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Introduction to Institute for Fusion Theory and Simulation

Key Research Areas

» Magnetic Confinement Fusion

Energetic Particle Physics: Energetic particle-driven instabilities and transport,
interaction with thermal plasmas

MHD instabilities: tokamak sawteeth, tearing modes, density limit

Micro-turbulence and transport: burning plasma transport, gyrokinetic simulation, Al
fusion

Stellarator: stellarator design and optimization
RS RPN IRROSE(E)MIELE(R)
» High Energy Density Physics

The physics of warm dense matter: Inertial Confinement Fusion (ICF), lon beam targeting
fusion, laser plasma interaction and particle acceleration

The physics of strong fields: Relativistic discharges, Relativistic electromagnetic waves,
Strong-field QED effects, Novel radiation sources

Laser acceleration and radiation
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Physics of fishbone-induced I'TB

Fishbone -2 EP radial current = plasma return current

-> plasma rotation = suppression of turbulence > ITB formation



Background: ASDEX-U experiments

v’ Fishbone is favorable for stationary discharge [1]

v’ Responsible for clamping q to the vicinity of unity
and avoiding sawteeth [2]

v’ Redistribution of the resonant EPs resulting in a
sheared plasma rotation [3]
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Background: EAST experiments

EAST #56932 Ip=430kA, B_=1.6T, LSN
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v'ITB formation is stepwise and always appears =
after the fishbone instability [1] S
=
v’ Large E X B zonal flow can be induced in the

nonlinear fishbone stage [2] 2 oo ; .
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Background: EAST experiments

v'ITB formation in the ion thermal channel strongly
correlates to the excitation of the fishbone [3]

[3] B. Zhang , X. Gong, J. Qian, et. al., “Progress on physics
understanding of improved confinement with fishbone instability
at low q95 < 3.5 operation regime in EAST”, Nucl. Fusion 62,

126064 (2022)
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Background: theory and simulation

* Quasi-linear theory [1]

ASDEX-Upgrade: HAGIS [2]
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Background: GTC simulation of fishbone
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[1] G. Brochard, C. Liu, X. Wei, et. al., “Saturation of fishbone modes by self-generated zonal flows in tokamak plasmas”,
PHYSICAL REVIEW LETTERS 132, 075101 (2024)



Theoretical model: Fishbone amplitude evolution equation

* Predator-prey model [1] dﬂ D V4 H
—2=_-D-4 ~ Fmin )
Z BowH (B = Bun)
d4
dt ( ﬂ ﬂ crit ) g

B =B/ (1=£12), B =(1-1) ..

* Five free parameters ) 7 ﬂ . ﬂ U
crit ? /”max
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Theoretical model: Fishbone amplitude evolution equation

* Predator-prey model [1] d ﬂep
——=D-A4A/ P § ol 5 2P B
- B (B~ Brocs)
d4
dt (ﬂ ﬂ crit ) 4

[1] R. B. White et al, Phys. Fluids 26, 2958 (1983)

B = P /(l_fr /2)’ Poin =(1_fr)18max

numerlml
- analytical
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Theoretical model: Fishbone amplitude evolution equation

* Predator-prey model [1] dp
—==D-A4Zp_ H g & S
dt ﬂmax ('Bep ﬂmm)
d4
dt (ﬂ ﬂcnt ) i

« Steady solution H(X,px)f %Fp: -Dx+ e"'Z,Bmax =0, J= ¢prdx o 4
X =

* Five free parameters D.Z r P, = ﬂep o ﬂcﬁt
ﬂ crit ? ﬂ max ?
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Theoretical model: Fishbone amplitude evolution equation

* Predator-prey model

* Burst period

dJ 2 p A 1
L, :—-:\/:j dA 5
dC \NT 4 4,[(4,, —A)ZB,, —DIn(4,, / A)

numerical
- - - - analytical
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* Burst width

t—t,\ g 2
As(t)zAmexp{—( v ]], At_\/F(AmaxZ,BM—D) ,
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Theoretical model: Fishbone amplitude evolution equation

* Numerical solution, initial condition £, =8+ 4=4,,-

 Parameters [1] S, =0.001, B =0.0014, T =5.0x10°/s, D=0.1/s, Z=3.0x10"/s.

%107
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- - - - analytical
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[1] X. Zhu, L. Zeng, Z. Y. Qiu, et. al., Dependence of fishbone cycle on energetic particle intensity in EAST low-magnetic-shear
plasmas. J. Plasma Phys. vol. 86, 905860610 (2020) 13



Theoretical model: EP radial current

The flux surface averaged EP charge conservation law

Radial structure represented by a Gaussian shape

Integrating from 0 to 7

Radial current is proportional to the fishbone amplitude

19



Theoretical model: Poloidal rotation driven by EP radial current

J(6)=J,4(t), J, =29 75

: : : : F =yt
* Radial current is proportional to the fishbone amplitude Holop
' == 4
J.(rt) = I (£) - exp -( : ) ,
7, Ar
\
 Poloidal rotation driven by radial current [1] aV
aa— :—VI/Q —er ’
[

q= ( /q)(+2q 1.63¢° /\/-)
v=l.lV,,~\/c;’ f:(€2 /qz)(BO/nim,.)
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Theoretical model: Poloidal rotation driven by EP radial current

 Steady solution for poloidal flow and its radial shear

7 At
aL:__V _ij , (V,) = —Jr= f J A o
ot a a t, v
an’,——ZV'—(KJV—iJ'—(i)J (77 z_ﬁﬂiJA
= p f S . 0/, £ max
ot a a a a 2r, 1, v

e Numerical solution R,=2m, r./R,=0.1, v=5/s, fJf =2.0x10°m/s”
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Theoretical model: Poloidal rotation driven by EP radial current

 Numerical solution

* Approximate solution D A 7 ﬂ
max max

>

-

>z5\/;83/2Qer

(v,

(S

4.4 q2 v. v 2

I

S

The flow shear 1s independent of four of five parameters  D,Z,6_.,[L. T
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Flow shear is only dependent on D

3/2 2
(|Vé|), - 577 €% 2, vy At

Z BraxAmax, 2.19
8.8 q2 Vi ng Iy ’B ( )

where vy = Bo/./ponim; is the Alfvén velocity, ve, = /Tcp/mep 1s the EP thermal
velocity, $2., = gepBo/mep 15 the EP gyrofrequency. This quantitative formula can be
further simplified when D is small enough, D < A.xZBmax- By using the relations
given by (2.5)—(2.7a,b), the burst width can be approximated as At X +/2/(I"AnaxZ Bmax)
because most of the time A < Ak, the AZB,.x term in the integrand of (2.6) can be
neglected; hence, the integral is solved analytically, ¢, & 24/2A,;xZBmax /1" /D. As aresult,
we obtain At/t, ~ D/(2AnaxZ Bmax) and

L SmE R, v
(IVal), ~ T7¢ s vng, (2.20)
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Theoretical model: Ion transport model

* Temporal evolution of ITG fluctuation level and ion pressure gradient [1]

OE
Ez(yoN—alE—anE“)E,
2—];] =S—(D,+D,E)N,

Where E is turbulence energy, N is the normalized pressure gradient
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Theoretical model: Ion transport model

* Temporal evolution of ITG fluctuation level and ion pressure gradient [1]

OF "
— =(7N-aE-aV})E,
B S DT
ot
B 1 dP
. ial 1 ' V,=V,——2V ——L., V&V,
Radial 1on force balance equation E=N0 TR0 0By dr E~Vy
* Low-confinement solution (E.N)=(E,.N,), V/~0, E,=y,N,/a,, S=(D,+D,E,)N,:

>7;. =7,/S/D, -

/I
IH

 High-confinement solution (E,N)=(E;.Ny)» E,;~0, N,=S/D,
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Zero-dimensional model

s _p- AZBoH (B = Bun ) »

dt
a4
— ~A(Bs - )
Vo Yy Ly,
ot a a '

'

78
ov, :—KVH'—(K) I/g_i'],'. _(1) J

ot a

a a

oE 5
= =(7,N-aE-a,V})E
‘z;’ S—(D, + D,E)N

* Initial condition  A=4,., B =B, V;=0, E=E =006, N=N,=06.

« Study the key parameter ( D,Z,5_.. /3.

ax?

I' ) to high-confinement solution: N = Ny = 2
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Numerical results

* Deposition rate of trapped EP
within the g=1 surface: D

* As D increases, |Ie|rows
linearly, the turbulent
fluctuation £ is suppressed,
the 1on pressure gradient N
achieves a high-confinement
solution
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I =E:
-y MMM » -
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t (s) D

FIGURE 3. (a) Temporal evolutions of SBep, A, Vy, E and N for D = 0.10, D = 0.12, and
D = 0.14, (b) average values of |Vy|, E and N over t = 0.1 — 0.2s with D increasing.
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The steady flow shear 1s independent of the EP loss rate Z
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FIGURE 4. (a) Temporal evolutions of Bep, A, Vg, E and N for Z = 107, Z = 3 x 10", and
Z =5 x 107, (b) average values of |Vy|, E and N over t = 0.1 — 0.2s with Z increasing.
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* The steady flow shear 1s nearly independent of the EP resonant drive
coefficient I’
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FIGURE 5. (a) Temporal evolutions of Bep, A, Vg, E and N for I' = 10°, I" = 5 x 10°, and
I' =9 x 10°%, (b) average values of |Vy|, E and N over t = 0.1 — 0.2 with I’ increasing.
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* The steady flow shear 1s nearly independent of EP beta maximum: [y«
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FIGURE 6. (a) Temporal evolutions of SBep, A, Vg, E and N for Bmax = 0.0011, Bmax = 0.0014,
and Bmax = 0.0017, (b) average values of |Vy|, F and N over t = 0.1 —0.2s with Bmax increasing.
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* The steady flow shear 1s nearly independent of excitation threshold of
fishbone: S rit
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FIGURE 7. (a) Temporal evolutions of Bep, A, Vy, E and N for Beit = 0.0008, Berit = 0.001,
and Berit = 0.0012, (b) average values of |Vy|, E and N over t = 0.1 — 0.2s with Syt increasing.



* The effects of EP slowing-down

N

FI1GURE 8. Numerical solution of predator-prey model and poloidal flow shear with different
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A figure of merit for fishbone stabilization of turbulence
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Summary and Conclusions

Fishbone dynamics, five key parameters:  D,Z,[_...B...-I

EP transport leads to radial current, proportional to the fishbone amplitude

Quasi-neutrality condition, there must be a compensating bulk plasma return current, which can
drive plasma poloidal rotation through JXB torque

Steady poloidal flow can built up on condition that the burst frequency is greater than the poloidal

flow damping rate ) S
bIng < > - 5‘\/; 83/_ er vV, 2
‘44 g V. vjp 2

7!
IH

A figure of merit for fishbone stabilization of turbulence
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Introduction: motivation for developing GMEC

* Energetic particle (EP) physics 1s crucial for burning plasmas:

e EP-driven Alfvenic modes can strongly modify alpha particle distribution and
induce alpha particle losses in burning plasmas ;

* EP can have significant effects on thermal plasmas.

* The goal of this work 1s development of a highly efficient code for
simulating energetic particle-driven Alfven modes and energetic particle
transport in burning plasmas such as ITER;

* An 1nitial version of GMEC has been developed based on gyrokinetic-
MHD hybrid model. Work 1s in progress for adding fluid nonlinear physics
as well as applying code to present tokamak experiments and future burning
plasmas.

P. Y. Jiang et al, Phys. Plasmas 31, 073904 (2024
ZY. Liuetal, Phys. Plasmas 31, 073905 (2024)
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Comparison with existing hybrid codes

MEGA Kinetic-MHD
M3D-K Kinetic-MHD
M3D-C1-K Kinetic-MHD
NIMROD Kinetic-MHD
CLT-K Kinetic-MHD
GMEC Gyrokinetic-MHD

hybrid
hybrid
hybrid
hybrid
hybrid

hybrid

explicit, finite difference, PIC
Semi-implicit, finite element, PIC
Semi-implicit, finite element, PIC
Semi-implicit, finite element, PIC

Explicit, finite difference, PIC

Explicit, finite difference, PIC
Field-aligned coordinates

Compared with existing hybrid codes, GMEC has more physics, and is highly
optimized for computational efficiency. GMEC uses field-aligned coordinates and

symbolic method for coding.
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Development of GMEC

* Field-aligned coordinates

* Discretization methods

* Complile-time Symbolic Solver (CSS)

* of PIC method for solving the EP and thermal ion distributions
* Equilibrium intertace with VMEC and DESC

* Code optimization
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B Symbolic implementation of GMEC

N D
Vi=b-V auto Nabla_p = b*Nabla 6B = Vx(854, l_;) auto dB = Cross(Nabla,dA*b)
1
6w =V- — VJ_S(D auto dw = Div*(_va2*NabIa*dPhi) 13*i — LB}XVPI auto v_star = Cross(b'Nab|a*Pi)
Vg enB /(e*n*Bs)
1 2 614" X — 1 1_5 5 * i
8]y = _EV | B2v, (?) auto dJp = - Div*(Bs2*Nabla*(dA/Bs))/Bs | | VExB = B XVod auto v_EB = Cross(b,Nabla*Phi)/Bs
1.
/ \ Vg = B bxK auto v_d = Cross(b,kappa)/Bs
d 55 = — _ - Ji = oJ) >
Ew——v*i-v&u +6B-V§ +B-V? + 2v, -V, 6P
L constexpr auto dw_dt = -v_star*Nabla*dw + dB*Nabla*(Jp/Bs) + Bs*b*Nabla*(dJ/Bs) + Ratio<2>{}*v_d*Nabla*dP )
| O 54, = —V,50 8J e _sB.v -2 F.vs \
N e — _ -Vn . n
EYRah| I noJj enZB e en? e

constexpr auto dA_dt = -Nabla_p*dPhi - eta*dJp + Pe/(e*ne2*Bs)*dB*Nabla*ne + Pe/(e*ne2)*b*Nabla*dne

Y

0

~ 0P = —Tgyg " V(P + P) = 2T (P; + P.) Uy - V6P

constexpr auto dP_dt = -v_EB*Nabla*(Pi+Pe) -
Ratio<2>{}*gamma*(Pi+Pe)*v_d*Nabla*dPhi

0 ,
%Sne = —VUgxp * VN,

constexpr auto dne_dt =-v_EB*Nabla*ne
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A GPU version of GMEC has been developed with high efficiency >"¥2n8 L

60

50t

40

301

20 [

10 -

P E 7]
Intel Xeon Gold 6348

RTX4090

A800

Float

4.6 TFLOPS

82.58 TFLOPS
19.49 TFLOPS

RTX4090 / Intel Xeon Gold 6438 (28 Cores)

12

47

21

11

[_IMHD
I P1C

[ IMHD+PIC| ]

11 11

Float

Double

114090
~ 6001%

40

35+

30r

25

15+

10 -

Double
2.3 TFLOPS
1.29 TFLOPS

9.746 TFLOPS

A800: 52.3s
RTX4090: 59.5s

n=6,TAE,256X64X16

N, = 1.6x107
dt = O.lRo/vA, t= ZSOR()/UA

A800 / Intel Xeon Gold 6438 (28 Cores)

[_IMHD
I riC
[ IMHD+PIC

26

23

21

21

28

25

Float

Double

one A800
~ 640 cores

40



x10*

Verification of GMEC: RSAESs in DIII-D

7 | L ]
__sof (@) f
as
M 60F & ]
— —@— GMEC
=~ a0l —a&— MEGA

B . % GEM
Amin = 3 — > GTC ,
X
| ( b) EUTERPE
0 et M3D-C1

——m=11
——m=12
———m=13 0

toroidal mode number

S. Taimourzadeh et al 2019 Nucl. Fusion 59 066006

0.8 1
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Verification of GMEC: n=6 TAE
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Normalized kinetic energy

multi-n simulations
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n=30 mode in ITER (BAE)
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Summary Il

* An initial version of GMEC has been developed for
simulating EP-driven Alfven modes and EP transport
in tokamak plasmas. Initial verifications have been

done

successfully.

* A Compile-time Symbolic Solver (CSS) has been

devel

loped to aid the development of GMEC. CSS

simplifies the coding greatly with great efficiency and

small

code

probability for code errors. It also makes the
casily extensible.

* Initial results indicate GMEC 1s highly efficient and 1s
significantly faster than existing codes.



