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®=61Vs
Tys=65s
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Pus7 MW

Pec=3 MW
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Tokamak :
confinement is good
Research issue :
Steady-state operation

80% bootstrap fraction in JT-60
is a break-through toward
steady-state operation.

Tokamak System

JT-60 Japan Atomic Energy Research Institute

Plasma

current - !
1 1 . 1
1 1
.  Max current .

Primary

current

time

> T L
1
1

time

To resolve pulsed nature of
Tokamak system, use of
bootstrap current and
active current drive is
essential.

A low Ip with a large Bootstrap Current fraction allows
reduction of re-circulation power.

Plasma Current 12MA |

Thermal
Boog I ent Power
Fraction 75% 3.7GW

Ballance of

El Icl Power
ecriclty 1.28GWe

Efficlency 34.5%

ml -—_—’—\ /(. uliul W

1.08GWe

<=

Steam
Turbine

Beam Driven
Plasma Current
Fraction 25%

NBI
Efficiency 50%

Generater -~
o
=
<)
o
&

0.12GWe 5

g

Power S
for Utility §

oo

0.08GWe
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In toroidal magnetic confinement system, particles with small v, are trapped by the magnetic mirror
(trapped particles) and have larger radial excursion with their “banana orbit”.

This radial excursion produces shift of e. velocity distribution function counter to plasma current.
Then, collisional diffusion across the trapped-untrapped boundary produces particle flow to
untrapped region. This current can be a large fraction of plasma current, say 75% in SSTR.

Parallel momentum and heat momentum equations
0= B (egny(F+vy x B) = VP, — V.1, + Fy + M)

s -
O=B.(—qaxB—-in,Vﬂ—V-@;-{-FQ’FQa)

fr:r‘: i:sidem e hﬁ?iﬁéﬁm Generalized Ohm’s Law
collisional T, aln P, , dInT,
Soron F J - B) = -RB.n,:;m[ 2 1y 2L
trapped electon vy, +{(B - J)ECOREDy 4 oNC(B . E).
untrapped untrapped
electron electron Bootstrap Current Fraction
>
Vi Jps~dP/dr/B,
~ 0.5
los/1y~0.67¢°B,
B,=2u,<P>/B,

Mechanism of bootstrap
current generation

M. Kikuchi, M. Azumi, PPCF 37(1995)1215
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p"(p)=n,(P)T.(p)+n,(p)T,(p)

Eé.;ﬁéj\ﬁo)% b\%gi Solov’ ev model equilibrium

Y, <B*>, p@), etc.,

ijjéj\ﬁt %;ﬁﬁﬁ®TE/|\\L ﬁg*ﬁb‘\"\g i=1

FHO—FEERBEI—FOME *

(ACCOME) I:'-E |$: '\/\% <j’B>,<j’B>,<j"" B>,
AL DIRFELY ERERa—F Pr@, P, Pl )
<jB>=I[< juBDB >, +[< juBSB >]+ < jnOHB >y
[o];

<

v
FF =-u(F[pl,+F,<jB>)/<B" >,
o]

A*wz‘ﬂ‘ = _:uoRz[p]i, - F'F‘,
i=i+1
Y, <B*>, p@,) etc.,

0.5
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q
R d
rones N | OL 2 A
o A ad%anc_:ed = rroflle optimization
E o operation E or sustainment
20 o __/ i Current profile
E Weak : control
B | . 2/4 § shear OH Heating 7
eta relation : ﬁpﬁ KB «» ___/ OS High-Bp operation Current profile
— : relaxation
Troyon beta scaling : B=B\l/aB, positve | || 20— |
ahoar -/ O@Ostandard operation
Poloidal Beta : §,=4/Pdv/u,PI 2 " Yy 1 9

Bootstrap Current Fraction
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BEE+—k (RWM)

Resistive Wall Mode can he stahilized hy V ./V,~0.3%

[1] Early1990’s, wall stabilization was thought to be
difficult. Wall is not ideal. Mode will slip against plasma
rotation and wall stabilization does not work.

([1] C.G. Gimblett, N.F. 26(1986)617

[2] Actually, Mode conversion of Shear Alfven wave to
Kinetic Alfven Wave (KAW) at the resonance surface w=k

v, can stabilize RWM by the Landau damping.
A. Hasegawa, Liu Chen, Phys. Fluids 19(1976)1924.

RWM is fixed to wall

(c) Perpendicular
Compres- wave number
sicnal

| Altven

|

e rA‘

\ KAW(g>m./m,)
Shear

| Alivén

Wave

Alfven Resonance

Stabilization of RWM

NER ML SIENOA S )L EELRIZLBRWMDEFEIEA

no wall 1

ideal Ijmit

-1 1
~~ i ) " y I
O g [~ E046710

I
——
7 ——T
I
- E046743 A
1 1 & A |

5.5 6 6.5
Time(s)

1.0

lg{[deal-wall R

e
ideal-wall |

0.8

no-wall :
R

| 20 0 20 40
Viglgp (ks)

-20 0
Vt(km/s) at q=2

-40

M. Takechi et al.(JT-60U) , PRL98(2007)055002
H. Reimerdes et al. (DIII-D), PRL98(2007)055001
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kp - 1.65

T—rRARSYTEROEDFIRIZKYEENTIFEARIL,
T—bRRSYTERICES T, FTEHTAT T E—FNTM
(Neoclassical Teaing Mode)h \F 4,

m/n=3/2

O “wNWE O N®

NTM : K BICHTERARNGEN SO FBEAT—FR 2 o)
My TBERDBEAERE. 77T E—FEFRREILLT S, Z. Chang et al., PRL74(1995)4663
NTMOZEFEIEITEREIE~ADEEREE, - First measurement of NTM

0 ED41666 lp=1.5MA, Bt=3.7T, ges=3.9

2.0

— 15
1.0

6 7 g 10 1

Loss of bootstrap current due to island formation ter'e[
ECRFZAHWV - E~ND RN EREEIZLDHNTM

ITER :v.,*~0.03,1Q,JT-60U : v *~0.03, 1Q_ =5 —
DIll-D : :”e* ~0.03,2Q..AUG : \\f,e* ~0.16,2Q o)xé&fiﬂ: ECI5—I< J:émﬁ.%’\a)lg‘f

( Isayama, NF03).
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BESYI+Fr—I+RFFERICES JT-60U [ZHITHANTMIBERDOET /LI (Hayashi, NFO3)

g dW : | §|V0|\ wo L LB 1\ p\ ]
'_;)7 =k.A (W )(val >+ kss‘uoL.,JBs Bp T “/dz - ki€, ﬁp p‘_ll,p (l - ?) (IVPI )W
Classmal Bootstrap GGJ
Pply\ \%
_kpolgsl-sﬁ QVPI-> — kpctto— p. (l i)|> Nee (;5 W
Polarlzatlon ECCD

Kgs ~ 4-3, Ky <10,k ~

1, k. ~ 3-4, W, ~ 0.02

ECERMDI L. ECASF M EL#ETERIDD—E (Isayama, NFO7)

Jecop~0.5J, . DECCDEFI-LZNTMORE{L. ECCOBRNBIELAEE |

2

1.5

1

0.5
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There are many improved modes starting from Wagner’s H-mode.
“ITB” is accepted as common phenomena after Koide’s PRL 94.

Profile consistency

P’y | L mode B. Coppi (1980)
ne' I Hollow J fil T
2 ] " Normal J Profile ] g HRESITE O “%-, 2 cron TpreTe 7
51| 1 2 g3 ]
a i ] &g a3 ]
= o P
* s * =@ *
High Bp mode b ] | H-mode J Reversed shear mode
94:JT-60 | £i| 198 :ASDEX ITB
o
ITB % | \ ETB -l—
@
ey — ] \rel— \
Y )  {
High pp H-mode ETB : edge transport S et :l—
ITB barrier B
ITB: internal transport
barrier
ETB T +| «+— |ETB
o —
14
[1] Y. Koide, M. Kikuchi et al., PRL72(1994)3662, Naming of “ITB” 14
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BARMSEORE (MHD F# &5370) 75 XYRmOsE — 7408
(First Boundary Identification Code)* — EEEERIF — (SELENE Code)**
(REREH) 2:"' L
dP _c A Y 1}
dw—CA(l))(zp) _

1 pdF _c(1-41) R? E ol
Bt C(1-AMD) R Y(y) ;o_

Y(p)=1-y, +A4d)+ Am[w,.—w;‘,} -1}
+AQ) 2 -v))

w = v-90) srvFsouEBR
" e(l) -w(0) HEESHZ

6_'

'S
Te (keV)

N
T T

Ne (1079 m-3)

* xt. fti. JAERI-M 86-006 (1986).
** T. Takeda, et al., JAERI-M 8042

1979). 0 0.5 1 ) .
( ) r/a r/a r/a

o
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TOPICSTERL X
ﬂﬁﬂﬂ?ﬁ 1
Hirshman&Sigmar . MHDIRSR
Ht (R - B &gﬁ] ﬁ%m ng?::; Tearing,
st 75XV /NB'/ NBCD

C&H, H&H, MI method, Stix, 1or2DFP

NCLASS

= &R
OFMC code

2 - IR

/ 1D transport ECH/ECCD
Ray tracing,
/ BRI e
1D diffusion
Z®|E - ---—~" 7 LHH/LHCD
- MHD 35 Bonoli code*
ﬁﬁﬂjﬁm Grad-Shafranov
H&H model ~L vk
ExB pellet model

R
SOL/Divertor 75 X% e R EES

| (Cs) & L (Bohm) transport IMPACT code
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High B, mode: Koide IAEA94

Impurity Toroidal Rotation:
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5 EE—F DFEM
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RS mode: Fujita NF38(1998)207
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(Current Hole) £l g(0)—«

Central axis

Plasma Cross- section

Current density
Current Hole

T. Fujita et al.,

N.C. Hawkes et al.,

P.R.L. 87(2001)245001

P.R.L. 87(2001)115001
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N Net ! N2 ,jl =3 ;f[ T . .
Shear Alfven wave resonance: - } | T TIVITV REEHT
w=k,Va, N =ck /oo —>o o | "\ W e i

W)

. I2kBEAE, NAEE—
et S FORRE

N e s me W Kramer PRLO8:EAE,NAE

Toroidal coupling of m and m+1 produces frequency
range Alfven resonance is prohibited.

~

[ (K2 (@/V0)?) (K- (@/V 562 (V=0 Salaiieladoliall™ dalalialalialiols
K/m=(n-m/q)/R
K/m=" Kjms1 =—=> g=(m+1/2)/n soE323§;e o
of e AEE—RFDIEH
Spinor : sin(me)+sin((m+1)6) =sin[(m+0.5)8]cos(0.56) r yh PR TTERS
Mobius band ( periodic with two circulation) can not resonate. ‘°: ! 9'|§E o 3 IE%J? ﬂ'ﬁ'li“/
; S B s 2o b—3aUN
l: : T )//y 1Y5'—_ ;’_ I.uterferyométer;l i 5: l'- I(t’{ Zo MW BH—=
8‘ ‘\\ // Eo: lnm 08 \‘j - O SlowFs-2 gl'\’;lihv !.‘?"“;.‘m._‘ '0'03179 4180 4181 4182 0)¢E E
0s- %\‘ glal=2.2999 - “'! ﬁ? '}f J Time [ms]
40 CHERT
x| i
36
Tnio Topowduyrty-Lvduyed shear Alfven Eigen mode can be ] Ff T ET R

: T 0
destabilized by the coupling with Energetic Particles if the a e |
pressure gradient is high enough.

Wy =1t To(8Avv,/3p)/e,Br >now  (1n=0.5-1) i XA —RICROPEF % £
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Integrated modeling in JAEA l-—

- To progress the high beta steady state research, it is hecessary to
understand complex features of ITER and the advanced tokamak
plasmas.

— Because, In the steady state, plasma has very wide time scale and spatial
scale, and it has complex physics such as turbulence, transport, MHD,
wave-particle interaction, plasma-wall interaction, atomic and molecular
physics, and so on

- Exploration and understand of the complex plasma are big issues.

- High confinement, high beta, high bootstrap fraction, high radiation
fraction, control of ash and impurity, a-heating, etc.

Control of the complex plasma are also serious issues.
- Strong coupling of each physics mechanism, i.e. autonomous plasmas
To solve these issues:

- Modeling and integration of the model are a useful method for the
complex burning plasma. JAEA is planning to make the integrated code

for the burning plasma analysis.
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Integrated modeling in JAEA l—

To make the integrated model, validation is necessary based on the
fundamental researches of experiment and simulation.

Modelling and

Integration_of model
of Transport models,

MHD models,
Particle models,
CD/Heating model, etc

Core plasma model
Edge/Pedestal model
SOL/Divertor model

Validation of
Modeling
and Integration

Understand and prediction
of the complex plasma
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Integrated modeling in JAEA '—

TOPICS-

IB:
TOPICS
extended
to the
Integrated
modelling
for Burning
plasma

SONIC:
SOLDOR/
NEUT2D/
IMPMC

Burning plasma integrated code




A7 TS AT HEEDH S

Integrated modeling in JAEA '—

TOPICS-

5 IB:
Core plasm TOPICS
extended
k- to the
— Integrated
A modelling
for Burning
plasma

Edge/pedestal

<

SONIC:
SOLDOR/

SOL/Divertor NEUT2D/
IMPMC

\

Burning plasma integrated code

o
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BIRBEETIL (o, obiFigE. BERRE—R(ZIL72zVBEE—FE)EOHEEER) DB
S Pl FETILOHSHEI—FEES

f(v,p,t) : Velocity distribution function of alphas v : velocity, p : minor radius

J |
5f(V,PJ) + pap[f’(_l)(vap)jj;"’ VAN(v’p)f)

D(v,p)=D,.(v.0)+D,,(v,p)
O D,.(v,p) : Neo-classical diffusion

2¢e A’ 2 4
D,.(v.p)= _g_b, A, = veosa Ty = —grl(v),e = ﬁ,q(v) : Pitch angle scat. time
l+eT, Q2 I+¢ R

P 0

=3C,(f)+SW.p) - L(f)
2D Fokker-Planck Bquation

O D, (v,0) &V, (v,0) : Anomalous diffusion & convection
model of the resonance with MHD instability

O C,(f) : Collision term colliding with jth bulk plasma

S(v,p) : Particle source L(f) :Loss term removes slowed down particles
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Heating / CD
Impurity transport
Edge pedestal / <% (Core Plasma TOPICS code
Divertor plasma _
Fusion reactionl T oHeating
He ash
o-particle __ a-particle F-P code
birth transport
VP Anomalous
* transport
AE mode
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co-rotation helps to

form stronger T.-ITB
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Integrated modeling in JAEA .—

- TS X EERE - P F#E . MHDR EHDOHEEERMBZRICE T T EBERMEDHEL
SEBEEETETIILORER
[ M. Honda and A. Fukuyama, Journal of

Multi-fluid equations [1] Computational Physics 227 (2008) 2808]
Flux-surface averaged equations in the cylindrical coordinates
Simultaneously solving 21 equations consisting of two-fluid equations
for electrons and ions
Continuity equations
Momentum equations in the radial, poloidal and toroidal directions
Energy transport equations

Maxwell’'s equations

Equations for beam ions and neutral diffusion equations

Main features of the code
Self-consistent calculation of the radial electric field Er and the rotations
No need of explicit quasi-neutrality
Analyzing the behavior of a whole plasma including the SOL

i —
H=

TASK/TX [C & D JT-60UEERIER = 200 —— 200 (b Exp

B, WEOREH 2] @ N .E'.With FST:

[2] M. Honda et al., Nuclear Fusion E 3 @8@00 ..‘0. 3

48 (2008) 085003 = 0F 99600, %

— _ = /o FST : . w/o FST G
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- Integrated mode[ing in JAEA r

4 TOPICS-

IB:
TOPICS
extended

to the
Integrated
modelling
for Burning
plasma

Burning plasma integrated code




Edge/Pedestal BB DK S 1L

Edge/pedestal fEiE (. Bk R GHED EHET HEE

Core - Pedestal / ELM
— Stability: low-n and high-n modes, peeling
Pedestal — Transport: Pedestal width, ETB, turbulence, flow,..
! - SOL/Divertor
— Parallel transport
| — Neutral / Impurity/ Recycling
| SOL  These factors interact with one another.

0 0 1
1i5D Wi&=—F (TOPICS ) ENGRRELLT, MiEI—FER—2
) = MHDREEI—F, SOLA A/ \— 5k
FEE gimes=Lr | hews o—F, iR TR IR ERE TS,
E5. B gt BEEs), RETSXIOHEIHIESHERT.
v%wﬁfﬁ | ' (LBERS. BHOEHE. #)

MHD RE##a—F SOL-5A/\—
( MARG2D ) AEEETIL
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| Integrated modeling in JAEA r

-

Core plasma

i | g

Edge/pedestal

SOLDOR/
NEUT2D/
IMPMC

Burning plasma integrated code



SOL-4 A /N\—4fRZ DS SONIC
Integrated modelling in JT-60U l—
New Diffusion Model

Massive parallel 2] PIC + Monte Carlo
t
FompEEt PARASOL ) ( - Kinetic effect |
: - Collision
r Do N\ / - Sheath, Drift

Plasma \" Transport etc. y
energ
Fluid
generation SOLDOR Q generation  interaction
ionization | — ) ionization
charge exchange force
collision
( > N
Neutrals Impurities
Monte Carlo [ — Monte Carlo wall suttering
D neutral NEUT2D < 1 > IMPMC
\ / — — J  Cimpurity

The elaborate impurity Monte Cam\qeneration/

code (IMPMC) has been successfully charge exchange [1] K. Shimizu, et al., 17th PSI (2006).
combined with divertor code [1]. [2] T. Takizuka, et al., 15th PSI (2002).




SONICO—FI[Z&k4XR MARFE 2al—v3Yy

To reduce the high heat load onto the divertor plate, the control method for
impurity retention in the divertor region should be established.

SONIC simulations reproduced the formation of X-point . Pam 000000
MARFE in JT-60U discharge with high heating NBI power. Qt‘\) N ‘ @tlme

mwm3 attached detached Xp MARFE

I20

10 JT-60U
experiment

i 0 (PNB=15~20MW)

7 MW/m3

b SONIC
B simulation
"
dome N B (PNB=15MW)

attached plasma  detached plasma  X-point MARFE

Hydrocarbons sputtered from the dome contribute to the enhanced radiation near the X-point.
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Integrated modelling in JT-60U '—

TOPICS-

IB:
TOPICS
extended
to the
Integrated
modelling
for Burning
plasma

Two ways for whole plasma
simulation of burning
plasma

1) TOPICS-IB will extend to
the divertor region:

- Dynamic response
- Simple divertor model
- Transport model is key

2) SONIC will extend to the
core region:

- Accurate divertor model
- 2D transport model

The construction of
integrated model according
the purpose of research is
important.

SONIC:

SOLDOR/
NEUT2D/

IMPMC
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core transport
TOPICS, TASK

The integration
with the core

transport code
is planed.

- Straight motion
- Strong dependence
on the wall structure

- Motions based on
the magnetic surfaces

SOL/divertor

SONIC

Integrated modeling in JAEA l—

The impurity Monte Carlo
code (IMPMC) has been
successfully combined with
divertor code.

p
PIC + Monte Carl

PARASOL

~

- Kinetic effect

- Sheath, Boundary
condition

= Drift, Transport

Fluid

Plasma]
g
SOLDOR J

\.

Neutrals

Monte Carlo
NEUT2D

wall sputtering
generation, . )
charge exchange Impu rities PWI o _]
> - Monte Carlo ct
charge exchange
rge exchan IMPMC |/

The integration with PWI
( EDDY code) is planed.

C,H,
®

H

NN/
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