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北海道大学工学部研究報告

第105号（昭和56年）

Bulletin　of　the　Faculty　of　Engineering，

　Hokkaido　University，　No．　105　（1981＞
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Nobuyas服SATO，　Sadao　SAwADA　and　Hiroal｛i　TAGAs｝玉玉RA

　　　　　　　　　　　　　　（Received　March　31，1981）

Abstract

　　　An　image　converter　aRd　image　intensifier　were　used　to　investigate　the　streamer

propagation　mechanism　of　transient　discharges　that　are　started　at　undervoltages　by

supplying　a　large　Rumber　of　initial　electrons　at　the　cathode　of　parallel　plates　in　niero－

gen，　air　and　sulphur　hexafiuoride．　The　streal〈　photographs　and　correspoRding　current

growth　curves　obtained　in　nitrogen　and　air　for　undervoltages　up　to　80／o　at　pressures　in

a　range　from　20　to　4eO　Torr　demonstrate　that　the　pre－breakdown　stage　of　develop－

meRt　was　first　observed　in　the　mid　gap　after　the　accumulation　of　the　space　charge

caused　by　the　generation　mechanism　of　the　avalanches　and　the　development　of　the

glow　discharge　consists　of　the　cathode－and　anode－directed　luminous　froRts．　Transition

of　the　glow　discharge　to　the　arc　channel　was　recognized　in　nitrogen　and　air　at　a　pres－

sure　of　more　than　300　Torr　and　only　a　filamentary　arc　discharge　was　observed　in　SF6

at　a　pressure　of　150　Torr．　The　rnechanism　of　the　luminous　front　propagation　and　of

the　arc　initiation　are　discussed　with　an　account　for　the　space　charge　effect　and　dissoci－

ation　of　the　sample　gas．

1．　lntreduction

　　　Transient　discharges　in　nitrogen，　air　and　sulphur　hexafiuoride　that　are　induced　at

ufidervo｝tages　by　a　large　Rumber　of　initial　electrons　released　at　the　cathode　of　a　paral－

lel－plane　gap　have　been　previously　studied　at　various　pressures　experimeRtally　and

theoretically．｛i）K2）’（3）　lt　was　shown　ln　these　studies　that　the　undervoltage　breakdown

process　generally　consists　of　three　stages；　the　first　one　is　the　formation　of　the　space

charge　distribution　due　to　the　ionization　amplification　of　the　first　avalanche，　the　second

is　the　space　charge　accurnulation　caused　by　the　secondary　effects　and　the　third　ls　the

rapid　streamer　propagation　which　arises　from　the　space　charge　distortioR　of　the

applied　field．　At　the　first　and　second　stages　in　the　breakdowh　process，　the　discharge

’　Applied　Electricity
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currents　were　measured，　and　factors　affecting　the　deveiopment　of　the　current　such　as

photoelectric　emission　from　the　cathode，　electron　detachment　from　negative　ions　and

photo－ionization　effect　were　investigated　by　comparing　the　experimental　current　with　a

computer－simulated　current．

　　　In　the　present　paper，　attention　will　be　paid　to　the　mechanism　of　the　luminous

front　propagation　and　to　the　initiation　of　the創amentary　discharge　whlch　appears　at

the　last　stage　in　the　breakdown　process．　A　rapid，　space－charge－accelerated　propaga－

tion　of　luminosity　and　the　corresponding　current　growth　at　this　stage　were　observed

by　use　of　an　image　converter，　image　intensifier　and　storage　oscilloscope　at　pressures　in

a　range　of　20　to　400　Torr　in　nitrogen　and　air，　and　at　a　pressure　of　i50　Torr　in

sulphur　hexafluoride．

　　　The　streak　photographs　obtained　in　different　gases　are　compared　with　each　other

to　investigate　the　contribution　of　the　negative　ion　formatioR　to　the　development　of　the

d｛scharge　at　the　last　stage．

　　　This　work　is　performed　as　a　part　of　the　research　to　investigate　the　streamer

propagation　mechaRism　by　a　comparison　between　the　experimental　current　growth　and

luminosity　propagation，　and　the　theoretlcal　values　obtained　by　computer　simulation．

2．　Experimental　arrangement　and　procedure

　　　The　experimental　arrangement　is　shown　schematica｝ly　in　Figure　1．　A　parallel

－plaRe　gap　was　used　with　a　gap　length　d　：le　mm．　The　electrodes　were　made　of

aluminium　to　the　Harrison　profiie　with　an　overall　diameter　of　50　mm．　The　anode　was

provided　with　300　holes，　each　O．5　mm　in　diameter，　spreading　over　a　central　area　of　16

mm　diameter　so　that　the　cathode　could　be　irradiated　through　them　by　ultraviolet　rays．
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　　　　　　　Figure　1　Experimental　arrangement．

L；　N2　laser，　S；　shutter，　S，；beam　splitter，　M；　mir－

ror，　H．　V；high　voltage，　P；power　supply，　P．　C；

photocell，　D；divider，　D．　V；digital　veltmeter，　D．　P；

diffusion　pump，　R．　P；　rotary　pump，　Rg　；　registance，

L．　N；liquid　nitrogen　trap，　S．　1；　sillica－gel，　M，　T；

matching　transformer，　1．　C；　irnage　converter　cam－

era，　M．　S　；　memory　synchroscope．
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The　electrodes　were　set　iB　a　stainless　steel　vacuum　chamber　of　a　diameter　of　15e　mm．

The　chamber　was　evacuated　to　IO－6　Torr　and　fiushed　with　．a　samp｝e　gas　until　the

pressure　of　the　gas　reached　the　required　value．　The　purity　of　the　nitrogen　gas　used

was　99．990／o　and　the　purity　of　SF6　was　99．5％．　Laboratory　air　used　was　dried　passing

through　a　silica－gel　and　a　liquid　nitrogen　trap．

　　　A　static　potential　was　applied　to　the　anode　from　a　regulated　and　stabilized　vo｝tage

supply　（YEC　SHP－30）　and　measured　by　means　of　a　resistance　divider　and　a　digital

voltmeter　（Takeda　TR－6515）．　The　measurements　of　the　static　breakdown　voltage　Vs

were　made　several　times　to　an　accuracy　of　O．20／o，　then　the　voltage　vLrhich　was　lower

than　Vs　by　the　value　appropriate　to　the　value　of　undervoltage　was　applied　to　the

anode．　The　percentage　undervoltage　Av　is　given　by　（Vs－Va）／Vs　x　IOOO／o　where　Va　is

the　applied　voltage．　Under　a　static　potential　of　Va，　breakdown　was　initiated　by　irradi－

ation　of　an　ultraviolet　flash　onto　the　cathode　surface，　An　ultraviolet　fiash　of　10　ns

duration　is　produced　by　a　nitrogen　laser．

　　　The　discharge　current　was　recorded　by　a　storage　oscilloscope　（Tektronix　7623A）．

The　light　emission　from　avalanches　and　streamers　was　observed　by　means　of　an　image

converter　and　a　3－stage　intensifier　（John－HadlaRd　lmacon　700）．　The　converter，　which

employed　an　S　20　photo－cathode，　has　a　lower　and　higher　｝imit　cut　off　of　about　380　nm

and　800　nm，　respectively．　To　obtaiR　time－resolved　photographs，　the　image　displayed　on

the　converter　screen　could　be　streal〈ed　at　speeds　of　up　to　1　mm／ns．　Operation　of　the

converter　camera　was　controlled　by　a　pulse　generated　by　a　standard　delay　generator

which　was　triggered　with　a　pulse　from　a　photo－cell．　The　experiments　were　carried

out　over　a　range　of　Av　from　l　O／o　to　80／o　in　nitrogen　and　l　O／o　to　60／o　in　air，　and　at　1

0／o　undervoltage　in　SF6．

3．　Results　and　discussion

　3．　1　［1）ransieRt　glew　disckarge　at　20　Torr　iR　Ritrogen

　　　Typical　streak　photographs　of　the　formation　Gf　the　traRsient　diffuse　glow　dis－

charge　at　a　pressure　of　2e　Torr　in　Ritrogen　are　presented　is　Figure　2，　along　with　the

oscillograms　of　the　corresponding　discharge　currents．　The　first　peak　of　the　discharge

currents　shown　iR　Figure　2（oscillogram　（A））　results　from　the　iRitial　avalanche　star£ed

by　a　large　number　of　supplied　electrons，　which　results　in　the　formatioR　of　the　space

charge　distributioR　in　the　gap　（the　first　stage）．　The　osciliatory　character　of　the

current　arises　from　the　presence　of　the　avalanches　in　the　subsequeRt　generatioRs　due

to　the　photo－electric　effect　at　the　cathode，　which　results　in　the　accumulation　of　the

space　charge　with　consequent　increase　in　the　field　distortion　（the　second　stage）．　No

streak　photograph　of　these　early　stages　was　observed　because　of　low　intensity　of　light

emission　from　the　avalanches．

　　　At　the　final　stage，　however，　a　luminous　froRt　is　first　observed　in　the　mid　gap

moving　towards　the　cathode　with　a　velocity　vsc　of　about　2×le7　cm／sec．　Shortly　after
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the　arrival　of　the　luminous　front　at　the　cathode，　a　diffuse　glow　is　seen　to　be　estab－

lished．　The　glow　discharge　at　this　stage　exhibits　a　uniform　column　almost　across　the

gap　and　a　thin　dark　space　in　front　of　the　eathode．　This　appearance　of　the　discharge

resembles　that　of　a　normal　glow　discharge．　The　discharge　current　at　this　stage　in－

creases　rapidly　up　to　O．5　A　and　decreases　gradually　because　of　the　influence　of　the

outer　circuit　composed　by　a　high　resistance　R　and　a　small　capacity　C　that　are　used　to

avoid　the　damage　of　the　electrodes．　The　brightness　of　the　glow　discharge　decreases

with　the　reducing　current．　No　variations　of　the　appearance　of　the　glow　discharge

were　observed　when　Av　is　increased　to　8　O／o，　although　the　brightness　of　the　discharge

channel　and　the　current　decrease．　ln　SF6　and　air，　no　streak　photographs　were

observed　at　a　pressure　of　20　Torr　due　to　the　limitation　of　the　sensitivity　of　the

converter　camera．

　　3．　2　Transient　glow　discharge　at　200　Torr　in　nitrogen　and　air

　　　　Figure　3　shows　the　streak　photographs　and　corresponding　current　growths　in

nitrogen　at　Av＝1tt　and　40／o．　ln　this　case，　the　brightness　of　the　discharge　channel
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Figure　2　Development　of　the　diffuse　glow

　　　　　　discharge　in　nitrogen　at　20　Torr　at

　　　　　　（i）　Av＝1　e／o　and　（ii）8　e／o．　C　and　A

　　　　　　represent　the　position　of　the　cath－
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Figure　3　Development　of　the　glow　dis－

　　　　　　charge　in　nitrogen　at　200　Torr　at

　　　　　　（i）　Av＝10／o　and　（ii）40／o．
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increases　so　that　the　space　charge　accumulation　process　is　observed　as　a　luminous

front　meving　slowly　towards　the　cathode　at　a　velocity　vsc　of　about　2．5×106　cm／sec．

This　luminous　front　is　followed　by　an　accelerated　cathode－directed　1uminous　front　with

a　velocity　of　about　vsci　＝5×10’cm／sec．　After　its　arrival　at　the　cathode，　a　luminous

front　immediately　propagates　from　the　cathode　to　the　anode　which　is　followed　by　the

second　cathode－directed　luminosity．　The　average　veiocity　of　the　cathode一　and　anode－

directed　fronts　was　in　the　same　order　of　magnitude　and　was　found　to　decrease　with

the　decreasing　Av．　After　the　passage　of　the　anode一　and　cathode－directed　fronts，　a

diffuse　glow　is　now　seen　to　be　established．

　　　Figure　4　shows　a　series　of　streak　photographs　and　discharge　current　oscillograms

at　1－6　O／o　undervoltages　in　air．　The　propagation　pattern　of　luminous　fronts　in　air　is

almost　similar　to　that　in　nitrogen，　but　a　few　differences　are　evident．　The　discharge

current　is　smaller　than　that　in　nitrogen　so　that　the　luminous　intensity　is　lower．　The

luminous　tracks　are　narrow　and　are　more　clearly　seen　than　in　nitrogen．　lt　is　consi－

dered　that　these　differences　of　the　streak　pattern　result　from　the　effect　of　electron

attachment　and　the　negative　ion　formation　on　the　development　of　the　glow　discharge．

　　　No　transition　of　the　glow　discharge　to　a　filamentary　one　was　observed　in　nitrogen

and　air　at　200　Torr．

　　　Figure　5　shows　an　idealized　diagram　of　the　discharge　development　in　nitrogen　at　a

pressure　of　200　Torr．　The　observed　phenomena　in　nitrogen　may　be　explained　quali一
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Figure　4　Development　of　the　glow　discharge　in　air　at　200　Torr　at．　（i）　Av＝10／o，　（ii）　30／o　and

　　　　　　（iii）　60／．．
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tatively　as　fo｝lows．

　　　At　the　second　stage　of　the

discharge　process，　follovLring　a　few

generations　of　ava｝anches，　a　positive

space　charge　is　accumulated　near

the　anode　which　inereases　the　field

on　the　cathode　side　of　the　positive

space　charge　cloud　and　decreases

the　field　iR　froRt　of　the　anode．　The

「esu至ti簸9　丘eld　distortio鍛　enhances

the　rates　of　ionization　and　excita一
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s，iN　X　s，2
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Figure　5　ldealized　diagram　of　development　of　glow

　　　　　discharge．　Ai　and　A2　are　the　first　and

　　　　　second　avalanches，　respectively，　Sc，　Sci　and

　　　　　Sc2　are　the　cathode－directed　luminous

　　　　　fronts．　Sa　is　the　anode－directed　luminosity．

　　　　　G．　represents　the　glow　discharge　column．

tion　on　the　cathode　side　of　the　positive　ien　cloud，　which　results　in　a　shift　of　the

positive　ion　distribution　peak，　and　hence　the　field　maximum，　from　anode　to　mid　gap

（Sc　in　Figure　5）．　The　positive　ion　cloud　is　spread　almost　over　the　gap　with　a　conse－

quent　iRcrease　iR　the　field　distortion　near　the　cathode　and　the　rate　of　propagation

towards　the　cathode（Sc三）．　Whe償he　first　fr磁reaches　the　cathode，　the　resulting

intense　space　charge　fie｝d　near　the　cathode　amplifies　the　secondary　electrons　from　the

cathode，　which　supplies　a　large　number　of　electrons　in　the　low　field　region　of　the　mid

gap．　This　gives　rise　te　a　neutralization　of　the　positive　ioR　charges　and　the　appearance

of　a　negative　net　charge　distribution　in　the　mid　gap，　which　decreases　the　fie｝d　in　front

of　the　cathode　with　a　shift　of　the　field　maximum　from　cathode　to　anode　（Sa）．　Then

the　positive　ion　density　increases　in　£he　high　field　region　near　the　anode　which　results

in　a　reappearaRce　of　a　posltive　net　charge　distribution　and　propagation　of　the　field

maximum　to　the　cathode　（Sc2）．　After　the　passage　of　the　second　cathode　front，　a

diffuse　g｝ow　is　established　throughout　the　gap　where　the　positive　and　negative　space

charges　are　almost　neutralized　by　each　other　except　Rear　the　cathode　（G　in　figure　5）．

　　　In　air，　it　is　considered　that　the　mechanism　of　the　lurninosity　propagation　is　similar

to　that　in　nitrogen，　although　negative　ion　charges　may　play　an　importaRt　ro｝e　on　the

neutralization　of　positive　ion　charges，　as　well　as　electron　charges．

　3．　3　Transition　to　the　arc　disekarge　in　nitregen，　air，aRd　SF6

　　　Figures　6　and　7　show　the　strea｝〈　photographs　at　Av＝：1　O／o　in　nitrogen　and　air，

respectively，　at　pressures　from　300　to　400　Torr．　ln　these　cases，　the　propagation

pattern　of　the　luminous　fronts　before　the　establishment　of　the　glow　djscharge　js

similar　to　that　at　2ee　Torr　which　indicates　that　the　essential　mechanism　of　the　glow

discharge　does　not　change　at　30e　or　4eO　Torr．　IR　contrast　to　the　case　at　20e　Torr，

however，　a　darl〈　space　appears　in　the　mid　gap　after　the　establiskmeRt　of　the　glow

discharge　at　higher　pressures．　ln　nitrogen，　the　dark　space　is　seen　slightly　in　the

column　of　the　glow　discharge　at　300　Torr　aRd　thin　luminous　regions　appear　in　the

dark　space　at　400　Torr．　ln　air，　a　hlghiy　luminous　region　appears　in　the　darl〈　space　at

300　Torr　and　proceeds　to　propagate　as　a　continuous　filament　towards　both　e｝ectrodes．
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Fig。。e　6　D・v・1・pm・nt・f　th・breakd・w・i・　　Fig・・e　7　D・v・1・pm・nt・f　th・b・e・kd・w・i・

　　　　　　nitrogen　at△v＝1％The　streak　　　　　　　　　　air　at△v＝1％

　　　　　　photograph（B）w．as　obtained　with

　　　　　　a　reduced　sensitivity．

T．his　phenQmenon　is　more　clearly　seen　and　develops　Inore　rapidly　at　400　Torr．　The

velocity　of　the　propagation　is　about　5　x　106　cln／sec　as　seen　in　Figure　7．　Chalmers　et

al（4）indicated　from　the　observation　of　the　discharge　in　nitrogen　at　high　overvoltages

that　the　bright　filamentary　phase　which　appeared　in　the　glow　discharge　column　results

from　the㎜al　dissociation　of　molecular　gases．　The　observed　velocity　of　the　propaga－

tion　in　the　present　experiment　is　in　good　agreement　with　the　one　calculated　on　the

assumpt・ion　that　the　lumino血s丘lamentary　phase　of　the　discharge　development　is

brought　about　by　molecular　dissociation　of　the　gas．

　　　It　is　considered　that　the　arc　discharge　is　established　at　the　instance　that　the　lumi・

no血s　region　which　consists　of　dissociated　molecular　gases　bridges　the　gap．　In　the

present　experiment，　however，　the　arc　channel　is　not　established　because　the　gap

voltage　has　collapsed　rapidly　before　the　arrival　of　the　luminous　region　at　the　electr－

odes．

　　　Figure　8　shows　the　streak　photograph　and　the　corresponding　current　oscillograms

in　SF6　at　a　pressure　of　150　Torr．　The　discharge　current　during　the　pre－breakdown

stages　of　the　discharge　developme皿t　in　SF6　is　restricted　within　smaller　value　than　in
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nitrogen　by　the　strong　electron　attac－

hment，　and　no　streak　photographs　were

obtained　because　of　the　low　intensity　of

light　emission　from　the　avalanches　and

streamers．　lt　is　possible　to　record　only

the　more　intense　stages　of　development

corresponding　to　the　growth　of　filamentary

discharge　channel．　As　shown　in　Figure　8，

a　faint　luminous　track　is　seen　to　have

developed　rapidly　across　the　gap　and

filaments　propagate　from　both　the　anode

and　cathode．　The　filaments　from　both　the

electrodes　finally　connect　together　to　form

a　highly　conducting　channel，　which　results

in　a　discharge　current　peak．　The　average

velocity　of　propagation　of　the　filaments

associated　with　the　arcイorming　stage　in　air

nts　consist　of　dissociated　molecular　gas．

SF6　150　Torr，　Av＝1　tt

8
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Rigure　8　Development　of　the　breakdown　in

　　　　　　SF6　at　150　Torr　at　Av＝＝1　O％．　The

　　　　　　current　oscillogram　（B）　coresponds

　　　　　　to　the　rapidly　rising　part　of　（A）　at

　　　　　　a　reduced　sensitivity．

（5×106cm／sec）　is　of　the　same　order　as　that

，　which　indicates　that　the　developing　filame一

4．　Conclusions

　　　The　development　of　transient　glow　discharges　at　undervoltages　was　observed　as

the　propagation　of　the　cathode一　and　anode－directed　luminous　fronts　in　nitrogen　and　air

at　pressures　in　the　range　of　20　to　400　Torr．　lt　is　shown　that．　the　propagation　of　the

luminosity　can　be　explained　qualitatively　by　the　variation　of　the　net　charge　distribution

and　the　resulting　field　distortion．　Transition　of　the　glow　discharge　to　the　arc　channel

was　recognized　in　nitrogen　and　air　at　a　pressure　of　more　than　300　Torr　after　the

establishrnent　of　the　glow　discharge．　Only　a　filamentary　arc　discharge　was　observed　in

SF6　at　a　pressure　of　150　Torr．　lt　is　indicated　that　the　bright　filamentary　phase　which

appears　before　the　establishment　of　an　arc　channel　may　be　brought　about　by　the

molecular　dissociation　of　the　sample　gas．

　　　　The　authors　are　greatly　indebted　to　Professor　S．　Sakamoto　of　Department　of

Electrical　Engineering，　Akita　University，　and　Messrs　Y．　Kaneko　and　M．　Shimozuma　for

their．　valuable　discussions．
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