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Table 1. Main parameters comparison of EXL-50U
and other tokomak facilities.
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Fig. 1. Distribution of bulk electron density n,, electron

temperature 7, and bulk ion temperature 7} in EXL-50U

integrated modeling.
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Fig. 2. Distribution of toroidal field ripple perturbation amplitude in EXL-50U: (a) Ripple data by analytical equation; (b) engineer-

ing data in design.
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Fig. 3. Ripple comparison between engineering design and fitting curve in different Z plane of EXL-50U: (a) Z = O m; (b) Z =
0.3m; (¢) Z=0.6m; (d) Z=0.9 m.
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Fig. 4. Ripple comparison between engineering design and fitting curve in different R plane of EXL-50U: (a) R = 0.5 m; (b) R =
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Table 2.  Ripple field fitting parameters comparison of EXL-50U and other tokomak facilities.
Item CFETR ITER EAST EXL-50U
do 1.57 x 10~° 3.75 x 10-6 1.26 x 10~* 4.19 x 10—
Ry=a+ bZ? (m) 6 + 0.06222 6.75 — 0.034 Z2 1.71 — 0.18 Z2 1.77 x 10=% + 0.106 Z?
beip 0.021 0.26 0.26 0.297
Wi,/ M 0.63 0.53 0.15 0.1034
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Fig. 5. Initial distribution of beam ions in EXL-50U: (a) Bird’s view; (b) poloidal cross section.
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Fig. 6. Initial distribution of NBI fast ions read by Orbit code: (a) Particle location in RZ coordinate; (b) particle density distribu-

tion in poloidal flux; (¢) energy distribution; (d) pitch angle distribution.
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Fig. 7. Equilibrium and ripple loss region in EXL-50U integrated modeling: (a) Magnetic flux surface in Boozer coordinate;

(b) ripple well loss region, where banana tips in here will lost; (c) collisionless ripple stochastic diffusion region, plot with GWB cri-

terion.
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Fig. 8. (a) Orbit classification in the plane of ( P¢, uBo/ E') with fixed initial energy of NBI fast ions; (b) region of stochastic ripple

diffusion by GWB criterion; (c) co-tang initial NBI fast ion distribution; (d) co-perp initial NBI fast ion distribution.
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Fig. 9. NBI fast ions distribution after one slowing down time calculation: (a) Particle location in RZ coordinate; (b) poloidal flux
distribution; (c) particle energy in final time; (d) pitch angle distribution in final time.
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Fig. 10. (a) Poloidal distribution of lost particle, (b) lost time and energy record, (c) time evolution of loss fraction for co-perp beam
ion distribution.
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Fig. 11. Heat load at the last closed flux surface due to NBI
X3 ET AR A 5 T IR B T A fast ions loss after a slowing down time.
SOk 2 A ‘
Table 3. Ripple loss results of full calculation 3.2 B% 1& IEZ QI %’g Zj] % %'ﬂ:ﬁ_ﬂ E ﬂl 7]”

based on integrated modeling equilibrium and beam

FI(Sk =M M)

ion distribution.

Trapped Prompt Non-prompt Total E'Ljiii+%j E/‘J ‘H%% ?‘ﬁj\ %‘ﬁ i‘i j( E]/‘J iz % JE 7%%

fraction/% loss/% loss/% loss/% E/}jﬁéﬁ'{ﬁﬁj{, L NBI Hes F i ok 0 5

Covap 308 BT . AT S R ISUE R A EIA A o HH
Co-tang 33 0.8 32.2 34

WK, I 2 Al A, SRR TR AR XA T BUR R
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Table 4. Ripple loss results of different R, of
LCFS equilibrium with 7, = 500 kA in EXL-50U.

Trapped fraction/%  Total loss/%

Ry =1.323 m 53.7 30.5
Ry =1.298 m 525 28.4
Ry =1.163 m 45.8 20.8

F 5 A[E NBI AR R HRES 120 A b B loR:

TH
Table 5. Trapped particle faction of beam ions
with different NBI geometry.
Zelev/m
Trapped fraction
0.2 0.4 0.6

Ry =040Tm 037 038 039  0.39
Ring=0.607Tm 030 030 0295  0.305
Ry =0807Tm 0255 0245 0245  0.25
Rime =1.007Tm 0295 0285 027 027

1.6

(b)

1.4}

1.2}

1.0

0.8 F

wBo/E

0.6

0.4

0.2

o \ \ \ \ \
-16 —-12 —-08 —0.4 0 0.4

Pe/tw

12 LCFS A Ry #3115 1.32 m BFAYIE SR X (GWB HIHE)  (a) RZF1H; (b) (Pe, uBo/ E) Ffi
Fig. 12. The GWB stochastic ripple diffusion regime: (a) RZ poloidal cross section; (b) in the plane of ( Ps, uBo/ E ).
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Fig. 13. Ripple well regime (a), (c) and stochastic ripple diffusion regime (b), (d) in 500 kA, R,,,~1.16 m equilibrium: (a), (b) TF

ripple; (¢), (d) TF+FI ripple.

%6 VML LCFS Ry ~1.16 m, I, = 500 kA BFAS[H] NBI £ B RIRAE By, FAOPGES T2 0040
Table 6.  Loss faction of NBI fast ions with different NBI geometry and beam energy in LCFS R,,,,~1.16 m, I, = 500 kA
equilibrium.
Total loss B/ keV
20 25 30 35 40 45 50

R =0.428 m 0.1988 0.2157 0.2319 0.2433 0.2588 0.2687 0.2766

R = 0.607 m 0.125 0.1286 0.1343 0.1432 0.1455 0.15 0.1547

R =0.807 m 0.1148 0.1179 0.1197 0.1214 0.125 0.1293 0.127

Phrboxr B TR . anl&l 14 BoR, Y
FRAE Rypng~1 m BT HEA NBI TURUR R i 25
s, Uk R L NBIEE A M T
Riang 0.8 m B,

H T HRENACPE SR 5 1) NBL Arilia 17X [,
T 65 T I, = 500 kA B[R] NBI ][ 2 42 A

WHe T AP i e g5 1, Hoh NBI Y] 1) 2 42
Riang = 0.428 m, 0.607 m 1 0.807 m K Ay FH 3ok
T4 9k 0.514, 0.433 F1 0.352. P T2k
Y ERRE A R RBYG ROMTHG A, PR R s e i
B, [mREAR I, FE IR T2 3l (W B T 1
K, WIEBE A R S0 2% i 25 MO B3 9
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Fig. 14. Cross section of NBI deposition trajectory with different NBI geometry: (a) Beam tangency radius Ry,,, = 0.8 m, elevation

of beam ion source above midplane Z,,, = 0 m; (b) beam tangency radius Ry,,, = 1.0 m, elevation of beam ion source above mid-

plane Z,., = 0.6 m.
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REEAPA) B B 458 2 T B AP g 4 A ) T S T
RIS, BRI A B AR 15 . SRR T
FOE SEREE BN Avian (8/2) 7 apr , Forb qpr otk
I6] 588 B 6T L PR Tl 8, FIFRLIAE I, R L.
R AR DR ik SO Ok B AR 2, B 45 s - A”
AT REAL ZE IR 20 X 48k, D A i 1 L ] fig 2R
PO WA 7 VA 1 2 L 4 o b SRR ke ) g e
RIS AT RERRAI I S0, e SCREBIF DI — AR /N

SUEHLY B, SR T BB AT S B4 sh 7
I Ar (Nn/|sin6,)) " (q/e)*” pLd cos (NAgy) |
Horp 0y EHET SRR, Ay S AHEREE T 25 1Y
IRl B 22, 23R8 3R] R U 3 5
WG BUE R A SOk 3 UG s, 7
TRARACETEE T, £ 55 B TR f P R RO i i 3
k. 3R TR R EE T LCFS #7E Ry
1.18 m, P AR, ARIF 1, T X5 0 F- e
AFEY, 7€ TF+FL S, SR HF— NUBEAM
RE TR, BERERIT NBL YR
B 45 keV PIAES TR, 2 7 [ — P 04
PR AR 1 B AT B S R, J2 R NBI 4k
A B PR AR G 2 (0] o BN 2 I g
PR R, TR A AT X H A SRR A5 X 6
f 2 e, e ROl BB I 42 n] SRR AR 2k
Xt HE ISR X AL 23 R BRRE R 1, 1R BA i

7 RF I, TR NBLYRE T Sk F 4
Table 7. Trapped particle faction of NBI fast ions

with different I,.

Plasma current Trapped Prompt Total
I,/kA fraction/% loss/% loss/%
500 46.5 4.2 20
600 38.2 3.6 12.4
700 38.6 1.9 9.4
800 39 1.09 7.8
1000 43.4 0.43 7.7
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SPECIAL TOPIC—Energetic particles in magnetic confinement fusion plasma

Optimizing numerical simulation of beam ion loss due to
toroidal field ripple on EXL-50U spherical torus®

Hao Bao-Long!  Li Ying-Ying?3®f Chen Wei) Hao Guang-Zhou'
Gu Xiang??  Sun Tian-Tian??3  Wang Yu-Min??  Dong Jia-Qi??
Yuan Bao-Shan??  Peng Yuan-Kai??  Shi Yue-Jiang??

Xie Hua-Sheng??®  Liu Min-Sheng?? ENN TEAM

1) (Southwestern Institute of Physics, Chengdu 610041, China)
2) (Hebei Key Laboratory of Compact Fusion, Langfang 065001, China)
3) (ENN Science and Technology Development Co., Ltd., Langfang 065001, China)

( Received 8 May 2023; revised manuscript received 3 August 2023 )

Abstract

Realization of high performance plasma of EXL-50U is very sensitive to NBI (neutral beam injection)
heating, and it is expected that the fast ions of NBI are confined well and their energy is transferred to the
background plasma by collision moderating. In this paper, the loss of fast ion ripple is simulated based on the
equilibrium configuration, fast ion distribution and device waviness data given by the integrated simulation. It
is found that the loss fraction of fast ion ripple is about 37%, and the local hot spot is about 0.6 MW /m?, which
is unacceptable for the experimental operation of the device. The optimization method includes moving the
plasma position and adding FI (ferritic steel plug-in) to reduce the ripple degree, increasing the I, (plasma
current) and optimizing the NBI injection angle. The results show that the ripple distribution must be
controlled and the [, must be increased to more than 600 kA, so that the fast ion loss can be reduced to
3%—4% and the local heat spot can be reduced by an order of magnitude. In this paper, the evaluation methods
of fast ion ripple loss in device design are summarized, including the fast ion distribution in phase space, the
overlap degree of ripple loss area, and the particle tracking on the time scale of total factor slowing down. The
engineering and physical ways to reduce ripple loss are also summarized to provide simulation support for

integrated simulation iterative optimization and plant operation.
Keywords: magnetic confinement for nuclear fusion, spherical torus, fast ions, magnetic ripple

PACS: 52.20.Dq, 52.55.Pi, 52.65.Cc DOI: 10.7498/aps.72.20230749
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