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A variety of structures are formed in strongly heated 
non-equilibrium plasmas, which have large 
spatiotemporal inhomogeneity 
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Fast propagation (faster than 
diffusive propagation)�
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Transient	transport	problem:	mystery	of	30	years�

VOLUME 74, NUMBER 18 PHYSICAL REVIEW LETTERS 1 MAY 1995

800

600

0.07
0.17
0.25

0.33

100

10

+0.2 fTls

+1.0 ms

r'/
~ /

quil

0.4eV I Is
400 - o.49

0.55

200
==~~ 0.66
==--=-==- 0.72
-- --=---=- 0.84

0.296 t 0.301 0.306 0.311 sec
0.1

0.5

FIG. 2. Temperature variations T, (p, t) in solid heavy lines.
Light dashed lines are calculated from the nonlocal model
~, (p, t) shown in Fig. 3.

FIG. 3. Model ~, (p, t) used in Fig. 2.

the outer channels shown are still accurate, considering
the effect of wall reflections as inferred from other cali-
bration experiments. The temperature falls very rapidly
at p = 0.84, At„,„—100 p, s. In contrast, the central
temperatures begin to rise immediately; a clear change
is evident within 1 ms of ablation. An intermediate re-
gion, 0.4 ~ p ~ 0.5 in this instance, appears almost un-
affected —neither temperature nor temperature gradient
change significantly. This is the obstacle, both physical
and figurative, to a local transport model. Such an in-
variant region, in which none of the local thermodynamic
variables changes perceptibly, precludes an effect in the
interior, and in no case can the sign of the effect invert.
The most plausible interpretation of the core temperature
rise is a reduction in y, within 1 ms of ablation mediated
by some nonlocal process. The indicated positions of the
ECE channels are based on the initial magnetic configu-
ration, which for these high q, low P„circular plasmas is
very simple —circular Aux surfaces with a 1 cm Shafra-
nov shift. The signals of Fig. 2 are on the low field side
except for p = 0.07, which is on the high field side. (If
the phenomena were caused by a position shift, the data of
Fig. 1 notwithstanding, that channel should have cooled,
and none of the channels could rise above the initial cen-
tral value. ) The same results have been obtained with the
channels moved to the high field side.
Even the rapid temperature drop in the periphery im-

plies nonlocal effects, although the argument is not one of
principle but of magnitude. The direct, immediate effect
of the carbon injection is to increase radiation for p ~ 0.9.
The radiation cools that region, and the cold pulse prop-
agates inward. To produce the large, rapid temperature
drops of Fig. 2 in a local model, the total radiated power

would have to exceed the Ohmic input power for sev-
eral milliseconds, the temperature in the region p ) 0.9
would drop below 10 eV, and a "g, " —20', would
have to be invoked in the outer quarter of the plasma to
propagate the perturbation inward. Such large radiated
powers and low edge temperatures are totally inconsis-
tent with Fig. 1. If the radiation were adequate to re-
duce the temperature transiently below 10 eV, that would
quench the radiation, not even permitting a self-consistent
picture. Based on the maximum amount of carbon actu-
ally injected, one would expect a temperature reduction
of only -20 eV at p = 0.9, which would then propagate
inward with decreasing amplitude. The injected carbon is
insufficient to produce the magnitude of the temperature
reductions in Fig. 2. The nonlocal model posits that the
impurity injection triggers an increase in ~, everywhere
in the outer region; the effects are largely the indirect ef-
fects of changing g, rather than the direct effects of edge
cooling.
The predictions of a simple nonlocal model embody-

ing these elements are shown as the light, dashed lines
in Fig. 2. The transport coefficient g, (p, t) of this model
is shown in Fig. 3. The equilibrium profile is typical of
power balance results. During the perturbation, the edge
diffusivity increases rapidly, relaxing back to equilibrium
within 2 ms, while the core diffusivity decreases steadily
for 2 ms and then returns to normal after 12 ms. The
region of improved confinement is inferred to be at some-
~hat larger radii than the region within which tempera-
tures actually rise. Some mechanism must cause the sig-
nals to vanish in the region 0.4 ~ p ~ 0.5. In this model,
a null region occurs where the inward propagating cold
pulse balances the heating from improved confinement.
In a local model, a pulse vanishes only if gHP(r) ~ 0 in
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Turbulence	structure	forma\on	is	a	key	issue	to	
understand	transport	in	magne\zed	plasmas�
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Micro-turbulence�

-	Turbulence	is	excited	by	spa\al	
inhomogeneity		

-	Micro-turbulence	drives	transport	

-	Turbulence	transport	is	diffusive	

We	have	believed�

Lmicro	<<	LTT�

Turbulence	can	form	structures�
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II. Confirmation of 
physical picture of 
multi-scale turbulence 

- Discovery of the long-range global mode 
- Coupling between the global mode and 
micro-turbulence 
- Possible link between the global mode 
and non-local transport 
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no MHD activity 
no GAMs 
no transport barrier 
no power modulation�

ECH+NBI plasma 
Te~4keV, ne~0.4x1019m-3 

β~0.1%, ν*h~0.03�

Rax/a=3.5m/0.6m 
Bax=2.83T�

Target Plasmas of LHD�

Target	Plasma�

High	temperature	low	collisionality	regime�
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As is shown in Fig. 1(a), the HIBPs are located apart
from each other by approximately 90! in a toroidal di-
rection. Each of them is capable of measuring three
adjacent positions in the plasma. Two calculations of
electric field (or potential difference), !!in " #!in $
!ctr and !!out " #!ctr $!out, can be made from poten-
tials at three channels denoted as !in, !ctr, and !out. The
radial electric field can be estimated from the quotient of
the potential difference by the sample volume distance;
E " !!=!reff where !reff means the distance between
magnetic flux surfaces on which the centers of gravity of
the sample volumes lie. The necessary cesium beam
energy is %70 keV for the experimental condition.

Figure 1(b) shows overall characteristics of power spec-
tra in potential difference. The measured radial position
is robs " 12& 0:5 cm or two-thirds of the plasma minor
radius. A spectrum is evaluated as an ensemble average
for a stationary period of %80 ms in a discharge duration
of %100 ms. The elements are calculated using the fast
Fourier transform (FFT) technique for sequential win-
dows taken from the stationary period.

The solid red line in Fig. 1(b) shows a shot-averaged
spectrum of potential difference from an HIBP, !!'r2(,
with a frequency resolution of %0:24 kHz (i.e., a window
contains 211 data points). The sampling rate of 2 "s gives
the Nyquist frequency of 250 kHz. The spectrum is sig-
nificantly above the noise level in a wide range of fre-
quency. Another shot-averaged spectrum (the dashed red
line) is calculated with a high frequency resolution of
%0:06 kHz to see the tendency in the lower frequency of
f & 0:4 kHz by taking longer FFT windows of 213 data
points (but poorer statistics). It is found that the power
spectrum should reach a maximum at f " 0:3–0:7 kHz.

As is represented by the blue line, the fluctuation in this
low frequency range shows a high coherence (%0:6) be-
tween two toroidal locations. The coherence is analyzed
with the low frequency resolution for better statistics; the
coherence can become closer to one in an appropriate
period of a single shot. Figure 1(c) shows an example of

the phase difference (divided by #) when the observation
points are located on a flux surface. The phase difference
is regarded as zero within the present error bars, and
clearly shows the toroidally symmetric structure of n "
0; the toroidal structure of n " &1 should give the phase
shift of #=2 in our diagnostics geometry. Consequently,
the activity of potential difference in this frequency
range, demonstrating a long distance correlation, is the
zonal flow of concern.

A sharp peak is found at f " 16:5 kHz with a width of
%1 kHz. Figure 1(d) shows an expanded view around the
peak. The theoretically expected GAM frequency is
cs=2#R% 17 kHz in this experimental condition, with
cs being the ion sound velocity. Poorer signal-to-noise
ratio of the other HIBP signal cannot allow further in-
spection of the long-range correlation of this mode at
present. On the other hand, the spectrum around f%
50 kHz shows turbulent characteristics of a broad peak
with the half width of 18:5& 1:4 kHz. The power of
residual zonal flow decays as P / f#0:6 in the intermedi-
ate range of frequency toward the regime of turbulence
waves which may generate the zonal flows.

Dynamics of electric field of the residual zonal flow
can be visualized with a numerical filter to extract the
corresponding frequency activity. The numerical filter
used here is described as ~x't( " Rt$1

t#1 w't# t0(x't0(dt0,
where w't# t0;$f(" '1=

!!!!!!!!!!!

2#$2f
q

(exp)#'t# t0(2=2$2f *. The
time constant for high frequency cutoff is selected as
$f " 0:3 ms here. The extremely low frequency is also
removed to avoid the effects of plasma movement or
changes in plasma parameters using the filter with $f "
1 ms. The resultant filter property has a peak around
0.5 kHz with the width of %1 kHz in the frequency
domain.

Figure 2 shows two examples of processed potential
difference !!. One is the time evolution of the poten-
tial difference at the points localized on the same mag-
netic flux surface [Fig. 2(a)]. The others are on slightly
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FIG. 1 (color). (a) Geometry and observation points of dual heavy ion beam probes in CHS. (b) Power spectra of potential
difference (red lines), and coherence between potential differences (blue line) at the two toroidal locations. The electric field
fluctuation ranging from 0.3 to 1 kHz shows long-range correlation, and reflects the activity of the zonal flow of nearly zero
frequency. The hatched region shows the noise level for power. (c) An example of phase (divided by #) and coherence between
potential differences at two toroidal locations on a magnetic flux surface. (d) An expanded view of a sharp peak at f " 16:5 kHz.
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different locations displaced by 5 mm [Fig. 2(b)] in a
radial direction. The waveforms in both cases alter tem-
porally in a synchronized way but differently in phase.
Obviously, the phase differences of the first and second
cases are in and out of phases, respectively. The autocor-
relation analysis of the waveform allows one to estimate
the lifetime of the residual zonal flow. The average of a
dozen shots yields !auto ! 1:4" 0:2 ms.

The waveforms indicate that the fluctuation ampli-
tude of #1 V. This follows that the absolute value of
the zonal electric field (or the zonal flow velocity) is
0:05–0:1 kV=m (or 0:06–0:11 km=s) from the sample
volume distance obtained in the trajectory calculation,
!reff # 1:5" 0:5 cm; cf. the mean radial electric field (or
mean flow) at the position of r ! 12 cm is #1 kV=m (or
#1:1 km=s). The error bar comes from the change in the
center of gravity of sample volumes due to the beam
focusing property. The electric field can be 2 times larger
by taking into account the effect of the sample volume
average.

The waveforms without any phase shift in Fig. 2(a)
clearly demonstrate the toroidal symmetry (n ! 0) of
electric field fluctuation. The fact is also circumstantial
evidence to support the poloidal symmetry $m ! 0% as
follows. By tracing the magnetic field line, an observation
point of an HIBP can be projected onto the poloidal cross
section in which another observation point of the other is
located. The electric field fluctuations at these two points
with a finite poloidal angle should be in phase if one
assumes that electric field fluctuations are coherent on a
magnetic field line. This consideration verifies the poloi-
dal symmetry in the range of the poloidal angle approxi-
mately from 30& (r ! 4 cm) to 50& (r ! 12 cm), since the
existence of toroidal symmetry in the zonal flow activity

has been already confirmed for other magnetic flux sur-
faces (r ! 4–12 cm) in our experiments.

The measurements of phase difference hint a possi-
bility to infer a radial structure of the residual zonal
flow by altering the observed position of potential dif-
ference, r2, while fixing the other at r1. The phase be-
tween electric fields at two locations can be deduced
from traditional correlation coefficient and the FFT
analysis of coherence and phase. The correlation between
the potential differences, C$r1;r2%! h!"$r1% '!"$r2%i=
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

h!"$r1%2i ' h!"$r2%2i
p

is evaluated where h i!$1=2T%(
Rt)T
t*T  dt. Figure 3 shows the correlation coefficient

(closed circles) as a function of the observation position
r2. The plotted values are the ensemble averages of the
correlation coefficients for time windows in stationary
states.

The open circles in Fig. 3 show the other indicators to
reflect the structure, that is, h# cos$if (an average of the
frequencies in the range of 0:5< f < 1 kHz), where #
and $ are the coherence and phase difference in the FFT
analysis. Both analyses demonstrate a sinusoidally chang-
ing structure. In the latter case, a Fourier transformation
on # cos$ curves of individual frequencies allows us to
give an averaged wavelength of % ! 1:6" 0:2 cm. This
corresponds to approximately 15 times ion Lamour radius
and shorter than one-tenth of plasma minor radius. The
wave number allows one to give a rough estimation of the
shearing rate of the zonal flow being as!E(B # kr ~E=B !
0:3( 105 s*1, while the turbulence decorrelation rate
could be #turb # 1:2( 105 s*1 from the width of the
broadband spectrum around #50 kHz.

Besides, a prospective result has been obtained to in-
dicate the relation between zonal flow and confinement. A
clear difference is recognized between the amplitude of
the zonal flow among cases with and without a transport
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FIG. 3 (color online). Radial structure of zonal flow. The
structure is estimated from correlation between potential dif-
ferences at different toroidal locations. In this experiment, the
observation radius of the second HIBP is varied around r2 !
12 cm with the observation point of the first HIBP being fixed
at r1 ! 12 cm. The closed circles represent the traditional
correlation coefficient as a function of the observation radius
of the second HIBP, while the open circles do coherent struc-
ture from FFT analysis.
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VOLUME 93, NUMBER 16 P H Y S I C A L R E V I E W L E T T E R S week ending
15 OCTOBER 2004

165002-3 165002-3

Discovery	of	Zonal	Flow�

Correla\on	Hun\ng�

A. Fujisawa PRL 2004 

S�

Heterogeneous	Signal	Correla\on�



m/n=1/1 or 2/1�

b/Bax <10-6 ~�

Noise�

Existence of low frequency fluctuations is evident�
S. Inagaki PRL 107 (2011) 115001 

f-1/2�

Dis\nguish	signals	from	noise� KJ�

- Clear peak around 0.5-6 kHz 
 
- Noise is reduced in the cross-power 
spectrum 



τ (msec)�

1.5-3.5kHz�
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ECE	sight	of	view�

Reconstructed image 
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Image�

Ref�
Life Time 
~0.3msec�

Discovery	of	long	distance	correla\on�

Two-point two-time correlation�

KK�

- Long radial correlation length ~ a 
- Ballistic propagation from core to edge ~VD 
- Spiral structure connects core and edge�
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Te couples non-linearly with high frequency ne  
�

~�

Micro-
density 
turbulence�

Global Te fluctuations�

~�

Coupling	with	micro-turbulence�
KL�

Global long-range modes couple with micro-turbulence�



Αn/<Αn>	~	(ωmicro/ω)	(krLn)	(eΔΦ/T)I�~�~�Envelope modulator = Potential Structure�

Global modes modulate the amplitude of micro-turbulence�

- Envelope of micro-turbulence is modulated  
- Parametric modulational instability is suggested 
- Potential fluctuation can be estimated from the 
envelope 
�

Meaning	of	bi-coherence�
KM�



- Spontaneous increase in the global mode involves decrease in 
the mean Te 

- Change of the global mode precedes the change in the mean Te 

- Change propagates between core and edge in 100 µs 
- 50- 100 times faster than diffusive time 

Possible	link	with	non-local	transport	�
KN�

The long-range modes can play an important role in 
edge-core interaction of transport�
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Change of global modes during transient phase�

S. Inagaki NF 52 (2012) 023022 

What	happens	at	the	onset	of	transport	event		�
KO�



Discussion�

How	does	the	energy	flow?	
Why	does	Te	increase?�

Micro-Turbulence�

Long-range modes�

r/a~0� r/a~1�

Multi-scale turbulence picture can explain the long 
distance correlation of transport�

Micro-turbulences at 
distant locations can 
correlate through the 
coupling with the global 
modes�

Correla\on	à	Causal	rela\on	

KP�

Further Challenges 



III.	New	rela@onship	between	
flux,	gradient	and	turbulence 

- Mystery of “impact of heating”  
- Discovery of hysteresis in the flux-gradient relation 
- Immediate impact of heating on multi-scale 
turbulence 

U.	Stroth	(W7AS)	1996	PPCF	

KQ�

Revisit	to	experiments	of	~20	years	ago�



-  Target	plasma	(NBI+MECH)	

-  Modula\ons	of	Te,	TTe	and	
fluctua\on	are	observed	
simultaneously	

No	MHD,	
No	ETB,	
No	GAMs	

no	evidence	of	high-energy	tail�

MECH 25Hz�

Macro-mode�

Micro-fluctuations�

LHD�

Precise	measurement	using	MECH� KR�

Periodic temporal evolution of 
signals are precisely extracted 
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S
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ne
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−δpECH
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Macro-mode�

Micro-fluctuations�

Coexistence	of	short	and	long	\me	scales�

At location distant from heating�

KS�

- Characteristic time of the 
change in mean variables (Te 
and TTe):  ~ 40 ms 

- Time-scale of the rise and fall 
of heat flux and fluctuation 
amplitude: ~ 1 ms  

Two time-scales!�
S. Inagaki NF 2013�



Two	\me-scales	
(short,	transport)�

Macro-mode�

Micro-
fluctuations�

appears	in	the	wide	region	
of	plasma�

~20%	of	
total	heat	
flux	at	
ρ=0.66�

Flux-Gradient	Rela\on�
LJ�

Hysteresis in Lissajous diagram 

The hysteresis appears also in the 
response of fluctuation intensity�



On	

Off	

(conceptual)	

(-			p)c1�

Δ� (-			p)c2�

Δ�

Characteriza\on	of	hysteresis�
LK�

-’Barrier’	region	
-	Cri\cal	gradient/flux	
-	Jump	between	stable	branches		

-	Wide	region	(Ubiquitous)	
-	No	cri\cal	condi\on	
-	States	are	determined	by	hea\ng		

Hea\ng	organized	global	hysteresis	(New)	



If ≡ n
2
e ( f ) = If (PECH;∇Te,Te,...)

Roles	of	hea\ng	on	turbulence	intensity�
LL�

The	hea\ng	power	determines	the	state	of	turbulence	
at	distant	loca\ons	from	hea\ng	

The	turbulence	intensity	(at	r/a	=	0.66)	

- 	jump	between	states	of	ECH-on/off	

- 	depends	on	hea\ng	power	



The	on/off	of	hea\ng	power	at	center	immediately	influences	the	

global	modes	which	couple	with	micro-turbulence	at	far	distance	

Micro-Turbulence�

Long-range modes�
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S.I. Itoh, K. Itoh Sci. Rep. (2012)�

Immediate	impact	of	hea\ng�

-	Through	phase-space	
-	Couple	with	the	global	modes	

LM�

(Conjecture)	
�



A variety of transport phenomena are observed in the 
non-equilibrium plasma �

2. Multi-scale turbulence picture is strongly supported 

4. Precise measurement using new analysis method is one 
of the important key words 

Discovery of the global modes, Coupling between disparate 
scale fluctuations, Discovery of new hysteresis�

1. Transient transport problem is a mystery of 30 years 

Non-diffusive transport, long distance correlation 

Summary�

Correlation Hunting, Conditional Averaging, 
Bi-Spectrum Analysis ...�

3. Leading phase space turbulence and cross scale physics 

LN�


