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The ELMs limiting the energy confinement in JT-60U appear when the heating power is
high enough compared to the threshold power for the L-H transition.The ELM-free phase is
observed when fi. is lower than the threshold density fi.'" . The threshold density fi.'"
increases with (B.2/(Rge¢e2))1: which is a measure parameter for the ballooning stabili-
ty, where qerr is the effective safety factor at the edge. The edge pressure gradient es-
timated by @.'" T: (95%)/( T, (95%)° °/B, (a))is proporticnal to{B«*/( Rgere®))ts which
allows us to understand that the ELMs are related to the ballooning iastability. A time
dependent analysis of the evolution of pressure and current profiles including the boot-
strap current shows that the steep edge pressure gradient is close to the marginal value

for the high-n ideal ballooning instability at the onset of ELMs.
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1. Introduction

To demonstrate attractiveness of tokamak fusion reactors, the following conditions
should be satisfied simultaneously; high confinement improvement (high H-factor) for
ignition, high normalized B (Bn) for high fusion power density, high poloidal B (Bp) for high
bootstrap current fraction, short particle confinement for high purity, disruption-free for
safety and dense & cold divertor condition for high efficiency of heat and particle exhaust. In
this paper, the H-factor is given by the experimentally obtained energy confinement time tg
normalized by g predicted by the ITER89-P law (H=teEXP/1gITERSIP ) [1], By is defined by
Be(%)/(To(MA)/a(m)B(T)) with the toroidal B value Bt, the plasma current I and the toroidal
magnetic field By. If the above conditions are satisfied simultaneously and the absolute values
of T and B are high enough, an attractive tokamak reactor can be designed. With the recent
progress of tokamak research [2], many of the above conditions have reached the reactor
relevant level. However, in many cases, the attained results have satisfied only the individual
condition of the above requirements. In addition, most of the good performance have been
obtained transiently. For achievement of the favorable integrated performance in a steady
state, the most important issue is the optimization of the MHD stability condition, because the
achievement and steadiness of the above mentioned conditions are almost always prevented by
the MHD instabilities.

This paper treats the onset conditions of ELMs based on the experimental results for the
contribution to ITER EDA. The confinement performance achieved in the JT-60U H-mode
discharges is limited by the appearance of ELMs. For the typical high plasma current at Ip~3-
4MA, the poloidal magnetic field at the edge Bp(a) reaches ~1T in JT-60U. The observed
width of the edge pressure pedestal 8peq decreases with Bp(a) and Oped=2-3cm (Bped/a=3-4%)
at Bp(2)~1T [3]. In this case, the ion temperature at the 95% of the outermost flux surface
T;(95%) is 5-TkeV and a large pressure gradient is produced in the very edge region. The
study on the MHD stability condition for this kind of H-mode with a large Bp(a) and a smali
Oped is important for the design study of the future devices with a large plasma current like
ITER.

Another important purpose of this paper is to study the onset conditions of ELMs at high
aspect ratio A, low elongation k and small triangularity 8, which contributes to construct the
data base of effects of configuration on the edge stability condition required in the design
study of future devices. The plasma configuration produced in the JT-60U H-mode
experiments has high A of 3.1~4, low x of 1.3-1.3 and small & of 0.03-0.3, which has
remarkable contrast to DIII-D (A~2.5, x~1.7-2.1, 8~0.2-0.8). The fusion power density 1s
propoftional to the square of ByB¢2e/q. If the maximum field at the toroidal coil is limited, the
fusion power density increases with increasing aspect ratio for a given By and ¢. This 18
because B¢2e for a reactor may increase as the aspect ratio increases in the range of . <4-6.
Therefore the study on the ELM effects on the limit of By at the high aspect ratio is important.
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In addition, from the reactor engineering point of view, in particular for the divertor design, it
is beneficial to design a single null configuration with medium triangularity to optimize the
capability of the divertor tile replacement and to keep the efficient particle pumping from the
inner hit point on the divertor tiles. On the other hand, from the stability point of view, it is
bepeficial to design a low A, high-x and high-8 configuration for a high B operation.
Therefore we should optimize the trade-off between the engineering and the stability issues in

the next step devices.

2. Operational Regions of JT-60U Plasmas
From the view point of stability conditions at high BN, the operation regions of JT-60U

plasmas are categorized into three groups; the standard H-mode [4], the high-Bp mode [5] and
the high B experiment [6,7]. The achieved values of By of the three gropes are given in Fig.1
as a function of gefr. The effective safety factor at the edge geft is defined by [8]

2 2
qanzzfaT?L{l%z—)[né(l#\?)] x [1.24 - 0.54 + 0.3(x*+8%) + 0.138 ]

where ¢ is inverse aspect ratio and A=Pp+1i/2. The safety factor at 95% of the outermost flux
surface qos is given by qos~0.8qesr for the discharges in JT-60U. In the standard H-mode
discharges in JT-60U, the obtained Bn-values are lower than 1.8 which is limited by onset of
ELMs. In the high-Bp mode discharges, the achievable Bn-values are limited by the appearance
of the PBp-collapse [5]. In the high BN experiment the pressure driven MHD mode with low
(m,n) determines the upper vaiues of BN [9].

The discharge parameters and the typical plasma configuration of the three gropes are given
in Table 1 and Fig.2. From the stability point of view, the main differences among these gropes
are the pressure and current profiles which are related to the selection of the plasma configuration
relative to the injection trajectories of neutral beams (NB) and the 1; values of the target OH
plasmas before NB injection. The internal inductance of the plasma column I is used as a
measure of the shape of the current profile. That is given by

li=( J B%dv/Vp)/(uOIp/J d1?
where the volume and Jine integrals are taken at the outermost effective flux surface given by the
equilibrium calculation. Usually the values of 1 are calculated from A by the MHD equilibrium
analysis and Bpdia, where Ppdi2 is calculated with a diamagnetic loop. In JT-60U, the selection of
the plasma volume Vp and the major radius R is closely related to the heating profile of NB
injection. JT-60U has 14 units of NB injectors which consist of 10 units of near perpendicular
injectors, two tangential injectors parallel to the plasma current (co-tangential) and two tangential
injectors anti-parallel to the plasma current (counter-tangential).

In the standard H-mode in JT-60U [4], the maximum H-factor is ~2.7 for ELM-free H-
mode and ~2.0 for ELMy H-mode. The plasma configuration has relatively large volume of
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In addition, from the reactor engineering point of view, in particular for the divertor design, it
is beneficial to design a single null configuration with medium triangularity to optimize the
capability of the divertor tile replacement and to keep the efficient particle pumping from the
inner hit point on the divertor tiles. On the other hand, from the stability point of view, it is
beneficial to design a low A, high-x and high-8 configuration for a high B operation.
Therefore we should optimize the trade-off between the engineering and the stability issues in

the next step devices.

2. Operational Regions of JT-60U Plasmas
From the view point of stability conditions at high BN, the operation regions of JT-60U

plasmas are categorized into three groups; the standard H-mode {4], the high-B, mode [5] and
the high BN experiment [6,7]. The achieved values of B of the three gropes are given in Fig.1
as a function of qegr. The effective safety factor at the edge qefr is defined by [8]
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where ¢ is inverse aspect ratio and A=Bp+1;/2. The safety factor at 95% of the outermost flux
surface qgs is given by qos~0.8qesr for the discharges in JT-60U. In the standard H-mode
discharges in JT-60U, the obtained BN-values are lower than 1.8 which is limited by onset of
ELMs. In the high-B, mode discharges, the achievable Pn-values are limited by the appearance
of the Bp-collapse [5]. In the high BN experiment the pressure driven MHD mode with low
(m,n) determines the upper values of N [9].

The discharge parameters and the typical plasma configuration of the three gropes are given
in Table 1 and Fig.2. From the stability point of view, the main differences among these gropes
are the pressure and current profiles which are related to the selection of the plasma configuration
relative to the injection trajectories of neutra] beams (NB) and the I; values of the target OH
plasmas before NB injection. The internal inductance of the plasma column j is used as a
measure of the shape of the current profile. That is given by

li=( J BEAv/V, )/ (ol J d1)2
where the volume and line integrals are taken at the outermost effective flux surface given by the
equilibrium calculation. Usually the values of ]j are calculated from A by the MHD equilibrium
analysis and Bpdi2, where Bpdi is calculated with 2 diamagnetic loop. In JT-60U, the selection of
the plasma volume Vp and the major radius R is closely related to the heating profile of NB
injection. JT-60U has 14 units of NB injectors which consist of 10 units of near perpendicular
injectors, two tangential injectors parallel to the plasma current (co-tangential) and two tangential
injectors anti-parallel to the plasma current (counter-tangential).

In the standard H-mode in JT-60U [4], the maximum H-factor is ~2.7 for ELM-free H-
mode and ~2.0 for ELMy H-mode. The plasma configuration has relatively large volume of
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Vp~70—95m3 . The produced plasmas have broad pressure profiles. In this case, confinement is

limited by ELMs.
In the high Bp mode experiment, the H-factor reached up to 3.6 [10]. The key operational

points are; small volume of Vp~50m3, strong central heating with perpendicular NB, high B of
3-4.4T and relatively high-qess with low-; to avoid sawteeth in the target plasma before NB
injection. The produced plasmas have highly peaked pressure profiles and broad current profiles.
In this case the confinement is limited by the Bp-collapse [5] which is a pressure driven mode
with medium poloidal mode numbers (m) and toroidal mode numbers (n) located in the inner
region (r~0.5-0.7a) of the plasma [9].

In the high PN experiments, we selected low By (1-1.5T), low I (0.4-0.9MA) and medium
plasma volume Vy (~ 60m3). The selected configuration in the high-Bn experiment is the
intermediate configuration between the high-B, mode and the standard H-mode. The plasmas
have the pressure profile broader than that in the high-B, mode and more peaked than that in the
standard H-mode. The target I; is typically higher than that in the other two groups. The stored
energy can increase continuously even after the onset of ELMs,

In the high By mode and the high BN experiments in JT-60U, the upper limit of Py tends
to increase with increasing 1; and broadening of the pressure profile [6]. The observed mode
structure has clear in-out asymmetry and the fluctuation level on the good curvature side is much
higher than that on the bad curvature side, which is typical for pressure driven modes. The
observed mode numbers were n=1-2 and m=2-5. The obtained f-limit agrees with that of kink-
ballooning mode calculated with ERATO [11]. The observed growth time of the pressure driven
instabilities is in the ideal time scale for the high-Bp mode. On the other hand, the growth time is
in the resistive time scale in the high-Pn experiment.

As shown above, the attainable B-values and the energy confinement in the JT-60U
improved confinement experiments are limited by the MHD instabilities where the pressure
driven term plays important roles and the dominant instability and its structure change with

pressure and current profiles.

3. Typical Evolution of the H-mode in JT-60U

In the standard H-mode discharges in JT-60U, the plasma stored energy Wdia
(diamagnetically measured value) continues to increase temporally in the ELM-free phase.
However, Wdia saturates immediately after the onset of ELMs. The time evolution of the typical
H-mode discharge (E16116) is shown in Fig.3. In this case, Ip=2.7MA, B=4T and qefr=4.3. At
the onset of the first ELM (t=7.95s), the edge electron temperature Te(95%) measured by
electron cyclotron emission (ECE) and the edge ion temperature Ti(98%) measured by charge
exchange recombination spectroscopy (CXRS) reach ~2.8keV and ~4.5keV, respectively. The
profiles of Tj, Te and the electron density ne at t=7.95s are shown in Fig.4. The ne profile is
estimated from the chord averaged density fi, measured by two off-axis FIR interferometers. In

_3_
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in the resistive time scale in the high-BN experiment.

As shown above, the attainable B-values and the energy confinement in the JT-60U
improved confinement experiments are limited by the MHD instabilities where the pressure
driven term plays important roles and the dominant instability and its structure change with

pressure and current profiles.

3. Typical Evolution of the H-mode in JT-60U

In the standard H-mode discharges in JT-60U, the plasma stored energy Wdia
(diamagnetically measured value) continues to increase temporally in the ELM-free phase.
However, Wdia saturates immediately after the onset of ELMs. The time evolution of the typical
H-mode discharge (E16116) is shown in Fig.3. In this case, [,=2.TMA, B=4T and qesr=4.3. At
the onset of the first ELM (t=7.95s), the edge electron temperature Te(95%) measured by
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estimated from the chord averaged density fi, measured by two off-axis FIR interferometers. In
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the following part of this paper, T, represents the value of the line averaged electron density
measured by the interferometer viewing r~0.4-0.5a.

An important behavior of the edge plasma in the JT-60U H-mode is that the edge
temperature increases almost linearly with .. This behavior is shown in Fig.5(a) where the data
are plotted from 7.1s (NB turn-on) to 7.9s (ELM onset) for the discharge E16116. This
dependence means that the edge pressure is almost proportional to 2. In this paper, we assume
that the product fi.(0.4-0.5a)Ti(95%) represents the edge pressure. Figure 5{(b) shows the
evolution of the discharge on the .(0.4-0.5a)Ti(95%)-1; plane. With the evolution of H-mode, I;
decreases and 1, T;(95%) increases, and the first ELM appears at 1, Tj(95%)~11x1019m-3keV.

4, Onset Conditions of ELMs

In JT-60U, ELMs seem to be categorized into two gropes. The first one appears when the
absorbed heating power is high enough compared to the threshold heating power required for the
L-H transition P,pstP. The other type sometimes appears when the absorbed power is close to
P,nsth. Figure 6(a) shows the ELM frequency fgpm against absorbed NB power Pygabs for
B=2T (closed circles) and 3T (open circles) with the plasma volume Vp:82—88m3. The
threshold power Paps!h for the L-H transition is indicated by dashed lines. Both open and
closed circles increase almost linearly with Png2bs if Pyg2bs is high enough. On the other hand,
if Png2bs is close to Papsth, there is another group with high fgpm. In Fig.6(b), where fgim is
plotted against (PNpa0S)/((B(2/(Rqefr?))1i), fELM increases linearly with (PNREPSY/((B2/(Rgefr )i
) in the first group. In the second group, fgLm is high even at low Pnp2Ps. The separation
suggests that the origin of the ELM activity can be categorized into two types. The parameter
(B2/(Raet2))]; is a measure parameter for the ballooning instability. Later in this section, we will
show that the parameter (Btzz’(Rqeffz))li can be a good measure to discuss the onset condition of
ELMs.

The ELMs limiting the energy confinement in JT-G0U appear when the heating power
is high enough as shown in Fig.6. In the following part, we discuss the onset condition of this
kind of ELMs. The discharge parameters are; I=0.7-3.5MA, B=1.5-4T, Vp:60—75m3 and
k=1.55-1.7.

In JT-60U, the ELM-free phase is observed only when 1, is lower than the threshold
value fi.th. If fl, is higher than fi.™h, the discharge becomes ELMy H-mode. Figure 7(a) shows
MM increases clearly with Ip. To understand this dependence, we use the parameter
(B2/(Raef2))]; which is a measure parameter for pressure driven instabilities. This parameter
is nearly proportional to Ipzli for a fixed plasma configuration. Although, for a correct
treatment, the edge magnetic shear should be used instead of §j, the direct measurement of the
edge shear has not been available in JT-60U. Therefore, we use 1; as a measure of the magnetic
shear. Figure 7(b) shows the relationship between m." and (B2/(Raeg2))li. We can observe a
clear relationship between .t and (B(2/(Rqef2))l;. In Fig.7, the open circles indicate the data
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the following part of this paper, i, represents the value of the line averaged electron density
measured by the interferometer viewing r~0.4-0.5a.

An important behavior of the edge plasma in the JT-60U H-mode is that the edge
temperature increases almost linearly with n.. This behavior is shown in Fig.5(a) where the data
are plotted from 7.1s (NB turn-on) to 7.9s (ELM onset) for the discharge EI16116. This
dependence means that the edge pressure is almost proportional to 2. In this paper, we assume
that the product m.(0.4-0.52)Ti(95%}) represents the edge pressure. Figure 5(b) shows the
evolution of the discharge on the Ti.(0.4-0.5a) Ti(95%)-1; plane. With the evolution of H-mode, ];
decreases and T, T;(95%) increases, and the first ELM appears at 0 T;(95%)~11x1019m3keV.

4, Onset Conditions of ELMs
In JT-60U, ELMs seem to be categorized into two gropes. The first one appears when the

absorbed heating power is high enough compared to the threshold heating power required for the
L-H transition Paps!P. The other type sometimes appears when the absorbed power is close to
P.bs™. Figure 6(a) shows the ELM frequency fepm against absorbed NB power Png2bs for
B=2T (closed circles) and 3T (open circles) with the plasma volume Vp:82—88m3. The
threshold power P!t for the L-H transition is indicated by dashed lines. Both open and
closed circles increase almost linearly with Png2bs if Pap?bs is high enough. On the other hand,
if Pngabs is close to Papgth, there is another group with high fepm. In Fig.6(b), where fgim 1s
plotted against (PNp2bs)/((B(2/(Rqef?))li), ferM increases linearly with (PNp20)/((B2/(Rqeef2 )i
) in the first group. In the second group, fgpm is high even at low Pnp2bs. The separation
suggests that the origin of the ELM activity can be categorized into two types. The parameter
(B2/(Raer2))]; is a measure parameter for the ballooning instability. Later in this section, we will
show that the parameter (B12/(Rgef2))}; can be a good measure to discuss the onset condition of
ELMs.

The ELMs limiting the energy confinement in JT-60U appear when the heating power
is high enough as shown in Fig.6. In the following part, we discuss the onset condition of this
kind of ELMs. The discharge parameters are, Ip=0.7—3.5MA, B=1.5-4T, Vp:60—7'5m3 and
x=1.55-1.7.

In JT-60U, the ELM-free phase is observed only when 1, is lower than the threshold
value fi.th. If 1, is higher than fi.™h, the discharge becomes ELMy H-mode. Figure 7(a) shows
M increases clearly with Ip. To understand this dependence, we use the parameter
(B2/(Raef2))]; which is a measure parameter for pressure driven instabilities. This parameter
is nearly proportional to Ipzli for a fixed plasma configuration. Although, for a correct
treatment, the edge magnetic shear should be used instead of i, the direct measurement of the
edge shear has not been available in JT-60U. Therefore, we use 1j as a measure of the magnetic
shear. Figure 7(b) shows the relationship between .M and (B2/(Rqesr2))l;. We can observe a
clear relationship between fi.h and (B(%/(Rqeg2))l;. In Fig.7, the open circles indicate the data
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taken in a wide range of Ip (0.7-3.5MA) and By (1.5-4T) and closed circles correspond fo the
data for a fixed B¢2/(Rgeff2) (=0.08-0.11; 1.5MA, 3T). The behavior of the closed circles
indicates that Ti,!h increases with I; even when By and T;, are fixed [12].

In Fig.7(c), Ms(0.4-0.5a)Ti(95%) (a measure of the edge pressure) is plotted against
(B2/(Raeff?))}j . The edge pressure limit at the onset of ELMs seems to increase with
(BZ/(Rqefr2))]; . In the JT-60U H-mode, the width of pressure pedestal 0peq is proportional to
the poloidal Larmor radius of thermal ions [3] which scales with (Ti(95%)0-3/Bp(a)).
Therefore we can assume the edge pressure gradient is proportional to
(AT i(95%))/(Ti(95%)0-3/Bp(a)) (~(edge pressure)/8peq). In Fig.7(d),
(FeMTi(95%))/(Ty(95%)%-5/B (@) is clearly proportional to (B%/(Rqest2))l;. This result implies
that the edge pressure gradient is a function of (B{2/(Rgeff?))lj and that the ELMs are related to
the ballooning instability. Concerning the usual s-o diagram for the high-n ideal ballooning
mode, both the clear proportionality in Fig.7(d) and evolution on the ;-1 Ti(95%) plane in
Fig.5(b) suggest that the edge plasmas in JT-60U H-mode are in the first stability regime.

The data of ne(95%) and ne(95%)T;(95%) for the VH-mode in DITID and JET reported in
Ref.[13] are plotted in Figs.7(a) and 7(c) for comparison. In these VH-mode discharges,
ne(95%) and ne(95%)Ti(95%) are not limited by appearance of ELMs and Ref.[13] suggests that
the second stable regime for the ideal ballooning mode is accessible with a large triangularity in
DIIID and a large edge bootstrap current in JET. Although, from Fig.7(c), the edge pressure of
the JT-60U H-mode discharges is in the same range compared to these VH mode discharges, the
edge pressure is limited by ELMs and the edge plasma seems to be in the first regime for the ideal

ballooning mode.

5. Time Dependent Analysis for High-n Ideal Ballooning Stability

According to the analysis shown in Sec.4, the ballooning mode seems to cause the
onset of ELMs. However, for more detailed discussions, the time dependent analysis
including the evolution of the current profile is required. In particular, the steep pressure
gradient at the edge can drive bootstrap current and the effect of the skin current on the stability
condition cannot be neglected.

Figure 8 shows the evolution of the bootstrap current and the stability condition of the
high-n ideal ballooning mode for the discharge E16116. The evolution was calculated with a
1.5D time dependent analysis code TOPICS. As shown in Fig.8(a), from t=7.1s (NB turn on
) to 7.9s (ELM onset), th amount of the bootstrap current increases almost linearly up to
0.56MA which is 21% of the total plasma current (2.7MA). The profile of the bootstrap
current is highly peaked in the edge region (Fig.8(b)) and the bootstrap current density at the
edge becomes ~0.4-0.45MA/m? at t=7.8-8.0s which is comparable to the averaged total

current density of 0.77MA/m?2 (=2.7MA/3.5m2). In Fig.8(c), open squares and open circles
correspond to -dp/dy at p=0.98 and p=1, respectively. The critical pressure gradient for the

_Sf



JAERI-Research 94-011

taken in a wide range of I (0.7-3.5MA) and By (1.5-4T) and closed circles correspond to the
data for a fixed Bi2/(Rqefr2) (=0.08-0.11; 1.5MA, 3T). The behavior of the closed circles
indicates that Ti.!M increases with lj even when By and I are fixed [12].

In Fig.7(c), 0.(0.4-0.5a)Ti(95%) (a measure of the edge pressure) is plotted against
(B¢2/(Rgefs2))]; . The edge pressure limit at the onset of ELMs seems to increase with
(B2/(Rgef2))]i . In the JT-60U H-mode, the width of pressure pedestal 8ped is proportional to
the poloidal Larmor radius of thermal ions [3] which scales with (Ti(95%)%3/Bp(a)).
Therefore we can assume the edge pressure gradient 1is proportional to
([hT(95%))/(Ti(95%)0-5/Bp(a)) (~(edge pressure)/8ped). In Fig.7(d),
(M Ti(95%))(Ti(95%)0-5/Bp(a)) is clearly proportional to (B{2/(Rqes))l;. This result implies
that the edge pressure gradient is a function of (B¢2/(Rqeft2))l; and that the ELMs are related to
the ballooning instability. Concerning the usual s-o diagram for the high-n ideal ballooning
mode, both the clear proportionality in Fig.7(d) and evolution on the -1, Ti(95%) plane in
Fig.5(b) suggest that the edge plasmas in JT-60U H-mode are in the first stability regime.
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DIIID and a large edge bootstrap current in JET. Although, from Fig.7(c), the edge pressure of
the JT-60U H-mode discharges is in the same range compared to these VH mode discharges, the
edge pressure is limited by ELMs and the edge plasma seems to be in the first regime for the ideal

ballooning mode.

5. Time Dependent Analysis for High-n Ideal Ballooning Stability

According to the analysis shown in Sec.4, the ballooning mode seems to cause the
onset of ELMs. However, for more detailed discussions, the time dependent analysis
including the evolution of the current profile is required. In particular, the steep pressure
gradient at the edge can drive bootstrap current and the effect of the skin current on the stability
condition cannot be neglected.

Figure § shows the evolution of the bootstrap current and the stability condition of the
high-n ideal ballooning mode for the discharge E16116. The evolution was calculated with a
1.5D time dependent analysis code TOPICS. As shown in Fig.8(a), from t=7.1s (NB turn on
) to 7.9s (ELM onset), th amount of the bootstrap current increases almost linearly up to
0.56MA which is 21% of the total plasma current (2.7MA). The profile of the bootstrap
current is highly peaked in the edge region (Fig-8(b)) and the bootstrap current density at the
edge becomes ~0.4-0.45MA/m? at t=7.8-8.0s which is comparable to the averaged total

current density of 0.77MA/m2 (=2.7MA/3.5m?2). In Fig.8(c), open squares and open circles
correspond to -dp/dy at p=0.98 and p=1, respectively. The critical pressure gradient for the
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high-n ballooning stability at p=0.98 and p=1 are shown by + and x, respectively. The
evolution of the edge stability condition shows that the steep edge pressure gradient is close (0
the marginal value for the high-n ideal ballooning instability at t=7.8-8.0s, which is the timing
of onset of ELMs ( t=7.95s). The profiles of the measured pressure gradient and the critical
pressure gradient for the ballooning stability are given in Fig.8(d). The solid line with open
square and the dotted line are the critical pressure gradient with and without the bootstrap
current. The measured pressure gradient (solid line with closed circles) reaches the critical
value at the edge. Although the edge bootstrap current tends to improve the critical pressure
gradient, the measured pressure gradient at the edge still exceeds the critical value in this
calculation. The stability calculation at the very edge involves uncertainty of the measurements
of edge density and temperature and also uncertainty due to the high energy component. The
accuracy of the equilibrium reconstruction at the edge is to be improved. Therefore we cannot
conclude that the edge pressure gradient really violate the stability condition. However, we can
conclude that the edge pressure gradient is close to the marginal value for the high-n ideal

ballooning instability.

6. Discussion

We conclude that the linear relation between the edge pressure gradient and the
ballooning parameter (B¢2/(Rqeff2))l; shown in Fig.7(d) suggests that the ballooning instability
triggers ELMs. However, the mode number has not been determined experimentally by
magnetic probes, soft X ray and ECE polycrometer data. It is important to identify whether
the mode is purely high-n or some low m/n mode is coupled. It is also important to clarify the
kink mode stability. Although many of these issues are expected to be clarified in the future
experiments, the present JT-60U data suggest that EL.Ms can be related to the medium or low
m/n modes in some cases. Figure 9 shows the tangent of the data in Fig.7(d) (
(MT(95%)N/(Ti(95%)0-5/Bp(a))) / (Bi2/(Raegr))li ) ) as a function of gefr. -In many cases,
the values are nearly constant in a wide range of qefr, which suggests that the many of ELMs in
JT-60U are caused by the high-(m,n) mode. However, if we follow only the lower boundary
of the data, we can observe fine structure depending on gefr in particular when geff 1s around
integer. This observation may suggests a possibility that some ELMs are related to the
instabilities with medium or low (m,n).

The configuration of JT-60U discharges has a small triangularity (8~0.03-0.3) which
may prevent the access to the second stability regime. A modification in the connection of the
poloidal windings to increase 8 is under discussion in JT-60U. This modification will improve

the understanding of the edge stability for the pressure and current driven instabilities.
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of the data, we can observe fine structure depending on qeff in particular when qefr is around
integer. This observation may suggests a possibility that some ELMs are related to the
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7. Summary
The ELMs limiting the energy confinement in JT-60U appears when the heating power

is high enough compared to the threshold power for the L-H transition. The ELM-free phase
is observed when 1, is lower than the threshold value fi,!h. The threshold value i increases
with (B¢2/(Rqefs2))]; which is a measure parameter for the ballooning stability. The edge
pressure gradient estimated by LNTi(95%)/(Ti(95%)0-3/Bp(a)) is proportional to
(B{2/(Raes?))]; which can be interpreted that the ELMs are related to the ballooning instability.
A time dependent analysis of the evolution of pressure and current profiles including the
bootstrap current shows that the steep edge pressure gradient is close to the marginal value for
the high-n ideal ballooning instability at the onset of ELMs.

Acknowledgement
The authors wish to thank Drs. M. Azumi, S. Tokuda and T. Ozeki for the

development of the analyses codes and detailed discussion on the MHD stability. They also
thank the members of the H-mode and MHD research groups in JT-60U. This paper has been
provided for contribution to ITER EDA by responding to ITER JCT, San Diego.

References
[1}] UCKAN, N.A., YUSHMANOV, P.N, TAKIZUKA, T., BORRASS, K., CALLEN,

1.D., et al., in Plasma Physics and Controlled Nuclear Fusion Research. Proc.13th Int.
Conf.,Washington, 1990, (IAEA, Vienna, 1991), Vol. III, p.307.

[2] see papers of the summary session in n Plasma Physics and Controlled Nuclear Fusion
Research. Proc.14th Int. Conf.,Wurzburg, 1992, (IAEA, Vienna, 1993)

[3] KIKUCHI, M., et al., 1993 Proc. 20th European Conf. on Controlled Fusion and Plasma
Physics (Lisboa 1993 ) pt I (Geneva:EPS) pl179

[4] KIKUCHI, M., SHIRAIL, H., TAKIZUKA, T., KAMADA, Y., KOIDE, Y., et al, in
Plasma Physics and Controlled Nuclear Fusion Research. Proc.14th Int. Conf.,Wurzburg,
1992, (IAEA, Vienna, 1993), Vol.I. p.189.

[5] ISHIDA, S., MATSUOKA, M., KIKUCHI, M., TSUJL, S., NISHITANL, T., et al , in
Plasma Physics and Controlled Nuclear Fusion Research. Proc.14th Int. Conf.,Wurzburg,
1992, (IAEA, Vienna, 1993), Vol.l,, p.219.

[6] KAMADA, Y., et al.,, 'Noninductively Current Driven H-mode woth High-BN and High-
Bp values in JT-60U" Submitted to Nucl. Fusion.

[7] KAMADA, Y., et al,,'ELMy H-mode with high-BN and high-Bp in JT-60U" to appear in
Plasma Physics and Controlled Fusion.

[8] TODD,T,N., in Proc. Second Europ. Tokamak Programme Work-shop, Sault-Les-
Chartreux, 1983, European Physical Society (1983) 123,



JAERI-Research 94-011

7. Summary
The ELMs limiting the energy confinement in JT-60U appears when the heating power

is high enough compared to the threshold power for the L-H transition. The ELM-free phase
is observed when H. is lower than the threshold value n.th. The threshold value 0.t increases
with (B{2/(Rqef2))}; which is a measure parameter for the ballooning stability. The edge
pressure gradient estimated by T Ti(95%)/(Ti(95%)0-5/Bp(a)) is proportional to
(B2/(Rqes2))]; which can be interpreted that the ELMs are related to the ballooning instability.
A time dependent analysis of the evolution of pressure and current profiles including the
bootstrap current shows that the steep edge pressure gradient is close to the marginal value for
the high-n ideal ballooning instability at the onset of ELMs.

Acknowledgement
The authors wish to thank Drs. M. Azumi, S. Tokuda and T. Ozeki for the

development of the analyses codes and detailed discussion on the MHD stability. They also
thank the members of the H-mode and MHD research groups in JT-60U. This paper has been
provided for contribution to ITER EDA by responding to ITER JCT, San Diego.

References

[1] UCKAN, N.A., YUSHMANOV, P.N., TAKIZUKA, T., BORRASS, K., CALLEN,
1.D., et al., in Plasma Physics and Controlled Nuclear Fusion Research. Proc.13th Int.
Conf.,Washington, 1990, (IAEA, Vienna, 1991), Vol. I, p.307.

[2] see papers of the summary session in n Plasma Physics and Controlled Nuclear Fusion
Research. Proc.14th Int. Conf.,Wurzburg, 1992, (IAEA, Vienna, 1593)

[3] KIKUCHI, M., et al., 1993 Proc. 20th European Conf. on Controlled Fusion and Plasma
Physics (Lisboa 1993 ) pt I (Geneva:EPS) pl79

[4] KIKUCHI, M., SHIRAI, H., TAKIZUKA, T., KAMADA, Y., KOIDE, Y., et al, in
Plasma Physics and Controlled Nuclear Fusion Research. Proc.14th Int. Conf.,Wurzburg,
1992, (IAEA, Vienna, 1993), Vol.I. p.189.

[5] ISHIDA, S., MATSUOKA, M., KIKUCHI, M., TSUJL, S., NISHITANL, T., et al, in
Plasma Physics and Controlled Nuclear Fusion Research. Proc.14th Int. Conf.,Wurzburg,
1992, (IAEA, Vienna, 1993), Vol.l,, p.219.

[6] KAMADA, Y., et al., Noninductively Current Driven H-mode woth High-BN and High-
Bp values in JT-60U' Submitted to Nucl. Fusion.

[7] KAMADA, Y., et al,, 'ELMy H-mode with high-BN and high-Bp in JT-60U" to appear n
Plasma Physics and Controlled Fusion, '

[8] TODD,T,N., in Proc. Second Europ. Tokamak Programme Work-shop, Sault-Les-
Chartreux, 1983, European Physical Society (1983) 123,



JAERI-Research 94-011

7. Summary
The ELMs limiting the energy confinement in JT-60U appears when the heating power

is high enough compared to the threshold power for the L-H transition. The ELM-free phase
is observed when T, is lower than the threshold value i, The threshold value .M increases
with (B2/(Rqefr2))]; which is a measure parameter for the ballooning stability. The edge
pressure gradient estimated by M Ti(95%)/(Ti(95%)0-3/Bp(a)) is proportional to
(B2/(Rqes))]; which can be interpreted that the ELMs are related to the ballooning instability.
A time dependent analysis of the evolution of pressure and current profiles including the
bootstrap current shows that the steep edge pressure gradient is close to the marginal value for
the high-n ideal ballooning instability at the onset of ELMs.

Acknowledgement
The authors wish to thank Drs. M. Azumi, S. Tokuda and T. Ozeki for the

development of the analyses codes and detailed discussion on the MHD stability. They also
thank the members of the H-mode and MHD research groups in JT-60U. This paper has been
provided for contribution to ITER EDA by responding to ITER J CT, San Diego.

References
[1] UCKAN, N.A., YUSHMANOYV, P.N., TAKIZUKA, T., BORRASS, K., CALLEN,

1D, et al.,, in Plasma Physics and Controlled Nuclear Fusion Research. Proc.13th Int.
Conf.,Washington, 1990, (IAEA, Vienna, 1991), Vol. 11, p.307.

[2] see papers of the summary session in n Plasma Physics and Controlled Nuclear Fusion
Research. Proc.14th Int. Conf.,Wurzburg, 1992, (IAEA, Vienna, 1993)

[3] KIKUCHI, M., et al., 1993 Proc. 20th European Conf. on Controlled Fusion and Plasma
Physics (Lisboa 1993 ) pt I (Geneva:EPS) pl79

[4] KIKUCHI, M., SHIRAI, H., TAKIZUKA, T, KAMADA, Y., KOIDE, Y., et al, in
Plasma Physics and Controlled Nuclear Fusion Research. Proc.14th Int. Conf.,Wurzburg,
1992, (IAEA, Vienna, 1993), Vol.I. p.189.

[5] ISHIDA, S., MATSUOKA, M., KIKUCHI, M., TSUII, S., NISHITANL T., et al , in
Plasma Physics and Controlled Nuclear Fusion Research. Proc.14th Int. Conf.,Wurzburg,
1992, (IAEA, Vienna, 1993), Vol.I,, p.219.

[6] KAMADA, Y., et al., 'Noninductively Current Driven H-mode woth High-BN and High-
Bp values in JT-60U" Submitted to Nucl. Fusion.

[7] KAMADA, Y., et al., 'ELMy H-mode with high-BN and high-Bp in JT-60U" to appear in
Plasma Physics and Controlled Fusion.

[8] TODD,T,N.,, in Proc. Second Europ. Tokamak Programme Work-shop, Sault-Les-
Chartreux, 1983, European Physical Society (1983) 123.



JAERI-Research 94-011

[9] NEYATANI, Y., et al,, 1993 Proc. 20th European Conf. on Controlled Fusion and
Plasma Physics (Lisboa 1993 ) pt I (Geneva:EPS) p215.

[10] MORI, M., et al., to appear in Nucl. Fusion.

[11] OZEKI, T, et al., to be submitted to Nucl. Fusion.

[12] KAMADA Y., TAKIZUKA, T., KIKUCHI, M., et al., in Plasma Physics and
Controlled Nuclear Fusion Research. Proc.14th Int. Conf.,Wurzburg, 1992, (IAEA,

Vienna, 1993) Vol. I, p.507.
[13] GREENFIELD C. M,, et al., Plasma Phys. Cont. Fusion 35 (1993) B263.



JAERI-Research 94-011

Table 1 Typical Plasma Parameters
of the NB heated JT-60U plasmas

Standard High-BN
H-mode Experiment
Ip (MA) 0.7-3.5 0.4-09
Bt (T) 2-4.2 1-1.5
Qeff 2.2-12 4-15
Vp (m3) 70-95 ~ 60
ne (1018m-3) 1-5 1-1.5
K 1.3-1.8 1.4-1.7
0 0.03-0.3 0.15-0.25
£ 0.26-0.32 ~0.25
PNB Perp (MW) <34 <20
PNB Co-para (MW) <5 <4
NB Heating off-axis off-axis
BN <18 <42
Bp <2.2 <47
Bt (%) <15 <24
H-factor <2.7 <2.9
l 0.8-1.4 1.2-2.4
p(0)/<p> ~1.8-2.5 ~1.8-3.5

High-Bp
mode

0.6-2.5
3-4.4
4-14
40-50
0.7-3
1.5-1.8

0.05-0.15

0.22-0.25
<36

<5
on-axis
<2.5

<2.9

<1.5

<3.6

0.8-1.2
~4-7
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2z High-B, Exp. (medium (m,n) mode)

° High-Bp mode (Bp-col!apse)

5 O Standard H-mode (ELM onset)
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Fig 1:The achieved values of Aw as a function of gers. In the standard H-mode discharges
(opencircles), the obtained Bx-values are lower than 1.8 which is limited by enset
of ELMs. In the high- 8x mode discharges (closed circles), the achievable Sx-values
are limited by the appearance of the B8, collapse. In the high A~ experiment {open

squares)the pressure driven MHD mode with low(m n)restricts the Sx-values.
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Fig 3:The time evolution of the typical H-mode discharge(E16116).
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Fig 5:Time evolution of T: (95%), f. (0.4-0.3a), 1; and™n.(0.4-0.5a) T:(95%) from 7.1s
(NB turn-on)to 7.9s(ELM onset)for the discharge E16116. (a): The edge plasma in JT-
60U H-mode is that the edge temperature increases almost linearly with increasing
ne. (b) With the evelution of H-mede, 1. decreases and fi. T, (95%) increases, and
the first ELM appears at Re Ti(95%)~11x10"°m *keV.
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Fig 6:(a): ELM frequency feiw against absorbed NB power Pws®°® for B.=2T(closed circles)
and 3T {open circles) with the plasma volume V,=82-88m®. The threshold power Psva'"
for the L-Htransition is indicated by dashed lines. Both open and closed circles
increase almost linearly with Pxs®®® if Pyxs"®® is high enough, On the other hand,
if Pup'®® is close to Puys" , there is another group with high ferw . (b): fewm
increases linearlywith(Pxa®®® )/({ Be® / (Rger¢?})1i ) In the first group . In the

second group, fe.wm ishigh even at low Pas®® .
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Fig 7:Data at the onset of the first ELM. Open circles indicate the data taken in a wide
rangeof I, (0.7-3.3MA) and B. (1.5-4T) and closed circles corresponds to the data
for a fixed B.? / ( Rga:¢2(=0,08-0.11;1.5M4, 3T). (a): The threshold density f.'"
increases with I,. (b) : The relationship between o'" and { B.® / (Rqer:?))1:.
(¢): fe (0.4-0.5a) T (95%) (2 measure of the edge pressure) at the onset of ElMs
increases with ( B+?/( Rq e¢s2))1:. (d): A measure parameter of the edge pressure
gradient (f.'® T: (95%))/( T, (95%)" */ Bp(a) is clearly proportional to ( B.?/
( Rque:2))1i. Infa) and (c), data of n. (95%)and ne (95%) T: (85%) for the VH-mode
in DITID and JET reperted in Ref. [13] are plotted for comparison. In these VH-mede
discharges, n. (95%) and n. (95%) T; (95%) are not limited by appearance of ELMs.
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Fig 8:The evolution of the bootstrap current and the stability condition of the high-n

ideal ballooning mode for the discharge E16116. (a):Amount of the bootstrap current
increases almost linearly until the onset of ELMs. (b) : The evolution of the
bootstrap current profile which is highly peaked in the edge region. (c): The
evolution of the edge stability condition. Open squares and open circles correspond
to the-dp/d W at p=0.98 and p=1, respectively. The critical pressure gradient for
the high-n ballooning stability at p=0.98 and p=1 are shown by + and x,
respectively, (d) The profiles of the measured pressure gradient and the ¢ritical
pressure gradient for the ballconing stability. The solid line with open squares
and the dotted line are the critical pressure gradient with and without the

hoptstrap current, respectively.
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Fig 9:The tangent of Fig.7 (d) ((F.'™ Ti (85%))/( T (95%)% */Bp(a)))/( Bi*/Raers?))11))
as a function of qerr . Although the values ere nearly constant in a wide range of
Qerr , the lower boundary of the data has fine structure depending on Qors in

particular when qer: is around integer.



