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It is well known that the current carriers in a thermally ionized gas 
vary in composition, but that electrons [1] make the fundamental 
contribution to the conductivity of the gas, since their mobility is 
incomparably larger than that of other current-carrying particles. We 
shall thus be concerned only with electron conductivity. If the gas 
is under a high pressure in a weak electric field, then in estimating 
its electrical conductivity by classical means the same concepts are 
usually employed as those which Drude applied in the theory of metal- 
lic conduction. The Dmde-Lorentz formula for electrical conductivity 
was subsequently perfected by Cowling and Chapman who introduced a 
coefficient to take into account the rate at which the particle inter- 
action forces decrease with distance [2]. For electron Coulomb inter- 
action this coefficient takes the value 0.532 instead of 0.500 as com- 
pared with the Drude-Lorentz formula. 

For high pressures and low electric field strengths the electron drift 
velocity in the field is vanishingly small compared with the mean 
velocity of random motion, and so it is logical to suppose that the 

electron free time is independent of the drift velocity, and this sup- 
position leads in the end to the conclusion that Ohm's law is appli- 

cable to gases at high press/re in very weak fields. 

However, we must not overlook the fact that even under the conditions 

mentioned the conclusion concerning the validity of Ohm's law is only 

an approximation which becomes less accurate, the lower the gas 
pressure and the greater the field strength. 

In what follows the conductivity of the gas is also determined by 
Drude's method, but with the refinement that in determining the elec- 
tron free time the drift velocity of these particles in the field is 
considered. 

Le t  the concen t r a t i on  of f r e e  e l e c t r o n s  be known, 
aIso t h e i r  m e a n  e f fec t ive  co l l i s ion  c r o s s  sec t ion ,  and 
consequent ly  the m e a n  f r e e  path. Let  the d i s t r ibu t ion  
of quant i t ies  in the gas be spa t ia l ly  i so t rop ic  and in-  

dependent  of t ime .  Assuming  a lso  that  the m a c r o -  
scopic  p a r a m e t e r s  of the s ta te  of the gas a r e  g iven  
we wil l  find the conduct iv i ty  ~ in a cco rdance  with the 

def ini t ion 

We su r round  some  p a r t i c l e  of the gas  (figure) with 
a sphe re  of rad ius  k. C l e a r l y ,  ins ide  this  s p h e r e  
t h e r e  a r e  N = 4~ X 3 he/3 f r e e  e l ec t rons .  Dri f t ing under  
the inf luence of the f ie ld  (in Fig.  1 it is p a r a l l e l  to 
the x axis) ,  the e l e c t r o n s  wi l l  be s c a t t e r e d  on the 
p a r t i c l e .  Af te r  s ca t t e r i ng ,  in gene ra l  the e l ec t rons  
wi l l  move  in the f ie ld  along cu rved  t r a j e c t o r i e s .  We 
m u s t  not lose  sight  of the fact  that  the fundamenta ls  

modes  of co l l i s ion  a r e  e l e c t r o n - i o n  and e l e c t r o n -  
m o l e c u l e  in te rac t ions .  Molecu les  and ions have l a rge  
m a s s  and so t h e i r  mobi l i ty  in f ie lds  which a r e  not 
v e r y  s t rong  does  not depend on the f ie ld  s t rength .  In 
v iew of th is  we may  a s s u m e  that  the f r ee  mot ion  of 
e l e c t r o n s ,  with the s t ipula t ion that  the gas  is  i s o t r op i c ,  
wil l  be bounded by the su r face  of a sphe r i ca l  ce l l  with 

a radius  of exac t ly  k. If we confine o u r s e l v e s  to f ie lds  
which a r e  not s t rong ,  we may  a s s u m e  that  the inten-  
si ty of e l e c t r o n  s ca t t e r i ng  is v i r t ua l l y  un i fo rm in al l  

d i r ec t ions .  

We wil l  cons ide r  the mot ion  of e l e c t r o n s  in an 
e l emen t  of a s p h e r i c a l  s e c t o r  with a p e r t u r e  angle a .  

Since the vo lume of the e l em en t  is equal  to 27rX3/3 • 
x sin ~ dc~, and under  our  condit ions the s ca t t e r i ng  
in tens i ty  is independent  of angle ,  dNa = n o 2vk3/3 • 
• s in  a da  e l e c t r o n s  m o v e  in the e lement .  The act ion 
of the f ie ld  on these  e l e c t r o n s  is  man i fe s t ed  k inema-  
t i ca l ly  in the fact  that  dur ing the t i m e  taken to t r a -  
v e r s e  an in t e rva l  X of f r ee  path,  a dr i f t  ve loc i ty  v a  
is  added to the component  of m e a n  random motion 

p a r a l l e l  to the f ie ld  v x. G e o m e t r i c a l l y ,  the effect  of 
th is  act ion r educes  to ro ta t ing  the mean  ve loc i ty  V 
through some  angle (figure) about the s ca t t e r i ng  cen te r .  

We shal l  find the dr i f t  ve loc i ty  v s .  To do this  we 

wr i t e  

= e n e v / E .  (i) 

H e r e  e is the e l e c t r o n i c  c h a r g e ,  ne is the f r e e  

e l e c t r o n  concen t ra t ion ,  v is the m e a n  dr i f t  ve loc i ty  
dur ing the f r e e  t i m e  on an i n t e rva l  X. 

Since a l l  quant i t i es  on the r igh t  s ide of (1), with 
the except ion  of v,  a r e  a s s u m e d  to be g iven,  i t  fol lows 

that  the s e a r c h  fo r  the e x p r e s s i o n  G r educes  to a de -  
t e r m i n a t i o n  of the m e a n  dr i f t  ve loc i ty  of the e l ec t rons .  
This  p r o b l e m  may  be so lved  exac t ly  if  the d i s t r ibu t ion  

function of e l e c t r o n  v e l o c i t i e s  in a gas  s i tuated in an 
ex te rna l  f ie ld  is known. This  function has ,  however ,  
been  found only in the f i r s t  app rox ima t ion  [1], which 
is su i tab le  fo r  weak f ie lds  only; i t  wi l l  be shown below 
that  in o r d e r  to d e t e r m i n e  cr it is not n e c e s s a r y  to 
know the d i s t r ibu t ion  funct ion,  but that  i t  suf f ices  to 

use  k inemat ic  r e l a t i onsh ips  only. 

~, sin (a  - -  ~) = V s i n  ct'v~ 

cos (a - -  ~) = (V cos a + r/~v:)~. 

Here  X sin (~ - ~) is the component  of the f r e e  path 

of the e l e c t r o n s  ins ide  the e l e m e n t  under  c o n s i d e r -  
at ion,  n o r m a l  to the f ie ld ,  X cos (~ - ~) is the c o m -  
ponent of the path p a r a l l e l  to the f ie ld ,  ~-~ is the f r ee  
t i m e  of the e l e c t r o n s ,  e x p r e s s e d  in t e r m s  of the dr i f t  

ve loc i ty  and the a c c e l e r a t i o n  which they expe r i ence  

in the field.  
Equat ions  (2) may  be s impl i f ied .  This  is due to the 

fact  that  in weak f ie lds  in the absence  of vacuum 
phenomena  the dr i f t  ve loc i ty  is s e v e r a l  o r d e r s  s m a l l e r  
than the average thermal velocity. Of course, the 

expression ~ may be used to estimate the drift 

velocity. If k is set equal to 10 -5 cm in this expres- 

sion, which corresponds to a pressure of p = 1 mm 
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(in ac tua l  condi t ions  p is usua l ly  h igher ) ,  then vc~ wi l l  
be of the o r d e r  of 10 a c m / s e c ,  and the m e a n  ve loc i t y  
of  r andom mot ion  of the e l e c t r o n s  in these  condi t ions  
is roughly 10 ~ c m / s e c ,  i . e . ,  two o r  t h r e e  o r d e r s  
h ighe r  than the d r i f t  ve loc i ty .  F o r  l a r g e  p r e s s u r e s  p 
and s m a l l  E the d i f f e r ence  be tween  V and vc~ is c l e a r l y  
l a rge .  If this  is taken into account ,  then,  as is c l e a r  
f r o m  the f i gu re ,  the absolu te  value  of the angle  
m u s t  be c o n s i d e r e d  to be s m a l l ,  and so the s y s t e m  of 
equat ions  (2) t r a n s f o r m s  to the s i m p l e r  f o r m  

~, (s ina - -  [ cosa)  = V s i n a v  . . . . .  ~ ) 
~, (cos cr + [ sin c~) = (F cos a -[- ~/~v~)'v:,, ( v~ = e-Kff- " (3) 

Solving these equations for v~, we find 

2e~,E d h  oos ) - v .  (4) 

We wil l  now d e t e r m i n e  the d r i f t  ve loc i ty  of the 
e l e c t r o n s  ins ide  the sphere .  It is equal  to 

' f  v = -~N z,~ d N ~  . 

o 

(5) 

Let  the m e a n  ene rgy  which the e l e c t r o n s  acqu i r e  
in the f ie ld  o v e r  an i n t e rva l  X be much  l e s s  than kT 
(very weak f ield) ,  then ne and X may  be c o n s i d e r e d  
as cons tan t s ,  and the ve loc i t y  of random e l e c t r o n  
mot ion ,  in a c c o r d a n c e  with M a x w e l l ' s  law,  wi l l  be a 
function of t e m p e r a t u r e  only 

v = (8~T/'~,  

Sett ing (8) in (7) and le t t ing E in (7) tend to z e r o ,  
we obtain,  as one would expec t ,  the D r u d e - L o r e n t z  
f o rm u la  

i ?~e e2~' 

z = z m g ~ f Y l ~ , ~ "  (9) 

The case when the mean electron energy in the 

field is much larger than kT is also important. For 

a gas at temperature T, of the order of I000 '~, for 

example, and pressure p of the order of 1 mm Hg, 

this condition will be fulfilled in a field of strength E 

tlp to 1 V/cm. In this case, as Druyvesteyn [I] showed, 
the mean velocity of random electron motion is de- 

termined by the expression 

Sett ing in dN a and vo~ and making the change of 
v a r i a b l e  cos  a = x, we obtain a s tandard  in tegra l .  

Using [3], we find 

E* 
r = 2 ](fS, § 2E, _} - _ ~ - I - V  - -  

V 2V - -  ( ] / ' ~ - -  l,/-~ - -  2E*) / e~E\  
+ ~- h~ ~ . T T f ~ - -  r  tE*=-2~). (6) 

Fina l ly ,  se t t ing  (6) in (1), we obtain the re f ined  
c l a s s i c a l  f o rmu la  for  the e l e c t r i c a l  conduct ivi ty  

n ee)~ I 
~==2 ~ _ _ _ _ +  

,,~ VVzT 2z* + l '  v~ - 2z;* 

, ~ v  2 v -  ({~ 2 ~ *  - V v~ - 2 e *  
-]- - ~ -  In 2-~-_ ( ~ ~ Z  i/.~). (7) 

It is c l e a r  that  ~ is a compl i ca t ed  function of the 

f ie ld  s t r eng th  E and gas p r e s s u r e  p, s ince  k = X0P, 
and, m o r e o v e r ,  the d e g r e e  of complex i ty  b e c o m e s  
even greater if we take into account that he, k and V 

also depend on E in strong fields. For a more definite 

estimate of (r from (7) we will confine ourselves to two 

physically simple situations. 

~.oos(o~- $) --,.4 

= .  ~ , , ~  j , ~ = t ~ )  �9 (lO) 

Here k 0 is the electron free path for unit pressure, 

for example, for p = 1 ram, M is the ion or molecular 

m a s s .  

Ne 

tie 

Ar 

Es'p %lp up(Elp)~ 

0.20 
0.25 
0.30 

�9 0.48 
0.65 
t .00 
0.48 
0.65 
0.92 
t .00 
0.10 
0.14 
O. 20 
0.30 

2.80 
2.50 
2.30 
2.00 
t .70 

.40 

.43 
t .25 
t . 0 0  

0.94 
2.40 
2.00 
t.60 
1.10 

1.2G 
1.25 
1.26 
1.36 
i. 37 
.40 

0.99 
i .01 
0.96 
0.94 
0.77 
O, 76 
0.72 
0.60 

Thus in the f ie lds  c o n s i d e r e d  the ve loc i t y  of r a n -  
dom e l e c t r o n  mot ion  is a function of the f ield.  If we 
ca l cu l a t e  the ve loc i ty  of random mot ion  accord ing  to 

Dryuves teyn  fo r  the condi t ions  g iven above,  it tu rns  
out to be an o r d e r  h ighe r  than the e l e c t r o n  dr i f t  v e l o -  
ci ty.  Thus the condi t ion that  the angle ~ be s m a l l  
r e m a i n s  val id.  At the s a m e  t i m e ,  in a f i e ld  s t r eng th  
of the o r d e r  of 1 V/cm we may  s t i l l  neg lec t  i ne l a s t i c  

co l l i s i ons ,  and so ne and X 0 may ,  as in the f i r s t  c a s e ,  
be c o n s i d e r e d  independent  of the f ield.  Allowing fo r  
th i s ,  on se t t ing  (10) in (17) we obtain 

- -  In 2- (ii) 
+ i ~ V ~ +  V~=~ 

~ 2+ Yg4~- Y~--z~J " 
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S i n c e  ~ i s  of  t h e  o r d e r  of  1/6 o r  l e s s ,  e x p r e s s i o n  (11) 
m a y  b e  s i m p l i f i e d .  To  do  t h i s  we  e x p a n d  t h e  f a c t o r  
in  s q u a r e  b r a c k e t s  in  p o w e r s  of  ~ a n d  r e j e c t  t e r m s  
of  h i g h e r  t h a n  f i r s t  o r d e r  

P~=-~ ~ /  (-~-)'/'. (12) 

T h e  r e s u l t i n g  e x p r e s s i o n  c o i n c i d e s  w i t h  t h e  e x -  

p r e s s i o n  f o r  t h e  e l e c t r o n  c o n d u c t i v i t y  of  g a s e s  o b -  

t a i n e d  b y  t h e  s t a t i s t i c a l  m e t h o d  [1]. I t  i s  c l e a r  f r o m  
(12) t h a t  v a r i a t i o n  of  t he  e l e c t r i c a l  c o n d u c t i v i t y  d e -  

p e n d s  c l o s e l y  o n  p / E .  T h e  n a t u r e  of  t h e  v a r i a t i o n  i s  
s u c h  t h a t  t he  p r o d u c t  p c r ~ f ~  s h o u l d  b e  c o n s t a n t  i n  t he  

p h y s i c a l  c o n d i t i o n s  u n d e r  c o n s i d e r a t i o n .  
T h e  t a b l e  g i v e s  v a l u e s  of  u / p  [ c m  2 �9 m m / V .  s e e ] .  

H e r e  u i s  t h e  m o b i l i t y  of  f r e e  e l e c t r o n s  in  t h e  g a s ,  
a q u a n t i t y  w h i c h ,  i n  t h e  c a s e  b e i n g  c o n s i d e r e d ,  i s  

p r o p o r t i o n a l  to  or, E / p  i V / e r a  �9 m m  Hg] and  t h e  p r o -  

d u c t  ~ = pu  ( E / p ) l f i  f o r  Ne ,  He a n d  A t .  We c a l c u l a t e d  

a l l  t h e s e  v a l u e s  f r o m  g r a p h i c a l  d a t a  g i v e n  in  E b e r t ' s  
m a n u a l  [4]. 

It follows from the table that up to the well-known limit of the 
argument E/p, pcJ4-~ is actually close to a constant. We shall com- 
pare the remit obtained with the Drude-Lorentz formula. The Dmde- 
Lorentz formula assumes that the mobility of the current carriers is 
independent of the field strength. The mobility is proportional to k 
or 1/p. Thus the product u �9 p should not depend on E/p. It is clear. 
from the table, however, that as g/p increases the magnitude of u �9 p 
decreases continuously. Thus for argon, when E/p increases from 0.1 

to 0.3 the product u �9 p decreases to less than half its value. Thus 
formula (7) describes the experimental data considerably better thin 
the Drude-Lorentz formula. 

At large E/p relation (12) is Violated. This is physically under- 
standable. At large values of the parameter E/p inelastic collisions 
become important, as a result of which not only the velocity of the 
electrons, but also their concentration and free path depend on the 
field. 

In conclusion, we stress once more that when certain conditions 
are fulfilled equation (7) is suitable for evaluating the electron con- 
ductivity of gases in strong fields. If the field is stationary, the gas 
isotropic and relatively remote from a state of molecular vacuum, 
then the basic prerequisite that the m can drift velocity be less than 
the mean velocity of random motion also remains valid in this case. 
If this is so, then, determining the electrical conductivity with an 
accuracy to the unknown functions ne, X and V, we obtain expression 
(7). 
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