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Abstract

Repetitive impurity snake-modes have been observed after H-L mode transitions (high to low 

confinement modes) in EAST plasmas exhibiting multiple H-L-H transitions. Such snake-modes 

have been observed to lower the core plasma toroidal rotation. A critical impurity strength factor 

associated with snake-mode formation has been estimated to be as high as 

c ~ nz c^2 ! ne 〜0.75 . These observations have implications for ITER H-mode

sustainability when the heating power is only slightly above the H-mode power threshold.
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1・ Introduction

The presence of MHD perturbations from 
equilibrium conditions often limits the 
performance of tokamak plasmas and leads to 
global confinement degradation [1].Moreover， 
macroscopic MHD perturbations often 
dampen plasma rotation. Currently, it remains 
a challenge to understand the stability of 1/1 
helical (or “snake”）modes in the core of an 
otherwise axisymmetric toroidal configuration. 
The so called snake mode is very interesting. 
It can be used as a probe for the existence of a 
q=l surface or for toroidal plasma rotation 
inside q=l and as an indicator of high-Z 
impurity accumulation [2]. These 
snake-modes have been closely associated 
with sawtooth oscillations, and understanding 
their behavior is important for ITER in which 
the q =1 radius could be as large as half of the 
minor radius. The spontaneous occurrence of 
snake-modes arising from impurity

accumulation - especially high-Z impurity 
accumulation - in ASDEX, suggest that such 
modes will probably occur in ITER as well[3]. 
Long-lasting macroscopic snakes could also 
occur in ITER when the heating power is 
close to the H-mode power threshold.

The H-mode is the projected baseline 
operational scenario for ITER. Reducing the 
H-mode power threshold will be a critical 
issue during the initial phase of ITER 
operations because the available heating 
power is limited [4]. In this early phase of 
operation, high-Z impurity accumulation will 
likely be intolerable; thus understanding 
plasma impurity transport is extremely 
important for the success of ITER.

This paper reports observations 
concerning repetitive impurity-laden 
snake-modes in the EAST tokamak and their 
interaction with repetitive H-modes. These 
snake-modes have been seen to slow the 
plasma rotation. Further, dampening of core 
toroidal rotation amplitude appeared to depend
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on the perturbation displacement of the 1/1 
snake-mode.

The remainder of this paper is organized 
as follows: section 2 describes the 
experimental setup, Section 3 presents an 
overview of the experimental observations and 
section 4 is a summary of the work.
2. Experimental set-up

EAST, with major radius Ro=1.8 m and 
minor radius a=0.45 m, is the first fully 
superconducting tokamak with both single and 
double-null divertor configurations [5]. The 
experiments described in this work were 
performed in deuterium H-mode plasmas 
driven and heated by lower hybrid wave 
(LHW) and ion-cyclotron resonance 
frequency (ICRF) as well as by LHW only. 
1/1 Helical snake-mode oscillations were 
observed reproducibly after repetitive H-L 
transitions in these discharges. Typical 
plasmas parameters were as follows: Ip > 400 
kA, Bt 二1.8 T，q95 = 3.5-4.1,line-averaged 
electron density ne= (3.5-4.5) BIO19 m’ (at R 

=1.820 m), and electron temperature Te about 
1 keV. The plasma configurations employed in 
this work were either lower single null (LSN) 
or double null (DN). Core plasma rotation was 
determined from Doppler shifts of line 
emission from trace amounts of highly ionized 
argon as measured by a high-resolution 
imaging tangential X-ray crystal spectrometer 
system (TXCS) [6]. Molybdenum (Mo) 
emission was obtained from two flat-field 
grating spectrometers using a varied line 
spacing grating to image 1-13 and 5-50 nm 
spectrums [7]. Observed 1/1 snake-mode 
behavior was analyzed using a soft X-ray 
(SXR) imaging system [8]. In addition, the 
plasma-stored energy and plasma radiation 
were measured by edge diamagnetic coils and 
an absolute extreme ultraviolet (AXUV) 
photodiode system, respectively.
3・ Experimental Observations
3.1.Repetitive bursting of snake mode

Fig.1 exhibits repetitive bursting of 
helical snake-modes in an EAST discharge. 
The oscillating 1/1 helical nature of these 
snake-modes is illustrated by the sinusoidal 
core SXR signal. Located inside the q=l 
region，the onset of the impurity-laden 
snake-modes appears to limit the growth rate 
of plasma stored energy. Examination of the 
data in Fig 1 demonstrates that the 1/1 
snake-mode only occurs when dW/dt >0 
during the confinement-improvement stage 
following the H-L phase of an H-L-H 
transition as the plasma starts to recover the 
H-mode. By examining all EAST shots which 
exhibited repetitive H-L-H transitions, it was 
observed that repetitive bursting of 
snake-modes was correlated with repetitive 
H-mode phases, with the first snake-mode 
starting after the first H-L transition. Further, 
snake-modes were observed to start within 20 
ms of the associated L-H return transition. The 
vertical dashed line in Fig.1 marks the 
termination of a typical snake-mode and the 
beginning of a “slow ramp-up” phase toward 
maximal stored energy - before the beginning 
of another H-L-H transition and the formation 
of another snake-mode.
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FIG.l.Shown are repetitive snakes in an EAST 

discharge with multiple H-L-H transitions: (a) the 

core soft X-ray signal Isx; (b) the plasma stored energy 

W; (c) the plasma stored energy growth rate dW/dt; (d) 

where hc(f(IO2Oot-3)= / is

the “Greenwald limit” density. The vertical dashed 

line designates the end of a snake-mode and the 

beginning of a slow “ramp-up” to maximal stored 

energy. L and H letters in the bottom indicate the
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low-confinement and high-confmement，respectively.

As illustrated in Fig 1(d)，repetitive 
H-L-H transitions were only observed in 
discharges with a high initial density 

(neQ /nGW 〜75%). This may be due to the

fact that the heating power employed in these 
discharges was only slightly above the 
H-mode power threshold.

Similarly, because of possible insufficient 
heating power in the initial phase of ITER, the 
accumulation of high-Z impurities should be 
avoided in order to help in ensuring H-mode 
sustainability. However, due to the high-Z 
impurity (lower radiation loss) transport or 
absorption by the 1/1 snake-mode, repetitive 
snake-mode bursting could be beneficial for 
entering the H-mode again.

The data discussed in this work were 
taken during the 2012 run campaign. Just 
before that campaign the first wall of EAST 
was changed from graphite to Mo. Fig. 2 (a-c) 
shows good correlation between the SXR 
signal and Mo emission observed during this 
work. It is clear that the formation of 
snake-modes is associated with the 
accumulation of impurity ions (Mo and other 
high-Z ions) in the plasma core. This has also 
been observed and reported in CMOD [9].

FIG.2. In this figure (a) & (b) show good 

correlation between SXR radiation and Mo emission. 

The Mo30+ emission was measured with the EUV 

system [7]. Panel(c) shows expanded core SXR and 

Mo30+ emission signals from (a) and (b). In (d) the 

background plasma radiation (in black) is compared to

the enhanced radiation just before snake formation (in 

green). In both cases the data was taken from the 

AXUV system. The horizontal axis in (d) is the 

vertical position of XUV line-integrated chord (the 

minor radius of EAST is 45cm)‘ Data from EAST shot 

41964.

The increase in plasma confinement 
during L-H transitions and the erosion of the 
plasma facing components caused by both 
higher edge temperature and increased heat 
load from large edge localized modes (ELMs) 
account for the Mo impurity influx during 
H-mode plasmas. During rapid H-L transitions, 
Mo impurities accumulate in the EAST core 
because of the absence of both sawteeth and 
ELMs. This paradigm explains why it appears 
that the first snake-mode always commences 
after the first H-L transition and snake-modes 
always occur in EAST discharges that are free 
of large sawteeth (Fig. 3(a) and (b)). Moreover, 
the enhanced plasma radiation prior to the 
formation of snake-modes is also evidence of 
the high-Z impurity (Mo) accumulation, as 
shown in Fig. 2(d).

FIG.3. A detailed Mo profile of the snake in an H-L-H 

transition: (a) Core SXR signal;(b) signal;(c) 

time history of brightness profiles of the Mo30+ line. 

The time span (time resolution:100 ms) of profiles 

(1 口4) correspond to the colored regions in (a) and (b)， 

respectively. Formation of central impurity peaking 

profiles near the q=l surface just before snake 

formation is demonstrated in this figure.

3.2. Impurity density threshold for 
recurrent snake formation

Impurity-ion fluctuations in the plasma
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core region lead to core electron density 
oscillations. Hence, in this work core electron 
density fluctuations induced by snake-modes 
were studied with the EAST hydrogen cyanide 
(HCN) laser interferometer. Measured 
snake-mode density fluctuations were 

typically SneQ - 0.2 xlOi9w-3 while the 

background electron density was

。〜4xlOwm-3 • As shown in Fig. 4，the

8nぬ I nぬ ratio could reach values as high as

9%. Although detailed measurements of 
high-Z impurity ion (Mo, Ar，Fe, Cr, Ti, Cu...) 
densities were not available for the EAST 
discharges discussed in this work, reasonable 
inferences can be drawn from the data. 
Assuming, for example, a mean charge state 
of Z~30and an average electron fluctuation of

〜0.2xl019例—3 (Fig.4)，the associated 

impurity density would be 

dn7 - 8ne / Z - 6.6xlOl6m-3 ， 8nz / ne - 0.16%

(nmo / ~ 0.01 % from spectrometer

measurements). Further assuming 7 〜2，the

measured charge perturbations could have 

reached as high as 紅げ 〇〜75%，which is

consistent with the visible bremsstrahlung 
system measurement (see fig.8 in Ref. 8). The 
repetitive bursting of snake-modes suggests 
that there is a threshold core impurity 
concentration leading to their formation. An 
impurity strength factor [10] defined as 

az c = nz CZ2 / ne was used to quantify and

characterize the core impurity concentration. 
As demonstrated by the statistical results 
shown in Fig. 4, the minimum core electron 
density fluctuations resulting from

snake-mode formation was dnぬ I nぬ ~ 2.5%.

Therefore, the associated critical impurity 
strength factor for snake destabilization 
observed in this survey of EAST data was 

ocZc= ZSne I ne 〜0.75 . To sustainment of

long-live saturated pressure-kink mode, a 
critical core impurity density perturbation [11] 
due to the neoclassical inward pinch of the 
heavy impurities is needed. The damping and 
depleting of snake originated from the 
disappearance of the impurity pinch. The 
impurity pinch in L phase of H-L-H also 
deteriorated the coupling of LHCD, thus 
unfavorable to H mode maintain. The H-L and 
L-H transitions near H mode power threshold 
related to the LHCD coupling efficiency， 
impurity radiation, impurity pinch, plasma 
radiation，turbulence activity and so on, were 
beyond of the scope of this paper.
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FIG.4. Shown are statistical results taken from 

different shots of the normalized core electron density 

perturbation Sne 0 caused by the impurity-laden

snake-mode plotted against the line-average density

fluctuation. Normalized density fluctuations 8n/

A-o

clearly reached as high as 9%. The background 

density was determined from an HCN laser 

interferometer channel located at R =1.82 m. The

blue point {ZnMo,ZnMo!ne0) from the EUV

system is shown as a reference. A clear impurity 

threshold strength factor of 0.75 may be seen in the 

data and is indicated by the green horizontal line.
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如ゾL means the line-average density fluctuation, L is 

the length of HCN chord.

3.3. Influence of snake・modes on the 
core plasma rotation

The evolution of a mode frequency 
measured in the LAB frame comes from two 
contributions:(1)from the fluid motion of the 
background plasma (as measured by Doppler 
frequency) and (2) from mode propagation in 
the plasma frame of reference. Within 
measurement error the mode frequency of 
snake-modes was nearly zero, as shown in Fig.
5. The plasma frequency is measured by 
TXCS in Fig. 5. Note that the rotation data 
measurement by TXCS system includes not 
only the rotation frequency of the bulk plasma 
but also the ion diamagnetic drift frequency. 
Thus, the evolution of the snake-mode 
frequency in the LAB frame should just 
follows the rate of rotation of the bulk plasma.
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FIG. 5. Displayed is a comparison of the LAB-frame 

mode frequency and the local bulk plasma toroidal 

rotation, 〜〇 . The color map is time-frequency 

spectrum of snake, and the superposed dot line with 

triangle is plasma rotation frequency near q=l radius. 

The harmonic mode shown in the time-frequency 

spectrum is the geometric effect of the 1/1 mode, the 

frequency of m=2 harmonic mode is double of m=l 

mode: f2/2 = . Data from EAST shot 38512.

① plasma =vtxcs / 2^2?, , vtxcs from TXCS in

EAST, R, is the major radius in q=l surface.

The strong toroidal rotation damping due 
to the 1/1 snake-mode has been observed and 
is shown in Fig. 6(c). Macroscopic 
instabilities can reduce the plasma rotation 
thereby deteriorating plasma confinement. In 
these experiments, it has been observed that 
the reduced plasma rotation is related to the 
displacement of the 1/1 snake-mode, as shown 
in Fig. 6(b) and (c). This displacement of 
snake mode was measured by the SXR system

D3,14]，卜ifi叫 + 乎

where (R,Z) is the position of maximum 
emissivity within the hot core, (Ro Zo) refers 
to the time point before the snake develops 

and だ。is the elongation at the plasma centre.

In our calculation we take ^0=1,and (R, Z),

(Ro Zo) from the 2D soft x-ray tomography [8]. 
The rotation of the m=l mode [13] depends on 
the growth of the displacement of 1/1 snake 
(Fig.7). As shown in the Fig.7 the snake-mode 
frequency decrease correlates with the 

increase of the snake displacement

reasonably closely. It can be seen that the 
evolution of the snake-mode frequency 

estimated by f = [15] is

generally consistent with the experimental 

frequency. Here, /0 means take the frequency

of m=l mode at t=4.082s,会m=l 0 means take

the displacement of m=l mode at t=4.082s. 
Since the plasma rotation in q=l surface is 
roughly equal to the rotation of m=l snake 
mode (see Fig. 5)，thus form Fig.7 it is 
reasonable to infer that the bulk plasma 
rotation decrease correlates with the increase 

of the snake displacement reasonably
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closely. These observations are m reasonable 
agreement with reference [16，17] in which 
plasma rotation damping was understood in 
terms of the neoclassical toroidal viscosity 
torque arising from toroidal symmetry 
breaking due to the presence of the 1/1 
snake-mode.
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FIG.6. Shown is an example of core plasma 

toroidal rotation dampening by a snake-mode, (a) 

Displays the envelope of the core SXR sinusoidal 

signal.(b) Shows the displacement [13]. (c)

Displays the core plasma toroidal rotation .

Envelope of SXR signal in (a) means take the mean of 

peaks and valleys of core SXR sinusoidal signal. The 

core plasma rotation (r/a〜0.2) shown in (c) is 

measured by TXCS system in EAST.
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FIG.7. Shown is a comparison of the 

experimentally measured frequency and estimated 

frequency of the snake-mode - where is the 

perturbation displacement of the 1/1 mode. The blue 

curve in figure is the time evolution of m=l mode 

frequency from core SXR signal. The red dot curve 

shown in figure is calculated time evolution frequency 

for m=l mode by means of the formula: 

/ =//„,=，»estimated by the same

way with Fig.6. and （5 ]〇 are the initial

frequency (t=4.082s) and initial perturbation 

displacement of m-1 mode, respectively.

4a Summary
Repetitive bursting snake-modes have 

been observed to be synchronous with L-H 
transitions associated with repetitive H-L-H 
transitions in EAST. Snake-mode formation 
was seen to be correlated with alternating 
H-mode phases, with the first snake beginning 
after the first H-L transition. Snake-modes 
reproducibly limited the maximum energy 
stored in the plasma and strongly dampened 
the plasma toroidal rotation.

The discharges investigated in this work 
were taken during the 2012 EAST run 
campaign after most plasma-facing surfaces 
were changed from graphite to Mo. Generally, 
high-Z metal walls (like Mo and tungsten) 
appear to help reduce the H-mode power 
threshold. It is clear, however, that 
accumulation of high-Z impurities in the 
plasma column is undesirable. These 
observations of deleterious snake-mode 
behavior in EAST suggest that high-Z 
impurity accumulation should be avoided 
during the beginning phase of ITER, when the 
heating power could be only slightly above 
H-mode power threshold.

Control of snake-modes is essential for 
sustainability of H-mode operations near 
threshold and will be investigated in future 
EAST experiments.
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