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Fig. 1. (a) Growth rate and (b) frequency as a function of
Gaussian width. The orange and purple curves represent ac-
ceptable TAE calculated using TGLFEP. Because the blue
curve has a strong perturbation, the mode is treated as pol-
luted by numerical noise. For comparison, the MEGA res-

ults are depicted by the black lines.
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Fig. 2. Comparison between energy dependent (orange) and

energy independent (blue) Angioni diffusion coefficients.
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Fig. 3. (a) Unstable AE region of n = 3 without transport. Critical a/L,pp is depicted by dash red curve, and a/L,gp of classical
slowing down distribution is depicted by solid black curve; (b) inverse proportional function between critical a/L,gp and ngp at p =
0.4, 0.5, 0.6; (c) density evolution trajectories of previous CGM (black) and improved CGM (red) at p = 0.4.
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Fig. 4. Representative trajectories of (a) trapped and (b) counter passing particles by including AE perturbation; the high magnetic

field side of (b) is enlarged in (c¢) to reveal trajectory variations.
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Fig. 6. (a) Evolution of energy with n = 1—5 TAEs by MEGA; (b) cosine part of radial velocity for the most unstable n = 3 TAE.
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Fig. 8. (a) Density profile comparison: Black curve repres-
ents classical slowing down; the red curve is inferred from
experiment data; blue curve represents original CGM
without loss cone effect; purple/green curve is improved
CGM with loss cone from AE perturbed/unperturbed or-
bits; yellow curve represents MEGA results. (b) EP redistri-

bution in pitch angle space.
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Fig. 9. Spatial profile of n = 4 TAE, where cosine and sine
part of radial velocity are depicted by solid and dash curve,

respectively.
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Fig. 11. Pressure profile of classical slowing down (black),
previous (blue) and improved (red) CGM. For comparison,
experimental data is depicted by green triangles with error

bar.
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Table 1.  Variables for NN input.
AR e 5 Fix
1 LT N,
2 AL R T,
o
3 HL T2 R rlns e _ @ Tne
- ne Or
IT.
4 TR ts_e 1z
- Te or
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2 2
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. 0
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Wk 3.1 55 FE (9) PRI REL by A1 Ky HRAE
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Fig. 12. Flow chart of the neutral network (NN). The NN
estimates if the AE can be excited at first, and calculates

the two coefficients k; and k, for AE unstable location.
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Fig. 13. (a) Loss (mean square error) and (b) accuracy for AE stability estimation versus training epoch.

1.0 7

WMES BAREAH LR ZEAK, HIBTH AE 975 I
AHAF. ¥ —FH A EPtran HPiTE Y = AE R T
T ANTED 17 Bz, 3 Ul I SR A o 22 0 285 ] LA

. TGLFEP.

e R AR 22 ) 25 A8 A0 TGLFEP 727,

A 15

(a) e
d
4
° ° "
0.8 L’
4
L] b /'
=} ,&. =}
S “ o0 2
g ‘et S
3 o E
— -
A ° a9
s
e Epoch =50 ° ‘. ¢ ° e Epoch = 50
» Epoch = 500 . e Epoch = 500
e Epoch = 5000 ,.: e Epoch = 5000
0 . . 1 . 0 . . )
0 0.2 0.4 0.6 0.8 1.0 0.5 1.0 1.5 2.0
Target Target
K14 BUNES BARMERXT IR (a) ks (b) &
Fig. 14. Predicted (a) k; and (b) & compared with the targets.
12
(b) — Case 1
—— Case 2
— Case 3
9
o
o
= = 6F
Z
a
3
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0
p p

JHR B UEM 28 R 2% 1 3 AP 1Y) (a) FRR ST (b) 22 42 K 5] T

Fig. 15. (a) Pressure and (b) safety factor profile of three additional equilibria for NN validation.
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Fig. 16. Coefficients of k; and k, predicted by NN with loss function of MSE (blue) and custom loss function (red): (a), (b) Case 1;
(c), (d) Case 2; (e), (f) Case 3. For comparison, TGLFEP results are depicted by black curve.
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Fig. 17. EP profile comparison for the equilibrium with (a) monotonic, (b) weak and (c) strong shear ¢-profile. In each panel, green
curve depicts initial EP profile with classical slowing down distribution and black curve depicts EP profile with the critical gradient
calculated by TGLFEP. The blue and red curves depict EP profiles by NN with loss function of MSE and custom loss function, re-

spectively.

THE AR 1% B RE T ; ONETWO A
THUKL T EFIT f £ 55 25 1 OF . JRATHE 2
i MOE W32t TGYRO 15 i ks 7351 T 15 .
EFIT 4 liny- P #ia (s 2., L ONETWO 3t
BRI P HEEOR YR (o B URDIARSE DT A4 1H ik

PR, THEA 3 EP By He 5 M HL U 9 T 4% 136 45
ONETWO, A5 HMA 2 SR BRI (PN
JESR AR, RIS BE R, F&— 5 i i L A
KRB, F'O8 FRSE) FHZ8 4 EFIT 52K
e v

215206-10


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 72, No. 21 (2023) 215206

/" Module of EP %

Critical gradient
NN
(TGLFEP)

kl and k2

|
]
]
|
]
]
|
]
]
|
]
]
|
]
! \
|
]
]
|
]
]
|
]
]
|
]
]
|

\\

1

I

:

I

> <& |
y %0 :
<© % |
[}. I

’ :

% I

I

I

I

I

I

I

I

I

I

I

I

1

Profiles evolution
TGYRO
(TGLF NEO)

EP profllc Current evolution Equﬂlbrlum
EP distribution and sources Equilibrium
EPtran ONETWO EFIT
NBI source (NUBEAM) P’ and FF’

Equilibrium

K18 OMFIT 4 Bl m e I, E (e

JEIH OMFIT 2% R RE, 21 (e b 0 2

[N AR EER

Fig. 18. OMFIT workflow with MOE. The typical iteration is in the blue border, and MOE is in the red border.

5.0

(b)

4.5

4.0

3.5

3.0

2.5

Z/m
P/(10¢ Pa)

2.0

1.5}

1.0

0.5

0

12

©) 56l

10r 94
2.2}
8 L

2.0

0 0.1 0.2 0.3 0.4

0 0.2

0.6 08 1.0 0 02 04 06 08 1.0
P P

K19 FIHIA A MOE #4519 (a) BETE | (b) SRR . (c )k%l?‘iﬂﬁ, A SRR AL BT EP s X8 58 10 5
LI IR T EP iz 0 R A S, 54 NS MOE 4 B4 14 45

Fig. 19. (a) Flux surface, (b) total pressure and (c) safety factor profile calculated by the OMFIT integrated simulation with MOE.
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culated without MOE.
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SPECIAL TOPIC—Energetic particles in magnetic confinement fusion plasma

Improvement of critical gradient model and establishment of
an energetic particle module for integrated simulation”

Zou Yun-Peng "  Chan Vincent??3  Chen Weil)

1) (Southwestern Institute of Physics, Chengdu 610041, China)
2) (General Atomics, California 92186-5608, USA)
3) (School of Nuclear Science and Technology, University of Science and Technology of China, Hefei 230026, China)

( Received 27 April 2023; revised manuscript received 4 July 2023 )

Abstract

Based on the critical gradient model , the combination of the TGLFEP code and EPtran code is employed
to predict energetic particle (EP) transport induced by Alfvén eigenmodes (AEs). To be consistent with the
experimental results, the model was improved recently by taking into consideration the threshold evolution and
orbit loss mechanism. The threshold is modified to be the normalized critical gradient ((dn/dr)/(n/a)) instead
of the critical gradient (dn/dr), and the new threshold is defined as a function inversely proportional to the EP
density as obtained by the TGLFEP code. Additionally, the EP loss cone calculated by ORBIT is added into
the EPtran code, which provides an important additional core loss channel for EPs due to finite orbits. With
these two improvements, the EP redistribution profiles are found to very well reproduce the experimental
profiles of two DIII-D validation cases (#142111 and #153071) with multiple unstable AEs and large-scale EP
transport. In addition, a neural network is established to replace TGLFEP for critical gradient calculation, and
EPtran code is rewritten with parallel computing. Based on this, a module of EP is established and it is added
into the integrated simulation of OMFIT framework. The integrated simulation of HL-3 with AE transported
neutral beam EP profile indicates that EP transport reduces the total pressure and current as expected, but

under some condition it could also raise the safety factor in the core.
Keywords: energetic particle, Alfvén eigenmode, critical gradient model, transport
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