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Al)strnct

A s(]i(sofl llo(l(:lsll:tv  (:” 1)(xw dcvc!lol)d  t(){lcsc].il)(: tl](t(:]lll )(,rat(  ll(\(listl`il)l ltioli()f  tll(:rlllic)xlic
. .

(.atflo(l(~s II) lilgl~ c(lrr(:llt discl]argcs 111 al] e f f o r t  t o  (!vall]at(:  catllo(l(! scrvlcc II f(:. A nllml)cr of
. .

{>xl)(,[.i]t)t~l)t;il  Ill(::islll.(.ll](:llt.s lliiV<!  1)(!(!11  111~(1[:  tO I’ali{lat(:  tll(.S(,  1 ) 1 0 (  1(,1S  iiIl(I I)r{)vi(lc  Valll(:s  of tll(:
ill] )llt ]); ll”illll(’tC!l’S. A  (Ia(al)<is(!  o f  a x i a l  t(!llll)cratllr(:  (Iistril)lltio]ls 011 ii cyli])(lriciil, 2 ])crc(:nt
t II()]i:l((,(l  I (l]l:s( (’1) (“:ltllo(l(”  IIas i)(!(!]l (!()]](!ct(!(l  f o r  a cl!rr(!]]t  ](’v(’1 of ]()()()  A  for ar~oll lll~SS
flow l;it(s  OI’( ).()6() to ().878  ~/s a,l(l  allll)i[:]lt  gas ])1(ss(11(:s ra]lgillg f]x)][l 1.5 t o  6.0  kI’a. TII(!
cllallg(,s  ill tll(’  f l o w  rat(:  w(:r(: follll(l to llavc 110 sig]lifira]lt ii ff’(’(’t 011 tlic axial  Catllodr tcllll)cr-
at II I’(,s, Kl(ctIOII  t(::l)])cr;itllrc II IC!asIIr(:III(!  Ilts W(LIW Illa(l(: Iltilizil]g  tl)(, I]l(,tllo(l  o f  r(!latiw: lillc
ill((,]lsi(y ratios.  ‘1’1)(,  l,ii(liiil  t(,llll)(:rat{lr(:  ])rofil(:s ar(, f l a t  fol tll(:  low ]1).(Issllrc:  (:as(:  all(l i]lcrwiisc

ra(l Ially for tll(: IIigll  ])ress:lr(: mscs. ‘1’llc variation  of 111(!  attacl)llt(l)t ii~(!il with C.llrl’(:llt  al)d
I)IXJSSIII,(,  w a s  (ll:i]:ict(:l.iz(,(l  l)y ]Ilcasllri]lg tl]c i n t e n s i t y  (list ril)llti{)ll  of aTI argon  ic)tl Ii)]c  Il(!ar
tll(: catllo(l(! Sill’fac(!. k’or a l l  of tllc ])rcssllrcs collsidcr((l tllc iil’( is attacll(’(1  ill a al)nlllar  ring
(111 tll(: catl]()(l(! tiI) aII(l IIot (JII t h e  ccnt, crlinc. M a t e r i a l s  analysis  of tl)c catllodc followitlg  a
t e s t  a t  ]()()() A a~)(l 6.() kI’a for two  hours ~{!V(!:i  (!(1 1 that  tl](: tllorilllt)  L(:]]ds to acclllnulatc at
tli(: ti[),  is  (l(:l)l(:t(>(l <)1] LII(: sl]afL, and a  tra]isition occllrs ill l)(!tw(wll. A ]llillilnlllll  ill tl]c w o r k
fll]lctio]i tll(’r(!forc occllrs ill au ali]lulus  arolllld  tl](! catl)()(lc ti]), hfo(l(:l colill)arisol~s  witli tllc
(Iata sll(m’ (>xc(’llcllt  agr(xvll(:llt  for all of tllc ]mralll(:ters.

Introdllctioll

‘1’11( servicv  Iifr o f  tll(r[]lio[lic catllo(les  i s  ilt)portal)t  f o r  a  1)111111~(’r  of IIiy,l] c(]rrc]lt  (Iisc}larg(’  (Icvicesl
[)ill’ti C(llil[lj’ several classes of (Il(ctric  thrusters such z< clcctrotllcr]]lal  arcj(ts  :i[l(l lllitgllc  Lc)])laslIla(ly  llallliC

(J1l’ 1)) c[)gi[les,  I,ow lllrust Ic’v(ls(lict:itcl)llrrl  t,il]icsofsrvcral  t}I()[lsa]I(l  Ilours, a n d  111(’  Catllc)drs of ttlesc

[Icvicrs  arf’ oftcl  I tl]c  life-lilt]iti l lg co]l)l)oacat, ]Iigtl-carrctlt catl  Iodcw  arc s{lt)jcct  to failure II Iodcs ~vllicll caa
II( cl;issi(i((l  ii.$ (itllfr (Tv(l]t-co]ls(’(lll(rlt  or tllc rcsl]lt  of dal  IIap,( :~cc~llll(]l:~tic)ll. I’;v(llt-cc)rlsc(]l}r]lt  failures,

SIIrl I :\s (’ail  I()(l(’ I]wl(il)g  il.$ a rcslllt  ofexccssivc  rcsis~iv(’  11(’atillp,, ar(’ ttlc result of a sil)glr  cata.stro[)l)ic  cvcat
:111(1 [’;ill 1)($ il(l(’([(iill(’lj (’llilr: ~(’t(’riz (’(1  I)J’ tcstit]g  II IO IIC. Il(nv(’v  (’r, II is i[lll)ract  ical to characterize t}tr  failure

risk ;Iw+)iiat(’(1  \\’it II (Iiltll;igt’ ;l(’Cll lll(lli\ti(l  Il failllr(> 1110(1(s I)y t(st  ltl~ ;iloll(” I)(cal]s(,o  ftll(’rxtr(lll(ly  lol]g(cst

(Illratiolls  r((ll]ir(’(1  (() ol)s(’rv(”  III( fail {lrcs. Val idat ion of  call 1()(1  I s(rtic(,  lift, 1111(1(’r corl(litior}s  :vlI(.r(. (Ialllage
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((JIII{(I  ([)IJ1)(,I 1111{1  lI;Is 11((,[1 i[ls(, [t((l ill tlI(, [Ili(l(ll(  tlv(, scgr II fIIl\ {(I  IJ(r[[l]l  Iot]p,-(lllra[io]l  ol)cratior]. A s  111(,

SC 11(, II I;(l IC. III ]Ji(. (’,2)  sII(I\vs, 1}1(,  firhl  s(g II If, II( f[,rlris tli(= (liscll;lr~,(, cllal]ll,(r, ,1 tvatcr-coold,  rirlg-slla~,ccl
c(~ll[)tr  :Ill(l(lt  !Villl  ii (Ii:iltlrl(r  of7. (j cltl i s  fIt(}l]]It((l  (Jf I ;I Ilaf]gc  l~~cat((l  lIfl\v((, tI ;Ill(l clcc(rical]y iSolit(C(l  fro[[l

tlI(’  first 11~() ta[I!i  scp, tII(IIts. ‘1’IIC  Ciilllo(l(”  fixtl]rt, 111(111111  ((1 [)11 111( Vac[llll[l cll;i]rll)rr  door  is  Cortlj)osc(]  of ttvo
coaxial  Il]l)f,s  cl(’clrically  i s o l a t e d  fro]]] (iiCll  (]~tl(,r iill(l tlIf (Ioor ivitll  IIllc;irla  ri[lgs. ‘1’tlc il]]]cr  (I]t)c  scr!f,s
:1S 1}1( r;((llo(l( cllrrcllt fm(i all(] IIii.$ a ~vat(r-co,)l(,l  (’iii)  011 tll( III(I 10 ivllicll (11(, catllo(]c i s  (’lalli Jlc(l.  ‘1’11(

ollt(r lIIIJ(J i s  clrclricallj’ (I(mtirlg  aII(l  lIas a  !ya~(,r-c(lolfd  c~l[l[)cr  (Iisli tIII)IIII((d 0 1 1  [IIC  CIId  \vi(tl aII fil)crt[lrc

tllro[lgll  Ivllicll  lIIC ca(}Io(lc  [~rotrl]dcs. ‘1’IIc  l~r(~[,<llatil ~;is i s  i[lj(ctc(l  l,(,t~!fcl]  (11[ tkvc) tLIbes aIId  flows irlto
tlIc  (Iiscllargc  cllartlllrr  tllrougll  aII aII]IIIIIIS  aroul)(l  (11( I)asc o f  [I]c c:itllo(lc, ‘1’IIc  illlcrclcctrodc  gal) is  SC(
I)y tl]c (Ilickflws  o f  a sl,accr  irl (IIC ca(tlo(lc  a.sstr[lt)ly. ‘1’IIc catlIIKlcs  Ils(d  ill t h i s  irlvcs(igation wvrc ro(ls o f
2 l,(rcctll  tl]orialml  lu]Ip,s(crI  76 111111 loIIg  arl(l <) f) 111111  ir] (Iiali](tcr Jvitl] IIcl]lisj)l]cri  c,al  ti[)s,  ‘J’IIc  la.s( tarl!i
s(~glll(.  llt C()[ll; illls a 1}(’at  cxcllat]gcr  II IaCl(  of \valcr-c(,ol((l, fitil](.({ col,l)cr  (lll)iIlp,  (0 c o o l  tlIc cxtlaust  })cforc it

c[llcrs  tllc [~~ll]]l)illg systcr II. ‘1’tlc tank 1]:{s  a Ilut]ll>fr  of l~orls lvllicll  l)rovi(lr  ol)tical a c c e s s  to ttlc discl]argc
cllaltl})(r  as Tvcl] xs tllc I)ll]l]w. III aclditio]l,  tlIe c:itl Io(l P ;iIId ttlc [liscllarg~, CaII II(S vie}vd alol]g  tllc tar]k  a x i s

tllrol]gll  i] witl(loiv  al tllc i-car of tllr t:il Ik,
‘1’11(  Vaclllllll  (’llilllll)~r is  l~lll]ll)e(l  I)y a 610 1/s Iim,ts t,lmvcr  I);(c!ic(l  I)} :! 110 1 / s  Stolics  t]lcclla]]ical  [~111[1[~.

‘1’11( sys(tIllI  is ca[)al)lc  of acllicvitlg a v:icu[I III of I(SS t Ila[l 013 I’A krit }] II() [,rol)tllatlt  flmv arid al)l,roxillmtely
80 }’a witt]  fiII argo]l  flow r a t e  o f  ().7:) ,g/s. IIig,llcr  alllt~i(llt  /,iiS  prrssur~s  ar(, acllicvcd  t)y tllrottli]]g ttlc
[,[]lll[)i]ly,  sj)(f(l Jvi(ll a  val~rc OII a  I,yl)ass  aro[]tl(l  III( [Ilai]i  v:icli\liII  Valvt, ‘1’IIc arnhicllt [~rcssurc  call I)c
coll(rt)ll([l  to Jvitlli[l  :Il)l)roxil[liittlv j ~lo 7[) ])t I ‘1’IIP ;Irc i s  l)o~lcrrd  t)} tlro klillrr  lvcldillg  [)o}vcr  sul)l)li~s,
(<lrll  of Irlli(ll  [’iill  [jr~)~i(lt, 1  [ ) ( ) ( )  /\ iit :i 10:1(1 Vollil~(>  01’1(1 \’ rofltilj(io[]sly” or 2000 )i at 40 \r ~viltl a .r)O  I)crcc]il

(1111}’  (’,VI’1( ‘1 II( I[liti;ll  ;irc I)l(>iili(loJVfl  i s  ;IC{(,IIIIIII>II((I  \r]tl]  a  ‘1 ,\i K)() \ ’  >ldrt  slllIl)ly.
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atl:ilysis  l)iiS($(l  (Ill  II I(;,SIIIIIIII’IIIS [114(,1(  I l l  Itlf [:)].

111  (11(’ ~xl)(rittlcllls (11(’  (’ill llf ’lil iill(l  ()[)11(’s  ~v(rc Illoullt(’(1  ()(llsidc  ttl(’ cllatlll)cr  al)ou( 3!)..!) CIII  frc)[[]  111(
1 .  { ((, ,)ro,ld~ r(.:il.(,illl(  Ill,,l]itc)ritlg<]f (11( l(,rll~)rralur(,call]c)[lc~.  ‘1’IIc ii(l(t) OLtl],iJl  frcllll I II( CiIIII(Pr:I  lf:is ( I:,I(Ix(,(

(Iislril)llli{)ll 011{ Ii[lt, III iitl~()  II II II II)rj (I IIJWII 1 0  corr(sl)otl(l  ((J [1](’ a x i s  o f  tl[c c;i(llo(lv  was sii[l)l,lr(l fr~)lll
C;ICI1 frill  ll(>, A  gi~,([l 11(11111)(1  (1( 111]1s \\ll( 4\tri\gt>(l, disl>lay(,d ill r e a l  tit]](>,  arl(l 1)(, rio(licillly st(~r((l 011 (Iisk

‘1’lIe calllcra w:is  also LIW(I lo st~]cly (11( (,xlt]tt o f  (I)c arc attactlllwr[t  regiotl. ‘1’\vo illtcrfercllc(,  filters }Yitll
a 1 0  11[11 I,all(ll)[tss  cc]l([r(l ill 4NN 11111 \r(re 11s(,( I to selt,ct  r a d i a t i o n  frorll  arl illtellw.  :irgon ion Iillc.  fllltir(

illmgm of lIIC catl Iod(’ arI(l II, ar-ca(llodc  (Iiscllarge  region w e r e  tllcll ca~)turcd  wit]!  (Ilc  frar])e grat)l)cr  I)oar(i
a]Id alla  lyzcd  to yi(~l(l  (11( l:ilfr;il illt(~llsil~, tlistrit~(ltio  t]. ‘I’l Ics(  lrrasurclllcnts  were Ilsed to calclll:it( at] (Il)l,cr
I)ollnd  0]1 (tic arc attacl)l,lvrl(  art;, ;I]i(l II,(,  a v e r a g e  currrllt  drllsity ill tl]c  attacllrl](t]t  zorl(,,

I;lllissioll sl)cc(r(wc,l)j  w:{s also Ilst,i t{) (Ictcr]l)irlc  t}I( e l e c t r o n  tc~nperatilre  ticar ttlc  catliodc (i~, ;irld
dowrlstrcatn  of  tflc  tit). ‘1’llc  Systrtll  Jv:is  s e t  ul) to fortn  an ir)]:ige o f  tllc catlloclc  orl a scrccl) lvitt!  a  Icrls

Ilmullkd outsi(lc  ltlc  v:iiullIII c}larlll)(r J\ lcl)gttl  of fit)rr opti( cat]lc  w a s if[stallcd  with ttl( 1 0 0  [Ilicro[l

dialnctcr  irllct Iocatc(l  iil tllr cetl(rr of lIIC scrcct]  and flush w i t h  tlIe i]nag;e p l a n e .  ‘1’llc  scrce]]  arid filler itllrt
\vcrc r[lolll]t,e(l 0!) a Illic rolllcl(,r-ol)(r;it”  cfl .Y-}r tral)slatio]l  stage so that t.}lc irllct could bc I)osit io[lctl at ally

dcsird [)oillt ill tllc illl;lg(.  \Vitll ttlis  tcclitli(ltlc,  ligllt-giit tlcrillg w i t h  Iligll  sl)atial rcsolutiorl  frol[]  ally  illlagc
[)oillt could  l)C ilClli(>\,  (l, ‘1’11(  Iigllt  cl[l(r~illg frol]l  tllc fihcr  cxi(  was focusd ori tllc  cl)trallcc s l i t  o f  a  oflf.-

rlwter  h~cl)hersoll  rllollocllrotllator  Ilsirlp,  all ol)t ical systeltl  d e s i g n e d  to rnatcl]  tllc  f iber  rlullwrical  aljcrturc
kvitll that of tllc lll{l)ocllr~)fll:i(or.”  \’arial)lc Illotl{)ctlrc)lllatc)r  s l i ts  were set  at  30 to 5(I lrlicrorls  slid  a  1 2 0 0

growc l)cr  Inrn gr;ilitlg  ivas IIS,X1  to (lisl~(rsc  tile Iigllt, providing 3 l~oterltial  rcs(olutiot]  in  f i rs t  order  of  ( )  10
Arlgstrorns.  ‘1’llr c,lltl)(lt  of a  }Iii])]<i]ti;i[s[]  1{928  I)l)otorl}i)lti[)licr  tul)c w~< fillcrrd ( 3 0  lIz cor]l(,r  fr(q(]c[lcy

\vit.11 12 (!l)/ocl  rolloff)”  iiIl(l  sl[~r~(l  011 a  corlll)ll(rr. ‘1’llc t ra]]sldt ion stage was Illovr(t  vcrt icall~  Ii!’ ii ]tlc)lc)riz((l
stage  aII(l I)ositioilc(l” axi; il]y  tII; II II]; illy Sc:iIIs ,vfr[  I,(rfor]llc(l  a[ s(vcral axi:il Ioc;itiorls I]l(]vif}p,  :aivay fr(,lll

tll( ctitllo(l(’  (i I), iill(l tll(,ll  wlllt LJf” (Ii(>( l,(~iltls $Vcrt’ rtl~ratc(l  I,mving I,ac!i t,)tvar(ls  ttlr til), ‘1’IIc vertical
illl(,llsity  sca]ls lvtr( III([! j\l)tl lllJ,,rl([l l{) l~fo(l(Ic(J  Ia(l I:il  (Ii[lilta]]ce  I)rofilcs  [ ( i ]  l\(l~li[iorl;ll fill criil~ of III(*

(Iat, a was (lo[l(” Ivi(llill [I]t, ,\l~(l illJ{r>it,ll  r(j~ililj(  [Isillg  i i  1211{  lll;iclil  Ilal I wll I(lc)}v(,(l  filt(,  r. };or (T;ictl  c;is(,,  (}Y()
)(,rtif-al sc; IIIs iv~,r( ;ilt,r;iu,t,tl ;iil{l (1,111(1,, I  1’11(  /\lJ(,l  ill!t,rsioll  r,)[ltitle t,tl(ll  fo](ls  (11( (]?lta S<t f~~r  a lot;~] of

follr  avcragc(l  ll:llf-l~rl)lilfs, ilIl(l l,{~rff)rlll~  1 II(> ;\l)t’1 illvcrsioll.

l{; X])(,l”illl(!lltiil 1{(!S1111S

M a s s  ]’]OW  ]{.at(! ~fi’(!cts

‘1’l]c fi)clls  of tf)is Cx[)rritl]clil  is III( (Irvclol)[ttcrlt  of a (l;ital)il  SC of tcrn})cratl]re Illcasllrc[l]c]lts  for Ilsc in

valid atill,g ttlc  II I()(IcIs. ‘1’11(1 ;ixial  tcllll)(ralllrc  dislril)~lti(,[l irl tllc firs(  15 to 4 0  Illr)i  of lllc catllo(lc (Illrasurcd
frorll  tl)t: til~) was (I(tcr]llillctl IIsirlg ttlc  illlagitlg I)yro]tlctcr  for c(lrrcnt level of 1000 A, tank ])rcssurcs of 1.5,

3 .0 ,  4.5 al](l 6.0 fil’a  iil)(l ari iirgoti  r[,ass (Ioiv rates  of ().060  to 0.878 g / s .  ‘1’y[)ical rcs(ilts  arc SIICNVII in l;igllrcs

(:\) ((i), Additior}a]  (Iati{ are IJr<sc[tl ill Iicfs.  [5] al)d [ 7 ] .  ‘Il,c rur, l)u]])lwrs  arr ir~clutlcd  (o SI,OW tt]c o r d e r

ill wllicl]  tf]c cxj)eriltl(,rlls ~vcr(~ l]crf[~rlrl(fl,  At lmv(~r l)rcssur(~s a  tc]nl)eraturr I)rak is Iocatc(l  ot) ttlc shaft of

tllr catflodc, wllilr a t  I]ig,ll(r  I)rcssllr{x  (1)( l)eak i s  Iocatcd  orl (11(’  til). Maliy of (Ilc  trltll)[,rat~irc  Ilr(ofilcs a t
Iligllcr l)ressurc  also snow a  Clliirl~( it) slollc  rlear tllc  til). ‘1’llr i[itcnsity I)cak a t  tllc (ip  Illiij’ colltairl  sotlle
cotltril)(lt,ioll  frol]l  I)lii. <lllii rii(li;ilioll, (Ji(tl(,r  ttl(, co[]t,ii]l](l]ll  it] t]](> ]() nrn t)arldl)ass  of tll(: 632 (Irll irlt(rfrrellcc

filler  o r  tllc illtcgr:il((l cfl’mt of l)l;lsrtla ra(li;itiotl  collcctc(l  it) (Ilr wings  o f  tl)e t)loc!iirlg  filtrrs,  llo;~cvcr,

lll(’iLsll  r(’lll(:rltS of tllc l)la.srlla  illt(llsity ofl’ of the catllodc sllrfacr irlriicatc  ttlat this corltril)ut ion is sIr Ian Irl
a d d i t i o n )  tflc  lirl}cscalt~  f~~r  (l(~cay of llti~ Iii) irltct]sity  I)rak ivli(~r)  rll~~ arc is ext,iflg,(lisllr(l  is rllllcll  lorlg(~r  tllarl

tl)c IIlasrlla  decay tir]l(sc;ll(s, I,r,tiltg llI;It (IIC  I)cak i s  (IIIC (0 surfac( Illtliillosily.

‘1’l]c I)rofil(m ill Ii:, (  1 )  (Ifll],llstr;it( (11( (I(gr(c of Irr(l)ro(l[lil)ility ill tllc  catllod( t{tlll)(ralllr(  for 111P
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L., ,., .,

!
..-. . . . . /g

““~;.”~, ,  /“ Run ‘low Rate  (g/s)
‘< / ‘/./”’ “ —  7 5  0.058

K:;/”, “:/ ,..’ . . . . . . . 57 0. 142?
./?/ ..”” -“--- 76 0 . 1 4 2

- - - 5 5  0 . 2 7 S

i

2 0 0 0  “-

,, V. L,.,

0.27S
0.275
0.760

.,, 0.878

----
argon 80
1’ = 1.5 kh –“-”  84
I=1OOOA - - 5 3

— 54

- 4 0 -30 - 2 0 .10 0

Position

I:lcctrotl  tcl[lllcral(lr(  tll(~lsllr(rll(llts  nave Ilecll  r]lade dowllst]?a[n  o f  tlI( cat lIodt”  (ii)  to II(II) cllaractcrizc

Lllc IJlasllui for Vtrifyitlp,  III(’  IIl[)(lrl l)r((lic(iol}.s.  A  [Irw  cattlodc  w a s  itlstalld f(,r [I]fwr  tests.  011( rn(tl Io(l of
dctcrtl]il)illg  t II( (Jlcctroli I(lltl)(raltlr(’s  is [)sillg (lIC tlwtllod  of rcla(ivc Iirlc iillcllsity  r~itios,  ‘1’IIc  t(rll})cr;itllre

i s  dcterlllillc(l  front tllo (J(+liatioll

(1)
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kill) I’low  Rate (g/s)
- -- 72 0.057

,.- -.,

6 6 ().142
2.600-” . fij ().275 -- ;:..-” -’-,..,

~ - - - 7 3 0.275
. ..’,.. .’

----- g~ ().275
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‘1’11(’ c:t(llc)(l(  tl(ctu,)tl  (ltlissioll c:~l)al)ility, atI(l (Ilrref(jrc  tll~  ltlfrrl]al 1)( ’llii Vlor, is stroll:ly  (l(I) (II(Ic II(

011 lllc surfac(’  Ivork ftlllclioll. ‘1’tle sllrfacc  cl)e]llical  s l a t e  aII(l  ltmrljtlolor,y  f>f’ 011( c)~ [IIC caltlo[ifw (Isf:ci  i])

tllcsc (xl)(ritlwllls  wtr( Clliirii  Cl(’li Z(’(1  Ilsillg  ;I scalll)iilg  clcc(roll  lllicr<~scol)t”  (.SI~hl)  alI(l  (’llrrgy-(lis}J(’rsi\’c
sl)ec[roscol)y  (l;l). S). ‘1’tlis callI(J(ltI  I)ad lJCCII rurl for ii total of80 I)ol]rs al a cllrr(llt level of 1000 /1, ]Jrcssllrcs

rallgillg  froth  I.:)  kl’n to (; O  !iI’ii  atl(l argol]  flow’ rates of 0.060 l{) ().878  g / s . ‘]’)Ic final  ($VO llo~lr run M’as  a t

a  currcllt  1(’v(l  of 1000 }\, a [~r(ss~lre of 6.() kl)a and a f l o w  riitc  of ().276 g/s .  ov[r  tllc collrw’  of thcw  tcs(s
a  stlilly  l)r(~llll)(’r:{llc(  Wl[ll :~ (Il:illwt(r  of al)out 2 IIllrl  illld  a llci~;llt of al)i)roxilllat(,ly  1  / ’ 2  Illrll  (Iel’clol)r(l  011
111(s til~ (~f’ (Ii, CI(II(,(I( (11,1 :, ,I:irk  I)ail(l  f(~rilled arollnd  this rcgi, rl. I’igllrr ( 1 7 )  i> a I)llc)toltlicrc)gra[)l] of ttlc

Ciittl(~{l(>  [II)  tvllicll  hll(J\V>  lII;  I1 ttl~, t i p  r.tgioll  call I)e diyidcd  into  fo(lr 7,(111(.s, tlI( l,ri~, tlt tvl IIle l)rot{ltjcrancc,

tlI(’  l):ilcl IJ ~vllilr  ritlp,  sllrr(l~lll(lillg,  i t , tlIc d a r k  l)aIId  cllcirclillg  l!Ic  wllitc  iir(’:i.? alId lIIC ligllt(’r graj r e g i o n
011 (IIC olltsi(lf ‘1’llis l~lio[(j~ral)ll  }vas  takrr[ (Isitlg backscattercd  ,lcc(rolls , so tll(,  rcsl)otlsc is scllsi(i~f,  to tlIe

elc II IcIItal  c(]tlll~ositior)  o f  lIIC Sllrfil  C(’. I’;I)S  ar}alysis Cx)llfirll]cd tllal tlIc  l)rigllt  Irtlitc rcgiolls  arc cllricl)cd  in

tllori(ll]]  lvllilo  (11(’ (lark  <tr(’iiS arc csscll(  ially p u r e  trtrlgstelt.  II) tllc  cclltral rais~’(1 arta tlic  ttlorilll]l  rcsl)onse
\VW alll)ost ilS strorig  iiS III(’ tll IlgSt  Pll rcsl)crnsc, i n d i c a t i n g  Ilcarly (’(lual  j~roljortiolls. IIigllcr Illagl]ificatiorl

rcveale(l  (ll’li Ciit(’  fcrll-li!i(  strllctllrcs s i m i l a r  to thcrsc fourld ill (.arlicr  exl~crillwl)ts  orl ttlr til) o f  a  catlloclc
ol)eral((l a t  Iowcr jjrcssllrrs  [7]. ‘1’tlc rilw o f  t h e  s t r u c t u r e s  Ivcrc foull(t 10 I)e I)urc  tullgstcll,  \vllilc t h e

sllrroull(litlg  areas ~v{,r(~  I)l]rc tlloriutll  tnctal.  ‘1’hc l)atclly regiou surrol}lldillp,  this  \va.s coIIII)osed  o f  stnall

tuIIgslcII  cr}stiils  iirl(l 1)()()1S  of tl)oriurll  IIlctal. ‘1’llr (Iiil’k I)all(l  collsislf<l  of ttl(’ tllllg$+t (’11 c r y s t a l s  \vitll 110
.,

slgl]lf]call(  trac(,s  () f tllorilllll, Ivitilc  tl,c  ol]terlrlost  rcgiol]  w a s i,llrc tlillgh((il tvitll  a  [Illlctl  slll(mtlltr tt,xtllrc.

‘]’]1( (I(lt(]rjllc str(lttllrth  ft)llll(l  ill III(,  central  rcgiotl  a r c  collsihtrt)t \vi(l)  111( rxisletlcr of a LIlill [Iloltct]

Iay(r  of (Ilclrilllli  tIIIIl  (I II IP,SI  (II 011 111( til) wllicll  Solidified  at slILIt(l, nvt I ‘1’11(, f,a(ll(ry or ftrtl-lik(  s[rllctllrcs  m-c

forlllf(l  !Yll(rl  III(’ t\vo lll~rllih(illlt  COIIII,(lII(lILS  scgrcgatc  tIj)olI  coolll Ig f\ I(lIollg,lI  III(L lllCiL~llf’(’d  til) t(’tlilltrat~lrc

!va.s olily  011 111( (~r<lcr t)f lT~J()  }i, (11( l~ll~isc di:igra[ll  f o r  this  sjhl I’111 slI(J\vs  tllill  (Iiorilllll r(clllc(s (11(,  fr(’czil]g
l)oillt  (,f t  IIllp,st[ll  I(J a  IIlilllrlllllrl  o f  19(;S  I i  at (lIC cutrctic  IJOIIII [1(1].  ‘1’II(s  I il~ o f  tlIc c:itllf)(lc  cxlsts ill a

IIloltcll slat(  (lrIly  l)(ci IIis( c)f tlI( lli~ll collcclltration  o f  lllorilllli IIIt,tal  (Il,rc. ‘1 II( (l~wcjrl]tioll  rate of tlioriulll

frorll  t~lrlgst(lt a t  III(  IIt(as(lr(xl  til I trllll)craturc  ,grcatly  cxcc><(ls ttl{’ difll}sicjll  rat(’  frolll ttlr illtcrior,  alId

irl]l)rol~al)ly  low ga.+ (Iifflisioll  ratu+ are rcqllirml  t o  IIlaitltait]  sip,  tlificatlt  sllrfacr cov(rag(,  [1  1]. IIotvcver,  ttlc

sllrfact.  structures ol)st,rJ’(~<1  ill lllis zo]}c  strongly  s u g g e s t  ttlat tllori(]lll  vdl)or co]ldrrlsrs  011 (IIC til) during

c)])[rii[ioll, l)rovi(li[lg Iurtll(. r (Uvi(lrilc(, f o r  a rlla.w trallspc)rt.  j)ro( esh f i r s t  l~rol)chrd  it] [7] ,It tlIcsc  arlll)icrlt
g a s  ~,rtssllrcs  (l], arc ii(lil(’11111(’11[  is cc)llccrltcatcd  011 tllc til), s o  aII arc I-OIUl III I with  a lli~ll clcctr ori (Icnsity

;iII(l  I(tll[,(riit(ll( f[)illls  I(lfllstrcalll of IIlis region.  l;vidcntly I[it tal  Yal)t,r fr(,l]l  ltlc  Ciitllo(l(  i s  iol]iz((l  ill t}lc

a r c  CC~l\III  III alI(l  (Ir:i}v[l tl:ick 10 tlI(’  slirf~ic(’ I)y ttlc electric  ficlcl. ‘l’tit’ stlcat]l  i]) tl[mc devic(w i s  collisiorllcss,
s o  iollizilli(~ll  II IIIS1 occllr  olltsidc  tflc  slicatll,  ‘1’lIc  w e a k  electrit  field iri tile C,:)IUIIIII is al)l~ar(l)tly  suflicicllt

to Sl[)lv tllc  ~ils (Iiffllsioll  ritt(’ sigtlifica!ltly. ‘1’tlis a l s o  I)rovidcs  ii [Iltcl]atiislll  for  IIIaSS  tratlsljort  frorll  ot}icr

rcgiot]s of tlIf’  catlloilt tc~ [tlr r(giol! ~vli(rc  tllc a r c  at,tacllcs. I)itra[lOXiC:il lJ’, tllr volalilc  sl)ccits  aCCtllllUlat C

ill ttlr  lIolt(wl Z(JII(’. ‘[’II(  (, ff(ct  is  to ({(>]?ls (I(i) lctiotl o f  tllc  (Il(,ri(llll at tllc  til,, ~)cca~lsc it Iowcrs ttlc  cflrcti~c

g:~s (Iilfusiotl  r:itr iill(l ;ill(nvs :icc{’ss  (0 :i rIIucl I l a r g e r  su~)plj’ of (Ilorilllll. ‘1’ltr tllori{ltl)  ~vllicll carI accllrl}ulatc

or I tllr (i]) is lIot Iilllilt(l  1( I tll:it  iLVailal)l(:  locally; ltloriutn  ttlat ~IajJoral(~s  frorll  atIy  I)art  of t}lr cattlo(le  call
collcrival)ly  I)e CIcl)(x+itc(l  o] I llIc  til) i f  i t  is  f i rs t  cotlvccted  ilito III(’  arc cOIIIII]II  doivllstrc:ittl  of ttlc  til~.

‘I’ll, tllilgsl(rl cryst~ils ill ttlc (lark  t)arld lvcrc ~)rol)at~ly  fc)rrll,l  ifl ii slrrlilar  I,roc(ss.  ‘1’utlgstrrl cval)orate(i

froth tllr catllo[l( i s  io}liz((l  ill ttlc  nrc COIIIIIIII and drawrl  t)ack to tll( surf:ic(, crratir)g  slll:ill  crystals I)j’

~ti~~or (lt,l~osit ion ‘1 tit, }I;itrt)j rcgioll  l,cl\vce II tile  tllorill[ll-rictl crltral ar~a alltl  ttl( rir}g, of tullgst(l)  c r y s t a l s

rrl)rrs(ll[s a  tr;lrlsiti~)ll  7(JII(’ iii wllicll  tllllgstrll atId tllorili[[)  v~illor iir{’  (I(l)osit((l 011 III(’  sllrfiic(,  ~~llt  tll(’
c(]tlc(lltr;itiorl  [If tilc)rilll[l  h lI[lt sllflicirl)tlv Iligll  t o  Iowcr tllc II ICI1 illg lcl!llj(.r:itllrc l)rlc~~v tli(’  till trrll[]cratllr~’.
‘1’lIf tlli)rililti l)ot~ls ;{l)l)l’i\r((l  10 llal’I’  1)((’11  IIlolteri  during ol)(ratif)ll, I, Ill till’ t(lrl~st(ll  crystfils  irl tllh rt~ioll

cl(arly i~~rf  1101. 11((’i~ll~l  1 Il(r( i s  a  s(irt”ac(  collccl]tratio]i  gri~li(llt, tllorilltll lIIay :ilso I)c >uj~lJIIcd (0 tlIt

1:)
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l’ip,llr< 18: \l’(Jrk furlctiorl vari;ilit]l) of (Ilorliit(’(1 tlllI~sl(.[).

Iritll  Sltioli  70t]( Irolll III(  c(rltral r(,gioll Ijy slirf;ir( (Iifl(]slol) 1’IIc  oll((rtlmsl r(gio]l i s  cvi(lr[l(ly a }Iigh

lcrll[)(’ralllr,  zcjfi( tvitll  1]111(’  ~’al)or dcljositioll o f  tIIIIgSt CII (jr  tlljrl~i[li. ‘1’lle cra(trs I_orl[wd  duri[lg startl]l,

llii\’(>  1)((11 stII()(Illi((l 0111 I,y (Ilrrlllal  r e c r y s t a l l i z a t i o n  (,Itr 1}1(  c(,(irs(  of [II(,  fitial [M’o I]ollr  rllll
‘1’li(,w CJl,s(rvtttiolls  :Irc c(,tlsisletl(  w,it,tl  ca(}iodc  sllrl”ac( slrllc[llrfsc)llsrlv({l  al l<)~vcr ~,rcssurrs  all(l IIig,llcr

(Iiscllarg{  cllrr{llts [7,1 l], sllgg(.s(illg  (Ilat,  t,flis is r(l~rcs(rl(iiti~,( of c; ItlIo Ii(. ol)(ratio]].” A qualitative dcscrilj.

tioil  ofll)t Jv(~r!i  f(ttlctioll  (Iis(rit)ll(iorl  OIJ  lIIc catllo(l(,  sllrfaco  call I)( (Ic(ll]ct(l frol]] tllmc surfacr s t r u c t u r e s .

‘1’11( \vork  l’(lllc[i[~l, :111(1  l{iul]arclsoll cm: fiic.  ic, rlt f(,rtll(jria[((l llllly,h((rI is(l(l,([l(l{rlt 011 tl]cs~lrfac(cc)keragcof

ltlf)rilllll, ~ls slloiv]I  III I’ip,. ( 1 8 )  [ 1 ’ 2 ] .  ‘1’llc ccrvcragr f is (I(fillr(l 1,~ ,N)/l\r,,,l,l, Ivl)crc  N is lhc nullll)cr density
<)1 a(ls[lrl)c(l  lll(~ri~llii  :itf)l]ls  :Ii I(l N,,, i,, rcl)rcscllts  (11( ]Illtlll)cr  dl[]sity iit tlIc IJ)irlitllllrll  kvork  fllllction.  ‘1’tle
work  fllllc[i~)li  is  1 ~) (\’ Ii)r l)(lrr tullgstct], rcacl)cs a IIlillillltltll of ;iljl)roxil[l:itfly 2.8 CV at a tllorillttl  coverage
o f  al~c)lll  (111(,  Il:ilf of” a  cOIIII)ICIC rlm[lolaycr  and tllcll ri>cs 10 IL)”; (,JT, \vllicll  is at]ou(  cq~lal  to ttlc  v:iluc f o r

l)I]lk tlloril]lll. ‘1’tlosllrfac, a]lalysis indicat,cstl]at tl]isctlt ire rangy of work fl]llctiotlscxistsoll tt]ccathoclc

(ll]ri]lgol,(r;~ti~)t] ‘1’llocclllral rcsioil wllcrc illoriurll rII(lal ii(’C[l llllll?it C’S i s  l)rol,at,ly  cllaractcrizmi  I)y a work

flltlctioll  cl(k+, to (Ila( ofl)(llk  tllorillttl, wllilc tf]col]tcr]ll(>st r{~l)]l ofl)ilrc [Ilrlgstcli would tlavc (lIc higl]cst
fvork flll]cli[l[l. ‘I’l Ic illl(rtlw(lia(e zone  rc[)rcscllts a lra]lsitiort IIJ(IV(CII  tlIrsr (~vo extrclllcs. ‘1’IIc ]liilli]]ll]I]l

Ivorfi fu[lctio]l ;III(I  tllr l)(,ak  cllrr~l]t dc]lsi(y tllrrcforc occ[]r II(I1 011 (Iic cattlod( rc[ltcrli Ilc,  hut a t  all intcr-

lllc(liiit(~  ra~li~]s [~11 tlI(~ tlc]tlisl)llcrical til). As stlo}ytl al)I)v~, (I]is ~o[}clusio[) i s  col]sistellt \vitl] [Iwa.<urerlwrlts

o f  llIc arg(]rl  if)[l Iilll illt(tlsity (Iistrit)lltio]l on the til~,

M()(lel l’r(,(li(tiolks

I\ Collll)ilrisotl” I)(t!v((,ll  (11(>  (I!];  isi-tlv(} (iil[lfllsi(]ll; ll ct~lllt)lll{,(l l)l;i.slila alI(l (I[lrrllal lIlo(l(l ;ill(l tl]r cx]~cri-

IIl(lltiil (Iilta is sll[l\i’11 ill ‘1’:~tll~ (  I), ITor tllc rxl](rilll(tll;tl {Iill;l, III( titlacllll](,lll iirf>ii \\, a.s cstilll:i((, (l fro])l tllc

i(]ll I)riglll[l(ss c(~[llf)l]r lllots. ‘1’11( 11]()(1(1 atlalysis lv:i.s l,(rforll[(,l ;Is foll(,tvs ‘1’11( ttl(asllrc(l lil) (~]lll)rratlirc
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(fil’a)
1.5
3.0
4.5
6.0

‘1’ill~l(’ 1

((,,,:’)__ M .(;I{;)  ((u (Cv) (Cv)

I&::\” ‘“ 2527- 2.4 ().s8 8S3 1,03 ~, jj

17.8 ‘262[) ().5s 1() ().5(; 7.:)1 1.71 2.96
21.9 2710 ().45 1.7 ().4; 6.87 1.62 3.02
21,6 2750 0.37 1.:) ().:17 6.20 1.42 3,04

l~x~)criitl~tltal  d a t a  al](l II I(HIC1  ljararlict~’rs  ~lsmi ill the co[ll])arisotl.

‘1’IL<, ~ltclroll t<ltll)eratllre for t)ot]l  arc clos(!, ,‘illd t}l(’ l’?ilCllla(Ct]  Sllf’atll  Vol(?ij!)t’s  arC rca.~o[~ab]C.  ‘1’]IC work

fllllcli~,ll  for all of lllc ca.scs t i r e  c l o s e  and ill tll(’  railg(  0[ !Vllill  wJuld l~c cxl)ect(d. ‘1’llc lvork furlction  011 tllc

lil~ (’lliill~(S frc)lll  iil)ollt  3 . ’ 2 7  (’V 011 tllc  cc]]tcr  (0 1 .’) c\r far  frfl[ll  (11(, [ii).  I t  is  fxl)cclcd  tl]iit tl]r trallsi( ior]

it] tlloril]]l] cov(’ra~f”  !Volll(l itlcludc  tllc IIlillilll(]lll ill lv(~rk fllllr(l)ll (I(xcrlt)((l  fil)(~u. I t  i s  likely tllal this  is
l o c a t e d .  ‘1’11{ rxl)trir,wrll:itvlltr(~ tllt~ atl; ic )l])(~]lt iir(, a 1s I  JV[)rk ~lltlctilll  L:,IIJ(S rcllrwwtlt  al} avcragr  val{l(,,

sillc(, [II( aclll;il sllrfacr !vill I)avc w o r k  fllllcti(]lls  f)t(r 1111  tdrllir(  rarlp,(,.

\lI)(l(l I)r((lic(io!ls  f o r  Illc [)liiSlllii  I)arartltl(,rs  f{>r (11~ rallgc  (,f (’xll(rilll(’llliil IIiit:i l)rese]lted  are sllow’fl ill

ill I“igs.  (  1{))  t  llr~)(lgl[  (24).  ‘1’IIc  cxponcrlt  ial (Iccr(’;isc ill a[t;irl II IIo IIt {irca ill I’igs.  ( 19) fiIld ( 2 2 )  illdicat(s

Ill;it III(,  IIl:(,]ori[j  of l}IC cllrrcl}t  i s  frof]l ttlcrrtliolll( (]lilssioll is tlI( (?i[tlo(l( trtlll,(’rat(lrc illcrcasrs  (aIIci

(Ilcrrf(]rc  tllr ltlcr]lliotlic  currcllt  illcrcascs)  tl)orc f,,,,r~,y  i s  a(l(],.tl  10 lilt iot}iziil  ior) rrgion  aIld  tll  C clcctrotl
l(,llll~{ralllrt  illcrc:lscs  ( a l l  olller  I)ararlwtcrs Iicl)t Collst:irlo.”

(~t)llclllsit)lls

ff i]utlll)cr o f  cxl)crilllctltal [Ilcasurcrllcllts  lIavc I)CCII  IIIadC t) validtitc a colnt)illcd
III(J(I(I  llI:it  i s  I)cillg  (Icvclo})c(l  and to provi(ic valilts (>f (Ile ll)pll( })aralrrl(rs  [ 4 ] .

tcltll)(ralllr(’ (Iistril)[ltiol}s  OIL a  cyl indr ical ,  2 I)erc(’11( (Iloriatrtl t~lllgs(t,ll  catllcxlc  h a s

l)lasIIIa  and tllcrtnal

A  dat at):isr of axi:il
I)CCII collcctc(l  for  a

cllrrcllt Icvcl of 1000 A for argon Inass flow rates of () 060” to ().878  g/s and allll)icllt  gas I)rcssurcs ranging

frol[l  I .L to fi. O kl’a A  Illlltlt)rr  o f  t e s t s  !vcrc  l)(rforrll((l 1 0  dftcrlllirif  If ’hilt cff’ect tnass flow’ rate Il;w 0!1
IIIQ iiXi;il call Io(l(’ tcllll)(’ralllr~ dis(ril)utiol),  No sigrlificallt  cff(ct  of Illc lllass Ilow rate 011 tllr axial c a t h o d e

(<tll[~cratllrtw  Jvas f(~utl(l.  If a[ly cff’ccf is  l)rescllt, I i  I  IJY otllrr cfrccts. l~lcclroll  telllpcraturci( II:IS  lll’C  II Illil.$  ~(

IIIt,:ISIIItIIItiItS  ill lIIC ljluT]K (Iowllstrcalll  o f  tlic  cdllio(lr  ti[~ !v{rc IIlii(l(’ Llsi[lg  tllr Illctllod o f  rcliiti~rc Iillr

illlt’llsi(! rali~)s. ‘1’l)c ra(lial  lcll)l)cra(urc })rofiles art flal for [IIC low l)rt,ssurc CM(’ atld itlcrcasc  r a d i a l l y

I(I1 tll Ilip,ll [Ir(ssur(  casts. Ill gctlcr:il  tll(’  tcllll)(riil[lrts  (I{cr(;iw( I iil)lroxilll:it(’ly ex[)ollelltially tvilf] a x i a l

(Iislii!l(’(} frolll tllc C:itllo(lc  till. llowcvcrl  f o r  tl]c Ilip,tl }>r(ssllr( casts,  III(,  lt[[l[)cratllrc  I)t’,g,a[l to illcrca.sc

(Ioivllslrt;illl Irl(licalirlg  llIat a  tcllll)cratllrc “(lcl)rcssioll’” ~wists. ‘III(’ Yi+rialioll  of ttlc  attacllf[lcllt  a r e a  wit]]

Cl]rrellt  alt(l l)r(v+[lrt  w a s  c h a r a c t e r i z e d  t)y illca.surillg  (11( il](ctlsl(y distril)ll(i[jll of an argo]j iot} Iil)c  rlcar tile

(’iitllo[l(”  sllrf:ict’.  l’(~r :111 (If (Ilr l)ressurcs  collsi(icrl(l  (Ill arc is alt~(rllrd  ill arl alllllllar ring  around  the ca(l Iod(’

lil~ :1[1(1 11(1(  (ill llic c,l[trrlill(, \latcrials dtlalysis  of (II,,  catllo(lt f(,llo~villp; ii tfst a l  1 0 0 0  i\ alltl 6.0 kl)a f o r

I I IIlat (Ilf [Iioriulll tcllds  to acrlll[)ltlal( al tllr Iii), i s  (Iflll(lrfl (JII  ll)e  Slliif(, al](l a  tratlsitiotlt,~vo ltollrs  r(’!’(a  ((
oc[llrs ill I)(ltv((,ll J\ Illirlirtlllrll  ill tlIc w o r k  f(lilrtl[jl)  (Il(r(f’ort (Jcllrs  ill nfi ;IIIIIIII(Is  arolltlfl  (1)( Ca(tlo(l(  till
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