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Abstract. The excitation and stabilization of Alfvén eigenmodes and their impact on energetic ion
confinement were investigated with negative ion based neutral beam injection at 330-360 keV into
weak or reversed magnetic shear plasmas on JT-60U. Toroidicity induced Alfvén eigenmodes (TAEs)
were observed in weak shear plasmas with (8,) > 0.1% and 0.4 < vy /va < 1. The stability of TAEs is
consistent with predictions by the NOVA-K code. New burst modes and chirping modes were observed
in the higher 8 regime of (84) > 0.2%. The effect of TAEs, burst modes and chirping modes on fast
ion confinement has been found to be small so far. It was found that a strongly reversed shear plasma
with internal transport barrier suppresses AEs.

1. Introduction

The weak or reversed magnetic shear configura-
tion is important for advanced tokamak operation
because the safety factor profile (¢ profile) having a
weak or reversed shear region is compatible with a
hollow current density profile formed by high boot-
strap current [1]. However, a great uncertainty is
collective energetic particle effects in advanced toka-
mak modes. In particular, toroidicity induced Alfvén
eigenmodes (TAEs) have the lowest damping [2-4].
The stability of AEs depends strongly on the ¢ pro-
file [5, 6]. Alpha particle driven TAEs were actu-
ally observed for central alpha particle § as low as
Ba = 0.02% in weak shear DT plasmas on TFTR
[7, 8]. 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 trans-
port barrier (ITB) [9, 10].
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On JT-60U, negative ion based neutral beams
(NNBs: <500 keV, <10 MW) [11, 12] can produce
a peaked profile of fast ions and a high fast ion 3
of ~1%. Furthermore, JT-60U has a capability to
control shaping and ¢ profile using reversed shear
operation [13-15]. AEs have been investigated inten-
sively in recent experiments involving NNB injection
into weak or reversed shear plasmas to suppress AEs
in advanced tokamak modes. This article presents
the results. The Alfvén eigenmodes experiment with
NNBs is summarized in Section 2, the NNB driven
TAEs are described in Section 3, burst and chirping
modes excited with NNBs are discussed in Section 4,
stabilization of TAEs in strongly reversed shear plas-
mas is presented in Section 5 and Section 6 summa-
rizes the article.

2. Alfvén eigenmodes experiment
with NNBs

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 discharges and 2.1 T
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Figure 1. Plasma configuration and two beam lines of
NNB:s.

for reversed shear discharges. The low field opera-
tion can increase the ratio vy /va, which is one of
the important parameters for TAE excitation. Here,
V| = Vo(Rtan/Rp) is the beam ion velocity in the
direction of the toroidal magnetic field estimated at
the magnetic axis (v is the injection velocity of the
NNB, Risn = 2.6 m is the tangency radius of the
NNB and R, is the major radius of the plasma) and
V4 X Bto/(2ﬁe)1/2 is the Alfvén velocity (B is the
toroidal magnetic field on the magnetic axis and 7, is
the line averaged electron density). The ratio vy /va
could be increased to 0.95 by increasing electron den-
sity. The safety factor at the plasma surface was in
the range 4.7-5.5. In this series of experiments, an
NNB of 2-4 MW was injected at 330-360 keV into
deuterium or helium plasmas. The volume averaged
fast ion 0, (Bh), increased to ~0.6% and the fast ion
B3 in the core region increased to ~2%. In Fig. 1,
the upper beam line passes near the centre of the
plasma and the lower beam line is shifted ~0.3 m
from the centre. By selecting one of two beam lines,
the pressure profile of NNB ions can be modified.
The q profile, which is indispensable for AE stud-
ies, was measured with motional Stark effect (MSE)
spectroscopy [16].

3. Toroidal Alfvén eigenmodes

Figure 2 shows the TAEs observed during NNB
injection. Time traces of plasma current I, line aver-
aged electron density n, and NNB power Pynp are
shown in the top part of the figure. An NNB of 1.5—
2 MW was injected at 360 keV into a helium plasma
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Figure 2. NNB driven TAEs with toroidal mode num-
bers n = 1 and n = 2. A H® NNB was injected at 360 keV
into a helium plasma. Top: time traces of plasma cur-
rent I, line averaged electron density 7. and NNB power
Pnng. Byo = 1.7 T and I, = 0.8 MA at a flat-top. Bot-
tom: TAE frequencies calculated with 7ic and B:o are
shown with solid curves. Here, ¢ = 1.5 for the n =1
mode and g = 1.75 for the n = 2 mode were assumed.

during the current ramp-up. The sawtooth could not
be observed during the NNB injection, which showed
that the safety factor at the centre was higher than
unity. As shown on a frequency spectrum of mag-
netic fluctuations in the bottom part of the figure,
TAEs with toroidal mode numbers n =1 and n = 2
were observed. The n = 2 mode appears first and the
n = 1 mode follows. Solid curves in the frequency
spectrum show the TAE frequency calculated with
Ne and By (frap Bto/(2ﬁe)1/2). The measured
mode frequency can be well explained by assuming a
safety factor ¢ of 1.5 for the n = 1 mode and 1.75 for
the n = 2 mode. The ratio vy /v4 is in the range 0.4~
0.7 during the appearance of TAEs. Using the orbit
following Monte Carlo (OFMC) code [17], (8)) was
evaluated to be ~0.09%. This value is comparable
to the threshold [, in weak shear DT discharges on
TFTR [7, 8] and is about one fifth to one tenth the
threshold value for excitation of TAEs with tangen-
tial neutral beams in TFTR [4] and DIII-D [18, 19]
positive shear plasmas. 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 millisec-
onds in TFTR [4] and DIII-D [20]. In the case of
Fig. 2, the TAE amplitude is saturated at B /B =~
10~2 at the Mirnov coil location. The saturation is

Nuclear Fusion, Vol. 39, No. 11Y (1999)
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Figure 3. A domain of TAE excitation for H® NNB
injection into helium plasmas is shown is a plot of vy /va
versus internal inductance ¢;.

considered to be due to the small fast ion drive by
low fast ion .

Figure 3 shows a domain of TAE excitation in
a plot of v, /va versus the internal inductance /;
(= 2(A — 33,)) for H NNB injection into helium
plasmas. Full circles and squares represent n = 1
mode and n = 2 mode excitation, respectively; open
squares indicate cases without TAE excitation. The
NNB power and line averaged electron density were
1.9-2.6 MW and (0.28-0.89) x 10*® m™3, respec-
tively. It is indicated that the n = 1 and n = 2 TAEs
are unstable for ¢; < 1 and that the TAE is stable for
£; > 1 even for higher NNB powers. A magnetic shear
effect or the misalignment of TAE gaps with the high
pressure gradient region of fast ions, or both are con-
sidered to be the stabilizing mechanism. Figure 4(a)
shows the Alfvén continuum spectrum for the n = 2
mode calculated using the NOVA-K code and the ¢
profile with gqg ~ 1.4 at 4.8 s in the discharge pre-
sented in Fig. 2. The measured TAE frequency is
represented by a dashed line. The figure shows that
the TAE gap is well aligned over the minor radius
and the TAE is considered to be excited in the gap
located at r/a =~ 0.6. The TAE gap is well aligned
also for the n = 1 mode and the location of the gap
is at 7/a =~ 0.3. The gap locations of the n = 1 and
n = 2 modes coincide with the region where a large
pressure gradient of NNB ions is formed on the fast
ion pressure profile, and w+j, > wrag/2, which is the
necessary condition for TAE excitation, is satisfied
(w+p, is the diamagnetic drift frequency of fast ions).

In order to test the effect of decreasing ¢y on
TAE stability, the Alfvén continuum spectrum was

Nuclear Fusion, Vol. 39, No. 11Y (1999)
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Figure 4. (a) Alfvén continuum spectrum for the n = 2
mode, safety factor profile with go ~ 1.4 and measured
TAE frequency (dashed line) at 4.8 s in the discharge
shown in Fig. 2. (b) Similar spectrum for the assumed ¢
profile with go = 1.2.

calculated for the assumed ¢ profile with ¢ =1.2.
Figure 4(b) shows the spectrum, the ¢ profile and
the measured TAE frequency. The TAE frequency
intersects the Alfvén continuum spectrum because a
new TAE gap is created at r/a = 1.6, which is the
location of ¢ = 1.25. It indicates that the TAE can
be stable owing to the misalignment of the TAE gap.
The effect of a small change in qg, from 1.4 to 1.2, on
the fast ion pressure profile is insignificant. The rela-
tion between the Alfvén continuum spectrum and the
measured frequency for different ¢ profiles suggests
that the stability is sensitive to gop and the tendency
of TAE excitation only in the low ¢; regime can be
understood from decreasing qq.

4. Burst modes and chirping modes
New burst modes and chirping modes (the mode

with large frequency changes) were found in a high
B regime of (By) > 0.2%. Figure 5 shows a typical

1839



Y. Kusama et al.

1 E32359:1.2 T 5
g | | : P s
= %MSE ! =
&0 aurn srmvwars SR V1 I N 0 ~
E1[ =ng ' I i b
o L = | S | 35 3
50 - L 103
= 3 \ 40 >~ 45 TT=50_ Time (s)
80_ @,W ) K " T "burstmode” T 1T, !‘_
L Spe
"?“f‘w"ﬂr‘ ol |’k TAE
= | I il [ifile i|=n=1
T 60} 1 l i
x | 194 || -—n=23
> . {
(]
) |
3 f chirping 1 .
8 40Fmode iy
L n=1 R
L |
L ) [ H
20 IR
3.6 ) ? 4.6 Time (s)
<[3h>~o_A4% ~0.5% ~0.6%
qo-1.8 ~1.4 ~1.25

Figure 5. Top: time traces of plasma current I,, NNB
power Pyyp for MSE diagnostics, line averaged electron
density 7. and neutron emission rate S,. Bottom: fre-
quency spectrum of magnetic fluctuations measured dur-
ing D° NNB injection into a deuterium plasma. The beam
energy is 360 keV and the toroidal magnetic field at the
centre is 1.2 T. Toroidal mode numbers are shown for
some typical modes.

discharge where burst modes and chirping modes
have been observed simultaneously with TAEs and
EAEs (ellipticity induced Alfvén eigenmodes). The
top part of Fig. 5 shows the temporal behaviour of
plasma current I, the beam power Pyyp for MSE
diagnostics, the line averaged electron density m,
and the neutron emission rate S,. A D° NNB of
360 keV was injected with a power of 4 MW into
a deuterium plasma. The central magnetic field was
1.2 T. The ratio vy /va increased to 0.95 with elec-
tron density. Here, the slowing down time of NNB
ions, 75, was ~0.3 s. The frequency spectrum of mag-
netic fluctuations is shown in the bottom part of
the figure. Burst modes start ~0.1 s after the start
of NNB injection, but the activity is weak. When
the fast ion [ increases and the safety factor at
the centre decreases, the activity of the burst mode
becomes strong. The volume averaged 0 of NNB ions
is (Bn) =~ 0.5% and gy ~ 1.4 at 4.05 s. The mode
clearly seen for 4.1-4.57 s in the range 57-58 kHz
is the n = 2 TAE; weak TAEs with n = 1-3 are
detected in the range 60-70 kHz, though they are
not clear in the frequency spectrum.

Figure 6 expands the 100 ms from 4.2 to 4.3 s
during the appearance of burst modes in Fig. 5. The
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Figure 6. Top: expansion of the 100 ms from 4.2 to 4.3 s
during the appearance of burst modes in Fig. 5. Toroidal
mode numbers n are shown for typical modes. The direc-
tions of frequency change for upward and downward fre-
quency branches are indicated with arrows. Bottom: time
trace of magnetic fluctuations of a single burst.

time trace of magnetic fluctuations of a single burst
is shown in the bottom part of the figure. The mag-
netic fluctuations are very similar to those of fish-
bone instabilities. The burst mode occurs in a few
milliseconds with ~10 ms interval. The mode fre-
quency starting at around the n = 2 TAE changes
rapidly (~20 kHz) during the burst. The burst mode
frequencies are in the range w < wpap and are
much larger than the diamagnetic drift frequency of
bulk ions of ~1 kHz. Two branches can be observed:
the mode frequency decreases in one branch but
increases in the other. The toroidal mode number
of the burst modes is n = 1, as shown in Fig. 6.

The pressure profile of NNB ions was modified by
selecting one of the two beam lines shown in Fig. 1.
The pressure profiles calculated with the OFMC code
are shown in Fig. 7. A strongly peaked pressure pro-
file of NNB ions was obtained with the upper beam
line and a hollow profile was produced with the lower
beam line. In the range r/a > 0.4, the pressure is
almost the same. The burst modes are strong for the
peaked pressure profile but very weak for the hol-
low pressure profile. Therefore, the high pressure or
the high pressure gradient of fast ions in the central
region, or both are considered to be responsible for
the burst mode excitation.

Nuclear Fusion, Vol. 39, No. 11Y (1999)
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Figure 7. Profiles of fast ion 8 when only the upper
beam line is used (solid line) and only the lower beam
line is used (dashed line).
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Figure 8. Temporal behaviour of magnetic fluctuations
(top) and neutron emission rate (bottom) when a burst
mode appears.

Figure 8 shows the temporal behaviour of mag-
netic fluctuations and the neutron emission rate
when a burst mode appears. The amplitude of mag-
netic fluctuations of the burst modes is typically a
few to ten times as large as that of TAEs and EAEs.
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
EAEsS is not clearly observed owing to the weak fast
ion drive used so far.

Nuclear Fusion, Vol. 39, No. 11Y (1999)

Strongly chirping modes of n = 1 were detected
during 3.8-4.1 s in the discharge shown in Fig. 5.
The frequency chirping starts at ~30 kHz and the
frequency increases to the TAE frequency range. A
comparison between the Alfvén continuum for the
n = 1 mode and the measured mode frequency at
3.8 s and at 4.05 s has shown that the measured fre-
quency is well inside the Alfvén continuum at the
start of chirp and is in the TAE gap at the end of
chirp. This chirping phenomenon is similar to that
observed in the ICRF heating of weakly reversed
shear plasmas in JT-60U [10]. The large frequency
chirping in Fig. 5 can be observed only in a time
approximately equal to 7, after the start of the NNB
injection, where the bump on tail is formed.

5. Stabilization of Alfvén eigenmodes
in strongly reversed shear plasmas

It has been found that a reversed shear plasma
with internal transport barrier (ITB) is immune
to TAEs driven by energetic ions produced with
ICRF heating [9, 10, 21]. 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 investi-
gated by injecting NNBs into deuterium plasmas
with By = 2.1 T.

Figure 9 shows profiles of the safety factor, elec-
tron density and fast ion 8 of NNB ions in the case
without exciting AEs. The ¢ profile has a minimum
(gmin) at r/a = 0.7—0.8 and is strongly reversed
inside the location of ¢,;,. Because of the ITB for-
mation in the electron density, a slight jump in the
density profile is observed just inside the location of
Gmin- The By, profile shows that most of the NNB ions
are deposited inside the ITB. The volume averaged
fast ion B, (6n) = 0.28%, is sufficiently higher than
the threshold value, (8,) ~ 0.1%, for TAE excita-
tion. However, the fast ion 3 is low and the pressure
gradient is small in the low shear region around ¢, -
The misalignment between the AE gap and a region
of high pressure and large pressure gradient of NNB
ions is considered to be the cause of the stabilization
of AEs in the strongly reversed shear plasma.

On the other hand, the n = 1 TAE was observed
in the weakly reversed shear plasma, as shown in
Fig. 10(a). Profiles of ¢, n. and (3, are presented in
Fig. 10(b). The location of gmn is at r/a ~ 0.6 and
the ITB in the electron density can be seen at around
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Figure 9. Profiles of safety factor g, electron density ne
and fast ion 3, B, in a strongly reversed shear plasma
with NNB injection in the case without exciting AEs.
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r/a ~ 0.4—0.5. The pressure profile of NNB ions is
similar to that in the case of AE stabilization except
for r/a < 0.3. The relation between the Alfvén
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Figure 11. A domain where AEs and burst modes have
been observed in JT-60U is compared with the onset con-
dition of weak AEs in positive shear plasmas on DIII-D
[19] and with a domain of alpha particle driven TAEs in
weak shear plasmas on TFTR [8].

continuum and measured TAE frequency indicates
that the n = 1 TAE is excited in the TAE gap formed
at r/a = 0.5, where magnetic shear is weak and the
fast ion 3 is as high as ~0.5%. The TAE is excited
because of the well aligned TAE gap.

The condition for excitation of AEs and burst
modes by NNB injection in JT-60U is plotted in a
graph of (8),) against v, /v4 in Fig. 11 and compared
with the onset condition of weak AEs in positive
shear plasmas on DIII-D [19] and a domain where
alpha particle driven TAEs have been excited in weak
shear plasmas on TFTR [8]. The TAE starts to be
excited at (0),) ~ 0.1% in the weak shear plasma and
the § value is comparable to the threshold for TAE
excitation by alpha particles in TFTR weak shear
plasma. In a regime of (5,) > 0.2%, burst modes are
excited in addition to TAEs and EAEs. The TAE is
also excited for (05) =~ 0.3% in a weakly reversed
shear plasma, but TAEs become stable in strongly
reversed shear plasmas with similar 3 value. The fig-
ure also shows that not only macroscopic param-
eters such as (0;) but also local parameters such
as magnetic shear and pressure gradient of hot ions

Nuclear Fusion, Vol. 39, No. 11Y (1999)
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are important for understanding AE excitation and
stabilization.

6. Summary

The excitation and stabilization of AEs in weak
or reversed magnetic shear plasmas were investigated
with NNB injection at 330-360 keV. The TAEs were
observed in weak shear plasmas with (8,) > 0.1%
and 0.4 < vy /va < 1. The threshold (84) ~ 0.1% is
as low as the threshold (3, in weak shear TFTR dis-
charges. The TAEs are stable in the high ¢; regime
of ¢; > 1 for (Bn) =~ 0.1%. The excitation and
stabilization are consistent with predictions by the
NOVA-K code. New burst modes and chirping modes
were observed at a higher (§ of (8;) > 0.2%. A burst
mode occurs in the range w < wpap and the mode
frequency changes rapidly by ~20 kHz in a burst of a
few milliseconds. The amplitude of the burst modes
is a few times to ten times as large as that of TAEs
and EAEs at the plasma edge. A drop in the neu-
tron emission rate by a few per cent was observed to
correlate with the burst modes. Fast ion loss corre-
lating with TAEs and EAEs was not clearly observed
owing to the weak fast ion drive. The chirping modes
appear in an early phase of the NNB injection and
the mode frequency starts to chirp from inside the
Alfvén continuum and increases to the TAE fre-
quency. These chirping modes are excited only in a
duration as long as the slowing down time of NNB
ions after the start of NNB injection. In the strongly
reversed shear plasma with the ITB, AEs were sup-
pressed. This is considered to be due to the misalign-
ment of the AE gap and/or the low pressure gradient
and low fast ion 3 in the low shear region.
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