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Abstract 

The power degradation of confinement is a common feature in heliotron/stellarator 

and tokamak plasmas. In this study, we observed avalanche-like electron thermal 

transport in Heliotron J under plasma conditions that exhibit power degradation 

against to the central Electron Cyclotron Heating (ECH). The newly installed GHz 

sampling Electron Cyclotron Emission (ECE) diagnostic provides the observation 

of long-radial propagation of electron temperature fluctuations. We found that the 

electron temperature fluctuations are associated with avalanches, because the Te 

fluctuations (i) propagate from core to the edge with the speed comparable to the 

diamagnetic drift velocity, (ii) exhibit with a 1/f power-law scaling in the 

frequency spectrum and a Hurst exponent close to 1, and (iii) dominate in the ECH 

deposition location and spread to the edge as the heating power increases. The time 

scale of avalanches is much faster than the diffusive transport, and the simple 

estimate of avalanche-driven electron heat flux accounts for a significant amount. 

Furthermore, the avalanches can spread to the SOL regime when they are enhanced, 

i.e., the Te fluctuations correlate to the Dα emission, which also has a spectrum 

scaling with the 1/f power-law.  
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1. Introduction 

In magnetic confinement plasmas, the global energy confinement time (𝜏𝐸) 

scales to the heating power (𝑃 ) as 𝜏𝐸 ∝ 𝑃−0.6±0.1 , which is called as power 

degradation of confinement [1,2]. Because the confinement degradation occurs 

across many devices including both tokamaks and heliotron/stellarators, the 

underlying physics can be considered as a fundamental transport mechanism. 

Thanks to a lot of works, the turbulent transport has been found as the most 

dominant transport process in hot confinement plasmas. The quasi-linear 

approximation has been used to calculate the turbulent fluxes, and it is successful 

to reproduce plasma profiles in some conditions [3]. On the other hand, some 

experiments have been suggested that the quasi-linear theory fails to explain the 

transport dynamics, e.g., the rapid propagation of cold pulse [4], the fast change of 

transport improvement before the local parameters changes [5,6], simultaneous 

inverse changes of temperature gradient across the transport barriers [7,8], and 

hysteresis in the flux-gradient and turbulence-gradient relations [9]. It is mentioned 

that some of these kinds of experiments, the edge cooling leads the sudden 

response of core temperature rise [10,11], was discussed by the quasi-linear 

approach [12]. However, the consistent answer to these various types of transport 

phenomena seems to be difficult for the quasi-linear approach alone.  

To address on the above experimental observations, which are called as non-

local transport phenomena [13], several theoretical models have been developed 

[14-16]. One of the concepts is known as the avalanching transport, which is 

exhibited in the self-organized criticality system [17-19]. When the local 

temperature exceeds the critical gradient, the excitation of instabilities relaxes the 

gradient and drives the transport to neighbors, causing to exceed the next critical 

gradient. The successive excitation of local transport events leads the propagation 

of heat and turbulence for long-radial distance with rapid propagation velocity [17]. 

The avalanching transport is commonly observed in gyrokinetic flux-driven 

simulations [20-23] and experiments [24-29]. In regard to the plasma confinement, 

the profile stiffness is possible to be explained by the presence of avalanching 

transport [20,21]. In the experiment on JT-60U, it was found that the avalanche-

driven heat flux compensates the increase of NB power, which can lead to the 

constant temperature profile [26]. While profile stiffness is commonly observed in 
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tokamaks, it is not as prevalent in heliotron/stellarator devices. Thus, the search 

for avalanches in heliotron/stellarators is of significant concern and can be helpful 

in understanding the mechanism of profile stiffness observed in tokamaks. 

In this paper, we present the observation of avalanche-like electron heat 

transport in helical device, Heliotron J. The deuterium plasma is generated by the 

ECH, and the power degradation is found in the ECH power scan experiments. 

The electron heat avalanches are detected by ECE radiometer using GHz sampling 

oscilloscope, which enables to set the bandwidth of intermediate frequency (IF) 

signals after the measurement. The characteristics of avalanches in steady state 

heliotron plasmas are studied for the first time, and its impact on the profile 

formation is discussed. The paper is organized as follows. In the section 2, the 

experimental setup including the newly developed ECE detection system is 

described. The observation of electron heat avalanches, their statistical characters, 

and the impact on SOL regime, are presented in the section 3. Finally, we discuss 

and summarized the paper in the section 4 and 5.  

 

2. Experimental Setup 

Heliotron J is a medium-sized helical-axis heliotron device, which can operate 

in flexible magnetic configurations by changing the current ratio among an helical 

coil and 2 types of toroidal coils, and 2 types of vertical coils. In this experiment, 

the deuterium plasmas are sustained in the standard magnetic field configuration 

with an averaged major radius of R = 1.2 m, an averaged minor radius of a = 0.17 

m and a magnetic field strength at the magnetic axis of B = 1.25 T. The standard 

configuration is an optimized configuration, which can simultaneously achieve the 

reduction of the neo-classical ripple transport and generation of magnetic well for 

stabilizing MHD instabilities [30]. The rotational transform at the magnetic axis is 

0.56, and it is almost constant in the whole plasma regime. A 2nd harmonics X-

mode 70 GHz ECH is launched to produce deuterium plasmas, and the power of 

ECH is scanned from 113 kW to 287 kW for investigating the confinement 

properties of Heliotron J plasmas.  

Figure 1 shows the ECH power (PECH) dependence of plasma stored energy 

(Wp), which is measured by a diamagnetic loop coil. In the experiment, the line-
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averaged electron density of 𝑛̅𝑒 ~ 1.0 × 1019 /m3 is kept constant by controlling 

the gas-puffing. In spite of PECH increase, the Wp hardly increases, which indicates 

the power degradation. The fitting curve shows the 𝑊𝑝 ∝ 𝑃𝐸𝐶𝐻
0.3  dependence, 

implying 𝜏𝐸 ≈ 𝑊𝑝 𝑃⁄ ∝ 𝑃𝐸𝐶𝐻
−0.7. The feature of power degradation can be found 

from the plasma profiles. As shown in Fig. 2(a), the power deposition of ECH is 

calculated by the lay-tracing code, TRAVIS [31]. Although the power of ECH 

increases, the electron temperature (Te) profile is almost identical (Fig. 2(b)). This 

seems to be similar to the situation of stiffness found in tokamaks [26]. The 

condition of stiffness in tokamaks and heliotron/stellarators will be discussed in 

section 4. The flat to hollow electron density (ne) profile shown in Fig. 2(c) is 

frequently observed in ECH plasmas in heliotron/stellarator [32]. 

Note that the power degradation can be considered as the result of cross-field 

transport. Figure 3 shows the discharge waveform of this experiment. As shown 

in Fig. 3(a) and (b), when the 𝑛̅𝑒 approaches 1.0 × 1019 /m3, the diamagnetic 

stored energy reaches a similar value, regardless of the heating power. At this time 

(t ~ 0.275 s), absolute extreme ultraviolet (AXUV) signals, which are observed 

along the line of sight directed towards the core region (Fig. 3(c)), exhibit similar 

values across different discharges, in comparison to the AXUV signals obtained 

from edge viewing (Fig. 3(d)). This result indicates that the radiation loss in the 

core regime is not the factor for the power degradation. The cross-field electron 

heat transport, mainly driven by anomalous components [33], is considered as the 

dominant process contributing to the power degradation in Heliotron J.  

In this work, the electron temperature fluctuation is observed by the ECE 

radiometer of two detection system. The detection system is composed of the 

conventional filter bank with diode detector [34] and newly installed GHz 

sampling digital storage oscilloscope (DSO) [35]. The latter directly samples the 

intermediate frequency (IF) signal after the down conversion of broad radio 

frequency (RF) signal at f = 56-70 GHz. The sampling frequency and analog 

bandwidth of the DSO are 20 GHz and 8 GHz, respectively. Thus, the DSO is used 

to measure the IF of f = 0-8 GHz components simultaneously, which account for 

RF of f = 56-64 GHz. This is equivalent to measure the ECE signal at 𝜌 ~ 0.55-



 

 6 

1.0, where 𝜌 indicates normalized minor radius. The advantage of this new ECE 

detection system is that the IF filter bandwidth (BIF) and video bandwidth (Bvid) 

can be selected after the data acquisition. Therefore, the time and radial resolution 

can be adjusted, which has a trade-off relationship with the thermal noise. 

 

3. Experimental results 

In this section, the experimental observations of electron temperature 

perturbations are presented. The GHz sampling DSO is used to discuss the 

propagation of Te perturbations in section 3.1. The conventional filter bank ECE 

detection system is used to discuss the statistical feature of Te perturbations in a 

whole plasma regime in section 3.2. The impact of Te perturbations on the SOL 

regime is described in section 3.3.  

 

3.1. Radial propagation of Te perturbations 

Figure 4 shows the time evolution of normalized electron temperature 

fluctuations 𝑇̃𝑒/𝑇̅𝑒, which have been low-pass filtered at 2 kHz, and rescaled and 

added offset to represent each measurement location. Here, the temperature 

fluctuations are obtained by setting BIF = 0.3 GHz and Bvid = 0.5 MHz, respectively. 

As seen in Fig. 4(a)-(c), it can be seen that bumps and voids with a similar shape 

are observed over a long radial distance, particularly emphasized within the shaded 

hatched region. In addition, the correlation length of bumps and voids seems to 

increase with the ECH power. To clarify the correlation, we have performed the 

cross-correlation analysis on the electron temperature fluctuations obtained by 

setting BIF = 0.4 GHz and Bvid = 0.5 MHz. Figure 5 shows the result of cross-

correlation function (CCF) analysis, whose reference point is selected at 𝜌 ~ 0.55. 

As the ECH power increases, the cross-correlation increases and extends toward 

the edge. Furthermore, a finite time lag can be seen from the core to the edge region, 

which indicates the radial propagation of Te perturbations.  

Figure 6 represents the peak value of CCF and corresponding time lag. The 

noise floor of CCF is determined by the root-mean-squared value of the CCF,  

excluding the region around the peak. To determine the propagation velocity, a 
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least squares fitting is performed within the range of 0.55 < 𝜌 < 0.8, where the 

CCF exceeds the noise floor. In the case of PECH = 113 kW discharge, the least 

squares fitting dose not converge because of the large error bar and a small time 

lag. The fitting is converged in the case of PECH = 192 kW and 287 kW discharges, 

and it can provide the estimation of outward propagation velocity of 0.39 ± 0.08 

km/s and 0.63 ± 0.10  km/s, respectively. This is comparable to the ion 

diamagnetic drift velocity of ~0.8 km/s, which is similar to the observations in the 

flux-driven simulations [22]. Therefore, the Te perturbation is considered as an 

avalanching transport.  

The estimated propagation velocity of Te perturbation is much faster than the 

time scale of diffusive transport. The effective thermal diffusion coefficient, 

𝜒𝑒
𝑎𝑣𝑎𝑙𝑎𝑛𝑐ℎ𝑒 , is evaluated as 𝜒𝑒

𝑎𝑣𝑎𝑙𝑎𝑛𝑐ℎ𝑒 = ∆𝑟2 ∆𝜏⁄ , where ∆𝑟  and ∆𝜏  are the 

radial distance and time lag obtained from the CCF analysis. The result is 

compared to the thermal diffusion coefficient obtained by the power balance 

analysis (𝜒𝑒
𝑃𝐵), which is shown in Fig. 7. Here, the 𝜒𝑒

𝑎𝑣𝑎𝑙𝑎𝑛𝑐ℎ𝑒 is estimated by 

calculating CCF for every 9 points in the radial direction, and we neglect the sink 

terms in the power balance analysis, such as radiation loss and electron-ion 

equipartition. Apparently, the 𝜒𝑒
𝑎𝑣𝑎𝑙𝑎𝑛𝑐ℎ𝑒 is much larger than 𝜒𝑒

𝑃𝐵, and thus it is 

suggested that the rapid transport phenomena observed in the transient 

experiments [4] could be explained by the dynamics of rapidly propagating 

avalanches.  

Note that 𝜒𝑒
𝑎𝑣𝑎𝑙𝑎𝑛𝑐ℎ𝑒 reflects the spreading of a heat perturbation in terms of 

length and time, but it does not involve the energy information. Therefore, in order 

to discuss the impact of avalanching transport, it is necessary to estimate the heat 

flux directly. It was provided in Ref. [26] by using conditional averaging technique. 

In this work, we have deduced the avalanche-driven heat flux through a simple 

calculation. In the case of PECH = 287 kW discharge, the surface integral of 

avalanche-driven heat flux Q at 𝜌  = 0.6 is, 𝑄~𝑛𝑒 (
𝑇̃𝑒

𝑇̅𝑒
)𝑇̅𝑒𝑣𝑟𝐴 ≈ (1.0 ×

1019 𝑚−3) ∙ (0.04) ∙ (500 𝑒𝑉) ∙ (600 𝑚/𝑠) ∙ (4.5 𝑚2) ≈ 87 𝑘𝑊 , where A 

indicate the plasma surface. Here, 𝑇̃𝑒/𝑇̅𝑒 ~ 4% is estimated as the maximum 
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amplitude observed during avalanching events. The evaluated 𝑄~87 𝑘𝑊 

accounts for approximately one-third of the input heating power, PECH = 287 kW. 

Thus, it is suggested that the significant amount of transport could be driven by 

avalanches.  

 

3.2. Statistical feature of Te perturbations 

To clalyfy the characteristics of avalanches, the power spectrum analysis and 

the Hurst exponent has been investigated in the electron temperature fluctuations. 

The frequency power spectrum can reveal the self-similar behavior of avalanches, 

which is associated with a power-law scaling spectrum. As shown in Fig. 8(a), the 

power spectrum density (PSD) of ECE obtained at 𝜌 ~ 0.75 indicate the power-

law scaling, 𝑃𝑆𝐷 ∝ 𝑓𝛼, in the frequency range of 0.1 𝑘𝐻𝑧 < 𝑓 < 2 𝑘𝐻𝑧. In 

this case, the power-law coefficient 𝛼 takes around -1, which indicates the self-

similar characteristic of Te perturbation. The self-similarity refers to the behavior 

of transport events exhibiting similarity across all scales, indicating that smaller 

avalanche events occur more frequently than larger ones. Note that the slope of 

power-law scaling increases ( 𝛼  decreases) with heating power. The Hurst 

exponent, which characterizes the correlation of the fluctuation in the time domain, 

is estimated using the rescaled range (R/S) analysis [17,18]. The Hurst exponent 

(H) can be derived by the slope of logarithmic plot of R/S value as, [𝑅/𝑆] ∝ 𝜏𝐻 , 

where 𝜏 indicate the time lag that characterizes the time scale of fluctuations. As 

shown in Fig. 8(b), the slope of 𝑅/𝑆 increases with heating power in the range of 

0.5 𝑚𝑠 < 𝜏 < 10 𝑚𝑠 , which corresponds to the power-law regime in the 

frequency spectrum. The Hurst exponent approaches to 1 in the largest heating 

power, which indicates that the Te perturbation has a long-time memory in the time 

domain. The persistent dynamics is one of the characters of avalanches.  

Figure 9(a)-(c) shows the radial profiles of time-averaged amplitude of 

avalanche components (𝑓 < 2 𝑘𝐻𝑧), power-law scaling coefficient 𝛼 and Hurst 

exponent H. As shown in Fig. 9(a), the amplitude of avalanches is large at the ECH 

deposition region, and it reflects the magnitude of heating power. Outside of the 

ECH deposition region, the amplitude of avalanches is approximately equivalent 
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in the radial direction for the case of the PECH = 113 kW and 287 kW discharges. 

On the other hand, the amplitude of avalanches slightly decreases in the radial 

direction for the case of the PECH = 192 kW and 247 kW discharges. Corresponding 

to the features of amplitude, 𝛼 and H also change inside and outside of the ECH 

deposition region. As shown in Fig. 9(b) and (c), 𝛼  and H inside the ECH 

deposition take ~ -1 and ~ 0.9, excluding PECH = 113 kW discharge. For the case 

of the PECH = 287 kW discharge, 𝛼 and H take values of approximately -1.2 and 

1 at the outside of the ECH deposition region. This indicates that the avalanches 

are active outside of the source region in the case of high heating. For the case of 

the PECH = 192 kW and 247 kW discharges, 𝛼  and H increase and decrease 

towards the edge region, which indicate the degradation of avalanches outside of 

the source region. The result is consistent with the CCF analysis, which shows an 

increase in the radial correlation length of avalanches with increasing heating 

power.  

 

3.3. The relation to the SOL regime 

Up to this point, we have investigated the electron heat avalanches using ECE 

diagnostics. In this subsection, using 𝐷𝛼 emission signal, we study the influence 

of avalanches in the SOL regime. Figure 10 shows the frequency power spectrum 

of 𝐷𝛼 emission, which exhibited with 1/f power-law scaling. The magnitude of 

1/f power-law region is above the noise level that is deduced by the signal without 

the plasma (gray line). The slope of power-law scaling is slightly increased with 

the increases of heating power. Note that the 𝐷𝛼 emission is obtained with a line 

of sight directed towards the core, rather than across the SOL regime. Thus, the  

line integration effect of the 𝐷𝛼 emission is minimum. The 1/f power-law region 

extends at 0.2 𝑘𝐻𝑧 < 𝑓 < 10 𝑘𝐻𝑧, which is wider than that observed in the ECE. 

This is because the ECE measurements are strongly suffered by thermal noise, as 

indicated by the dashed line in Fig. 8(a). This suggests that the amplitude of 

electron heat avalanches could be larger than our estimate, and the contribution of 

avalanche-driven electron heat flux could be more significant.  

It is found that the electron heat avalanches have a finite correlation to the 𝐷𝛼 

emission, which is mainly contributed by the electron density driven by particle 
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flux. Figure 11(a) shows the CCF between ECE (𝜌 ~ 0.95) and 𝐷𝛼 emission, 

both of which have been low-pass filtered at 2 kHz. Because the error bar of the 

CCF is large, the convergence study of CCF is provided. As shown in Fig. 11(b), 

the 1/N dependence of the CCF indicates that the CCF will converge to a finite 

value that exceeds the noise floor, except for the PECH = 113 kW case. Here, N 

indicates the ensemble average. The negative correlation observed between the 

ECE and 𝐷𝛼 emission is similar to the situation seen in the edge localized mode 

(ELM) [36]. It should be noted that a finite negative correlation is similarly 

observed between ECE and 𝐷𝛼  emission at four different toroidal locations. 

Furthermore, the time lags of the negative correlation peaks are equivalent, 

indicating that the Te perturbation occurs simultaneously in the toroidal direction. 

Thus, the Te perturbation is considered as a transport event, characterized as the 

avalanche.  

The CCF between ECE and 𝐷𝛼 emission is investigated at different radial 

position of ECE measurements. Figure 12 shows the radial profiles of absolute 

value of maximum CCF between ECE and 𝐷𝛼 emission. While the CCF in the 

ECH deposition region is below the noise floor, a finite correlation can be observed 

outside the source region. The absolute value of the CCF increases with the higher 

heating power. The result suggest that the enhanced electron heat avalanches can 

propagate to the SOL regime and interact with the particle transport.  

 

4. Discussion 

First, the impact of avalanching transport on the formation of stiffness profile 

is discussed. In this study, we have found that (i) avalanche driven electron heat 

flux could be significant and comparable to the input heating power, (ii) 

avalanches become dominant with the increase of the heating power, and (iii) 

avalanches expand towards the outside of the source region that can extend to the 

whole plasma regime. Note that the last part is also suggested during the power 

degradation study in TJ-II [37]. These findings could provide a potential 

explanation to the problem that the electron temperature hardly increases against 

the heating power, as shown in Fig. 2(b). The significance of avalanching transport 
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on the formation of the resilient temperature profile is also reported in tokamak, 

JT-60U [26]. The response of the temperature profile in both Heliotron J and JT-

60U shows a similar trend, i.e., the electron temperature profile hardly changes 

against the increases of the on-axis heating.  

Looking back on the past, the presence of stiffness was confirmed in tokamaks 

in the off-axis heating [38]. The scale length of the temperature gradient is 

unchanged against the location of the heating deposition. On the other hand, the 

temperature profile is easily changed against the off-axis heating in 

heliotron/stellarator [32]. However, when the presence of a finite on-axis heating, 

the temperature profile against the off-axis heating is similar to the pure on-axis 

heating case [32]. This is an interesting indication of stiffness in 

heliotron/stellarator suggested by U. Stroth [39]. Due to the ohmic current heating, 

the condition of heating source is different between in heliotron/stellarators and 

tokamaks. The broad central heating always exists in tokamaks. As shown in this 

work, the avalanching transport is strongly influenced by the power and location 

of the heating source. As discussed in the sandpile simulation [40], the uphill 

avalanching transport can occur in the dominant off-axis heating situation, which 

could potentially produce the peak temperature profile. It could be considered that 

the difference of heating source deposition could influence on the avalanching 

transport that potentially cause the different profile response between 

heliotron/stellarators and tokamaks. To clarify this assumption, the off-axis 

heating experiment is planned for the future work.  

Next, we discuss about the influence of the electron heat avalanches on the 

SOL region. Controlling the SOL width has been paid attention for heat load 

mitigation on the divertor, which is one of the key challenges to achieve a fusion 

power plant. Here, the non-local feature of turbulence, which can propagate from 

the edge to the SOL, has been considered a key factor in determining the SOL 

width [41,42]. In our study, the enhanced avalanching electron heat transport 

correlates to the 𝐷𝛼  emission in the SOL, which suggests the penetration of 

avalanches into the SOL region. The other evidence can be seen in Fig. 13. As 

heating power increases, the correlation of Te perturbation between the core and 



 

 12 

SOL can be finite. Note that the optical depth of ECE in the SOL region is thin, 

however, the condition of optical depth is equivalent in every discharges. It has 

been reported that the exponential power decay length of SOL is strongly 

correlated to the pedestal gradient [43]. In this sense, it is interesting to investigate 

how avalanching transport, which can connect the core, edge, and SOL transport, 

influences the pedestal structure and SOL width.  

Finally, we mention about the coupling between the electron heat and particle 

transport, which is suggested by the finite correlation between ECE and 𝐷𝛼 

emission. In the ECH plasmas, the hollow density profile is frequently found in 

heliotron/stellarators. It has been studied that the convective particle flux is not 

fully explained by the neo classical transport [32,44]. It is interesting to consider 

the avalanching transport, which could contribute to the particle flux as a 

convective term. The trend of increased core heating and its effect on enhancing 

convective particle fluxes is also of interest [32]. 

 

5. Summary 

In summary, we observed the presence of electron heat avalanches during the 

power degradation in Heliotron J plasmas. The Te perturbation measured by the 

ECE exhibits several characteristics, including: (i) propagation from the core to 

the edge with a radial velocity comparable to the diamagnetic drift velocity, (ii) a 

frequency spectrum contains a 1/f power-law scaling and a Hurst exponent close 

to 1, and (iii) it is dominant in the ECH deposition region and spreads to the edge 

region as the heating power increases. The propagation velocity of avalanches is 

much faster than the diffusive transport, which could drive the significant amount 

of electron heat flux. The impact of avalanches on the stiffness profiles is discussed. 

The finite correlation between the ECE and the 𝐷𝛼 emission indicates that the 

avalanches also impact to the SOL plasmas and particle fluxes, which are 

interesting aspects found in this study.  
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Figures 

 

 

Fig. 1. PECH dependence of the diamagnetic stored energy (Wp) and line-averaged electron 

density (𝑛̅𝑒). 
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Fig. 2 Radial profiles of (a) ECH deposition calculated by the TRAVIS, (b) electron 

temperature and (c) electron density measured by Thomson scattering diagnostics.  
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Fig. 3 Discharge waveforms of (a) power of ECH injection and line-averaged electron 

density, (b) diamagnetic stored energy, and AXUV signals with line of sight directed 

towards (c) core and (d) edge region.   
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Fig. 4 Heating power dependency of spatio-temporal evolution of normalized electron 

temperature fluctuations (
𝑇̃𝑒

𝑇̅𝑒
 ), which are arranged as 

𝑇̃𝑒

𝑇̅𝑒
+ 𝜌 , where 𝜌  indicates the 

normalized minor radius of each position of ECE measurement.  
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Fig. 5 The spatio-temporal evolution of cross-correlation function (CCF) of Te 

perturbation. The reference point of CCF analysis is 𝜌 ~ 0.55. 
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Fig. 6 The radial profiles of (a), (c), (e) peak value of CCF and (b), (d), (f) corresponding 

time lag. The least squares fitting is tried on the time lag plot at 0.55 < 𝜌  < 0.8 and the 

results are shown in the red line.  
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Fig. 7 The radial profiles of effective thermal diffusive coefficient of avalanches 

(𝜒𝑒
𝑎𝑣𝑎𝑙𝑎𝑛𝑐ℎ𝑒) and thermal diffusive coefficient derived by the power balance (𝜒𝑒

𝑃𝐵).  
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Fig. 8 (a) Frequency spectrum of normalized Te fluctuations measured by ECE 

diagnostics. (b) R/S analysis of normalized Te fluctuations. The Te fluctuations at 𝜌 ~ 

0.75 are used for the analysis.  
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Fig. 9 Radial profiles of (a) time-averaged amplitude of avalanche components of Te 

fluctuations (𝑓 < 2 𝑘𝐻𝑧), (b) power-law scaling coefficient 𝛼 of a frequency spectrum 

(𝑃𝑆𝐷 ∝ 𝑓 𝛼), and (c) Hurst exponent H. 
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Fig. 10 Frequency spectrum of 𝐷𝛼 emission.  
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Fig. 11 (a) The CCF between ECE at 𝜌 ~ 0.95 and 𝐷𝛼 emission. Both of the signals are 

low-pass filtered at 2 kHz. (b) The convergence study of peak value of the CCF, where N 

indicates the ensemble average. 
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Fig. 12 The absolute value of maximum CCF between ECE measured at different radial 

positions and 𝐷𝛼 emission.  
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Fig. 13 Radial profiles of CCF of ECE including the SOL region. The reference point of 

CCF is r - r0 ~ -7.5 cm, which is equivalent at 𝜌 ~ 0.55. 

 


