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Fig. 1. (a) Demonstration of trapped ion acceleration at the ion cyclotron resonance layer; (b) demonstration of basic mechanism of

high harmonic ICRF heating.
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Fig. 2. (a) Toroidal magnetic field for high harmonic ICRF heating. The integer n comes from Eq. (2) and represents the n'" high

harmonic heating. The vertical dashed line represents the magnetic axis at Ry, = 1.92 m; (b) high harmonic resonance positions for
n = 2—4 with B, = 1.63 T. (c) toroidal locations of the four NBI lines and two ICRF antennas.
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Fig. 3. (a) Experimental setups of the ICRF second harmonic heating and NBI synergetic heating; (b), (c) influences of synergetic

heating on the (b) ion temperature and (c) neutron yield. The NBI heating power is set with two separate pulses in order to obtain

more data for cases with synergetic heating and NBI heating alone. The NBI blips is set to facilitate the FIDA diagnostics.
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Fig. 6. NBI heating alone (blue) and NBI-ICRF synergetic heating (red) induced fast Deuterium ion distribution as a function of

(a) radial position and (b) pitch angle. The dark red color in the figure is due to the overlap of the blue and red colors.
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Fig. 7. NBI heating alone and NBI-ICRF synergetic heating induced fast Deuterium ion distribution in the 2D magnetic torque and
toroidal momentum map with energy of (a) 60 keV and (b) 100 keV, respectively. It can be inferred from the figure that when the

energy of the fast ions are different, their distributions in the 2D map are also different.

215201-6


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

) 32 2 3R Acta Phys. Sin. Vol. 72, No. 21 (2023)

215201

P BRICHIL AL 3 1 RiEAR RN 1) 8 8037, AE4BL R[]
0.5 s B TFELERER, NBI 5 ICRF PrE
FEXTF NBI Bl i 7 38 2 1) S ekl 7, H
5 R B = BB Tt K. NBI Bl fin g4 m] 51 2
2y 3% Wy RE R T4 2%, T NBL 5 ICRF Pr[a)
O (HFEaN 1%) 5L 4% 1) RER T
g, T FRBIER LA ICRF 5 LH KRR 25 &
SRR TR, RN R AR Tt R B AR AE X 5
a1 % o S NG 73 W= T 2 YA B2 o A 1T T ]
Tl 233 19 2038 4 v e L D0 K A 5 — BE W 1P
i L, Al 8(a) AR, X EEH K m BERL T ORI LR 17
BTN, B HE IR AR A,
M\ = 4R 7 U 3E B2 P ISSDE Ay 5 4 &5

(a) TRANSP + SOFT simulations

(b) TRANSP + ISSDE simulations

(L 8(b)) wrl LI, BRI T2 R A h
1T, 2 e R A5 18 m 1 7 5 | A A p) A
BE. e R T 7E PR A ICRF BRI &7 L2 /Y
REE VIS EAST by Al DLYCAHIHLULIN A 52 50 235
R (K 8(c)) —2. i T EBREIGRARXS T 18 1Y
ICRF K £k BR il 5 S5 A5 8 1A%, Py SRR 4%
A RS R I F A B TR L A B
J71, ICRF R 7e Rl 4% L =i AR T~ 19 RE R TUAR
KT ARG A RER TR

Br T IR 80, MR E TRt S e
REAE T4 2 O ER LI LA Oy 1 PR B0 s RE R 40
RBPUERIRN, [ RSO BLER R ORBITRY
X TEREE S A REE SRR A A e RE D S 80

(c) EAST experiments

+ Birth + Birth p
x Loss x Loss - - - - /arb. units
Lost on Lost on I_ ! 4! & 1.0
upper wall midplane wall L B P
K L1 1l 0.9 ]

[l ¥]
1 0.8 I-port
! A § 0.7 ICRE
! -por "} Ant.
1 1 ICRF T 0.6 ’

[ | 1 Ant. 1 0.5

L 11 0] 0.4

L. B 1

[ T 1" 0.3

] 1 1 11 0.2

o 11 1

LJ u u 0.1

0
Major limiter Left limiter Right limiter
I,

El 8 NBI 5 ICRF WrlRIn#t =& i & s im &

(a) WA ALE (W) 5 —BEHIK (LL6E); (b) 7E—BE ERYRER U (o) &

5 I E Y Do {545 Horp, 78 SOFT 1 ISSDE BR8I35 A A 5 25 18 1 il 18 0 34 1) U 80 4
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SPECIAL TOPIC—Energetic particles in magnetic confinement fusion plasma

Investigation of ICRF-NBI synergetic heating induced fast
ion distribution and transport in EAST tokamak”

Zhang Wei)  Zhang Xin-JunY® Liu Lu-Nan  Zhu Guang-Hui?
Yang Hua')  Zhang Hua-Peng?®  Zheng Yi-Feng! He Kai-Yang!
Huang Juan !

1) (Institute of Plasma Physics, Hefei Institute of Physical Science, Chinese Academy of Sciences, Hefei 230031, China)
2) (College of Physics and Optoelectronic Engineering, Shenzhen University, Shenzhen 518060, China)
3) (School of Nuclear Sciences and Technology, University of Science and Technology of China, Hefei 230026, China)

( Received 29 March 2023; revised manuscript received 31 May 2023 )

Abstract

In magnetic confinement fusion plasmas, radio-frequency wave heating in the ion cyclotron range of
frequencies (ICRF) and neutral beam injection (NBI) are two main heating methods. Their synergetic heating
has long been a key topic in fusion research. In this work, we clarify the basic principles of ICRF high harmonic
heating and the synergetic heating between ICRF and NBI. Then, we perform a series of experiments on EAST
tokamak and carry out the corresponding TRANSP simulations. The results indicate that the ICRF-NBI
synergetic heating not only significantly increases the plasma parameters (including poloidal beta, plasma stored
energy, ion temperature and neutron yield), but also generates a large number of energetic particles and
develops an energetic particle tail in its distribution function. For instance, the ICRF third harmonic heating
with 1 MW of power can increase the energy of NBI fast ions from 60 to 600 keV. By changing the hydrogen
minority concentration, improving the ICRF and NBI heating power, using the on-axis ICRF heating or
optimizing the NBI injection angle, the ICRF-NBI synergetic heating effect can be further enhanced,
accompanied with an increase of fast ion energy. Moreover, by using the fast ion distribution as input in the
orbit tracing code, the transport and loss of energetic particles are calculated. The results show that the initial
positions of the lost energetic particles are on the low field side, and their orbits are mainly trapped orbits. The
loss of energetic particles is mainly located in the middle and upper plane of the main limiter, ICRF and LH
antenna limiters. The lost of these energetic particles are considered as one of the main reasons why hot spots

occur on the limiters.
Keywords: ion cyclotron resonance heating, neutral beam injection, synergetic heating, fast ion distribution
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