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~’(!lll])[!r[itlll’(!  pl’ofil{!s  llav[! 1)(!(!11  ln(!asur(!cl

alol Ig tl)(,  a x i s  of a t,l Ioriatd tllllgs(ml rc)d
cntl Iodc iII +iII argoII gas disclltirgc! ~it two /i III-
l)ic]]t ],IWSSUIW lovds aIId c~lrixn,t  10VCIS  r:lIlg-
illg  fro]n 600 to 1400 A. At aII [irgo II I) N: SSUN:
of 2 8 0 0  l ’ s ,  tll(! t.c!ll)])c!l.[itlll.{: ])rofilc:  i]lc. rcasm
IIlc)llc)tc)llically  frxnn tllc: l)asc toward tl]c: til).
‘J’lIc! ti]) tc!ln~)c!rntturc: i])crcmm wil. ]1 i]lcruls -
illg  t,(!]ll])(:].[it~l).lo. A t  RII alnl)icllt ])rcssurc o f
1 4 7 0  l’ti, H Lmll][)matllr(:  ])cmk at t,l)c t,il) is tic-
com]m]]id lIy H ])latmu or smoIld l)wik furtllm
ul)shcxiln. With increasing c,urImIt  tljc llm~lii-
tlldc o f  tllc! u])strcxun ])c!nk illcrcascs dral II[[t-
ically. Qualitat.iivc  ol)smwatimls o f  tllc hrc at-
t(icllmc!llt sIIggcx( t h a t  at. tl]c! IIigllcr 1)1’CSSIIIW,
i]icrcrisc!s ill tllc! discl)argc currc]lt CaII l)c ac-
conllnodatccl  by incmascs ill th[! cnt]lod{! til)
tcllll)c!r’tltllr(!.  At tllc!  10WCT  ])r’cssllrx!  l[!V(!l t]){!
till rcgicn) call 110 lon.gcr  sntisfy tll[!  cl)rlw])t dc-
IIlallds [Illd [lrc! [Itttlclllllc!lltj  ful’tll{!r U])stl’c!alll
along  tllc!  c.ylindncal  s h a f t  lJCCOIIICS  lIION! ill~-
))ort,allt. ‘J’lIc (Iccrc!asc in ])rcssurx! tllcm!forc!
])rcci])itat,{!s a tlallsitio]l frw]ll a till att~icll]llmjt
Inodc tc) n IIIOIW d i f f u s e  c+itllodc attacllnlc!llt.
l,cmg tl)cnvnal  traz}simlts wcm alsc, OIMCI.VWI  a t
:111  o]){!  rati]ig c.o:lditio]]s.

Illtmdllctioll

‘1’IIc service life of tllcrllliollic catlIodcs is it[ll)ortant

for a IIullll)cr  of llip,ll current discharge dcviccs, ])iir-

ticular]y several classes of electric t]lrustcrs sucl  I as

* ‘J?dl])ical  GIXmII  1,CMICI,  AdvaIIcd 1 ‘I qnllsic,]l ‘1’ccl!llolog~
G1.ml]

t~fc.,lll,e, Of tl,c ‘J’cc],])ical  Stafr, AdvaIIcd l’]ol,tllsio]] ‘1’ccli
Idog.v Glol)],

elcctrotllrxloal  arcjcts and Illagllctol)lasIllacly  Ilalilic
(Ill]’])) C],gil]cs.  IJow thrust lCVCIS  d i c t a t e  l,url) ti,]ms
o f  scwcral  tl]ousal)d  IIours, and tile catllodcs of tllcsc
devices arc oftcli tllc life-]ilniting c.ol IIl)oIIcIIt.

~~atl]odcw  ill lligll  currm}t  discllarp,cs a r e  sul)jcct to
several l)llysical ~)rocesses  wllicl]  cause 10ss of c.atllodc

]Imtcrial aIId eventual failure.[]]. ‘J’IIc IIIOS(  ilol)cjrtallt
IImcllfi]lis)lis  for cathode ]nass loss i)lcludc cjectioll of
IImltcll  loaterial, cval)oratioll o f  hulk catlloclc lJlatf.-
rial aIId catllodc a d d i t i v e s ,  cl]cIllical attack by reac-
tive IJrc,l)cllant  ga.scs or colltanlil)allts and s])uttcring
l,y Iligll velocity iolm. With tlI12 cxccl)tioll  of sl)uttcr-
illg,  tllc rates of all of tllcse Illccllallisl)ls are strc)llgly
dc]wl]dcllt 011 tlIc catlloclc tc)n]wraturc. Assurallcc
of adequate service life tllcrcfore rquires a qualitita-
tivc undcrstalldit)g  c)f IIigll current catllocle tllerlnal
l)c]lavior.

(:atlloclcs iIl arc discharges ol)crate ill a nulnbcr of
difl’crcllt  lIlodcs wllicll  call  bc clitcgorinxl ill two broad
groulx  liollstationary catllodc lIIodcx  ill wliicll  clcc-
trolls arc released ill cxl)losivc mnissioll })llmlc]locna  or
t l l m ] n a l - f i e l d  crnissiol]  it) sroal] rcgio~ls  doc to JOUIC

o r  ion itnl)act llcatillg and s t a t i o n a r y  Inoclcs  wllcrc
tlIc  elcctroll currcllt is sul)l,licd by f ield-cIIIIaIIccd
tllcrmic)llic clnission  [2] . ‘J’lIc IIo]lstationary Inodes
occur 011 relatively cold cathodes wllic]l  calltlot suIJl)ly
tllc required currc]lt by t,llcrlnio]lic or field-cnllanccd
tllcrlllio)lic  crllissioll. Statjollary catllodc olm-atioll
in cle.ctric  t h r u s t e r s  call  bc furt]]cr sul)dividcd into
tllc l,cnv l’rcsst}rc ‘J’llerlnic)nic  Sl)ot M o d e  o r  “dif-

f u s e  attaclllocnt’) IIIod12,  wllicll  o c c u r s  011 high  tetll-
I,craturc, low work  fullctio]l catllc)dcs ill a  lcnv l~rcs-
surc alnl)icllt,  F,as, and tile IIip;ll l’ressure ‘1’herlniol)ic
S])ot  hfodc o r  ‘{ti]) attaclllnc~lt” Ioodc, wllici]  forlt)s
0 1 1  cat]lodcs at, lligllcr ])ressurcs. ])iffusc attaclllncllt
is  usutI”lly olmrvrd c)) I N1l’1)  tl)rustcr catllodm wllrrc
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tJIc d i s c h a r g e  occulJics a sul)stalltial l)ortio[l of tlIe
catlIoclc  surface. ‘J1’il) attacllllmilt occurs 011 catl Iodrx
ill tlIc  IIigllcr  ljrcssurc cllvirolllncllt  of arcjct discllar~,c
cllalttlmrs and is clllaractcrizcd by a lIlucl  I +Iualkr  arc.
attac}llllctlt IJoint  ill wllicli  tllc Lc)lll)crature IIIay I)c

al)crvc tlIc inc.lting point.
A cmlljmllion J)al)cr  [3] dcscril)cs tJIc tllcorctica] UII-

dcrstalldillg  of s ta t ionary  c.athodc o)~cration  ill l)c~ilI
tlIc  ti]~ attticll]tic]lt allcJ difl’usc attaclilllclit II Iodm.
A  Inodcl of tlIc lmar-catllodc I)lasIIIa  i s  used to dc-
firic tJlc  I)oulldary  colldi~iolls  f o r  a  tllcrlnal II Iodcl
wllic}l y i e l d s  tllc catliodc tclnJ)craturc. IIowcwr,
tllcrc i s  a litllitcd datalmc c)f catlioclc tcllll)craturc
IIlcwurc]lmlts  t o  colnl)arc wit.]) lIIodcl  l)rcdic~.ioris
aIId 110 d e t a i l e d  cllarac(criz  atiolls of tJIc IIcar  catll -
odc I)JaslIla.  SOIIIC tcl[llmaturc lIlcasurclllcIlts lIa\Fc
IICCII }Jcrforlllcd  ill clcc.tric  thrusters [4,5,6,7,8,9], I)ut
tJIc oIIly systelnat,ic study o f  catJIodc tlIcr IIItil l)c-
liavior w a s  coIIdIIctcd  by IIiigcl al)cJ Kriillc  [10,1 1 ] .
‘J’l Icy IIwasurcd C.a{JIocJc tcll]l,craturc dishil~uticjlls  011
a  rod-sllal)cd  tlloriatcd tullgstc]l  catl Iodc  at arp,cjn,
IIcliutll  alId  lydro~,cn l)rmsurcs rallgin~,  frol]l  2000 l ’ a
(15 ‘J’err) tp 13300 l% (1(10 ‘Jbrr) and currctlt levels
frc)ln 200 to 1000 A.

‘lb  cxtcIId tllc datalmsc o f  catllodc tclllllcraturc
]Imasurcllwllts  and l~rovidc  a  l)cttcr cll~(rac.teriztitic)li
o f  tlIc  IIcar-catflodc plas]na ~)rollcr(ics  wl~icll arc illl-
I)ortallt i])l)uts to tlIc IIICKICI, a dccJicatd cat JIoclc t.cst

f a c i l i t y  lIas I)cc.li co~!slructccf.  III this l)al~cr tllc fi\-

cility aIId tclnlmrature d i a g n o s t i c s  }~’ill I)c dcscribcd
and tcml)crature d a t a  olAaincd a t  c u r r e n t s  c)f 600
to  1400  A arid allll)icllt argon l)rcssurcs of 1470  l’a
(11 ‘J’err) tc) 2800  l’a (21 ‘J’err) will l)c [)rcsclltcd.

‘J’lIc catl]odc test facility is SIIOWII ill tl~c diap;rall)  ill
I’ig. (l). ‘J’IIc staitlllcss  steel vacuutl] cllallll)cr is O.b III
UII dialnctc.r and 2 . 4  III k~IIg and i s  coIIII)cxc.d o f  4
water-c.oo]ccl c.ylilidrical  scgllmtlts. As tlIc  scllclllatic
ill l“ig;. (2) Sl)ow’s, tllc f i rs t  scglllcnt forl))s  the  dis-
charge cllaltll)cr. A  W a t e r - c o o l e d ,  rirlg-sllal,cd coll-
l)cr  allodc M,itll  a  dialnetcr o f  7.6 ClII i s  I]loul)tcd
011 a flallgc located bctwccll and electrically isolated

frol]]  !IIC f i r s t  two talIli  scgllicl]ts. ‘1’lIc catl]odc fix-
I urc IIloulltcd 011 tllc vacuul]l  cllfillll)cr  d o o r  i s  coil I-
lmscd  of two coaxial tubes clcc(ricalty isolated froj[l

caci  I ol])cr and tl)c d o o r  wit]l  Inicarta rings. ‘J’IIc ill-
]Icr tulle serves  as” tile catllodc currcllt feed al~d IIas
a w a t e r - c o o l e d  cal)  011 tllc clId to wliicll  tllc cfitJ -
odc is claIII)Jcd.  ‘J’IIc outer tul)c is electrically ftoat-
illg atld IIas a water-cooled colJJ)cr disk IIloulltcd 011
tllc clld  IVitll all al)crture tllrou:;ll  wllic]l  t}tc catllodc
l,rot,l  udcs, ‘J’IIc }Iro], chant F,as i s  irijcctcd l)ctwccII
tlic t w o  tul)cs al)d flmfs  into tllc cliscllargc  cllarnl)cr
tllrougll  all atltlulus around tlIc l)asc  o f  tllc catllodc.
‘1’IIc itlkrclcctrodc gal)  is set Ly tflc th ickness  of  a
sl)ac.cr  ill tllc catllodc asscIlll)Jy.  ‘J’l Ic c.atllodc  u s e d
ill this illvcsti~;atiml is  a rod  o f  2  J)crccllt tllc)riatcd
tull.ytcll 76111111 lCJIIg atld  9.5 11~111  ill diainetcr with a
IImllisl)licrical  til).  ‘J’IIc l a s t  tank scgII1cllt  c.olltailis  a
IIcat  CXC]lilllgCr  IIladc of water-cooled, fillncd  col)l)cr
t,[]l)itl~,  to cool tlIc cxllaus( I,cfc)re it c]lters ttlc l)ulIl],-

illg systcll].  ‘1’lIc tarlk IIas a  nutill)er o f  l)orts wllicli
I)rovidc  ol, tica] access to tllc d i s c h a r g e  cllal]ll)cr as

tYcll as tllc J)lut IIc. III a d d i t i o n ,  tlIc  catl]ode and tllc
discharge  CaII I)c viewed along tllc tank axis tllroug]l
a Ivilldow  at tllc rear of tl~c tank,

“J’IIc VaCUIIIII  cllal[ll)cr is J)ulnl)cd  I,y a 610 1/s ]{oots
l~lmvcr l~ackcd by a 140 1/s Stokes IIlccllallical 1)111111).
‘I’l Ic systclll is cal)al)lc of ac]licvirlg  a vac IIu III of less
tllall 0.13 I’ZI (1 IIfl’err) with IIC) I)rolwllalit  flow aild
al) IJroxilnatcly  80 l’a (0.6 ‘1’err) wit]]  all argon flow

rate of 0.75 F;/S. IIigl)cr all]l~icnt  gas l)rcssures a r c
acllicvcd I)y l.]lccdillg  .zr Clditiorlril  F;as into tllc cllalll-
I)cr tllroup,ll  a fittillp;  ill tllc t h i r d  sc,grncnt  allcl/or I,y
turllitlp;  ofl tllc l{oots t)lowcr. ‘J’IIc alnl)icl)t J)rcssure

call  I)c cotltrollcd to witllill al)l)roxitnatcly :1 7 0  l’a
( 0 . 5  ‘Iorr). ‘J’IIc arc is l)owcrcd  by two hiillcr wclcl-
illp; l)owcr  su})l)lies,  cacll  of ~vllicll call  IIrovidc  1500 A
at, a load  vo]tagc of 40 V coiltilluously or 2000 A at
4 0  \r willl  a 50 I)crcerlt d u t y  c y c l e .  ‘J’lIc initial a r c
breakdowl] is accolnl)lisllcd with a 4 A, 850 V s tar t
Sq)l)ly.

‘J’IIc factory s]lunts ill tl~c Miller welders llavc }ICCII
rq)laccd will)  l)rccisioll shunts tltat arc usccl t o  IIlc)lI-
i tor  tl~c arc current. ‘lIIc Acrlnillal volt  age  is lnca-
surcd a t  tl]c  currcllt fccdlllrouglls itlto tllc tal)k. ‘1’l]c
l)rol)cllatlt fic)I\! ‘ ra te  is  IIleasurcd wit,li a  S i e r r a  111-

strullwllts Side-’lkak hlodc] 830 flow Illetcr a]td  COII  -
trollcd !Vitl) a thrott]itlg valve located just ulmtrcal[l
o f  tllc i)llct  t o  tllc catllocle fixture. “J ‘lIC flow  1 llC-

ter out])ut was calil)ratcd l)y IIlcasurillg lJIC lnass loss
frolll  aII argorl  Ijc)ttlc  a.s a fulictioll o f  tilllc, AII h!J{S
IIaratrotl  cfij)acitarlcc IIlallorllctcr with a ranp,e  of O-
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]“igurc  3: l)ifi~,ralll  of ilna~,illk  IJyrollwtry systcII1.

1 . 3  X 10:’ l’a  wllicl} is lmuntcd 0 1 1  t.llc taIIk  d o o r
is used to lneasurc t)lc d ischarge  cllaltll~cr  IJrcssu]e.
‘J’lICSC ]Jarallmtcrs a]lcl .s ]Iullll)er  of faci l i ty  tcl]]l)c]  a-
turcs arc rcc.ordcd  with a Macintos]l col)ll)lltcr sysLc III
utilizill~ l,abView  soflwarc and N a(io!lal lnst.lruilw])ts

ltllilti-l)~lrllc)sc  1/0 cards.

‘J’l I{! IInagi]lg l’yl’[mldc!r

A  CIIYJ’II;C  2550-1)  Cliargc lnjcction l)cvicc  (Cl]))
ca]mv-a was c.l Ioscn as all c)])tic.al IJyrollwtric scilsor
to lncasurc tl~e t,w,>- dilncllsiollal tcllq)cratllre field 011
tlIc cat,lloclc.  lf’ip;arc (3) SIIOWS a cliagral[l  of tllc sys-
tcIn. AII a r e a  A 011 tllc source cll]its a si)cctral radi-
allC.C of {(d,  ~1, A,~~’)~,b~(~,2’),  wl~crc  ~(~, {,, ~,q’) is tl~~
s~lrfacc  cv[littallcc  at  wavclcIIgtlI  A at al] aII#c O rcl:i-
tivctot llcs~lrfzic.c  IIor]llal  and ~~frolllsc)l]lclcfclctlce
Iilmoll tllcsurfacc, al~d l, L~(A,7’)  istllcra[li:tlicc c,f:t
l~lac.k body at tllcsall~c tc]nl)cratrlrc~’. ‘1’liis area is
vicwccl  by tllcsystcl[lol)tics tllrougl]  a willdoJv wit]l  a
trallslllittallccof ?](A) atld OIIC c)r nlorc IIcutra! dcl I-
sity filt,crs  wit,]i a  collll)ilkcd  tra]w]]litta]lcc o f  70(A).

‘J’IIc systcIII ol)tics arc coml)oscd of two  illtcrfcrclicc
f i l t e r s  wi[ll a 10 mII llalidJ~ass  cclltcrcd at 632.8  11111
and a loII.g l~ass filter wi(ll  a cl]tofl”iva~rc]cl~gtll  c)f 570
11111, a l l  Lllrccwitli a cc~lnl)illcd tra]lslnittallcc TZ(A); a

IIorlnal carllcra lcIis  w i t h  a  tramlnittal~cc T:i(A);  and
a l)rotcc.  tlvc coat,lng  0]1 tllc sc]isor array l$,it,]l a tra]ls.
]Ilittallcc o f  74(A). ‘J’lIc ol)tics illtcrcc])t radiatio])
c]llittccl hy tl}c a r e a  i]lto a  solid a]]glc  Q and fbcm
it OIItlO tllc CIIJ  scllsors it] tllc calmrfi  array.  ‘J’l Ic de-
tector outl)ut Vd f o r  a]] illl~llt  lIowcl  IV is dcfi IIcd :Is

tllcrcsl~onsivity  oftllcsmlscjr, l{.. ‘J’llcill)agillgarray

llas512x 512 Cll)clctecLors w’llic.11 arcr-cadout a t  a
Illaxilllalll  rate of thirty tilncs l)cr  sccoIId.  ‘J’lICSC  val-
ues  arc collvcrlcd to all analog signal, w]licll i s  tl)cll
furt]lcr l)roccssed aIId olltl,ut as a IlorlIlal  v i d e o  sig-
lIal t)y tllc callmra clectrolli&, wllicll  Ilavc  a  gain o f
(l’o. ‘J’llcvidcosigl]al iscliF;itizcd  l)y a l)ata’Jl-allsla-
tioll  IYJ’-2862 S-hit  fralnc-grahl,er  l,c)ard  with a  gai]l
o f  G ’l, wllicll  yields a fitlal  value I)ct.lvcc]i O arid  255
corrcsj)o]ldil]g tc) the illcidcllt  Ilo\vcr.

Cnlil)rntioll of tllc l’ym]nc!tcw

‘J’lIc systctII cacloscd ill daslld li],cs  i], Fig.(? ?),
ivllicll  itlcludcs tlie caliwra and associa ted  clcctro]l  -
ics, all c)])tical  co]ll])o[tc]ltscxccjjt tlIc  ]Icut,ral  density
f i l t e r s ,  al]d  tlIc  clctcctor-sourc.c gco]lictry, w a s  cali-
I]ratcd asaullit. ‘1’llc]lcutral dcllsity  filtcrsarccllo
SCII t,o])ro])cr]y ]Imderatc  the i]ll)ut radial lcc and ]nay
I>c v a r i e d  fro)li  cxl)crilncilt tc,cxl,crirllcllt clc],cllditlg
011 tllc source illtctlsity.  ‘J’llcir translnitta]jccis t,llcrc-
f o r c  calil)riitcd  scJ~aratcly  a]ld  usccl toscalc tllc cal-
il~ratio]~ f o r  tlIc sul)syst,mn  SIIOWII illsidc tlIc dasl]cd
litlcs.

‘J’IIc  i]lcidc]lt j)owcr  i s  give]] by radia]lcc  o f  tlIc
s o u r c e  tralw]]littcd by t!)c Iwrious i])tcrvc])illg  ll]cdia

itltcp,rirtcd  over tlIc  s])cctr~wrl,  tlic clnitti]lg area, and
!I]c illLcrccl)tcd  solid  aIglc,
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‘J’IIc I)lackbody r-adiallcc  1,~~  is dcscril)cd Ijy l’laIIc.k’s
sl)cct,ral radiallcc disti-il)utioll:

wlicrc II is 1’laIIck’s  constal]t, k is l101t7fl IIaIIII’S  col I-
stant,, and c is tlIc v e l o c i t y  of l i g h t .  ‘1’IIc sccoIId
cxl)rcssioll is Jl; icll’s IIaw, all al)l)roxinlatioll  tl]at i s
valid  fc)r tl]c tcllllJcratrlrc raltp;e of illtcrcst. Assutllillg
Lllat tllc d i rec t ional  elllittallce t(O,~,,  A, I’) dots ]IcIt
vary sigjlificril]t,ly  o v e r  tlic solid angle Q :Illd t,llat LIlc

intcrfcrellcc f i l ter  l)locks  sufliciclltiy  w e l l  ill rcgiotw
outside of a narrow l)alld  AA at a c.clltral  wat’clr]lg[l]
o f  Aij, tlIc illt)cgral  call  hc silnl~lificd  to

4
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wllcrc A c.os 0 is tl]c l)rojcctcd area ill (I]C viewillp,  di-
rcctioll. ‘J’lic rcsImllsivity  1/”, wllicll  relates tllc sys-
tclli outI)ut V$ to, tllc s o u r c e  radiallc.c  at  tllc illtcr-
fcrellcc f i l ter  wavclcllg~ll  tllrougll tllc Ilcutra] dcl]sity
filters 1,~, isdcfilmd a s
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‘J’llis is (lie  dcsirccl  calil~ration relation IJ’llicll colltaias
tllc rcsl)ollsivilics o f  tl)c clcctrollic com])oIIcIIts,  tlIc

source-detector  gcoll)ctry, atld tllc oljtical co]]l))ollcl](
l)aralllctcrs. If t,llc :,ail)s of lIIC clcctrollic CO]JI1)O]ICII(S
a r c  co]lstallt, tllc Systc]li  rcs])ollsivity  1(* slIould IIaw
tl]c salnc functional for]]] a s  tl)c call]cra rcsl)olisivity
1/0, wllicll  i s  c o n s t a n t  u1) to a ljointill  tllc ratl~c o f
5(1-80  l)crccllt c)f tllc s a t u r a t i o n  value,  after wliicll  it
dccrcascs. II;quatiol]  (4)  a l s o  ctlll)llasizcs  tltat cacll
c~])tical sc{,u]) atld source -c tc tec tor  geornctry IIl(lst })c

illdividua]ly calil)ratccl. ‘1’llc v a l u e  lr’+ )I)ust  l~c clm
I)irically dckrlnillcd using a rcfmcllcc source wit]] a

kIIOWII  tclnl)craturc atld c]lliltallcc at tllc i]llcrfcrc)lcc
fi l ter  wavclcllgtll,  accoul]ti]lg;  for the tratlsll~ittiillccs
70 of tllc Incclia  l)ctwcc]l  tllc s o u r c e  and tlic calllcra
o})tics.  ‘J’llis ]Ilcasurcd 1{+ can tllcn l)c used  t o  dct{’r-
]iii]lc  tlic tclllIJcra~urc o f  allotller sc)urce  willl Iil]owl]

clllittarlce vic~vcd tl]roug]l f i l t e r s  wit.11 kllmvn  trails.
Illittallccs.

‘J’l]c sulwys[c]n rcsl)ol]sivity It* was  IIlcasurccl  with

fi h!ikroll IIlodcl  L1300 I)laclil)ocly  c.alil)ration s o u r c e
a]ld  il~dcl)clidclltly w i t h  all l’;))l)lcy tul]gstcll ri}.)l~oll

lamp. ‘1’lIc  l~lackl)c)dy s o u r c e  Ilad  all ctilissivity  o f
0.99{):} 0 . 0 0 5 .  ‘J’lIc  tclllpcrature of tlIc  sl)llcrical cav-
ity was )Ilca.surcd  to witllill 4 1°C  wit]i  a ‘J’yl)c S tllcr-
II IOC.OU])lC cIIIl)cddcd  in tlIc w a l l .  ‘1’lIc radiallc.c 1,~ c)f
tlIc  sollrcc Wa< calculatml  froln  tl)c Illcasurecl  tclnl~cr-
aturc usillp, tlIe l’lallck clistributioll  ill l;q. (2) aild  tllc
cmittfillcc. ‘J’IIc l)cwsil)lc error in t}lc calcula ted racli-
at)cc  d u e  to ullccrtailltics ill tllc tcIu]x-raturc is ICSS
tllal] :{ 2.5 l)crcellt. ‘1’lIc source  Ivas ol)crated over a
tc]nl,cratui-c range of 900 to 10 Ur° C, corrcsl)ondin~
to a radiallcc ratlgc of 0.44 tc) 7 ]llW/1/111 C.rrlz  sr.

‘I’l Ic alwriurc of tltc cavi ty  was  ilnagcd 0]] the ar-
ray wit II tl)c SaIIIC detector-sclurce gcc)~]lctry used ill
tllc cxl)crilllcllts, but wit]l  11<0  llcutral dctlsity f i l t e r s .
‘J’llc te]nl)cralure was set atlct allmvcd  to stal~ilizc  t o
witllill 3 1°C  I)cfc)rc lncasuri]l~;  tllc systclll rcsl)o]lsc.
‘1’IIc racliallc.c  was ulliforlll ol~ly across tl~c rigllt-liand
s i d e  o f  tl]c al]crturcj dccrcm.sing  slig,lltly  0][ tllc l e f t .
‘J’llcrcforc,  only tllc rcsl)ollsc of 50-100 l)ixcls  illulni-

IIatcd I)y tl]c utliforln l)art of tlic ill)a.ge Iva.s Ineasurecl.
‘J’IICWC Itlca.surcllmllts were alsc) used Lo dctcr]lliilc tlIc

ill(rillsic varial)ility in ])ixcl rcs])o]wc. IIklmri]nc]lts
])crforjncd \vit,l] t]lc s o u r c e  lIclcl  at a co]istaIlt tcl]]-

l~craturc  over  f ive  l~cmrs sl~mv l~o drift ill l,ixcl out-
I)ut and ralldo]ll fluctuatio]ls  olI tllc order of  d 2 gray

levels, ‘1’l]c ullccrtaillty associated with tllcsc ftuctua-
tiolis call  hc reduced to a ncglif;ible level I)y averaging
a  ]Iurlll)cr  c)f fralncs.

‘J’llc radiatlcc ill !lIC cc[ltcr I)ortio]l o f  t,llc turlg-
stcl] ril)boll laltll]  Jva.s dctcrlllillcd l)y c.ol])l)ariso[l  with
all Clptrollics IYloclcl 550 calibratic)n laltll) traccal)lc
to NIS’J’ standards usi]lg  all O1)trollics Nlodc]  7 4 6 - 1 )
sl]cct)c)raclic]lllctcr, allcl is accurate to witllill + 3 l)cr-
cel)t. ‘J’llc la][il)  was  o~)cratcd  over a radiallc.c range
c)f ().35 to G.23  IIIW/14]n CI112 sr and tllc cclltcr l)art
of tllc ril)l)oll Jvas i]llagcd CfII tllc de tec tor  a r ray .  ‘1’lIc

rcs])ollsc  o f  5 l)~xcls illul[iillated  l)y tllc ulliforln I~art
c)f tllc illlagc w a s  lnca.surcd. “J’IICSC data ~vcrc a l s o
used  to cst itllatc tl)c  variation ill rcslmllsc froln l)ixcl
to l)ixcl,  ‘J’llc variatio]l  alnc)llg (I)c 5 detectors  clid ]Iot
cxcccd 1 gray Icvcl  ul> to 150 g(ay levels and not Inore
tllall 1 .,5 gray ICVCIS  at saturation)].

l’ip;llrc  (4) slIows tltc fi]lal Calil)ratiolt curve rclatillg
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l“ip,ure 4: CIIYI’lX  carlwra calil)ra(ioi],

tlIc Callmra cmt]]ut V, t o  tlic i]icidel)t  riidialicc l.;.
‘1’I]c sloj, e o f  t h i s  curve is tile rcs])olmivity  dcfiucd
in l’;q. ( 4 )  altd, a.s cwlJcctcd,  is  col)stallt  ulitil al)out
gray lCVCI 1 1 7 ,  tllcll drcsl)s ofl. ‘J’IIc data CaII Iw }vcII
rcl)rcsclltcxl by tlIc fut)ctioll

V, : d,] -I 4,21/] + ~,:j(o - 1/;): (5)

w))m-c  cs is tllc positjioll  of tile Iit)m,  atld  t,l]c suhscril)t
II)irlus  sig;l) at tlic c]Id c~f tllc lfist  tcrtn signals that  i t
is tc) l)c included only  wllcll  l,; is g;rcatcr tllali n, ‘J’IIc
IJaratlmt,crs ~j , ~z, d,~, aIId rI w e r e  cstirll:itcd using

a IIoll-lil}ear  flttillg,  l~rogrfi]n.
‘.I’IIc trtrl]slllitta)lcc of tllc Ilcutral dclisity  filters was

rtlcasurml using a tutlgstcn cc)il lalnl)  a r i d  tllc sljcc-
‘Lroradiolnctcr  willn all ul~ccrtai)lty o f  a))l)roxi]llatcly
:33 Jlcrccllt.

.A])~J1ic/iLio]l ill tilt!  l;xl){:l’i]]l{~llts

1111 tllc ex]milmvl(s  tllc c a m e r a  a]ld  ol,tics w e r e
]I)oulItccl  outside tllc cllalnl)cr al)out 39. L C]II frolll  tllc
catllcdc. ‘1’IIc vidcc) oulI)ut,  froln tlN callmra was  dig-
itized to l)rovidc real-tilllc Inolli(orillg of tllc tcl[ll)cr-
:iturc distril)uti  ml. one Iillc in video ~twlnory  cl Iosct I
10 cc,rrcsJ)olid  to tl]c axis of tllc cathode was salnl,lcd
frol]l c:icli frarlm. A givcll  Illlln},er  c)f litlcs were  avcr-
:i~,cd, dis})laycd  ill real tinw, arid  l)cliodically  s t o r e d
01] d isk .  l“i~,urc (5)  SIIOWS a t,yl~ical cat.llodc  axi:il  })ro
file ol)taillcd hy avcr:igii]g  2 0  fralms, ‘J’IIc axial i)msi-
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l’ip;urc  5: ~;atllcxle axial illtcllsity distrihuti ml.

tiwt i s  ]I]rasured it] lIItn fro]fi  tlI@ catllodc t,il) aIId i s
dcfi]icd  to Ijc lm+itivc  ill tllc dcnvl)strcalll dircctio]i. A
slI)all  si.g; ltal duc to r a d i a t i o n  frolil t,lic l)ltislmr  I)lulnc
i s  visishle dowllstrealn of lIIC catllodc. “J’lIc itttcllsily
vfirics  w’itll  LIIC l)icssurc artd  tlIc cilrrmlt lCVCI,  I)ut i s
tyl)ically 7 to 15 gray lcvc.ls.

‘J’l}c i]ivcrsc o f  tllc calil)ratiorl rc]atioll g,ivcll ill
l;q. (5) was used to dctcrlni]lc  tlIe radia~lcc illcidcllt
011 LIIC syskIII fro]n tlIc ]ncasured rcsl)cnlse.  ‘J’IIc tcln-
l)craturc i s  detcrlllillcd frorll  l’lal Icli’s dist,ributicnl,
II;q. (2) ,  tlIe c a t h o d e  elnittallcc al]d  IIciltral dclisity
filter tralls)nittarlce, and tllc Incasured radiallc,c,

‘1’!1(? i)l)CCrt~ilIty  ill t]lc’ tCllfi)Cr?ltilr  C lllCaSUrCll”lCllt  k

givc]l  alJ1)roxitll;~tcly  }Jy tllc exljrcssio]l
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‘1’IIc sc])sitivity  to tl)e illdcl)cl~de]~( ]JaraTi IdeIs i s
Sltla]l hccausc Lllc IIml(il)lyil]g factor (AiJk7’/llC)2 i s

awr~~ill~at~ly wa] 10 ~01-O.0~ ‘J’l N illt~rf~l~llcc
fi l ter is assul]tcd to I)locli Imfccily outs ide  a llarrww
r e g i o n ,  s o  tltc lasl (crlrl is IIc,gligil)lc.  UtIcci  [fiiiltics
i]) (IIC IIcutral clmlsity  f i l te r  !rtitlsti~i((allcc c<)l~tril)utc

a]wo~ill~fit~h 1 pcrc~ll( Lo tllc sLall[lard error. ‘1’IIc
l)rilltary coltt,ril,ui,ors to  tl]e  uriccrtaillty a r c  tllc rcl-

alivc]y large and, t o  a ccrtail) ex(c])t, I)]lcltl:ll)lifi:il)lc
errors ill tllc clllittal]cc of !IIC cat,llodc surface atld  lIIC
l)rolwr IIwasurcllwlit of tllc incidcllt  radiallcc,

‘J’l)c cl[litta]lce  of tllc catl]odc surface was assu]llcd
t o  lJC illdclmlldcv)t  o f  tllc vicwill~  altglcs O atld I+,
wllic.11 is true for diflusc Clllittcrs,  a]]d rough SUI faces
oflcll tiI)l~roacll  this l)cl)avior. III a{lditioll, sillcc  tlIr

catlloclc axial tcll]]lwraturc  l)rofi]cs  were  take)) I)arall[,l
to tl)c surfzacc  JIorltlal, Illcasurmlwllts  f o r  tllr IIor]llal
cl]littallcc of  tung,stcll vmrc u s e d  ill tllc iillalysis, A

curve fit l~crforllml I)y 1’011  [12] to el)lit[allcc data for
tullgstcll ril)l]oll  Ialn]w  Illcasurcd I)y l)cVos [ 1 3 ]  f o r
tllc wavclcIIgtl I 632.8 1)111 yields cinittallccs rallgi]lp,
fro)]) al)out,  0.44 at 2000 K down to 0.42 at 3400 K,
‘1’l]c errors ill tllc ]ll)cas~)r(:]]]c]lls aIId lIIC  curve fit arc

quoted to I)c al)out,  2 JJerccult. ‘Jb si]l]l]lify  tflc analys-
is till illt,crl))cxliatc  valllc  of ().43 corrcsl]olldill.p,  to t,lle
Cl)littallcc  at 2800 K was mscd ill l’;q. (6) for all (C]JE
lmraturcs. ‘J’ljis al)l)roxitilatio]) rcl)rcsc]lts all crlor ill

c)llittallcc of aimut 2.5 l)crccllt at 2000  K, I)ot. a vcIy
s]llall error ill tllc tc]nl)craturc ral]ge of il)tcrcst.

IIo}vcvcr,  this diita is not necessarily rcl)rcs(,lltzltil’(
of t,llc catl)odc surface I)ccausc clllittallcc is Cxtrct[lcly
sc]lsitivc t,c) s u r f a c e  tol~o]ogy  a]td  cl)clttical co)lll)osi-
tim). lbugllljcss call  sul)stantial]y  increase tl)c cll)it-
tallcc, al)d  lilllitcd d a t a  froln [ 1 4 ]  itidicatc tll:it tl)c
clllittatice for a trllllgstc]l sur face  Jviil]  a cl]aractcris-

tic rougllllcss  Of 1- 3 pll)  could I)c as lli~ll as 0.6 it{ tllc
wavclcl]gtll  rallgc of illtcrcst. Silice lIIC el)rrgy rfidiat-
illg  fro))]  a surface is characteristic c)f tllc IIlat.trial ill
a tlli[l layer lCSS  tl]an 1000 A thick, rclative]y tllill  ox-
ide layers cal I lIavc a sigl]ifica[]t iltll)act. IIccaosc it is
vir(ually ilnl)ossil)’lc  to adcquatc]y cllar~ctcrize a sllr-
facc or qual)t, ify tlie eflcct of surface irlcgularitim and

collll~ositioll, tllc clnittancc sllc)llld  idc:illy  I)c  Inc:I-

surcd  ill tllc cxl)eri]llc]lt,.  Illcasl]rc]llc]](s o f  cl]littallcc

usiltg catllodcs Co]ltail)illg  sIIIall,  IIigll-c’]l]itt:lllcc  cav-
ities [4,7,15] or ulwl~ecificd  ]Iwtllods [16] are il]cc)llclu-
sivc. ‘1’l)c IIicasurccl  va lues  rallr;c frot]l  al IoII( 0 .4 10
as IIigll as ().8.

‘J’llc ullccr[aitlty ill tllc cstilllatc o f  ilicidcllt radi-
al]cc 1,~ dcjmi)ds oiI tllrec  factors - tllc ullccrtaillty in
tllc Sys(clll  olltl)ut dctcrn)illatiorl, u]lccrtailltics aris-
il~g froli~ tllc calihrtrtiolj  curve fit, and systmnatic  cr-
l.ors associated wiill  illal)l)lical)ili(y of tlic calibration

Icl:itioll.  As  d iscussed al)ovc,  LIIC  vm-intiorl  ill scllsor
outl)ut call  IJC rcdllccd I)clow onc gray Icvcl  l~y av-
cragill!; a suflicic]lt,  IIullll]cr  of IIlcasurcrrmlts. III a l l
alla!yscs 20 satm)lcs w e r e  avcragec],  giving a rallcloln
clror ill tllc dctcrlllitlatiotl c)f Vs under t,]lc ill]l~rcllt

d i g i t i z e r  rmolutio]], lrss tllcll 0.5  ])crccllt.. ‘1’]Ic Illlccr.

tai[)ty ill tllc fit,  wllicll  rcflccb tile ralldolll  e r r o r s  ill
tllc calil)ratioll IIlc.ssurclllctlts, is oll tile order of 0.04
1111$ ’///111 c’111~, o r  ICSS  tlla]l 0.5 I)crccllt at tile IIigjlcr
tcl)ll)craturcs. IIowcvcr, tllcre cou]cl })c a Systcll)atic
crro] ill tile calil)ratic]ll cqua] t o  t h e  ullccrtaillty ill

(Ilc radiallcr values Of tlIc calibratic)n soorccs, wllic]l
is al~out  3 l)clcclit.

‘1’llc aljI)lical)ility of tile ca!il, raliotl rests 011 t,llc va-
lidity o f  tllc assllll~l)tiolls  lcadil~g  t o  I;q. ( 4 ) .  I t  i s
assul IIcd (hat tl]c gai]ls  c)f tllc elcctrc)tlic  co]lll)o]lcllts
a r c  co)lsta]lt, atld  tllrit (Ilc d e t e c t o r  rcsl)ollsivi~y  1{~

i s  !Ilc sali’ic  for all scllsors in tl]c a r r a y ,  IWC.3USC tllc

SC IISOIS Ivllic]l rcccive tllc catllodc illlagc it] tllc cxl)cr-
illw]lts arc tlot IIccessarily tllosc used  it) tllc systcln
calil)ratiol]. ‘J’IJc tests with tllc })lackl~ody  sc)urcc  ili -
dica(cd tl]at tllcrc i s  v e r y  little d r i f t  ill tlic systmn
p,aiil III additiol], tl]c v a r i a b i l i t y  a]lm)g  illlagc ])ixcl
o{lt])tt(s is o]lly 0.5 to 1 .b gray levels,  and tllc cff’cct

oftllis ullccrtain Ly 0)1 tcml)cratui-c lneasurclncllts can

I)c IIlillitllizcd  l)y averag ing scwral acljaccllt ])ixcls.

‘J’l]c  calil~ratioll rclatioll a l s o  contains tllc sourcc-

dctcctor geolmtry i))  tl)c tcr]ns A CCR O Q, so errors in

tlIcuw factors ])roducc  a])  ul]ccrtail)t,y  it] tl)c ca]culatcd

Iadiallcc. 1)0] tllc focal length and s o u r c e - d e t e c t o r

distallcc usd ill tllcsc tests all error ill tllc sctuI~  d i s

tallcc of as IInlclI  as 25111111 ])roduccs lCSS  tltal] a 1 Im.r-
cc]lt  dcviatio]l  frolll tllc rcsl~ollsivit,y llw~surcxl ill tllc

calil)ra(io)l.

l’or tllc calil)ratioll rclatiorl (o be v a l i d  tllc systcm

o])tics lIItls(  Ilaw tllc salll<tr:illslllittalices as tltosc
Ilscd for tltc Calil)ratio]l. ‘Jllis requires that tl]c salnc

c)l)tics  I)c used,  tflat, tllc sur faces  t)c kc]~t  clcall, and

(I]at a l l  adjustal)lc a])er(ure srttin?;s bc rc])catal)lc.

‘J’llc IIlaxiltlul]l  a])cr Lure of tllc ICIIS w a s  CIIOSCII  bc-

caIIsc illtcr])wdiatc scltillgs o f  tlic dial)llraln ])rovcd

to Iw irrc])rc)(l[lccal)lc. lllu]liiilation levels were coil -

trollcd \vitlt licutra] dcllsity filters.

-,



‘1’llc  fillill iiSSllltlI])tiO]l  Ilstd ill tllc c~ilil,tali{,ll is Ill:il
III(J c,lmrvcd Ill(lii~ll  CC is cl]li[tcd I)y  111( catl 1()(1  I sllh

f a c e ,  atId  IIot otllcr solirccs si]cll as Ijlastlla I:l(li:l.
ti(,]l.  ‘1’lIC illtctfcrc]lcr filter  \\’ilS cl Ios.(\ II 1)(, cauw  it

II)il}ill]iwd  tlic contrlljlltioll frol)~ tl)v illtr]ls( ])ltl~lllii,

‘1’IIc  I,riltw cotl[ril)llk~r i s  al~l)arctltly ctjlllilllllll)l t:l-

diatioll at tl)c Ivavclellg(ll o f  tlic illtcrfcrcllce [il(cls.

‘1’IIc ])1 IIIIIe  illlciwity ty])ical]y ol)servetl s(icral tll[l)

it) frotlt o f  the caillode til) corrcsl)otl(ls to a  Ijias of

o]lly al)oul  20 K, assullli]]~,  tl)al it is Icl)](htill:l(itc of
(lIr J)laSlllii  sigtl;il illtctlsity over Illc Ctilllod{ s[llf’:ic(,
llC’Ctill  SC’ tll(’ ])liiSlll:i  1~~(’1 over  tll(’ ( ’? I ( I1O( I ( ’  S i l l ’ f i l ( ’ ( >

i]ll:i~,cd  I)y  tl)r-  cat[lcra i s  lllil)tlcr tllatl 111{ ,itt ill fl{)lll

0( \lIc ti]),  tlIc  cf[cct lIlay Ijc cvcl  I Irw sip,llificallt.

II] collclusiol), )ra]ldo]tl cr]c)ls  ill tli( [tl)ll)(tatl)[t

calculatio]l <issociatd j~itll ullcertaitlti(s il~ tllr tl<~lls-

lllittilll  C( o f  tl](’ Ilclltral (I(])silj  fill(, ]h, (lllitta]l((>  (I(

111( s u r f a c e  illl(l tllc ll](’d.$ll l(lll(llt of tll( il]cid(,]ll  1+
dialtc(,  arc w e l l  ulllder 1 l)cIc<II1. Sys(([ll;l(ic cll(,]h

arisil]r, fro]]] vaI iat io]ls ill solllc(-(1<’tect  c)] ~,(t)tl)(’[ I!’
:ill[l ol,tical [~ariit[wtcrs call I)c IIlillill]izt,l I)y car(f’[11

attellt io]l to tllc cx])crilllctllal set Ill).  II OIV(IU’J, (]]l(l(r  -

csli]l)atio)l oftl]c true clt~itta]lc~,  l)rcaIIs( of” tll( ((1’[c[s
of rou~,ll]lcss  {)r oxide l:iy(,ls C;III l(~a(l lC) c1 101s as lli~,ll
{is f) l~(r~~llt aIId  IIIWIII;I radiat io[~ IJCI  l\i\\!>  ;\s l~i:,ll  iis

1  I,crcc]lt, ‘J’llwc Iwo Cfli’cls arc  (Iilliclllt 1(, (I(lilllt if’}”.

1)(]1 l)otl I yirl(l a] I ovcrcsli]lmt(’  o f  [II( t(l]il)(,rat(lr(.

1’;x]],Iui]llcl]l  ;11 l{c:sIII(s

(htliodc  axial t(]]ll~cratlllc distril)lltioli>  Lvcrt II K; I-

s(lrc(]  as a f(lllc(,ioil of (iltlc at c(lrrttll 1(1’(’lh tall~,ill~,

froll[ 600 tO 1 4 0 0 ”  A  :i)ld :iti ar~;ol) tl]iis>  (I()!v ]:lt( (JI

0.7!) ~,/s f o r  two (Iiscllalgc r-lla]lll,ci lJrts>iIIC  l(icl~,

28[)() l)a ( ’ 2 1  ‘ J ’ e r r )  al]d 14’70 l’~i (1 I ‘1’01]).  ,\ 1 [()

2 A  iirC lras itli(iatd I)ricfly !vi(l] tllc Ilip,ll  l(jlt:ip,i

start sLl]IIIlj  at tllc d e s i r e d  allll)i{ll( I)l(,h>illt, I)tft)lt

tllc hiiller Ivcld(r s(ll)ljlics lvcr( (Jtlp)agml :It a  ]I]m[t

cllrr(llt ICV(SI  a t  or  IIcar  tl)<, dcsil((l Y:illl(,. f\fltt sl:ii (-

u]),  tl)c catllodc Cxl)cricilccs  a tal~i(l tra]i>i([]( asso(i  -

atd with c o l d  cii(tlodc cll{issiol) I)lc)c(,hw’h atlcl  111(11

a  sloircl tllcrlllal lralisicilt.

‘1’11( Catllo(lc i[li[ ially t)j,clat(,s ill (II,,  11(111 Slillioll  -

ary, Col(l Catllo(l(’ III()(IC idclltillr(l I)y Ilip,llly ]Iiol)il[’,

discrctc ctllissio]l si(cs.  Aft(r a l)trit~(l of 1 to wf(ral

Sc(’oll(ls,  (l(]~cll(litl~,(l[l tllc (’\lll($llt  1( ’V{,  I [17],  tll(,  (iitll  -

(J(lc I>tcc)l[lcs  sullici(t]tlj IIot t o  II]aillt:iill  Il](,]il]iotlic

c]llissi(~]l  al)[] a  trhllsitioll to a  11101(”  s(jlli~)ll;il~ iLt -

taclltll(llt a l  [II( (all  Io(l(  tit) occlllh. ,.\5 >Ilc)fvil  ill

l’i~,t]r(  6: l)llotograt)ll  of.tllc discl]argr  rcp;iol].

tllr I)llotop,r:t])li” ill IJi, g,. (6), so]IIc ])ortioli  of tlIc  till
all(l Sll:lf( o f  tll( Ciltll[)(l(  is (.llvelol)r(t  itl  a t)rigllt,
t(’ill(ll ol)-Sll~l])C(l  l)l;I.slIla  ]11(1]11(1, ‘1’llis  I)](IC  itlilcr core

i s  SIItJ(JIIII(ltXl  i)y a ICSS i)lt(,tlsc yellow ]) IUIIIC  tl]at  cx-

1(,11(1s  fr(llll  (11[ r’atllo(lc  iitta(’lllllr’llt  t o  tllc allodc.

III t l~(w  vxl)crilllrllts t Ilc d ischarge was o]wratcd

:it c(,lls(alll c[]r]rlll al)d ])rf,ssllrc  col]ditiolls f o r  ])cri-

()(1s l’illl~illg  flolll T to {)() l[ti[l~}tcs, 111 lIIOSt CaSCS tllC

()])(r~(till~,  tilll( l!’?is  suflicicll(lj’ lol  Ig f o r  ll]e catltodc

lcllll~(lallir( distril)utioll to rcacll a stationary state,

‘1’1)(, calllo(l( (Iicrtllal I)cllaviol a s  a f~itlctioll o f  cur-

t(, II( I(i(l alI(l  allll~icllt I]rmsurc }vill f i rst I)r ])rcsclltcd,

tll(tl tll( (I:ltlsi(lll tllertllal l)cllavior Jvill  I,c d i s c u s s e d
I]ri[fly,

Stilt iO1l:l),~  ‘J’(:ll)])(:l.[  ltlll.(: ])islyi])llt,;()]ls

‘1’11(  t(llll)(rat[lrt as a fltlictio]i of axial distatlcc froll)

t Iic t ill (],osit ivc  (Iolvllst  rcaltl) Incasllrcd at ‘2800” l ’ a

is [IisIJIa~c(l  ill lip,, (7), ‘J’lIc te))l[)crat~trc  dccrcascs

]Iloll(>lotlic:llly” flolll tll( till tO\!’iird  (11( I):isr f o r  illl

cl]ri(IIIls  tcslc(l. ‘1’llr [)rofiltw+ IIavc  a  clliir.actcristic
sll[l[)t~,  JYitl] a ji snort reF, io]l at tllr ti]) Ivllclc tllc tell l-

]}(1111 \II{ i s  rrlativcly  co]]st ant  , foll(nvc(l l)y a slliir])

t(lil])(l;itlll(,  ~,]adi(tlt alI(l  tllr])  a  li]]rar  (1(, cr(,asc  ill

1(1111 )( ’1 ’illlll(’  (~vrr Ill[ht of tllc ll]JSll(i(lll  ]Iart of tllr

hllaf[. ‘1’11( tll) l(llll)(latlllt’ itlcr(a.s(h slightly lvitll
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l’igllre 7 : Axial tct]l]wraturc  ])rofilm  II Ica.suIc  at
:!800 l’a.

current, ral]gil)g fro)]] a[)out 2700 to 2800 K .  ‘J’IIc
Last  tcln})crature increases  IIjorc  ral,idly wit]]  risitjg
current, IJroducillg;  a flat, tcr IJrcd_ilc. l)uri]]g tltc cxl)cr-
itiicllts at 2800  l)a)  (Jlle hluc plaslna plu]m w a s  colI-
fitled  tc> tllc l]clnisl,l’lcrical  til)  of tllc catllodc, a]]d t]lc
rcp;ic)ll c~f fairly ul]ifbrln tcl)lljerature corrcsl~ollclcd  t o
tlic l)art o f  tlIc  catllodc eIIvelopcd  by tllc ]IIUIIIC.  ]{c-
lwatabilitjy  of (l]csc lnca.surclml]ts  is good ,  as  itldi-
catcd by tllc agrceltmllt bctwccn tllc two IJrc]filcs lnca-
surcd at 800 A.

‘J’IIc corrcsj,ondillg tclnl)craturc l)rofilcs  IJmasurcd
at a lower prcmur-c  of 1470 I’a arc showl~ in l’ig.  (8).
‘1’llc c.llartictcristic  sliaIlc of tllcsc profi]cs  is collsider-
al)ly  d i f f e r e n t  fro)n that ckcrvcd at tl)e IIigllcr  lJrcs-
s u r e .  A  slliall tcluI,craturc l)cak  at tllc ti]) i s  fol-
lowed  I)y citllcr a l)latcau it) tcln])cratrlrc or a sccolld
IIcali  located furtl[cr uI)strcaln. At this I)ressurc, tllc
tiJ) tclnIwratrlre  also rises slightly with cu]-rent, vary-
il).g over  a relatively stl)all rallgc of ?600 to 2800  ]<.
‘lilic lmsc  tcln Jwraturc all[i tile tmlq)crat, urc alcMIg tllc
catl]odc sltaft r ise  much IImrc  Clratllatically with cur-
rc))t. In tllcsc tests tllc a])]) carance of lIIC l)IUIIIC \Yas
also difl’crcllt  frolll tllc higllcr l)ressu]c cxpcrilllcllts,

At lcw currc]lts, tlIc  l,riglltcst ])art of tllc I)Iuc j)lu IIIc
}vas conccll(catcd olI tllc tip, hut a kss ilikllsc b l u e
l)]asllla covcrcd a l,ortioll of tllc cylilidrical  shaft,  ul)-
s[rctrtll o f  tllc llc~nisr)hcrica]  til).  A t ,  ]iigl]cr  cllrrcllt,
lcvc]s,  tllc illtcltsc I)IUC l)lullw  Cl]vclol,cd  all of tllc ti],
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l~igurc 8: Axial tcll]l,craturc I)rofilcs  I[]easurc at
1470 1’?1

allcl  ])art of tlic shaft. Obscrvations of tllc d i s c h a r g e

through a narrow I)alld]mss filter celltcrcd at 488  nln,

\vllcrc  a  strong;  argc)ll iotl litlc  is locaicd, rcvcalcd a

l)cak  ill tllc illtcllsity ill a tllili l a y e r  Icss  tliall 1 ]11111
tllicli  liear tllc catllodc surface. ‘J’lIc Lri.glltrlcss  of this
layer  scmmd to l,c lligl]cst at tile cat}lc)dc  til) and at a
l o c a t i o n  furtlm u}wtrealn  on tlw c.atllodc. ~ompar-
isol] o f  tllc two IImasurelllrnts Inade at  1000 A  a]ld
800 A SIIOWS  that tlic tiI) tclnl)craturc is very rcl)cat-
a))lc,  ])ut that tllc ul)strcam IJorlio)l  of tllc })rofilc has
SOIIIe  val-ial~i]ity.

‘J’lic  tcttll]craturc varialio~~ witl~ currcllt is sulnlna-
rizcd  ill l’ig.  (9). As indicated by tllc illdividua]  tclm
IJcratulc  l)rofilcs, tllc til) tcI1l I,claturc ir]crcasm w i t h
currcl]t,  for l)otll cases, IIut  for a givcll  currcl]t level
tl]c  til, tcln~wrature is  s l ight ly  IIigllcr  at t,l)c lli,ghcr
l)rcss~lrc.  IJor Imtll ])rcssurc ICVCIS, tllc rate of tip tc[ll-
l)craturc illcrcasc drops  with illcrcasillg ~)rcssurc.  A t
tl]c  l o w e r  ])rcssurc, tllc kln])cratrlrc ill tlIc uI)strca]n
l)cak  is  I)clcnv tllc til) tcllll)cratrlrc  f o r  low currcIlts,
l)ut r i s e s  Illorc ra])idly al]d I?Xcccds t]lc tiI)  tclo])cra-

turc at a corrc]ltjcvc] Imtwccn  800 and 1000 A .

‘1’c]n])craturc  ])rofilcs  Inca.surcd  at 1470 and  2800
l’a for a d i s c h a r g e  current of 1000 A arc co~nparcd
i]) l~ig. ( 1 0 ) .  ‘1’l)c til) tclllj)craturcs a r c  silllilar and
I)otll  cllrvcs aI)l)car t o  aj,l)roacli a  collll,aral,lc base
tc)llI)craturc, hut t h e  t)cllaviors i]] tllc lnidcl]c  c)f tlIc
catlIodc arc q u i t e  diflcrcflt. ‘J’lic lliF;ll tcllll]crature
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l’igure  9: VariatioIl o f  IJcali catllodc Icln],cratui-cs
wit,}] currcl]t.

rcgioll cxlcvlds muc]l  fur ther  l)acli  in tllc Icnr ljrcssurc
case.  ‘J’llc ulmtrcam)  l)oulldary of the attacllltlc]]t ZOIIC
is identified as tl]c kIIcc  ia the tcinl)craturc ]Jrc)filc, as
slIow,  II j]) ljg. (]()). ‘J’l Ic c]lal]g;c j)]  s]ol)c  at t]ljs ]Jojll{

indicates tllc cnd of tllc rcgioll  wllerc tile llip;ll tclll]~er-
aturc is sustail)cd I)y IIcat inl~uts  froln t,llc arc at(acll -
Ilmllt. ‘1’llc variation ill Ll]c location of this I)oulldary
altd tl[c u~)stmarn telnl)craturc lwali wit]]  currc]lt i s
disl)laycd ill Fig. (1  1) .  At  tile llip;llcr IJrcssurc, tllcre
i s  Ilot IINICII  c.llangc  ill t h e  lcngtl) of tllc attaclltimllt
zone a.s tllc c.urrcllt i s  illcreascd. llowcwcr,  a t  tlic
lower  l~ressurc tllc lcllgtll  o f  tllc a r c  attaclllllcllt rc-

p;iol) and Lllc l o c a t i o n  o f  tlic tcln]~craturc l)cak I)c,tll

illcrcasc u]) to  al)out 1 0 0 0  A  al]cl tlICII  bccotlw  al}-
l)roxitl]atcly collst.allt.

III a l l  o f  tl)c cxlmitl]cllts tllc catl]odc tclllljcraturc
rose over tl]c c.oursc  of  several  IIlillutcs, a.<ylnl)toti-
cally al)l)roac.llilig  a stationary distril)ut,ioll.  ‘J’llc ti]llc
C.ollstall(  o f  tllcsc trallsicl]ts generally rallgcd frolll  5
to 15 )Ili)lutcs. ]rigurc ( 1 2 )  snows a tyl)ical tllcrtiial
trallsicllt for a run at 800 A [ind 1470 l’a. ‘1’IIc i,i}~ and
tllc location of tlIc ulwtrealn tellll)erature l)cak  start
6 0  allcl 20 1< lower tlla)l tl]cir s t a t i o n a r y  wducs atld

awoacll  t}lCsC  v~J~lCs \\’itll tilllc collstal)k  of al)ollt  8
and 12 IIlitlutcs,  resl)cctivcly. I’>or this case tllc e d g e
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l’ig;urc 10: G,]oparisoll of teln})craturc l)rofilcs at low
al}d lli~lt l)rcssurcs,

of tile attaclllllcllt zone corrcspo]lcls al~l)roxilnatcly  to
tllc 2400 K  isotllerlll.  “1’lic l)lot  o f  tcllllmraturc colI-
tours  for  this run in l’ig.  (13) slio~vs that tl]c  lcI)~;tlI
of tllc attacl)l[wnt  rcgio]) grows with titnc also, a l)llc-

l)ol IIc]Io]I  olmrvcil ill all of tllc low j)rcssurw  runs.

l)iscussiml

‘J’lIc Iwllavior olmrvcd  in tlicsc cxlwri[ncnt,s sug-
gcs~s that a  transition bctwcca til) attaclltllcllt and
difl’usc rnc)de attacl)locllt trig~crcd  by a  clccrcasc ill
])rcssurc  k occurrj]]g. At a ~)rcssurc  of 2800  l’s, L]lC

a r c  attacltlllcllt i s  collcc]ltratccl o]) tllc ca(, ]loc]c  t,j])

atld  illcrca.scs  ill tllc total current arc accol[]t]loclatcd
I)y itlcrcascs ii] tllc tiJ) tclnl)cratrlrc. A  catllodc til)
attaclltlwtlt.  tllcrlllal lIIodcl  colnl)itlcd  wit])  a  lllcdcl
of tl]e  IIcar-cat]lodc  JJlasljla  dcscril~cd  ill [ 3 ]  l)rcdict,  s
a rcstliclcd rallgc of allowal)lc  t,iJ) tJclll I)craturcs for a
givcll  collll)itl:itiotl  of I)rcssurc, work func.tioll, currcl[t
ICVC1,  c]cctroll tc)l)l,craturc allcl sllcatll vo]tagc. l’or
]Jrcssurc and currclit va lues  silnilar to lIIOSC c]icou]l-
tcrcd ill tllcsc cxl)cril)lcllt,sf a work function of al)out
3,5 c\~, all clcc~rc)]l tclnI,craturc o f  1 eV and sllcatll
voltages oll tllc order of IO \r a tcml)craturc range of
al~ollt  2600 to 2800 K is ~)rcdictcd,  wllicl]  is collsistc]lt
with tllc cxl,crilliclltal ol)scrvatiolls (SCC ]:jgilrcs  (]2)

:ill(l (13) it) [3]). IIolvcvcr,  clctaihxl  co)ol)arisolls hc-
twcctl  tllc cxI)crilnclltal  aljd  tllcorctical I)cllavicm ll;ivc
1101 yet I)CCII  Coll(lllctcd.

1()
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IIc Rttaclllllcllt
ZOIIC boundary  and tlIc u])shalo tclll])eraturc  ]Jcak

wit])  currcllt.

At lower  I,rcssurc ICVCIS, tl)c  til)  rcp,iolt i s  alJl~rir-
clltly ulial)lc,  to sa t is fy  a l l  of  tllc currcl)t dcl~~ands.
‘1’lIc  l[]casurcd  tclnjmraturw  }Jcali at tllc ti]) and  tllc
Crlmcrvatiolls  o f  t,l}c ~JlulIw il~tclisity  ill tl]at,  rc~,ioll
indicate that t}lc Li]> still II)ays  al) iltl])ortatlt  r o l e .
Ilowc.vcr,  arc. attac.hlncntl froln tl~e cylindrical shaft
l,ccf)lllcs lllorcill)l)12riar]  tarlcl Clolllitl:ltcsatllig)l cur-
rcllt Icvcls.  ‘1’llis bcllavior  was also SCC1) I)y Kriillc at
low l)rcssurcs in argon [10], and tllerc is cvidmlcc  that
Llw tmllI)m-aturc p e a k  sl~ifts  cvel] f u r t h e r  ul]strcalll
at, ]owcr  l)rcssurcs 1[4,7]. ‘J’IIc c a t h o d e  tllerllial l]mdcl
c,a]illot y e t  rq)roducc  tJIc ii]) tcln])cwaturc ]Jcak and
Ilte sccolld lmak  uj)strcalll under tl]csc  collditiolls.
‘1’lle lilodel tcllds to l)rcdict a tmnl,cratrlre  l)rofile  tl]at
isllcarly utliforlll witllitl t,llc rcgio[l  wllcrcarc attacll-
Incl)t is ])crmittcd, with cn)]y a slight u]wtrcaln  ])eak
duc tc)Joulc llcatillg. ‘J’llis lnay bc all artifac( ofsllcc-
ifyil~g ullifcmm  l)lasll~a  al~d s u r f a c e  lJroJ)ertics aloll~;
tllc catl]odc a x i s .  ‘J’llc olmrvatiotls wit]l  tllc 488 1)11)
filter suggest that tllcrc arc axial variations ill il]c
IIcar-c. atllodc l)lasllla within  tllc attacl]lnc)lt zone.

‘I’IIcollscr~’ccl  tllcrJll:il trallsiclltsar  cllot yet ulldcr-
s(ocd. ‘l’lie t.it[w cotlst,allts al)lwar to be g;l-cater tllal]
tllcmc a s s o c i a t e d  will]  Iicat collductiml  t]lrougli tlic
tullgstcll. ‘1’]lcillcr,ca.sc  it) radiance ]Ilayl)cal]cfltct
~,f clla)lgillgsurfacc  c.o~lditiolls. As tllc surface c.lmlli-
cal  stateor lllorl)llollogy  cllallgc~s, tlleelni(tatlceor tllc
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.
w o r k  fullctiol) IIIay cllallgc. ‘J’lliscou]d l)roduc.ccitl}cr
a t rue  tcltl])cratr]rc t r a n s i e n t  01 all al)l)arcllt  cllallgc
ill tctlllJcratrlrc c a u s e d  l)y an cll]ittallcc cllallgc.

Sulmqucllt cxlJcrilnelltal activities will l)c clircckd
at cxtelldillg ttlc L}ler]na] c]laractcrization t o  both
Iliglicr  and Iowcr ])rcssures,  and rl]casurillg  kcy Inodcl
I,aratlwtcrs directly. “1’lIc IIIoclcl w i l l  I,c usd to IIla])

out tllc itlj)~lt ]Jararlletcr sl)acc to colnj~are  w i t h  (lie
olwrvat ions,

‘J’llr rcscarc]l dcscril)cd ill this },a])er was collduc.ted
zitillcJctl’rc)])lllsic)ll ],al~oratory,  ~aliforllia ]nstitutc
of ‘Jkchuology, ulidcr a colitract with t]lc Natic)llal
Acrorlautics and  Sl~acc Adlllitlistratioll.

‘J’IIc aut]]ors would  ]ikc to t]laltk W.]{. ‘J’]lo.glllartill,
IL.1,.’lbol]]atll aricl A. G. C)\\! eltsfc,r tllcirtccllllical a.s-
sistallcc al]d  dcclicatioll in collstructil]g (IIC cat]lodc
t e s t  facility. ‘J’l]c assista]iceof h!.  Grczoill tile J1’1,
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