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S T R U C T U R E  O F  T H E  P O T E N T I A L  B A R R I E R  

A T  A M E T A L  B O U N D A R Y  

A. A.  P o r o t n i k o v  a n d  B.  B.  P o d n e v i c h  UDC 537.581 

In [1] the pecul iar i t ies  of autoelect ronic  emiss ion in an arc  discharge plasma ( F - P  emission) 
connected with nonl inear i ty  in the potential change in the preeathode region were  considered;  it 
was shown that in the case  where  the negative e lect ron charge density in the preeathode layer  
can be neglected,  the cu r r en t  density of F - P  emiss ion can differ by m o re  than an o rde r  of mag-  
nitude f r om autoe lec t ronic  emiss ion cu r r en t  density in a vacuum, as obtained with the Nord- 
h e l m - F o w l e r  express ion.  For the case  where the precathode potential drop V e is equal to the 
cathode work function ~p, the modulus of the logar i thm of the potential b a r r i e r  t r anspa rency  in- 
c r e a se s  by 20% and the emiss ion  cu r ren t  density can d ec r ea se  by a significant amount. An 
analogous change in cu r r en t  density can occur  with other  ra t ios  between the quantities V c and 
~p. In the presen t  s tudy we will consider  these questions in g rea te r  detail  for  cases  in which 
the negative space  charge density cannot be neglected. 

The potential  distr ibution in the precathode region of an a rc  discharge can be obtained f rom the solution 
of the Poisson equation with the Langmui r -Maeo w an  assumptions 

+ ,]}, (1) 

where M is the atomic weight of the ion, e is the charge of the e lec t ron,  Ji is the ion cur ren t  densi ty at the 
cathode, Je is the e lec t ron  cu r r en t  density at the cathode, q=(]e/]i) ~ m / M .  

Following [1] we will consider  two cases .  

1. For  V c___~p the express ion  for potential  b a r r i e r  t r anspa rency  Q is wri t ten in the fo rm 
X2 

Q F - ,  = !" |~' of' - -  e / 4 x - - V  (x)dx, (2) 
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where x 1 and x 2 a re  roo t s  of the equation 

- -  e / 4 x  - -  V ( x )  = 0; (3) 

and V(x) is the solution of Eq. (1). 

The e lectron emiss ion  cu r ren t  density pass ing through such a b a r r i e r  can be written in the form 

J F - P  = JF  exp [QF --"QF-p ], 

while for the F -emis s ion  cu r r en t  density at the same value of e lec t r ic  field intensity F 0 

V ( Mv~/~ i (4} 
F o = i6.~ L \ ~ / [ I  --  q] 

we calculated f rom Eq. (2) 

i F ' - -  t'55"10--~F2 exp[ 6"85"i07q)3/2 (}(F)] 
F ' 

where 0 (F) is the Nordheim function. 

The dependence of iF_ P on F for var ious  values of q is shown in Fig. l a  (1} q=0,  2} q=0.2 ,  3) q=0.4,  4} 
F emission).  

2. For V c <r the express ion for potential b a r r i e r  t ransparency  has the fo rm of Eq. (2), where x 1 is the 
f i r s t  posit ive (beginning with zero) root  of Eq. (3), and x 2 is the value of  x at V =V c. 

Curves of iF_ P vs F for var ious  q values are  shown in Fig. lb. 

We note that for V c_>~p the F :  P -emiss ion  cur ren t  density is less  than the F-emiss ion  cur ren t  density 
and that the F -  P -emiss ion  cu r ren t  density tends to the F -emiss ion  cur ren t  density as an upper l imit with in- 
c r ea se  in q. For V c < (p the F -  P emiss ion  can be either greater  or less  than the F-emiss ion  cur ren t  density. 

Nonlineari ty in the potential change in the precathode zone of an arc  d ischarge  is important  for proper 
considerat ion of the so-ca l led  "cathode surface roughness  (inhomogeneity) effect." The essence  of this effect 
is that the e lec t r ic  field intensity at the cathode sur face  obtained f rom the Langmui r -Macowan  equation (4) and 
substituted in the express ions  for emiss ion cur ren t  density. However, in deriving Eq. (4) it was assumed that 
the cathode sur face  was planar,  without roughness .  In fact, as the experiments  of [3] show, microinhomoge-  
neit ies exist on the cathode surface ,  on which the e lec t r ic  field increases  by a factor  of severa l  t imes.  The 
field intensification coefficient m, presented in [3, 4], has the fo rm 

2~, (5) 
/7~----- 

(t--n ~) l n ~ - - 2 n  

where n is the eccent r ic i ty  of the ellipsoid that cha rac te r i zes  the mieroinhomogenei ty  (roughness), 

n = t i t  - -  ( b / a )  ~, 

where a is the major  axis and b the minor axis of the ellipsoid. 

Analysis  of  Eq. (5) shows that m can r each  a value of ,--(103.103), i.e., the e lectr ic  field at the cathode 
F c = (10 s -  103) F 0. This value of Fc is substituted in the R i c h a r d s o n -  Schottky or  N o r d h e i m - F o w l e r  equations 
to determine the densi ty  of e lect ron emission cur ren t  f rom the cathode. 

However,  the potential distribution near  the mieroinhomogenei ty  in this case  is sever ly  nonlinear [4] 

1~ ~ - ~ T ~ (6) 
U ( x ) = ~ , a ( 1 + x )  t -  - 7 - ~ T ~ ' ~ -  " 

In t - - n - - a n  

The s t ruc ture  of the potential b a r r i e r  now changes sharply,  and to calculate the electron emission cur ren t  
density we must  substitute in the express ion for potential b a r r i e r  t r ansparency  the quantity U(x), and not F c = 
m F  0. 

We will consider  the consequences to which such a change in b a r r i e r  s t ruc ture  may lead. 

Accord ing  to [21, the express ion  for cur ren t  density of autoelectronic  emiss ion has the fo rm 

JR = A F 2  exp [-2Q0], 
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where  
$C t 

00 = ,!" V - e / 4 x  - r . x  
Xl 

To de te rmine  the cu r r en t  densi ty  ~ o m  a "rough" cathode, the value of Q mus t  be  calcula ted with the 
fo rmula  

Xt 

QI = .f V'(p - e/4x - U (x) dx, 
Xl 

where  U(x) is taken in tl~e f o r m  of  Eq. (6) and not f r o m  the fo rmula  

(7) 

Xs 

Q~ = J" V'(P - e l @ -  mFox  dx. 
Xl 

The potential  b a r r i e r  s t r u c t u r e  Is shown in Fig. 2a, where  

{ r 1 = (p - -  e/4x - -  Fox, 
~ 2  r - -  e /4x - -  mFox,  

cb. ~ - -  e /4x - -  U (z). 

(8) 

! -. "Figure 2b shows the potential barrlers~i, @: And ~ with the term e/4x omitted, in order to show 
clearly the effect of nonlinearity in the ~otenti-al clmnge in the precathode layer 

[ ~'l  = r  Fox, 

{q)~ = q) - -  U (z). 

(9) 

The t r a n s p a r e n c y  of b a r r i e r  ~ depends on the d imens ion less  p a r a m e t e r  M 

M = ep/Foa. 

(Below, in o rde r  to m o r e  c l e a r l y  s t r e s s  the d i f ference  between b a r r i e r s  with l inear  and nonl inear  potential  
changes ,  we will cons ider  the b a r r i e r s  of  Eq. (9), not those of Eq. (8). All conclusions  concern ing  the r e l a t i on -  
ships between t r a n s p a r e n c i e s  of  these  b a r r i e r s  will be valid to a high degree  of a ccu racy  for  the b a r r i e r s  @1, 

~2, and 4~3). 

Depending on the value of M, the quantity Q�94 m a y  be c lose  to Q0 or  Q2. Curves  of  the function F(M) = 
Q1/Q0 for  va r ious  values  of field intensif icat ion coeff icient  m a re  p resen ted  in Fig. 3. It is evident that  if M> 5, 
then the value of Q1 is c lose  to Q0, despi te  the fact  that the e lec t r i c  field in tensi ty  on the cathode su r face  F c = 
m F  0. For  M < 0.2 the value of  Ql is c lose  to Q~. 

For  M = I  (potential change at a d is tance  equal to the c h a r a c t e r i s t i c  d imension of the inhomogenel ty equal 
to the cathode work function) Q1 c o r r e s p o n d s  app rox ima te ly  to the potential  b a r r i e r  t r a n s p a r e n c y  at an effect ive 
f ield in tensi ty  value at the cathode of Feff  = mC'm~0. 

For  n =0 (spher ica l  lnhomogenel ty  on cathode sur face)  the field intensif icat ion coeff icient  m =3; the ex-  
p re s s ion  for potent ial  change takes  on the f o r m  

[ ' ]  U ( x ) = F o a ( t + x )  I (t-t-x) s ' 

and the expression for barrier transparency Q1 can be written as 

:'" "" t .] dx.  Q x = J ' I / /  q - - e / 4 a x - - F o a ( t + x ) [  l ( l . x ) .  
Xl 

In the ca se s  of p rac t i ca l  in te res t ,  the following s i tuat ions can be r ea l i zed :  

1. Low Voltage Arc .  In this  ca se  the preca thode  vol tage drop V c ~ r the preca thode  voltage drop l ayer  
th ickness  d ~ 4 V c / 3 F  0, and s ince the c h a r a c t e r i s t i c  d imension  of roughness  a <<d, then M = r  >>1. Despi te  
the fact  that the e l ec t r i c  field intensi ty  at the cathode su r f ace  F c = (10 2-10  3) F 0, the au toe lec t ronic  cu r r en t  
dens i ty  will c o r r e s p o n d  to the b a r r i e r  t r a n s p a r e n c y  at Fc = F 0 and the " roughness"  effect  will lead to no not ice-  
able inc rease  in emi s s ion  c u r r e n t  densi ty.  
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2. 
c m ,  the field in tensi ty  at  the emi t t e r  su r f ace  F 0 ? ' 2 .104  V/cm, M< 0.5, and the Q1 b a r r i e r  t r a n s p a r e n c y  is 

c lose  to Q2. 

In in te rmedia te  ea se s  the t r a n s p a r e n c y  value should be calcula ted f r o m  Eq. (7), while F c = m F  0 should 
not be subst i tu ted in the f o r m u l a  for  calculat ion of au toe lee t ronic  emiss ion  cu r r en t  density.  

We will  now de te rmine  how the e lec t ron  emiss ion  c u r r e n t  densi ty  v a r i e s  a f te r  pa s sage  over  the "non- 

Autoemiss ion  inn vacuum .  In this case  the c h a r a c t e r i s t i c  d imension of an inhomogeneity a ~  5 . 1 0  -4 

l+n+x 2n ] 
t §  

l n t _ n - - 2 n  

l i nea r "  potential  b a r r i e r  ( the rmoelec t ron ic  emiss ion) .  

The  equation for  the b a r r i e r  m a y  be wr i t ten  in the f o r m  

] n - -  
L ( x ) = ~ - - e / 4 a x - - F o a ( t  + x) 1 - -  

(10) 

The  point of  the  b a r r i e r  m a x i m u m  is de te rmined  f r o m  the equation 

e/4~z ~ -  Foa [t - fi (z)] + Foa (~ + z) p' (z) = O, (11) 
where  

l~n-+-x 2n 
l n - -  

fl(x)= 1 - ~ + ~ .  t + x ,  
t -~n  

In i - - n  --2n 

and the m a x i m u m  height of the ~nonlinear" potential  b a r r i e r  is equal to (Pn =9 0 - A ~ n ,  while for  l inear  potential  
change the b a r r i e r  height equals (Peff = r  ~ -  The effect ive potential  b a r r i e r  height (Pn depends on the 
d imens ion less  p a r a m e t e r  

, V 7 
R - -  rs " 2 F  ==~o 

a 

F o r  R<<I the ra t io  Aq~n/Ago s =4"--mm, while  fo r  R>>I the rat io  A ~ o / A ~ I ,  despi te  the fact  that  the e~ectric 
:field in tens i ty  at  the cathode su r f ace  Feff  = m F  o (we a s s u m e  that A ~ s  =~ eF0). F o r  R = I ,  A~0n/Aq~s ~ m 1/4. 

Curves  of  the function H(R) =~q~n/A(g s for var ious  m values  a r e  p resen ted  in Fig. 4. 

In conclusion,  we note that at the p resen t  t ime  the value of a is cont ro l led  down to 10 -8 cm.  Then for  
f ie lds  F0< 104 V/cm no local  i nc r ea s e  in f ield intensi ty  on the cathode su r f ace  can lead to an inc rease  in the 
,emission cu r r en t  dens i ty  of e lec t rons  which have passed  above the potential  b a r r i e r .  

For  f ields F0> 104 V/cm the b a r r i e r  height should be  de te rmined  f r o m  Eqs. (10), (11) and one should not 
se t  tk0eff = ~-m--e-F0- 

1. 

2. 
3. 

L I T E R A T U R E  C I T E D  

A . A . P o r o t n i k o v  and B. B. Rodnevich,  "Autoemiss ion  of e lec t rons  into a p lasma ,"  Zh. Prikl .  Mekh. Tekh. 
Fiz . ,  No. 6 (1976). 
M. I .El inson and G. F. Vas i l ' ev ,  Autoelec t ronic  Emiss ion  [in Russian] ,  F izmatg iz ,  Moscow (1958). 
V. I. Rakhovski i ,  Phys ica l  P r inc ip les  of E lec t r i ca l  Current  Commutat ion in a Vacuum [in Russian] ,  Nauka, 
Moscow (1970). 
V. V. Batygin and I. P. Toptygin,  Collected P rob l ems  in E lec t rodynamics  [in Russ ian] ,  F izmatg iz ,  Mos-  
cow (1962). 

643 


