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@

® LHD is an L/M=2/10 Heliotron
configuration. The stochastization of
magnetic field lines naturally appears
because of no symmetry.

® [n addition, 3D MHD equilibrium
analyses predict the stochastization
by the “nonlinear 3D equilibrium
response”. That is, magnetic field
lines are further stochastized by
pressure-induced perturbed field S
driven by currents along rippled field _15

| . 2..5 3..0 3..5 4..0 4;5 5..0 5.5
ines. Rm]

Z[m]
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® LHD is an L/M=2/10 Heliotron
configuration. The stochastization of
magnetic field lines naturally appears

Pressure profiles with different 8

because of no symmetry. 3.0 LCFS  © 7 4o 4
2.5 F Invac. 304, X -
® In addition, 3D MHD equilibrium o0 K il
analyses predict the stochastization 9 i
“« . speg o — 15 P ")000( -
by the “nonlinear 3D equilibrium S

response”. That is, magnetic field 1.0 ’onog( l 1

lines are further stochastized by 0.5 s l -
pressure-induced perturbed field 0.0 Mmh
driven by currents along rippled field 4445454546464.747438
lines. R [m]

® |n experiments, changing the
boundary of plasma pressure is
observed. Increasing [3, the boundary
shifts to the outward of the torus.
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To study where the ‘effective’ boundary, the radial electric field, E, was studied in the edge.

Hypothesis:
Lost of electrons along opened field lines produces positive electric field.
=> Positive electric field in the peripheral region reflects the magnetic field structure!

Comparison with HINT2 modeling

5o * In previous studies, E_profiles are

vE, | . )
“ - A 28 studied for high-3 plasmas.
i “l.o [* * Withincreased B, Positions of
24 strong E, shear shift to the outward
~ B2 of the torus.
S 00 Z|12°% e« This suggests the magnetic field
< E
o 2 structure was changed.
e b 1.6
ol g » [ 1a | Y. Suzuki, et al., Nucl. Fusion 53 (2013) 073045
| t Y. Suzuki, et al., Plasma Phys. Control. Fusion 55 (2013) 124042
B~3%  iiivac. i -
3.6 3.8 4.0 4.2 44 46 4.8 10 However:
e This hypothesis completely ignored the
strong E, shear appears in stochastic region perpendicular transport.
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wotivation &

The radial electric field, E, can be considered as an index of the plasma boundary.

3
l 10" However,

The magnetic field of the LHD consists of 3 regions

1. Nested flux surfaces
— 2. Stochastic layer

o £,
4 10° =, 3. Scrape-Off layer

-

\ 4

Where is the boundary decided by the E,?
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wotivation &

The radial electric field, E,, can be considered as an index of the plasma boundary.

However,

The magnetic field of the LHD consists of 3 regions

1. Nested flux surfaces
2. Stochastic layer
3. Scrape-Off layer
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Where is the boundary decided by the E,?
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wotivation &

The radial electric field, E.. can be considered as an index of the plasma boundary.

However,

The magnetic field of the LHD consists of 3 regions

1. Nested flux surfaces
2. Stochastic layer
3. Scrape-Off layer

\ 4

Where is the boundary decided by the E,?

\ 4

This is an important issue of
RMP experiments in tokamaks!
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wotivation &

The radial electric field, E, can be considered as an index of the plasma boundary.

3
! 10" However,

The magnetic field of the LHD consists of 3 regions

1. Nested flux surfaces
2. Stochastic layer
3. Scrape-Off layer

\ 4

Where is the boundary decided by the E,?

\ 4

44 45 46 47 48 49 This is an |rr1portar3t|ssueof
R [m] RMP experiments in tokamaks!

In this study,

1. The radial electric field on the stochastic layer is studied in the LHD.

2. Two magnetic configurations with different width of stochastic layers are studied in low-f3.
In such a case, the vacuum model can be used.

3. Impacts of perpendicular diffusion of stochastic field lines are studied.

2015/9/10 Stochasticity in Fusion Plasmas 11



1.Introduction
2.Experimental Setup

2015/9/10 Stochasticity in Fusion Plasmas

12



A7)
Radial Electric Field Measurement by CXRS &

The Charge Exchange Recombination Spectroscopy in LHD measures
velocities of carbon impurity ions (C®*).

M. Yoshinuma, et al., Fusion Science and Technology, 58 (2010) 375.

Toroidal system Poloidal system

Calibration Target
Monitor
: Camera

Neutral Beam
BLA4

Poloidal Lines of Sight
Downward

Poloidal Lines of Sight

Upward to Spectrometer

Calibration Target Optical Fiber Bundle

The radial electric field E, is defined by a
following radial force balance equation,

(roroidal CXS systems POIOidal LineS of Slght
A=500-700nm 40keV

Perpendicular NBI E, = (Zjenj)_1ij _ VB,qub + qu’ng

In this study, the magnetic field in the outward of the torus is studied
at horizontally elongated cross section.
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—_—
Upgraded CXRS to cover SOL region [ (47,

* Changed the angle of mirror system, poloidal sight was extended to the outward of torus.
(light fibers of toroidal sight was also increased.)
* All configurations can be covered.

Before 2012 From 2012
Diagnostic limit (CXS)
RAxus—3 53m 7—1 254 (SN—100327) RAX|S=3.9_Q_m, 254 (SN—1 1 2508)
- , 50.2 .. :
x: poloidal -0.0
+: toroidal 1-0.2
d ‘60.4
4 €
1 5
q2 S
<
N 1200
~ ]
> 1100
g Op P
|>| -5 95_1 .70 Tv-1 .28%) :_1001...:
o —10 F 1 1 1 i 1—200 -
36 38 40 42 44 46 48 36 38 40 42 44 46 4.8
R (m) R (m)
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p
Magnetic configuration of LHD (@

The LHD is an L/M=2/10 Heliotron.

Superconducting coils:

e 1 pair of Helical Coils
e 3 pair of Poloidal Field Coils

Changing coil currents:

Rotational transform
Magnetic well/hill
Plasma volume
Elongation

can be controlled.
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p
Magnetic configuration of LHD (@

Vacuum model
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A7)
Magnetic configuration with different R_, &

Z[m]

Z[m]

Vacuum model

_ R,=3.6m 2 2.0
" Toqsh
2 -
{203 O
102 2 10
1.6 c_U
_____ 14 c
S 05
1.2 ©
-0.6 1.0 § : : :
0.0 L i ; | A |
36 38 40 42 44 46 438
2.8 R [m]
& * Controlling the preset vacuum magnetic axis R,
1 the rotational transform on the axis and edge
S can be changed.
. * Changing the magnetic shear, the stochastic
14 layer in the peripheral region can be also
12 changed!
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Stochastic layer with different R, &

Distribution of L
- e The vacuum LCFS are

almost same in inward
and outward shifted
configurations.

e Stochastic layers
appear in both
configurations.

* Laminar zones appear
near the SOL.

e Stochastic field lines
might be intersected in

44 45 46 47 48 49 long and short L.
R [m]
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To [eV]
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by the resistive interchange mode will be strong.
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3.0e+19 _ 15000 [
S
£ D
o
20e+19 © 1000.0
1.0e+19 500.0
0.0e+00 0.0

T, (ngo) Of R,=3.6m is higher (lower) than that of R_,=3.9m.
This reflects the transport property.
But, electron pressure and mean free path are almost comparable in edge region.

R [m]

5.0

5.0e+19

4.0e+19

3.0e+19

2.0e+19

1.0e+19

0.0e+00

We studied low-f3 plasma (< 1%) because for high-p (> 1%) magnetic fluctuations driven
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T, and E, profiles in Edge

* E, shear from negative to
positive appear at r 4 ~
0.63m.

* In the strong E, shear
region, T, gradients
become sufficiently small.

<

Is the hypothesis of the parallel
electron dynamics OK?

To[eV]

E, [kV/m]

2015/9/10

4.0

2.0

0.0

-2.0

-4.0
0.45

126349 -~

| 106348 1 ESGH

b e N

) NG I’u-r,_—él

o.e_

| 126349
126351 -

126352I

126348 —+—1 |
126350 :--%---t

0.50

Stochasticity in Fusion Plasmas

0.55



T, and E, profiles in Edge R,,=3.9m (@

800.0 _. ................................................. ................. ............... _

* E, shear from negative to oo }E%

positive appear at r ~ 0.5m.
* E, shear is not strong. 400.0

* In the strong E, shear layer, 2000 |- 1383;‘8; —

steep T, gradients still exist. iogags o .
. 0.0 1 ] ] . —
* In the outside of strong Er 035 040 045 050 055 \o.eo 0.65

shear layer, Te gradients 50 T b0
become low. sob —

o . . : * | | |
Er Shear Iayer IS Wlder. 20 IjI}EQE*x ................. E ................. S i

AT Hhkn T =] |
NS S SO S . e S — -

Is this the difference of the 20 | 126380 Fi |

o o o 126332 woofleed | | |
magnetic configuration? N R R N S U
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e
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—_—
grad-T_ and E_ profiles in Edge (@

6.0 T T T T T 1000 ! ! I I ! 500
T e R S I

-500
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4o L1227 E— | -9000 -10.0 | | ' i ! 2000
0.45 0.50 0.55 0.60 0.65 0.70 0.75 035 040 045 050 055 060 0.65

Feff [m] eff [m]

0o L

E, [kV/m]
E, [KV/m]

-4.0

dT/dr [eV/m]

* For R,,=3.6m, E, and grad-T, correlate well.
* ForR_,=3.9m, E_and grad-T, correlate but steep grad-T,
exists in positive E, shear layer.
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277,
Chaotic coordinate in stochastic field (@

Poincaré plot of chaotic field Poincaré plot of chaotic field
(in action-angle coordinates of unperturbed field) in chaotic coordinates
""" NHANNENNALE i

"""" o T P P R
e e e e e T e R e e

)

1l

old radial coordinate -
new radial coordinate -

new angle coordinate -

niinnan

old angle coordinate -
phase-space is partitioned into (1) regular (”irrational”) regions with “good flux surfaces”, temperature gradients
and (2) irregular (“ rational”) regions  withislands and chaos, flat profiles

S. Hudson and Y. Suzuki, Phys. Plasmas 21, 102505 (2014)

The Chaotic coordinate can allow the statistical analysis of the stochastic field line.

2015/9/10 Stochasticity in Fusion Plasmas 25



N\
‘Variance’ of magnetic field lines &

Ex: A field line started from R=4.764m.

m
1 2
It intersects the region in long and short L.. o= — E (X; — (X))
m
3 1=1
10 107 ¢
O FRo—sem +
102 _ ............ +BIE3K)K3E ......... B -
: +
Pt | X
— I . -+ T +++*"‘ff¥++++ ]
: : F ] : :
2E o 3L T SR B B ]
11077 ° 10 x é
[ ] R e S S <
ot
-5 I I 1 1
10
10 4.4 4.5 4.6 4.7 4.8 4.9
R [m]

R [m]
* The variance increases in the stochastic layer.
* No significant differences for R_,=3.6m and 3.9m

2015/9/10 Stochasticity in Fusion Plasmas 26



‘Skewness’ of magnetic field lines (@

Ex: A field line started from R=4.764m.
It intersects the region in long and short L.

10° 0.002
0.000

-0.002

-0.004

-0.006 ‘ | ‘
0.010 [ — X e -
0012 [, -36m + I — .
oote L2200 X, ; '

4.4 4.5 4.6 47 4.8 4.9

44 45 46 47 48
R [m]
e Strong asymmetry of the field line distribution appears.

* The ‘effective’ connection length for R_,=3.6m might be short?
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)
Possible scenario of perpendicular transport (@

Long L. Short L Ex: A field line started from R=4.764m.
It intersects the region in long and short L.

! 103

Symmetric deviation

(Rax=3.9m) _ E 102%
‘ x |

Asymmetric deviation

(R,,=3.6m) o

44 45 46 47 48 49

Reference surfce

* Stochastic field lines of asymmetric distribution invade the short L. region.
* Inthe case, the effective L. might be short.
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)
Anisotropic heat diffusion Preliminary!! (@

Anisotropic heat diffusion is studied in the LHD geometry.

oT S. Guenter, et al., J. Comput. Phys. 209, 354 (2005).
Frini (k) VT +£LVIT) + 5 S. R. Hudson et al., Phys. Rev. Lett. 100, 095001 (2008)

R,,=3.9m ’C"/,Cl — 108

Z [m]
Te[a.u]
Te [a.u.]

44 45 4.6 4.7 4.8 4.9 5.0
R [m]

R [m.]
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 The radial electric field, E, is experimentally studied in the LHD
configuration.

* E, profiles are studied for two magnetic configurations with different
widths of the stochastic layer. Strong E, shear from negative to positive
appears at the edge of the stochastic layer. This suggests the stochastic
region can be considered as a plasma confined region.

* Comparing E, profiles in different magnetic configuration, correlations of E,
and T, profiles are found. However, according to the width of the
stochastic layer, differences are found.

* Experimental observations are compared with the field line modeling. The
‘skewness’ of stochastic field lines is studied. If the skewness becomes
negative, the connection length of electrons in the stochastic layer
becomes effectively short.



Outlook @

* The identification of the stochastic layer will be done in next experimental
campaign.

 The transport modeling should be improved. As a first step, the heat
transport in the stochastic field will be studied.
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