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REREBDEDORFR(—A&IE)

v Transport matrix

Flux coefficient g_radlent
Momentum| I, [=] My -u,emin; My, VV,e
Heat CQei ) L My, My -Neite JAV Tei
Contribution form diagonal term (M) _ ,
— Diffusive transport E)O”itﬁ Meous ioroidal rotation ]
Contribution from off-diagonal terms (M,,) S [ORI T ) A

®: ctrto coi(p=0.80)

— Non-Diffusive transport
v' Examples for Non-Diffusive transport
® Particle: Inward pinch(Ware pinch, ...
® Momentum: Spontaneous rotation _
These rest on the validity of - OB 005 500605010
the Fourier-Fick’s LOCAL prescription gy for [N.sm ]

K. Ida et al., J. Phys. Soc. Jpn. 67, (1998) 4089
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REREBDEDORFR(—A&IE)

v Transport matrix

Flux coefficient g_radlent
Particle (T ) ( -D My My )
Momentum Hq),e = M21 =Wy, oMiN; IV|23 Vvd),ﬁ
Heat \Qe,iJ " M31 IV|32 Ne iXe i \VTe,iJ

However, many of the experiments demonstrate
the violation of Fourier-Fick’s prescription

In fact, contribution from values at a distant location
— Non-Local transport

Mathematical structure of

nonlocal models q.,(0,t)= —ffK(p' —p, ' =t\VT(p',t)dt'dp’

for heat transport

Paradigm shift has begun!

# NT- B16AIEFEFHEEICLEITIXAIHMES, Mar. 5, 2013



Most Famous Example of

Nonlocal Response in Electron Heat Transport
Abrupt rise of core T, in response to the edge cooling

= “Nonlocal Transport Phenomenon (NTP)”

Other examples

v' Ultrafast/ballistic heat/cold pulse propagation

v' Core T, drop due to the edge heating
= “Large Scale Transport Event (LSTE)”

In general o
Main feature of the LSTE T
v’ Characteristic time of change R —

< a(plasma size)?/y e oo
v' Characteristic length of change T o
> characteristic length of n, T, gradients S o

0.255 t 026 0265 0.27 0.275
sec

K. W. Gentle et al., PoP 2 (1995) 2292
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Nonlocal Transport Phenomenon

in Large Helical Device (LHD)

—ESPEL injectiontime __whiprgr0s - Core T, is abruptly increased

v" No change in low-m MHD modes
v" No density peaking
v" Electron heating dominates (T./T;>1)

Key elements
v Low collisionality & High heat flux

01_8;%% 25018 T ‘?Lll;,’ml,g just after a tracer impurity
0.6 = rla=068 pellet (TESPEL) injection
0.4 s

O' -——rr—r—r—r7—rrr
0 100t r/fa = 0.19 ITB state -
Of 5 | '
Of €t | nonlocal ¢
Or > ITerise
Of 250F -
0f o | nonlocal .
O o Te drop
Ot o) "\ P ]
[ _ local Tedrop
W?g :280 281 2.82 283 2.84 2.85 286- 00 -2 -10 -15
P AS S e s T T S dT /dr (keV/m)
N. Tamura et al., PoP 12 (2005) 110705 S. Inagaki and N. Tamura et al., PPCF 52 (2010) 075002
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Complex Relationship Between Heat Flux and VT, was

Revealed in Nonlocal Transport Phenomenon of LHD

Completely-failed one-to-one relation between heat flux and
VT, is observed

v" Reduction of 8q./n, without changes in local VT,
= Clear evidence against “local diffusive paradigm”
at r/a 0.19

4T
" Predict.: Preserved Flux gradlent relatlon .
% Fone-to-one relation in the steady-state ]
~ 2} i -
E i A i
> .
2 of---- o
Sna”’
ch |
<, -2 -.
=3
© - Exp.: Failed one-to-one relation |
_4- '] I '] I '] ’ '] I '] I '] I '] I '] I '] '] '] B
-2 -1 0 1 2 3

-déTe/dr (keV/m)
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Cross-Correlation Analysis between Heat Flux And

T. Gradient Suggests a Long Distance Correlation

A strong negative correlation between core q./n, and edge VT,
v'(-9(q./n,)IdVT,) < 0 is often observed in the transition phase
v'Correlation length ~ 0.7a = close to a macro-scale

40_"W"|"'I"'I"'_ 1_"'|"'|"'|"'|III

Psqn, =019

-0.1

0.3 B / .
! 0.5 !
oL— A}hﬂﬂ...' 0'-. AL ,
0 0.2 04 06 0.8 1 0 02 04 0.6 08 1

pvg'r pVST
S. Inagaki and N. Tamura et al., PPCf: 52 (2010) 075002
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Long-Range Fluctuations was Discovered in the

Plasma Showing the Nonlocal Response in Transport
Turbulences between distant locations should be connected

v Possible mediators: Turbulence spreading, Meso-scale
structures, Long-range fluctuations

Correlation

1.0 0.5 0.0 0.5 1.0 ‘ | ' ' _12 |
—  — a2 'H" l" " u"w"“n"h LA
1.0 T T T l T T T 0.04 T T L Ll I T I Ll L) 4.1_ I ’ “"rl ' "hl
| (3) Pe;=0.43  1.5-3.5kHz | (b) —+— ' ‘

- Ballistic! 4 km/s

QOS5 ’ J
[ / i

,/Life Time:

/' ~0.3ms
0.0 L 1 -I | ﬁ 1 ! N ! L L ! L , A , , !
0.0 0.5 1.0 0 0.5 1 2841 2842
P Time (sec)
7(msec)
ey ys . . Change propagates in 100 us order

Further quantitative studies are required to L Re%pgns‘; o e o nondond] T rise
understand the role of the long-range

T, fluctuations
NT - E16EIEFFHPEHICEDITS5XTHES, Mar. 5, 2013
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Structure of Long-range Low-freq. Fluctuation is

Modifi

b

ed after the Edge Perturbation

-04 02 0 02 04
T (msec)

[ |
u 1 EL 1 I 1 1 1 1
2.84 2.845 2.85
time (sec)
Correlation
(a) Before TESPEL 1
Injection (2.839s) -
- 5 o5
© X
s o
3-0.5F.
15 . IBeﬂlorelTEﬁplliLilnjenlztioln E
— = T 1 I 1 ] 1 T
L (b) After TESPEL > | -
- Injection (2.854s) g 0.05- (@) S E\?;g:%IESPEL
2= 1lg |
) r 12 Aft TESPEI:
: \ & i . injeecrtion ]
- » = E |
i T < 0 ____________________ o 27 ----
A 0 0.5 1

S. Inagaki et al., NF 52 (2012) 023022

Structural change in the long-
range low-freq. fluctuation is
observed before and after the
edge perturbation

After the edge perturb.,
v Amplitude is reduced

v Radial correlation length
becomes shorter
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Temporal Behavior of VT, Represents Dynamics of

Local Heat Transport States

v" First-order transition takes v" First-order transition:
place in the region extending Discontinuity in VT,
fromp~0.6toatleastp ~0.7 ® Can be seen in ITB formation,
(at least 6 cm wide) L-H transition, etc.

- ITB is fqrmed
8.0f .dT /dr (keV/m){  2S[Te(ECE) (keV) ¥, ‘t07
[ € ] 2.6 0.19
7.5} 24

I 2.2 0.45
[ 3. OpEee e =
7ol -dT /dr (keV/m)
Z 2.0 D --
. Jump! between
6.5 : 10 ---rla=0.19
278 280 282 284 286 | LY, and ;’a=1°63; ;
' 165 166 167 1.6 .
Time (s) Time(s)

v" Backward second-order* transition takes place afterward
*Discussed in the next page
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Temporal Behavior of VT, Represents Dynamics of

Local Heat Transport States (Cont’d)

v" Second-order transitions take v Sgcond:orqler_transition:
place over wide regions Discontinuity in d(VT,)/dt
® e.g. at the initial phase, 0.28 < p ® Can be seen in “slow change” of

< 0.45 (about 10 cm wide) transport

13 ,
-dT /dr (keV/m)
12 e
rla=0.28
11 :
2.4 25 26 2.7 28 2.9 30 3.1
6 time(sec)
10 > 5
:
Eoz:_
8 & v Owlg_ 5
278 280 282 284 286 te—T8 (1/a)dT%d?<kGWm%2 24
Time (s) K. Ida et al., PRL 96 125006 (2006)

v Transitions over a wide region suggest the existence of “Large
Scale Structures”, because a typical u-turb. eddy size is a few mm

NT - E16EIEFFHPEHICEDITS5XTHES, Mar. 5, 2013



Delay Time of Transitions Indicates the Dynamics of

Large Scale Structures

In the edge region,
v" Forward 1st-order transition:

303_ Backward - nearly simultaneously
’g : 2nd-order. - (s 1 ms)
> 20k J\‘ ] v Backward 2nd-order
E 1 ] transition: transition front
> 10k Forward - propagates towards the
g 1st-order.- core
1) EE— .&. -

0.1703 03 0405 06 07 0.8 Edge large scale “coherent”
X structure becomes incoherent

Note: Here, a delay time of the 2nd-order after the 1st-order transition

transition is estimated from the folding
points in the temporal evolution of VT,
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Delay Time of Transitions Indicates the Dynamics of

Large Scale Structures (Cont’d)

In the intermediate region,

v" Forward 2nd-order transition:
RRAA L B R nearly simultaneously

- Backward - (s 1 ms)
N ‘/’*‘\’/an order.
: 1 v Backward 2nd-order

transition: nearly
simultaneously (= 1 ms),
i Forward even the region having such

f "\ 2n;d-0rder ]  asimultaneity is shrank
0F------ ---ouo-o------'

0.1 02 03 04 05 06 07 0.8 .

P Large scale “coherent”
structure in the intermediate
region continues to exist

W
(-

RN
o

Delay time (ms)
N
=

Note: Here, a delay time of the 2nd-order
transition is estimated from the folding
points in the temporal evolution of VT,
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Summarizing the points so far

Abrupt core T, rise in response to the _ |
edge perturb. in LHD can be evoked ; W‘>;
20 ackwar
: gndkordecr!/.\%

v" by interaction of the region with
1st-order transition and that with o . _:

Delay time (ms)

2nd-order transition 10 2nd-order.  1st-order. |
v" NOT by an ultrafast propagation ok \...\...
from the edge to the core 0.7"03"65"04 '() 5 '6'6' '6'?' '() 8

P
These results prompt following questions:

v |Is the 2nd-order transition in the core region a movement
between two transport branches?

v" Why does the edge region with the 1st-order transition go back
to the original state soon?

Need to quantify “stability of transport state”
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Transit Time Distribution (TTD) is Applied to Evaluate How the

Local Heat Transport States Change

v" “Dynamics of transport state” can be evaluated by a “displacement from the
original transport curve” K. Ida et al., J. Phys. Soc. Jpn. 77 (2008) 124501
v A“Transit Time Distribution (TTD)” for a certain window of “ddT_/dr” can be

interpreted as an index of the extent to which plasma can be attracted by
a certain transport state

® Here, the variation of the normalized heat flux is very small (see fig. below)

® Working hypothesis: a “transit time of doT./dr” equals a “lifetime of
transport state determined by a certain turbulence condition”

/01— - Transport curve
— rla=0.19 o from the power
~ wegeqe balance analysis
E 60 b xﬂﬂo o® %

0 ’ '
5

=50

\(D

o

%s)

6 I 8
-dTe/dr (keV/m)
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How to Measure the “Transit Time Distribution”

TTD can be obtained in almost the same manner as the PDF
(probability density function)

X(f) T 25
< ~ 20}
10} g 5'
3 P 15}
SHAS £ :
I T e 10
° 'S .'q' ;
: .' SF
Ofw.l: 0 ]
bbb 5 0 5 10 15
T x(f)
TTD of x(t): TID(x) = lim n, AE: bin size, n;: number of data points
PDF of im i ) between & and E+AE , N: total number of
of x(0): p(x) = Iim 1im n; /N data points within T, T: measuring time

In practice, the number of data points between £ and E+AE is
just counting, because At is finite number
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Availability of Transit Time Distribution

TTD Analysis Example:
Plasma with a higher density (line avg. n, = 2.20 x 10"® m-3),
where a diffusive nature dominates

/J ——— L =1V~ N Temporal evolution of dOT /dr JENNE LR {II CI{=Te
[ . T_(ECE)(keV) E. o - (<0.5 kHz) ECE data is
2.0ty spanr/a = 0,020 © | used for eliminating
: : 1 Zos the contribution of
Ew v' High-freq. noise
S 0.0 ' v Low-freq. (1~3kHz)
E eTESPEL injection Te ﬂuctuation
- ZSW 284 286 2.88 2.90 2.92

0.04 ———————————

e (s)

®-00.5-1.5kHz| -
=-u1,5-3.5kHz

2 4—h 4.5-5.5kHz
3 i
. 2’
0.8F +<—TESPEL injection ]l & As:
JJJJJ-IJJJ-LI.I:IJ-LHJJJ-LLHJ-H.I.I-LLIJJJ-LLHJ-LLLI-LLH.I: ‘_\T/ .
282 284 286 288 290 292 5 : 0.5 1
Time (s) F o0 bl P
- 10 05 00 05 1.0 3. Inagaki et al., PRL 107

Cold pulse propagates «(1/2)doT /dp (keV/m) (2011) 115001
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Availability of Transit Time Distribution (Cont’d)

H
13 17 21

TTD(-(1/a)dsT /dp)) I
1 5 9

| measuring o
low-pass points

filtered
(<0.5 kH2)

Crests appear near the
original VT, in the TTD map

v" Original transport state
in this plasma is robust
against the perturbation

v Agrees with the fact that
the plasma restored to the
original state

1.0 -0.5 0.0 0.5 1.0

-(1/2)dsT /dp (keV/m) ~Analysis condition: |
© For t=2.82s~2.92s at 1ms interval
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TTD for the Plasma with Non-local T, Rise Shows
Characteristic Patterns Both in Core and Edge Region

v Due to that, in some regions,

low-pass g “landing point” of the transport
0.1 '
: filtered o state is not the same as the
0.9 (<0.5 kHz)$ previous one
' Y v No another transport branch in
o .
03 : this m:f\p -
a . Edge (with 1st-order transition):
0.4 s Another transport branch
/ X is found
0.5 ' ECE v Weaker attracting force,
= measuring : compared with the original branch
0.6 points : v This can be why the backward
0.7 Ed ° 2nd-order transition of the edge
: 10 1 5 3 4 B e-heat transport takes place

-(1/a)dsT /dp (keV/m) Analysis condition:
© For t=2.78s~2.89s at 1ms interval
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When the 1st-Order Transition Region Moves Outside,

the Response Time of the Core T, rise is Delayed

LHD #49734 LHD #49708
3.9} |

3 5F Te(ECE) (keV)
- atp=0.07

" Unfiltered
34 - :

AT Low-pass
Low-pass filtered

filtered (< 0.5kHz)

3.3F

eiis ) SSTTTESPEL injection .
2.842 2.846_|__ 2.850 2.854 2.794 2.798_|__ 2.802 2.806
e (). = 0.6 x 1019m3 e = 0.7 x 101m?

0_0....l....|....|....|....|....1..... 0_0....l....|....|....|....|....|.....
low-pass & low-pass &
0.1 filtered : 0.1 filtered .

0.2 (<0.5kHz) e 0.2 :
o o
0.3 H 0.3 .
Q 4 Q H
0.4 : 0.4 :
0.5 ic:sufng” 0.5 ! —
\ 4 = measuring 4
0.6 Q{% \ 0.6 q 0. pomes 8
0.7 i a 0.7 =S -
-1 01 2 3 4 5 1 0 1 2 3 4 5

-(1/2)dsT /dp (keV/m) -(1/a)d3T /dp (keV/m)
Width of the déT_/dr jump in the edge region also decreased
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Characteristic TTD Map Can be Understood by the

Instant Deformation of Flux-Gradient Landscape

Flux-gradient curve can be extended to flux-gradient surface
(landscape)
v" Coupling by the meso-scale (ZF, ...), macro-scale (LRC, ...) structures

Transport Iandscg\pe

Transport
curve

norm. heat flux q./n

Temperature gradient dT_/dr Edge
P.H. Diamond et al., PRL 78 (1997) 1472.

This model can reproduce the complex changes in the flux-
gradient relationship observed experimentally
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