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11th WORKSHOP11th WORKSHOP

on Active Control of MHD Stability:"Active MHD Control in ITER",on Active Control of MHD Stability:"Active MHD Control in ITER",

Nov. 6-8, 2006, Room#318, PPPL, USA.Nov. 6-8, 2006, Room#318, PPPL, USA.

LHD
(Large Helical(Large Helical

Device)Device)

NIFS, JapanNIFS, Japan

rotational

transform
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Effects of global MHD instabilityEffects of global MHD instability

on operational beta-regime in LHDon operational beta-regime in LHD

and its controland its control



2

Buck groundBuck ground

For an economical fusion reactor,For an economical fusion reactor,

achievement and achievement and sustainmentsustainment of high of high

beta plasma (beta plasma ( ~5%) is necessary.~5%) is necessary.

InIn heliotron heliotron plasma like LHD (Large plasma like LHD (Large

Helical Device, NIFS in Japan), it isHelical Device, NIFS in Japan), it is

predicted that the MHD instabilitiespredicted that the MHD instabilities

appear in high beta regime becauseappear in high beta regime because

the magnetic hill exists in the finitethe magnetic hill exists in the finite

beta gradients region.beta gradients region.

Expected influence of MHD instabilities on confinementExpected influence of MHD instabilities on confinement

1. global mode (1. global mode (low-nlow-n/m; limited resonant surfaces)/m; limited resonant surfaces)

    => disruption or collapse; hard limit in operation    => disruption or collapse; hard limit in operation

range!?range!?

2. localized mode (2. localized mode (high-nhigh-n/m; a lot of resonant surfaces)/m; a lot of resonant surfaces)

    => turbulence or anomalous transport; soft limit!?    => turbulence or anomalous transport; soft limit!?

0

1

2

3

4

5

1985 1990 1995 2000 2005

LHD

CHS

W7AS

ATF

HeliotronE

Year

Progress of achievement ofProgress of achievement of

max. beta in helical devicesmax. beta in helical devices
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ContentsContents

Main topics;Main topics;

   Effects of global MHD instability (   Effects of global MHD instability (low-nlow-n,m modes),m modes)

on operational beta-regime in LHDon operational beta-regime in LHD

# Characteristics of LHD configuration# Characteristics of LHD configuration

# Progress of high beta operation in LHD# Progress of high beta operation in LHD

# Characteristics of 2 type of# Characteristics of 2 type of low-m low-m (global) MHD (global) MHD

activities and their effects on plasma confinementactivities and their effects on plasma confinement

    1. commonly observed, increasing with beta    1. commonly observed, increasing with beta

   2. observed in a special    2. observed in a special configconfig. with a minor collapse. with a minor collapse

# On control of MHD instabilities with static error field# On control of MHD instabilities with static error field

coilcoil

Ref.

[1] K.Y.Watanabe et al., Nucl. Fusion, 45, 1247-1254 (2005).

[2] S.Sakakibara et al.,  15th ISW, Madrid, Oct., 2005.

[3] S.Sakakibara et al.,  33th EPS, Rome, Jun. 2006.

[4] K.Y.Watanabe et al., ICPP2006, Kiev, May, 2006.

[5] S.Sakakibara et al., Ex/7-5 in 21th IAEA, Chengdu, Oct. 2006.
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4Large Helical Device

, NIFS, Japan

Largest helical and super conducting

machine in the world

  Magnetic energy 1 GJ

  Cryogenic mass(-269 850 t

  Tolerance < 2mm

External dia.      13.5 m

Plasma Maj. R.  ~3.7 m

Plasma Min. R.  ~0.6 m

Plasma Vol.         ~30 m3

Magnetic field        3 T

Total weight     1,500 t

Exp. started at

F.Y.1998

Shot

#66053

 (Up to Feb.2006)

ECH  84 – 168 GHz/~2MW

ICH   25-100 MHz/~3MW

NBI    /~15MW

0.0

0.5

1.0

1.5

2.0

0 0.2 0.4 0.6 0.8 1

ax

=0%
1%
2%

Minor Radius 

~(1-
2
)

Rotational
Transform

Light from plasma

Inside

of Vacuum Vessel

ICH+ECH~500 kW

(1.6GJ)
3268 s3600 sDuration

Ti0ni0

ne (1019m-

3)

Ti0 (keV)

Te0 (keV)

5 %

5-10

10

10 keV

10

Target

4.5 %

2.1

22

13 keV

10 keV

Achieved

Bax=0.45T

keV-sec-1019m-3

Te0=0.8keV

Al, n
e
=0.3x1019m-3

ne=0.5x1019m-3
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Mag. Well
Hill

0.5

1.0

1.5

0 0.2 0.4 0.6 0.8 1

vac
~1%
~2%
~3%

Rotaional transform

< > (%)

Low order
rational
surface
m<=3

Magnetic hill exists in the finite

beta gradients region

=>

MHD instabilities (interchange/

pressure driven) would appear

in high beta regime.

Characteristics MHD equilibrium related to stabilityCharacteristics MHD equilibrium related to stability

Ap=6.2, p~(1- 2)(1- 8)
(%)

< dia >

m/n=3/2

m/n=2/1,

3/2,1/1(,2/2,3/3),

3/4,2/3

3/4

1/1(,2/2,3/3)

2/1

2/3

/21
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FY2002 (Standard)           : 3.2 % (1.25, 0.5 T)

FY2003 (Reduced Ap)     : 4.1 % (1.22, 0.5 T)

FY2004 (Optimized Ap)  : 4.3 % (1.20, 0.45T)

FY2005 (Finely turn B0) :  4.5 % (1.20, 0.425 T)

P
abs

MHD etc.

0

1

2

3

4

5

0

5

10

15

20

1998 1999 2000 2001 2002 2003 2004 2005

Fiscal Year

Achieved < > 

NBI port_throu (MW)

Extension of the operational high-  range in LHD

STD High-
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Wave form of high beta discharge with <Wave form of high beta discharge with < >=4.5>=4.5

%%

tduration >> 10tE # Achieved max. averaged beta : 4.5 %

# Long sustainment of 4 % plasma

# Shafranov shift D/aeff ~ 0.25

# Low-n,m activities

 -  No observation of core resonant modes.

 -  m/n = 2/3 and 1/2 modes (peripheral

resonant surfaces, Resonances are

located outside  ~ 0.9) appear (< 4 %),

but behave intermittently with

increasing beta.

 -  Mercier criterion DI < 0.2 @ =1/ ~0.9

0

0.1

0.2

0.3

0.4

0.5

0.0

2.0

4.0

6.0

3 3.5 4 4.5

R(m)

T
e
(keV)

n
e
(10

19
m

-3
)

Though some flattening and asymmetric structures areThough some flattening and asymmetric structures are

observed in the Tobserved in the Tee profile, they are not large enough to affect profile, they are not large enough to affect

a global confinement.a global confinement.

0

1

2

3

4

5

1985 1990 1995 2000 2005

LHD

CHS

W7AS

ATF

HeliotronE

Disruptive phenomena have not been observed
in high beta operation with < dia> >4%
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Instability in the peripheral region is more unstable.

The instability might limit the operational beta range.
(Core interchange modes are more stable due to the well formation.)

Ideal MHD stability in peripheral region
As the  becomes higher,,,,,,

Relationships between predicted global ideal MHD modes and observationsRelationships between predicted global ideal MHD modes and observations

Here =0.9 ( ~1) surface

is focused to analyze the

relationships between

observed beta gradients

and the prediction of

ideal MHD instability.
0

0.5

1

1.5

2

0 0.2 0.4 0.6 0.8 1 1.2

A
p
~6.3( =1.22)

r/a
p

Rotaional Transform

=0.9 =0.9 

(( ~1)~1)
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0

4

8

12

0 1 2 3 4

 <
dia

> (%)

Mercier

m/n=1/1 unstable

/
A
 =10

-2

0.3x10
-2

=0.9 ( ~1)

d
kin

/d

0

0.7 0.8 0.9 1

 m1n1

 m2n1

 m3n1

 m4n1

 m5n1

0

0.7 0.8 0.9 1

 m1n1

 m2n1

 m10n11

 m3n1

 m4n1

Calculated radial structure

of ideal MHD mode

/ap~5% 

/ap~1% 

Radial mode structure

is relatively narrow in

high beta discharge

with <
dia

> >3%

because the mag.

shear is fairly large in

peripheral region in

LHD highest beta

discharges.

The plasmas with <
dia

> >3% is predicted that an ideal interchange type

MHD modes are marginally unstable. The radial width and the growth

rate are /ap~5% and  / A=10-2 at <
dia

> ~4%.

Observed kinetic beta gradients

are plotted on a contour of

growth rate of low-n ideal MHD

mode by Terpsichore code

Relationships between predicted global ideal MHD modesRelationships between predicted global ideal MHD modes

and observed beta gradientsand observed beta gradients
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0 1 2 3 4
0

5

10

15

d
/d

 (
%

)

Mercier

/
A
 =10

-2

0.3x10
-2

(10-

5)

The m/n=1/1 mode is

observed even in the

Mercier stable region.

Amplitude of the

m/n=1/1 mode increases

as beta and the

gradients increase.

Amplitude of b/B00 of m/n=1/1 mode
~

Relationships between predicted global ideal MHD modesRelationships between predicted global ideal MHD modes

and observed fluctuationand observed fluctuation

Typically rotating in the e-diamag. direct. with several kHz.
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0.1

1

10

100

eff
/

GRB
 @ =0.9

0.2 0.5 1 2 3 5

< dia> (%)

#  MHD instabilities affect the

transport!?

 1.Mercier modes are unstable  in the

beta range of < dia> >1.5%.

  2.Resistive interchange mode always

unstable in finite beta.

    (  dependence of  is similar to a

turbulence model based on a resistive

interchange modes)

=> high m,n MHD modes would affect it!

Beta dependence of peripheral local transportBeta dependence of peripheral local transport

Normalized thermal conductivity by

GB (Gyro-reduced Bohm) model

Global property of GB is quite

similar with ISS95)

Mercier unstable

Low-n unstable

( ~1)

BpGRB

1

*

0

*

0

RRaxax
VV=3.6m,=3.6m, A App=6.3=6.3

Other possibilities:

# Invasion of stochastic region with beta

is predicted!

# Degradation due to high n (high density)

/ GRB at ~1% is 4~10 times

larger than that at ~4%.

~ 1

There is no abrupt degradation of

transport around ~4%. However /
GRB decreases with  in more than 1%.
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Saturation of peripheral MHD mode

strongly depends on S parameter. If w ~

(b /Bt)
1/2, S dependence of w is close to

that predicted by linear theory of

resistive interchange mode (w  1/6S-1/3).

  =>

Commonly observed modes in LHD

=> resistive (interchange) modes

CHS: S=103 ~105 LHD: S=106 ~108

< dia> (%)

Amplitudes in LHD

(high-S) are much

smaller than that in

CHS (low-S).
DI < 0.2

DR > 0

S (S (ReinoldsReinolds#) dependence of MHD mode#) dependence of MHD mode
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(W/ap~0.11)
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0

1

2

3

3 3.5 4 4.5

180A/T

220A/T

330A/T

Suppression of Suppression of mm//nn = 1/1 mode by resonant magnetic field = 1/1 mode by resonant magnetic field

Finite pressure gradient near =1 surface

exists till ILID  220 A/T, whereas it gradually

decreases with ILID .

Amplitude of the mode decreases with

reduction of the gradient. Then the mode

frequency slowed down.

At ILID =220 A/T (W/ap~0.20), the mode

disappears despite finite gradient still

remains finite pressure gradient near 

=1 surface exists despite finite gradient

still remains.

Rax = 3.6 m, Bt = 2.75 T, Ap=5.7,

NBI, < >~1%, DI<0, DR>0, S~107
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0.5

1

1.5

0.6 0.8 1

6.3

A
p
=8.3

0

2

4

6

0.6 0.8 1

n
 (m

-1
)

6.3

A
p
=8.3

Effect of Effect of ““idealideal”” mode on the plasma confinement ? mode on the plasma confinement ?

Plasma

 H-M 
HC-O
HC-M
HC-I

Helcal coil of LHD

consists of 3 layers.

By changing the curennt

ratio in the 3 layers,

plasma aspect ratio,

mag.shear and mag. hill

hight are controlled.

High aspect configuration (a special

config.) has low magnetic shear and

high magnetic hill  in LHD

=> Ideal modes are more unstable

n in both aspect ratio is almost same at

the m/n=1/1 rational surface.

Magnetic curvature Rotaional transform

High-  config.

High-aspect config.
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Minor collapse due to m/n = 1/1 mode in high aspect

config.

0

0 0.2 0.4 0.6 0.8 1

with I
p
 effect

w/o I
p
 effect

r
(m/n=1/1)

/ap=15~25%

/ A=0.5~1.1x10-2

Predicted ideal MHD mode

width before collapse

A collapse occurs in a high aspect plasma with low magnetic shear and

high magnetic hill. Before the collapse occurs, stability condition of global

ideal MHD mode is stromgly violated. Mode width is much important

for the effect on confinement??

Profile flattening

Minor collapse due to

abrupt profile-

fattening near m/n =

1/1 resonance

Growth of radial

component of m/n =

1/1 mode (Non-

rotate)

DI > 0.2 even in

currentless plasma

No observation of

clear precursor

/21
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Non-rotating mode
Common mode with

rotation (f  0.1

kHz)

10-6

2.6 10-3

b /Bt

~

Ap = 8.3

High-S
Low-S

Bt dependence of “Non-rotating” mode 

Non-rotating modes are often observed high S operation.

Before the collapse occurs, global ideal MHD mode is stromgly unstable.

=> Ideal mode!?

br11/Bt

~

(10-4)

/21
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Natural
Island cancel

NI
O-phase
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 Several differences of characteristics of the mode in different configurations.

Reduction of rotation,

suppression
Suppression or growth

Interaction with

static 1/1 island

“Resistive” mode“Ideal” mode

Low-S => large signalLow-S => not appears(?!)S dependence

magnetic hill (DR>0)
weak shear, magnetic hill

(DR>0)
configuration

rotating
~ -120 deg

(near natural error field)
spatial location

several kHzDC ~ several Hzfrequency

Ideal stable, or unstable

with narrow mode

width

Ideal unstable with large mode

width
Prediction

 ~ 0.9 ~ 0.7 (currentless)radial location

“rotating” mode
(high- )

“non-rotating” mode

(High-Ap, and/or large Ip)
Experiments

Characteristics of  m/n = 1/1 mode in LHD

/21
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1. Disruptive phenomena have not been observed in high beta operation with <

dia
> =4.5% in LHD.

2. In high beta plasmas, peripheral MHD modes excited in the magnetic hill are

dominantly observed. The plasmas with <
dia

> >3% is predicted that an ideal

interchange type MHD modes are unstable for a low-m mode, whose radial

width and linear growth rate are /ap~5% and  / A=10-2 at <
dia

> ~4%.

According to local transport analysis at a peripheral low-m,n resonant surface,

no abrupt degradation of transport has not been observed up to <
dia

> ~4.5%

though the gradual degradation of normalized electron thermal conductivities

observed with  in more than 1%.

3. The observed dependence of the amplitudes of their modes on S(magnetic

Reynolds #)  is close to square of the mode width of linear resistive

interchange mode. The above facts suggest that the observed modes in high

beta operation is the resistive interchange mode.

SummarySummary

/21



21

4.  In higher aspect config. with lower magnetic shear and higher magnetic hill

compared with high-  config., a minor collapse occurs. Before the collapse

occurs, stability condition of ideal global MHD mode is strongly violated.

The predicted mode width and growth rate are /ap=15~25% and /

A~0.5~1x10-2. The observed magnetic fluctuation is not rotating. It is

observed more easily as S is larger. The above facts suggest that the observed

modes in the collapse is the ideal interchange mode.

5.  From Aabove results suggest a possibility that the ideal low-m,n MHD

instability with large mode width affects the large effect of on the

confinement in heliotron devices.

6.  Both the observed modes in high beta plasmas  and in a minor collapse can

be suppressed by using the external resonant field. However, the mechanism

has not been clear. The non-linear calculation of the MHD instability in wide

range of S is necessary taking static error fields into account.

Summary (Cont.)Summary (Cont.)

Ref.

[1] K.Y.Watanabe et al., Nucl. Fusion, 45, 1247-1254 (2005).

[2] S.Sakakibara et al.,  ISW15, Madrid, Oct., 2005.

[3] S.Sakakibara et al.,  33th EPS, Rome, Jun. 2006.

[4] K.Y.Watanabe et al., ICPP2006, Kiev, May, 2006.

[5] S.Sakakibara et al., Ex/7-5 in 21th IAEA, Chengdu, Oct. 2006.
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Options
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5ms

100ms

Sawtooth

minor collapse in carrying large

toroidal current

Examples of minor collapses driven by MHD events in LHD

40ms

minor collapse in low shear and

magnetic hill



24

Te/Te~0.5

Te/Te~0.5

Te/Te

~0.05

plasma disrupt

Te/Te~0.3

Te/Te~0.2

Influence on
confinement

ne0~2x1019m-3

Te0~1.keV
saddle loop~100mslow mag.

shear/mag.hill

ne0~5x1018m-3

Te0~1.2keV
ECE saddle

loop
30~40ms

large positive
Ip

ne0~6x1019m-3

Te0~1keV
SX2~3mssawtooth

Helical

(LHD)

Example,
Te0=4~5keV

ECE1-2ms
negative mag.

shear

Te0~4keVECE~0.1msbeta collapse

Example,
Te0=4~5keV

ECE<1mssawtooth

Tokamk

(JT60)

ne, Te
measurementdecay time

Exp.
Cond./Cause

Difference of decay time in minor collapses
in between Tokamak and Helical

The study of the reason why the decay time is too different (the decay time

in helical is much longer than that in tokamak) is an important issue.

Reason/Cause (candidate)Reason/Cause (candidate)

# Deference of influence on MHD equilibrium ?,# Deference of influence on MHD equilibrium ?,

# Deference of mechanism driven by mechanism ?# Deference of mechanism driven by mechanism ?
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Achievement of pressure gradients in the

region predicted as ideal MHD unstable
==> observation of saw-tooth oscillation as

fluctuation signal

=> Achievement as Transitional State

=> Possibility of Achievement in

Stationary ???? => Future Subjects

MHD Activity in Ideal Interchange Unstable Region (LHD)

Pressure gradient just after pel. inj

(0.75, 2.8T)

0 1 2 3

< > (%)

Mercier

currentless

low-n unstable

( =10-4)

=0.5( ~0.5)

R
ax

=3.6m

0

8

6

4

2
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E normalized by ISS95 scaling

0

0.5

1

1.5

2

0 1 2 3 4

H
ISS-kin

H
ISS-dia

 <
dia

> (%)

ISS95 scaling

(International Stellarator Scaling 1995)

HISS-dia is based on the diamagnetic plasma energy.

HISS-kin are based on Te and ne profile measurements under the

assumption of Zeff=1 and Ti=Te.

A disruptive

degradation has not

been observed up to
< dia> ~4%,

in both E based on

the diamagnetic

energy and the

kinetic energy.

However, the enhancement factors are

gradually reduced as beta increases.

How about MHD effects?!How about MHD effects?!

Dependence of the global confinement on the beta valueDependence of the global confinement on the beta value

RRaxax
VV=3.6m,=3.6m, A App=6.3=6.3

4.0

3/2

53.051.059.065.021.2

95
BnPRa

eISS
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Normalized thermal

conductivity by g-mode

turbulence model is constant

in a high beta regime with 

>1%.

Effect of resistive interchange mode on peripheral transport

Thermal conductivity based on resistive

interchange (g) mode turbulence

(induced through the magnetic field

diffusion)

( )
0

3

23

4

02
3

4

0
ˆ R

v
S

L

R
aR

s

q Te

p

effn

Depend. on geometric param.

Depend. on plasma param.

Renormalization factor

Linear growth rate and
mode width of g-mode

refs. B.A.Carrers et al. Phys.Fluids 30, 1388 (1987)

        B.A.Carrers et al. Phys.Fluids B1, 1011 (1989)

0.1

1

10

100

0 1 2 3 4
<

dia
> (%)

eff
/

GMTe
 @ =0.9

RRaxax
VV=3.6m,=3.6m, A App=6.3=6.3

[ref] H.Funaba et al, Fusion Sci. Tech. to be publised in 2006, Proc. in 15th Int. Stell. WS in Madrid (2005).

Today’s Model
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AApp=6.3=6.3

Peripheral Rd /d  both in Ap=8.3 and 6.3 are

almost same.

=> p@ =0.9 in Ap=8.3 < p@ =0.9 in Ap=6.3

=> T@ =0.9 in Ap=8.3 < T@ =0.9 in Ap=6.3 if ne

is same.(Reason not clear)

=> S@ =0.9 in Ap=8.3 > S@ =0.9 in Ap=6.3

Peripheral S in Ap=8.3 is smaller by ~10

times than Ap=6.3.

( )
0

3

23

4

02
3

4

0
ˆ R

v
S

L

R
aR

s

q Te

p

effn

10
3

10
4

10
5

10
6

10
7

10
8

0

50

100

150

200

0 1 2 3 4

AApp=8.3=8.3

Why is the predicted GMTe (  induced by g-mode turbulence)

of a high aspect (Ap=8.3) plasma much large??

GGMTe; 2~2.5=> GMTe; 2~2.5

S; ~1/10=> GMTe; ~4.5

Beta dependence of plasma parameter and
geometric facter determining GMTe

GGMTe

Rd /d
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AApp=6.3=6.3

AApp=8.3=8.3

GGMTe

GGMTe
Geometric factor of g-mode

turbulence model (GGMTe);

GGMTe in Ap=8.3 is larger by

2~2.5 times than Ap=6.3.

=> GMTe; ~10 times larger
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e

eff

e

e =

Geometric factor of

GMT model in

Ap=6.3(lower mag. hill)

config. is not sensitive to

beta.

LHD high beta plasmas are obtained under low mag. field

operations. Then S is reduced as beta increases.

=> The prediction of large value of  in high beta regimes.

In a reactor, B0 and ne are larger by 10 times, and aeff is by

3~4 times than LHD high beta operations.

=> S would be larger by 300-400 times.

=> ~1m2/s (Not negligible but not large)
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In order to increase S by

100 times than in present

LHD, the high beta

operation  under  4 times

larger B0 is necessary.

(B0=2T/ ~4%, Wp~2MJ)
4 times large power is neccesary.

Ap=6.3 config. (lower

mag. hill), =0.9

The confirmation is necessary
in experiments with wide
parameter range of S and .

Plasma parameter dependence of thermal

conductivity induced by g- mode turbulence

Geometric factor of

GMT model
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Observed Magnetic Fluctuation and Ideal MHD Analysis

Core Edge Core region
#  -gradients;

     Saturated with  (1%< <1.8%)

Increases as  (1.8%< )

# Magnetic Fluctuation;

    In Mercier stable region,

resonant fluctuation (low-n) mode

is not observed.
Amplitude increases as 

gradients

Edge region
#  -gradients;

Increases as 

# Magnetic Fluctuation;

Even in Mercier stable region,

resonant fluctuation (low-n) mode

is observed.
Amplitude increases as  and  -

gradients
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4/3

4/2, 2/1

3/2

4/4, 3/3, 2/2,1/1

4/5

3/4

4/6, 2/3

How large m number is effective on the global confinement?

m=1,2 => Effective!!

m=3,4 ???

m>4 => Not effective??

high m => Not effective!!

 gradients not care Mercier.

If only unstable modes with m=1,2 are effective, pressure profile

locally flattened near limited resonant surfaces might lead to high beta

discharges with around ~5%.

To make clear

A final goal of LHD

high beta experiments
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Predicted magnetic field structure by HINT and observed pressure profile in

a high beta LHD discharge with  Rax
V=3.6m, B0=0.5T and < dia>~2.9%.

OMFS in Vac
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a
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e0
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ap@Wpe=99%

ap@pe=0

Stochastic

=1=0.9
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Plasma heals magnetic island structurePlasma heals magnetic island structure

Vacuum

0

0.05

0.1

0.15

0.2

0.25

0 0.05 0.1 0.15 0.2 0.25

W

W
ex

Vacuum Width

    Island Width

( =0.77% plasma)

L

K
Curve predicted 

by a simple theory

J

 Island structure is put out by plasma

 This kind of mechanism may heal

magnetic island in edge in high-  regime.

 Consequently, plasma boundary may

not be destructed unlike the prediction of

static MHD equilibrium

Plasma dynamics against magnetic island,

which generated by external resonant field

N.Ohyabu


