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reesonably complete and accurate synthesis to describe the macroscopic character- 
istics. This approach of course implies that one has a detailed understanding of 
the processes involves and know tile rates and cross sections for the processes. 
While one can use this approach succesfully up to a point, the extreme complexity 
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4 of discharge phenomena forces one also to formulate a macroscopic description 
, and work toward a juncture with the microscopic point of view. 
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Introduction 
_I___ 

The gas discharge as a chemical tool is of interest for the environment 
which it provides, an environment which in many respects is very close to and in 
others very far awa:: from thermal and chemical equilibrium. Since achieving +.his 
situation in tne gas discharge is a result of the ph:rsical processes occurrir,g to 
sustain the electrical characteristics of the discharge it is appropriate to 
consider sone of the 5asic physical aspects of gas discharges before examining 
the chemical consequences. ) i  
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I1 Elec t ron  Motion and Behavior 

Be it supposed t h a t  a g a s  is enc losed  i n  a con ta ine r  and t h a t  a f r e e  e lec t ron  
has been produced--perhaps by a cosmic r a y ,  or by t h e  r a d i a t i o n  f r o 4  t h e  experimenter 's  ' 
watch d i a l ,  o r  from t h a t  l i t t l e  p i ece  of uranium g l a s s  i n  a graded seal, or by I 

c o ld  cathode emission by the  very s t rong  e l e c t r i c  f i e l d s  around a sharp  po in t  on 
an e l e c t r o d e  i n  t h e  d ischarge  tube .  

I 

If a dc e l e c t r i c  f i e l d  i s  imposed, t h e  e l e c t r o n  w i l l  respond according t o  \ 
Newton's law, 

-&€ " =  nf (1) 

and begin t o  a c c e l e r a t e  i n  f r e e  f a l l .  T h i s  a c c e l e r a t i o n  w i l l  cont inue  u n t i l  it 
h a s  a c o l l i s i o n  w i t h  a gas molecule. If t h e  energy of t h e  e l e c t r o n  at t h e  time 
o f  c o l l i s i o n  is  very low, on ly  e l a s t i c  s c a t t e r i n g  w i l l  be admitted.  A t  h igher  
ene rg ie s  l a r g e  amounts of energy can be l o s t  by t h e  e l e c t r o n  i n  e x c i t i n g  t h e  molecule 
t o  high-lying states of i n t e r n a l  energy and a t  h igher  ene rg ie s  y e t ,  i o n i z a t i o n  can 
occur.  The l a t t e r  process  i s ,  o f  course ,  e s s e n t i a l  t o  achieve  t h e  e l e c t r o n  m u l t i -  
p l i c a t i o n  and convert  the g a s  w i t h  a s i n g l e  e l e c t r o n  i n  it i n t o  a gaseous medium 
of  h igh  e l e c t r i c a l  conduc t iv i ty .  

Since each type  of c o l l i s i o n  has  s e p a r a t e  consequences f o r  t h e  d ischarge  ve 
cons ider  them i n  t u r n .  The c o l l i s i o n s  are of  course  s t a t i s t i c a l  and we m u s t  
inco_rporate s t a t i s t i c s  w i t h  p a r t i c l e  mechanics i n  t h e i r  t rea tment .  

A. E l a s t i c  Co l l i s ions :  Transfer of Energy 

I n  e l a s t i c  c o l l i s i o n s  o f  e l e c t r o n s  w i t h  heavy gas molecules,  t w o  e f f e c t s  a re  
of importance. F i r s t  there i s  a r e d i s t r i b u t i o n  of d i r e c t i o n s  o f  t r a v e l  of t h e  
e l e c t r o n s  and second t h e r e  is a very  s l i g h t  loss of  energy (and t h e r e f o r e  speed) 
as a very small moun t  o f  momentum and energy are t r a n s f e r r e d  t o  t h e  molecule by 
t h e  e l ec t ron .  

A t  l o w  ene rg ie s ,  i .e. ,  a f e w  ev  and less, e l e c t r o n  s c a t t e r i n g  tends  t o  be 
i s o t r o p i c  in angle  in t h e  c e n t e r  of  mass coord ina tes .  This  impl ies  t h a t  i f  we 
examine many e l e c t r o n s  immediately a f t e r  they  have had a c o l l i s i o n  t h e  average 
v e c t o r  v e l o c i t y  w i l l  be zero ,  b u t  of course  t h e  average s c a l a r  speed w i l l  not be 
zero.  
( i . e .  t h e  c o l l i s i o n  f requency)  i s  given by 

The p r o b a b i l i t y  p e r  u n i t  t i m e  t h a t  an e l e c t r o n  w i l l  have a c o l l i s i o n  

wtiere n is t h e  number d e n s i t y  of molecules,  c is t h e  e l e c t r o n ' s  speed and Q(c )  
is t h e  t o t a l  c ros s  s e c t i o n  for e l a s t i c  c o l l i s i o n s .  The c r o s s  s e c t i o n  genera l ly  
diminishes wi th  inc reas ing  speed ,  although resonances in s c a t t e r i n g  impart 
cons ide rab le  s t r u c t u r e  i n  t h e  Punct iona l  form of t h e  c r o s s  s e c t i o n  i n  t h e  case 
of most gases .  

We suppose t h a t  an e l e c t r i c  f i e l d ,  E, is imposed in t h e  z d i r e c t i o n ,  and 
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inquire about the component of velocity in the z direction, averaged over all 
electrons, <vz>, which is identical to <?>. 
field in the same way, the average acceleration due to the field isthat of 
each electron separately. 
a collision, the l o s s  of average velocity due to collisions is to good approximation 
just the product of the average collision frequency <Z> and the average velocity. 
Thus we can write that for the average velocity in the z direction 

Since each electron responds to the 

Further, because the average velocity is 'zero following 

When the steady state is achieved the left side vanishes, which implies that the 
pickup of directed velocity from the field is just balanced by the loss of directed 
velocity due to the randomization of direction of motion by the collisions. Under 
steady state collisions , then, 

where p is designated the mobility. 

Equation (4) can be re-written in terms of Eq. ( 2 )  as 

In this expression the second term gives all the information about the interaction 
between the electron and the particular gas molecule and the third term contains 
the parameters available to the experimenter, i.e., the electron field and the 
gas number density. Since the number density is proportional to the gas pressure, 
the experimental quantity of major relevance is the ratio E/p. 

Randomization of directions of velocity says nothing whatever about average 
speeds of the particles. 
of momentum requires that the energy loss from an electron of mass m and kinetic 
energy W in collision with a heavy particle of Mass M is given by 

For this we turn to other considerations. Conservation 
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where 0 i s  the  angle of d e f l e c t i o n  of t h e  e l e c t r o n  i n  t h e  c o l l i s i o n .  If t h e  
s c n t t e r i n g  i s  i s o t r o p i c  (as it close1.v approximates a t  low ene rg ie s )  then t h e  
energy loss i n  a c o l l i s i o n  averaged over angle  i s  , 

where f o r  convenience we le t  2m/M = h. 

We would expect a s t eady  s t a t e  u l t ima te ly  t o  be achieved between t h e  e l ec t ron  
energy picked up from t h e  e l e c t r i c  f i e l d  between c o l l i s i o n s  and t h e  energy t ransmi t ted  
from t h e  e l ec t ron  t c  t h e  heavy p a r t i c l e s  through t h e  c o l l i s i o n s .  
eva lua te  these  sepa ra t e ly .  
i s  independent of speed of t h e  e l ec t rons .  

We proceed t o  
For s i m p l i c i t y  we assume t h a t  t h e  c o l l i s i o n  frequency 

Since  t h e  r ' - - t r i c  f i e l d  a c t s  only i n  t h e  z d i r e c t i o n ,  a l l  the  inc rease  i n  
k i n e t i c  energy of an e l e c t r o n  w i l l  occur through inc reas ing  t h e  z component of i t s  
v e l o c i t y  which i s  given by 

where voz i s  t h e  va lue  of  vz immediately fo l lowing  t h e  c o l l i s i o n  and t i s  t h e  time 
e lapsed  s ince  t h e  last c o l l i s i o n  and a = (q/m)E. The energy picked up w i l l  be 

I 

( 9 )  I , 
1 

I f  w e  now average over a l l  ang le s  of d i r e c t i o n  of motion immediately following t h e  
l as t  c o l l i s i o n ,  ' - 0  so t h a t  

If we now average over  a l l  c o l l i s i o n  t imes ,  Eq. (10) becomes 
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To f i n d  ( t2 )av ,  we assume t h a t  c o l l i s i o n s  a r e  random events and t h e  c o l l i s i o n  
frequency is independent of speed. 
c o l l i s i o n  occurring i n  t h e  i n t e r v a l  t t o  t + d t  following t h e  precdding c o l l i s i o n  i s  

W e  can then  w r i t e  t h a t  t h e  p robab i l i t y  of a 

. .  

f o r  which t h e  average va lue  of t 2  is 2@ where< = 112 is  t h e  mean c o l l i s i o n  time. 
Eq. (11) then becomes 

t 2 .  a&# = ma-t (13) 

I f  w e  a l s o  average over a l l  speeds of e l ec t rons  and neglec t  some of t h e  f i n e r  p o h t s  
of s t a t i s t i c s ,  Eq. (13)  becomes 

where A i s  t h e  mean f r e e  pa th  and c is  t h e  mean speed of t h e  e l e c t r o n s .  

This quan t i ty ,  i n  t h e  s teady  s t a t e ,  w i l l  equa l  t h e  r i g h t  hand s i d e  of Eq. ( 7 )  
averaged over a l l  e l ec t rons .  I f  we l e t  d.ls 1 -2 c 

2 

Thus we would expect t h a t  t h e  mean speed would be given by 

and t h e  mean energy of t h e  e l ec t rons  i n  the  s teady  s t a t e  by - 
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The remarkable aspec t  of  t h i s  resul t  comes on t h e  i n s e r t i o n  of numbers i n  
Eq. (17). If f o r  example, one has e l e c t r o n s  moving through a gas wi th  M 30 AMU, 
a t  p res su res  g iv ing  X ?r Imm ( i . e .  p 6 1 t o r r )  then t h e  mean energy i n  ev i s  around 
25 t imes t h e  f i e l d  s t r e n g t h  i n  volts/cm. With as l i t t l e  as a few t e n t h s  of  v/cm 
f i e l d s ,  mean e l ec t ron  ene rg ie s  are seve ra l  ev.  We can t h u s  unde r s tmd  t h e  appearance 
of  high e l e c t r o n  "tempreatures" i n  gas d ischarges .  

< 

It  is beyond t h e  scope of t h i s  review t o  go f u r t h e r  and ques t ion  t h e  d i s t r i b u t i o n  , 
of e l e c t r c n  energ ies .  It i s  s u f f i c i e n t  t o  i n d i c a t e  t h a t  i f  one t akes  assumptions 
similar t o  those  nade i n  t h i s  s i m p l i f i e d  argument and u t i l i z e s  them i n  t h e  Boltzmann 
ea-uation, one can ob ta in  an approximate s o l u t i o n  f o r  t h e  d i s t r i b u t i o n  of speeds. The t 

r e s u l t  i s  not  t h e  I.laxwell-Boltzmann d i s t r i b u t i o n ,  but ra ther  t h a t  known as t h e  
Druyvesteyn d i s t r i b u t i o n  whose dependence on speed i s  given by 

This d i s t r i b u t i o n  func t ion  i s  similar i n  shape t o  t h e  hxwell-Boltzmann d i s t r i b u t i o n  
f o r  a given mean speed, except  t h a t  t h e  most prob2ble speed is s l i g h t l y  h igher  and t h e  
high energy t a i l  i s  diminished i n  t h e  Druyvesteyn d i s t r i b u t i o n .  
d i s t r i b u t i o n s  a r e  s u f f i c i e n t l y  similar t h a t  one can, t o  good approximation, t h ink  of 
t h e  e l e c t r o n s  as having a tempera ture  i n  t h e  Maxwellian sense which i s  much higher than  
t h e  n e u t r a l  gas temperature;  i . e .  t y p i c a l l y  30,000'K v s  300'K. It i s  t h i s  dichotomy of 
temperatures which is perhaps t h e  most s t r i k i n g  of  t h e  non-equilibrium aspec t s  of a gas 
d ischarge .  

Nonetheless,  t he  

This gene ra l  e f f e c t  o f  c o l l i s i o n s  randomizing t h e  d i r e c t i o n  of  motion of  e lec t rons  
which have picked up energy from t h e  f i e l d  between c o l l i s i o n s  has another  important 
mani fes ta t ion .  It  is re spons ib l e  f o r  t h e  ope ra t ion  of  microwave e l ec t rode le s s  
d ischarges .  
E ( t )  = Eo cos u t ,  then  Newton's l a w  f o r  t h e  e l e c t r o n  becomes, i n  t h e  absence of 
c o l l i s i o n s ,  

I f  we cons ider  an  e l e c t r o n  moving i n  an a c  f i e l d  which is o f  t h e  form 

which so lves  t o  g ive  

4 The rate of energy pickup from t h e  f i e l d  i . e .  t h e  power, P i s  given by 

tEv 
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I fiz -<a> (24 )  p = -  

vnich ,  it i s  noted can be negat ive as w e l l  as p o s i t i v e .  I f  we cons ider  t h e  t o t a l  
power pickup over  a comFlete c y c l e ,  t h e  s ine-cosine product i n t e g r a t e s  t o  zero ,  
ind ica t inf i  t h a t  t h e r e  i s  no n e t  t r a n s f e r r a l  of energy from t h e  e l e c t r i c  f i e l d  t o  
t h e  e l e c t r o n .  This i s  of course a r e s u l t  o f  t h e  f a c t  t h a t  t h e  a p p l i e d  f i e l d  and 
t h e  e l e c t r o n  v e l o c i t y  are 90O out  of pnase. 

Furthermore, w e  can note  from ( 2 0 )  t h a t  t h e  maximum e l e c t r o n  v e l o c i t y  w i l l  be 
a_Cg/nu and t h e  maximum k i n e t i c  energy w i l l  ue 

It  i s  noted t h a t  i f  one has a f i e l d  o s c i l l a t i n g  a t  say 109 cps and a maximum f i e l d  
s t r e n g t h  of say 300 volts/cm, equat ion ( 2 2 )  i n d i c a t e s  t h a t  t h e  maximum k i n e t i c  energy 
of t h e  f r e e l y  o s c i l l a t i n g  e l e c t r o n  w i l l  be only about 2 ev .  "his i s  i n s u f f i c i e n t  
e n e r a  t o  ion ize  gases ,  and y e t  breakdown w i l l  occur f o r  t h i s  t y p e  of  f i e l d .  

It  i s  c o l l i s i o n s  of t h e  type which l e a d  t o  t h e  Druyvestryn d i s t r i b u t i o n  which 
a r e  respons ib le  f o r  i o n i z a t i o n .  An e l e c t r o n  w i l l  be a c c e l e r a t e d  by t h e  f i e l d  during 
a p o r t i o n  of i t s  cycle  and then be def lec ted  i n  a c o l l i s i o n .  
t o  t h e  e l e c t r i c  f i e l d  i s  thus  converted t o  energy perpendicular  t o  t h e  f i e l d .  

The f i e l d  then  proceeds 
t o  g ive  t h e  e l e c t r o n  a d d i t i o n a l  energy i n  t h e  d i r e c t i o n  of  t h e  f i e l d .  
pumped from k i n e t i c  energy of  motion paral le l  t o  t h e  f i e l d  t o  k i n e t i c  energy i n  all 
d i r e c t i o n s .  

The energy p a r a l l e l  

Energy i s  

If w e  w r i t e  Newton's l a w  f o r  an e l e c t r o n ,  adding a c o l l i s i o n  t e r m ,  we are l e f t  
with Eq. ( 3 ) ,  except now, E i s  time-dependent. Wri t ing E = Eo cos u t  
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Again i f  t h i s  power g a i n  i s  equated t o  t h e  loss of energy of e l e c t r o n s  i n  
e l a s t i c  c o l l i s i o n s  with t h e  gas  molecules,  as would occur i n  t h e  s teady s t a t e ,  then 

E 

I 
( 2 5 )  

qEo where a f -. m 
From (26) one would expect  t h e  e l e c t r o n  "temDerature" f o r  f i x e d  Eo t o  diminish 

w i t h  increas ing  frequency, bu t  f o r  pressures  of  t h e  order  of one t o r r  and gas masses 
of around 30 AMU t h e  e l e c t r o n  temperature  w i l l  remain near  t h e  dc va lue  f o r  f requencies  
u s u a l l y  employed f o r  gas  d ischarge  work. 

B. E l a s t i c  C o l l i s i o n s ,  and Diffusion 
- 

Since i n  e i t h e r  dc o r  ac  d ischarges ,  t h e  e l e c t r o n s  w i l l  have high temperatures,  
one can expect t h a t  a l l  t h e  mani fes ta t ions  of a k i n e t i c  temperature w i l l  be present .  
P a r t i c u l a r l y  important among t h e s e  i s  d i f f u s i o n  through e l a s t i c  c o l l i s i o n s .  If only 
e l e c t r o n s  a re  present  i n  a n e u t r a l  gas they w i l l  t end  t o  d i f f u s e  as  would any other  
gaseous component with a c u r r e n t  d e n s i t y  

where ne i s  the  number d e n s i t y  of t h e  e l e c t r o n s  and De is t h e  d i f f u s i o n  c o e f f i c i e n t  of 
t h e  e l e c t r o n s  through t h e  gas. 
w i l l  conta in  a mob i l i t y  t e rm as w e l l  so t h a t  

I f  a f i e l d  is a lso  superposed, t h e  c u r r e n t  densi ty  \ 

, 

where t h e  minus s i g n  i n  t h e  second term i n d i c a t e s  t h a t  because of t h e  negat ive charge 4 
on t h e  e l e c t r o n s ,  t h e i r  motion w i l l  t r y  t o  be i n  t h e  d i r e c t i o n  oppos i te  t o  t h a t  Of 
t h e  a p p l i e d  f i e l d .  Whether t h e  e lec t ron  motion 
is diffusion-dominated o r  f i e l d  dominated depends on whether t h e  f i r s t  term is l a r g e r  

'1 pe i s  t a k e n  t o  be a p o s i t i v e  number. 

l 



I 

7 

9 

than o r  smaller  than  t h e  second. 

In  a gas d ischarge ,  t h e  e l e c t r o n s  w i l l  have produced ions  and : these a l s o  w i l l  
t e n d  t o  d i f f u s e  through t h e  n e u t r a l  gas as w e l l  as respond t o  any e l e c t r i c  f i e l d s .  
The c u r r e n t  dens i ty  of  ions  w i l l  be given t h e r e f o r e  by a similar equat ion 

( 2 9 )  

--3 s, = -9+ On, 4 “+F+ 
From Eq. ( 4 )  t h e  mobi l i ty  of  e i t h e r  t y p e  of p a r t i c l e  i s  & Ifl[m(z>) 

and from k i n e t i c  theory ,  t h e  d i f f u s i o n  c o e f f i c i e n t  i s  given by D e. KT/t-m<a>). 
Since both these  parameters have t h e  mass appearing i n  t h e  denominator t h e  e l e c t r o n  
w i l l  d i f f u s e  and respond t o  an e l e c t r i c  f i e l d  much more r a p i d l y  than w i l l  t h e  heavy ions.  

The case of  major i n t e r e s t  f o r  d i scharge  physics  is  t h a t  where t h e  number densi ty  
of ions  i s  very near ly  equal  t o  t h a t  of t h e  e l e c t r o n s .  Clear ly  because t h e  e l e c t r o n  
mass i s  very l i g h t  t h e s e  w i l l  try t o  d i f f u s e  awa:y from t h e  ions .  
they do t h i s ,  an e l e c t r i c  f i e l d  i s  s e t  up between t h e  e l e c t r o n s  and i o n s  so  t h a t  t h e  
e l e c t r o n s  are held back by t h e  ions and t h e  ions  a r e  dragged along by t h e  e l e c t r o n s .  
We would t h u s  expect t h a t  t h e  c u r r e n t  fluxes Se and S+ would be equal .  

However, as soon as 

I f  w e  set Se = S, 5 S ,  and ne = n+ t n ,  t o  i n d i c a t e  an e l e c t r i c a l l y  n e u t r a l  
plasma, Eqs. ( 2 8 )  and ( 2 9 )  can be combined t o  e l imina te  t h e  e l e c t r i c  f i e l d  with t h e  
r e s u l t  that  

where 

Since 

and 

or  

and b z &  re ,gel 

we can w r i t e  
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If t h e  e l e c t r o n  tempera ture  is  equal  t o  t h e  i o n  temperature,  as in t h e  case  of 

In t h e  a c t i v e  d i scha rge ,  however, as we have seen Te w i l l  b e  l a r g e ,  perhaps 
l a t e  i n  an af te rg low,  t h e  ambipolar d i f f u s i o n  c o e f f i c i e n t  i s  j u s t  twice  t h e  value 
of D+. 
of t h e  o r d e r  of 30,000°K. 
from t h e  n e u t r a l  gas  tempera ture .  The reason is  t h a t  t h e  ion  mass i d  compwable 
t o  t h e  mass of t h e  n e u t r a l  molecules;  thus  by arguments similar t o  those  l ead ing  
t o  Eq. ( 7 )  t h e  ion  w i l l  i n  a s i n g l e  c o l l i s i o n  be a b l e  very e f f e c t i v e l y  t o  g ive  t o  
t h e  n e u t r a l  gas t h e  energy it p i c k s  up from t h e  f i e l d  between c o l l i s i o n s .  
t empera ture  o f  t h e  ions  w i l l  t h e r e f o r e  remain very c l o s e  t o  t h e  n e u t r a l  gas  tempera- 
ture. The r a t i o  Te/T+ w i l l  be  of t h e  order o f  100 t y p i c a l l y  in an a c t i v e  discharge 
and r a p i d  d i f f u s i o n  of t h e  plasma through t h e  neu t r a1 ,gas  and t o  t h e  w a l l s  of t h e  
con ta ine r  w i l l  result. 

On t h e  o t h e r  hand t h e  i o n  temperature w i l l  dev ia t e  l i t t l e  

The 

Summary of the  Remainder of the Paper 

C .  Electron product ion and l o s s  mechanisms a r e  discussed and t h e  plasma 
balance equat ion is formulated.  

D. E x c i t a t i o n  t o  r a d i a t i n g  and metaetable  states is eumaarized and some of 
t h e i r  consequences for  the o p e r a t i o n  of a d ischarge  are presented.  

E. Wall phenomena. 

111. Macroscopic phenomena. 

A. 

-B. 

Plasma p o l a r i z a t i o n  and the  Debye length  a r e  discussed.  

C h a r a c t e r i s t i c s  of c e r t a i n  types of discharges a r e  reviewed; G l o w  Discharges, 
A r c  Discharges and rf d ischarges .  

IV. Afterglows. 
b r i e f l y  reviewed. 

The e f f e c t 8  of suddenly reducing the  e l e c t r o n  temperature a r e  


