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Fig. 2-2-1-1: Growth rates of the TEM instability of multi-species (D, T, and He) plasma obtained by
the linear (purple) and the multi-scale simulation (green squares), where the cyan curve shows the

growth rates reduced by the effective diffusion [2].
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Ton Species H H H D T D, T He
Ro/Lre 8.7 9.342 10.0 9.342 | 9.342 9.342
YerGRo/ Vires Max.) 1.43 2.9 4.3 2.6 2.41 1.10
58™ p2 Werer/Ro 2.1 1.9 2.3 2.0 2.25 2.75
58292 wie/Ro 2.8 2.7 3.34 2.64 2.07 1.96

Table 2-2-1-1: Summary of the effective diffusion coefficient estimated from the reduction of TEM

growth rates is given in the fourth row as 6£?fim), while the fifth row shows the effective diffusion
model with 7,.~yg7¢ and the fluctuation amplitudes of ETG turbulence (Zk’l kalv*Ek’l) obtained by

the multi-scale GKV simulations.
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Figure 2-2-1-2: Time-histories of electron heat flux Qgs, driven by electrostatic fluctuations in TEM-

ETG turbulence for H, D, and T plasmas.

2-2-1-2. WLF AT —)VELIY X 2 L—1 3 0T K 2 EBRRHT

AifiE CONT A —VELEY R 2 b—2 a3 Tk, MEORDHBImZRS N~ 27875 X<
DT IAEHENL Z IO P> T2, 22T, EEEO JT-60U 77 X~ OEBRELZ VT, EiRT
A—BITHHG LIz~ L F 27— VELEE Y S 2 b—3a a2 FEM Lm, EBICH W EBREEIL, U
Al Nakata FIC L > TA A REARL (ITG) &Lite TEM SLEOH — 27— L COMITICHW BT
bDLFA—ThHD, ZOERBRENICOWT, 3. @B A S — U 7oA 2 & AT 2 F2hi L
Teo B2 DHIREAL/NERALE (r/a= 0.5, 0.6, 0.76) OHEITHOWTHELNTMIEHE®E% Fig. 2-2-1-3
WY, EO/NNERMEICBN TS, EF Y v A 2 EETREOT b @R ETG REE M
PEIEST D Z e D, —h, AFVx A mERERT— (kypy <1) T, r/a=05DETIE
BAOERB W E SO ITG RLEEMEN, ZN L IMITIZIEDOEE %2 FF> TEM ALZEENHND 2
L INHERR S T,



- r/a=0.76 /"""\ 2.0+ -—- rla=076
woey
-~ rfa=060 N ! 151 -+ r/a=060
Lot ] ~ rfa=050 /""\_ s - r/a=050 ]
/’, ¥ L0 =< /
; ~
/"”/‘ I' s !I:‘
A : 0.51 S~ L IH
= ﬁ' 4 E P e — g
= = - - ey 7
= = 00 S SacN e
= P 3 SNy ;
o ".D'.' .
10 AN 7 —0.5 1 e/
AN y Sa,
P W7 —1.01 =
] Y ! -
P o
S v —1.54
A '
! N
107! i ‘ . -2.0 ‘ .
107} 10° 10! 107! 10°
kvpu kypu

Figure 2-2-1-3: Linear growth rates (left) and real frequencies (right) of ITG/TEM and ETG
instabilities at r/a = 0.5 (black), 0.6 (blue), and 0.76 (red) for the JT-60U configuration which was

also investigated in Ref. [3].
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Figure 2-2-1-4: Electron heat flux spectrum obtained at r/a = 0.5 (left) and 0.6 (right) for the single-

scale (ion-scale; red) and multi-scale (blue) simulations.
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Figure 2-2-1-5: ITG instability growth rates obtained by the single- (red) and multi- (blue) scale
simulations for the JT-60U configuration at r/a = 0.5.
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Figure 2-2-1-6: Normalized particle fluxes of tungsten (W) ion obtained by the single- (dashed) and

multi-(blue) scale simulations for the JT-60U configuration at r/a = 0.5.
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Fig.2.2.2-1: Frequency spectra of the toroidal mode number n component of the turbulent
electrostatic potential. (a) and (b) show the numerical experiments in the LOC and SOC phases,

respectively. The frequency w is normalized by the transit frequency vy/R, where v, is the thermal



velocity of deuterium ions at 1keV and R is the major radius.
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Fig.2.2.2-2: (a) shows the radial currents, and (b),(c) show the toroidal momentum balance of (b)
deuterium ions and (c) carbon ions in the LOC phase. The plots are normalized by mpn,v2/R, where
mp is the mass of deuterium and ny = 102°m=3. In (a), the particle confinement time 7, of species s
is estimated from the particle flux at r/a = 0.6, and 7z shows the energy confinement time. In (b)
and (c), the toroidal momentum balance consists of the inertia term (trq), the neoclassical and
turbulent stress term (str), the radial current term (cur), the toroidal field stress term (fld), the

source term (src), and the collision term (col).
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5 ITG ~DOELIEER I > T, OITBWTELEEE O It FrtEny LOC 7 =— A& SOC 7 = — A TK
T2 Z e bnd, BT 7 X~ElE 2 REd 2 5% %5 ) [Camenen, NF2011] 1 X ELiA% 1& D FE kI FRME:
WZHBIT D2 b, (IZBWTHISE L72E)IS /128 LOC 7 = — X SOC 7 = — X TENZ NS
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Fig.2.2.2-3: (a) shows the radial profiles of turbulent frequency without the Doppler shift. (b) shows
the tilting poloidal angle of turbulent field, which is defined by the poloidal angle at the maximum
amplitude of the turbulent electrostatic potential. (c) shows the normalized residual stress induced
by profile shear effects and the normalized momentum pinch estimated using the tilting angle and
plasma profiles from the numerical experiments. In (a), electron and ion modes give the negative

and positive frequencies, respectively.
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Fig.2.2.2-4: (a), (c) and (b), (d) respectively show temperature and rotation profiles in numerical
experiments based on electron heating modulation experiments on ASDEX Upgrade. (a), (b) and (c),
(d) show the results with additional ECH at r/a = 0 and r/a = 0.4, respectively. In (a) and (c), the

temperature is normalized by T, = 1keV.
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Fig.2.2.2-5: Neoclassical benchmark of the bootstrap current or the parallel flow in a multi-species
plasma with R/a = 5,R/L, = R/Ly = 2.2,Z,5y = 4. Dotted curves show the initial condition given by
non-shifted Maxwellian distributions. Solid and dashed curves, respectively, show the results from
GT5D and the neoclassical theory in the quasi-steady state. The parallel currents (B - J) of electron,
deuterium ions, and carbon ions are normalized by enyvy,B,, where e is the charge of electron and B,

is the magnetic field on the magnetic axis.
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Fig. 2.2.3-1: Beam ion and alpha particle pressure profiles before and during the nonlinear stage of the

instabilities.
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Fig. 2.2.3-2: Time evolution of MHD fluctuation energy for each toroidal mode number n in (a)

kinetic-MHD hybrid simulation without kinetic thermal ions and (b) with kinetic thermal ions.
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Fig. 2.2.3-3: Time evolution of energy components in kinetic-MHD hybrid simulation with kinetic
thermal ions. The increase in deuterium (D) and tritium (T) energy and the decrease in alpha

energy (o) indicate energy channeling from alpha particles to thermal ions via Alfvén eigenmodes.
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Fig. 2.2.3-4: (a) Dependence of the linear growth rate (blue line) and the frequency (red line) of the
m/n=1/1 internal kink mode and fishbone mode on the maximum energetic-particle (EP) beta and
the maximum EP energy. (b) Averaged precession drift frequency of trapped EP versus maximum
EP energy and the comparison with the linear growth rates of the m/n=1/1 instabilities in the MHD
case without EPs (black dotted line) and the off-axis N-NB case (black dashed line).
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Fig. 2.2.3-5: (a) Kinetic energy evolutions during hybrid simulations for different Ba. (b) Radial velocity
fluctuation profiles and (c) frequency spectrum evolution of an Alfvén eigenmode with toroidal mode number n=1
during on-axis ICRF heating with Bax=2.55T.
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Fig. 2.2.3-6: (a) Initial profiles of the electron pressure (Pe), thermal ion pressure (Pi) and energetic
particle pressure (Pep) where S Ep = 0.8% at the plasma center. (b) Dependence of the linear
growth rate of the n=2 mode on S rp for S = 107. (c) Radial mode structure of the m/n=3/2 mode
for B Ep = 0.8% where the dashed curves and solid curves correspond to the cosine components

and the sine components, respectively.
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Fig. 2.2.3-7: Radial profile evolution of time-derivative of temperature perturbation for (a) n = 1, (b)
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n = 2 and (c) total components, where the oscillations at r/a = 0.35 and r/a = 0.64 are attached. The
radial profile is measured at ¢ = 0 on outboard midplane. (d)-(e) Schematic figures illustrate how
the two types of waveform distortion are generated by the phase difference between two sinusoidal

waves.

(2 3CHk]

[1] Y. Todo, “Validation and extension of kinetic-magnetohydrodynamics hybrid simulation for the
prediction of burning plasmas”, AAPPS-DPP2021 (Online, 26 Sept. - 1 Oct. 2021) (FEFESH -
MR )

[2] M. Idouakass, “Numerical study of energetic particle transport in a steady state Iter scenario
and comparison with current DIII-D results”, 28th Meeting of the ITPA Topical Group on
Energetic Particle Physics ITER Headquarters, France, 21-25 Nov. 2022) ([HEES3)

[8] P. Adulsiriswad, “Study of the interaction Between Energetic Particles and
Magnetohydrodynamics modes in the JT-60SA inductive scenario”, 31st International Toki
Conference on Plasma and Fusion Research (Online, 8-11 Nov. 2022) ([HE£#)

[4] J. Wang, “Self-consistent Simulations of ICRF-induced Alfvén Eigenmodes in Helical Plasmas”,
AAPPS-DPP2022 (Online, 9-14 Oct. 2022) ([EHESSE - #HF45H)

-20-



[5] M. Sato and Y. Todo, “Kinetic thermal ion effects on maintaining high beta plasmas above the
Mercier criterion in the Large Helical Device”, Nuclear Fusion 61 (2021) 116012 (£l & #30)

[6] H. Li, “Nonlinear MHD effects on waveform distortion of off-axis fishbone instability in
tokamak plasmas”, 28th Meeting of the ITPA Topical Group on Energetic Particle Physics
(ITER Headquarters, France, 21-25 Nov. 2022) (EESE%)

2-2-4. V77T —~<[4]lORME

5 RICACHHZEE DIE M E e 5 e 75 A~ D —f#s I 2 b— g jd, A—/S—arbBa—#
WCEDERBMEEZNEL T2, 77 A~ OPHNREICEILZ 52, ¥ v A mlE#Ehm HRAUTHE O R
W T T A~ OFE LV E R & 72 HEAFIREBIC E S F TRl 2 T, ELRS A H TR
RHEREH LTS, A——arPa—ZTho THRMIZED ETICRNMZET 2 ki, —&icwv
ORIFNCE L0 EFEATD L ILFHREOYIMIE M TR LN D 1E WD DHEET 2 HIEITH STV,
ERME2ETLI Vv A niEEGEG Y I 2 b— 3 VISR E D E TOBRBE TR/ T —4 %
EHRETZEND, EOT—FEER LIZET UVERNFRLE RDITT THY ., 2227 — 257G
ROERE 5D TIERW N EFRB LT, T — BRI TIECTH D08 X, T - TIRITFEOHT-72
HSEZE) DB HEE L CEFASBVMENTE WD, AYT7TF—~TlE, [EE] AWK
FEEHRAE R ORI R LT RN ROM L2 B L, BE 77 A~ORBE Y I a2 —va &
AUVTF— 2B FOREH 7 7a—F 2% L, 6T 5, 7 ARBITERMICED TRBY | BHiAL=
2—F /%y FU—2 (CNN) ZHWEBENFIEL-TE, =a—F %y VU =7 T L E A
B ORI R ERE ELIT I 26 £ 7 /L DeKANIS OBI%([8-13] 0267 7o —F LT\ 5,

TR AFEEIIE, LT ORISR ZER LT,
(1) &fn 3 HEEICBIRICET Lo BAHIAA CNN 2 _X—RA L L7zv L FET—HLETLERB L, T4

A el 51 el B N s VA 7% i 0 [ 7 RN 1 1 e et R

(2) CNN _R—=2D v LVFE—XNLEF N EFREM=2—F L%y hU—27 RNN)EF /LA HLE Y

TR LWET LV EEE L, BUERRZ X 0 Je ORI OB R % 019 2 HAk 0l 2 #er L7-[6,7],
(3) MERME AL ST T /L DeKANIS OB O L 7057 — X & v MEPBELZIE, fafiET V%

BB LAKERNRIZRT 5 THIRE ) A 1) | <8 72[8-13].
(4) Ry v A R E TGRS I 2 b—2a UL LNIERERIIC R 2 L—3 g U7 — 2Tk Dk

BT IZHONWT, Bt E Y — R OR 222 B 8 LI kR 21778 o 72 [14-15],

2-2-4-1. CNN&#_X—R L LIzv VT E—HLETNVORE

SR 3 FEEE TOMIEIZ L Y, EfficientNet-B4 22— Lt L7z CNN 7 MIZL-T, Vv A uiE
w2 L— a3 COBUERZRCRAFZA O PRIN TR L o7 2 & 2R L, Vv A miEHEm Y I
o b—3a U EFEITT S E RO — D3 EMER B Fn B T OELTTIKEEIZ 35 1T 5 ELIR MR AR O i 2 Fn %
ZETHY, vIalb—a OO T — 2 BELE R & B HFRE TR 5 F T E L,
Ux A BEEERY I 2L —a Y OATINRT A= Z OEGEIB AR D, S BT, FOET AN
T 5 IKEHEE (ow-fidelity) D Z 5T — % & | EEOV ¥ A niE@hiigs I 2L —ra KD EEEE

-21.



(high-fidelity) D/ #7 — % Z A G O T E A E L (multi-fidelity) 7 VA AEHE T 5 Z L3 AR & 7
D, Py A n#E#FHRITI— ROV I 2 Lb—F L RIRBETNE T T AHEET V&G Lo s
Ylalb—YarRPagL s, —H T, 5 3 EEETORLETHT S CNN 7LD 7 —F7 7
7‘%7 DFEFETIE, TANT—H T TRIRET — XX L THZYRELREWER 2 THT 5T LD

FUIREETH D Z ERELIT D WEZEMNT IS T 2 BRIE ASFH RIS R EE A (T O FEBL N 2 —
0%%%ﬁé_&_iof\%@u@ﬁé%®ﬁ&®¢®méﬁfké&wﬁ_kﬂﬁé:&ﬁﬁ%é
7o, FZTHNIBROT —F%7 7 F v TR TH H, —F TEVRIZ ”~5?ykgt’ﬁ~ﬁv
SOLTEIENI D2 L, BT EAF U TRAFRIIRES B 552 L, kOB dRIZARRIC
HLFETOWMBOPTUT LHERRTIERWNWI L2 ENG, KA LIIMWERRES BRLIFENDN D, Bl
WROETFVTIE, ATNTHOZEBITA A O THREZ ESMELL TWD Z b ANITHEHEDE
IR EERTWRY, ZRICHLEDLLT, TNV T —HICE ENTIEROHD BEk % 70— A5
M ATHEZRHERHME 2 T3 5 F1d, FEERAERTH D,

ZZ T, CNN ETNVEYNLNTE—FNVETINEIIETHZ LI LT, v VFE—FLET L EIX
BEOEX)T 4, ZOGAETEBREBET —%, 2H]H) ZENTELETALOZETHY, ZOET
NOBRMIE, BZONTEANPLEFBVERQ,. A A VB HRQ, EMAtZ M NT5Z2 L ThHhb, 21
FTD CNN T/ TlEA A > OHi B OREBRE B (ke ky) 2 AT L LTWZR, 220 bET
DB R A F T 5 Z LI1ETE RV, il lCB 1 ORRBEY R B f2 (ky, ky) & BB 47850 5 i 4
Pk ky)ZATTELTMAD Z EIC LT, B, MXHEOHEHREZ T NVITHNT 572012
Skpiey D2 (ks by ) DBMET — 2 B WG L RIFHZAT)$ 2 Z LI Uiz, BBANCEBT 2 &, RO

T LIZ CNN ETVEHBET L (Thbb, Kr—A72L 3 50 CNN 7 LV528IF5) 2 Li3nhe
HOHNR, ETNABREL QDT ED, T2 TR, FEREBEGIIIRED 2 Rt Th 5 HNbARER
IZE/ 7 a CREECTE 5720, f2, f2 Q2OKEgREE /) 7a (F LA Ar—1L) IZLTEOTF v R
BMaElkeE L) 2T, 26 3 2% BGR IZXHIGIEA L HICEHE L T—o0lBZERT S (Fig.
2.2.4-1), ZHUFTEELINZR2 0 T —EHg L R D720 P T —E LR L TV D, @ O L i
DRI, BOF ¥ o pxNV T EICR R DR R OBB N LR SN TWDRTH D, ImageNet 3%
M7 R DR S LTV A 72, ImageNet THATFE S 7z EfficientNet ([Z AN L725AICEL <
@ﬁf%é#&oﬁieo®%&f%okoAﬁémtﬁﬁuiﬁﬁ,W®£f®%$#8%@<ﬁo

) l . stacking i
' " .‘I" \“'

~

I 7 S B (5

2. 182)
TWBHZ L7 b,

Fig. 2.2.4-1: Scheme for processing a pseudo color image stacking the monochrome images of each
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Fig. 2.2.4-2: Schematic explanation of the model architecture.

R L=~V FE—%/LET /L%, Cyclone Base Case(CBC)7T—# CTHE IHT=, 7TA T —HIZ
%972 (Qe, Q;, ) DU TEFRER11(0.972,0.9995,0.9995) L 72~ 7=, Fig. 2.2.4-3 |T/xT L0, 2EZIIJE-
TR TR 2 L, BUER S AR ICE TORFEITCB W TR TRIGE N AR LTS, T A
F =236 B A AFIBRICIT# DI TR A, CBC T — % OFliiT — 207k v FCilishi=€7
L, FICHEEZRST A T =237y M L TUIMD TRW TR AT 5 Z Lo,

-23-



24 ( ) t e 200 b ~ &00 ( )
is d 2" s ( ) Qe ;’/ 500 ¢ Q[
18 ‘If” 150 S /l
1 ."’” 125 40
14 lr ,
h-] s -1 s =
En ‘ g 100 B 300
10 "’ = ” =
75 s e
8 ¥ 200 .
6 p 'I 50 ’,” ) )
G4 2 4 2 oy 2
ot RP=0972 | ®{ 7 R*=109995 " R®=09995
0 04 & 0q @
0 2 4 6 B 10 12 14 16 18 20 22 24 0 0 100 150 200 0 100 200 300 400 500 600
true true true

Fig. 2.2.4-3: Regression plots of (a)t, (b)Q,, and (c)Q; predicted by the CBC-trained model versus the

true ones for the test data with the corresponding R?.
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Fig. 2.2.4-4: Regression plots of (a)t, (b)Q,, and (c)Q; predicted by the CBC-trained model versus the
true ones for the JT-60U (A) data with the corresponding R?2.
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Fig. 2.2.4-5: Regression plots of (a)t, (b)Q,, and (c)Q; predicted by the CBC-trained model versus the
true ones for the JT-60U (B) data with the corresponding RZ.
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Fig. 2.2.4-6: Image of combining a multimodal model and RNN interpreting time series data to

predict heat flux at a future time.
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Fig. 2.2.4-7: Schematic explanation of the multimodal model combined with RNN.
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Fig. 2.2.4-10: NN model comprising the quasilinear turbulent transport model DeKANIS and the

turbulence saturation model based on the mixing length theory.
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