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I. IONOSl'H E IUC PROCESSES 

IONIZATION is caused normally in the terrestrial atmosphere by the effect of 
solar radiations photoionizing various constituents. The most important part 
is due to ~olar radiations of A< 1026 A, which are able to ionize oxygen and 
nitrogen. Primary cosmic rays can play a certain role, and other corpuscular 
radiations may be important but their effects should be introduced only when 
it is necessary to consider periods of solar disturbances. The radiations of 
A> 1050 A may have an ionization effect when minor constituents are 
involved. 

The removal or electrons depends on various recombination processes and 
is subject to processes produced by collisions between specific particles ( elec­
trons, negative and positive ions, atoms and molecules of different kinds ). 

The first step is the study of the absorption characteristics or various 
atmospheric constituents which are dependent on the wavelength, and of the 
spectral distribution' of the solar energy, and it is necessary to consider the 
numbers of solar photons which are available in those spectral ranges which 
cause the ionization of the principal atmospheric constituents. It is important 
to find how oxygen and nitrogen may lie ionized. Furthermore, an analysis 
of the so lar spectrum must give some indication of the variations produced by 
solar activity in the range of X-ray spectrum. But, the number of collision 
processes involved in the removal of electrons is so large that the recombination 
coefficient a needs a special analysis in each case; it is not possible, 
however, to consider all processes together. For this reason, it is necessary to 
analyze the physical parameters one after another before trying to find an 
explanation of the origin of the ionospheric la ycrs. In other words: production 
or the ionization in the D region at altitudes less than B5 km, formation of the 
E layer below 130 km, and the origin of the F region above 150 km. 

2. PRODUCTION OF THE NORMAL IONIZATION 

2.1. Atmospheric Absorptions 
Since the diurnal variation of the ionization and its variation during solar 

eclipses show that the electron production is clue to_ electromagnetic radiation, 
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th e first s lrp is thr drtennination of the penetration of various radiations into 
the di fTcrenl ionosphc-ri c reg ions. 

When th e al rn ospheri c density and the values of the a bso rption cross­
scc.tions a re compared, a clear picture can lie given for the three ionospheri c 
regions: 

( i) /) region, ll' hrre the atomic cross-section is less than 10 -- 1~ r: rn 2. Solar 
radia tions of \\'an·lrnglhs less than IO A and of wavelengths grea ter than 
17:i0 A a rc a hso rlicd in thi s region. An exce ption must be n~ acle fc> r Lyman-IX 
and a few other radiations, of less irnp()rtance, in the same spcc: tral range. 
Therefo re, X-ra ys ionize oxygen and nitrogen, and L yman- ix is able to ionize 
a constituent with low ionization potential such as nitric oxide. 

(ii ) E region, where the cross-sect ion is less than .S x 10 ·- IA crn2. Solar 
radiations of wave lengths g reater th an 800 A wi th X-rays of wavrlength less 
than I 00 A rnusl he considered together. U ltraviolet radiations leading to the 
ionization or rnokcular oxygen from Lyman-/3 at I 02.'i A, and from C I I I a t 
~)77 A, and lo th a t of a tomic oxygen from the L yman con tinuum at 9 10 A, 
play a role in the E laye r. Th e spectrum li etwecn 100 A and 3 1 A corresponds 
to th e essen ti a l part nf th e X-ray contributions in the E ]aye r. 

(iii) F region , where the absorption cross-secti ons arc no t less than 10·· 17 

cm ~. U ltr;iviokt radiations of wavelengths less than 800 A, from th e first 
i<Jni za tion pol cnti a l of" molecu lar nitrogen at 796 A, correspond to efficient 
radiations lea ding to ioniza tion in th e F l<lycrs. 

Since primary cosm ic rays arc involved in th e atmosph er ic ioni za tion, it 
is necessa ry lo ;1scc-r tain the reg ion w l1 crc th ey arc s1dlicic11tl y im por ta nt. In 
m ean la ti tudrs the ioni za tion rate coefficient is of th e order of IO 17 sec · 1 /mole­
cu le. In co nsirl cr ing the va rious va lir es of th e ion ization rate codfi c ients, 
the effect of cos m ic rays must occur onl y in the lower part of D reg ion. 

2.2. Verlicol J) i.r trih11tin11 of the llbsnr/1linn 

Ir we r. rn1 si cln the number or photon s dq ( v) of frequ enr.y J1 a bso rbed per 
unit of time and volume in an elementary vertical layer dz, we may write 

dq(v) = q(v)11J<(v)clzsecx (I) 

w l1!'rc q( 11) is tl1c 111,mhcr or photons ava il a hl e, K ( ") is th e mo rmchromatic 
a bsorpti on r.ross-scct ion and Xis th e so lar zenith di stance. Sccx, w hich is the 
fiJ11 ctio11 for a hor izontal layer, must be replaced 1 by another fun ct ion when 
X > 7.5 0_ 

In order to determine the variation of q( ,,) with height, we write: 

and 

SJ uce 

if 

dp . I dH 

/J f3 -H 

f3 " d/-1/clz 

ng/1 

11.o .ifo Ho 

when f3 is equal to a constant, f = (. 
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It should lie po in tcd 011l that the laws ;1 re cssc11tia ll y clilkrcnt in an a t rnospherc 
with r.onst<111t scale height compared with the thcrmosphcre where the gradient 
fl is very large. 

2.3 . Vertical f)i.rtrilmtin11 '!/ Fler.lrn11s 

Using for the recombination the following relation 

ct = ctf1(n/nf,)'1 = ctf1 e ~ 'I ( 1 µ) { 

the equilibrium value for 11, = (IJ?./ct) 112 is, (14), 

(91J,) 1
1
2 {l +,B _ } 

11, = -~; exp -
2
-[1-((1-77)-secxe {] 

( 16) 

( 17) 

The condition for a peak in the electronic concentration is obtained from 
(17) , and it is 

( 18) 

A rea l max imum occurs when 11 < I. When T/ = 0, i.e. when the recombina tion 
is constant , there is a peak of the electron concen tration at the peak of the 
electron prod11cl ion. An y value between O a nd 1 leads to a maximum above 
·the prod11 clio11 pea k. For example, a rccomhinalion which would he propor­
tional lo the pressure leads to the following condition for a peak of the electron 
concentration 

e - {,u = _!!__ cos X 
I +,B 

( 19) 

showing that th e d ifference in height between the produ ction peak and th a t 
oft lie elec tron concentration increases when the gradient of the scale height 
decreases. 

I 11 ord er lo show how the vertical stru cture of a n ionosph eric layer is modified 
by a va ri a ble n :r.o mhinance compared with a constant recombinance the 
integra tion of' ( I 7) is necessary. 

Ifwe write 
(20) 

we obtain at the peak 

(21) 

and the integration of ( 17) , lo obtain the tota l content N,, gives 

e<t + /3 )12 l "' 1;
11 J 

' 1 -· * ~· - l - )' -1 - ' ' l ' /I, _ (11 )A/ ------ -- ( y -M e Ydy+ J yM e 1 dy (cosx) .I/ 
' , [H I +,B)JY,11 .I 

J',l/ 0 

(22) 

The two integrals in (22) arc, respectively, 

+rr.1 <-,,, (/) 

N, = N 1 +N2 = J n,dz = J n,dz+ J n,dz (23) 
- CTJ 

A calr.11latio11 , li .,ws that tli r: ratio ,\" ,f,\' 1, i.r:. the ratio of th e total c:o nt c11l ol' 
clcctrn11s of'thc layC'r to th e co11lcnl hclmv the peak varies li r:twcc 11 (i and 1 if" 
y"' vai-ics between 0.1 and 0.6, respect ively. The effect of the scale height 

11 !J 
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Tll('reforc, ('.ZH ) and ('.Z'l) lead to the <'.<Jllation expressing the ratio ,\ of the 
concentration of' negative ions and electrons 

(:10) 

Formula (30) is a Ricca ti equation. 'J'he stationary value of,\ is as follows: 

(i) in a sunlit atmosphere, A.id, 

\ _ a11 - [,\/(I+ ,\)](11//11,) 
I\ d - ---· . - ----- - - --- -
., d+Jn+ (a;-an) 11, 

(31) 

(ii) in twilight conditions, A,i, 

(3'.Z) 

since ultraviolet radiation is not involved 

(iii) in a dark atmosphere,,\·"'' 

,\ = __ __ an ___ ___ _ 
"' Jn+(a,-av)n, 

(33) 

since photo-dctaclnnen t d0es not exist. 
Valu<'.s of ,,\ given by (31), (32) and (33) correspond to the following 

condition: 

(34) 

If we write the formula (31) in the following form 

(35) 

it is possible to sec that the 2"d and 3rd terms oftlw denominator ;u-e small 
compared with ' 1. Numerical values computed in preceding chapters show 
that they may he neglected in normal conditions. The stationary value of 
,,\, = 11- /n, is therefore 

(36) 

and can lie 11sccl fr,r the determination of the ratio of the concentrations of 
negative ions and electrons. Th is ratio depends on the attachment of electrons 
to neutral particles and on the dctachment by solar radiation and by collision. 
Instead of the general equation (30), it is possible to use the following 
expression: 

cl,\ 

cit 
( l +,\)an - (I+,\) ,\(d + Jn) 
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where A is still given by (43) since molecular oxygen is the negative ion. 
Equation (15) rnrrcsponds to conditions of the D region and must lie applied 
to the E layer if,\ is neglected . However, in this region the ion-atom inter­
change begins to play an important role. 

·I. l·:J.EC:TRONS AND ION-ATOl'vt INTERCHAN(;t•: 

When negative ions arc neglectr:d, it appears that atomic ions liccornc impor­
tant. The rccornliination of atomic ions is generally very slow since radiative 
recombination is involved . The principal processes leading to the removal of 
atomic ions is the ion-atom interchange, giving molecular ions subject to 
dissociative recomhinatio11. 

In order to present the situation in a general way, kt us consider an atomic 
ion X + and two different molecules VZ and XY leading to the following 
processes 

x+ + XY--;. XY+ + X; (coefficient y 1) 

X + + VZ _,,_ xz+ + V; (coeflicient y2 ) 

XY ~ + V ->- X ++VY; ( coefficient y3) 

l'he various equations are as follows: 

d11+(XY) 
-dt-· = 11(XY) fxv-o::xyn+(XY) 11,+y, n(XY) n+(X)-y3 n(V) n+(XY) 

d11 f (X) 
---- -

cit 

d11+(XZ) _ _ J_t_ = y 2 11(VZ)n+(X)-o:xzn +(XZ)n,. 

and, thel'C'fore, 

cln, 

cit 

c111+ 

cit 

( 46) 

(48) 

1 t is clear that the electron concentration depends on the direct production 
of ions XY +, lrnt it is also related to the transformation ofX + into xz+, 
even if such a 111olccule, XZ, does not exist in the ionosphere. In fact, the 
atom-ion interchange is a function of the molecular concentrations XY and 
VZ and of _the val11~ of the rate cocfTicients y. Since 11 ' (X) clcpcncls also on 
the efTect or y 1n(V) 11 + (XY), it is necessary to consider which values such a 
term can reach. In the E luyer, it is certainly negligible. In such conditions 
( 4 7) leads, after integration, to the following expression 

n+(X) = nl(X) e-yn1+11(:;1fx[l -e- Y"'j (50) 

in which 1101 (X) drnotes 11 +-(X) at I= 0 and yn = y 111(XY) + y211(VZ). 
The time T[11+(X)] necessary to reach 50 per cent of the equilibrium value 

is as follows 
Tln+(X)] = 0.7/yn 
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heginni ng oftltc night. J\n ex;1ct analysis cannot !Jc made when rate coefficients 
arc not well known, since the law of recombination 

(60) 

is very sens it ivc to the ratio of the recorn I Ji nan ccs. 
In any case, (GO) represents the law \\'hich must be applied in the E and F 1 

regions, since the transformation is as follows 

leading finally to 
d11., 

dt 

i\t sufliciently high altit11des, where 

(62) 

(63) 

the time r ( 11
1 (XY) I required to reach equilibrium conditions (50 per cent) is 

• given by expression s11ch as 

(64) 

Rccomliination coellicients between 3 x 10 - 9 cm 3 sec - 1 and 3 x 10 - 0 cm 3 

sec- 1 lead to 
rjn 1 (XY)J < 2.3 X 1011/11, to 2.3 X l(J7 /11, (65) 

i.e. very short times , not greater th,m .'iOO sec when th<'. clcctrn11 co11centrat.io11 
is not less than :ix I 05 cm- :i_ The law of Joss or positive atomic ions will have 
the following form 

when 

I! I (X) = llr,I (X) e - yn(XZ/1 

11 1 (XZ)/11, = y11(XZ)/rxxz 

(66) 

(67) 

Tfw recomliination , thnefore, changes from tltc]) regi on, where clectnm 
;1ttachmn1t is involved, Io tl1c E layer ,.d1ere cli ssc;cia tivc rcc01nliination is 
the e,sential process, and lo the Fi layer where ion-atom interchange is neces­
sary before the recombination of electrons. 

5. ORICIN OF THE IONIZJ\TION IN THE J) REGION 

i\n analysis of' the co nclitions fi>r absorption of the S<>lar radiation (Tabk J) 
shows that X-rays ohvavclcn~ths less than 10 A nrc i11 vo lvcd in the production 
or the ions Oj and N.,1 . Fu rthcrmorc, the pc11ctration of Lyma11-a. at,\ 121.'i. 7 
J\ (see 'l'alile 2) leads to the ionization or nitri c oxide, produced near the 
111csopa11sc hy an indirect effect of X-rays. Finally, primary cosmic rays 
produce an ionization which is directly dependent on the total concentration 
in the mesosphere. In a preliminary analysis, the ionization due to radiations 
of,\> 17:i0 i\ and to the ionization of atomic oxygen by X-rays arc neglected. 
The effect /Jr the ionization of argon is also neglected when co11sidering that 
charge transfers are involved. 
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/\. calculation was made'' adopting the following ':'alues: 

CX; l 0 -- 7 cm3 sec- 1 (70) 

cx.n(N2) 5xI0- 7 cm3 sec- 1 (71) 

cx./) (O 2) 3 x 10- ncm3 sec- 1 (72) 

cx.D(NO ) 3 x JQ- 9 cm 3 sec- 1 (73) 

The ratio of the concentrations of nega tive ions and electrons in a sunlit 
a tmosphr:rc dcrrcases with height and is neglig ible at the rnesopause. Com­
parison of th e ioni zat ion rate of O 2 and N2 produced by cosmic rays and X-rays 
with that of NO hy Lyrnan-,x shows that the norma l ionization in th e lower part 
of the J) reg ion m11 sl he due to cosmic rays. Howeve r, when NO + is produ crd, 
the resulting concentration of elec trons depends on the recombination of each 
ion. The fin a l effect of each radiation in the ioniza tion budget oft he]) region 
shows that for a quiet sun both cosmic rays and Lyman-ex. are involved. When 

Table 3. Ionization Rate Coefficien ts (sec - 1) at 2, 4 and GA 

Solar Co11ditio11s 2A 1A 6A , 

- ---- - -·--------- - -- -- ------

Completely quiet I.G X 10- 19 iui x w- 18 2.B x to - 10 

(_,2_11 j cl. I.fi x 10- 18 9.B X 10- 11 2.!lx 10- 10 

Lightl y disturbed I.G X 10- 11 9.B X 10- 1" 2.!l X 1() - !4 
Disturl.JCd I.fi x 10 - 10 9.8 X 10- 10 2.Bx 10- 18 

Special rv rnts l,(i X 10-10 \).8 X l() - l4 2.Bx 10-12 

Strong /larcs J.6 X I0- 14 9.8 X J0- 13 2.fl X I0- 11 

the sun is disturbed, the cfkct of X-rays of,\< 10 A !Jr.gins to be apparent, 
a nd Talile ] gives the ioni za tion rate coeflicients for various solar conditions. 
The effect ofsnlar flares is very important. 

Conserp1e11tly, the ionization of the normal D reg ion is essentially due to 
the ioniza tion of nitri c oxide liy Lyman-ex. in the upper part and to the ioni­
za tion ofO2 and N 2 liy prima ry cosmi c rays in th e lower part. The remarkable 
increase during solar flares is due to X-rays. If there is some increase of NO +, 
it must be cl 11c to an increase of NO and not necessarily to an increase of the 
intensity o f Lyman- ex.. 

lt is clear that the preceding theore ti cal results must be used only as an 
illustration of the physica l behaviour of the D region. First, the ra te coc fli­
cients whi ch have been usrcl, and particularly those given by (70), are only 
possible orders of magnitude. Then, it is not possible to introdu ce the effect 
of minor constitu ents such as Na and Ca, si nce we have no knowl edge of the 
reac tions in \\'hich neutral a nd charged particles are involved . Furth ermore , 
various processes such as effects of solar activity and mesospheric mixing lead 
to variations of the nitric oxide co ncentra tion. The variation in the primary 
cosmic rays of a factor of ten between the equator and 60° is also an important 
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much greater than 11 (NO). Other reactions involving interchange of ions are 
neglected in the formation of the E layer and (52) leads to 

and to 

I! I· (O) = ------ 11 (~2 ~(O) - -­
Yo, n(02) + YN, 11 (N2) 

11 1 (N) 11(N) 
--- - cc - - - < I 
n+(N2) n(OJ 

(76) 

(77) 

In other wonls, si 11cc y0 ,n(O2) in the E layer is grcc1 tcr than I, 11 1• (0) shrmld 
be a minor ion, 11 1 (0) < 103 cm- 3• In the same way, n·1 (N) is negligililc. 

The recombination or molecular ions must be given in the E layer by 
dissociative recombination 

XY + +e-+X+Y 

and the following ions must be considered 

Nt+e-+N+N 

ot+e-+ o+o 

NO++e-+ N+O 

(78) 

(79) 

(80) 

(81) 

The rate coc /Jicicnts adopted fc>r the D region i.e. (71), (72) and (73) arc 
adopted to provide an example for calculation. (4~)) will lie the typical law 
for the variation or the electron concentration. But, in equilibrium conditions, 
we may write, when (74) is neglected compared with (75), 

n(NJ /(N2) 
- ----- -- ---- ···-

<Xn(N2) n+(N2) 

11 (0) /(0) 
,xl)(NO) 11+(NO) 

(82) 

The first step is to show how the effect or ionization by X-rays is involved 
in the reg ion where Lyman-/3 ionizes only molecular oxygen. If \\'e adopt 
the absorption cone! itions given by Tali le 4 and the ratios H: 4: I for the ratios 
or energy in the spectral ranges 70 A, 50 A and 35 A, the production rates of 
electrons can be represented by cmvcs s11ch as those of Fig. 1. It is clear that 
Lyman-/3 causes the first peak of the E layer since its ionization cfl'cct is 
superposed on that by X-rays. Since the absorption cross-section of CUI 

Table 4. Abso1jJtio11 Cross-sections of X~rays between JO A and JOO A 

l V a1 1c/e11gth 10 A so A 35 A 
Spectrol Range 90- 55 A 55- 40 A 40-31 A 

·-

Cross s,·c tions; 
Total (cm 2 ) G.2 x 10 - 19 3.0 X l()- 19 J.3 X J0- 19 

N2 (cm 2
) 5.5 X ]()-TO 2.4x 10- 19 9.7x10- 20 

0 2 (crn 2
) 9.3 X l(J - lO 4.0 X 10- 19 J.6 X J0- 19 

,\ 20.5 A 15.5 A 11.:i A 
Spectral range 31-IG.5A 16.5- 12.8 A 12.8- J0.:1 A 
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Such a relation between 11 +(02) and n+(NO) in the Elayrrshows thedifliculty 
of obtaining numerical values without a complete knowleclge of all parameters. 
It is clear that the eflective recombination o:E of the E layer will be 

dn, 1- . cit= -[o:n(N2)11 - (N2)+0:v(O2)n + (O2)+o:v(NO)n+(NO)]n, = -o:Fn~ 

(84) 

and will be a fim ction of the ratios n+ (NO): n+(OJ: n+ (N2). After sunset the 
successive disappcar;111cc of ions with high recombination cocflicients should 
lead to the presence of the ion with the smallest value, i.e. in our analysis NO+ 
compared with N/ and Oj'. 

lt should be pointed out that during solar flares the ratio n+(O 2)/n +(NO) 
will change si1H:e 0 / is particularly affected . As an example, the effect of 
X-ray of,\< IO A is important, even if there is an increase of a factor of 1 in 
the region of,\ > 31 A. At 90 km, an increase of a factor of I 00 at ,\ > 31 A 

Table 5. Exam/1le of Possible 
Percentages of Ion Concentrations 
in the E layer. Sunlit Atmosphere 

Altitude (km) o+ 2 NO+ N+ 
2 

---------- --- ---

U'.i 3G 59 5 
90 65 27 8 
95 7B 20 2 

100 GB 31 1 
10.'i GG '.32 2 
110 :i'.3 44 2 
115 4'.1 54 2 
120 28 69 2 

is needed to produce a sufficiently large effect. At 95 km, a factor of 10 is still 
needed. Such a result shows that the effect of solar flares, which is chiefly due 
to an increase of X-rays of,\< 10 A affecting the D region, will modify the 
shape of the lower E layer more than the radiation of',\> '.~l A. 

Finally, olisnvational night-time res11lts arc exrlai11ecl liy a s1tfliciently low 
rec:ornhinancc for NO I as compared \\'ith that of' 0 2'. A val11e of' 3 x 10 -- ~ 
em 3 sec- 1 which has been adopted J,,r a (NO ) is not 011tsicle ofpmsihle values, 
but is not necc·ssarily the exact valul'.. IO -- n crn 3 sec .. 1 is still aeecptalile. 

An example ofa computation is given in Table 5 in order to show how the 
ions may lie distributed. Of and NO I arc the principal ions while N/ is a 
minor ion because of its .high recombinance. The rrcscncc of NO+ in the 
lm,·er rart of the E layn is essentially due to the transformation into NO+ 
of O +· producrcl by X-rays. In the region above I 00 km, NO I results from O 1-

prorlueed by 11ltraviolct radiation of,\ ,S: CJJO A. The exact ratio 0 ) /NO+ is 
not known since the ratio ofy0 .f yN, of (71) and (75) has not yet been determined. 
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I. IONOSPHERIC l'ROC:ESSES 

IONIZATION is caused normally in the terrestrial atmosphere by the effect of 
solar radiations phutoionizing various constituents. The most important part 

- is· due to ~ular radiations oL\ < 102G A, which are able to ionize oxygen and 
nitrogen. Primary cosmic rays can play a certain rule, and other corpuscular 
radiations may be important but their effects shoulcl lie introduced only when 
it is necessary to consider periods of solar disturliances. The radiations of 
,\ > 10:i0 A may have an ionization eflcct \1·hen minor constituents are 
involved. 

The removal of electrons depends on various recombination processes and 
is subject to processes produced by collisions lict\\'cen specific particles (elec­
trons, negative and positive ions, atoms and molecules ofdifferent kinds ). 

The first step is the study of the absorption characteristics of various 
atmospheric constituents which are dependent on the wavelength, and of the 
spectral distrilllltirn{ of the solar energy, and it is necessary tu consider the 
numbers of solar photons which are available in those spectral ranges which 
cause the ionization of the principal atmospheric const i tucnts. It is important 
to find how oxygen and nitrogen may be ionized. Furthermore, an analysis 
of the sular spectrum must give some indication oflhe variations produced by 
solar activity in the range of X-ray spcctrnm. But, the number of collision 
processes involved in the removal of electrons is so large that the recombination 
coelTicient ex needs a special analysis in each case; it is not poss ible, 
however, t9 consider all processes together. For this reason, it is necessary to 
analyze the physical parameters one after another before trying to find an 
explanation of the origin of the ionospheric layers. ] n other words: production 
of the ionization in the D region at altitudes less than BS km, formation of the 
E layer below 130 km, and the origin of the F region above 150 km. 

2. PRODUCTION OF THE NORJ\JAL IONIZATION 

2.1. Atmospheric Absor/Jlions 
Since the diurnal variation of the ionization and its variation during solar 

eclipses show that the electron production is due to_ electromagnetic radiation, 
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The variation of q( v) with height is obtained by integration of (3) with the 
help of (4), and 

(7) 

if() replaces q(v) when a constant value is used in a certain spectral rang·e. 
(J,,_ is the 1111rnlicr ofphol<ins available al tlic lop oftlie earth's atmosphere. 

The 1111111!,cr of i,mizatio11 processes per unit of ti111c and volume 91 = 11I<(j 
can lie written with(+) and (7) 

91 = n0 H0(g0/g)KQ ,,, (e - g/H)exp[-n0 KH0 (g0 flt)secxe - tJ (8) 

Introducing the condition for a maximum of91 in (8), one obtains in neglecting 
the variation of'g, 

nMKHMsec x = I+ f3 (9) 

in which J\1 corresponds to the altitude where there is an absorption peak for 
the production of electrons, 9lM 

91 M = ( I + (3) Q 00 cos X. 
• HM exp (I+ (3) 

··For an overhead sun, X = 0, and (9) and ( I 0) become 

nf1I<H,t = I +{3 

and 91f t = ( I + (3) (J oo_ · 
Htexp (1 +{3) 

( I 0) 

( 11) 

( 12) 

The formulas (11) and (12) represent co11clitions which can lead to a 
preliminary knowledge oft he origin of the atn1uspheric ionization. From ( 11), 
it is possible when the absorption cross-section is known, to determine the 
atmospheric region where the alisorption peak occurs since nH is the total 
number of molecules in a vertical column . The maxirn11111 production of 
electrons can be obtained for a certain region when the number of photons 
available is known. 

The vertical distribution of the absorption rate ( or the electronic production 
if the absorption cross-section corresponds lo the ionization cross-section) 
from (8) and ( 12) 

91 = 911tef3t(H,t/H) exp f ( I + (3)( I -f-sec X e- t)] ( 13) 

When f3 = constant, (6) can be used and ( 13) becomes 

91 

and, (10) and (12) 

( 14) 

( 15) 

which sliows how the maximum rate varies with the solar zenith distance 
when f3 = constant. 

We note that Chapman's formulas for a constant scale height are given by 
(9) to ( I :l) when there is no .gradient of the scale height, f3 = 0, and 

( = (z-z11)/H 
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gradient fJ is not very important when the rccornhination is constant, since 
I\' ,/N 1 ( 3. B11 l, i (' a: is propr>l'tional to l he pressure, the cfl'cct "f the scale . 
height gradient is important. When two di/krent constituents arc involved 
of mass 111 1 for the ionization and of' mass 111 li>r the recombination, the ratio 
N, /:\' 1 is modified. A decreasing mass ratio m 1/ni leads lo diminutions in the 
ratio .N,/:\' 1• For example, if m1/m = 0.5, the ratio for an ionization equi­
librium N,/N 1 = 4. 

It is clear that the vertical distribution of the electron concentration has 
various forms when the recombination is not constant with height. Since 
several parameters are involved it is very di/lic1dt to find the total content even 
in a steady stale. Observational data in situ are req11ired to obtain the infor­
mation which is needed. 

3. ELECTRONS AND NE(;ATIVE IONS 

In order to determine the laws of the electron recombination it is necessary to 
consider all processes in which electrons and ions are involved. Bnt, the 
analysis is simplified when a distinction is made hctwcen the processes for 
which negative ions arc essentia l and those fo1' which alum-ion interchange 
plays a role. With such a subdivision, one implicitly assumes that atomic ions 
are not important in the lowest region where negative ions are el1icient. 

If only one constituent is involved, the following equations must be con­
sidered: 

in which the rate coc{licients are as follows: 

a:n dissociative recombination; 

a:, mutual neutralization of ions; 

a electron attachment; 

cl detachment by solar radiation; 

j = detachment liy collision (molecular formation); 

I = ionization liy solar radiation. 

lfwe write 

(24) and (25) lead to 

d11, 

dt 

dn, 

cit 

11 . +11, ( I + ,\) 11,, 

111 ,\ ~ 11, cl,\ 
- - ( a:I) + a:) II - --- .• • 
I+,\ I ' l+,\dt 

a1111, _ _ 11,cl,\ 
- - II I d + f11 + ( J + ,\) C( • Tl I - -· -

,\ ( J' I ( ,\ cit 
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with the particular solution A= - I. Its general solution is written as follows 

A an 1-{[an-(d+fn),\0]/[an(l+Ao)l}exp{-[d+(a+Jn)Jt} (
3

) 
= d+ Jn I+ {[an- (d + Jn) A0]/[(d+ fn) ( I +A0)J} exp { - [d+ (a+ j) n] t} 

8 

if Ao denotes the value of A when t = 0. 
The time necessary T(\) to reach the equilibrium value (at least 50 per 

cent) is given by 
T(A,J) = 0.7/[d+(a+f)n] (39) 

According to Burch, Smith and Branscom!/ giving the photo-detachment rate 
coefficients of 0:7· and o -- , it is clear that the time to reach the equilibrium 
between negative ions and electrons in a sunlit atmosphere is 

T(A,d) ~ 2 sec 

i.e. a time of the order ofa second. 

(39a) 

In such circumstances, equilibrium isnormalinasunlitatmosphere. Under 
night conditions, the attachment must be considered first. When 0 2 is the 
principal ion\ (39a) leads, for T(A.,,), to 

(39b) 

With (39a), T(\,,) increases from 3 sec at 70 km to 60 sec at 80 km, and 
reaches 2000 sec near 90 km. It is therefore possible to -claim that the equi­
librium conditions lie tween negative ions and electrons are almost immediately 
reached in the D region. However, since the detachment !Jy collision could 
lie due to atomic oxygen the stationary value of\,,, where there is no oxygen 
atom, should be4 

(40) 

i.e. in the stratosphere and in the lower mesosphere. However, near or below 
the mesopausc where atomic oxygen is not completely transformed into ozone, 

J.5 X IQ ··- '.lll 1/(01) 

Asn = j -;;(of 
represents the stationary value for night-time conditions. 

Thus, in the D region, (2B) can I.Jc written 

where 

But, in the E layer, 

t;· = j ~x-(av+Aa,)11; 

dn, ( , ) 1 di= 11/- av+11a; 11, 

(41) 

(42) 

(43) 

(44) 

in which Aa; is neglected compared with aD. Since the ionization is due to 
several constituents, (43) must be replaced by a more complicated equation: 

d11, 
dt i1~~-r}x I (al)_j+Aa,j) n/ 
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Even for values or y or the (Jrder of IO IJ cm:i sec 1, the time needed to reach 
equililirium rnnditions is short in the E layer a nd the co ncentration of11 1 (X) 
is sma ll crnnparcd with the electron concentration. Thus, the equilibrium 
value of I! 1 (X) which is, (47), 

11 1 (X) = 11(X) Ix+ y 111(V~!' 1 (X'Q 
y 1 11(XV) + Yl 11 (VZ) 

can be introduced in (4G) and (4B) to give 

cln+ (XY) 
---- ----

di 

and 

dn 1 (XV) d11 1 (X Z) 
- --- + - . 

di di 

which is id enti ca l tn (4CJ). 

11(XY) fxv + 11 (X) Ix -11,iaxy 11 1 (XV) + 

+axzn ·1 (XZ)l (.'i4) 

When X I is a 11iinor ion, ('i4·) represents the law of the variation of the 
electron conccntratio11, i.e. ror the E layer. 

When the 1nokc11lar concentration li ecomes sufficiently low, it is irnrossihle 
to reach equililiri111n conclitio11s fcir atomic ions; ('ii) w·o11ld take too long. 
Consequently, clcctro11 co1icc11tratio11 cannot reach ,111 eq11ilil>rium value in a 
sufficiently short time and the use of (5:Z) is not possililc. 

The noc t11r11al recombination, where the molcc11la1· ions arc more imrortant 
than the atomic ions, is olitai11ccl from tl1e prcccdi11 ,g cqu;1tions in which the 
photo-ionization processes are neg lec ted. ln an ionospheri c region, alter 
sunset, where 

( .'i'i) 

leads raridly to a negligible concentration ofn + (X), the laws of 1'ecombination 
of molecular ions become 

<.111+(XV) 

cit 

cln +( XZ) 

di 

Ifn +(XY) < n+(XZ), (.'i6) leads to 

- axz 11 + (XZ) u, 

n+(XY) = nr}'(XY)exp(-cxxyn,t) 

showing that 

('i6) 

(57) 

(58) 

(59) 

The recomlii11ntio11 depends after a certain .time on the molecular ion having­
the smallest recomlii11ance. However, it must lie s11fliciently ali1111clant at the 
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Table I. Absor/Jtiou Cross-sections and Altitzule of !he Un it O/;tical 
De/1th of X -rays between 0.01 A and JO A 

I 
J{ (N2) }{ (02) . I< (A) I< (Air) 

Altitude 

(cm2
) (cni2) (cm2) (cm") 

7 a1r = I 
(km) 

-
2.66 X 10 -H 3.03 X 10-24 3.42 X 10 - 2 • 2. 74 X 10 - 24 '27 
3.W X 10- 2

' 4.22x 10 - 2
' 4.77 X 10- 24 3.B I x 10- 2 4 30 

5.2B x Hr"' 6.05 X IIJ - 24 7.11 X 10 - 2'1 .'i.'16 X l(J- 24 32 
6.G4x w- 21 7.65 X 10- 2 • I. 0<Jx 10-n 6.8!! x 10- 2 • 34 
8.40 X 10 -·2

' 1.01 X l0- 23 '2.% X 10-23 8 .<J5 X 10 - 2 4 36 
1.45 x I 0- 2• 2.03 X 10- 23 1 .G6 x w-00 I. 7 1 X 10-23 41 
'2.<JI X 10 -

2
" 4.59 X 10- 23 .'i.2'.l X 10-n 3.72 X 10- 23 47 

5.71 X 10 ·- '3 9.51 X 10 - 23 1.20 x I o·- 21 7.5G X I0 - 23 5'.-! 
J. (n X 10 - 22 I. 76 X 1() - 2:.! '2.27 X 10 - 21 J.'.rn X 10 -· 2• SB 
l.7l xl0 - 2

' '2.<J5 X 1()-2" :un x I0 -
21 2 .'.l l x l0 - 22 G2 

3.23 X l0 - 2:.! 5.63 X 10-n 7.IB x l0 -21 4.37 X I0 - 22 66 
7.47 X l0 - 22 1. 3 l X 10- 21 l.5<J x I 0 - •0 l.0l X I0 - 21 72 
l.44x 10- 2 1 2.57 X 10-21 2.<J0x I0 - .20 l.92 X I0 - 2 1 76 
2.4G X 10- 21 4.29 X 10- 21 4.67 X IU - 2o 3.26 X 10 - 21 7~1 
5.7'.l X I0 - 11 <J.()3 X l 0 - 2 1 l. l OX I 0 - 20 6.5.'i X. 10 - 21 133 
I.I 0xl0- 20 I-~)() X I 0- 20 1/)3 X 10 - 2" 1. 2G X 10- 20 H7 
J.87 X 10- so 3.20 X J0 - 2o 3.0<Jx lo - 20 2. 13 X !() -so <JU 
4.27 X 1Q- 2o 7.22 X 10- 2o 6.2 '.l X 10- 20 4.85 X 10 - 2o <J.'i 
IJ.05 X 10-2o J. 34 X 10 - io l.05x 1() - 19 9.0!) X l(} - 2o 99 

Table 2. l o11iza tion Rate Coejjicient of NO by I ,yman-a 

] No (La) Altitude 1~0 (La) Altitude ] No(La) 
(sec- 1) (km) (sec - 1) (k111) (sec- 1) 

--

7.0 X 10- 7 77.5 3.5 X 10 - 7 67 .5 l. 3 X 10-s 
6.o x I n-1 75 2.3 X I0 - 7 6c 

.) 2. l xlo - ~ 
5.4 X l()- 7 72.5 J. 2 X 1()- 7 G2 .5 J.8 X 10 - io 
4.6 X 10-7 70 4.<J X ]U - B 60 6.7x 10- 11 

Since the various reactions are extremely rapid, eq uilibrium conditions a re 
adopted in (45). Therefore, it is poss ible to write 

and for the D region 

11(02) 1(02) 
11

' = -ai-( 0-
2
)_,\_+ a( 0 -

2
)_n_+_( 0-2) 

n(NJ l (N2) 

o:;(N2) ~-+ o:JJ(NJ n + (N2) 

n(NO) I (NO) 
----

ex/NO),\+ o:n(NO) n+ (NO) 
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factor to be introduced in a complete analysis. In the same way, the disturbed 
conditions cat1sed, when increases of corpuscular radiation are oliservecl, 
mt1st be considered and lead to an important modification in the problem of 
io11ization in the]) region. 

Night conditions in the D region are completely different from those of a 
sunlit atmosphere. The electron concentration is reduced to a very small 
value, because the attachment of electrons is an important process when the 
concentratio11 of atomic oxygen is sulli cicntly srnall. I lowevcr, the night-time 
conditions should be stt1died when it is possilile to deduce the tirne variation 
of the concentration of atomic oxygen. The removal of oxygen atoms in the 
mesosphere is related to reactions dealing with the frlrmationufozone, and it is 
clear that oxygen atoms have a very short lifetime af'ler twilight in the lower 
mesospl1erc. The ratio ll /11, shot1ld he related to 11 (0 ) . In any case, it is 
certain that during the night in the 1) region electrons disappear by attach­
ment to oxygen molecules. But it is impossible to lix the levels where the 
collisional detachment begins to play a role, since the rate coeJlicient of 
collisional detachment by atomic oxygen is not yet known. However, the 
transition region from the electron attachment to the dissociative recombina­
tion as the loss prncess of electrons cc,rresponds to the transition from the D 

--region to the nocturnal E layer. Finally, a negative ion such as NO2- having 
a large electron aflinity is required. 

G. ORJGIN OF THE IONIZATION Of THI·: E REGION 

Considering again all ionization processes which may be involved in the E 
region, one may say that its ionization is due to 

(i) molecular oxygen ionized by X-rays between I 00 A and 31 A, by 
ultraviolet radiation of Lyrnan-/3 type and also by the Lyman conti­
nuum, at,.\< 910 A; 

(ii) molecular nitrogen ionized only by X-rays between 100 A and 31 A; 
(iii) atomic oxygen ionized by ultraviolet radiation of the Lyman con­

tinuum at,.\:( 910 A and by X-rays. 

One considers that the photo-ionization of NO, N and Ca is negligible 
compared with other processes in the E layer. Furthermore, the effect of 
radiations of,.\< HOO A ionizing N 2 occurs in the F 1 layer and can only he of 
some importance in the transition region !Jet ween the E and F 1 layers . 

In the E region, the effect of11egative ions is negligilile and the ratio 11·- ;11, is 
very small. But, another process must he introclt1ccd; it deals with the ion­
a tom i ntcr~l1,111ge si nee the ion O I- is formed in the E layer. Among the various 
reactions described in another paper the following ones must lie considered, 

0++02 -+ Ot+O; coefficient Yo, 

o+ + Nz-+ NO++ N; cocflicient YN, 

o+ +NO-+ No+ +O; coeflicient YNO} 

➔ O/+N; 

(74) 

(75) 

(75a) 

Reaction (75a) will be neglected in the E layer since n(O2) and n(N2) are 
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(>..977 A) is 3.2 x 10-- 13 cm 2
, i.e. twice that of Lyman-fl, the ionization peaks of 

these two radiations diITer hy about :i km. The shape of the vertical distribution 
of the electron concentration 11111st i>e ultimately related to the spectral 
distrib11tion of X-rays. For example, the l<nver part of the E layer near the 
mesopausesho11ld be associated with the energy or the spectral range 31 - 40 A. 

The prod11 ctio11 of ions O I leading to NO I depends on the ionization of 
()xygcn atoms liy X-rays and liy ultraviolet radiatio11s, of'>..< !JI() A. Since the 
absorption cross-section or< )l is of'the order or5 x I() 111 cm 2, the optical depth 
between JOO km and 10:i km is of the order of IO and ionization of' atomic 
()xygen is due only to X-rays . TherefiJre, the presence of NO + at I 00 km and 
liclow cannot lie explained by an clkct of'ultraviolet radiation and shows that 
X-rays ai·e certainly cllective in the ionization of' the E layer. Above I 10 km, 

130 - '\ SOA 

120 -
OVERHEAD S UN 

MAXIMUM OF 
SOLAR ACTIVITY 

100 

Fig. 1. Production rates of eleclru11s vs. height. 

the optical depth of molecular oxygen at>.. ~ 910 A is less than 3, and anion 
increase of NO 1 /0 / should he due to the eflcct of the ionization of atomic 
oxygen by ultraviolet radiation. Above I 15 km additional ionization is 
caused IJy radiations of>.. > 150 A. J lowever, a high concentration of the 
order of2 x I 05 clectro11s cm- 3 at I IO km docs represent maxim urn co nditions 
since reaction (74) has been neglected. When its ellcct is introduced, the tota l 
electron concentration decreases a11cl also the conce11tration of NO+. At the 
present tim.c, it is 11ot useful to try to fit the observations si11ce the parameters 
arc not suflicie11tly known. The ratio 11(NO 1 )/11(0j) is a function of the solar 
energy, or the ratio a 0 ../aNo of the recornbination coeflicients and of the ratio 
Yu )YN, of the ion-atom intercha11ge rate coefficients. 

With three unknown parameters, it is always possible to reach an agreement 
with any observational data. With (74) and (75), an equation such as (82) 
leads to 

n+ (0 2 ) = an(NO) y(Oz) n(0 2 ) [ 1 + n(0 2 )_1(02 ) {y(N 2 ) 11(Ni) + y(0 2 ) n(O0 }] 
11 +(NO) cxn(02) y(Nz) 11(N2) n(O) 1(0) y(O2) n(0 2) 

(83) 
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For that reason n+ (NO) in Table 5 should be considered as a maximum and 
n+ (Ol) as a minimum when their rccombinance is given by (72) and (73). 

7. ORIGIN OF THE IONIZATION IN THE F REG TON 

Due to the exponential decrease of nitrogen and oxygen, solar radiations 
between !100 A and 200 A are absorbed al Jove 120 km and there is an al,sorp­
tion peak for an important fraction of the spectrum peak near 170 km for 
an overhead sun. 

Spectral Range 

1026-1000 A 
1000- 910 A 
910- 800 A 
800- 500 A 
500- 250 A 

Total 

Table 6. Io11i;::ation Rate Coejficient (sec- 1) by 
• Ultrm,iolet Radiations 

02 0 Nz 

-

(5±3)xl0- 0 

(4±2) X 10-a 
(l±0.5)x 10- 1 (5±3)xl0- 8 

(4± 3) X 10 - 7 (1.5 ± 1.0) X 1()- 7 (2.5 ± 2.0) X 10- 7 

( 1.5 ± 0.8) X J0- 7 (1.0±0.5) X ]0- 7 (7 . .5 ± 5.0) X J0- 6 

----

(6± 5) X 10- 7 

I 
(3 .0±2.5) X ]0- 7 (3.5 ± 3.0) x I 0-7 

Since the principal constituents arc necessarily nitrogen and oxygen in 
molecular or atomic form with absorption cocllicients of the same order of 
magnitude ( ~ 1 o- 17 crnl), the prolile111 of the production or electrons is not 
very different from that of the E region. 

When one considers the ionization rate coefficients ofTablc 6 it is dear that 
all thermnspheric constituents play a rnle related to tllC'ir concentration. If 
the precision of the ionization coefllcicnt is not very high and if there is some 
uncertainty in the absolute value of the concentrations, it is possible to claim 
that the final electron concentrati1,11 11111st be associated with an atomic ion 
such as O I· since the recombinance is the essential process. B11t the principal 
difliculty in the determination of the vertical structure of the ionization comes 
from a lack of knowledge of the absolute values of the ionic reactions. 

REFERENCES 
1 C11APMAN, .S., The absorption and dissociative or ionizing effect of monochromatic 
radiation in an atmosphere of' a rotating earth, Proc. l'hys. Sue., 43, 4B3 ( I ')31 ). 

2 11LJRc11, D. S., SMITII, S . .J. and BRANCO MB, L. M ., !'hrs. Rev., 112, 171 ( I ~J5B). 
3 Such a valu e ohta incd using cxpcrirncnlal data pul,lisll('d l,y ( :11ARIN, I,. M ., P11ELPS, 

i\. V., and !110Nlll, Ivf. A., Mcasurcnll'nl oft.he attachnl('nt of slow ekrtrons in oxygen, 
Plivs. Rei•. l,e/lcrs, 2, '.144 ( I !lri'J) . Other ronclusions wrnrld be n :arl11·d if another 
negative inn is introduced. 

• Using experimental data from l'IIEL.Ps, i\. V. and l'Ac:K,J, L., Collisional detachment 
in molecular ox ygen, Phys. Rev . /,el/ers, 6, 111 (19(il). 

6 N1co1.ET, M . and A1KrN, A. C., The formation of the D region of the ionosphere,]. 
C:i:oJ,lo•s. Res., 65, 1469 ( 1960). Other values for the 1-ecomhi11ation cocflicicnts clo not 
change the conclusions. 

132 




