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Abstract

Bursts of ion cyclotron emission (ICE), with spectral peaks corresponding to the hydrogen
cyclotron harmonic frequencies in the plasma core are detected from helium plasmas heated
by sub-Alfvénic beam-injected hydrogen ions in the ASDEX Upgrade tokamak. Based on the
fast ion distribution function obtained from TRANSP / NUBEAM code, together with a linear
analytical theory of the magnetoacoustic cyclotron instability (MCI), the growth rates of MCI
could be calculated. In our theoretical and experimental studies, we found that the excitation
mechanism of core ICE driven by sub-Alfvénic beam ions in ASDEX Upgrade is MCI as the
time evolution of MCI growth rates is broadly consistent with measured ICE amplitudes. The
MCI growth rate is very sensitive to the energy and velocity distribution of beam-injected
ions and is suppressed by the slowing down of the dominant beam-injected ion velocity and
the spreading of the fast ion distribution profile. This may help to account for the
experimental observation that ICE signals disappear within ~3 ms after the NBI turn-off time,
much faster than the slowing down times of the beam ions.

Keywords: Magnetoacoustic Cyclotron Instability, lon Cyclotron Emission, Sub-Alfvénic Beam Injected lons, ASDEX
Upgrade Tokamak

1. Introduction energetic ion species near the emission location. Typically,

but not perpetually, ICE is observed to be excited at the outer
lon cyclotron emission (ICE) driven by energetic ions is one  €dge of the plasma in toroidal magnetically confined fusion
kind of electromagnetic radiation whose spectrum peaks devices, suchasJET [1, 2], TFTR [3, 4], JT-60U [5], ASDEX
correspond to the harmonics of the cyclotron frequencies of ~Upgrade [6], DIII-D [7], KSTAR [8, 9], EAST [10] and LHD
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[11]; ICE from the plasma core has been described at a recent
time from DII1-D[12], ASDEX Upgrade [6, 13-15] EAST [16]
and small tokamak TUMAN-3M [17], and earlier from JT-
60U [18].

The ICE is thought to be excited by energetic ions which
have a positive gradient in the velocity direction (bump-on tail
structure) and have a very intense pitch angle anisotropy [19].
Neutral beam populations at ASDEX Upgrade have this
structure according to TRANSP / NUBEAM and
measurements by velocity-space tomography [20-23]. The
magnetoacoustic cyclotron instability (MCI) excited from the
resonance interaction of energetic ions and fast
magnetoacoustics waves is recommended as a probable
emission mechanism for the ICE [24-34]. The fast ion
cyclotron resonance condition with a Doppler-shift in the
vicinity of the 1" cyclotron harmonic is given by, o —1Q; =
k,ve,, where w is the wave angular frequency, 1 is the
positive integer, Qf is the ion Larmor cyclotron angular
frequency, k,, is the parallel wavenumber, v, is the fast
ion’s parallel velocity [35].

Previously, in ASDEX Upgrade, it was found that the
amplitude of second harmonic of ICE from the core plasma
heated by sub-Alfvénic beam-injected ions is consistent with
the growth rate of MCI which is a result of competition
between the beam ion fraction build-up and dominant beam
ion velocity component slowing down [30]. Based on
previous work, we present some new experimental evidence
in ASDEX Upgrade to further demonstrate that the core ICE
driven by sub-Alfvénic beam injected ions is attributed to the
MCI. The rest of the paper is organized as follows: the
experimental setup is presented in section 2, then the
experimental results are described in section 3, followed by
section 4 which focuses on theoretical modeling and
simulation results, and we conclude with a summary in the
last section.

2. Experimental setup

ASDEX Upgrade is a tokamak with a major radius of R =
1.6 m, and a minor radius r = 0.5 m [36]. In shot 36719, the
plasma current I, flows anti-clockwise as shown in figure 1,
and the direction of the magnetic field B; is clockwise. The
outermost and innermost closed magnetic surfaces are shown
as blue circles labeled as separatrix. The green circle stands
for the magnetic axis. Two neutral beam injection (NBI)
sources were used in our experiments, the bold black / red
straight line represents NBI-8 / NBI-3. A low field-side B-dot
probe used to detect ICE signals is shown as a purple circle
dot. The ICE signal from the B-dot probe has been divided
into two signals, one signal is connected to a filter with
bandpass 10-50 MHz and used to obtain the time evolution of

rectified ICE intensity by low-speed acquisition card (200

kHz); the other signal is connected to high-speed acquisition
system (200 MHz / s ') to extract the frequency spectrum of
ICE. Here, we want to point out that the fast speed acquisition
system works once in 1 millisecond (ms) and collect 16384
points a time using about 0.082 ms. The spectrum of ICE
could be calculated by performing Fast Fourier Transform
using those 16384 points (~0.084 ms).
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current I, flows anti-clockwise, the direction of toroidal magnetic

field B, is clockwise. The position of magnetic axis, closed
magnetic surface separatrix, B-dot probe, and the geometry of two
neutral beams injection (NBI) are shown.

3. Experimental results

In shot 36719, L-mode, core ICE is detected in helium plasma
only heated with hydrogen NBI. The NBI power is shown in
figure 2(a), 1.8 MW NBI-3 shown as the red line with 52 keV
particle energy, and 1.5 MW NBI-8 shown as the black line
with 71 keV particle energy. Each NBI pulse is 10 ms in
duration and spaced apart by 26 ms, NBI-3 and NBI-8 work
alternately. From the magnetic field (figure 2(g)) and the core
plasma density (figure 2(f)), the Alfvénic speed c,~6.28 X
10°m /s could be calculated, so the beam-injected
hydrogen ions in our experiments are sub-Alfvénic ions as the
velocity of 52 keV (71 keV) beam ion is 3.16 X 10 m /
s (3.69 X 106 m / s). The on-axis magnetic field By,_ayxis
is around 2.4 T with two small downward steps at the time of
t=2.6s and t=3.6s shown in figure 2(g). The core
plasma density is n. =~ 3.5 x 10*° m~2 shown in figure 2(f).



Spectrum splitting occurs at both the fundamental and
second harmonic frequencies of ICE shown in figure 2(c) and
figure 2(d), the fundamental frequency of ICE is mainly
located around f; ~38.2 MHz and the second harmonic
frequency of ICE is mainly located around f, ~ 75.2 MHz ,
f; ~76.4 MHz shown in figure 2(d) is exactly double the
frequency value of f; ~38.2 MHz. Matching the ICE and
hydrogen ion cyclotron resonance frequency and from the fact
that only fast beam-injected hydrogen ions can appear in
helium plasmas heated by hydrogen NBI, so the ICE is excited
by beam-injected hydrogen ions in the plasma core. It is
obviously that the ICE frequency (figure 2(c), (d)) follows the
magnitude of the on-axis magnetic field B,,_.xis (figure
2(g)). The equation of ion Larmor cyclotron frequency is f =
% X % (B is the magnetic field, 19lis the charge-mass ratio
of ion). For hydrogen ions, using the value of on-axis total
magnetic field B,,_axis, We can get the hydrogen ion Larmor
cyclotron frequency on the magnetic axis (f ~ 37 MHz) which
is ~1MHz lower comparing with the fundamental
frequency (f; ~38.2 MHz ) of ICE shown in figure 2(c).
Here, two assumptions are proposed as explanations for the
1 MHz difference between ICE and ion Larmor cyclotron
frequencies. First, the ICE frequency is influenced by
Doppler-shift (k,,v¢,, # 0); second, the beam-injected fast
ions are not accurately focused on the magnetic axis as 5 cm
radial movement of fast ions can cause 1 MHz frequency
difference. The time evolution of ICE amplitude in the
frequency range of 10 MHz - 50 MHz is shown in figure 2(b),
and this signal only includes the fundamental frequency of
ICE.

According to the previous description, in shot 36719,
there are two neutral beams with different particle energies.
To study the relationship between ICE amplitude and the
energy of fast ions, the ICE amplitude had be analysed in one
cycle shown in figure 3 which is zoomed in the left side of
figure 2 during the time of 2.19 s - 2.25 s. Fine structures of
ICE amplitude and NBI power are shown in figure 3 (b) and
(@) respectively, it is clear that the ICE amplitude is much
larger with 71 keV NBI-8 (1.5 MW) even though the power
of it is lower compared to 52 keV NBI-3 (1.8 MW). So, we
can conclude that ICE signal intensity is more sensitive to the
NBI energy (and, hence, ions speed value) than to the NBI
power. To illustrate this conclusion further, the histogram
graph [37] of ICE energy (E) calculated based on ICE power

(P()) (figure 2(b)) in each NBI pulses is shown in figure 4

_ [(tot0.01s . \i=163840 ] 1
( E= fto P(&) x tdt ~ %=, Py % 16384000 '’

16384000 is the sampling rate of fast speed acquisition system,
to Is the start time of the NBI pulse, 0.01 s is the duration
time of NBI pulse, P, = P(t,) ). The X-axis corresponds to
ICE energy in each NBI pulses, and the Y-axis represents the
probability of a specific ICE energy value. It is obviously that
the dominant part of ICE energy with 71 keV NBI-8 (1.5 MW)
is three times larger than that with 52 keV NBI-3 (1.8 MW).
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Figure 2. Time evolution of key discharge parameters and ion
cyclotron emission (ICE) signal in shot 36719, helium plasma heated
by hydrogen NBI. (a) Neutral beams injection (NBI) power, 52 keV
NBI-3 (1.8 MW) is shown as red curve, 71 keV NBI-8 (1.5 MW) is
shown as black curve; (b) ICE amplitude; (c) (d) corresponding to
fundamental and second harmonic frequencies of ICE spectrum; (e)
plasma current I,; (f) electron density n.; (g) on-axis toroidal
magnetic field By,_axis; (h) the core electron temperature T,.

From figure 3, it is clear that both the fundamental
(figure 3(b), (c)) and the second harmonic frequencies (figure
3(d)) of ICE disappear rapidly after the NBI turn-off. In order
to display this phenomenon in detail, the ICE signals in figure
3(c), (d) during 2.206 s -2.212 s (in the black rectangle) and
2.242 s —2.248 s (in the red rectangle) are expanded as shown
in figure 5. It is the time evolution of the ICE amplitudes
(from the high-speed acquisition system) around the end of
NBI. From these four curves in figure 5 (a) and (b), it is clear
that both the fundamental and the second harmonic
frequencies of core ICE signals fall off extremely fast after
the NBI turn-offs (less than 3 ms): NBI-8 (71 keV) turn-off at
t =2.208 s and NBI-3 (52 keV) turn-off att = 2.244 s. As a
comparison, the slowing-down time of beam-injected high-
energy hydrogen ions in plasma core is more than 30 ms.
Previously [30], it is described that the second harmonic of
the core ICE excited by sub-Alfvénic deuterium beam-
injected ions disappears within 1 ms after the NBI turn-off. In
EAST tokamak, a similar observation for the fundamental
frequency of core ICE had been reported [16]. From figure 5,
itis also clear that the ICE signal at the fundamental frequency
is approximately 10 times larger than that at the second
harmonic.
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Figure 3. An example of (a) NBI power, (b) ICE amplitude, (c)
fundamental and (d) second harmonic frequencies of ICE spectrum
in one cycle zoomed in the left side of figure 2 during 2.19 s — 2.25
s. In figure (d), the pre-appearing second harmonic of ICE appears ~
2 ms earlier than the fundamental frequency (in front of the red
dashed line).
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From the core ICE spectrum shown in figures 3(c) and
3(d), we observe, first, that the ICE does not appear
instantaneously after NBI turn-on. This reflects the fact that
time is needed for the beam-ion fraction to build up, and such
behaviour is also observed in paper [30]. Second, we observe
that the ICE signal at the second harmonic frequency appears
~ 2 ms earlier than that at the fundamental frequency, and the
earlier part is in front of the red dashed line shown in figure
3(c) (d), hereafter we refer to this component of the ICE
spectrum as pre-appearing ICE. As described in the paper [30],
the beam ion fraction build-up is a prerequisite for the
appearance of this kind of ICE. So, one possible reason for the
appearance of pre-appearing ICE could be that the second
harmonic ICE has a lower requirement in beam ion fraction
build-up. Further theoretical studies are needed to
comprehensively describe this phenomenon.

So far, we have talked about several phenomena of core
ICEs driven by sub-Alfvénic beam injected ions in ASDEX
Upgrade: (1) the ICE amplitude is larger with 71 keV NBI-8
(1.5 MW) even though the power of it is lower compared to
52 keV NBI-3 (1.8 MW); (2) the ICEs (fundamental or second
harmonic frequency) disappear immediately after NBI turn-
off; (3) the ICE signal at the fundamental frequency is about
ten times larger than that at the second harmonic frequency;
(4) the pre-appearing ICE signal appears ~ 2 ms earlier than

ICE signal at the fundamental frequency. In the next section,
the MCI growth rate is calculated based on the fast beam-
injected ions distributions in the plasma core simulated by
TRANSP / NUBEAM [30].
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Figure 4. The histogram graph of ICE energies distribution, the X-
axis stands for ICE energies in one NBI pulse, the Y-axis stands for
the possibility in a specific ICE energy value, the red line
corresponding to 52 keV NBI-3, the black line corresponding to 71
keV NBI-8.
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Figure 5. The time evolution of the ICE amplitudes around the end
of NBI, ICE amplitude is from the high-speed acquisition system. (a)
A detail view of ICE amplitudes during 2.206 s - 2.212 s
corresponding to the black rectangle in figure 3, NBI-8 turning off at
t=2.208s; (b) a detail view of ICE amplitudes during 2.242 s - 2.248
s corresponding to the red rectangle in figure 3, NBI-3 switching off
att=2.244s.



4. Theoretical modelling and simulation results
discussion

The excitation mechanism for ICE is proposed as MCI which
can be driven when energetic ions interact with the fast
Alfvénic wave propagating obliquely with respect to the local
magnetic field. The linear analytical theory of the MCI is
derived from the dispersion relation of the fast Alfvénic wave
that was obtained by using Maxwell equations and dielectric
tensor elements [25, 26]. Based on previous paper [30],
together with a richer set of experimental results of ICE
described in the last chapter, more pieces of evidence are
provided to prove that the excitation mechanism for core ICE
driven by beam-injected ions in ASDEX Upgrade is MCI.

According to previous studies [25, 26, 31, 32], a suitable
ring-like distribution model for energetic ions in the emitting
region is successfully used to obtain the appropriate
dispersion relation of obliquely propagating fast Alfvénic
waves. The equation for that kind of energetic ions
distribution model is written as [38]:

1 (vy~va)®
f= 7zaw, €XP (‘%) s(vi—w (1)

This is a normalized equation, where v,, is the parallel
velocity component which has a drifting Maxwellian
distribution, and v, is perpendicular velocity component
which has a delta distribution function, and v,, v4 and u
are constants defined as parallel velocity spread, average
parallel drift speed and perpendicular speed of the energetic
ions. In this paper, we assume that the beam injected fast
hydrogen ions distribution in ASDSEX Upgrade tokamak can
be approximated as ring-like distribution. Then, those three
constants could be calculated based on TRANSP / NUBEAM
module [30].

Using the distribution function of energetic ions
corresponding to equation (1), the growth or damping rate of
obliquely-propagating MCI y can be obtained [25, 26]. The
expression equation of y is shown below as:

‘*’f)b Q;l' ( 10y,
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In the growth / damping rate of equation (2), y deriving, the
wave electric field is approximately polarized in the plane
perpendicular to the direction of the magnetic field, which
means that we neglect the influence of Landau damping (from
electron or ion). Furthermore, the ratio of energetic ions (ny)
to plasma density (n;) & = ny,/n; is supposed to be small. In

equation (2), Q corresponding to cyclotron frequency and
w;, standing for plasma frequency, the subscripts i and b
refer to bulk and beam-injected energetic ions;
k,/cp / w, where w and k,, are the mode frequency and
parallel wave number; n;= (w —k/,vq —1Q)/k/ vy, 1 is
an integer; the expression of M; and N, are defined as
follows:

A

My =212 (12 + 5 (2 - 2} ) - 2 SR [12n: — (2 -
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In this expression N, =k,cu/w , k, is the

perpendicular wave number, J; denotes the Bessel function
of order 1 and with an argument z, = k,u/Q,, and J{
corresponding to the first derivative of J;. The positive value
of y represents destabilizing. As discussed in [25, 26], N;is
generally positive, to make sure y > 0, n; should be negative
which means w —k,vq <1Q,. M; is usually negative in
the sub-Alfvénic regime u < c, (for beam-injected ions in
ASDEX Upgrade, this is satisfied). The above description of
the MCI growth rate is only valid with k,, > 0. The
expression must be modified for negative parallel
wavenumbers.

If the propagation direction of the fast Alfvénic wave and
fast ions distribution functions are already calculated, the
growth / damping rate y could be expressed as a function of
fast Alfvénic wave frequency y = y(w) . Here, a nearly
perpendicular propagation angle of 6 = 84 <is chosen, and we
will prove that this is an appropriate choice lately. The
dispersion relation of the fast Alfvénic wave is described as
[25]:

2 _1 2|2 2 21,2 C4

2
J(kz Ky + k2K, ) - ke | )

Then, the parallel wavenumber could be described as k,, =

k * cos(84°) , the perpendicular wave number could be
described as k; = k * sin(84°).

Now we start to calculate the constants vy, v, anduin



the energetic ion distribution equation (Eq. (1)) based on the
energetic ions distribution simulated from TRANSP /
NUBEAM. The energetic ions distribution functions in pitch-
energy space of shot 36719 at 2.206 s (with 71 keVV NBI-8)
and 2.242 s (with 52 keV NBI-3) are shown in figure 6, it is
clear that the dominant pitch value (vq/Viotar) 1S 0.5 at 2.206
s and 0.54 at 2.242s. Then, the values of two constants vq =

’ZE i . 2E i
dominant X pltCh angle and u= dominant __ Vé
my mp

could be calculated based on the dominant part of energetic
ions corresponding to Egominant Shown as red dashed line in
figure 6. From TRANSP / NUBEAM simulation results, the
ratio of energetic ions (n;) to plasma density (n;) & = ny/n;
around the Egominant @10 could be calculated. At t = 2.206
s, the ratio € is about 1.7 X 1073; at t = 2.242 s, the ratio &
is about 3.6 x 1073, it satisfied the assumption that &
should be small.
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Figure 6. Beam-ions pitch-energy distribution function in the
plasma core (pior = 0.05). The full, half and 1/3 Egominant (red
dashed line) components of the beam-injected ions correspond to the
three peaks clearly shown in the picture. (a) Corresponding to t =
2.206 s (the start time of figure 5 (a)) with 71 keV NBI-8 (1.5 MW),
the pitch angle is dominant in 0.5 corresponding to the red line; (b)
corresponding to t = 2.242 s (the start time of figure 5 (b)) with 52
keV NBI-3 (1.8 MW), the pitch angle is dominant in 0.54.
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The beam-injected ions distribution function in energy
space with a specific pitch angle is shown in figure 7 (a) and
(b) corresponding to t = 2.206 s with 71keV NBI-8 (1.5 MW)
and to t = 2.242 s with 52 keV NBI-3 (1.8 MW) respectively.
Figure 7(a) / (b) is from figure 6(a) / (b) with pitch value = 0.5
/ 0.54. The fast ion energies corresponding to half the
maximum of distribution function 1/2 f, ., are defined as
Emax and E.i, shown in figure 7. Then we can get the

. .. 2E
parallel velocity spread of the energetic ions v, = /% -
b

ZELb“‘, my, is the mass of beam ions which is hydrogen ions
in this manuscript. Here, only the full Egominant COMponent
of the beam-injected ions is concerned as the influence of the
half, and the 1/3 Egominant COMponents on MCI could be
neglected compared to full Egominant. SO far, based on the
fast ion distribution function from TRANSP / NUBEAM
shown in figure 6 and 7, all the parameters in the distribution
function of energetic ions, and the ratio between the fast ion
density and the plasma density & are successfully calculated.
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function of beam-injected fast hydrogen ions. (a) From figure 6(a)
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Based on those assumptions and calculations, the MCI
growth rate at any moment could be calculated. Figure 8
shows the MCI growth rate y as a function of w —k,, * v4

in the vicinity of cyclotron frequency Q. The subscript b
stands for fast beam-injected hydrogen ion in this manuscript.
Both curves in figure 8 were obtained from Eq. (2), the red
curve corresponding to 52 keV NBI-3 (1.8 MW) at 2.242 s,
and the black curve corresponding to 71 keV NBI-8 (1.5 MW)
at 2.206 s. Even though the NBI ions density with NBI-8 at t
=2.206s (& =~ 1.7 x 1073 ) is less than half of that with NBI-
3att=2.242s (£ ~ 3.6 x 1073), the MCI growth rate for the
71 keV NBI-8 is higher. These simulation results agree well
with the experimentally observed ICE energy in each NBI
pulse shown in figure 4. This suggests that the core ICE
excited by sub-Alfvénic beam-injected hydrogen ions in
helium plasma is more sensitive to the beam-injected ion
energy compared to the beam-injected ions density.

The propagation angle of the wave is assumed as 6 =84 <
It is based on the ICE growth rate which is about 10* as the
ICE amplitude growth time A t is approximately 107™*s
shown in figure 9(a). The MCI growth rate y is about
10* (almost the same with the ICE growth rate) at 6 = 84 <
and it decreases very quickly as the propagation angle
approaches 6 = 90 ° shown in figure 9(b). It is necessary to
point out that the y drops back towards zero as the
propagation angle approaches 6 =0 °, and the maximum value
of y isinthe region of 6=70 “to 80 < This is no conflict with
MCI theory as there is no compression Alfvénic wave and
therefore no MCl at 6 =0 °.

Using the same theory of the MCI described previously,
together with the fast ion distribution function obtained by
TRANSP / NUBEAM shown in figure 11, the MCI growth
rate y around the end of NBI-3 (51 keV) could be calculated
as shown in figure 10. In figure 11, the time of those four
curves corresponding to the four asterisks with the same
colour shown in figure 10(a). The red circles in figure 10(b)
and the red squares in figure 10(c) stand for the maximum
growth rates of MCI in the vicinity of Q, and 2 Q. The time
evolution of maximum MCI growth rates is shown in figure
10(d). It is obvious that the maximum MCI growth rates
decrease very quickly after the NBI turn-off, which has the
same changing trend as the ICE amplitudes shown in figure
5(b). In this specific case, the slowing down of the dominant
beam ion velocity component and the spreading of the fast-
ion distribution profile contribute to the stabilization of the
MCI. The propagation angle of compression Alfvénic waves
is also assumed as 6 = 84<

From figure 10(d), before the NBI turn-off (t = 2.242 s),
the maximum MCI growth rate at the fundamental frequency
is much larger than that at the second harmonic, which is also
consistent with ICE amplitude shown in figure 5(b). However,

the pre-appearing second harmonic ICE signal (before the red
dashed line in figure 3(d)) cannot be explained by the linear
MCI theory, as applied to the energetic ion distribution that
we have considered. Further theoretical studies are needed to
give an reasonable explanation for this unexpected
phenomenon.
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Figure 9. (a) The time evolution of ICE intensity, At is the ICE
amplitude growth time; (b) the value of MCI growth rates with the
fast Alfvenic waves propagation angle 6 = 84< 85< 86°and 30< It
is helium plasma heated by fast hydrogen ions with NBI-8 (71 keV)
in shot 36719.
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Figure 10. (a) The time evolution of NBI-8 power, asterisks
correspond to the average power in 2 ms, which is used in TRANSP
simulation; (b) and (c) show MCI growth rate y in the vicinity of
w—k; *vg~Q, and w—k; *vq =~ 2Qy, respectively in the
case of sub-Alfvénic beam-injected hydrogen ions in the plasma core,
the red circles in (b) and the red squares in (c) shows the maximum
growth rate values of MCI; (d) the time evolution of maximum MCI
growth rates from (b) and (c). The propagation angle of fast Alfvénic
waves is assumed as 0 = 84<
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Figure 11. TRANSP-calculated beam ion energy distributions with
pitch value = 0.54. Those four curves corresponding to the four
asterisks with the same colour shown in figure 10 (a).

5. Summary

The excitation of core ICE, observed from helium plasma
heated by sub-Alfvénic beam-injected hydrogen ions in
ASDEX Upgrade is due to the MCI as the MCI growth rates
are broadly consistent with the dynamics of ICE amplitudes:
(1) the ICE amplitude is larger with 71 keV NBI-8 (1.5 MW)
even though the power of it is lower compared to 52 keV NBI-
3 (1.8 MW); (2) the ICE signals fall off rapidly after the NBI
turn-off; (3) the ICE signal at the fundamental frequency is
much larger than that at the second harmonic. The MCI
growth rate is very sensitive to the energy and velocity
distribution of beam-injected ions and is suppressed by the
slowing down of the beam-injected ion velocity and the
spreading of the fast ion distribution profile. The oblique
propagation angle of MCI is taken as 8 = 84" based on the
calculated MCI and the experimentally measured ICE growth
rate. However, the pre-appearing second harmonic frequency
of the ICE signal cannot be explained by the linear MCI
theory. Further theoretical studies based on experimental
results are needed to comprehensively describe this
phenomenon. ICE is recommended as a potential diagnostic
of fast ions in plasma for future fusion reactor devices, such
as ITER, DEMO and CFETR, and this is supported by fully
understanding the physical principle of ICE.
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