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The problem of the preservat ion of  electrodes and the reduction of their  depletion to a minimum 
has dec is ive  significance among the practical  questions of maintaining the efficiency of steady 
sources and p lasma accelera tors  during an extended per iod  of operation. For  thi s purpose elec-  
t rodes are  made, as a rule, out of the re f rac tory  metals in familiar  designs. ,In part icular ,  
tungsten, which has the  highest phase- t ransi t ion temperatures  among a l l  the metal s,~ thus p e r -  
mitring an appreciable reduction in the evaporation rate of the m a t e r i a l  under the thermally 
s t ressed operating conditions of these devices, is attractive.  However, there  exist other fac- 
tors  besides evaporation which affect the integrity of hot tungsten electrodes and their  ablation 
(chemica ! p rocesses ,  erosion in microarcs ,  ion bombardment, and so on). One of these fac- 
t o r s  requiring special investigation is the chemical interaction of tungsten withthe oxygen con- 
tained in the working medium as an industrial impur i ty .  Such an impurity can, for example, be 
present  in industrially pure alkali and alkali-earth metals used as the workingmedia.  I n  addi- 
tion, these metals can be contaminated by the oxygen of the air  in the process  of different in-  
dustrial operations, in part icular ,  in connection with the servicing of the supply system. The 
entrance into the working material  of oxygen liberated from the structural  elements of the 
supply route and the operating cavities of the plasma source is not excluded. In practice it is 
impossible to eliminate oxygen, even when using contemporary methods of deep cleaning of 
lithium, due to its great affinity for  oxygen. The actual role of the oxygen impurity and the 
necess i ty  fo r  taking it into account in connection with the creation and operation of plasma de- 
vices can only be revealed as a result  of direct experimental investigation on samples having 
an electrode geomet ry  s imilar  to the class of sources o r  acce lera tors  in question. Results 
a re  presented in this a r t ic le  of an experimental investigation of the erosion of,a multichannel 
tungsten electrode [1-4] and a coaxial source of lithium plasma [5]. Theuse  ~0f lithium as the 
mainplasma-forming  material  ensured the maintainance of a discharge distributed over the 
electrodes and having a small value of the potential drop next to the cathode, :which ties below 
the threshold of cathode erosion upon bombardment of the surface of polycrystaltine tungsten 
by lithium ions [6]. Thus,  the phenomena of cathode destruction associated with microarcs  
and ion bombardment could be exluded from consideration in pract ice .  Thus evaporation and 
chemical ablation due to interaction with the oxygen ~of the working mediumremain  t h e p r i n -  
cipal competing processes  contributing to the erosion of the cathode mass. There fore ,  in 
order  to obtain reliable quantitative relationships which character ize  differential erosion due 
to oxidation and evaporation, the oxygen content in the working medium was  var ied  in the ex- 
periments described within limits extending beyond the framework of the usual industrial im- 
purity, which does not exceed tenths of a percent.  One should note that in the process  of in- 
vestigating the role of an industrial oxygen impurity in causing the erosion of a tungsten 
cathode in a lithium plasma its direct effect was revealed on the anomalous cur ren t  of a hol- 
low cathode, which is character ized by the recorded average densities of  the discharge cur-  
rent exceeding significantly the values of the emission current  given at the same surface tem- 
perature  by the Rtchardson-Schottky equation [7-9]. 

1. Experimental Procedure .  For  the experimental investigations which were undertaken a steady co- 
axial source of a lithium plasma in an open version (Fig. 1) was used which is described in [5] with a multi- 
channel tungsten cathode s imilar  to that of [1-4]. The vapors of the working medium entering into the multi- 
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channel tungsten cathode 1 and the in te re lec t rode  space  a r e  ionized, main ta in  the opera t ion  of the d i scharge ,  
and flow out in the f o r m  of a p l a s m a  je t  through the molybdenum anode 2, which is a t ape r ed  t runca ted  cone 
(D 2 =85 m m ,  D 3 =60 ram) of com pa ra t i ve l y  l a rge  length (L 2 =175 mm) .  The d i a m e t e r  of the working; p a r t  of 
the cathode is D 1 =18 ram, and the in te re lec t rode  dis tance is L 1 =80 ram.  A source  consis t ing of a cathode and 
anode s u b a s s e m b l y  with the n e c e s s a r y  cur ren t  supplies  was mounted On a specia l  ho lder  and a t tached to the 
flange of a vacuum c h a m b e r  ~ 20 m 3 in volume cooled by w a t e r .  

In o r d e r  to p roduce  in the working medium a speci f ied  oxygen concentra t ion  which is h igher  than an in-  
dus t r ia l  impur i ty ,  the specif ic  addit ive l i thium oxide Li20 , whose solubi l i ty  in liquid l i thium has  a quite definite 
t e m p e r a t u r e  dependence [10], was  introduced into the working med ium.  In the expe r imen t s  a sa tu ra ted  solu-  
t ion of l i thium oxide in liquid l i thium produced in advance was in t roduced into the source  f r o m  the supply s y s -  
t e m  at a fixed t e m p e r a t u r e  cor responding  to the requ i red  oxygen concentra t ion in the working medium.  Thus,  
an oxygen concent ra t ion  of 0.5% by weight was main ta ined  in the working  med ium by the product ion  of a s a tu -  
ra ted  solution of l i thium oxide in liquid in l i thium at T = 759~ (0.935~ by weight of Li20) , 1~ by weight  at T = 
831~ (1.87% by weight of Li20), 1.5~0 by weight at T =893~ (2.81T by weight of Li20), and 2~  by weight at 
T =953~ (3.75% by weight of Li20). 

The effect ive vacuum under the conditions of an opera t ing source  was  usual ly  ~ 10-~ m m  Hg. During the 
en t i re  opera t ion  of the p l a s m a  device the e l ec t r i ca l  p a r a m e t e r s  of the d i scharge  (cur ren t ,  vol tage) ,  the flow 
ra te  of the working  medium,  and the t e m p e r a t u r e  of  the e lec t rodes  m e a s u r e d  with the help of an OPPIR-017  
opt ical  p y r o m e t e r  were  r eco rded  by anNOO4M loop osc i l lograph .  The p a r a m e t e r s  of the in te re lec t rode  p l a s m a  
(concentra t ions  and t e m p e r a t u r e s  of the neut ra l  and charged  par t i c les )  we re  de t e rmined  in the n e c e s s a r y  cases  
by p robe  and spec t roscop ic  methods [5]. 

The r e m o v a l  of m a t e r i a l  of the po lycrys ta l l ine  tungsten e lements  of the cathode dur ing opera t ion  of the 
d i scharge  was  found as the d i f fe rence  of the values  obtained by  weighing the cathode on an analyt ical  ba lance  
p r i o r  to t r i gge r ing  the source  and a f te r  the conclusion of i ts  continuous operat ion,  which continued up to 2 h 
and m o r e  in the expe r imen t s .  The p r o c e d u r e  applied p rov ided  for  a carefu l  cleaning of the cathode a f t e r  an 
expe r imen t  of contaminat ion by l i thium and its compounds by means  of t r ea tmen t  with boil ing dis t i l led  w a t e r  
fo r  s e v e r a l  hours ,  f lushing in a solvent ,  and subsequent  comple te  drying in a de s i cca to r  adjusted per iod icaUy 
by control led weighing of the cathode on an analyt ical  ba lance .  

While the source  was  operat ing,  a continuous r e c o r d  was also made by an osc i l lograph  of the heat ing of 
the subas sembly  fo r  the evapora t ion  of the working subs tance  and of the t e m p e r a t u r e  of the liquid solution in 
the supply sy s t em .  

2. C h a r a c t e r i s t i c s  of the Discharge  Operat ion.  Both when industr ia l  l i thium was  supplied to the p l a s m a  
source  and l i thium ar t i f ic ia l ly  enr iched  with l i thium oxide was  supplied, the d i scharge  was  eas i ly  t r i g g e r e d w i t h  
a p r e l i m i n a r y  w a r m i n g  up of the mult ichannel  cathode to t e m p e r a t u r e s  of ~ 1000-1500~ and upon the ap p ea r -  
ance in the in te re lec t rode  space  of v a p o r s  of the working subs tance .  The vol tage n e c e s s a r y  for  this  was usually 
l e s s  than ~ 60 V. The dif ference of the potent ia ls  upon the opera t ion  of the d i scharge  with an ave rage  m a s s  flow 
ra te  of the working medium of ~ = 0.01 g / s e c  and I d = 800 A was  ~ 20-22 V. Optical  invest igat ion of the be -  
hav ior  of the d i scharge  at the cathode of an opera t ing  source  in the s u b c r i t i c a l  region p e r m i t t e d  es tab l i sh ing  
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the nature  of i ts  opera t ion  with a dis t r ibut ion ove r  all  channels;  in the bas ic  opera t ing  mode with l~=0.01 g / s e c  
and I d =800 A all the channels were  "li t  up," i .e. ,  appeared  act ive in emiss ion  and p l a s m a  fo rmat ion  p r o c e s s e s .  
No contract ion of the d i scharge  and the mic rospo t  was observed ,  and the m e a s u r e d  m a x i m u m  t e m p e r a t u r e  of 
the cathode sur face  was at the level  of 2700-2800~ 

According to the R i c h a r d s o n - D e s h m a n  equation, the sa tura t ion  t he rmoe l ec t ron  cur ren t  densi ty Je f r o m  
po lye rys ta l I ine  tungsten (q~cV = 4.54 eV),which is equal to ~ 3 - 6  A / c m  2, co r re sponds  to this value of the t e m -  
p e r a t u r e ,  Actually, the densi ty  of the d i scharge  cu r r en t  r ea l i zed  in the cathode under discuss ion was  ap p re -  
c iably  higher .  

As the dismant l ing of cathodes which have opera ted  seve ra l  hours  at d i scharge  cu r r en t s  up to 1000 A 
(~h = 0.01 g / sec )  and the v isual  ana lys i s  of the s ta te  of the i r  tungsten e lements  have shown, quite definite t r a c e s  
of burning of the d i scha rge  w e r e  o b s e r v e d  on the inner  su r face  of the channels ,  which r eached  a depth 5 ~ 2-4  
m m  (1-2) wi re  d i ame te r s ) .  The appea rance  of the cathode e lements  indicated a local izat ion of the d ischarge  
in the indicated regions  both by the color  of the meta l  in them in compar i son  wi th  the remain ing  sur face  and by 
the eros ional  a l tera t ion of the s t ruc tu re  of  the tungsten su r face .  Based on this factual  data, the es t imated  av-  
e rage  densi ty  of the d i scharge  cu r r en t  with the cathode su r face  emi t t ing  and also with the end sur face  of i ts  
e lements  taken into account was ~36 A / c m  2 (36-62 A / c m  2, depending on the value of 5 ) fo r  Id = 800 A. 

As follows f r o m t h e  optical  obse rva t ions ,  the su r face  which ef fec t ive ly  emi t s  is evidently de te rmined  
mainly  by the wal ls  of the cathode cav i t i es .  In this  case  the d i scharge  cu r r en t  densi ty  rea l ized  f rom the 
cathode is h igher  than the e s t i m a t e  made;  in the case  under d iscuss ion  it is ~45-90 A / c m  2, depending on the 
a s sumed  pene t ra t ion  depth of the d i scharge  into the channels .  Thus the compar i son  c i t ed  above of the t h e r m o -  
e lec t ron  poss ib i l i t i e s  of  pu re  po lycrys ta l l ine  tungsten and the cu r r en t  densi t ies  produced in p r ac t i c e  f rom a 
tungsten mult ichannel  cathode in the d i s t r ibu ted-burn ing  mode r evea l s  t he i r  r a t h e r  convincing d iscrepancy .  
One should note that  the Schottky co r rec t ion  does not rec t i fy  the situation; for  the e lec t r i c  field intensi ty oc -  
cu r r ing  in the  Langrnuir  l a y e r  (E w < 105 V/cm)  it is compara t ive ly  smal l  (Aje < 50%). 

Thanks to the use  of a spec ia l  opt ical  s y s t e m  for  obse rv ing  behind the cathode sur face  [11], it was p o s -  
sible to inves t igate  the phys ica l  s ta te  of the l i thium p l a s m a  in the exit sect ion of the channels and to de te rmine  
i ts  p a r a m e t e r s .  The r e su l t s  obtained p e r m i t t e d  es t ima t ing  for  an average  m a s s  flow ra te  of hundredths of a 
g r a m  p e r  second the va lues  of the f luxes of heavy l i thium p a r t i c l e s  (ions and atoms) f r o m  the p l a s m a  to the 
emi t t ing  su r face .  According to this e s t ima te ,  the value of the flux v can amount to ~1022 p a r t i c l e s / c m  2 "sec  
under  the exper imenta l  condit ions.  According to the exis t ing data [12], the degree  of cover ing  0 of the su r face  
of the po lycrys ta l l ine  tungsten by adsorbed  l i thium pa r t i c l e s  (T w =2500-2800~ is compara t ive ly  smal l  and 
has  a weak effect  on the work  function of i ts  su r face .  However ,  the p r e s e n c e  of oxygen in the cathode p l a s m a  
makes  the adsorpt ion two-component  in nature  and apprec iab ly  a l t e r s  the degree  of cover ing  of the tungsten 
su r face .  When l i thium and oxygen p a r t i c l e s  a r e  s imul taneous ly  fall ing onto the  sur face ,  a double molecu la r  
f i lm is fo rmed  which is c h a r a c t e r i z e d  by h i g h - t e m p e r a t u r e  s t rength and ef fec t iveness  in reducing the work  
function. 

It is of in te res t  to e s t ima te  the role  of oxygen as an admixture  to l i thium in the p r o c e s s  of adsorpt ion 
and emis s ion  on the working  sur face  of a tungsten cathode. With a weight content up to ~0.1% by weight of oxy-  
gen in l i thium ( industr ia l  l i thium) the adsorpt ion of oxygen of  po lyc rys ta l l ine  tungsten at T w =2500-2800~ in 
the bound fll s ta te  (the f i r s t  l a y e r  of chemiso rbed  oxygen a toms ,  which is c h a r a c t e r i z e d  by the s t ronges t  bond 
to the backing [13]) causes ,  accord ing  to a calculat ion based  on the p r o c e d u r e  of [13], the exis tence  of a c o v e r -  
ing with 01 ~ 1 (01 is the degree  of cove rage  of the f i r s t  l ayer ) .  According to the exper imen ta l  data of [14], an 
i nc r ea se  in the work  function of tungsten  by Ar ~ 0.5-0.6 eV co r r e sponds  to this  cover ing  in the case  of the 
(100) face .  Bear ing  in mind that the adsorbed  c h a r a c t e r i s t i c s  of the (100) face and po lycrys ta l l ine  tungsten a re  
s i m i l a r  to each other ,  we obtain a qual i ta t ive c h a r a c t e r i s t i c  of the emis s ion  of tungsten with oxygen fo r  A~ ___ 
0.5 eV by using fo r  the e s t i m a t e  the expe r imen ta l  r e su l t s  on the adsorpt ion of l i thium on tungsten ((100) face) 
cove red  by a f i lm of oxygen [15]. Expe r imen ta l  va lues  of  the work  function of the e lec t rons  q e  and the heat of 
desorp t ion  of l i thium a toms f r o m  an oxidized tungsten su r face  as a function of the concentrat ion of adsorbed  
l i thium p a r t i c l e s  were  used in ca lcula t ions  based  on the equations of the adsorpt ion i s o t h e r m  and those  of Rich-  
a r d s o n - D e s h m a n .  The densi ty obtained for  the t h e r m o e l e c t r o n  emis s ion  j fo r  Tw=2500-2800~ and v ~- 1022- 
102~ p a r t i c l e s / c m  2 �9 sec l ie in the range  ~40-400 A / c m  2. 

The effect  of oxygen on the p a r a m e t e r s  of a l i thium d ischarge  due to a change in the su r face  c h a r a c t e r -  
i s t i cs  of  the cathode was o b s e r v e d  espec ia l ly  c l e a r l y  in t e s t s  a s soc ia t ed  with a specia l  i nc rea se  of the p r e s s u r e  
in the vacuum c h a m b e r  to 1 m m  Hg by admit t ing outside a i r  into it .  This  i nc r ea se  in the p r e s s u r e  was ac -  
companied  by an apprec iab le  reduct ion of the d i scharge  s ta r t ing  vol tage (up to ~25-30~) .  When a rgon  was ad-  
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mitred into the chamber ,  no change o c c u r r e d  in the v o l t - a m p e r e  charac te r i s t i c s  of the lithium discharge in the 
model .  In addition, the use of argon and ni t rogen as the working medium in a p lasma  source  s imi la r  to the 
one descr ibed  here  led to enhanced dest ruct ion of the tungsten cathode at lower operat ing conditions with r e -  
spect to the cur ren t .  After  ignition of the d ischarge  due to the increased  contamination of the f i r s t  por t ions  
of l i thium by oxygen (because of oxidation in the p r o c e s s  of se rv ic ing  the supply sys tem and in the supply s y s -  
t em itself,  and also as a resul t  of gas l iberat ion f rom the s t ruc tura l  mate r ia l s  upon heating up) the voltage of 
the d i scharge  is set lower than in the case  of extended operat ion of the source,  when the vacuum conditions 
and pu ri ty of the lithium improve .  

Thus, the es t imates  made indicate that an admixture of oxygen to the working medium can play an im-  
portant  role under the specified conditions in the emiss ion  mechanism of e l ec t rons ,whichac tua l ly  occurs  f rom 
the sur face  of the multichannel cathode of sources  and acce l e r a to r s  of l i thium p lasma .  

3. Chemical Eros ion  of the Cathode. An exper imental  investigation of eros ion was pe r fo rmed  with p r a c -  
t ical ly  constant d ischarge p a r a m e t e r s  (Id = 800 A, U d =22-24 V) and var ious  measured  amounts of oxygen in 
the lithium supplied to the source (lithium flow rate ~0.01 g / sec ) .  A se r ies  of exper iments  was se~ up with the 
goal of obtaining the value of the e ros ion  rate  upon the use of industrial  lithium, which was fur ther  used to 
p r epa re  the combined working medium. The oxygen content in the industrial  lithium of the batch used was 
~0.06~ by weight according to the data of the labora tory  analysis  conducted. As a result  of the dismantl ing of 
the multichannel cathode, it was establ ished that the surface  changes (color,  s t ructure)  and the t r aces  of de- 
s t ruct ion are  observed  over  the ent ire  length of its e lements;  however,  the sections adjacent to the in tere lec-  
t rode space were  subjected to the grea tes t  e ros ion .  The a rea  occupied by the discharge is, according to the 
inspection ca r r i ed  out, evidently determined mainly by the la tera l  surface  of the filling elements  of the cathode 
to a depth of up to ~4 mm; the ends of the elements  introduce a cer ta in  co r rec t ion  (this a rea  amounts to ap- 
p rox imate ly  one-fif th the total a rea  of the elements) .  The pa t te rn  of the erosion became more  significant upon 
inspection of details af ter  operat ion of the cathode in a medium with an increased  oxygen content. In connec-  
tion with the ablation pat tern indicated above, the ent ire  surface of the cathode elements  (wires) was taken in 
connection with finding the average specific rate of tungsten removal .  The maximum cathode tempera tu re  in 
the exper iments  measured  with the help of an optical py rome te r  was ~2700-2800~ As a resul t  the use 
of the experimental  p rocedure  descr ibed above for the investigation of the chemical  e ros ion  of a tungsten 
cathode, it was found that an increase  in the amount of the oxygen admixture in lithium to 2% by weight is ac -  
companied by an increase  in the removal  of mass  f rom the cathode elements of more  than an o r d e r  of mag-  
nitude f rom ~3.3 �9 10 -7 g / c m  2 �9 sec for ~0.06~ by weight of oxygen (industrial  lithium) to ~8.0 �9 10 -6 g / c m  2 �9 sec 
(lithium containing 2~ by weight of oxygen). The obtained dependence of the specific e ros ion  G on the amount 
of oxygen y is given in Fig.  2, where it is sa t i s fac tor i ly  "approximated by the relationship 

G = G o + a;,, (3.1) 

where  G o =0.1 �9 10 -s g / c m  2 "sec  cor responds  to the mass  removal  during operat ion on pure lithium (y =0); a = 
3.83 �9 t0 -~ g / c m  ~ �9 sec,  and "/ is the weight ~ .  

Essent ial ly ,  the second t e r m  in (3.1) gives the contribution of chemical  eros ion due to oxidation and re -  
moval of tungsten oxides.  According to methodical  r e s e a r c h  conducted ea r l i e r  with the use of special  in- 
dicators  and an optical sys tem in combination with an EOP-66 electronic  optical p y r o m e t e r  [11], i~: was shown 
that an appreciable t empera tu re  gradient occurs  in the working region of the multichannel cathode along the 
surface of its e lements .  Taking this fact into account, one can assume that the t e r m  G O in (3.1) gives the ave r -  
age value over  the e lements  of the specific eros ion of tungsten caused by its evaporat ion.  Thus when indus- 
t r ia l  lithium is used, the average  rate  of specific erosion of the polycrys ta l l ine  tungsten cathode is G~ 0.33 �9 
10 -s g / c m  2 �9 sec.  The resul ts  obtained show that chemical  ablation of the cathode when industrial lithium is 
used can predominate  over  eros ion due to evaporation; in this investigation the fract ion of chemical  ablation 
was ~70~ of the total mass  removal .  

In connection with the exper imenta l  resul ts  obtained, it is in terest ing to est imate  on the basis  of con- 
t e m p o r a r y  ideas the rate  of oxidation of polycrys ta l l ine  tungsten in the range of t empera tu res  and low par t ia l  
p r e s s u r e s  of oxygen that are  cha rac te r i s t i c  of the operat ion of a multichannel cathode with lithium having an 
admixture  of oxygen. Adsorption and dissociat ion of molecular  oxygen in the two different bound states ~1 and 
fi2 (the degrees  of cover ing are  01 and 02, respectively) p recede  oxidation of the tungsten [13]. The formation 
of the oxides WO 2 and WO~ becomes  significant af ter  the f i rs t  l ayer  (~I state) is filled by atomic oxygen and 
after  an inc rease  in the cover ing  02 of the second layer  (f12 state).  Desorption of the atomic oxygen f rom the 
f i rs t  l ayer  and of molecu la r  oxygen f rom the second layer  occurs  s imultaneously with the formation of these 
oxides (as well as the po lymers  W206 and W30 s in smal l  amounts).  One can neglect evaporation of atomic oxy- 
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gen from the second layer  in comparison with the departure of 02. One can obtain for the physical model of 
adsorption and oxidation of tungsten based on the theory of active centers [13] relationships for  the rate of 
formation of tungsten oxides with the part ial  dissociation of molecular oxygen in the gaseous phase (0< (~d < 1) 
taken into aceount. 

According to these relationships for  the cases a d = 0  and 1, a calculation is made of the rate of oxidation 
of polycrystall ine tungsten at part ial  p ressu res  of oxygen of p~ = 1 and 10 ~bars, which character izes  the rea l iz -  
able region of p ressures  in a multichannel cathode when industrial lithium is used. The experimental result 
on the chemical erosion of a multichannel cathode lies in the range of ablation values given by a theoretical 
calculation in the crude approximation that all the oxides formed are car r ied  away by the flow. 

The authors express their  gratitude to S. S. Kellin, N. P.  Mezhevov, and V. N. Belinskii for their  pa r -  
ticipation in the preparat ion and performance of the experiment.  
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