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ABSTRACT 

Theoretical analysis shows that  the electron collision frequency in the ionosphere depends on the neutral 
particle concentration in Regions D and E and on the electron concentration in Region F. Any atmos- 
pheric model above the E layer cannot, therefore, be based on the electron collision frequency with 
neutral particles. 

I. INTRODUCTION 

Several methods have been used for measuring the collision frequency of electrons 
in ionospheric regions. The observational determination of collision frequency is 
possible because the theory of the phenomenon of wave interaction in the lower 
ionospheric regions necessarily involves consideration of electron collisions with 
atmospheric molecules, and because the values of the reflection coefficient obtained 
for waves reflected from the upper ionospheric regions can be explained on the 
assumption that absorption occurs in the lower layers, or near the critical frequency. 

The published observational values vary widely (GERSON, 1951). The 
discrepancies cannot be attributed entirely to some naturally occurring variations. 
The degree of dispersion in the collision frequency measurements depends on the 
difficulties of the measurements. Furthermore, the data representing mean values 
are very often considered at various levels. For example, values of the electron 
collision frequency varying from ~ ~ 10s see -I to Pe ~ 104sec-1 have been 
quoted for the E layer. 

BEST and RATCLIFFE (1938), considering an E layer with a constant scale 
height, have obtained from absorption measurements a value of H~ m (H ~ constant 
scale height, vm ---- collision frequency at the maximum of electron density) 
3.5 × 1010cm-sec -~. This result approximately corresponds to an equivalent 
height of 130 kin. Using H z 9 km, they find ~m -~ 3.9 × 104 sec -~. Comparing 
their result with the value (BEST and RATCLIFFE, 1938) given by FARMER, who 
used the group retardation method and obtained a mean value of 104 sec -I at a 
height of 130 kin, they conclude that a value of about 2 × 104 sec -I cannot be far 
wrong at 130 km. MARTYN and PULLEY (1936) adopted a scale height of 9 km 
and used a mean value of r ---- 3 × 105 sec -I for Region E. This value of the 
collision frequency, which was deduced by MARTYN (1935) and BAILEY and MARTYN 
(1935), corresponds to a pressure of 10 -3 mm of mercury and must be applied at a 
height below i00 kin. It does not correspond to the maximum of the E layer, but 
represents datum for the lower portion of this layer. 

A general study of the absorption measurements on different frequencies 
made at Slough and Freiburg, by RAWER, BIBL and ARGENCE (RAWER, 1951; 
BIBL and RAWER, 1951; RAWER, BIBL and ARGENCE, 1952) leads to the separation 
of the contributions due to Regions E and D. Assuming a parabolic E layer and 
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an exponential  variat ion of the collision frequency, these authors found a median 
value of 7 x 108 sec -1 at  a level of about  125 kin. Thus, this value is lower than 
the other determinations. I t  may  be noted that ,  assuming round figures, APPLETON 
(1939) has quoted 104 sec -1 at  a height of 120 km. 

The results obtained from investigations of ionospheric cross modulat ion lead 
to values of the collision frequency which are of interest in connection with the 
s tudy of Region D. For  instance, SHAW (1951) gives a value of 1-4 X l0 s sec -1 
for the collision frequency at  a height of 92 kin. This figure is obtained from the 
product  ~G where G is the energy loss factor and is found from laboratory measure- 
ments (HUXLEY and ZAAZOU, 1949) to be equal to 1.3 X 103. The deduced height 
utilized is of the region of cross modulation and represents an equivalent height. 
An est imated height correction, by SHAW (1951), would be of the order of --2.5 kin. 
In particular, three of his results are considered: 

28th April 1949 Gv/2~r ~ 307, v ~ 1"48 X 106 see  -1, z ~ 91.7 km 
5th June 1949 552 2.66 X 106 86"1 

21st June 1949 612 2.96 × 106 86'5 

HUXLEY, in different publications [1950a, b] has discussed the electron collision 
frequencies obtained by  ionospheric cross modulation and especially the value of 
the parameter  G. Three values have been generally used: G - ~  2.6 X 10 -a 
( B A I L E Y  and MARTY~r, 1935; BAILEY, 1937; RATCLIFFE and SHAW, 1948), 
G ~ 1-3 X 10 -3 (HuxLEY and ZAAZOU, 1949) and G ~ 2.2 × 10 -3 (CROMPTON 
and SUTTON )*. A round figure should be 2 x 10 -3. Adopting G ~ 1-3 × 10 -3, 
HUXLEY (1950) has found v ~ 1.2 × 106 sec -1 at  85 km. The height is determined 
from the collision cross-section of molecules, 5.8 × 10 -16 cm ~, a 210°K tempera- 
ture and the pressure given by rocket soundings (BEST, HAVENS and LAOOW, 
1947). More recently HUXLEY (1950a), taking a mean value of Gv ---- 1.7 x 103 
and assuming a rounded value of G--~ 2 × 10 -3 , obtained v ~ 8-5 x 105 sec -x 
at a height of 86 km. These results yield lower values than those obtained by 
SHAW (1951). For  example, at 86 km the ratio is 1/3. 

BRINGS (1951) has used a method based on observations of the reflection 
coefficient of the abnormal E layer. The collision frequency of electrons is cal- 
culated assuming tha t  the abnormal E layer consists of a thin horizontally strati- 
fied layer with some exponential  density-height variation. Values between 
3-9 X 104 sec -1 at  111 km (one value) and 2 X 104 sec -1 at 135 km (one value), 
passing through values of about  1.7 X 104 sec -1 at 117.5 km (two values) are given 
by this method. 

Another result has been deduced by  ~INDLAY {1951) who has observed the 
change of phase path  of radio waves re turned from the E layer during radio fade- 
outs on frequencies near 2 Me/s. He has obtained values of ~ between 2 x 10 ~ 
and 6 × 105 sec -1 with a mean value of ~ ----- (4.43 ± 0.20) X 105 sec -1. Using an 
empirical formula due to BRINGS, he obtained the associated height value of 
101 ~ 2 km which seems too high for the radio fade-out phenomenon involved. 
In fact, BRINGS' formula, which seems to be based on SrIAW'S and BEET'S and 
RATCLIFFE'S data,  would give the following values of v: at 90 km, v ~ 1.8 x l0 s 

* el. HUXLEY (1950b) 
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see-l; at  100 kin, v : 5.1 × 105 sec-1; and at 120 km, v : 4.2 x 104 see -1, 
which are larger than the values found by RAWER and computed by HUXLEY. 

Considerable uncertainty is introduced in the discussion of the collision 
frequencies in the F region if we t ry  to use some quoted experimental value for 
the F 1 daytime layer. Thus, we shall neglect the values of electron collision 
frequency for this layer, and consider only the data  for Region F~; and par- 
ticularly the nighttime data. The maximum value which may be considered 
(GERSON, 1951) is v : 3 × l0 s sec -1, and a mean value for the F s daytime layer 
may be not more than 10 a sec -1. This corresponds to the round figure given by 
APPLETON (1939) for Region F;  approximately between 250 km and 300 kin. 

After the observations made by FARMER and RATCLIFFE (1935) and the other 
results (GERSON, 1951), it is important  to consider a recent publication by RAWER, 
BIBL and ARGENCE (1952) in which the nighttime observations of the F 2 layer 
during November, 1949-April, 1950 and February, 1951 lead to a very low value, 
v = 2 × l0 s sec -1, for the collision frequency of electrons. I f  all the observational 
results are considered as correct, they indicate tha t  a variation of the collision 
frequency occurs between day and night not only due to a variation of height, 
but also in the collision processes. 

Thus, as we study the electron collision frequency distribution in the high 
atmosphere, we must keep the observational data  in mind, considering tha t  the 
highest values mentioned above are probably incorrect and tha t  v = 104 sec -1 
must be considered as an acceptable (upper) value for the maximum of the E 
layer and v = 103 sec -1 is a high acceptable value for Region F. 

2. COLLISION BETWEEN A NEUTRAL MOLECULE AND AN ELECTRON 

1. CHAPMAN and COWLING (1939) and COWLING (1945) have given formulas to 
determine collision frequencies. In the velocity distribution method, the effective 
collision interval ~12 for molecules of mass m 1 and mass m s is 

nhm2(nl ~- ns) D (1) 
"f12 : (nlm 1 + nsms)k T 

where D is the ordinary coefficient of mutual  diffusion of the two kinds of molecules 
in the absence of other gases, n 1 and n s are the particle number densities (numbers 
of molecules present per cm3), k is BOLTZMANN'S constant, and T is the absolute 
temperature. To a certain degree of approximation, D is, for rigid elastic spheres, 

3 [2/cT(m~ -~-m2)] 1/2 

D : 16(nl -~ n2)a212 I_ 7rm~m-- 2 (2) 

where a is the so-called collision distance. 
From (1) and (2), the collision frequency VlS for a molecule of type 1 with 

molecules of type 2 is 

f(ml + ms)kT] ]/s 16 him 1 + nsm s ~ra122 L 2~m~2 J (3) 
~ls = 3 m 1 ~- m s 
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F or  collisions be tween  an e lec t ron of  mass m e and  neu t ra l  par t ic les  of  mass 
m wi th  n u m b e r  dens i ty  n, (3) becomes  

re . = ~ n ~  2 ( 4 )  
' \T ry ,  e ] 

because m 1 ~ m ~ m 2 ~-~ m~. 

Thus,  t he  collision f r equency  of  an  e lec t ron wi th  neu t ra l  part ic les  is de t e rmined  
i f  we can find the  effective collision dis tance.  

2. I t  is no t  easy  to  ob ta in  an exac t  va lue  for the  collision dis tance  of  low veloc i ty  
e lectrons in ~he ionosphere.  The  cons tan t  kinet ic  cross-section (Q ~- 7ra 2) does no t  
represen t  the  effect ive cross-section and  the  quan ta l  cross-section m a y  also yield 
some u n c e r t a i n t y  according to  the  approx ima t ions  involved.  F r o m  the  experi-  
men ta l  poin t  of  view, resul ts  are no t  given a t  low elec t ron speeds and  the  d a t a  can 
only  be ob ta ined  by  ex t rapo la t ion .  

FISK (1936) has compared  the  theore t ica l  resul ts  for  02 and  N~ t h a t  he has 
ob ta ined  using a quan ta l  m e t h o d  wi th  expe r imen ta l  cross-section curves.  At  
e lec t ron velocities g rea te r  t h a n  1 eV, his values  can agree wi th  the  expe r imen ta l  
da ta ;  bu t  for e lec t ron velocit ies app rox im a t in g  those  of  the  ionosphere,  the  
expe r imen ta l ly  observed  values  are somewha t  larger.  In  fact ,  no exac t  compar ison  
is possible because the  expe r imen ta l  s t ud y  becomes less precise a t  low elec t ron 
speeds. 

FISK'S resul ts  expressed  in a tomic  uni ts  are (Q in a tomic  uni ts ;  1 a tomic  uni t  : 
2.8 X 10 -17 cm 2) 

Electron energy Theory Experimental results 
in e V  N 2 0 2 N 2 0 2 

0 25 15 - -  - -  

0.7 17" 12" 30 19 
1 30 13 35 22 

These  da t a  indicate  t h a t  the  effective collision cross-sections for v e r y  slow 
electrons are genera l ly  of  the  order  of  20 a tomic  units,  b u t  values  be tween  25 and 
15 a tomic  uni ts  are no t  excluded.  In  fact ,  a cross-section of  45 a tomic  units  for 
molecular  ni t rogen,  corresponding to  an  effective collision dis tance of  2 × 10 -s cm, 
refers to  e lectrons wi th  velocit ies no t  less t h a n  1 eV. COWLING (1945) has used a 
va lue  of  2 × 10 -s  cm for the  collision dis tance,  b u t  he notes  t h a t  it  depends  on an 
ex t r apo la t i on  f rom expe r imen ta l  velocities much  grea ter  t h a n  those in the  t he rma l  
range.  

I f  we consider an effective cross-section of  25 a tomic  uni ts  or 7.0 x 10 -16 cm z, 
we adop t  an effective collision dis tance of  1.5 × 10 -s cm. B y  choosing this value  
as the  collision dis tance for an N 2 molecule wi th  respect  to a v e r y  slow electron,  
we use a va lue  less t h a n  the  collision radius  ob ta ined  by  viscosi ty  or diffusion 
measurements .  A corresponding value  for 03 wi th  16 a tomic  units  or 4.5 × 10 -16 
cm 2 would be 1.2 x l0 -s  cm. In  air, wi th  an a p p r o x i m a t e  ra t io  of  n u m b e r  densit ies 
of  N 2 and  03 equal  to 4/1, the  effective cross-section becomes 6.5 × 10 -16 cm 2. 

* A p p r o x i m a t e  m in im a .  
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I t  appears  t h a t  the  prob lem of  the  collision cross-section of  a tomic  oxygen  
with respect  to  an e lect ron is different ,  according to  the  crit ical su rvey  made  by  
GEI~SO~q (1951). Using the  pred ic ted  value,  and  no t  the  resonance  value  which is 
cer ta in ly  too great ,  BATES and  MASSEY (1947) have  found  at  250°K a round  vahm 
of  4 x 10 -1° sec -1 as the  collision f r equency  per  oxygen  a tom.  Such a value is 23 
t imes  less t h a n  the  collision f r equency  per  n i t rogen molecule  and  thus  is negligible*. 

Wi th  the  numer ica l  values adop ted  for the  collision cross-section, the  equa t ion  
(4) becomes for air (N 2 ~- 02) 

re, ,n ~ 5"4 X lO-l°n(M)T 1/~ (5) 

where  n(M) is the  to ta l  n u m b e r  of  molecules per cc. 
I f  P is the  to ta l  pressure in m m  of  mercury ,  (5) m a y  be wr i t t en  

re, m ~- 5.22 X 109PT -1/2 (6) 

2 
W he n  oxygen  is dissociated,  n(N2) = ~ n(M),  and  ins tead of  (5) and  (6), we 

obta in  

re, m = 3.87 X lO-1°n(M)Tl/2 (7) 
and 

v . . . .  : 3.74 X 109PT -lf2 (8) 

3. I n  order  to de te rmine  the  numer ica l  values  of  the  e lect ron collision 
f requencies  in the  lower ionosphere,  we m a y  use the  rocke t  d a t a  (HAvEnS et al., 
1952) giving the  pressures,  in mm of  Hg,  a t  t en  k i lometer  increments  and  round  
figures for the  t empe ra tu r e s  a t  the  same levels. The  c o m p u t e d  pressures,  t empera -  
tures  and  collision frequencies  are given in Table  1. 

Table 1. Electron collision frequencies 

Height Pressure Temperature Collision frequency sec -t 
(km) (mm of Hg) (0 2 -- N2) (O + N2) (O~ ~ N2) (O + N2) 

60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 

2.23 X 10 -1 
5-77 X 10 -2 
1.08 X 10 -2 
1.90 X 10 -3 
4-06 X 10 -4 
1.05 X 10 -4 
3.50 X 10 -5 
1 . 4 1 X  10 -5 
6.51 × 10 -6 
3.34 X 10 -6 
1.85 × 10 -6 
1-09 × 10 -~ 
6.79 X 10 -7 

268 
22O 
181 151 
197 164 

191 
218 
271 
324 
377 
430 
482 
534 
586 

7"1 x 107 
2"0 X 107 
4-2 X 106 
7"0 X 105 

3.3 × 106 
5.5 x 105 
1.1 x 105 
2.7 x 104 
8.0 x 103 

2.9 x 103 
1.3 X 103 
6.0 x 102 

3-2 × 103 
1"8 x 102 

1.0 × 103 

* Another  de terminat ion  of  the elastic cross-section of  oxygen a toms  for slow electrons has been 
carried out  by  YAMA~COUCr~I [24]. The cross-section obtained is 24.1 X 10 -le cm ~. Wi th  such a value, 
the a tmospher ic  (N z A- O) collision frequency wi th  respect  to an  electron should be increased by a 
factor of 2-7. 
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The collision frequencies at heights lower than  90 km have been computed 
with the help of equation (6), and above 80 km with the help of (8). If, at 90 kin, 
the dissociation of 02 is not complete, an intermediate value between 6 and 
7 × 105 sec -~ may be used. A plot of these results appears as the solid lines in 
Figs. 1 and 2. As may be seen by referring to these Figures, the net result of these 
computations is tha t  many observational values are too high. 

5ec-'  

- -  r 

T /O 7 -- 

I:: 
.g 

, v S L  
60 

[ T [ ~ 

~ =  Bplggs'Focmu/a ~ - - - -  

F = Findlay 

H = Huxley 

M~P ~ Martyn and Pulley 

o~nts o f  Shaw 

,I 
\ 

\ i I F-F°'~- 
\ i z~: ~l,?---awe~ 

: \ 
I L ' I I I 

70 80 90 /00 100 120 lqO 760 

Altl~ude ~ Km. Alt i tude ~ Km. 

Fig. 1 Fig. 2 

FI~DT,AY'S investigations (1951) on fade-outs at a frequency near 2 Mc/s, 
which resulted in a mean value of ~ ~ 4 × 105 sec- 1, correspond to a maximum 
height of 9 0 -  91km. With the extreme values of ~ - - 6  × 10 -5 sec -1 and 
2 × 105 sec -1 obtained by FIh'DLAY we may say tha t  the maximum of fade-out 
producing ionization occurs at heights lower than 95 km. 

Considering tha t  the levels given by SHAw (1951) correspond to equivalent 
heights which may be transformed into actual heights (SHAW, 1951) by subtract- 
ing not less than 2 or 2.5 km and also tha t  G, the energy loss factor, is, in round 
figures, 2 x 10 -3, S~Aw's data  adequately describes the variation of ~ with height 
obtained by our theoretical determination. 

I f  we consider B~mGs' observational data  (1951), the collision frequencies at 
l l l ,  117, and 118 km follow the theoretical curve approximately, but  a value of 
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2 × 104 sec -1 at  135 km is certainly too high. BRINGS' formula (1951) appears to 
be based on SHAW'S data (1.6 × 10 e sec -1 at 90 km) and on high values at  130 km. 
I t  must  be changed in order to follow the more recent investigations. 

Finally, having transformed some observational data  by the means indicated, 
it is possible to obtain a consistent set of values which follow the computed curve 
between 80 and 130 km as indicated in Figs. 1 and 2. 

4. I f  the collision frequency depends only on the number density of the neutral  
particles, we must assume that ,  at the level of Region F, the pressure and the 
temperature are very high. But  this hypothesis, which has been generally 
considered, cannot be applied, for at 180 km the collision frequency is only 
l0 s sec -~. Thus, the immediate conclusion cannot be avoided tha t  the electron 
collision frequency in Region F does not result from the collision with neutral 
particles* and must be due to another type of collision. 

This conclusion is important  because the former deductions about the structure 
of the higher ionosphere (formation of layers) are based on a number density of 
neutral particles connected with a collision frequency due to neutral particles. 
In fact, it is not correct to use the collision frequency in order to obtain information 
regarding the pressure or the particle concentration above the E layer. Further- 
more, the origin of Region F cannot be explained as occurring at  the level of the 
maximum of photo-ionization if the absorption coefficients of atomic oxygen 
which are used are correct, and the problem of the formation of the upper iono- 
spheric regions (F 1 and Fe) cannot be considered in an ionization equilibrium with 
a constant recombination coefficient. 

3. COLLISION B E T W E E N  CHARGED P A R T I C L E S  

1. We follow CHAPMAN and COWLING (1939) again in order to determine the 
collision frequency between charged particles. The effective collision interval for 
charged molecules of mass m 1 and m 2 is still found by (1); but  now the diffusion 
coefficient D for charged particles is (to the first approximation) 

D - -  16 n 1 -~ n~ L ~ml~m-2 A1(2 ) (9) 

where e denotes the electric charge as used in the following equation for the force 
P between pairs of particles having charge e 1 and e~, 

p -- ele~ 

rr '  
and A1(2 ) denotes a slowly varying function of T and n e which will be given later. 

In terms of (1) and (9), the collision frequency between positive and negative 
particles of charge e is 

4 ~re a n l m  1 ~ n2m ~ 
r+_ -- 3 (21rkaTS) 1/2 (mlm2) lie (m 1 + m~) 1/2 A1(2) (10) 

* MITRA (1948) found excellent agreement  between his theoretical determinat ion and an adopted 
value of v ~ 2 × 10 a sec -1 at  250 kin. I-Ie uses a value of  1060 atomic uni ts  for the cross-section of  
atomic oxygen at  1000°K. I f  the E layer is considered, atomic oxygen would be more  effective and the 
collision frequency deduced would be too high. 
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I f  we consider the collision frequency of positive ions with respect to an electron, 
we may use the following conditions: 

m 1 ~ m+ >~ m e ~ m 2 
and 

n+----n_ + n  e~-~ (1 + u)n e 

where n/ne = u is the ratio of negative ion ( n )  and electron concentrations if 
the gas as a whole is assumed to be electrically neutral. Then, the general 
expression (10) can be writ ten 

4 ~-e 4 
re, + ----- ~ (2~mekSTa)l/~ At(2 ) (1 4- u)n~ ( l l )  

which is the collision frequency of an electron with positive ions which all have 
the same mass m+. Note that  the value of u, the ratio of the negative ions to 
electrons, determines the importance of the a t tachment  process. I f  the number of 
negative ions is negligible u ~ 1, n+ = n~, and the electron collision frequency is 
proportional to the electron concentration. 

2. The nature of A1(2 ) must be known in order to perform an actual calculation 
of the collision frequency. This slowly varying function of temperature and density 
may take different forms depending upon the assumed mean collision distance. 

The expression given by  CHAPMAN and COWLINO (1939) is, to the first 
approximation, 

A1(2 ) - - - - -  log~(1 4- VSot) (12) 
where 

4dkT 
vol --  e2 

with d = mean distance between "pairs of neighbouring molecules." 
I f  we define d as being equal to (2n~) -1]3, 

and if 

the correction term At(2 ) is 

A1(2 ) = loge[ 1 + [ e 2 ~ ) [  4kT '~] 

4kT 
1 ~ e2(2ne)l/a 

4]cT 
A1(2 ) = 2 log~ e~(2ne)l/3 

I f  we define d as being equal to DEBYE'S distance 

( kT ~ 1/z 
d = \8~re~nJ 

the correction term must  be writ ten 

A l ( 2 ) = l o g ~  [ 1 + {  4 ~a/,ean,1/z (k-~T2 ) 

(13) 

(14) 

(15) 

(16) 

(17) 
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and with the condition (15) 

A1(2 ) = 2 log e 7rl/~e3n 1/2 (18) 

I f  we define d as being equal to e2/h~, where ~, is the radiation frequency and h 
is PLA~,'CK'S constant, (13) becomes 

4kT 
V ° l -  hv (19) 

and the correction term is 

[ (20) 31(2 ) = l o g  e 1 + \ hv / J 

When the wave length of the radiation emitted in a free-free transition (positive 
ion and electron collision) is very short, A1(2 ) represents GAV~T'S factor. 

3. For the calculation of free-free emissions in interstellar space and in the sun, 
various authors have used formulas such as (16), but it should be noted tha t  the 
difference between numerical results depends on the correction terms used (DENmSE, 
1950). For example, at T -~ 106°K and n e ---- 109 cm -a, we obtain, respectively, 
by  (16) and (18) A1(2 ) = 28.9 and 39.4; at 1000°K and n e ~ 106, Ax(2 ) ~ 19.7 

3 
and 25.6. Thus, their ratio equals about -. 

4 
Considering that ,  under certain conditions, the cut-off distance d equals the 

DEBYE distance (COHEN et al., 1950), we adopt the formula (18) which gives the 
greatest numerical value. Nevertheless, we must keep in mind tha t  the results 
given by the two formulas (16) and (18) are approximately of the same order. 

Other expressions (GERsoN, 1951) have also been introduced for ion-electron 
collisions. MAJUMDAR (1937) and GINS]~URG (1944) have derived collision frequency 
expressions which are identical with the (11) relationship provided their correction 
terms are so adopted tha t  they  give agreement with the preceding values. RAY 
(1938) and PA~DE (1947) have claimed that  the ratio between collision probabilities 
of neutral particles and ions with electrons cannot be as high as the value obtained 
by MAJUMDAR. This criticism is not justified. 

4. In order to determine the numerical values of the electron collision 
frequencies in the upper ionosphere, we use the formulas (11) and (18). We 
obtain a collision frequency 

T3/2 ] 
re, + ~ 34 + 8"36 log10 ~-2|neT-3/2 (21) 

ne J 

which depends on the temperature and electron concentration. Results of a 
computation with this last formula, which are given in Table 2, indicate a strong, 
very sensitive dependence on the temperature. 

I t  is, of course, to be expected tha t  the electron collision frequency will be 
variable (for the same electron concentration) according to the actual height 
obtained from observational data. Fig. 3 shows the electron collision frequency 
as a function of the temperature for various electron concentrations between 
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Table 2. Electron collision frequencies (with positive ions) 

\ n ,  5 × 10 4 10 5 5 × 10 5 10 6 2 X 10 n 

200°K 
500 
750 

1000 
1500 

7-7 x 102 1.5 x 10 a 6.9 x 103 1.3 × 104 2-6 x 10 a 
2.2 x 10 ~ 4.2 x I02 2.0 x 10 a 3.8 × 103 7-4 x 10 a 
1.2 x 10 2 2.4 x 10 2 1.1 x 10 a 2.2 x 10 3 4.3 x 10 a 
8.2 x 101 1.6 x 10 2 7.7 x 10 2 1.5 x lO 3 2-9 x 10 3 
4-7 x 10 ~ 9-1 x lO 1 4.3 x 10 2 8-4 x lO 2 1-6 x lO 3 

5 × 104 and  2 x 106 cm -3. The t empera tu re  effect is so ve ry  i m p o r t a n t  t h a t  it 
is perhaps  possible to de termine  limits for the t empera tu re  in the ionosphere if 
the ac tual  height  is known.  F r o m  ano ther  point  of  view, considering a cons tan t  
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t empera tu re  (Fig. 4), we can see the  var ia t ion  of  the electron collision f requency  
wi th  the  electron concentra t ion.  I t  is evident  t h a t  the diurnal  var ia t ion  of  the 
electron collision f requency  mus t  be ve ry  impor t an t .  

I t  is, therefore,  reasonable  to conclude t h a t  the  absorp t ion  of radio waves 
in the F layers is due to collisions be tween electrons and  posit ive ions since the 
collision f requency  between posit ive ions and  electrons, as calculated here, gives 
var ious  values which can agree with the observed values (GERsON, 1951; RAWER 
et al., 1952; APPLETON, 1939; FARMER and  RATCLIFFE, 1935) in Regi3n F.  
Fu r the rmore ,  a n y  conclusion abou t  the concen t ra t ion  of neu t ra l  particles canno t  
be ob ta ined  f rom an electron collision f requency  above  the E layer,  because the 
electron collision f requency  with neut ra l  particles is negligible compared  with this 
collision f requency  with posit ive ions. 
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I t  should be noted tha t  the electron collision frequency with positive ions would 
be effective at lower heights than  the E layer if the positive ion concentrations 
were very great. For example, positive ion concentrations from l0 s cm -3 to 
2 × 108 cm -s (at 2000°K) give electron collision frequencies of about one hundredth 
of these figures. I f  we adopt 2 × l0 s positive ions per cm 3 at about 90 km ( S E D D O N ,  

1952), the electron collision frequency with positive ions is 2 × l0 s sec -1, which is, 
therefore, four times greater than  the collision frequency with neutral particles. 
Furthermore, with such a preponderance of heavy ions, the phenomena of wave 
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propagation should be affected. Nevertheless, the last theoretical investigation 
of BATES and MASSEY (1952) failed to reveal any mechanism which could give a 
contribution of positive ions in Region D. 

The research reported in this paper has been sponsored by the Geophysics 
Research Division of the Air Force Cambridge Research Center, Air Research 
and Development Command under Contract AF19(122)-44. 
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