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Abstract. Detailed analyses of the dynamic evolutions of plasma parameters, including density,
temperature, pressure and their gradients in pedestal were performed in recent H-mode experiments on HL-2A
tokamak. Dramatic increase of density gradient, and slight decrease of electron temperature gradient were
observed in the pedestal just prior to each ELM onset in a series. An inward particle flux inducing quasi-coherent
mode (QCM) was found to be responsible for such changes, and inducing the ELM onset. The mode was
observed in floating potential, density and its gradient, radial electric field etc. and grows very rapidly just about
200 microseconds before each ELM onset. The auto-power spectrum analysis indicates that the mode frequency
peaks at f~40-60 kHz. The characteristics of the mode are identified. The squared auto-bicoherence analyses of
the floating potential and density fluctuations indicate that the mode has strong nonlinear interaction with the
ambient turbulence. The mode induced inward particle flux plays a dominant role in the particle balance and
increases of density and its gradient in the pedestal before each ELM onset. The mode also induces increases of
plasma pressure and its gradient and may play a key role in triggering of ELM onset. The role of mode induced
energy transport is small in the energy balance, indicating decoupling of particle diffusion from energy transport,
similar to that observed in I-mode discharges. In addition, the gradient scale length of electron density is always
shorter than that of temperature at the starting point of the ELM onset and, therefore, the dominant role of
density gradient over temperature gradient for ELM inducing is demonstrated. The results are consistent with
I-mode discharges where high temperature gradient does not lead to ELM and in contrast with the previously
reported quasi-coherent modes which play significant roles in sustaining H-mode discharges

1. Introduction

In an L-H transition process, a transport barrier usually develops in a narrow region,
called pedestal, at plasma edge [1]. The accumulation of energy and particles inside the
pedestal normally leads to explosive relaxation of plasma pressure gradients in the pedestal
via edge localized modes (ELMs) which are understood as MHD peeling/ballooning
instability [2]. The behaviors of pedestal pressure gradient collapse and rebuild during and
after each ELM eruption have significant influence not only on plasma performance but also
on safety of in-vessel components such as first wall and divertor [3-4]. Therefore, the
dynamic evolutions of plasma parameters, including density, temperature, pressure and their
gradients in pedestal in inter-ELM phases, and induction of ELMs in particular is under
intensive investigation.

Despite growing efforts in pedestal transport modeling, there is no consensus to date on
mechanism for the residual electron heat transport in the pedestal. As far as particle transport
IS concerned, a strong particle pinch (inward flux) may offset strong particle diffusion in the
edge pedestal. However, no direct measurement of an edge particle pinch is available to date,
although 2D simulations have provided indirect evidence for the need of a pinch term to
explain the density profile (e.g. in the ELM-free period of a DIII-D discharge[ 5]). It is
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speculated in [6, 7] that edge kinetic ballooning modes excited during the build-up of the
pedestal pressure are responsible for the saturation of the maximum pressure gradient well
before the ELM occurs. Detailed fluctuation measurements localized in the pedestal region as
well as gyrokinetic simulations of small scale edge instabilities are necessary in order to
support or disprove this hypothesis. In this regard, a few kinds of quasi-coherent modes have
been found to be relevant with pedestal dynamics recently [8-13]. For example, DIII-D results
point out that a quasi-coherent mode (kinetic ballooning mode) in the high pressure and high
density pedestal region plays a critical role in sustaining the high confinement [8]. The
observation on C-Mod indicates that instabilities at the edge transport barrier limit the
pedestal growth [9]. The finding in EAST experiment demonstrates that the particle outflow
driven by an edge coherent mode (ECM) plays a significant role in sustaining the long pulse
H-mode discharges [10]. All these results indicate that the modes observed induce out going
particle or energy flow to limit further development of pressure gradient in the pedestal and
avoid major explosive MHD activities and confinement degradation. Nevertheless, direct
experimental investigation of the dynamic evolutions of plasma parameters, including density,
temperature and their gradients, in the pedestal, prior to ELM onset and in the recovering
phase after its eruption, is still a lack. In addition, the roles played by the density gradient and
temperature gradient may have to be distinguished. Here, we report a new quasi coherent
mode (QCM) which was observed just prior to each ELM onset in H-mode plasmas on
HL-2A tokamak. The mode induces an inward particle flux which contributes significant
additional density and its gradient/pressure gradient increase and seems to play a major role in
triggering the ELM onset. The characteristics of the mode are investigated in detail and
interaction of the mode with ambient turbulence is revealed. Decoupling of particle transport
from energy transport, similar to that observed in I-mode discharges [14], was observed and
the dominant role of density gradient over temperature gradient for triggering ELM onset is
demonstrated.

2. Experiment Setup

The high confinement mode experiment was performed deuterium plasmas on HL-2A
tokamak with lower single-null divertor configurations and following parameters: B= 1.4 T,
l, = 160 kA, ng = (2.0-2.5)x10" m™ and
Pnei=1.0 MW. A three-step Langmuir

probe array with the diameter of 2.0 mm, (@) (b) 0 ‘IE
length of 2.5 mm, step height of 3.0 mm ; o L5
are used to measure the radial distributions ] : y /

of local floating potential, electron
temperature and density fluctuations [15].
In addition, an arc shaped or a fork probe -
array of 12 tips is used to measure the /I—:p -/ Aty e r® %
poloidal distributions of the fluctuations as 0 '

shown in Figure 1 [16]. The innermost k|G 1. The three-step Langmuir probe array (a),
radial position of the probe is at Ar=-15.0  and the arc shaped probe array of 12 tips (b).

mm, where Ar is the radial displacement of

the probe away from the separatrix, and

the negative sign means inward from the separatrix. The sampling rate of the probes is 1 MHz,
corresponding to a Nyquist frequency of 500 kHz. The results presented in this work are well
reproducible whenever the probe system is input into plasmas which have ELMy H-mode
confinement.
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3. Experimental Results

3.1. Basic Characteristics of the Quasi-Coherent Mode

The quasi-coherent mode was observed in quite a few plasma parameters, such as floating

potential, density and temperature Shot: 19847

fluctuations, radial electric field 08 s o

etc.. Given in Figure 2 are the g o %M -

time evolutions of ion saturation ~ %01 : £

current (electron density) and 0 &

floating potential ~ fluctuations s o | I

(@)-(b), their frequency spectra g 583 ' g

(c)-(d), and the poloidal -150{ (b) 01 @

propagation of floating potentials 53 5365 537 5375 50 100 150 20 40 60 80

. - . t(ms) f (kHz) At (ps)

(T) 'T an Inter-IrE]LM phase. Itthli FIG. 2. The time evolutions of electron density and floating
clearly shown — —tha potential fluctuations (a)-(b), their frequency spectra
quasi-coherent mode exists in the  (¢)_(4), and the poloidal propagation of the floating

floating potential and density potential (e) in an inter-ELM phase.
fluctuations. The mode has a

center frequency f=60 kHz with the half width Af=20 kHz. A higher harmonic of frequency
~120 kHz appears in the density fluctuation, but not in the floating potential. The poloidal
mode number and propagation velocity, which is in the electron diamagnetic drift direction in
the laboratory frame, were estimated as m~20-24 and 6.3-7.5 km/s, respectively, using the
arc-shaped 12 poloidal probe array located at Ar=-10.0 mm. From the radial probes it was
estimated that the mode propagates inward with 300-400 m/s. The toroidal mode number was
estimated to be n=m/g~7-8, using safety factor gq~3 at the edge transport barrier. The mode
propagates in the direction parallel to plasma current. The amplitude of the mode peaks at
about Ar=-20.0 mm. During this phase, the plasma horizontal displacement is less than 2.0
mm.

3.2. Non-linear Interaction Between QCM and Turbulence

The nonlinear interaction between the
quasi-coherent mode and the ambient
turbulence is investigated with the
squared auto-bicoherence analysis, an
indicator for the strength of nonlinear
three-wave coupling, [17], defined as

b7(f = f,+ £,) = B (< g )(F,) o<l g(f = £, + £,) [
. Here, B(f)=<¢ (f)g(f,)p"(f = f,+ £,)IS

the auto-bicoherence spectrum 0 R o b
while<...> denotes an ensemble average. FIG. 3. The squared auto-bicoherence plot of
The probe is located in edge transport floating potential (a) and density (b) fluctuations.

barrier (Ar=-15 mm) and the averaged

data length is about 5.0 ms. Figure 3 shows the squared auto-bicoherence 62(f =f+f,) of

the floating potential (a) and density fluctuations (b) in inter-ELMs, respectively. The squared
auto-bicoherence is plotted in the region between the lines of the f;-f, =0 and f;+f,=0 in the

f1-f, plane. The figure is symmetric with respect to the line f;-f, = 0 (f,>0) and the line f;+f, =
0 (f,<0). The intensity of the normalized bicoherence is expressed with different colors. As is
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clearly shown in figure 3, that the values of 62(f =f, + f,) atf=fi+f,= 60 kHz and f,= + 60
kHz are higher than those at other frequencies. The significant nonlinear coupling is detected
at two frequency ranges of f = 60 kHz and 120 kHz in density fluctuations. These
observations suggest that there are strong three-wave nonlinear coupling between the quasi
coherent mode and the ambient turbulence in inter-ELM phases. The QCM may modulate,
suppress or enhance the turbulence. This will be discussed again late.

3.3. Effects of the QCM on

Pedestal Dynamics Shot: 25108
DU 0.4

The QCM has significant o 0.2
influences on the evolution of % 9§
plasma parameters in the pedestal — -1
just prior to each ELM onset. 585
Shown in Figures 4 (a) and (b) are me‘ A
the time evolutions of D, emission P
and floating potential fluctuation in 0.4
shot #25108. It is not difficult to %o,z
find out that the amplitude of the & ¢
floating potential fluctuation starts “cgg
to increases about 0.2 ms prior to -4
each ELM onset. Actually, similar -
correspondences exist in quite a few g 12
physics quantities such as density =08
fluctuation, radial electric field etc. 04
and well reproducible in discharges - _2
of ELMy H-mode. In order to show s -8 . .
such behaviors more clearly zoomed S o2 () qeeyst jx/
in plots are given in the figures £ 0 -
4(c)-(h) around one ELM. Here, oo onet —.ng\{‘\‘_ / ]
clearly shown are that the local 600.5 601 601.5 602
electron density (c) and the root t(ms)
mean square of the QCM of f ~ FIG. 4. Evolutions of D, emission (a), the fluctuation of

40-60 kHz in the floating potential floating potential (b), the local electron density (c), the
(d) both grow first gradually and root mean square of the floating potential fluctuation of

then very rapidly before an ELM 40-60 kHz (QCM) (d), the scale lengths of the electron
crash induced density decrease. The temperature and dens@ty gradients (e),_ the sca[e length of
inverse of the density gradient scale plasma pressure gr_adlent_(f),_the p_artlcle flux md_uced by
lenath first d duall q the QCM (g), density derivative with respect to time and
tﬁzg incl:rrZas:scrszsrsls ?ar;?i dl:?/ )\/Nﬁinle the divergence of the QCM induced particle flux (h).

the inverse of the electron

temperature  gradient  decreases

continually (e) in the same period of time. In addition, the inverse of pressure gradient scale
length (f) decreases first and then increases in coincidence with the increases of the local
density and the inverse of its gradient scale length. Figure 4(g) presents the QCM induced
particle flux which is negative, meaning an inward particle pinch, in good coincidence with
the increases of the density (c) and its gradient (e). The importance of the QCM induced
inward particle flux in the local particle balance is investigated as follows. The time derivative
of the local electron density and the divergence of the QCM induced particle flux are
estimated and the results are given in Figure 4(h). The divergence is lower than but
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comparable with the time derivative. This suggests that the QCM induced particle flux makes
significant contributions to the local particle balance and the observed local density increment.
The particle flux given in Fig.4 (g) is calculated through the following formula,

2
B,
Given in Figure 5 are the frequency spectra
of the three terms at the right hand side and
the flux itself, respectively, i.e. the poloidal
wave vector (a), the sinusoidal of the phase
shift between the plasma potential and the
density fluctuations (b), the cross power
between plasma potential fluctuation and
density fluctuation (c), and the particle flux
(d). Here, the negative sign in Fig.5 (a)
means electron diamagnetic drift direction.
The QCM and the ambient turbulence are
both propagate in the electron diamagnetic
drift direction in the laboratory frame. A
linear dispersion relation for the turbulence of
f~ 80-130 kHz is clearly demonstrated while

L. (f) = 5 ke(f)| Pag(f)| sinfan,(f)]
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FIG. 5. The frequency spectrum of poloidal

the plasma potential fluctuation and densit
P P y wave vector (a), the sinusoidal of the phase

I‘I!Ectuatlon IS apprOXImgter a_ clons:c?nt /4. shift between plasma potential fluctuation
€ Cross power and particle tlux .are and density fluctuation (b), the cross power
concentrated in the QCM frequency region.  pepween plasma potential fluctuation and

This observation unambiguously  density fluctuation (c), the particle flux (d).
demonstrates that the inward

particle flux is mainly 16
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induced by the QCM. @_g \ ms Ll ® B-zER |
The causality between o ' . 7
the QCM fluctuation and the ; 2 /g:' A
density gradient increase is & ¢ 12 P B
one of the key segments in £ f 11 rf Ve
the investigation. Figure 6 I ,g—"a/
gives the statistic results on 08 0o} “mga®
the phase relation (a) and the o o 08
LiSS&jOUS diagram (b) 04 0.2 0 02 04 0.8 1 12 14
Y V, ™)y @)

between the floating potential
fluctuations and the density FIG. 6. The statistic results on the phase relation between the
gradient oscillation averaged floating potential fluctuations of and the density gradient
over 20 cycles just prior to oscillation (a) and the Lissajous diagram between the floating
ELM onsets. Figure 6(a) potential fluctuations and the density gradient oscillation

clearly indicates that the 2veradedover 20 cycles.

floating potential leads the density gradient about n/4, confirming the role of the mode in the
increases of the local density and its gradient as discussed in Figure 4. The Lissajous diagram
also indicates the causality between the QCM fluctuation and the density gradient, similar to
the argument presented in Ref.15. It is worth pointing out that the instantaneous density
gradient ocsillatorily increases with time as shown in Fig.4(e) while the conditional averaged
values over 20 cycles are presented here only.
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The role of the heat flux induced by the QCM is found to be very small in the energy

balance. Shown in Figure 7 are time evolutions
of the Da emission (a), the local electron
temperature Te (b), its time derivative (c) and
the divergence of the local heat flux induced by
the QCM (d). T, first increases slightly and then
decreases prior to the ELM onset at about
t=601.35 ms. The time derivative of T, close to
the ELM onset is negative, in significant
contrast with the density gradient. The
divergence of the QCM induced heat flux is
much lower than T, time derivative. This
observation clearly indicates that the QCM has
slight contribution in the local energy balance
and, therefore, small effect on the energy
transport. On the other hand, considering that
the electron temperature gradient also decreases
during the existence of the QCM, we may
conclude that the particle transport and energy
transport induced by the QCM are completely
decoupled as seen in the edge of an I-mode
discharge where an edge transport barrier is
observed in temperature but not in density. Here,
it is the opposite that the density gradient is
enhanced by the QCM while temperature
gradient is reduced.

3.4. Change of Line Averaged Density and
Total Particle Number

It is worth a while to point out that the
QCM induced inward particle flux influences
not only the local density and its gradient as
shown in Figure 4 but also the line average
density which also increases during the
existence of the QCM. One example is given in
Figure 8 where the fluctuation of the QCM
floating potential (a), the QCM induced
particle flux (b), and the line averaged electron
density (c) are presented. The estimation of the
increase of total particle number in At = 0.15
ms from the line averaged density increase
Ane | = 0.01x10"° m® is AN = Ane |V =
9.5x10"" with V being the volume of the
plasma column. The contribution from the
QCM induced inward particle flux is
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FIG. 7. The evolutions of Da emission (a),

the electron temperature (b), the time

derivative of electron temperature (c), the

divergence of heat flux induced by the

QCM (d).
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FIG. 8. The evolutions of QCM in floating
potential (a), the QCM induced particle flux
(b), and the line averaged electron density

(c).

ANe_m=T"dtSy=8.5x10"x1.5x10*x23.8=3.0x10"" with dt and S, being the QCM existing
time length and the area of the plasma surface, respectively. The QCM induced inward
particle flux makes approximately one third of the total particle increment.
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3.5. Particle Loss Detected at Divertor Plate

The effect of the QCM induced inward | Shot:25111
particle flux was also observed on the divertor
plates. Given in Figure 9 are the time
evolutions of D, emission (a), the particle flux
detected by the divertor probe at a strike point ¥
(b), and the zoomed in plots of particle flux (c), 590 595 60Q 605 s 610 615
the floating potential fluctuation of QCM (d), o x 102
and the oscillating parts of the particle flux and
QCM (e). Generally speaking, the particle flux o ; x ;
is highly coincident with ELM oscillation as jzs})\/\/\/\/\/\/\/\w
expected. In addition, the particle flux is - , , , ]
modulated by the QCM oscillation as shown in of\ —sr  —sv, ' A/\A

Figs.9(c) and (d). Furthermore, the phase shift
between the particle flux and the floating \(\\J(/ W/y\\y//'(\\\(/muam\(%“p/v\/\}(\\)(}/\)\/\w

pOtentlaI Of the QCM e_VOIVeS_ and becomes 604.45 6045 604.55 604.6 604.65 604.7

completely out of phase just prior to the ELM t (ms)

onset as shown in Fig.9 (e). This is an explicit ~ FIG. 9. Evolutions of D, emission (a)., the

evidence revealing that the QCM induces particle flux received by the divertor probes

inward particle flux in the pedestal and atstrike point (b), and the zoomed in plots of

reduces particle loss from the edge plasma to  Particle flux (c), the floating potential

the divertor. fluctuatlon_ of QCM (d), the oscillating parts
It is important to point out that the results of the particle flux and the QCM (e).

presented above are very similar prior to each

ELM onset.
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4. Concluding Summary and Discussion

The detailed analyses of the dynamic evolutions of plasma parameters, including density,
temperature, pressure and their gradients in pedestal are presented for recent H-mode
experiments on HL-2A tokamak. A quasi-coherent mode of a center frequency f~40-60 kHz
with the half width Af=20 kHz was observed just prior to each ELM onset in a series. The
mode was observed in floating potential, density and its gradient, electron temperature and its
gradient, radial electric field etc. and grows very rapidly just about 200 microseconds before
each ELM onset. The characteristics of the mode are identified. The mode propagates in
electron diamagnetic drift direction poloidally, parallel to plasma current toroidally and
inward radially. The auto-power spectrum analysis indicates that the mode frequency peaks at
f=40-60 kHz. The poloidal and toroidal wave vectors are m~20-24 and n~7-8, respectively.
The mode peaks at about Ar=-20.0 mm radially. The squared auto-bicoherence analyses of the
floating potential and density fluctuations indicate that the mode has strong nonlinear
interaction with the ambient turbulence. The mode induces an inward particle flux and an out
ward heat flux. The mode induce fluxes lead to the dramatic increase of density and its
gradient, and slight decrease of electron temperature and its gradient just prior to each ELM
onset observed in the experiment. The inward particle flux plays a dominant role in the
particle balance and increases of density and its gradient in the pedestal before each ELM
onset. The mode also induces increases of plasma pressure and its gradient and may play a
key role in triggering of ELM onset.

On the other hand, the role of the mode induced outward heat flux is small and almost
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negligible in the energy balance in the pedestal. These observations indicate that the QCM
induced energy transport is decoupled from the density diffusion, resembling the observations
in I-mode discharges where there are L-mode density profiles and H-mode temperature
profiles in the pedestals, simultaneously. In addition, it is observed that the gradient scale
length of the electron density is always shorter than that of the electron temperature at the
starting point of the ELM onset and, therefore, possible dominant role of density gradient over
temperature gradient for ELM inducing is demonstrated. The results are consistent with
I-mode discharges where high temperature gradient does not lead to ELM onset. Finally, the
QCM presented in this work is in significant contrast with the previously reported
quasi-coherent modes which induce outward particle or heat flux and help sustaining H-mode
discharges.
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