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Abstract. The radial interaction of heat transport is clarified by cross-correlation between electron heat flux and

electron temperature gradient in LHD. Correlations between the heat transport dynamics and the radial structures

of turbulence are also investigated. The existence of a turbulence modulator is discerned by using the conventional

reflectometry signals. The amplitude of high frequency (> 100kHz) density fluctuations is modulated with low

frequency (< 5 kHz) in edge-core coupled plasmas. The electron cyclotronemission signals suggest the amplitude

modulator has a long distance radial correlation.

1. Introduction

To understand the turbulent transport in toroidal plasmas,some models based on local turbu-
lence led by a local micro instability have been proposed. The turbulent plasmas, however, ex-
hibit non-local coupling. Fast propagation of the temperature perturbation has been observed,
for example, by the ballistic propagation in TJ-II, the heatpulse propagation caused by L-H
transition and heating power switching [1, 2, 3]. These abrupt core responses are evident before
diffusive transport effects reach the core region. In addition, an abrupt coreTe rise in response to
edge colling has been observed in tokamaks. These heat transport dynamics of edge-core inter-
action and coupling cannot be explained by the local transport models even if the heat transport
is non-linear function of the temperature gradient. Thus a new perspective to turbulence trans-
port, i.e. non-locality, has been introduced. The non-locality is also used as an explanation for
turbulent transport scaling with machine size in plasma confinement studies [4, 5, 3]. Com-
prehensive and consistent understanding of the turbulent transport involving the non-locality is
thus strongly required. Interactions of turbulence over long distances are conjectured to pro-
vide the non-local mechanism. However, turbulence structures which have the long distance
correlation has not been reported. Recently, the nonlinearcoupling of drift turbulence has been
studied intensively. Meso-scale structure (e.g. zonal flow) is driven by microscopic turbulence
[6, 7, 8, 9]. Thus, multiple spatial scale structures can coexist in turbulence. Correlations be-
tween the heat transport dynamics and the radial structuresof turbulence are therefore essential
to gain a comprehensive understanding of the turbulent transport. This paper presents long dis-
tance correlations between heat flux and temperature gradient and the existence of fluctuations
with long radial correlation length on the order of the minorradius in LHD.

2. Transient transport experiments

The non-locality is hidden in stationary state transport and revealed in dynamic response. The
cold pulse experiments in LHD (major radiusRax = 3.5 m, averaged minor radiusa= 0.6 m) re-
ported in Refs.[10, 11], provide a comprehensive set of results on which dynamic patterns asso-
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ciated with mechanisms for generation of non-local transport can be obtained.
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FIG. 1: Typical time evolution of (a) Te perturba-
tions at the normalized radius ofρ = 0.41 and 0.61,
(b) Te gradient atρ = 0.61 and averaged in the re-
gion of ρ = 0.43− 0.55, (c) heat flux perturbation
at ρ = 0.41, (d)-(e) X-mode reflectometry signal at
ρ = 0.45 in three different bandwidths. The time
evolution ofδqe (ρ = 0.41) and δ∇Te (ρ = 0.61)
correlate inversely.

A cold pulse was induced using a
tracer encapsulated solid pellet (TESPEL)
injection [12]. The TESPEL pene-
trates to the region ofρ ∼ 0.8
(ρ is the normalized radius). An
abrupt core Te rise in response to
edge cooling, so-called non-localTe

rise, has been observed in LHD as
well as in tokamaks [13, 14]. Typ-
ical parameters in this experiment are
as follows: magnetic field at axis of
2.83T, line averaged density of 1−
2 × 1019m−3, central electron temper-
ature of ≥ 1.5 keV, central ion tem-
perature of 1-2 keV, plasmaβ value
of 0.1%, absorbed ECH power of 0.8
MW, deposited neutral beam power of
2 MW. The experiments are performed
in the low density and high temper-
ature regime, and thus the electron
loss channel is considered to be de-
coupled from the ion channel. The
particle diffusivity is smaller than the
electron heat diffusivity by one order
of magnitude in this experimental con-
ditions [15]. A 32-channel hetero-
dyne radiometer is used to track the
small electron temperature perturbations,
δTe[16].

3. Long distance correlations between
heat flux and temperature gradient

Figure 1 shows a typical time evolution of
a non-localTe rise discharge in LHD. An abrupt core temperature rise takesplace in response to
the TESPEL ablation. An increase in the temperature gradient, δ∇Te, and reduction of the heat
flux, δqe, indicate an enhancement of the core confinement. Here theδqe is determined from
the perturbed energy balance equation and can be written as,

δqe(r, t) =
1
S

∫ r

0

3
2

ne
∂δTe

∂t
dV, (1)

whereS is the surface area of the closed flux surface,V is the volume. The time evolution
of δqe (ρ = 0.41) andδ∇Te (ρ = 0.61) is similar (but they correlate inversely), thus the cross
correlation between them is stronger than one obtained fromthe localδqe - δ∇Te correlation
at ρ = 0.41. This indicates the existence of a long distance couplingof transport beyond the
local turbulence correlation length. The absolute error of∇Te, δ∇Te andδqe determined by
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the absolute calibration of electron cyclotron emission (ECE) are 20% and their relative errors,
determined by the noise levels of ECE, are only 1%.
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FIG. 2: Cross-correlation function between heat flux
and temperature gradient. Contour maps of the
cross-correlation function betweenδqe/ne at ρ =
0.19 and the 21∇δTe channels are shown in Te rise
case.

The X-mode reflectometry [17] sig-
nal at ρ = 0.45 increases after the
TESPEL injection in all bandwidths (note
that the fluctuation measurement by re-
flectometry is limited during the TESPEL
ablation). The low frequency compo-
nents (< 10kHz) grow abruptly. This
abrupt response may be similar to that
of the heat flux. On the other hand,
the high frequency components (> 10kHz)
grow slowly during 4-5ms from the
TESPEL ablation and saturate. This
temporal behavior is quite different from
ones of the ∇Te and the heat flux.
To understand the correlations between
the turbulence and the dynamics of
heat transport, further information is re-
quired.

To obtain new physical insight into
the non-local mechanism, the spatiotem-
poral correlation is derived. The cross-
correlation functions betweenδqe at ρ =
0.19 and the 21∇δTe channels are calculated to demonstrate the existence of thelong distance
correlation in the non-local transport. The cross-correlation is defined as,

C f ,g(ρref, ρ, τ) = 〈 f (ρref, t)g(ρ, t + τ)〉/
√

〈 f 2(ρref, t)〉〈g2(ρ, t)〉, (2)

where f = δqe/ne(ρ, t), g = ∇δTe(ρ, t), ρref = 0.19 and〈〉 means temporal average, defined as
〈h(t)〉 = (T)−1

∫ T

0
h(t)dt. Figure 2 indicates that core (ρ = 0.19) heat flux is strongly coupled

with the edge (ρ = 0.58) temperature gradient for a short time lag, and therefore, the existence
of a long distance/non-local correlation between heat flux and temperature gradient is clarified.
Moreover, the core to edge coupling shows a negative correlation (∼ -1), i.e. a decrease in the
flux with an increase in the gradient (−∂(qe/ne)/∂∇Te < 0), which is often observed in transition
phases [18]. The strong negative non-local correlation is reduced with an increase in the time
lag. The correlation time, which is defined as peak width of time lag at half height, is 8 ms and
is much longer than micro- and meso-scale times ofa/cs ∼ 1µs and

√

(a/ρi)(a/cs) ∼ 30µs.

4. Turbulent structures with a long radial correlation length

It is difficult to detect a certain type of fluctuation (e.g. zonal flows)by simply using the density
fluctuation diagnostics due to the low level of density fluctuation components. Recent progress
in the fluctuation diagnostics (e.g. HIBP) has clarified a nonlinear coupling of drift wave turbu-
lence and structures. For example, the turbulent density fluctuations are modulated by the zonal
flows through a parametric modulational instability [8]. Thus, density fluctuations have some
information about structures, which can modulate them, in their envelope. In order to reveal
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FIG. 3: (a) Time evolution of the high-pass fil-
tered reflectometry signal (> 100kHz) atρ = 0.45
and (b) Power spectrum densities of envelope at
ρ = 0.45.

10
2

10
3 10

4
10

5

f (Hz)

10
-11

10
-10

10
-9

10
-8

P
S

D
 (

a.
u

.)

0.19
0.58

ρ

8 ensemble

#49731

2.7-2.84s

FIG. 4: Power spectral densities of the ECE sig-
nal at two different radii (ρ = 0.19andρ = 0.58).

the existence of such a modulator, the envelope of higher frequency components in the reflec-
tometry signal, which is considered to be an index of the microscopic turbulence, is extracted
by using Hilbert transform. Figure 3 shows a typical signal envelope and the power spectrum
densities of the envelope atρ = 0.45. The reflectometry signal data from the stationary state
before the TESPEL injection are used for ensemble averagingto reduce the statistical error. As
shown in Fig. 3(a), the envelope is modulated. The power spectrum density of the envelope at
ρ = 0.45 indicates the existence of an amplitude modulator in the low frequency band (< 5kHz).

The low frequency components are also found in the ECE signals. A small peak at 1-5kHz
and the broad-band components similar to the spectrum of theenvelope of reflectometry signal
are shown in Fig. 4. Here, only 8 ensembles are averaged due toa change in the baseline
of ECE signals. Here we focus to a peak component. Figure 5 shows the cross-correlation
functions of the low frequency component of ECE signals between two different radii, i.e.f =
δTe(ρ, t), g = δTe(ρ, t) andρref = 0.19 in Eq. 2 (the reference point isρ = 0.19 and therefore
Fig. 5(a) means the auto-correlation function). The band-pass filter (1-5kHz) is applied to
the ECE signals to extract the peak components only. The low frequency component of the
core (ρ = 0.19) ECE signal correlates in the wide radial region ofρ ≤ 0.6. Hence, this low
frequency components may have a long distance correlation.The correlation length of this
mode is similar to that observed in the flux-gradient correlation diagram shown in Fig. 2. The
amplitude modulator observed in the density fluctuation maybe thought to be identical with
the low frequency components observed in the ECE signals because of the similarity of the
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FIG. 5: Cross-correlation functions of the low fre-
quency component (1-5 kHz) of ECE signals be-
tween six different radii. TheδTe at ρ = 0.19 is
used as a reference. Note the band-pass filter (1-5
kHz) is applied to the ECE signal.

The modulator in the core region, thus,
may have a radial correlation length, which
is much longer than that of the meso-scale
structures (e.g. 3 cm for zonal flows).
Figure 6 shows the normalized amplitude
structure of this mode. The normalized
amplitude is large in the region ofρ =
0.3 − 0.5. In the employed magnetic
configuration, there are low order ratio-
nal surfaces (n/m = 1/2, 2/3, heren/m
is toroidal/poloidal mode number) atρ =
0.31 and 0.52 in the vacuum condition. A
finite counter beam driven current (40-50
kA in this discharge) will shift the location
of the rational surfaces outwardly. And a
n/m= 1/2 mode with frequency of 2kHz is
identified with the magnetic measurement
system in this discharge. Thus the mode
observed in ECE signals may be excited
at the n/m = 1/2 rational surface. The
n/m = 1/2 interchange mode has been
observed by the ECE [19]. However, the
mode amplitude is much smaller than re-
ported one in this experimental condition
and the mode structure is broader than a
calculated ideal interchange mode struc-
ture. Further fact that the phase delay in-
dicates a outward propagation from core
ρ = 0.19 to edgeρ = 0.58. Fluctuation
of the long wavelength mode excited from
background micro fluctuation [20] is a possible candidate. Fluctuations with long radial cor-
relation length can cause edge-core coupling of heat transport. Further study is required to
identify the observed mode. Analysis of the broad-band components in the low frequency band
(< 1kHz) and identification of non-linear coupling between turbulent modes by using of bi-
spectral analysis will be also the object of future work.

5. Summary

In summary, we investigated the radial correlation scale ofheat transport and micro- to meso- or
macro-scale coupling of ECE and turbulent density fluctuations in LHD plasmas, where the non-
local transport phenomena are observed. The experimental results show the following non-local
electron heat transport features. (i) The radial correlation scale of heat transport is obtained by
using the cross-correlation function between perturbations of heat flux and temperature gradient
at different radii. (ii) An observed strong correlation between the core heat flux and the edge
temperature gradient in the non-localTe rise indicates a radial correlation scale of heat transport
is much longer than the micro-turbulence correlation length. (iii) the envelope of the density
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turbulence indicates the existence of an amplitude modulator of the density turbulence with low
frequency (< 5kHz). (iv) the ECE fluctuation with low frequency (1− 5kHz) shows the long
(order of the minor radius) distance radial correlation.
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FIG. 6: Radial profile of the low frequency compo-
nent (1-5 kHz) of ECE signals. There are low order
rational surfaces atρ = 0.31and 0.52 in the vacuum
condition.

The low frequency turbulence modu-
lator may have meso- or macro- struc-
ture. Interaction of turbulence and
transport over long distances is one
of the candidate to explain the non-
local transport mechanisms. Excita-
tion mechanisms of the long correlated
turbulence structures and couplings be-
tween the transport and the turbulence
modulator will be clarified in future
work.
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