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Abstract

Toroidicity-induced Alfvén eigenmodes (TAE modes) are investigated in JT-60U in ITER-
relevant conditions, i.e., the plasma current (1) up to 4 MA and the safety factor down to 2.8, using
second harmonic minority ion ICRF heating. Higher n (toroidal mode number) modes appear with
increasing . Reduction of MeV ion population due to TAE modes is in proportion to TAE mode
amplitudes, but becomes less important at high density, although TAE amplitudes are still large. It
is demonstrated that the non-inductive current profile control method is effective for control of

TAE modes.
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1. Introduction

It was pointed out in theory that the toroidicity of
a plasma column induces a gap in the Alfvén conti-
nuum spectrum due to the poloidal mode coupling and
that the shear Alfvén waves, whose frequency is within
the gap, can be unstable in a fusion reactor, since
fusion alpha particles can resonate with shear Alfvén
waves [1,2]. These modes are called the toroidicity in-
duced Alfvén eigenmodes (TAE modes). If TAE
modes become unstable, then fusion alphas undergo
enhanced pitch angle scattering and are expelled from
the plasma core to the first wall or the periphery region
[3], resulting in degradation of plasma performance.
Furthermore, if those particles are trapped in the toroi-
dal field ripple, damage of the first wall due to ripple
loss particles [4] may be enhanced. Therefore, TAE
modes are potentially dangerous for a fusion reactor

and so study of the TAE modes is important for de-
velopment of a fusion reactor. In experiment, TAE
modes were observed for the first time in TFIR [5],
and subsequently in DIII-D [6]. In those experiments,
tangential neutral beam injection (NBI) was employed.
TAE modes became unstable when the fast ion veloc-
ity in the parallel direction approached the Alfvén
speed. Later on, it was demonstrated in TFTR that
TAE modes can be also excited by ICRF minority ion
heating through the precessional magnetic drift and
bounce resonance [7,8]. Recently, TAE modes were
also observed in JET [9] and JT-60U [10] during
ICRF heating and/or NBI heating.

In TFTR D-T experiments, TAE modes driven
by fusion alpha particles have not yet been observed,
although some efforts were devoted to drive TAE
modes [11]. The alpha beta values may be still too low
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to drive TAE modes [12]. In JET, excitation of TAE
mode by external coils was attempted and damping
rates were measured for the basic research of TAE
modes [13].

The prediction of TAE modes for ITER [14] by
global stability codes shows that TAE modes may be a
problem at high toroidal mode numbers (6 <n <50)
[15]. Therefore experiments in the high n regime are
quite important. TAE modes experiments with ICRF
heating in JT-60U are characterized by high plasma
current and low safety factor, namely 7, up to 4 MA
and the effective safety factor at the edge g [16]
down to 2.8. In these conditions, TAE modes with
high toroidal mode number appear (n at least 13) [17].
These results on the excitation of high n TAE modes
in JT-60U were reported in previous papers [17,18].
In parallel with the study of characteristics of high n
TAE modes, the evaluation of fast ion losses and im-
pact on the plasma confinement due to TAE modes
and the control method of TAE modes should be in-
vestigated for the development of a fusion reactor.

This paper presents overall results on the JT-60U
TAE mode experiments, with detailed description on
the excitation of TAE modes including ICRF heating
conditions, the impacts on the fast ion and bulk plasma
confinement, and control of TAE modes through the
current profile control including the lower hybrid cur-
rent drive. In large tokamaks, the sawtooth stabiliza-
tion by fast ions [19] is generally observed during
ICREF heating and is an important element to affect the
plasma confinement in various aspects. This paper also
makes clear the relation between the TAE modes and
the sawtooth stabilization.

In section 2, outline and features of the JT-60U
TAE mode experiments are presented. In section 3,
excitation of TAE modes, including resonant energy,
threshold tail ion stored energy and ICRF heating con-
ditions, is discussed. In section 4, the impacts of TAE
modes, such as fast ion losses and degradation of the
bulk plasma energy confinement are discussed. In sec-
tion 5, the control of TAE modes through the current
profile control including effects of the sawtooth relaxa-
tion is discussed. A discussion and conclusions are
given in section 6.
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2. Outline and Features of TAE Mode
Experiments on JT-60U

2.1 Experimental Conditions

TAE modes are observed in JT-60U both in
ICRF heated discharges and quasi-perpendicular NBI
heated discharges. For ICRF heating, the second
harmonic hydrogen minority heating of deuterium or
helium (“He) plasmas is employed. The operating
frequency is set to be 116 MHz, which corresponds to
the second harmonic cyclotron resonance frequency of
hydrogen at 3.8 T. Two sets of 2X2 loop antenna
array [20,21], located on the low field side midplane,
are employed. Figure 1 shows the cross-section of the
JT-60U vacuum vessel and the ICRF antenna, includ-
ing a typical plasma equilibrium for ICRF experiments.
TAE modes are excited by the ICRF heating over
wide ranges of the plasma current, the safety factor
and the electron density, i.e., the plasma current
L=1.5—4 MA, the safety factor g.;=7.2—2.8 and the
line average electron density 7 = (1.1—4.5) X 10%
m 3 with By ~ 3.8 T. Thus the ICRF heating is a use-
ful means for TAE mode study in JT-60U. On the
other hand, for excitation of TAE modes’ with per-
pendicular NBI heating (80 keV deuterium beam), the
toroidal field was limited at around 0.6T.

20— KJT-‘69U Rla;3.5m/1m

20 30 4.0 5.0
R[m]

Fig. 1 Cross-section of the JT-60U vacuum vessel and
the ICRF antenna, including a typical plasma
equilibrium for ICRF heating.
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2.2 Identification of TAE Modes »

TAE modes were identified by checking the
mode frequencies measured by magnetic probes (Mir-
nov coils) installed inside the vacuum vessel. Mirnov
coil signals are digitized at 200 kHz for fast Fourier-
transform (FFT) analysis. For frequencies above 100
kHz, however, the measured frequency (f(kHz)) can
be corrected to be 200 = fkHz by the side band effect.
The upper limit is determined by the cut-off frequency
of the probe system (~ 300 kHz). We calibrated thus
obtained FFT data by a spectrum analyzer. As a result,
the real mode frequencies were found to be exactly
given by 200 £ f kHz for a practical range of TAE
experiments by ICRF heating on JT-60U. The cali-
brated frequencies (f,,) are plotted as a function of 1,
in Fig. 2, where I,=3 MA (g, ~ 3.6). Full (open) cir-
cles designate the upper (lower) boundary of the mode
frequencies because multi-mode peaks appear in the
frequency spectrum [17]. The calibrated frequencies
are well fitted by the electron density dependence of
theoretical TAE frequency (frag = Va/(47gR) o<
7i,703) [1], where v, (=2.18 X10'B/(An,)** [m/s]) is
the Alfvén speed, B the total magnetic field, A the
mass number, n, the ion density, q the local safety fac-
tor and R the major radius. The value of q is chosen to
be 1.24. From this good agreement with the theoretical
dependence of the TAE mode frequency on the elec-
tron density with reasonable g-value (justified in Ref.
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Fig. 2 Measured mode frequencies as a function of the
line-average electron density. Full (open) circles
designate upper (lower) boundary of the multi-
mode peaks. The solid curve indicates the the-
oretical TAE mode frequency with g=1.24 and
B=38T.
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[18]), we concludé that these modes are TAE modes.
Mirnov coil signals of the poloidal array show that

'TAE mode amplitudes are strongly localized on the

low field side, as observed in DIII-D [6].

2.3 Identification of Toroidal Mode Numbers

We identified the toroidal mode number, using
Doppler shift effect due to the toroidal plasma rota-
tion. The toroidal rotation velocity is controlled by
adjusting tangential neutral beam .- power. Typical
example is shown in Fig. 3. ICRF power is injected
from 6.5 sec to 9 sec. Tangential neutral beam power
is varied from a counter-direction to a co-direction.
TAE modes appear shortly after ICRF turn-on. Time
evolution of their amplitudes is shown in the top two
columns in Fig. 3, discriminated odd and even modes.
The toroidal rotation velocity at r=0.36m, which is
within the estimated location of the amplitude peak of
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Fig. 3 Typical example of controlling the toroidal rotation
velocity during ICRF heating for the purpose of
identification of toroidal mode numbers, showing
the Mirnov coil signals of an odd and an even to-
roidal mode, the tangential NBi power, the line
average electron density, the diamagnetic stored
energy, the central electron temperature, the to-
roidal rotation velocity at r=0.36 m measured from
the charge exchange recombination spectroscopy
at the C VI transition, the ICRF power and the NBI
power. =3 MA and B;(0)=3.7 T.
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TAE modes, changes from negative value to approxi-
mately zero by changing from counter-beam to co-
beam. At the period of almost zero toroidal rotation
velocity, the electron density is almost constant. The
sawtooth oscillation is stabilized up to 8.75 sec.

Time evolution of the frequency spectra of TAE
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Fig. 4 Time evolution of the frequency spectra of TAE
modes during the toroidal rotation velocity scan
shown in Fig 3.
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Fig. 5 The time increment of the TAE mode frequency
due to Doppler shift against the increment in the
toroidal rotation frequency.
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modes during scanning toroidal rotation in Fig. 3 is
shown in Fig. 4. The bottom figure corresponds to the
full ICRF pulse. Five discrete modes are seen in this
case. Note that the frequency spectra measured by
magnetic probes are displayed using the side band ef-
fect of 200 kHz sampling as mentioned in Sec. 2.1.
The left vertical axis is for signals below 200 kHz,
while the right vertical axis is for signals over 200 kHz.
The mode frequency change is caused by the Doppler
shift due to the toroidal rotation and also a change of
the density. The top figure is an extended view for the
period when the electron density is almost constant.
The frequency change here is mainly due to the change
of the toroidal rotation velocity. Frequency intervals
between each mode are different, suggesting that these
modes have different toroidal mode numbers.

In Fig. 5, time increments of the TAE mode fre-
quencies are plotted against increments in the toroidal
rotation frequency. Here we take the increment in the
toroidal rotation frequency to be one tenth of the
change of the TAE mode frequency of n=10 mode.
Then frequencies of adjacent modes (f5 and £3) are on
lines of n=11 and n=9. For 2, the frequencies shifts
are on the line of somewhat lower value than that of
n==8, but it is reasonable because the lower frequency
mode is located on larger radius and feels slower toroi-
dal rotation speed there. Thus, it is confirmed that the
toroidal mode number increases one by one during
sawtooth free period by scanning the toroidal rotation
velocity with tangential NBI. In this example, as shown
in Fig. 4, the toroidal mode number starts with an odd
number of 7 and gradually increases to 11. The situ-
ation is consistent with the time evolution of odd and
even modes in the early stage, as indicated in Fig. 3.
The first mode is odd, the second one is even and the
third one is odd.

Alternatively, the toroidal mode number can be
derived from the frequency shift between neighbouring
two modes. The Doppler-shifted (measured) TAE
mode frequencies for neighbouring two modes are
written as

Jos® = frae® + n®® (¢))

@
where f,®™ and fpup™ are the Doppler-shifted and

TAE-mode frequencies of the n-th mode, respectively,
and @™ is the toroidal rotation frequency where the

Fos™TD = frag®TH + (nt DO,
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n-th mode exists. fr,™ is expressed as [1]

Jras® = vo/(47gR), 3
where
g=(2m+1)/2n, 4)

and m is the poloidal mode number. Letting the
frequency shift between the two mode Afy®
= £ @D — £ ® and O = $&+D = @, then the
toroidal mode number is given by

fTAElq=1 _
m— 1 form=n (5)

3 fI‘AE | q=1
Z(Afbs(n) - d)t)

[

n

and

S
[

—2 form=n+1, (6)

where fragle-1=va/(47R). At 8 sec (the stationary
phase) in Fig. 3, the frequency shift between neigh-
bouring two modes, A fi,s® (i=2—4) are 3.9 kHz, 3.0
kHz and 2.4 kHz, respectively, from Fig. 4. In the
present case, m=n+1 holds [17]. Then, we have
n=7.7 for £2, n=9.0 for £3 and n=10.3 for £4. These
are similar to those obtained from the change of the
toroidal rotation frequency. Note that the frequency
shift method was applied here for the stationary phase.
Thus the two methods give similar answer from the
different approaches, indicating reliability of the esti-
mation of the toroidal mode number. Practically, the
frequency shift method may be useful to know an
upper limit of the toroidal mode number without the
data of the toroidal rotation frequency in the near uni-
form rotation profile case (i.e., )~ @) <0). The
minus sign of the rotation frequency during ICRF
heating was confirmed in JT-60U, similarly as in other
‘tokamaks [22]. @, is in the order of —1 kHz in JT-
60U.-

2.4 High n TAE Modes

Figure 6 shows the number of TAE modes ap-
pearing during an ICRF heating pulse as a function of
the plasma current. The number of TAE modes in-
creases with increasing plasma current. As many as
nine TAE modes were observed at [,=4 MA. On the
other hand, the local safety factor of TAE modes,

TAE mode experiments on JT-60U
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Fig. 6 The number of TAE modes appearing during an
ICRF heating pulse as a function of the plasma
current.
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Fig. 7 The local safety factor of TAE modes, which is
evaluated from g=v,/47Rf,,, as a function of the
plasma current.

Q>

TAE modes

Local q value of

which is evaluated from g=v,/47Rf.,, is plotted as a
function of the plasma current in Fig. 7. The local
safety factor is approaching to unity with increasing I,.
These results suggest that higher n mode tends to ap-
pear in high [, regime, since g is expressed as
q=(2m+1)/2n, and q = 1 is satisfied form ~n> 1.
Time evolution of the frequency spectra of TAE
modes of a 4 MA discharge is shown in Fig. 8: Nine
TAE modes appear during a sawtooth-free period,
where individual modes appear and disappear one
after another in relatively narrow frequency band.
Those frequencies change due to the Doppler shift by
the toroidal rotation because the electron density is al-
most constant during this period. The phenomena can
be understood by the Alfvén continuum gap map
shown in Fig. 9. The ordinate is the safety factor ¢
where the TAE gaps are located, which is given by
q=(2m+1)/2n, and the abscissa is the toroidal mode
number. Each dot shows the Alfvén continuum gap of
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Fig. 8 Time evolution of the frequency spectra of TAE
modes of a 4 MA discharge.
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Fig. 9 The Alfvén continuum gap map.

Safety Factor (g=V A/41:-(fDS-n-cI>t)-R)

ury
o

O oo
Ll A

e
o=h

Mode Amplitude [a.u.]

0024 & 8 10

~ Relative Toroidal Mode Number, An
Fig. 10 Peak amplitudes of the frequency spectra shown

in Fig. 8, as a function of the relative toroidal
mode number An.
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TAE modes. Curves are m—n = constant lines. We
identified that, in 3 MA discharge, TAE modes appear
along the line of m=n+1 [17]. For I; of 3.5—4 MA,
the range of the local safety factor is 1.0 ~ 1.18 as in-
dicated in Fig. 7. Then we can infer that TAE modes
appear along the line of m=n for I, of 3.5—4 MA.
The domain surrounded by bold full lines is deter-
mined assuming the toroidal rotation frequency of
®,=—1 kHz. Here, q is given by g=v,/(47R(fps
—n®,)) including the plasma toroidal rotation. During
a sawtooth-free period, the g-profile becomes peaked
and the local safety factor gradually decreases [23].
Therefore, from this mapping, we can infer that the to-
roidal mode number increases one by one along the
m=n line during a sawtooth-free period. A possible
range of the toroidal mode numbers which appeared
sequentially in the 4 MA discharge is, for example,
given by n=An+(4~35), An=1-9. Note that the
lower boundary of the range may be a minimum esti-
mate. So, the highest toroidal mode number can be es-
timated to be at least 13.

Figure 10 shows peak amplitudes of the fre-
quency spectra shown in Fig. 8, as a function of the
relative toroidal mode number An. The maximum
values of TAE mode amplitudes increase exponentially
with increasing n up to about 10 and then tend to satu-
rate against n up to at least n=13. Such a behaviour
cannot be explained by local TAE stability theories
[18]. Analysis with a global stability code (NOVA-K
[24]) is in progress [25]. A nonlinear theory [26,27] is
also needed for analyzing such a behaviour.-

3. Excitation of TAE Modes
3.1 Resonant Energy of Trapped lons

ICRF heating produces energetic trapped. ions.
The wave-particle resonance for excitation of TAE
modes by trapped ions [28] can be written as

wrap — 1wy — pw, =0, )

where wq,p is the TAE mode frequency (=27fisg),
{w,) the bounce-averaged precessional drift frequency,
w, the bounce frequency and p an integer. For deeply
trapped ions, (wy) and w, are given by {(w,)=qE/
(m;rRw,) and w,=&"2v/(qR), respectively, where E,
is the ion energy, m; the ion mass, r the minor radius,
w, the ion cyclotron frequency, e=r/R and v the ion
speed. From eq. (7), the resonant energy decrcases
with increasing n. For low- and medium-n, the bounce
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resonance is important. For high-n TAE modes, the
precessional magnetic drift resonance is dominant
[29]. The resonant ion energy for the precessional
magnetic drift resonance is expressed as

E. = ZeBrv,/(2ng?), ®)

res

where Z is the ion charge number. For typical ex-
perimental parameters (Z=1, By=3.8 T, r=0.5 m,
v,=1.2X10" m/s, g=1.1), we have FE,,~9.4/n
(MeV). Thus MeV trapped ions should play a domi-
nant role in excitation of TAE modes. Actually we ob-
served correlation of MeV protons with TAE modes
during ICRF heating (see Sec. 4.1). A ratio of the res-
onant ion speed to the Alfvén speed is written as

Ve 68%107 [Zer(An)os
Va q mn ©)

For the typical parameters mentioned above, v,/
v, = 3.5/n%°. The resonant ion speed is in the order of
the Alfvén speed, similarly to the resonant condition
by passing particles. In the case of passing particles,
the resonant condition is given by v,/ v, =1 (or v,/
v4 Z 1/3 including the side band effect) in theory [28],
while v;/v, = 1, where v; is an injected fast ion speed,
was observed for the excitation condition of TAE
modes in DIII-D experiments using tangential NBI
[30].

3.2 Threshold Tail lon Stored Energy -

The threshold tail ion stored energy was explored
by scanning ICRF power in a narrow range of the line
average eclectron density. Figure 11 (a) shows TAE
mode amplitudes measured by the Mirnov coil as a
function of the ICRF power, P at 7,=2.1—2.6X10%°
m~3. The TAE mode amplitude increases nonlinearly
with P;c and the threshold heating power is about 3.5
MW. The corresponding tail ion stored energy (W)
is evaluated to be W, ;,=2/3 (Wy,— W), where Wy,
and W, are diamagnetic and kinetic plasma stored en-
ergies, respectively. Figure 11 (b) shows W, versus
P. W, increases somewhat nonlinearly with P,c. The
fast ion stored energy threshold is about 0.3 MJ, and
the beta threshold of tail ions, {B,), is 0.05%.

The experimental result is compared with calcula-
tion by the global stability code (NOVA-K) [10]. The
calculation was made employing the plasma equili-
brium and plasma parameters of a typical TAE mode

TAE mode experiments on JT-60U
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Fig. 11 (a) TAE mode amplitudes measured by the Mirnov
coil as a function of ICRF heating power. for
71,=(2.1-2.6)x10" m™3, (b) Corresponding tail ion
stored energy as a function of ICRF heating power.

shot (E19332, shown in Fig. 14). The threshold beta
value of fast ions was calculated as a function of the
fast ion pressure scale length (L) normalized by the
minor radius for n=4 and n=7 modes. Two TAE
modes appear for each toroidal mode number, whose
frequencies are almost consistent with those of experi-
ment. The threshold fast ion beta value, which is insen-
sitive to Ly, in the range of L,/a=0.3—0.5, is in the
order of 0.01%, which is consistent with the ex-
perimental value mentioned above.

3.3 ICRF Heating Conditions
3.3.1 Resonance position

As to the ICRF heating conditions for excitation
of TAE modes, we first investigate effects of the ion
cyclotron resonance layer position on the excitation of
TAE modes, which is also importatit for the sawtooth
stabilization [31]. Figure 12 shows the results on the
resonance position scan by changing the toroidal field
in 3 MA discharges. A deviation of the resonance
position from the plasma center normalized by the
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Fig. 12 Results of the ICRF resonance position scan ex-
periment, showing the TAE mode amplitude
(Mirnov coil signals), the threshold ICRF power,
the sawtooth-free period, the heating rate and
the central electron temperature, as a function of
(Rres_RO)/a'

minor radius, (R,,— R;)/a, changes from —0.2 to 0.07.

TAE modes were observed for |R.,—Ry|/a<0.1. Itis

also indicated in the figure that excitation of TAE
modes is relatively easy for low field side resonance
position with respect to the magnetic axis. Such an
asymmetry around the on-axis resonance is also found
in the sawtooth stabilization. Sawtooth-free periods
were greatly extended for (R,,—R,)/a> 0. The result
suggests that deeply trapped ions, which tend to be
produced for low field side resonance with respect to
the magnetic axis, plays an important role in excitation
of TAE modes as well as the sawtooth stabilization.
The heating rate, AW,/ P, where AWy, is an
incremental diamagnetic stored energy by the ICRF
. heating power, and the central electron temperature
are almost constant for —0.14 <(R_,—R,)/a<0.07 as
indicated in Fig. 12. The results suggests that slightly
off-axis resonance to the high field side may be effec-
tive for efficient core heating, avoiding TAE modes.
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3.3.2 Electron density and minority concentration

ratio

It is found that the electron density and the mi-
nority proton concentration ratio are important par-
ameters for excitation of TAE modes and the sawtooth
stabilization as well as the heating rate. Figure 13
shows a parameter domain where TAE modes were
observed (TAE domain) with on-axis resonance in 3
MA discharges. Lower proton concentration ratio and
lower electron density tend to make excitation of TAE
modes more difficult. A domain where sawtooth-free
periods are longer than 0.6 sec (~2X1g) is also indi-
cated, in Fig. 13. We call this an SST domain. The two
domains almost coincide, although the TAE domain
expands to somewhat lower density range than the SST
domain. The heating rate is better (A Wy,/ P> 0.2
sec) only within the TAE/SST domains. In other
words, TAE modes are excited only when the heating
is successful, although TAE modes degrade the core
plasma energy confinement through the loss of en-
ergetic ions to some extent (see Sec. 4.2 and Sec. 4.3).
A possible reason why the heating is poor in low den-
sity or small proton concentration may be that the
ICRF heating power deposition profile becomes so

0.5 e w/ TAE
0.4} o wlo TAE
=0 0-3 i \ TAE .
= F On g @ I dc»mau:n .
c 0.2 . - ; -gqomal
0.1}
1}:@ @ o % s —
0 s by I i i
1 1.5 2 25 3 3.5 4

n_ [10'°m™]

Fig. 13 Parameter domain where TAE modes were ob-
served (TAE domain, delimited by the dotted
line). The ordinate is the proton to electron den-
sity ratio. Full circles designate a shot where TAE
modes appeared, while open circles designate a
shot where TAE modes did not appear. The par-
ameter domain for the sawtooth stabilization
(SST domain), delimited by the broken line, is
also indicated. The thin solid line indicates that
ny n, = constant. ICRF on-axis heating in 3 MA
discharges. A.=(4.2-7) MW.
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broad because of the orbit effect of fast ions. The orbit
effect may set in above some critical energy of fast
ions. The temperature of the fast ions Ty scales as
Tyo< Pic T,/ (ngn,). For given P and T,, Tye<1l/
(nyn.)- The thin solid curve in Fig. 13 indicates a nyn,
= constant line which lies closely along the TAE/SST
domains. This supports the hypothesis that the heating
is limited by the orbit effect of fast ions. Above some
critical energy, fast trapped ions can always feel the RF
electric field because of the Doppler broadening of the
resonance layer. Orbits of such particles become larger
and larger, and may be quickly lost to the first wall.

4. Impact of TAE modes
4.1 Typical Example’

Time evolution of a typical shot where TAE
modes were prominently excited is shown in Fig. 14,
which clearly indicates impact of TAE modes on the

- E19832
1 Mirnov coil

0

Fig. 14 Time evolution of a typical shot where TAE
modes appeared, showing the Mirnov coil signal
(dB/dt), the diamagnetic stored energy, the line

average electron density, the central electron

temperature, the ICRF power, the neutron rate
and the y-ray signals (~ 2.1 MeV and ~ 4.4 MeV).
“He + (H) discharge, /=35 MA, g.4=3.2, n,=2.2
x10" m® and P¢=5.3 MW.

LA, =R

fast ion confinement and the bulk plasma confinement.
The experiment was done with a “He+(H) discharge,
where a species within parentheses is a minority ion
component. By the TAE modes, the plasma stored en-
ergy and the central electron temperature were satu-
rated during the first sawtooth stable period or de-
creased during the second- and third-stable period.
Reduction of the total stored energy W,,, (= Wy+ Wy,;
W,, is the thermal plasma stored energy and W, is the
tail ion stored energy) due to the TAE modes is ~ 7%,
which is similar to the reduction due to the subsequent
giant sawtooth crash. However, a fraction of the loss of
the tail component to the total loss (AW,,;/AW,,) due
to the TAE modes is ~ 70%, which is higher than that
by the sawtooth crash (~40%). Specifically, effects of
TAE modes on MeV protons are prominent. The neu-
tron yield shown in Fig. 14 is originated mainly from
the boron-proton nuclear reaction ('B(p,n)!'C) [18].
It reflects protons whose energy is more than 3 MeV.
The 2.1 MeV and 4.4 MeV y-rays come from inelastic
scattering of fast protons with borons and carbons and’
reflects protons whose energy is more than 2.5 MeV
and 5 MeV, respectively. MeV protons decrease by
60—70% due to TAE modes, although the reduction
rate in the stored tail ion energy (A W,/ W;) is only
20%. Thus the TAE modes affect the population of
MeV protons dominantly.

4.2 Fastlon Loss

We investigate loss of MeV ions due to TAE
modes by scanning 7, from 1.5X10%° m3 to 4.5X 10"
m™3 at the plasma current of 3.5 MA and the toroidal
field of 3.8 T with a fixed range of the ICRF power of
5—5.5 MW. The internal inductance stays in a narrow
range (4=1.15—1.2) against the change of 7,. Figure
15 shows amplitudes of TAE modes measured by the
Mirnov coil as a function of 7,. Here, the ordinate
(TAE mode amplitude) is the Mirnov coil signal (dB/
d#) multiplied by (7,)% in order to compensate change
of TAE mode frequency due to the change of 7. In
the low density region (A,=1.5—2.5X10* m™), the
TAE mode amplitude increases with 7, and tends to
be constant above 7, ~ 2.5X10' m™. This behaviour
clearly indicates existence of a lower limit of the elec-
tron density for excitation of TAE modes, which is
below 1.5X10' m™3, with fixed ICRF power. Corre-
sponding tail ion stored emergy, which is evaluated
from the diamagnetic data and the kinetic data (see
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Fig. 15 Normalized TAE mode amplitudes measured by
the Mirnov coil as a function of the line average
electron density. “He + (H) discharges, /,=3.5 MA,
q.4=3.2, and P:=({5-5.5) MW.
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Fig. 16 Tail ion stored energy just before onset of TAE
modes in sawtooth-free period (open circles) and
with TAE modes and sawtooth oscillation {an
open triangle) as a function of the line average
electron density in the same experimental run as
in Fig. 15. The solid line indicates the decrease in
tail ion stored energies due to TAE modes.

Sec. 3.2), as a function of 7, is shown in Fig. 16. Open
circles are tail ion stored energy just before onset of
TAE modes during a sawtooth stable period, while an
open triangle is the one with TAE modes and saw-
tooth oscillation. At such a high-density, the sawtooth
could not be stabilized. The tail ion stored energy thus
greatly decreases with increasing electron density, al-
though it is confirmed that these data are roughly in

(dB/dt)n *° [a.u]

Fig. 17 The decrease in diamagnetic stored energies due
to TAE modes as a function of the normalized
TAE mode amplitudes.
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Fig. 18 The decrease in diamagnetic stored energies due
to TAE modes divided by the normalized TAE
mode amplitude, as a function of the line average
electron density.

proportion to the classical slowing-down time. It is in-
teresting that TAE modes are still strongly excited in
the high density plasma where the tail ion beta value is
at most only about 0.01%. It suggests that the damp-
ing terms for TAE modes also more rapidly decrease
with increasing electron density. Detailed study on this
behaviour, however, is beyond the scope of this paper.
Figure 16 also shows the decrease in tail ion stored en-
ergies due to TAE modes. It appears that the loss of
the tail ion stored energy has a broad peak at 7,
around 2X10' m™3 and becomes smaller with increas-
ing density, where the TAE mode amplitudes are al-
most constant. For further discussion on the impact of
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TAE modes, we employ AW, a change of the dia-
magnetic stored energy due to TAE modes, because of
a large error bar for AW,

Figure 17 shows AWy, as a function of TAE am-
plitudes corrected by the electron density. Solid circles
are for 7,=(1.8—2.0)X10% m™3, while open circles
are for 7,=(2.16—2.2)X 10 m™3. If the density range
is wide, the data are scattered and there seems no
correlation between them. But, if the density range is

limited like in Fig. 17, the correlation between them is

clearly seen. The diamagnetic stored energy decreases
as TAE mode amplitudes increase.

Then, AW, divided by the TAE mode amplitude
is a more general quantity. Figure 18 indicates that

AWy, per unit TAE amplitudes becomes smaller with

increasing electron density, which means that the im-

‘ pact of TAE modes becomes smaller with increasing
density. The loss of the plasma stored energy by TAE
modes is dominated by fast ions as discussed above.
Therefore, the result indicates that the loss of energetic
ions becomes smaller with increasing electron density
although TAE amplitudes are still large.

Above results on the loss of tail ion stored energy
by the diamagnetic measurements are further validated
by the neutron and y-ray data. Here, the neutron data,
which - reflect protons whose energy is higher than 3
MeV through the "'B(p,n)!'C reaction, are employed
because of its better statistics than those of the y-ray
data.
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Fig. 19 The neutron count just before onset of TAE
modes (open circles) and the decrease in neutron
counts due to TAE modes (full circles) as a func-
tion of the line average electron density in the
same experimental run as in Fig. 15. The data are
normalized by ICRF power.
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Figure 19 shows the neutron yield in the same
experimental run as in Figs. 15—18. Open circles des-
ignate neutron counts, S, just before a TAE mode
onset, while closed ones designate decreases in neutron
counts, AS,, due to TAE modes. Both data are nor-
malized by the ICRF power. S, decreases exponen-
tially with increasing density. AS, is roughly constant
for B, up to 2X/10" m=3 except the data point at
7n,~1.5X10® m™3 and then steeply decreases. It
becomes negligibly small at 7, ~3X10" m=3. Note
that the scatter of AS is mainly due to the variation of
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Fig: 20 The decrease in neutron counts due to TAE
modes, normalized by ICRF power, as a function
of the normalized TAE mode amplitudes for
7i,=(1.8-2.0)x10" m™3,
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Fig. 21 The decrease in neutron counts due to TAE
modes, normalized by ICRF power, divided by
the normalized TAE mode amplitude as a func-
tion of the line average electron density.
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the TAE mode amplitudes at given electron density, as
shown in Fig. 15. AS, is plotted as a function of the
TAE mode amplitudes for limited range of 7,
(1.8—2.0X10" m™?) in Fig. 20. Good correlation is
seen between AS, and TAE modes amplitudes simi-
larly as in Fig. 17, where correlation between A Wy,
and TAE modes amplitudes is shown. Then, similarly
as in Fig. 18, AS, per unit TAE mode amplitude is
plotted as a function of 7, in Fig. 21. It is shown that
the neutron counts per unit TAE mode amplitude de-
creases exponentially with increasing electron density
and becomes negligibly small at 7, ~ 3X 10 m3.

The reason may be explained as follows; The res-
onant energy of fast ions scales as E, o< 7,"%5 ! from
eq. (8), while the average tail temperature scales as
T..u°<n, L. The resonant ion population scales as f
o< exp(—E,o/ Toy) With E,/ T,y oc 0% ', Therefore
if noc 7,03 is satisfied, the resonant ion population is
constant against the change of 7,. We can roughly esti-
mate the toroidal mode number n with eq. (5) or (6).
We obtain 7<6 for 7, ~2X10* m™3, whereas n<11
for 7, ~ 4.5X 10" m3. The result is consistent with the
above hypothesis. The observed 7, dependence of
TAE mode amplitudes in Fig. 15 also suggests this
tendency. If the hypothesis is correct, we have E_
oc 1,71, Therefore, the resonant ion energy significantly
decreases with increasing 7, and the resonant ions
become less sensitive for the orbit loss. This may be
the reason why the reduction of the stored energy and
the neutron counts per unit TAE mode amplitudes
greatly decrease with increasing 7.

4.3 Bulk Plasma Energy Confinement

The impact of TAE modes on the bulk plasma is
seen in the decrease of the central electron tempera-
ture as shown in Fig. 14. The corresponding electron
temperature profiles during sawtooth free period with
and without TAE modes including just after the giant
sawtooth crash are shown in Fig. 22. It is found that
TAE modes affect the electron temperature only in the
plasma core (well inside the g=1 surface). The reason
may be explained by reduction of the central heating
power due to expelling the fast protons from the core
to the outer region by the TAE modes.

Figure 23 shows the central electron temperature
as a function of the total heating power, P, including
the ohmic heating power. The closed circles designate
the case with TAE modes, while the open circles indi-
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cate the case where the TAE modes are suppressed
just after the giant sawtooth crash. The reduction of
the central electron temperature due to TAE modes is
still moderate, i.c., less than 1 keV. Note that some
saturation of the electron temperature is found for P,
above ~7 MW even without TAE modes, possibly be-
cause of the orbit effect.
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Fig. 22 Electron temperature profiles of the shot in Fig.
14, measured from the Fourier spectroscopy of
the electron cyclotron emission. Profiles during
sawtooth free period with and without TAE
modes at 7.0 sec and 7.6 sec, respectively, and
just after the giant sawtooth crash at 7.1 sec are

displayed.
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Fig. 23 The central electron temperature as a function of
the total heating power. *He + (H) discharges,
=35 MA, g¢,4=32, 7,=(2.1-2.6)x10" m™ and
Pc=(1.7-5.7) MW.
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Fig. 24 (a) The diamagnetic stored energy as a function
of the total heating power, for the same ex-
perimental conditions as in Fig. 23. (b} Corre-
sponding normalized energy confinement time
against the total heating power.

Figure 24 (a) indicates the diamagnetic stored en-
ergy against P, ,. The closed circles designate the case
with TAE modes, while the open circles indicate the
case where the TAE modes are suppressed just after
the giant sawtooth crash. To illustrate the effect of
TAE modes more clearly, we introduce a normalized
energy confinement time (7gPy>"), which is in pro-
portion to the H-factor (7z/7™), where we assume
the power law scaling (i.e., 7" o< P,,,"*%) [32]. Figure
24 (b) indicates the normalized energy confinement
~ time against P, corresponding to the data in Fig. 24
(a). The sawtooth-stable period became longer than
0.6 sec (i.e., approximately 2X 1) for P> ~4 MW
(or P, > ~6 MW). Therefore, the normalized energy
confinement time largely increases from the value of

TAE mode experiments on JT-60U
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the ohmic heating with increasing ICRF heating power
until P, =6 MW, and then tends to saturate. TAR,
modes appeared for P, > ~6 MW and the saturation
is more clearly seen. However, the reduction of the
normalized energy confinement time (H-factor) due to
TAE modes is about 10% even at the highest power
region. Thus, the impact of the TAE modes on the
bulk plasma energy confinement is still moderate,
possibly because the ICRF heating power is not so
large, compared with the TAE threshold power.

5. Control of TAE Modes
5.1 Current Profile Control by Current Ramp

Effects of the plasma internal inductance, /;, on
TAE modes are investigated in view of control of TAE
modes. In previous TAE mode experiments using
tangential NBI heating on DIII-D [30] and TFTR [8],
effects of change of 1, were explored by the current
ramp technique. In DII-D, it was found that TAE
modes of lower toroidal mode numbers (n=3—5) are
suppressed immediately after the current ramp-down
(i.e., higher ). In TFTR, they found that TAE modes
could be easily excited after current ramp-up (i.e.,
lower 1) in otherwise difficult conditions for excitation
of TAE modes. The explanation for these behaviours
of TAE modes is that the continuum damping plays a
dominant role in the damping mechanisms of TAE
modes, because the continuum damping becomes
stronger with increasing magnetic shear and vice versa
[33]. In the case of current ramp-up/down experi-
ments, the magnetic shear at the plasma edge is mainly
modified. This is the reason why lower n modes, hav-
ing broader mode structure, were suppressed after
current ramp-down in DIII-D [30].

We first checked behaviours of TAE modes
driven by ICRF heating in current ramp-up/down ex-
periments. Figure 25 (a) and (b) show the examples of
the current ramp up/down experiments. In Fig. 25 (a),
the current was ramped up from 1.5 MA to 2 MA, re-
sulting in decrease in / from 1.26 down to 0.86 before
the ICRF heating. TAE modes appeared about 0.3 sec
after starting ICRF injection. Their amplitudes de-
creased in time probably due to increase in /. The time
evolution of the central electron temperature indicates
only small sawtooth oscillation because of low /. On
the other hand, in Fig. 25 (b), where the current was
ramped down from 2.5 MA to 2 MA, resulting in in-
crease in /, from 1.08 up to 1.5, no TAE modes were

1159



ToA< -  BBE¥EE BTUEEIE 19954118
a) E20446 b)

3 o —E2045
Ip Ip 2
[MA] [MA]

éUJ.I....|H.T.10|...1,...s,>.‘.10 %I....J....1....|..L.|'....|;...10
Te(9) 4 o> 5 Pic Pic

o f s irom i cbi merat e smr e 5
TkeVl 2 , ) MW] [ W]
s !llil!lxllIllllclllllillllo | ;1 Ic i
1.6 ] 1.6l|llll!lIIII![IlAllII!!I.o

6 65 7 75 8 85 9
T [sec]

6 65 7 75 8 85 9
T [sec]

Fig. 25 Time evolution of TAE mode experiment with (a) current ramp-up and (b) current ramp-down before
ICRF heating, showing the plasma current, the central electron temperature, the ICRF heating power,
the internal inductance and the Mirnov coil signal. 7,=2.3x 10" m™2 and B;=3.8 T in both cases.
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Fig. 26 Normalized TAE mode amplitudes measured by
a Mirnov coil as a function of / with the inductive
current drive. 1,=(1.8-2.6)x 10" m™ and A=(3.7
-4) MW.

observed. A complete sawtooth stabilization during the
ICRF heating took place in this case because the g=1
surface is relatively large after the current ramp-down,
which is a necessary condition for the sawtooth stabili-
zation by the second harmonic ICRF heating [34].
Figure 26 shows normalized TAE mode ampli-
tudes measured by a Mirnov coil as a function of 1; for
limited ranges of the ICRF power and the line average
electron density, ie., P=3.7-4 MW and 7,
=1.8~2.6X10' m~3. The power range is close to the
threshold power of TAE modes for normal operation

(ie., [~ 1.2). It is found that TAE amplitudes are
greatly enhanced with decreasing 1;. Thus the control
of TAE modes by the current ramp method was
clearly confirmed in 2 MA discharges. It should also
be noted that the domains of TAE modes and SST are
clearly separated in terms of /.

5.2 Current Profile Control by LHCD

We then applied LHCD before ICRF injection to
control TAE modes by non-inductive current profile
control method for the first time [35]. Figure 27 shows
the result, comparing two identical shots except for
LHCD before ICRF injection (hereafter we call this
‘pre-LHCD’). For LHCD, compound wave spectra
(parallel refractive index N, of ~1.6 and ~2.3) of 3.1
MW total power were injected to reduce /; efficiently
[36]. Time evolution of / in Fig. 27 clearly indicates
that an increasing rate of /; is reduced with LHCD.
Thereby, a value of 1; just before ICRF heating is by
~0.1 smaller with LHCD. As indicated in Fig. 27,
TAE modes were observed during ICRF heating only
for the case with pre-LHCD. Thus, the current profile
control by such a non-inductive method of LHCD is
also found to be effective to control TAE modes. At
present, the current profile controllability of LHCD in-
cluding increase in / is limited at low plasma current
(1.2 MA), where excitation of TAE modes may be
difficult because of confinement of MeV ions. How-
ever, opposite current drive [37] may be effective to
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Fig. 27 Time evolution of TAE mode experiment with
and without LHCD before ICRF heating, showing
the line average electron density, the LHCD
power, the ICRF heating power, the internal in-
ductance, the Mirnov coil signals (dB/dt) with
and without LHCD. /,=2 MA and B;=38T.

increase /; at high current regime (~3 MA) for sup-
pression of TAE modes, which will be tested in near
future.

5.3 Dependence on Internal Inductance

In Sec. 5.1 and Sec. 5.2, it is shown that both the
current ramp method and the non-inductive current
profile control method (pre-LHCD) are effective for
control of TAE modes. In Fig. 28, quantities propor-
tional to the tail ion stored energy (or beta because of
the fixed toroidal field) are plotted against /; including
data of the current ramp and the pre-LHCD. Closed
symbols indicate that TAE modes appeared. Open
ones indicate absence of TAE modes. Horizontal ar-
rows indicate time passing in the current ramp cases. It
seems from the figure that the threshold beta value of
the tail ion component tends to increase with increas-
ing . Note that the data with pre-LHCD show similar
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Fig. 28 P.-(T)*®/n,, which is proportional to the tail ion
stored energy, as a function of the internal in-
ductance: Circles designate the inductive current
drive alone and ftriangles designate the pre-
LHCD. Full symbols indicate that TAE modes
appeared, while open symbols indicate no TAE
modes appeared. /=2 MA, B;=38 T, n,=(1.3-3.3)
x10" m=3, P.=(1.4-43) MW and P,=(1.7-3.1)
MW,

behaviour to the other data of inductive current drive
against /;, although the current profiles may be differ-
ent each other even for equal /. The results suggest
that suppression of TAE modes by the non-inductive
current profile control method is promising. However,
the present experiments are limited at relatively low
plasma current (2 MA). In high plasma current case
(Ir =3 MA), where higher-n modes tend to appear
and the continuum damping becomes less important,
we have had no systematic data on the /-dependence
until now. '

5.4 Effect of Sawtooth Relaxation

We observed that TAE modes disappear just
after termination of the sawtooth stabilization (here-
after we call this a giant sawtooth crash) probably due
to the loss of energetic ions. A typical example is
shown in Fig. 14. At the same time with each sawtooth
crash (7.10 sec, 8.04 sec and 8.74 sec), the coherent
TAE modes disappear. After that, TAE modes are
suppressed for 0.55—0.58 sec, resulting in increases in
the diamagnetic stored energy and the central electron
temperature from those of the first sawtooth-free
period. Such a long suppression of TAE modes after a
giant sawtooth crash is not simply due to the loss of
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energetic ions, since neutron and y-ray counts, which
reflect MeV ions (see Sec. 4.1), exceed their maximum
count in the first sawtooth-free period before TAE
modes reappear in the second- and third-stable peri-
ods. One possible explanation is a change of the cur-
rent profile after the giant sawtooth crash. A broader
current density profile in the core, which may be pro-
duced after the giant sawtooth crash [23], gives higher
local g-value and thus lower-n TAE modes, which is
stable because of low fast ion growth rate. As the cur-
rent density profile becomes more peaked during the
reheating phase after the sawtooth crash, the g-value
decreases and the toroidal mode number increases.
The higher-n TAE modes can become unstable.

Thus, the current profile control in the plasma
core is also useful for controlling - TAE modes. In
principle, if the safety factor in the core is limited in
the range of i—1/2n<¢<i+1/2n, (i=1, 2, 3,...), no
Alfvén continuum gap exists there [17].

On the other hand, in the case of insufficient sta-
bilization of sawtooth (i.e., shorter sawtooth repetition
time case), we observed that TAE modes do not disap-
pear at each sawtooth crash. This implies that energetic
ions are not sensitive to the sawtooth crash with rela-
tively small sawtooth inversion radius, possibly because
of their large orbits.

6. Discussion and Conclusions

Characteristics of TAE modes driven by the sec-
ond harmonic ICRF heating were widely explored in
JT-60U, including the impacts on the fast ion and bulk
plasma confinement and the control of TAE modes. A
definite merit of TAE mode experiments by ICRF
heating in JT-60U (or generally in present large toka-
maks) is that MeV ions can be easily produced in the
plasma core, resulting in making possible the excitation
of TAE modes at the full toroidal field, for which the
positive-ion NBI whose energy is around 100 keV can-
not excite TAE modes. Thereby TAE mode behaviour
in the high I, and low-q regime, which is ITER rele-
vant, could be explored. We observed important symp-
toms that higher n modes appear with increasing Ip
(decreasing q.¢). In discharges of I, = 3.5 MA, coher-
ent TAE modes appear sequentially and their toroidal
mode number increases one by one during a sawtooth
free period. It is inferred that the toroidal mode num-
ber of at least 13 appeared. Furthermore, characteristic
behaviour on the mode amplitudes, such that the mode
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amplitudes increase exponentially with increasing n up
to about 10 and then tend to saturate against n up to
at least n=13. Analysis of these behaviours can give
an important insight to prediction of TAE modes in
ITER.

The threshold tail ion beta is found to be ~0.05%
at 7,=(2.1—2.6)x10" m™. However, relatively
strong TAE modes were excited at 7,=4.5X 10" m™3,
where the tail ion beta is estimated to be at most
~0.01%. It is inferred that higher n modes are excited
at higher density.

Relations between TAE modes and ICRF heating
conditions were elucidated. TAE modes are excited
only for on-axis resonance, i.e., | R, ,—R,|/a<0.1. In
addition, asymmetry around the axis is found. TAE
modes are excited more easily for low field side reson-
ance. This is the same tendency as for the sawtooth
stabilization. The result suggests that the deeply
trapped jons play an important role in both phe-
nomena. It appears that TAE modes are excited in the
domain delimited by the n,ny = constant line, where
the second harmonic ICRF heating is efficient. Outside
the domain, the heating becomes poor possibly be-
cause of the orbit effect and TAE modes cannot be
excited.

Impacts of TAE modes were investigated mainly
at high plasma current (3.5 MA). The reduction of the
diamagnetic stored energy due to TAE modes is found
to be dominated by the tail ion component. Reduction
of the diamagnetic stored energy and the neutron
counts due to TAE modes is in proportion to the TAE
mode amplitudes measured by the Mirnov coil. The
neutron counts reflect fast protons whose energy is
higher than 3 MeV. The results suggest that the loss of
fast ions due to TAE modes is mainly through reson-
ant drift loss with the shear Alfvén waves [3]. The
proportional coefficients decrease with increasing 7.,
linearly for the diamagnetic stored energy and ex-
ponentially for the neutron counts. This means that the
loss of fast ions induced by TAE modes and associated
degradation of the energy confinement becomes less
important with increasing 7., since the resonant ion
although the TAE mode
amplitudes are almost constant against 7, above ~2

energy scales as E, o7},
X10% m~3. The electron temperature decreases only in
the core region by onset of TAE modes. However,
reduction of the central electron temperature and the
energy confinement time is at most 1 keV and about
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10%, respectively, at the present ICRF heating power
level.

It is demonstrated that the current profile control
by the non-inductive method using LHCD as well as
the current ramp method is useful for control of TAE
modes. By scanning / in 2 MA discharges with the in-
ductive current drive alone, the TAE domain and the
SST domain are clearly separated with respect to /.
This is a favourable feature for obtaining high per-
formance plasma, because the sawtooth stabilization
and suppression of TAE modes are simultaneously
achieved. The dependence of the threshold fast ion
stored energy on / is similar between the pre-LHCD
case and the inductive drive case. This means that the
current profile control by non-inductive current drive
in the outer region may be powerful measures to sup-
press TAE modes in high-g discharges. It is also sug-
gested that the current profile control in the plasma
core is also effective for suppressing TAE modes,
which was realized just after the giant sawtooth crash
in low-q discharges.

In conclusion, the excitation and characteristics of
high-n TAE modes, the impact on the fast ion and
bulk plasma confinement, and the control of TAE
modes by the non-inductive current drive have been
demonstrated in JT-60U ICRF heating experiments.
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