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1. IONOSPHERIC PROCGESSES

[onizaTION Is caused normally in the terrestrial atmosphere by the eflect of
solar radiations photoionizing various constituents. The most important part
is due to solar 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 of 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 of 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 lonization of the principal atmospheric constituents. It is important
to find how oxygen and nitrogen may be ionized. Furthermore, an analysis
of the solar 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
coellicient o 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 ionosphericlayers. In other words: production
of the ionization in the D region at altitudes less than 85 km, formation of the
L layer below 130 km, and the origin of the I 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 due to electromagnetic radiation,
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the first step is the determination of the penetration of various radiations into
the different ionospheric regions.

When the atmospheric density and the values of the absorption cross-
sections are compared, a clear picture can be given for the three ionospheric
regions:

(1) D region, where the atomic cross-section is less than 10" cin?. Solar
radiations of wavelengths less than 10 A and of wavelengths greater than
1750 A arc absorbed in this region. An exception must be made for Lyman-o
and a few other radiations, of less importance, in the same spectral range.
Thercfore, X-rays ionize oxygen and nitrogen, and Lyman-o is able to ionize
a constituent with low ionization potential such as nitric oxide.

(ii) E region, where the cross-scction is less than 5x 10" ¢m?  Solar
radiations of wavelengths greater than 800 A with X-rays of wavelength less
than 100 A must be considered together. Ultraviolet radiations leading to the
ionization of molecular oxygen from Lyman-B at 1025 A, and from C 111 at
977 A, and to that of atomic oxygen from the Lyman continuum at 910 A,
play a role in the Elayer. The spectrum between 100 A and 31 A corresponds
to the essential part of the X-ray contributions in the E layer.

(1i1) I region, where the absorption cross-sections are not less than 1017
em?, Ultraviolet radiations of wavelengths less than 800 A, from the first
ionization potential of molecular nitrogen at 796 A, correspond to efficient
radiations lecading to ionization in the I laycrs.

Since primary cosmic rays are involved in the atmospheric jonization, it
is necessary to ascertain the region where they are sufliciently important. In
mean latitudes the ionization rate coeflicientis of the orderof 10 7sec '/mole-
cule. In considering the various values of the ionization rate cocllicients,
the eflect of cosmic rays must occur only in the lower part of ID region.

2.2. Vertical Distribution of the Absorption
I we consider the number of photons dg(v) of frequency v absorbed per
unit of time and volume in an elementary vertical layer dz, we may write
dg(v) = q(v)nK(v)dzsecy (1
where ¢(v) is the number of photons available, K(v) is the monochromatic
absorption cross-section and y is the solar zenith distance. Sec y, which is the
function for a horizontal layer, must be replaced! by another function when

o I
In order to determine the variation of ¢(v) with height, we write:
d 1dH
B e (2)
P B H
and B = dH[dz (3)
o s P neH
I'herelore, - ¢ i (4)
o mogoty
i
since —(H = Bd¢ = {dB+Bd{ (5)

if H|H, - Bt (6)
when B is equal to a constant, & = (.
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I[tshould he pointed out that the laws arc essentially different in an atmosphere
with constantscale height compared with the thermosphere where the gradient
B is very large.

2.3. Vertical Distribution of Iilectrons
Using for the recombination the following relation

o = afy(nnf) = afje 1AL (16)

the cquilibrium value for n, = (N/a)'* s, (14),

* 0\ 1/2 .
iy (f-‘_&!) exp{l_f_ﬂp_;(1_7,)—secxe—§] (17)
LIV | 2 .

The condition for a peak in the electronic concentration is obtained [rom
(17), and it is
e~ = (1 =) cosy (18)

Arcal maximumoccurs wheny < 1. When ) = 0,i.e. when the recombination
is constant, there is a peak of the electron concentration at the peak of the
clectron production. Any value hetween 0 and 1 leads to a maximum above
the production peak. For example, a recombination which would be propor-
tional to the pressure leads to the following condition for a peak of the electron
concentration

et = I»f—ﬁcosx ' (19)
showing that the difference in height between the production peak and that
of the electron concentration increases when the gradient of the scale height
decreases.

Inorder toshow how the vertical structure olan ionospheric layer is modified
by a variable recombinance compared with a constant recombinance the
integration of (17) is necessary.

If we write

y = $(1+B)e fsecy (20)
we obtain at the peak :

Iar=3(1+B)(1—m) (21)
and the integration of (17), to obtain the total content N,, gives

kel W

i [ym=terd f ! d~( ) (22)

| | eV dy+ | e dy| (cos x)r (-
B J

(T+Bypw ) !

2

N, =" ()3

The two integrals in (22) are, respectively,

oo 2y n
N, = Ni+N, = J ndz = J n,dz+f n,dz (23)
' =1 Sl 2

A calculation shows that the ratio N,/ i.c. the ratio of the total content of
clectrons of the layer to the content below the peak varies between 6 and 3 if
yas varies between 0.1 and 0.6, respectively. The eflect of the scale height
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Therelore, (28) and (29) lead to the equation expressing the ratio A of the
concentration of negative ions and electrons

I dA Jan 1 [ nl ‘
AL4A)de — [,\ _(d+j”)J'['('1 oy, F ) n,J (30)

Formula (30) is a Riccati equation. The stationary value of A is as follows:

(i) in a sunlit atmosphere, A,

_an—[X(14+X)](nd[n,)
M= gt o), (31

(i1) in twilight conditions, A,

an
... SO 32
/\_;1 (l'+fll+ (O‘i_ 0‘1)) n; ( )

since ultraviolet radiation is not involved

(i11) in a dark atmosphere, A,
an A

L 33

St (= ap)n, o

since photo-detachment does not exist.
Values of A given by (31), (32) and (33) correspond to the following
condition:

{. -
51%_ _ (ln_ _ dn, (34)
n n n

e

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

an nl o — o) N

) JPE NG | § [ —— +(—--’ o) e (35)

& d+fn (1 +A)n,(d+/n) d+fn
it is possible to see that the 27 and 3'? terms of the denominator are small
compared with' 1. Numerical values computed in preceding chapters show
that they may be neglected in normal conditions. The stationary value of

, =n"[n,is therefore

an
= (36)
d+fn

and can be used for the determination of the ratio of the concentrations of
negative ions and electrons. This ratio depends on the attachment of electrons
to neutral particles and on the detachment by solar radiation and by collision.
Instead of the general equation (30), it is possible to use the following
expression:
dA .

5% = (I+A)an—(1+A) A(d+/n) - (37)
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where A is still given by (43) since molecular oxygen is the negative ion.
Equation (45) corresponds to conditions of the D region and must be applied
to the I layer if A is neglected. However, in this region the ion-atom inter-
change begins to play an important role.

4. ELECTRONS AND TON-ATOM INTERCHANGE

When negative ions are neglected, it appcars that atomic ions become impor-
tant. The recombination of atomic ions is gencrally very slow since radiative
recombination is involved. The principal processes leading to the removal of
atomic ions is the jon-atom interchange, giving molecular ions subject to
dissociative recombination.

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

processes
XHt4+XY — XY T +X; (coellicient y,)

XF+VZ - XZ*+V; (coellicient y,)
XY 4V —» X+ 4+ VY; (coeflicient ys)

The various equations are as follows:

di%?—Y) = n(XY) Ixy —axy n* (XY) 0+, n(XY) n* (X) —ysn(V) n*(XY)
(46)
s
- a(;x*) = n(X) Ix+ysn(V) 0! (XY) = [y n(XY) +y,0(VZ)| 2 H(X)  (47)
dnt(XZ
__—cil—) = y,n(VZ) nt(X) — oy, n " (XZ)n, (48)

and, therefore,

dn, dnt .
= S = XY) Ly (X)L =L (XZ) oy (XY)] - (49)
e
It is clear that the electron concentration depends on the direct production
of ions XY™, but it is also related to the transformation of X+ into XZ*,
even if such a molecule, X7, 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 value of the rate coeflicients . Since n*(X) depends also on
the effect of (V) nt(XY), it is necessary to consider which values such a
term can reach. In the E layer, it is certainly negligible. In such conditions
(47) leads, after integration, to the following expression
n(X) 1
nt(X) = ng (X) e‘Y"’+—(—)—X[I —e 7] (50)
yn
in which ng (X) denotes nF(X) at t =0 and yn = yn(XY) 4+ yyn(VZ).
The time 7[n " (X)] nccessary to reach 50 per cent of the equilibrium value
is as follows
7(n(X)] = 0.7/yn (51)
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beginning of thenight. Anexactanalysiscannot he made whenrate coelficients
arc not well known, since the law of recombination

d
a’:—‘ = —axynt (XY) +oyynt (VZ)n, (60)

is very sensitive to the ratio of the recombinances.
In any case, (60) represents the law which must be applied in the E and F,
regions, since the transformation is as follows

n, = [nH(XZ)+nH(XY)+2H(X)] - [nH(XZ) +n "(XY)J ->nt(XZ) (61)

leading finally to

dn, ,
aF = —oxz (62)
At sulliciently high altitudes, where
nt(XY) < nt(X) <1, (63)

the time 7(n ' (XY)] required to reach equilibrium conditions (50 per cent) is
given by expression such as

T[0T (XY)] = 0.7/[axyn,+ysn(V)] (64)

Recombination coellicients bhetween 3 x 1072 em?® scc™! and 3x 108 em?

sec ead to

rlnt (XY)] < 2.3 % 10%/n, 10 2.3 x 107/n, (65)

i.c. very short times, not greater than 500 sec when the electron concentration
isnot less than 5 x 10° cm™ 3. The law of loss of positive atomic ions will have

the following form
1t (X) = ng (X) e™ X (66)

when ' n' (XZ)[n, = yn(X7Z) o, (67)

The recombination, therefore, changes from the 1D region, where electron
attachment is involved, to the I layer where dissociative recombination is
the essential process, and to the I, layer where ion-atom interchange is neces-
sary before the recombination of electrons.

5 ORIGIN OF THE TONIZATION IN THE D REGION

An analysis of the conditions for absorption of the solar radiation (Table 1)
shows that X-rays of wavelengths less than 10 A arc involved in the production
of the ions O, and N,'. Furthermore, the penctration of Lyman-o at A1215.7
A (sce Table 2) leads to the ionization of nitric oxide, produced ncar the
mesopause by an indirect eflect 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 A > 1750 A and to the ionization of atomic oxygen by X-raysare neglected.
The effect of the ionization of argon is also neglected when considering that
charge transfers are involved.
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A calculation was made® adopting the following values:

o; = 1077 cm3sec™! (70)
ap(Ny) = 5x 1077 cm?®sec™! (71)
ap(0,) = 3x 1078 cm3sec™! (72)

ap(NO) = 3 x 10~%cm?sec—! (73)

I'he ratio of the concentrations of negative ions and electrons in a sunlit
atmosphere decreases with height and is negligible at the mesopause. Com-
parison of the ionization rate of O, and N, produced by cosmic rays and X-rays
with that of NO by Lyman-o shows that the normalionization in the lower part
ol the D region must be due to cosmic rays. However, when NO * is produced,
the resulting concentration of electrons depends on the recombination of each
ion. The final cfTect of each radiation in the ionization budget of the I region
shows that for a quiet sun both cosmic rays and Lyman-« are involved. When

Table 3. Ionization Rate Cogfficients (sec™") at 2, 4 and 6 A

Solar Conditions 24 44 64
Completely quict 1.6x 10710 0.8x 1018 2.8 118
Quict 1.6x 10718 9.8x 1017 2.8x 10~
Lightly disturbed 1.6 x 10717 9.8 191" 2.8x%x 10~
Disturbed 1.6 x 10716 9.8 10~ 2.8x%x 101
Special events 1.6 x 10-1° 9.8x 10~ 2.8x 10712
Strong flares 1.6 x 10-14 9.8x10-1® 2.8x 101

the sun is disturbed, the effect of X-rays of A < 10 A begins to be apparent,
and Table 3 gives the ionization rate cocllicients for various solar conditions.
The cffect of solar flares is very important.

Consequently, the ionization of the normal D region is essentially due to
the ionization of nitric oxide by Lyman-« in the upper part and to the ioni-
zation of O, and N, by primary cosmicrays in the lower part. The remarkable
increase during solar flaves is due to X-rays. Il therc is some increase of NO |
it must be due to an increase of NO and not necessarily to an increase of the
intensity of Lyman-o.

It is clear that the preceding theoretical results must be used only as an
illustration of the physical behaviour of the D region. First, the rate cocfli-
cients which have been used, and particularly those given by (70), are only
possible orders of magnitude. Then, it is not possible to introduce the effect
of minor constituents such as Na and Ca, since we have no knowledge of the
reactions in which neutral and charged particles are involved. Iurthermore,
various processes such as eflects of solar activity and mesospheric mixing lead
to variations of the nitric oxide concentration. 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 2(NO). Other reactions involving interchange of ions are
neglected in the formation of the L layer and (52) leads to

" 1(0) 1(O)
PR (9 ) IR bk e S 76
(©) 70,7(O2) + yn, n(Ny) ve)
and to /

b L P L (77)

nH(Ny) — n(Oy)

In other words, since y, 2(O,) in the I} layer is greater than 1, 2 (O) should
be a minor ion, 2! (O) < 10* em =3, In the same way, n' (N) is negligible.

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

XYt +e > X+Y (78)
and the following ions must be considered
Nt +e > N+N (79)
Of +e > 0+0 (80)
NOt+e - N+O (81)

The rate cocllicients adopted for the D region ie. (71), (72) and (73) are
adopted to provide an example for calculation. (49) will be the typical law
for the variation of the clectron concentration. But, in equilibrium conditions,
we may write, when (74) is neglected compared with (75),

n(0y) 1(0,) n(Ny) I(N,) n(0) 1(0) (82)
Il‘ - R - C——— e B e e — o S = - e ——
ap(Oy) 1 (Og)  ap(Ny) ' (Ny) — op(NO) 2T (NO)

The first step is to show how the eflect of ionization by X-rays is involved
in the region where Lyman-f ionizes only molecular oxygen. If we adopt
the absorption conditions given by Table 4 and the ratios 8:4: 1 for the ratios
of energy in the spectral ranges 70 A, 50 A and 35 A, the production rates of
clectrons can be represented by curves such as those of Iig. 1. It is clear that
Lyman-f3 causes the first peak of the 15 layer since its ionization eflect is
superposed on that by X-rays. Since the absorption cross-section of CIII

Table 4. Absorption Cross-sections of X-rays between 10 A and 100 A

T Vavelength 70 A 50 A 354
Spectral Range 90-55 A4 55-40 A 40-31 4
Cross sections;
Total (cm?) 6.2 1070 3010718 1.3x 1019
N,(ecm?) - 5. Bise T 2.4x 10719 9.7x% 10-%
0,(cm?) 9.3% 1017 4.0x 10-1° 1.6 x 10-19
A 20.5 A 15.5 A 11.5 A
Spectral range 31-16.5 A 16.5-12.8 A 12.8-10.3 A
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Sucharelation between n*(O,) and n*(NO) in the E layer shows the difliculty
of obtaining numerical values without a complete knowledge ofall parameters.
It is clear that the eflective recombination «j; of the E layer will be

dn,

T — [an(Ny) 27 (Ny) +op(O,) n+(Oy) +op(NO) #H(NO) ] n, = — oy
(84)

and will be a function of the ratios nt (NO) :n+(O,) :nt (N,). After sunset the
successive disappearance of ions with high recombination coeflicients should
lead to the presence of the ion with the smallest value, i.e. in our analysis NO *
compared with N,/ and O3 .

It should be pointed out that during solar flares the ratio 2+ (O,)/nt (NO)
will change since Oy is particularly affected. As an example, the effect of
X-ray of A < 10 A is important, even if there is an increase of a factor of 4 in
the region of A > 31 A. At 90 km, an increase of a factor of 100 at A > 31 A

Table 5. Iexample of Possible
Percentages of lon Concentrations
in the E layer. Sunlit Atmosphere

Altitude (km) | OF | NO* | NS
85 36 59 3
90 65 27 8
95 78 20 2
100 68 31 1
105 66 32 2
110 53 44 2
115 43 54 2
120 28 69 2

is needed to produce a sufliciently large effect. At 95 km, a factor of 10 is still
needed. Such a result shows that the eflect of solar flaves, which is chiefly due
to an increase of X-rays of A < 10 A affecting the D region, will modify the
shape of the lower I layer more than the radiation of A > 31 A.

Finally, observational night-time results are explained by a sufliciently low
recombinance for NO ' as compared with that of O, . A value of 3 x 109
cm?® sec™ P which has been adopted for «(NO) is not outside of possible values,
but is not necessarily the exact value, 107% em® sce ™! is still acceptable.,

An example of a computation is given in Table 5 in order to show how the
ions may be distributed. O, and NO' are the principal ions while N is a
minor ion because of its high recombinance. The presence of NO™ in the
lower part of the E layer is essentially due to the transformation into NO*
of O ¥ produced by X-rays. Intheregionabove 100km,NO" results from O
produced by ultraviolet radiation of A < 910 A. The exact ratio O, INO* is
notknownsince theratio of 'y, [yn, of (74) and (75) hasnotyet beendetermined.
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1. IONOSPHERIC PROCESSES

[oNizaTION is caused normally in the terrestrial atmosphere by the eflect of
solar radiations photoionizing various constituents. The most important part
-1s due to solar 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 eflects should he introduced only when
it is necessary to consider periods of solar disturbances. The radiations of
A> 1050 A may have an ionization eflect when minor constituents are
involved.

The removal of 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 ol 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. Tt is important
to find how oxygen and nitrogen may be ionized. Furthermore, an analysis
of the solar 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
coellicient « 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 ionosphericlayers. Inother words: production
of the ionization in the D) region at altitudes less than 85 km, formation of the
I layer below 130 kin, and the origin of the I' region above 150 km.

2. PRODUCTION OF THE NORMAL TONIZATION

2.1. Aimospheric Absorptions
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 ¢(v) with height is obtained by integration of (3) with the
help of (4), and
Q = Quexp [~ KHy(g/g) sec x e 4] (7)

if O replaces ¢(v) when a constant value is used in a certain spectral range.
(), is the number of photons available at the top of the earth’s atmosphere.

The number of ionization processes per unit of time and volume N = nK(Q)
can be written with (4) and (7)

TN = ngHy(go/8) KQ o (e §[H) exp [; ny K Hy(go/g) sec x e ¢ (8)

Introducing the condition for a maximum of N in (8), one obtains in neglecting

the variation of g,
ny KHysecy = 14+ (9)

in which A{ corresponds to the altitude where there is an absorption peak for
the production ol electrons, 9t,,

1

(1+B) Qe cosx (10)

M= Hyexp (148)

“For an overhead sun, x =0, and (9) and (10) become
i KHY = 148 (1)

__(+p)0 ,
e " e (1 +6) 1

The formulas (11) and (12) represent conditions which can lead to a
preliminary knowledge of the origin of the atmospheric ionization. From (11),
it 1s possible when the absorption cross-section is known, to determine the
atmospheric region where the absorption peak occurs since nf{ is the total
number of molecules in a vertical column. The maximum 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 to the ionization cross-section)

from (8) and (12)

N = Nk PE(HY/H) exp [(1+B)(1 —E—sec xe™¢)] (13)
When 8 = constant, (6) can be used and (13) becomes
N = NYyexp [(1+8)(1 — {—secye™ )] (14)

and, (10) and (12)
MNpr = N¥i(cos X)HB (15)

which shows how the maximum rate varies with the solar zenith distance

when 8 = constant.
We note that Chapman’s formulas for a constant scale height are given by
(9) to (15) when there is no.gradient of the scale height, 8 =0, and

{ = (2—2%)H
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gradient B is not very important when the recombination is constant, since
N,IN, < 3. But, if « is proportional to the pressure, thé eflect of the scale
height gradient is important. When two diflerent constituents are involved
of mass m, for the ionization and of mass m for the recombination, the ratio
N, N, is modified. A decreasing mass ratio m;/m leads to diminutions in the
ratio N,/N|. For example, il m;/m = 0.5, the ratio for an ionization equi-
librium N,/N| = 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 diflicult to find the total content even
in a steady state. Observational data w situ are required to obtain the infor-
mation which is needed. '

3. ELEGTRONS AND NEGATIVE TONS

In order to determine the laws of the electron recombination it is necessary to
consider all processes in which electrons and ions are involved. But, the
analysis is simplified when a distinction is made between the processes for
which negative ions are essential and those for which atom-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 eflicient.

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

\

In+
-(——:j[t— =nl—apntn,—ontn- ' (24)
dn—
g ann,—n~ (d+fn+a;nt) (25)
C
dn, ' _
55 = nl—opynt n,—ann,+n" (d+/n) (26)
C

in which the rate coellicients are as [ollows:

= dissociative recombination;

R
)
I

R
Il

mutual neutralization of ions;

a = electron attachment;

d = detachment by solar radiation;

S = detachment by collision (molecular formation);

I = ionization by solar radiation.

If we write
nt = 4, = (1+A)n, (27)
(24) and (25) lead to
du nl i n, dA
gt Jnd—ot o 8
ai = 1A et dad oty (28)
dn, ann, ondA
= —n,[d+n+ (1 +A) ot,-n,l—'/\-dt (29)
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with the particular solution A = — 1. Its general solution is written as follows

Jan V- llen—(dfm) Ml/lan(l+ ) exp {—[d+(a+/n)| 8} g4,
3 fu VF {[an = (d-+/n) Ml JL(d ) (1 +40) 1} exp { = [d+ (a+/) n] )
if A, denotes the value of A when ¢t = 0.
The time necessary 7(A,) to reach the equilibrium value (at least 50 per
cent) is given by

T(Ay) = 0.7/[d+ (a+f)n] (39)

According to Burch, Smith and Branscomb? giving the photo-detachment rate
coellicients of Oy and O™, it is clear that the time to reach the equilibrium
between negative ions and electrons in a sunlit atmosphere is

7(Ay4) < 2sec (39a)

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

In such circumstances, equilibrium isnormalin asunlitatmosphere. Under
night conditions, the attachment must be considered first. When Oy is the
principal ion%, (39a) leads, for 7(A,,), to

7(A,) = 5x102/22(0,) (39b)

With (39a), 7(},,) 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 between negative ions and electrons are almost immediately
reached in the D region. However, since the detachment by collision could
be due to atomic oxygen the stationary value of A ,, where there is no oxygen
atom, should be*

A, = 4x 10~ n(0y) . (40)

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

_ L5x107%%%(0,)

A =T 4]
, =R (1)
represents the stationary value for night-time conditions.
Thus, in the D region, (28) can be written
dn nl
(P ) n? 42
dl 1+)\ (OCD'*')‘O‘r)”t ( )
where
an
= - - 43
d+/n (43)
But, in the E layer,
d .
a’% = nl— (op+ Ae;) n (44)

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

dn, n 1 n, <o
U T TEAT TR 2 (A (45)
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liven for values of y of the order of 10 ¥ cm® sec !, the time needed to reach
equilibrium conditions is short in the I layer and the concentration of nt (X)
is small compared with the electron concentration. Thus, the equilibrium
value of n' (X) which is, (47),

n(X) Ix+yan(V) n' (XY)

n!(X) = yin(XY) +y,n(VZ)

(52)

can be introduced in (46) and (48) to give

It (XY
E._!%[.J = n(XY) Iy +n(X) Iy =y, n(VZ) 0 (X) = axey 0™ (XY) 1, (53)

and
In " (XY In " (XZ
- HMSI ) + If’((ll : = n(XY) Ixy +n(X) Ix —n]axyn (XY) +
+axznt(X7)] (54)

which is identical to (49).

When Xt is a minor ion, (54) represents the law of the variation of the
electron concentration, i.e. for the I layer.

When the molecular concentration hecomes sufliciently low, itis impossible
to rcach equilibrium conditions for atomic ions; (51) would take too long.
Consequently, electron concentration cannot reach an equilibrium value in a
sulliciently short time and the use of (52) is not possible.

‘T'he nocturnal recombination, where the molecularions are more important
than the atomic ions, is obtained from the preceding equations in which the
photo-ionization processes are neglected. In an ionospheric region, after
sunset, where

nt(X) = nd (X) exp {— [y, n(XY) +y,n(VZ)] 1} (55)

leads rapidly to anegligible concentrationof n* (X), the laws of recombination
of molecular ions become

Y
dnT(XY) _ gt (XY, (56)
dit
N
= (fz»? = —ayyn*t(X7Z)n, (57)
C 3
If n+(XY) < n*(XZ), (56) leads to
nt(XY) = nf (XY) exp (—oaxyn,t) (58)
showing that
%’gf = —ayznt(XZ)n, (59)

The recombination depends after a certain time on the molecular ion having
the smallest recombinance. However, it must be sufliciently abundant at the
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Table 1. Absorption Cross-sections and Altitude of the Unit Optical

M. NICOLET

Depth of X-rays between 0.01 A and 10 A

A K (Ny) X (0,) K (4) & (4 f“”_”"l"
P 2 e air ™
(A) (em?) (cm®) (cm?) (em?) (lkm)
0.01 2.66 x 10~ 3.03x 1072 3.42x 102 2.74x 10724 27
0.02 3.69 5 1Q—* 499 % 10~ 477 x 10~ 3.81x 107 30
0.05 5.28x 10 6.05x 107 7.01x 107 5.46 x 1072 32
0.10 6.64x 10~ 7.65%x 107* 1.09x 107% 6.89 x 10~ 34
0.20 8.40x 107 1.01 x 107 2.96x 107% 8.95%x 10~ 36
0.40 1.45x 107 2.03%x 107 1.66 x 107+ 1.71 x 107% 41
0.60 291 x 107 4.59x 107 523 x 10~% 3.72x107% 47
0.80 5.71 19 9.51 x 10~% 1.20x 10°* 7.56 % 107%8 5%
1.00 103 x 10~% 1.76 x 1072 297 % 104 1.38 x 10** 58
1.20 1.71 x 107** 2.95 % 107 3.83x 10°* 2.31x 107%2 62
1.50 3.23 x 107** 563 %107 7.18% 10~% 4.37 x 1072 66
2.00 7.47 x 10~* 1:31, x: 10~% 1.59 x 10~* 1.01 x 107# 72
2.50 1.44x107* 2.57x 107*! 2.90x 107* 1.92x 102 76
3.00 2.46 x 1072 4.29% 10~ 4,67 x 107*° 3.26x 10~ 79
4.00 5.73 % 102 9.93 x 10~% 110 x 107* 6.55%. 10~ 83
5.00 1.10 5 10720 1.90 x 10-%° 193% 10— 1.26 x 10720 87
6.00 1.87x 107*° 3.20x 10~2° 3.09%x 1072 2.1 x 1g=*° 90
8.00 4.27x 1072 722 10~20 6.23x 1072 4.85x 10=2° 95
10.00 8.05x 10-2 1.34 x 10-1° 1.05x 1010 9.09x 1020 99
Table 2. Ionization Rate Coefficient of NO by Lyman-co
Altitude L (L) Altitude I (La) Altitude Ty (La)
(hm) (sec™1) (km) (sec™) (hm) (sec™1)
100 7.0x 1077 77.5 3.5% 10=7 67.5 L.3x 10=8
85 6.0x 1077 75 2.3%x 1077 65 2.1x107°
82.5 54 %1077 72.5 1.2% 10-7 62.5 1.8x10-1
80 4.6x 1077 70 49x10-8 60 6.7x 10-1"

Since the various reactions are extremely rapid, equilibrium conditions are
adopted in (45). Therefore, it is possible to write

71]1] 11212

= = 68
e (e Atap)nf (oA +ogy) nf (08)
and for the D region
0 - 7(0,) 1(O,) _ n(N,) I(N,)
©a(0y) A+ a(Oy) nT(0y)  (Ny) Aapy(N,) 2 (Ny)
_ n(NO) I(NO) (69)

#;(NO) A + a,(NO) nt(NO)
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factor to be introduced in a complete analysis. In the same way, the disturbed
conditions caused, when increases of corpuscular radiation are observed,
must be considered and lead to an important modification in the problem of
ionization in the D region.

Night conditions in the D region are completely diflerent 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
concentration ol atomic oxygen is sulliciently small. TTowever, the night-time
conditions should be studied when it is possible to deduce the time variation
of the concentration of atomic oxygen. The removal of oxygen atoms in the
mesosphere is related toreactions dealing with the lormationof ozone, and it is
clear that oxygen atoms have a very short lifetime after twilight in the lower
mesosphere. The ratio n [n, should be related to 2(O). In any case, it is
certain that during the night in the D region electrons disappear by attach-
ment to oxygen molecules. But it is impossible to fix the levels where the
collisional detachment begins to play a role, since the rate coeflicient 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 process of electrons corresponds to the transition from the 1D
-region to the nocturnal I layer. Finally, a negative 1on such as NO, having
a large electron aflinity is required.

6. ORIGIN OF THE IONIZATION OF THE 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 hetween 100 A and 31 A, by
ultraviolet radiation of Lyman-f type and also by the Lyman conti-
nuum, at A < 910 A; ,

(ii) molecular nitrogen ionized only by X-rays between 100 A and 31 A;

(il1) atomic oxygen ionized by ultraviolet radiation of the Lyman con-
tinuum at A € 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 Ii layer. I'urthermore, the effect of
radiations of A < 800 A ionizing N, occurs in the F| layer and can only be of
some importance in the transition region between the I and I| layers.

In the IV region, the eflect of negative ions is negligible and the ratio ™" /n, is
very small. But, another process must be introduced; it deals with the ion-
atom interchange since theion O ' is formed in the I layer. Among the various
reactions described in another paper the following ones must be considered,

Ot 40, — Of 4+ 0O; coeflicient y, (74)
O*+N, - NOt 4+ N; coellicient yy, (75)

Ot 4+NO - NO* +0O; coeflicient yNO} (75a)

- 04" +N;

Reaction (75a) will be neglected in the E layer since n(O,) and n(N,) are
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(A977 A) is 3.2 x 107 '8 cm?,i.e. twice that of Lyman-B, the ionization peaks of
these two radiations differ by about 5 km. Theshape of the vertical distribution
of the clectron concentration must he ultimately related to the spectral
distribution of X-rays. I'or example, the lower part of the E layer near the
mesopause should be associated with the energy ol the spectral range 31-40 A.

The production ofions O leading to NO ' depends on the ionization of
oxygen atoms by X-rays and by ultraviolet radiations, of A < 910 A. Since the
absorption cross-scction of O, is of the order o5 x 10 1% em?; the optical depth
hetween 100 km and 105 ki is of the order of 10 and ionization of atomic
oxygen is due only to X-rays. T'herefore, the presence of NOF at 100 km and
below cannot be explained by an ellect ol ultraviolet radiation and shows that
X-rays are certainly effective in the ionization of the I layer. Above 110 km,

T T T T T T T T T T T T T T

I I5A 50A 70A L, 70A
130 X \ \ S04 N\ 8 ka0
0, 0 0, O,N,

2 2 Nl

=
o

~  OVERHEAD SUN

ALTITUDE (Km)
T

3
T

MAXIMUM OF
SOLAR ACTIVITY

0" i 1 10' 10° 10°
PRODUCTION of ELECTRONS (crri’sec')

Iig. 1. Production rates of electrons vs. height.

the optical depth of molecular oxygen at A < 910 A is less than 3, and anion
increase of NO /O, should be due to the eflect of the ionization of atomic
oxygen by ultraviolet radiation. Above 115 kin additional ionization is
caused by radiations of A > 150 A, However, a high concentration of the
order of 2 x 107 clectrons cm =% at 110 km does represent maximum conditions
since reaction (74) has been neglected. When its ellect is introduced, the total
electron concentration decreases and also the concentration of NO*, At the
present time, it is not useful to try to fit the observations since the parameters
are not sufliciently known. The ratio n(NO ™) /n(O,") is a function of the solar
energy, of the ratio e, [one of the recombination coellicients and of the ratio
volyn, of the ion-atom interchange rate coeflicients.

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
nt(0y) _ ap(NO)y(O,) ﬂ(Oz)[l n(O,) 1(0y) {y(N) 'l(Ng_)_j_V(Qz)_'{(Qz_)‘}}

n(0) 1(0) 7(0y) n(Oy)

n*(NO) B ap(Oy) y(Ny) n(Ny)
(83)
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For that reason n'* (NO) in Table 5 should be considered as a maximum and
n*(0,) as a minimum when their recombinanceis given by (72) and (73).

7. ORIGIN OF THE IONIZATION IN THE F REGION

Due to the exponential decrease of nitrogen and oxygen, solar radiations
hetween 800 A and 200 A are absorbed above 120 km and there is an absorp-
tion peak for an important fraction of the spectrum peak near 170 km for
an overhead sun.

Table 6. Ionization Rale Coefficient (sec™') by
“Ultraviolet Radiations

Spectral Range 0O, O N,
1026-1000 A (5+£3)x10°°
1000~ 910 A (4+2) x 10-8
910- 800 A (140.5) x 10-7 (5+3)x 10~*
800~ 500 A (4+3)x 1077 | (1.5+1.0)x 1077 | (2.5+2.0)x 10~7
500~ 250 A (1.5£0.8) x 1077 (1.0£0.5) x 1077 (7.5£5.0)x 10~#
Total (6+5)x10-7 (3.0+2.5) x 1077 (3.5+3.0) x 1077

Since the principal constituents arc necessarily nitrogen and oxygen in
molecular or atomic form with absorption cocllicients of the same order of
magnitude (~ 10717 cm?), the problemn of the production of electrons is not
very diflerent from that of the I region.

When one considers the ionization rate coeflicients of Table 6 it is clear that
all thermospheric constituents play a role related to their concentration. If
the precision of the ionization coeflicient 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 concentration must be associated with an atomic ion
such as Ot since the recombinance is the essential process. But the principal
difficulty in the determination of the vertical structure of the ionization comes
from a lack of knowledge of the absolute values of the ionic reactions.
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