Cha rac t erist ic s of arc s bet w een po ro us ca rbo n el ect ro d es

arti cu l ar at t en t i on h as b een gi v en t o t h e ab i li t y o f t h e s ys t em t o s us t ai n t h e arc d u e t o re-i gn i ti o n . S m all An gl e X-R a y S cat t eri n g h as b een u s ed t o ex am i n e t h e fo rm ati o n o f p art i cl es wi th i n carb o n arcs an d ag ai n t h e res ul t s are d i fferen t

fro m wh at is fo u n d wit h m et al l i c el ect ro d es , t h e p arti cl es b ei n g l arg er wi t h ro u gh er s u rfaces . Th e u l t im a t e ai m o f t hi s st u d y was t o gai n n ew k no wl ed ge co n cern i n g t h es e arcs , an d t h ei r co n s eq u en ces fo r el ect ri cal s afet y (a rc fau l t s i n wi res ).

. In tro d u cti on

Ele ct ri ca l fi re s due t o de gra de d wi ri n g a re a ma j or s ource of pe rs on a l i nj ur y an d p rop e rt y da ma ge [ 1] . E ffort s ha ve b e en ma de t o un de rs ta n d t he de ve lop men t of cab le fa ult s i n orde r t o de vi s e mea n s of p re di ct in g p rob le ms b e fore t he on s et of cat a s t rop hi c a rcin g lea ds t o an un cont rolle d i gni t i on p he n ome n on [1][START_REF]5 1 s t IE EE Hol m Co n f[END_REF][START_REF]Wafer 5 1 s t IEEE Ho l m C o n f[END_REF][START_REF]Arc fau l t d et ecti o n an d d i s cri mi n at i o n m et h o ds[END_REF][START_REF] Ko L K Er | aract eri s t i cs o f t h e gn i ti o n p ro ces s es i n cel l ul o s i c m at eri al cau s ed b y el e ct ri cal arci n g fo r ap p l i cat i o n i n v arc-fau l t ci rcu i t in t erru p t ers[END_REF][START_REF]Ex p erim en t al St u d i es o n Arc Du rat i o n i n Ac Vo lt ag e Su p p l[END_REF][START_REF]C o m p ari n g 2 4 0 Vrm s t o 1 2 0 Vrm s S eri es Arci n g Fau l t s i n R es i d en ti al Wi re[END_REF] . When a mult i -con duct or cab le i s cut so t hat a dja ce n t me ta l wi re s wi t h di ffe re nt i a l volt a ges come i nt o t oo close con ta ct, t his ca n lea d t o e le ct ri ca l sp a rki n g t ha t e ven t ua lly de ve lop s i n t o a full b lown a rc. The ve ry hi gh te mp e ra t ure in t he a rc (>6000°C) a n d t he s ub s eq ue nt vi olen t re le a se of b urn i n g vap or (Fi gure 1 an d vi de o 1 of s up p le men t a l ma te ri a l) can s e t fi re t o fla mma b le ma t e ria l i n t he vi cin i t y of t he da ma ge d cab le.

Fi g. 1 : A t w o -w i re c a bl e p revi o u s l y d a ma g ed b y s pa r ki n g , ca t ch es f i re wi t h th e a p pl i ca ti o n o f 2 2 0 V a n d 8 A. T h e pi ct u re i s t a ken f ro m a sl o w -mot i o n vi d eo (S u p p l emen t a l ma t eri a l , vi d eo 1 ).

An ot he r s ource of a rcin g occurs whe n t he in s ula ti on of a ca b le i s da ma ge d an d cha rri n g lea ds t o t he forma ti on of p ocke t s of ca rb oni ze d ma te ri a l. Sp a rki n g a n d a rc forma t i on ca n t hen de ve lop be t we en t he se p ocke t s of ma te ri a l i f t he y a re in cont a ct wit h t he met a l con duct ors (F i gure 2 a n d s up p le men t a l mat e ri a l, vi de o 2).

F ig. 2 : Gl o w in g p o cke t s o f ho t ca rbon w it h in t h e in sul at io n o f a da m a ge d t w o -w ir e ca bl e t h at le a d t o a r c re -ign it io n . P ict ur e t ak en f r om a slo w mo t io n v ideo (Su p pl em en ta l mat e r ia l, v ide o 2 ).

If t he wi re i s ca rryin g a n a lt e rn at i n g (AC) curre n t, t hen t he volta ge b et we e n t he a dja ce nt , e le ct ri ca lly p ola ri ze d comp one n t s (a dj a cen t wi re s, ca rb on i ze d p ocke t s ) va ri es from ze ro t o a ma xi mum a n d ba ck t o ze ro a ga i n duri n g a ha lf-cycle. Thi s ma y le a d t o t he e xt in ct i on of t he a rc a t t he en d of t he ha lf-cycle b ut i f a n a r c ca n re i gni t e a t e a ch curre n t ha lf-cycle , t he n i t i s more li ke ly for a fi re t o occur [ 1,[START_REF]5 1 s t IE EE Hol m Co n f[END_REF][START_REF]Arc fau l t d et ecti o n an d d i s cri mi n at i o n m et h o ds[END_REF][START_REF]C o m p ari n g 2 4 0 Vrm s t o 1 2 0 Vrm s S eri es Arci n g Fau l t s i n R es i d en ti al Wi re[END_REF]. We ha ve b e en i nt e re s te d in de t e rmin i n g t he li ke li hood of t he occurre n ce of t hi s re -i gn i t ion p he n omen on an d s o have p e rforme d a se ri e s of e xp e ri men t s t o ob s e rve a rci n g us in g di ffe re nt e le ct rode mat e ri a ls wi t h va ri ous s ep a rat i on s a n d e le ct ri ca l cha ra ct e ri s ti cs. We ha ve foun d t ha t a rci n g b e t we en ca rb on e le ct rode s i s much e a s ie r t o a chi e ve t han wi t h met a lli c e le ct rode s an d t hi s ha s s i gn i fi ca n t cons e q ue n ce s wi t h re sp e ct t o cab le de gra da t i on . We ha ve a ls o us e d s yn chrot ron ra di a ti on t o e xp lore t he forma t i on of p a rt i cle s i n a fre e b urni n g ca rb on a rc a n d t he i mp li cat i on s of t he s e re s ult s t o t he p re se n t p rob le m wi ll be p res e nt e d.

Two arc i gn i t io n co n fi gu rat i o n s h av e b ee n s tu d i ed . Th e fi rs t was wh ere t h e el ect r o d es , i ni t i al l y i n co n t act , were q u i ckl y o p en ed to a p re-s et in t er-el ect ro d e g ap . Th is i s co n v en ti o n al l y r efer red to as co n t act b reak i n g. In t h es e s t u d i es , m eas u rem en t s were m a d e o f t h e v o l t age r eq u i red fo r arc i gn i t i o n an d t h e s u b s eq u ent v ol t age m ai n t ai n ed acr o ss th e arc (wh i ch p res en t s a res is t i v e p at h b et ween t h e el ect ro d es ). 

Ex p erim ent a l s etu p a nd p ro c ed u re

AC Brea king Arc

In 

V (th e t h res h o ld fo r arc i gn i t i o n i n carb o n [ 9] ). Th e s eco n d cas e was wh en t h e ci rcu i t rem ai n ed clo s ed aft er s o m e arci n g h ad t ak en p l ace. Th is i s du e t o t h e ej ect i o n o f p arti cl es b y t h e arc p l as m a t h at fo r a sm al l g ap (1 0µ m ) co u l d cl o s e t h e ci rcu i t an d al l o w t h e cu rren t t o p ass wi t h o ut creat i n g an a rc. Th e t hi rd cas e was wh en

t h e cu rren t , rel at i v e t o t h e gap , was n ot s u ffi ci en t t o p ro m o t e t h e p l asm a. Th e cu r ren t is th e cru ci al p aram et er h ere fo r s in ce fo r a gi v en m at eri al , t h e arc v o lt ag e is p ract i cal l y co n st an t at a fix ed v al u e (2 0 -25 V fo r t h e cas e o f carb o n , fi g. 3 ) t h e en erg y av ai l a b l e t o m ain t ai n t h e arc i s d et erm i n ed b y t h e s u p pl y cu rren t .

Ta b l e I: Arc b eh a vi o r vs . i n t er-el ect ro d e g a p a n d cu r ren t .

1 0µ m 1 0 0µ m 1 0 0 0µ m 

Fi g. 4 Arc i g n it i o n v o lt a g e vs . in t er-el ec t ro d e ga p f o r p o ro u s g ra p h i t e el ect ro d es . S ol i d p o in t s i nd i ca t e w h ere a n a rc i s s u st a in ed w h i l e o p en p oi n ts a re f o r mea s u rem en t s wh ere t h e a rc ext i n g u is h ed .

Th e fi rs t p i ece o f i n fo rm ati o n t o b e g a t h ered fro m t h is cu r v e i s t h at

Fi g. 5 Arc vo l t a g e i g ni t i o n vs . i nt er-el e ct ro d e g a p. Al s o sh o wn i s t h e t h eo ret i ca l Pa s ch en cu r ve f o r b rea kd o w n i n a ir. Op en p oi n t s i n d i ca t e t h a t t h e a rcs d id n o t p er si s t .T h e t ri a n g l es ref er t o mea s u remen t s w h ere o n e el ect ro d e wa s co p p er a n d t h e o th er p o ro u s ca rb o n , as i n di ca t ed .

Fi g. 

Fi g. 8 : S ch ema t i c of t h e exp er i men t a l t es t a p p a ra t u s s h o wi n g t h e x-r a y b ea m p a ss i n g b etw een t h e el ect ro d es a n d b ei n g ca p t u red o n a C C D d et ect o r. T h e mea s u remen t a n d co n t rol s ys t em is a l s o s ch ema ti ca l l y p res en t ed .

Th e ex p eri m en t al ap p arat u s (fi g. 8 ) i s t h e s am e as t h at u s ed in t h e o t h er t es

Gu i ni er reg i o n s ee a n d s o n o o ver a ll fi t ti n g w a s p er f or me d . T h e Po ro d f i t is

l o w q whi l e t h e gr ee n s t rai gh t li n e i s a po wer l aw fi t t o t h e d at a at hi gh q . 

Th e red cu rv e t h ro u g h t h e d at

I(q ) = G exp (-q 2 R G 2 /

An al ys i s o f th e s cat t eri n g d at a s h o wn i n t h e fi gu res h as b een p erfo rm ed u s i n g t h e

Co nc lu s io n

Th is wo rk h as p res e n t ed th e ch a ract eri s t i cs o f arcs 

  E. C ARVOU, J . L. Le GAR REC , J . B. A. M ITC HE LL In s t i t ut d e P h ys i q u e d e R en n es , UM R du C NR S N° 6 2 5 1 , Un i v ersi t é d e R en n es 1 , R en n es , Fran ce, Abs tra ct Arcs b et ween carb o n el ect ro d es p res en t s o m e s p eci fi c di fferen c es co m p ared to m et all i c arcs . Th e arc v o lt ag e i s h i gh er, bu t d o es n o t att ai n a st ab l e v al u e d is p l a yi n g l arge fl u ct u at i o n s . In d eed , t h e arcs ar e p ro d u ced b y t h e d i rect s u b li m at i on o f t h e el ect ro d es , wi t h o ut p ass i n g t h ro u gh a m o l t en p h as e. Th e arc p ro d u ct io n is als o faci l it at ed b o t h b y ci rcu i t b reak i n g o r el e ct ri c fi el d b reak d o w n . In t h i s wo rk , a rci n g h as b een ex am in ed u n d er v ari o us co n di t i on s (v ol t age, cu r ren t , o p en i n g o r fix ed i nt er-el ect ro d e gap ) an d p

  i n fl u en ced b y t h e cu rren t , el ect ro d e gap an d el ect ro d e m at eri al . It i s fo u n d t h at , fo r an AC arc cu rren t o f 4 A an d fo r a 30 0 µ m gap , t h e arc co u l d i n d eed al wa ys rei gn i t e. Fo r fix ed o p en gap arc i g n it i o n , i n ad d i t io n t o t h e i n fl u en ce o f t h e cu rren t an d gap , we h av e al s o st u d i ed t h e i n fl u en ce o f el e ct ro d e m at eri al (g rap h i t e o r c o p p er, m ix ed el ect ro d es ).

  Th e ex p eri m en t al ap p arat u s is a fu l l y au t om at ed d ev i ce, d ev el o p ed fro m a DC ap p arat u s d es cri b ed i n p rev i o us p ap ers [8] . It h as b een m o d i fi ed t o p erfo rm c o nt act b reak i n g u n d er alt er n ati n g cu rren t wi t h 2 2 0 V r m s an d a cu rren t fro m 0 . 5 t o 1 0 A r m s . It i s m ain l y co m p o s ed o f an el ect ri cal p art (p o wer s u p p l y, v a ri ab l e res i st an ce) a n d a m ech an i cal p art u si n g a s t ep p i n g m o t o r c o u pl ed wi t h a sl i d i n g p l at e, wh i ch en s u res t h e co n t rol l ed s ep arat i o n b et ween t h e fix ed an d th e m o v i n g co n t act . A d i gi t al o s cil l o s co p e wi t h a 5 00 M Hz p ro b e, s am pl es and st o res t h e v o lt ag e ch aract eri s t i cs o f t h e arc d u ri n g t h e b re ak , i . e. Va(t ) an d Ia (t ). A co m p u t er, eq u i pp ed wit h Tes t p oi n t s o ft ware, i s u s ed t o co n t rol t h e ex p eri m en t al p ro ced u re, t h e p o wer s u pp l y, m o t o r, d at a co ll ect i o n an d an al ysi s .

Fi g. 3

 3 Det a il s of a rc vo lt a g e a n d cu r ren t vo lt a g e f o r a 1 0 0 µ m gap . Th e s am e ex p eri m en t was p erfo rm ed wi t h t h ree i n t er-el ect ro d e g ap s , o f 1 0 , 1 0 0 an d 1 0 0 0µ m an d t wo cu rren t v al u es (1 A r m s an d 4 A r m s ) in o rd er t o d et erm i n e h o w t h es e p aram et ers co u ld aff ect t h e ab il i t y o f t h e arc t o rei gn i t e. Th e r es u lt s are s u m m ariz ed i n t abl e I. Th re e b eh av i o rs were s een . Th e fi rst was wh en th e a rc co u l d rei gn i t e at each h al f-c ycl e. Th e i n t er-el ect ro d e gas was h o t en o u gh t o al l o w t h e p ro du ct i o n o f p l asm a wh en t h e v o lt a ge rea ch ed 2 0

  arcs m a y b e st art ed fo r v o l t age s well b el o w th e t h eo reti cal P as ch en v ol t age (t h e m i n i m um b reak d o wn v ol t ag e b et ween s mo o t h el ect ro d es at at m o s p h eri c p res s u re is ab o u t 3 30 V fo r a d i st an ce o f 8 µ m; i t i s hi gh e r fo r s h o rt er an d l on g er d i s t an ces ). Th i s ph en o m en o n h as b een o b s erv ed fo r t h e cas e o f m et al co n t act s wh ere ex p eri m ent s [ 1 0 -

arcs n o l o n ger

  s el f-e x ti n gu i s h . Th e b eh av i o r t en d s t o ward s th a t s een fo r C -C el ect ro d es . In d eed , as s h o wn i n fi g. 7 , a carb o n l a ye r i s d ep o s it ed o n t h e co pp er el ect ro d e and fi n all y p res en t s t h e s am e b eh av i o r as t h at fo r a grap h i t e el e ct ro d e p ai r. Fi g. 7 C op p er ca t h o d e b ef o re a n d a f t er a rci n g . 2 . 3 . X-Ra y S ca tteri n g e xp eri men ts Wi th th e go al o f u n d ers t an di n g carb o n arcs i n m o re d et ai l , we h av e u s ed x -ra ys t o ex p l o re t h e ch aract er o f n an o p art i cl es fo rm ed in arcs b et ween p o ro u s carb o n el ect ro d es . Th e S m al l An gl e X -R a y S cat t eri n g m et h o d was u s ed fo r t h es e st u d i es . Th e S AXS t ech n i qu e i n v o l v es p as s in g a h i gh en e rg y x -ra y b e

wil l b e v

  er y h i gh . Gi v en th e d i l ut e n at u re o f t h e s am p l es , h i gh en erg y x -ra y b eam s p ro d u ced b y 3 r d gen e rat i o n s yn ch ro t ro n r ad i ati o n s ou rces s u c h as t h e S o l ei l s yn ch ro t ron are n eed ed t o p ro v i d e s u ffi ci en t s i gn al s t ren gt h fo r ac cu rat e m eas u rem en t s.

t sd

  es cri b ed ab o v e an d t h e wh ol e as s em b l y was m o u nt ed o n t h e SW ING b e am l i n e [ 1 6] at t h e S o l eil s yn ch ro t r o n . A v ol t ag e/ cu rren t p ai r o f 2 0 0 V an d 8 A was ch o s en i n o rd er t o m ain t ai n a st ab l e ar c wi th a l arge el ect r o d e (2 mm ) gap d u ri n g t h e X-ra y ex p o su re.

Grap h s o f

 o In t en s i t y v ers u s q were p l o t t ed an d cu rv es t ak en a t t h e en d o f t h i s p eri o d , wh en t h e arc was ex ti n gu i s h ed , were s u b t ract ed fro m t h os e i n di cat i n g t h e p res en ce o f p art i cl e s catt eri n g t o s ep arat e co n t ri b ut i on s d u e t o ai r s cat t eri n g. Fi g. 9 a: X-ra y s cat t eri n g d at a p lo t t ed as In t en s i t y v s q . Th e b l u e cu rv e is a Gui n i er fit t o th e d at a at Fi g. 9 b : (i b i d . ) b u t th ere i s n o

  Ir en a p ack ag e o f M acro s d ev el o p ed b y J an Il av s ki o f t h e Ad v an ced Ph o t o n S o u rce [2 1 ] Fro m fi g. 9 a it is s een t h at t h e Gu i n i er fi t i s j u st p o ss i b l e an d i n t h i s cas e yi el d s a v al u e o f R G =3 1 n m f o r th e m ean p art i cl e si z e. In fi g. 9 b h o we v er, it i s cl ear t h at t h ere is n o ap p aren t Gui n i er regi o n wi t h in o u r q ran ge. Th i s i n d i cat es t h at th e p art i cl es d oi n g t h e s cat t eri n g are l arg e (R G > 7 8 n m ). Ov er all t h e m eas u rem ent s t ak en wit h p o ro u s carb o n el ect ro d es , t h e Gu i n i er re gi o n was ei th er ab s en t o r t h e c o mp l et e re gi o n co u l d n o t b e s een wit h i n o u r q ran ge. Th i s was i n s t ri ct co nt ras t to t h e cas e o f arcs b et ween si l v er-t i n -ox i d e el ec t ro d es [ 1 5] wh ere i t was fo u n d t h at n an o p art i cl es t h u s fo rm ed were i n t h e rat h er n arro w si z e ran ge fro m 3 0 -4 0 nm .Wh at was m o s t i n t eres ti n g ab o u t t h es e o b s erv at i o ns was t h at u n li k e t h esi l v er-t i n -ox i d e cas e wh ere th e p art i cl es were fo u n d t o h av e s m oo t h s u rfaces [ 1 5] , i n t h e cas e o f carb o n el ect ro d es t h e I(q ) v s q cu rv es di s p l a yed a s l o p e o f ab o u t 3. 2 fo r all th e o b s erv ati o n s m ad e. Th is i n d i cat es t h at t h ei r s u rface i s ro u gh . In o t h er ex p erim en ts t h at we h av e p erfo rm ed u si n g S AXS , o n s o o t n an o p art i cl es i n fl am es [ 2 2 , 23 ] o r o n co p p er n an o p art i cl es i n a mi cro wav e d i s ch arg e i n ai r [ 2 4] , i t was fo u n d t h at t h ere were s e v eral fam il i es o f p art i cl es wit h s m o ot h s u b -p rim ari es an d a g gre ga t ed p rim ar y p art i cl e s . (At l eas t i n t h e s oo t ca s e, th es e p ri m ari es gen er al l y ar e fu rt h e r ag gr eg at ed i n t o l arg er fract al s t ru ctu res wh o s e s iz e fal l s o u ts i d e t h e q ran ge o f o u r m eas u rem en t s ). Fo r t h e si l v er-t i n -ox i d e cas e , o nl y a s i n gl e f am i l y was s een s u g g es t i n g t h at t h es e p arti cl es are fo rm ed t h ro u gh n u cl eat i o n an d co al es cen ce i n t h e l iq u i d st at e, t h us d i s pl a yi n g a s m o ot h s u rface. In t h e cas e o f t h e carb o n el ect ro d es , agai n t h ere i s n o in d i cat i o n o f m o re t h an o n e fam i l y o f p art i c l es o bs erv ab l e i n o u r q ran ge. Th e fact t h at t h e s u rfac e i s r o u gh s u gg es t s t h at t h e y ar e fo rm ed b y n u cl e at i o n an d s u rface co n d en s at io n . At at m os p h er i c p res s u re t h ere i s d eb at e as t o wh et h er carb o n h as a l i q ui d p h as e b ut i f so i ts m el ti n g p oi n t i s b et ween 3 8 0 0 [ 2 5] an d 5 0 0 0 °K [ 2 6 , 2 7] . Thi s c an ex p l ai n th e d i ff eren t m o rph o l o g y o f t h es e p art i cl es as t h ei r co n d en s ati o n an d gro w t h wil l t ak e p l ace i n t h e s ol i d p h as e. Si gn i fi can t l y e ffo rt s to an al ys e p a rt i cl es fo rm ed b et ween d en s e carb o n el ect ro d es p ro v ed t o b e u n s u cces s ful ev en t

  h is cal l ed t h e s p eci fi c act i o n an d d ep en d s u p o n t h e s u rface m at eri al . Fo r carb o n , t hi s h as a v al u e o f 1 . 8 A 2 s/ m 4 wh il e t h at fo r co p p er i s 4 1 A 2 s / m 4 [ 1 3, 1 4 , 1 8] . Th u s fo r t h e s am e cu rren t d en s i t y, t h e ti m e fo r t h e ex pl o s io n o f an as p eri t y wi l l b e 22 ti m es fas t er fo r carb o n t h an fo r co p p e r. Th is i s d u e t o t h e gr eat er t h erm al co n d u ct iv i t y o f co p p er t h at rem o v es en erg y f as t er fr o m th e as p eri t y. An o th er f eat u re t h at m u st b e t ak en i n t o acco u n t i s n o t o n l y t h e i n it i al p res en ce o f as p eri ti es b u t al s o t h e s u b s eq u en t fo rm at io n o f as p erit i es cau s ed b y ar ci n g . Fo r m et al el ect ro d es , t h e fo rm at io n p ro ces s fo r as p eri ti es is vi a a com b i n ati o n o f m el t i n g an d l o cal h i gh el ect ri c fi el d t h at p ro d u ces co n e-s h ap ed m i cro -p ro t rus i o n s t h at s u b s eq u en tl y ex p l o d e d u e t o t h e h i gh c u rren t d en si t y. As s een b y t h e v i d eo 3 i n t h e s u p p l em en t al m at eri al , t h e s u rface o f t h e ca rb o n el ect ro d es is co n s t an tl y ero d ed b y t h e a rcs l ead i n g t o ab l ati v e ro u gh en i n g. Th e vi o l en ce o f t h e arc can al s o l ead t o t h e rel eas e o f m i cro s co pi c ch u n k s o f carb o n t h at fo r s m al l gap s , can act as a b ri d ge b et we en t h e el ect ro d es . Th is can b e s een i n t h e s l o w m ot i o n v i d eo o f a ca rb o n arc i n cl u d ed i n th e s u p p l em ent al m at eri al to t hi s art i cl e (v i d eo 3 ). Fi gu res 1 0 a an d 1 0 b s h o w t wo s n ap s ho t s t ak en fro m t h i s v i d eo an d t h e p res en ce o f h o t carb o n b ri d ges an d fr ee m acro s co p i c carb o n p art i cl es can b e s een .

Fi gs . 1

 1 0 a an d 1 0 b . Sti l l p h o t o grap h s t ak en fro m vi d eo 3 i n t h e s u pp l em en t al m at eri al s h o wi n g t h e p res en c e o f s ol i d carb o n b ri d ges fo rm ed b y arc d am age t o t h e el ect r o d es t h at p res en t ex cel l en t t ri g gers fo r fu rt h er arci n g. 20 An o th er fe at u re o f t h e carb o n arc wh i ch can p l a y a ro l e i n s u st ai n i n g i t i s t h e fac t t h at t h e p art i cl es fo rm ed i n t h e arc co n d en s e t o t h e s ol i d fo rm an d b ei n g v er y h o t are ab l e t o u n d ergo t h erm i o n i c em is s i o n rel eas in g e l ect ro n s t h at can b e accel erat ed b y t h e al t ern at in g fi el d cau si n g r e-i gn i t i o n o f t h e p l asm a. Th e y can al so b e res erv o i rs f o r el ect ri cal ch arg e d u e t o t h e at t ach m en t o f free el ect ro n s to co o l er p arti cl es . Al t h o u gh i t is n ot p os s i bl e t o m eas u re th i s d i rect l y i n t h es e ex p eri m ent s , we can t ak e as an an al o g y a h yd ro carb o n fl am e wh ere ex t en s iv e res earch h as s h o wn t h at so o t p arti cl es are k n o wn t o b e el ect ri cal l y ch arged an d u s u al l y t h ere i s an ex ces s o f p o si t i v e ch arg e o n t h es e p art i cl es [ 3 0] . Th er mi o n i c em i s si o n i s o n e o f t h e m aj o r i o n i z at i o n m ech an i sm s f o r t h e ch argi n g o f s o o t p arti cl es . C arb o n h as a v er y h i gh v ap o ri z at i o n p oi n t (4 8 2 7 °C ) a n d s o t h es e p arti cl es m ak e ex cel l en t t h erm i o ni c em it t ers o v er a wi d e en erg y ran ge as t h e y co n d en s e o u t fro m th e h o t p l asm a arc. Th e wo rk fu n ct i o n fo r a m o rph o u s carb o n i s ab o u t 4 . 9 eV [ 3 1] wh il e t h at fo r carb o n n an o t u b es i s 4 . 5 -4 . 6 eV [ 3 2] . C o p p er h as a m elt i n g p oi n t o f 1 08 3 °C an d a b oi l i n g p o i nt o f 2 5 6 7 °C an d s o i t i s m u ch mo re l i mi t ed as a t h ermi o n i c emi t t er o v er t h e t em p erat u re ran ge o f t h e arc. An o th er fact o r t h at m ay p l a y a ro l e i n el ect ro n g e n erat i o n i s th e fact t h at t h e ro u gh s u rfa c es n ot ed i n t h e ab o v e m eas u rem en t s are co n d u civ e t o t h e p h en o m en o n o f fi el d em is s i on . Th u s h i gh el ect r i cal fi el ds can b e g en erat ed aro u n d t h e as p eri t i es o n t h e p art i cl e s u rfaces t h at are cap ab l e o f ri p pi n g el ect ro n s o u t from t h e s u rface [ 3 3 , 3 4] . Th i s p h en o m en o n i s well k n o wn fo r carb o n n an o t ub es an d h as b een d i s cu ss ed wit h res p ect to el ec t ri cal arci n g i n ref. [ 1 8] .Fu rt h er i n v est i gat i o n o f t hi s p ro p o s ed m ech an i s m fo r el ect ro n p ro d u ct i on wil l i n v ol v e n ew S AXS m eas u re m ent s ex p l o rin g t h e l o wer q ran ge t o d et erm i n e t h e ex act siz e an d n um b er d en s i t y o f t h e carb o n p art i cl es t h at we h av e s h o wn t o b e p res en t i n t h ei nt er-el ect ro d e s p ac e. An o th er as p ect o f s u st ai n ab i li t y o f arc i s t h e arc v o l t age o r b u rn in g v o l t ag e i . e. t h e v ol t ag e n eces s ar y f o r m ai n t ai ni n g an a rc li t [ 1 3, 1 4 , 1 8] . M an y wo rk ers h av e s o u gh t co rrel at i o n s b et ween t hi s v o lt a ge an d p h ysi cal p aram et ers o f t h e el ect ro d e m at eri a ls . In p art i cul ar a rel at i o n s hi p h as b een fo u n d b et ween t h e co h es i v e en erg y (t h e e n erg y n eces s ar y t o free an el ect ri cal l y n eu t ral at om fro m a s o l id at 0 °K) wh i ch fo r carb o n i s 7 . 3 7 eV/ at om an d fo r co p p er 3 . 4 9 eV/ at o m an d t h e b u rn i n g v o lt ag e. Th i s s u g ges t s t h at t h e v o lt a ge req u i red fo r carb o n i s great er t h an t h at fo r co p p er. An d ers et al . [ 3 5] fo u n d a v al u e o f 2 9 . 6 V at 3 0 0 A fo r a v a cu u m ar c b et ween ca rb o n el e ct ro d es co m p ared t o 2 3 .4 V fo r co p p er el ect ro d es . Ot h er wo rk ers h av e fo u n d l es s er v al u es (1 6 -1 9 V) fo r carb o n [1 3 , 1 4] . As s een in fi gu re 3 , t h e m eas u re d arc v o lt a ge ran g ed fro m 2 0 t o 2 5 V i n a gi v en c ycl e wi t h p o ro u s carb o n el ect ro d es . In t h e cas e o f co p p er el ect ro d es i n a i r at at mo s p h eri c p res s u re, we fo u nd t h at ar cs di d no t res t ri k e an d p ersi s t (fi g. 5 ). Th i s s u gg es t s t h at an i n it i al as p eri t y ex p l od ed b ut n ew o n es w ere n o t fo rm ed . Fo r t h e ca s e o f t h e m ix ed co p p er-ca rb o n el ect ro d e p ai r, as n ot ed ab o v e, aft er a few c ycl es t h i s b e cam e li k e a carb o n -ca rb o n p ai r d u e t o t h e d ep o si t o f a s u rf ace l a ye r o f carb o n o n t h e co p p er el ect ro d e.

  s i m il ar t o s eri es arc f au l t s an d t h ei r en h an ced cap a b il i t y o f i gn i ti o n an d re-i gn i t i on wh en t h e el ect ro d es are m ad e o f p o ro u s carb o n . Th is res u lt h as d i rect rel e v an ce t o el ect ri cal s afet y as i t i s cl ear t h at a d egrad ed ca rb o n iz ed en v i ro n m ent wi t h in cab l e i n s u l at i o n , cau s ed b y s p ar k in g, en h an ces t h e cap ab il i t y o f a rcs t o re-i gn i t e t h at co u l d l e ad t o fi re [ 1 -3] . In t h e s u pp l em en t al m at eri al t o th i s art i cl e, t h ere i s a s l o w-m o ti o n v id eo (v i d eo 2 ) t ak e n fo r a cab l e, p rev io u s l y d am aged b y s p ark i n g t h at h as b een s ect i o n ed an d t h e en d gl u ed t o a gl as s p l at e s o t h at t h e arci n g co u l d b e v i ewed d i rect l y. It i s s een t h at at ev er y 5 0 Hz cu rren t c ycl e, ei t h er arci n g o ccu rs o r i s l an d s (fi g. 2 ) o f p u l s ati n g gl o wi n g m at eri al are s een t h at gen erat e a v i ol en t re-i gn i t i o n o f t h e arci n g. Th e h o t carb o n p arti cl es are cl earl y i m p li cat ed i n t h e d ev el o p m ent o f t h e arc p l as m a. As s een i n t h e fi rs t vi d eo i n t h e s u pp l em en t al m at eri al , t h is arci n g l ead s t o t h e eru p t i o n o f a j et o f fl am e as fl am m ab l e v ap o rs res u l t in g fro m t h e b reak d o wn o f t h e p ol ym er i n s u l at i on , b reak free fro m t h e s u rface (fi g. 1 ). It i s n ot di ffi cu l t t o i m ag i n e wh at t h e co n s eq u en ces m a y b e i f t hi s cab l e were t o b e i n co nt a ct wi t h fl am m ab l e m at eri al d u ri n g s u ch an ev en t . In wo rk t o b e p u bl i s h ed el s ewh ere [3 6] , we h av e ex am i n ed t hi s cab l e b u rn i n g p ro b l em u s i n g x -ray an d el ect ro n -m i cro s co pi c t ech n i q u es t o ch aract eri z e t h e im p act o n th e cab l e m at eri a l an d st ru ct u ral an d ch em i cal ch an g es d u e t o t h e p res en ce o f el ect ri cal arci n g.

  

  In t h e s ec o n d , t h e el ect ro d es were s ep arat ed p ri o r t o t h e ap p l i cat i on o f t h e v o l t age an d t h e g ap l en gt h was m ai n t ai n ed co n st an t d u ri n g t h e t est s . Th es e t wo co n di t i o ns rep res en t t h e cas es wh ere t h e arci n g o ccu rs wi t h an d wit h o ut t h e p res en ce o f m at eri al co n t act . Fo r t h e b reak i n g arc t est s , co n d it i o ns u n d er wh i ch t h e arc co u l d rei gn i t e were d et erm i n ed . In d eed , t h is is

  VAC was th en ap p l i ed an d t h e el ect ro d es s e p arat ed t o t h e d es i red gap at an o p eni n g s p eed o f 0 . 0 2 m/ s . Th is rap i d o p en in g al l o wed a s t ab l e arc t o b e fo rm ed .

	co n t act . Th e 2 2 0 It was fo u n d th at wi t h gr ap h i t e el ect ro d es , arcs were t h en al wa ys o b s erv ed t o rei gn i t e
	at each h al f-c ycl e wi t h a cu rren t o f 4 A an d an el ect ro d e s ep ara ti o n o f 1 0 0µ m . Th es e arcs
	are m an i fest n ot on l y v i s u al l y b u t al s o b y t h e p res en ce o f an "arc v o l t age" m ea s u red
	b et ween t h e o p en el ect ro d es wit h a v al u e o f ab o ut 2 0 V at t h is gap ( Fi g. 3 ). It i s al s o
	s een t h at t h i s v o l t age i s v er y "n o i s y" d u e to t h e ch ao t i c n at u re o f t h e arc w h i ch i s
	t h i s ex p eri m en t , t h e co nt act s were m ad e fro m p o ro u s gra p hi t e (P G-6 0 : Nati o n al gen er at ed fro m a ra p id l y m o v i n g cat h o d e s p ot .
	El ect ri cal C arb o n P ro d u cts , In c. , p o ro s i t y, 4 8 %, av er a ge p o r e d i am et er 3 3 µm ). T h e 4
	mm d i am et er mo v i n g el ect ro d e h ad a ro u n d ed faci n g s u rfac e wh il e t h e fix ed el ect ro d e
	o f t h e s am e d i am et er h ad a fl at s u rfac e. Th is al l o ws u s t o h av e a m o re p reci s e co n t ro l
	o f t h e i n t er-el ect ro d e di s t an ce (n o p ro bl em s o f p aral l eli sm ) an d t o h av e a m o re
	l o cali z ed arc. Th e arcs wer e i n i ti at ed b y b re ak i n g t h e co n t act . Th e p u rp o s e o f t h e
	ex p eri m en t was t o d et erm in e t h e i n fl u en ce o f th e fi n al i n t er-el ect ro d e gap an d t h e
	cu rren t o n th e cap ab il i t y o f t h e a rc t o m ai nt ai n it s el f at each h al f-c ycl e.
	In o rd er t o h av e an accu rat e a m eas u re m ent o f t h e i n t er-el ect ro d e gap wh en arci n g
	ap p ears an d h en ce o f th e o v eral l arc l en gt h , t h e fi n al p oi n t o f el ect ri cal co nt act b et ween
	el ect ro d es , j u st b ef o re t h e co n t act o p e n ed , was d et erm i n ed . Th is was d o n e b y fi rs t
	ap p l yi n g a v o l t a ge o f 5 V DC to t h e ci rcu it wh i ch i s t o o l o w t o i n d u ce arci n g. Th e
	i ni t i al l y cl o s ed el ec t ro d es were t h en m o v ed ap art as t h e v o lt ag e b et ween t h e m was
	m on i t o red . W h en t h e el ect ro d es are s ep arat ed , t h e m eas u red v ol t ag e at t ai ns th e s u p pl y
	v ol t ag e (5 V). Th e el ect ro d es are t h en m o v ed b ack u nt i l t h e m eas u red v o lt a ge i s s een t o
	d ro p s as cu rren t b eg i ns t o flo w i n t h e ci rcu it . (Th i s vo l t age i s no t z ero as t h e co n t act s
	h av e t h ei r p ro p er res is t an ce b et ween t h e m ). Thi s p o si t io n i s t ak en as t h e fi n al p o i nt o f

  Fi g.[START_REF]Arc fau l t d et ecti o n an d d i s cri mi n at i o n m et h o ds[END_REF] i n di cat es t h at arcs b et ween grap h it e el ect ro d es can o ccu r wi t h m u chgr eat er d is t an ces (1 0 0 s o f µ m ) fo r a gi v en v o l t age co m p ared t o wh a t h as b een s een fo r m et al el ect ro d es (u p to 1 0 µm fo r vo l t ages b el o w t h e P as ch en v ol t age ) [ 1 2] . In ad d it i o n , an effect o f t h e s u p p l y cu rren t i s v i si b l e (a h i gh er cu r ren t fa ci li t at es t h e em ergen ce o f an arc at a gi v en d i s t an ce, t h at i s t o s a y t h a t t h e v o lt ag e n e ces s ar y t o ach i ev e i gn i t i o n i s l es s ). Fo r t h i s t yp e o f m at eri al , arcs can ap p ear u p t o a d i s t an ce b et ween el ect ro d es o f 3 5 0µ m at an arc cu r ren t o f 4 A. Be yo n d 3 0 0µ m , t h e y c an n o t p ers i st . At a l o wer s u p p l y

1 2] h av e s h o wn t h e ex i s t en ce o f arcs fo r gap s b et ween el ect ro d es l ess t h an 10 µm wit h i gn i ti o n v ol t ages p ro p o rti o n al t o t h e d is t an ce. Th i s is ex p l ain ed b y t h e v ap o ri z at i o n o f ro u gh as p e ri ti es o n t h e s u rface t h at i n it i at e a gl o w d i s ch arge an d wh i ch , d u e t o t h e p as s age o f cu rren t , are v ap o riz ed d u e t o h eati n g b y t h e J o u l e effect . Th i s v ap o riz at io n p h en o m en o n i s si m il ar t o a m o l t en b ri d ge ex p lo s i o n an d al lo ws t h e arc t o s t art [ 1 2] . Th e d at a s h o wn i n cu rren t o f 2 A, th ere is n o ap p earan ce o f an arc fo r d i s t an ces gre at er t h an 1 5 0µ m . Th e s am e ex p erim en t was rep eat ed wi t h a s u pp l y cu rren t o f 4 A wi t h el ect ro d es m ad e o f d ens e carb o n (P OC OGR AP H ITE EDM -1 , av g. P arti cl e s iz e < 5 µ m ) an d co p p er wit h t h e fo l lo wi n g p ai ri n gs : C -C d en s e, C u -C u , C u (cat h o d e) -C , C u -C (cat h o d e) . Th e t erm cat h o d e refers t o t h e el ect ro d e at t h e fi rst cu rren t h al f -c ycl e. Th es e res u l t s are p res en t ed i n fi g. 5 .

Th e res ul t s fo r el ect ro d es m ad e o f d en s e grap h i t e are d i fferen t fro m t h o s e fo r p o ro u s grap h i t e. In t h i s cas e t h ere i s n o ap p eara n ce o f arcs fo r d i s t an ces gr eat er t h an

3 0 µm fo r s u b -P as ch en v o lt a ge s . Th i s s eem s to b e ex pl ai n ed b y t h e fact t h at t h e d en s e m at eri al i s l es s ro u gh t h an t h e p o ro u s m at eri al . If t h e o ccu rren ce o f arcs is d u e t o a ro u gh s u rface effect , t h en s m o ot h el ect ro d es d o no t fav o r t h e ap p earan ce o f arcs . Th i s s h o ws t h e im p o rt an ce o f m at er i al s t ru ct u re o n t h es e p ro p ert i es rel at ed t o t h e i gn i t i o n o f arc s an d t h ei r p ers i s t en ce. Fo r t h e cas e o f co p p er el ect ro d es , arcs a p p eared b u t n ev er p ers i st ed o v er m o re t h an a few h al f-c ycl es o f t h e cu rren t . Th u s we h av e s een h o w p o ro u s grap h i t e s i gn i fi ca n tl y faci l it at es t h e em erg en ce an d p ers i s t en ce o f arcs .

  i ti o n v ol t age fo r ex am pl e), i n t h e cas e o f C u -C , t h e gr ap h it e el ect ro d e t en d s t o d ep o si t carb o n o n t h e co p p er el ect ro d e (s ee p h o t o grap h s b el o w) [1 3 , 1 4] . Th e p ri n ci pl eco n s eq u en ce i s t h at , aft er a few arcs , t h e arci n g b eh av i o r b ec o m es l ik e t h at fo r t h e C -C cas e, as we can s ee i n fi g. 6 .
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	an d th e i n t er-el ect ro d e d is t an ce.				
	In co n cl u s i o n, t h e m os t s u it ab l e m at eri al t o p ro d u ce an d s us t ai n arcs i s p o ro u s
	grap h i t e fo l lo wed b y d en s e grap h i t e. C ca t ho d e -C u an o d e i s n ex t an d o nl y C u -C u d o es

7 al s o p res en t s t h e cas e wh en t h e fi rst arc ap p ears fo r a c o p p er cat ho d e (ro u n d ed ) an d a d en s e grap h i t e (fl at ) an o d e. Ev en wi t h a co p p er cat h o d e, a cas e wh i ch s h o ul d h av e b een s i mi l ar t o t h at o f co p p er -co p p er, arcs ap p ea r fo r d i s t an ces great er t h an 2 0µ m .

M o reo v er, t h e p ers i s t en ce o f arcs was f ac il i t at ed , t h i s p ro b abl y d u e t o t h e eff ect o f free carb o n wh i ch p art i ci p at es i n t h e arcs t h at fo l l ow. Th e rev ers al o f t h e el ect ro d es i s al s o s h o wn wit h t h e s am e g ap s b ei n g u s ed . Ho wev er, t h e v o l t ag es were l o we r. H av i n g a carb o n el ect ro d e m ak es i t m u ch eas i er fo r t h e em ergen ce o f t h e fi rs t arc at a g i v en v ol t ag e l ev el . Fo r arcs t h at fo l l ow, t h ei r re-i gn i t i o n s d ep en d m os t l y o n t h e p l as m a s t at e n ot p res en t t hi s b eh av i o r [ 1 3 ,1 4 ].

Ev en i f arcs d u e t o d i fferen t el ect ro d e s p res en t di ffer en t b eh av i o rs (i n t erm s o f i gn

6

Fi g. 6 Tot a l a rc d u r a ti o n f o r a co p p er-ca r bo n el ect ro d e p a i r a n d a n i nt er-el ect ro d e g a p o f 3 0 µ m co mp a red t o t h a t f o r d en s e ca r b on el ect ro d es wi t h t h e s a me g a p .

Th is fi gu re p r es en t s th e ab i l it y o f t h e ar c t o rei gn i t e (i . e. t o s us t ai n an arc v o l t age o v er a p eri o d o f 5 s ) v s . th e n u m b er o f o p erat i o n s. Th e p ro c ed u re was t h e s am e as i n t h e p rev i o us t est s wi t h an i n t er-el ect ro d e g ap o f 3 0µ m b u t wi t h o ut t h e el ect ro d es b ei n g cl ean ed b efo re each t est . As s h o wn , fo r t h e t wo fi rs t o p erat i o n s , t h e ar ci n g t i m e ( t h at i n cl u d es re-i gn i t i o n ) is l es s t h an 5s as t h e arcs s el f-ex t i n gu i s h . Aft er t h e t hi rd o p era ti o n ,

  am t h ro u gh a s am p l e (i n t h i s cas e t h e

i nt er-el ect ro d e gap ) an d regi s t eri n g t h e s cat t ered x -ra ys u s i n g a 2 -D d et ect o r. We h av e u s ed S AXS recen t l y t o i nv es t i gat e p art i cl es fo rm ed i n arcs b et ween s il v er-t i n -o x id e el ect ro d es [ 1 5] . It i s a v er y p o werfu l t ech n iq u e s i n ce, un l i k e o p ti cal s cat t eri n g m et h o ds , k n o wl ed g e o f t h e in d ex o f refract i o n o f t h e p art i cl es is n o t r eq u i red . Thi s i s im p o rt an t as th i s i s a p aram et er t h at can ch an ge wi t h t h e p art i cl e t em p erat u re wh i ch i n t hi s cas e

  Th e s catt eri n g i s p aram et eriz ed b y t h e m agn i t u d e o f t h e m o m en t um t ran s fer v ect o r q =(4 π/ λ)s i n θ / 2 wh ere λ i s t h e wav el en gt h o f t h e X-ra ys an d θ , t h e s cat t eri n g an gl e ar o u n d

	t h e p ri m ar y b eam d i rect i o n . Th e m o v ab l e d et ect o r was po s i t i on ed at a d is t an ce o f 2
	m et ers fro m t h e s am p l e p ro v i di n g a q r a n ge o f 0 . 0 0 4 5 -0 . 5 4 Å -1 . Ho wev er, d u e t o ai r
	s cat t eri n g an d d et ect o r s en s it i v it y, t h e u s efu l u p p er v al u e fo r q was ab o u t 0 . 0 5 Å -1 . Th e
	si z e D o f t h e p art i c l es d et ect ed i s o f t h e o rd er o f π/ q [ 17 ] s o t h is m ean s t h at o u r
	d et ect i on s ys t em wa s s en s it i v e t o p arti cl es i n t h e si z e ran g e fro m 4 t o 70 n m. In t h es e
	En erg y s el ect ed (1 2 k eV) X-ra ys ex i t ed t h e s yn ch ro t ro n b eam li n e t h ro u gh a 1 0
	mi cro n t h i ck m i ca wi nd o w, p ass ed t h ro u gh t h e el ect ro d e re g i on (i n ai r) an d th ro u gh a

3 . Res ul ts a nd

Di s cu s si o n s eco n d m i ca wi n d o w i n t o a v acu u m t an k co n t ai ni n g a 1 0 2 4x 1 0 2 4 p ix el x -ra y d et e ct o r. Th e t o t al ai r p at h was 1 5 cm l on g t o all o w s u ffi ci en t di s t an ce b et ween t h e arc re gi o n an d t h e wi n d o ws t o av oi d an y h e at d am age o r p art i cl e d ep o s it i o n on t h e wi n d o w s u rfaces . ex p eri m en ts , t h e x -ra y s h u t t er was o p en ed , t h e v ol t age was ap p li ed t o t h e el ect r o d es , t h e d et ecti o n s eq u en ce o f t yp i cal l y 2 0 fr am es each l as t in g 1 0 ms s ep arat ed b y 2 5 0 m s , was i ni t i at ed an d t h en t h e v ol t ag e wa s cu t o ff aft er 3 s e co n d s whi l e t h e d et ect o r co n ti n u ed t o t ak e d at a. At t h e en d o f t h i s t h e x -ra y s h u t t er was cl os ed . We di d n o t s e e an y effect o f t h e x -ra y b eam o n arc i n i t i at io n an d t h e arc ex ti n gu i s h ed as s o o n a s t h e v ol t ag e was cu t .

  It was fo u n d t h at p art i cl e s cat t eri n g s i gn al s o n t o p o f a b ack gro u n d d u e t o ai r s cat t eri n g were s een d u rin g s o m e o f t h e i n it i al ex p o s u res b u t aft er t h e arc ex t i n gu i s h ed , Fi gs . 9 a an d 9 b s h o w t wo s et s o f s cat t eri n g d at a t ak en wi t h t h e x -ra y b eam cen t e red b et ween t h e el ect ro d es . Th e cu rv es o f I(q ) v s q gen eral l y ex h i b it t wo b eh av i o rs ref erred

	s h ow n (i n g reen ).
	a p o i nt s t o as t h e Gu i ni er re gi o n (at l o w q ) an d t h e P o ro d (h i gh q ) regi o n [ 1 9] . In t h e Gu in i er
	is an o v eral l fi t t o t h e d at a u s i n g t h e regi o n , t h e i nt en s i t y can b e fi tt ed t o t h e ex p res s i o n:
	m acro i n [ 2 1] .
	p l ace. ( In d eed t h i s c an b e s een i n v i d eo 3 o f t h e s u p p l em en t al m at eri al ). At o t h er t i m es ,
	t h e x -ra ys p as s t h ro u gh t h e h o t ar c wh er e s o l id p art i cl es can n ot ex is t . Thi s can b e t h e

t h es e di s ap p eared i n t o t h e b ack gro u n d . Th u s s i gn al s d u e t o p art i cl e s cat t eri n g al o n e were o b t ai n ed b y s u bt ract i n g t h e s cat t eri n g cu rv es o f l at er ex p os u res fro m t ho s e s h o wi n g t h e p res en ce o f p art i cl es i n t h e earl y ex p os u res whi l e t h e arc was l i t .

So m et h in g t h at was s u rp ris i n g was t h at p art i cl es were n o t al wa ys ev i d en t i n t h e i n it i al ex p o s u res b ut ap p ea red aft er t h e t h i rd o r fo u rt h o r i n o n e cas e, i n t h e

9 t h ex p o s u re. An arc i s an i nt en s el y h o t an d vi o l en tl y t u r b ul en t regi o n an d th e ab ru p t d i s ap p eara n ce o f p art i cl e s i gn al s wo u l d s eem t o refl ect t h ei r rap i d d i s p ers i o n i n t hi s t u rb u l ent f i eld .

Alt ern at i v el y, t h e r ap i d di s ap p earan c e o f t h e p art i cl es m a y b e d u e t o at t ack b y at mo s p h eri c ox yg en l ead i n g t o t h ei r co n v ers i on t o gas eo u s carb o n ox i d es . Th e arc i s gen er at ed fro m ar c s p ot s o n t h e el ect ro d es (g en eral l y t h e c at h o d e) t h at m ov e a ro u n d v er y rap i d l y [ 1 3 , 1 4, 1 8] an d s o ev en t h o u gh t h e b eam p as s es t h ro u gh t h e geo m et ri cal

cen t er o f t h e i n t er-el ect ro d e g ap , at a gi v en i n st an t , th e arc m a y b e o ffs et fro m t h i s so t h at t h e b eam m a y b e i nt erro gat i n g a co o l er re gi o n wh ere p art i cl e co n d en s at i o n can t ak e ex p l an ati o n fo r t h e rat h er ch ao t i c n at u re o f th e o b s erv at i o n s .

  3 ) wh ere R G i s t h e rad i u s o f g yrat i o n o f t h e p art i cl es an d G = N ρ 2 V 2 wi t h N , t h e p art i cl e n um b er d en s i t y, ρ , t h e s cat t eri n g l en gt h a n d V, t h e p art i cl e v ol u m e. In t h e Po ro d re gi o n :

I ≈ q -p If p =4 , t h e s u rfa ce o f t h e p art i cl es i s s m o o th , i f p =3 , t h e s u rf a ce i s ro u gh an d t h i s c an i nd i cat e an a gg re ga t ed ch aract er. If p = 2 , t h e p art i cl es fo rm a Gau ss i an ch ai n [ 2 0] .

  Th e o b s erv ati o n t h at is m o st s t ri k i n g fro m t h es e m eas u rem en ts i s t h e eas e o f gen e rat i n g a s t ro n g el ect ri cal ar c u s in g gr ap h i t e el ect ro d es p art i cu l arl y w h en th e grap h i t e i s p o ro u s .Th is h as b een at t ri b u t ed t o t h e i n creas e d ro u gh n es s o f t h e s u rface co m p ared wi t h a m et all i c el ect ro d e. El ect ri cal b reak d o wn d u ri n g co n t act b re ak i n g wi t h m et al l i c el ect ro d es p as s es t h ro u gh a m o l t en b ri d ge p h as e wh en at t h e fi n al po i n t o f co n t act , ah i gh cu rren t p as s es b et ween m i cro s co pi c as p eri t i es o n t h e co nt act s u rfaces an d t hi s m ol t en b ri d ge ex p l o d es gen e rat i n g an i o n iz ed p l asm a an d i n i ti at i n g t h e arci n g p r o ces s [9] . In t h e b reak i n g ex p eri m en ts rep o rt ed h ere, a s i mi l ar p h en om en o n wil l o ccu r ex cep t t h at t h ere i s n o m ol t en p h as e fo r carb o n an d t h e el ect ro n gen erat i o n is p ro d u ced b y t h e ex p l os i o n o f as p eri ti es du e t o l o cal hi gh e l ect ri c fi el d s . Th i s i s al s o a v i o l ent p ro ce s s at t h e cu rren t d en si t i es ex p eri en ced h ere an d l ead s t o th e fo rm a ti o n o f crat ers o n t h e el ect ro d e s u rfaces . Th e s h arp ed ges o f t h es e crat ers are ex c el l ent s it es fo r fu rt h er b reak d o wn ph en o m en a [ 1 3, 1 4 , 1 8] t h at wi ll su s t ai n arci n g d u ri n g t h e al t ern at i n g cu rren t

	c ycl es .
	Wh en co n s id eri n g t h e ex p l os i v e rel eas e o f el ect ro n s fro m ro u gh as p eri t i es o n t h e
	s u rface o f t h e m at er i al, a k e y p aram et er is t h e rat e at wh i ch en erg y can b e s u p p l i ed to
	t h e m at eri al s o t h at i t d o es n o t h av e t i m e t o ad j u st an d t o co n d u ct awa y t h i s en erg y i n p ut
	[2 8] . Th i s p h en o m en o n was fi rs t reco gn i z ed b y M es yat s [ 2 9] wh o d ev el o p ed t h e
	"Ect o n " (ex pl o s io n cen t er) m o d el t o d es cri b e i t. If t h e r at e o f s p eci fi c en erg y i np u t
	d w/ dt i s g reat er t h an th e m ax i m um rat e o f h eat rem o v al , t h en t h e as p erit y wi l l ex p l od e.
	On e can i n t ro d u ce t h e d el a y t i m e τ d fo r t hi s ex p l o si o n an d t hi s can b e rel at ed t o t h e
	cu rren t d en s it y b y t h e ex p res s i o n:
	4 . Di s cu s s io n

h o u gh t h e el ect ri cal co n d i ti o n s an d i n t er-el ect ro d e gap were t h e s am e as fo r t h e p o ro u s carb o n ca s e. M o st l i k el y t h e r eas o n fo r t h i s fai l u re was t h at fewe r p art i cl es were fo rm ed s o t h at t h e res u lt i n g s cat t eri n g s i gn al s wer e t o o weak t o ri s e ab o v e t h e b ack gro u n d n o i s e.
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