
INVESTIGATION OF THE ELECTRODE POTENTIAL DROP 

AT A MOLYBDENUM ELECTRODE IN A FLOW OF ARGON 

SEEDED WITH POTASSIUM 
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The results of an experimental investigation of the operation of an electrode in argon 
containing 0.15% of potassium at temperatures from 1400 to 1800~ and a pressure of 
i atmosphere when the gas and the electrode are in thermal equilibrium are presented. 
The current-voltage characteristics obtained are compared with the theory of electrode 
processes developed previously [1, 2]. Good agreement is obtained between the theoret- 
ical and experimental data. 

E x p e r i m e n t a l  A p p a r a t u s  

The appara tus  used  is shown in Fig. 1. Argon is supplied at  the r a t e  of 1.25 g / s e c  to a p lasmot ron ,  
where  it is heated to the r equ i r ed  t e m p e r a t u r e ,  and introduced into the evapora to r  2, made of porous  tung- 
sten.  A liquid alloy consis t ing of 80% K and 20% Na is also supplied to the evapora to r .  The flow r a t e  of 
po ta s s ium is 0.15% of the flow ra te  of the argon.  The heated  argon,  containing po ta s s ium and s o d i u m v a p o r s ,  
was  fed to the operat ing channel 6, made of a luminum oxide. The opera t ing chamber  4, in the f o r m  of a 
v e s s e l  made of a luminum oxide, is p laced inside the channel. The gas which is fed into the channel c i r -  
culates  around the operat ing chamber  f r o m  the outside.  In this  way t he rma l  equi l ibr ium was at ta ined in 
the operat ing chamber  - the wal ls ,  the gas ,  and the operat ing e lec t rode  had the same  t e m p e r a t u r e  towithin  
approx imate ly  50~ For  t he rm a l  insulat ion the channel was placed inside a filling of corundum powder 3. 

The operat ing e lec t rode  5 was made of molybdenum in the f o r m  of a bead 6 m m  in d i ame te r  with a 
cur ren t -conduct ing  support .  The e lec t rode  did not touch the walls  of the channel in the hot region.  To avoid 
condensation of the po t a s s ium on the cold pa r t s  of the support  and on its mounting and a lso  to p revent  a 
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Fig.  1 

discharge occurring in the heated part of the support, a small 
amount of argon not seeded with potassium (0.1-0.5% of the main 
flow) was blown along the support. The second electrode 7, also 
made of molybdenum, was placed at the end of the channel. The 
probe 8, made of I-ram-diameter tungsten wire, was placed 
in the exit tube, without touching the wall. The distance between 
the end of the probe and the electrode surface was approximately 
5 ram. 

The p rocedure  used to make the m e a s u r e m e n t s  is s i m i l a r  
to that  desc r ibed  in [3]. This  enabled us to obtain photographs 
on an osci l loscope of the cu r ren t -vo l t age  c h a r a c t e r i s t i c s  of the 
d ischarge  gap between the e lec t rode  and the probe.  
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#o ~ "cmZ The t e m p e r a t u r e  of the e lec t rode  was  m e a s u r e d  with an optical  py-  
r o m e t e r  through the exit  tube.  

I n t e r p r e t a t i o n  o f  t he  E x p e r i m e n t s  
3 0  

F igure  2a shows a typical  cu r r en t -vo l t age  cha rac t e r i s t i c ,  and Fig. 
2b shows i ts  cen t ra l  port ion on an ampl i f ied  sca le .  The c h a r a c t e r i s t i c  

r 

cons i s t s  of th ree  main  pa r t s  (Fig. 3), each  of which r e p r e s e n t s  the spe -  
z0 ~ cific behavior  of the e lec t rode  drop in potential  over  a given range  of 

cu r r en t  densi t ies .  Along the sect ion AB, which r e f e r s  to the anode branch,  % o 
~ the potential  drop is independent of the cur ren t .  Along the sect ion BC 

I0 oc~ q there  is  a l inear  re la t ion  between j and U, which does not change when 
8 ~ changing f r o m  anode to cathode opera t ion.  Along the section CD the c u r -  

E 
ren t  i n c r e a s e s  l inear ly  with the potential  drop.  The following e m p i r i c a l  

I r,~ re la t ions  can be used  to desc r ibe  the th ree  Par t s  of the cha rac t e r i s t i c :  0 i 
r~Oo [600 IBUO 

F i g ,  4 v = U6 section AB (1) 

j = U i Bo section BC (2) 

] = ]* exp {a K~} (i + ce) section CD (3) 

Here  U is the e lec t rode  drop in potential ,  j is the c u r r e n t  density which flows through the e lec t rode ,  
and Ua, R0, j*, a,  and c a re  p a r a m e t e r s  of the cha r ac t e r i s t i c  which a re  independent of the cu r r en t  and the 
potent ial  drop. 

P r o c e s s i n g  of the expe r imen ta l  data r educes  to se lect ing the va lues  of the p a r a m e t e r s  for  each  in- 
dividual cu r r en t -vo l t age  c h a r a c t e r i s t i c  obtained in the expe r imen t s .  

The graphs  of Figs .  4-7 show the va lues  of the cor responding  p a r a m e t e r s  as a function of the t e m -  
p e r a t u r e .  (The t e m p e r a t u r e  was adjusted during the expe r imen t s  while all  the remain ing  conditions were  
mainta ined constant.)  

The c r o s s e s  denote the va lues  of the p a r a m e t e r s  obtained during p r e l i m i n a r y  exper iments ,  when the 
s y s t e m  for  supplying the po t a s s ium did not enable  the po ta s s ium density in the flow to be calculated.  

D i s c u s s i o n  o f  t h e  R e s u l t s  

The m e a s u r e d  potent ial  d i f ference between the e lec t rode  and the probe  cons is t s  of the potential  drop 
in the s p a c e - c h a r g e  reg ion  close to the e lec t rode ,  the potential  drop in the ambipo la r  diffusion region,  and 
the change in potential  in the unper tu rbed  p l a sma*  outside the diffusion region [2]. 

The length of the s p a c e - c h a r g e  region under these conditions is of the o rde r  of s eve ra l  mean f ree  
paths,  so that  when t rea t ing  the r e su l t s  of the expe r imen t  l a t e r  we will  a s s u m e  that  in this region the p a r -  
t ic les  move without col l is ions .  

*The t e r m  "unper turbed  p l a s m a  ~ r e l a t e s  to the flow reg ion  where  the re  a r e  no cha rged -pa r t i c l e  concen-  
t ra t ion  g rad ien t s .  
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The potential drop in the diffusion region, as in the unperturbed region, depends on the current and 
differs very little for the cathode and anode regions, when there is no difference between the temperature 
of the electrons and the heavy particles [2 ]. In this connection we might expect that under these conditions 
(argon with potassium) for small currents the characteristic should be linear,and its slope should be the 
same for the cathode and anode branches of the characteristic. The experimental curves (see Eq. (2) and 
Fig. 2) confirm this conclusion. 

Note that R 0 in Eq. (2), which represents the total resistance of the diffusion and unperturbed region, 
differs from the resistance of the layer of unperturbed plasma between the electrode and the probe due to 
the large resistance of the diffusion region, resulting from the decrease in the charged-particle density in 
this region [2]. When the current increases,the resistance of the plasma between the probe and the elec- 
trode should fall both due to the increase in the charged particle density in the diffusion region and due to 
the increase in the electrical conductivity, resulting from the increase in the electron temperature in the 
argon-potassium plasma. 

The experimental data on the potential drop in the region of the anode agree qualitatively with this 
conclusion (see Eq. (1) and Fig. 2). On the other hand, the increase in current above the electrode emis- 
sion current is due to the increase in potential in the space-charge layer near the cathode, which leads to 
an increase in the effective resistance of the plasma between the electrode and the probe under cathode op- 
erating conditions. This is reflected in the break in the characteristic at the point C (Fig. 3). The qual- 
itative form of the overall characteristic under cathode operating conditions close to j =Je, which repre- 
sents both of the processes described above, depends on the relation between Je, Ji, and R 0. Under the ex- 
perimental conditions described,the charged particle density outside the diffusion region when there is no 
current flowing ne =ni'~1012 cm-3. Because of the neutralization of the ions on the electrode surface, the 
charged particle density near the electrode surface is approximately two orders less than in the unperturbed 
plasma [2]. Consequently, for small currents the ion current at the electrode ji.-.10 -~ A/cm 2. This value 
is much less than the value corresponding to the point of inflection C on the current-voltage characteristics. 
Hence, we might expect that under these conditions the point of inflection C corresponds to the electron 
emission current. 

The same characteristics were interpreted differently in [4]. The current at the point D, i.e., the 
maximum current level attained in the distributed discharge, is taken as the emission current (a further 
increase in current leads to the appearance of cathode spots and the occurrence of an are discharge). How- 
ever, on this assumption it is difficult to explain the quite large potential drop at the point D (15-20 V ob- 
tained in [4] and 50-100 V in our experiments). 
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Despite  the cons iderab le  difference between the expe r imen ta l  data, we can definitely s ta te  that the 
value of the e m i s s i o n  cu r r en t  f r o m  the e lec t rode  in the flow j e ~ j * ~ j c  under  these conditions was consid-  
e rab ly  higher  than the em i s s i on  cu r r en t  for  molybdenum in a vacuum.  For  compar i son ,  in Fig.  5b, where  
the expe r imen ta l  va lues  of j* a r e  plotted in Richardson coordina tes ,  we show the theoret ica l  s t ra ight  line 
for  the t he rmion ic - emis s ion -cu r r en t  densi ty for  a work  function of 4.3 eV. This  fact  may explain the " ac -  
t ivat ion" of the e lec t rode  su r face  due to chemical  reac t ion  with the gas  flow or  f i lm deposition. The v e r y  
weak t e m p e r a t u r e  dependence of the emis s ion  cu r r en t  (see Fig. 5a) is obviously due to the fact  that the e f -  
fect ive  work  function of the sur face  l aye r  of the e lec t rode  is a function of t e m p e r a t u r e .  This  may be due 
to a change in the composi t ion of the su r face  l aye r  when the t e m p e r a t u r e  changes .  Unfortunately,  the smal l  
t e m p e r a t u r e  range  over  which m e a s u r e m e n t s  we re  made does not enable us to draw any m o r e  definite con- 
c lus ions .  

The main  pa r t  of the cathode b ranch  of the cu r r en t -vo l t age  cha rac t e r i s t i c  is the sect ion CD. I ts  c h a r -  
a c t e r i s t i c  fea ture  is the fac t  that  a cu r r en t  cons iderably  g r e a t e r  than the emis s ion  cu r r en t  is drawn f r o m  
the e lec t rode .  Due to the sma l l  potent ial  drop outside the s p a c e - c h a r g e  l a y e r  for  l a rge  cu r r en t s  (see above) 
this p a r t  of the c h a r a c t e r i s t i c  de sc r ibe s  the change in potential  in the s p a c e - c h a r g e  region c lose  to the ca th-  
ode. 

The physica l  p r o c e s s e s  which give r i s e  to an inc rease  in cu r r en t  above the emiss ion  cu r r en t  can be 
divided into two groups .  The f i r s t  includes the 8chottky effect  ~nd the rmoau toe lec t ron  emiss ion ,  due to 
which the e lec t ron  component  of the cu r r en t  i n c r e a s e s ,  and the second includes impac t  ionization (di rect  
and mul t i s tage) ,  which causes  an i n c r e a s e  in the ionic component .  A detai led considera t ion of the com-  
bined action of these  two fac to r s  when the e l ec t r e~  andion t e m p e r a t u r e s a r e  the s a m e  and when there  a r e  
no col l is ions  in the s p a c e - c h a r g e  l a y e r  has been given in [1, 2]. If  we neglect  the random ion cu r r en t  den- 
s i ty ,  the cor responding  re la t io~ for  calculat ing the potential  drop in the s p a c e - c h a r g e  l aye r  is 

i =1 e exp - -  V~} [~ + C,~(u--v~) + C~(~r-- U~)] (4) 

Here  Uia and Uik a re  the ionization potent ia ls  of a rgon  and po tass ium,  Ca and C k are  quanti t ies which 
depend on the probabi l i ty  of impac t  ionization and the argon and po ta s s ium densi t ies ,  and E is the e lec t r i c  
f ield s t reng th  at the e lec t rode  su r face .  I t  is shown f rom genera l  cons idera t ions in  [1] that E can be r e p r e -  
sented in the f o r m  

U ~eU \a  
E (5) 

where  a, fl a r e  constants  defined by the p r o p e r t i e s  of the e lec t rode  su r face ,  and d is the effect ive th ickness  
of the s p a c e - c h a r g e  l aye r ,  of the s a m e  o r d e r  of magnitude as  the Debye length, ca lcula ted  f r o m  the p a r a m -  
e t e r s  in the reg ion  of the e lec t rode  su r face .  

The dif ference between the t e m p e r a t u r e  of the e lec t ron  gas  and the t e m p e r a t u r e  of the heavy par t i c les  
leads  to an i nc rea se  in the c h a r g e d - p a r t i c l e  density.  The random ion cu r ren t  f r o m  the p l a s m a  will i nc rease  
c o m p a r e d  with the ease  when T e =Tg,  and the effect ive th ickness  of the s p a c e - c h a r g e  l aye r  will dec rea se .  
If we a s s u m e  that the inc rease  in the e lec t ron  component  of the cu r r en t  density occurs  more  rapidly than 
the i nc rea se  in Ji and that  d depends only slightly on the cu r r en t  density,  then using (4) and (5) we can sug- 
ges t  the approx imat ion  equation (3) to desc r ibe  the sect ion CD of the cathode branch  of the cu r ren t -vo l t age  
c h a r a c t e r i s t i c .  Equation (3) is obtained f r o m  (4) and (5) by putting (~=0, fi =1, 4.39/T~fd=a and also s impl i -  
fying the exp re s s ion  taking impac t  ionization into account.  Ins tead  of s epa ra t e ly  taking into account the 
r e s u l t s  of ionization of a rgon  and po t a s s ium in (3), the p a r a m e t e r  c occurs  which r e p r e s e n t s  the total e f -  
fect ive  impac t  ionization of al l  the gas  components .  

The as sumpt ions  made above r equ i r e  a m o r e  thorough exper imen ta l  proof ,  but the fact  that  (3) is a 
good approx imat ion  to the actual  c h a r a c t e r i s t i c  is evidence in favor  of these  a s sumpt ions .  

F igure  6 shows that the quantity a in Eq. (3) is p rac t i ca l ly  h~dependent of the t e m p e r a t u r e .  Hence 
we can conclude that  the thickness of the s p a c e - c h a r g e  l aye r  d depends only slightly on t e m p e r a t u r e  under  
these  condit ions.  The value of d, ca lcula ted  f r o m  a, is of the o rde r  of 10 -4 cm,  which ag ree s  with the a s -  
sumption that  the th ickness  of the s p a c e - c h a r g e  l aye r  is smal l  c o m p a r e d  with the mean  f ree  path. 

In o rde r  to e s t ima te  a poss ib le  value for  the impac t  ionization constant  in Eq. (4), we used  data on 
the ionization probabi l i ty  Pi for  a rgon  and po tass ium.  F r o m  the data given in [5, 6] it is easy  to obtain that  
for  low e lec t ron  energ ies  (U~ 2Ui), when the re la t ion  for  the cur ren t  has the f o r m  (4), 
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p~ ~ 0.02 (y -- u~), p~ ~. 0.01 (v -- u,k) (6) 

At energ ies  U < t5 V only potass ium atoms can be ionized, but the probabili ty of a coll is ion with these 
is smal l  due to the i r  smal l  concentrat ion.  Never the less ,  since e lec t rons  lose a small  port ion of the i r  en-  
e rgy  in e las t ic  col l is ions with argon a toms,  we might  expect  a cer ta in  increase  in the ion cu r ren t  due to 
ionization of the s ca t t e r ed  e l ec t rons .  Obviously in this case  in Eq. (4) Ck~ 0.01. For  potential  drops of 
the o rde r  of 15 ~ U~ 30 V argon is ionized, arid the ionization probabil i ty is calculated f r o m  (6), and con- 
sequently the corresponding value in Eq. (4) is C a ~ 0.02. For  e lec t ron  energies  100 > U > 30 V the ion- 
ization probabil i ty depends only slightly on the energy,  and Pi'~0.3. F o r  large potential  drops (of the o rde r  
of seve ra l  ionization potentials) the e lec t ron  pos se s se s  enough energy to ionize U/U i a toms,  and in view 
of the high ionization probabil i ty all the ionization events  occur  due to a few col l is ions.  If all the ions so 
fo rmed  a r r i ve  at  an e lec t rode ,  the corresponding increase  in the ion cur ren t  will be 

t~=ie WlV~=ieC~V, C.~-0.06 (7) 

This  express ion  has the same fo rm as the corresponding t e r m s  in Eq. (4), though for  this p roces s  
Ca ~ 0.06. The exper imenta l  cur ren t -vo l tage  cha rac t e r i s t i c s  a re  approximated over  the sect ion CD by ex-  
p ress ion  (3) in the region of high e lec t rode  potential  drops.  Hence the value of c in Eq.  (3) mus t  l ie in the 
l imi ts  0.02 ~ c ~ 0 . 0 6 .  The exper imenta l  va lues  obtained (see Fig. 7) a re  in sa t i s fac tory  ag reemen t  with this 
conclusion. 
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