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Fig. 1. Schematic diagram of the RF self-biased ion thruster discharge chamber simulation model.
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Fig. 2. Procedure of the implicit PIC/MCC simulation.

B+at) g

A S BT 1)
E(t+At) _ E(t) 1 1
—Ar — — Y x BHEAY) _ Z g(t+0.5A¢) @)
pe €

Hrp, B ONHERRIE, E AR, J ONRRERL, p NS, ¢ AAEEH. SXHMET
S MIREIR N BRE HY ¢ R0 ¢ + At I ZI R I 39453 5

BV =B+ (1- ) BY, (3)

4



BUTEAD — e gUHAl L (1 _yBW), (4)

Forbr, EOAMTRIINBCR B NORIERERE REA TR REtE, ZREOEFAE 0.5 B 1 ZMIEBUHE U8, #7110
HATARLEN], 16 € =0.6 FIZRAT T, B RS 7E CRRFROIF B AR E VE K IR S S0 5k BORg 2 1),
BRI A SO T BEE

FEREARRR R (2,r,0) T, FEA VISR (B., Br, Eg) 1 (E., B, By) W45 09, F )85
SRRk P AT A 1) PRI, L A b R B ) A T LU R /N T B R R A R, R s Y
FELJAL 70 o A T ) AN AR [ B 37 DA K P [ e gy, T Al T AR [ P 3 DA B A ) 4 ) 59 4023 T e S A
2mg 20, fEMEi AR, SRR (B, B, Ep) JHI R Maxwell 75 F2(1)F1(2)1F2; Fl i F142 17 F3%)
(E.,E,) WP uEEY, H Poisson /TR 2] MMM GRE By WAL NE . WHFIHE ) &5 4b 5855
WAL B AR, A MRV A 08 N . BT EIAE Yee PR THOREL I
ISR BRI AR L AR A, RN P

TR FE s A/ P S A0 2 P e 5 A AL P A I AR LRG3, O R AR R AR R [ R TR P A
THABEAT I FBRNARACRIE LS 558 TR Z A F PR SRR, DRIk, 55 A SR 400 4 ) At
TR, AN EHE S fh BRSSOk BB AR S5 354k, AN SR AR 24 Pl 1) ri
HARAY 22250, (i AR R, PR AR SR P9 LR A S S LI BRI B A A U S R AR R, JF il
SN T 2 ] A S A s R T B R AR E T

R HES S A rh, Rl AL B 5 JefE ¢ 4+ AL W2 B Eds T A ¢ I 28T 2 ¢ + 0.5A¢ 1%,
(7 B BT 2 I 220 R A A P R P AN 2 R LT A . B, R LR A T R A W 7 oK i A
FERUE: A ARSI, IR A 5E 7 J5 B R R BN LA o AT BT SRR A R TR B B A, W)
BE— W RORL R B B R ¢+ A¢ N %, FFREAT R SR AR b AL SR AL B

PrE A HPRL T AL B T B 3 B e, R AR H MCC J7ikab 2, B8 7 -k
RL 2 18] R SRR SO A3 R P B A, DA R B T PR 2 T 1 3 A R R A A e o A
(ORI AL T S HEY R UG T LX Cat B R P FEAF B3, KA bR MR s F s BE T A AR o 2
BB FEMHL S, R BRI T 2R o R s BE TN, PRSI B O T NS
SEAh, R T TR s BE T ) O TR AR, TSR BN, TR TR RECR R T
N RE RIS BR e U0, T8 2 i 7 AR I 3 1 R R SR O HC £ 0.25 29,

5



TR e i
e

i L & l\‘@ e
):>e—> ST RS
Eﬁ?ﬁjﬁ;ﬁ ° T 5
Cud <
e\oi>® ‘O);'> ®\‘ o
WO SRR
e o> o. !
HL B FELAR 32 4l
ey @ )

3 P BB RE R A AN 5 A

Fig. 3. Particle collision types and boundary conditions in the simulation.

P FAERL ) J U S50k 1 Fros. A7t DA 35 AR 5# 1 uN-RIT 1.0 B0 7-4E 71 3 855
JFA 20, SRAEAR ¢10 mm /N TR P A5 M AT AR RS 9 CUE B 2 R R ACRAE S0 25
T AT P A AR I s AR DO O B I SRR B R 5 MHz, RV (8 U 7E 17 B
ERE AT, DMESE AR R RGESE 1 W MR SR ey 10 MHz, (R{EA 400 V. )
HTE A B SRS Ar RS, AR ESS 300 K, UK 0.5 Pao T BT K BN At=25%x10""s,
FEP KB Az = Ar = 1.25 x 107 'm. BEASEHTHIHETT o Sl 0 b s 25 R 78 0 Sk 1 iz A 2 1Y
APEEPE O], RSO EREE— AR

3 ZREIT®

3.1 MEEABRFETFEREERS R

3.1.1 FHFARET=EASE

TBCREL R E S (RS PP RS 4 ) R s N B A T A A I T 4 s o AEASIR] SRR SR AL R
HLF O AT R B L Y S ) R AT AR AT D, T E T SR AN SR sy, Mk DA N AR A, A R A
BN A FEARRIFAZ . wt = 0 2 FE 7 3220 A TR s 0 e X3, Bl I I 1 2 B eI
BEEMOIEAC S wt = 1/2m, BT BRI BRMT R3ER2, R BE MR 7 i B R X 48k, s 5 2 T
JE IR FZyAAN TSR s PN BE BT B E ARG R . AR — PR R wt = 7 M wt = 3/27 B, ATREAR

6



R1HBE B AE TSR LTS5

Table 1. Geometry parameters of the RF self-biased ion thruster model.
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Fig. 4. Spatial distribution of particle densities inside the discharge chamber: (a)-(d) electron densities

at different screen-grid phases; (e)-(h) ion densities at different screen-grid phases.
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Fig. 6. Potential distribution along the inner wall of the discharge chamber.
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bias is too high; (b) The screen-grid bias is adequate; (¢) The screen-grid bias is too low.
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Fig. 12. Influencing mechanism of the plasma sheath oscillation on the screen-grid DC bias in RF

self-biased ion thrusters: (a) The sheath oscillation is intense; (b) The sheath oscillation is mild.
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Fig. Al. Schematic diagram of the equivalent simulation model of thruster discharge chamber.
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Fig. A2. Spatial distribution of electron densities in the equivalent simulation model: (a) wt = 0; (b)

wt =1/2m; (¢) wt = m; (d) wt = 3/27.
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Abstract

The radio-frequency (RF) self-biased ion thruster is a neutraliser-free electric propulsion device in
which a positive DC self-bias is established on the screen grid and electrons are periodically extracted
during the negative half-cycles of the RF voltage, enabling the generation of a quasi-neutral plasma plume
without an external neutraliser. However, with the introduction of an RF-biased screen grid and the
self-bias effect, the plasma inside the discharge chamber exhibits more complex spatiotemporal behaviour
than that in conventional ion thrusters. In particular, the sheath oscillation upstream of the ion optics
and its influence on the screen-grid self-bias voltage remain insufficiently understood. This limits the
applicability of existing self-bias theories based on a time-independent sheath potential drop and hinders
the physics-based optimisation of RF self-biased ion thrusters. In this work, the plasma dynamics inside
the discharge chamber of an RF self-biased ion thruster are systematically investigated using a two-

dimensional axisymmetric implicit particle-in-cell/Monte Carlo collision (PIC/MCC) model. The model
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includes a dielectric discharge chamber, an inductively coupled RF coil, an RF-biased screen grid, a
grounded accelerator grid, and a grounded thruster shell. The spatiotemporal distributions of the electron
and ion densities, plasma potential, chamber-wall potential, and currents collected by the screen grid and
chamber wall are analysed over one screen-grid RF period. The physical origin of the sheath oscillation
is further examined through electrical topology analysis. The simulation results show that the sheaths
near the screen grid and the inner chamber wall oscillate alternately within the RF cycle. Electrons
periodically migrate between the upstream region and the screen-grid side, whereas ions respond only
weakly to the high-frequency screen-grid voltage. Therefore, the oscillation is mainly concentrated in the
sheath regions, while the bulk plasma remains relatively weakly modulated. The plasma potential, screen-
grid potential, and chamber-wall potential oscillate at the same frequency but with different amplitudes
and DC offsets, indicating that the plasma potential does not vary synchronously with the screen-grid
voltage. The screen-grid sheath exhibits a large potential drop containing a significant RF component,
whereas the RF component of the chamber-wall sheath potential drop is much smaller. Meanwhile, the
electron current collected by the screen grid shows a distinct pulsed behaviour, while the ion current
varies more smoothly. These features are similar to those observed in asymmetric capacitively coupled
plasma discharges, although the dominant plasma heating mechanism in the present thruster remains
inductive coupling. The sheath oscillation mechanism can be understood from the electrical topology
of the discharge chamber. The chamber inner wall can be approximately regarded as an equipotential
surface connected to ground through the chamber-shell stray capacitance, while the screen grid acts as
a small-area RF electrode. The applied RF voltage is therefore divided among the screen-grid sheath
capacitance, the chamber-wall sheath capacitance, and the stray capacitance. Because the screen-grid
sheath capacitance is smaller than the chamber-wall sheath capacitance and is comparable to the stray
capacitance, a larger RF voltage drop develops across the screen-grid sheath, resulting in a stronger
sheath oscillation near the screen grid. Finally, the influence of sheath oscillation on the screen-grid self-
bias voltage is clarified. A stronger sheath oscillation increases the RF component of the screen-grid sheath
potential drop and consequently lowers the steady-state DC self-bias voltage on the screen grid. Therefore,

weakening the sheath oscillation is beneficial for increasing the screen-grid self-bias voltage and improving
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the ion acceleration capability. Based on this mechanism, reducing the chamber-shell stray capacitance,
for example by enlarging the gap between the discharge chamber and the thruster shell, is proposed as
a feasible optimisation strategy. This study reveals the sheath oscillation characteristics and formation
mechanism inside the discharge chamber of RF self-biased ion thrusters, and provides a theoretical basis

for their structural optimisation and performance improvement of RF self-biased ion thrusters.

Keywords: neutraliser-free thruster, PIC/MCC, numerical simulation
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