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Fig. 1. Diagram of the high-frequency magnetic probe array (HFMPA) diagnostic on the quasi-axisymmetric stellarator CFQS-T.
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Fig. 2. (a) Photo and (b) model of a high-frequency magnetic probe used in CFQS-T, the dashed arrows are used to indicate the

measurement direction of the coils.
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High-frequency magnetic probe positions on CFQS-T
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Fig. 3. Positions of the high-frequency magnetic probes on
CFQS-T.
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Fig. 4. (a) Models of the high-frequency magnetic probes
and their metal protective cases; (b) photo of the high-fre-
quency magnetic probe array on CFQS-T; (c¢) model of the
low-frequency (M1-M13) and high-frequency (HM1-HMS)
magnetic probe arrays on CFQS-T.

175202-4


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. 74, No. 17 (2025) 175202

22 (FSEWL%

CFQS-T HEF X PR 2 45 = WG R T 115
B R M) PR 75 255 LR BRI I H AR A S 50 2 0
YRR, X T H A B N E R R T 1 5 5
2R R ARIE LUAR A B U S5 5 | B2 8 o 14
FE 0 B2 SRR AR R I Eas =40, ke i A AR TR
K BE R 2 DN B2 SRR e 5 | 28 A BR 4
(R RAEHLAE. AN [RIA7 E 1 m AR R = >R A [
KEEWE AR LR, B 0t AN ] g 4
EFRIMASHE S BRI 2205, 51 A UGS ZAS Al R
AR AR 22 HR P S0 % A PR ) &R
SN ARRELIT A 2 A E, TP
— NI B A A XA, IR TR R
MK, RIS ML, CFQS-T Sl G Rt
R FAME M 2N 30 m. LA FES
A a2 e P TR 2 i A Xk ) SR R 7 T, TR
HhER 0 A1 2 4 R DG FEL R 8 e e HLAA BRIVE R, A
FI T R AR SR, 723X — 7 TP F W e 2k (4449,
PR B IR TR AT I B 4% 18 TR S K
o B AR A AT SR IO P 5 . AR ASEALL A AT
SR ESK, 78 2.5 TR X225 5 i
SR TR AT V18 DA A1 i) 7 o e ) 245

2.3 RESEHRSE

CFQS-T I X Ry B 2% i A i R A B 91 12
Wit R R GehEE T2 341 BNC (555638 (M
5 BNC-2090 A 5] BNC-2090). 11> PXIe-1062Q
PLFE . 11> PXle-8842 il #5 DL Sz 2 5K PXIe-6358
B R AR . S SR AL 5 | R {5 5 2l
it BNC 5 558 S8R AE R i% 4. PXIe-6358
B R AE R IR AR IR 1.25 (MS/s) /i3, il 2
SN R S P OR AL B AR i A TR
oS ERTIEMLAL 2 CFQS-T BIi i I 55 4.
AT LR M2 W i ) R G i 1 AN W) A
fid i BF ], AT LA SR 45 B I I R AR I 21,
AT L3 15— M F v SR A Y R RTR A A
(i 1.25 (MS/s) /AlIE), SR AT DIAR 4 S 56 1 A
W] B ARaEAT 22 6 BB R A, AR 19 44 Eiie
FEAZS 0], FURRIE 5 2 T2 W 0] T HEAr

2.4 BEFHERTHENERIRE
HERS bR RE REAR AT (A R0 BUA M TR S

I 5 1 K 9 1 4 XA B IR, SR AT A
SRR LA TR L TR A AR
TR, R A T B R M R i, HHE 2T
DIII-D £ & 75 23, HL-3 & F & 5¢ 146 [ EAST
$EAR T g 202047 S5 b R A AT RTAR
CFQS-T 5 RGO 20 Bk 2 SR MG A
SR, IR R T P R BR S v 130
LB EE SR (BS AR AR E 5502A) . FRUERE
BREN . BRI R (RS HE AR 0 8845A)
BRI AT T B bRE TAE. fEbRtit
TEef AR R I R AR AR M A B
HUL, TR SRR R 2 B S PR AR 102
BETAT; Bk B A S B R 10 AL BT
4100 Hz, AURLE W, [ HAEIRZ A b =4
ST, T B T AR ARG R D B AR
B2 BB T AE T S i B R SR AR U AR R
TR B TR AT Ot 12, AR 0 e AR
SRR IE A TR R, RS T T F 2
FRUEREIREN 0 155 o RIS SRR T
e, WOV = NS ik
A8 Fh R VAR 0 2 A AR 1 28 P
R S T A, = T e
NoSo 9 B bR REHR B HO A 2T AL, i NS W
ERSTREARE EI7 T HZR P A AR TR, T T )
ﬁ%@ﬂNS:%%é.ﬁﬁﬁ@%%ﬁﬁ%W
BB 15 SR B2 5 m, REEFRIERIHR
SR B SRR 1 HAR IR ], (R R
SR BUR LR T 100 Hy, PILART & 92801 5
AT T A R IR 1A ST NS . A
EEATRETRET 3 /I k7 1) 24 P 9 4 0 B P o
GELANZE 1A, TT AT, T IR R 1 AR
AL A RO , IR T b 1 A 2 1o
LR R AL, BT AR/NE 0.02 m? HEE, 457
RAETE 0.1% 2o 4.

2.5 EIRREEREH R LI N R AR E

M RERE A B SRR S A BAT YL,
RET S W iR 28 (1 5 A5 5 Vou 1 B FIAH AL 5 ik
HECAR D WA 2155 v, AR, JF5H0RA
. AT ARG B R RER B B AT Y FL SR
TSI AR BE A A0 S, JF T I BT A REHR
FEXRES SR IR BE Sy, A E XS RER T HEA T

175202-5


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. 74, No. 17 (2025) 175202

# 1 CFQS-T fij 4% M REAR R E J5 1A 8L
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Table 1.  Calibrated effective areas (NS) of
HEFMPA magnetic probes on CFQS-T.

HFMPA
magnetic NS in toroidal NS in radial NS in poloidal
probe direction/m?  direction/m?  direction/m?

number

1 0.02003 0.02025 0.01756

2 0.02038 0.02030 0.01802

3 0.01999 0.02037 0.01729

4 0.02049 0.02095 0.01758

5 0.02040 0.02100 0.01797

6 0.01998 0.02022 0.01791

7 0.02040 0.02033 0.01721

8 0.01961 0.02097 0.01797
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Frequency response of HFMPA magnetic probe on CFQS-T
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the amplitude and phase of the transfer function, respec-
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Fig. 7. Time history of a helium discharge #95581 on CFQS-T: (a) Electric current through a modular coil (black color), corres-
ponding equilibrium magnetic field in the plasma center calculated with a scaling equation (red color); (b) injecting power of the
plasma heating system; (c) core plasma radiation power (black color) and edge plasma radiation power (red color); (d) intensity of
the visible light measured by a spectrometer; (e) line-averaged electron density measured by a microwave interferometer; (f) spec-
trogram of the plasma electron density measured by the microwave interferometer; (g) three-dimensional magnetic fluctuations
measured by a low-frequency magnetic probe (M7, see Fig. 4); (h) three-dimensional magnetic fluctuations measured by a high-fre-
quency magnetic probe (HM4, see Fig.4).
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Fig. 8. Time evolutions of three-dimensional magnetic signals and their spectrograms in the discharge #95581 on CFQS-T:

(a) A low-frequency magnetic probe (M7, see Fig. 4); (b) a high-frequency magnetic probe (HM4, see Fig. 4).
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CFQS-T, test shot #95581, LEFMPA data CFQS-T, #95581, HFMPA data
filtered in 8 —12 kHz, dB,,/d¢ (arb. units) filtered in 8 —12 kHz, dB,/dt (arb. units)
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Fig. 9. Time evolution of the magnetic signals in the discharge #95581 on CFQS-T: (a) Poloidal magnetic signals of the LFMPA
magnetic probes; (b) poloidal magnetic signals of the HFMPA magnetic probes (HM2, HM3, and HM4); (c) radial magnetic signals
of the HFMPA magnetic probes (HM6 and HMT), in different poloidal positions and filtered in the frequency band of 8-12 kHz; the
labels M1, HM2, etc. represent different magnetic probes as shown in Fig. 4, the red arrows indicate the poloidal propagating direc-

tion of the magnetic fluctuations in the frequency range of 8-12 kHz.
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CFQS-T, #95581, LFMPA/HFMPA data filtered in 8 —12 kHz
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Fig. 10. Time evolution of the magnetic signal in the dis-
charge #95581 on CFQS-T: (a) Poloidal magnetic signals of
two LFMPA magnetic probes (M7 and M13); (b) poloidal
magnetic signals of two HFMPA magnetic probes
(HM2 and HMS5); (c) radial magnetic signals of two
HFMPA magnetic probes (HM6 and HMS8), in different toroi-
dal positions and filtered in the frequency band of
8-12 kHz; the labels M7 and HM2, etc. represent different
magnetic probes as shown in Fig. 4, the red arrows indi-
cate the toroidal propagating direction of the magnetic fluc-

tuations in the frequency range of 8-12 kHz.
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Fig. 11. Time history of the hydrogen discharge #94918 on CFQS-T: (a) Electric current through a modular coil (black color) and
corresponding equilibrium magnetic field in the plasma center calculated with a scaling equation (red color); (b) injecting power of
the plasma heating system; (c) core plasma radiation power (black color) and edge plasma radiation power (red color); (d) intensity
of the visible light measured by a spectrometer; (e) line-averaged electron density measured by a microwave interferometer; (f) spec-
trogram of the plasma electron density measured by the microwave interferometer; (g) poloidal magnetic signal measured by a low-

frequency magnetic probe (M7, see Fig. 4) and its (h) spectrogram; (i) poloidal magnetic signals measured by a high-frequency mag-

netic probe (HM4, see Fig. 4) and its (j) spectrogram; (k) is the zoomed-in plot of Fig. (j).

AR = ARG TK % (f = 70—90 kHz) I HMS f£4%
F| HM6 HYAHN 22 Agy, TE 4.37°—36.23° JL [, #)

SR B B e n = 3

HORSHR AR B ROHEA T JE It — T

~ 0.31—2.56 ,

4 RAELH5RZ

ASARIE T 7E CFQS-T MHEFRXFROT s gt
il B R A AR T PR 2 Wt B LA 4 B8 AR TS L 43
BT B A 00 . T i 1 1 A0 R TR B 51032
J& CFQS-T fjj 2 #% b1 ] LA 5 43 B s A i o
K. ARG R ET RS2 Wi b 8 ANAH R B
WL L, R ARG R SR A B AR R O ik
T, SRt vk i B CFQS-TE280 5L A1
I e AT R T LA ] ) e b v | AR ] B A48 ) e
W PR RETR ST FE L2 5 P RE A [RIA [m) FHEA ) o7

A, TR FERERK S ERR )RR 1] A A R RFAE
AH Eb VR0 0 R T 1 31) i v T LA 39 R 1) B K
n = =+6, = WRERET I3 B m o] LAy R 1) B
n = £16 , EA RS = 2 0 A RE KI5 1998 ).
RN BRI (A AT AR O b, LA
RN N AR B 2858 A, AT R RO G ER AL 3
DU 5 5 ) A 3 iR A5 3R 1 5 T 400 kHz, i 2 X
300 kHz F LA kv i I 1 e oK

ARG ET RS2 TE CFQS-T %5 5 i
B 120 B R, RGBS I2 W e
YR AV K T S LA ) RN ER [ AR 4K ) B S
CFQS-T AT R M50 0 i 285 SR AR AL, DB e A
REGETHFES CLIE R TAE. ARSCERIGE T4 CFQS-T
R B A B AR B R AR R R (RAE
f = 65—105 kHz ), 3 = /=5 40 448 1 270 ) o 7 G
W R FNIR BB AL, 3 0 5 SR AT ST 1% 2 A
BKTE ) B T BE A T A

175202-11


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. 74, No. 17 (2025) 175202

CFQS-T, #94918, HFMPA data
filtered in 70—90 kHz, dB,/dt (arb. units)

CFQS-T, #94918, HFMPA data
filtered in 70—90 kHz

(c) — HM2 — HM5
0.010
2
Z 0.005
=
2 0
o]
o
9|5 —0.005
—0.010
—0.02 L I 1 1 1 1 1 1
5.56997 5.56999 5.57001 5.57003 5.56997 5.56999 5.57001 5.57003
Time/s Time/s
CFQS-T, #94918, HFMPA data CFQS-T, #94918, HFMPA data
filtered in 70—90 kHz filtered in 70—90 kHz
(b) 0.008 — HM6 — HM7 (d) — HM6 — HMS
D ——— _—
. 0004} . 0.004F
= =
=] g
= =}
-{’: 0 _E ok
] o]
o o
Nz 8%
=17 _0.004} U o004}
—0.008 b . . . . . . .
5.56997 5.56999 5.57001 5.57003 5.56997 5.56999 5.57001 5.57003
Time/s Time/s
Kl 12 CFQS-T ffj & 4% — MU B (#94918) BEf5 5 BENT R ALAE B (a) AN [ w47 & 09 i AR 4R £ (HM2, HM3 J HM4) Il

A5 W A ) B TV 17 5 485 70—90 kHz Y 388 UE I M B AR AR B (b) AN R 7 B 1R ARG R B (HIMI6 R HIMLT) 000 45 1) 48 1) i vk
AT 5 Gt 70—90 kHz i 38 U8 IS A AL AR B (o) AN IR R 1) o B 1 = ARG PR 4 (HM2 1 HMIB) 0 75 1 A% 1) 7 3k 7% {7 5 & i
70—90 kHz i 38 U8 I 5 B9 AL A5 B (d) AR B ) 37 B 00 w5 3 RE R (M6 R HMI8) I A5 1) 42 [n] W4 ik ¥ {7 5 28 it 70—90 kHz ¥
T B8 S RO 1S L ARZE HM2, HMS Hil MHS 25 R A R B B9 @ Bt R e, WIE 4 4510; (a), (b) FHik B8 T 70—90 kHz (9
T K B Y AR 1) B AL 4 T Tl (<), (d) FP TSk R T 70—90 kHz BRIk 7 1 20 1] (9 1% 55 77 1)

Fig. 12. Time evolution of the magnetic signals in the discharge #94918 on CFQS-T: (a) Poloidal magnetic signals of three poloid-
ally separated HFMPA magnetic probes (HM2, HM3, and HM4), filtered in the frequency band of 70-90 kHz; (b) radial magnetic
signals of two poloidally separated HFMPA magnetic probes (HM6 and HMT7), filtered in the frequency band of 70-90 kHz; (c) pol-
oidal magnetic signals of two toroidally separated HFMPA magnetic probes (HM2 and HMS5), filtered in the frequency band of
70-90 kHz; (d) radial magnetic signals of two toroidally separated HFMPA magnetic probes (HM6 and HMS), filtered in the fre-
quency band of 70-90 kHz; the labels HM2, HM5, and MHS, etc. represent the high-frequency magnetic probes in different posi-
tions as shown in Fig. 4, the arrows in (a), (b) indicate the poloidal propagating direction of the magnetic fluctuations in the fre-

quency range of 70-90 kHz, while the arrows in (c), (d) indicate the toroidal propagating direction and of the magnetic fluctuations

in the frequency range of 70-90 kHz.
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Development and preliminary application of high-frequency

magnetic probe array on quasi-axisymmetric
stellarator CFQS-T"
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Abstract

For magnetic confined fusion devices, magnetic probe diagnostic is a basic but very important diagnostic

tool for studying plasma magnetic fluctuations. The first experimental phase of the Chinese First Quasi-

axisymmetric Stellarator (CFQS), which is also called CFQS-T, needs magnetic probe diagnostics to provide

plasma magnetic fluctuation measurements, especially the high-frequency (50 < f <300 kHz) magnetic

fluctuation measurements. In this paper, a newly developed high-frequency magnetic probe array (HFMPA)

diagnostic on the CFQS-T is reported. This array consists of 8 identical three-dimensional high-frequency

magnetic probes, each of which can simultaneously measure magnetic fluctuations in the poloidal, radial and

toroidal directions. The HFMPA magnetic probes are carefully mounted on the inner vacuum vessel wall of the

CFQS-T, and their positions are precisely measured by the laser tracker system. The HFMPA can be used to

* Project supported by the Fundamental Research Funds for the Central Universities, China (Grant Nos. 2682024CX045,
2682024CX051, 2682024ZTPY034), the National Natural Science Foundation of China (Grant Nos. 12105187, U22A20262),
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study the poloidal and toroidal propagation characteristics of magnetic fluctuations due to the optimized spatial
arrangement, and its maximum toroidal mode number resolution is improved to n = +16 compared with n =
+6 of the low-frequency magnetic probe array (LFMPA, used for the f <50 kHz magnetic fluctuation
measurements). The main subsystems of the HFMPA diagnostic, such as the mechanical system, signal
transmission lines, acquisition and control systems, and the challenges overcome in the development of each
subsystem, will be briefly introduced in this paper. The effective areas of the HFMPA magnetic probes are
calibrated by the relative calibration method, which shows that their areas are all around 0.02 m?. The in-situ
frequency response of the HFMPA magnetic probes is calibrated with an LCR digital bridge with a maximum
working frequency of 10 MHz. The resonance frequency of the HFMPA magnetic probe in each measurement
direction is greater than 400 kHz, which meets the design requirements for measuring 50-300 kHz high-
frequency magnetic fluctuations in CFQS-T. Preliminary applications of the HFMPA diagnostic in studying the
low-frequency (1.5-16.0 kHz) magnetic fluctuations and high-frequency (65-105 kHz) magnetic fluctuations in
CFQS-T are briefly introduced, which shows that the HFMPA diagnostic works well for providing the
spectrogram, poloidal, and toroidal propagation information of low-frequency and high-frequency magnetic
fluctuations. It is worth noting that the measurement and analysis results of high-frequency (65-105 kHz)
magnetic fluctuations in CFQS-T are reported for the first time in this paper. The successful development of the
HFMPA diagnostic will help to carry out in-depth research on plasma magnetic fluctuations in CFQS-T

stellarator.

Keywords: CFQS-T quasi-axisymmetric stellarator, high-frequency magnetic probe array, setup and

calibration, preliminary application
PACS: 52.55.Hc, 52.70.—m, 52.35.—g, 52.35.Py DOI: 10.7498/aps.74.20250957
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