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Strategy of the development of
burning plasma simulation code
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NTM study by the modified Rutherford equation

2w Helical angle A
Hod _ magnetic
n At - FA' + FBS + FGGJ + Fpol + FECCD island
O-point
I'y- : Classical tearing stability index term \ ECCD
I',; : Disappearance of bootstrap current due to plasma profiles B
flattened in the magnetic island destabilizes the mode. W
I, : Stabilization by magnetic well JE
(Glasser-Green-Johnson effect) X-point o
ol Stabilization or destabilization by ion polarization current
I',.cp :EC current compensating bootstrap current lost in the magnetic island
stabilizes the mode.
YA "O-poirt
In the modified Rutherford equation, LA\ Xpoint 4 S Totg) profile
there are several uncertainties depending @ ‘\ profile S
on models, such as constant coefficients Q- t S\ 1<C ¢t
of each term and model formulas. 2 | profile <_:.\ < | Bs
(O.Sauter, 1997). - 1.3
W N T
1 1 1 H ,
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NTM model

%7:“ (W)<|Vp|2)+kBS”OLq]BS§|B,, l\{W2+Wd2 oot B, o1 e ( __Nvd )

Classical 2Bootstrap GGJ

Pyl 1 \
_kpolgsl.sﬁp — |V[)|2 T3 EC;LLO | pl nE
L W p B

Polarization ECCD
W : Magnetic island width in p coordinate
k=12, A'(W) : Cylindrical model
Ly=q/(dq/dp), ps: Rational surface position
W, : Finite x,/ x, effect (R.Fitzpatrick, 1995)

Nec : Localized efficiency of EC current
Iec - Total EC current

EC 1

0.1

Zw2

Parameters of kBS, kGG g Kk kEC are constant of

pol’
order unity.
Value of W, depends on theoretical models

( to limit the parallel heat transport ).

(Kgss Kaay? kpol, kger W) should be estimated
by fitting to experiments.
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Modified Rutherford equation

0.}

*._BS  Without ECCD

“
= -
L ]
-

— — — —— —— E—— ——— g

~“
L J.
-
L I

p  —
— — S—

0.05

Kgg can be estimated from large W.
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NTM simulation model (Hayashi, JPFR04 & NF04)

Modified Rutherford equation EC code
dW Ray tracing method &
g Pt g+ ooy + 10 + Tge EC current Fokker-Planck equation
Physical values . "
at rational surface Conflnement Geometry & Aaditional
. degradation due Plasma brofiles current &
Current profile to magnetic island P heating sources

(Bootstrap current, etc)

1.5D tokamak simulation code ( TOPICS )

e - : d( M\ 9| _ a(.  o¥ .
1D current diffusion equation g(pﬁ) = %{Dc%(lfc 5)— SC(JBS,JEC)}

Parallel density :  j=—D(R?)" i(E a—qjj
arallel current density : J u e Pap 30

Bootstrap current : Matrix inversion method for Hirshman & Sigmar formula

Neoclassical resistivity : Hirshman & Hawryluk model

2D MHD equilibrium : Grad-Shafranov equation ( Free boundary )




Determination of parameters in JT-60U experiments (Hayashi, JPFR04)

Kgg ~ 4-5, Kggy < 10 ( not important ), kpoI ~1, kgg ~ 3-4, W, ~ 0.02 ( ~ flux-limit model )

Growth phase

0.16 e > 0.16 ~0.008
Kas 1Ll Wy
0.12 s 012F 0024
= 0.08| T4 = 0,08t ’h
0.04} 1 0.04} 0.037
O G.GJ=kp0|.=1’ Wd.=0008 O | | |
64 66 6.8 7 7.2 64 66 68 7 7.2
time (s) time (s)
kBS=4'5’kGGJ=pr|=1 ,Wd=0.02
0.15 . . |
Ap=0
0.12 P Keg
0.09} ] o
; Y 25 Stabilization
0.03}




Evaluation of ECCD power necessary for stabilization in ITER
(Hayashi, JPFR04 & NF04)
Similar to ITER inductive scenario #2 :

kBS=10, kGGJ=pr|=1’ kEC=6, Wd=0008
I, =15MA,B; =53T, R;=62m, a=2m, 0.05 - -

i 3/2 mode
e lgc/ 15(x102)=0.73

S

By =18, 0, =1.0x10" m>, T. =9.1 keV, T, =8.3 keV -

n, T, T, profiles : Fixed profiles i
EC current (W -=0.04) i _
Fundamental O-mode EC wave of 170 GHz - N )

EC current location is assumed to be just island center. 0 0 2 _ ‘ 4 6

For kBS~4, kpol~1, kEC~4, Wd~0.01 estimated from JT-60U experiment,
.o ~ 74 kA for 3/2 mode and ~ 54 kA for 2/1 mode on ITER ( error~20% ) .

Peo(MW) ~0.23 I~ (kA) for 3/2 mode

EC code results : ~0.24 |_(kA) for 2/1 mode

ECCD power necessary for both 3/2 and 2/1 modes stabilization is 30 MW.

Necessary ECCD power can be reduced to 12 MW when the EC current width
is half decreased by optimizing injection angles.




TOPICS code simulations clarify detailed island evolution

JT-60U
TOPICS simulation with modified Rutherford equation
Island
0-15 L L LW L DL 0-2 i L
= 0.15 |
= 0.1 3 v
5 2 4
S = 017
© - ©
g 0.05 = :
[ - 0.05 |
EC on !
0 I-..I....I....I....I.... 0 11 PR T T | (S | PR T R |
7.5 8 85 9 9.5 10 2 - 0o 1 2
time [s] [PECPs(7.58)] / W(7.55)
- Spontaneous decay at W~0.04 FWHM of ECCD=0.12

W(7.55)=0.125

* Longer time to stabilize for slight misalignment Pec/Poo

- Destabilization for [Pec=Psl~W
Precise identification of mode location is required

Isayama, 7th ITPA MHD



Shift of mode rational surface for misaligned ECCD
JT-60U

TOPICS simulation with modified Rutherford equation

0.44 LU L Island
3 > - 0.15 r—rr—rt———
- EC on | [
0.42 ,
' {1 Pec ”
l o3z 291
a 0.4 0.28 %
®©
0.05
[ - =
0.38 0.40
0.52 0
036 Lo v 0.46
7.5 8 8.5 9 9.5 10

time [s]

- Change in mode location = Current profile evolution + ECCD
* NTM tries to escape from ECCD
Both contribute to misalignment *real-time tracking is needed

Isayama, 7th ITPA MHD



Increase in mode amplitude was actually observed

in experiment for misaligned ECCD
JT-60U——

Stabilization Destabilization

E041647 E041643
30| T T T T T T T 30| T

Pne | \[v—\ EE(~3MW): ”\[—V—L ] E#(~3|\II|W):

ECCD at R~3.5m
for E41643

* Increase in
|sland W|dth

I 74 75176 77 78 79 80 7.4 75| 7.6 77 78 7.9 80 Similar to
| . © time[s] ' ' ' ' " time[s] ' ~  simulation

Lo EC . EC >
Isayama, 7th ITPA MHD




Transport modeling and simulation of strongly-reversed-shear
(current-hole) plasmas (Hayashi, NF05)

Sharp reduction of anomalous transport in RS region (k~0) can reproduce
JT-60U experiment.

Transport becomes neoclassical-level in RS region, which
results in the autonomous formation of ITB and strong RS
through large bootstrap current.

B=3.7 T, R=3.3 m, a=0.8 m k=0

1.5 20 10
%CII’ZO — Z % C"O— -
E 1
=. =z =
= = .2
S ©o
0 x|
- C |
0
1.4
c'g‘ L
-0.02 i
(F with k=1 : CDBM) T < |
- S |
. . NN —
Inside CH region : N 0
Current limit model based —5t -0.2

on ATMI equilibrium 0



Autonomous formation of strongly-reversed-shear (current-hole)
plasmas

€36639_3.200




Anomalous transport model with k~0 can reproduce scalings of
the box-type ITB in JT-60U RS plasma. (Hayashi, NF05)

ITB width determined by neoclassical-
level transport agrees with that in JT-60U
A

Energy confinement inside ITB agrees
with JT-60U scaling : €3 ~ 0.25.

~ p,core
s~ 1-2 PpiTa-

W AT
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NERE 7
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time [s]

Outer CD # Outward shift
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Formation of Strongly-Reversed-Shear plasma in ITER

-
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High Bn (~ 4) & High fss (~ 89%) plasma

Thermal instability after NB power off

T [keV],
e [1019m-9] &

n

U0

J [MA/m2]

0 ' 0
n




Thermal instability in SRS plasma

After NB heating off, _. ' ' =
! l<=— |
Small radiation : Temperature increase % - 0(/" N
[— - N\ 4
over 40 keV a | ) /// .
Large radiation : Temperature decrease 50 e ~rau -
'%‘ _ i
Zero-dimensional model : X /
&)
d_W:_K_I_Pa_Pmd T, o<y~ = o b— . NBOﬁ
dt T, k 0 10 20 30 40 50

time (s)

Neoclassical transport inside ITB :  y o< T~

Only T perturbation : Stable for Ti> 42 keV (M. Ohta, 4th IAEA)

( Bohm-type diffusion y « T : Stable for Ti> 14 keV )

==  High temperature operation is necessary for SRS plasma



Suppression of thermal instability by NB feedback control
and profile sustainment by external current drive
NB feedback control : Target Tior=36 keV 100 ' |

Py (1) = Pyt — AT)— G, (T, (t) T,y (t — AT)) % e
+ Gz t_AT(TiOR o TiO (t,)) dt’ ID__l
External current drive (EC) : fec ~ 1- fgs 10
Profile sustained over current diffusion a
- time (~ 4000s) S
40 = 1=2000s —
—
P ——— 4 .
_E Te ~ S —————
>3 o |” \Y Bn~41]
Q= N =
=X, — Ne —
O e o
=< S = _
3 12 0
& | T+ FPFgmin _ _ _ .
£ |
< I QO
= |
=0
-0_50 —5 0 2000
p

CH.' 1
Pt~Pamin



Weakly-reversed-shear plasma in ITER
k=0, C=1.2, w/o ExB shear stabilization

80
(0,4

= ,—"""—_E(-;" 1 Steady-state : Bn~3.1, Q~4.6, Hhos(y,2)~1.8
= AT T T T T T : -
— /5 NB No thermal instability
al f

0 LY . . .

10— t=1000s
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[1 020m-3]

<n>

o
S
(6 e

BN’Q’HH '




KEH

(DWEFHBRTTU I E—R(NTM)

- BIESHY I7+x—RAEBERICEDVVENTMET ILETOPICSICHEESLHEaI—RER

- BTFIVDRE/INTA—HZEIT-60UREREDLLEICKUK D, ETIVINREREBIRTEHEEHERR
— ITERICBEWTNTMZ EILICHE/RECCD/NT—%., JT-60URBRTEZ HHE2MHEREL/=ETIVER
W= Zalb— g IC KU

— ECCDAIE B V'R [El il il D s E 4 2% BH

(2)BWVEBK 7 (ERKR—IV)TSXY

- BRERENEUK O THEEBATHHHEL ANV TICRICEET HHIEET IV T, JT-60UTELE
SN HOBBREEZHIR

- ITBREMBEWTSXTIE, T—h RN YT ERICL DT E R LV

- ITBRIE M IR<ST — b ANV T EBREIEGHBNESNT S XV, FEEROEAHITIVIRHE

- BN ERERERENC LY., HEZEWLT. SSICITBAIE Z I vl 58

- BAEKTTIXTH. HEERREHL THRENICRIGT 5T EEHEEH

(3)ITEREEE R FUA

- JT-60URER CHYMEZMHEIL/BEET I EBWTC/ITEREEEELD ZaL— 3>

— eI FINBOHIENABE T TSXTTIE., ITBIZHITAFH H L AN)LO#IEIZELY., Ti~40 keV
DEEETHNALETE

- NBINEAD 74 —FR/NyOHITEICKUT ~ 30keVAI SRR R E M EHIHITE, SV 28E FRERENC
JUZLERBEFTENL, BONVEBMI O TRRT S X E#ITTESI LA



