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ABS TRACT 

A study h a s  been made  of the  p r o b l e m  of e l a s t i c  co l l i s ions  and 

ene rgy  t r a n s f e r  between g a s e s  which have  s e p a r a t e  Maxwell ian ve loc i ty  

d i s t r ibu t ions .  

r a t e  obtained by Desloge (1962) f o r  g a s e s  of a r b i t r a r y  t e m p e r a t u r e  and 

p a r t i c l e  m a s s  c a n  be adapted into a convenient f o r m  which involves  a 

r a t i o  of the p a r t i c l e  m a s s e s ,  the d i f fe rence  in  the  g a s  t h e r m a l  e n e r g i e s ,  

and a co l l i s ion  f requency  f o r  energy  t r a n s f e r .  An ana lys i s  is then m a d e  

of the co l l i s ion  f requency  in  t e r m s  of a n  a v e r a g e  momentum t r a n s f e r  

c r o s s  sec t ion  which is defined f o r  conditions of t h e r m a l  nonequi l ibr ium. 

The g e n e r a l  equat ions a r e  then spec ia l i zed  t o  cons ide r  the p r o b l e m  of 

e l a s t i c  e l e c t r o n  co l l i s ions  in  heavy p a r t i c l e  g a s e s .  

n u m e r i c a l  e x p r e  s s ions  f o r  e l ec t ron  - n e u t r a l  pa r t i c l e  co l l i s ion  f requen - 

c i e s  and  ene rgy  t r a n s f e r  r a t e s ,  a n  a n a l y s i s  has  been made  of the 

m o m e n t u m  t r a n s f e r  c r o s s  sec t ions  for  N 

t ions  have a l s o  been  made  of the Coulomb momentum t r a n s f e r  c r o s s  

sec t ion ,  co l l i s ion  f r equency ,  and e n e r g y  t r a n s f e r  r a t e .  These  r e s u l t s  

a r e  then c o m p a r e d  with previous work .  

It is shown that  the e x p r e s s i o n  f o r  the e n e r g y  t r a n s f e r  

To obtain useful  

0 2 ,  0, H, and  He. Calcu la-  2’ 

. 



I. - INTRODUCTION 

I n  order t o  understand the t h e m 1  behavior of ionized 

atoms o r  molecules which a re  subjected t o  s e l e c t i v e  heat ing pro- 

cesses it i s  necessary t o  know the  d i f f e r e 2 t  rates of c o l l i s i o n a l  

energy t r a n s f e r  between charged and neu t r a l  p a r t i c l e  spec ies ,  

these have been determined it i s  poss ib le  t o  use energy balance 

equations t o  der ive  appropriate  temperatures f o r  each of t he  species  

present ,  

s ions  f o r  e lec t ron- ion ,  e lec t ron-neut ra l ,  and ion-ion energy t r a n s f e r  

rates. The use  of the f u l l  set  of such energy t r a n s f e r  r e l a t i o n s  

is  c u r r e n t l y  required i n  the theo re t i ca l  descr ip t ion  of e l ec t ron  

and ion temperatures i n  the upper atmosphere, 

Once 

Hence, i n  a l l  gene ra l i t y  i t  i s  necessary t o  have expres- 

I n  t h i s  paper an inves t iga t ion  is  made of elastic c o l l i s i o n a l  

energy t r a n s f e r  between mixed gases of a r b i t r a r y  p a r t i c l e  mass having 

separa te  Maxwellian ve loc i ty  d i s t r i b u t i o n s .  It is  shown i n  Section I1 

t h a t  t he  exact equation f o r  e n e r g y t r a n s f e r ,  der ived by Desloge 

can be separated i n t o  three fundamental f a c t o r s ,  each of which depends 

upon a d i f f e r e n t  aspec t  of t he  c o l l i s i o n  process and gas  composition. 

The concept of a nonequilibrium c o l l i s i o n  frequency for energy t r ans -  

f e r  is introduced f o r  particle in t e rac t ions  of somewhat a r b i t r a r y  

c r o s s  sec t ion ,  I n  a s imilar  manner the  equations leading t o  the  de- 

velopment of an average nonequilibrium momentum t r a n s f e r  cross sec t ion  

are der ived,  

(1962), 

Following the  presentat ion of the  genera l  relations, which 

are v a l i d  f o r  p a r t i c l e s  of a r b i t r a r y  mass and temperature, the  r e s u l t s  

are spec ia l ized  t o  consider elastic c o l l i s i o n s  between e l ec t rons  and 

heavy p a r t i c l e s .  I n  Section 111 w e  consider  the d i f f i c u l t i e s  invol-  

ved i n  der iv ing  average momentum t r a n s f e r  c ros s  sec t ions  f o r  e l e c t r o n -  

heavy p a r t i c l e  i n t e rac t ions ,  
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For e lec t ron  c o l l i s i o n s  with other  charged particles i t  is found 

t h a t  the c l a s s i c a l  Rutherford d i f f e r e n t i a l  s ca t t e r ing  c ros s  sec t ion  

can be used t o  a r r i v e  a t  r e s u l t s  which a r e  i n  accord with previous 

ca l cu la t ions ,  The problem of elastic e lec t ron  c o l l i s i o n s  w i t h  neu- 

t r a l  p a r t i c l e s  i s  more d i f f i c u l t  and i t  i s  necessary t o  analyze 

both laboratory da t a  and theo re t i ca l  der iva t ions  i n  order  t o  a r r i v e  

a t  useful  s e c t i o n s  f o r  N2, 02, 0,  H e ,  and H.. 
The appl icat ion of the  c ros s  sec t ion  da ta  i s  made i n  

Section I V  t o  obtain expressions f o r  momentum t r a n s f e r  c o l l i s i o n  

frequencies  and r a t e s  of e lec t ron  energy t r a n s f e r  A comparison 

i s  then made between the  present  r e s u l t s  and those which have been 

used i n  e a r l i e r  s tud ie s  of e lec t ron  energy t r a n s f e r  rates as a p p l i e d  

t o  the problems of the ionospheric energy balance. 

Section V is devoted t o  a general  sumnary of the r e s u l t s  

of t h i s  study ,. 

11. - BASIC EQUATIONS 

.. 

1 General Derivation 

The der iva t ion  of the  equation which descr ibes  the  rate of 

energy exchange between two gases with Maxwellian v e l o c i t y  d i s t r i b u t i o n s  

having d i f f e r e n t  temperaturesand p a r t i c l e  masses has  been made by Des- 

lodge (1962), By applying v e l o c i t y  d i s t r i b u t i o n  techniques t o  the  

mechanics of e l a s t i c  c o l l i s i o n s  he w a s  ab l e  t o  eva lua te  the  average 

rate of change of the  t o t a l  k i n e t i c  energy of one gas a s  

. 
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where 

and 

I .  

I 

-1 ?f mlvlfld 2 3 2  v1 
u1 

-1 

m 2 

qD(g) = 2 n [o(g,e) (1-cos €3) s i n  €3 de 

U - gas t o t s 1  k ine t i c  energy 

n - p a r t i c l e  number dens i ty  

m - p a r t i c l e  mass 

T - Maxwellian temperature 

k - Boltzmann's constant 

g - relative ve loc i ty  between p a r t i c l e s  

q,(g) - v e l o c i t y  dependent momentum t r a n s f e r  c r o s s  sec t ion  

v - p a r t i c l e  ve loc i ty  i n  labora tory  system 

d v - v e l o c i t y  space volume element 

8 - center of mass s c a t t e r i n g  angle 

a(g,8) - d i f f e r e n t i a l  s c a t t e r i n g  c r o s s  sec t ion  

f - v e l o c i t y  d i s t r i b u t i o n  function. 

3 2  

Equation (1) i s  v a l i d  f o r  conditions where separa te  Maxwellian v e l o c i t y  

d i s t r i b u t i o n s  can be maintained and where a s u i t a b l e  momentum t r a n s f e r  

c ros s  sec t ion  can be found. I n  p a r t i c u l a r ,  D e s l d g e  (1962) has shown 

t h a t  t h i s  equation accura te ly  descr ibes  the  energy t r a n s f e r  rates f o r  

both elastic spheres and Coulomb p a r t i c l e s .  

I n  the  i n t e r e s t s  of f u r t h e r  c l a r i t y ,  it w i l l  now be shown 

t h a t  i t  i s  poss ib l e  t o  rearrange equation (1) i n  such a way t h a t  a 

deeper physical  i n s igh t  can be obtained i n t o  the  problem of elastic 

c o l l i s i o n a l  energy t r a n s f e r  between Mamellian d i s t r i b u t i o n s  of par- 

ticles. 
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As a br ief  guide, t he  fullowing discussion is based upon a simple 

model of energy t r a n s f e r  f o r  a s ing le  p a r t i c l e  moving i n  a gas .  

By def in ing  an appropr ia te  c o l l i s i o n  frequency f o r  energy t r a n s f e r  

and a momentum t r a n s f e r  c ros s  sec t ion  i t  i s  poss ib le  t o  der ive  

a general  funct ional  form f o r  the  energy exchange rate between two 

gases.  Such a form can be compared with equation (1) t o  obta in  

s p e c i f i c  equations f o r  t he  c o l l i s i o n  frequency and momentum t rans-  

f e r  c ross  sect ion which are appl icable  t o  t he  problem of energy 

t r a n s f e r  . 

We consider f i r s t  t he  average energy l o s s  per  c o l l i s i o n  

of a s i n g l e  p a r t i c l e  of mass m and k i n e t i c  E t r ave l ing  through 

a gas composed of p a r t i c l e s  of mass m The 

average l o s s  of k i n e t i c  energy per  c o l l i s i o n ,  k1, f o r  t h i s  s ing le  

p a r t i c l e  i s ,  as shown by Crompton and Huxley (1962), 

- 1 1 
and average energy E 2 2 '  

To descr ibe the  rate a t  which the  s i n g l e  p a r t i c l e  l o s ses  

energy per  u n i t  t i m e  w e  may introduce the  concept of the  s i n g l e  par-  

t i c le  c o l l i s i o n  frequency given by 

with  n the  ambient gas number dens i ty .  Since t h i s  quan t i ty  repre-  2 
sen t s  the  c o l l i s i o n  rate of a s ing le  p a r t i c l e  i n  a gas  w e  may now 

combine equations (3) and (4) t o  ob ta in  the  average rate a t  which 

the  s ing le  p a r t i c l e  l o s ses  energy as . 
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. 

If, ins tead  of a s ing le  p a r t i c l e ,  w e  have a la rge  number 

of p a r t i c l e s  combining t o  form a Msxwellian gas mixed with t h e  o r i -  

g i n a l  gas ,  w e  may approximate the  t o t a l  average energy exchange rate 

by the  expression 

- - 2 m v  = n ~  1 n 
= -  

u1 2 1 1  1 1  (7) 

- 
where E 

d i s t r i b u t i o n  of s i n g l e  p a r t i c l e s  which w e  permitted t o  become the  

mixed gas. Likewise, v is now an average c o l l i s i o n  frequency which, 

un l ike  equation (4), must now be s u i t a b l y  defined t o  take account of 

the  many d i f f e r e n t  r e l a t i v e  v e l o c i t i e s  between the  var ious gas  p a r t i c l e s .  

i s  now an average energy which corresponds t o  the Maxwellian 1 

- 
12 

The de r iva t ion  leading to  equation ( 6 )  i s  not  r igorous s ince  

the  proper averaging techniques of k i n e t i c  theory needed t o  a r r i v e  

a t  an exact  expression have not been used. It g ives ,  however, a 

func t iona l  form f o r  t h e  energy exchange rate between two gases  which 

can be used t o  decompose the o r i g i n a l  exact r e s u l t  of D e s l d g e  (1962), 

given i n  equation (l), i n t o  three f a c t o r s  ; a r a t i o  of masses, a d i f f e -  

rence i n  average p a r t i c l e  energies ,  and an energy t r a n s f e r  c o l l i s i o n  

frequency. 

i n t e r a c t i o n  between t h e  two gas spec ies ,  depending only upon t h e  

appropr ia te  masses and average gas thermal energies .  

c o l l i s i o n  frequency which must contain the  f a c t o r s  which relate to  the  

i n t e r p a r t i c l e  fo rces .  

The f i r s t  two q u a n t i t i e s  are independent of t he  mode of 

It is thus t h e  

In order  t h a t  the  correct form f o r  an average c o l l i s i o n  

frequency may be synthesized from the  comparisonof equations (1) and 

( 6 )  w e  r equ i r e  t h a t  the funct ional  form of t he  average c o l l i s i o n  

frequency be 
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'12 a "2 'D 

which allows for  the presence of an a r b i t r a r y  numerical f a c t o r  i n  

the f i n a l  r e s u l t  for V12' 

rage r e l a t i v e  ve loc i ty  between the p a r t i c l e s  of the two gases while 

- - 
The quant i ty  g i s  the  Maxwellian ave- 

Q i s  the defined average momentum t r a n s f e r  c ros s  sec t ion  appropr ia te  

f o r  condi t ions of thermal nonequilibrium. 

rived d i r e c t l y  f o r  the motions of two gases having d i s t r i b u t i o n  func t ions  

f and f by the equatfon 

- D 
The quant i ty  g can be de- 

1 2 

3-, 
where d v a re  the respec t ive  ve loc i ty  space volume elements f o r  t he  

1,2 
two ve loc i ty  d i s t r ibu t ions .  For f and f represent ing separa te  1 2 
Maxwellian ve loc i ty  d i s t r i b u t i o n  funct ions i t  is poss ib le  t o  in t e -  

g r a t e  equation (9) t o  obtain 

9 

the  subscr ip ts  applying t o  the  parameters of each respec t ive  gas.  

With t h i s  r e s u l t  it is now poss ib le  t o  synthesize the  

necessary expressions f o r  the average energy t r a n s f e r  c o l l i s i o n  

frequency and the average momentum t r a n s f e r  c r o s s  sec t ion .  Through 

manipulation of equations ( l ) ,  ( 6 ) o  (8)# and (10) the  l a t te r  quan t i ty  

becomes 

where, from (2b) , 

- 3  - 3  
2 1  2 

and i t  i s  assumed t h a t  c l  - kT and E - 2 kT2. 
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l 

I .  

I -  

Equation (11) i s  the  genera l iza t ion  of t h e  momentum t r a n s f e r  c r o s s  

sec t ion  t o  s i t u a t i o n s  where the rma l  equilibrium does not  p r e v a i l  

between gases composed of p a r t i c l e s  with d i f f e r e n t  masses and d i f -  

f e r e n t  Maxwellian d i s t r i b u t i o n s .  Under a condition of equilibrium 

w e  may take  T = T which reduces Q imnediately t o  the  standard form f o r  
- 

1 2  D 
t he  average momentrnn t r a n s f e r  c r o s s  sec t ion  given by Dalgarno, e t  a l .  

(1958). 

I n  a s imi l a r  manner t h e  comparison of equations (l), ( 6 ) ,  

and (8) and (11) permits t h e  recognition of the  average momentum 

t r a n s f e r  c o l l i s i o n  frequency a s  

4 - -  - 
v12 = 3 n2 Q, 

o r ,  using equation ( I O ) ,  

which r ep resen t s  t h e  genera l iza t ion  t o  condi t ions  of d i f f e r e n t  

Maxwellian v e l o c i t y  d i s t r i b u t i o n s  of two gases. For an equilibrium 

state such as T = T2= T andwith prepresent ing  the  two p a r t i c l e  re- 

duced mass, 
1 

4 - 

which is a f a c t o r  of 4/3 larger than t h e  t o t a l  s c a t t e r i n g  c o l l i s i o n  

frequency derived by Chapman and Cowling (1952). 

however, been noted by Nicolet (1953) i n  an ana lys i s  of e l ec t ron  c o l -  

l i s i o n  f requencies  based upon an  ana lys i s  of c o l l i s i o n  i n t e r v a l s  and 

d i f f u s i o n  c o e f f i c i e n t s  derived by t h e  v e l o c i t y  d i s t r i b u t i o n  method. 

This  same f a c t o r  has ,  

As a f i n a l  r e s u l t  it i s  now poss ib le  t o  express equation (1) 

i n  terms of t h e  c o l l i s i o n  frequency, d i f f e rence  i n  energy, and mass 

f a c t o r  as 
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This  equation represents  the f i n a l  goal of the der iva t ion  s ince  w e  now 

have decomposed the  general  equation i n t o  a form which relater to  d i f f e r e n t  

aspec ts  of the c o l l i s i o n  process f o r  energy t r ans fe r .  

2. Application t o  Electron Energy Transfer  

We now extend the  preceding equations t o  consider  the  pro- 

blem of an electron gas mixed with another gas composed of heavy par- 

t ic les  such tha t  m << m The equations derived f o r  t h i s  s i t u a t i o n  w i l l  

be appl icable  to e l a s t i c  e lec t ron-neut ra l  and electron-ion c o l l i s i o n s .  
e 2 '  

From equation (11) the average momentum t r a n s f e r  c ros s  sec- 

t ion  becomes 
2 m v  e - -  - 

Q, 45%) 3s,m v5 qD(ve) e 2kTe dv , (17) 

where v is t he  e lec t ron  ve loc i ty  s ince ,  f o r  me << m 
ve loc i ty  g is determined almost e n t i r e l y  by the  motions of the  e- 

l ec t rons  alone. 

the r e l a t i v e  
2 '  

The average e lec t ron  c o l l i s i o n  frequency can l ikewise 

be obtained from equation (14) under the  assumption t h a t  

- 4 
v - -  

e 

dependent upon the e lec t ron  temperature alone. 

F ina l ly ,  the rate of exchange of k i n e t i c  energy between the 

e lec t ron  gas and the  second gas is obtained from equat ion (16) ae 



- 
D’ o r ,  i n  terms of Q 

8kT, 
- = - 4 n n  due 
d t  % k ( r)1’2 GD (Te- T2) 

e 2 ? 2  e 

It is i n t e r e s t i n g  t o  note  t h a t  t h e  energy t r a n s f e r  c o l l i s i o n  

frequency, v , can be d i r e c t l y  r e l a t e d  t o  t h e  theory of t h e  electrical 

conductively of a plasma, From Shkarofsky, e t  a l .  (1961) the  equiva- 

l e n t  c o l l i s i o n  frequency of e l ec t rons  wh ich l imi t s  t h e  conduction of c u r r e n t  

i n  a plasma subjected t o  a weak electric f i e l d  can be derived as 

- 
e 

2 m v  e - -  V e 2kT dv e 

where v i s  t h e  v e l o c i t y  dependent e l ec t ron  c o l l i s i o n  frequency f o r  

momentum t r a n s f e r  defined i n  equation (4) and o i s  t h e  angular f r e -  

quency of t he  appl ied  electric f i e l d .  

much l a r g e r  than t h e  c o l l i s i o n  frequency such t h a t  u2 >> v 

e 

It t h e  r a d i o  frequency w is 
2 
e t h i s  

equation reduces t o  
2 

m v  - w  e - -  m - 
V - e O0 v4 v e 2kT, dv equiv 3kT e e 

which is exac t ly  t h e  same as t h e  e l ec t ron  c o l l i s i o n  frequency given i n  

equation (18). Thus, by means of high frequency r ad io  e x p e r i m n t s  i n  

d i l u t e  plasmas it should be poss ib le  t o  obta in  experimental d a t a  which 

can be used d i r e c t l y  t o  c a l c u l a t e  elastic e l e c t r o n  energy t r a n s f e r  rates- 
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The applicz.tion of t hc  p r e c d i n g  eqLeti9,cs t 9  :he p r o t l e a  

of d e t e m i n h g  eleccroz collision f ~ z q ~ e ~ c  ies a d  energy excttenge 7retes 

i n  heavy gases is nade in the follc-*ring sec:ior,s. F i r s t ,  :?rn~e\7c,r, i t  

is  necessary t o  edcpt adequate Expressic-s Ecr t he  mmenrum t r a n s f e r  

c r o s s  sec t ions  Fcr c lec t ron -3ec t r a l  ccll isdons thn,re exis: no con- 

venient a n a l y t i c a l  r e s u l t s  acrl It i s  recesscry  t o  analyze e x i s t i n g  

labora tory  am3 t h e o r e t i c a l  r z s u l t s ,  

howevero i s  amenable t o  a d i r e c t  ;heore t ice l  approach- 

The problem of Coulomb c c l l i s c o n s ,  

111 * - ELECTRON CROSS SZCTIGNS FOR MOINTLTN T3ANSFER 

1, Cross Sect ions €or  Neutral  P a r t i c l e s  

Since t h e o r e t i c z l  methods usua l ly  do no t  y i e l d  accura te  va lues  

of qD f o r  low energy e lec tyon-neut ra l  c o l l i s i o n s  i t  i s  necessary t o  

r e l y  upon t h e  ava i l ab le  experimental measurements, Descriptions of t h e  

c u r r e n t  methods used t o  obta in  momentum tzrmsi_"er c r o s s  seccions f o r  

e lec t ron-neut ra l  col1.ieions can be found in Massey ai2.d 3;lrhop (1@52!,, 

&Daniel (1964), and Iiasted ( 1 3 t 4 )  As hlrs baen em;>iie.sSzed, 3 - t  i.s t h e  

c o l l i s i o n  c r o s s  sec t ion  f o r  mment:lkn i s r a t x f e r  which !.s or' G.oni5acing 

importance i n  determifiing t h e  fr;m of the  energy equations, Unfor- 

tuna te ly ,  most e a r l y  experiments were designed t o  glve v z h e b  cf the 

t o t a l  s c e t t e r i n g  c r o s s  sec t ion  a.nd i t  is or.1.y v i t h l r ?  t h e  p a s t  i 5  yeaIs,  

with t h e  advent of :he s5:rcwave condcc . t iv t ty  and OziEt vel.ocL+_y methods, 

t h a t  accura te  velxes of +,he n o n e i c ~ n  rransfey cross section have Seep 

determined. 

I n  t h e  fo l  l ~ w i n g  s e c t i o n s  eac5 atvwfipharic ges 5.s considered 

sepa ra t e ly  with respect 'io e ~ e ~ t r ~ ~  CC] I ~ S : ~ O E S  a d  appropr!ate expressions 

f o r  the  momntum t r anbfe r  sect'im are &opted ~ 
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1.1 Molecular Nitrogen 
- - - - - - - -=-------- -  

The r e s u l t s  of t heo re t i ca l  s t u d i e s  and experimental measurements 

f o r  q by var ious  workers over t he  p a s t  28 years  are given by Shkarofsky, 

e t  a l .  (1961). Corrections have been made by these  authors f o r  t h e  velo- 

c i t y  d i s t r i b u t i o n s  of t he  c o l l i d i n g  e l e c t r o n s  i n  a l l  t h e  previous experi-  

menta. 

as much as 65%. 

and e l ec t ron  mobi l i ty  experiments. These methods have tended t o  produce 

much more c o n s i s t e n t  d a t a  and are capable of covering a wide range of 

e l ec t ron  energies.  

Figure 1. 

D 

Nevertheless,  t he  values of t he  measured cross sec t ions  vary by 

More recent  s t u d i e s  have been based upon microwave 

The r e s u l t s  of recent  experiments are presented i n  

A t  low e l ec t ron  energies i n  t h e  range 0.003 t o  0.05 ev, Pack 

and Phelps (1961) have measured t h e  d r i f t  v e l o c i t y  of e l ec t rons  under 

the  inf luence  of a cons tan t  e l e c t r i c  f i e l d .  Their d a t a  on t h e  momen- 

tum c r o s s  sec t ion  agree  w e l l  wi th  the  earlier measurements of Pack, 

e t  a l .  (1951) who used a microwave conduct iv i ty  device over t he  energy 

range 0.02 t o  0.03 ev. Anderson and Goldstein (1956a), employing a 

s l i g h t l y  d i f f e r e n t  microwave technique, obtained r e s u l t s  which diverge 

from o the r  work, showing a subs t an t i a l  increase  i n  q a t  low e l ec t ron  

energ ies .  

ShkarOfSky, e t  a l .  [1961), and Crompton and Sutton (1952) is con- 

s idered ,  it appears t h a t  experimental e r r o r s  probably e x i s t  i n  

Anderson and Golds te in ' s  work. Fur ther ,  Huxley (1956) obtained re- 

s u l t s  c o n s i s t e n t  w i th  t h e  e a r l i e r  measurements of Crompton and Sutton 

and t h e  later d a t a  of Pack and Phelps. 

D 
When t h e  work of Crompton and Huxley, as reported by 

F ros t  and Phelps (1962) and Englehardt, e t  a l .  (1964) have 

used a method of i n t eg ra t ing  t h e  Boltzmann equation t o  choose proper 

va lues  f o r  q Thei r  method cons is ted  of adopting appropr ia te  sets of 

elastic and i n e l a s t i c  c ros s  sec t ions  and then solving the  Boltzmann 
D' 
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1 .  

equation f o r  lche equilibrium e l ec t ron  ve loc i ty  d i s t r i b u t i o n  func t ion  

i n  t h e  presence of an e l e c t r i c  f i e l d  energy source. Next, they com- 

puted t h e  e l ec t ron  mob i l i t i e s  and d i f fus ion  c o e f f i c i e n t s .  Since these  

are experimentalLy known quar i t i t i es ,  the  t h e o r e t i c a l  r e s u l t s  could 

be compared with the  measurements. When d i f f e rences  e x i s t e d ,  su i -  

t a b l e  changes w e r e  made i n  the c r o s s  sec t ions  u n t i l  cons i s t en t  re- 

s u l t s  followed. 

For e l ec t ron  energies between 0.02 ev and 0.1 ev t h e  d a t a  

of Pack and Phelps (1961) can be represented by the  equation 

-16 1 /2  2 = 18.8 x 10 E c m  qD J 

where E i s  the  e l ec t ron  energy measured i n  e l ec t ron  v o l t s  (ev). For 

energ ies  above 0 , l  ev t h i s  expression leads  t o  an overestimate of the 

t r u e  c r o s s  sec t ion .  From the da t a  of Englehardt, e t  a l .  (1964) a su i -  

t a b l e  gene ra l i za t ion  t o  include the  region 0.1 - 1.0 ev i s  

-16 2 = (18.3 - 7.3 E ~ ' ~ )  x 10 c m  . 
qD 

Applying equation (17) t o  equation (24) y i e l d s  

2 
GD(N2) = (2.82 - 3.41 x 10-4T ) T 'I2 x c m  e e  

I n  essence, t h i s  r e s u l t  represents  t h e  f i r s t  co r rec t ion  t o  the  work 

of Pack and Phelps (1961) such t h a t  t h e  c o l l i s i o n  frequency and energy 

l o s s  r a t e  can now be evaluated over t h e  range looo L, Te L, 4500OK. For 

l o w  temperatures the  cor rec t ion  term, 3.41 x T , i s  small. A t  

temperatures above 2000OK, however, there  i s  a s i g n i f i c a n t  reduction 

of t he  c r o s s  sec t ion  below tha t  which follows from the  o r i g i n a l  c r o s s  

sec t ion  of Pack and Phelps. 

e 

The r e s u l t s  of a l l  experimental and t h e c r e t i c a l  s tud ie s  of 

t h e  electron-molecular oxygen momentum t r a n s f e r  c ros s  sec t ion  conducted 
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p r i o r  t o  3958 have bee3 compiled by Shkarofsky, e t  a l .  (1961). I n  

genere l ,  the vc.4:io*.s z e s u l t s  do n o t  y ie ld  cons is te2 t  values . .  How- 

ever ,  the ea-3-j VOYL or' Crompton and Huxley, as reported by Cook and 

Lorenks (196(?), over Lhc energy range 0.2 t o  2.0 ev has been found 

t o  agree we:!_ w i t h  l a t e r  data .  I n  p a r t i c u l a r ,  Phelps (1960) ana- 

lyzed the 9.3 I% microwave conduct ivi ty  d a t a  given by Van Lin t  (1959) 

and matcher? ii tc En aaauned f i r s t  power dependence upon. t he  electron 

ve loc i ty  to d e t e i . i r i s  a s ing le  p a r t i c l e  c o l l i s i o n  c ros s  sec t ion .  

Recently, Mentzoni (1S65) has made a d i r e c t  measurement of the  elec- 

t ron  c o l l i s i o n  Erequency. 

por t iona l  t o  the  e l ec t ron  energy, he found a c o l l i s i o n  c ros s  sec t ion  

By assuming the  c ros s  sec t ion  t o  be pro- 

which w a s  a factor of 1.6 smaller than t h a t  given by Phelps. 

Phelpo (1963) conducted an ana lys i s  using the  Boltzmann e- 
quation t o  evaluate the d r i f t  v e l o c i t y  and r a t io  of t he  d i f fus ion  

c o e f f i c i e n t  t o  the  eJec t ron  mobil i ty .  

c ros s  sec t ions ,  he was ab le  t o  f ind  agreement between predicted and 

measured values. Phelps and Hake (1965) repeated the  ana lys i s  using 

more re f ined  measurements of e l ec t ron  mobil i ty  and d i f fus ion  c o e f f i c i e n t s .  

Their  resu lzs ,  shown i n  Figure 2 ,  should be accura te  t o  wi tn in  20% 

i n  the e lec t ron  eaergy range 0.2 P E & 2.0 ev. 

i n  adopting a r h p h  expression t o  represent  t he  energy dependence 

of the  CKGSS sectbon. 

experimental 6ata  is 

By adjus t ing  the  var ious  

t A d i f f i c u l t y  arises, 

As a f i r s t  approximation a good f i t  t o  the  

- (2.2 9 5.1 E x cm2 qD - 
over the energy range 0.02 d E 4 1.0 ev. 

given by 

From equation (17) Q, is  

- 
Q, (02) 2.2 x (1 + 3.6 x T 'I2) em2 (27) e 

and applieu fc r  1.50° & 's P 50000, 
e 

L 
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, 

There are seve ra l  experimental r e s u l t s  f o r  t he  va lues  of 

the  t o t a l  s c a t t e r i n g  cr06s sec t ion ,  %, i n  atomic oxygen, but none 

f o r  t h e  momentum t r a n s f e r  c ros s  sec t ion  s ince  the  chemical acti- 

v i t y  of oxygen makes measurements d i f f i c u l t  i n  any closed conta iner .  

Neynaber, et a l .  (1961) conducted a t o t a l  s c a t t e r i n g  experiment but 

no da ta  were taken below e l ec t ron  energ ies  of 2 ev, f a r  above the  

thermal energies of t he  upper atmosphere. 

found t h a t  = 5.5 x c m  . Another experiment by Lin and 

Kivel (1959) was made a t  a lower energy. They found a momentum 

t r a n s f e r  c ross  sec t ion  of 1.5 x 10 c m  a t  a mean e l e c t r o n  ener- 

gy of 0 . 5  ev. 

A t  t h i s  energy it was 
2 

gT 

-16 2 

From quantum theory, Klein and Bruckner (1958) derived a 

method of r e l a t i n g  s c a t t e r i n g  phase s h i f t s  t o  measurements of photo- 

detachment c ross  sec t ions .  

Martin (1962) t h a t  t h e  ca l cu la t ed  photodetachment c r o s s  sec t ions  d i d  

not match recent r e s u l t s  and, f u r t h e r ,  t h a t  t he  e f f e c t i v e  range theory 

used by Klein and Bruckner w a s  no t  v a l i d  a t  low e l e c t r o n  energ ies .  

Cooper and Martin then r eca l cu la t ed  t h e  e n t i r e  problem, obta in ing  

new values of t h e  phase s h i f t s .  I n  t h e  absence of d i r e c t  experi-  

mental r e s u l t 8  these  va lues  can be used t o  ob ta in  an expression f o r  

the momentum t r a n s f e r  c r o s s  sec t ion  according t o  t h e  r e l a t i o n  (*Daniel, 

1964) 

It was later pointed out by Cooper and 

2mn v 

h 
e e  is the  quantum mechanical wave number of relative Where kl = 

motion, h is Planck's cons t an t ,  L is t h e  angular  momanturn quantum 

number, and 6 

d i a l  ao lu t ion  t o  SchrUdinger's equation. 

is t he  L-th wave p a r t i a l  wave phase s h i f t s  of t he  ra- L 
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Temkin (1958) a l s o  approached the  problem i n  a t h e o r e t i c a l  

manner and made a ca l cu la t ion  of the S-wave cont r ibu t ion  t o  the  t o t a l  

s c a t t e r i n g  c r o s s  sect ion.  He compared h i s  r e s u l t s  with those of 

Bates and Massey (1947) and concluded t h a t  the  true value of t he  

t o t a l  s c a t t e r i n g  c r o s s  s e c t i o n  was bracketed by the  two ca lcu la t ions .  

The r e s u l t s  of these  ca l cu la t ions  a r e  shown i n  Figure 3. 

ind ica t ion  of the  t r u e  va lue  of q 

given by Cooper and Martin have been added t o  the  S-wave values  of 

Temkin, and Bates and Massey. The values  f o r  t h e  s c a t t e r i n g  phase 

s h i f t s  given by Cooper and Martin are accepted here  as providing a 

bas i s  f o r  determining the  momentum t r a n s f e r  c ros s  sec t ion  f o r  atomic 

oxygen. 

f o r  the problem of negativeion photodetachment, it appears t h a t  t he  

e r r o r  involved i n  using the  theo re t i ca l  phase s h i f t s  f o r  determining 

q 

it does not  appear unreasonable t o  accept an average value of 

To g ive  an 

t he  values  of P-wave phase s h i f t s  D' 

Extrapolat ing from the good agreement found by these authors  

should be less than 30% fo r  e l ec t ron  energies  below 0.5 ev. Thus, 
D 

-16 2 
= (3.4 2 1.0) x 10 cm f o r  e l ec t rons  i n  atomic oxygen. Using 

t h i s  expression t h e  average mamenturn t r a n s f e r  c r o s s  sec t ion  becomes 
qD 

-16 2 - 
QD(0) = (3.4 2 1.0) x 10 c m  , 

independent of t he  e l ec t ron  temperature f o r  T < 4OOoOK. e 

No experimental measurements have been made f o r  the  e lec t ron-  

hydrogen momentum t r a n s f e r  c ross  sect ion.  However, recent  t h e o r e t i c a l  

t reatments  of e l e c t r o n  sca t t e r ing  i n  hydrogen have produced predicted 

t o t a l  c r o s s  sec t ions  which a re  i n  good agreement with the  measured 

t o t a l  c r o s s  sec t ion  as determined by Neyaber, e t  al. (1961) and 

Braclanan, et  a l .  (1958). Thus, t he  e r r o r  involved i n  using t h e  sarm 

p a r t i a l  wave phase s h i f t s  to  determine the  momentum t r a n s f e r  c ros s  

sec t ion  by means of equation (28) should not  be la rge .  Two similar 
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t h e o r e t i c a l  c a l c a l a t i o n s  of the  s c a t t e r i n g  phase s h i f t s  f o r  e l ec t rons  

i n  atomic hydrcgen have been published by Smith, et a l .  (1962) and Burke 

and Schey (1962). 

where the  s c a t t e r i n g  wave function i s  expanded i n  terms of hydrogen 

atom s t a t i o n a r y  e igens t a t e s ,  For t h e  present  treatment,  t h e  r e s u l t s  

of Smith e t  a l .  are used. 

Both der iva t ions  employ a c l o s e  coupling approcimation 

I n  c a l c u l a t i n g  q from t he  p a r t i a l  wave phase s h i f t s  f o r  D 
atomic hydrogen i t  i s  necessary t o  include both t h e  s i n g l e t  and 

t r i p l e t  cont r ibu t ions  t o  t h e  sca t t e r ing .  Using equation (28) with 

t h e  proper weighting f a c t o r s  y i e l d s  a form f o r  q 

A s u i t a b l e  a n a l y t i c  expression f o r  the  energy dependence is  

shown i n  Figure 4. 
D 

momentum 

over the  

(30) 
-16 2 

= (54 .7  - 28.7 E )  x 10 cm , qD 

which g ives  a c r o s s  sec t ion  considerably l a r g e r  than t h a t  found f o r  

t he  o the r  atmospheric cons t i t uen t s .  Using t h i s  expression the  average 

t r a n s f e r  c r o s s  sec t ion  is  

2 - 
QDm) = (54 .7  - 7.45 x T x c m  e 

temperature range 150. L T 4 5 0 0 0 O .  Itis d i f f i c u l t  t o  assess - e 
t h e  e r r o r  involved i n  deriving Q but an a r b i t r a r y  estimate of ,+ 25%, 

based on the  correspondance between t h e o r e t i c a l  and experimental r e s u l t s  

f o r  t he  t o t a l  c r o s s  sec t ion ,  should give a reasonable ind ica t ion .  A 

d i f f i c u l t y  is  noted, howevero i n  t h a t  t h e r e  e x i s t  no reported measurements 

of t h e  s c a t t e r i n g  c r o s s  sec t ion  below 1 ?v, and i t  is  poss ib le  t h a t  t he re  

may be e r r o r s  i n  the  appl ica t ion  of t h e o r e t i c a l  va lues  t o  t h i s  region. 

D 

1.5. H e l i u m  ------- 

The experimentally determined values f o r  q are i n  good agreement. D 
Pack and Phelps (1961) conducted an e l ec t ron  d r i f t  experiment over t he  

energy range 0.003 < E .( 0.05 ev obta in ing  a cons tan t  c r o s s  sec t ion  of 
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-16 2 
5.6 x 10 c m  . Phelps, e t  a l .  (1951) performed a microwave conduct iv i ty  

experiment over the  range 0.02 C E < 0.04 ev, f ind ing  v i r t u a l l y  the  

same value.  

a d i f f e r e n t  microwave technique which gave the  value 5.2 x 10 

f o r  a l l  energ ies  between 0.0 and 4.0 ev. 

made microwave conduct iv i ty  measurements down t o  e l ec t ron  energies  of 0.05 ev 

and found a constant  c r o s s  sec t ion  of 6.8 x 10 cm . 

Gould and Brown (1954) made a separa te  determination by 
-16 =2 

Anderson and Goldstein (1956b) 

-16 2 

Thus, f o r  t he  case of electron-helium s c a t t e r i n g ,  it appears 

reasonable t o  accept  t h e  value q = (5.6 2 0 .6 )  x D 
ponding to  an unce r t a in ty  of lo%, over the  energy range 0.0 t o  5.0 ev. 

The average momentum t r a n s f e r  c r o s s  sec t ion  is  

cm2, cor res -  

2 - 
QD(He) (5.6 5 0.6) x cm , 

independent of t h e  e l ec t ron  temperature. 

- 
The va lues  of Q fo r  t h e  d i f f e r e n t  gases considered here  are 

shown i n  Figure 5 as a function of e l ec t ron  temperature. 

c r o s s  sec t ions  are associated with H and N , these  reaching va lues  

of 60 x cm and 12 x 10 cm , respec t ive ly .  The c r o s s  sec t ions  

of H e  an 0 are e s s e n t i a l l y  constant overthe range of temperatures in-  

d ica ted  here.  However, there  must e x i s t  some uncer ta in ty  i n  the  

v e l o c i t y  dependence of q fo r  s eve ra l  gases. For N2 and 0 t he  un- 

c e r t a i n t y  i n  QD should be l e s s  than 20% (Englehardt, e t  al .  1964 ; 

Phelps and Hake, 1965) while f o r  H e  a va lue  of 10% is adequate. 

is d i f f i c u l t  t o  assess the  possible  e r r o r  i n  the  quantum ca lcu la t ions  

of qD for H and 0 but t he  previous a r b i t r a r y  estimates of ,+ 25% and ,+ 
30%, r e spec t ive ly ,  should be reasonable. I n  fact ,  f u r t h e r  expe rhen-  

t a l  s t u d i e s  of H and 0 a r e  needed t o  check the  t h e o r e t i c a l  cross sec- 

t i o n s  presented here.  

D 
The l a r g e s t  

2 2 -16 2 

- D 2 

It 
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2. Cross Section f o r  Charged P a r t i c l e s  

The momentum t r ans fe r  c r o s s  sec t ion  f o r  charged p a r t i c l e s  

of a r b i t r a r y  mass can be derived through a knowledge of t h e  d i f f e ren -  

t i a l  s c a t t e r i n g  cross sec t ion  and app l i ca t ion  of equations (2c) and 

(11). For electrical fo rces  the  i n t e r a c t i o n  v a r i e s  as r and the  

BJtherford d i f f e r e n t i a l  s c a t t e r i n g  c r o s s  sec t ion  app l i e s  i n  t h e  

form (McDaniel, 1964) 

-2 

where p i s  t h e  two p a r t i c l e  reduced mass, Z 
charges,  e is the  e l ec t ron  charge, and 8 i s  t h e  c e n t e r  of mass s c a t t e r i n g  

angle. Applying t h i s  t o  equation (2) y i e l d s  

are t h e  r e spec t ive  atomic 
1 ,2 

The normal limits of i n t eg ra t ion  f o r  equation (2) should cover a l l  

s c a t t e r i n g  angles  between 0 and n radians.  

t h e  use  of zero f o r  t h e  lower l i m i t  causes t h e  Coulomb i n t e g r a l  t o  

diverge. To prevent t h i s ,  the in t eg ra t ion  i s  a r b i t r a r i l y  truncated a t  

a minimum angle ,  em, whose value must be determined from the  para- 

meters of t h e  charged p a r t i c l e  gas. From Bachynski (1965) t h e  r e l a t i o n  

between the  impact parameter, b,  t h e  s c a t t e r i n g  angle,  8 ,  and the  

r e l a t i v e  v e l o c i t y , g ,  i s  given by 

However it is  found t h a t  

2 
(1 - cos e) = 9 (35) 

2 1 + (b/bo)& 
Z Z e  

2 
1rg 

us ing  previously defined q u a n t i t i e s .  Fram t h i s  where b = 

equation it  i s  seen t h a t  t h e  miniaDum s c a t t e r i n g  angle,  8 

mined by t h e  maxinum value of t he  impact parameter b. 

bu Montgomery and Tidman (1964), c o l l i s i o n s  leading t o  l a r g e  s c a t t e r i n g  

0 
i s  de te r -  

m 
As discussed 
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angles  are r a r e  tn a p l s s m .  a h c e  tne i m g  r a g e  Go;z?aaib force  tends 

t o  d e f l e c t  the, slow t h e m l  par 'stcles c;nLy thro-igh sma?: angles.  A 
good approximation Is t h a t  b >> b , ~ i t h  t he  resu l t  t h a t  equation (34) 
becomes 

0 

where b i s  the  m a x i m  impact parame'er corresponding t o  em. 1 

Several d i f f e r e n t  approaches have been taken t o  relate the 

c h a r a c t e r i s t i c  parameters of t he  plasma t o  the  maximum impact para- 

meter b Chapman and Cowldng (1952) assumed t h e t  t h e  max+~rmm i n t e r -  

ac t ion  dis tance was l imi ted  t o  the  average i n t e r p a r t i c l e  spacing. 

This  ignored, however, the inf luence of the  longer range c c l l i s i o n s  

which are respcnsible  f o r  t he  small angular devia t ions  of t he  e lec t rons .  

A more accllrate treatment was introduced by Cohen, e t  a l .  (1950) who 

took i n t o  consideration the  sh ie ld tng  of charge due to  e l e c t r o s t a t i c  

po lar iza t ion  e f f e c t s .  By means of Paisson 's  equation i n  conjunction 

wi th  the  Boltzmann equation f o r  near ly  equi l ibr ium condi t ions ,  i t  

can be shown (Salpeter ,  L963) t h a t  t he  p o t e n t i a l ,  cp(r) of a p a r t i c l e  

of charge Z e at an o r i g i n  of c c o r d k a t a s  wi th in  a plasma is given by 

1' 

1 

where r is the r a d i a l  separa t ian  d i s t ance  arid $, is the  Debye sh ie ld ing  

d i s t ance  , defined as 

with T the rsspectAve MaxwaI.lian temperattires and n p 

dens i t i e s .  For a plasma, t h e  Debye length  represents  t h e  maxinaUn 

d i s t ance  over whish miccoscop!.c rlgnsity f l u c t u a t i o n s  arre co r re l a t ed  

the  number 
1J2 1 8 2  
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by random electric f i e l d s .  

as a measure of the  e f f e c t i v e  range of the Coulomb i n t e r a c t i o n  between 

two charged p a r t i c l e s .  Cohen, e t  a l .  (1950) e s s e n t i a l l y  prove t h i s  

and conclude t h a t  t he  Debye length should be used i n  equation (34) as the  

maximum impact parameter. Therefore, 

The Debye length can a l s o  be in t e rp re t ed  

f o r  t he  v e l o c i t y  dependent momentum t r a n s f e r  c r o s s  sec t ion .  This 

equation is  a genera l  r e l a t i o n  f o r  p a r t i c l e s  of a r b i t r a r y  mass and 

can be used f o r  e lec t ron- ion ,  e lec t ron-e lec t ron ,  and ion-ion i n t e r -  

ac t ions .  

The argument of t h e  logarithm i n  equation (39) can be 

r rwr i t en  i n  terms of the  energy E of two c o l l i d i n g  p a r t i c l e s ,  as 

viewed i n  the  c e n t e r  of mass system, i n  the  form 

2 
Pg 2 E  

This term i s  commOn t o  a l l  ca l cu la t ions  of ionized gases and, accor- 

ding t o  Chapman (1956), can introduce a poss ib le  e r r o r  of 10% i n t o  

the  de r iva t ion  of the  c ros s  sec t ion .  Table 1 l is ts  t h e  values of 

In A f o r  va r ious  p a r t i c l e  energies and Debye lengths .  

For the  ionospheric condi t ions  of p a r t i c l e  energ ies  and 

Debye lengths ,  i t  i s  found t h a t  most normal v a r i a t i o n s  l i e  within 

the  ind ica ted  unce r t a in ty  of 10% a t  15.0 ,+ 1.5. 

problems involving very energe t ic  photoelectrons,  a higher value 

may be required.  

However, f o r  some 
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11.1 11.8 12.5 13.5 14.1 14.8 19.8 9.5 

Table 1 Values of In A 

16.4 1x10-2 

5x10-2 

1x10- 

lXlO0 

5x10° 

5x10-' 

1 

1 

2 

1x10 

5x10 

1x10 

11.1 12.8 13.5 14.1 15.1 15.8 16.4 17.4 18.1 

I 1 
17.1 18.1 18.8 19.4 20.4 21-1 

15.8 18.8 19.7 20.4 21.1 22.0 22.7 

19.4 20.4 21.1 21.7 22.7 23.4 

14*1 e' 
16.4 18.1 

18.1 19.7 20.4 21.1 22.0 22.7 23.4 20.3 25-0 

23.4 24.0 24.9 25.7 118.8 20.4 21.0 21.7 22.6 

- 
With equations (20) and (39) it is possible to derive Q, for 

two gases in the different Maxwellian temperatures. The result i s  

I n n  
(41) - ( z1Z2e 

Q D -  2 P ,  

m m 

and is valid for particles of arbitrary mass and charge. 

feature of this cross section is its rapid decrease with increasing gas 

temperatures. 

An interesting 

For electron-ion scattering this equation may be reduced by 

taking T /m >> Ti/mi, Z1 - 1, Z2 = Zi, giving e e  

dependent only upon the electron temperature. 

with In A = 15, 
NuPPerically thio b.c-8 8 
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-5 2 2 
e 

- 
Q,(e-i) = (6.6 ,+ 0.6) 10 /T cm 

A b r i e f  comparison can be made here  regarding the  r e l a t i v e  

For nu- importance of e lec t ron-neut ra l  and electron-ion c o l l i s i o n s .  

merical  purposes a general  e lec t ron-neut ra l  c ros s  sec t ion  of 5x10 

is  adequate. Thus, t he  r a t i o  of the e lec t ron-neut ra l  c ros s  sec t ions  

can be w r i t t e n  as 

-16 2 c m  

- 11 2 
e R = Qei/Qe, 1.3 x 10 / T (44) 

. 

Since the  e l ec t ron  temperature, T 8 genera l ly  assumes values between e 
250° and 3600OK i n  the  upper atmosphere, w e  see t h a t  the  r a t i o  of t he  

c ross  sec t ions  v a r i e s  f r o m  2x10 t o  1x10 . This implies t h a t  the  

e f f e c t s  of e lec t ron- ion  c o l l i s i o n s  w i l l  become important when the  

r a t i o s  of the  ion t o  neu t r a l  d e n s i t i e s  reach 5 x 1 0 - ~  and 1x10 

respec t ive ly .  

6 4 

-4 , 

IVY ELECTRON COLLISION FREQUENCIES AND ENEBGY TRANSFER RATES 

1. Neutral  Gases 

The momentum t r ans fe r  c r o s s  sec t ions  f o r  e lec t ron-neut ra l  

c o l l i s i o n s  which were adopted in  the  previous sec t ion  can be used 

t o  a r r i v e  a t  expressions for  the  e l ec t ron  energy t r a n s f e r  c o l l i s i o n  

frequencies  and energy t r a n s f e r  rates. Tables 2 and 3, respec t ive ly ,  

give the  f i n a l  r e s u l t s .  

A comparison of these va lues  can be made with those previously 

reported.  Care must be taken, hawever, t o  consider  only elastic energy l o s s  

processes s ince ,  a s  shown by Gerjuoy and S t e i n  (1955) and F ros t  and Phelps 

(1962), t he  impact exc ia ta t ion  d r o t a t i o n a l  and v ib ra t iona l  states in 

diatomic molecules can be an e f f i c i e n t  energy l o s s  process f o r  an elec- 

t ron  gas.  
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Electron Co l l i s ion  Frequencies (sec -1 ) 

Tel Te 
- -2 1/21 112 

Table 2 

N2 : v = 2 .33~10  n(NZ) [l - 1 . 2 1 ~ 1 0  -11 -4 - 
e 

e 

e 

e 

e 

e : v 1 . 8 2 ~ 1 0 - ~ ~  n(0,) [l + 3 . 6 ~ 1 0  Te 

112 - O2 

0 : v 2 . 8 ~ 1 0  -lo n(0) T~ 

H : v - 4 . 5 ~ 1 0 - ~  n(H) [l - 1.35~10 Te] Te 

He : v = 4 . 6 ~ 1 0 - l o  n(He) T 

-4 1 /2 - 
1 12 - 

e 

-3 -1 
Table 3 E l a s t i c  Electron R e r g y  Transfer  Rates (ev c m  sac ) 

N2 : dU / d t  - 1 . 7 7 ~ 1 0  -19 nen(NZ) [ 1 - 1 .21~10  -4 Te] Te (Te- T) e 

'I2] T1'2 (Te- T) : dU / d t  - - 1 . 2 1 ~ 1 0 - l ~  n n(02) [l + 3 . 6 ~ 1 0 - ~  T 
O2 e e e e 

0 : dU / d t  - - 3 . 7 4 ~ 1 0  - i a  n n(0) Te ' I 2  (Te- T) 

H : dU / a t  - - 9 . 6 3 ~ 1 0  - 16 n n(H) [l - 1.35x10-~  Te] Te 'I2 (Te- T) 

e e 

e e 

He : dU /d t  = - 2 .46~10- l7  n n(He) Te 'I2 (Te- T) e e 

For N Dalgarno, e t  a l .  (1963) used an energy l o s s  aquation 
2 '  

which was based upon t h e  c r o s s  sec t ion  mcasuremente of Pack and 

Phelps (1961). This  gave 

dU (N ) A - 9 . 8 ! 5 ~ 1 0 - ~ ~  Te(Te- T) n(N ) n ov ern-' roc" (45) 
d t  2 e  - 

A dircrepancy is  noted, however, if one u r e e  t h e  v a l u r  of Q,, given 

in aquation (25), which ie a l s o  v a l i d  f o r  t h e  low temprrature8 where 

t h e  d a t a  of Pack and Phelpr (1961) apply. 

i r  f a c t o r  of 112 emaller than would br found through app l i aa t ion  Of 

th. rnr rgy  t r a n r f e r  rate given by equation (18). 

It appra r r  t h a t  aquation (45) 

Hrncr, i t  i r  found 

. 
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t h a t  equation (45) underestimates the  elastic energy t r a n s f e r  rate 

f o r  T < 3600OK. e 

I n  considering 0 Dalgarno, e t  al .  (1963) adopted the  va lue  
2 '  

due (O*) -20 -3 -1 
x -  6 . 1 ~ 1 0  Te(Te- T) n(O ) n  ev c m  sec , (46) d t  2 e  

based upon the  microwave s tud ie s  of A.V. Phelps (Dalgarno, 1961). 

This equation y i e l d s  energy l o s s  rates which are 20 t o  302 l a r g e r  

than those given i n  Table 3. This d i f f e rence  arises from t h e  use 

here  of newer c r o s s  sec t ion  d a t a  and the  app l i ca t ion  of the  exact 

energy t r a n s f e r  equatior, . 

The problem of e lec t ron  energy l o s s  i n  atomic oxygen has  

been considered by Hanson and Johnson (1961) and Hanson (1963). I n  

t h e  lat ter paper a c r o s s  section of 2x10 cm w a s  adopted, leading 

t o  an energy t r a n s f e r  rate of 

-16 2 

dU (0)  -3 -1 
T ' I 2  (T - T) n(O)n ev cm sec . e a - 1 . 4 2 ~ 1 0  e e 

d t  e 
(47) 

I f ,  however, equation (18) had been applied wi th  t h e  s t a t e d  c r s s  

sec t ion ,  t h i s  rate would be a f a c t o r  of 1.55 g rea t e r .  

way, Dalgarno, e t  a l .  (1963) took a c r o s s  sec t ion  of 6 ~ l O - l ~  c m  

and a r r ived  a t  t h e  expression 

I n  t h e  same 
2 

due (0)  -3 -1 = - 1 .31~10-~~  T '12(Te- T) n(0)n ev cm sec . d t  e e 
(48) 

Again, t h e  d i r e c t  u se  of t h e i r  c r o s s  sec t ion  i n  equation (18) l eads  

t o  t h e  value 



- 30  - 

which i s  a factor of 5.7 lower than the  present  r a t e .  However, i f  the  

rate given by equation (48) i s  t h e i r  f i n a l  r e s u l t ,  then t h e  ac tua l  mo- 

mentum t r ans fe r  c r o s s  sec t ion  used w a s  1 . 8 ~ 1 0 - l ~  c m  which is c l o s e  t o  

the  value adopted here .  

2 

For atomic hydrogen and helium the re  appear t o  be no de- 

terminations of energy t r a n s f e r  rates which could be used f o r  compa- 

r i son  with t h i s  work. 

2. Charged Particles Gases 

- 
Using the  previous value f o r  Q , t h e  charged p a r t i c l e  co l -  D 

l i s i o n  frequency of a p a r t i c l e  of mass m, i n  a gas of p a r t i c l e s  of 

mass m is  2 

4 
12 3 

- 
v = -  

2 2  (F) 
I 

In  h 

($+?) 
To reduce t h i s  t o  e lec t ron- ion  s c a t t e r i n g  w e  take T e 
and Z1 - 1 giving 

o r ,  numerically with In A =  15., 

3/2 -1 - 
V (54. ,+ 5.)ni/T see . 
e e 

This  r e s u l t  agrees with t h a t  derived by Nicolet (1953) from the  

work of Chapman and Cowling (1952). 

There have been th ree  experimental s t u d i e s  which have sub- 

s t a n t i a t e d  the  expression adopted here.  Anderson and Goldstein (1956a) 

conducted microwave experiments i n  a decaying n i t rogen  plasma and 

found a c o l l i s i o n  frequency which agrees  wi th  equat ion (52) t o  wi th in  10%. 
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. 

Chen (1964) has  reported a more re f ined  experimental technique which 

permitted him t o  measure the electron-ion c o l l i s i o n  frequency i n  a 

neon plasma. H e  found that equation (52) c o r r e c t l y  represents  t he  

c o l l i s i o n  frequency over a wide range of temperatures and ion den- 

sities. 

Mentzoni (1965) has  a l s o  been a b l e  t o  confirm the  v a l i d i t y  of 

equation (52) t o  wi th in  t h e  indicated accuracy of 102. 

The numerical r e s u l t s  of h i s  experiments agree t o  within 62. 

The energy t r a n s f e r  rate between two charged gases having 

Maxwellian v e l o c i t y  d i s t r i b u t i o n s  but no r e s t r i c t i o n  on the  tempera- 

t u r e s  o r  masses is 

In A 
2 2  

(Z1Z2e ) 
(53) - =  - 

4 \12-ir'nln2 m m  k(T1- T2)( 3 + 2) 312 ' 
dU1 

1 2  d t  

m 1 2 m 

which, f o r  e lec t ron- ion  energy t r a n s f e r ,  reduces t o  the w e l l  known form, 

,2 . . 

Numerically, t h i s  becomes f o r  s ing ly  charged ionso  

-6 (Te- Ti) -3 -1 ev c m  sec due - = - (7.7 2 0.8) x 10 
neni d t  A m 3/2 

A I  i e  

where A is t he  ion atomic mass in anm. i 

It is  i n t e r e s t i n g  t o  note  t h a t  

i n  equation (53) the re  occurs a mrutimum 
2 f o r  a f ixed  temperature T 

energy t r a n s f e r  rate which, 

for the  general  case, is found a t  a temperature T - (3 + 2ml/%)T2. 

For e lec t ron- ion  energy t r a n s f e r  t h i s  reduces t o  the  usual  r e s u l t  t h a t  

T = 3Ti. 

1 

This ana lys i s  ignores ,  however, the  con t r ibu t ion  of the 
e 



- 3 2  - 

temperature dependence of t he  t e r n  In A. 

t r ans fe r  inclusion of t h i s  e f f e c t  leads,  f o r  In A = 15, t o  the 

r e l a t i o n  T 

For: el.mtron-hon energy 

= 3.5 T i s  an increase  in the  critical. temperature by 162. e 

The importance of equation (53) Lies i n  the  p o s s i b i l i t y  of 

descr ibing a l l  charged p a r t i c l e  energy t r a n s f e r  i n  terms of one general  

r e s u l t  ; the  reduction to  eleztron-<.on,  e lec t ron-e lec t ron ,  o r  Fon-ion 

cases  being made simply through a proper  choice of subscr ip ts ,  charges and 

mass r a t i o s ,  

V.- SUMMARY AND CONCLUSIONS 

It has been shown t h a t  a s u i t a b l e  synthes is  can be made 

of the elastic energy t r a n s f e r  equation such t h a t  a generalized 

energy t r ans fe r  c o l l i s i o n  frequency can be defined f o r  condi t ions 

of thermal nonequilibrium. I n  considering the  s p e c i f i c  problem of 

e lec t ron-neut ra l  c o l l i s i o n s  i t  was necessary t o  analyze both labo- 

r a to ry  da t a  and theo re t i ca l  s tud ie s  of s c a t t e r i n g  phase s h i f t s  i n  

order  t o  a r r i v e  a t  s a t i s f a c t o r y  expressions f o r  the  average momen- 

tum t r a n s f e r  c ross  sec t ions .  f o r  N *, 02D and H e  are 

founded upon experimental r e s u l t s ,  t he  values  f o r  0 and H have been 

newly derived from the  recent  t h e o r e t i c a l  ca l cu la t ions  of s c a t t e r i n g  

phase s h i f t s .  

- 
Thus, while Q D 

The der iva t ion  of t he  charged p a r t i c l e  momentum t r a n s f e r  cross 

sec t ion  was shown to  follow from the  s tandard expression f o r  the Rutherford 

d i f f e r e n t i a l  s ca t t e r ing  c r o s s  sec t ion  and t h e  f i n a l  expressions are 

va l id  f o r  charged gases of a r b i t r a r y  temperatures and p a r t i c l e  masses, 

r e l a t i v i s t i c  e f f e c t s  being ignored. 

and electron-neutral  cross sec t ions  was made t o  ind ica t e  the  much lar- 

ger  value which is assoc ia ted  wi th  charged p a r t i c l e  c o l l i s i o n s .  

A comparison of the electron-ion 
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8 .  

Using the  d i f f e r e n t  momentam t r a n s f e r  c ros s  sec t ions  

e lec t ron-neut ra l  c o l l i s i o n  frequencies and energy t r a n s f e r  rates 

were derived and compared with expressions previously used. 

general ,  t he  d i f f e rences  between var ious au thors  can be as l a r g e  

as a f a c t o r  of two. 

I n  

The probiem of ion c o l l i s i o n  frequencies  and energy 

t r a n s f e r  w i l l  be discussed i n  a subsequent paper. 
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