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Abstract: The magnetic shielding technology in Hall thrusters is a kind of strategy to increase the lifetime.
However, the magnetic shielding effect has exerted a negative influence on the propulsion performance of low—
power hall thrusters. In order to further study this side effect, a numerical model based on the particle in cell
(PIC) and plasma chemical dynamics (PCD) has been established to solve the plasma flow field in Hall thruster.
A rectification test was conducted in the vacuum chamber to validate the correctness of this model. The parame-
ters of thrust and spectral power in both unshielded thruster and magnetically shielded thruster have been mea-
sured respectively, and the comparison of the calculation and the test results was obtained to examine the accura-
cy of the model. Based on those above, the light power consumption in different four cases of Hall thrusters was
solved numerically. Moreover, the relevant physical mechanisms were discussed. The main conclusions show
that, the light power consumption is the main factor to impair the thruster performance, and the consumption effi-
ciency in the strongest magnetically shielded case is more than 24% approximately (unshielded case: 13.6%).

The characteristic of this physical process is directly associated with the extension of the whole electron tempera-
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ture distribution and the increase of the electron temperature, which essentially originated from the magnetic mir-

ror effect at the discharge chamber exit.

Key words: Low-power Hall thrusters; Magnetic shielding; Performance attenuation; Numerical calcu-

lation; Light power consumption
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Fig.1 Mesh generation strategy and boundary settings
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Table 1 Data of the collision reactions for e-Xe

No.(j) Reaction equation Reaction event Threshold/eV Reaction coefficient £/(m*+s™")
1 e+Xe—e+Xe Elastic - 5.4 x 107870021
2 e+Xe—et+Xe' Transition to 6s, 8.31 2.6 x 107 exp (-8.85/T, )"
3 etXe—e+Xe" Transition to 6s, 8.43 2.42 x 107 exp (-8.49/T, ) *
4 e+Xe—e+Xe' Transition to 6s) 9.44 2.3 x 107 exp (-9.26/T, ) *
5 e+Xe—et+Xe' Transition to 6s/ 9.57 3.2 x 107 exp (-9.52/T, ) !
6 e+Xe—e+Xe' Transition to 6p 9.73 3.96 x 107 exp (=9.77/T, ) *
7 e+Xe—e+Xe' Transition to 7p 10.97 4.46 x 107 exp (-12.79/T, )27
8 e+Xe—e+Xe' Transition to 6p’ 11.04 6.76 x 107" exp (- 13.47/T, ) *>%'
9 e+Xe—et+Xe' Transition to 8p 11.44 4.52 x 107 exp (-15.29/T, )12!:2+-25]
10 e+Xe—2e+Xe" First-order ionization 12.13 3.7 x 107°T% exp (—12.1/T, )2
11 etXe'—2e+Xe Second-order ionization 9.08 1.04 x 1071°7°7 exp (-21.2/T,)*°!
12 e+Xe' —2e+Xe Metastable ionization 3.81 2.87 x 107°7%7 exp (-8.92/T, )**"
13 et+Xe —2e+Xe" Metastable ionization 2.69 5.19 x 107°T%7 exp (-9.85/T, )"
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Table 2 Data of the de-excitation process for Xe
Number Energy level transition Threshold/eV Wave length/nm Color Life time/ns
1 65, — 1s, 8.434 147 Ultraviolet 3.79
2 65" — 1s, 9.567 130 Ultraviolet 3.17
3 6p — 65, 1.297 958 Infrared 119
4 6p — 65, 1.418 877 Infrared 56.3
5 Tp— 65, 2.532 491 Cyan 1690
6 Tp — 65, 2.653 469 Blue 658
7 Tp— 65, 1.522 817 Infrared 1370
8 Tp— 65, 1.399 881 Infrared 725
9 Tp — 6p 1.235 1007 Infrared 216
10 6p" — 65, 2725 456 Blue 2500
11 6p' — 6, 2.604 477 Blue 1450
12 6p — 65, 1.594 780 Infrared 206
13 6p' — 65, 1.471 845 Infrared 66.2
14 6p' — 6p 1.307 951 Infrared 333
15 8p — 65, 3.004 414 Magenta 333
16 8p — 63, 3.125 398 Magenta 333

1-Hall thruster
2-Hollow cathode

3-Thrust measuring frame
4-XYZ-travel mechanism
5-Spectral probe

6-Gas holder
7-Mechanical pump
8-Molecular pump
9-Cryopump

10-Electrical power system
11-Vacuum gauge
12-Spectrograph

13-Data acquisition unit

Fig.2 A schematic diagram of the test platform system

Table 3 Operation parameters of the two Hall thrusters

Parameter HETUS-350 HETMS-350
Discharge voltage/V 300 300
Discharge current/A 1.16 1.16
Ampere—turns of inner coil/A 360 620
Ampere—turns of outer coil/A 180 232
Anode gas flow rate/(mL/min) 26 26
Cathode gas flow rate/( mL/min) 2 2
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(a) Plume pattern (HETUS-350)

(b) Plume pattern (HETMS-350)

(¢) Chamber photo (HETUS-350)

(d) Chamber photo (HETMS-350)

Fig. 3 Operating states of the 350W class Hall thrusters

22
z 20| u20.49 m Test
CRTY ©19.05 (7.03%) ® Calculation
216} 16.06m
E il 1431 (10.90%) ®
HETUS-350 HETMS-350

Cases
Fig.4 Comparison of the test and calculation results for the

parameter thrust

3 HEERSHH

AR RN DU b 0 R A A R S AT R
BEALL, TAEZ B MR, W 275 2.3 /15 vh 36 3 i A
FAF o R AR 6 4yt BEBS AL R A A (K 6 AR T T
BE T ;7 46 LA L TR ) e RS e O Y
Ji — WAL TR S, RS b o S 5 — R AR To2E 451, RS ¢
PR RER TOUALBE o AR 4l B 5 i A S5, Case 1~4 4G
BT B TR T 3R BOR [ 89 1% 5t VR T, Case 10 7E
T R W AVE FH T80, Case 2~4 1) filk Jif il /6 FH 76 372 17 326 34
(B THI 1 3 £ i A 19 | i IXC AT L3R ik 5 i A
REREN2)

BT L A S A SO TR [R5 A
FH T B0 1 4% 25 RE AR Kot (A 45 D) R Bl KT o5 i
SrEE) WA s, L BE R )RR I o AL B TR
i HE, 3 R H 5 R (7 PIC LB 3 70 A1 55 A
Z1) , oA ) FE AL F5 PR A TCE A | BE T P AR
S 2R 1 IR LA S B T A DR AR L HL LA

AN HAR A i 2, DR G, AT X A 4 D AR AN AT
WAVIIE o (AR B2, 850 iV T 5 58 2 [
FR R THT PRI AR, XA IV 4 0 S5 i AFE O A 4 4 E 2h AR
B 2 A L SR T, DG D RE B R B AN B TR AN T AT
FET B b G4 T —E R O HERE DA . D LR
UL 7O AE R S R PERE TR R E R LT
SRR X A E W BB AT 1S .

N3 A 06 Ty R A W B A 4 s i A% 7 £l Bl
il 2 A 00 B L R AR O, WK 7. E
1R WLOGIE N, POE (5 N (4 (475 ~ 495nm) i&
it U B (440 ~ 470nm) | fi )5 B (385 ~
420nm) , Hrr, Case 1,4 1945 50 5 12050 40 58 19 5P it B
J AR AT 5 LU, P P AR B O 8 A 1 9 (B
Wl5E) e A B W T o DRI, 33k LA W - o i A
FH 3G 056 D #6 i AL 10 5 0% 1 SBCEE (B8 fr Tt iE
BT RRE R KA K. L, X B —
A H, I ) 25K rb B A 2% IR IR S I R N Y
VR I UK, ILIA 8.

& 8 I BREL S S UL 1 1-65," — 15,,2-65, — Ls,,
3-8p — 6s,, 4-8p — 6s,, 5-6p" — 6s,, 6=Tp — 6s,, 7—
6p' — 6s,,8-Tp — 6s,,9-6p" — 6s,',10-Tp — 6s,', 11—
6p' — 6s,, 12-6p" — 6s,’, 13-Tp — 6s,', 14-6p" — 6p,
15-6p — 6s,,16=7p — 6p,

P8 A4 SR IE 1 5 £« (1) Bl G B il A JH 4%
S, TS s P IR R A OBCTE T e L A T AR S OL T
SVBCEE TR 5 (2) U Rl 1 9 BR AT BB 202 W 1) 1w Ao RE

210572-6



2022 4F

Ha3E 121 T T3 WO /1N Ty 88 SR AT ) 4% 1 B 1 52 T B 2

30
= 5% Total radiative power (relative): 21.59mW
5 L
5
Z 201
a, 475nm
2 st
=
B 10t
2
g 5
[}
4

OF
100 200 300 400 500 600 700 800 900 1000 1100 1200
Wave length/nm
(a) Test results (HETUS-350)
30
25k Total radiative power (relative): 22.35mW

Relative radiative power/mW

817nm
781 nm— 845nm
951nm —10070m
881nm
100 200 300 400 500 600 700 800 900 1000 1100 1200
Wave length/nm
(b) Calculation results (HETUS-350)
30
> 396nm — Total radiative power (relative): 39.54mW
] 251 —417nm
% 0 F130nm
5 456
2 st —146nm N m
E — 467nm 816nm
B 10t 847
= —847nm
'% 5t 951nm |—1010nm
o
4
OF
100 200 300 400 500 600 700 800 900 1000 1100 1200
Wave length/nm
(¢) Test results (HETMS-350)
30
2 Total radiative power (relative): 40.70mW
c 25T 414nm —|
o} 398nm—|
£ 20 130nm
(=9
o
£ L —456nm 817nm
§ 1ok 469nm 781nm-‘ —845nm
= —477Tnm 881
2 ——491nm m
§ 5t 951nm |—1007nm
2 —147nm \
OF
100 200 300 400 500 600 700 800 900 1000 1100 1200

Wave length/nm
(d) Calculation results (HETMS-350)

Fig. 5 Comparison of the test and calculation results of the spectral line power
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Table 4 Input parameters

for magnetic field design

Case number Inner coil Outer coil a/mm b/mm /mm B, . of the middle line in
ampere/A ampere/A chamber/Gauss
1 (HETUS-350) 360 180 4 4 17.0 200.8
2 500 210 3.0 2.0 18.0 209.5
3 560 224 2.6 1.6 18.8 214.8
4 (HETMS-350) 620 232 2.2 1.2 19.6 219.8

AN(Wb/m) |

6.61x107*
5.82x107
5.01x10°
4.24x10°

3.44x10°
I2A63x1075 I

1.00x10°7 |
|
R

(a) Case 1

AWb/m) A/(Wb/m)
e e
5.01x10- 5.01x10
e e

A4x 10~ 44x107
2.63x10° I 2:63x10°3
1.82x10° 1.82x10°
1.01x10° 1.01x10°
2:20%107¢ I 2:20x10°6
1.00x10-7 10010~

(c) Case 3
Fig. 6 Magnetic flux

(d) Case 4

lines for four cases

Table 5 Energy consumption data of HET-350 series
Case Propulsion power/W Wall heat deposition power/W Light power/W Other power/W

114.45 165.69 46.41 23.45

! (32.70%) (47.34%) (13.26%) (6.70%)
107.08 162.07 57.27 23.58

? (30.59%) | (46.31%) | (16.36%) 1 (6.74%)
99.77 157.80 68.75 23.68

’ (28.51%) | (45.09%) | (19.64%) 1 (6.77%)
. 89.95 152.07 84.18 23.80

(25.70%) | (43.45%) | (24.05%) 1 (6.80%)
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Fig. 7 Calculation results of the plume color for HET-350 series
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Fig. 8 Number of the de-excitation event of each spectral line in HET-350 series
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Fig. 10 Atom number density distribution of HET-350 series
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Fig. 11 Collision number of the excitation and the

ionization in each case

(b) Case 4(HETMS-350)
Fig. 12 Impact of the magnetic mirror effect on the

electron transportation
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