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

215212

£ MAREBETEROSERET

HL-2A £ 8 FR G RSN Foirasil
MIIBIZIT FIF) S LI R

g [AAED FAAEI xm) KED ARREY FAY
Baq?) wmALHED KEkk? @£ FEY

1) (MR ARRE A EARBTT BT, S8 S B R R S SC 0, R 610065)
2) (AL VYR BRI IS B, LR 610041)

(2023 4£ 5 H 11 HUkE); 2023 48 7 A 25 Bk EHESH)

TE HL-2A 38 LR & T 3 T i AL B B DA KR 1) A5 B rb POE 7 20 B i, X8 1 249 oROR AL 55 8 1 1A vh i g
HRF (EP) B4 . BE 2 RIR I F 5 OG5 B, LA EP 558 0 AR A R M 22 10 0 AR T 408 FH 25 i 34 ) gk £
TWRFE. AR P A B AR F i B A5 S T A b DR B T R AR EE A 1R S P PR, Sl S i AT L
FRIVBIR T ot R R L G T I R 0 S T A 8 1, T3 B T Gk i 3 v S i AR 2% 0 2 i i o B N AR AR B L Tl
BT RO R A RO L | AT LA R R R A RE AR ER A S OCHE R B 7E HL-2A 3R
155 RE TR B S B 2GS WA B T PR S T R AR E MR th e Rt REE A ANALE 400 B =
12.5—32 keV, 0 ~149.2° (v,//v ~0.86) Al R = 170.5—171.5 cm RN FRIRE T %

KA BT, MR TR T g, KAEBA TR E T

PACS: 52.55.Fa, 52.55.Pi, 52.70.-m

1 5

il 200 SRR A 2 5 v 1 R ) SR B AR L 3
KBRS (PR A (NBI), &1 BER
L FRL T R BE IR A/ F 3 3R s I TR 2% P S K
8l (LHCD) 45), DS SR A8 i o 43 7 1 R 1
AE 1 I 20 55 B TR TR Y R RE R T (EP), f0dG
P T (FI) PREFRIFRIE (o) B4 —J5,
EP 1] DI S 4 = 45 B AR B R B 8h 45 e T
TR TCRR LI, AEHFAE B TR BE 5. 5 —Jr i, EP
S RV AR 07 2 0 38 3 e -~ R B R T 7 A 4
Fofr e B b BN 1 01, X BN AR e PR Sk
K225 EP MEAEHRBOL LA B2 81/ X

ail%

DOI: 10.7498/aps.72.20230768

Sz A, R S B R e A R Bl R
TR, Wi E R ERER AR EP SX E AR —
BERE BUBOR, BB S PEL o, itk 1
fift BP {ERF BT 340 | BETE | fiis R0 0 B
fifp A5 B AN LRSSl | RERE L KL T is LA
YRR OCHEL. N T SIS TR TR
AWETE, EPr LB AR T PR rds (NPA)T,
PRES TR IR B R T o ST (FiD o)),
LRI 1] DOV R VT B ) SRS R A
NPA 2 W R G TARJE B FE LR ST
308 3 LT S 48 DA S S A gk SR SR B 5 A
R SN A e A i e 1S e N e Sl i e R
N FE R U R VA R A e R A R a2 S U El 8
ST A B T B RE R | T A S R T AT

* R E SR @S 2019YFE03020000, 2018YFE0304100) ., U)1HARHE R (HE#ES: 2022NSFSC1823, 2022ZYD0019)
HZ TV VS RS Y BBV E P A A TS AA T E (HiEiES: 202103XWCXRC003) %% Bl &

t BIE1EE. E-mail: yulm@swip.ac.cn
©2023 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

215212-1


http://doi.org/10.7498/aps.72.20230768
mailto:yulm@swip.ac.cn
mailto:yulm@swip.ac.cn
http://wulixb.iphy.ac.cn
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) 215212

B FRE /BE R (B). RMALE (R). AR
B (0, 558 E—fH vy /v R, Blcos§ = v /v,
Hrfro, FoRWE AT TR, v FRRE
TR ) 8 TGS B H 20 42 70 454X
T-10 36 F D7 12 & J@ NPA & 25 58 PR il g
I E TR (Y BB A A pR A LR, NPA S it
X RPN RESTR AL, B4R T iR
BE (B AR RS 1 A A FIRE T | 55 B T hoks
TR IhEE. HAT, NPA B&EN—FH L
Wbk vz N AR H v Ay R A 1318 R
A (JET) 258 EWY B/ /B (B4 shfg st
Hi g (B) AT T i (B)) NPA AR LLSZ B
5—740 keV i BBl AP BS - BB 0 £, 34 1T A5 3 -
SRR I T 19 AESRSR W ITER 48 L&
WIT T WE NPA Wi RS50, 700l TR 55
BFRTITOE FIORER TS, DLXRERTE MeV
Y o RT3 R EORTE fay S (He' T Al He ™
(R ) 1 0 5 EE A ., AR S SCEIZ MR Wi
PRBESE B TAR R PERE 20, [ N Y HL-1M 3 8 % 8
T—EHT AT AR 6 NPA, 005 55 5
FIRAYFE IR T . HL-2A 25 B UTH T 7478 NPA,
WK T —5 11 3838 W HA 2 W0 PrRe 10 Bk
A NPA (CP-NPA)RY, AT LU 349 8 1 18 B o A
FEHEAE T G T . BRib >z 4h, 0 7E HL-
2A B HE FRJE T —~EHRAIEZS NPA (ssNPA)
STHER AT 22.5 keV PR ES T34 1 05

T B4 95 [H Heidbrink L8210 EP ¥ A5
BA 2223 fiff 2 T — Bk N R AR BRI, I mT
DIiCE 7R % B 12 B N 45 NPA (INPA),
FHI M s 7 B BB | 4% [R] 407 ARG £ 25 G ki
FE. R R TR m s =S, RN A
23 YRR | LA R B R AT RN 45 52 2 D e AR
Heife s NPA, INPA HLA 2540 A RHL ) 51| 35 4
BN S HMERAELH, EFF NSTX, ASDEX-UR!
5 EAST® S84k 8 AR5 1) 32 b IS T4
U S AE SR

1 HL-2A 258 FEL KRR T —5 INPA 2
Z 50 00 IR A G R R T B S R S T
Wi R SEIR 5 . AR SR 1355y (51 F) M2 4
T NPA Wi ARG M L. 5 2 304 INPA &2
W 22 G0 0 e SRR | P BR AR TR R A A 3
S INPA 2 R G AE HL-2A 285 [ 24
SRR SR . 5 4 R GG,

2 INPA U & 5 09 4 2 % it

INPA 2 RGEE 2 T HL-2A 25 & A5 =
553700 P RE L R RER AN 1 PR, OB A
FLFN LA B oy 0 5V FH A i o o A S e 2L b L
7, 5 NBI Hfaf 584 5 T 546 B8 T b ikt i
e SRR R o SN NS RE oy AR S 1 FUR AU i HE
B, FFhm v R A RS ) S R R AR B R
T (DT, BRI B R (9 F S e B &%
W Z W25 ) (f =ev x B, Horf, e Jy B
i, B WA ENGHE W) VE I RE: 180°)5
FI BN IR b= 980, R F R RE R AR, R
BAE (ra= V2Emi/(eB), H T, mi R/ DT
Frit) MR, FERAR 122 mi SRR 7 i 9k n)
BE BRI, DRI BB A 5 B e e T 35 o 31 TR MR
PR b AR . DA 6 A v LI A A 3 i
TR BEHAS S BIHA €, 356, e, g,
FEAREINZITR, Forilsian s e 16 Hil.

Carbon foils

Entry hole

Viewing window

1 HL-2A %% INPA 2 W R G010 5454 B s T 10
I 2 308 7

Fig. 1. Structure of the INPA and flight trajectories of FIs
on HL-2A.
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Fig. 2. Injection path of 2# NBI system and the observed positions for 6 channels of INPA on HL-2A.
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Table 1.  Observed positions and characteristic information of particles from the 6 channels of the INPA system.
4238 38 (No. ) 1 2 3 4 5 6
R/cm 172.6 170.6 170.9 175.8 180.5 211.8
Z/cm —10.5 —10.5 —10.5 —10.5 —10.5 —10.5
0/(°) 90.0 121.9 149.2 170.9 172.0 158.4
vy /v 0 0.53 0.86 0.98 0.99 0.93
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Fig. 3. Positions and pitch angles of the observed particles

from INPA system in the poloidal cross section in HL-2A.
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Fig. 4. External figure and arrangement inside the chamber
of INPA diagnostics on HL-2A: (a) External figure; (b) ar-
rangement of carbon microcrystal diaphragm and scintillat-
or inside the chamber: (c) detail structure of carbon micro-
crystal diaphragm.
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Fig. 5. Analysis of errors caused by geometric mechanisms of diagnostic systems: (a) Flight orbits and impact spots of the meas-

ured particles on scintillator; (b) positions of impact spots from the particles from 6 channels in INPA; (c) relationship between the

position of the particle’s landing point on the scintillator and the incident energy; (d) relationship between energy of particles and

energy resolution.
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# 2 INPAZWIRGEH) 6 I X A A

Table 2.  Measurement ranges corresponding to the 6 channels of the INPA diagnostic system.

33 (No.) 1 2 3 4 5 6
Ruin /cm 172.1 170.4 170.6 174.3 185.5 201.5
Rpnax /cm 173.2 170.9 171.5 177.8 194.1 219.1

#/(°) 1.25 1.00 0.59 0.33 0.19 0.1

* Fast speed..,,
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Flange f s

INPA box

I

Bl 6 HL-2A 2% | INPA ZWi RGMWEH  (a) INPA K RGAEELT ENMZLRALE; (b) INPA 2W RGEE S FIMY & #

HIBL SBLT AR 22 4

Fig. 6. Installation of INPA system on HL-2A: (a) Installation of the INPA on the flange inside the vacuum chamber; (b) arrange-

ment of the fast speed camera, light fiber bundle and flange.
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Fig. 7. Discharge parameters and the observed LLM instabilities in shot 38140 on HL-2A: (a) Main discharge parameters, I, line-

averaged electron density me and By ; (b) heating power of 1# and 2% NBI systems and evolution; (¢) D signal; (d) Mirnov sig-

nal and (e) its spectrogram.
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e ] F3 : L]

(c) t=1170"ms

(d) ¢ = 1207 o

i i
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TR MG KA

Fig. 8. Impact spots caused by LLM instabilities on scintillator screen: (a)—(1) impact light spots of measured particles caused by

LLM on scintillator screen in different time during H- and L-mode operation scenarios.
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Fig. 9. Energy and birthplace of FIs based on the impact
light spot on scintillator screen.
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Fig. 10. Locations of LLM confirmed by the fluctuations in electron-density by far-infrared laser interferometer with a rough spatial
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Fig. 11. (a) Variations of plasma rotation frequency with R around 1356 ms; (b) variations of plasma rotation frequency with time

for R around 170 cm.
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F# 3 AT T ELE T RCR S LI LLM AR E R L
Table 3. Comparisons between the calculated frequency of Els and frim -
E/keV fp/kHz fi/kHz frab = fp + fi/kHz fim /kHz
12.5 2.4 8.1 2.4+ 81=10.5 13.4
32 6.2 8.1 6.2 +8.1=14.3 13.4

WL FNFE ¢ = 1356 ms I ZIHY LLM ASEE P4
R fum = 13.4 kHz $Z3T. L, 7R3 250 Bl N AT
PIEBSC8 iy LLM AR e EHEE R B =
12.5—32.0 keV BRFEAf] 0~149.2° (v /v =~ 0.86)
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BRI

4 RBE5i
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FH INPA 12 W R Ge %t e 1347 70, 53] 7
LLM AfaE Pk 5 2t ag it | W25 A A7 & 40 31
E = 125320 keV, §~149.2° (v, /v =~ 0.86)
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SPECIAL TOPIC—Energetic particles in magnetic confinement fusion plasma

Physical design and primary experimental results of imaging
neutral particle analyzer on HL-2A tokamak”
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Abstract

The imaging neutral particle analyzer (INPA) based on scintillator (ZnS(Ag)) is designed and used on HL-
2A tokamak to investigate the distribution of energetic particles (EPs) and even their interactions with
magnetohydrodynamic instabilities. The collimation system is composed of a pinhole of 3 mm in diameter and
six circular carbon microcrystal diaphragms each with a thickness of 10 nm. The neutral particles escape from
six definite positions in the neutral beam injection path and pass through the collimator system at a certain
pitch angle, and the neutral particles become fast ions after passing through the carbon microcrystal diaphragm.
The fast ions will hit the scintillator after a 180° deflection by the edge magnetic field. The energy, pitch angle
and birthplace can be calculated by the position and light intensity of the impact spots. The images of impact
spots caused by long-lived mode are recorded by a high-speed camera through the fiber optic bundle. The long-
lived mode instabilities approve to be excited by the core EPs with energy value in a range of E ~12.5—
32 keV, pitch angle of v,,/v ~0.86, and the birthplace in a range of R ~170.5—171.5 cm.

Keywords: fast ions, imaging neutral particle analyzer, long-lived mode instability
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* Project supported by the the National Key R&D Program of China (Grant Nos. 2019YFE03020000, 2018YFE0304100), the
Science and Technology Program of Sichuan Province, China (Grant Nos. 2022NSFSC1823, 20227ZYD0019), and the
Innovation Program of SWIP, China (Grant No. 202103XWCXRC003).

1 Corresponding author. E-mail: yulm@swip.ac.cn

215212-10


https://doi.org/10.1063/5.0043768
https://doi.org/10.1063/5.0043768
https://doi.org/10.1063/5.0043768
https://doi.org/10.1063/5.0043768
https://doi.org/10.1063/5.0043768
https://doi.org/10.1063/5.0043768
https://doi.org/10.1063/5.0043768
https://doi.org/10.1063/5.0043768
https://doi.org/10.1088/0741-3335/56/9/095007
https://doi.org/10.1088/0741-3335/56/9/095007
https://doi.org/10.1088/0741-3335/56/9/095007
https://doi.org/10.1088/0741-3335/56/9/095007
https://doi.org/10.1088/0741-3335/56/9/095007
https://doi.org/10.1088/0741-3335/56/9/095007
https://doi.org/10.1088/0741-3335/56/9/095013
https://doi.org/10.1088/0741-3335/56/9/095013
https://doi.org/10.1088/0741-3335/56/9/095013
https://doi.org/10.1088/0741-3335/56/9/095013
https://doi.org/10.1088/0741-3335/56/9/095013
https://doi.org/10.1088/0741-3335/56/9/095013
https://doi.org/10.1088/0741-3335/56/9/095013
https://doi.org/10.1088/0741-3335/56/9/095013
http://doi.org/10.7498/aps.72.20230768
mailto:yulm@swip.ac.cn
mailto:yulm@swip.ac.cn
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

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

HL-2A% & b BAR R R 7 o 8 B B )P e 45 R
BT MNE THY AE B4E BFE A RAM Hr4 KR HRE FR

Physical design and primary experimental results of imaging neutral particle analyzer on HL-2A tokamak

Yan Xiao-Yu  He Xiao-Fei  YuLi-Ming  LiulLiang Chen Wei  ShiZhong-Bing LuJie  Wei Hui-Ling
Han Ji-Feng Zhang Yi-Po  Zhong Wu-Li ~ Xu Min

5] Fi{i5 &, Citation: Acta Physica Sinica, 72, 215212 (2023)  DOI: 10.7498/aps.72.20230768

TELR T2 View online: https://doi.org/10.7498/aps.72.20230768

A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

1E = AP =R LT o S D R T B B 9 AN RS E R 2B
Modulation instabilities in equilateral three—core optical fibers for isosceles—triangle symmetric continuous waves

YIBR2EA. 2018, 67(5): 054203  hitps://doi.org/10.7498/aps.67.20171650

PHL-2AFER 5 5 5 S5 IMHD AR E PRI AT ST
Numerical study on predicting MHD stability of HL-2A tokamak pedestal structure
YrE2E 4. 2022, 71(22): 225201  https://doi.org/10.7498/aps.71.20221098

2B ) AR AN A M S TR AR T T oA R R AR Y
Improved thin layer model of classical Rayleigh—Taylor instability for the deformation of interface
YrHE2E4R. 2018, 67(9): 094701  https:/doi.org/10.7498/aps.67.20172613

HL-2A_NBIUIM#AH S I A4 AR 43 B

Transport analysis of NBI heating H-mode experiment on HL-2 A with integrated modeling
YIHAA. 2022, 71(7): 075201  https://doi.org/10.7498/aps.71.20211941

KX A3 AL 202044 252 6 1) B M) - 22 B AN R Pk o

Analytical studies of Rayleigh—Taylor instability growth of double—cone ignition scheme in 2020 winter experimental campaign

YA 2022, 71(3): 035204 https://doi.org/10.7498/aps.71.20211172

SIS 27 S O TR A ST 25 B A S AR E PR S

Influence of interface kinetics parameters on the overall fluctuation instability of the interface morphology of deep cell crystal

WAL 2022, 71(16): 168101 https://doi.org/10.7498/aps.71.20220322


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.72.20230768
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.67.20171650
https://doi.org/10.7498/aps.71.20221098
https://doi.org/10.7498/aps.67.20172613
https://doi.org/10.7498/aps.71.20211941
https://doi.org/10.7498/aps.71.20211172
https://doi.org/10.7498/aps.71.20220322

	1 引　言
	2 INPA诊断系统的物理设计
	3 INPA诊断系统的物理实验结果及分析
	4 总结与讨论
	参考文献

