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A new bursting m = 1/n =1 instability (m,n: poloidal and toroidal mode numbers) with rapid
frequency chirping down has been observed for the first time in a helical plasma with intense perpendicular
neutral beam injection. This is destabilized in the plasma peripheral region by resonant interaction between
helically trapped energetic ions and the resistive interchange mode. A large radial electric field is induced
near the edge due to enhanced radial transport of the trapped energetic ions by the mode, and leads to clear
change in toroidal plasma flow, suppression of microturbulence, and triggering an improvement of bulk

plasma confinement.
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Good confinement of energetic ions (EPs) such as
alpha particles is crucial for sustaining deuterium-tritium
burning plasma. This may be threatened by magneto-
hydrodynamic (MHD) instabilities destabilized by reso-
nant interactions between EPs and marginally stable or
weakly unstable eigenmodes. Interesting and important
results on instabilities driven by passing EPs are reported
from many tokamak and helical devices [1]. On the other
hand, so-called fishbone (FB) instability destabilized by
trapped EPs was detected in a tokamak plasma three
decades ago [2]. Recently, FB study has been expanded
to the so-called energetic particle driven wall mode
(EWM) or off-axis fishbone instability, which is also
destabilized by trapped EPs [1,3-5]. Much attention is
paid to the mode toward the burning plasma experiments
because it often triggers the resistive wall mode and
disruption. Recently, a bursting mode exhibiting rapid
frequency chirping has been newly observed during
perpendicular neutral beam injection (PERP-NBI) on
the Large Helical Device (LHD). This mode is destabi-
lized by resonant interaction between helically trapped
EPs and the resistive interchange mode (RIC) localized at
the mode rational surface. Hereafter, this mode is called
the “EIC” (energetic ion driven resistive interchange
mode). Also, in a tokamak, the RIC can be destabilized
having a localized mode character at the mode rational
surface in the negative central magnetic shear region of a
reversed shear plasma with high normalized beta [6,7].
The burst often triggers major disruption. Interaction of
the RIC with trapped EPs would be more dangerous in a
future large tokamak. This Letter reports the character-
istics of the EIC and the impacts on helical plasmas.
Interaction between trapped EPs and the RIC is a very
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PACS numbers: 52.35.Py, 52.55.Hc, 52.55.Pi

important topic for tokamak plasmas as well as helical
plasmas in the future.

The EIC is typically observed in relatively low density
plasmas of the line averaged electron density (n,) =
0.5-1.5 x 10" m™ at high toroidal field strength B, =
2.5-2.85 T in the LHD. In the plasmas, three tangential
hydrogen beam lines with initial beam energy Ej ~
180 keV and two perpendicular beam lines (PERP-NBI)
with E;, ~ 34 keV are employed. A typical magnetic probe
(MP) signal of the m = 1/n = 1 EIC is shown in Fig. I.
The EIC grows rapidly (<0.2 ms) and reaches the very
large amplitude of ~3 G at the MP position, having a
strongly distorted oscillatory waveform. The initial fre-
quency is around 9 kHz and quickly chirps down to
~3.5 kHz in the laboratory frame. The Doppler frequency
due to toroidal and poloidal rotations at the 1 = 1 surface (=
rotational transform) is small as f, + fior = 0.4 kHz,
estimated from the carbon impurity emission measured
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FIG. 1 (color). (a) The zoomed waveform of EIC magnetic
fluctuations. (b) Three EIC bursts, the temporal frequencies (red),
and the toroidal (purple) and poloidal (blue) rotation frequencies
at the 1 = 1 surface, measured by CXRS.
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by charge exchange recombination spectroscopy (CXRS)
[8]. The mode propagates in the electron diamagnetic drift
(EDD) direction poloidally and counter-B, direction toroi-
dally, in the plasma frame. The negative sign of the
frequency in Fig. 1(b) stands for the counter-B, direction
and ion diamagnetic drift (IDD) direction poloidally.
Since EICs are excited by injection of PERP-NBI, the
drift orbits of helically trapped EPs are calculated for the
vacuum field by a Lorentz orbit simulation code [9] to
clarify the relation between the observed mode frequency
and the orbit frequencies. A test proton of E,=34 keV and
the pitch angle y = 85° is launched at various radial
positions and tracked numerically. The orbit shown in
Fig. 2(a) consists of two parts: rapid bounce motions in a
narrow helical-ripple well having weak magnetic field
strength of the I{/N = 2/10 helical pitch (I: polarity of
the helical field, N: toroidal period number) and a helical
excursion along the well. The proton travels in the counter-
B, direction toroidally and the IDD direction poloidally. It
circulates around the torus, similar to the motion of the
passing particles in a tokamak, and is confined well in the
helical-ripple well. The poloidal precession frequencies
(fEF) vary from —3.6 to —11 kHz in the region 0.4 <
r/a <1 (a: averaged minor radius). The toroidal preces-
sion frequency (f£°) is one fifth (=I/N) of (f5"), as shown
in Fig. 2(b). The resonance condition between the MHD
mode and EPs in a helical plasma is given as
Fres—(m-+ ju)(F57) + (n+ juN) (fE7) =0, where j =0
or +1 [10]. This equation expresses the condition that
the MHD mode having a cos(m@ — n{) structure resonates
with the toroidal drift velocity of the EPs having a cos(u0 —
vN() structure over a long time period. The case of j = 0
recovers the resonant condition for a tokamak plasma. For
LHD plasmas, the resonance frequency is evaluated as
fres =—1.2(f5P) for j=1, v=1, and p=0. This
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FIG. 2 (color). (a) Contour of the magnetic field strength |B|
and the orbit of helically trapped fast ions at the 1 = 1 surface.
The arrows indicate the directions of the magnetic field line, drift
orbits, and mode propagation. (b) Profile of the calculated
toroidal (blue) and poloidal (red) precession frequencies of the
trapped EPs, where the 1 = 1 surface is at r/a ~ 0.85-0.88.

indicates that the EIC excited by the resonance would
propagate opposite to the poloidal precession direction and
in the same direction as the toroidal precession of helically
trapped EPs, which is also seen from Fig. 2(a). This is
consistent with the experimental observation. Since (f5¥)
at the 1 =1 surface is —6.9 kHz, the f,., = +8.3 kHz
agrees well with the observed frequency +8.6 kHz in the
plasma frame. Note that PERP-NBI is always necessary to
excite the EIC and the charge exchanged neutral flux
measured perpendicular to the toroidal field [11] indicates
clear resonant interaction between the EIC and 34 keV
beam ions.

Figure 3 shows time evolution of electron temperature
fluctuation Te measured by electron cyclotron emission
(ECE) [12] and the derived eigenfunctions of the MHD
modes. The radial displacement &, is evaluated as
T,/(=VT,) (VT,: gradient of the electron temperature),
where the conditional averaging is applied to several crests
and troughs of the Te waveform. In phase I, the m =
1/n =1 MHD mode of ~3.5 kHz is weakly destabilized.
The mode propagates in the EDD direction in the plasma
frame, a fact that is recognized in many LHD shots [13].
The RIC is easily destabilized by the pressure gradient in
the plasma edge region of a LHD plasma, because the edge
region is in a magnetic hill. The &, strongly localizes at the
1 = 1 rational surface of r/a ~ 0.88 with an even function,
as shown in Fig. 3(c). The observed &, is similar to the &, of
the unstable RIC calculated for a cylindrical plasma of
magnetic Reynolds number S = 1 x 10° by a linear global
resistive MHD code [14], which is shown with broken
curves in Fig. 3(c). The mode is thought to be RIC. Note
that the stability of the above plasma against the ideal
interchange mode is assessed to be stable by the Mercier
criterion. This assessment is experimentally confirmed in
LHD [15]. In phase II, the T, extends radially inward,
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FIG. 3 (color). Time evolutions of the magnetic probe signal
with one typical EIC (a) and the electron temperature fluctuation
T, profile (b). The conditional averaged radial displacements for
each crest (blue) and trough (red) of Te in phases 7, 11, and IV [(c),
(d), and (e)]. The calculated eigenfunction for the RIC is also
shown with broken curves in (c).
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accompanied by an appreciable increase of magnetic
fluctuation amplitude. The &, clearly expands radially,
holding the RIC character, as shown in Fig. 3(d). The
mode in phase /I is thought to be RIC. In phase III, the
mode frequency suddenly jumps up and rapidly chirps
down, where the amplitude also rapidly increases and
immediately saturates nonlinearly, exhibiting a bursting
nature. As shown in Fig. 3(b), a complicated radial
structure of 7, develops rapidly, propagating inward.
Then, it shrinks quickly around the : = 1 surface. In phase
1V, the ¢, of the EIC has an island-type structure, where it
behaves with the z phase difference across the 1 =1
surface, as shown in Fig. 3(e).

The temporal behaviors of the modes in phases /I to IV
are interpreted as follows. The radially expanded &, in
phase /I is explained by flattening of the 7', profile around
the 1 =1 surface due to the growth of the RIC. The
steepened pressure gradient just on the inward side of
the flattened region would tend to expand the mode
structure radially further. At the beginning of phase /11,
the EIC is suddenly destabilized. It will be triggered by the
increased beta value of trapped EP pressure (3,;, = EP
pressure/magnetic pressure) beyond the threshold. The EIC
is thought to be a new branch of the resistive interchange
mode associated with the large population of the helically
trapped EPs. The threshold is crudely estimated by the
FIT3D code [16] to be B, ~0.2% at the mode rational
surface in a specific shot, where /3, is gradually increased
by gradually decreasing (n,) with constant beam power.
The strong EIC immediately flattens the 7', profile and
presumably also the trapped EP pressure profile, enhancing
radial transport of the EPs. This process would lead to
steepening both bulk and EP pressure gradients just on the
inward side of the flattened region. Because of a decreasing
character of (fEP) toward the plasma center [Fig. 2(b)],
slightly slowed-down EPs as well as the newly born EPs
would resonate with RIC over the region radially extended
inward. These processes will expand the mode structure
radially inward in phase /II. So far, the eigenfunction ¢, in
phase /I cannot be derived reliably, due to the rapid and
complex time evolutions of 7, and VT,. In the latter part of
the phase, a sudden decrease of T, is interpreted by a
noticeable reduction of VT, in 0.8 < r/a < 0.9 by the EIC.
A shape of £, in phase /Vis similar to that in the usual RIC,
of which island type &, is found out in LHD plasmas
experimentally [17] and theoretically [14,18].

Clear impacts of EICs on bulk plasma are observed. Each
EIC induces a significant and uniform plasma potential
drop |A¢| up to 13 kV in a wide core region (|r/a| < 0.7),
as shown in Fig. 4(b). The A¢ profilesin —0.4 < r/a 0.9
on the R,, = 3.75 m configuration and 0 < r/a < 0.6 on
the R, = 3.6 m one (R,: magnetic axis position of the
vacuum field) are respectively obtained by accumulated
measurements for nearly identical bursts, using a 10 Hz
radial beam scan of the Heavy lon Beam Probe (HIBP)

— 10 T T T T T T T T 4
E of 1
< ok Ll ) A @

10 T T T T T T T T _1.0{
— rfa —_ 40 *®
< ]
> — - .

op [0 et o)

AGIKV]

FIG. 4 (color online). Time evolutions of the magnetic probe
signal (a) and the plasma potential ¢ obtained by a radial beam
scan (r/a) of HIBP (b). Radial profile of the potential change
during the EIC burst in R, = 3.75 m (circles) in No. 109190 and
3.6 m (squares) configurations in No. 122476 and the fitted
profile (solid curve) (c).

[19], shown in Fig. 4(c). This suggests a generation of
negative radial electric field E, near the plasma edge,
which will be induced by nonambipolar transport of
helically trapped EPs. The A¢ calculated by a model
of AE, = —85exp[—((p —0.85)/0.15)?] kV/m is also
shown in the solid curve.

Synchronizing with the potential change, strong modi-
fication of toroidal plasma flow is observed by CXRS. In
Fig. 5, time evolutions of toroidal flow velocity V. atr/a ~
0.85 and plasma potential ¢ at r/a ~ 0.1 are shown as a
function of the time defined by the onset of the EIC, zgc.
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FIG. 5 (color online). Waveforms of the EIC burst (a) and the
observed toroidal flow V. and plasma potential ¢ (b), as a
function of the relative time for the EIC onset. Radial profile of
the V- change (circles) and the calculated neoclassical flow (solid
curve) at 7gc = 2 ms (c). Note that the potential waveform is
measured in No. 122475 with one nearly identical EIC in (a).
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The data points of V obtained every 1 ms are conditionally
accumulated for nearly 10 events in a shot No. 116190 to
obtain the clear time evolution statistically. The ¢ suddenly
drops at zg;c = 0 ms, and recovers to the initial level in
~5 ms. Simultaneously, V starts to change and reaches the
maximum change at rg;c = 2 ms. Then, it returns to the
initial level ~3 ms after the burst. The flow change AV,
is shown in Fig. 5(c). While the V, is enhanced in the
counter-B, direction in the core region (0.3 < r/a < 0.9), it
is enhanced in the co-B, direction in the very edge region
(09<r/a<1.0). The AV, can be explained by the
neoclassical theory of net-current-free helical plasmas [20]:

(g VE)
= {065 (5 4 — (G5, -5

en; dy ' dy e; dy

where J = RB,, w = r*By/2, and (Gpyg); is the geometric
factor. The radial electric field (d¢p/dy = ¢’) can be
expressed as ¢’ = e, + P, Where ¢re, and @i are
the radial electric fields associated with neoclassical
ambipolar potential and that induced by the EIC, respec-
tively. Because ¢f; is much larger than other terms, the
expected V, change can be obtained numerically from
Ay ~ —(R/J)*((Gps);/r)(ddgic/dr) [21], employing
d¢pgic/dr inferred from Fig. 4(c). The calculated result
[a solid curve in Fig. 5(c)] agrees well with the observed
AV, at 1gc=2ms around the EIC Ilocation
(0.7 £r/a < 1.0). In the present LHD plasma, the geo-
metric factor (Gpg); changes the sign in the very edge
region. This suggests the change of the sign of AV there
by the EIC induced torque. In the inner region of r/a < 0.7,
the calculated AV, obviously deviates from the experi-
mental results. This deviation will be due to the large radial
diffusion caused by radial viscosity there. On the contrary,
the viscosity in the edge will be substantially reduced due to
clear suppression of microturbulence by the EIC, which
will be discussed below.

The lower bound of the loss fraction of helically trapped
EPs by the EIC can be estimated by a toroidal angular
momentum balance, ignoring the viscosity term as
d(Rym;n;Ve)/dt ~ J; -V, [4]. The radial current density
J; responds to the orbit shift due to the EIC perturbation
and the radial transport of EPs across the magnetic surfaces.
For the orbit shift of rg,;; ~ 0.15a, estimated from the mode
eigenfunction, AV, = 35 km/s measured by CXRS, and
helically trapped EP density n,/n; ~ 2%—4% calculated
by the FIT3D code, the loss fraction is estimated fairly
large, ie., (m™/ny) ~ (M;/eB,)(AV/rgin)(n/n)~" ~
20%-40% estimated over the EIC mode region. A nearly
comparable result is also estimated from the observed A¢
using J; ~¢eg(e; — 1)(dE,/dt) [22], where e, ~(1+
q*/\/€1)(c/V4)* with the light speed ¢, Alfvén speed
V4, safety factor g and helical ripple €,. Moreover, the
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FIG. 6 (color online). Waveforms of the EIC burst (a), line
integrated electron density n,/ and H, emission (b), and the
increment of the C*° ion temperature AT+ and root-mean-
squared density fluctuations 6n, ., in the range of 20-500 kHz
(¢), as a function of the relative time for the EIC onset. Note that
the AT+ data points are obtained from 11 EIC events.

power loss by the lost EPs is estimated from the sudden
drop of the stored energy (Wy;,) measured by a diamagnetic
loop, which can detect the pressure of trapped EPs with
x ~ 90°. The sudden drop of dW;,/dt by the EIC indicates
about a 15% to 30% loss of the total deposited power of
PERP-NBI. That is, considerable loss of the trapped EPs
controls the generation of the observed A¢ and AV..

A noticeable reduction of H, emission and a clear
increase of the line electron density near the plasma
edge are observed during the EIC, as shown in Figs. 6(a)
and 6(b). The carbon ion (C*®) temperature T+s also rises
quickly (in ~0.6 ms) in the region of 0.6 < r/a < 1. The
temperature increment A7+ obtained every 1 ms are
conditionally accumulated for nearly identical 10 events in
a shot No. 113287 to obtain the clear time evolution
statistically. Note that the collisional relaxation time among
C*% ions of 1 keV is ~0.5 ms, where the C*° ion density is
5% of (n,). Simultaneously, clear suppression of density
fluctuations én, ,,,; due to microturbulence is detected by a
two-dimensional phase contrast imaging system [23], as
shown in Fig. 6(c). The suppression takes place around
r/a ~ 0.85 in the frequency range of 100-500 kHz and the
perpendicular wave number normalized by the thermal ion
gyroradius of k, p7 ~ 0.3. The fluctuations in 0.5 < r/a <
1.0 propagate in the IDD direction in the laboratory frame
and peak at r/a ~ 0.8. According to a gyrokinetic simu-
lation by GS2 code, the suppressed fluctuations are likely
to be ion temperature gradient turbulence [24,25], of which
the growth rate is around 1-2 x 10° s~ for the present
plasma parameters [25]. This is comparable to the E x B
shearing rate of ~2.5 x 10° s~! induced by the EIC near the
edge, of which the rate is estimated from the observed A¢
shown in Fig. 4(c). The generated sheared flow clearly
reduces 6n, ;. The increased rate of the stored energy of
the C*% ion component (~0.47 MW) estimated from the
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observed AT ¢+s does not contradict with the power input to
C* ions of ~0.68 MW. The increases of T:s and n, near
the EIC location indicate transient improvement of bulk
plasma confinement.

In summary, the m = 1/n =1 MHD mode called the
EIC, destabilized by helically trapped EPs has been
observed for the first time in a helical plasma. The mode
frequency is determined by the precession frequency of the
EPs. The eigenfunction is localized at the mode rational
surface (in this case, at the 1 = 1 surface), of which the
localized mode character is similar to that of the usual
pressure-driven RIC. Considerable amounts of EP losses
lead to large E, shear generation, which is confirmed by
direct measurement of the plasma potential, and large
toroidal flow change. The EIC generated E, shear triggers
transient confinement improvement of bulk plasma. If the
observed beneficial effect to bulk plasma is further man-
ifested on the condition of well-controlled EP losses, the
EIC might be a very powerful tool to trigger confinement
improvement of bulk plasma, similar to events induced
by fishbone and toroidal Alfven eigenmode (TAE)
bursts [26,27].
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