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m Advanced Helical (Stellarator/Heliotron) Concepts
— Quasi-Symmetry
— Quasi-1 sodynamic (Quasi-Omnigeneous)

m Topicsfrom Recent Plasma Experimentsin
Helical Devices

— Configuration effects on NC/turbulent transport
— Progressin high-B, high density steady state oper ation
— Divertor relevant experiments



Evolution of
Helical (Stellarator/Heliotron) Concepts

mmm Heliotron J
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Helical ripple leads to high transport
In conventional stellarators.

— How to reduce it?
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2 |

' 10"  10°
? , : : , : : ] %
v¥=vR q/v,

e Particles trapped in helical ripple have net
radial drift in conventional stellarators.
« Electric field can mitigate scaling.
— Ambipolarity constraint on NC fluxes can create E,.
 Advanced helicals reduce the ripple
N losses through recovering of symmetry or
e % 4 % tailoring the field harmonics.

0 20
Er (Vicm)

lon Root




World-wideresearch activities
for optimization of helical systems
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Concept Modular Coails Continuous Helical Coil(s)
Quasi-Axisymmetric NCSX
(Quasi-Toroidally Symmetric) (PPPL , 2008?~)
: : : HSX LHD (NIFS, 1998~)
Quasi-Helically Symmetric (UW, 1999-) helical heliotron
. : : QPS
Quasi-Poloidally Symmetric (ORNL. 20107-)
Quasi-Isodynamic W7-X Heliotron J (Kyoto, 2000~)
(Quasi-Omnigeneous) (IPP, 2012?-~) helical-axis heliotron

TJ-Il (CIEMAT, 1997~)
H1-NF (ANU, 1993-)

TU-Heliac
(Tohoku, 1988~)

Heliac

U-3M (Kharkov, )

Others CTH (Auburn, 2006~)
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Helical-Axis Helical Devices in the World
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Topics from New Approaches
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m Topicsfrom Recent Plasma Experimentsin
Helical Devices

— Configuration effects on NC/turbulent transport



E, driven by Electron-Root Scenario P
Internal transport barrier formation /"_[[,Jr,
observed in CHS experiments. -
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F T,~T; |
- =08 e
2.5prV. [ = 10
; 2.0+ {& B :Em” \ Electron Root
g 1,5— = Ic?nRoot
I-g 1 O = — m-:.?{l -10 6 ?(V:‘cn%? 30 40 50
0.5 - I . )
o m Theéelectron-root condition is
1.0 05 00 O g NB+ECHWEh N-TB_| 05 10 fﬁqu InSISeS% 0.6 creating
10 e NBI+ECH without N-TB| 221 thelarge E,-snear regime.
< 08- |+~ 8- = Steep T;-gradient isfound in
= | B o I E,-shear regime.
2 = .:g_ IE i" m T_gradient alsoincreases
g °1 "B 4 et " insidep ~0.4
5 o | & p ~0.4.
024 = - = -
; :{ = HIBP measurements showed
OC e %) 0‘1'0 e s ol 1{6 suppression of turbulent
wetiih ol L transport with theinternal

transport barrier formation.



Effects of Configuration on NC transport: Exp. from HSX
Significant differences have been measured
between plasma profiles w/ & w/o QHS. (1)
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1000 Electrorj Temple rature //\

mmm Heliotron J

m Mirror fields are added for symmetry - \Hij>
breaking in HSX. e N\
m Density profiles are peaked w/ Quasi- % ! _

Helical Symmetry (QHS), a0
hollow when symmetry is broken.

— Discharges shown:

200

~50 kW of ECH power, 0
central deposition

— higher temperature, more peaked 55 _Electron Density
density profile with QHS. N

QHS

m Hollow/flat n.-profile in w/o QHS is due 25l
to thermodiffusion, which is reduced
with QHS

n, (1D1Q cm‘S}

15 Mirror

!

r:_ﬁ-JD n gk, T l D,, is smallerdue | ;
1 ' 7 T T to quasi-symmetry % 0z 04 { 06 08 i

D. Anderson, et al




Effect§ of Configuration on NC transport : Exp. from HSX
HSX experiment also shows the effectiveness of the
symmetry recovering to reduce the thermal diffusivity.

mmm Heliotron J
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e AN
m Thermal diffusivity is N
_ L ¥
reduced in QHS.
10
— atr/a~ 0.25,
Xe - 2.5 M2 /s in QHS, al
4 m? /s in Mirror
— Difference is comparableto @ e Mirror Exp.
neoclassical reduction Ng
(~2 m?/s) <L 4T
m Two configurations have N
similar transport outside !
of r/a~0.3. % 01 02 05 04 05 06
= anomalous transport dominant /a

D. Anderson, et al




Effects of Configuration on High Energy Particles : Exp. from HSX

Soft X-ray, Hard X-ray Emissions indicate
fast electrons are better confined in QHS.

mmm Heliotron J I S e Emmmm m | AE, Kyoto U /\

7 ' g J ! HXR Spectrum for QHS, Mirror \Hsb
6' QHS Plasma ’ i {]]E}- ~4x 1011 cm_3 \/
O 1000 . . . S
— 51 10% Mirror Plasma o g | z Tx N
= { e R e e e e
S, 4t o S ‘ | . |
2 .0‘ = :
[&] 3_ ° . % [~ ———————|——————————:— —————————
& - < . .
» 2 e - | 1] L I1
1f *Moﬂ" e I 800 1000
0 A’ - : . Photon Energy (KeV)
0 0.5 1 1.5 2 2.0 2
12 3 ] . N -
n, [10"“cm™] 6é = | n_ (1072 )]
m Soft X-ray (600 eV-6 keV) emission; 40 W(J)W
QHS >> Mirror 03 : — :
m Hard X-ray flux: QHS>>Mirror; Ogm - S
decay time longer 8:.1zwms(ﬁ) :
m Indicates these fast electrons drive 0
— No mode observed in Mirror = % = ~ 55
Configuration. Time [ms]

D. Anderson, et al




Bumpy (mirror) component is essential
to realize the quasi-isodynamic feature
In Heliotron J.

B, /B, High-s, : : ,
g'f'._______-------:.,;:._r@-ah m To investigate the bumpiness effects on
oF—————---- - -- fast-ion confinement,

UL caem===" Ow-ab . . .
8b_0_1 __________ — the bumpiness was varied by controlling
_ the current ratio of the two toroidal coil
sets under the fixed condition of
1(a)/2n=0.56.
0.2 4+————F—"—7—7+ — The fast-ions are created by ICRF or NBI.
0.0
gh-0.1-: ------ BMIBOO better WOor se
- SN e Poloidal profiles of |B| along a field line (upper) and |B| contour plots (lower) in Boozer co-ordinate (i/a = 0.52)
00 02 04 06 08 20/B0Boo =015~ ~ ‘ FBoa/Boo = 0.06 STD Config.] [ Bo/Boo = 0.01
r/a S VEEVAVAVAVAVA VN I VA AVA T AV VN

m} —

=7




Configuration effects on fast-ions confinement in Heliotron J
Better confinement of fast ions by ICRF

In higher bumpiness configuration
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e Heliotron

dnpa=3deg . . . .
R S———— N For | CRF heating, the high-energy ion tail
tEsoz1 | toMHz (@) temper atureincreases with g,
@y 0.87 keV . . . .
TE+G50 ?‘ ‘ o019 Power-moder ation experimentsindicate lower
m I\ T loss-rate for higher g, configuration.
';:' 1E+019§- 7 1.04 keV . . .
& : m Dueto better confinement of fast-ions, higher
LTS Ve PT_ increment of the bulk ion-temperatureis
r 19MHz . . .
LU TS observed for higher g, configuration.
E+016 ettt k- --@-23. 2MHz High bumpiness
0 2 4 6 8 1 -M-19MHz  Medium bumpiness
E (keV) 0% ---19MHz  Low bumpiness
1.0 —~ [
; TLoss =1.0ms ,‘/ L
o _/' 0.2 [
. 0'85_ /»ﬁBog;lBoo =.0.1. i
% i ;_'cLoss=o.5 ms’ - % 0.155_
E | o0
% 04k - ol
g E N ;
0.25— ------- 0.05 ]
0.05”"9""*""*'“‘ 0 L
0.0 1.0 2.0 3.0 4.0 0 50 100 150 200 250 300 350 400

E (keV) power [kW]



Configuration effects on NC transport
Non-inductive current control

— g, dependences —
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Bootstrap current control ECCD control
®0/®=0.499 ¢ B04/Boo:0'15 ﬁe=0.5 x 10" m : zz::
2.5 W B,/B,=006 3 e ® BO4B00=0.01 ]
f i | 4 B /B, =0.01 o[ Highs, |
20| i High-gb: ' \3 ® 5 Ohkawa effect
- . e ® 1 o -
15 i ' i .: ([ oo . ] — . ' ‘r
<. | Zi < 0} % ¢
=, 1.0} i - (f = 1 Medium-g, 9 '
o : ' .- i l ium- 8b o "l —3 Fisch-Boozer
05} # A 21 effect ]
: , A M _
' | g A ! i
0.0 i _:‘A ] LOW-Sb -3 Low-g, .
os| # a | 4t .,
Lol | S ® b |
00 05 10 15 20 0.47 0.50 0.53
Te[10° m™] (no/co

B Theg,-dependece of BS current is consistent with the predictions from SPBSC calculations.

m For ECCD, theripplestructure at the resonance region isimportant.




/1,_4,-4._._ turbulence transport and improved modes =
) Pug-Dependence of Delay Time of L-H Transition
Comparison between CHS and Heliotron J e
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CHS Heliotron J

—

mmm Heliotron J

60 | l | | |
60 1 I; 1 | 1 I
‘ = 0.8 ' ‘ ‘ ' iota(a)=0,5624,Vp=0.6178 m”"-3
50 i S 06r - 50 -
h’ % 0.4 — : ..,
@ 40- L 5ozl g : L E 40k @ |
g, N ’ - 0.0 1 1,0rr-| W ' No - ‘
o =" p™. T4 s0 60 70 80 90 @ Transition: ‘ @
= 304 EIB Time (ms) - E30t : ... 3
|_ .. F =TT e
s P !
© ; » o
8 20- | - Sl i
i ®... QO
N e )
10 \ B 10F ® Hao 7]
. Threshold for ETB Formation O | ® ; Te (ECE)I
I I T I I . ! : L
0 100 200 300 400 500 600 700 0 200 400 o000
P /n (x10" kwicm™) P (kW)

dep’' ‘e

m Delay time of Ha spontaneous drop after the start of NBI
becomes longer as decreasing NBI power.

m The edge field structure (rationals?) might be important

for the transition. T. Minami, S. Kobayashi, et al




Confinement and magnetic topology

n 10"m™)

turbulence transport and improved modes

ITB In TJ-I1

3/2 4/3
"._|| ||||| R | L L L
C | : : .
1.5:|'W.E: I .
C | I .
L | T
1:_|| m,iw ‘ -
C I I
0.5F L 4
- | (I "
=" | ': \"
1_. I ——— | :|| ULERN ] |0
- [ I b
0.8 F n : : | 4
C e |
08 lwywwg
04:—| |I i)
o.zf_|'|u" 3

’g 3 E
[ I'_‘
g _ Ip I|—
s |
: \:‘\
% U STRTTE IR b 10511

time (ms)

/27

100_60 69 + OH

1.8

1.7 F
16 F
1.5¢

14 |

vacuum

— 1140 ms
— 1170 ms

1.2'|\|

0

0.2

Positioning a low order rational (e.g. 3/2,
4/2, 4/3) near the core (using, e. g., induced
OH current or ECCD) triggers an ITB in a

controllable way.

The rational must be inside the plasma to
trigger the transition.

Change in E, is observed near the rational.

So far no cases found where the e-ITB
triggered by 5/3.

T. Estrada, et al




Topics from New Approaches
In Plasma Confinement Experimentsin Helical Systems

— QOutline —

EEEEEE. e e Emmmm | AE, Kyoto University

mmm Heliotron J

m Topicsfrom Recent Plasma Experimentsin
Helical Devices

— Progressin high-B, high density steady state
oper ation



)

Observation of Internal Diffusion Barrier‘@

and super dense core plasma in LHD

21st FEC (2006)

mmm Heliotron J
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5 :

Central density : 5x10°°m-3
A Central temperature : 0.85 keV

=>» exceeding 1 atmospheric pressure
3 Magnetic field 1 2.64T

=» Central beta 4.4 %

:>50 atB of 1.5T

n (10°°m3)

High density operation

5
-1.0 T
Y Self-ignition
. 83 _ 1
m Super Dense Core operation =2l High temperaiure
enables a new reactor scenario. £ | ~ ¢
] 1 \Contourlmes:
o 10 2 %0

Temperature (keV)
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<B> (%)

1

0

progress in high-p performance

High B—plasma studies in LHD

Goal :

/

@® LHD (NIFS, Japan)
@® CHS (NIFS, Japan)
- @® W?7-AS (IPP, Germany) f—r—r1r
@® ATF (ORNL, USA) ®
|| @ HeliotronE (Kyoto, Japan)| @@
| o® |
®
L@ o -
o8 ¢
1985 1990 1995 2000 2005
Year

5%

<p>> 4 % was sustained for >> 107,

Magnetic Fluctuation (10-5)

(@/

21st FEC (2006)
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10%F

self-stabilization

= realization of
high-p plasma,

= needs 3D
equilibrium
reconstruction
technique.

T ® R
a

p
x:3.75m with LID, IDB

[ ]
A

'm Degradation can

be attributed to the
change of effective
helical ripple due

to Shafranov-shift,
not on MHD effect.

m Degradation in high [3 reglme will be improved by
dynamic R,, control in nearest future.



Request for 3-D Equilibrium Reconstruction Is

Increasing in Helical Experiments. = V 3F!

mmm Heliotron J

m Equilibrium reconstruction
Is invaluable for tokamaks

— Equilibrium Control

— MHD Stability and
Confinement Studies
= Example: EFIT code

m Helical Trends
— Higher beta
— Bootstrap current

= Equilibrium flux
surfaces are not
vacuum flux surfaces.

EEEEEE. e e Emmmm m | AE, Kyoto University

MHD Equilibrium

m |Input: m Output:
— External B Field — Flux surface
— Current profile geometry

(Key to further

— Pressure profile computations)

— Toroidal flux

Equilibrium Reconstruction:

m Use observed diagnostic
signals to determine:
— External B Field
— Current profile
— Pressure profile
— Toroidal flux




3-D Equilibrium Reconstruction requires
a sophisticated flux loop system.
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m Design of Ex-Vessel
Flux Loops in NCSX

Both SS fields with
n=3:] and periodicity-
breaking non-SS
fields with |n|=1,2,
4,5, ... must be
diagnosed.

Vertical array of loops sensitive to
resonant fields.

N. Pompherey, et al




Topics from New Approaches
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m Topicsfrom Recent Plasma Experimentsin
Helical Devices

— Divertor-relevant experiments



Several Divertor Concepts are proposed
for Helical Devices
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g »mes - idand divertor:
NCSX, W7-X

mmm Heliotron J

] S

Z{m)

-0.500

vacuum vessel

Field-line tracing in SOL

[ o #14pin R
S X DPA T
z (m) Oooo%ui #1-pin — "_ Divertor
. o) [t il 0
. . i Probe Array

Separatrix m/n=1/1island
(disappeared) separatrix
Helical Field Coil . .
Local island divertor: LHD

guasi-helical divertor: Heliotron J



progressin long-pulse operation

Steady State Operation in LH

mmm Heliotron J

20 ] ] ||||||| | ||||||| | L ||||||| I 1T T TTTT1

- LHD(FY2005)]

) B i
© 15L H u
g | i
G) L —
o B ’ LHD(FY2004) A
- | i
w 1.0 | O _
5 - Tore Supra(F) -
"G B 4
2 05 ]
< . _— JT(—)GO(JAERD ® LHD —_
- O -]

SETEU) 1 yin HT-7China) 4 4y TF?&%"QU%Ml Day

0 i Lyl |O| Lol 1 |+||||||| L 111l
10 100 1000 10°* 10°

Plasma Duration (sec)

e

21st FEC (2006)
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m Record of input energy to high

temperature plasmas in FY2005
1.6GJ : 490kW x 3268s
Planning longer pulse with
higher heating power

3 MW for 1 hour

Steady state operation by ICRF
demonstrates the high potential
of helical systems towards a

currentless steady state reactor.
Minority heating ICRF accelerates

perp. component of ion velocity
effectively up to MeV range.

— demonstrates the high capability

of LHD to confine high energy ions.



Particle/heat load on the divertor plates (@)
are dispersed by R,, sweeping. -

21st FEC (2006)

mmm Heliotron J
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Main divertor trace is switched from
inboard to outboard side by a small change
of R, (AR/R~0.8%)
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Ip (kA) Wp (a.u.

Ria get (m)

W
o

NBll O #23624(B<0)

o

--------
CITTTI TIPS ASLLITLT
[eagee

200

250
time (ms)

The shift of the diverted plasma footprints
IS observed during a single discharge.

I e s Emmmm m | AE, Kyoto University m

m The shifts of Ry, 4 @and Rppp are closely
related to the change of plasma current.

— In #23624, W, and | , were kept increasing
up to almost the end’of discharge, but in
#23635, | , started to decrease at t ~ 240 ms
while W, did not decrease and was kept
almost the same value until the end of the

NBI pulse.

— For #23635 discharge, the inward shifts of
Ry @Nd Rpypa Were observed until t
~ 240 ms andD ﬂ1ey started to change the
direction of shift for t > 240 ms, i.e. coming
back to the values at the initial phase of the
discharge.

m This experiment points out

—the importance of current control to fix
the divertor plasma position in a low
shear helical device,

—the possibility of " divertor swing" for
the divertor particle/heat |load reduction
by controlling a small amount of
plasma current.



MODEL CALCULATION (HINT2)

Current Effectson 1/2r = Xx-point control.
Again, we need 3D ER!
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current profile model

e Heliotron

HJ/STD HINT2 20— 1 ;
0.8 —————————————————r _ _
L@ g 15F \@ ® ]
| c [ ]
= 10 ]
s | (9), (@) 3
3 |
or
r ©. ()
: S0 0z 04 06 08 1
- r/a(=s"%
- yvacuuin
; (b) <B> ~ 0.32 %, p=p,(1-9)?
0.4- N S S (a.) j:jo(l'S)S,lnet:+2.OkA
0 0.05 0.1 0.15 () j=jx(1-98, 1,4 =-2.0kA
Iegp (M) © j=jg1-sH2 1, =+2.0kA

(d) j=jo(1-%? 1, 4 =-2.0KkA
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Divertor swing by a small current drive
In W7-X or other helicals?
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Predictive Modelling Example
- X-point (thermal load) control by feed forward ECCD... -
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Topics from New Approaches
In Plasma Confinement Experimentsin Helical Systems

— Summary —

I e e Emmmm m | AE, Kyoto University

mmm Heliotron J

m Advanced Helical (Stellarator/Heliotron) Concept

— Several advanced concepts are experimentally examined.

» Topicsfrom recent plasma experimentsin helical devicesare
reported.

e Configuration effectson NC/turbulent transport
* Progressin high-B, high density steady state operation
* Divertor-relevant experiments

m Helical research activities in the world contribute to

— assess the attractiveness of helical systems
» adisruption free, high density (no GW-limit) steady-state
reactor
— advance under standing of 3-D plasma
» for basic fusion sciencerelating also totokamaks & ITER
» for physics of non-linear/complex-systemsin the natural world



Thank you very much
for your attention!






