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il AR A Y PTS 8 H U R B = Al 1 4548, %
A ATCR BT WA T BB R GE 1 ml 52 %

E il H % M (printed circuit board, PCB) T. 2 J&
— T BB A% LA A it e ) B F 0 0 B BVE R BE
SR FITAE, )R R A GE B SR SRR AL )
g R E AL 4R B . PCB T2 Ju Hid F T 2 )2 A 4 il
1B W E A A DB R Z T AR T & bl g
25 A B B % & (lab-on-PCB chips) ™™, itk T
Wi RIE M, /N TR E AR S T A B K
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RGERA  ARYE BTN E T I C SRS S
B, — 2 R PCB T A Ht i il #5 T % B HFBX PTS, 5
BT R ICRER . N T BB PCB-PTS 1] ¢
AR SR 5 B A X fid % WSS B T G ] B i F 4
17 B, RAT T 55 1) B AR D e A fik & SR T
55 # B Al 41 IF ORI R 2 E L AR AT T Rk
PCB-PTS (1% Hi P 58 2 4, b ik o v 30 3 /2 EFIs 1Y
bk R o B e, % IR BE PCB-PTS T EFI & K [l #%
LI UE 32 T 56 1) 5 4
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2.1 FXRBiET

ARWFFE BT T A = R 25 R JT I PTS, Horp
BAAS = HL W 25 1) e R XL A B 1 TR, OGR4
P A 45 3 F AR AR Cr) | 32 180 B I BH PR A4 3= A A g [l
B, o) i & T B (i & FE AR BT B AR A D L @) A flh
HLA 5 3 (b) o

ww gz

| 13.5 mm |

Bl 1 I PCB-PTS = HUR 45 4718 B 1A
Fig.1 Schematic diagram of three electrodes located in the
parallel PCB-PTS
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T TETIN fik K A5 5 Z 5, TR OGBS 7E fih ] B S 905
3, RO DR/ fik K D) B R T B v ok e H AR 1 08 ) A
L AN TR B aBeit ok 0.15 mm, bEL0.2 mm. ff
BT I 5 ARG [ a2, T DLALVEFE bR ifE KSR T
(p=1.01x10° Pa) TAE, t it F= 8] B /N HHEDE U,
T 52 ) DG A TAE 9 B R T it A 5 SR (1000~
3000 V)it dH 0.9 mm.
2.2 FEBHE
2.2.1 PCBIEZ#M#HIFx

L)AL PCB T AWM ERMZEE T L%
Z2 Y PCB (M B 1] Al 53 BLTET Al ) | 38 2ot in #4F: [ 4k
h (prepreg) M i 45 19 7 X G W — K. R Z )2
PCB T. 25 it & il 4 IR B¢ PTS, il 15 4% 5 i il A I AL
— BRI . ASHIESE A9 T B PCB-PTS i i J2 F =5t PCB
il &, an i 2a Bros o BT L AR E AR 2 T4 4
SAHE T 5 AR (PCB 1) K JZ 358 (PCB 3) il 75 & 1

pressure pads pressure
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b. photograph of parallel PCB-PTS

2 T PCB Tl % IE Ik PTS
Fig.2 Preparation of parallel PTS based on PCB technology
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JRis i = ra il 548 . 2 R B e o B A TR K AE Be il K
IO, BT AR = F R AT o JRE A 3 DA S R G 1 A A7
i JEE LR 70 wm. R JE¥ & A PTS ) PCB 1.PCB
3 Fiva) FR-4 & 44 (PCB 2) 2 S — 1k, o | U F
TP BB B Y R B AR 0.5 mm, RIS A E 1.5 mm,
)7 R FAWLAR B FL AN TR T2 (& Rk FLE AR ) il & £
AN AL, S AS = R OIT B, 3 — 2P 7E PCB 1 #Y TOP
JE 5 AR R S AN R A A T R
T I 2% 47 R (Surface Mounted Technology, SMT) )
TS BB R . PCB 2 I F I B A = F A 45
), TRl A T A0 2 T (G 3 ALt L 32 30 B0 1 1
J7 A8 ) kB B A, BT AT T OGS T
as <, BEa IER R SE R 4.0 mm (1) 3.0 mm (w) X
1.5 mm(h). & 2b kK PCB T Z it il 245 2 A5
S IFEE PTS B SE 4 B, 5 O SC RS 13.5 mm (D)%
7.5 mm(w)x2.5 mm(h), J& F s ¥ 4544 , A B T 46 7

B3 pCTHAHEIFE PCB-PTS
Fig.3 Photographs of parallel PCB-PTS taken by nCT
2.2.2 BEBHE
T FRAE fih & S G FR R 8] B 1 25 <0 L 1 5
s [l g om0y KN & i R JF Bk PCB-PTS RE 2
B AT AR Ml kS, R 2 W0 B3 0 B COMSOL
Multiphysics, Xf I 5% PCB-PTS i) i B 37 47 T A48,
I HARGE 7 B A5 RT3 7 I e A T i .
(1) FeL AR ) B L A AR 2
X F I 6 PCB-PTS A [8] (4 5 HL 47 05 20, A I
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EFIs AR

B AL 2 4 (micro computed tomogra-
phy, wCT) £ A i 2 A H 4 50 6 53 2% CH 0 2 X 5
2R) 110 W A 3R 25 3k S8R AN () ) B A5 DL, X A o 25 )
11U 2 8, BE 98 3 45 oK G 45 #4714 i I i P
%7, T FAER I PCB T2 4 86 PTS (19 T4
FIATYE SR wWCTHA4EIF 8 & 7 JF B¢ PCB-PTS 19 7 4K
AR TET S, sl 3 s

Bl 3a T W SEARZEA T4 BT, e AR Sl T
JEIK PCB-PTS 14l . &l 3b-d MIMrmi %, o & 3b ok
IFRLIE, S — FLRZE R I R NI B A TS 4K
BIINFFAMNE TR 5 8 13.5 mm(D%7.5 mm(w), &
42 R 2.0 mm, ERIBS 0.9 mm. & 3¢ fTEl 3d
R T & fLE KN, RS8N 0.5 mm, 5 BEHE—
. wCTZEHFRWIRH PCB T2 H1 45 156 PTS i /2 1%
VIR B 2R J& — ARl AT iy o =K
Slice 598/1144

Yaw: 0.0°
Pitch: 90.0°
Roll: -0.0°

(b)

Yaw: 0.0°
Pitch:-90.0°
Roll: -90.0°

38 2 SR R DL RS 0 4 A
E=—-Vo, (1)
A ENEIGRE,V-mT 5o NV,

454 Maxwell T B (2) AR EFR (3)

V-D=p, (2)

D = ¢E, (3)
A LS 2] Poisson /7 2

—V-(8V¢)=p, (4)
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R AR 25 A SR SRk TR, D

X, DREAIFE KRR, C-m?;p K ff %,
C-m~;e HAHHEL

BT RRR M 7 RE (4) 55— 20 il i T G R I
B 4% B 34 0 Vv, FH AR B 35 1000 V, Bl R U=
1000 V, 3R45 fith & 17 548 3 A = AN 1 4a B . 55—
A R R E LR 1000 VORZE I Ho i i fih & #% it
1500 V filt & H & (U,=1500 V) , 345 filh & )5 35 98 43 A
Z N & 4b fr s . &l 4a Fil 4b AT T, I B PCB-PTS
BRI E R A L A A SR ik RIS AL T AR
[ B 1 F A BB T AR AR A R i) ke (D B ) S A
T, O T A b e ] B B R Y AR AR
P50, , SR DA B 0 1) BB 258 ) B B 0 =X, 3R 3 A e
2% AR EE S SN 4c FIEL 4d, Hrbar (i 2 FoR
T M i i i 2 FOR T LA .
Bl 4c ], il 2% 17 = (R BR A i S I 2 R AR i a3 ol
AR5 Y e K T fik & A BT (d=0.36 mm) ,
Hodr I LR R E,,,=2.59%x10° V-m™ (I &
FHA% 0.045 mm X 3 1) 3 5 s K % ), T IF 56 1)

2

ec.norme(V-m’")

x10°

3.35
2.29
2.62
2.25
1.88
1.51
1.14
0.77
0.41

a. cloud chart before trigger

Tue=t000v

Loy Ern1=2.59x10° v-m”
Yt h

1.0x10° /'

I.E "\ /0
= i ' AN
L 1.5¢10° 4 \'a/
| Enaxz2.39x10° v-m”
I

0.36 mm

— T T T T T T T
00 01 02 03 04 05 06 07 08 09
d/mm

—e— E in the upper PTS|

Ne—®
—e— Ein the lower PTS

5.0x10°

c. practical data before trigger

B4 FFEEPCB-PTS 3 [a] PR A% L 4758 i

AR E,,,=2.39%x10° V-m™, T4 kb7 #
TS AT FETR (F, o w=3.0x10°V-m™) , % #
FFRTE U=1000 VI EREZMFT A EE AT
S M S, mE Ad B fik & S ) B 3 0 0 R 1
K FEFE T B — 2 1Y 32 (8] B ( d<0.45 mm) 358 24 K
TR A G FEG W, T BOX L X R T .
FE L VR T, 3 2o il 4 A 2 ) O el 8 A AL
TE I 4 AR A A, SEEF e e A . )
— 5T BLAE R R I B AEA Y B F PAS IT AR
BN N 58 fol 2 TR IFBEA T I8 T 0S54,
P 7R OC M W] RE BE L XK A A T AR IR EFIs (19 ] g
LR

(2) FEEEH &2 E

fil 2 KA B G R0 LB ik b s R G ARL,  E
LA R 8 1 TR H R Y L, A R AN G H A [
B SR RR S it 52 — o @ R AN & B A g R
FRE M HAS Ugo 78RBS T SR Ugg 23
JE p FAR (8] B 2 d i 3 B pe d 1Y PRER, i &R T DL S

o2
ec.normg(V-m’)
x10’
1.16
1.03
091
0.78
0.65
0.52
0.4
0.27
0.14
0
b. cloud chart after trigger
7
Ll Ue=1000V
7
1.2x10 7 /° Ur=1500 V
7
1.0x10" //\ —e— Ein the upper PTS
. 8.0x‘|06—/ Q..\ —e— E in the lower PTS
> 6 ] O, T
w 6.0x10 | Ebreakdown'3'0}1\;) V:m
6_
4.0x10° _/ __________ ;&; ______________
2.0x10° RN
_- 0.45 mm X \.\.‘.§.=.,.=
7 N
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d. practical data after trigger

Fig.4 Electric field intensity between cathode and anode of parallel PCB-PTS
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Hi (Paschen) %€ f 4 ib " triggered
-1 pulse
Apd L] /
p
Ug, = BpdqIn 1 (5) oscilloscope
m1+) ==
Y high voltage = W © EE
. v b v . v s supply T 0.22pF 8
P, Uy 0B H o 28 ML L KV AL B Ry 38 3 pooRe
B p M AARIE T)  bars d AR RTEE B, cm.,

XA S B AR R

24.36pd + 6.72\/pd
= 5 (6)

K, o B K, BD Rl B i R 57 13
5 1) LA .

i 8 ANBifi 32 i AR A, M3l U =1000 V(U,=0 V)
AT By R AU SR A B R R K 2 1.74,
454 JF X ERBR d=0.09 cm FI“JE p=1.01 Pa, H1(6)
AT A5 B % o F I OGBS Ugs 8 2437 V, 1 /2 EFIs Xf
F i I G By it e i oK o

3 FFXREIBSTERE

3.1 WiREE

LA AR SR 1T M T O B o SC B 48 b, #E T G %
TF5 A 1 SR a1, 20 R 3k e O T G i e M B
PEATRAE o Ry T 5 F O ) TAE B RS, & e R
T R B R 45 9 C 218 T, X IF Bk PCB-PTS 19 A i
ZEHLRHEATINGR o AR /N A o 2 R S R i — 2
W8 G fl & TAE R, 345 37 8% PCB-PTS ik vh i
L0 b T R R FLwE{E o eSS R T G T EFL R K]
%, 30 o R R S 6 90 I T G A S A

P 5 Sk JF 56 L AP Rl I3 A A B JEOEE
e R LR L TR LAY DK o ik % VR RN T X PCB-PTS. R,
Ly 53 590 & 7 [l % 1) R BEL AT R JB% . o R TR R R 1R
50 W S, 288 T R T R R N Bk 3 A =2
6] 5 76 Bk vh i A5 5 /B Tl & bl 2 e, IRk
PCB-PTS i , [0l % v 0 20 Jbk o bl 0 o 368 3k PR A 8 e
273 5 3k (Teledyne LeCroy HVD3605A) , 43 il Il i
F ke A fioh & Hl B =2 ) A fih & HL R (UL R RCBA BH 32 H
B M) ) FE HL R (UG, 2R FH Rogowski B i ¥ (CWTUM/
30/R, MK R A A 1 V/KA)IE 5% 0] B L (1), FL S A
LU 15 5 ) 22 38 8 B0 A it R B 2% (LeCroy WR
104Xi-A) K4,
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5 JF 5 L AU RE I 1 it 2 ]
Fig.5 Schematic diagram for the electrical performance of
parallel PCB-PTS

3.2 BHEFHE

B Ugy, BV H R K AT TAEHL R, B8 T IF
Y TAEVE . O i R B R VR X 3000 Vi R Y
HL 25 (C=0.15 wF) L 20 V.S Al R 218 TH R, il T
TF G 25 78 v 5 b R I R X, A DIPE 7 &2
BR, B2 2 B &R A oE . B 6 S SR (1Y I B¢
PCB-PTS iy [ iy SR 26, 1 (81 6 AT A0, FF 561 U=
2115 VX RHY 1,,=3818 A, t,,=104 ns.

T =381 A

2000 - 3000
1500 - 2000
> 1000 - |Usg=2115V " 000 <
=" 500 L
0] -0
500 - t,.=104 ns - 1000
1000 -2000

— T 7
500  -250 0 250 500 750
t/ns

6 JRIKPCB-PTSHY A b S AFHEMZ (C=0.15 uF)
Fig.6 Self-breakdown curve of parallel PCB-PTS (C=0.15 wF)

R T ARAG T S PR e 22, R T £ & TF R
B Use, b & 22 09 5 & 048 43 9 1980, 2120,
2115.1920 F12337 V., 5k H i 28l 09 F ¥ {E R
2094 V(bR 220 144 V), /NTF 2.2 T 2 S (H
2437 VM2 N 14.1% . FATIN R SLIM Uy, 5 /N
18 Ji DAL R 7 T S H A (] B A7 7 1 F 3 R ¥ A, s
PRea s sm N7 KT 1.74, WAL AL FRE, A
By T o A 94 O B¢ PCB-PTS (1% T4 o, 1 3 [, F 71 A
TR BEMS TE/NT 2000 VIS AT TAE i &2 EFIs X T
1o R T 56 A T R AR 5 oK
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548 R, RIS SRR, VAT R
3.3 TIiE4HH Jv i Bk s (2) 78 A R TR S R A, T 5% P o Ak A R

TE K2 50%~95% U, 1 HEL RS LA, A 1000 V
#2000 V(C=0.22 wF) 45 A #E 3 5 A4S T AR, XF
FEAY il & TAE R RT3, i P floh & U5 1 fL I
FFEHE] N T 500 ns, B FE N 0~5000 V., FKAG4HE T
B R T i 2R AN P 7a~ 1 7e B, Hoh ar fa il 2 36
7 A R R bk o R 3 (o il 2R R fil R TR .
Bl 7a~E 7e Al %0 : (1) 1 F 538 R 5 & A 7 i & a] Bt
Wi J5 7 2= B, e 0.22 wF/1000 V TAE 41
TIPS 0 fih & B TR N 1349 VB T HE & T

JE/NTF 1500 V, I B fil & J5 A G Sz BV I 28 51 6 Al
B 5 (3) LU b I ] (e ) TH 2, 33 t,=121.8 ns;
(4) 0 AH Wit (1,,)>1500 A, Jf H 4 U~=2000 V i,
L Bt T 4000 Ao L MEWA ,1,.,=2.28U.~509
(A P & ¥t R=0.99983) , W &l 7f Fr x o Jf Bk
PCB-PTS iy HL M BE M I 25 R R W i P KR E W
filh 2% T B, O HOBR 8 A — i H 2 R L AT
SE TR s 69 bk ol e A BB 68 0 A2 EF IS 1 f T AR PR

2000 1500 2500 1500 3000 1500
T 1 __=1767A |c= ] = -

100 ] e C=0.22 uF| 20003 Le=2361A[ e ﬂ o210 A]
<1000 L 1000 <1500 - 1000 < - 1000
3 w0 1l [ 0> 1000 [ S1000_u71/500v B
2 500 UC—1/00 _-500 S 2 500 Juestdo -0 2 o 6 _-500 T
O (&) | (&)

s 1 -0 R -0 :-1000—_“'/t -124Lns 0
07 S 20ns S04 get22ns i 1 i

-1000 4—————————— -500 -1000 +—————————— -500 -2000 4—————————— -500

-500 250 0 250 500 750 -500 250 0 250 500 750 500 250 0 250 500 750
t/ns t/ns t/ns
a. 1000V b. 1250V c. 1500V
4000 1500 5000 1500 5000
3000_] Ipeak=3479A- 4000_: {)eak=4062A L 4
- 1000 3000 - 1000 4000 —

52000— L <\‘:2000 1 / L J ./

> -~ i B > E /

2 1000 UC=‘|175!0 -500 % 21000 uc7{000 )Q - 500 % 5 3000 .

) 0 n > - 0 '____/ > =~ 7 o/

S Lk o >4000 ] L0 2000~ [ _=228,509
1000+  fw=118ns L 2000 t,=125ns L T (Adj. R-Square=0.99983)
2000 ~————————1——~ -500 -3000 ~—————————— -500 1000 +——7——1 7

500 250 0 250 500 750 500 250 0 250 500 750 1000 1250 1500 1750 2000
tins t/ns u.1v
d. 1750V e. 2000V £ 1.-Uc

&7

1000~2000 V TAEH R T IF 0 TAER 1 (C=0.22 pF)

Fig.7 Operation characteristics of parallel PCB-PTS under 1000-2000 V (C=0.22 nF)

3.4 RNMEEERIE

Bt s Ik PCB-PTS Y i 4 H B 2 RETE EFIs
SRR . O T BRI R DG SE M R
W 2 I B BT I L 25 L A TT (capacitor discharging
unit, COUIIER", AT CDU T2 A4 & AL A
JREK PCB-PTS i FFF AT EF I =A%, A Rt B2 A
FLER AR A2k . EFLES o SR LA A, h P 2 . Cu b
i Parylene C(PC) & |2 HI SU-8 S ZI W it fi 44 1% , 38
b SR PG DRI B G20 A7 SR TR A T L R &¢
T Z(Micro-Electro-Mechanical System,MEMS) It i il
o HHEFLE T RZSHSHON B E LR 4.2 mm(D)x
3.0 mm(w)x0.6 mm(h) ; CutfF i 400 pm (1) x400 pm
(W) x3.6 um (h) ; PC K )2 600 um (P)x25 pm(h) ;
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SU-8 I 600 wm(®)x400 pm(h)=Y,

EFLE b i % 2 B 5 ol T ) A3 g %% DI A
KR BB IES A EER W E R, b2
Il ¥ (photonic doppler velocimetry, PDV) i R & —
T AR 18 0O 22 35 3 R0 I 3 /N RUST H AR 552 I 3 B2 g
) 2 00 S R | LA AR A A D 4k | R ORRIORG R A
P Wk PDVIIR T PC K5 7E 0.22 wF/1400 V
) S B 3R R R I s Dy AR An Bl 8a T . H Il 8a Rl A,
KA BIEE N 3118 m-s™'. R HMOLIE B4 B iR
5% (OLS31-SU, Olympus Corporation) % %] ) SU-8
i R A5 ] 8b, BT LA 0 ) BE 5 IC S
B, KBB4 J5 AL #E AR 15 09 hn 3 i B4 A
=45 4 553 wm A1 455 pm, 5T E R AR —E .
A A AL
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WL X PDV i EE ARGy, 4R A5 TR R i B W (T
BB 469 wm, E B PC &R 76 H ki 11 )5 B2 4
LA IR B AE R, DT AT R T 6 DA SR Rl B il
YEZG4E S IR 8 H 1 .

3500 i 500
g peak velocity=3118 m-s’ L
3000 a9y
1 Pl - 400
2500 ° L
< 2000 _‘ ,.,-’. acceleration i!i/alénce=469 um| a0 .
£ 7 Pl. v/'/ \1
- I
= 1500 ] :/ y v L 200
1000 4 e -
1 ..' 4 100
500 — v
4 W' B
0 0

I e o o o A e o B
0 20 40 60 80 100 120 140 160 180 200
t/ns

a. real-time velocity and distance of PC flyer
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Fig.8 Real-time process of PC flyer and 3D image of SU-8

taken by confocal laser scanning microscope
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Fig.9 CDU and its components based on parallel PCB-PTS
(capacitor is located on the back of testing PCB)
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Design and Performance of An Airtight Parallel Planar Triggered Spark-gap Switch Based on PCB Technology

YANG Zhi'*, ZHU Peng'?*, CHU Qing-yun'?*, JIAN Hao-tian'*, ZHANG Qiu'*, WANG Ke'*, SHEN Rui-qi'”’

(1. School of Chemical Engineering , Nanjing University of Science and Technology, Nanjing 210094, China; 2. Micro-Nano Energetic Devices Key Laboratory ,
Ministry of Industry and Information Technology, Nanjing 210094, China)

Abstract: It was designed that an airtight planar triggered spark-gap switch (PTS) with parallel three-electrode structure based on
printed circuit board (PCB) technology, aiming to improve the working probability of exploding foil initiator systems (EFIs) , as
well as to reduce the size and cost of the system. The PTS was batched-prepared with PCB technology according to the structural
parameters of three electrodes, and the outline of a single parallel PCB-PTS (P’) was 13.5 mm(/)x7.5 mm(w)X2.5 mm (h). The
3D and sectional appearances of the P* were reconstructed via a micro computed tomography, which indicated that PCB tech-
nology could meet the machining precision. We simulated the electrostatic field distribution among the switch gap to explain the
conduction process, and the theoretical self-breakdown voltage (Us,) was figured out based on the simulation results. Most im-
portantly, the test results of electrical performance of the switch show that (1) the about 2000 V U, derived from real-world
measurements was slightly lower than the calculated value; (2) P? switched reliably at 50%-95% Us,, and there was a constant
risetime of about 121.8 ns and a peak current more than 1500 A, which fit the characteristic requirements of EFls. Finally, P’
was applied to exploding foil initiator (EF1) to verify its practicability, and it was found that HNS-IV pellets were reliably detonat-
ed under the ignition condition of 0.22 nF/1400 V.

Key words: high-voltage switch; planar triggered spark-gap switch (PTS) ; printed circuit board technology (PCB) ; exploding foil
initiator (EFI)
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