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Progress of achievement of
max. beta in helical devices

For an economical fusion reactor,
achievement and sustainment of high
beta plasma (8~5%) Is necessary.

In heliotron plasma like LHD (Large
Helical Device, NIFS in Japan), it is
predicted that the MHD instabilities
appear in high beta regime because
the magnetic hill exists in the finite
beta gradients region.

Expected influence of MHD instabilities on confinement

1. global mode (low-n/m; limited resonant surfaces)
=> disruption or collapse; hard limit in operation
range!?

2. localized mode (high-n/m; a lot of resonant surfaces)
=> turbulence or anomalous transport; soft limit!? 21
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Characteristics MHD equilibrium related to stability

) A_=6.2, p~(1-p2)(1-p®
<l3dia§> 0=6.2, p~(1-p*)(1-p°)

Magnetic hill exists in the finite
beta gradients region

=>

MHD instabilities (interchange/
pressure driven) would appear

In high beta regime.
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Extension of the operational high-g range in LHD
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Disruptive phenomena have not been observed
In high beta operation with <g,,.> >4%

<p> (%)
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duration

# Achieved max. averaged beta : 4.5 %

# Long sustainment of 4 % plasma

# Shafranov shift D/a  ~ 0.25

# Low-n,m activities

- No observation of core resonant modes.
- m/n = 2/3 and 1/2 modes (peripheral
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Though some flattening and asymmetric structures are R BT Sy
observed in the T, profile, they are not large enough to affect R(m) 7121
a global confinement.




Relationships between predicted global ideal MHD modes and observations

ldeal MHD stability in peripheral region

As the 3 becomes higher,,,,,,

Instability in the peripheral region is more unstable.

The instability might limit the operational beta range. 0=0.9
(Core interchange modes are more stable due to the well formation.) (t~1)

2 I I I I I

Here p:09 (L"'l) surface Rotaional Transfofn
is focused to analyze the | *°|
relationships between ,
observed beta gradients

and the prediction of 05}

iIdeal MHD instability.
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Relationships between predicted global ideal MHD modes
and observed beta gradients
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The plasmas with < ..> >3% Is predicted that an ideal interchange type
MHD modes are marginally unstable. The radial width and the growth
rate are 8/a,~5% and y/w,=10at <> ~4%. 9/21



Relationships between predicted global ideal MHD modes
and observed fluctuation

Amplitude of b/I_5>O of m/n=1/1 mode

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

15 =107 o1t The m/n=1/1 mode is
\/ - | observed even in the
o * 004 || Mercier stable region.
3 Mercier - e | Amplitude of the
S | Ty i o m/n=1/1 mode increases
% | ' * 08% | as beta and the
5t - (0"655 gradients increase.
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Beta dependence of peripheral local transport
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_@ v Ty -
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<Bgia> (%0)

Normalized thermal conductivity by
GB (Gyro-reduced Bohm) model
(Global property of GB is quite
similar with 1SS95)

v/ CRB at p~1% is 4~10 times
larger than that at $~4%.

There is no abrupt degradation of
transport around f~4%. However x/x
GRB decreases with  in more than 1%.

# MHD instabilities affect the
transport!?
1.Mercier modes are unstable in the
beta range of <B,,> >1.5%.
2.Resistive interchange mode always
unstable in finite beta.

(B dependence of x is similar to a
turbulence model based on a resistive
Interchange modes)

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

Other possibilities:

# Invasion of stochastic region with beta
Is predicted!

# Degradation due to high n (high density)




S (Reinolds#) dependence of MHD mode
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Saturation of peripheral MHD mode
strongly depends on S parameter. If w ~
(by/B)Y2, S dependence of w is close to
that predicted by linear theory of
resistive interchange mode (w o« BY6S-1/3),

=>

Commonly observed modes in LHD
=> resistive (interchange) modes
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Resonant magnetic field

* LHD has the compensation coil system to

cancel out the error field and to perform
advanced divertor scenario (LID)

- Dominant Fourier componentis m/n=1/1. & , _
N L

* Negative coil current can cancel out the

natural error field with m/n =1/1.

I /B <0

O-point (¢ =-126°)

Iio/Bi> 0

O-point (¢ = 54°)

0.5

Natural island : ¢ = -90° ~ -126°

2527 (/3 ~0.11)

Oct. 15-22, 2006, IAEA, Chengdu, S. Sakakibara
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Suppression of m/n = 1/1 mode by resonant magnetic field

R, =3.6m,B,=275T, A =57,
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Effect of “ideal” mode on the plasma confinement ?

Helcal coil of LHD High aspect configuration (a special
consists of 3 layers. config.) has low magnetic shear and

By changing the curennt] high magnetic hill in LHD

ratio in the 3 layers, => |deal modes are more unstable

plasma aspect ratio,
mag.shear and mag. hill

: ' ' rm
hight are controlled. I\glagnetm curv g’;gre Rotallonal tlransfo

L
15 -High-aspect config/"

6.3
o5 [ High- g config.

L1 | |
1 0.6 0.8 1
p

P plasma K, In both aspect ratio is almost same at
the m/n=1/1 rational surface.
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Minor collapse due to m/n = 1/1 mode In high aspect
config. L ]

Shot#55397
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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

. 16 /21
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Bt dependence of “Non-rotating” mode
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Non-rotating modes are often observed high S operation.

Before the collapse occurs, global ideal MHD mode is stromgly unstable. 17,51
=> |deal mode!?
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Suppression of m/n=1/1 Mode @

* The mode could be suppressed by giving optimal Natural
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Characteristics of m/n = 1/1 mode in LHD

Several differences of characteristics of the mode in different configurations.

Experiments

“non-rotating” mode
(High-A,, and/or large 1)

“rotating” mode

(high-p)

radial location

P ~ 0.7 (currentless)

p~0.9

configuration

WeakK shear, magnetic nifi

magnetic hill (Dg>0)

S Ideal stable, or unstable
. Ideal unstable with large mode .
Prediction : with narrow mode
width .
width
frequency DC ~ several Hz several kHz
spatial location ¢~ -120 deg rotating

(near natural error field)

S dependence

Low-S => not appears(?!)

Low-S => large signal

Interaction with
static 1/1 island

Suppression or growth

Reduction of rotation,
suppression

“ldeal” mode

“Resistive” mode
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Summary

1.

2.

Disruptive phenomena have not been observed in high beta operation with <
4> =4.5% in LHD.

In high beta plasmas, peripheral MHD modes excited in the magnetic hill are
dominantly observed. The plasmas with <f,..> >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 6/a,~5% and y/w,=10" at <f3;,> ~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 <g,.> ~4.5%
though the gradual degradation of normalized electron thermal conductivities
observed with § in more than 1%.

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.
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Summary (Cont.)

4. In higher aspect config. with lower magnetic shear and higher magnetic hill
compared with high-p 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 6/a,=15~25% and y/w
A~0.5~1x10-%. 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.
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ISX [a.u]

Examples of minor collapses driven by MHD events in LHD

Sawtooth

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

Influence on

Cong.)/(gause decay time | ¢ nfinement | Measurement Ner T
sawtooth | <ims | STJT~02 | ECE | (“S5TBS
-E‘?'Il%rg;( beta collapse | ~0.1ms OT./T,~0.3 ECE T ,~4keV
nega;[;]\gz1 rrnag- 1-2ms plasma disrupt ECE TZ)QZTEII(%V
sawtooth | 2~3ms é-l(-)egse SX neOT; (jﬁlc()ir/nﬁ
z_ll_ell-llg; large [IJF())sitive 30~40ms | ST./T.~0.5 ECEIE) ggddle n glg;i)ilzolizr\n/s
e | ~100ms | STT,~05 | saadieloop | M2 O

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)
# Deference of influence on MHD equilibrium ?,
# Deference of mechanism driven by mechanism ?
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MHD Activity in Ideal Interchange Unstable Region (LHD)

A Pressure gradient just after pel. inj = 33612 _ :
(0.75, 2.8T) I : 1j
o 4
8 T T T T T T 1T | LI I'I'i‘l T | L g 1'0
- p=0.5(1~0.5)  Mgier ] E
- R__=3.6m v O = =
L ax [ ] =
6 Icurrentless i g B
 low-n unstable \ E 20
g 4 ¥y Jé ] . 1sF
& i ey (é?o.@ E o Te(p=0)® « ® *
?‘a [ : \\ _: -5 1.0 1-. e o ® : s a
° - Y % N % | Telp=0.75) 2 apr © 40 *
: 250 T SN
9. 0.5 0

<> (%)

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
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Dependence of the global confinement on the beta value

t= Normalized by ISS95 scaling

R,./=3.6m, A =6.3

2

A disruptive
degradation has not
been observed up to

1.5

1

<ﬁdia> ~4%’
0.5 | | iIn both Ttz based on
. ® Posin ® Fsan the diamagnetic
0 1 <B2>(%)3 4 energy and the
dia Kinetic energy.

221 0.65~-059.. 051053 0.4
Tissgs € A7 RTZPTN,TTBTT,

However, the enhancement factors are
gradually reduced as beta increases.

How about MHD effects?! %




Effect of resistive interchange mode on peripheral transport

Thermal conductivity based on resistive P
Interchange (g) mode turbulence
(induced through the magnetic field x G BV]."7p. ¥y,

(g\s [ oV , (BR, Y 2 v,
L R} a, g3 I
x) bk a { L ] R,

d|ffu3|0n) refs. B.A.Carrers et al. Phys.Fluids 30, 1388 (1987) 100 rrrTrTTT T T T T T T T
B.A.Carrers et al. Phys.Fluids B1, 1011 (1989) El Xeﬁ XGMTe @p 0.9
S 10 3
Xe =\/% o v, £ - rﬁ%(W:?nBT)“ a\“"‘. Vodel R,V=3.6m, Ap:6.3
) oday’s|Mode [
Renormalization factor %ﬁ%ﬁﬁ :
_2, [268°L, (S 4] —ZimA
T BR ik, (rkaq) T O'10' T s 21”
<I3dia> (%)
Linear growth rate and Normalized thermal

mode width of g-mode

YO = 1 (E—Rox x, _’qv)m ol COﬂdUCtIVIty by g-mode

sB\2 L turbulence model is constant
W = 33%% . 5 R“" " in a high beta regime with
>190.

Depend. on geoetrl param.

lasma param.
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Why is the predicted ;1 (% INduced by g-mode turbulence)
of a high aspect (A,=8.3) plasma much large??
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Peripheral Rdp/dp both in A;=8.3 and 6.3 are

almost same.

=> P@p=09 IN A;=8.3 <Pg,=gg IN A,=6.3

=> Tgp=09 IN A;=8.3 < Tg 09 IN A;=6.31f N,
Is same.(Reason not clear)
=> S@p=09 IN A;=8.3> 345 -9 1IN A=6.3

Peripheral

times than Ap:6.3.

Beta dependence of plasma parameter and
geometric facter determining xcpme

Sin A,=8.3 is smaller by ~10

Geometric factor of g-mode
turbulence model (Ggpe);
Gomre IN A,=8.3 Is larger by
2~2.5 times than A ;=6.3.

Gomrer 272.9=> Xomrer 272-9
S; ~1/10=> xpres ~4.5

=>AcMTer ~

~10 times larger
28




Plasma parameter dependence of thermal ot g a
conductivity induced by g- mode turbulence 5> =8 -’ B, —r

0 e

Geometric factor of

3/“ " [Geometric factof of| . GMT model in
1 08[GMT model ;O/v A,=6.3(lower mag. hill)
it T | y config. is not sensitive to
16 S R 16 beta.
; 0.4 — R Kn)4/3/(Lé,,)_-z/:o,.rz‘---‘ 1s
—: 0.2 :—_-_ = ‘———_iST_»_ ?':’E 2 n,, PO.SBOO.Saeﬁ —1R0_o,5
/36/‘5 00: . 0 B V2 Bosaefr *
o] B S x
L lm.m P
60 A,=6.3 config. (lower In order to increase S by
R_dp/dr (%) mag. hill), p=0.9 100 times than in present
. _ . LHD, the high beta
LHD high beta plasmas are obtained under low mag. field operation under 4 times
operations. Then S Is reduced as beta increases. larger B, is necessary.
=> The prediction of large value of i in high beta regimes. (By=2T/B~4%, W,~2MJ)
4 times large power is neccesary.

In a reactor, By and n, are larger by 10 times, and a IS by

3~4 times than LHD high beta operations. The confifmation is necessary
=> S would be larger by 300-400 times. in experiments with wide
=> v~1m?/s (Not negligible but not large) parametef range of S andzgﬁ.




Observed Magnetic Fluctuation and Ideal MHD Analysis

dB g, /dp (%)

[currentless
rm/n=2/1 uns

Core reqgion
# B -gradients;

Saturated with § (1%<p<1.8%)
Increases as 5 (1.8%<p)

# Magnetic Fluctuation;

In Mercier stable region,
resonant fluctuation (low-n) mode
IS not observed.

Amplitude increases as 3
gradients

n/m = 1/2
|
disiﬁppear

O n/m=1/1
O n/m=2/2
A n/m=3/3

Edge reqgion

# B -gradients;

Increases as f3

# Magnetic Fluctuation;

Even in Mercier stable region,
resonant fluctuation (low-n) mode

is observed.
Amplitude increases as  and 3 -
gradients

[aYal

JYU




How large m number is effective on the global confinement?

Rotational Transform

0 VO [ e I O R (I ),

12/3

[ Core Peripheral Edge |
- > < e

0 0.2 0.4 0.6 0.8 1.0

m=1,2 => Effective!l

:/3,4 277

m
w Not effective??

high m => Not effective!!

f gradients not care Mercier.

To make clear
A final goal of LHD
high beta experiments

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%.
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I OMFES in Vac.
2.5 3 3.5 4 4.5
R (m)

Predicted magnetic field structure by HINT and observed pressure profile in

a high beta LHD discharge with R_,V=3.6m, B,=0.5T and <f,>~2.9%. "




N.Ohyabu

Plasma heals magnetic island structure

Plasma dynamics against magnetic island,
which generated by external resonant field

0.25 ———rr———1rr———rrr—rrrrrrr

015 N Vacuum Width _
W
01 E redicted " o
yaﬂmMemaxy'Fl d Width

0.05 | - (=0.77% plasma)

O----I--.-I--.-I-..-I----
0) 0.05 0.1 0.15 0.2 0.25
Wex

* Island structure is put out by plasma

* This kind of mechanism may heal
magnetic island in edge in high-f regime.
=» Consequently, plasma boundary may
not be destructed unlike the prediction of
static MHD equilibrium

1200

1000

600

- D ~00 <

400

200

Vacuum W_=0.17
W =0.185
ex
sh40141-44-48-2035 Wex=0. 20

3000 3500 4000 34500
Radius (mm)



