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ABSTRACT 

Recent  add it i o n s  t o  t h e  i a n i z a t  i o n  mechanisms r e s p o n s i b l e  

f o r  t h e  lower i o n o s p h e r e  are rev iewed .  The acknowledged s o u r c e s  

are : 

1. I o n i z a t i o n  of  NO by solar Lyman a l p h a  (1215.66) 

2 .  X-rays 2-8A a c t i n g  on a l l  c o n s t i t u e n t s  

3. Cosmic r a d i a t i o n  

T h e r e  remain  u n c e r t a i n t i e s  i n  t h e  i o n  p a i r  p r o d u c t i o n  f u n c t i o n  

f o r  n i t r i c  oxide and i n  t h e  r e a c t i o n  of t h e  D r e g i o n  t o  d i f f e r e n t  

2-8A f l u x e s .  Fo r  i n s t a n c e  r e c e n t l y  p u b l i s h e d  NO a i r g l o w  measure- 

ments  of  t h e  n i t r i c  oxide d i s t r i b u t i o n  are i n c o n s i s t e n t  w i t h  

X-ray enhancement e f f e c t s .  

O the r  p r o c e s s e s  which must b e  g i v e n  c o n s i d e r a t  i o n  i n c l u d e  : 

4 .  I o n i z a t i o n  of  O2 ( ' :-g) by solar r a d i a t i o n  1<1118A 
-- 

5 .  I o n i z a t i o n  of  NO2 by solar Lyman a l p h a  

6.  E n e r g e t i c  e l e c t r o n  p r e c i p i t a t i o n  

7 .  Fragmen ta t ion  o f  water c o n g l o m e r a t e s  by X - r a d i a t i o n  

T h e i r  c o n t r i b u t i o n  t o  t h e  t o t a l  ioa p a i r  p r o d u c t i o n  f u n c t i o n  w i l l  

b e  d i s c u s s e d .  Exper iments  are s u g g e s t e d  which s h o u l d  lead t o  a 

better u n d e r s t a n d i n g  of t h e  r e l a t i v e  impor t ance  of  t h e  d i f f e r e n t  

i o n i z a t i o n  mechanisms. 

Sources  o f  i o n  iza t  i o n  r e s p o n s i b l e  f o r  t h e  fo rma t  i o n  of  t h e  

lower i o n o s p h e r e  a t  n i g h t  are also d i s c u s s e d .  



1. INTRODUCTION 

That portion of the ionosphere which falls below 100 km 

and comprises the D and lower E regions is the least understood 

part of the entire ionosphere. This is partly due to the in- 

accessibility of the region to all but sophisticated ground 

based measuring techniques and that only sounding rockets and 

not satellites can be used for in situ measurements. In addition 

the lower ionosphere is chemically the most complex region. It 

is not unusual for current theoretical models to involve 150 or 

more separate reactions in order to describe the distribution of 

ionized species. 

The classical approach to the problem of the lower ionosphere 

is to first obtain an electron density profile such as shown in 

figure 1. Such a profile is explained on the basis of a combina- 

tion of solar ultraviolet and X-ray sources and disociative 

recombination of electrons and positive molecular ions. Various 

ion-atom interchange and charge exchange processes occur as inter- 

mediates and the formation of negative ions is considered below 

70 km during the day and 85 km at night. Between 85 and 100 km 

there is competition between photoionization of 0 by Lyman beta 2 

at 1026.5A and 30-50A X-rays ionizing all constituents. In ad- 

dition, meteoric ions are found on occasion. Below 85 km the D 

region is formed by photoionization of NO by Lyman alpha and 

background ionization by galactic cosmic radiation. Solar X-rays 

whose intensity varies greatly with solar activity can at times be 

the dominant source of ionization. The distribution of NO is 



de te rmined  by photochemica l  e q u i l i b r i u m .  I t  is e s t i m a t e d  t o  

have a c o n c e n t r a t i o n  of 2 x n(M) where. n ( ~ )  is, t h e  t o t a l  

n e u t r a l  p a r t i c l e  c o n c e n t r a t i o n .  

A s  of  mid 1969 t h e  c lass ical  p i c t u r e  of  t h e  D r e g i o n  is b e i n g  

r e v i s e d  c h i e f l y  a s  a r e s u l t  of  t w o  measurements.  

1. D e t e r m i n a t i o n  of  t h e  n i t r i c  o x i d e  d e n s i t y  d i s t r i b u t i o n  by 

i n  s i t u  s p e c t r o s c o p i c  measurements o f  t h e  NO bands  i n  

t h e  dayglow (Bar th  (1966) a , b ,  P e a r c e  (1969))  . The 

c o n c e n t r a t i o n s ,  t o  .[M) , d e r i v e d  f rom t h e s e  

measurements n e c e s s i t a t e  a n  i n c r e a s e  i n  t h e  u s u a l l y  

a c c e p t e d  v a l u e s  f o r  t h e  loss rates of e l e c t r o n s  and i o n s .  

2 .  Ion mass s p e c t r o m e t e r  measurements which showed t h a t  

NO+ w a s  p r e s e n t  i n  t h e  D r e g i o n  as  o n l y  a minor c o n s t i t u e n t ,  

t h e  m a j o r i t y  of i o n s  b e i n g  h y d r a t e s  s u c h  as H ~ o + ,  H502 i- 

+ and H704 - Narcisi  (1965,  1 9 6 9 ) ,  Goldberg  and Blumle 

(1969) .  

T h i s  h a s  led t o  a great d e a l  of a c t i v i t y  i n  t h e  area of 

l a b o r a t o r y  r e a c t i o n  ra te  s t u d i e s ,  i n  s i t u  measurements  of  p o s i t i v e  

i o n  d e n s i t i e s ,  a t t e m p t s  t o  measure  t h e  s p e c i e s  and number of  

n e g a t  i v e  i o n s  and s i m u l t a n e o u s  measurements of solar  i o n i z i n g  

r a d i a t i o n s  and D r e g i o n  e l e c t r o n  d e n s i t i e s .  F a c t o r s  which may 

a f f e c t  t h e  d i s t r i b u t i o n  of n i t r i c  o x i d e  s u c h  a s  t h e  t e m p e r a t u r e  

and p r e s s u r e  d i s t r i b u t i o n  w i t h i n  t h e  mesosphere  are a l so  b e i n g  

g i v e n  c o n s i d e r a t  i o n .  

I n  t h e  a b s t r a c t  are l i s t e d  t h e  i o n i z a t i o n  mschamisms which have  

been proposed f o r  t h e  day t ime  lower i o n o s p h e r e .  The i n f o r m a t i o n  



a v a i l a b l e  t o  d e t e r m i n e  t h e  r e l a t i v e  impor t ance  of t h e  d i f f e r e n t  

s o u r c e s  w i l l  b e  reviewed i n  t h i s  pape r  as  w i l l  t h o s e  s o u r c e s  

impor t an t  a t  n i g h t .  The o r i g i n  of a u r o r a l  and p o l a r  c a p  ab- 

s o r p t i o n  e v e n t s  w i l l  n o t  b e  c o n s i d e r e d .  

2 .  NITRIC OXIDE AND THE FORMATION OF THE D REGION 

The p r o c e s s e s  which c o n t r o l  t h e  d i s t r i b u t i o n  of NO were 

enumerated by Nicolet (1955) .  The model f o r  comput ing NO 

employed by Nicolet and A i k i n  (1960) and  Aik in  e t  a1 (1964) 

u t i l i z e d  t h e  react i o n s  

N+02 - NO + 0 bl 

and 

N+NO - N2 + 0 b2 

w i t h  t h e  f i n a l  a l t i t u d e  d i s t r i b u t i o n  g i v e n  as a f r a c t i o n  of t h e  

O2 d i s t r i b u t i o n  10 -lo n(M) and n(M) i n  t h e  t w o  cases. Such 

a n  ass ignment  i m p l i e s  mix ing  and a l o n g  l i f e t i m e .  More r e c e n t l y ,  

S e c h r i s t  (1967) Mitra (1968,  1969) ,  t h e  t e m p e r a t u r e  dependence of  

r e a c t i o n s  b1 and  b2  h a s  been  i n c l u d e d  i n  a p r e c i s e  way t o g e t h e r  

w i t h  t h e  r e a c t i o n  N+O + NO and t h e  NO d i s t r i b u t i o n  h a s  been  

p r e d i c t e d  as a d i s t r i b u t i o n  which d o e s  n o t  f o l l o w  mixing b u t  

r a t h e r  a s t r i c t  photochemica l  b e h a v i o r  namely 

n(n0)  = 10-I  e x p  (-3000/T) n(OP) + 5 x n (0) 

On t h i s  b a s i s  t h e  NO d i s t r i b u t i o n  would b e  e x p e c t e d  t o  r e f l e c t  

changes  w i t h  t e m p e r a t u r e  and a tomic  oxygen c o n c e n t r a t i o n  i n  t h e  

mesosphere  t h u s  a c c o u n t i n g  f o r  t h e  anomalous w i n t e r  MF a b s o r p t i o n .  

Dayglow o b s e r v a t i o n s  have  been conduc ted  of t h e  NO a i r g l o w  gamma 

band ( A ~ c + - x ~ v )  B a r t h  (1966a,  b )  . The d a t a  shown i n  f i g u r e  ( 2 )  , 



c u r v e  I11 and p o i n t s  marked B a r t h .  I t  h a s  been p roposed ,  

S e c h r i s t  (1967) t h a t  t h e  B a r t h  measurement occuYrred a t  a ' t i m e  

of enhanced mesospher ic  t e m p e r a t u r e  and hence  NO c o n c e n t r a t i o n .  

Recent  c o r r e l a t i v e  measurements ,  P e a r c e  (1969) ,  show t h i s  n o t  

t o  be  t h e  c a s e .  Geisler and Dick inson  (1968) have  p o i r ~ t e d  o u t  

t h a t  s i n c e  t h e  l i f e t i n e  of NO is t h e  o r d e r  of weeks t h a t  photo-  

chemica l  o r  semiphotochemica l  approaches  t o  t h e  NO d i s t r B i b u t  i o n  

problem are i n a d e q u a t e  and t h a t  d i f f u s i o n  s h o u l d  b e  inct i ldt 'd  i n  

t h e  c a l c u l a t i o n .  Such a c a l c u l a t i o n  h a s  been c a r r i e d  o u t  by 

Hes t eved t  and Jans sen  (1968) .  T h e i r  d i s t r i b u t i o n  is shown i n  

f i g u r e  2 , I I .  The d e n s i t y  a t  80 km is a f a c t o r  of  6 l e s s  t h a n  

t h e  obse rved  v a l u e .  TIowever, c a r e f u l  c o n s i d e r a t i o n  s h o u l d  be 

g i v e n  t o  t h e  boundary c o n d i t i o n s  of  t h i s  c a l c u l a t i o n .  For  

i n s t a n c e  t h e  uppe r  boundary is de te rmined  by t h e  photochemica l  

react i o n s  

I o n i c  r e a c t i o n s  such  as t h o s e  employed by Nicolet (1965) are 

n o t  i n c l u d e d .  Norton (1967) h a s  s u g g e s t e d  t h a t  i n  t h e  lower 

2 E r e g i o n  t h e  r e a c t i o n  i n v o l v i n g  e x c i t e d  N namely N( D) + o2 + NO + 0 

must be i n c l u d e d  i n  a d d i t i o n  t o  o t h e r  i o n i c  and chemica l  r e a c t i o n s .  

The need fo r  i n c l u d i n g  t r a n s p o r t  p r o c e s s e s  h a s  been f u r t h e r  

r e i n f o r c e d  by t h e  dayglow measurement c a r r i e d  o u t  by P e a r c e  (1969) .  

The d i s t r i b u t i o n  h e  o b t a i n e d  is shown i n  f i g u r e  2 ,  111. Mixing 



is c lear ly  followed fo r  t h i s  p ro f i l e .  Such large concentrations 

can only be explained by including t ransport  terms. There is a t  

present no quant i a t  i v e  explanat ion of the NO d i s t r i b u t  ion. The 

wide range of possible NO p rof i l es  lead t o  a s i t ua t ion  where the 

'LY a 
can vary by 3 orders of magnitude depending on t h e  n i t r i c  

oxide concentrat ion employed. Values of qLya are shown i n  f igure  

3 f o r  the  Barth and Pearce values of NO a s  well as  an e a r l i e r  

value taken from A i k i n  e t  a1 (1964). The zeni th angle is taken 

 NO^+ AS A CONS'ITUENT OF TEE D REGION 

Photoionizat ion s tud ies  of NC2 show the  ionization potent ial  ( IP)  

t o  be 9.75 ev Diebler e t  a1  (1967) and more recently 8.8 ev , 

Natal is  and Collin (1968). Both these determinations of the 

ionization potent ial  allow NO2 present in  the  mesosphere t o  be 

ionized by the so la r  Lyman alpha l i n e  a t  1216A a s  -well a s  other 

wavelengths shor ter  than 1272 A fo r  IP-9.75 ev and 1409A f o r  

IP-8.8 ev. 

For wavelengths longer than 13698 the  O2 absorption cross  

sec t  ion is (1-1.5) X 10 -17 2 cm so tha t  radiat ion is absorbed above 

100 km. Between 1369A and 1340A, t h e  onset of NO ioniza t ion ,  the  

O2 absorption cross  sect ion decreases t o  2.2 x 10 -18 2 cm . Nitrogen 

absorption is n e g l i ~ i b l e  throughout t h e  wavele ngth in t e rva l ,  

Watanabe (1958). In the case of NO Lyman-alpha is the  dominant 

source of ionizat ion.  Therefore, it is reasonable t o  assume tha t  

NO2 has an ionization cross-section equivalent t o  t ha t  f o r  N O ,  

2 x 10 
2 

l 8  c regardless of which ionization potent ia l  is  a p p l i e d .  

The ion pair  production function w i l l  be 



The d i s t r i b u t i o n  of  NO2 is c o n s i d e r e d  t o  be  de t e rmined  

by t h e  p r o c e s s e s ,  Nicolet (1955,  1965)  

N O + O + M 4 N 0  + M  2 k 2  

NO + O3 + NO2 + O2 

NO2 + hv - NO + 0 . J ~ ~ Z  

NO2 + 0  - NO + O2 

where t h e .  k. ' s  a r e  r a t e  c o e f f i c i e n t s  and J 
NO2 

is t h e  d i s s o c i a t i o n  

r a t e  f o r  NO2. Under e q u i l i b r i u m  c o n d i t i o n s  t h i s  g i v e s  

- - - m =  J 
NO, + kg Lo1 

-3 
A v a l u e  of [ N O ~ ] / [ N O ]  - 1 0  i n  t h e  70 t o  85 km a l t i t u d e  

r e g i o n  d u r i n g  t h e  day is i n  good agreement  w i t h  a comple t e  com- 

p u t e r  s o l u t i o n  of t h e  e q u a t i o n s  by Keneshea and Fowler  (1966) .  

The u s u a l l y  quoted  l i f e t i m e  of  NO2 is 200 s e c o n d s  and it w i l l  

behave l i k e  ozone so t h a t  a n  i n c r e a s e  w i l l  o c c u r  d u r i n g  t h e  n i g h t  

and s o l a r  e c l i p s e s .  A t  t h e  end of t h e  n i g h t  t h e  r a t i o  
4 

[o3]/[0]is 10 a t  70 km and u n i t y  a t  80 Lon. The [ ~ ~ ~ l d e n s i t y  

w i l l  exceed  t h e  NO d e n s i t y  i n  t h e  lower mesosphere .  An exact 

s o l u t i o n  of t h e  e q u a t i o n s  i nvo lved  s h o u l d  b e  unde r t aken  f o r  any 

thorough  s t u d y  of t h e  n o c t u r n a l  NO2 d i s t r i b u t i o n .  

I t  is a l s o  p o s s i b l e  t h a t  t h e  r e a c t i o n  

+- 
NO+ + NO2 NO2 + NO + lev  

w i l l  o c c u r  i f  I P  is indeed  8.8 e v .  The r a t e  c o e f f i c i e n t  s h o u l d  



be i n  t h e  10 -10 3 -1 c m  sec range .  Because of t h e  low c o n c e n t r a t i o n  

of NO2 t h i s  r e a c t i o n  w i l l  probably have a  sma l l  e f f e c t  on t h e  

+ d i s t r i b u t i o n  of NO' d u r i n g  t h e  day.  NO could  be a  c o n s t i t u t e n t  2 

of t h e  n i g h t t i m e  D r e g i o n .  I n  f a c t  N a r c i s i  (1967) h a s  r e p o r t e d  

obse rv ing  46' d u r i n g  a  n i g h t t i m e  f l i g h t  of b r o c k e t  borne i o n  

mass s p e c t r o m e t e r .  The i o n  was not  r e p o r t e d  f o r  any daytime 

f l i g h t s .  However, r e c e n t l y  l a b o r a t o r y  measurements have been 

c a r r i e d  o u t  of t h e  r e a c t i o n  

Fehsenfe ld  e t  a 1  (1969) who f i n d s  a  r a t e  c o e f f i c i e n t  of 

2 .9  x  10  -10 3 c m  sec. T h i s  would i n d i c a t e  t h a t  t h e  I P  must be 

a t  l e a s t  9.25ev i n  agreement w i t h  D i e b l e r  e t  a 1  (1967) .  

4. IONIZATION OF EXCITED O2 

There have been s e v e r a l  s u g g e s t i o n s  t h a t  e x c i t e d  O2 c o n t r i b u t e s  

t o  t h e  i o n i z a t i o n  of t h e  D r e g i o n .  Inn (1968, a ,  b)  h a s  c o n s i d e r e d  

t h e  p o s s i b i l i t y  t h a t  v i b r a t i o n a l l y  e x c i t e d  O2 is formed by t h e  

r e a c t i o n  sequence 

The v i b r a t i o n a l l y  e x c i t e d  O2 would be i o n i z e d  by Lyman a l p h a .  

A c o n c e n t r a t i o n  2 x lo5  was p r e d i c t e d .  T h i s  could l e a d  t o  

-18 2  
q* of  10-I f o r  an assumed i o n i z a t i o n  c r o s s  s e c t i o n  of 2 x  1 0  cm . 
0.9 

The q u e s t i o n  h a s  r e c e n t l y  been reopened by Krassovsky (1969) 

who s u g g e s t s  lo8  cmW3 based on OH emiss ion .  V i b r a t i o n a l l y  

e x c i t e d  O h a s  never been d e t e c t e d  i n  t h e  mesosphere. 2 



I However, the existence of metastable 02( A ) is well documer~ted 
g 

(Noxon (1967) Evans e t  a1 (1968, 1969)) , w i t h  recen't determinations 

9 -3 giving 3 x 10 cm a t  80 km. I n  addition it has been observed 

tha t  t h i s  molecule can be ionized by radiat ion of wavelength 

h<1118~0.  Assuming the ionization cross  sect ion t o  equal the  

absorption cross  sect ion fo r  ground s t a t e  0 Hunten and McElroy 2 '  

(1968) have calculated the  production function shown i n  f igure  3. 

5.  X-RAY EFFECTS 

There is a wide var ia t ion  i n  the in tens i ty  of 2-8A x-rays 

emitted by the sun. The most intense outbu-sts are  associated 

w i t h  so la r  f l a r e s  and are  t h e  or ig in  of enhancements of D region 

ionization termed sudden ionospheric disturbances c r  SID1s. 

Them can a l so  be X-ray enhancements which are  not associated w i t h  

any large events i n  the v i s ib l e  part  of the spectrum. Some of 

these enhancements w i l l  lead t o  D rogion modification. The 

threshold f lux  necessary t o  cause a measurable change i n  the D 

region electron density w i l l  depend on the other sources of pro- 

duction fo r  instance - the  quantity of n i t r i c  oxide, and the 

1 ionization of 02( A ) . 
g 

Figure 1 shows the  r e su l t  of several  rocket measurements, of 

e x c t r o n  density under conditions of d i f fe ren t  x-ray f luxes ,  

Curve 1,  A i k i n  e t  a1 (1964), was obtained i n  1963 under ccnditions 

of a completely quiet  s u n .  Curves 2 and 3 are  data  obtained during 

the course of an x-ray enhancement event,  on 16 January 1968, 

Somayajulu and A i k i n  (1969a) and curves 4 and 5 depict the 

electron density d i s t r i ba t ion  d u r i n g  a c l a s s  1 so la r  f l a r e  of 



2 1  August 1968, Somayajulu and Aikin (1969b). A l l  f l i g h t s  

were carried o u t  from Wallops I s l a n d ,  V i r g i n i a .  T a b l e  I1 lists 

t h e  approximate z e n i t h  a n g l e  f o r  each f l i g h t  t o g e t h e r  wi th  x-ray 

f l u x e s  as determined by satel l i te .  There  i s  p r o g r e s s i v e  enhance- 

ment of t h e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  w i t h  solar  x-ray f l u x .  

Curve 1, which a p p l i e s  t o  low solar a c t i v i t y  c a n  be  cons ide red  

t o  be u n a f f e c t e d  by x-rays. The p roduc t ion  f u n c t i o n  co r respond ing  

t o  t h i s  case is shown i n  f i g u r e  3. The f l u x  a t  t h a t  t i m e  was 

2 about  2 x loe4. Somewhere between 2 x log4 ergs/cm sec and 

2 
4 x ergs/cm sec is t h e  t h r e s h o l d  f o r  D r e g i o n  X-ray effects 

a t  60' z e n i t h  a n g l e *  An i n f l u e n c e  of x- rays  is a p p a r e n t  for t h e  

p r o f i l e s  labeled 10 -275. The p r o f i l e s  are almost i d e n t i c a l  e x c e p t  

t h e r e  i s  a s l i g h t  d i f f e r e n c e  between t h e  two c u r v e s  a t  low 

a l t i t u d e s ,  which is a t t r i b u t e d  t o  a s o f t e n i n g  of t h e  x-ray spectrum. 

A decrease i n  i n t e n s i t y  a t  s h o r t  wavelength was observed by t h e  

p r o p o r t i o n a l  c o u n t e r  experiment aboard t h e  OSO I V  sa te l l i te  and 

is e v i d e n t  ill t h e  0.5 - 3A data of Tab le  11. 

An estimats of t h e  product ion  f u n c t i o n  f o r  10.273 is g i v e n  

i n  f i g u r e  3. I t  is approximately t h e  same as t h e  qNO which would 

be d e r i v e d  f o r  B a r t h ' s  NO c o n c e n t r a t i o n s .  The q x-ray 111 a p p l i e s  

t o  14.369 and t h i s  q is s l i g h t l y  larger t h a n  t h e  q which a p p l i e s  

f o r  t h e  Pearce  NO v a l u e s .  X-ray q v a l u e s  w i l l  be r e f i n e d  when 

data from p r o p o r t i o n a l  c o u n t e r  inc luded  on t h e  r o c k e t s  is reduced .  
2 T h i s  w i l l  give u s  t h e  exact number of photons/cm sec i n  a 

p a r t i c u l a r  wavelength in te rva l .  a : * r i v i n g  at each a l t i t u d e  . 
-3 2 While it is c e r t a i n  t h a t  t4 :: 10 ergs/cm sec will show a 

D reg ion  e f f e c t ,  t h e  minimum f l u x  necessary  has no t  y e t  been 



e s t a b l i s h e d .  For  i n s t a n c e  Bowling e t  a1 (1967) have  r e p o r t e d  

t h a t  d u r i n g  t h e  a n n u l a r  solar  e c l i p s e  o f  May 2 0 ,  1966, t h e  

c o v e r i n g  and u n c o v e r i n g  by t h e  moon of X-ray e m i s s i o n  r e g i o n s  

produced o b s e r v a b l e  changes  i n  t h e  i o n  d e n s i t y  d i s t r i b u - t i o n  of 

t h e  D r e g i o n .  A t  t h e  t i m e  of t h e  30 May e c l i p s e  t h e  2-8A f l u x  

2 
was 4.5 x erqs/cm sec t h u s  g i v i n g  q ' s  o ~ l y  somewhat l a r g e r  

thar ,  t h e  c o m p l e t e l y  q u i e t  s u n  case, c u r v e  X-ray I o f  f i g u r e  3. 

Except  for  t h e  t i m e  of r e s i d u a l  x-ray f l u x  d u r i n g  maximum ob- 

* 
s e r v z t i o n  t h e  l a r g e r  q 's w i l l  domina te .  The q 

NO w i l l  a l so  
O2 

be l a r g e r  a l t h o u g h  asymmetric w i t h  r e s p e c t  t o  t o t a l i t y  d u e  t o  

t h e  changes  i n  02( l  ) d u r i n g  t h e  e c l i p s e .  Al though t h e  v a l i d i t y  
Cg 

of Bowling et  a l ' s  c o n c l u s i o n s  have  been q u e s t i o n e d  by Kane (1969), 

more e c l i p s e  s t u d i e s  of t h e  r e l a t i o n s h i p  between x - r ays  and 

e l e c t r o n  and i o n  d e n s i t y  changes  s h o u l d  be conduc ted .  A d d i t i o n a l  

c o r r e l a t i o n s  of x-ray f l u x  w i t h  e l e c t r o n  d e n s i t y  p r o f i l e s  are also 

needed.  

6 .  COSMIC RADIATION 

Galactic cosmic r a d i a t i o n  is a n  i m p o r t a n t  f a c t o r  i n  t h e  

f o r ~ a t i o n  of t h e  lower D r e g i o n  and  was c o n s i d e r e d  i n  r e l a t i o n  

t o  o t h e r  sourc?s of r a d i a t i o n  by Nicolet and Aik in  (1960) and 

Mohler (1960) .  If q (0) is t h e  i o n i z a t i o n  ra te  f o r  no = 2 . 6  x 10 1 9  
0 

m o l e c u l e s  cm-3 a t  geomagnet ic  l a t i t u d e  0 t h e n  t h e  i o n i z a t i o n  ra te  

f o r  a number d e n s i t y  n is 

Van A l l e n  (1952) has shown t h a t  q,(@) is reduced  by a f a c t o r  of 



10  a t  t h e  geomagnetic e q u a t o r  compared t o  a l a t i t u d e  of 70°, 

namely between 30 and 300 i o n  p a i r s  cm-3 sec-l. Evidence f o r  

a co r respond ing  e f f e c t  on t h e  lower ionosphere  h a s  been demonstra- 

t e d  by Brag in  (19673 by means of a series of ion  d e n s i t y  p r o f i l e s  

f o r  d i f f e r e n t  l a t i t u d e s .  The v a r i a t i o n  w i t h  l a t i t u d e  and s o l a r  

c y c l e  h a s  been summarized by Webber (1962) and t h e  r e s u l t s  of h i s  

c a l c u l a t i o n s  shown i n  f i g u r e  3 f o r  sunspo t  minimum and maximum 

where t h e  geomagnetic l a t i t u d e  is 50°. The i n p o r t a n t  f a c t o r  t o  

b e a r  i n  mind is t h a t  q ( 0 3 )  is a f a c t o r  of 2 l a r g e r  a t  sunspo t  
0 

minimum compared t o  sunspo t  maximum. 

7 . ENERGET IC ELECTRONS 

S e v e r a l  i n v e s t i g a t o r s  have i n d i c a t e d  t h a t  e l e c t r o n  p r e c  i p i t a t  ion  

i n t o  t h e  mesosphere ex is t s  a t  middle and l o w  l a t i t u d e .  O'Brien 

e t  a1 (1965) carried o u t  measurements a t  Wallops I s l a n d  3g0 

N L = 2.5 .  More r e c e n t l y  a l a t i t u d e  su rvey  was conducted by 

Tul inov et a1 (1968).  For a n  a l t i t u d e  of 8 7  km t h e  number of 

e l e c t r o n s  E > 50 Kev observed  as a f u n c t i o n  of t h e  McElwain L 

value is shown i n  f i g u r e  4.  

The measurements were made over  a p e r i o d  of y e a r s  and 

hence t h e r e  is no in fo rmat ion  on t h e  t i m e  h i s t o r y  of t h e  p r e c i p i t a -  

t i o n .  Tul inov and Yakovlev (1969) have c a l c u l a t e d  t h e  c o n t r i b u t i o n  

t h a t  such  p a r t i c l e  f l u x e s  would make t o  t h e  ion-pa i r  p roduc t ion  

f u n c t i o n  of t h e  D r e g i o n .  T h e i r  r e s u l t  is shown i n  f i g u r e s  3 and 

5 .  I t  is e s t i m a t e d  t h ~ t  f o r  m i d l a t i t u d e s  t h e  q f o r  e l e c t r o n s  is 
-3 about  2 x 10-I c m  sec-' a t  80 km. 

If p a r t i c l e  p r e c i p i t a t i o n  is a dominant s o u r c e  of i o n i z a t i o n  

t h e n  one would expect  a l a t i t u d e  v a r i a t i o n  t o  t h e  e l e c t r o n  



d e n s i t y  d i s t r i b u t i o n .  Such a v a r i a t i o n  h a s  been r e p o r t e d  by 

Mechtly et a1.(1369). However, t h e i r  r e s u l t s  shows t h e  inverse ,  o f  what 

one  would e x p e c t  on t h e  b a s i s  of  t h e  r e s u l t s  d i s p l a y e d  i n  f i g u r e  

4 .  

G u r n e t t  (1968) h a s  r e p o r t e d  VLF h i s s  a t  L = l . l :  The s o u r c e  

of t h i s  h i s s  is u s u a l l y  a t t r i b u t e d  a t  h i g h  L v a l u e s  t o  plasma 

i n s t a b i l i t y  for  p a r t i c l e s  w i t h  ene rgy  greater t h a n  50 Kev. 

Whether a p r e c i p i t a t i o n  of  50 Kev or g r e a t e r  p a r t i c l e s  a t  

e q u a t o r i a l  l a t i t u d e  is imp l i ed  by t h i s  measurement o r  i f  some new 

wave g e n e r a t i o n  mechanism i e  i n v o l v e d  is unknown a t  p r e s e n t .  

The re  is s t r o n g  e v i d e n c e  f o r  p a r t i c l e  p r e c i p i t a t i o n  a t  L 

v a l u e s  above 3. Direct measurements of e l e c t r o n s  p r e c i p i t a t i o n  

correlated w i t h  a b s o r p t i o n  s t u d i e s  have  been r e p o r t e d  by Maehlum 

(1967) . The combinat  i o n  of p a r t i c l e  p r e c i p i t a t i o n  and s e a s o n a l  

v a r i a t i o n s  of s o l a r  a l t i t u d e  have been  proposed as one of t h e  

s o u r c e s  of t h e  "win t e r  anomaly" i n  i o n o s p h e r i c  a b s o r p t  i o n .  

B e l r o s e  and Thomas (1968) have  shown t h a t  i o n i z a t i o n  i n c r e a s e s  

f o l l o w i n g  magne t ic  storms. Bourne and H e w i t t  (1968) r e p o r t  a 

dependence of MF rsdio a b s o r p t i o n  on t h e  Kp i n d e x .  

8 .  SOURCES OF NIGHTTIME IONIZATION 

The re  e x i s t s  a n o c t u r n a l  electroc d e n s i t y  d i s t r i b u t i o n  i n  

t h e  lower  i o n o s p h e r e ,  which exceeds t h a t  e x p e c t e d  on t h e  b a s i s  of 

a s i m p l e  decay  of t h e  day t ime  i o n o s p h e r e .  The maximum d e n s i t y  is 

3 4 -3 between 1 0  and 10 cm and is c e n t e r e d  a t  an  a l t i t u d e  of 105 km 

where a  l a y e r  of one seal-e h e i g h t  t h i c k n e s s  o c c u r s . ,  ( A i k i n  and 

Blunle (1968)). A t  m i d l a t  i t u d e s  s p o r a d i c  E is of t e n  super imposed .  



S e v e r a l  worke r s  have  d i s c u s s e d  t h e  role of  s c a t t e r e d  so la r  

Lyman a l p h a  a c t i n g  on NO a s  t h e  i o n i z a t i o n  s o u r c e ,  Swider (1965) ,  

Ogawa and  T-drmatsu (1966) ,  Nicolet (1965) R a d i c e l l a  (1968) .  For  

a n  i n t e n s i t y  of 4 kR and  t h e  P e a r c e  d i s t r i b u t i o n  of  NO the i o n  

p a i r  p r o d u c t i o n  f u n c t i o n  has t h e  form g i v e n  i n  f i g u r e  5. 

The i n f l u e n c e  of scattered Lyman b e t a  h a s  been s u g g e s t e d  

by Swider (1965) and  d e t a i l e d  c a l c u l a t i o n s  have  been carried o u t  

by Ogawa and  Tohmatsu (1966). T h e i r  r e s u l t  is shown i n  f i g u r e  

5 and Lyman b e t a  is t h e  dominant  s o u r c e  of i o n i z a t i o n  above 95 km.  

E l e c t r o n  impact  e x c i t a t i o n  of  atomic oxygen above  200 km w i l l  

p r o d i c e  r a d i a t i o n  at  1304 A .  Photons  o f  t h i s  wave length  are 

c a p a b l e  o f  i o n i z i n g  NO,  however t h e i r  e f f e c t  may a l r e a d y  have  

been i n c l u d e d  i n  measurements o f  scattered Lyman a l p h a  s i n c e  t h e  

bandwidth o f  t h e  d e t e c t o r s  is 1350 - 1340A. R a d i a t i v e  recombina- 

t i o n  of  atomic oxygen i o n s  w i l l  g i v e . p h o t o n s  whicf.. c a n  i o n i z e  

0 ,  and 02. The i n t e n s i t y  o f  t h i s  r a d i a t i o n  is unknown a t  p r e s e n t  . 

R e c e n t l y ,  t h e r e  have  been r e p o r t s  of  t h e  i n f l u e n c e  of  t h e  

g a l a c t i c  x-ray source Sco-XR-1 on long  d i s t a n c e  VLF p r o p a g a t i o n ,  

-3 -3 
Edwards e t  a1 (1969). These  a u t h o r s  c a l c u l a t e  a q of  5 x 10 c m  

-1 sec for t h e  XR-I s o u r c e  which w i l l  b e  domina te  i f  n(N0) d o e s  n o t  

-3 
exceed 5 x [H] c m  and  w i t h  a s c a t t e r e d  Lyman a l p h a  i n t e n s i t y  

of I ~ R ,  

Cosmic r a d i a t i o n  and e n e r g e t i c  e l e c t r o n s  w i l l  a lso be 

n i g h t t i m e  s o u r c e s  and t h e s e  are shown i n  f i g u r e  5. 

CONCLUSIONS 

T h e r e  ex i s t s  a g r e a t  u n c e r t a i n t y  i n  t h e  i o n  p a i r  p r o d u c t i o n  

f u n c t i o n  of  t h e  lower i o n o s p h e r e .  T h i s  is p a r t i c u l a r l y  t h e  case 



w i t h  r e g a r d  t~ t h e  p roduc t  i o n  f u n c t i o n  r e s u l t  i n q  f rom t h e  

i o n i z a t i o n  of  NO.  The r e c e n t  measurements of t h e  mesosphe r i c  

d i s t r i b u t i o n  o f  n i t r i c  o x i d e  lead t o  l a r g e  v a l u e s  of t h e  pro-  

d u c t i o n  f u n c t i o n  which w i l l  o b s c u r e  i o n  p a i r  p r o d u c t i o n  d u e  t o  

o t h e r  s o u r c e s  s u c h  as cosmic r a y s ,  x- ray f l a res ,  and  p r e c i p i t a t e d  

e l e c t r o n s .  I n  order t o  accommodate a l l  t h e  i n f o r m a t i o n  it is 

n e c e s s a r y  t o  have  a major r e v i s i o n  i n  t h e  c o n c e p t s  of  loss pro- 

cesses which are o p e r a t i v e  i n  t h e  f o r m a t i o n  of  t h e  lower i o n o s p h e r e  

and t o  c o n s i d e r  t h a t .  one  s p e c i e s  of i o n  may be more impor t an t  

t h a n  a n o t h e r  even  though it is created i n  lesser amounts .  

However, b e f o r e  s u c h  e x t e n s i v e  m o d i f i c a t i o n s  are made t o  

t h e  t h e o r y  of t h e  lower i o n o s p h e r e ,  it is n e c e s s a r y  t o  c r i t i c a l l y  

examine t h e  d a t a  on t h e  new p a r a m e t e r s  s v c h  as n i t r i c  oxide and 

i o n  cornposit i o n .  For  i n s t a n c e ,  i n  t h e  case of n i t r i c  oxide 

f l o u r e s c e n s e  t h e r e  are problems o ? a b s o l u t e  c a l i b r a t i o n  of t h e  

detector - s y s t e m  and t h e  effect of  a t m o s p h e r i c  R a y l e i g h  s c a t t e r i n g  

Fo r  r o c k e t  measurements of i o n  compos i t i on  t h e r e  are t h e  unknown 

factors of m o d i f i c a t i o n  of i o n  s p e c i e s  d u r i n g  collect i o n  and o u t -  

g a s s i n g  of t h e  r o c k e t  body. Also many n e c e s s a r y  e x p e r i m e n t s  h a v e  

n o t  been carried o u t .  Examples of such  e x p e r i m e n t s  i n c l u d e  : 

1. Independent  v e r i f i c a t i o n  of t h e  n i t r i c  oxide d e n s i t y  

d i s t r i b u t i o n  

2 .  D e t a i l e d  c o r r e l a t i o n  of solar  x- ray  f l u x  v a r i a t i o n s  

w i t h  lower i o n o s p h e r e  p r o p e r t i e s  s u c h  as e l e c t r o n  and 

i o n  d e n s i t y  and i o n  compos i t i on  

3. S imul taneous  measurements of p r e c i p i t a t e d  e l e c t r o n  

f l u x e s  and lower  i o n o s p h e r e  p r o p e r t i e s  



4 .  More i n v e s t i g a t i o n s  of t h e  behavior  o f  t h e  lower 

ionosphere during e c l i p s e s .  

5 .  Further s t u d i e s  of t h e  n ight t ime  l o w e r  ionosphere and 

t h e  s o u r c e s  which a f f e c t  it 

Only i n  t h i s  way can  a quanta t ive  d e s c r i p t i o n  of t h e  lower 

ionosphere and t h e  source of i o n i z a t i o n  r e s p o n s i b l e  for it be 

o b t a i n e d .  



TABLE I 
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Rocket S o l a r  Zen i th  Angle 
X-ray 
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