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Buck ground

# For an economical fusion
reactor, <B>~5% Is necessary.

@ LHD (JPN)
@ CHS (JPN)

W W7AS (BRD) # Mainly by increasing the
@ relotront OPN) heating capabilities and
optimizing configurations,
heating efficiency of NBI.

# Last exp. campaign in LHD,

1985 1990 1995 2000 2005 the 5.0% beta plasma is
Year obtained.
Progress of achievement of # Analysis of the plasma

max. beta in helical devices

properties like the beta
dependence up to the reactor
<B3>=5%; relevant high beta regimes

A targeted value of LHD become possible.

project from the design phase




Contents

# Progress of high beta operation in LHD
# Characteristics of LHD high beta plasmas with p~5%

# Effects of global MHD instability (low-n,m modes)
on LHD high beta plasmas
Through comparison between achieved pressure
gradients and linear MHD numerical analyses

# Confinement properties of LHD high beta plasmas
Through comparison between experimentally
obtained thermal conductivities and some
theoretically predictions



Recent results of ext. of operational 8 range in LHD

<p>=4.5% up to last IAEA conf.(2006)
Quiasi-steady (only gas-puffing and parallel NBI);

<P>=4.8%; Increase //NBI power (~1.8MW up; tot.13.8MW)

Transient (pellet inj.);

<p>=5.0%; Improve heating efficiency of L NBI(6.9MW)
due to Suppression of Shafranov shift by pellet and //NBI modulation
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Transient (pellet inj.) high-B dischrage |

pellet Inj thuration>90% ~10 e
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# Shafranov shift is suppressed by

pellet and //NBI power modulation
AR Ja 4~ 0.4 =>~0

Increasing heating efficiency of
1 NBI(6.9MW)
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Transient (pellet inj.) high-B dischrage I

pellet inj.

t

duration>90% ~1O Z-E
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# Just after pel. inj. for ~10 1¢, high
beta plasma, <B4,>=5.0% is
transiently achieved.

# T, and n, profiles at max 3
almost same with Quasi-steady

Quasi-steady
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Characteristics of MHD stability in LHD high B conf.
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- A=6.2, p~(1-p?)(1-p%)

In high beta regime,
magnetic hill still exists in
peripheral region

=>

Peripheral MHD
Instabilities (pressure
driven) are important in
high beta regime.

' Low order m/n=2/1,
rational 3/2,1/1(,2/2,3/3),

11 surface

<=3 3/4,2/3



Quasi-steady high-B dischrage
<B>=4.8 %

tduration>90% >80 4=
S —

3 # No disruptive high beta plasma is
f maintained during more than 80t
08 L # Large shafranov shift A/a, ~ 40%
oal Qf\[ g, # Low-n,m MI—_ID activities
: - No observation of core resonant modes.

02 E AR /a ] ] )
: - Only resonating mode with peripheral

99 bt surf. (m/n = 2/3 and 1/1) appear
| # Global confinement property is almost
same with 1SS95 scaling.

69910t1.23s

—BN% mﬁ%% ] No large B

1| flattening enough

to affect a global
f E confinement

o

R(m\

0.5 1.0 1.5 2.0

Small flattening and asymmetric structures are 8
observed

rE~13.3ms Time (sec)



S (Reinolds#) dependence of MHD mode

Saturation of peripheral MHD
mode strongly depends on S
parameter.

By a simple model,

W~ ‘\/EG/Bt

S dependence of w is close to

o | | | that predicted by linear theory
A -l of resistive interchange mode (w
g all oc B6S-113),

o'} i’%&;o . G049 |

.| AT i‘ | Commonly observed modes in
p<oz TP T LHD high beta operation
o D >0 l =>
B resistive (interchange) modes

S 9



eamaerso | Comparison between peripheral pressure gradient
and the prediction of linear MHD stability analysis

_ 6/a,~3% (ldeal)
o7 eioe gii 1. (Terpsichore code) 0
va [0 7 T S ~5 /0
» [1p=0.9 (1~1) ; X,
120 0 dp, /dp| Ve ] 1.0 e
3 20 D F —— Ideal
; 0.3x10%=5m Mo F— _ea 6
S G 05f _z:igs Calc. by
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Radial structure of low-n
ideal and resitive MHD mode

<Bdia> (%)

Observed Kinetic beta gradients and

a contour of growth rate of low-n In <B,,,> ~4% plasmas, the global
ideal MHD mode MHD mode is predicted unstable, but
No strong reduction of Its radial mode width is narrow (~5%
gradients of a,/ growth rate y/w,~102)

# The gradients are averaged for Ap=0.1.

even in the mode is even in the mode is expected linearly unstable, when the mode 10
width is narrow, the effect on the confinement is quite small




No fatal effect of “global” mode on the helical plasma?

Helcal coil of LHD
consists of 3 layers.

By changing the current
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

=> Interchange mode is more unstable

Magnetic curvature Rotaional transform
6""I""""'I"""" T T

1
"High-aspect confjg/"
A =8.3

15

6.3

05 High-£ (mid.

. aspect.) config.
_ 1 0.6 08 7 1

p p

|-

The magnetic shear of high aspect. conf. is much
smaller than that of midium aspect. conf., and i, in
both aspect ratio is almost same at the m/n=1/1

rational surface.
11
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A collapse occurs in a high aspect plasma
Before the collapse occurs, stability condition of global MHD mode is

strongly violated. ”



m/n = 1/1 mode In high aspect config. (low shear/high hill)
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A collapse occurs in a high aspect plasma
Before the collapse occurs, stability condition of global MHD mode is

strongly violated.

5/a,>10%

(§(0);finite)
Y/ ,~102

Predicted mode width
before collapse by FAR3D

Mode width is much important

for the effect on confinement!
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Dependence of the global confinement on the beta value

1= hormalized by ISS95 scaling

5 R,V=3.6m, A =6.3 : _
A disruptive
1.5 degradation has not
been observed up to
1 : :
high-gregime,
0.5 | | In both 1tz based on
i ® Pl ™ Msae the diamagnetic

0 1 Wiwe® 4 |energy and the
° kinetic energy.

dia

221 0.65-0.59 . 0.5150.83 0.4
oca®™ R™P > n, B,

Tisso5

However, the enhancement factors are
gradually reduced as beta increases.
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Beta dependence of peripheral local transport

v/ ®RB in peripheral region increases

o OV *0 *1 ’ .
Xore BV P Xe with B In more than 1%.

100 E T T UL T T =
: _ : # ¢ dependence on B is similar with a
=0.9 ]
0 el Lore @P (i~1) 1 _ prediction based on MHD (resistive
oo~ Bl interchange mode) driven
S turbulence.

1t

1 0.67 0.33
Xomte €OV P Xp

01L_ . . R%XY,:,?’.'Gm’ Ap:(,s'?’, | proposed by Carreras et al. (PoF B1
0.2 0.5 1 2 3 5 (1989))
<Bgia> (%0)

# Resistive interchange (g-) mode is
always unstable in the peripheral
region of LHD finite beta.

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

Other possibilities: Not important!!

# Invasion of stochastic region with beta is predicted] See P2-043 by Y.Sufuki

# Configuration effect as proposed in 1SS04 scaling | See P2-049 by H.Fynaba

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




Effect of resistive interchange mode on peripheral transport

Thermal conductivity based on resistive
Interchange (g) mode turbulence
(induced through the magnetic field
diffusion)

= Today’s Model

R0 (W 33 A

S
4

Xe =
Ryq

A; Renormalization factor
¥, Linear growth rate

W; mode width of g-mode

refs. B.A.Carrears et al. Phys.Fluids 30, 1388 (1987)
B.A.Carreras et al. Phys.Fluids B1, 1011 (1989)
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Normalized thermal conductivity
by g-mode turbulence model is

constant in a high beta regime

with f>1%.
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Collateral evidence

Density fluctuation amplitude with relatively long wavelength

Increases with 3

nLtilde/NL (A.U.)

3.669m

at R=

N
[HEN
o

|

[EEN

o
n

010°

100 |

@\HHH\‘H\HHH‘HHHH\

Beta dependence of the density
fluctuation amplitude with
relatively long wavelength,
A>~30mm(m<100)

# Sight line passes the relatively peripheral
region

# Inflection point of thermal
conductivity looks
synchronized with that of the
density fluctuation amplitude
with relative long wave length
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Effect of g- mode turbulence on confinement of reactor

Contour of pred. y based

on g-mode turbulence
Reagtor

Depend. on geometric param

dia .
A <1%
% m -2 ‘-v o _ Increases
5 ® ~-4% @%!w .E A
lo II|'||"'F||-'||'I||||||||"|':‘1'|||||||||'|| I-'f’lrr.l‘rl' DebreaSeS

0 20 40 °0 A =6.3 config. p=0.9
R_dp/dr (%)

S mt:]- ”""H;
7 1 4
o I Paa /{0’: Depend on plasma paré

LHD high beta plasmas are obtained under low mag. field operations. Then S is
reduced as beta increases.
=> The prediction of large value of y in high beta regimes.

In a reactor, B, and n, are larger by 10 times, and v.a. IS by 15~20 times than LHD
high beta operations. => S would be larger by 300-400 times.

=> y~1m?/s (Not negligible but not large) "




sSummary
# LHD transiently achieved the 5% beta and the 4.8 % beta Iin

guasi-steady
Improving the heating efficiency of L NBI due to the suppression of the

Shafranov shift
In addtion to the increment of the //NBI power and the optimization of the

configuration.

# No observation of disruptive phenomena in LHD high beta
discharges would result from the radial localization of the

predicted global MHD modes

Through comparison between achieved pressure gradients and linear MHD
numerical analyses in 2 different configurations

# Degradation of peripheral local transport with beta is observed.
But for a fusion reactor, that would not be strong obstacle.
The above degradation is is fairly consistent with an anomalous transport model
based on a g-mode turbulence (GMT) model . For the fusion reactor, GMT
would not be strong obstacle because it is significantly reduced in the high

magnetic Reynolds number comparatively with a reactor. 19



Options

20



Observed b profile and
- 69910t1.23s | Poincare map by HINT
calculation for <B,,>=4.8%

8 L %5 &
dil I () & & plasmas

Invasion of stochastic

region up to p~0.9 surf.
IS not predicted.

il esent def. T
LCESinvee, | LAl

=1 suf. passes the torus
3 3.9 4 4.5 | outboard side of LCFS of vac. at

holizontally elongated cross-
R(m) section.

21
See P2-043 by Y.Suzuki




Collateral evidence 1
Peripheral transport properties in another configuration

100

A,=8.

B (I‘ow shear and hllogh mag. h|II)

100 ,

10 L

Normalized thermal conductivity by GB model and GMT model

;Bl

A,=6. 3 (Iower mag h|II)

X f/XGMTe @p O 9 E

0.1 Ll

0.1

X F/XGMTe @p=0.9

10[

1:-23_013 _ﬁéﬁﬁi@%%

0.2 0.5 1 2 3

<Bgia> (%)

5

0. 0 1
Xers € BV Pe Xz

016. 004 071
Xissos € P Ve Prx Xao

Xowre < B 1Vp*0.67p*0.331 B

GMT (g-mode
turbulence) model is more
consistent with
experimental thermal
conductivity in a high
beta range than GB
(Gyro-reduced Bohm)
model.

(The dispersion of data in a

high aspect config. is fairly
large.)
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Why is the predicted y sy (x INduced by g-mode turbulence)
of a high aspect (A,=8.3) plasma much large??

GMTe

‘ Peripheral Rdp/dp both in A =8.3 and 6.3 are
@ almost same.

=> P@p=09 IN A;=8.3 <Pg =9 IN A,=6.3

=> Tgp=09 INA=8.3<Tg g IN A=6.3 1T N,
Is same.(Reason not clear)

=> Sgp=09 IN A,=8.3 > Sg g9 IN A=6.3
Peripheral S in A,=8.3 Is smaller by ~10
times than A,=6.3.

Geometric factor of g-mode
turbulence model (Ggp1e);
Gomre IN A=8.3 Is larger by
2~2.5 times than A,=6.3.

e I N G 2-25=> .9-25

B g ';5° ool eliore, | . S; ~1/10=> g, Ry
" Rdfidp |, - ComE ’ onres 4

S CE ° => ~10 times larger
<p, > (%) == AcMm Te ’ g

Beta dependence of plasma parameter and 24
geometric facter determining ycyte




#69910(R_"=3.6m/y=1.20/0.425T)

(%) ° R e mtnan .
4L Tdia - | Port-through power //NBI 13.8MW
3| | <Bgia> s 4.8% (Bperp=3-2)
2 ¢ Ooep bl <Bn> s 4.3% (F2*<By o)
T 0 <p,_. FIN= || <Bp..m>: 1.5% (Cal. by FIT code)
0 ce b Lov vy Lo vy [
0.5 1 1.5 2

time (s)
<B4~ ; based on the diamagnetic measurement.
defined as (2W;,/3V )/ (B,y0°/211)-
B,vo @nd V,, are based on a vacuum calculation.

<B,i,>; based on the T, and n, profile measurements

Z=1and T,=T, are assumed.
(When Z=2.5, <f;>~3.6%(8,¢1,~2.45), <Boeam™ perp~0-79%, <Bcam™ara~0-75%)
<B.am> ; Dased on the calculation

with Monte Carlo technique and the steady state Fokker-Plank solution. 55



Loss particle ratio based on HINT data R, Y=3.6m, A;=5.8

— — O _ _
B._?’T’.B_.O./O ) \ , .B—.O-5TzB—.3-.2%.
1.04 10-
. - N0 CX
= e 1017 m-3 2
e 084 101" m- E 08-
= —_— 1018 m-3 "
L 10 m L
o 06 o 06-
X — no re-ent o —no(CX
< <C
a 04' [a 04- — ]7 '3
7 2 10 m
(@) @) ] — ]8 '3
i /\/\\ . — no [re-ent
00 /' T d T ' T T T T 0.0 v T T T T T T T y |
30 35 40 44\ 3. 35 40 \5
LCFS R (m) LCFS — R (m) -
0.95 ClO/NEEEEEEEEREERENEEN RN RN ERRER RN R EG 838 ::::::::::::::::::::::.
090 (C{ONEENEEEENEENEEEEEEENEEENEENNENNENED 0:85 “““““.“““““.@@
0.75 uQQu IIIIIIIIIIIIIIIIIIIIIIIII 070 .....................
070 OO l““““““““" , 065 NOIGEo(o] Jocll s m o 8w n BNEWACT SO/ BN
003 OlOREEE nEmREREREEN O [OD L@)@@ 0.60 [BEIIG(00 GNO0IGIC]OICIOO]RIRIRIO[0IN B/ B/IN[O{0010[0[0/010(] [
Ml s LT nung [Go © 0.55 [H[RER/EOIo}s i N MOOROOIV/O/O[I0][E i B i N WO/ N[N{EN
055 WOOONNEEEEE  EEEN 0 050 [R[N[R/E[EROo}o N N WO[{0/00) LLU@'@%@@ ) @EL0LOE 00
050 [WEONNNENRENE NER O  NENEEREEEEEECO 045 (R[E[m/E(REE[0}0 O OfSIO[OJOI0N Wl | [OIO[0]oII[MMEO{O]m] i/ |m/n/u[a{n (N
L _co LLLLLCRRRCLLL “'““““““ 0.40 [E(EIEIE/E{S/SIOTCIO[0[N WHCE{O0/00 © O 0 W i [/ M/M/ B[ K/H/HN
040 [ESCENNEEE [0 Jor 0.35 M ENENNENNCOON000000000NNNEE )
ggg HH%%EUQ 0.30 DDDDDDDDDD'@' 000000000ONNEENNEENEQ00
= 0.25 [RRRNRNNNC0000000000CCONNENIENEENO00 0O
ggg .............................. 0.20 ©©©©©©©©©©©lllllllllll©©
0.15 [m|m{mnnNOOOOI00000000ONINEEEEENERROO0O0I00
0.15 ©IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII DIoIoK
0.10 Moo ONEEEEEEEEEEENEENENEENEEREEREEEEEOO 8(1)(5J ©©©©©©©©©............©©©
005 ©IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
33 3.6 3.9 42 45 : : : : :
HEE O 7J7J'Z I:IL% 26

/N5 mElEX



Summary

# By improving the heating efficiency of L NBI due to the suppression of
the Shafranov shift and the NBI power modulation, in addition to the
Increment of the parallel NBI power, LHD transiently achieved the 5%
beta value.

# According to the numerical analysis of the g-mode for a typical high
beta discharge, the radial mode width iIs quite narrow, A/a,~5%. This
fact supports that we have never observed disruptive phenomena in the
LHD high beta discharges because the predicted MHD instabilities are
guite localized.

# According to the transport properties on beta, the gradual degradation
of the local transport with beta comparing with GB (Gyro-Bohm) model
IS observed. The above degradation is is fairly consistent with an
anomalous transport model based on a g-mode turbulence (GMT)
model .

# For the fusion reactor, the anomalous transport based on the GMT is
still important, but it would not be strong obstacle for the production of
the high performance plasmas because it is significantly reduced in the
high magnetic Reynolds number comparatively with a reactor. o



D ERGI THIREEIL?

Helcal coil of LHD High aspect configuration has low
consists of 3 layers. magnetic shear and high magnetic hill

By changing the curennt| in LHD
ratio in the 3 layers, _
plasma aspect ratio, Magnetic curvature Rotaional transform
mag.shear and mag. hill my - |
hight are controlled. "

~ High-aspect confj

A =8.3
p

6.3
High-£ config.
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Discussion | \what is a good index for the limitation
of the operational regime in stellarator/heliotron?

Periphery

(A,=6.3)*

dp/dp (%)

8L

p=0.9 (1~1) -2

vlo =10
dl?)kin/dp A\/_

-
2 "'-..

0.3x10

Mercier

[ p=0.5 (1~1/2) o
[0 dp, /dp

Mercier

Though the observed pressure gradients are in non-
linear saturation phases, a linear MHD theory could
be a reference for more complicated non-linear
analyses, and/or a criterion for a reactor design.

Peripheral region: the maxima of the achieved
pressure gradients are less than y,,,./®,= 102,
Core region; the maxima of the achieved pressure
gradients saturate against the contour of y,,,.,/®,=
1.5x10-? in the range of <B,> = 1~1.8%.

Roughly speaking, y,,.n/®a= 1~1.5x10- is
considered a good index to determine the
condition that the global ideal MHD instability
limits the LHD operational regime.

For further verification, we need to extend the
above comparative analyses between the
experimental results and the theoretical
prediction based on a linear theory to a wide
range of magnetic configurations in LHD!!
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Disruptive phenomena have not been observed
e In high beta operation with <g;,.> >4%
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# Achieved max. averaged beta : 4.8 %

# 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
resonant surfaces, Resonances are
located outside p ~ 0.9) appear (< 4 %),
but behave intermittently with

reasing beta.

Though some flattening and asymmetric structures are
observed in the T, profile, they are not large enough to affect

a global confinement.
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S (Reinolds#) dependence of MHD mode

15 LALLM ML
o Liot Saturation of peripheral MHD mode
Y (DA -
.j\/ strongly depends on S parameter. If w ~
10 ¢ 0.3x102 [™wl ©® - 179 .
°e : (bo/By)Y%, S dependence of w is close to
Me“”ef__:,; L O that predicted by linear theory of
or 2f ¥ 2 ] resistive interchange mode (w oc /6S-13),
=>
0, i S Commonly observed modes in LHD
=> resistive (interchange) modes
ByaT (%0)
la
<|3dia> =2.5~3.0% e _ e ~
ol / Ip/BY| < 20 KATT CHS/./ S=10%~10° LI;I)D S=106~108
B S ..' g0.69 ’ Y 4 S I /
g~ 10° “-'.-- i ] E - -
10' L *&,‘.&. ‘ ] f‘wéf! st | Amplitudes in LHD
o t;o# . il ﬁ*‘i" ;" i (high-S) are much
S Do, R RR] ageEn Y smaller than that in
<0. a - @ 10" Ee] /m=1/1 (LHD
- | = . iz (0 CHS (low-S).
Dr>0 i e
10° Eﬁ:j?g &8:23 5
107 t ! g ; . Eiﬂﬂﬁ Lﬁiﬂcns:
105 106 10? 108 10"0- - ‘Orsi - .1.0I . I1|5‘ - ‘2f0. - .2.5
S | | 33/18

<ﬂdla> ( A))



Summary (Cont.)

4. In higher aspect config. with lower magnetic shear and higher magnetic hill
compared with high-f 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 &/a,=15~25% and
v/w,~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.
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Year

Progress of achievement of
max. beta in helical devices

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

In order to predict the behavior of
reactor plasma with B~5%, we need the
extension of the operational beta regime,
and the analysis of the properties of the
high beta plasmas like the beta
dependence.

The <B>=5% is a targeted value in the
LHD projects from the design phase.

We have made big effort aimed at
achieving <p>=5% by increasing the
heating capabilities and optimizing the
operational conditions like configurations
and so on.

The achieved beta value is increasing
yearly, and last exp. campaign of LHD we
transiently had the 5.0% beta plasma.



Contents

# Progress of high beta operation in LHD
# Characteristics of LHD high beta plasmas with p~5%.

# Effects of global MHD instability (low-n,m modes)
on LHD high beta plasmas
Through comparison between achieved pressure
gradients and linear MHD numerical analyses

# Confinement properties of LHD high beta plasmas
Through comparison between experimentally
obtained thermal conductivities and some
theoretically predictions
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Characteristics of MHD stability in LHD high beta conf.

L I—L Ap=6.2, p~(1-p?)(1-p?)

| In high beta regime,

Il magnetic hill exists in the
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Minor collapse due to m/n = 1/1 mode In high aspect config.

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

Growth of radial
component of m/n =
1/1 mode (Non-

rontatn)
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width before collapse
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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

iIdeal MHD mode is stromgly violated. Mode width is much important
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Quasi-steady high-B dischrage

tduration>90% >80 4=

: ‘ Shot#B9910 <p>=4.8 %

) # No disruptive high beta plasma is

f: maintained during more than 80t
# Large shafranov shift A/a, ~ 40%

# Low-n,m MHD activities

- No observation of core resonant modes.

- Only resonating mode with peripheral
surf. (m/n = 2/3 and 1/1) appear

# Global confinement property is almost

e | same with 1SS95 scaling.
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Transient (pellet inj.) high-B dischrage

pellet inj.

totoal efficiency

1:duration>90% ~1O Z-E

T

A
AA AAAA

10

0.8

0.6 F

04 F

3.5 355 3.6 .3.65 3.

Rax [m]

LNBI®DN
BEE
Z2/>1.5T)

C]
H

{wg )

1@, W, 01

{keV)

0.5

0.4

03L

# Just after pel. inj. for ~10 ¢, high
beta plasma, <Pg;;>=5.0% Is
transiently achieved.

02F

01FfF

# Shafranov shift is suppressed by
pellet and //NBI power modulation
AR Ja 4~ 0.4 =>~0
Increasing heating efficiency of

L NBI(6.9MW)

=> <Bdia>:5'oo/0

74835@t O 95

0

)

L AR
et 48%
ol %ﬂ% i

o e
EFEE. RES
[THRINTEEEIFE
AWEEDHBT 43



	 Loss particle ratio based on HINT data

