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Background

R4 IRPERN AN E S
A1 F R —J):

ITG, TEM, MTM, KBM
BT A —I)L: ETG

~ILF R — VAL
BERAIC LY ELRENE
MEZEIND D,
[Maeyama, PRL (2015)]

H -BK-KD> I

L — 3 VIR EE
& DTN ERE,
[IAEA-FEC2023 Overview]




Impacts of multi-scale interactions in burning plasma?

O High electron temperature (Te>Ti) (because of electron heating by alpha particles)
As Te/Ti Increases,
lon-scale
* lon temperature gradient (ITG) modes tend to be destabilized. [Romanelli'89]
« Temperature-gradient-driven trapped electron modes (TEMs) tend to be
destabilized. [Casati'08]
Electron-scale
* Electron temperature gradient (ETG) modes tend to be stabilized. [Jenko'01]
- Is electron-scale effect ignorable at high Te/Ti>1?

O Electron, Fuel (D,T), Ash (He) mixture
- Do electron-scale modes affect transport of fuels and ash?

O Kinetic resonance of energetic particles
 |TG can be stabilized. [Siena'20]

« TEM, propagates in different direction, has no resonance. [Hussain'21]
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Extrapolation of multi-scale interactions toward burning plasma is
examined by GKV (Free download from https://github.com/GKV-developers/ )

v High electron temperature (Te>Ti)
v' Electron, Fuel (D,T), Ash (He) mixture

Linear dispersion relation

Employed plasma | Cf.) DIII-D High-Te

100 H—e— v parameters discharge #173147

o /40 t=3705ms, r/a=0.5
[Grierson’19PoP]

Species
Density grad. R/L,,
Temperature grad. R/Ly,

=
o
o

Temperature grad. R /Ly,

Temperature ratio T, /Tp

real frequency wr (vii/Ro)
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-

Inverse aspect e = r/R

o1 100 Safety factor ¢

i Magnetic shear §
Poloidal wavenumber ky (og!) 9

Normalized collision v;,



https://github.com/GKV-developers/
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© 2020 Shinya Maeyama, Program for Promoting Researches on Fugaku (Exploration of burning plasma confinement physics)

Weak scaling of GKV on

Fugaku supercomputer
« 3.1 PFLOPS (12,288 nodes)
« 7.5% to CPU peak.
 Parallel efficiency 83.7%

n
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—
T
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200,000 400,000 600,000

Number of cores
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Color map of perturbed electron pressure and
streamlines of turbulent ExB flows

ETGs coexist with
TEMs.

Poloidal direction y/grer

o
<
N
c 0.0
R
0]
I

-9.5
Radial direction x/pref

T

0.9 1.0 : —100 0 100
Major radius R/Rg Perturbed electron pressure pe 7/ 21




Impacts on turbulent transport

v . ) . Wavenumber spectra of electron energy flux
Large'to'sma" interactions: ETG peak IS Multi-scale simulation (Full-k) and ion-scale

suppressed after TEM growth. simulation (Low-k) are compared.

v" Small-to-large interactions: TEM
amplitude is also reduced in the
presence of ETG.

Comparison of heat flux [gyro-Bohm unit]
Electron : Q,=524 (low-k) — 88 (Full-k)
Fuel : Qyu+Q;=17 (Low-k) - 3.7 (Full-k)
Ash : Q,.=14 (low-k) - 0.3 (Full-k)

— ETGs affects not only electrons but also fuel
ions and helium ash.

—— Low-k (100 = tve/Rp < 200)
Full-k (20 < tvief/Rp < 30)
Full-k (100 < tvief/Rp < 190)
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Nonlinear triad transfer
dand |yS IS [Maeyama’21NJP]

v" Entropy balance equation is

dS;,

- = (Linear drive) + (Dissipation) + Tj.
From the nonlinear entropy transfer term,

Tk — Zq Zp Ilz:q — 'Q'D‘Ql + Zjﬂl'ﬂe _I_]Qe:QeI

electron-scale contributlon Is extracted

Jefe - z z P

PEQe qEQ,
v" Direct observation of damping of TEM by
small-scale ETG turbulence.

Detailed balance Zkeﬂi] eittely Dikeq, 2]Q vfle —

shows energy transfer from TEM to high ky and high kx,

not a typical peak of ETG (kx~0).
DEY, REVWRT—ILDTEMA AN S Z & TRIEROESICT Y b
AE—ARN2H., ZNIEd LHETGZ MY 5 H T TlE7a Ly,

Poloidal wave number ky o a

Poloidal waye number kypi

on

N

=

Electron-scale, electron-scale couplingj%'ﬁe

Radial wave number kxpx;

—2 0
Radial wave number kx,oti
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BT - A A B ELCIKIFE

v TelT>1DEREFREREBTHVILF Wavenumber spectra of electron ener
Ar—IVHEERHI?TFE

v 7»%X7—»ﬁﬁ¢m% L 7%
i *15511103_!“"'&%13‘%11‘)] &HT
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== T_/T; =2, Multi-scale sim. ]
—e— T./Ti=2, Electron-scale sim.

=—+ T./T; =1, Multi-scale sim.

L : —o—TIT—l Electron-scale sim,
—— Multi-scale sim. ST e . i i

. — (4} 1 0 1
A— lon-scale sim. c 10 10 10 10 10

—&— Electron-scale sim.
&

Temperature dependence of Qe

Electron energy flux Qee/(Akypy) (Qga)

T A L L | T T I.IIIHI . T I§ §II” T T T T T III.IHI I. I§
=@ T./T;= 3, Multi-scale sim, ] F Te/Ti = 4, Multi-scale sim, 3
&= T./T;=3, lon-scale sim, ' T./T; =4, lon-scale sim,

—a— T,/T, =3, Electron-scale sim. ]
4

a Al

P

Electron energy flux Qe (Qgg)

Electron energy flux Qqu/(Akypy) (Qgs)

P, W T R T N T S T T A S TR S S N S T ' . 3L
| L ol L L L L Eoaiy L ol L Ll

1.0 1.5 20 25 3.0 : : o0 00 10! 100 100
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TEM/ETG Y LT R — ILVELRIC 1T % KL T Bk AT

IBE) v f MBENRICH T DRI THE - - - WEMILE
Z 7L, (Zg BT, W FEs Dl F )

s=D,T He
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%) o TNICHWVWEF - 1 FVRFIET7 7 v 7 ADELT 5D, 4#/@%W£Lu
KE J%Z Ex 52V,

MR R G DA F BEAER (1= YprueZsTs/Te)

(a) Multi-scale sim. (b) Electron-scale sim. (c) lon-scale sim.
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JT-60UECGIIC B B < ILF R — ILEL R 4‘)?

T, [keV]

JT-60U #E45072 N e

L-mode discharge
[Nakata, NF(2016)]

lon energy flux P; [MW]

3
-
et
—_

(b)JT-60U Exp. —
GKV -

GLF(w/o ExB)

TGLF(w/ ExB)

e

SCATHES @‘f?ﬂiﬁ\%ﬁ@g%\ A A R —IILEtE G)EEEL&L
ZWEFRTE. NILTF R — IILELREENT 7 =6,

-=- rfa=0.706
-=- r/a=0.60

e VZaSW i7:nm=0xn
' 1 ZIViEEIRTFHE
(e, DCEE 77 X~ D&Mt
1=2hY. FEARAL ICIZBKEE
BBV, )

&

Electron energy flux P
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JT-60UERLICH T B <V ILTF R — ILELREENT

v OATEEEZEEP=0.5)TlE. ITGELFICK WETGH @ MHI ST h, < ILF R —ILEL
MEtE & 4 F v R — NVELFREHE TRIEE O #ENIX [cf. Maeyama, PRL(2015)]

v FEBDEBICE DL & (p= 0.6), A A>T —ILISTEM, BF R —ILIZETGH 58 K NETE,

V AF VR —=IVELRETEICRNT Y ILF R — ILELRETE Tl EHX{E(~40%)

v TEM/ETGVJU?ZO'—JWEE{’FFH IC & ATEMELREZEDERDERUTHREISH I L 2
ﬂﬁ?r%n

EFHEHIEART PV (@p=0.5) EFHEHIERARZ FIL(@p=0.6)

-e ITG+ETG 2 -~ -e~ (. TEM+ETG
- ITG 7 o -e- 0.TEM
v =
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RDAT Yy 7 KEBEBE I 2L — 3 VAR e E
) FERROWTHEREE (M) 1T T

| 1L
Ll

INAVR

JRAMRER D= DEER S U AERIC 1T, T LICRERANICKE K KET 2B ZRVEL
RENEET ARV N S,

—hH., RKBBR I 2L —2a VBB ERODENON B H /T X —ZIERITIEANEE,
BRI F 74TV T4 T —2BEFEDOIREEET Y I ~DEH

HREZ LU T ORRICIEZA L E T,

« Low-fidelity data: IEfEFTE - 28D T — X (B : EiRFEwIEET /L)

* High-fidelity data: ®1EEFTE - PEDRoNT —% (B 1 < ILF X7 —ILE R

Sal—YareERBRT—X)
— Low-high fidelity7 — X DB Z Y AN S Z & TFABEZHNET 5,

= KRBEHES T 2L —2 a3 2 BEENICELARXET T /LIS B L ., X5RE %8 Z /-8
EETIAAIH,
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JERRTE B 2 [Bl)7GaussiBF2 8] 15 (NARGP)

[Perdikaris, Proc. R. Soc. A 473, 20160751 (2017)]

Gauss@FE[EE « « c ARDOT—Xty FAATRBRBICEODWTERINT-EIRET 5,
ARHDT—RELy FZ2HVWTRAIEETHZ & T, EHYOCOEEEERLHE L THET 5,

JEIRE B 2 [B]1FGaussiBFZ[E]JF(NARGP) « - + ZEXDGaussiBE[EIE A EhtE. tBRD[E])F
ZITHOBRIC, t1TBROEERSHZEOCEIRZIT ). RMF 74TV T4EIBTIEICODZED
GaussiBIEEIEZ 714 T YU T 1 DREICEHLE TERAT 5,

fr(x) =gi(x, fi, (%)),

gt ~ GP(f110, ke ((x, fier_1 (X)), (X, fier 1 (X7)); B8)).

H— X IVEBMDOREBIIIUA T TEZ 5,

Jl.,* =k t, (x, Y ; 'I'.".-*",*“ ) - Rh H’+. (X ), f;.;r l ll ); 0 b ) + R+ (x, x ’ II"'+ ),

i g AY
; Fon s 7 1 - \ p £
ki(x,x';0;) = of exp ( 2 E wi(xi —x;)° |,

~ =1
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1 RITEAEDT AN —X

> Low-fidelity 7 — &
E5OR, T — X #5052

—— Target function
® High-fidelity data
Low-fidelity data

fi(x) = sin(8mx)

> High-fidelity 7 — % |
Low-fidelityBIZX f; & IE—HR(X{K1F) D D IEHRIE(2 /\/\

)L, 7 — & SH155 (low-fidelity D507 \/\/w
A D EE AL EXD N D S 15D FF) '

E 4;%;1;\_ & [/ T (/j:\ : ﬂ l\o 0) 7—_}‘_ g 75\ l\o 71_6: % /\\\ < IEEE ' 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
[ZHigh-fidelityB8%t (ARIE#R) ZH#TE L7\,
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1 RITEAEDT AN —X

BE O Gauss BFZ [A)E

== 5Single GP prediction 54 == NARGP prediction
® High-fidelity data + Low-fidelity data .
® High-fidelity data

T T T T T T T T T T T T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 175 2.00 0.00 0.25 0.50 0.75 1.00 1.25 1.50 175 2.00




1 RITEAEDT AN —X
vV NARGPTIFIE7 4 T VT4 T7—XEB74T7 VT4 T7—XEOEEZHE (EX)

A ()N L%U)GaUSSLE@Jﬁ lERTAHITWT— &R &
ZAHEEFEINDS, UL Y FRIBEDIEEZ5Z 5,

SHTHRWFAIZEET

—— Exact correlation
Predicted correlation

——

—

High fidelity y1

— Exact
== MNARGP prediction
Low-fidelity data
® High-fidelity data

T T T T
1.25 1.50 175 2.00

T T T T T T T T
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
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703XVEL5J|L-’HIJL7:—9t‘J cAD Ei

E. Narita, et al., Contrib. Plasma Phys., 202200152 (2023)D 7 — X

ABNETBRET 7 AT /37 A —X(1218):
'‘R/Ln', 'R/LTe', 'R/LTI', 'ni/ne’, 'Te/Ti', 'beta’, 'nu_ee’, 'q’, 's’, 'epsilon’, 'kappa’, 'delta’
B74F)TFAT—% (BAI61338) : LRBRIOERI L SR Dq.

(/nm/ku )a [kPH ( Y m: 1\/!\0 )” 3]

—p

Ej:306 =) EEREICED HLEURE D,
— 2L TCHABL, &BYFD J&J%T &ttf%#?f%?

aﬂ\&
\Ilr\

Plasma parameters used Transport coefficients used
for inputs {1|2 columns) for outputs Il' 7 columns)
|

1
R/L., R/Ly, -+ Cr Cp OCnx Cup

Group I: ",
306 rows Experimental values

(JT-60U: 170, JET: 136) |

Parameter scan based
on group |
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single GP (R?= 0.71579)
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&0

> FFRDOERTET 7 A< #2RBE L -tHEDERE [Maeyama, et al., Nature Commun. 13, 3166 (2022)]
(BETRET>T, 2 eD,THe BEG77 X~ (e.g. REJFITER PFPO-1))
Q. SEFREFEETHLEFRT—IHEIEZLH?
ATT=3DOSBEFRETHLETFRAT—LINRHIPEZEL S B,
TILFRT—=IVEEERICK Y EFREENBER I NS 2 EFRERBOFEZ HR THIH TN,
Q. EF R —IVELFE IS BAEID, T X HelABEIR DEiHEICZh < H?
A. 2IVFRT—IVIEEERATERANRY FADZER L, EF7IFTEHLD,T, HeDEIXICHHET 5,
FAEZEFILREBEMIRIEOZLTH Y, WFEEDOEEHILEAERITH F Y ZERLEL,

> JT-60UEFERAIY T 2L —2 a3 VICBWTHETGIC & 52 TEMOE& (KRR A TF 1T,

> KBBEHBES 2L —YarViRs2%t: 7Y VIICRMREE 270D EGEOHE
SRIVF 74TV T4EREEETY I DR
FERRIE B 2 [B)FGaussiBI2[EJF(NARGP) - - - BERBE A ZH D Low-fidelity 7T — % & &BEZH DD
High-fidelity7 — 2 z@& L C. ®BEOFHZzAAZYLF 74T VT4 ET VUV ITFED—,
e« TRITVC2RTDT A M r—ZTld, AEEDEE E W5 7-NARGPDERIEN THE [JHER S 117,
« MEE T 7 ATEREET —&Z Yy MWL THNARGPDERE % 1511,
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