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Abstract: Here we developed research methods of plasma turbulence transport associated with the non-local 
features. The ECH modulation experiment and the higher harmonic analysis of the heat wave indicated: (i) 
propagation of the change of Te at the time of switch-off/on of ECH power is about 5 times faster than that of 
perturbation itself, (ii) propagation of the higher (7th) harmonic of the Te perturbation is 5 times faster than 
prediction by the diffusive model. New bi-spectral analysis of fluctuations demonstrated a non-linear coupling 
of micro-fluctuations at different radial locations. These results are beneficial for control of plasma dynamics in 
future fusion reactors. 

1. Introduction 

For more than 20 years, dynamic behavior of magnetized plasma has indicated limitations of 
a local diffusive picture of transport in which the transport flux is expressed in terms of mean 
parameters and their spatial derivatives at the same location and achieved wide recognition 
during recent years [1]. More recently, new global hysteresis in the gradient-flux relation was 
discovered [2]. The existence of hysteresis means that the heat flux is a multiple-valued 
function of gradient, so that the dynamics in the temperature perturbation is far from a simple 
diffusive transport, in which the heat flux is a single-valued function of gradient. This 
qualitative differences of transport picture has a critical impact on the predictive capability of 
temporal evolution of future burning plasmas and thus should be clarified.  
In magnetized plasmas, turbulence can drive radial fluxes of particle, heat and momentum [3]. 
In the modern view of plasma turbulence, the couplings between different spatial-scale 
fluctuations could provide a possible link between turbulence at two distant radial positions 
in plasmas. This long-distance radial correlation of turbulence is considered to be one of the 
basic processes to produce the hysteresis in the gradient-flux relation. The emergence of 
turbulence spreading, an avalanche process related to the self-organized criticality (SOC) 
models and formation of meso-scale structures (zonal flows and streamer) are possible 
candidates to produce the long-distant correlation of turbulence [4, 5]. Furthermore, the 
existence of macroscopic fluctuations coupling with micro-turbulence was identified [6]. For 
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more comprehensive understanding of the turbulent transport, verification of the models for 
fundamental turbulence process should be addressed. 

We developed new analysis methods for a dynamic response of plasma, which based on 
multiple-valued flux and analysis technique to detect a correlation of fluctuations at two 
distant locations. In this paper, we explains the advanced analysis method and compares it to 
conventional methods. We applied these analysis methods extensively to LHD experiments 
and the results made establish a research method of plasma turbulence transport. Furthermore, 
we experimentally discovered a basic process concerning to the long-distance correlation of 
turbulence. 

2. Hysteresis in the flux-gradient relation 

The experiments are carried out on the LHD [7], which has a major radius Rax of 3.6 m and a 
magnetic field strength on the axis Bax of 2.75 T. The typical low-density (central density of 
1.35x1019 m-3) NBI (balanced injection of 2 MW) plasmas are chosen as target plasmas [2]. 
The modulated (periodic on-off) electron cyclotron heating (ECH, frequency of 77GHz) at 
the frequency of 25Hz is superimposed. The ECH power of 2 MW is absorbed in the central 
core ρ = reff/a99 ~ 0.2, here reff is the effective minor radius and a99 is the minor radius in 
which 99% of the total stored energy is confined (~0.6 m). Local electron temperature (Te) 
and Te-gradient are measured by Thomson scattering and electron cyclotron emission (ECE) 
[8]. The electron density (ne) profile is measured by Thomson scattering and by use of the 
Abel inversion method of interferometoric data [9]. There is no transport barrier, and 
dynamics, which are caused by the electric field transitions, are not observed in the 
spatiotemporal structure of Te. The ECE spectrum and X-ray pulse-height analyzer 
measurement indicate no evidence of high-energy tail of electron distribution function. The 
low frequency MHD activities and the geodesic acoustic modes (GAMs) are not observed in 
this experimental condition.  
The ECH modulation induces propagation of periodic change of mean plasma parameters. 
The changes in a line-averaged density are less than 1%. The periodic changes in Te, Te-
gradient and amplitudes of density 
fluctuations are statistically extracted by 
conditional averaging technique. In this 
technique, the time of ECH-turn-off, toff, is 
detected in each period, and periodic 
temporal evolutions of signals of interest 
are extracted and averaged during time 
intervals of -20 ms < t- toff < 20 ms over 
35 modulations. The normalized Te 
perturbation obtained by the conditional 
averaging method is illustrated in Fig. 1 
[10]. To eliminate fine-scale corrugations 
in the contour lines, Fig. 1 was drawn 
using a low-pass filter (low-frequency 
components below 1kHz were retained). 
There are two distinct time scales in the 
periodic modulation. First is the very short 
time scale: The change of time derivative 
of Te at the time of switch-off/on of ECH 
power propagates in radius very rapidly 

Fig.1: Time evolution of ECH power (a), the 
normalized temperature perturbations at reff/a99 = 
0.37 and 0.81 (b) and spatiotemporal evolution of 
δTe (c). 
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(white dash lines). The time delay between ρ = 0.3 and ρ = 0.9 is ~ 1 ms, which gives the 
radial propagation velocity of change in the long-range modes [6]. Note that the low-pass 
filter imposes a lower limit of 1 ms on temporal accuracy. Therefore, the propagation of the 
change in the time derivative of temperature at the time of switch-off is complete in 1 ms or 
less. The same argument applies to the transient response at the time of switch-on of ECH 
power. Second is much longer time scale: The propagation of Te perturbation follows the 
slow propagation (a contour line of δTe(reff,t)/δTe,max(reff) = 0.5 is chosen as a reference and 
shown as black dash lines), of the order of the global energy confinement time scale. 
Change in the surface-averaged heat flux is determined from the perturbed energy balance 
equation, 
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here pECH is input power density from modulation ECH, S is the surface area of and V is the 
volume inside the closed flux surface. Changes in the radiation losses and transfer energy to 
the ions are neglected. The heat flux is evaluated from Fig. 1 and demonstrated in Fig. 2 as a 
function of local Te gradient [10]. The existence of the two time-scales clearly indicate that 
the heat flux is not simple monotonic functions of local gradient i.e. the hysteresis of the heat 
flux to local Te-gradient. Figure 2 also shows the power balance analysis (blue dashed line) 
and the conventional heat propagation analysis (red chain line, denoting χhp). The power 
balance heat diffusivity (χpb) is evaluated in a stationary state and is hence close to the 
diagonal line of the flux–gradient relation, which is obtained by the new method. In the 
conventional analysis, the diffusive transport (i.e. δqe=-neχhp∇δTe) is assumed, and the 
oscillation component at the fundamental frequency f0 is retained. From this method, one 
obtains χhp as Vr

2/4πf0, where Vr is the radial propagation velocity in the equiphase plane of 
the heat pulse (δTe). The phase delay of this component at the fundamental frequency is 
measured, as is illustrated in Fig.2. The solid line is a fit in the region 0.3 ≤ ρ ≤ 0.8, which 
yields Vr ~ 100 m/s. Therefore, we obtain 
χhp ~32 m2/s. Therefore, it provides a steep 
single line in Fig. 2. In this procedure, only 
the fundamental component of the frequency 
is kept, and the presence of the two time 
scales in Fig. 1 is ignored. Thus, the 
standard heat-pulse propagation analysis 
does not capture the hysteresis but fits to one 
parameter χhp. Two thermal conductivities, 
χpb and χhp, are unambiguously different, 
which has stimulated much discussion [11, 
12] and been the long-standing problem. 
The discovery of a hysteresis in the flux–
gradient relation resolved this long-standing 
mystery of the difference between χpb and 
χhp. 
 

3. Revisit to Heat Pulse Propagation Analysis 

Fig.2: The flux-gradient relations obtained by the 
new method (closed circles with hysteresis), steady 
state χpb (blue dash line) and χhp (red chain line). 
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The conventional methods estimates χhp 
from the radial propagation of the 
fundamental harmonics of the perturbation. 
However, it is found to be powerless 
because the conventional method does not 
consider “the two time scales” (i.e. 
hysteresis) as shown in Fig. 2. The 
nonlinear feature associated with the 
hysteresis in gradient-flux relation should 
appear in the response of extremely-higher 
harmonics [13]. The conditional averaging 
technique decreases the noise level 
significantly and allows us to observe 
higher harmonics up to tenth harmonics. 
Figure 3 shows the Fourier spectrum of 
the conditional averaged Te perturbation: 
more than ten harmonics are evident in the 
spectrum [14]. The power spectrum shows 
that the m-th harmonic decays as p(mf0) ∝ 
m-a

 where α = 3.5-4. The square wave-like 
ECH power modulation does not have 
even numbers of harmonics. However, 
even number of harmonic of the Te 
perturbation is observed and thus the 
spectrum has some informations 
concerning non-linear processes of heat 
transport. We can capture the non-linear 
features of turbulent transport by 
observing the radial propagation of  higher 
harmonics of Te perturbation. The Te 
perturbation is fitted to δTe ≈ Σexp(-
imω0t+ikmreff), here m is the number of 
harmonics and km = kmr+ikmi. The real and 
imaginary parts of radial wavelength (kmr, 
kmi) of heat wave are estimated from 
radial dependence of the phase (θ) and 
amplitude (A), respectively (kmr=∂θ/∂reff, 
kim=-∂lnA/∂reff). In the diffisive transport 
model, the following dispersion relation 
kmr = kmi = (mω0/2χ)1/2 is obtained [14]. 
The radial decay length, i.e., the e-
folding length of the m-th harmonic is 
shorter than that of the fundamental 
mode by a factor of m1/2 in the diffusive 
transport. Figure 4 shows the radial 
dependence of the amplitude of 
harmonics [14]. It is clearly shown that 
the decay of amplitude of higher 
harmonics is much slower than the 

Fig.4: Radial profile of the intensity of the higher 
harmonics. 

Fig.3: Typical power spectrum for an electron 
temperature perturbation. Noise due to the power 
supply (60 Hz and its higher harmonics) is not 
compensated in this figure. 

Fig.5: Radial wave number of the heat wave. 
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prediction by the diffusive transport model. Figure 5 shows that the dependence of krm (and 
also kim) on the number of harmonics is qualitatively different from prediction by the 
diffusive model. The smaller krm (proportional to the inverse of the propagation velocity) 
indicates the very fast radial propagation shown in Fig. 1 and this temporal response of Te 
perturbation is owing to the hysteresis in the gradient-flux relation.  

Even if one include the convective (pinch) and damping term in the transport equation, the 
conclusions drawn here are not affected. When one writes ∂δTe/∂t = χ∇2δTe − V∇δTe − δT/τ, 
by keeping the convective heat flux, one obtains results of kim ≠ krm and kim = ki1 − V/2χ under 
the conditions |V|< χ/a and ω0 > χ/a2 ~ 1/τ, which is relevant to the experimental conditions. 
Moreover, this result indicates that for any combination of the fitting parameters χ and V, the 
relation ki (fundamental) < ki (3rd) < ki (5th) holds, but contradicts the observations in Fig. 5. 
The higher harmonics of δTe in the TJ-II experiment also showed much weaker decay in 
amplitude as they propagate in radius, in comparison with the prediction by a simple 
diffusive model [15]. The similarity between the response of higher harmonics in TJ-II and 
LHD plasmas indicates that the hysteresis in heat flux (in terms of the local temperature 
gradient) can exist in TJ-II plasma. 

4 Non-Local Bi-Spectrum Analysis 

The long distance 'radial' correlation of turbulence is considered to play an important role in 
explaining the hysteresis in flux-gradient relation [16, 17]. Because of the long radial 
correlation, the high frequency turbulent density fluctuations are predicted to have significant 
correlation at different radial locations. Recently, low frequency long-range mode was 
discovered and is considered to intermediate the long-distance correlation of the turbulent 
fluctuations at two distant locations. As the first step, we directly observed a non-linear 
coupling between micro-fluctuations and the long-range mode at different radial locations.  

The bi-coherence analysis of fluctuations measured with 2 reflectometers at different radial 
locations, i.e., the non-local bi-coherence analysis, is applied to the same discharge in Fig. 1.  
Local density fluctuations at ρ = 0.63 and 0.88 are measured with the O-mode (31 GHz) and 
X-mode (68 GHz) reflectometer, respectively [18]. The power spectra of density fluctuation 
are illustrated in Fig. 6. The fluctuation is composed of some peaks in a few kHz region 
(which has the spectral peaks at f = 2.75 kHz and at the higher harmonics) and the broadband 
and high frequency turbulence. The non-local bi-spectrum is defined as  

 

                        

bnl
2 ( f1, f2 ) =

Φ*( f3)φ( f1)φ( f2 )
2

Φ( f3)
2

φ( f1)φ( f2 )
2 ,                       (2) 

 
here, Φ and φ stand for complex Fourier spectrum of density fluctuations at ρ = 0.63 and 0.88, 
respectively [19]. We also evaluated the summed bi-coherence  
 
                          Bnl

2 ( f3) = bnl
2

f1+ f2= f3

∑ ( f1, f2 ),                                     (3) 

 
which indicates the total impact of high-frequency fluctuations at ρ = 0.88 on the low 
frequency perturbation of f3= 2.75 kHz at ρ = 0.63. Figure 7 indicates that the total impact of 
the micro-fluctuations of f1 and f2 on the long-range mode of f = f1 + f2 = 2.75 kHz remains 
finite unambiguously. The signal-to-noise ratio of the total bi-coherence is evaluated to be 1.6 
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from the maximum number of ensembles (= 600), which gives a relative error of 63% [16]. 
Although a large number of ensembles is needed to achieve a signal-to-noise ratio of ~2, we 
can conclude that the finite (non-zero) non-local coupling is measured. That is, the turbulence 
at ρ = 0.88 has non-linear interaction at the fluctuation at ρ = 0.63. This is the first 
experimental evidence in support of a conjecture that the on/off of heating power at center 
immediately influences the long-range modes which alter micro-turbulence at far distance 
through their nonlinear couplings. This fundamental process allows heat flux driven by the 
micro-turbulence to vary in a different way compared with local Te gradient. Thus, the 
hysteresis in the gradient-flux relation can be produced. 

 

4 Discussions 

The diffusive transport model is found to be violated. We tried to find a new flux-gradient 
relation which can explain the observed hystereses. One approach that generalizes the 
relation between the gradient and flux is to take into account the finite time of relaxation of 
turbulence against the change of global plasma parameters. If the presence of the finite 
relaxation time is taken into account, a telegraph equation is obtained from the diffusion 
equation. The model equation is applied to the heat pulse propagation induced by the MECH. 
The amplitudes of higher harmonics [20] are reproduced by this telegraph equation model. 
However, the phase relation in hysteresis (between the temperature gradient and heat flux) 
could not be explained by the model. Further extension of the model is necessary. 

The non-local bi-spectrum analysis presented here is just the first step to identify the long-
distance correlation of turbulent fluctuations. The non-local tri-spectrum analysis is a 
possible candidate  to verify such correlation at distant two locations directly. 

Summary 

This study established experimental methods for generalization of (1) heat transport 
dynamics to replace Fick's law of diffusion and (2)’non-local’ and non-linear coupling of 
micro-fluctuations. These analysis methods were applied to LHD experiments. The results 
showed (i) the propagation of extremely-higher harmonics is stemmed from the nonlinear 
feature associated with the hysteresis in gradient-flux relation and (ii) an experimental 
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Fig. 3.  Summed bi-coherence (which is a sum over the frequency range of 150 kHz < f1 
< 250 kHz). Signal at the frequency f is obtained at " = 0.63, while those at f1 and f2 are 
measured at " = 0.88. 
 

Fig.7: Non-local total bi-coherence 

Fig.6: power spectra of density fluctuation at ρ = 
0.63 (top) and that at 0.88 (bottom) 
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evidence of coupling between micro-fluctuations and the long-range mode at distant locations. 
Advanced analysis methods will propel us to elucidate steady and dynamic characteristics of 
turbulence transport, and to quantify elementary processes of plasma turbulence. This is 
beneficial for control of plasma dynamics in future fusion reactors, such as ITER. 
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