; over and below 1.2 x 10 1% m - 3. Here, data was restricted to qeff (= q%5/0.95 )
< 8 from the reason mentioned in the succeeding paragraph. Forng = 3.0 x 1019 m - 3, T;95
increases as ng?3, which supports the agreement with the constant collisionality. However, in
the region ng = 3.0 x 10 !9 m - 3, T;5 soars in the fixed ne% region. This result indicates that
the reduction of vi“eff?? is ascribed to the increase of T{%5 i.e., additional NB power is
necessary to increase T;%3 and make vi”qs%° reach the value as low as adequate for transition in
the low density regime. The role of neutral density n, to reduce the threshold of v;*e%5 is
discussed in the succeeding section, where it is documented with the use of DEGAS code that
an increase of ny?> /ne%5 can cause the reduction of threshold value of vi*ss?° [7.6]. We also
know from the previous experimental results that beam deposition profile is more peaked for
low density target plasmas. Therefore, edge heating is less effective for low density plasmas,
and it is possible that the necessary NB power is even more enhanced to induce the transition.

As we have observed peculiar feature for the data gefs > 8, we have divided the low
density data ne < 1.5 x 10 1° m - 3 into three regions of (1) 3.6 < qefr < 4.0, (2) 4.3 < Qe < 7.7
and (3) 9.1 < gesr < 11. As seen in Fig. 7.4, apparent gesf dependence on the low density limit
was resolved. Although the difference between the cases of (1) and (2) is subtle, it is shown
that larger geff can increase the low-density transition boundary significantly. From the
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assumption that the width of scrape-off-layer (SOL) Ac, which is directly relevant to the
penetration of neutral particles, is proportional to (2D L¢/Cs)1/2 [7.7], where Cs, L and Dy
are respectively ion acoustic velocity (={k(T¢+T;)/m;}12 ), connection length (= qR) and
Bohm diffusivity (=0.06 T, (€V) /BT(T) ), one might expect that edge neutral density has a
definitive role to define the low density transition limit. However, A can also be reduced to
T l4Tp-1/2 = Tp- /4 (supposing Te?S o< Ip ), which again defies the inclusion of By in the Pygth
scaling. Having an equation that the penetration depth is described as Aj o< fig - 710 ~ I, 710
{(assuming ne®3e< Ip ) in mind, it has to be further investigated why the I, dependence was not
apparently seen. In addition, the role of neutrals in regard to the origin of density dependence
will be another issue of further studies. DEGAS analysis would have to be extended to higher
density region to show that neutral density increase with the density.

Boundaries of Pngt! in each gegr regime was fitted with the function; iz. f(ne, gefr) = a+b/
(fi; + ¢)9, and Pngth data was divided by the relevant f(ne, geff), which provided the Fig. 7.5.
It shows that the whole data, regardless of the ranges of g and gefr, can be fitted to the ne®> Bt
1.0 scaling. However, it is noteworthy that for the first 10 to 20 discharges, there exist several
data, which is well above Pygth. These data shows higher T;% for ne?3, in comparison to
other data obtained in the later phase of the experiment, which is indicative of the influence of
wall conditions (either impurity or neutrals).

In many of the discharges sawteeth were present. However, it was observed that under
the heating power defined as right below Pygth, plasma did not turn into the H-mode, until the
NB power step was increased. This result indicates that the amount of heat flux emitted from
the core region of the plasma and passes through the edge layer is less than the NB power step.

Inclusion of the radiation loss from the main plasma region did not remarkably modify the
scaling established. Its influence, which indicates the n.®Zeff) dependence was not observed,
due to the relatively small fraction Ppag / Ppet of 13.1%. As to the ripple loss effect, which is
scaled as ne0-331,-0.04 for a fixed configuration, neither exhibited major modifications to the
scaling, and it only reduced the coefficient from 1.0 to 0.63. It was also found that Pygth data
with the inclusion of the radiation power and ripple loss agreed well (absolute values were also
similar) with the ne®-73BtS scaling produced by the ITER H-mode database working group.

7.5 Addendum

This subsection mainly deals with the Pnpth data obtained in the last experimental
campaign, where comparison of the threshold power and edge local parameters were compared
between the deuterium and hydrogen discharges, as well as the grad-B direction towards and
against the X-point. The equilibrium configuration was very similar to the one recently
analyzed, and the operational parameters were: (2) Ip=0.95- 1.72MA and (b) By=2-35T.
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Since the comparison of the absolute value of Pygt with the recent experiment is believed to be
difficult, result of relative comparison is summarized in this paper. Pygth is the largest for the
case VB drift direction against the X-point with deuterium as an acting gas, and larger for
hydrogen discharge with VB drift direction towards the X-point. The smallest was the
deuterium with VB drift direction tov?ards the X-point. Recalling that deuterium reduces the
edge transport by the mass effect, it can be speculated that Pygp!? is smaller when edge
confinement is improved. Superior transport property makes it easier to increase the edge ion
temperature i.e., to reduce the value of v;"esr. Compiled data was smaller than the expectations
from the 1.5Bt!- scaling, and the density dependence was not clearly resolved in this
experimental campaign. It has to be mentioned that the number of pulses undertaken for this

particular experiment was less than the recent experiment.
The value of v;*efr was the same between the deuterium and hydrogen discharges. This is

reasonable, since root-squared mass terms included in the numerator and denominator cancel
out in the v;* formula. When the direction of Bt was reversed, however, the value of Vi eff

was reduced, as in the case of the low density discharge mentioned in the previous subsections.
Since the value of vi*efr at the transition is not influenced by the changes of equilibrium
configuration, this result might be indicating the changes of edge neutral density. This is also
consistent with the fact that Pygth was the largest for the case of VB drift direction against the
X-point. In addition, qeff dependence was not found in this campaign. Comparison of the

edge T; and T, showed similar tendency to the recent experiment.

7.6 Discussion

Although the quality of the transition database was remarkably improved, further
investigations to understand the influence of neutrals as well as the reason why the contribution

of Ip is not apparent would have to be pursued.

7.7 Summary

In order to reasonably reduce the influence of wall conditions as much as possible, power
threshold data was obtained from the consecutive tokamak discharges in a single series of
experiment with a fixed equilibrium configuration. Pngth is scaled as n95 Bt !0 in the region
Ne 2 1.5 x 10 19 m -3, This is congenial to the ne¥.7SBtS scaling produced by the ITER H-
mode database working group. Thus, the quality of database having been remarkably
improved, Ip dependence of Pyght was not resolved.

We have clearly documented that the low density limit for the H-mode transition does
exit, and it can be scaled with gefr or the edge neutral density. Therefore, it was suggested that

the density limit can be machine dependent. We have also shown that increase of the edge
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neutral density reduces the value of ion collisionality required to induce the transition, which
significantly increase the necessary NB heating power. Above results makes us deduce that the
ion collisionality is not the sole necessary condition for the H-mode transition, and we are

urged to seek for the full set of critena.
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8. Effect of Edge Neutrals on the Condition of H-mode
Transition in JT-60U

Katsuhiko TSUCHIYA, Hidenobu TAKENAGA, Takeshi FUKUDA, Yutaka KAMADA,
Shinichi ISHIDA, Masayasu SATO, Tomonori TAKIZUKA

8.1 Introduction

H-mode transition in JT-60U was intensively investigated for the understandings of

mutual relationship between the global parameters; such as the net heating power, electron
density, plasma current and toroidal field strength, and the edge local quantity, as represented
by the ion collisionality. The features of H-mode transition were mainly studied in the past in
terms of the effective edge ion collisionality (vi*eff), where the impurity effect was included
[8.1]. It is theoretically suggested by Shaing and Crume [8.2] that this quantity is related to the
orbit excursion of edge ions which induces the radial electric field E;, and the H-mode transition
takes place under the condition that v;* is around unity.
It has been found in JT-60U, however, that the L-mode phase can persist even at Vi*egr much
less than unity. This phenomena was often observed when the intensity of D¢ line and the
amount of charge-exchange neutral flux were relatively large. Therefore, we have speculated
that the edge neutrals affect the criteria of H-mode transition, and calculated the neutral particle
density near the separatrix by using the DEGAS code [8.3]. Influence of the neutral particles
on the transition criteria has also been disputed as an urgent issue of investigation in the ITER
physics R&D tasks.

Experiments for the detailed investigation of H-mode transition power threshold were
recently carried out [8.4], in a way that repetitive tokamak pulses were produced with fixed
equilibrium configuration, and only the plasma current, toroidal magnetic field and the electron
density were varied. Analysis of the neutral density was carried out on the database obtained in

the series of experiments described above.

8.2 The estimation method of edge neutral density

The edge neutral density is estimated by the Monte-Carlo code DEGAS. The flow chart
of calculation is shown in Fig. 8.1. The plasma equilibrium configuration was calculated with
the FBEQU code, and its output parameters were used in DEGAS. Edge plasma parameters,
were calculated with the two-dimensional divertor code based on a simple model [8.5], to

which we apply the measured data by Langmuir probe array on the divertor plates. The
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absolute value of neutral density was adjusted to be consistent with the Da, intensity. The Hnes
of sight for this measurement are shown in Fig. 8.2. Averaging the calculated density over the
poloidal direction on the surface of r/a = constant, ny(r/a) was evaluated. The edge neutral
density (n,%5) used hereafter is defined by averaging ny(t/a) from 1/a=0.95 to 1.0 (i.e. LCFS),

in order to reduce the Monte Carlo calculation noise.

8.3 Results and discussion

Database for the threshold power experiments consists of discharges with Ip=0.9-2.4
MA and BT=1.5-4.0 T [8.4]. Figure 8.3 shows the waveforms of a typical discharge included
in the analysis database. H-mode transition occurs at t = 8.17 sec in this particular pulse.
During the series of these experiments, the plasma configuration was kep fixed, and the
injection NB power was varied stepwise in time. Figure 8.4 shows the averaged electron
density (neaV) dependence of vi™eff which is defined as vi*eff = (NeZefr/ niZi2) (vii qR/£32vp).
The ion collision frequency is vi;= 16\r(z) nj e#InA Zj4/3(m) (2T)3/2, and the jon thermal
speed is Vi = \r(2T/m) , where m and T are ion mass and ion temperature, respectively. € is the
inverse aspect ratio (= a/R). Zj is the charge number of impurity which is assumed to be 6.
The circles indicate the data right before H-transition, and the crosses are for the one NB
power-step prior to the H-mode transition. The neaV dependence of vi*eff is constant in the
case 0f nedV > 1.2 x 1019 m- 3. Under the condition of low density (less than 1.2x1019 m- 3),
vi*eff shows the significant descrease in regard to the plasma density. This dependence
indicates that decrease of the density is directly related to the deteriorated accesibility to the H-
mode. In this case, the heating power to attain the H-mode significantly soared. Therefore, the
edge ion temperature right before the transition was considerably larger than the case of ne >
1.2 x 1019 m -3, which is consistent with the reduced edge ion collisionality [8.4]. Figure 8.5
shows the dependence of ny95 on ne93 for a part of data shown in Fig. 8.4. ng95 stands for the
electron density at r/a = 0.95. The n.95 dependence of n,95 was not clear. However, it is
noteworthy that the values of no93 at the beginning phase of the series of experiment are larger
than the others at the same value of ne95. This is also consistent with the experimental evidence
that the threshold power for the H-mode transition gradually decreases as the first wall is
conditioned with the repetitive tokamak discharges [8.4].

Figure 8.6 shows the correlation of vi*eff and n,95/n.95 for the same data as Fig. 8.5.
It can be seen that vi*eff at the transition tends to decrease with the increase of ny%3/ng95. In
addition, both L- and H-mode phases are clearly separated on this plane. Therefore, the edge
neutral density affects the increase of threshold power in the range of low density. The edge

neutrals have a key role of the condition of H-transition.
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8.4 Summary

Effect of neutral density on the H-mode transition was experimentally studied in JT-60U.
The neutral density near the separatrix was evaluated with the DEGAS code. We have obtained
the result which indicates strong correlation between vi*eff and ne29/me95. This means that the
edge neutrals have a substantial influence on the condition of H-mode transition in the low

density plasmas.
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9. H-L Back Transition in JT-60U

Hidenobu TAKENAGA, Takeshi FUKUDA, Yutaka KAMADA, Katsuhiko TSUCHIYA

Back transition phenomenon from H-mode to L-mode is crucial for understanding
physical mechanisms improving confinement properties and operating regimes of H-mode
plasmas. Thus, it is an urgent task for ITER R&D to establish a data base of the threshold
power for the H-L back transition. In JT-60U, the H-L back transition was ohserved in the
several cases, and here, we discussed the properties of three typical H-L back transitions.
These occurred 1) after the end of the NB heating phase (case 1), 2) during the density
increasing phase due to strong gas-puffing (case 2) and 3) when the wall conditioning was
insufficient (case 3), which is related to the high recycling factor and/or a large amount of the
impurities generation at the first wall and the divertor plates.

Figure 9.1 shows typical time traces for case 1 of averaged electron density (ne), stored
energy (Wdia), NB input power (PNp1) and Da emission intensity observed using a chord
viewing the divertor region. In this discharge, plasma current (Ip) was 0.9MA, magnetic field
(BT) was 2T and NB heating was applied during t=8.6-10.1s. Violent ELM activity appeared
at t=8.9s, and continued until t=10.3s although the NB heating phase had been terminated at
t=10.1s. The H-L back transition occurred at 200ms after the end of the NB heating phase.
In the NB heating phase, the energy confinement time was estimated to be 160ms at t=9.8s.
The delay time of the H-L back transition from the end of the NB heating phase was
comparable to the energy confinement time. This delay time might be thought to correspond to
the decay time of the ion temperature at the plasma edge, because the energy confinement time
decide the decay time of the edge ion température when the NB heating power depositing in the
central region was terminated. It has been reported that the edge ion temperature is a key
parameter for the L-H transition [9.1], and also, above results suggest that the edge ion
temperature plays an important role for the H-L back transition.

In Fig. 9.2, typical time traces for case 2 (Ip=1.2MA, B1=2T) of ne, Wdia, PNBI
amount of gas-puffing and Dy emission intensity were shown. In this discharge, the amount
of gas-puffing was controlled with a feed back algorithm using the measured average electron
density. Tt is noted that D4 emission intensity in this discharge was much larger than that in the
other two discharges. ELM activity started just after main NB heating was applied and gas-
puffing was applied during t=8.9-10s. The value of ne and the base intensity of the Da
emission increased with the amount of gas-puffing and ELM became inactive gradually during
t=9.0-9.2s. Then, ELM disappears and ne was kept constant in spite of increasing of the
amount of gas-puffing, in contrast, Dy emission intensity increased. The enhancement factor
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over the ITER-89P L-mode scaling decreased from 1.3 at t=8.6s to 0.95 at t=9.6s. These
results indicate the occurrence of the L-H back transition, however, it can be seen from Fig. 9.2
that this case does not have a clear H-L back transition. The theory was proposed where the
transition becomes a soft type transition under the high neutral particle density condition [9.2].
This case is consistent with this theory, because the neutral particle density had to be high due
to the strong gas-puffing as shown by the large intensity of Dy emission.

Figure 9.3 shows typical time traces for case 3 (Ip=1.5MA, B1=2.5T) of ne, Wdia,
Png1 and Dy emission intensity. In this case, the L-H transition and the H-L back transition
occurred repeatedly.  As described before, this case was usually observed when wall
conditioning was insuffictent, which is related to the high recycling factor and a large amount of
impurities generation. Therefore, these phenomena were discussed from the viewpoint of the
change of the effective ion collisionality including the effect of impurities and the change of the
neutral particle density [9.3].

In the present work, the study of the H-L back transition was limited qualitatively. In
order to identify the mechanisms which decide the condition of the H-L back transition, it is
necessary to accumulate a data base of the parameters influencing the transition such as NB

heating power, the edge ion temperature and the neutral particle density, quantitatively.
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10. Onset Condition of ELMs in JT-60U

Yutaka KAMADA, Ryuji YOSHINO, Yuzuru NEYATANI, Masayasu SATO,
Shinji TOKUDA, Masafumi AZUMI, Satoru TAKEJI, Kenkichi USHIGUSA,
Takeshi FUKUDA, Masahiro MORI, Tomonori TAKIZUKA

10.1 Introduction

The ELMy H-mode is the candidate for the steady-state operational mode in the tokamak
fusion reactors. Therefore control of the ELM behavior is one of the most important issues in
sustainment of the highly integrated plasma performance. There are three types of ELMs
observed in JT-60U (see below), out of which this paper concentrates on the giant ELMs. This
is because appearance of the giant ELMs limits the achievable edge density and pressure and also
tends to restrict the core plasma performance through the profile effects on stability and
transport. For H-mode plasmas with broad pressure profiles, the edge pressure limit directly
determines the global By limit [10.1]. The edge pressure limit also affects the ELM frequency
frrm: The low pressure limit increases fErm at a given heating power and results in poor
confinement in a ELMing steady-state. To contribute to establish the control scenario of the ELM
behaviors, this paper identifies the onset conditions of the giant ELMs and emphasizes the
effects of plasma shape such as triangularity 6 and elongation K.

For the typical shapes of JT-60U plasmas with §.0.1, two types of ELMs have been
observed. The first is the dithering ELM, which appears when the heating power Ppe¢ is around
the threshold power for the L-H transition. The second is the giant ELM observed when the
edge pressure reaches a critical value. When both & and f3, are high (8>~0.3, Bp>~2), the third
type of ELM is observed; the wave form is minute-grassy and the edge ne, T; and Te can
continuously increase during the grassy ELMs. The behaviors of the three ELMs are similar to
those observed in DIII-D [10.2] and have different dependence of fEr.m on Pret. With increasing
Pyet, dithering ELM appears, fE1 M-dither decreases quickly, then giant ELM appears and fgr M-
giant increases almost linearly with Pret [10.3]. With decreasing B(2/(Rqeff?), decreasing lj or
increasing ne, fELM-giant 10CTEASES. The minute-grassy ELMs have higher fppM than giant

ELMs and no clear dependence on Ppet has been observed.

10.2 Effects of plasma shape on the onset conditions of the giant ELMs

In JT-60U, an ELM-free phase appears only when T, is lower than a threshold value Teth,
which increases with Ip or Bi2/(Rgefi2) (a measure for the ballooning stability) [10.3]. Since
edge ne and edge Tj &Te are roughly proportional in JT-60U, the onset condition of the giant
ELM is given by a function of edge ne or edge pressure. The values of fi,th are ~1x1019m3 at
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Ip=1MA and ~3-4x1019m-3 at 4MA. To obtain high plasma performance at higher ng we
studied the effects of plasma shape. Recently a new connection of poloidal field coils (now
limited at I,<1.2MA) enabled us to scan triangularity & from the original value of ~0.1 to §.0.4
and also down to a negative 8~ -0.06. Figures 10.1 a)-c) compare the typical shapes at I,=1MA
and d) indicates the operation region of & and elongation x for the ELM study: the 8-scan at
fixed %, the x-scan at fixed & and negative d.

Figure 10.2 shows the results at I,=IMA with (3, k) ~ (-0.05, 1.55), (0.08, 1.6) and
(0.33, 1.4). In Figs. 10.2 a) and b), higher & has higher 7, at the first giant ELM. In addition,
the ELM free period (from H-transition to the first giant ELM) was increased from ~0.05 sec to
0.9 sec. ( Note: The length of ELM-free period is a rough measure of improvement, because the
~ length is a function of ne-rise affected by NB power, recycling, etc.) Figures 10.2 (¢) and (d)
show that edge T, and edge temperatures at the onset of the giant ELMs increase with 8 and their
improvement from 8~0.08 to 8~0.33 are 30-40% (1) and ~80% (Te(95%) and Tj(95%) ). The
edge pressure limit (nXT) increases roughly linearly with 8.

The onset condition of giant ELMs is given by a clear proportionality grad-pegge ~
B(2/(Rqef2) over wide ranges of I, (0.4-4MA) and Bt (1-4T) (Fig. 10.3(b)), where pfegge is a
measure of thermal pressure given by Ne(~0.7a)X(fTj(95%)+Te(95%)) and f is a function of Zg¢r.
The pressure gradient parameter grad-pthedge is given by pthedge/ (Ti(95%)0-5/]3p(a)). Here we
assume the width of the edge pressure pedestal is proportional to the poloidal gyro radius of
thermal ions p; ~Ti(95%)%-5/By(a) based on experiment [10.4]. The normalized pressure gradient
o=(grad-pthegge)/(Bi?/(Refr)) (tangent in Fig. 10.3(b); proportional to the o parameter used in
the high-n ballooning analyses) is almost constant over a wide range of gefr=3-10 at low-6 (Fig.
10.3(c) open circles). This resuit suggests the giant ELM is triggered by high-n ballooning
mode. A time dependent analysis including bootstrap current supports this result [10.5].
Whereas, high-& plasmas (closed circles) have higher values of o. In Fig. 10.4(a), the .-
parameter increases with 8, which is clear for the d-scan at fixed x (closed circle). This tendency
may saturate around 8-0, because data with 8-0.08 and -0.05 at K~ 1.5 have similar values of ¢
(see Figs. 10.4(a) and 10.5(a)).. Another important result is that the By value at the onset of
giant ELM increases with & (Fig. 10.4(b)). In JT-60U H-mode at 6~0.1, BN was lower than 1.8
because of giant ELMs [10.1]. The results obtained here shows that the H-mode performance in
JT-60U is increasing with 8. Figure 10.5(a) shows the o-value also tends to increase with k
(xk=1.5-1.8) (open circles: 8 ~0.1). Finally, at the fixed k (=1.5-1.6) and 3 (=0.06-0.13) the o-
value increases with Ij (Fig. 10.5(b)), which indicates the giant ELMs in this (x,8) region is
related to the high-n ballooning mode in the first stability region.

We simply assumed the width of the edge pedestal is proportional to pj, which should be
studied in detail. The width for the high & and low 8 plasmas measured so far seems almost the

same at a given Bp(a). Another issue is the contribution of the fast ion pressure gradient. For the
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~ effects of current profile, the region of I; in the high § (>0.3} cases in Fig. 10.4 is 0.8-1.6 and

almost in the same range of low-8 cases. The study on edge shear at high-6 is our future work

including the access to the second stability regime.

10.3 Conclusion _
For the standard shape of JT-60U at low triangularity & (~0.1), onset condition of the giant

ELMs is clearly correlated with the high-n ballooning limit in the first stability regime over wide
ranges of plasma parameters (Ip, By, gefr..). The edge pressure limit increases with elongation K
(1.5-1.8) and internal inductance l;. The §-scan (-0.05 ~ 0.4) showed that the limit of edge

density, edge pressure and edge pressure gradient increases with 0.

Acknowledgement. The authors gratefully acknowledge contribution by Dr. T. S. Taylor to
establish the high triangularity shape in JT-60U.
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