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Abstract

Alfvén Eigenmodes and their Impact on Plasma Characteristicsin JT-60U

In weak or reversed magnetic shear plasmas of JT-60U, the excitation and the stabilization of
Alfvén eigenmodes and their impact on energetic ion confinement were investigated with the negative-
ion-based neutral beam injection at 330-360 keV. Toroidicity-induced Alfvén eigenmodes (TAES)
were observed in weak shear plasmas with <b,>30.1% and 0.4Evp)/va£L. The stability of TAEs is
consistent with the predictions by the NOVA-K code. New burst modes and chirping modes were
observed at a higher beta regime of <bp,>3 0.2%. The effect of TAES, burst modes and chirping modes
on the fast ion confinement is small so far. The strongly-reversed shear plasma with the internal
transport barrier suppresses Alfvén eigenmodes.

1. Introduction

Weak or reversed magnetic shear is important for advanced tokamak operation because the
safety factor profile with a weak or reversed shear region is compatible to a hollow current density
profile formed by high bootstrap current [1]. However, big uncertainty is collective energetic particle
effects in advanced tokamak modes. Especialy, Toroidicity-induced Alfvén eigenmodes (TAES) have
the lowest damping [2, 3]. The stability of AEs depends strongly on g-profile [4, 5]. Actually, alpha
particle-driven TAEs were observed for central alpha particle beta as low as by ~0.02% in weak shear
DT plasmas on TFTR [6]. In the ion cyclotron range of frequency (ICRF) heating of JT-60U reversed
shear plasmas, TAES were stable for strongly-reversed shear plasmas with a steep density gradient
formed by the internal transport barrier (ITB) [7, 8].

On JT-60U, the negative-ion-based neutral beams (NNB: £500 keV, £10 MW) [9, 10] can
produce a peaked profile of fast ions and high fast ion beta of ~1% can be obtained. Furthermore, JT-
60U has a capability of shaping control and g-profile control utilizing reversed shear operation [11,
12]. In recent experiments, AES have been investigated intensively with the NNB injection into weak
or reversed shear plasmas for controlling AEs in advanced tokamak modes. This paper presents these
new results. The Alfvén eigenmodes’ experiment with the NNB is mentioned in Section 2, the NNB-
driven TAEs are described in Section 3, burst and chirping modes excited with the NNB are given in
Section 4, stabilization of TAEs in strongly-reversed shear plasmas is presented in Section 5 and
Section 6 summarizes this paper.

2. Alfvén eigenmodes experiment with NNB

The plasma configuration used in this series of experiments and two NNB beam lines are shown
in Fig. 1. The toroidal magnetic field was selected to be 1.2-1.7 T for weak shear dischargesand 2.1 T
for reversed shear discharges. The low field operation can increase aratio vp/va (Vp): the velocity of
beam ions in the direction of the toroidal magnetic field, va: the Alfvén velocity), which is one of the
important parameter for the TAE excitation. The ratio vpfva could be increased up to 0.95 by
increasing electron density. The safety factor at the plasma surface was in a range of 4.7-5.5. The
NNB power of 2-4 MW was injected at 330-360 keV into deuterium or helium plasmas. The volume-
averaged fast ion beta <bp> increased up to ~0.6% and the hot ion betain the core region increased up
to ~2%. In Fig. 1, the upper beam line passes near the center of the plasma and the lower beam lineis
shifted ~0.3 m away from the plasma center. By selecting one of two beam lines, pressure profile of
NNB ions can be modified. The safety factor profile indispensable for the AE studies was measured
with the motional Stark effect spectroscopy [13].
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3. Toroidal Alfvén eigenmodes (TAES)

Figure 2 shows the TAEs observed during the NNB injection. Time traces of plasma current I,
line-averaged electron density ne and the NNB power Pyng are shown in the top figure. The NNB of
1.5-2 MW was injected at 360 keV into the helium plasma during the current ramp-up. The sawtooth
could not be observed during the NNB injection and it means that the safety factor at the center was
higher than unity. As shown in a frequency spectrum of magnetic fluctuations in the bottom figure,
TAEs with toroidal mode number n=1 and n=2 were observed. The n=2 mode appears first and the
n=1 modes follows. Solid curves in the frequency spectrum show the TAE frequency calculated with

the line-averaged electron density ne and the toroidal magnetic field on axis Big (frag U Bio /V 2Ng).
Measured mode frequency can be well explained by assuming safety factor g of 1.5 for the n=1 mode
and 1.75 for the n=2 mode. A ratio vp|/va isin arange of 0.4-0.7 during the appearance of TAEs. The
volume averaged hot ion beta <bn> was evaluated to be ~0.09% using the Orbit-following Monte-
Carlo (OFMC) code [14]. This beta value is consistent with the threshold by in the weak shear DT
discharge on TFTR [6] and about one-fifth to one-tenth the threshold value for excitation of TAES
with tangential neutral beams in TFTR [3] and DIlI-D [15, 16] positive shear plasmas. It should be
noted that TAEs disappear before the turn-off of the NNB and the TAE is stable for later beam
injection. In Fig. 2, TAEs persist for 0.2-0.35 s, in contrast to burst TAEs lasting a few millisecond in

TFTR [14] and DIII-D [17]. In the case of Fig. 2, the TAE amplitude is saturated at B~108 and the
saturation of the TAE amplitude is considered to be due to the small fast ion drive by low fast ion beta.
Figure 3 shows a domain of TAE mode excitation in a space of the internal inductance lj [=2(L -

bp)] versus vy/va for HO-NNB injection into helium plasmas. Filled circles and squares present cases
of the n=1 made and the n=2 mode excitation, respectively. Open sguares show cases without TAE
excitation. The NNB power and the line-averaged electron density was in a range of 1.9-2.6 MW and

(0.28-0.89)" 1019 m-3, respectively. It is indicated that the n=1 and the n=2 TAEs are unstable for [;£1
and that the TAE is stable for |j 31 regime even for higher NNB powers. A magnetic shear effect
and/or the miss-alignment of TAE gaps with high pressure gradient region of fast ions are considered
to be the stabilizing mechanism. In Fig. 4 (a), the Alfvén continuum spectrum for the n=2 mode
calculated using the NOVA-K code and a profile of the safety factor at 4.8 s in the discharge presented
in Fig. 2 are shown. The measured TAE frequency is presented with a dotted line. It is shown that the
TAE gap is well aligned over the minor radius and the TAE is considered to be excited in the gap
located r/a~0.6. The TAE gap is well aligned aso for the n=1 mode and the location of the gap is at
r/a~0.3. The locations of the n=1 mode and n=2 mode coincide with the region where a large pressure
gradient of NNB ionsis formed on afast ion pressure profile and w=2 wrag/2, which is the necessary
condition for TAE excitation, is satisfied (w«f is the diamagnetic drift frequency of fast ions). As
shown in Fig. 4 (b), the TAE frequency intersects the Alfvén continuum for a lower value of qp=1.2
because a new TAE gap is created at r/a=1.25. It indicates that TAE can be stable due to the miss-
alignment of the TAE gap. The relation between the Alfvén continuum and the measured frequency
for go suggests that the stahility is sensitive to ¢g and the tendency of TAE excitation only in alow l;
regime can be understood from decreasing qp.

4. Burst modes and chirping modes

New burst modes and chirping modes (the mode which frequency changes large) were found in
a high betaregime of <bp>3 0.2%. Figure 5 shows atypical discharge where burst modes and chirping
modes were observed simultaneously with TAEs and EAEs (Ellipticity-induced Alfvén Eigenmodes).
In atop figure of Fig. 5, temporal behavior of Pyng, beam power for MSE, vp)/va and Ne are shown.

The DO-NNB of 360 keV is injected with the power of 4 MW into deuterium plasma . The central
magnetic fieldis 1.2 T. Theratio v/va increased up 0.95 with the electron density. Here, the slowing
down time of NNB ionstgis ~0.3 s. The frequency spectrum of magnetic fluctuations is shown in a
bottom figure. Burst modes start in a early phase of the NNB injection (~0.1 s after the start of NNB),
however, the activity is weak. When the fast ion beta increases and the safety factor at the center
decreases, the activity of the burst mode becomes strong. The volume-averaged beta of NNB ions is
<bp>~0.5% and qp~1.4 at 4.05 s. A burst mode occurs in afew millisecond with ~10 msinterval. The
mode frequency changes ~20 kHz rapidly during the burst. The mode clearly seen for 4.1-4.57 sin a
range of 57-58 kHz is the n=3 TAE and weak TAEs with n=1-3 are detected in a range of 60-70 kHz
though they are not clear in the frequency spectrum. We can see that the burst modes are in arange of
WEWTAE. In a case, a mode burst starts with the n=2 mode, and this mode seems to trigger the n=1
mode with lower frequency, which causes the mode burst to terminate. The pressure profile of NNB
ions was modified by selecting one of two beam lines shown in Fig. 1. The calculated pressure profiles
are shown in Fig. 6. A peaked pressure profile in the central region is obtained with the top beam line
and the hollow profile is produced with the bottom beam line. In a range of r/a 0.4, the pressure is
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almost the same. The burst modes are strong for the peaked pressure profile. Meanwhile, they are very
weak for the hollow pressure profile. Therefore, the high fast ion pressure in the central region and/or
the high pressure gradient are considered to be responsible for the burst mode excitation.

Figure 7 shows the temporal behavior of magnetic fluctuation and the neutron emission rate
when a burst mode appears. The amplitude of magnetic fluctuations of the burst modesis afew to ten
times as large as that of TAEs and EAES typically. A (2-3)% drop in the neutron emission rate is
induced by the burst modes. This small drop indicates that the loss of co-injected NNB ions is small.
On the other hand, fast ion loss correlating with TAEs and EAEs is not clearly observed due to the
weak fast ion drive so far.

A strongly chirping mode of n=1 is detected during 3.8-4.1 s as shown in Fig. 5. The frequency
chirping starts at ~30 kHz, which is about a half of the TAE frequency, and the frequency chirps up to
the TAE frequency. The Alfvén continuum for the n=1 mode, the measured g-profile and the mode
frequency at the start of chirp (3.8 s) and at the end of chirp (4.05 s) is shown in Fig. 8 (a) and (b),
respectively. We can see that the measured frequency at the start of chirp is well inside the Alfvén
continuum and it is in the TAE gap at the end of chirp. This chirping phenomena is similar to that
observed in the ICRF heating of weakly-reversed shear plasmas in JT-60U [8]. It should be remarked
that a large frequency chirping in Fig. 5 can be observed only in approximately ts after the start of the
NNB injection, where the bump-on-tail isformed.

5. Stabilization of Alfvén eigenmodesin strongly-reversed shear plasma

It has been found that a reversed shear plasmawith internal transport barrier (ITB) isimmune to
TAES driven by energetic ions produced with the ICRF hesating [7, 8, 18]. The TAES have been
observed only in weakly-reversed shear plasmas with moderate I TB formed after sequential collapses.
In recent experiments, the excitation and stabilization of TAEs in reversed shear plasmas were
investigated by injecting the NNB into 2.1 T deuterium plasmas. It was confirmed that a strongly-
reversed shear plasmais stable for AEs.

Figure 9 shows profiles of the safety factor, the electron density and the beta vale of NNB ions
in the case without exciting AEs. The safety factor profile has a minimum (gmin) at r/a~0.7-0.8 and is
strongly reversed inside the location of gmin. Because of the ITB formation in the electron density, a
dlight jump in the density profile is observed just inside the location of gmin. The by, profile shows that
most of all NNB ions is deposited inside the ITB. The volume averaged fast ion beta <bp>~0.28% is
sufficiently higher than the threshold <bp>~0.1% for TAE excitation. However, the fast ion betais low
and the pressure gradient is small in the low shear region around gmin. The miss-alignment between
the AE gap and aregion of the high pressure and large pressure gradient of NNB ions is considered to
be the reason of the stabilization of AEsin the strongly-reversed shear plasma.

On the other hand, the n=1 TAE was observed in a weakly-reversed shear plasma as shown in
Fig. 10 (a). Profile of g, neand by, are presented in Fig. 10 (b). The gmin is located at r/a~0.6 and the
ITB in the electron density can be seen at around r/a~0.4-0.5. The pressure profile of NNB ions is
similar to that in the case of the AE stabilization except for r/a£0.3. The relation between the Alfvén
continuum and measured TAE frequency indicates that the n=1 TAE is excited at a TAE gap formed at
r/a~0.5, where magnetic shear is weak and the fast ion beta is as high as ~1%. The TAE is excited
because of the well-aligned TAE gap.

The excitation condition of Alfvén eigenmodes and burst modes by injecting the NNB in JT-
60U is plotted in a space of vp/va against <bp> in Fig. 11, comparing with a domain where TAEs
exhibiting burst activity have been observed in positive shear plasmas of TFTR and DIII-D and and
domain where alpha-particle-driven TAEs in TFTR have been excited in weak shear plasmas. The
TAE starts to be excited at <bp>~0.1% in a weak shear plasma and the beta value is comparable to the
threshold for TAE excitation by alpha particles in TFTR weak shear plasma. In a regime of
<bp>30.2%, burst modes is excited in addition to TAEs and EAEs. The TAE is adso excited for
<bp>~0.3% in a weakly-reversed shear plasma, however, TAEs become stable in strongly-reversed
shear plasmas with similar beta value. This plot aso shows that not only macroscopic parameter as
<bp> but also local parameters such as magnetic shear and pressure gradient of hot ions are important
for understanding AE excitation and stabilization.

6. Summaries

The excitation and stabilization of AES in weak or reversed magnetic shear plasma were
investigated with the NNB injection at 330-360 keV. The TAEs were observed in weak shear plasmas
with <bp>2 0.1% and 0.4£vp)/vA£1. The threshold <bp>20.1% is aslow as threshold b, in weak shear
TFTR discharge. The TAEs are stable in a high |j regime of 1j3 1 for <bp>~0.1%. The excitation and
stabilization is consistent with predictions by the NOVA-K code. New burst modes and chirping
modes were observed at higher beta of <bp>20.2%. A burst modes occurs in a range of wWEwrag and
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the mode frequency changes rapidly by ~20 kHz in a burst of a few millisecond. The amplitude of
burst modes is a few times to ten times as large as that of TAES and EAEs. A few percent drop in the
neutron emission rate was observed correlating with the burst modes. Fast ion loss correlating with
TAEs and EAEswas not clearly observed due to the weak fast ion drive. The chirping modes appear in
a early phase of the NNB injection and the mode frequency starts to chirp from inside the Alfvén
continuum and increases up to the TAE frequency. This chirping modes are excited only in a duration
of the slowing-down time of NNB ions after the start of the NNB injection. In the strongly-reversed
shear plasma with the ITB, AES were suppressed. It is considered to be due to the miss-alignment of
the AE gap and/or the low pressure gradient and low fast ion betain alow shear region.
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FIG. 1. Plasma configuration and two beam lines of
negative-ion-based neutral beams (NNB) are shown.
The NNB of 2-4 MW was injected at 330-360 keV.
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é E FIG. 7. Temporal behavior of magnetic fluctuation (top)
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