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Outline V&),

« Subjects on MHD study
« Magnetic configurations of LHD
* Development of high-3 experiments
- Ideal-stable regime
- High-beta discharge
- Parameter dependence of resistive mode
« Significance of “ideal limit” of interchange mode
- Effect on plasma confinement and its control
* Discussion

e Summary
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Motivation @

Production of high-§ plasma is the common subjects in magnetic
confinement systems

Optimization > Economical Reactor

Experimental Verification —> Transport
NC, turbulence etc.

Production of < > MHD Stability
High-B Plasmas growth of MHD mode
d MHD Equilibrium

finite-S effects

=

What has limited the S-value?
Tokamak: NTM, RWM, ELM... Helical: Stability? Equilibrium? Transport?

Understanding of high-£ physics related with B-limit
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Subjects of MHD Study V),

Major subjects of MHD study in high-$ heliotron

Equilibrium

- disorder of peripheral magnetic surface due to finite-3 effects
- growth or healing of magnetic island — limit confinement region
— comparison between experiment and calculation
Stability

- enhanced magnetic hill in periphery and weak magnetic shear in core
- many resonances, especially, in periphery
— effects of pressure-driven modes on profile and confinement
- verification of linear stability boundary and mechanism of mode saturation

- interpretation of “ideal” and “resistive” instabilities

further extension of 3 range is required for experimental interpretation of
these subjects and extrapolation of the knowledge to reactor-plasma.
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Configuration Optimization -r_ - @

Magnetic axis position is one of configuration Y S
parameters characterizing MHD and transport:
Inward outward - .
< Rax p = s
- ]
Stability: N - &
hill well
Equilibrium: :
weak dependence
Transport: [N
Increment of helical ripple —»
Heating: s 2
Prompt loss of NB ——»
Confinement: [ G
(Experiment) 3.6 m |
. Shafranov shift : NB Heating Efficiency
> 0.2 F | = (Pabs-Pprompt-Ioss)/Pabs T
- Shafranov shift deteriorates transport and | [ Bwn1o0keV, 25510’
heating efficiency, although it is valid for stability T AT
: R_ (m)
— control of aspect ratio
5/16

Ex/7-5 Oct. 15-21, 2006, IAEA, Chengdu, S. Sakakibara



Optimization of Aspect Ratio V&),

-

Shafranov shift can be restricted by SID H|%h-B
increasing plasma aspect ratio. 08 e
. . . - - a_(m) ;
= restricts reduction of heating efficiency 0.6 | . ]
and increment of transport ]
04} ]
= restricts spontaneous formation of ; t,2m ;
magnetic well and decreases magnetic shear o>[ i
[ Rax =3.6m ]
) ' ' O.----I----I----I----I----I----.
3.9t I e
. FY2003 —FY2005 ]
4L e ' FY2004 k
__ 38} = .l 0 [ ]
E = °F T 0 ]
5 e f ®
14 A o | FY2002 ]
3.7F 5 - me 8=05T 1
= [ t ]
M. ® B5=045T | ;
: ® B=0425T| ]
3.6~ O'....|....|....|....|t....|....'

. . o 55 60 65 70 75 80 85
0 1 2 3 4 A
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Maximum beta of 4.5 % was achieved @&

» Maximum averaged beta : 4.5 % }‘ t, o >> 107, >‘

* long sustainment of 4 % plasma T L S

« Shafranov shift A/a; ~ 0.25 gm
ow-n,m activities N —— 1

» m/n = 2/3 and 1/2 modes appear (< 4 %), °*[ o AlEgs ]

but behave intermittently with increasing 021 0" (Sotag 00 % 0 00 0% 0" 0 g0 pes
beta N °

40-}39/;3t(:1o";) - B :m/:n=1:l1
(A.Komori,S.Sakakibara, POP2004) ! ‘ Y H‘ m“ |
0

. 80F % -5
» Qutermost-resonant mode is enhanced ol 2B m/nz2/3
* Mercier criterion D, < 0.2 s0 LB/, (10 -
O ~
] - b /B, (107) ' m/n=2/5
Resonances are located outside 40T b Aot o duld
p ~ 0. 9 Al b, Al TWARA A § W0 BFI" IEWPWSTI SRRV |
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Time Evolution of Config. Parameters

@

Onsets of m/n = 2/3 and 1/2

Enhanced 2/3

2/3 resonance

* The reduction of S
seems to destabilize

2/3 and 1/2 modes
rather than beta
gradient

» 2/1 resonance

enters the magnetic

well region

» High pressure

gradient inside V'=0

2/1 resonance

reff (m)

reff (m)

Time (sec)

5x10

Magnetic
Reynolds
Number S

3/2
Tr aBT,;

oC
T, ZAI/Z\/Z

Beta gradient
dp/dr g

Magnetic well
boundary
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S Dependence of MHD mode Vi),

* S dependence of island width (w o (511/Bt)2) T
is similar to that of linear growth rate (y « 8 " m/n = 1/1
[P3S-113) of resistive interchange mode. w O A‘

# Q\\’*"\ 1

« Amplitudes in LHD (high-S) are much » 10 e "
e -
smaller than that in CHS (low-S). < & L !&7” 1-

1b /B,
1 5x10°

105 2 2 2 2 0 2 42 2 2 0 2 2 2 2 0 2 2 2 2 0 ., . . 10"’
CHS: S=103~10° LHD: S=105~108 0 1 3 4 5
V)
103 — l\ ———r ———r ——— —— '/E <ﬂdia> (A)
102 : l.- .0 a 8 & g _; 103 ! ! L
:: .- °. . b 5 ' :C”, ©.698 <[3dia> =25~3.0 %
101 T g b 3 e |Ip/Bt| < 20 KA/T
o e[t L. 1 TSel wen . §%%
T feer R : 10" b :'”%::l:fg . .
q.; L) L) “ N ] c
o 1 ¢ . - ) ) . : S
@ 10 '! ‘ﬁ ¥ n/m=1/1 (LHD) 3 = DI X T B
1 Q A $07% n/m=2/2 (LHD) ] 1] . s »°
o T o n/m=3/3 (LHD) T 1= 107 F o % N .
107~ e n/m=1/2 (LHD) 3 . v S~
n/m=2/3 (LHD) ~
n/m=1/1 (CHS) ]
107 n/m=2/2 (CHS) E 10" k
* n/m=1/2 (CHS) E
o =  n/m=1/2 burst (CHS) | ]
10-4 P I TSR S S R L
0 0.5 1.0 15 2.0 2.5 107 1 L L
0 10° 10° 10’ 10®
<ﬂdia> (A) S
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Discussion on High-3 MHD Vi),

 Clear S dependence of saturation of the mode was found out, which is similar
to that of linear growth rate of resistive interchange mode. Also, it has been
found out that the mode onset strongly depends on S and D [1].

= Local heating in vicinity of resonances is valid for the stabilization?

* Observed modes are suppressed or intermittently behave when <> exceeds
a certain value. The understanding of change of equilibrium due to finite-3
effects is required for making the mechanism clear.

= equilibrium study (finite-p effect)

» Averaged beta increases with heating power, whereas degradation of plasma
confinement with <> has been observed [2]. Experiments suggest that it is
caused by an increment of transport rather than low-n MHD activity.

- If the increment of transport is caused by outward-shift of R, the real-time
control of R, is valid for the suppression. In case of turbulence due to (high-n)
resistive-g mode, production of high-S plasma leads to the reduction of the
transport.

[1] S.Sakakibara, PFR 2006, [2] K.Y.Watanabe, IAEA2004, [3] H.Funaba, FST 2006.
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How about “ideal limit”? Vi),

« Usually, “resistive” mode is saturated and leads to no collapse of the plasma.
= How about plasma close to “ideal” limit?

* It is possible to bring the plasma close to “ideal limit” by increasing A,

STD High-
, 3 p U2n =1

3 F———————r———r
dealmin=11 1 | ™,
Unstable :

— Vacuum
"""" <p>~1% 1

Reduced _
shear

Shear reduces
Plasma Current

Beta 5.5. - 60 - 65 - 70 - 75 - 80 - .8.5
> A

Vp increases
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Minor Collapse due to m/n = 1/1 Mode

@

The strong m/n = 1/1 mode caused minor collapse.

Minor collapse due
to abrupt profile-
fattening near m/n
= 1/1 resonance

Growth of radial
component of m/n
= 1/1 mode

il

Shot#55397

[ <Bdia> (OA))

;e (1019 m-a)

D,> 0.2 evenin
currentless plasma
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Magnetic Shear Dependence

» Appearance of the mode obviously depends
on A, and /,

» The mode appears even in low- A_ if / al

p p
exceeds a threshold.

* A threshold of the plasma current decreases
with increasing A,

» Operation limit is qualitatively consistent with
“ideal” one

94 05 06 07 08 09 1.0

-
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............. L N
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Attempt of suppression of the mode @

* The m/n = 1/1 mode has no rotation and grows in specific location (error
field), which is different from “resistive” mode

= Is it possible to suppress the mode by resonant magnetic field?

* LHD has the compensation coil system to cancel out the error field and to
perform advanced divertor scenario (LID)

* Dominant Fourier component is m/n = 1/1.

(A P Lo

() W\ AT
L [ {4 T
T e T ] " e
3 Q

‘

e,

O-point (¢ = -126°) O-point (¢p = 54°)
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Suppression of m/n = 1/1 Mode Vi),

The mode could be suppressed o R,=36m B =-09T,4,283
by giving optimal perturbation e s
: < 0 0 o -5
field, and <f> recovered. af;xszvefs st o o oo o 0 01s

: : e I E
- The location and saturation-level of | 7, (10°mY) — 12
the mode strongly depends on those PR RRRERARERARRRNS b
, , : s (P 11B, (kAIT) ]
of given perturbation field. I 0 [
- . b SO TR
= similar to error field locked mode? 5|
- relation with ideal interchange — T T
, The mode is
mode and/or magnetic shear 201 g * 1 1
suppressed at S I I
- measurements of plasma rotation specific field | " b IB (10%.
. . . | r-11  t
and radial electric field 0'20':): e Bmmae
90 L (deg)
(Torque balance) Island phase N L
Is the same as [ 0 ]
_ 11 ” o ) 90} -
threshold of “seed” island external field L L I Ty T
18'?000 500 0 500 1000
1 /B, (AT)
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Summary @

» The volume averaged beta value of 4.5 % was achieved by optimizing the
magnetic configuration from a viewpoint of MHD characteristics, transport and
heating efficiency of neutral beam.

* Peripheral MHD modes excited in the magnetic hill are dominantly observed,
and the dependence of the amplitudes of their modes on magnetic Reynolds
number is close to that of linear growth rate of resistive interchange mode.

* When the magnetic shear was decreased and the plasma was close to m/n =
1/1 ideal stability boundary, the m/n = 1/1 mode was excited and led to a minor
collapse in the core region.

» The results suggest the significance of magnetic shear and a validity of a
linear theory on ideal mode.

» The mode can be stabilized easily by using external resonant field.
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Previous Works on High-§ MHD Vi),

MHD instability concerning high- 10 C1t0°f2i”‘" I'n-t:ri‘t’j:-i”f”
- Core modes near ideal stability boundary effects the o'} . .
pressure profile and degrade confinement ol ﬁﬁg fe &7 ]
(S.Sakakibara, NF 2001, PPCF 2002, PFR 2006) 10_15 | _' =
- Stabilization of peripheral modes from inner region to g e e ]
outer one in high-grange with > 3 % ol ?‘ :
(S.Sakakibara, EPS 2004, A.Komori, POP 2005) Sl R 'mi.:f%;
- Onset of peripheral mode is quantitatively consistent e —
with linear theory on resistive mode dl _
(S.Sakakibara, PFR 2006) & ﬁﬁéﬁh‘ .
_ Peripheral MHD Activities in High-/2 plasmas A SN Lol T
(S.Sakakibara, FST 2006) Ed'gemf_ 5 5
- Relationship between the thermal transport, ideal 100;_ ; "
mode and turbulence due to resistive-g mode, in high-3 : e ]
10" —

(K.Y.Watanabe NF2005, H.Funaba, FST 2006) 2 3 4
<Bdia> (%)
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Magnetic Reynolds Number

-
Magnetic Reynolds number is related with
J yhe s CHS: $=103~10°
growth of resistive mode (y «[3%3S-13), the
change of topology (reconnection) and so on. LHD: S=106~108
10° . . . .
o T, aBTem
1 ” ZA"? \In
A e
1013 ] I ] 1 L I ug
Ideal = y J
4 . ke Gorona .
2 10" Q. 10" & 5t n/m=1/1 (LHD) E
£ . o) Y Ry n/m=2/2 (LHD)
> Helical o2 oo n/m=3/3 (LHD) ]
g 10° TER  Reactor " Wm2o(D)
S T 107 Conmezz(ohS)
> «  n/m=1/2 (CHS) 3
&’ 107 LHD . = n/m=1/2 burst (CHS) | ]
-% " 0 05 10 15 20 25
§ 10° <Bdia> (%)
= CHS
v Comparison of MHD activities in
3 M [ M [ M [ M 1 L 1 M
Resistive 10 . 1 ; ; ; : . between LHD and CHS
<> (%) (S.Sakakibara et al., NF 2000)
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Occurrence of Minor Collapse

-
* Minor Collapse in core region was observed in High-A configuration
* Profile flattening near #/2r = 1 surface occurs with the collapse.
Te profile measured with Thomson A, = 8.3 and low-/,, (/,/B=< 10 kKA/T)
L — {5 . _Shot#55391
N
—~ 1.0} oo g%  0.636s- 0.5} *w_BY
> ..:.'{:"'{'?\J,, . 0.639s JZN _NBI A v P
é y 2 Ny . s ' . 19' -3' ' l : ' 4
QL o5} AT \:.';”-:‘. ] gj— ngem) — 28
S <« %_— Ip/Bt (KA/T) —» 80
\ . : . O : —— ' —1-10
0 e ettt 0.04} Shafranov shift (m)
mm —s— AR
0.4} * 1.303s - 0.02F k/ \ ___AR::
S\ Y 4 O---ql;\-, ..:.\::;\'-r--r--f--r--r-- i e
[ - < - Te (keV)
cozt o - ot 2
= Y 4 %% \\::\. —=—p=0.5
R @O T\x:' ° 0.5 ..I-IJ t\'\._.::ifflilllz!:lqzl:lzl:lqjslzl;I:IZI:I:I::::|_:I:;._0.9
0 ad oo PR P [ PP | Aponobon poon oo O : ) ) ) | . : -. . : .'!fh
25 30 35 40 45 5.0 0_5‘ e w
R (m) Time (sec)
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Characteristics of m/n = 1/1 mode @

Several differences of characteristics of the mode in different configurations.

Experiments High-A,, and/or large I, Standard, high-4
radial location p~ 0.7 (currentless) p~0.9
configuration weak shear, magnetic hill magnetic hill
observation Ideal unstable, Dg > 0 Ideal stable, Dg > 0
frequency DC ~ several Hz several kHz

. . ¢~ -120 deg .
spatial location (near natural error field) rotating
S dependence Not clear strong

_

Interaction of the modes with resonant magnetic field
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Increment of Radial Flux

@

Increment of radial magnetic flux with
minor collapse

Poloidal Arrays of Saddle

Loops (¢ = 0, 180°)

10
e Array#1 . ®
= 5} ® Array#2
o
) o y
Before 2 ol et
= .
e ° 2 .
o t=08s
-10 }
[
5 ot -
[ ]
S o o ¢
Growth S ol ade
‘To ° [ ]
Ao « °® ¢
el— -5 ® ) .
° t=09s
-10
- st
3
é o © o ° ® .
H L _e_o ® eo_eo__ ___ __el]
Saturation | & ° .
o o o, ° ° °
: [ ]
- _5 - -
© t=10s
-10 1 1 1 1 1
-180 -120 -60 0 60 120 180

Poloidal Angle (deg)

Shot#55397,R_=3.6m,B,=-1T,7y=1.13

n_(10° m”)

¥
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R
-
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0.5
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Increment of B_,,, component Vi),

- m/n = 1/1 mode structure is identified 15—
through comparison between flux loop 1ol
signals and the multi-filament calculation.

Shot#55397

<Bdia> (%)

0.5

- Parameter A®, /B, is related with w? 0 Pttt

wia = 4(|1/0]5B /mB,) "> 201
10

—

5B,/mB, o« AD, /B, Ni
- The beta signal synchronizes with B, 1200 ..
component. BOF " e
. . 0 A T T
-The toroidal angle (O-point at outer torus) 0.5 1.0 15 2.0
is almost constant to the end of discharge. Time (sec)
1.0 T : 6
i Shot#55397, t = 1.503 s
0.8} LA J ,g 4L
5 i 2 "
0.4} F 4 's‘ e o
0.2f .o'.‘ ‘:\ 1 g 4 Shot#55397, t=1.5s -
25 3.0 35 2.0 25 . ’3'0 35 2.0 ?.-75 G m e 0 @ 0w
R (m) ' I; ) ' ' Poloidal Angle (deg)

Example plot (A, = 5.8) 22/16
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Characteristics of non-rotating mode )

When the “non-rotating mode™ grows, it
obviously limits the beta.

Characteristics of the mode:

[1] spatial location

<Bdia> (%)

- almost constant

- O-point in outer torus: ¢ ~ 60 deg.

[2] growth time
-0.05~0.1s(~1g)

- fast growth — nonlinear ?

¢ (deg)

[3] precursor

- Obvious precursor is not identified yet.

20 40 60
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Plasma rebounded against “Limit” V),

* Even if A is sufficiently low, the /; causes the minor collapse

* Plasma is rebounded from “limit” twice.

6.6
586.3|71 7783 |A A =63
3 "‘ l ‘ ‘ ‘ : - e Shot#54175
High-$ L|m|t {100
'4 /an :
;\? 2} : - 150
A ' : ]
= I 0
o)
vV 1 }
|
\
0
04 0.5 0.6 0.7 0.8 0.9 1.0 0.5 1.0 1.5 2.0
Time (sec)
/(0
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Recovery from m/n=1/1 restriction @

Shot#55434,R_=3.6m,B, =-0.75T,y=1.13

* Recovery of § from m/n = 1/1 activity is o[ |

observed in some conditions

<ﬁdia> (%

B
* In the large | case, 3 degradation is so large o
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Discussion on the Minor Collapse @

» The appearance of m/n = 1/1 mode is qualitatively consistent with theoretical
prediction on ideal MHD instability.

= comparison of the mode structure between experiments and calculation
* The mode has no rotation and stays at the same location
* When the mode has the rotation, minor collapse is not observed.

= stabilization effect due to rotation
= measurement of bulk rotation (radial electric field)

* The impact of m = 1 mode to plasma confinement is much larger than the m =

2 mode case. 6 e
_ "',' Mercier [ Te (keV) H ]
= important knowledge on . ot I R, shift ]
[ low-n unstable ] I <8 - ]
. , . _ 4} g % ] £ 2808 ogva,
the design of configuration & | I osf RN T,
& [ |Teflattening - SR [ RIS ..:(i =
in the future. s 1 o NS I V) S A % ]
: L) Y\ S . ]
Ik, Ty ' o2f \6’. ]
NI . A B ey %, |

1.0 1.5 2.0 2.5 ° 3.Io 3.|5 4.Io 4.l5

<Bgia (%) R (m)
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Enhancement of Edge low-n mode

* The m/n = 2/3 mode is enhanced with the
decrease in vy.., and it is one of the reasons for
degradation of confinement with the reduction of y..

* The resonance is located near edge in any v,
(low-S region).

« Magnetic hill is enhanced with reduction of v..
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High-/ Experiments in LHD

FY2002 (Standard) :3.2% (1.25,0.5T)
FY2003 (Reducedy.) :4.1% (1.22,0.5T)
FY2004 (Optimized v,) : 4.3 % (1.20, 0.45T)
FY2005 (Increment of Pyg,) :

4.5 % (1.20,0.45T)

- No power degradation.
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