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Review and prospect of emitter manufacturing technology for

ionic liquid electrospray thruster
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Abstract; ILET (ionic liquid electrospray thruster) , one of the electrostatic micro-thrusters, has recently become a hot topic for researchers.

The emitter is the core component that significantly affects the thruster performance, so its manufacturing is considered as one of the key

technologies for the ILET development. Combined with the operating principle and the development history of ILET, the characteristics of propellant

transport and manufacturing requirements for all three types of emitters, namely capillary, externally-fed and porous emitters, were analyzed. Based

on this, the typical manufacturing materials and related manufacturing technologies were reviewed, while the advantages and disadvantages of

different manufacturing technologies such as ion etching were summarized and remarked. For the proven manufacturing method of ultrafast laser

ablation based on porous material, the development suggestions including emitter design, novel material fabrication, and study on laser-matter

interaction mechanism were given.

Keywords: electric propulsion; electrospray thruster; emitter; manufacturing; ionic liquid

B & Ll fE DA R SHL L &R 42 ((micro-
electro-mechanical system, MEMS) 43 A [ 4 , il
i R PR ERL AL D RE AL S T AR ISR
AW R LR R DD RE S B, R R R i, H
H R AE 1~ 100 kg 19 RN M DA,
H T B AR I RT3 AN IR
FUH N TR C 2 EAS ANl A5 RIS (| R
PSR BN T . BEE N LR REROR R &

I HER:2022 -08 - 15

EEWA : {EK A AP EESQER U B3 A (12221002)

JE A T 3 e A S T O A A AT R 4%
1k B Fis AT, L BUL Gk DR ThRER IR | iR fiE
USRI R G E . R, B TR B R S 4
FOL AR ) — Tl R A, 2 31 1 {H 4% R AR
)3 E A, AN 2021 4F—4F, 2 S A kel T2 st
A 300 591, 5 2YAEMT IS R TR 16.46%

SRS, 32 TR G IR & 20R
I A 5% HTan TR HEtE R 5. it &

F—1EE /NG (1983—) 53 BRI N, B2, L A0 AR S0, E-mail : 1xk0330@ 163. com
BIEVESE SRR (1987—) , B, & MAA A, PHIF, 11, Email ; guodaweil 1 @ nudt. edu. cn
S| A NRE, A, BEE, . B FIRRAB B SR SRR AR R REET ], E PR KRR, 2025,

47(1) . 67 -82.

Citation:LI X K, GUO D W, WU J J, et al. Review and prospect of emitter manufacturing technology for ionic liquid electrospray
thruster[ J]. Journal of National University of Defense Technology, 2025, 47(1) ; 67 —82.



68 [ B B4 K % o

547 &

G e TR R Az BB LS | TR 2 A
T AR VN B T AN A B RS A A LT 4 Y
SRR N TR A RBUN R, B
HEFIARR, PRI 5 22 DB TS ) 4 i 8 40 0 2 A 254
B AIRTAEFN B ORI R AT

HEG PG E &8l T 28] HI T
TEFERHEERGE TR . Ho imiE
HTES DT T AT &R DI FE IS , M 20 122 90 4F
AVGAR I Gl T AN R e G NNTTY G S AR R
SRR HESS T B T EOREEE, HRTE 15
F)73 1) B FF K SF o B T A R S 2 g A
(ionic liquid electrospray thruster, ILET) f) T J5i 3%
FHES T, HRA s o R 2805,
TEFL A B 5) TAPAE SRR i o AN HoAt /N L g,
HEFERGE, ILET BA LU0

IDELT bt - (R BT RE S IK (S

BUALZ R T A HE A4S RS 5 B TR I 2l
H 7 0, “CAEI AN FHB I A2 2 375 .

2) Joits g o 25 1WA b B BH B 2R,
SE A I AS [ R 1 ) A i T RE 8 23 i1 4 JEBA
FHEF, AT LASEELHLfof [ A

3) HemEr . alipg T Hera] 353 1000 ~
8 000 s, FL L R4 w3 5k o 15 A v e R0
Pl

)RR . BT H B SR B R
PR, T FERA M D2 T AR A A v g

5) Gyt . ILET A] DLFE LR35 & L b A s
BRI OLT 28 3 B S 7 T AR A & S R 5
ORHEST  TTHE e ) %

IR RS LR BRI G
H BTZ I T 4% B 58 ME L KA TSR AIE , UG A AH
KRR 5843 R 7 AR s TR By
(U

ILET o % 4E ) a8 RE HA TR E 1R 52 e 1 %
DR B SR BRTE X R T 2 b
To PG, AR SO B 7 A 8 55 1) A Ji B
WAL ZRiR T TLET = L 7% B A3 #e) il i B AR F
FEBRIF A T 0Bk . RT3 X B R Y
(8 22 LA H R i SRR 1 i 3 S BRI T 1 TR
BB ;BT , 0 H & ey 1 kAT 1 R B, LAy
ILET HAR K AR 1A 25 15 %

1 BFREEBEHESETERE

AN b B TR L S A ) e — Rl L
TR HERE ] MR Al B HURL T I
T CHLE T A , A SR SRR AN A S5 4

EJ‘Z e R SR & 2 SRR IR ), H

SER 5 ARIEBIN P 1 PR o TR R A S
MKTEL_;I'JU*ﬂiﬁfﬁ?i@]%/\k%ﬁ%’clﬂﬁ s
SRR U r 07 ) K I BB
CHREHET IR E TR AE A L AR A A 1Y
FEL 37 3R 32 R o R — R B, Al R R (43 T g
BB AN FRL YRR L IRGR ) R
A U A, Bt A i E S B A T MR U
ATRAL P g st AT ARAT 4 ) o AR 4 SR o
7 HURE T B, n] LUK g A 9 T AR
WAL R - B IR AR Al R
K2 B

R4
/v
L

f&%ﬁy A
[N

RhTH

B 1 ILET F:ZLEH 5 T/EER
Fig.1 Main components and operating principle of ILET

it o ,+,, N R W

AA

(a) WiREX (b)) IRAHA
(a) Droplet (b) Blending

o5

':. n
A %
(c) &g i

(¢) Pure ionic

mode mode mode

P2 BS54 ) A A AR
Fig.2 Emission mode of electrospray thruster

TP S A R I 25 4 ) i SR FH PR SBOIR WR A R I
Jit . Delamora 855 R FE 0] S 90 E5C4 A i, i A4
B E Y L TR T B R R S
LR O VA VR P e AR 245 i B) 1 ) 7 G R A
[ )i , Gamero-Castafio T YR 7E 2L 56 7P & BRI T —
B ISR IFESE T 4R o R R A
SEREMERME ARG TE oI, 2
VAR HL T AR AT 0y FR A Bl B 25 WAL 0 K 2 0
AN A R B B LU B — e R ) A
HURE T JCIE R E T .

MR |, 2003 4F Romero-Sanz ¥ T Jfi fift
SR [ 3 O R O B A T A



o1 4]

ZR/INHE A < T IR R 5 4 D e A S AR A AR R B e R 169

T, USRI T - B IR G R Al T
BECHYEEAS o SR, T B 408 A A Y i Sl
B ROF R RSB , XE L — 0
FRI R, PR A A B v S R R B R AR T -
CHe -3 — HEE DR wk g 950 ) R R ( 1-ethyl-3-
methylimidazolium tetrafluoroborate, EMI-BF, ) 7 &g
SEPURAE 26 B T3 o Lozano X T4k
TE =AU B4R ) 28 PR REEAT 1 BB X 2y
B, B R ERWITEAH R TAES BT, TARTEAl R 145
EWIGE( IR RE AU NI S & ST A R A =i
il RE AR A TAEAE Al B TR B IR e i 25
3 I TS T 1]

A B AT DL, S5 S A0 e 18— A4S i
FAHESI AR AL L BB AT, I AR R N B T
TRAAS DA TR 44 i . 22 R S A A i 2 1L 1
FEHg R v (1) HL 379 32 (] Esf Oy 2% ) 1 T
FEALG A AR AR HEE R iz B A A I 1) Oy =X
AN), R SFHATT LA B A4S AL SN IR I AN £
FUPPELEY, &l 3 s, B A R R A B B —
{18 PN 308 200 i 2y 1 S B B TR AR iz I Bl B
PUBL/IN , MELLSE IR B 45 Rl g A s =X A
FRIR I B R SR b e SRR T b A2 TR IO E RO
I BUBIER TRl % N ) | SEE R NI A S e [
R AR RS RN s Z AL R SR
LA BB AR HL 5T 08 10 B 08 S R AR s L B T
SRS E MR B b4, REAE S LAl B 1 R S, O HL
ST HL I T MR R

@ :
l W i
_ -
BEH AR 1 HY EZ vyl

K3 =R A

Fig.3 Three typical types of emitter
HI R SRR i i e SR 5, — 7 T, 4R e A A
PR B 0 BELATC , AS A ) 592 B0 g b o ) 2
TR SRR, A RE A T A R o okt 4R B
LI ) AL 53— 5 T, — MBE B R AR B 7 A 1Y
IR nN 5, Jo ik 2 e TR 5L BT
F5 oK, T B R AR B2 AR S AR R 4 A
PRI, J5 S0 e a8 R RR SR B il i BoAR
P RAEPRUE R 3 S B AR5 R, K 3 o K i i

TBHBHAT (B 51 4 BE A —BCEA 0 H s

2 RERBIERARIRK

2.1 EMEBLHGREERAR

BANE AR AR B L ILET fi 7% A1 #Y &
SIOE . B FIRMAE A A SA R Y B AN
] A AR L R o i S AR RS % T A
HL 3790 J3E HAT E S, DR IR a3 A 9/ AR
Ui RS 5 A, i T B A0S N BRI sl BT /0N,
SCIRAE S R I, O AGE T 5 B A K
A T AR TR sh BB . PRI, B 40 ALk St
el AIF 5 3 B SR A ORI B 207 T e R R i 4
T e SR T B A0 R S A
20101 BB T 2 AR

R SRRORE s 3 1 5 5K, 52 AR Dl RS
AN EAEOAR BRI, K 2004 48, 32 [ B 4
FAGR 7 1) Paine S 1 SGIRR 15T RERI AR
()6 200 B R S A 8 2 o R, iz B R
SR B RIS T ORI o X — 5 i B 3%
Fh B 9 SRR TR Be s R R R
BT B 3 B 4048 A T Y IR SN S 1 1 ik (deep
reactive ion etching, DRIE) | & 4045 il 18 by e F
TR EE R M 2 ol A SRR ST 20 ot fam L %) 3 AR
J7k, Wi 4 s

-
e
sk T

,,,,,,,,,,,,,,,,,,,,,,

() SMEZI ik

(c) Contour

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

(a) WEIEZIM (b)) Bzl
(a) Inner channel  (b) Tank etching

etching etching

Bl 4 AN TR AT B 22 o s A
Fig.4 Fabrication steps for the capillary emitters

ion etching’

2009 4, Krpoun S8 523 1 19 />[4 51 = E 4
WO AR T B A0 A A BE
250 pm, = E A 70 pm, il iE EH AR R 24 pum, 40
K SHTR . T V% 5 40 45 3 38 P 10 3 sh B4,
Krpoun Y4HRFR 5 um (CF-12E4200 4. 74 um) B A7
BERERIE 70 2 BN A P, 0 0 e Ak Ak B
EITE R EALIMGETE , ok A EMI-BF, SC3LT 465
TR SR, X — R MERE RN BN E T
AR AR R ST A A F S e T2 M52, 45 & 0t
AR PR 7= A 1 22 F L3 T8 25 ¥ A7 R SR I 25 5 1
FLERZA T 0. 25 ~0. 65, 3t sl BH A iy 28 1k 31 [l 42



- 70 e AN 4

F 41 %

UE 1 000% S ST B IR E
TIA RETL A K SRR &0 o

B 5 5 wm £ S RORIE A0 B AN R SHA
Fig.5 Capillary emitter filled with 5 pm

- . 20
silica microspheres!™’

1t Hagen-Poiseuille Ji 3% T, & 404 AR
BfFHAT S HE TE AR A D IR R F K BE RUE
Foo LIS/ NBANE AR, AT RLSE I 5 7N ok
TOURL ) 45 ) 3 3 B3R THRCR o Ryan @i 115
R B BT K JE L 100 wm, HARL
5 wm, HITFORAAR H 45 B 408 20 uin Aok 1
PE#K, Dandavino S bR 52 3 1 6 41 Jd 38 K 2
100 wm P42 2 8 wm'™! | B 405 B 51 % 1 N
213 A~/em’® o RN ARG BE 522, A L 7 B
1#%5% ( scanning electron microscope, SEM) 18 A ( I,
K 6) hal IES], BAE & 0 A AFTE G, 1t
Ah, T TRAR O R S E R IE IR ST A L, T
BRI T A 5 (1. 85 S/m) R 7K ) 5K
(41.9 mN/m) {9 B T A& EMI-SCN 5230 26 & 1
RHH,

(a) W% 8um F 100 pm
IORSERES

(a) Capillary with an inner

(b) BRI 20T
(b) Detail of the sharpened

emitter tip

diameter of 8 pm and

outer height of 100 pum

B 6 SCHR[25 /B4 ZSHAK
Fig.6 Capillary emitter from reference [25 ]

Ry ¥ 2P SR T S B 4 e R )
ARG T IB0E T, H AR [ 7 R 2 B T
XU Spindt FISZER SHBIM H s 07k 2 g
FEFRZIM T2 KRR T = BEY) % Bk E
R R SR S AR B — AL S B T,
il 3 s an & 7 FR o

Nig S

B %14kt
Y

(a) RIHARES 4 (b) [T A
(a) Manufacturing of emitter array (b) Etch-back technique

b RIAIFAL
— Nt N et N\

' ' Si0, ' .
B

(c) PRI % (d) SURBRZEMEZ
(¢) Manufacturing of extractor (d) Buffering hydrofluoric
fluoride etching process

—” N Numm e Neee?” N

\‘——’_’_’_-.——
I’cr t o 1 I I EBRNR A I

(e) RSN 200k
(e) DRIE process

() Mk ik
(f) Wet corrosion
7 9K B AN RS R S T ™

Fig.7 Fabrication procedure of the

nano-capillary emitter array

K% 7 5, B [ S R 2E I F9E N 5L TR
300 pm XEKSEEL TS wm (BB 440K B 408 B
SR T, B4 1 H EHARZ) 100 nm, IKH
A EHZ2 700 nm, 4K 8 iR, X1 -2
K& -3 - FEDR e TSR B A ) R S R
MR EE RR Y], & RS R s B2y 60 V, 24
TAEHL R 75 VI, AH RV A9 & 5 L IR 9% BE 24
43 mA/em® R BV R T HATE 40 ILET ()
I SR, 2R SR I B BB AE T 52 Ni 4k
1 SIN 22 K [0 220 ik 1 Z50KG B2 B S, & R SBHATE
PRARZEEEK, BN 10 B AR R S B bR e 22 2
H25% 3K B A B AR )

~ 08 nm|
S

HRRBHE S HHE 1 pm

(b) BSR40

(b) Detail of one set of an

(a) 5 pm [F] B R 5 1A 51

(a) 5 wm pitch emitter array

emitter and extractor

P8 SCHRL28 | gk B A0S A A 5]

Fig.8 Nano-capillary emitter arrays from reference [ 28 ]



o1 4]

ZE/INHE A BTR35GB BLAR S e R ST

o BEAN, KA 5RO ] AN R R M
W T s TAER R, H3n 7 P e WA s
TR 14) 65 B%  A08 AR
2.1.2 RBLEMREDHHAAZER

HSIACZNE AN, W RE
YR e SR 3 AR 1 ) — R AL SR . H IR
Tl H AR BGERE | n] 43 o 4R T DG 2 H AR T =
HEROCZEAR

(1) =4 rDazIH AR

T2 AR A A BN L
Phin T4, >R F SU - 8 62 55 5y i A= Ak
JNE ) SRR AR ) i aak B | ik 5 A5 D R
SEPE A HA RS I (CAniE 9 R ) L I Bl L
WG Y 2 S, IR U S P S E
PR — b T2

B9 BT BRI Y 4 x4 FE5) ol R S
Fig.9 A four by four emitter array made by
2D planar photolithography >’

(2) =Z4EROEZIHOR

ZHEROCZIEAR R B AL R AR O
TR, T2 4 51 206 40 A TR A S AR i) —
Fopr 2 AR AN 10 TR R
BASELLAMET R RE R JCIEAEC I I fi A e A
R BROES BROE B RS TR A
I P /IMAFR G HA Al ik B ey 58 B2 A BUR A2 B0

et [\

AR/ Y2 6/ 3

b BHOE:
W
\ /

\ /

JE HL A

B10 SUGFRZ%I T A
Fig. 10  Principle of two-photon lithography™*"’

TR, TPANE T 45 G ok Y g it 2 DA filk & b Ak
SRV o AEFREUC A m R AL 2, 5 )
RO IINTFHEOGHA (29 500 nm) | PR 06
FE T CZI IR R AT = 44, GEAS B 2 i
() = HE 25

FETHOCZIEOR B E R R EI R T BH
AT AN T S g% B B R LA A
PRI S S R R S0 0 45 R, 4515 Y B AN 10
BARMNAE 10 pm 247, S EA/NF 30 um, A5
HRAEHEFLHT HBE 10 pm, FEN
50 pm ) & SHARFES N T, i & 11 fas . A+
FESERP RGBS 5 200N T, = 40 204 ARk
MR T AN AL R A BT RN T RS B
i S BI04 P S oA T, e L
Ve ABIZRR 7 B T8 R AR, I ELxE LSz 3R
R WRR VT 174 e K B R SR BB n L

BIIL ZHEROEZINTRY S x5 B ol R e
Fig. 11 A five by five emitter array made by
3D microlithography™"

BRI , F AT 58 B RES 14 IR B 414
BRI ARBE TR, 5L B9 R Ao e 5
HARZAET 56—, LA B R B TR SHA
1 368 B ARATIIRAN ) B 2 b A A BT A 2 I 3K
FRERAF ORI 28—, T B B A L B A
B (R B , A7 7R3 FE R R KR 20 =, 52
T A T T P T PR D R TR MR AR 2 R A
PRI iz 15 e h o e RKEE B AR 1 T SE 8
WeBh gy, DI G052 AR T A 4 2 5]
LRGN T RGN R IRIE
2.2 SMERIREER SIRFIERA

Xt R AN T B A S AR 1) ILET 85 1
VR BB SR R R SR T, i T A3 Tk
I st as . His TERE = BRI T R S5k
SRS, %ok K S5 By B 2R
PRI , 32228 TR R S A il 3 0 200 56 0 7% 1 HC 32 T ok
M IE Y ZE R R R S, LR UE B IR 18] &
SIS A RS E iz o [R]IF, 0 T fe  BE  B
W3], 30 A DR A% A SRR A o s ) — B



72 e PN

F 41 %

2.2.1 BFakAEA@EAEHR

H A A IR 1 B & A, FE A i 1 T
BORRME T2 FEREM B AT & A
Mg hn T, KT 0 S B R 2 i ARl
1L H Tk 3R TR 2 AR R R R P B 2, O TS
PR 90 1) 4 SR R g ) A e i 25, 2 SRS i T
SE G R T AT R T HLRE L AL B, DL B IR
TR RB FE

2 EH 4 R T 27 Pt ( Massachusetts Institute of

Technology , MIT) #fF5¢ 1 K 13X Ay B 201 20 112K
I B R SRR A AR ORI T
BT 207 5 B SRR R AL BT A R AR R
AT BB SR 119 20 K ool 18 254 , IR R AL
TIREET S HON S L N TR A K R S EMI-
BI, ) 2 fiph by 2R Ak PR A6 i 19 27 k) 2]
0. 5° B RHBIE I T A SR RGIEIRIE . 18 12 R
TP MIT 3 1 A AR 51

100 um

(a) K& S5

(a) Volcano emitter array

(b) FAS IR A

(b) Single volcano emitter

() Kkl A AR

(¢) Volcano emitter tip

(d) A A S

(d) Pencil tip emitter array

(e) BANEAEN LG

(e) Single pencil emitter

() R RN Tt
(f) Pencil emitter midway in its

fabrication process

12 MIT i g 1 s 2 4 A e 57
Fig. 12 Externally-fed emitter array made by MIT™®!
SR I 22 b 5 T3k, H AN 5 [ 57K
SFHEAT T HEIE [ 5 3k S A A i in L e e A

2B K 25 i R PR 2 T2 i ek
ARAT T B ¥ 5 — B I AR i o R AR
B I3 JR 7 1 % F 52 A1 BA il 3 19 4 5 1 1 51

13 mm

18 mm

(a) RAHAFES A

(a) Tmage of emitter array

(c¢) BEEG L 2.12 mm /Y
4 AR

(c¢) Four emitters at distances

(b) HLAb G A

(b) Center emitter

2.12 mm from the

center of the array

(d) BEEH 3.54 mm 1Y
4NRIA

(d) Four emitters at distances (e) Four emitters at distances

(e) FEEGHL5.66 mm [
RV

3.54 mm from the center 5.66 mm from the center

of the array of the array

BI13 HACKEE S ks il i 361 A& AR >
Fig. 13 A fabricated chip with 361 emitters made by

Yokohama National University in Japan""

BT 20 1257 A ) PR AR P L e o
LEZHGHAT I, S EOE RS2 R AR,
BRI T A S A HE R s e . AR 5 —Fh s
2 Hill 55 5% J & B 1 R 1 o Ak 2 SO DT O
WU L AR RE KA 2 TE 2R K R 0 K
( carbon nanotube, CNT) y=4: £ FL f#k 8 18 (0
K 14FT7R) & T 1 K S M 3 T 4 3 77) 1) i o E
1o IEETE CNT BEAR R A K B, el 5k
Bl CNT JZ 19 £L B A0 425, HE 10 52 B3 3l BEL BT 9



o1 4]

ZE/INHE A BTR35GB BLAR S e R 73

5 AR CNT PSR 2 I8 B8 e KT ik T 204k 45
(1))22 I8, A R T 42 T+ HESE ) i B 25 ik 5 IR B, 3%
TIERRIC AR TR BIR RHAR A L, A
JEZAb R R FZ T AR ) CNT [ M2 1
WL IIVET N 452 A% o BFTE N U PE B F
TSP SIE 56 S 10 B HBURK 2 T 5 1 PR R AR
UL TR TR R 4K, T B B Y
CNT 2R o 7552 bR 04 g #%  FH H , Bifi o 4
Iyt AR B TR 4 38 0, R T8 o B2 BBORR A2 Tt LA B
SR AP 25 R A 0 56 R R, %o H ) 24  RB R  f
LT X YNl

(b) JIS PRI

(a) Emitter coated with CNTs  (b) Detail of the emitter tip

(a) AERBRAPRAE I RS A

14 HATRRANKAE 200 & R 5 IR AR5 P
Fig. 14 A emitters array coated with CNTs, along with

close-up images of an emitter tipm]

MIT f#F5E N DT 3D K B8 2% J5 v (3D
erayscale photolithography ) , #5828 T 320 8 T ik &t
REHABESI I TH AR ik 15 iR, KA
LT AT LIRS 1 A S VR e 51 o8 A L —
Bt (HAZE, %T@Hi?ﬁ%‘ﬂﬂiﬁ@?’iﬁﬂﬂﬁ%ﬁﬂﬁ
BFRIR RS . 2R LG SF B Tk

B2 b AR DT Vs X’Elflﬁﬁﬁfﬁi%ﬁiﬂ ES
H%ﬁiﬁﬁﬂﬁ%ﬁifi I HLAHEFE 7 A [0 2R Ui
s R A 5 5t W RH AL , 532 ) HE 3 ) 41
B LTt ﬁﬁﬁyﬁiiﬁf:&ﬁﬁlﬂ W1, Siegel
WR T ERM b2 e Bak T2 188
M A S AN 18] 16 iz o JHG s a4 i 2 okt pf
(] 7 TR | M DK ORS00 TTORR, 7R R SRR

TSI T HA B 5 ] 4 S Pk B SC R E AL, 30
L 900 nm.IEﬂuE
// "E» MW
‘il.\::\\} 4

i G AR J R S e

HeHEE

(a) 3D JIEC 2 HAR 5T
(a) Principle of the 3D grayscale lithography

manufacturing technology

(b) ZIhJE Y Si 5t
(b) Properties of Si after etching

E15 3D REZ
Fig. 15 The 3D grayscale lithography

UE T AR . HIRAE SRS T K SRR S
L R T RS R ARE , B T AT LR
SRS B, W18 0 A A REJE K S AR 1) U
ST, S EE TR A AR

[38]

3:.181 2020-01-30 11:35 NL MD9.2 X500 200 pm

116 3D JREESZIBARAH S R R

Fig. 16  Emitter array formed by 3D grayscale

photolithography ™’

2.2.2 HHHEAK
MIT 1) Maximo X [ 51 2C A T & S A% 1) 184 44
B ARIEAT TSR SR A I R
ARHMOEE LB A, 7350 2B T 316L A 45 8 Fil
FunToDo T VIR & HHNE ( FunToDo industrial blend
vesin, FTD-IB) b1} 4 S 0% [ 40 il 1 o & S 44
F N R K T8 E AL BE N K £ (zine oxide
nanowire, ZnONW ) 4= K 7¢ H 2R THE L ZUIRZR N
7 A A WAOK e R 2 FLad s B R 2, O HEE
Fiz Y A ia gl aE i i 3 ) A AR G &l 17
FIi7 316 L AR AR 45 488 JiE B 24 T B A 0
SRR AR R T 1Y GORZE D o & S5 1 [ 97 R Y
EMI-BF, 523 1 42+ &5t
32 3D FTERHA N T 30 DL R AH N 15 48 4 i
124, AN B S AN L 58 U W AT AL e
o, ZEERER R A BT TR Bk, 1 Ah,3D 4T
B JC I 5 B T ) o b I 1, S BUR SRR



74 e PN

F 41 %

(a) 3D §TEI 316L
AR PR

(a) 3D-printed emitters

(b) 3D $TEJ FTD-IB
2L
(b) 3D-printed emitters

made of stainless steel 316L made of FTD-IB

500 um

[r—

500 pm

(¢) RHHAFES] SEM BiR (d) KEHARES] SEM BE A
(316 L) (FTD-IB)
(¢) SEM image of emitter (d) SEM image of emitter
array (316L) array (FTD-IB)

(e) RHFRING B ZnONW  (f) KA K ZnONW
URJZ SEM & fr (316L) )2 SEM it (FTD-IB)
(e) SEM image of an emitter (f) SEM image of an emitter

tip and the coated ZnONW tip and the coated ZnONW
forest (316L) forest (FTD-IB)

17 Wb ) SR e A S

Fig. 17 Additively manufactured externally-fed emitters
g RUSH A A, DAL IH #E g i 1B R A o A R
L5 BT, AP ER R 1 B A AR [ 5 1
SRR G I HLid i 2RSS A BT v AR
AT LR AT 2 T R A B 4 2 5 i a8 i
JZ IS SUEHER] B B s 45, ) bl AT R 6
ANAE R RS P 15 ZE [ L, H A JE Z A TE T
e, SRE RS R A S RGBT

[40]

B, 1 HLAZ K SR B LRI SR N 3% T G
S AT e — A Lk, 5 B A R R
PR, THZ I R S A% 90 v I 25 % A S S BR
e #5301 ek o 41 2 700 DA 24 550 08 o) ¢
SRR ST P25 T HER
2.3 ZIMBBRERGFIREERAR

22 AR 2 S U A R LA A B 1Y
BAMHGEIE , EUS 50 B 408 1 & ST AE B IR
BV T2 5 4 2 7 5L 5 [R) IS AH X T S 95 1 7 2% 5
A, FLRT DABR A R i 1k 45 O 1 AR AT A R R 5
PR, S T i S o BT PR 5% 0 % A,
ILET {8 BFFE 5 0] o SR, & AR IR W 5%
Ml 122 ALk JRy 08 L 37 4 A RS8R B2, 0 177 52 ) % 45 S 4
HLUE AN ZE B A S B R, Z AR &
PRZESR ELAT 3 W RS BE , [R]Bs R AR E & 5 2
51, & R SHAE R R —5E, B hTE
FUMH RIS F R TR | S 1 5 0 % % B
AR W A R, MIT %8 % ST T &
GEMEFIE , 25 2k AR i 1 T T T 2 T
APERTFSE o
2.3.1 %3Le B A SR ER K

(1) s A2 %0

2007 4, Legge 25 5% JH s Ak 24 %) ok 5 £ 18
ZALE R (FLAEH 0.5 ~2 um, fLEEHN 0.30) |
SEHL T —4E R SR BES I T, & AR bl
210 ~30 wm, KA EMI-BF, {F e S2 8t 1
B BB I 4 25 1 & 5, R 5 L IR R s 3
et pA, R SHA 1 ~ 1.5 pA™ (gl 18 iy
TN o AHZEI G 0 & S A B A 9% B B i T —
SRS SIPEME AR R, 45 & SR n 22 574
BERE . Legge 521X A BF 58 B RALHE T )5
ZEXT Z LA R A S AR i T R R R

— Y R R AR AR BEA T HE T A T, & B
i BRLTC [B] 9 S P R R A5 R R T & A 51 2%
FERHE— AR T, X — B 92 Al U A 57 % Ukt
PRRIE A T 530 R SRR 91 5% B 1 — 2 [ 9 5K

(a) REHAMIEE 958 wm, % &4 1 tips/mm
(a) Emitter spacing of 958 wm and density of 1 tips/mm

(b) KGHAEIEE 730 wm, %5 Ay 1. 33 tips/mm
(b) Emitter spacing of 730 um and density of 1.33 tips/mm



o1 4]

ZE/INHE A BTR35GB BLAR S e R 75

MAANNAAAANALAANAAANANANANNNAAAANAANNANANAN

(¢) RSHARIFE 500 wm, B HE 2 tips/mm
(¢) Emitter spacing of 500 pm and density of 2 tips/mm

P18 FAT AR R AR5 8 1) — 2 A S )
Fig. 18 Linear emitter arrays with different linear

packing densities!*”’

R I 0 Courtney S X Legge 11 fb2% Z
hOT AT Tk R T R R, e L
0.5 pum (2L SEBL T - 4E R SRR
T HE SRR b2 29 15, (&5 B 150 ~
200 pm, 215 1 & G A R SRR ST
TAERCA nA 2] 1 pA [H], AL 20 0h 2 FLA I,
ST FE A B P P A TR 5 RS A7 AE AR 25 Pk T
A, BT R E o HER T PR R A TR,
PRt 22 FLAES i Sl v 45 2 S AR P Jom oK R — 3%
AR

AR 5, 55 R M P i R 25 1Y) e A B BT
TGRS BE Y RIS T 220 Sy it — 20 4 s A AR
14 FL AL 27 Z0 Bl I ToKG BBE , Courtney B 22 £L 85 44 )
3 T A R R TR 0 ki) 22 fLAR Y
FEALAES pm ) Z L8R b SCBLT 480 AS[H] R
450 pm 1) " AERSHARES N T (WK 19) . &
SPUAC R BE S 150 ~ 170 m, 2 3t 142 9 o 2 42 2K
5 ~20 pm,

RGN IE, 080N Tk 3 SR, &
SHAIN T PRy 10 wm HE4%, B2 R4 A —3
PEFNZS B350, IF B THE 2 2.

FE— e o
200 um _%30um

I P _ R#J15 um

(a) il e

(a) Manufacturing process

(b) BSHARES] SEM [ J1:
(b) SEM image of emitter array

(¢) REHARRES
JRHE SEM B J
(¢) SEM image of

local emitter array

iy
X800 100 um

(d) KA SEM it
(d) SEM image of an emitter

Bl 19 T Fi Ay 20k i e 1 R ) 2 S
Fig. 19  Emitter array formed by electrochemical

etching process!®’

(2) Bk AE /N T

AR K BN T 22 fL 4
TS SR TT R T SRR il o
SR FH L KA VIR 7 004 TR 90 3 S Ay 784
RN T 5 B K AR 2R U0 2o B 7= 2 i s k) B
S5 FE R AR T A LA, P I T R A AL
Dy TG AR B, 5 H b 2 o TR
LAk A A B R AE N T — B Fn ]
P,

2.3.2 R RAFEEAATRA EH AR

ZAL 4 JE AR B b A2 20 i s A2 o
SRR RE R & SR FE S G AR 3 SOR 2
B — il 2y, L 9E 3 T b 1 2 18 At 25 7Y
(OB P

Coffman 538 52 4347 22 FL A B} & S A v B 7
BRI BT AN R SR, & B B AR T S|
RN mV K, R & S b 1 5
PEFEA BT o X — AU S B 12X
I T EAES ) Z AL RHR AL T B4R, (15
AL R TR T 41 e B P B B A5 R T e b R
BN

(1) st T

W) 5 s B B M ) AR 5 R A 7 T X
I T PO ELAT Ik vp B ARk v i 8 2
(AR A, 55 R B AR A Bsf ) R S8 /N 4 sk
AR B B . AR AR BT, 1R Ot R R
JEE Rk AT 3 5 S e BB A S IR TE A I 11 Y3 I
T AR 5 38 3 R A A TR B R e [
ET LSRRI, fEE S S5 7k
Z b RS BE AT 24 1% 3D TRZE R .

Coffman S5 X H3 K 8 25 1) 22 LI Ak 1R 56 3%
BOLAE T ~2 um) , RAKBEOGAEIL FS T
480 A AR —4E 43N T, W g 20 Bt
RSHRIEIEE A 0. 45 mm, 5K 150 ~250 wm, 2R
Ui il R 242 2 30 wm, SR A EMI-BF, 3 1) 8 25
TR 150 pA 125 12.5 uN,



"6 e PN

F 41 %

(a) WEERRELBEIEZ AL
PR A A 5]

(a) Emitter array made of (b) Close up magnification

(b) BAZ AR
LS ON

borosilicate glass of a single emitter

porous material

B 20 GRBBOGHI L TIAERRER B8 A S AR
Fig.20 Borosilicate emitter array manufactured by

nanosecond laser ablation'*’

RSBl N o ] T B S L PO R= s g )
AN T I RN A X R R8T LA R )
SR AUAE TN 2 AR TR F) - 35 )
AERS W8/ 21 20 m , BT Al A T RICHE O
2 174 A/ em® 1R IR FUR SRR RE 51, A 21
JI7R o EAT N T AR I T e S 4 —
AN I, 5% 1 6 AAHIF A SR . Hix stk
SIS BB LM S5 4 T A R, 7 3.0 KV 9 A rE
FER BN S SRR ™ AR B HE 1 24070 90 wN

B 21 Gt 4 THE i SEM g
Fig.21 SEM images of top morphology of microcone
A TR 27 1) Chen 25 5% FCRPEOLG, £
X B R AR bR 4 =X 2 AL ik R 46 3 5% ( Duran
Por 5, fL4%2 1 ~ 1.6 pm) , JTf& 1 #2JE F1 DU 4% ¢
TR SHAI T T A5 . I 4R 0 ke Il 2%
HEIR AE R IR I i A7 7E MR, A& 22 FTR
INER B RGPy Linle 5541 H CRM
JEIN 58, 76 Por 5 P 3 SR B T SR A S 14
I AR A R B G I R R T L
ERIN TR
WOtBe it 78 77 A i AR DU P 23 o3 S
R MOWIE SR , 5 AR BRI & 59 0, 15 i
WA 5 [RI I, 25 5 i CHE R 70 ) Jm 3 SR AR, 7 4k
SR A B 1), AT BRI 2SS ), R TR R
FETE R SRR TH A% 8 LR SR DR, R

[49]

162485 § _FE/um

~ 162.485
129.988
97.491
64.994
' 32.497
‘0

il
81242 4o

323
BEES/pum

(a) BUELHY
(a) Wedge-shaped structure

140025 T/ um
- ~

= | 7007 % T™140.02
o = .L

877

(b) PutRHER 45

(b) Pyramid structure

K22 RENEOGHEE A BE RO HETE
SR =4
Fig.22 3D morphology of wedge-shaped and pyramid

emitters fabricated by femtosecond laser™”

P A VR RIR IR 7 TR M OIS B R S T IR
AbBR ., Kristinsson S X LG 1 WAl 75 12 B9V FI 2K
SRR R U R A A AR IS B A AR TR 1 B T
FRCANIEL 23 BrzR ) , MER R 7R T L BR AR DL
TR S Ry A 80, AEL IR 158 A R o [ T8 A8 R P8 55 %
KRR SRA HESE

b

AR EE
[ ‘ [

L \\- | | 3 B ‘
X150 500 um X150 500 pm

(a) HFSTFUER]T (b) HATEEE
(a) Before ultrasonic cleaning (b) After ultrasonic cleaning
123 e AR 7 3 D e 1

Fig.23  Comparison of before and after ultrasonic cleaning™
(2) B T

FEPEOEI X S S A B 2ok, BT

BUBOI 207 3 XoF B 4 BEOR AR L 3 & A 5 3R 1,

Courtney 253 TR HI BT 1 S S B i e

JrEEE T M T A 24 BiR . b T HRR

T BEANIN TGRS AR A B 3 1o

st A YIEI ] R 7R Por 5 8¢H BT —

]



o1 4]

ZE/INHE A BTR35GB BLAR S e R 77

HEREZ) SR SO T, ik 7 A& SEHLAR DT I 5 i
Ty é

& =2

<I>2 mm

(a) INLI5 AR

(a) Define a square profile

- P .

(c) Tek% 30°,3f:
AT 9 WHIE
(¢) Rotate by 30°, and

make 9 cuts

(b) il
(b) Define slight chamfer

(d) W= -30°,
VI EMm A
(d) Rotate to —30°, and

cut offset strips

(e) BERZARIEL (f) 2
(e) Remove unnecessary (f) The final product

material

24 ZALBIE &SP TR

Fig.24  Porous wedge-shaped emitters

: s o [53]
mechanical processing

Bt i, o ] P 2 R 2 | 3 [ s ZE S g & A
T Por 5 ZALBEEE T T HETE [ 51 =% SR AL
BT 7 nlE 25 Frw . SR, ] A
RS2, MELASE B MIT S0 TAH 24 19 & 55
RIS R . [ N 7 T, A6 B TR 2F T R T 4
TR 3 K SR U R 3 DR 5 AL Tlk k2
W e AR A BA i 28 22 £ L 48k 45 P e 4 BHRT Por 5 %2
LIS INTT R T BLIE A SRS i AR R A 4 g
FRAE RIS

y

A
Ve
W,

N WO e N
VOSSO )
VAW

WONION :

Bl 25 e I A i i O T ) o A
Fig.25 Cone-shaped emitters array machined by

University of Southampton"**

HI TR B4 T Z LA R B B R, BURE
()45 4 5 JEE ARG, 28 B o1 A R A B 2 1 Py 2L 41
SERRRIE , AR O I T AL YD i T
A B S AR O i o 4 R ) R TR 9 S Bk

RHRGE #a) Je DR i TE 30— B0 22, 52 i H R
PERE .

MHEZEVERE () A1 B2 T 5, By AR ka4l X 2 AL
BB T ALBR 2 A AN 3, 4 A R SR & 5T e
TR KM 2 F o Guerra-Garcia 55 X i
PRI TR AR B 45 7 2o FL B 38 % S A T 8
TRV S I AT RIS Kk SR Y
KA Aah e RAAfEZ R, IFH R A AR
S AT R . Chen 55 5 Courtney 55 7E HLAK V)
HIL B SR BLTE 2 S A bt L 2] 1) 3l e R 22
SHE THRBEENIEYS L,
)54 T 88 TAE R, J5 3 R AR A &
SR ST IR AR R T ME, A AT REE &
ARG 0 B 3 7 AR R Ok A, 51 R A
PRAECR 2 DO 1 g mE 55, oF i 5l & A A
[l g

R, AT TR RUE ST RE M R S Tk
RIRLE W ZA LA BHAS R A SR EEAR LA
2.3.3 #A MR E

FEFZ LB R LA RIFLBR A 4 5 PE
PETFZ LA R K S48 T A 350 v, TRLBLE 9
PN —BHRR T B & SHARIE AR A R, 36
T T-EBEHZ ( carbon xerogel) A ZFLBE S

MIT B9 N BIRE T ik T-EENE 2 LA R
SR AR O SEE T EROR BB Ok LR
G AT JE A — R B L 2 FL AR, FE 3G E 2
A RIFHFOE AT T4, anl& 26 7R o

%
500 um
A
:

126 JE TRk I il s g e 2 A

Fig.26 Emitter array based on carbon xerogel *

S5 Bk S EE BE ( carbon aerogel ) | 7 FH 3% B
Varapol00 3 A< be 45 i B feE 12 £ 3% 35 L9 il A
PUFh 2 FL A H}, Kristinsson T4 A5 1 #0621k
il OB RE B AR R AR OB TR AR SF 1S
MEOCHIN T LS8 Rk pb i e LR R+



" 78 e PN 4T 4

FESHON R SN TR S S s AT
PR HE, A BRI T BB SRR, e BRI T
e R RS AR 2 TG A L 00 ) T . ) S A 2R R O
k7

I A 5 6] 7 ) 6 K 5 AR R R R
BIFRE T ZAURP BRI & 2R SRR oG

THIFE T o RO AZ AL R4 T2, 558 (b) B HARED ) (¢) H LI
T LA R Al ) — PR 2 2 AL R R B SEM [#l 4 SEM $5 [E{%
Wb R BB AOE S T (L F +5 (b) SEM image of () Closeup SEM
5 BE 09 TRAR TR R S0 T (g 27 Fios) . &l the emitter array image of an emitter
YE RSP BE 200 pum, [RJE O. 45 mmo, 153 ] 127 SEF RO L AL RERR LB i 1
[ Por S BLREAH L, B A RHEIL 1 R4 89 ] i T PR S

ik Fig.27 Emitter array made of phase-separation

porous borosilicate glass'®!

Vi

3 4
b E
ORI IRE NS N N
e BRI SRR L 1, 4h
F-theta %55

oK, BRI RA Y LA Sl bR X ) 20 2 ) 3
Ao [, FITEHA ARG BRI R 1 =35
SEEI RO S A AR AAE s asEEVERE . AR

e X BAVERAINE S R A, 2 LA

LR SR H 5 5 TS I AR DAY A ) R SRR Y
(a) FROHOBH K 7 ik Bsh e AN R H R S LB BT,
(a) Manufacturing method by picosecond laser F it ILET T AL 5T 2 B 22 Z LR 4 Sl

x1 BHEGRFEBRARXTLE

Tab.1 Comparison of various emitter manufacturing technologies

SEBLR A5t

A . SRR 1 e
I TR " BIRRERE R R AE TS T RERE AR, SRR
0 IS o] W 3155 R Tk 1 2 AL
‘ SR 5038 AR5k O 200 e
N ; ~ [30-31] é mﬂ N ; P 4
HABA BAE AR By FEE T T AR

Tl AR BEAG, T At b 2
TG R i )

AR S LR R ZALER BRI CREGE AP BRI, I T E AR

B SMERERIEA NG R il i R

HEBEAN R AT AE— LR

o s B e [46] gl Yo NS T=N
R KA T 3 ZAL R Zlae)E 38 AR IR A T 15 4 5 i b

B ZAMBE ZAUBRES RS SIS RAE AR REREAN R AT AE — Bk )

Z ALY T R i 11 B3R L A R S A

2y Sz [48,52,66 -67] .Aij:lg
HpOE FAMIE o e @ mambts KI5




o1 4]

ZR/INHE A < T IR R 5 4 D e A S AR A AR R B e R =79

JeIt. HE, BPREOE N T2 UF SCRE M K15 1T
SEAIOR N RS B F T 248, 7 2 AL B IS S5 E 4 )
KSR I T R T B R R
W, A B 22 FL A AL R DR S0 ) 36 15 AR AT A7 AEAH
IO P14 [ 50 R 15 A

1) 407 #8407 %% B 52 IR T R SR 1Y) B 9]
B IR RRIETZS 8], H AT C s 20 ) % B
AR B R ) g A E N — B R RAETE
PRI b AT DA 3 £ g & SR AR R 1) 285 7 M
ey % HE AHH RS BR A & S B 50 8 B i TR A
N 480 A~/em? 3k EELE BT B B Z LA R
TR SHAR U A 7 b B LAR S5 S 500 B T 32 L
RTINS P9 52 M 1L )0 A 806 05 BT, RO 75 3 DR X
W P LA R R AR RN "B B A B LA 40 A AR 3
S5 B AR FRAR R S 1 A R A AR, BOfl G
AR 37 285 B TG 3k 3 sl i PO E R AR e
AR o

2) Z LA R & G AR RS R I o T
HE— 254 R, DUORAIE & S A & S5 F dat A 2 A9 1k
HAGHE T BA 1k 5 R 5 216k, & 5K
2 Vi fi R [0 R INE A 2, R SRS T 0O . — 3K
PESE M T — R o ILAME A TE OB B i
T AR AR SR W T R SR SR T DR N
14 [m) 181

R 22 AL RE B Y A i 1 25 4 ) 4 K S s
D5 RS 1 AR, 45 G A & L BAE SR AR
B2 AR LATF T 6 Z2 LAt & S AR il
BRI HIRA TS :

1) 3LF Z LA RHLIE S 800 & Sk 3
Wo RGBT B H% i H 5 2L i il B
BB BL , Z LA R R SR T 1) S K
SEHEDEFNBELS (TR R U Sh BB, R i 2L A4k
(1) %2 W5 375 22 50N R SR T AT 25 A S50 3
BB, B0 ORI T3 — 1l FHE DL L Bl Al ey 7 &
SR SRR S AR AR 1 L A 25
FLIEZHON T 8 5 R B 2 IR S T L 3 0 A
B B2, JERE BT RS R E R O &R
X— RTE A B &SRB IF R 45 7 00 %
o AN, RS T ) LI 5 e O I T
TR FNAA A 25 o e 55 o 3 T 20 2B, T R )
R SR 3 R B . R, I — 2B 58 3% 2 LA
RHRLL SR EE , W i 2 LA RS 800 & G
FEPEAHEEPE RE B ma AL, A 01k 2 FL A RLAL
SRR s PR T

2) B Z AL B 25 Z LM ORL S5 Al 5
SRR E R PUEOE I R B OB R R, LA

A B S FLAR RS D2 Wi 85 5 A 1) i a0 5
TR P, S TH 2 FLATRE I A SR AR I oK B
(AT R AR 2 — R R ALAR ROl ] 1 v i 2
ZALBBHI & T2, A B X R B A — 1k
PR ZE R ) Z2 LA

3) S HAREOE S Z LA RHE LR, A
BT SRR, 22 FLA R FLAE 0 A JSE Y IR 2%
LEAAR D e 55 , 7RO VR TR B 5 A A e
P, 7 T R PO AR T 2 SLA R AL B BT
T8, I BOCS R T ES B MRS BSR4t
A TEAE L PR R T ) N R 2 30 il T3 A b X
=i e s A B L PR T2

4) BEAh, — Al R 45 45 22 FL AR 25 5
RBEEE R Z AR, 45 LA SAL A, Rt
AR ZAHBAL TS AR IR 22 5, IR R 2 AL
FARHR -5 O ARl & 9 s SR, AR A
PRI 22 A AL T PR 8 SRR EA 7 A S A T
JEEY PR (8 AR AT RIE A AL, L
THBRAOEIN T R 2 S AR T AL IE 4544 ) AN A

AU
S 2 3Rk ( References)

(1] HSZA, EiEeE, EMR. M TERM/NYRERE RS

REFHEELI]. Bz, 2023, 60(5) : 29 -36.
TIAN L C, WANG R F, WANG S M. Prospect of the micro-
electric  propulsion system  application for  the
nano-satellite[ J]. Vacuum, 2023, 60 (5): 29 - 36. (in
Chinese)

(2] 4B, 2021 4F @ ERAUR K G Hr [T EBRK =S,
2022(2) . 10 - 14.

FU Y. Statistical analysis of global space launch in 2021[ J].
Space International, 2022(2) : 10 —14. (in Chinese)

[3] O'REILLY D, HERDRICH G, KAVANAGH D F. Electric
propulsion methods for small satellites: a review [ J].
Aerospace, 2021, 8(1): 22.

(4] HUWLSE, ¥ ds, tRMhig, . BUhREHEES ARV
KGRI hEK, 2023(11) : 66 -73.

HANG G R, XU J X, XU W F, et al. Research status and
prospect of micro-power electric propulsion technology [ J].
Aerospace China, 2023(11) : 66 —73. (in Chinese)

[5] KREJCI D, LOZANO P. Space propulsion technology for
small spacecraft [ J ]. Proceedings of the IEEE, 2018,
106(3) : 362 —378.

[6] LEVCHENKO I, BAZAKA K, DING Y J, et al. Space
micropropulsion systems for cubesats and small satellites; from
proximate targets to furthermost frontiers[ J]. Applied Physics
Reviews, 2018, 5(1): 011104.

[7] DALE E, JORNS B, GALLIMORE A. Future directions for
electric propulsion research [ J]. Aerospace, 2020, 7(9) .
120.



- 80 -

(FE TR SR S AN S

547 &

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

MILLER S, WALKER M L R, AGOLLI J, et al. Survey and
performance  evaluation  of  small-satellite  propulsion
technologies[ J]. Journal of Spacecraft and Rockets, 2021,
58(1).222-231.

BOWLSE, 2k, SR8, 55, EAMEBHEE R KR 5
W], RSB, 2022, 5(4): 1 -11.

HANG G R, LI L, GUO M L, et al. Development and trends
of foreign electrospray propulsion technology [ J ]. Flight
Control & Detection, 2022, 5(4): 1 —11. (in Chinese)
WMaR, BN, BRE, & SRR
WIFEHE R B SR EEOR [T]. F L E 4, 2021, 42(12) .
1579 - 1589.

YANG YT, LI X K, GUO D W, et al. Review of research
and key technologies on ionic liquid electrospray thruster[ J].
Journal of Astronautics, 2021, 42 (12): 1579 - 1589. (in
Chinese)

e, 3T, &ff, & BT HRTISE A R R
T 5 UL A [T]. KEF Ak, 2024, 50 (2):
77 -87.

XUE J Q, GUO N, MENG W, et al. Mathematical model and
sensitivity analysis of beam current for ion electrospray
thruster[ J]. Journal of Rocket Propulsion, 2024, 50 (2):
77 - 87. (in Chinese)

TAYLOR G L
field[ J]. Proceedings of the Royal Society of London Series
A: Mathematical and Physical Sciences, 1964, 280(1382) .
383 -397.

DELAMORA J F, LOSCERTALES I G. The current emitted

Disintegration of water drops in an electric

by highly conducting Taylor cones [ J]. Journal of Fluid
Mechanics, 1994, 260. 155 —184.

GAMERO-CASTANO M, FERNANDEZ DE LA MORA J.
Direct measurement of ion evaporation kinetics from electrified
liquid surfaces [ J]. Journal of Chemical Physics, 2000,
113(2): 815 -832.

ROMERO-SANZ I, BOCANEGRA R, FERNANDEZ DE LA
MORA J, et al. Source of heavy molecular ions based on
Taylor cones of ionic liquids operating in the pure ion
evaporation regime [ J]. Journal of Applied Physics, 2003,
94(5) : 3599 -3605.
GRUSTAN-GUTIERREZ FE, GAMERO-CASTANO M.
Microfabricated electrospray thruster array with high hydraulic
resistance channels [ J]. Journal of Propulsion and Power,
2017, 33(4) : 984 -991.

LOZANO P C. Studies on the ion-droplet mixed regime in
colloid thrusters[ D]. Cambridge: Massachusetts Institute of
Technology, 2003.

PAINE M D, GABRIEL S, SCHABMUELLER C G J, et al.
Realisation of very high voltage electrode-nozzle systems for
MEMS [ J]. Sensors and Actuators A: Physical, 2004,
114(1) . 112 -117.

KRPOUN R, SMITH K L, STARK J P W, et al. Tailoring
the hydraulic impedance of out-of-plane micromachined
electrospray sources with integrated electrodes [ J]. Applied
Physics Letters, 2009, 94(16) : 163502.

KRPOUN R, SHEA H R.

Integrated  out-of-plane

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

(32]

nanoelectrospray thruster arrays for spacecraft propulsion[ J].
Journal of Micromechanics and Microengineering, 2009,
19(4) . 045019.
ATAMAN C, DANDAVINO S, SHEA H. Wafer-level
integrated electrospray emitters for a pumpless microthruster
in  high ion-mode [ C ]//
Proceedings of the IEEE 25th International Conference on
Micro Electro Mechanical Systems (MEMS), 2012, 1293 -
1296.

DANDAVINO S, ATAMAN C, CHAKRABORTY S, et al.

system operating efficiency

Progress towards a miniaturized electrospray thruster for
flexible propulsion of small spacecraft [ C ]//Proceedings of
the 48th AIAA/ASME/SAE/ASEE
Conference & Exhibit, 2012.

DANDAVINO S, ATAMAN C, RYAN C N, et al

Joint  Propulsion

Microfabricated electrospray emitter arrays with integrated
extractor and accelerator electrodes for the propulsion of small
LJ 1
Microengineering, 2014, 24(7) . 075011.

RYAN C, STARK J P W, ATAMAN C, et al. MicroThrust

spacecraft Journal  of  Micromechanics  and

MEMS electrospray emitters integrated microfabrication and
test results [ C ]//Proceedings of AAAF-ESA-CNES Space
Propulsion, 2012.

DANDAVINO S, ATAMAN C, CHAKRABORTY S, et al.
Design and fabrication of the thruster heads for the
MicroThrust MEMS electrospray propulsion system [ C ]//
Proceedings of the 33rd International Electric Propulsion
Conference, 2013.

RYAN C, DAYKIN-ILIOPOULOS A, STARK J, et al
Experimental progress towards the MicroThrust MEMS
electrospray electric propulsion system [ C]//Proceedings of
the 33rd International Electric Propulsion Conference, 2013.
INOUE N, NAGAO M, MURAKAMI K, et al. Fabrication of
a high-density emitter array for electrospray thrusters using
field emitter array process[ J]. Japanese Journal of Applied
Physics, 2019, 58 (SE) : SEEG04.

SUZUKI K, NAGAO M, LIU Y X, et al. Fabrication of
nano-capillary emitter arrays for ionic liquid electrospray
thrusters [ J ]. Japanese Journal of Applied Physics, 2021
(8C), 60: SCCFO7.

HENNING T, HUHN K, BECKER F, et al. Electrospray
from arrays of miniaturised all-photopolymer emitters [ C ]//
Proceedings of the 35th International Electric Propulsion
Conference, 2017.
HENNING T, HUHN K, ISBERNER L W, et al
Miniaturized electrospray thrusters[ J]. IEEE Transactions on
Plasma Science, 2018, 46(2) : 214 -218.

KUNZE F L, HENNING T, KLAR P J. Taking internally
sub-ten-

AIP

wetted capillary electrospray —emitters to the
micrometer scale with 3D microlithography [ J ].
Advances, 2021, 11(10); 105315.

XUE S W, DUAN L, KANG Q. Fabrication of externally
wetted emitter for ionic liquid electrospray thruster by low-
speed wire cutting combined with electrochemical etching[ J].

AIP Advances, 2021, 11(11) . 115023.



o1 4]

ZR/INHE A < T IR R 5 4 D e A S AR A AR R B e R - 81-

[33]

[34]

[37]

[38]

[42]

[43]

[45]

GASSEND B, VELASQUEZ-GARCIA L F, AKINWANDE A
I, et al. A microfabricated planar electrospray array ionic
liquid ion source with integrated extractor [ J]. Journal of
Microelectromechanical Systems, 2009, 18(3) : 679 —694.
GASSEND B, VELASQUEZ-GARCIA L, LOZANO P, et al.
A microfabricated electrospray thruster using ridge emitters
and ceramic-ball extractor location [ C]//Proceedings of the
42nd ATAA/ASME/SAE/ASEE Joint Propulsion Conference &
Exhibit, 2006.

VELASQUEZ-GARCIA L F, AKINWANDE A I,
MARTINEZ-SANCHEZ M. A planar array of micro-fabricated
electrospray emitters for thruster applications[ J]. Journal of
Microelectromechanical Systems, 2006, 15 (5). 1272 -
1280.

TACHIBANA F, TSUCHIYA T, TAKAO Y. Uniformneedle-
emitter arrays for ionic liquid electrospray thrusters with
precise thrust control [ J]. Japanese Journal of Applied
Physics, 2021, 60(SC) : SCCLO6.

HILL F A, HEUBEL E V, DE LEON P P, et al. High-
throughput ionic liquid 1ion sources using arrays of
microfabricated electrospray emitters with integrated extractor
grid and carbon nanotube flow control structures[ J]. Journal
of Microelectromechanical Systems, 2014, 23 (5). 1237 -
1248.

SMITH M A, BERRY S, PARAMESWARAN L

, et al

Design, simulation, and fabrication of three-dimensional
microsystem components using grayscale photolithography[ J].
Journal of Micro/Nanolithography, MEMS, and MOEMS,
2019, 18(4) : 043507.

SIEGEL N W. Silicon wafer integration of ion electrospray
thrusters [ D ]. Cambridge: Massachusetts Institute of
Technology, Department of Aeronautics and Astronautics,
2020.

MAXIMO D V M, VELASQUEZ-GARCIA L F. Additively
manufactured  electrohydrodynamic

ionic  liquid pure-ion

sources for nanosatellite propulsion [ J ]. Additive
Manufacturing, 2020, 36 101719.

LEGGE R S, Jr, LOZANO P, MARTINEZ-SANCHEZ M.
Fabrication and characterization of porous metal emitters for
electrospray thrusters [ C ]//Proceedings of the 30th
International Electric Propulsion Conference, 2007.

LEGGE R S, LOZANO P C. Electrospray propulsion based
on emitters microfabricated in porous metals[ J]. Journal of
Propulsion and Power, 2011, 27(2) . 485 —495.
COURTNEY D G, LOZANO P. Characterization of conical
ionic liquid ion sources for 2-D electrospray thruster arrays on
porous substrates [ J ]. Transactions of the Japan Society for
Aeronautical and Space Sciences, Aerospace Technology
Japan, 2010, 8(ists27): Pb_73 - Pb_78.

COURTNEY D G, LI H Q, MAQUEO P D G, et al. On the
validation of porous nickel as substrate material for
electrospray ion propulsion [ C ]//Proceedings of the 46th
ATAA/ASME/SAE/ASEE Joint Propulsion Conference &
Exhibit, 2010.

COURTNEY D G, LI H Q, LOZANO P C. Electrochemical

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

micromachining on porous nickel for arrays of electrospray ion
emitters [ J ].
2013, 22(2): 471 -482.

LIU X Y, KANG X M, DENG H W, et al. Energy properties

Journal of Microelectromechanical Systems,

and spatial plume profile of ionic liquid ion sources based on
an array of porous metal strips [ J]. Plasma Science and
Technology, 2021, 23(12) . 125502.

LIU X Y, HE W G, KANG X M, et al. Fabrication of porous
emitters for ionic liquid ion source by wire electrical discharge
machining combined with electrochemical etching[ J]. Review
of Scientific Instruments, 2019, 90(12) ; 123304.
COFFMAN C, PERNA L, LI H Q,

manufacturing and emission characteristics

et al. On the
of dielectric
electrospray sources [ C ]//Proceedings of the 49th AIAA/
ASME/SAE/ASEE Joint Propulsion Conference, 2013.
iy, ZEGE, FINTE, 55 LB ROHE GRS
SEMT T (Reah) [T]. P EBEOE, 2024, 51(4):
342 -351.

LUZJ, LUO G H, WANG D S, et al. Study on ultrafast
laser processing technology of porous glass microcone array
(invited) [ J]. Chinese Journal of Lasers, 2024, 51 (4):
342 -351. (iin Chinese)

CHEN Y, NIU B. Femtosecond laser fabrication of porous
ceramics for electrospray thruster emitter[ C]//Proceedings of
the International Conference on Laser, Optics and
Optoelectronic Technology ( LOPET 2021), 2021.

LITTLE B, JUGROOT M. Bimodal propulsion system for
small fabrication, and performance

spacecraft: design,

characterization [ J ]. Journal of Spacecraft and Rockets,
2020, 57(4): 707 -719.

KRISTINSSON B 0. On the design of electrospray emitters
[ D]

Technology,

and their microfluidic  behavior Cambridge :

Massachusetts Institute  of Department  of
Aeronautics and Astronautics, 2019.

COURTNEY D G, DANDAVINO S, SHEA H. Comparing
direct and indirect thrust measurements from passively fed
ionic electrospray thrusters [ J]. Journal of Propulsion and
Power, 2016, 32(2) : 392 -407.

COURTNEY D G, SHEA H. Influences of porous reservoir
Laplace pressure on emissions from passively fed ionic liquid
electrospray sources [ J]. Applied Physics Letters, 2015,
107(10) ; 103504.

MA C Y, BULL T, RYAN C N. Plume composition
measurements of a  high-emission-density  electrospray
thruster[ J]. Journal of Propulsion and Power, 2021, 37(6) :
816 -831.

NATISIN M R, ZAMORA H L, MCGEHEE W A, et al.
Fabrication and characterization of a fully conventionally
high-performance  porous-media  electrospray
(11
Microengineering, 2020, 30(11) . 115021.

NATISIN M R, ZAMORA H L, HOLLEY Z A, et al

machined ,

thruster Journal  of  Micromechanics  and

mechanisms  in electrospray

2021,

Efficiency porous-media
thrusters[ J].

37(5) : 650 -659.

Journal of Propulsion and Power,



.82 .

(FE TR SR S AN S

547 &

[58]

[59]

[61]

[62]

GUOYT, LISP, WUZW, et al. Study on performance of
ionic liquid electrospray thruster in atmospheric and vacuum
environment [ C ]//Proceedings of the 36th International
Electric Propulsion Conference, 2019.

CHEN C, CHEN M L, ZHOU H H. Characterization of an
ionic liquid electrospray thruster with a porous ceramic
emitter[ J]. Plasma Science and Technology, 2020, 22(9) .
094009.

JIAH W, CHEN M L, LIU X H, et al. Experimental study
of a porous electrospray thruster with different number of
emitter-strips [ J . Plasma Science and Technology, 2021,
23(10) : 104003.

GUERRA-GARCIA C, KREJCI D, LOZANO P. Spatial
uniformity of the current emitted by an array of passively fed
electrospray porous emitters [ J ]. Journal of Physics D
Applied Physics, 2016, 49(11) : 115503.

CHEN C, CHEN M L, FAN W, et al. Effects of non-uniform
operation of emission sites on characteristics of a porous
electrospray thruster [ J ]. Acta Astronautica, 2021, 178
192 -202.

COURTNEY D G, WOOD Z, FEDKIW T. Reconstructing
electrospray plume current spatial distributions using computed

tomography [ C ]//Proceedings of the 36th International

[64]

[65]

[66]

[67]

[68]

[69]

Electric Propulsion Conference, 2019.

THUPPUL A, WRIGHT P L, COLLINS A L, et al. Lifetime
considerations for electrospray thrusters [ J ].
2020, 7(8): 108.

ROJAS-HERRERA J, LOZANO P C. Mitigation of anomalous

Aerospace,

expansion of carbon xerogels and controllability of mean-pore-
size by changes in mold geometry [ J]. Journal of Non-
Crystalline Solids, 2017, 458 . 22 -27.

ROJAS-HERRERA J, JIVANESCU I, FREEMAN D, et al.
ion-electrospray spacecraft

Porous materials for

microengines[ J|.  Journal  of  Nanomechanics  and
Micromechanics, 2017, 7(3) ; 04017006.

YANG Y T, GUO D W, LI X K, et al. Development and
characterization of a novel porous-media borosilicate glass ion
sources for electrospray thruster [ J ].
8(10); 297.

WRIGHT P L, WIRZ R E. Multiplexed electrospray emission
on a porous wedge[ J]. Physics of Fluids, 2021, 33(1):

012003.

Aerospace, 2021,

MARTINEZ C S P. Engineering ionic liquid ion sources for ion
beam applications[ D]. Cambridge: Massachusetts Institute of

Technology, Department of Aeronautics and Astronautics, 2016.



