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Abstract

In the 2014 year’s campaign of Experimental Advan8eaperconducting
Tokamak (EAST), a series of Magnetohydrodynamics HNI
Instabilities were observed as the launching of tNéwBeam Injection
(NBI), the most interesting one of which is the classical tearing mode
(NTM). Evidence clearly shows that a kink mode prgsafter a strong
sawtooth-like (ST-like) crash leaves a perturbati@ar the location of
the magnetic island, providing the initial seed.eTimteraction of
energetic ions makes the magnetic island oscibbaté in island width

and in rotation frequency. Analysis indicates ttieg bulk plasma still



dominates the dynamics of NTM, and the orbit exomrsf energetic
lons induces a polarization current and modifies whdth and rotation
frequency of the neoclassical magnetic island.
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1 Introduction

The neoclassical tearing mode (NTM) is an important
magnetohydrodynamics (MHD) instability, the preseraf which can
significantly limit the performance of higp- plasma is a ratio of
plasma thermal pressure to the magnetic pressuichwsdan important
parameter to measure the confinement efficiency fafsion device) [1].
The NTM is linearly stable, and is nonlinearly @ddslized by a perturbed
bootstrap current from the magnetic island, and ldoal flatting of
current and pressure profile is the main differefinom the classic tearing

mode [2-3]. Both experiments and theories indi¢htd the width of a

neoclassical magnetic island is proportional to piesma poloidas,,
and the scale length of safety factor gradignbut inversely to the scale
length of pressure gradienf4-6]. Based on understanding of NTM
stability, active control has already made largegpess and been broadly
discussed in several devices such as DIlI-D [7A3DEX-Upgrade
[9-10], JET [11], and JT-60U [12] etc.

Up to the present, it is still effective to use mallbeam injection

(NBI) to obtain a highg discharge with flexible control of pressure



profiles [13-14]. In this scenario, energetic i@ unavoidably brought
into bulk plasmas. It was first observed in ASDEX¢gvade that the
neoclassical tearing mode interacted with energetis [15-17]. It was
also reported that the trapped energetic ions egeonith a kink mode
(fishbone [18] or off-axis fishbone [19-20]) leadirio the frequency
chirping-down MHD perturbations due to a wave-gdetiresonance
[21-23]. It was then found that resonance can obeinween circulating
energetic ions and the kink modes [24-25]. On ttierohand, energetic
electrons have similar effects on kink modes dudrtid-reversal for the
barely trapped electrons or due to the negativenetag shear for the
passing particles [26-29]. Moreover, energetic tebes in the
trapped-passing boundary are recently found torantewith a tearing
mode leading to chirping-down of magnetic islanthtion frequency in
the lower collision region [30-32]. Furthermore,etl are theories
predicting that the energetic ions bring in kinetifects on tearing modes
(TMs) and NTMs [33-35]. However, experimental study rare
concerning the NTM dynamics influenced by energietns in tokamaks.
This is probably due to the fact that the inte@actonly occurs near the
island and is easily concealed by other strongraste®n such as that
between energetic ions and global kink modes fislgbone).

We describe the experimental scenario of NTM ekoriain Section

2, show the effects of energetic ions on MHD moeSection 3, and



analyze the dynamics of NTM in Section 4. A summailybe presented
in Section 5.
2 Experimental scenario of NTM excitation

The operation scenario in this study is as folloth& plasma current is

500 kA, the central line-average density nis=2x10°m=by feedback
control before entering H-mode and ramps up nfG 3~4x10°m™
during H-mode phase (the electron temperature as me=2kev in the
core). Beside Ohmic heating the only auxiliary hepts the NBI system.
The EAST-NBI has two beam lines locating at Portar® F which are
toroidally separated by 112.5 degree [36]. Howewosly the beam line at
Port A has been used for the 2014 Fiscal Year cempdhis beam line
has two ion sources, both of which are in the aweru direction. But,
they have a separation of 8.7 degree in the tdrdidection [36-37]. In
experiments, the operators usually start one iemcgowith a time delay
(It is usually the less tangential one from the stdaration of current
drive and plasma stability.) after launching thestfilmore tangential).
Interesting MHD activities were observed when tassltangential one
was launched.

The MHD instabilities are summarized in th#-1. diagram (, Is
the plasma internal inductance which reflects tleakmpg degree of
plasma current profile) as shown in figure 1. Beftre vertical lines in

figure 1(a) and 1(b), the kink-like MHD oscillatisrare present and the



internal inductance decrease with the plasma bmtan the torodial
magnetic field, the plasma currents, and the plashaping parameters
are controlled by setting the plasma control syste@S). However, as
the NBI (the less tangential beam line) is launctied plasm# easily
increase above unity for both the poloidal kgtan figure 1(a) and the
normalized betag, (8, = A1%]/(I [MAl/(a[mB[T])),B is the ratio of the
plasma pressure to the toroidal magnetic pressures the plasma
currentais the minor radius andis the toroidal magnetic field.) in
figure 1(b). The internal inductande no longer decreases with respect
to the increasingg, (B, is the ratio of the plasma pressure to the
poloidal magnetic pressure) afd. In particular, there are inflection
points at B, =11 and g, =11. After these points are reached, it is
observed that energetic ions interact with MHD nsorheluding the kink
modes and neoclassical tearing modes (the modeargléo energetic
particles is labeled as an EP-mode which is notbiéknown energetic
particle driven mode). Besides, strong sawtootl-({BT-like) crashes are
usually present. In figure 1(a), a slope ling =2, is particularly
marked which basically passes through the staispoints indicating
EP-modes and ST-like crashesgpat-15. This relation is within the
empirical scaling g, <4l for high-g discharges [38].

A typical shot (49030) is shown in figure 2 whilbasically shows all

characteristics of MHD instabilities indicated aboWVith the launching



of less tangential beam line, the radiation of gefay (SX) in the core
obviously increases in (b) which is accompaniedthry decrement of
plasma internal inductancein (a). This is easily understood because the
plasma goes into the H-mode phase as indicatelebsudden drop of Da
radiation in (e). Before the first dash line at aibt>=5.2s, the normalized
beta (3,) keep increasing towards the maximgm=15in (d) while
several regular sawtooth cycles are observed inaffd) there are no
remarkable MHD perturbation on Mirnov signals i. &fter t=5.2s, the

B, decreases with, while the regular sawtooth crash vanishes. Instead
two bursts of kink-like MHD oscillations appear. &tburst is due to
kinetic effects of particles either related to @adic ions or heavy
impurities which have not been understood. Besideige big edge
localized modes (ELMs) trigger small crashes on #¥ signals as
indicated by the three dotted lines. Finally, adamdy strong ST-like
crash triggers strong MHD oscillations in (d) (Thésthe NTM which
will be analyzed in the following sections).

This ST-like crash is not triggered by the ELM, atnican be clarified
in figure 3. Obviously, the ELM leads to the electrtemperature
decreasing at edger(a=07) indicated by the electron cyclotron
emission (ECE) signals while the SX radiation disines a little in the
core (/a=0). However, these occurred before the sudden &Telilash.

Actually, there are precursor MHD modes which drseoved on Mirnov



signals, SX and ECE signals in the core. The EQBEats on available
channels in plasma are shown in figure 4 whereptkeursor modes are
clear in the channela=04 in (a). The fluctuations are weak on outer
channels in (b) and (c). However, it can be recogphithat the phase of
oscillations are reversed in the chanmeéh=04 to r/a= 052 before
the crash in (a). The contour plot of temperatluet@iation in (d) shows
an inversion radius located betweena= 045 and r/a= 052 which is
estimated about,,/a= 047 as indicated by the dash line. After the crash,
a heat pulse is clearly propagating outwards frieenitiversion radius in
(c) and (d). There is a local hot spot at the ciastu) corresponding to
the two channels of /a= 058 and r/a= 064 in (b) which is actually
due to a kinetic compression. This kind of phenoonemas been
analyzed in previous paper [39], and will not beeaed here.

With above observations, it can be inferred tha denter safety

factor q, is below unity, and the g=1 rational surface is thé
phase-reversal surface, /a= 047 before the ST-like crash while the

plasma current profile is broadened as indicatethbydecreasing The

evolution from the regular sawtooth cycles to thekdike bursts

indicates that theg,evolving towards, =1, because the kink-like modes

are easily destabilized and eventually triggemrangt ST-like crash for a

flat g-profile with g, - 1 in preseng,[40-42]. These kink-like modes

are usually comprised of several harmonics (m/n=2/2, 3/3, m and n is



the mode number). Usually, the definition of nooremnt kink-like mode
Is used when the center safety factor moves ty @rwtn above, because
there is no g=1 rational surface in the plasma44R-In contrast, the
center safety factor moves to unity from below negent experiments.
We do not want to bring in a new name, and will thee ‘kink-like’ for
modes with a flat central g-profile witkh, =1. The direct measurement
of center q is still a challenge in tokamaks anakisent for these shots.
The dynamics of MHD modes around the ST-like ciashdicated in
figure 5. Before the ST-like crash, the frequenéyprecursor mode is
about 7kHz as indicated in (b). The mode-inducadttflations are
phase-locked in the core SX and Mirnov signalshasve in (a) where
the frequency spectrum is calculated by the Mrisigwmals. At the crash
there are obviously two harmonics besides the funetdal mode in the
SX chord near the core in (b) and (c). In the nmueer chord, the two
harmonics are hard to differentiate and become exted together in the
frequency spectrum as shown in (d). However, thend signals in (a)
do not show the two harmonics indicating that thentonic modes are
located in the inner region. After the ST-like ¢rathe MHD oscillations
diminish and even disappear on the outer chordS>ofin (c) and (d)
while perturbations survive in the core SX signaith the frequency of
about 8.5 kHz in (b). The Mirnov signals also shawD oscillations in

(a) where the frequency is lower than that in Ity also obvious that the



raw signals show the different periods of pertudret on SX and Mirnov
as indicated by two vertical dotted lines in (ajgufe 6 shows a
comparison of MHD oscillations before (a) and afterthe ST-crash on
two chords. Raw signals obviously indicate the phewersion at the
vertical solid lines in (a). However, there are oalsvo in-phase
oscillations as marked by two vertical dash lindsclv are probably due
to the existence of harmonics. In contrast, thett@lations after the
ST-like crash are basically in-phase with a siifth). The phase shift is
caused by the different frequencies of those twoads as can be seen in
figure 5 (b) and (d). Although there are also salvascillations of
phase-inversion which we have not fully understq@he probable
reason is indicated at the end of Sec.3), the cesipa in figure (6)
clearly shows that the gq=1 rational surface is mgunward during the
ST-like crash and the MHD structure become kink-ladter that crash.
This again strengthens the evidence that the cesafety factor is near
unity around the ST-like crash.

The different frequencies after the ST-like crasiply the different
modes in core (about 8.5 kHz) and at edge (abdutkBz) which is
proved by analyzing the multi-channel ECE signaisfigure 7. We
extract MHD perturbations at f=5.5 kHz and plot tkentour of
temperature fluctuations in (a). It is observedtthhere is a

phase-inversion surface ata= 077 indicated by a horizontal solid line.



Near that, there are obvious magnetic-island-indudkictuations.
However, the perturbed region in the inner is miidader than the outer
perturbed region. This is actually due to the faet this magnetic island
is driven by a branch perturbation of the innerkdike mode. It can be
seen in figure 7(b) where fluctuating signals cowgrthe spectrum of
7~8.5 kHz are extracted. The reason to choosdrédgsiency band is that
the previous analysis indicates the frequency dses from the core to
edge as seen in the figure 5 (b) and (d). The kkakperturbation is
clearly located within the region of/a=05while there is another
perturbed branch inr/a=07 indicated by a solid line in figure 7(b). The
profiles of perturbation amplitudes are shown gufe 7(c). The value of
core perturbation withinr/a=05 is larger than that arounta= 077.
The latter is obviously more localizedvr(a= 015) around a rational
surface demonstrating a characteristic of magnskmnd. Actually, the
MHD mode is a m/n=2/1 mode by analyzing spatialstributed Mirnov
coils which rotates in the direction of ion diamago drift. The
excitation is due to the residue perturbation rtlearq=2 rational surface
which is driven by the m/n=1/1 kink-like mode iretbore. By the way,
the excitation of NTM by mode coupling has beeneobsd in EAST
previously [45].

3 Effects of energeticionson MHD modes

The interaction of energetic ions with MHD instéi®s is shown in

10



figure 8. Before the ST-like crash as indicatedh®yvertical dash line L1,
the effect of energetic ions leads to the frequerbtyrping-down
evolution of SX signals in (a) and ssNPA (solidtestaleutral Particle
Analyzer) signals in (b). It does not result in amgasurable magnetic
perturbation on Mirnov signals in (c). SSNPA measuthe lost fast
neutral particles and also reflects the presen@mnefgetic ions in plasma
to some extend [46]. The frequency spectrum of AsHirctuations
shows continuing chirping-down evolutions round X3z which is the
precession frequency of ~22keV energetic ions imecll experimental
condition. On the other hand, the frequency spetill SX fluctuations
shows the similar behavior except the phase duhadg=LM burst in (a).
During the ELM burst indicated by the Da signalse tfrequency of
ssSNPA signal is uplifted while the correspondingaipe is absent on SX
signals. The chirping-down evolution of SX spectraomes from the
interaction of confined energetic ions with the qusor modes while
ssNPA actually measures the escaped energetiahpatticles. After the
ST-like crash, the chirping-down phenomenon on 8 frequency
spectrum still exists while that is nearly absemssNPA spectrum except
two sparse bursts. This illustrates that the etiergens are reduced after
ST-like crash due to redistributions. In particuldmee NTM appears as
teeth-like oscillations on the spectrum of Mirnoigrals (periodic

frequency humps) in (c), which does not lead taeekiss of energetic

11



lons. This is probably due to the fact that the N&Msts in the outer
region (/a= 077) away from the major confinement region of enacget
ions.

This can be further illustrated in comparinggfrency spectra of SX
signals on different chords from the plasma coreedge in figure 9.
Figure 9(a) shows two frequency bands at f=8.5khktt f&e17kHz. After
t=5.44s, the frequency spectrum at the lower fraqudérand is smooth
which does not show interaction of energetic ionghwhe mode.
Actually it is a kink-like mode which still exist&fter the ST-like crash.
However, the frequency (f=17kHz) of its secondaaynmonic is near the
bottom of the chirping-down frequency dragged ddwnenergetic ion
precession. The effect of energetic ions gets ggoon more outer chord
(r/a= 036) while the amplitude of fundamental mode decays$igare
9(b). Further outward at/a= 039 in (c), the interaction becomes very
strong showing obvious chirping-down evolutionsmou=17kHz. The
frequency evolution of the fundamental mode (f=8l8k is also
frequently interrupted. The interaction of enemgya&ins with the mode at
f=17kHz is clearly observed on the chord iofa= 042 in (d) while it
becomes weak on most outer chords in figures Qid) (f) where the
interaction with fundamental mode is hardly obsdrveThese
observations demonstrate that the energetic iores lacated at

r/a= 039 ~042 induced by NBI heating. The activity that energé&bns

12



frequently interrupts the frequency evolution ofndamental mode
(f=8.5kHz) is clearly shown on ECE signals in figsrl0 (a) and (b).
Figure 10(a) shows the ECE fluctuations and theguency spectrum in
the most inner available channel = 04). The modulation of frequency
Is very clear which is also remarkable in the morgward channel
(r/a=045) in figure 10(b). However, the harmonic (f=17kHa) SX
signals is not observed in the ECE frequency spectiihe main reason
Is that the ECE is a local measurement while theisSX chord-integral
one along the sightline. The secondary harmomnpecabably located more
inward. The figure 10(c) shows the ECE raw sigmad their frequency
spectrum atr/a= 0.7 which are different from those above in (a) and (b
It is obvious that the oscillations in (c) stadrfr the ST-like crash with a
frequency band round f=5.5 kHz (the m/n=2/1 NTMheTevolution of
frequency demonstrates some humps which will b&/aed in Sec. 4.

It has been indicated in figure 7 that the NT#1lecated round
r/a= 077 driven by the residue magnetic perturbation after ST-like
crash. It is also illustrated that the kink-like aeois located inside of
r/a=05. Besides, the figure 10 particularly indicatest thath the
kink-like mode inside and the NTM outside are irfigced by the kinetic
effects of energetic ions. The subsequent evolugiaie kink-mode and
NTM is illustrated in figure 11. The figure 11(ay the contour plot of

ECE raw signals where the rational surface is stéid by the horizontal
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line. The vertical dash lines indicate the perttidms induced by the
NTM which can be clearly observed in figure 11(be radial width of
perturbations is aboutir/a= 015 which is nearly equal to that in figure
7. Besides, it seems that there are other weakrpations as indicated
by the horizontal dash line. The radial locationoscupied by the
kink-like mode as indicated in figure 11(c). In t@st to that in figure 7,
it is obvious that the NTM interacting with eneligetons provides a
perturbation to the kink-like mode in this phasaisTmay explain why
both in-phase and phase-reversal oscillations sbefier the ST-like
crash in figure 6.

4 Analysisof the NTM dynamics

The interaction of energetic ions with the NTM does lead to the usual
frequency chirping down on the time frequency speatof fluctuating
signals. One of reasons is that the location ofNfi#&1 is away from the
major confinement region of energetic ions so that direct resonant
interaction via wave-particle can not occur. Ondhi®er hand, even in the
major confinement region of energetic ions, it wdsserved that the
frequency chirping-down only occurred around theoseary harmonic
of kink-like mode while the fundamental mode wasalalg modulated
(The frequency spectrum does not show the chirdmgn evolutions).
The frequency (about f=17kHz) is not equal to tladug of precession

frequency of energetic ions in current energy raffig2lkHz) which can
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be observed on spectrum of SX and ssNPA signalsrdahe ST-like
crash. It should be noted that the ST-like crasistebutes energetic ions
modifying the precession frequency, and the evatutf the qg-profile
after the ST-like crash may also change the freqehthe mode a little.
Nevertheless, the characteristic of frequency diayiun figure 9 implies
that the kink-like mode belongs to MHD mode witeduency dominated
by the bulk plasma, different from the energetic-triven modes whose
frequencies are determined by the energetic iog [Fhis is probably
due to the fact that the population of trapped geter ions is small in
current NBI heating, easily thermalized by collsowith the bulk
plasma reducing the resistivity. This is illustchtéy the continual
decrement of internal inductance. Of course, thecefof the fast ion
current drive is not neglected. As noted in presipapers [31-32], the
collisionality is a very important parameter forvastigating the
interaction between energetic particles with MHDde®. In the present
scenario, a higher collisionality is anticipatedcémgse the parameters
(lower temperature and higher density) of the lpldisma are not enough
high and the plasma betg) is still marginal to trigger these MHD
instabilities. From this aspect, the modes mairgflect the MHD
behaviors of the bulk plasma, with frequencies Weakodulated by
energetic ions. In this paper, the interaction ofkkike fundamental

mode with the energetic ions will not be furtherlgmed. Instead, we
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focus on the NTM dynamics.

As indicated previously, the rational surfacaufrdr,/a= 077) of the
NTM is far away from the major confinement region
(roundr/a= 039 ~042) of energetic ions. The width of banana orbits is
about Ar/a= 03 for the trapped energetic ions in the energy ramige
22keV which will be shown by the calculation of egetic ion orbits.
Since energetic ions are not monoenergetic, thdaitsoare not fully
overlapped. Thus, the effect of energetic ionsh@enNTM is not localized
at the rational surface of the mode. Figure 1Zk@ws the spectrum and
the raw ECE signal at/a=07 near the rational surface where the
NTM-induced temperature fluctuations are demonstraby irregular
humps on the frequency spectrum (there are alse thirping processes,
the intensity of which are very weak in comparisorthose of humps).
Figure 12 (b) show the NTM mode measured by Mrismnals where
modifications of magnetic signals on both the fremtey and the width of
iIsland denoted by the square root value of pertudraplitude are very
regular as indicated by the dash lines (the frequencrease from the
baseline f=5.5kHz to f=7.5 kHz). Figure 12 (c) slsotve NTM-induced
fluctuations of the electron temperaturerat= 07 where the envelope
of oscillating period basically agrees with the metigc one. The
difference lies at t=5.4315s-5.4325s when the pewd temperature

fluctuation merges two magnetic ones. Errors maythere due to
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indistinguishable peaks induced by the fast growsegurbations while
the essence is attributed to the local change eigetic ions. However,
the Mirnov coil measures magnetic perturbations heut radial
resolution, leading to less influence.

The banana orbits of energetic ions are analygethe orbit code
‘ORBIT" which was developed in 1980's [48]. The mhment by
considering the effect of MHD perturbations on éet dynamics was
also finished recently [49]. This code is appliedcheck the change of
energetic ion orbits. The results are shown inrggli3 where the orbit
without NTM perturbations is illustrated in (a). &banana orbit is closed
(the staring and ending points repeat). Howevere @magnetic island is
included the orbit demonstrates a radial shift @eursion) as illustrated
by the arrow in figure 13(b). The radial shift efeggetic ion orbits would
result in a neoclassical polarization current whechs follows [50]:

j, =dE, /dt (o, c?/B2) (1)
p.1s the mass density. The time-varying radial eleatrfield has the
following relationship with the bounce-averaginglied velocity when

one considers the conservation of toroidal angulamentum [50]:

2
V, = _dE, /dt ()
eB;

With a specific shape of electric potential (theadient of electric
potential is the electrical field), it was demoagtd that the radial motion

of energetic ions modifies not only the width ofonkssical island but
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also the rotation frequency [51-53]:

d _1,1-Q , (-0

G @ E W G M) -(@-2) ) 3)
dw _ . Brag—as, , Ci(Q) _
LA T +(2rSW)SQ(Q Q,)) (4)

The coupled equations (3) and (4) describe the ahakependence of the
frequency and the width of magnetic island. Theis the normalized
value of the mode frequency to the thermal ion diginetic frequency
Q = wl(w, @+ 0397,)) where then, is the ratio of the density scale length
to the ion temperature scale length. The, is defined as
Q, =@1+n,)/1+03%,) while the vis related to the resistive diffusion
time v=(v.r,)™". The time variable has been normalized by theukaqy
parametey, . The parameterw describes the widthw of magnetic
island throughw=w/2r,. The coefficientC,w,Q) is a function of
frequency and width in second term of right harak §RHS) in Eq.(3)
which indicates the direct action of energetic papon on the rotation
frequency. The coefficiet,(Q) in Eq.(4) reflects the influence of
energetic ions on the width of magnetic island Wwhginvolved with the
frequency. The other parameters in Eq.(4) have ufigal definition:
Athe stability parameter of classical tearing modethe radius of
rational surface,s,is the poloidal betaa, the driving term of bootstrap
and a., the Glasser-Green-Johnson stabilizing term due otoidal

effect.
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Numerical calculations based on Egs. (3) anchéde been done to
compare evolutions of island width and frequencyhwexperimental
observations. In present experiments, the modifinabf frequency by
energetic ions is weak as shown in figure 12(c)sIthus rational to
assume the coefficienC,(w,Q)=0 in Eqg.(3). This means that the
frequency is only influenced by the width of magmesland round its
initial value. However, we keep the third term di®in Eq.(4) where the
modifying coefficient is supposed as,(Q)=0.1*cosQt) due to the
periodic interaction of energetic ions with the NTIWhis includes two
effects of energetic ions: the destabilization arfi polarization current
(positive semi-period ofC,) and its threshold to the energetic ion
pressure (The negative semi-period @fmeans that the threshold is not
surpassed.). The later comes from the fact thaettegetic ions drifts
from inside to outside of the rational surface,iquaically modifying the
pressure profile. The stability parameter of te@rmode is assumed
A =-m=-2 which means that the NTM is linearly stable. Th&onal
surface is estimated at = 077awhere ais the minor radius of plasma.
The ratio of scale lengths is assumedsas 15 and the poloidal beta
isg, =12. Since the NTM is triggered by the ST-like crasig thus
assume that the combining effect of the bootstrapng term and the
Glasser-Green-Johnson stabilizing term is destigi a,, —a.., = 005.

With suppositions ofr, =10°ms, v=107°, and w, = 2kHz, the calculating
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results are scaled in the usual laboratory unike (time unite is
millisecond and the frequency unit is kilohertz)igéhare illustrated in
figure 14. It is obvious that the width of magnesiand oscillates around
the valuear/a= 015, in synchronization with the rotation frequency
varying around f=6 kHz. These agree with experi@leabservations in
figures 11 and 12.

It is also necessary to indicate that the oatdte NTM mode needs
the trigger of ST-like crash in these experimeitse above analysis only
clarifies the important effect of energetic ionstba nonlinear evolution,
not referring to the onset of NTM. However, the rgedéic ions
polarization current may be significant to that whbe rational surface
of NTM is located in the confinement region of egetic ions. This will
be further analyzed in comparative experiments.

5 Summary

The dynamics of the NTM has been analyzed in detaiuding its
excitation which is triggered by the ST-like crasid the characteristic of
nonlinear evolution which is modified by energetas. The interaction
of energetic ions with the NTM is weaker than twéh the kink modes.
Analysis indicated that the kink modes locate anha@re inner region
where trapped energetic ions are confined. In eshtthe NTM exists at
a more outer region which is influenced by the abdixcursion of

energetic ion orbits. Both the width of neocladsisiand and the rotation
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frequency are modulated by periodic perturbatiofiseergetic ion
polarization current. No remarkable resonance iseoked between
energetic ions and the NTM as with the kink modesurrent operating
scenario. The interaction of energetic ions with Kink modes is also
different from the conventional fishbone mode. Thain difference is
that our experiments here do not have a g=1 rdtsuréace in the plasma
after the ST-like crash. Only the second harmofikik mode interacts
with energetic ions leading to the chirping-dowagiuency evolution due
to its frequency near the precession frequencyefgetic ions. A further
study is necessary to clarify the influence of apfiag scenario on core
MHD instabilities and energetic particles.
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Figure captions

Figure 1. The statistical results of MHD modesha 2014Fiscal Year's
campaign of EAST in the diagram of the plasma mdkinductancel,
and plasma normalized beta, (a), the product, *q,. (q,IS the safety
factor at 95% poloidal flux) and plasma poloidal beta, (b). The
vertical lines mark an inflection point, before wihithe | and I *q,
decrease with thepg, and g, in (a) and (b), respectively.
Aboveg, >14, a relationshipg, =2, is labeled across the statistical
points in (a) where MHD modes related to energedidicles (EP-mode)
and sawtooth-like (ST-like) crashes exist.

Figure 2. A typical discharge (#49030): (a) thespia internal inductance,

(b) the soft X-ray (SX) radiation on the core chavith the NBI of less

25



tangential angel marked, (c) the Mirnov signalg,tfet normalized beta
B, and (e) the Da signals. The two vertical dashslimaicate two
different types of crashes. The first one is thgular sawtooth crash
while the second indicates the strong ST-like craigjgering the NTM.
The three dotted lines mark three larger edge ilmadimodes (ELMS)
which lead to weak decrease of SX radiations in Tine vertical solid
line indicates the H-L back transition.

Figure 3. The details of the ST-like crash. Thersgrcrash is after the
ELM which is resulted by the precursor modes. Thexyrsors are also
measured by the Mirnov coils which are differemtthfrom the following
NTM perturbations. The ELM leads to a little demeaf SX in the core
and obvious drop of electron cyclotron emission EfEGignals on the
outer channelr/a=07.

Figure 4. The MHD perturbations around the ST-ltckash on available
ECE channels: (a) ata=04, r/a=045and r/a=051 where the
phase-reversal oscillations are observed befor&1hkke crash between
rla=04and r/a=051, (b) at r/a=058, r/a=064and r/a= 068
where there are strong prompt radiation at thehcré&s atr/a=07,
r/fa=079, r/a=084, r/a=09, and r/a= 094where the diffusion of a
heat pulse is indicated by the slope arrow. Theatorplot is shown in (d)
where the inversion surface (/a= 047 ) of oscillating phases is labeled

by the horizontal dash line. The color bar is igarbut colors from blue
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to red indicate the perturbed amplitude from negatid positive values.
Figure 5. The characteristics of MHD modes arodnadST-like crash: the
time frequency spectrum of Mirnov signals where thes signals of
Mirnov and SX are superimposed (a), the frequepegtsa with SX raw
signals on the chord/a=0(b), r/fa=02(c) and r/a= 051(d). The
vertical dash lines indicate the phase-locked imlahip on SX and
Mirnov before the ST-like crash while this is brakafter the crash as
illustrated by the two dotted lines in (a). There Barmonics of m/n=1/1,
2/2, 3/3 around the crash in (b), (c), (d). They@iency of fundamental
mode in (b) increases from about 7kHz to 8.5kHzleviihat weakly
increases to about 7kHz in (d). After the ST-likeash, the MHD
oscillations are remarkably stronger in (a) wherd@score fluctuations
become weak or even unobservable in (c) and (d)tdheos use the same
color bar.

Figure 6. The comparison between oscillation phgégses/a=0 and at
r/a= 051) before (a) and after (b) the ST-like crash. Tleetigal solid
lines indicate the fluctuations of phase revershilevthe vertical dash
lines mark the in-phase (or with a fixed shift) idattons. Existence of
two in-phase oscillations is due to harmonics in Tde oscillations at
both two locations basically keep a fixed phasé gist after the crash in
(b). However, the following oscillations evolve Wwitin-phase and

reversed phase due to the mode coupling betwearotbeand edge.
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Figure 7. The spatial structure of the MHD moddsrahe ST-like crash:
(a) the demonstration of the NTM at/a= 077 as indicated by the
horizontal solid line which is obtained at the preéd frequency of
f=5.5kHz by Fast Fourier Transformation (FFT) of lmaahannel ECE
fluctuations, (b) the existence of a kink moderat =05 with a branch
perturbation atr/a=07 marked by a horizontal solid line at the
frequency band of f=7~8.5 kHz, and (c) the profiles perturbed
amplitudes corresponding to the NTM (symbols ligkdscircles) and the
kink mode (symbols like squares). The NTM is drivayn the branch
perturbation of the kink mode. Contours use theesantor bar.

Figure 8. The influence of energetic ions on the Méiynamics: (a) the
raw SX signal atr/a= 022 and its frequency spectrum, (b) the ssNPA
signal and its frequency spectrum with the cores&jXal superimposed,
(c) the Mirnov signal and its frequency spectrurthwihe core SX signal
superimposed. The vertical dash line L1 marks thdik& crash which
triggers the NTM, not the ELM indicated by the lhwEDa signals in (a)
and (c). The vertical dash line L2 states thatNfi#/ is stabilized in (c)
while the kink mode and its harmonic is alive i. (Bhe chirping down
evolution on spectrum indicate the existence ofgetee ions in (b) and
the interaction with the secondary harmonic of kim&de in (a) which is
near the precession frequency of energetic iorthenenergy of 22keV.

The evolution of the NTM frequency spectrum exlsivggular teeth-like
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modulations implying the effect of energetic io@antours use the same
color bar.

Figure 9. The comparison of the frequency spectr&X signals at:
(@ r/a=014, (b) r/a=036, (c) r/a=039, (d) r/a=042, (e)
ria= 045 and (f) r/a= 051. The frequency chirping-down evolutions
are obvious in (c) and (d) round the frequencyemiosidary harmonic of
kink mode. For the inner region in (a) and (b), Hamonic frequency
seems modulated a little without the chirping-doswolutions while the
fundamental mode is less influenced with a smowtiuion at f=8.5kHz.
For the outer region in (d) and (e), the chirpirmvd frequency also
seems weak and sparse with time. Contours useathe solor bar.

Figure 10. The comparison of ECE fluctuations ahdirt frequency
spectra at: (aya=04, (b)r/a= 045, and (c)y/a=07. The spectrums in
(@) and (b) show the frequency f=8.5 kHz of kink daowhich is
frequently interrupted indicating the effect of ayedic ions. The activity
of NTM is shown in (c) the frequency of which isoai f=5.5 kHz with
some humps. The humps on the frequency evolutipfyithe interaction
of energetic ions with the NTM. Contours use thmeaaolor bar.

Figure 11. The spatial structure of ECE fluctuagi@n subsequent phase
of the evolution in figure 7. (a) the contour plitraw signals, (b) the
NTM perturbations extracted by FFT at f=5.5 kHzd &0) the kink mode

at f=7-8.5 kHz within/a=05. The vertical dash lines indicate the
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phase-reversal perturbations near the rationahsarés indicated by the
horizontal solid lines in (a) and (b). The horizrdash line in (b) marks
weak perturbations in the radial region of kink mo€ontours use the
same color bar.

Figure 12. The frequency spectrum of ECE fluctusiwith raw signals
superimposed in (a), the details of NTM dynamicasueed by Mirnov
signals in (b), and the electron temperature flatdtuns and the envelope
evolution at/a= 0.7in (c). The periodic evolutions of rotation freqagn
and island width (denoted by the square root ofpteurbed amplitude)
in (b) agree with the varying envelope of NTM-inddc electron
temperature fluctuations in (c), demonstrating effeof energetic ions.
Contours use the same color bar.

Figure 13. The calculated orbits of trapped eneargens at the energy of
22keV without (a) and with (b) the m/n=2/1 tearimgpde. Calculations
are done by using the ORBIT code where a broadgf@dfile has been
polynomial-fit with experimental pointsq(, = 48,q(r/a=077)=2, and
assumingq, = 101due to the absence of g=1 in plasmas after thek8T-I
crash). It uses the usual odd-function displaceménhe tearing mode
with the perturbed magnetic field limited at edgetlbe measured value
(0.22Gauss). In comparison to that in (a), thetarbenergetic ions has a
radial shift (excursion) due to the existence afitegy mode.

Figure 14. The calculated width of magnetic isldayland the rotation
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frequency (b) based on the coupled equations 8ysn@d (4). The effect
of energetic ions is assumed to modulate the widtimagnetic island
with considering the periodic excursion of orbit ugposing
C,(Q) =01*cosQt)). The direct action of energetic ions on the festry
Is neglected ¢, (w,Q) =0) according to experimental observations while
the frequency modulation is self-consistently ddme varying island
width. The other parameters are set At -m=-2, r,=077a, 7, =15,
B, =12, a,-as, =005, 1,=10ms, v=10"°, w, =2kHz. With these
parameters, the oscillation period agrees with #egerimental
measurement in figure 12(c). The evolution of fregey is basically
consistent with the humps of frequency in figurgd@while the width of
magnetic island oscillates around the/a= 015 agreeing to that in

figure 7(a).

Figures
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