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Fig. 1.1 Competing switchgear technologies in medium voltage switchgear
during the 20th century 1.
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Fig. 1.2 Transition of vacuum interrupter (72 kV class) 4.
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Fig. 1.4 168 kV/40 kA double-break tank-type vacuum circuit breaker [,



Fig 1.6. Comparison of 252 kV, 126 kV and 12 kV vacuum interrupter (21,
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Fig. 1.7 Classification of electrical insulation part of vacuum interrupter.
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Fig. 1.8 Electric field and potential distribution in vacuum interrupter 291,
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Fig. 1.9 Secondary electron emission avalanche (SEEA) mechanism 61,

Fig. 1.10 Flashover across alumina ceramic under pulsed voltage 61,
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Fig. 1.11 Fast-framing images of surface flashover development 371,
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Fig. 1.12 Control of surface charging by shield ring [,
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Fig. 1.13 Charge characteristics depending on shield diameter (.
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Table 1.1 Properties of examined sample 91,

. o Specific gravity Flexural strength Average grain
Sample Purity [%a] [gfcm’] [MPa] size [um] Loss tangent
HAS2 92 3.6 350 4 8.0E-04
HAS60 96 4.0 500 3 4.0E-05
UHAS9 99 3.9 520 4 1.0E-04
KP990 99.5 3.9 500 4 3.0E-04
SSA-S1 99.6 3.91 330 15 3.0E-05
HAS97 99.7 3.9 300 10 4.0E-05
KP999 99.9 3.9 320 15 9.0E-04
Sapphire 100 3.98 -— -— 3.0E-05
MgO 100 3.6 -—
5102 100 -—
1
SSA-S1
® Room temperature
101 o es0%c UHA99 %

-

c 9 F

2 HA997

& KP

e 8r HA960 999

o

o HA92

m

o 1T

KP990 §
6
5 1 1 1 L L
90 92 94 96 98 100
Purity [%]

(a) Relationship between the SEE coefficients and the purity

1

SSA-S1

KP999 l,

® Room temperature
O 650°C

10 r g UHA99

HA997

SEE coefficient
(2]

5 1 1 L L 1 1 L
0 2 4 6 8 10 12 14
Average grain size [t m]

16

(b) Relationship between the SEE coefficients and the average grain size

Fig. 1.14 SEE coefficients of several kinds of commercial alumina ceramics at room
temperature and at 650 °C with the incident energies of 1 keV 101,
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EOWT, iR d T 2 BMEERZRELSTLHIET, 77 v A —20
i, b bR S O EEE OB LTV I TG Ik T 5 2 KE
F72724 (Secondary electron emission avalanche : SEEA) Dt O 2 [X] 5 .

FOE JRET T v A= OMi S & R 2 IRE TR

ARFETIL, SEEA OHIHIZIFIZ DN T 2 WE 7 HiiREk & BhEfH T TR 21T
ERELBE LIERRITIC LD, HEOILK & v Lo 2 RET itk

B ORI ORBIfR Z I 5202 L, SEEA IR Difiiai Lo ER 72 2

REFHHREBIZOWNWTELET 5.
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2. 2 ZEREELEERAE
2. 2. 1 ZEEEEREAER
X 2.1 [ZFEBREE S XL OERBIK 2R, X 2.2 IIAREREEOHE. TH 5.

REIIAT LA (SUS304) BCEAEE 700 mm, /& & 500 mm @ &8¢

P

=

et

BREIL2750 THDH. ZOEERERIIL, &S 1,073 mm, 4ME 240 mm, 3 E:d
BT ABRET v IPREHR SN TS, BEFESUEIZIT I A=V H T A5
OBRPZE (B 200mm, JEX 9.525mm) 23 2 fHlFkE ST Y, MERHAERO
BT VAN AATICEYEIERETH D, B2ERLHEO FEICITEREA
MR I TEY, ZORX Mr—7 3 KK 150mm Th 5. BEEH ERITr —4
U —R 7 (HFRGHREE 800 O/min) 38 KONV — R0 7 (HEXUEEE 1650 U/sec)
TITW, 24 L EOBEZES S IC L W B2 E % 10 Pa A — X — &35 Z L3
BETHD. £, BERGHNOREDRED, ©7 =825 (AEHME 4x107"~
3x10°Pa), I8 L UNA Z VEBERZEGE (JUEHIPH 5x10°~1x10'Pa) TIT -7z,
HZERZEPIZ, AWFETHW 2 BREER ORI A EEM S L. ZRIE
HZERE 10°Pa A —H —T{To7=. A 7V AEEFRAEREE (Impulse generator)
12 X0 BRRMEAEETE A VR (-1.2/50 pus) ZFEIINL, M8 L7z @RI
WTUHBERAESYE, TN BIE - JEER - BICRER 2T V2 VA
g2 a—7 (HEHIENE 25GHz, 37U > 7 40GS/s) (2L Eifs L7z, HI
L 7= BT Re sy 2% (Voltage divider) & 3=~ v —7 % Fv T 1/2,000 (1%
LIF) I ELUTHE L., £706E 5% (Photo multiplier tube: PMT) - (32
FRCEEFEPH : 300~900nm) Z W CIE DR IERE L, ®mEKE I LV N R T A
7 #—~— (Current transformer : CT) (J&J# %568k 400 Hz~250 MHz) % W\ T
iR R A E LTz,

FUNEE - BRI & & I, MERLBREZES L. BB g
VHANAAT 1 BICEDFIEIE, BLOEET L—I 7B ARG L

_24_



Impulse
generator

Negative lightning impulse voltage (—1.2/50 ps) ‘l
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............................................
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s PMT —
o — LT 5 | Electrode
Gate signal (Still & system
: icamera

still cameras With'

| Fast-framing

Vacuum chamber
(1075 Pa)

—| Lightintensnywaveform |

L Anode current waveform }

Fig. 2.1 Experimental setup.
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Glass bushing

Vacuum chamber
(10 5 Pa)

Observation window

Turbo molecular pump

Fig. 2.3 Fast-framing measuring system.
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H.V. electrode

Alumina
(Cathode) dielectrics
(SUS304) (5 mm)
¢2 mm
Grounded
Vacuum gap/ back
g=5mm electrode
75 mm
L
' " Anod
Grounded -+ node
electrode - > current
(Anode)
(@) Side view

Vacuum

Alumina dielectrics

Grounded back electrode

Alumina dielectrics (Al, O3, 92 %)
(150 x 150 mm?)

Grounded back electrode
(100 x 100 mm?)

o

/

H.V. electrode
(Cathode)

--------

..........

Grounded electrode (Anode) =

(b) Front view

(c) Equi-potential distribution

Fig. 2.4 Electrode configuration.

Table 2.1 Physical properties of alumina sample.

Series HA-92
Al,O5 content [%] 92
Density [g/cm?] 3.6
Relative permittivity 90
(1 MHz) '
Dielectric loss
(1 MH2) 0.0003
\olume resistivity >1014

[Q-cm]
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2. 3 EEhLEREERBERE

2. 3. 1 BEIIYIA—NEREELIUVURILKRE

X 2.5 ICZEZE IR HEAE ORI ERER L OF IR 2 <3 . PMT OEE
JEIF-300 V & L, ZDOBEOFINNEE Valt—41.6 kVpeak TH 5. [FIXK(Q)DELE -
PR EE A K ML IZ W T, ISR KON L Tk
0, ZHERBFCHIEENBAD LIzZ 0, 77 v o — RN L
7o, 2 LT, HE ns O RIBRE AR -1, &7~ Z v 2 F—3 (Flashover :
FO) IZRDZ &b, FKD)LY, InmMERS2EEEL T, Mgk
27 4 7 Ay MROF ¥ RV S, BRREAEKL, FORELZ L
PND.

2. 3. 2 REIFIVIF—/NERBREICEITHHENLHER

X 2.6 |23 FO HEROFLBEEICH N T, 7L —I V ZHIEIZ L > THRE L
HEEF G I LOSNIS T 5 EE - BRIP4~ 7. WX (@)~(d)ix, FO R
MR B ECHEHY7R FO £ TO @O 2K 7. LLOBEEKRHIL 20ns TH L. [[
X(a-1), @2)IXZTNZENERONH ENDBRB L ONZOEZLOE B THD.
FO R DOBHMGER, FBMRE FICHRWIEEA RO, 7z, FehEimz ful &
LTI DR300 5. 2D ORNITEFPHEBEI~ERTH 2 LITLD
AT B A Y — KLzt A (Cathode luminescence: CL) &% x b 5B kiz,
[F[X4(b-1), (b-2)TiE, HIBORNZIZAT D & & b, T M IR ~YEA
Sl ZOKE, BIRERNHIE S NI &b, 2IREFRIEADERL, Bk
~NELEZEEZLND. FX(C-1), (€285 FO OERTORENA4) S, FO
DOERIZIEY, BRAFLE LTRSS IER LI Z ERbnd. £
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I B AL DFRNIEINET v RV DGR TR S, FOIZE ST Z Enbr5.
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FO development

e
T T

0 9 0
Light intensity [a.u./div ”a
= 10 9 y[ ] 100 §
x~ [
s 20t 200 S
8 o
—_ [¢B)
S -30f -300 8
<

—40 + ~400

-50 -500

Time [500 ns/div]

(a) Voltage, anode current and light intensity waveforms of surface flashover

H.V.

electrode Alumina dielectrics
(Cathode)

rounded electrode (Anode /

(b) Still image of surface flashover

Fig. 2.5 Measurement of surface discharge in vacuum (Va=—41.6 kVpeax).
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(@) Inception of FO development

(-1 (2

Time [100 ns/div]

(b-1)
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(b) Circular light emission in FO development

Fig. 2.6 Fast framing images and corresponding waveforms of
surface flashover development.
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(d) Formation of flashover channel

Fig. 2.6 Fast framing images and corresponding waveforms of
surface flashover development.

_32_

-10
—20
-30
—40

Anode current [A]

Anode current [A]



2. 4 BEIZYIA—/N\RHEEERICETEIRELEELV
FE SRR IR

Xl 2.7(a)F L ONb)1X PMT OINEE/EA —900 V & L7=BEDIR IR TH
5. @6 FO BHAELZLWES, BERINIG U TREPBR S TE
D, BHELLROEMBIMAAELTLLEEIOND. 2 ORIBEEE TOIRHL
%, FIRb)D L 912 FO A LZKHIZ S, F ORISEE CElll <7z, [F
[X|(2) DT & [RIRFIC 1. %38 L CHUSG L2 A e PR oG %X 2.8 1053
T BB OBIERERIL 30ps TH Y, FNIREWEIEHME S 4125 R fEIR A T
ARE LIz, RS, RBRE T OEREITICRFTRELR R oh, iy ok
T EM DR TE S, ZALIEEIL, B S OB E Tl S
NIB TP~ EETHZEICL>TAHELD CL EFx b, Lizdio
T, RO X D ICEEEFTORNN RN D56, M BB AR5
GHETDEZ206ND. ZOE KK > T EORET R MmE, &5
X EICB 27 7 ST AORBECER L TZED%O FO BNREETH LE
26D, KL T, EikoA v A FO BiRMERIC BT 2% 6% & b
720 CEBR SR 2 RiEkiE (Pre-discharge) & 3L, WKEILIECTHREFTZITH.

2. 5 PREIBKEOENLEGS L VHENLER
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Voltage [kV]

Voltage [kV]

Time [1 ps/div]

(@) In the case without surface flashover (Va = —54.4 kVpeax)

Time [1 ps/div]
(b) In case with surface flashover (Va=—56.0 kVpeak)

Fig. 2.7 High sensitivity measurement of surface pre-discharge.

Cathode — :

Alumina surface

Fig. 2.8 Light emission image of pre-discharge (Va=—54.4 kVpeak).
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Light intensity [a.u./div]
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Time [1 ps/div]

Fig. 2.9 Applied voltage dependence of light intensity at pre-discharge.
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Fig. 2.10 Relationship between light intensity and applied impulse voltage.
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Alumina dielectrics

(a.) Va =-41.0 kVpeak (b) Va =-49.2 kVpeak

(C) Va = _623 kVpeak (d) Va = _672 kVpeak
(Flashover)

Fig. 2.11 Light emission images for different applied voltage
(Exposure time of (a), (b) and (c) :25 us, (d): 50 ns).
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H. V. electrode Alumina dielectrics

(Cathode) (5 mm)
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Gap 5 mm electrode
Position
- (iv)
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(a) Side view
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(Cathode) (100 X 100 mm?)
Alumina dielectrics
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I —t fI Position
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Observation area 60 mm

Grounded electrode (Anode) -

(b) Front view

Fig. 2.12 Electrode configuration for pre-discharge measuring.
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Fig. 2.13 Light intensity for different applied voltage for each position.
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Fig. 2.14 Light emission images of pre-discharge for each position
(Va=-37.2 kVpeak).
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Fig. 2.15 Calculation results of current density from cathode

due to electric field stress.

_42_



LD E, KVETFREHINSTWEEx LM b EBEL,
B % 300~500 &ARE L7235, RIBKAEIZI T 2 B iR O TRy
I HTZ Y, BREFBHEP BN THL EWVWA D, £, Bl EOET
BEREIT NS <, 0¥ MU T Thd B LN TRV, REOBERE
FEOREMITHEREL D b REVEZ X NS,

F/o, LiLOBEICL > TE&RN OB N ELD L, @BO R
MBNREZ D B2 5. &R EoRTmeEuL, (21) XoOBE 7k
WX DEREEZ NS, RXOEBEREL#HRE Lhm~7 FSH,
BANFRE THERBENRES S RD LHNSND. RN 5E
T RS DEERB I SV TR E THRET 5.

2. 7 F&EOH

RETE, EREENEMRZELL, 12OV REBERIIREO B2
D RIRBICONT, HFREIC L0 HEERRRICRE T Dy EoE
WA OBLENOIF L. £, HFRREROBEKEOM Eicky, L
TOXIRIBE T T > A —"ORIBEREDOFELH LI L.

(1) RIBFALEL, AWML SV REBIEOHIIIRIZ, 77 v A — SO
FIRIC I T DI R RIE O BIRTH .

(2) AIBRACGEEDOFICTREIITEERFERH D, T, FINEEOHMIC
&b DR EOFKETTH D VXTI E DML DD TH
0, Bt EoET B E TR £ O ER OIS T 5.

(3) #afEM LOFIE IR OREIRIBIK ST, BREKEIIKFET D
ZLEWLMT L. #EiE LRI RIE, B OB E AT

HEL[SBIIR > T—EHIZRED.

_43_



F2EDSE M

[1]
[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

RS EATERES 892 A EIZB T 5 B OB & Mtk ELdfir) | 2002.

R. V. Latham : “High Voltage Vacuum Insulation Basic Concepts and Technological
Practice”, Academic Press, 1995.

H. Fink and R. Renz : “Future Trends In Vacuum Technology Applications”, 20th
International Symposium on Discharges and Electrical Insulation in Vacuum, pp.25-29,
2002.

R. V. Latham : “High Voltage Vacuum Insulation : A new perspective”, AuthorHouse, 2006.
T. Asokan and T. S. Sudarshan : “Pre-flashover Luminosity along an Alumina/Vacuum
Interface”, IEEE Trans. on Dielectrics and Electrical Insulation, Vol.1, No.6, 1994,

K. Suzuki, K. Kato, Y. Hakamata and H. Okubo : “Real-time and High-speed Measurements
of Charging Processes on Dielectric Surface in Vacuum”, IEEE Trans. on Dielectrics and
Electrical Insulation, Vol.10, No.4, 2003.

H. Kojima, N. Hayakawa, T. Ishida, H. Okubo and K. Tsuchiya : “Development Process of
Impulse Surface Flashover on Alumina Dielectrics in Vacuum”, IEEE Trans. on Dielectrics
and Electrical Insulation, Vol.18, No.3, pp.918-923, 2011.

FHA, WA, AR, Tk TEZEICI T 280 i LRI ER OFEE AT v,
TS, pp.37-42, 2002.

H. C. Miller : “Flashover on Insulators in Vacuum”, IEEE Trans. on Electrical Insulation,
\Vol.28, No.4, pp.512-527, 1993.

[10] H. Okubo, T. Yasuoka, T. Kato and K. Kato : “Electrode Conditioning Mechanism Based on

Pre-breakdown Current under Non-uniform Electric Field in Vacuum”, 23rd International
Symposium on Discharges and Electrical Insulation in Vacuum, pp.13-16, 2008.

[11] N. X. Xu, J. Chen and S. Z. Deng : “Physical origin of nonlinearity in the Fowler-Nordheim

plot of field-induced emission from amorphous diamond films: Themionic emission to field
emission”, Appl. Phys. Lett.76, 2463, 2000.

[12] T. Kanai, Y. Yamano, S. Kobayashi and Y. Saito : “Microscopic Observation and Analysis of

Field Electron Emission Sites by Using an Electron Emission Microscope and Auger
Electron Spectrometer”, 25th International Symposium on Discharges and Electrical
Insulation in Vacuum, pp.83-86, 2012.

- 44 -



E3F REIIvVIF—/\FREORFENEFRE

g
3. 1 FAMNE
FFOEATRIEMIC 351F 2 B2 PN T HCELE, B = A0 OERE T

Mafme LTt L, BERiEEminmicis T 5 2 RE 72724 (Secondary
electron emission avalanche: SEEA) %~ C#RET S EEZx b T2,
Z O, B OEFHGICOVNTOZRITITE A LRI TRV, 5§
2ETARLIZL OIS, BERABEMEMEL T, 77 v A — BRIARFZES
FREE R O INFS L ORIRZR IR DYEINA R S iz, ZhiFeimRim o )&
PRI 72BN G 2 WNIAERRI ~ D TT A 53 F D 5870 E ORI LY, &
PIET B0 B2 BND. L LAERD, BEDOHE, &0 AN
IZES HEFIEEE ns~% us TH Y, Fns~#+ ns A— & — CTHIBEAED
I A AN L LB L. Lo T, RiIBRENS 7
Ty UF NSO AT = AN E LTUE, B EICBT 5 RATH e eI
&0 BRI O ORI EREEEOWMN N Y T — L R D AREENRE X HiLd.
UL DR AR E 2T, RETIX, A 7V AEEZHN L 72k O RSk
BODIRE T 7 v VA —N"A~DEBA =X LEH LML, ORI EN
FPEIZ DWW THRRET AT 9

3. 2 RRFEELEEBAE

3. 2. 1 EERERRLAER

AKEBRTHWEZEZEZRES, A 79V AEERAREE, HERR7 EITpisEL
FIfCTHD. K 3.1 IZFEBRRIE L HERZRT. ARGFTIE, &EE - B
BAIZMZ T, DT v —T7EMmNODEZEISGT 5720, 26074

_45_



NFTuaAa—7 (25GHz, 40GS/s 3L WN1GHz, 5GS/s) #HwW=. %
DEE, WLV AT 2R L —FINLD/NVAEEENFOT VX VA Aa—
TIN5 &T, BUSEIE DR Z1T - 72,

Fio, AIRO X DI, 7T v A — HEREBRAAEREO B E OB ns
~EA NS A —F —THHLEALNDTZD, mAK CT OIS HEE (250 MHz)

TIEARTSRaiBER S LS. 22T, 1 ns BEDNLD XY &1 OB v
AU HIBRET X 2 HERIES 2 A ixd Eim O EMmIZ 5H 7' —7 & LT
iF, ns fEEEL T OB EERIEZ TREE LTz,

3. 2. 2 EBBEREERAE

B 3.2 [ZESEEMOBEMEAR L T . BRI X OH%Y OWMEHET
B LR CH D, M Em OPEHIEMIZIL, 10X 10 mm? O 4 EIFE 7 17—
T% 32 (A~C) RiE L. KFET 02— T IIFE# s —7 01 v E—4
YAEDBEE LD, 50Q OEEEGZRRTZ. T ORIERIEIIEE K
JRE R X O KRB DM A2 R L, ME 150 V, #HiHE 100 Q O F
w THBUE 2 WHITHERK L=, #E 7 v —71%, BEHRE 25 0, 20, 40 mm
DONLEIZENCNELE L, MY EcoRmEMOENL, FilxiL, &Y L
BT DA EOEMBIM L OFHERBEELIE L. 22T, 7
VR TG AN LB T 0 — 7 ORERIL 160 ps TH Y, i EOER
FENK L RIS ERE LA RO LB X D,

_46_



Impulse
'generator | 100 O

Negative lightning impulse voltage (—1.2/50 ps) —l

Voltage
divider

! LT 14550 Ioozs uF

— Applied voltage waveform bushln

Pulse generator
—>

Oscilloscope
(2.5 GHz, 40 GS/s) s JL

rigger pulse

i Gate signal = Electrode
system

D[FE
L Oscilloscope Still cameras

1 GHz, 5 GS/s) M with 11,
| e

—{Probe current waveforms|

— Anode current waveform }

Vacuum chamber
(10 Pa)

Fig. 3.1 Experimental setup with measuring circuit.
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| w40
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[ ]
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Fig. 3.2 Electrode configuration with electrostatic probes.
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Time [100 ns/div]
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Fig. 3.3 Woltage, anode current and probe current waveforms of surface flashover
(Va=-38. 0 kVpeak).
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Alumina dielectrics
(a) Pre-discharge (t < 0 ns)

(b) Flashover inception (t = 0 ns)

(c) Spot-like light emission (t = 30 ns)

Fig. 3.4 Comparison of light emission images of pre-discharge and flashover
(Exposure time:20 ns).
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Fig. 3.5 Schottky plots of probe current as a function of EEE inception electric field.
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Fig. 3.6 Applied voltage and probe current waveforms of surface flashover
for different cathode materials.
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Fig. 3.7 Probe current as a function of EEE inception electric field
for different cathode materials (g = 5 mm).
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Probe current as a function of EEE inception electric field for different gaps

between cathode and alumina dielectrics (Cathode material: SUS304).
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Fig. 3.9 Probe current waveforms of probe A for different gap.
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Fig. 3.10 Histogram of di/dt of probe current.
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Fig. 3.11 Histogram of rise time to peak of probe current.
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L

Cathode

Alumina dielectrics

(@ g=2mm (Ea=-31.9 kV/mm, —12 ns <t < 8 ns)

(b) g=5mm (Ea = —30.6 kV/mm, -8 ns < t < 12 ns)

() g=10 mm (Ea =—-32.1 kV/mm, -9 ns <t < 11 ns)

Fig. 3.12 Light emission images at EEE inception (t = 0 ns)
with exposure time for 20 ns.
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Table 3.1 Surface potential with transient charging at each gap length.

Gap [mm] 2 5 10
Applied voltage V,
at EEE inception —26.6 -32.8 -34.5
[kV]
EEE inception electric field _ B B
E, [KV/mm] 31.9 30.6 32.1
Transient charge
—1.40 —4.02 —4.35
Q [nC]
Charging area 5.73 19.6 69.4
S [mm?]
Transient charge density 0.4 001 0.06
o [nC/mm?]
Capacitance
0.092 0.266 1.11
C [pF]
S”rfa\?e[ﬁ‘\’/tf”t'a' -152  -150 392
S 0, 0, 0,
VIV, [%)) (57.2%)  (45.8%)  (11.4%)
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Alumina -~

dielectrics N &
Probe A Probe B
Grounded = 1

back electrode

(a-1) g = 2 mm (No charge) (a-2) g = 2 mm (Charge density: —0.24 nC/mm?)

(c-1) g = 10 mm (No charge)

(c-2) g = 10 mm (Charge density: —0.06 nC/mm?)

Fig. 3.13 Potential distribution with and without transient charging
on alumina dielectrics.
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Alumina dielectrics

(150 x 150 mm2)4 Y [mm]
Probe
(10 %X 10 mm?)
X
[mm]
e

Grounded back electrode
(100 x 100 mm?)

Grounded electrode (Anode) =

(@) Model 1 (for measurement of inception of surface flashover development)

Alumina dielectrics
(150 X 150 mm?)

Probe Y [mm]
(10 x 10'iim?)

\ 20 40

Grounded back electrode .
(100 x 100 mm?)

Grounded electrode (Anode) =

(b) Model 2 (for measurement of propagation of surface flashover development)

Fig. 4.1 Electrode configurations.
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(a) Voltage, anode current and probe current waveforms

Cathode
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(b) Light emission image of EEE at inception of flashover development

Fig. 4.2 Inception of surface flashover development (Va = —37 kVpeak).
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(b) Light emission image of EEE at inception of flashover development

Fig. 4.3 Inception of surface flashover development in case of
EEE from side of cathode (Va = —43 kVpeak).
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Fig. 4.4 Expansion process of transient charge in surface flashover development.



&, 1IREEE ©7'v—7EHICHAT, 2K EEE O 7w — 7 EHIIHR 2 12/
XL 7o TWB. —FT, Fhm (0,-200 BLWELEM (20,00 OFr—7
BIRIL 1R EEE IZHART, 2IREEE DR KRENZ ERNbnd. Fi2, 3K
EEE NV RIZEHT S &, i1k (0,-20), (20,00 OF'v—T7EHIZHA T
7 (0,-40), (40,0) 7 a—TEIROFNOTNDICKENZ ERbND. 2
M, RS NICRIEREIZ L - T, BTG OEBERDAANE LIZFER,
FHLENZL L, WEOMANIER LIz=dEEZ LN,
[ O EOHEERMEICEA TS, £ —7OERFREL, Trn—7
B o7 FiigmEmRICE T S mEEMEOE {LART EEBEILND. £
2T, I — 7 BRI ORI Lo TR — T H Lo EEN & F N
L7z, ZO@EREOIEKIBRIZEW T, EEE FIZB ¥ E /A 3 i 4
DELTHEBILLEZ EBD0 5. ZO%ROAEIZL HENE, TAOMNER
RII B AT =V TORMMI 72 EOEGYMRIIREN R R DO LEEZD
I, WREHIR T T A — N AR E DT D BRI, Rl OREIREED 2R
\Z E BiEkEY L2 BT RIEROEE LT SITERDMODRKRENESZ XS
no.

4. 3 BEIZYIA—NERBREICEITLIERED

X 4.5 (iR 7 7 v A — R OEE - BRI, X4.6107 L—I 7%
et mmd. 22 TlE, EBREMER Model 2 2 v, ZiRECT (0,0), BLUY
wh, Tb b mo#E 7 n—7 (0, 200 BLO (0, —40) THA
Lic7 v —TEBROHrZR LIz, 2T, KEFET 71— 7 %L I Probe A,
B, BLUC LT 5. LLOBENRRIT20ns THY, KRBT T T v oA
— \EEROBMEN LRI T T v A= NICRE D ETORNHEEERT. X
4.6 DEFENAIE, Va=—40 ~ =50 kKVpeak (BT DINE 7 T v A — D4

_74_



RGP OHE LT DO TH LN, —#HOWRE 7 T v A — \HEREE &
9 R TCITAHMEZ R L.

A @IZFWT, BMRE TIZROIEEA OIS, O, X TOHE
7 =TT AMEOERPFEI N 200, BRE TZH0E LA
WHEDOEER BN I N EEZ NS, ZO%OEREFETIX, Bkt
HME TV R g FICRSEIER L, RIKb)~ )DL 512, R
IR END. T —T7EREIELRO LabEs L, FLEIE
WTCIFAMRMED 7 o — 7 BN Z L b, AR ENEE I &
Ez b, —JC, Probe A ¥ XU B OB EIIC I W T IEMRME D 7
o— 7 EBRATAVAD . ZOBEBELT, TAITHEMICINT v TSN

BN EN 5 2 & THEBEBRERICHFLT 52 L0, WICEMBICE
Fx¥ FADRER SN Z LI R0 Y EOREEMPAET L, HENRE
SNRTKRDIENEZLND. FX(E)TIX, BELEIZI T 25658
<720, BTEEOHENET. FANELY, EEOREERKEAOND T
4 T A MROF v XABEHAN BRI D Z Enbind. Z OEEN
F ¥ FVOERIE, BB CETEZZEE ST Z LIk v &4+
DMBET AZ L Db DEZEZBND. 22O, T XTOT 11— ERN
EMPEZRLIEZ 00, RBRE T2 BIEICER S N EEREN 7 7 v
F—NERNIRES N EEZILND.

UL EDOREN S, Il 7 7 v VA — R OB D ERA&IN T 7 T » v A
—/NZEDLET, BIEOROEECTRBIEREN KT 5 TH L 2 &2
HoNERo7z. Zhid, AMEEERERRICI T 57V I Tt
THEFEED, BAEOERERNTHLIDEBZA NG, £, 77y
F—NELBRIZENT, HBEMET v XL OBMEER X7 L 2 Tk
Y FiER RO L OMICERERBEERH D EEZXBND.

_75_



0 ' ' ' ' ' ' E
Z -lor
@ =201 |
[ |
= 30F :
> —40F
Time [L ps/div] ™ ‘
© EEE
» (t=0ns
0~ 5
— o | : B
2 10 |
g 207 | I
© |
S 301 :
|
Z 40 1 .
—— i
2 _ Probe A (0, 0) i
S > ~
3% | Probe B(0, —20) :
3w i
SN=} Probe C (0, —40)
o i
|

Fig. 46 @) ©) (d) (&) ()
Time [50 ns/div]

—100
—200
—300
—400

—100
—200
—300
—400

Anode current [A]

Anode current [A]

Fig. 4.5 Voltage, anode current and probe current waveforms in development of

surface flashover (Va = —41.6 kVpea).
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Alumina dielectrics

@t=0ns (b) t=20ns

(c)t=80ns (d)t=150ns

(e) t=250ns (f)t=350ns

Fig. 4.6 Fast framing images in development process of surface flashover
(Exposure time: 20 ns, Va = —40 ~ =50 KV peak).
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Fig. 4.7 Transition of surface charge on alumina dielectrics in development process
of surface flashover (Va=—40.0 kVpeak).

Table 4.1 Transition of applied voltage and surface potential on alumina dielectrics.

t )\A,\gﬁggg Probe A Probe B Probe C
[ns] [kV] [kV] [kV] [kV]
0 -39.0 0.0 0.0 0.0
50 —35.2 -16.9 -11.6 -2.9
100 —30.1 -23.1 -19.7 —6.0
150 -32.6 -30.2 -28.4 —13.5
200 -33.9 -32.1 =31.0 -19.5
250 -32.6 —32.7 —30.6 -25.3
300 —29.7 -30.1 -27.1 —26.2
350 —26.2 —26.4 —23.0 —23.1
(‘Il:%)) -9.9 -7.4 —4.0 =5.2
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Fig. 4.8 Calculation model for transition of equi-potential distribution.
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Fig. 4.9 Transition of equi-potential distribution in surface flashover development.
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Fig. 4.10 Schematic model of impulse surface flashover development.
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Fig. 4.10 Schematic model of impulse surface flashover development.
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Fig. 5.1 Electrode configuration for various thickness of alumina dielectrics.
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Fig. 5.2 EEE current characteristics for different thickness of alumina dielectrics.
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Table 5.1 Surface potential with transient charging at each thickness
of alumina dielectrics.

Thickness of alumina dielectrics

[mm] 2.5 5 10
Applied voltage V,
at EEE inception -32.6 -35.3 -34.9
[kV]
EEE inception electric field _ _ _
E, [KV/mm] 36.2 38.6 38.1
Transient charge
—7.66 —5.61 —3.56
Q [nC]
Charging area 19.6 19.6 19.6
S [mm?]
Transient charge density 0391 0.286 0.182

o (=Q/S) [nC/mm?]

Capacitance

C (=6,5,5/d) [pF] 0.627 0.3136 0.1538

Surface potential
V4 [kv]
(Vs !V, [%])

~122 ~17.9 227
(37.4%)  (50.7%)  (65.0%)
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surface flashover.
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Fig. 5.5 EEE current characteristics for different radius of cathode.

Table 5.2 Surface potential with transient charging at each radius of cathode.

R [mm] 1 2 3 4 5

Applied voltage
V, [kV] -23.9 -37.1 —45.2 —=50.6 —54.5
(E, =30 kV/mm)

Transient charge

247 555 862 991  —103
Q [nC]
Charged area 9.08 16.6 32.2 342 40.7
S [mm?]
Charge density

o (=Q/S)[nC/mm?] —0.27 -0.334 -0.268 —0.290 —0.253

Capacitance
C (2&,6,S/d) [pF] 0.145 0.266 0.515 0.547 0.651

Surface potential
V;(Q/C) [kV]

-17.0 =209  -16.7 —181  —158
(71%)  (56%) (37%)  (36%)  (29%)

(Vs/'V,)

Relaxed
electric field -12.7 -16.9 -20.8 -21.8 -24.3
Ee [KV/mm] (58%) (44%) (30%) (27%) (19%)
(=1-Ea/ E;)
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Fig. 5.6 Estimation of surface area S of transient charge from light emission image of
EEE at surface flashover inception.
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Fig. 5.7 Change in electric field distribution on alumina dielectrics
due to transient charging.
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Fig. 5.7 Change in electric field distribution on alumina dielectrics
due to transient charging.
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Fig. 5.8 Change in electric field on alumina dielectrics due to transient charging.
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Fig. 5.9 Electrode configuration with back electrode of cathode.
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Fig. 5.10 FEM calculation of equi-potential distribution.
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Fig. 5.14 Development condition of SEEA on alumina dielectrics.
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Fig. 6.1 Schematic of secondary electron trajectory.
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Fig. 6.2 Flowchart for calculation of secondary electron emission coefficient.
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Fig. 6.5 Expected value of secondary electron impinging energy, impinging angle

and flight distance along alumina surface.
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Fig. 6.6 Expected value of secondary electron emission coefficient
along alumina surface.
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Fig. 6.7 Transition of surface charge on alumina dielectrics.
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Fig. 6.8 Temporal variation of surface potential distribution
on alumina dielectrics.
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Fig. 6.10 Change of surface potential on alumina dielectrics in every 50 ns.
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