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Table 1.1 VVacuum classification.

Classification

Pressure range

Low Vacuum

105Pa ~ 102 Pa

Medium Vacuum

10?2 Pa~ 107" Pa

High Vacuum

107! Pa~ 10" Pa

Ultra-high Vacuum

105 Pa~10"°Pa

Extreme High Vacuum

<10 Pa

Low level vacuum
switch patent activity

Many companies’ inifial development of
vacuum interrupter manufacturing, vacuum
circuit broakers, reclosers and vacuum

Vacuum intermupter
dominates for circuit
broakers, reclosars,

contactors load switchas (4.76 kV-
40.5kV), contactors
3 GE power vacuum intermupter (3315 kV; 1004
X rrai:lt.f:cﬁs:arch development:mfg technology, floating BOOA), contactors{=
broakdown initigted shiold, Cu—Bi contact material and spiral 1000V, 150A—14004)
contact dasign
First First HV vacuwm
Vacuum switch Vacuum arc
switch demonstrated research at First announcement
patant ERA (UK) of 72 kV vacuum
interrupter
- T r 'S -q" N - foll i e ¥ -
4 E
1 | | | | | | | | | | | 1
1890 1900 1910 1920 1930 1940 195EI| 1960 1970 1980 1990 2000 2010
—g + y L 3 - —— g
R T Expansion of
Vacuum intarruptar vacuum intafruptar
- oduct, fiti
for MV and HV load B g en
First research on swi‘.ching dal.'a_lu:uped
VACULM arcs and applied using W Initial Vacuum
and W-Cu contacts devalopment of interrupters for
the AMF contact transmission
Vacuum technology developed; voltages = 120 KV
long-term sealing of a vacuum Developmant of Cu-

chamber possible

Cr contact matenal

Fig. 1.1 Time-line of the significant developments in vacuum interrupter technology ..




550 kV 63 KA:

SF6 world record: I
20 GVA/break

132 kV 8 break 16 kA 1067
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Fig. 1.2 Increase in breaking capacity of HV vacuum circuit breaker 21,
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% SFe HEHLHNHNC RIS 2 B FATEEHE) 2R E L, W5 F< SFe U A O HITK
IZH AT AR Zoxtk & LT, VCB O HEKIZ L BB SFe 7 A ~D
B ADITONTEY, BREEAH THDH VCB DI L b EEE L - REAE
b« BEEE SN TS, K 1.2 124 EO VCB Ok s & O % /R~
3112, 2000 4FLARE, VCB DEMIA &N ZIMICHIIN L TR Y, HARTIX 145kV/40
KA —E10 O VCB BRI TWD. 51T, ZRUIVICE Y VCB Dkt
JEZ W b D0 & R bt s T 5oL

1. 2 EZEEMFOKEBZEHRXMNICET SHRBIE
E

VCB 138 m & B2 RN e NI A L 1o 528 A % Z 77 4% (Macuum interrupter: V1)
& BERERE e E DR S IV TT D EOMEREA K 1.3 1Bl VI TR
ZEE S, 2O EH & B L E e FERERICER SN D.

VI ONEEE 2 X 1.4 12R7. BEREBDROKRGZONIZ 10 Pa O EHEZE
(PR, BRE IR 2 B ARG TR 2 HETIRE & > TV D, ERHEREYIC
TEICARERARTAITETZ I vy 7 BHWGNS. BRRILZE I E U E E R (R
& ATENERER O SEIHC IR Y AT BTV 5. AlEiEER LA SICR I DR
577V EDMIT, Na—AREHEINTND., 2O —X(TLY, BaaD
NERZ BB 2R LI E &, AN O rTEh il (R 4 dil 57 [ | BRE -5 2 & 3%
TE, BAORMAEEZITS.

WEPICHEAZHmBT 5 BETY = BNRAET L, BET—7ICK0 AT
GRAKD AL L, BEEERWICAET D2 & TligIERMET 550
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Manual trip

system
]
Vacuum " Magnetic
interrupter actuator

Contact
spring with
over-travel

box

Il Nonmagnetic

drive rod

Fig. 1.3 Structure of vacuum circuit breaker [,

Flange
End shield

Insulation of

Stationary rod
shield to creepage

Center shield

Insulation of
main contacts

Main contact
Vacuum

Insulation of Solid insulator

shield - electrode Bell

and shield - rod ellows
Moving rod
Flange

Fig. 1.4 Structure and electrical insulation of vacuum interrupter.



EPIZ L AR LRI D720, MM EmSICE R —v R (End
shield) N E LS.

X 141238V T, VIR OBEXHERMERIE, SLTO=212Kilsh5.

1. ERERHER

2. Wy —b N — e riii

3. FERMERRIA TR L OV E v — v RE D

Z S OE T T OHMERREERF L Z 5 EIL, A=A LIZED, Fv v 7K
B LIRS T Bivs . HAEKE O R - EHRFCRB N T, b0
it b D55 RIS 0 ERy I - MR AR 2 & ORI AT D RN H D . £
2T, VI OEERRRECHEGIR I 2 Bt 5 720, #ikx7r & OAREZ BT B
T DB T T 5 3

Hikita &%, E7 /v VI [ZBWTEREZEE (3Pa) DOFIZHE /2 HE (Partial
discharge: PD) 234425 Z Licxt LT, & —%2 M, &EE - &t - E
B - FI & TN ENESG L, K155 ORWIRE A g LM 2of5 R, £ 1.2
WRT R DU, MG - ®EE CT 2403 % PD &G 5 OBSIIAES Th 5
0, FERE L B OBSIRECHD 2 L ER L.

Kulkarni &%, VI {23\ TREASGHERRFO FfE] > —/L REAIZER L, P>
—/)V RNENEBZET — 7 RRROBFREZ MG L. 15T L)1, BT —
JInbAF v, B, THEERARS EN T Y —L REB X O M A o
T 208, Zhic kv, dfy—L R E TR —v RERA N, H
o — REMBEET D, b OMEhFOENR & T > —/L FEAIX
— 7 JURE & ik TE T A 822 %] 1.6 (o> — /L REENL &R O BfR &
R JERrER O R L & B, B —L REMAAIC BT 5. Zhidk



Table 1.2 Specification of various measurement sensors 161,

Sensor Measured object Frequency band Company Model PD dcrt‘cctlon
(@ 3 Pa)
Resistor ( 1k©2) Current - - Easy
CT1 Current 140 Hz 35 MHz | StangenesIndustries 0.5-1.0W Easy
CT2 Current 10 kHz —250 MHz | ETS-LINDGREN 04430-1 Easy
CT3 Current 1 MHz -1 GHz ETS-LINDGREN 04111-1 Modest
TEV sensor Voltage 1 MHz -50 MHz HVPD CC-5G1 Easy
Horn antenna | Electromagnetic wave | 075 GHz -5 GHz | SCHWARZBECK | BBHA 9120A Difficult
AE sensor Acoustic wave 10 kHz —1 MHz NF AE-900S-WB Difficult

Insulated ve.ssel

",
hay

Bellows "¢

Cathode

Movable rod

Fig. 1.5 Diffusion of ion and metallic particles from main contact in vacuum

interrupter (281,
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Fig. 1.6 Variation of shield potential with short-circuit current for
vacuum interrupter 221,




Model—17 Model—2  Mode/—3

Fig. 1.7 Various VI samples 171,
(1-main contact, 2-center shield, 3-end shield, 4-end plate)

1,2
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0,6
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0,2

n % LB

0 50 100 150 200
Impulse number

Duration of the Voltage drop (ps)

+ Model-1 m Model-2 Model-3

Fig. 1.8 Typical distribution of the durations of the voltage drop for different
samples 171,
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TR T - BRI DO BIRIC DWW Tl 217 - T 2L [ 1.7 12 3 T O BR
HVIET L2739, Model-1 IZERR, v —/L F,  dmil A > —v B
IZR VRSN, Fr v THE 3mm EEL T D 2 & TR O AEE T A+
BRHOX ¥ v 7hFE (Breakdown: BD) (Z9%. Model-2 [ZHH > —/L FIEX
BT 505, FHERIB L O S —/L FITEE <, AERRREE O 38 A & P & Mafka i & I
T 2Rt 7 7 > A —~3 (Flashover: FO) &7 %. Model-3 iZHfH > —/L N &
O o —/V R&2 k@ 208, EHAITES, 79152 g0 A T T
MY — IV RENT5Fy v THED LD WITRHEREGRK TH L. 320K
B VI BT VISR LT, BEHESR A LR (1.2/50 ps) B % EIN Ui g
ERESE, BEEEOSL TR VEHEZEE L. K 18IC8TT /MBS

TR ONLE T30 KR O 534X Z 797, Model-1 12331) 2 T D BD |
BOTITEBEDNLDL T2V FFRITF-C, 222X A/ E V. Model-2 1I2351F
% iniE FO  (triple point-center shield- end plate) (23N CIXEEDSE S T3 Y KEfi
TEL 720, hoIEb2E N KREL< 5. Model-3 IZ81F 2 A% (end shield-
center shield- end shield) (23517 2B/ EDNEH F25 0 KEfiX, Model-2 & Model-3
DHFETH D Z ENbrole. ZORMRND, MBI ETITIRE Y 7 v oA
— N OEBEEIZOSSL S TR0 RFMICL Y, VI WEOERRARESI LD Z
ENDhodz. LinL7en G, BIEORA « ERFERS LOEA I =X Lis
EVEBIRE TR,



1. 3 EZAVASTARMMIZETEBMERES LUKRENTI—
1 EEHIZHETLIHERE
ZEHD 2 ODOMERS, Tbb, Xv v THELINEBED A =X %
VLTI~ %

¥ v THEIL, EARITIEAAVE S GRMEICREAET S BZEPITE
Xy v TN, BERBRECEROF ¥ ) Y L RO T AT E A EFIE LR
Wz, X vy TR O (BD) X200 OB BN N -0,

DICEDAH=ALE LTI, BREMEGK, BN, 7 7 v 7#k Eni
D HITV D2 BD oA TEMIIK, BRAE, v 7K, RmikiEs
WO, FUNEERE R £% < DR FIZ MEIN LB X 1.9 1R
K oIT, BRMEGEREICIE-S< BD AR T, RBHROERE itz iR L
LT, Z0%, BRBHERIC X o TN S N7 M/ NEROZEFRIZ LY 7 Y — R
7T A BB S L, BRI TR T 5 LW I ETANRBLEINTND

—l
W

il

2832 = DT MTEBNT, B Y — R 7T X< L famm S8 (Cathode spot region)
BIOT T A~V =y MEKHEE (Plasma jet expansion) (253 Hivd. Y —
N7 T X~ OPLREE 2B ORI I 1T D #EI B & =L F — DLW
BRTREY, 10'misRETHD EBRIN TN LB

IRTARRLE, PRI B o [E AR EZ Y O£ H CTR/AET L. BEZERO 2 50H
R BRI K - TFF L2 GA OMtEREI, MY EoRmE O A
IZXY, BMAREZEX v v 7OHRAE X0 IR 250 INEKEA =L E L

TIE, 2727240 (Secondary electron emission avalanche: SEEA) &A% IZFE 5
B RAR P OFLEIC & 5 BRER2RIE STV A1 3 [ 1.10 (2 SEEA &R
RIZ L B in iR RE 2R3 0B Z i, 22 - SRS X OME SR 5 a5
PR =R OEF U 2 iR R L LT (X 1.10-1), ERHERRY - SEEA ITf

BN S B8, 2 b L bic ARt & (X 1.10-2a, 2b), FfEHy
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Cathode Electron relaxation zone. fon diffusion
s -l _.--"".f.. L ___.--'_-

Sheath .4 7" V=10* m/s

Hydrodynamic Plasma Flow

Acceleration Region
e=>i e¢—>a
2| — 8

Kinetic flow o
Knudsen Laye

Cathode Spot
Region

Plasma Jet Expansion {

Fig. 1.9 Schematic diagram of the cathode plasma flow in BD process ¥4,

Field Emission from Triple Point

Electric Breakdown in Desorbed Gas

Fig. 1.10 Physical processes involved SEEA and outgassing in surface flashover 21,
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[ZH ADEHEIC LV EET v 2LBNEAIN S8R (K1.10-3) Th 542,

2 BEEAVESTARBICEITHHMENE2—

BZEA BT T 2RISR D ERR RS 5720120, MEA =X

ICEASE, VINMTEZVBLIME T = 20T 0 ENUETHD.
5 1.4 (2R L7z VI WER O BXAEBRE RISV Tl 2 0 15 5 iR 2 X 1.11
(Y. VIEEZE, &R, BEEiEEY CRR S E8GEERTHY, HEX
Y v 7O BD, #5M 2T D InHMER L OWE OMATDENE X HND
3481 —fiRE9IZ, ¥ v > 7O BD LIRHEME TV IS R LB 2
e LTI ER S 5720, MEIXBmNOHEDL EEZOND. VI HHO
BEMBZARICBNTE, K LR 1T XIS, BE Y — 3T o 7 /S
JEN5D., ZZClE, i (cathode) % ¢, B (anode) % a, FH I —/L K (LA
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HZEX Y v T Ok (BD) #EE
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In e (FO) 8

(c) Fh— [E Aty — 5 (c-i-a)
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(d) B2hE— s —1 R —[E R — i (c-s-i-a)
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(0) Fetl—[EFMEEY — > — R (c-i-s).
VCB DO#EfEIE % ] 32 72 012id, VI NIRRT 5 Rl 7 O fiE/ 4 —

—l
w

_12_



Flange

End shield

Stationary rod
(cathode)

Center shield
(Floating)

Main contact

Vacuum

Solid insulator

Bellows

Moving rod
(anode)

Flange

Fig. 1.11 Possible discharge path in vacuum interrupter when the stationary rod
electrode is cathode.
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C-S-a

c-s-i-a

C-S

Fig. 1.12 Classification of various discharge paths.
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Fig. 2.1 Electrode configurations for gap breakdown.
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Fig. 2.2 Vacuum chamber.
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Fig. 2.3 Experimental setup and measurement system for c-a and c-s-a
electrode systems.
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Applied voltage [5 kV/div]

Time [10 ps/div]

Fig. 2.4 Negative standard lightning impulse voltage waveform.
(Applied voltage: Va=—25.5 kVpeak, T1=1.43 ps, T>=56.1 us)
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(b) Waveforms of applied voltage, anode current and light intensity

Fig. 2.5 Still image, applied voltage, anode current and light intensity waveforms
of breakdown between c-a (rod-plane).
(Initial conditions: Va=—32.6 KV peak, g=4 mm; BD voltage: Vep=—30.2 kV)
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Fig. 2.6 Vep and Tgp for various gap lengths of rod-plane electrode.
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Fig. 2.7 Emax and Tgp for various gap lengths of rod-plane electrode.
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Fig. 2.8 Relation between Tgp and g for rod-plane electrode.
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Fig. 2.9 Relation between Tgp and gap length g for rod-rod and rod-plane electrodes.
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(b) Waveforms of applied voltage, anode current, shield potential and light intensity

Fig. 2.10 Still image, applied voltage, anode current, shield potential and light
intensity waveforms of c-a breakdown (rod-rod).
(Initial conditions: Va=—20.9 kVpeak, g=0.25 mm, d=28.5 mm;
BD voltage: Vsp=—20.8 kV)
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Fig. 2.11 Relation between Vs and Vgp for rod-rod electrode.
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Fig. 2.12 Relation between Vs/ Vep and d for rod-rod electrode.
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Fig. 2.13 Solid angle Q between electrodes.
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Fig. 2.14 Relation between Vs/ Vep and solid angle Q for rod-rod electrode.
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(b) Waveforms of applied voltage, shield potential, anode current and light intensity

Fig. 2.15 Still image and transition of shield potential for partial breakdown via
cathode-shield (c-s)
(Initial conditions: Va=—15.7 kVpeak, 91=02=0.25 mm; PB voltage: Vpg=—6.5 kV).
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(b) Waveforms of applied voltage, shield potential, anode current and light intensity

Fig. 2.16 Still image and transition of shield potential for breakdown via
cathode-shield-anode (c-s-a)
(Initial conditions: Va=—18.1 kVpeak, g1=02=0.25 mm;
PB voltage: Vpe=—9.4 kV, BD voltage: Vep=—16.4 kV).
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(b) Cathode-insulator-anode (c-i-a) with electrostatic probes
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(c) Cathode-insulator-anode (c-i-a) with high voltage probe

Fig. 3.1 Electrode configurations for c-i-a discharge.

_42_



Table 3.1 Physical properties of alumina sample.

Series HA-92
Al,O4 content [%] 92
Density [g/cm?] 3.6
Relative permittivity 9.0
(1 MHz) '
Dielectric loss
(1 MH2) 0.0003
Volume resistivity 14
[©Q-cm] >10
Average surface 0.69

roughness R,[um]
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(a) Still image of surface flashover of c-i-a
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(b) Waveforms of applied voltage, probe current, anode current and
light intensity

Fig. 3.2 Anode current waveforms measured by two CTs for surface flashover in
c-i-a electrode system.
(Initial conditions: Va=—24.3 kVpeak, g=0.5 mm, d=60 mm;
\oltage peak after EEE: Vp=—19.4 kV)
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(b) Waveforms of applied voltage, probe current, anode current and
light intensity

Fig. 3.3 Still image and discharge waveforms for surface flashover in c-i-a
electrode system with electrostatic probes.
(Initial conditions: Va=—17.2 kVpeak, g=0.5 mm, d=60 mm,;
\oltage peak after EEE: Vpy=—14.7 kV)
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(a) Still image of surface flashover of c-i-a
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(b) Waveforms of applied voltage, probe current, anode current and
light intensity

Fig. 3.4 Still image and discharge waveforms for surface flashover in c-i-a
electrode system with high voltage probe.
(Initial conditions: Va=—21.5 kVpeak, g=0.5 mm, d=60 mm;
\oltage peak after EEE: Vy,=—18.8 kV)
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Fig. 3.6 Surface flashover mechanism for c-i-a electrode system.
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Fig. 3.7 Relation between Tro and d for various Vjp.
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Fig. 4.1 Electrode configuration of c-s-i-a.
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Fig. 4.2 Still image and discharge waveforms for surface flashover in c-s-i-a
with g=0 mm.
(Initial conditions: Va=—24.1 kVpeak; Voltage peak after EEE: Vp=—21.9 kV)
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Fig. 4.3 Relation between Tro and Vp in c-s-i-a (g=0 mm).
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(b) Waveforms of applied voltage, shield potential, anode current and light intensity

Fig. 4.4 Still image and discharge waveforms for c-s partial breakdown in c-s-i-a
electrode system.
(Initial conditions: Va=—17.2 kKVpeak, 3=0.5 mm;
Potential difference between c-s at PB: 4V=16.6 kV)
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(b) Waveforms of applied voltage, shield potential, anode current and light intensity

Fig. 4.5 Still image and discharge waveforms for case-1 of c-s-i-a discharge.
(Initial conditions: Va=—32.7 kVpeak, 3=0.5 mm;
Potential difference between c-s at PB: A4V=14.4 kV).
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(b) Waveforms of applied voltage, shield potential, anode current and light intensity

Fig. 4.6 Still image and discharge waveforms for case-2 of c-s-i-a discharge.
(Initial conditions: Va=—31.8 kVpeak, g=0.5 mm;
Potential difference between c-s at PB: 4V1=11.1 kV, 4V>=16.6 kV).
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Fig. 4.7 Potential difference between cathode and shield for case-2 of c-s-i-a

discharge.
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Fig. 4.8 Breakdown development time characteristics for c-a BD in rod-plane
electrode system and c-s PB in c-s-i-a electrode system.
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Fig. 4.9 Flashover development time characteristics for c-s-i-a and c-i-a electrode
systems (d=60 mm).
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Fig. 4.10 Electrode configuration of c-i-s-a.
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(b) Waveforms of applied voltage, shield potential, anode current and light intensity

Fig. 4.11 Still image and discharge waveforms for surface flashover of c-i-s-a.
(Initial conditions: Va=—19.8 kVpeak, g2=0 mm;
Voltage peak after EEE: Vp=—18.6 kV)
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Fig. 4.12 Relation between Tro and Vp of c-i-s-a (d=60 mm).
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(b) Waveforms of applied voltage, shield potential, anode current and light intensity

Fig. 4.13 Still image and discharge waveforms for c-i-s flashover in c-i-s-a
electrode system.
(Initial conditions: Va=—24.9 kVpeak, g2=0.5 mm)
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(b) Waveforms of applied voltage, shield potential, anode current and light intensity

Fig. 4.14 Still image and discharge waveforms for case-1 of c-i-s-a.
(Initial conditions: Va=—44.7 kKVpeak, g2=0.5 mm)
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(b) Waveforms of applied voltage, shield potential, anode current and light intensity

Fig. 4.15 Still image and discharge waveforms for case-2 of c-i-s-a.
(Initial conditions: Va=—48.1 kVpeak, g2=0.5 mm)
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(b) Waveforms of applied voltage, shield potential, anode current and light intensity

Fig. 4.16 Still image and discharge waveforms for case-3 of c-i-s-a.
(Initial conditions: Va=—46.4 KV peak, g2=0.5 mm)
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Fig. 4.17 Flashover development time characteristics for c-i-s-a and c-i-a electrode
systems (d=60 mm).
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Fig. 4.18 Breakdown development time characteristics for s-a BD in c-i-s-a
electrode system, c-a BD in rod-plane electrode system, c-s BD in c-s-i-a
electrode system.
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Fig. 4.19 Breakdown development time Tpg at various potential difference 4V
between c-s and Tgp at various potential difference 4 between s-a for vacuum gap
discharge at gap length of 0.5 mm
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Fig. 5.1 Typical discharge waveforms for various discharge patterns.
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Fig. 5.1 Typical discharge waveforms for various discharge patterns.
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Table 5.1 Discharge characteristics of various discharge patterns.

O: With X : Without

Discharge feature Path length
estimation
Electrode | Discharge Cathode potential Anode current : Shield pote_ntlal geat: r:ggﬂg;
system | pattern High Fall High | Riseup | Rise with Rel‘se :Jir;dto R;se IL:EdtO forF::iischarge
frequency | down | frequency | to 100 A two hp fp development
signal | to0V | signal level | processes VeliEE— | Vel op
Holding | Fall down time
c-a BD x ©) X O X X X Teo— 0
c-i-a FO X ©) X @) ©) X X Teo—d
c-s
PB O X O X X O X TPB —g
c-s-a
BD (@) ©) O (@) X X O Tep— g
% © % o X x o X Teg— 0
csia c-s-i-a T g
—r— PB
@eB+0)| © O O O o 3 o Ted
c-i-s
(FO) x o 3 x X x O Tro— d
FO Fo
c-i-s-a c(ila = y
= Fo
(Fo+BD)| * O x O x x o g
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Fig. 5.2 Diagnosis flowchart.
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Fig. 5.3 Discharge development characteristics for BD and FO in VI.
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94
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Lower electrode: ¢ ‘

Insulator: i

Upper electrode: u
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90|

<
Unit: mm <cr
Side view Top view
Fig. 5.4 VI model for verification test.
Table. 5.2 Gap setting and experiment results for VI model.
Gap setting [mm] a b c d
g; 0.5~15 5 50 5
d, 1 18
O3 17 0
d4 23.5
s 23.5
. l.c-s . ..
Discharge path c-a 2 UeisS—sU-i-t u-i-s-a U-i-S-i-f
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Fig. 5.5 Discharge waveforms for experiment (a).
(Va=—21.5 kVpeak, g1=1 mm, g2=1 mm, gz=17 mm)
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Fig. 5.6 Discharge development characteristics for experiment (a).
(Va=—21.5 kVpeak, g1=1 mm, g2=1 mm, gs=17 mm)
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Fig. 5.7 Still image for discharge in experiment (a).

(Va=—21.5 kVpeak, 01

1 mm, g2=1 mm, g3=17 mm)
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Fig. 5.8 Discharge waveforms for experiment (b-1).
(Va=—25.8 kVpeak, §1=5 mm, g>=1 mm, gz=17 mm)
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Fig. 5.9 Discharge development characteristics for experiment (b-1).

BD inception voltage Vg [KV]

(Va=—25.8 kVpeak, g1=5 mm, g>=1 mm, gs=17 mm)
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Fig. 5.10 Still image for discharge in experiment (b-1).

5 mm, g2=1 mm, gz=17 mm)

(Va=25.8 kVpeak, 01
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Fig. 5.11 Discharge waveforms for experiment (b-2).
(Va=—34.4 kVpeak, §1=5 mm, g>=1 mm, gs=17 mm)
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Fig. 5.12 Discharge development characteristics for experiment (b-2).
(Va=—34.4 kVpeak, §1=5 mm, g>=1 mm, gs=17 mm)
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Fig. 5.13 Still image for discharge in experiment (b-2).
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Fig. 5.14 Discharge waveforms for experiment (c).
(Va=—47.3 kVpeak, 91=50 mm, g>=1 mm, gs=17 mm)
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Fig. 5.15 Discharge development characteristics for experiment (c).
(Va=—47.3 kVpeak, 91=50 mm, g>=1 mm, gs=17 mm)
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Fig. 5.16 Still image for discharge in experiment (c).
(Va=—47.3 kVpeak, g1=50 mm, g>=1 mm, gs=17 mm)
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Fig. 5.17 Discharge waveforms for experiment (d).
(Va=—51.6 kVpeak, g1=5 mm, g>=18 mm, gs=0 mm)
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Fig. 5.18 Discharge development characteristics for experiment (d).
(Va=—51.6 kVpeak, 1=5 mm, g>=18 mm, g3=0 mm)
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Fig. 5.19 Still image for discharge in experiment (d).
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