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Abstract

®

CrossMark

Direct causality analysis of the multi-scale interactions among macro-scale tearing mode
(TM), meso-scale geodesic acoustic mode (GAM) and small-scale turbulence in the edge
plasma of the HL-2A tokamak utilizing transfer entropy (TE) method is reported.
Experimental results have demonstrated that the (m/n) = (2/1) (with m and n being the
poloidal and toroidal mode numbers, respectively) TM modulates the turbulence with the
frequency range of f = 50-150 kHz and the GAM mainly modulates that with higher

frequencies. The TM has both amplitude and phase modulation on turbulence energy while the
GAM has only amplitude regulation effect. TE analyses have shown that both TM and GAM

will modulate the turbulence energy during which the impact of the former is of about an order
magnitude larger than the latter, whereas the causal effect of TM on particle transport is about
twice that of the GAM, which is due to the different causal effects on density and electric field

fluctuations caused by TM and GAM, respectively. It is suggested that the magnetic
fluctuation strongly modulates the Reynolds stress which serves as a mediator, leading to a
cooperative interaction between TM and GAM in the edge of tokamak plasmas.
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(Some figures may appear in colour only in the online journal)

1. Introduction

It is widely known that the tokamak plasma is a highly
complex nonlinear system which consists of large-scale
magnetohydrodynamic (MHD) modes and drift-wave
microinstabilities [1-3]. Besides, both experiments and
simulations have demonstrated that meso-scale zonal flows
(ZFs) [4] including the low frequency ZFs [5] and the high

* Author to whom any correspondence should be addressed.

1741-4326/22/086048+11$33.00

frequency branch geodesic acoustic modes (GAMs) [6] will
be excited in the case of fully developed drift-wave turbu-
lence through nonlinear three-wave interactions which can
regulate or suppress the turbulent transport [7—9]. From this
perspective, it is of great importance to clarify the underlying
physics of the multi-scale interactions among MHD mode
such as tearing modes (TMs) [10] and neoclassical tearing
modes (NTMs) [11], ZFs and ambient broadband fluctuations
in order to give a full understanding of the nature of plasma
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turbulence as well as the transport, hence providing potential
controlling mechanisms of plasma performance in future
fusion devices such as ITER [12].

Over the last decade, much effort has been made in identi-
fying the background microturbulence in the presence of TMs
or NTMs, where the latter are commonly characterized by
magnetic islands (MIs) [13] and the former is driven by var-
ious kinds of gradients which are significantly altered by the
TMs/NTMs or a modification of the equilibrium profiles due
to their presence [14]. In other words, the microinstabilities
increase outside the MI and decrease inside the MI following
the gradients, therefore it is strongly suggested that the evolu-
tions of turbulence and MI are strongly coupled [15]. Experi-
mental observations of the interactions between turbulent fluc-
tuations and MIs have been extensively studied and it has been
found that the multi-scale interaction of MIs with turbulence
is important in transport regulation in plasmas core and is sus-
pected to play a key role during the low-to-high confinement
transition. For example, the first measurements of localized
reduction of turbulent density fluctuations [16] as well as the
reduction of cross-field transport at the O-point of (m/n) =
(2/1) NTMs [17] is reported for DIII-D experiments. The inter-
action between MI and turbulence via coupling between the
electron temperature gradient, the turbulence and the poloidal
flow in KSTAR is clarified [18] and the modulation effects on
microturbulence by the TMs are demonstrated by the corre-
lation between turbulence envelope and magnetic fluctuations
on EAST tokamak [19]. The influence of magnetic topology on
radial electric fields, turbulence and confinement has also been
reported previously. Estrada et al has investigated the effect
of (m, n) = (2, 3) MIs on plasma flow and turbulence at the
TJ-II stellarator, showing that the transport barriers (TBs) was
linked with MIs [20]. Ida et al has measured the plasma flow
across the (n, m) = (1, 1) Ml in the large helical device (LHD)
plasmas, indicating that poloidal flow was damped inside the
MI and the flow shear was reduced if the width of MI became
larger, which has provided a possible explanation of the link
between the position of TB and the location of low order ratio-
nal surface [21]. In addition, dedicated experiments carried out
on the HL-2A tokamak have indicated that both the perpendic-
ular flow and the density fluctuation level are modulated by the
naturally rotating TM near the island boundary [22] and pro-
vided the first evidence that the turbulence modulation occurs
only when the island width exceeds a certain threshold value
[23]. On the theoretical side, gyrokinetic simulations generally
indicate that the MI will modulate the background turbulence
which is mainly determined by ion temperature gradient mode
[24,25] in the plasma core and multi-scale interactions causing
the appearance of MI in quasi-steady turbulent state includ-
ing ZFs and GAM is firstly presented by two-fluid simulations
[26]. Although these experimental observations and simula-
tions have suggested the influence of MIs on turbulence, a
clear understanding of the nature of the causal impact of MIs
on turbulence transport is still missing up to now mainly due
to two reasons: one is that the experimental data which mea-
sures the evolutions of MIs, ZFs and transport simultaneously
are extremely limited; the other is the lack of an appropriate

causality analysis method as the conventional linear analysis
techniques such as correlations may lead to confusing or even
erroneous conclusions regarding causality, which is referred
to as the well-known adage ‘correlation does not imply cau-
sation’ (see reference [27]). Therefore, the causal influence of
MIs on ZFs and turbulence must be carefully dealt with, which
is the main objective of the present paper.

In this work, we present the first causality analysis of the
multi-scale interactions among TM, GAM and turbulent trans-
port based on the transfer entropy (TE) technique. All the fluc-
tuations were measured simultaneously in the edge plasma
of the HL-2A tokamak using Langmuir probe (LP) arrays
and the causal relations among these different spatial scale
fluctuations are clearly identified. The rest of the paper is
organized as follows. The experimental setup and analysis
techniques are presented in section 2. The experimental results
of the impact of TM on GAM and local turbulence are demon-
strated in section 3. Finally, the conclusions are drawn in
section 4.

2. Experimental setup and analysis techniques

The experiments were performed in the ohmically heated
deuterium plasmas in the HL-2A tokamak (major radius
R = 1.65 m and plasma minor radius a ~ 0.32 m) [28] with
plasma current /, ~ 150 kA, toroidal magnetic field By ~ 1.3 T
and central line-averaged density 7, ~ 0.8—1.2 x 10" m~3.
The fluctuations have been measured in the plasma boundary
region using a fast reciprocating LP system located at the mid-
dle plane of the device which has been successfully used in the
investigations of the physics of sheared flows [29] and L-1-H
transitions [30]. In this paper, the analysis methods used to
characterize the spectral feature of the multi-scale interaction
are mainly bispectrum, envelope analysis and TE techniques.
Here we only give brief descriptions of TE technique. The
TE introduced in the field of information theory [31] that was
recently applied in the context of fusion plasmas for the first
time in order to quantify the ‘causal’ impact of one turbulent
variable on another [32]. The TE is a measure of the causal
relation between two time series which differs from the corre-
lation in the sense that it is directional and allows the identi-
fication of an information flow between correlated sequences.
This nonlinear technique measures the ‘information transfer’
between two signals, is directional, and uses all the informa-
tion available in the two signals regardless of amplitude or
sign.

Considering simultaneously measured signals X and Y
yielding discretely sampled time series data x; and y; that
quantifies the number of bits by which the prediction of the
next sample of signal X can be improved by using the time
history of not only the signal X itself, but also that of sig-
nal Y. A simplified version of the TE can be evaluated as
follows

Tyx (k) =Y Pt 1s X Yn k)

X lo
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Figure 1. Profiles of (a) safety factor g and (b) electron temperature 7. The island region of the (m/n) = (2/1) TM is indicated by the
vertical dashed lines. (c) Configurations of the fast reciprocating probe array.

Here, p(x|y) = p(x, y)/p(y) is the probability distribution of x
conditional on y. The probability distributions p(a, b, c, ...) are
constructed using m bins for each argument, i.e. the object p(a,
b, c, ...) has m? bins, where d is the dimension of p. The sum
in equation runs over the corresponding discrete bins. Here n
is the length of the signal and k is the time-delay embedding
vector which can be converted to ‘time lag’ by multiplying the
sampling time, A7 = k/f [33]. The construction of the prob-
ability distributions is done using ‘course graining’, i.e. a low
number of bins (here m = 2 or 3), to obtain statistically signif-
icant results. The value of the TE T, expressed in bits, can be
compared with the total bit range, log, m which equals to the
maximum possible value of 7, to help decide whether the TE is
significant or not. The TE is the information flow which mea-
sures the degree of decrease of uncertainty in prediction one
variable with the help of another, i.e., it is the increase of the
precision in predicting signals based on existing observations.
For more details on the technique, please refer to [32]. Calcu-
lating the TE as a function time delay can truly and accurately
reflect the time scale of the maximum effect of one variable
on another. In a modulation system, the effect of one physical
quantity on another generally has a certain time delay. The TE
can reveal the real time delay when the greatest information
flow as well as the causal impact of TM/GAM on turbulence
reaches maximum in the present study. The physical mean-
ing of TE waveforms can be inferred from the comparisons
between the TE waveforms and the cross correlation functions
or cross spectrums. It is generally observed that the maxi-
mum values of cross correlation coefficient and TE occur at
almost the same time lag, suggesting that the TE can not only
reflect the maximum coherence but also the maximum causal
effect as well. The modulation effect is verified from the peri-
odic feature of the TE waveforms at a certain frequency, as
characterized by the cross spectrums in the present paper.

3. Experimental results

The Ml region is depicted in figure 1, in which figures 1(a) and
(b) show the profiles of safety factor ¢ computed by the equi-
librium and reconstruction fitting code and the 7. measured
by electron cyclotron emission system [34], respectively. The
MI mainly exists in the region of about p = r/a ~ 0.76-0.91,
which is identified to be an (m/n) = (2/1) TM [22]. The posi-
tion of the LPs is located at around p ~ 0.92, near to the MI
boundary. To make the required edge plasma measurements,
a probe array with two steps located at the outer mid-plane
was inserted into the plasma to measure the fluctuations, as
shown by the sketch in figure 1(c). The data from LP are
digitized at the sampling frequency f; = 1 MHz with 12 bit
accuracy. The pins numbered by (1, 2) and (5, 6) are pairs of
standard double probes used to sample the ion saturation cur-
rent, Isl(2) = (V1(5) — V2(6))/Rsample with Rsample being the sam-
pling resistance. Pins numbered by (3, 4) and (7, 8) are used
for detecting floating potentials (¢¢), from which the radial
electric field E; can been deduced from the two radially sep-
arated pins as E; = (¢g — ¢p7)/Ar while the poloidal electric
field Ey is estimated as Egio) = (¢r3¢7) — ¢ra))/AD, respec-
tively. The distances are Ar = 2.5 mm and Af = 7.0 mm,
respectively. The local electron temperature and density are
thus calculated as Te; = [V — (¢35 + ¢)/2)/In2 and ne; =
20 /[eAete(kTe/m;)*], where Aef, k and m; stand for the effec-
tive area of 10.0 mm?, the Boltzmann coefficient and the ion
mass, respectively. The radial particle flux and the electrostatic
component of the Reynolds stress (RS) have been computed in

the plasma boundary region as I', = <f‘r> = <ﬁeE9> /Br and
Iy = (0,09) = —<Erl~?9> /B2, where the bracket donates the
ensemble average [35]. The magnitudes of RS and its radial
gradient are of the order 10° m? s=2 and 107 m s~ in the
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Figure 2. Left panel: (al) plasma current I, and line-averaged density 7, (b1) SXR signal and (c1) spectrogram of SXR signal. Right panel:
(a2) ion saturation current fluctuation I, (b2) radial electric field fluctuation E; and (¢2) spectrogram of E, measured by the probe.

present experiment, which are suggested to be the main driving
force of the GAMs. The radial correlation lengths of GAM and
turbulence using two-point technique [36] are estimated to be
about L gam ~ 0.7 cm and Ly, ~ 0.4 cm while the poloidal
correlations lengths are about Ly gam ~ 6.3 cm and Lg gy ~
2.6 cm, respectively. Based on the above calculations, it is
strongly believed that the both the probe pins in the poloidal
and radial directions are measuring the single GAM activity or
turbulence eddy simultaneously, i.e., the fluctuations are mea-
sured within the correlation volume of them and the spatial
differences as well as the cross phase induced by them can be
neglected. Therefore, we can directly measure the character-
istics of turbulence at the MI boundary and the influence of
phase shift caused by the spatial differences on the results is
excluded effectively. It should be noted that the modulation of
AT by TM may depend on the radial location. Experimental
results have shown that if the MI width is large enough, the
plasma flow inside the MI will be reversed and the dominant
drift instability will change as the gradient changes tremen-
dously inside and outside the MI. Hence, the causal influence
among poloidal flow, TM and background turbulence may vary
significantly depending on both the radial location and the
width of MI. However, our probe is only limited to measure
the fluctuations outside the boundary of MI at present and the
measurement at other positions will be carried out in the future
work.

3.1. Spectral features of the interactions between TM, GAM
and turbulence

The discharge waveforms and physical quantities measured by
probes are shown in figure 2. Figures 2(al) and (b1) show the
discharge parameters of I, 7. and the soft x-ray (SXR) sig-
nal at radial position r = 29.6 cm corresponding to normalized
radius of p ~ 0.91 while its frequency spectrum is illustrated in
figure 2(c1) in which strong TM is observed. Although there
is some difference between the positions of SXR and LP, it
is strongly suggested that the phase shift induced by the spa-
tial difference is rather small due to the global nature of the
TM eigenmode structure. Figures 2(a2) and (b2) demonstrate
the ion saturation current fluctuation 7 (proportional to den-
sity fluctuation [37]) and the radial electric field fluctuation E,
measured by the probe, corresponding to a quasi-steady state
as donated by the shadow region in the left panel. The spectro-
gram of £, is shown in figure 2(c2) in which both an oscillation
around the TM frequency f = 3.4 kHz and a coherent mode
around f ~ 10.2 kHz are clearly observed simultaneously. The
latter is GAM which has been identified by both probes [38]
and correlation Doppler reflectometry [39]. These results have
suggested that the multi-scale interactions can be evaluated by
the probe data.
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Figure 4. Wavelet autobicoherence of (a) E; and (b) ;. The corresponding slices of the bispectrum at the TM (red) and GAM (blue)

frequencies are shown by (c¢) and (d), respectively.

For further investigations of the modulation and coupling
relationship between TM, GAM and turbulence, a variety of
spectral analysis methods were used. Figure 3 shows the power
spectrum of E; and bandpass filtered envelopes of I;. Here the
envelope based on the analytic signal approach is composed of
areal signal of finite energy which is Fourier transformable and
band-limited and the Hilbert transform of the original real sig-
nal. For a real signal S,(7) the corresponding analytic signal is

defined as S(r) = S,.(r) + iS’r(t) where S’r(t) is the Hilbert trans-
form of S.(¢) as S’r(t) = %ffozo %dr The envelope is then
defined as the modulus of the analytic signal. The information
on the nonlinear interaction between the GAM and turbulence
is embodied in the envelopes. Thus, the modulation interac-
tion can be identified by using correlation techniques between
the envelopes of bandpass filtered fluctuations. In figure 3(a),

there are two prominent peaks at 3.4 kHz and 10.2 kHz, repre-
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senting TM and GAM, respectively. The density fluctuation is
filtered and enveloped before the spectrum is obtained in order
to explore the modulation interaction among TM, GAM and
high frequency turbulence. The frequency ranges have be care-
fully selected so as to investigate the effect of one mode while
exclude the other simultaneously in order to reveal the modula-
tion of TM and GAM on turbulence distinctly. This is achieved
by examining the power spectrum of the envelope of density
fluctuation, as shown in figures 3(b) and (c), in which the auto-
power spectrum has only clear peaks at the TM and GAM
frequencies and the selected frequency bands do not overlap.
The spectrum of the I; envelope in the frequency range f =
50-150 kHz corresponding to region I is shown figure 3(b).
The (m/n) = (2/1) TM and its second harmonic wave, (m/n) =
4/2 TM are noteworthy, indicating that there is a strong regu-
lation of TM on the turbulence energy. Figure 3(c) shows the
result in the frequency range II (f = 150—400 kHz). The peak
around 10.2 kHz represents the GAM, showing the modulation
of GAM on turbulence within higher frequencies. The com-
parison between figures 3(b) and (c) is especially interesting,
which strongly suggests that the effects of TM and GAM on
turbulence are within different spatial scales. The frequency
range of TM affecting turbulence is lower than that of GAM,
which has never been discovered in other studies.

The wavelet bispectrum [40] of radial electric field
fluctuation is demonstrated in figure 4, which is defined
as B%Y(aj,an) = f Wi(a, T)Wi(a,, T)Wi(ap, T)dT where the
frequency sum rule is satisfied, 1/a = 1/a; + 1/a,. The
wavelet transform of a function f(¢) is given by Wy(a, 7) =
f f(@OW,(t — 7)drand “*’ donates the complex conjugate. Here
W, is wavelet kernel and a is the wavelet scale, respectively.

x10°

Cross power (a.u.)

Coherence

Cross phase (r rad)

f (kHz)

Figure 6. (a) Cross power, (b) cross coherence and (c) cross phase
between E, and bandpass filtered /; in the frequency domain.

The squared wavelet bicoherence is the normalized squared
B%(ay.a)
[/ Witar.mWitar o) dr] [ Wita.n 2 ar]
and the summed bicoherence is defined as [b%(a)]> =
> [b¥(a;,ax)])? where the sum is taken over all a; and a,
which satisfies the frequency sum rule. Although the GAM
ZF will show an acceleration in its energy flow in case of time
series analysis, we believe it is not important as the experi-
ments here are of quasi-steady state nature which is an ideal-
ization of the real steady state, during which the rate of energy
transferred from background turbulence to GAMs balances the
damping rate of the latter. Figure 4(a) shows the contour plot
of auto-bicoherence biz 3 E*( f1, f2). From the figure, signifi-
cant nonlinear coupling is observed at the GAM frequency,
f» = £102 kHz and f| + f> = f3 = 10.2 kHz. The auto-
bicoherence in terms of b2 AR (f1, f>) is also plotted for a com-

parison, as shown in figure 4(b) where only weak nonlinear
coupling between ambient turbulence (AT) and TM is found
but it is almost invisible at the GAM frequency F1gure 4(c)
illustrates the summed auto-bicoherence of E; and I, from
which it can be seen that although a small peak around the
TM frequency is observed in both curves, its magnitude is
comparable to or smaller than that of at other frequencies.

Besides, the value of ) bi 70 (f) is much smaller than that of

> b2 BBl (f) at the GAM frequency. This fact clearly demon-
strates that the auto-bicoherence of density fluctuations is not a
useful measure for detecting the nonlinear interaction between
the GAM and AT, which is in contrast to the auto-bicoherence
of radial electric fluctuations. More importantly, it is strongly
suggested that the TM hardly satisfies the frequency sum rule,
i.e., the TM is resulted from magnetic reconnection rather than

bispectrum, [b%(a;, az)]> =
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the nonlinear three-wave coupling in the present study. The
existence of TM will modulate the turbulence but its genera-
tion is independent of the three-wave interaction. This result is
different than the very recent experimental observation where
the NTMs are seeded by the nonlinear behavior of turbu-
lence as reported in DIII-D [41] and KSTAR [42], namely, the
NTMs there are excited by nonlinear three-wave interaction of
drift-wave microturbulence.

The coexistence of TM and GAM suggests that both
these two oscillatory flows and turbulence have nonlinear
interactions. In order to give a clear understanding of the
interaction among TM, GAM and background turbulence, the
bispectrum are plotted along the oblique lines at fixed frequen-
cies of f3 = fi + fo = fim and f3 = f1 + f2 = fcam in
figures 4(c) and (d). In figure 4(c), in the curve f3 = fy the
peak at frequency f; = fgam corresponds to the strong interac-
tion between the GAM (f; = fgam), background turbulence

(f2 = —feam + frm) and TM (f1 + f> = frm), while the
second peak at f; ~ 35 kHz suggests the nonlinear interac-
tions between turbulence with different frequencies. On the
other hand, in the curve f3 = fgam, two obvious peaks at f; =
frm and fi = fgam + ftm are found. The first peak indicates
the interaction among TM (f| = ftm), turbulence (> = foam
— fmm) and GAM (f1 + f> = fcam) while the second one
donates the coupling among turbulence (f; = feam + fm),
T™ (f> = frm) and GAM (f1 + f2 = fcam), respectively.
The third peak at f; ~ 35 kHz is the turbulence peak which
suggests the nonlinear interactions of the AT. Similar features
are also discovered for the bicoherence of I in figure 4(d) in
addition to the fact that weak nonlinear interaction is found
at the GAM frequency for fixed f3 = frm, which can also be
verified through figure 4(b). The above results also suggest the
different modulation effects of TM and GAM on potential and
density fluctuations, which will be investigated in detail in the
future.
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electric fieldfluctuations (E)™) and the coherence (C,.) between them. (al)—(c1) are the results for TM and turbulence while (a2)—(c2) are

that for GAM, respectively.

It is also necessary to identify the modulation effect of TM
and GAM on turbulence energy, which can be achieved by the
cross coherence between E, and the envelopes of bandpass
filtered I;. The corresponding results are shown in figure 5.
Significant peaks at the frequencies of TMs and GAM are dis-
covered in both the cross power and coherence for the I enve-
lope in the frequency range of f = 50—150kHz, indicating that
the modulation of the turbulence envelope correlates strongly
with the TM and GAM during which the effect of the former
is much stronger than that of the latter, as can be inferred from
figures 5(a) and (). For the case of f = 150-400 kHz, the
amplitudes of cross power and coherence at the GAM fre-
quency is much larger than that at the TM frequency, indi-
cating that the modulation of turbulence is mainly resulted
from the GAM oscillation. The cross phases at the TM and
GAM frequencies are quite different, i.e., around —7/4 or 7/6
for TM whereas about —m for GAM, respectively, as shown
in figure 5(c). This indicates that the TM has both amplitude
and phase modulations whereas the GAM has only amplitude

modulation effect on turbulence, respectively. It is noted that
although both the TM and GAM will modulate the turbulence
regardless of the frequency ranges, the effect of the one can be
neglected once the influence of the other is obviously stronger.
From these analyses above, it is believed that the selection
of the frequency ranges is appropriate in distinguishing the
causal influences of TM and GAM on turbulence with different
spatial scales.

The correlation between E; and bandpass filtered I is pre-
sented in figure 6 in order to determine the relationship in
the frequency domain, where the frequency range of I is
f = 50-400 kHz. In both figures 6(a) and (b), two peaks
at the frequencies corresponding to TM and GAM are
observed, implying the modulation of TM and GAM on back-
ground fluctuation simultaneously. The cross phase plotted
in figure 6(c) shows that the phase shifts are around —n/4
and — at the TM and GAM frequencies, suggesting that the
TM has amplitude as well as phase regulations whereas the
GAM has only amplitude modulation effect on turbulence,
respectively.
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3.2. Causal relations of multi-scale interactions among TM,
GAM and transport

The multi-scale interactions are determined by the TE calcu-
lations, which could provide the transfer of entropy, or infor-
mation flow among different spatial scales. Figure 7 shows the
TE between TM/GAM fluctuation and envelope of ;. Here the
TM fluctuation is donated by the SXR signal and the GAM
oscillation, donated by Er,GAM, is extracted by bandpass fil-
tered E; in the frequency range of f = 7—12 kHz, respectively.
Besides, the frequency ranges of I, in figures 7(a) and (b) are
different due to the reason that TM and GAM act on different
scales, as previously stated in figure 3. In both situations, the
TE behaves periodically with the periods coinciding with that
of TM and GAM, respectively. This indicates that the influ-
ence of both large and meso-scale modes on AT is periodic in
addition to the fact that the effect of TM is of about an order
magnitude larger than that of the GAM. More significantly, this
shows that the causal influence is mutual instead of unidirec-
tional. Besides, the TM acts on turbulence energy on a faster
time scale, whereas the latter acts back on a longer time scale,
which can be inferred from the difference in the time delay
of the peaks. Similar trends are also found in the causal rela-
tion between GAM and turbulence and the modulation period
of GAM is shorter than that the case of TM due to the higher
frequency of GAM.

Figure 8 shows the causal impact of TM and GAM on the
particle flux I';, which shows that the TM and GAM will mod-
ulate the transport as well and the influences of TM and GAM
on transport are comparable except that the time scale is larger
in the former case. In addition, it can also be seen that the
maximum values in figure 8(a) is much smaller than that in
figure 7(a), implying that the TM would mainly modulate the
turbulent energy rather than the transport. The reason might
be that the TM would also modify the phase between density
and the potential fluctuations at the same time, which will be
analyzed in detail in the future.

As the turbulent particle flux is computed as the product
of root-mean square (RMS) values of density nJ™, poloidal
electric field E§™ and the coherence C,. between them, it is
important to give the causal relationships between TM, GAM
and each flux component in order to provide a comprehen-
sive understanding of which one would determine the transport
level in the multi-scale system. According to the theory, the
(fieEq/Br) [35].

IS ETS TR
The corresponding causal relations are shown in ﬁéur/e 8. Itis
discovered that the TM has strong impact on both ng"™* and Ej™
which are of an order magnitude than that of the GAM, as can
be inferred from figures 9(al), (a2), (b1) and (b2), while their
effects on the coherence do not show much large difference, as
can be found in figures 9(c1) and (c2). The modulation effect of
TM on turbulence is quite different from the GAM, i.e., the TM
modulates the nJ™ and C,. on a faster time scale and the lat-
ter acts back on a longer one, whereas the interaction between
TM and Ej™ shows a synchronization feature which can be
clearly seen in figure 9(b1). However, for the case of GAM, it
acts on both £j™ and C,,. on a faster time scale and the latter

coherence is calculated as C,,. = W =
e ) T
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Figure 10. TE as a function of time lag between TM and GAM.

two affect the former on a longer time scale while the synchro-
nization character is discovered in the relations between GAM
and density fluctuation amplitude, as shown in figure 9(a2).
From the discussions above, we can conclude that the differ-
ence in the regulation of large-scale TM and meso-scale GAM
on turbulence is mainly resulted from the different modula-
tion effect on the density fluctuation and the turbulence radial
velocity (V; = Ey/Br). Furthermore, the causal relations show
the quasi-oscillation behavior in figures 9(a2) and (c2), which
seem to be coherent with the usual predator—prey models for
the interaction between ZF and turbulence [4].

3.3. Causal influence of tearing mode on zonal flow
dynamics

It is evident that there is also interaction between TM and
GAM, as shown in figure 10. Overall, a quasi-oscillation fea-
ture is observed between them and the influence of TM on
GAM is generally stronger than the backforward process,
hence it can be concluded that TM has larger influence on
GAM than the reverse interaction. The maximum influences
occur at almost the same time lag in the two directions. Nev-
ertheless, it is no easy to explain such an interaction as the
magnetic perturbation of TM and the electrostatic potential
fluctuation of GAM are not coupled directly. In order to under-
stand the underlying physical mechanism, we have shown the
relationship between TM, RS which is responsible for the
GAM generation [43] and GAM for the very first time uti-
lizing the combination of cross-conditional averaging (CCA)
[44] and TE techniques. The CCA is extracted within data
length larger than 50 ms in order to obtain enough samples and
the density fluctuation is used as the reference signal, during
which the threshold condition is selected as two times of the
standard deviation, ocay = 2. The conditionally averaged TM
fluctuation and RS are shown in figure 11(al) while the RS
and GAM fluctuation are plotted in figure 11(a2), while the
corresponding causal relations are depicted in figures 11(b1)
and (b2), respectively. It is clearly inferred that the TM mod-
ulates the RS by changing both the amplitudes of density and
turbulence velocity fluctuations and the TM affects the RS on
a faster time scale than the backforward reaction, leading to
a limit-cycle oscillation behavior between them, as shown in
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Figure 11. Conditionally averaged signals, causal relations between them and limit cycle established between the two rescaled TE values.
(al)—(c1) are the results for TM and RS while (a2)—(c2) are that for RS and GAM, respectively.

figure 11(c1). Similar limit-cycle features have also been found
in the causal relations between RS and GAM, as illustrated in
figure 11(c2) in addition to the fact that they would interact on a
shorter time scale than that of the TM, which is supposed to be
due to the fact that TM and GAM have different mode frequen-
cies. Itis also noticed that the GAM regulates the RS with both
faster time scale and larger amplitude than the reverse-acting
because GAM ZF modulates the turbulent velocity first, then
the change in RS occurs accordingly. In addition, the causal
relations between RS and GAM shows a gradual decay, which
might be related to the damping nature of GAM in tokamak
plasmas whereas the interaction between TM and RS is almost
periodic as the amplitude of TM is kept nearly constant during
the time of interest. These analyses have provided a possible
explanation of the interaction between GAM and TM, i.e., the
TM and GAM interact indirectly and the modulation effect of
TM on GAM works through RS acting as a mediator, causing
a cooperative interaction between TM and GAM as a conse-
quence. The above results have afford a clear interpretation
of the causal effects among TM, GAM dynamics and turbu-
lence, which could also provide a guideline in understanding

the multi-scale interactions among other MHD modes such as
NTMs and Alfvén modes [45], ZFs and turbulence in neutral
beam heated high-performance plasmas.

4. Conclusions

In this work, multi-scale interactions among TM, GAM and
turbulence in the edge plasma of the HL-2A tokamak are inves-
tigated using direct causality analysis method for the first time.
Experimental results have shown that the (m/n) = (2/1) TM
and GAM have a modulation effect on turbulence with differ-
ent spatial-temporal scales, where the former acts on the den-
sity fluctuation within the frequency range of f = 50-150kHz
while the GAM mainly regulates that with higher frequencies
and smaller scales. There exist strong nonlinear three-wave
interactions between GAM and AT. The TM has both ampli-
tude and phase modulations whereas the GAM has only ampli-
tude modulation effect on turbulence energy, respectively. TE
analyses have indicated that both TM and GAM can modu-
late the turbulence energy as well as the particle transport on a
faster time scale and the latter acts back on a longer time scale.



Nucl. Fusion 62 (2022) 086048

J.Q. Xu et al

The influences of TM and GAM on transport are comparable
except for that the time scale is larger in the former situa-
tion. The TM and GAM have different regulation effects on
the amplitudes of density fluctuation and the turbulence radial
velocity while their effects on the coherence do not show large
difference. Quasi-oscillational feature is observed in the causal
relations between TM and GAM and the maximum influences
occur at almost the same time in both directions. Analyses have
suggested the picture that the TM and GAM may interact indi-
rectly and the modulation effect of TM on GAM is suggested
to work through RS serving as a mediator, leading to a coop-
erative interaction between TM and GAM in the multi-scale
tokamak plasma system.
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