#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 16 (2026) 160806

Ku $RER A1 R AN, = S0 7F 260
BRI

mENY AT KR HXED HATY
Er Y FmARY  KEADO

1) (PHZRCE R FPE, % 710049)
2) (FEAE Tl Rz 5 B2, Fi% 710129)

3) (hEE B ARG B, 25 A e (5 2 FE E RS0, P54 710100)
4) (IR = E 2R A oA R EL, B5E8 250101)
5) (BEPGA B FAa S et A USRI, PEE 710049)

6) (PHZTHMNEF S REENEAEIE, %L 710049)

(2026 4F 3 A 19 HH; 2026 4F 4 A 14 HEHEBH)

WA T — B 5L A TSR FE 00N = B BRE I K i B S T 26 454, T /B 3638 Fl 5 DC—18 GHz.
XoF I 5 v [ Bk 7R A R 2 VG B B Ak, SEER T B T OGAE 18 GHz N I DL B AL 5, Ak J5 JF 56 7 P9 4
FE/NT 0.23 dB, B KT 90 dB. B AALSE T T C N IS/ 0T, X AS TRl A 3) 23R JF G v R L 14K
WAL TR T R AU 5T, 45 SR R ST R A A B A EAL AR AR T O RO RO R B R 10874 W R R T
AR P B L, 4 ) 7 ) 2 i 5 A i i A S R AL BB 2 IR T2, MR EIL AR R I K L F PR A (SEY),
D3R Z5 S 2 W F AR 20 )5 09 S0 AR 3R 1E SEY W {H 43 51 Y 3.56 FEAR 2 1.71 F1 1.99, X 17 Ay sk I 5 Uik
L BB TR 45 SR 40 ol 12624 W 12374 W. &5 & B R T. 25 )5 , k48 SEY IR 2 1.13, S0 T MU
BB T & 13124 W, 3 FUR SR 32 T 2250 W R 7 58 A S0 0 550 L ol R A9 5 o, TR T S0 B A R 3 Tk
HHLE DL T B W T SRS SEY fhZe i 3. 145 R B oR, 45 100, 500 F1 2000 UKk s RS,
BRI SEY A9 AR GRS K S0 1 56 M OB I (E 32 T & 11624, 12374 F1 12624 W. £ 25 8 3¢ 1 # L R 0
T, 18 IF Hatch-Williams A FL A BU B8 ) a2 PE38 78 T A I3 38 1R for 375 #50 FEL 0 X6l P 1560 1L 1) 52 i R
AR TAE A 2R K A5 B0 ¥ G B0 S LAk i i e 7, B3 7 R A5 D A A TR0 8 A AR AR P T S P 4 T
T %, MR T RO T A TRSH M E.

KRB GG, O, U, Ku M
DOI: 10.7498/aps.75.20260394 CSTR: 32037.14.aps.75.20260394

PRGERY AT SEVE RO R 2 o, A B
1 2 3 7 S NG R o ST I NG SR 3 VA
T 5 B E BLER, BN BR A R F DR A

BEAE LRI K2 S A A5 R Gl e T A9 0 ) e 2 — 12 A (R A B R Y

R BE R /N T ) PRk e, i DA it g, U RIS R,

il

* IR SRR AR R A R H (kS 25ZDGE004) , R m SRR % B (LS x2y012025052) . EIK H &
Bl2EdE s (U 62401470, 62101425) F17S [B) il 8 5 E B RHE 8 050 = 4 (S Y24-SYSJJ-05) % RgIRAR.
t BIE1EE. E-mail: alexaustin@xjtu.edu.cn
© 2026 FEYIEF% Chinese Physical Society http://wulixb.iphy.ac.cn

160806-1


http://doi.org/10.7498/aps.75.20260394
https://cstr.cn/32037.14.aps.75.20260394
mailto:alexaustin@xjtu.edu.cn
mailto:alexaustin@xjtu.edu.cn
http://wulixb.iphy.ac.cn
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. 75, No. 16 (2026) 160806

MRS E T DRGSR S 2
A ZAYERE, W3 TP EE IR AR ) el 55 15
TR B ol FEZs [k R G, AdE N AE
T 2 TAR  BREUARIM TR | PR B ER SR T
TCIEFRAE, LAS A /MBI BRESAE B AL i 2 Fn s 3%
PeR5, 025 T & A WO i v S5 8T . MR
DBk st b SEIUE S U4 5 i el D RE (A A% 0 M
AT ERTT, Rl T O PR SR 4001 i o v B A v, Ly
S il M i e 1] AL A9 o aa o A
BB T 2 R 58 FRL 37 DX sk SR A L e T — R L
B (SEY) B, o 2 B B XU, 5e ]
Re o FEUE T B MR R, T AT BT A
ANFTE R IAAT, LU L R G E L
BT 4. A TE MR, 1695 Kol il &g
PERIBETE T, R F R S R Y
L R W DB A B OB R B L BN, 2024
4F He 45 10 WFST T il 20445 4 RN B4R 26 i 22 5%
T RA ISR E AW G SEY FUE0H 78 28 B
B WP B, BfE T KA 400 K, 54 R mmgk
2525 Bt A Z4 T, SEY (B 1.6 TF& 2.15,
FECEAT AR o BE RIS 3 dB; AH)R,
FREE T RAIMEE 400 KJm, R R KL OV IE
BHLRE ZFLE5#, SEY IE{E M 2.0 FE = 1.7, Hi%
T B (AR 3 dB. 2025 4F, B 0 &g T
SPAT T I8 S RS P 1 1652 % TR i JE TR EE 114 S
WF5E IR, Bt A P 132 1h O 34N 28 938 nm, H %
I SEY WE{H 1 2.18 FEZ 1.72, W17 E4% B4,
5 GHz-mm 45156 [ BB A8 1) 1 Al 235 Fa) i
B AR 2.7 kW, F5E I, BEARSF Uk
1l SEYY J& i 2 8] /55 T 2R A0 3 G ol ml
BT A BRI 1], %o T i e et i 158
TR B L.

H %5 4 20 SEY i 0K 3 8 40 3%
Js: — IR M R AN R, R R
()32 BT, 3G T E: P S A e A R DL T AR FE T fE
w12 RER MU AL SEY fePE T
W A5 B AR A R e B, RSk
WD R TR e A 0507 R T AN 2 A R
SEY # h RZGEMBESE, 71 2% 2008 4F Pivi 5 19
XTI REEIE R SF XS SEY S HU A SE B BP9 5
ST, HA A9y T &R T — M iarE AR i
LMY SEY AL, SLRIZE RGN 5K M0 40°H
=M AR R SEY W 1.75 R E Y

0.9. LAk, 75 4 8 2 1 Z0 iR i i LR 51 45 44 119
FUH A K GIOK B S 25 PO R R AR R 1T SEY /Y
BROT%. REIIHEREZHIE SEY MBS T
P2 A RIARNERY SEY Wy B AR, SBT3 WK 45
BRI R T 2. BRI BFFE 6140 2007
4, Suharyanto 55 PU 7E F AL AR AR PEE 2.5 nm
RALBHIE S SEY IE{HH 6.5 FEZ2 2 1.8. i 24
FEFH, MR 22 Ak 12520 R 12627 S gt
RIRERE AR R 1E SEY ROSEZ A RL, TEE N Ab A
TN A Y L s AR T TR Iz N 25285 i
HATE SEY MR LA . A ALEESERY & AR, W 7E
FL (5 1 44 25 B T (29900 123 () PR 5% i L B R B
P BL32) TR R 2. LA b AR R B 3 T AN 45
il i H AR MR M PE 2 T 2508 SEY FRAK, 7ERLDE
i OB AT SRR T Oy LA E N B 8T
2014 4F | Nistor 45 33 78 Ku S5 Bt 1 B BT A8 e 45
o7 I 325 220 b o) B R T A TR RS Ak I PR 4 B
T2, 115 SEY WE(E M 2.2 BEIRE 1.4, HUBCHE
B {E HZE A 700 W 15 2 6500 W LA |, 38Rk
12.68 dB L) I, 2018 4%, Li 45 B4 5 33 LA T
Xof 4 TR AR AV AR R TR B 2 LA, TR SN
T C W B R AR IR T T, A & SR AR R I 1Y
SEY I&{H M 2.0 F % 1.08, 2R KK SEY 15
BN 2.8 F% % 1.5, T BI{E DI # M 380 W 427
% 3400 W DA _I-. 2019 4F, Vague 5 BT 331 L Ml
BB SARI TN S A0 ik e AR B 2, A4
T S S 7 A T R R SRS DR A R F 1 53 3
112 W T 200 W, H A BT 55 55 B 52 55 45 SR
WA RAT. 2023 4F, b ERSE B ot 2 A ik
FRAY T 1Tl 4 AP LIRS 25, (AR R 1
1) SEY W& M 2.46 FEARE 1.0; #F— 25 76 3 1 Ik
SHITR R AL BRI, (i SEY W {f FEA% % 0.69, If
B LA U T 200 T L A B A ) it 41 3 3 3k
o8 AR O R R (E M 125 W & 650 W. SEPR
I, FEEATFE XTI AR R SEY A5 s R
(L A A G T AR, JCEB /I 3R A5 TR (L A5
B S B SR Z2) AR R SEY R4 AL
BRI T A (XA | Ko A8 B R v A
) FRAF IO RR R AT 5 T A A L T R AH
KGR, bR TAEY S, S, kA
fesAa e, 153 rh Uk B RE SRy ) ) el AR B
PR S YR F R S 7 R A1 L RS IS A 7 5
SR FL, AN TS 0 R A SR A G BeAh i A L 37

160806-2


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. 75, No. 16 (2026) 160806

~, BTIsEh T 0 A b K AR EUR S, S AR
lipne ks s E B e AL IE Tl i iy Vs
Fob T RE YIRS R, Hizghpsieid e, Mg
Tz g RS BT AT O SRR L
SR T — T EULWI AR IR, R A 1 1
AR RSl B/, XN S B o A S
AR “AE [0 G54 T SR A 11 [ B T DR Pl 1 )
Wi PAY ) RS N ) B, B B AR AR 7 AR U
5, X T TR T AR IR .

ASBIFFTE BT X8 e SRR TT G B AU R R 1 T T
WS, TR ITSRBOR RRrPEX iBU&R  SEY (94K
FERILEE, I 2 T v AR e 1 ) B R o
TR, Bt T —M TAET Ku By 5T 08
PTG, AEAZ I SR AT T RERS I N
FERIA B Jdsd CST FELRI RS, 45k T
AR NIIOT A5 8o i R, AR IR
T A A SR T AT A i 20K, IR
REREAR AL F A FE. i CST MRUOK Ak ks o 1155
TR A TARMS T Y R RES A, WL T ek
TR 3 AR, DR B BUERCFE AR 3J2 T 06
w3 B B R B X, B TR AR RO i
78 SPARK3D A5 He v G A 88 44 1 1L 37 70 A ek
HA SEY S8, I3l e L1 AL Oy B, A
1AL SRR A TR 23 RO 5% = HERUICR 1 B
B AT T RFE R AR T IF IR U T4
e B ] R AR, I BRAR ST R RO TR L
(B 05 BRI . 3 SO SRR X R T SEY 4%,
W T Z MR SEY 52N R Ch Z UL ¥
WAL

2 MHITREITSHRG R

PRI IR R G P A DR Rl T, G
SRR QB R RE | A ARG | DI A, B
TE 1A RGITERE LR, 7R PRI RGN
Hh, BEROT SR RGER TEE L ZIREYEFI AT FETERY

Feiith: 78 A SRS, T DU T I
W, S B 20 v 11 B0 o e A5 It FEARTR M TR IR S
B RGEH, T Sen] U T s i T/R 4
1, SCBRBCR i SR B 7Rl R R GE L2
TR 5G i) H, BT KRR Rk
DI 5B & . 2T RO AT PR R g
AUEE AR, AR TAERMAROT SO TEX R, TS
TRESN e SIS RN e a W N 4y GRS RV RN

BTGP 5, A TAR R 99 R
FEROIT RBA LT 3 Ho—, e Bs, 4
PIF I B RS BB A 2 A, A 5h
i ERL AR 5, =, 7RI R TAEMUR D
AR T, B R Ja e T IR RT R LA 4 4
/N, DR AR TR, AT S S RO R
=, BT 0T LA 3 B BT S B R S T it
K-, AT R A2 i B v A P D 3 AN o 2
It 2. ASHEFE PR G A BE 5T | IR
P ARARFE b s L T REE O BT AR, DAGRIIE
PP RAETE Z TAR S B A TG HIE, #fF
BOT AL B EREORSE IR ISR 1 731

2.1 SR FAXENZIT

AT AR T 5L TS 6 i I OC 3222 il
LK R G . GRS RS AE i R 5 — K
RO RR, S5 antEl 1 s, B —EB4y, H B
A, W EA SIMNTERR T, SN TR
JEAE GG, 8 R i R g, sEm it B R
MEINZE BRI S R G . 5, B REIRsh L,
T AR A A Y BB A RERE, T S
14 R G h AL i % Friz 8, SEER e 1 Y A A
sl T, B =AY, O AL, A A R T
B AR I B O (RIS BE U L
AR | B B S OGS b B XF IR 1 Irise
B T O, Hirp LG4 A FI#B PASAZ O FF EH
a7, wER EAR TAE BRSO A I RS
BFAA SN H DA, T 4B Wi, (45 3 11 41 21 35 1

R 1 AT/ FURGEMBOT K T B AR R

Table 1. The primary performance specifications of the dielectric-filled microwave switch in this work.

e B B R 3 L AR b s g SR
DC—4 GHz, <1.35 DC—10 GHz, >120 dB
o 4—10 GHz, <1.45 10—15 GHz, >100 dB i
FEbRER DC—18 GHz <0.5 dB NEUAE RS

10—15 GHz, <1.55
15—18 GHz, <1.65

15—18 GHz, >80 dB
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Fig. 1. Overall structure diagram of microwave switch

device.
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Fig. 2. The feature sizes of the cavity and the reed in the
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Table 2. Feature parameters in the shielded stripline of

the microwave switch.
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Fig. 3. Cross-sectional view of simulation model for the microwave switch transmission part.
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Fig. 4. The simulation results of the microwave switch after optimization: (a) Voltage standing wave ratio; (b) insertion loss;

(c) isolation degree.
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Fig. 5. Electric field distribution in microwave transmission section of a microwave switch at 15 GHz.
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Fig. 6. SEY measurement results of alumina under differ-

ent surface status.
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Fig. 7. Simulation of electron number change process of four groups of alumina-filled devices with different SEY.
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the radio-frequency electric field on electron trajectories.
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Fig. 9. (a) Effect of electron beam irradiation on the surface potential Vg of alumina; (b) variation of surface SEY with pulse cycle
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pulse duration; (e) the dynamic variation of SEY with the pulse period at incident energies of 30 eV and (f) 700 eV, and the corres-

ponding changes in surface charge density.
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Abstract

The multipactor effect limits the performance and power capacity of spacecraft microwave systems. This
phenomenon of secondary electron multiplication occurs under specific radio-frequency operating conditions
during the secondary electron emission process on material surfaces within microwave devices. Multipactor
deteriorates the performance of the components and, in severe circumstances, ca n even lead to device or
spacecraft failure. Alumina ceramics possess favorable dielectric properties, high hardness, excellent thermal
insulation, and low dielectric loss, making them widely used in high-power microwave systems, including
components such as filters. However, the surface of alumina ceramics exhibits a high secondary electron yield
(SEY), indicating that, in space environments, high-power microwave assemblies filled with alumina may trigger
destructive secondary electron multiplication. In this work, a Ku-band single-pole double-throw microwave
switch structure was designed, employing medium filling to reduce high-frequency losses. Its operational
frequency range spans DC to 18 GHz. Through matched simulation optimization of shielded striplines, the
microwave switch achieves matched transmission across an 18 GHz broadband range. After optimization, the
switch exhibits in-band loss below 0.23 dB and isolation exceeding 90 dB. Simulation studies were conducted on
the evolution of secondary electrons within microwave switches under varying input power conditions, with the
internal structure configured to utilize lossless alumina as the filling medium. Results indicate that after filling
with untreated alumina media discs, the switch's multipactor threshold reached 10874 W. Two experimental
methods were employed to modify the alumina surface for SEY tuning: laser etching to create a microporous
structure with 67.24% porosity, and sputter deposition of a TiN functional film using Ny:Ar gas flow ratio of
7.5:15. Test results demonstrated that applying either technique independently reduced the SEY on the

* Project supported by the Integrated Circuit Manufacturing Materials Innovation Consortium Project of Gansu Province
(Grant No. 25ZDGE004), the Fundamental Research Funds for the Central Universities of Ministry of Education of China
(Grant No. xzy012025052), the National Natural Science Foundation of China (Grant Nos. 62401470, 62101425), and the
Foundation of the National Key Laboratory of Science and Technology on Space Microwave, China (Grant No. Y24-SYSJJ-05).

1 Corresponding author. E-mail: alexaustin@xjtu.edu.cn

160806-12


https://doi.org/10.1109/16.3387
https://doi.org/10.1109/16.3387
https://doi.org/10.1109/16.3387
https://doi.org/10.1109/16.3387
https://doi.org/10.1109/16.3387
https://doi.org/10.1109/16.3387
https://doi.org/10.1109/16.3387
https://doi.org/10.1109/16.3387
https://doi.org/10.1063/5.0080414
https://doi.org/10.1063/5.0080414
https://doi.org/10.1063/5.0080414
https://doi.org/10.1063/5.0080414
https://doi.org/10.1063/5.0080414
https://doi.org/10.1063/5.0080414
https://doi.org/10.1063/1.1758315
https://doi.org/10.1063/1.1758315
https://doi.org/10.1063/1.1758315
https://doi.org/10.1063/1.1758315
https://doi.org/10.1063/1.1758315
https://doi.org/10.1063/1.1758315
https://doi.org/10.1063/1.1758315
https://doi.org/10.1360/TB-2021-0746
https://doi.org/10.1360/TB-2021-0746
https://doi.org/10.1360/TB-2021-0746
https://doi.org/10.1360/TB-2021-0746
https://doi.org/10.1360/TB-2021-0746
https://doi.org/10.1360/TB-2021-0746
https://doi.org/10.1360/TB-2021-0746
https://doi.org/10.1360/TB-2021-0746
https://doi.org/10.1360/TB-2021-0746
https://doi.org/10.1360/TB-2021-0746
https://doi.org/10.1360/TB-2021-0746
https://doi.org/10.1360/TB-2021-0746
https://doi.org/10.1360/TB-2021-0746
https://doi.org/10.10631/1.1721656
https://doi.org/10.10631/1.1721656
https://doi.org/10.10631/1.1721656
https://doi.org/10.10631/1.1721656
https://doi.org/10.10631/1.1721656
https://doi.org/10.10631/1.1721656
https://doi.org/10.10631/1.1721656
https://doi.org/10.1103/PhysRev.112.681
https://doi.org/10.1103/PhysRev.112.681
https://doi.org/10.1103/PhysRev.112.681
https://doi.org/10.1103/PhysRev.112.681
https://doi.org/10.1103/PhysRev.112.681
https://doi.org/10.1103/PhysRev.112.681
https://doi.org/10.1103/PhysRev.112.681
mailto:alexaustin@xjtu.edu.cn
mailto:alexaustin@xjtu.edu.cn
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. 75, No. 16 (2026) 160806

alumina surface from 3.56 to 1.71 and 1.99, respectively, while the first critical energy FEp; increased from 26 to
70 eV and 40 eV, respectively. Simulation results indicate corresponding microwave switch multipactor
thresholds elevated to 12624 W and 12374 W, respectively. By combining the two techniques, the SEY on the
alumina surface was further reduced to 1.13. The first critical energy Ep; increased from 26 to 161 eV, and the
microwave switch multipactor threshold was elevated to 13124 W, marking an improvement of approximately
0.82 dB over the original device. In practice, secondary electron multiplication is a dynamic process in which
electrons move under continuously varying radio-frequency electric field. When considering the influence of the
radio-frequency electric field on electron trajectories, it is found that the field promotes the escape of secondary
electrons from the microstructure, thereby weakening the microstructure’s ability to suppress multipactor.
Concurrently, the accumulation of surface charge on the alumina surface caused by secondary electron emission
affects the energy of both incident electrons and emitted secondary electrons, thereby influencing the surface
SEY and multipactor thresholds. Fabricating microstructures on the alumina surface can reduce the potential
level of the positive surface charge. The SEY of a charged surface irradiated by 2000 pulses can raise the
multipactor threshold of the device from 10874 to 12624 W. This indicates that the charged surface may
promote an increased multipactor threshold to some extent. Taking into account the electrostatic field at
surface saturation (Epc), the Hatch-Williams model was modified, and the role of the electrostatic field induced
by surface charges in the dielectric in raising the multipactor threshold was qualitatively demonstrated using
theoretical equations. This work holds significant engineering application value for enhancing the reliability of

high-power microwave devices.
Keywords: microwave switch, multipactor, secondary electron, Ku bandwidth
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