Acta Physica Sinica

SN E RS FHENSHEESFES T EERS
IR R

BTl ZBEREYD dgitmD  ghElD  FaezD ppaepbt

1) (PUsGl RS TR R, MR R A5l S %, 5% 710049)
2) (ZRTRZERASER TSR, S#Il 243032)

SEUR E R ATE THEAR A RE TRE HERR B R G R R AR U A A KSR
%, TREN RIS W HE a8 ORI WARAE IS5 B T RS R IR G LR W HE T2 VERE, %R
GRS ANV ERA AN, IO I HE S SR RESR T IR S o AR SO g A8 OB Y 1
BYER SR ARG BT, E RS TARERIRGILR . BHUREL, BUbkE+
HETRBHAS MRS FEE AR, HEE S TR SR A A s AR A, 2B S
RAEXTAR CCP BUBARLIRSAE. 20, 4G Rn it 5 38 R0 FAR RLAGIE, o 0 Jis 2
B TSR ARG IV IR 7T, A D2 T30 H 2 A0 e Ml S A0 s 4 3[R 4 2 3 B 2 IR 3 O AR AR
JA . fEMEERE B, RGO 1R RGN SRR S AL, RS SRR RGP R T
IR KHE A S5 ROT R THE S ERE ML T 5 o AW TN AR E A i s gttt 5
PERESETH AL 1 HAR AR -

KHIA): LA AR, PIC/MCC, Hatiil

PACS: 52.50.Qt, 52.75.-d, 52.65.Rr, 52.65.Pp

SRR B TN T HE D AR A R RE S B AR M R RIS T HE A A, R R AR £ A S e S YR
P 8% L P A A PO S B PRI, A AT 3 R v I L P A Y Sy 1 VA ST IE LU O P, AR L IAL D T

T B{E{E#. E-mail: anbang.sun@xjtu.edu.cn
* [ G RBHEIE G (S 52577178) MR Pi 48 [ AR BHEIERETE 7RI (HLHES s 2024ZY-JCYJ-01-06) % Bh ) 15481,



AT S] TR U LE B A AR I R R S AT SRR B A D AR T AR G T
e, BHUE AT T HE AR TR AN RIS, ARORIR T RS ERE . R TR R G g FIRE,
PSR OREE T R T as m ol s HEJORS BT AR O A, R AT R AR ) Bl BRI, I TEINT
SR B AN B O S R0, SRR R R A A N BRI R N R s I B R . PRI AR N SR T
RREARE, XS HE T B PEREDLAL AT AT S 32T A B 4R 2 .

ST AR B 4 PR B S i - B Rafalskyi A Aanesland #2H V9, @I R EFEHL Neptune
(RSB0 UE % AHE 7 48 10 B - I 5|t AT B R RE 7y, I R IR A A P R R AE RN S 5] IR
] R0 B DG 2 19900 Shyidt— D ERBHHE 28 0PI FP FILEE,  Dedrick 88 FAHAL > HE6 5 RS iRk AL T
B TACHREIARAE, 5 T TR I S ] R RO R A R R B i AR A 7, Habl
XF PR X I & particle-in-cell /Monte Carlo collision (PIC/MCC) 57E, & B3PI X I8 1 52 BR #7563
WA AR R A EE TR, JFAR BRI U AN 5] A SR T AR B e s B R Bk
W98 C A HE ST 38 PNR rh AL EEAT T BORIR NIRRT, B IR AN IR 7 85 oA 38 1) 4 B R A oI
S ALL, ok BE B O T2 BN EN D, fEAHE ) S vEREIR T TAEXELUITRE .

Lafleur & YRR A AoRTES-HE 77 88 57 A B Ok R T VLT IEAT T R G i e sl #ig i S
SLT BEM B E R R E AR, JREE PIC/MCC MR LA 51 A 0 BEAR 45 AT 7 IAIE, 87K
T A5 B A T Y WL A [ 114 70 T L I AR B O s A S R R B 0100 i A SR R A
B NI T HE ) & TR S| AR IR SRR AR LA I T BE T A AR R

B Lafleur (WFFT, FE AR FH MR B SL AR 51 AR AL — 2 387 17 57 MR 00 L s il R A3 06 R
TG PERE R IR S LR MY AR AR TR R R T TN R AR T B S A SR ]
A R AR S JE8 ke v O2), il e 2 = 4R M 0 i T ML R0 A 51 s D9, RN
HEAIERVERESRTT AR SR A 1 B AGBR %, IR @ S A — S e R Be b, BDAR B AN BE A 2 1)
PR 22 P 5 e A S A0 0 P DR ) R BN T 55 B T F B T REAEAE N ARG 4T 9, — B
BRBEAS RS, BUA BEM i e 22 1 K2 SEAR SSHIE TE 4518 1 3d AR 32 FR

Pz S8 1L S8 B G FC 1 A8 BT AT R T R AR S8t A T B Al L i T RS2 MR ARRE A UL 21 )
I i s A2 A 35t AT LA B0 0 DA, 17 B8 £ A48 2 Pl % T e o A A B S0 R A i D
FEUCIER b, B AR B A th SN BRI Z S R S B, X BRI A ST TB IR, B
IR R 5 SER BRI T B — 20k M X RIR I, ARG TE E )2 A S PR R R 0 2 T RE 2R 7E

2



o TOUN OAFREH, A OB S AT At 70 i 55 B o

SR, PRSI B H AT CVA B RIBUSCL I P S B AR I A S S, SR TR
R R RS P AE NV AN X SO A S H S R IR AT O 18 B A AR IR A A LU ST, AT
207 BT E LB AR Re A S aS M BETE, BONIT A R T AR EE D R RIS D
BRI, AR PIC/MCC 1 B iR O N <5 B TR R T I Rt 7, I8 I i 56 &
TR 22 AR VEAT f 2R e, IR B T AR IR R MEAN P B HLEE, JF AR e A B SR RS R AT
NRIRBYBL N E . A TOR NS B A T HE I a M a i AL 5 VE R SETH R AL BB AK TR -

2 fFEEA

H BT 2 A 2 M LR S 7 D ssBUE Uik, Horp, BT8R B PIC/MCC J5i%REWS
X 85 T A RE AT SRS IR, T LA RO AT 45 1 T A 2 R AT O UL AR ST
IS v AN 4 S0 . PIC/MCC i BRI IE] 1 pros. BORE S A B BUR . 5 I
SRRl B s DA HE J) 8% b 7o S 1 B KR . o, S BT DU AR AL, L AE TR Y
PR R, AT R LSRR AR AR A TR, BRI NS R R AR S, TR A A ) 2

HhFe s
o bl e aesh
icoit = leoil Sm(ZT[fcont) Vehen =0, Eg =0
Ar I—shell >
Lcoil Deoit deoit dac .
/7 Y > . N
i L % } G
OO0 DO
gap | &eh
' R > 7
Hh T dch Lch dSG
shel . N
dpor=0,E,=0, TR TH R
B, =0 It i :

VSG = VSG,rf sin(2nf5<3t), Eg =0
Bl 1 S i I 28 ) 4 TR L I T B R R

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.
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Fig. 3. Particle collision types and boundary conditions in the simulation.
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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. 5. Spatial distribution of potential inside the discharge chamber: (a) wt = 0; (b) wt = 1/2m; (c)

wt =3 (d) wt = 3/2m.
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Fig. 6. Potential distribution along the inner wall of the discharge chamber.
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Fig. 7. Temporal variations of the screen grid, plasma, and chamber inner-wall potentials.
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Fig. 9. Temporal variations of the currents collected by the chamber inner wall.
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Fig. 10. (a) The schematic of the stray capacitance and equipotential surface in RF self-biased ion
thrusters; (b) The schematic of electrical topology of the discharge chamber in RF self-biased ion

thrusters; (¢) The schematic of electrical topology of typical asymmetric CCP discharge structure.
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Fig. 11. Screen-grid DC bias adjustment mechanism in RF self-biased ion thrusters: (a) The screen-grid

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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Fig. A3. Temporal variations of the screen grid and plasma potentials in the equivalent simulation model.
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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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