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Thfe r epo r t  descr ibes  a model af  vapor iza t ion  and d i e s o c i s t i o n  occur- 

r i n g  ns a r e s u l t  of i n t ense  hea t ing  over  a l oca l i zed  a r e a  of a mater ia l  

eurface.  The baletlce o f  hear between the  inpur power and lo s se s  due t o  

vapor iza t ion ,  a6  we l l  a s  r a d i a t i o n  and conduction i n  t h e  ma te r i a l ,  a r e  

considered,  The model i n c l o d e ~  t h e  e f f e c t  of binary mass d i f  f u e i o ~ l  and 

changes of sur face  s toichiometry f o r  mu l t i p l e  component t na t e r i r~ l s .  E l f e c l r  

of vapor recondensation a r e  included.  The model i s  then appl ied  to  the 

desc r ip t i on  of spot hea t ing  on a vacuum a r c  anode through the  use of a 

simple power feedback model. Comparison of su r f ace  temperature measurements 

t o  model pred ic t ions  a r e  used t o  paramet r ica l ly  desc r ibe  t he  a r c  behavior.  

FinaLly, ex tens ive  parametric analysee showing the  e f f e c t  of mater ia l  

property variatLons on the  a r c  behavior are described.  
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I. INTRQDUCTION 

Prediction of thermal behavior i n  mater ia ls  undergoing intense surface 

heating i s  of i n t e r e s t  f o r  appl ica t ions  where mater ia ls  a r e  exposed t o  non- 

penetrat ing energy eources such as l a a e r s  o r  low-energy e lec t ron beam 

devices, Although applicable t o  other modes of heating,  the  ca lcula t fonal  

techniques described i n  t h i s  repor t  w i l l  be used t o  axamine the  t rans ient  

e l e c t r i c a l  diecharge heating which occurs a t  the  electrodes of vacuum a r c  

devices. Pa r t i cu la r  emphasie w i l l  be placed on anode pherromena i n  t h i s  

work, These discharge events a r e  used f o r  e l e c t r i c a l  switching, a r c  heat- 

ing and f o r  pulsed ion eources i n  accelera tor  technology. 

The t h e r w l  behavior of en e lec t rode containing a s ing le  material  

~prcile8 hag been discussed i n  work by Grieeom and ~ e w t o n , ~  by ~ o b l n e ~ ,  a8 

well aa othere. I n  t h i s  repor t ,  a model i s  deecribed which extends the 

previous work t o  d issocia t ton and vapor productton occurring i.n binary mate- 

rials. TQ do t h i s ,  the a f f e c t r  of maee di f fueton and eurfaee stoichiometry 

changes must be considered. Addition of these,  a s  wel l  as the  e f f e c t s  of 

vapor recondensation, t o  the  thermal model w i l l  be described. 

One application i n  which these fea tures  a r e  important l a  fo r  the  pulse4 

hydrogen ion source where thermal d iesocia t ion of a hydride matertal  is 

used. Examples of thermal t r ans ien t s  ca lcula ted  f o r  hpdride materials  will 

be described i n  Section III. Ttkermal decomposition of other binary mate- 

r i a l s ,  such a s  lithiutn i n  carbon, a r e  po ten t i a l  sources of other ions a s  

well. I n  these appl ica t ions ,  the  neu t ra l  vapor f l u x  and the  re la ted  ion 

production h ~ v e  been found t o  be d i r e c t l y  determined by the  electrode sur- 

face t e m p e r a t ~ r e . ~ , ~  Thus, a model w i l l  be presented i n  the  next sect ion t o  

describe the  temperature-time behavior f o r  a va r i e ty  of d i f f e r e n t  electrode 



in terval .  

The calcula t ions  irawolve t b  mlutf~at t  of ewp%Q?d q$tr~lti@ns fer heat 

t ransfer ,  m s a  loas  by d f e r m i a t i a n  a d  w a p r i m t i s n ,  d i f fu r faa  of m 5 ~  

species wlthin tho m t e t - i d  a d  the  a f f e c t  oP mto%eki-try. c h w e e  m eb. 

wild rags  dJtEfusion offazcte i n  t k i a  problm, the u~ OE ratadard numrjiei%ll 

heat tranafar coraputstr codes Jto nat  gosaibla v B t b t :  axtena~llr~rs hrawrf$%q of 

such c d e s .  n u s ,  a rc~liakioaTy. ahrragle ~ ~ w + f c k a %  a p c i & l l ~ @ d  f o r  the 

spot surface heating problsua help bean d e v e l o ~ d .  me k.'karmdyrraatca nL 

dacweparZtion and dhffurion, as well  &a th -urea h t i w  tern@ b v e  k e n  

pararmeatesCx&. me valuarr Par therae garhsatara a r e  ob:a*Ln@d rkrswsggk 

emprsrisart to  a r e  ~ x p r i m d t r r  ra tkdr  than by r t t a g t i n g  t a  Baascribe ehs 

hea t l t~g  with erfeulat%srzs af aFc p laaw phbatlmna. mace eotliparirenr t o  

axperimerrte, aa  @el?, a s  a study aP p a r a w t r i c  var ia t ions  and thearc o t f r s t s  

on the e les tsade surface tarmwratures wfll Bs deecribed. 

The f i r a t  sect ion describes a tkarwphysieal  m d e l  of heat t r aas fe r  

and dissocia t ion resul t ing Eroar, spot surface kaatimrg. Next, extensionps o f  

t h i s  ,nodel. Por binary rrmatsrials w i l l  ix discussed, folLloW by applfcatton 

OF t h i s  model t o  a vacuw ere.  Final ly ,  a s e r i e s  of calculatbons &ich shm 

the e f f e c t  of paraaet r ic  and material  var ia t ions  will be described t o  

i l l u s t r a t e  the thermal a r c  electrode p k n o e n a .  



If. SrJRFACE HEATING INDUCED VAWRIZATION MODEL 

The model i n  t h i s  sect ion describes the  heat t r ans fe r  within a eemi- 

i n f i n i t e  sol id .  The aaaterial i s  in t t t aL ly  a t  a temperature, To, and subjected 

to  heating over a c i r c u l a r  surface  area of radius ,  a. The configuration fo r  

thege calculat iono f a  shown i n  Figure I. Power input t o  the  surface  i e  

aeeumed t o  be uniform over the  c i r c u l a r  area  and m y  have any epecffied 

varketion a s  a f u n c t i ~ n  of ti-. The heat  input t o  the  surface i n  t h i s  

model 1s balanced by sevara l  d i s s ipa t ion  terms. Thece a r e ,  f i r r t ,  the con- 

duction of heat i n t o  the bulk of the  mater ia l  below the  heated spot. 9ecand, 

as the  surface temperature of the  material  c i ses ,  addi t ional  heat  l o ~ ~ c s  

froln d issocia t ion and/or vaporization of the  surf ecs material  occur, Thd.rd, 

the loe r  of radiant  energy frora the  surface is calculated,  although for 

most shor t  duration anode heating events considered l a t e r  t h i e  term i s  s m a l l  

compared t o  the evaporative and conductive losses.  

The heat t r ans fe r  portion of t h t s  prob+em raay be solved anil1yticaLl.y 

using an equation from Carslaw and 3aeger4* The surface  temperature a t  

the center  OF the heated area  i a  expressed f o r  an a r b i t r a r y  time dependent 

power input t o  the  surface by, 

[ I  - exp(-a2/4~t) ]  



Figure 1. Schematic i l lus trat ion  of  t h e  spot heating ca lculat ions .  Power 
is input to the surface over an area at' radius "a" where the temwrature 
r i s e  of the surface is balanced by heat canduction in to  the material an5 by 
radiat ive  and evaporative heat Losses. 3or binary media, e f f e c t s  due t o  
changes Cn surface concentration of zhe evaporating speclles are  a l s o  
incl  ttderi. 

TEMPERAME 

DEPTH 



I n  t h i s  aquation D is the  t h a m l  d i f f u s i v i t y  of the  mater ia l  through which 

heat  5s being condacted, p is it 's density,  and c is the  material  heat 

capacity. The tern  g ( t )  is  the  net  power input t o  the  surface. 

We assume t h s t  the  power input t o  the  surface  t o  be composed of a 
b 

source terin Q(t) and a l o s s  term L( t ) .  The source term Q(t) is the  power 

input f o r  the  problam, f o r  example, t h e  o p t i c a l  input power i n  a l a s e r  

heating problem, or  the e l e c t r i c a l  power input t o  the surface i n  a vacuum 

a r c  caleula t ion.  

The l o w  t e r n  f o r  theae ca lcula t ions  is  the  sum of a radiant  energy 

l o s s  t e r n  L1 end rr t e r n  Lp do?racrihing the  l o s s  of energy by avaporatiofi and 

dissocia t ion ~t the surface. These are: 

~ , ( t )  u ~ ( t )  and 

where H, is  the heat of vaporiaation/diesoc~tion f o r  the  i ' t h  species and 
i 

aHi is the  heat capacity of the  i ' t h  component, The vapor f l u x  of the (4 I? s 

i t h  component from the  surface,  ji, is  re la ted  t o  the  equilChrium p a r t i a t  

pressure Pi by 

where m i  i s  the molecular mass, and k is ~ol tzmann 's  constant. The Langmuir 

accommodation coeff ic ient ,  a i ,  is surface geolnetry dependent and 

expresses the r a t i o  of vapor f lux  during evaporation from a f ree  surface I 



f i e re  ill, J R  and B i  asa  w r m t a r s  dert\rep% frcm rawr peeproeate maauretwaata. 
i 

 he kerrti@r&tuse ugad ka evetL~arstc% the f lu* a d  pretaaourea! csizprercaboaa &a the 

apot haaeing eakcdd~tionsl aE t h i s  r e w r t  is k r b n  t o  b@ ddr v a l w  a t  tb 

center o f  the heated t h i l c  variatkons s f  t a n p r a t u r e  ecrsae the 

haatad spot say be tewp~lrrti~nt %a asae csesw, the v&jpf0rf~d~tisa b r t  1881 f a  

t h i s  work a c t s  t o  aeten\lwrec sueh vashantions. 

The above s e t  of! equat&ons Porr$ a ~ a p l e t e  set &ieh wy $($5 egtll~ed d i ~ r  

A  give^ wwer input. "rttua, surface  tsapraturetss and vapor f lux  prordiietfe%ns 

cat1 be abtrfnad fo r  caolg~lrfeon wfth enpri lsanta.  

Be M s e  Diffusion Effect8 i n  the  Surface M t c r i a l  - 
Tha surface  heating ~ a l c u l a t f 0 ~ 8  gust described a r e  ueeful  f a r  afngie 

erxnpnent ~ r t ~ t e r i a l s .  Pn the  h e a t i w  s f  binary a t a r i a l a ,  howver,  they  d a  

not sccotine for  changes af ~ t a i e h i s w t r y  whfch m y  occur a t  thg! eurfaee as 

vapatizat  Pan p re fe ran t i a l ly  r m v e a  the aotc volatf  Le constf tttent r This 

surface depletion must be replenished by mass dif fus ion f roa  the undepletsd 

suhsurFace materiaL. Tn high vapor f l u x  conditions, t h e  bulk mass di f fus ion 

r a t e  l i m i t s  the  supply o f  v o l a t i l e  species t o  the  surface and d e t e r m d n e s  

the f lux of the  v o l a t i l e  cmpanent. 

To calcula te  the change i n  surEace composition, the  binary dEffusinn 

problem is  assumed t o  obey F ick l s  law. The dt f fus ion of spectes h i n  mate- 

r i a l  5 i s  described by 



tlon of species A, The flux of species A, which is called FA, may be related 

to the concentration of CA by, 

AEI an examples che above two equation8 can be solved to give the surface 

concentratian f ~ r  the case where a time-independent fLux, F, ie maintained 

at the aurEace for t > O to 

for ~(t) > O r 

This result Ray be generalized to the case of an arbitrary aurfaca flux F(t) 

using Duhammel's theorem. Asauming an initial uniform concentration of 

species A in the material to be Co, the surface concentration as a function 

of time becomes 

subject to the constraint that f[t) = 0 for c = 0, 

This expression describes the surface concentration for a given surface 

vapor flux as a function of time, f(t). In the present work where the depth 

of the depleted region is very much less than the heated spot diameter, the 

surface concentration may be evaluated with thts one-dimensional expression. 

Since the flux is described by the equations of the previous section, this 



e q u a t i o n  a l l o w s  one t o  caleukte the 8aEae~ eaaseaknatieo ss a fbkne~iso *,P 

The r e l a t i o n  of e q u i l i b r i u m  v a w r  pressure 60 t h e  s u r f a c e  @ t o i e h i n m t k y  

is i n  g e n e t a l  complex aad  -st bc s t d % e d  e x p ~ k m a t a l l p  f a r  the syaeea sf 

i n t e r e s t .  The t r e n d  of v a r i a t i o n ,  however, m y  bc  a a p p r a x i ~ t @ &  elor may 

b i n a r y  media by S t e v e r t ' s  taw ae: 

where Po i s  t h e  e q u i l i b r i u m  pressure st c o n c e n t r a t i o n  eaq Other  fune&tows% 

forms f o r  t h t n  eanca?ntriatinn dependence w i l l  b d i s c u s s e d  tn S Q C ~ % B ) R  TV. 

When t h e  above e x p r e s s i o n s  Esr t h e  s u r f a c a  c a n c e n t r a t t o n  and f a r  she 

c o n e a n t r a t i o n  dependence (1.f t h e  e q u i l f b r i u i a  ~ ~ Q I B U P D  ar@ embinad v k t k  tho  

e q u a t i o n s  of t h e  p r e v i o u s  @eetfsn,  they f o r e  a cclmplafe eat  of equations t o  

d e s c r i b e  t h e  s u r f a c a  t ampera tu re  as a f u n c t i o n  time f o r  a g i v e n  heat Bnpue 

to tho 9urFnce. The I n t e g r a l  e q u a t i o n 8  for tenerwrature and flux w e t  be 

so lved  numer ica l ly  f o r  a l l  but  t h e  simplest gowet i n p u t  f u n c t f o n s .  The 

F o r t r a n  program vrietan for t h i s  purpose Ls inc luded  I n  Appendix A q  

A nnmber of m a t e r i a l  pa ramete r s  must be s p e c i f i e d  t o  solve t h i s  h e a t  

t r a n s f e r  problem. Among t h e s e  are t h e  vapor p r e s s u r e  e q u a t i o n  pa ramete r s ,  

t h e  m a ~ e r i a l  thermal  d i f f u s i v i t y ,  d e n s i t y  and h e a t  c a p a c i t y .  There para- 

mtLsrs For s e v e r a l  me ta l  and h y d r i d e  m a t e r i a l s  a r e  l i s t e d  i n  TABLE 1. The 

vapor  p r e s s u r e  parameters  f o r  t h e  m e t a l s  were de r ived  from c u r v e s  pub l i shed  

in Ref.  6 .  The h y d r i d e  pa ramete r s  a r e  from Refs .  7 and 8. Seat c a p a c i t y  

and therinal d i f f u s i v i t y  v a l u e s  have been t a k e n  from Ref. 9 and 10 



TABLE I. Thermal parameters  f o r  a s s o r t e d  m e t a l s  and hydr ides .  The para-  
meters  C and D correspond t o  t h e  e x p r e s s i o n  I n  S? = -(C/T) + D 
where T i s  i n  degrees  Kelv in  and P i s  i n  dynes/cm2. The ternpe~a- 
t u r e  range  I f s t e d  corresponds t o  t h e  i n t e r v a l  over  which t h e s e  
parameters were f i t  t o  t h e  t a b u l a t i o n  of Ref. 6. 

Vapor Th@maf Hear 
P r e s s u r e  Parameters  R a n p  Dif f u s i v i  t y  Density* Caps.-f t y  

Mate r ia l  C D 10 K mm2/s g /  cm3 J/g-5c 

Act tniurn 
ALuraSnum 
Boron 
Copper 
Chromfurn 
Erbium 

Er Hydride 
Magnesium 
M a o l  ybde~~urn 
ScartdLtilin 

%c Wydride 
S i l v e r  
Tin 
Titeaniwn 

T i  Bydride 
Tungsten 
Yttr ium 
Zinc -- 

2 KEY: lnl[P(dyneslcm ) ]  = -C/T f D * - Room Temperature Value 
N - Value f o r  1300K 
I- - Value f o r  2000K 



The surface heating mbal d e t r c r i W  up t c e  t h i s  pirag l a  app l i cab l e  to 

any type of surface heat ing .  In tWr  mctfm QE tk r t g e r t ,  the d c l  w i l t  

be applied specPPiea l ly  t o  vacuum arc diarcharges in whkeh i ~ f e n ~ l y  b t &  

s p a t s  a r e  formi% by wwer Zacidcnt t o  tkg e l s c t r s d e  rurfanccs f r m  O h  are* 

Pred ic t i ng  the ol;rfssce temperr?lture raeplanse t a  thSa wwr input $ r  @seen- 

t$aE t o  understandtng the pe r fo  c e  c h a r a c t e r b s t i e s  of v a c u a  eEeetr i i ,e l  

switching bev&ees end puleed a r c  i o n  euurees f o r  u s e  i n  eec - I e r a to ra ,  

Pn sitch bppPPeatlbans, ehe i n t e n s e  hearing af t he  a l ec t roda  surfaces 

r e s u l t s  i n  vapor r e l e a s e  from &he e'tactkode, s m  of *ich i s  rrubseq~esc~leatlgr 

iantzed r e s u l t i n g  i n  n source of charge C O P ~ ~ @ P I  t ha t  offact e l e c t r i c a l  

swi tch  cPosure er i n  s source  of ions  ar elactrons $or  UIO i n  ~ W P ~ ~ C L L  

accckcrarora.  Tka heated spots  which farm on t he  cathode ~ u r f a c e ~ ~ * ~ ~  art? 

amall ~ a p i d l y  mev-lng a reas ,  t y p i c a l l y  on the  order  of one atcron diawter  

where hea t ing  oecttrs, with  c u r r a n t s  a s  high as 100 ~ e ~ a a a ~ s / m ~ .  These kfgh 

current  va lues  produce i n t e n s e  Jou le  hea t ing  of t h e  cathode subsurface tn 

s p o t s  protltsce s r i f f i c t en t  hea t  and pressure  t o  induce c r a t e r i n g  of the cathode 

su r f ace  .11rt2 By c o n t r a s t ,  t h e  keabtng of  t h e  anode surf  aczl ,13 oecurs 

over l a r g e r  spot  a r e a s  of 50 t o  LOO microns diameter.  The lower power 

dens i ty  input  t o  these  s p o t s  produces a s i t u a t t o n  i n  which Jou le  hea t ing  i s  

neg l ig ib l e ,  s o  evaporat ive hea t  l o s s e s  and thermal conduction a r e  e f f e c t i v e  

i n  balancing t h e  thermal i npu t  t o  t h e  surface. l ,13 This  a l lcws  the  anode 

s p o t s  a l s o  t o  remain s t a t i o n a r y  dur ing  a pulsed discharge.  Thus, t h e  h e a t  

t r a n s f e r  ca l cu l a t i ons  presented i n  t h i s  repor t  a r e  p a r t i c u l a r l y  app rop r i a t e  



A series of calculations, usiiig the heat transfer equation8 just dis- 

crtseed, wlll now be described. The first of these calculations assumes 

constant power fnput to the spot during the arc pulse time and no changes 

in the surface stoichiometry have been included. These assumptions can be 

tested by comparing the predictiond to eeaourements carried out on an are 

heated surface. &put parametere for this calculation are shown in TABLE 

It. Surface telrperatures verlgus time from the calculation are shown in 

Fig. 2 and in the tabular listing of TABLE TZI. The points shown on Fig, 2 

are valuee obtained from infrared radiance measurements on a typical anode 

pot exp= riment .I4 To determine these temperatures, an ef Eect ive emissivity 

of .:5 was assumed for the heated surface material. The pulse duration for 

the calculation has been selected to match the experiment while the power 

input to the anode spot was selected in such a way as to match the observed 

temperature risetime. 

Two calculations are shotm in Fig. 2. The lower calculation corresponds 

to a Langmuir accommodation coefficient, a, for tha evaporating surface of 

0.2 and for the upper curve of 0 .3 .  With this type of calculation, an 

approximate description of the pulse risetime and peak temperature can he 

achieved. For both cases, the calculated temperature profiles at the end of 

the pulse decay much faster than the experimental data from thts test. The 

reason for this is not presently understood, However, the calculations are 

made for an isolated spot while the experiment actually occurs with mulitple 

spots in the same region of the anode and may contribute to the slower 

temperature decay. Possible additional devtations due to a lower substrate 

thermal diffttsivity relative to the surface material in the experiment may 

contribute as well. Degradation of the thermal contact beneath the heated 
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Figure 2 .  Calculated s u r f a c e  temperature ( r e l a t i v e  t o  300 K )  as a Fumetion 
of time f o r  a  cons tan t  power input  over a 6,s u s  dura t ion .  The top curve 
corresponds t o  an  input  pawer of 2.4 P I W / C ~ ~  and a n  a c c m w d a t i o n  eoef f i e i e n t  
of .3 while t h e  Lower curve corresponds t o  1.6 m/cm2 and an @ceomodat ian  
c o e f f i c i e n t  of . 2 .  These c a l c u l a t i o n s  do not account for t he  dep le t i on  o f  
hydrogen f r m  t h e  sur face  and thus  p red i c t  abnormally h igh  vapor f l u x  l e v e l s .  
The poin ts  an t h e  E i  u re  a r e  temperatures  derived from t h e  radiance masu re -  
ments of Robertson. l$ 



TABLE IT. Input parametiers Ear the arc calculation of Fig. 2. 

Thermal Diffusivity = .10 cm2/s 

Spec j f Lc Roat = 3.36 J/gC 

Initial Hydrogenic Concentration = .06 wo1as/cm3 

Pulse Lengrh = 4.8 x 1 0 ~  s 

Vapor Pressure Parameter@ - 

A = 24100, 

B = 31.261 

M e  2. 

Metal 
v 
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reg ion  i s  a l s o  pose ib le  and m y  account f o r  t h e  lower r a t e  of cooling i n  t he  

experiments. S y s t e m t i c  s tudy  of a c o l l e c t i o n  of such experiments w i l l  be 

needed t o  c l a r i f y  t h i s  problem. 

While t h e  c a l c u l a t i o n  reproduces t h e  major f e a t u r e s  of t he  anode su r f ace  

temperacur* p r o f i l e ,  p r ed i c t i ons  of  t he  vapor f l u x  evolved from the  sur face  

should a l s o  be sxamined. The s t i r face vapor f l u x  requi red  t o  balance the 

power i npu t  t o  t he  anode spot  t n  t h i s  example ranges up t o  8.8 moles/cm2-8. 

This vapor f l u x  when in t eg ra t ed  over t h e  pulee i e ,  i~~proxin t r t te ly  3 x 10"Ii 

moles/cmZ of vapor o r  t he  equiva len t  of deuterium loading i n  a 5 micron 

l a y e r  of hydride material, This  is a n  unreasonably l a r g e  volume of vapor 

f o r  t h i s  problem s ince  d i f f u s i o n  of vapor from a 5 micron depth i n  7 micro- 

eeconds would r equ i r e  an  e f f e c t i v e  binary dif:ueion c o e f f i c i e n t  f o r  hydrogen 

Crr t he  f i l m  mater ia t  of approximately ,1 cm7-/s. Both t h e  p red i c t i ons  of 

~ C n g l e  pulee dep lc t i o r  f o r  a 5 micron l aye r  and t h e  requirement f o r  a d i f fu -  

s i o n  c o e f f i c i e n t  of t h i s  magnitude a r e  i n  g ros s  disagreement wi th  experiments. 

Mult iple  pulse  tests of layered hydride m a t e r i a l s  show no such d e p l e t 1 0 n . l ~  

Also ex t r apo la t i on  of t he  lower temperature work by weaver16 suggests  b insry  

d i f f u s i o n  c o e f f i c i e n t s  a r e  3 t o  4 o rde r s  of magnitude smal le r  than t h e  .1 

value f o r  tetnperatures i n  t h e  range of t h e  a r c  anode spots .  

Therefore, t o  ga in  a more realistic d e s c r i p t i o n  oE a r c  anode perfor- 

mance wi th  a binary ma te r i a l ,  t h e  e f f e c t s  of arc power v a r i a t i o n  wi th  time 

and of  mass d i f f u s i o n  wi th in  L le heated su r f ace  m a t e r i a l  must be included. 

These add i t i ons  t o  t h e  c a l c u l a t i o n s  a r e  described i n  t h e  next s e c t i o n  of 

8 .  Power Var ia t ion  due t o  Vapor F lux  Feedback 

I n  c o n t r a s t  t o  t h e  previous c a l c u l a t i o n s  which assume a cons tan t  

s p e c i f i c  power input  t o  t h e  anode spot  dur ing  t h e  pulse,  t h i s  s e c t i o n  w i l l  



Figure  3 .  Calcula ted  s u r f a c e  temperature ( r e l a t i v e  t o  300 K) as a f : ~ . - " ~ e n  
of t i n e  inc luding  t he  power feedback which c o n s t r a i n s  t h e  vapor f l u x  values 
t o  l e s s  than  .l mole/ cm2-s. The p o i n t s  a r e  temperature va lues  derived 
from t h e  r d i a n c ~  measurements of R e f .  14. This c a l c u l a t i o n  a l s o  accounts  
For su r f ace  concent ra t ion  changes. 



Figure 4 .  The ca lcu lated  power in to  the  hydride surface  required t o  main- 
taFn the vapor f l u x  below .1 mole/cm-s. 
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desc r ibe  a simple power dependent model. The power v a r i a t i o n  t o  be described 

i s  based on the  e f f e c t  of increased  ion  dens i ty  over t h e  anode su r f ace  which 

produces 8 feedback t o  t h e  a r c  dischilrge, thereby r e d u c i ~  t h e  power input  

t o  t h e  spot  surface.  While t h e  d e t a i l e d  plasma processes wi th in  t he  e l ec t rode  

gap which lead t o  t h i s  r egu la t i on  may be d i f f i c u l t  t o  descr ibe ,  t h e i r  pres- 

ence is evident  i n  measurements of vapor f l u x  and a r c  vol tage.  Tho aseump- 

t i o n  t o  be made here  i e  t h a t  t h e  r egu la t i on  process occure t o  reduce tho 

power input  t o  t h e  su r f ace  i n  etrch a  way t h a t  t h e  vapor f l u x  cilnnot exceed 

n l i m i t i n g  value,  Fo. Actual ly,  t h e  l imi t tne ;  f a c t o r  is probably t he  inn  

dans i ty  near  the  spot  su r f ace ,  but f o r  t h e  present ,  t h e  i on t za t ion  f r a c t i o n ,  

ts assumed t o  be s u f f i c i e n t l y  cons tan t  over  t h e  length  of t h e  puloe t h a t  

the  l i m i t  may be expressed by t h e  t o t a l  vapor f lux .  

Thus , i n  f u r t h e r  c a l c u l a t  form, 

t he  hydride a r c  problem, t h e  va lue ,  FQ, was arlectacl t o  be .l mole/cm2-s 

which compares w e l l  t o  t h e  i n t eg ra t ed  vapor r e l e a s e  measured 111 arc e rpe r i -  

ments .15 A cons tan t  input  power w i l l  be assumed Eor t h e  i n i t i a l  p a r t  of t h e  

pulse u n t i l  t h e  l i m i t i n g  f l u x  i s  achieved. Then t h e  a r c  power ~1111 be 

assumed t o  vary i n  such a way a s  t o  never exceed Fo. 

Surface temperature p red i c t i ons  from these  e a l c u l a t i o n s  a r e  shown i n  

Fig. 3. The corresponding v a r i a t i o n  of power requi red  t o  avoid exceeding 

t h e  Fa f l u x  l e v e l  is shown i n  Fig. 4 and i n  Table I V .  Again, t h e  i n i t i a l  

s p e c i f i c  power input  t o  t he  heated spot  was se l ec t ed  t o  match t h e  pulse 

r i s e t ime  a s  shown by t h e  experimental po in t s  i n  F ig ,  2. The peak tenprra-  

t u r e  poin t  is matched by a d j u s t i n g  t h e  accommodation c o e f f i c i e n t .  This 

c a l c u l a t i o n  is cons i s t en t  with measured vapor f l u x  l e v e l s  and asumes a 

r e a l t s t i c  value f o r  t he  hydrogen b inary  d iEfus ion  c o e f f i c i e n t .  In  add i t i on ,  

http:ments.lS
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t he  atafn f ea tu re s  aP t h e  anode e p t  tm- ra t a ra  prcoPtle are de8cribad. A 

number of a r c  events  s b w  f l a t  topped puEs@~ efmPlar t o  t h i s  c a l e r n ~ a t t e i a . ~ ~  

The tetaperatute ramp of t h e  exwrieabenteP ~ E n t s  dn Big. 3 m y  'n9t an indies-  

t ion  of the reduet ton i n  au r faee  hstoichi-ttp c c e u r f q  d u r % a  the mlse. 

To roodel such behawkor r equ i r e s  tlze actar%atf@a af RJPBrogen ~ x a s f f a l  prasllaaare 

wirh tfbe tnsterfaf, su r f ace  r % t s i s k i s e t r y  ho be kraom. n i s  ham beern approxi- 

iadted foe staese c ~ ? c u t a t i o n e  wi th  the  equdlf;brium d a t a  ptrbliahed for aea&i t~a  

~ ~ y d r l d t t . ~  For tlreoe calcrr latfans the  hydrogen p r t P a b  grsaetxra wals ass 

6 0  be irttt~!zenderal: af conc-rnerratl6b~a f a r  ScH, d t h  .ti < x < 1.0, Wteidin of 

t h i s  r3ngr a va r f a t ton  41: t he  eqiiare OP t h e  corlce~rtrat ien has been A S ~ U R I & ~  

The c F f @ c t  61 varytag t h e w  parameter9 separa te ly  t n  c ~ t c u l a t i n n s  w i l l  kc 

whown I n  t h p  next .saetiern BC t h e  t ~ p O T t .  

'Ylh~ i r apn t t anc~  of t he  a r c   pot p w e ~  varfatt~b~t letring the  arc  d i s c h a r ~ e  

t s  i l l u s t r a t e d  i n  Fig. 5 where a coap&rfson o f  the  eonstant  ~ w e r  and the  

1fmit trig FLttx cat eubatfnns a t e  stwws. f n  these eonstant  power ca lcula t%ons ,  

t h e  hydsagrn d i f f u s i o n  and surface concent ra t ion  vab ia t i an  a r c  included. 

Thnse ncreqsary fea ture4  were not ineluded in the prevtaus catculaeiona of 

Fig. 2 .  FOP. a constant  power input  of .7 MJ/eta2 the  surface! temperature 

r i s e s  t o  tile peak value observed i n  e x p e r i w n t s  only a t  t he  end of t he  p u l s e  

tiine. !fowever, a s  one continurrs t o  increase  the  power t o  t he  spot  su r f ace ,  

sur face  dep le t ion  and a runaway sur face  temperature increase  occurs a s  t he  

cooling by hydrogen ~apor i zaCion  i s  l o s t .  This deple t ion  may be seen in t h e  

.8 rn~ icrn l  ca lcu la t ion  by the  s t eepe r  s lope  l a t e  i n  time a s  deple t ion  is 

approached, Thus, when r e a l i s t i c  hydrogen c!fffusian is  included i n  t he  

ca l cu l3 t ion  i t  i s  not  poss ib le  t o  simultaneously match t h e  temperature 

r i s e t ime  an3 peak temperatares with the  constant  power aodel .  



TIME low6 SEC 

1 

Figure 5. This  comparison i l l u s t r a t e s  t h e  incons is tency  between the  observed 
temperature p r o f i l e s  and t h e  assuiaption of cons tan t  power input  t o  t he  
e l ec t rode  surEace during the  pulse ,  when t h e  e f f e c t  of hydrogen del l le t ion 
from the  sur face  ma te r i a l  is considered.  The Eavt r i s i n g  temperature pro- 
f i l e  is  t h e  same a s  the  one oE Fig,  3 wi th  power feedback. The two slower 
r i s i n g  c a l c u l ~ t i o n s  correspond t o  .7 and .8 E1~/crn~-s power input  t o  t he  
heated spot .  The s l i g h t  upturn i n  t he  .8 ~ l ~ / c r n ~ - s  temperature p r o f i l e  near 
the  end of the  pulse is  due t o  t h e  onset  of su r f ace  dep le t i on  and a reduc- 
t i o n  of the vapor iza t ion  r a t e .  Any f u r t h e r  i nc rease  of power i n  an attempt 
to  rnatch the  pulse riset.trne r e s u l t s  i n  a  runaway thermal condit ion.  

25 



To further tllurserrtte phten-m occurr ia  in err arc *ich say b 

iaduced by t t h r t r p ~ 3 . 1  ehsraetarislrtc af t k  a gurface, the  aext e e a t  fan 

u t l l  describe gizraaetrbe variations af the arc d e  eatleulation to examiac 

each premetet% eeEEeet on ehe eaode hhavior. 
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1'4. PARAMETRIC STUDIES 

The a r c  model j u s t  discussed cons i s t en t ly  descr ibes  the  in tegra ted  

vapor flux from the  anode spot  sur face ,  t he  spot  temperature r i s e t ime  and 

the  peak spot temperatures during the  a r c  event. Although i t  is a para- 

metr ic  model, i t  may be used t o  p red ic t  t h e  e f f e c t  on the  a r c  discharge due 

60 v a r i a t i o n s  i n  anode c h a r a c t e r i s t t c s .  Summarized i n  t h i e  s ec t ion  i e  s 

series of s tud ie s  i n  which individual parameters a r e  varied t o  show t h e i r  

e f f e c t s  on the  anode spot temperatures. The paramet~sra and model uead t o  

g lve  the  r e s u l t  i n  P ig ,  3 have been chosen Eor the  base case i n  these a tud i s s .  

The f i r s t  exa~nple shows tlie eTCect of t he  anode cnaterfal therlnidl 

d i f f u s i v i t y  on the  temperature p r o f i l e s ,  For s imp l i c i ty ,  a ternperature 

independent value of the  thermal d i f f u s i v i t y  has  been used i n  each case. 

The temperature p r o f i l e s  of Fig. 6 show a l i n e a r  v a r i a t i o n  of tlie tempera- 

t u r e  r i se t ime wlth thermal d i fEus iv i ty .  This  is  due t o  the  l a r g e r  mass of 

tnatertal  whtch must  be heated a s  the diEfnstvLty is increased. The Eact 

t h a t  t he  stkrface temperature decay at: the  end of t he  pulse is near ly  

indepeirdrnt of d i f f u s i v i t y  is a consequence of tho deeper penet ra t ion  of 

t he  thermal f r o n t ,  and correspondingly smal ler  temperature g rad ien t s ,  a s  

the d i f f u s i v i t j  is increased.  This oEEsets t he  higher mater ia l  thermal 

d i f f u s i v i t y .  

Figure 7 shows the  required h i s t o r i e s  of a r c  pover t o  t he  anode sur fdce  

p a w r  input  t o  the  sur face  which a r e  taken from the  s e r i e s  o f  thermal d i f fu -  

s f v i t y  ca l cu la t ions .  These power h i s t o r i e s  produce the  l imi t ing  f l u x  l e v e l  

of .l moles/cm2-s over the  anode spot  fo r  var ious  thermal d i f f u s i v i t i e s ,  

This rap id ly  decreasing anode power during t h e  pulse is i n  q u a l i t a t i v e  

agreement with t h e  observed t o t a l  power input  t o  t he  vacuum a r c  measured 



Figure 6 .  
o f  therval 

A series n i  tempe 
d i f  i u s i v i t y .  

ratrrre p r o f i l e s  calcrr'lated for fniltcateb va l~ les  



Figure 7 .  Calculated power p r o f i l e s  which l i m i t  the vapor f lux  a t  the sur- 
face t o  .1  moles/cm2-s over the are duration for the indicated values of  
thermal. d i f f t ~ s i v i t y  i n  cm2/s. 



d u s i q  a n  a r c  d L s ~ h e r ~ ~ ; c ? ~ ~ ~ l ~  t n  which a few s t a b l e  a d @  ~ v t s  a e e o w t  for 

a i - 3 0 ~  fract iaal  of eke arc po'der, 

The r e s u l t s  Ln f i g u r e  8 s m a r i a e  t h e  e f f e c t  ebf  vary,^ the Pattibe% 

power l e v e l  t o  t h e  a n d e  spot. These c a l c u f a t i ~ ~ a s  r r b w  t- at 88 %aft&& mwe 

dens i ty  of .5 .re lo6 @!m2 i s  i n a d e g ~ t e  duriny; a sbr t  dufa t ian  dfacF.bargr 

t o  reach the t e a p r a t u r e  ae rahich t h e  p m r  i n p u t  h e e m s  ea iwt ra l ld  By tha  

vapor f lux .  Art i n i t i a l  w v a r  input  of  2 x U P C ~ ~ ~  bue,%rsb: ~eprOtfuces t h  

observed r f s e t i ~ e  tn  shor t  ere events  .I4 

Flgarro 9 i l l u s t r a t e s  t h e  e f f a e t  of tb ace  

ttta thermal p r o f i l e s .  The evilporotPsn of mttsrial, or i n  t h i o  case d f s m c i s -  

t i o n  snd r e l e a s e  of hydrogen, 1s asemganied by suba tan r i a l  recosc.beneatien 

of mater ia l  f s m  t he  vapor phase. The r a t i o  QE b ~ ~ r e e ~ n b ~ ~ ~ e d  a t m ~  to the 

rtumber te@leesad it? t h e  s o  ca l%sd  I,aragaatar%r eeeo-datlan cas~fficbheae. Far 

vapsrbzat ion of emwn aa ter labe ,17  t h i s  c .wf f&c ien t  hee heen o b e a r v d  t o  

have velraes rartging t a  l e s s  than .Of . The va%ae se lec ted  f o r  t h i s  coe f f t -  

c i e a t  kaa a s t rong  e f f e c t  on the  peak temperature during ,an a r c  pulse f o r  a 

given vapor f lux .  Thus, t he  f l u x  necessary t o  IfaPt t he  .ire input  power i s  

coupled t o  the  sur face  temperature by t h i s  e a e f f i c i e n t .  The accomadatfon 

c o e f f i c i e n t  value of .005 i s  needed t o  produce agroeaent with the  e x p r i a e n t  

silourn i n  Fig. 3. This may be compared, Eor example, with the  s t i c k i n g  

p robab i l i t y  of ,001 t o  .005 observed by 'Eaalinowski i n  deuterium hydriding 

s tud ie s .  That  va lue ,  although consLstent with t h e r a a l  vapor iza t ion  fro@ a 

f r e e  sur face ,  may a l s o  be influenced,  i n  the  vacuum a r c  case,  by the  plasma 

space charge which tends t o  confine t h e  ions t o  a region near t h e  anode 

spot  surface.  These plasma processes could r e s u l t  i n  s u f f i c i e n t  b ~ c k  pres- 

sure  t o  cause recondensation and thereby l i m i t  t he  r e l ease  of vapor from 

the  sur face .  
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F i g u r e 2  Four t empera tu re  p r o f i l e s  c a l c i ~ l a t e d  f o r  che i n d i c a t e d  v a l u e s  of  
accomindatictn coef E ic fen t .  T h i s  p a r m e t e r  d i r e c t l y  e f f e c ~ s  t h e  peak s u r f a c e  
t empera tu re  d u r i n g  the p u l s e .  



A s  hydrogen is removed from t h e  su r f ace  ma te r i a l  during t h e  discharge,  

i t  must be replenl.shed by d i f f u s i o n  from t h e  volume of u n d e ~ l e t e d  ma te r i a l  

helow the  : ~ ~ r f a c e .  This b inary  d i f f u s i o n  is  parameterized i n  t h e  present  

ca lc t l la t ions  with ii temperature and concent ra t ion  independent d i f fus ion  

c o e f f i c k n t .  Figure 10 shows a sequence of four ca l cu la t ions  i n  which t h e  

d t f f u s i o n  c o e f f i c i e n t  is var ied  from 1 x lom3 t o  2 x 10"~ cm2/e. For 

the  lowest value of 2 x lomf ,  t he  sur face  ma te r t a l  is depleted of hydrogen 

i n  half  of t he  p,wer input  pulse time. Upon dep le t ion ,  t he  cooling by way 

of hydrogen vapor iza t ion  is  no longer e f f e c t i v e  and a runaway thermal 

condi t ion  r e s u l t s .  This i s  evidenced by t h e  rapid  increaee of sur face  

temperature. For binary d i f f u s i o n  c o e f f i c i e n t s  g r e a t e r  than 5 x log5 cm2/s 

the  deple t ion  does ao t  o c c t ~ r  and the  power regula t ion  proceee coneinuea 

thrmghout  the  h * R  microsecond power input  pulse.  The vapor f l u x  l e v e l  a t  

which t h i s  regula t ion  occurs is constrained t o  be ,1 mole/cm2-a i n  each caee,  

A s i ini lar  deple t ion  e f f e c t  can be observed a s  t he  l i m i t i n g  f l u x  parameter 

t s  changed. This  parameter corresponds t o  t h e  f l u x  value a t  which power 

feedback t o  the  a r c  discharge occurs t o  s t a b i l i z e  t h e  sur face  temperature. 

A s  the l imi t ing  f l u x  parameter i s  increased f o r  a given d i f fua ion  c o e f f i c i e n t ,  

t h e  su r f ace  ma te r i a l  can reach the  deple ted  condi t ion  under which thermal 

runaway occurs. This i s  shown by t h e  sequence of four callculations i n  

Fig. 11 where the  l i rnt t ing f l u x  is  varied from .OS t o  .22 moles/cm2-s. The 

l i m i t i n g  f lux  value of -1 moles/cm2-s, s e l ec t ed  a s  the  base case  value f o r  

t h e  ca l cu la t ions  i n  t h i s  s tudy,  i s  c o n s i s t e n t  with measurements of t he  t o t a l  

vapor f l u x  released i n  s i m i l a r  a r c  opera t ions .  

A s  the  sur face  hydride steichiometry va r i e s ,  t h e  p a r t i a l  pressure  

of hydrogenic spec ies  over t h e  sur face  w i l l  i n  genera l  vary f o r  a given 

temperature. I f  t h e  v a r i a t i o n  of vapor pressure  wi th  hydrogen conceat ra t ion  
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F i g u r e  10. Four calculaticb-kt; showing t h e  e f f e c t  of mass: d t f f u s i n n  on t h e  ---- 
t h e r q a l  h i s t o r y  uf t h e  s u r f a c e .  Three c a l c u l a t i o n s  For v a l u e s  of  1 x lom3, 
1 x m4 and 5 x 10"~ c m 2 / s  g i v e  e s s e n t i a l l y  i d e n t i c a l  p r o f i l e s .  For a 
va lue  uE 2 x however, s u r f a c e  d e p l e t i o n  occurs  resul t - lng i n  a t h e r a a l  
runaway condf t i o n  f o r  the  s u r f d c e .  
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Figure 11. The e f f e c t  of the l imit ing  f l u x  parameter on the calculated 
temperature p r o f i l e s .  This  parameter a f f e c t s  the peak surface temperature 
during the arc. !.fare importantly, values of - 2  moles/cm2-s or greater 
re su l t  i n  a thermal runaway condit ion caused by the deplet ion of  hydrogenic 
spec ies  i n  the surface material .  



i s  known, t h i s  can be included i n  t he  s u r f a c e  h e a t i w  ca1eufat ions.  Ba m - y  

cases ,  however, t h i s  f e a t u r e  o f  t h e  hydrfde p r o p r t b e s  1s  ne t  well kmwn. 

Noreover, evaporatiion at  a ga r f ace  aay  be a f f ec t ed  by sub?.le f e a t u r e s  of e b  

su r f ace  lsaterial such as contaaknat iun by aaa the r  sip~?cies 

Figure 3.2 s h ~ w s  several. r e s u l t s  fro@ ca l cu l a t t ons  b a e d  ultgtn d i f f e r e a t  

assuraptiono f o r  she  caacan t r a t i on  d a ~ w 4 e a c e  of t h e  hydrcgen p a r t i a l  gsearsrB.r. 

Parameters f o r  ?he bat3eline c a l c u l a t f o n s  of t h i s  reIJart used the  published 

r e s u l t s  OF L f e b e r ~ n  and ~ a h l b e e k ~  f o r  the! i s o t h e r m 1  relatefan of the  hydro- 

gen p a r t i a l  p ressure  t o  t h e  su r f ace  stoHehiawetry. Foe m a s u r e e a t s  i n  tha 

&OO°C t o  l00a0C range, they observed a two @ase b h a v f o r  i n  ScW, which 

g,tftes a ~ o n ~ ~ n t r a t i o s ~  independent equilitrriu;,: pressure over the  range of x 

values hetween .h and 1.6, This cancen t r a t i on  behavior has bean included f n  

a l l  c s l c t t l s t i ons  up t a  t h f s  p o i s t .  Aten, t he  pressure-tempeaatur@ behavior 

of t h e  ScElx ma te r f a t  reported i n  Ref. 7 has been s s s w d .  Outside af the  

concent ra t ion  range j u s t  mentioned, t h e  equil ibr ium pressure  P(x)  i s  assomd 

2 t o  vary according t o  S e i v e r t ' s  Law -is ing P(x) = Po(x/xo) where Po 1s the  

two-pl~aee equi l ibr ium pressure ,  where xo CR eke phase bowrdary coneenera- 

CIon value. 

Calcu la t ion  1 of Pig. 12 rises the concent ra t ion  dependence j u s t  des- 

c r ibed  f o r  a problem i n  which t h e  deuterium concent ra t ion  af  t h e  sur face  

3 mate r i a l ,  C,, i s  .067 moles/cm (o r  x = 1.0).  For comparison, c a l c u l a t i o n  2 

assumes Co t o  be .04 ooles/sm3. These two ca i cu l a t i ons  show cons tan t  

teinperatufe segments i n i t i a l l y ,  while t h e  second shows some inc rease  of the  

anode spot  temperature with titne t h a t  occurs  as tile su r f ace  ma te r i a l  f a l l s  

below t h e  .6 atomic r a t i o  a t  which t he  hydrogen p a r t i a l  p ressure  drops wi th  

concent ra t ioa .  
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Figure  12.  Four c a l c u l a t i o n s  showing t h e  e f f e c t  of c o n c e n t r a t i o n  v a r i a t i o n s  
on t h e  s u r f a c e  temperature  p r o f i l e s  f o r  a n  a r c  h e a t e d  s u r f a c e .  C a l c u l a t i o n s  
I. and 2 assume a two-phase r e g i o n  t o  e x i s t  Eor Sc D, f o r  x v a l u e s  between 
.& and 1.6. Outs ide  t h i s  c o n c e n t r a t i o n  range ,  a q u a d r a t i c  dependence o f  
vapor p r e s s u r e  on t h e  s u r f a c e  c o n c e n t r a t i o n  i s  assumed. The c o n s t a n t  
temperature  segments of each c a l c u l a t i o n  cor r sponds  t o  t h e  two-phase r e g i  n. 
Curve one is f o r  a n  i n i t i a l  deuter ium c o n c e n t r a t i o n ,  C of .067 moleslcm t3 

0'3 f o r  x = 1 )  whi le  c a l c u l a t i o n  2 assumes Co = .04 moles/cm . I n  c o n t r a s t ,  
curves  3 and 4 assume t h e  q u a d r a t i c  S i e v e r t s  law t o  app ly  over  t h e  e n t i r e  

I 

I 
3 

3 cange o f  concen t r  t i n n s .  For curve 3 ,  Co = .067 moles/cm and f o r  curve 4 ,  
Go = .04 moleslcm . The ramp a s s o c i a t e d  wi th  curve  3 c l o s e l y  resembles t h e  

1 temperature  d a t a  of P ig .  3 i n d i c a t i n g  a p o s s i b l e  c o n c e n t r a t i o n  v a r i a t i o n  



ware made i n  the zenwrature  tewe I r o a  6W-C tc 1 W " C .  @a t b  oothr bd, 

the anode rjtyxJt teIwpo4ratures of i n t e r e s t  in these ra leula t ions  are i n  t b  

14BP0°C range. The hii?;her temwreturc a& prerraure oB t h a w  ea leuhe ioaa  may 

Pay outside of the  two p k s e  b m d a r y  seem i n  tba f w r  tr?mer~rature w r k ,  

Some evidence of t h t s  earr, b aeerr, am t h e  m.lrswfm of t b  2 ww reg1am 

with inc reae iw tmperrature whfdh drm be seen %re the  bf. I " @  data. 

n u s  addLtbaaaH ealcula t iena have b e a  wQe f a r  cm13.rfsan p u r p m s  

which ass- no tw phase regitsea t a  e x i s t  at: the hhrgkasr trtirtlwzatuseet 

I n s t e ~ d ,  a var ier ton of pressure utrk eoneenrratkm of P = P,(C/C~>' r i ~ r r  

3 GI = "8536 aolsaBca i s  a 0 s u a d  far the Q R F $ ~ C  e a n e e n t r a t & o ~  range. C ~ ~ C U -  

ta t ion 'B ha~ll~s bacn mde uei,.t& an ba~itlisf deutlglrP~latg eane@ntZ0Eiam for the 

i~t~erde ~ t e r i a 1  cf .04$ &1se/cclp3 &ad cakculcatLon 4 a velw of .04 wZoa/clra3. 

f i l  eaek ease the  a r c  t e s p r ~ ^ ~ t u r e  r i s e s  during the pubs~a a s  thb% surfrcaa 

hydrogenis concent~atfoth be rudraced, mte ramp of calculation 3 closely 

~ulatchee that  O F  the a r t ~ r i a e n t a l  ~ E a t a  in Pig. 3. f t  i s  Zfkeby tha t  the 

reductboa of a n d e  surface concentraclua i n  that  e x ~ r i ~ a t  aCChlunt~a for 

t h i s  Peetare of t h e  t h e r m l  pulse. 

Effect  of Anade Surface m t a r i a l s  

Previous secttons of t h i s  report  have d e s c r f b d  vacuum a r c  cakculatfans 

r~sing hydride w t e r i a l s  t a  gtnt~llatc experlwents i ~ f  ~ o b e r t s a n l ~  and ~ e a t o t l l ~ ~ .  

iiowrver, the %ode1 can be used t a  i l l u s t r a t e  the f a s t  pulse behavior fo r  

vacuum a r c  phenomena i n  a var ie ty  of anode pdaterials. To i11ustrat:e the 

thermal s t a t e s  which ran be achieved, a s e r i e s  of ealcula;faras w i k l  now be 

deserthe4 i n  whfch the p r o p e t c e s  of the  anode material  a r e  varied to represent 

a col lect fon of d f f fe ren t  waterfats i n  a r c  appltcations.  To emphasize t h e  

ef fec t  af  thermal properties i n  the heatfrrg p rof i l e ,  these calculations a r e  
I 
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Figure 14. Addi t iona l  examples of hea t i ng  p r o f i l e s  f o r  arlode s p o t s  found -- 
on t h e  i nd i ca t ed  ma te r i a l s .  These m a t e r i a l s  a s s m e  the  s:ime power I n p u t  OF 
2 ~ f ~ / c r n =  t o  t he  s u r f a c e  a s  i n  Fig. 13, bu t  show more r a p i d l y  r i s i n g  thermal 
p r o f i l e s  due t o  t he  m a t e r i a l  p r o p e r t i e s .  Vaporizat ion Ls e f f e c t i v e  l a t e r  
Bn t he  pu lse  t o  limtt f u r t h e r  temperature increases .  



mode a t  constat-it a r c  input  power wi th  no power feedback due t o  a l i m i t i n g  

vapor Elux. The thermal parameters used f o r  t h e  c a l c u l a t i o n s  a r e  given i n  

Table I. 16 s p e c i f i c  power input  t o  t he  anode spot  i n  these  ca l cu l a t i ons  of 

2 x loh ~/crnZ and a power pulse  of 10 microseconds du ra t ion  have been assumed 

f o r  t h e  p ro f1 l . e~  i n  Fig. 13 and 14. 

A model hae keen presented t o r  t he  thermal behavior  of ma te r i a l s  under- 

going Lntense .surface hea t ing .  The h e ~ t  balance between t h e  su r f ace  input  

power and thermal veporfzation/disesciation and i n  some cases r a d i a t i o n  

lo s se s  has been described and appl ied  t o  s h o r t  pulsed vacuum a r c  anode 

phenomena. kki1.e t h e  power i npu t  t o  t h e  anode su r f ace  from t h e  plasma i n  

such an app l i ca t i on  has been parameterized, t h e  model provides some i n s i g h t  

i n t o  the  plasma hea t  source term through observa t ion  of t he  anode spot  

te~nyertttures . SpecLEically , the  existence oE a feedback mechanism t o  t h e  

arc power a t  high vapor Elux l e v e l s  is needed t o  desc r ibe  t h e  temperature 

rdiset!.mc and vapor f l u x  l e v e l s  observed i n  experfments. Thus, ' the  d e t a i l e d  

thermal s t u d i e s  can complement plasma s t u d t e s  of anode-cathode behavior.  

The model described tn t h i s  r e p o r t  extends previous thermal modeling t o  

include e f f e c t s  of two cons t i t uen t  e l ec t rode  ma te r i a l s .  To do t h i s ,  t he  

e f f e c t s  of mass d i f fu s ion  and concent ra t ion  v a r i a t i o n s  of t h e  su r f ace  mate- 

r i a l  have been included.  The e f f e c t  of vapor recondensation a t  the  heated 

sur face  has a l s o  been considered. 'hen compared t o  anode temperature and 

gas evolu t ion  measurements, t h e  model appears  t o  g ive  a cons i s t en t  descr ip-  

t i on  of t h e  temperature pulse r i s e t ime ,  peak su r f ace  temperature and vapor 

Only a s t a r t  has been made i n  comparing c a l t u l a t i o n s  with a r c  experi-  

inents because of t he  l i ini ted a v a i l a b t l i t y  of cxperitnents e i t h  temperature 

http:rlseti.me


diagnoe t i c s .  Apparent d2f f i c u l t t e s  r-in k a  &=r ib l ag  % t m w r t r t m a  

decay p r o f i l e s  a t  the  end of t h e  r plf~e.  &d%tI~naf e oQ 

thermal c a l c u l a t i o n s  to t h e  a r e  maaur-nts map be use fu l  Jkn r e s a l v i w  

the se  d i f f e r ences .  

The c a l c u L ~ t i o n s  show consfderatPrt s e n s i t l v i r y  % a  the-l k k v i ~ r  LO 

varlatfoncr i n  t h e  s u r f a c e  concen t r a t i nn  and &to the vapr  atkckineg 

b l t  Cmparirw such errleulatiorna t o  a r e  a a d e  spat t m F r a t u r e  

and vapor f l u x  m a e u r e a e n t s  could c o n t r i b u t e  t o  undsrtrtelacing i on  source 

behavior  d u r t q  both noma1 and abno-1 c o d i t f o n e .  Pn o t k r  rrrare, tk 

modeling techndqtsee developed he re  ehauld ueefu l  5~ eatud%er~ a f  mtsrical 

pe r l amanee  under t r c lw ian t  optltccal o r  ~ l c c t r o n  ' taeat iq .  



The author iiuishes to express h i s  thanks t o  J. C. Newton for  numerous 

d i s c u ~ s i o ~ ~ s  of arc technology during t h i s  work and t o  M .  Robertsen for 

the use of unpublished IR radiance data from arc heating t e s t s .  Suggestions 

for portions of  t h i s  work and he lpful  comments on the manuscript were a l s o  

contributed by G ,  W. McClure. 



2 ,  f . D. Cohtne and E. E. Burger, J. MpB. P'hys. 26, 895 (1855). 

3. J .  M, L a f f e r t y  
J. Wiley and S 

4. H. 8. Carslaw alad J .  C. J a e e r ,  Cafl~dwtSan of 8aat i n  Q o l i d ~ ,  C ~ & ~ $ R & Q % I ~  
Pre s s ,  Oxford, (197 8 ) .  

5 .  R. B. Bird, M. E. Stewart and E. N. L igh t foo t ,  
John Wiley ( 1960). 

6. J. L a  listrgrava, , Joha 
Wllay New York ( 

8 R. N. R. MuTB"crrd, USAEC Rapt BEC?f-3813 A Revlee of t he  Ware Earth 
Hydridae, O f f  of Techdicr1 Infamation, %ah. TrC (1955). 

10 . , V o l e  10, TPWG Data S e r i e s ,  IFLIPlenuel, Mew 

11. L. P". I I a r r i s ,  Arc Cathode P k e n e n a ,  Ch. 4 ,  
, ed. by J. M. LafEerty, 3. W i 1  

12. G. W. !4cClure, J. Appb. Phys. 3, 2078 (1974) 

13. N. C. Miller, IEEE Transac t ion  on P l a s m  Science,  Vol. PS5, - 3 181 (1977). 

14. X. M. Robertson Persona l  Communication. 

I f .  J. C .  Newton, Persona l  Comunica t ion .  See a l s o  "Anode Sur face  Radiance 
f r a n  Eficrosecond Vacuum Arcs ," SC-DR-724227, ( J u l y  1972). 

16. H. T. !teaver, Phys. Rev. B 6, 2544 (1972). 

17. A. N. Nesmeyanov, Vapor P r e s su re  o f  t h e  Chemical Eleatent, E l s e v i e r  
Pub. Co., New York (1963) p. 41. 

L8. M. E. MIalinowski, "An I so tope  E f f e c t  i n  t i e  Pumping of Sydrogen by 
Ti tanium Thin Films," SAND77-8669 (August 1977). 

19. 14. Xoss, "Keat Capacity and Thermal f f f f f u s i v i r y  f o r  ScDx and EeBx," 
S.Ql379-0249 (Apr i l  1979).  



APPENDIX A 



63nt OQ 
OQl 1 0 
rlrl1el) 
00130 
0014Q WE% RoW4 
nmsn ~ T F I  TITU/SBCI 
0016a BPITR aA&l .SM 
rl01Ttl WlTR YtRB &$r$W -36W 0 E@ rC 
001963 BPITA YtcSQH 
001963 WTB T e r S m  
no200 CRL HEWY (481 
rloer ac 
099EW c w  3 / 4 s e w 1  
00231K: kiiBmf 
0 0 2 4 K  xw m a ~ a s e ~ e  
FJ0htirlC 
n r l ~ e a r :  F S ~ H  TMM tmt I 
Q02713C C(ImH rr TFWe CW% 
nne~oc Hahs#cn*+a 
0 0.29 0c  
nrl3nrsc nrkrxar"r"a BY 2.3a3 sh RBB F . P Q ? S ~  MI B rn ar P EM s"nfwf*m 
093lOC fd1TH N P I T m R  Lm$ P, If4 WBI W W &a MS 1 4  EFF , 
n m e n  eat weFcDrs,*r r cRa  

.LP.IZ mi ra q~ 
T t l X r  BFli Q? 

0945ifl BflCKS 6 
rS03BO 1FCICRP.EQ. t?mRBCQr *% XmHlt 1Cl)Sr 
0037n I F e I e R D . E @ . t ~ P t ~ s ~ = , t .  
n03BQ 1FCICRB.EQ. 13 ITt=S=@ 
0Q396 I P  CXCRb. E@.E?R%fftbC6~ @Be% C f  ETLE4f? r €a1 ~ 4 %  
n Q 4 M  IFQICRD.E@.3\F"KQ)B4br l@d\ CTtC€\ r 1=1r4\ 
no410 I F ~ I C R B . E @ . ~ ~ ~ ~ ~ ~ ~ C * ~ I ~ B ~ F S ~ ~ C ~ C P F ~ H R D ~ T I ~ ~ P ~ E . F P I N ~ R A ~ * F L ~ X ~  
nO42n I F  CICRD.EW13\ISEADC&r*%fCWBr fHr  fir Br Hr ACW 
60430 IFCICRD.EW.b~MABt6r*\fc=RBir  - C W S r * * W * M v N B I F F  

On4Tn IFCICRD.HE.%\Citf TU CQl 
00460 IFCMH.E@rO~ Mtl 
no478 IFCRsEQm 0% e m 1  
n 0 4 ~ 0  C B N C = ~ ~ O  
on496 FLuXtn 
n m m  CK~CKIN 
n m i  0 DICKY CRHD+CB\ 
OOT20 lMRX=SnO 
00530 X=n 
00540 ITIM€S=ITIHES+1 
n95TB XFqIT fPES.6T.4I60TO 2 0 2  
00960 Q=S. 315 
nCt5?0 CDEF=SQRT <3.1416*EK*RW*CP~ 
987 SO *:OEF= 1. ' C E F  
nngpn FOCI\=CI 
i t n m o  TIMCI~=O 
1-10610 ~ = L L I x < ~ \ = o  
ft13$Z 0t: 
naG3nr:: TIME ITEPFiTICltY LCJW 
01640 1 X = I + t  
00650 IFC1.ST. IPK1XI TO 3 
o txSn  TIMCI+I~=DTIPI*I 
n n ~ 7 n  =I 61% =D 
006:%0 I F  CPSWCHI 19- 18 
n 126s of: 
nrlTii nC CDMPIJTE CUNSTFIF1T INPUT POWR. 
11071 11 1.3 IFCTIM6I  .LE.PLS F1 SI *=PIN 
ctn-zn TO 22 
i r  fi 7 "jf I? 

46 

http:IF(TI"(I).LE.PL
http:COEF"'SQRT(3.1416.CI(.RMQ.CP


R em consv. FLUX. 

00960 20 1FCTIMCXI.GE.PLZ GO TO i?2 
0 @ 7 t Q  FX C I Z  *PIN 
na?Sa  ti^ TLI %a 
00796 31 a%BT =-FL#JX#<2. *T C I - I > ?  -FLIJX*W# CT <I-11 **i?> 
09800 FLCQRs CFLUXO-FLUX? / m T  
0081 0 DFa: (T <I- t! -T C I -Sf> -FLCBR1 ./ ZCBEF*SQRT tDT IM' f 
00820 F I  Cf:?=FI <I-1)-DF 
00931  I F f F I  fT f  , tT.  Ol F I  C I ? = O  
hi13:340 I P f F I  <I? .tT.PINt P I  CI:h=PIN 
00850 22 CONTINUE 
00868 I F < T I M < I ?  .SE.PLI FH C I ) = O  
00890 PBtdCTTIMESr I 1  = F I  C T I  
0Q890C 
00990C CALCULWTE SURFACE TEMPERATURE 
00904 TCXl=0 
00910 BB 2 I I t l r  I 
00920 Zl~l.-EXPC-<RRO**2?:~I:4.*I[l+TIMCIf+l?~f? 
00970 I l T = I - 1 1 4 1  
00740 FmFI (IITS-FUCi I T ?  
00-350 TI ' I>m+TI : f :~+SI+COEF*F*BTIM~:~Qt iZT<TIM( I I+ l?~ 
00'960 2 CIYNTINUE 
6097QC 
011480C CBDE TO COMPUTE PUUER LOSS FRQR SURFWCE BY EVRPflRWTI UN 
009POC COMPUTE VRPBR FLUX 
OlOOOC FIRST COMPUTE CONCENTRRTION DF EVAP SPECIES FIT SURFACE, 
010113 EFr:.N,FSbtCH'+6O TO 7 1  
nr aao FLUXINT=~ 
01030 DO 7 0  I Is ie  I 
01 040 I I T = f  -I I + 1  
01 050 FLUX I NT=FLUXINT+VFLUX(I I T ?  4OT IM.#SQRT <TIM C I  I +l> > 
Of 060 f 0 t:BNT I N?IE 

o t  nqrr 71 PSEXF) C R . ~  ST (I? +:3510. j + ~ i  

01100 fFC.N.FSl'!t:H'l GO TO 72 
151 1 1 0 TF (CUNC:. LT. CtSNL? P=P* SCONC:NCONL:~ *+2 
O t  120 X F t:CCINI:. 6T. I Z U M  PzP* SCONC:.2'CUNHI**a 
Ol l:3F?G HVRP I N  -@*'MOLE 
O f  d 40  7 E  HVAPI-R4R 
Ot161Q FL!J>d=.?!2RTCA..~C3.14~&*R+(T(I2+3~S1.i*M+l.E07~;~ 
0 t 160 FLUX=FLl.SX+RLPHR+P.f 4. 
1:1ll7O PM-EXPCWM, CT (1>+1300:) +BM:i 
01 15Cl I F  CPM.EQ. I? PM=O 
nr  t 9 0  HVAPMI-AM*R 
nl,' lOD FLl.JXM=%QRTr"S.f (:3.141rj*R1.(T l:I:b+:30fi'I *MM*$. EIp',:t 
O l  i? l 0 FLUXM=FLUXM*WLPHR*PM. 
nr 5 ~ ~ ~ ~ : x :  I: I +t  :i =FLIJ:X:+FLIJXN 
nlZ30G FLI,!X I N  MOLES., <CM?+:?:r 
O t249F; OIJTPIJT PCIUER I N  IIIATTS.~~~:MZ 
0 %  25 0 EVHV=FLUX* CHURP+l. S*R+T S f > 'I +FLI..l:X:M* CHLSF#PM+ 1.5+R*T (1 i t 
ClI ~ ~ ' ~ 1 1 : :  

rli,?7Of:: +I:E3MPIJTE RRDIATION LDSS TERM 
01 280 FRHrl=S. 6647E-124 CT t Ii +'300. **4 
Q129ffi Fa f I + l ' i  =E(.'HP+FRWD 
i l l  3iti11: 
01 31 0C PRINT OllTPl,.iT 
sl1:2E'fl IFr"I.El3. l! I C I s l l  
n 1 3 3 4  1 [I PRfNT*r" " 
1'11 34il F&INT+r"  '' 

n~ 3 5 ~ 1  ~RINT*. - CF= - . CF:, * RHO= - , R H ~ ?  - ~ p -  - +cp. o= D 
0 1  3613 PFiIMT+* "LPi P =A.fT +B T;eqE E l,lITn Rs" .R1 " g=" +HI"  fit".^ 
i l l 3 7 0  PRINT*. FUR SECOMD COMPONENT Y= "+eM. " ".EM." g= ".M@ 
1-113'3Q PRINT*+ " PIN= " .PIN+ " PL= " r PL r " HVAVr " r HVAP I " HVHP2m" + HVRPW 
01 3'3i1 PtslNT*. " cant?= ", cnsto. fZ:uNLr -, CONL* - t y y ~ ~ t  -. I:QNH+ Y~J~FFI -,HDIFF 

http:IF(TIM(I~.GE.PL
http:IF(TIM(I).GE.PL
http:IF(CFLUX/FLUXO).LE


=* 3 .3 
L L C  

m 3'. p+. 
.Ti m -'J 
.=i ,=i u + 
-3. * 
PqSI';: 

pa."" 
b- * 

*-I 

r" s 
3 3 
X - 
F 
'? 
-I 
CI 

T 
? 
.1c 

3 
? 
L 

C 
* ... 
* .  
L1 
1: 
I. 

-I 
n 
-I r- 
!? 
P 
;ti 

? 
-€ 
r ma 
? 
2 
C 
* 
.=a 

T T 7 

-4 -4 -XI :.ye - --il TI w w ri, ru u XI rri TI -D XI ~ ~ ~ - ~ ~ n ~ ~ ~ ~ : ~ - ~ m ~ c ~ ~ v r n : n m m m  
n i- ..% .-. c * 4-0 .-.. p ~d u D e 

,.-# 3: 1 . 3  -I i- l-4 1.7 m -d -4 rnw Z U H  OX DO^^ a m d a ~ ~ ~ > ; ~ ; - , a - , - - I - . r  
z ~ r  .- W ~ X  11 m *  zv-n - m  4 x r u a r  - ~ a n m r + r ~ m ~ r e m .  
1-4. ~ J X P T Z - C )  11 Q - I 3 : @ - - *  4 . 3 .  c 
XI;.-a ~ - i [ n z . ~ ~ r n ~  m * C . ? ~ U S P  .- r x a 1 . .  11 2 x Q 'a a .a 
? i ? ~  ~ , p r T t l n n ~ 1 = ' 3 r *  n. .a 

a :a .T * fi 

t t l  

II 

m 
li 

ii 

http:PLOTPQ(O,O.FI,T,I.l,O,Q.IH
http:1)(,�9.,),.it


UNLIMITED RELEASE 

Distribution: 

Las Alamos National Scientific Laboratory 5510 D. B. Hayes 
p, 0, Box 1662 5520 T. B. Lane 
Los Alamos, NM 87544 5530 w. Her1!'lllann 

Attn: T. E. Larson (MS 920) 5531 S. W. Key 
5533 A. J. Chabai 

Lawrence Livermore National Laboratory 5534 J. R. Any 
P. O. Box 808 5534 D. A. Benson (10) 
Livermore, CA 94550 5824 J. N. Sweet 

Attn: C. A. Colmenares (L-325) 5824 J. A. Koski 
8214 P. A. Childers 

General Electic Leutron Devices Department 3141 L. J. Erickson (3) 
St. Petersburg. FL 33733 3151 W. L. Garner (5) 

Attn: D. H. Ahmann For DOE/TIC 
w. C. Brown 3154-3 R. P. Campbell (2S) 
8. E. Day For DOE/TIC 
W. E. lerna 
H. C. Miller 
J. L. Provo 
A. S. Medvedeff 
W. D. Wannamaker 
E. Noey 

8340 H. Bauer 
8341 U. D. t~ilson 

Attn: M. I. Baskes 
M. E. Stoll 
G. J. Thomas 

8342 C. Hd.rtwig 
8347 K. Wilson 

Attn: 11. E. MalInowski 
2300 J. C. King 
2350 J. T. Grissom 
2351 R. A. Damerow 
2352 F. H. Bacon 
2352 D. F. Cowgill 
2352 J. C. Newton 
2353 J. T. Cutchen 
2353 J. T. Cutchen (5 for further distribution to UK)
2354 B. E. Barnaby 
2355 H. M. Bivens 
2516 W. G. Perkins 
4240 G. W. Kuswa 
4244 G. W. !-leClure 
5130 G. A. Samara 
5131 B. Maroein 
5132 P. M. Richards 
5500 O. E', Jones 


