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FOREWORD

\

“The Ionospheric Conditions" has been presented at the
COSPAR'S meeting in Warsaw (June 1963) and has been used for a
seminar for COPERS in Alpbach (Austria), It will be published in

Planetary and Space Science,

M. NICOLET.

AVANT <PROPOS

"The Ionospheric Conditions" a été présenté au Symposium
de COSPAR en juin 2 Varsovie et a été l'objet d'un séminaire au
cours d'été de COPERS a Alpbach (Autriche)., Il sera publié dans

Planetary and Space Science,

M. NICOLET.
VOORWOORD

“The . hiofngpheric gonditions" werd ten gehore gebracht
op het Symposium van COSPAR in juni 1963 te Warchau en is het
voorwerp geweest van een seminaire op een zomercursus ingericht
door COPERS te Alpbach (Oostenrijk). De tekst zal verschijnen

in "Planetary and Space Science",

M. NICOLET.
VORWORT

“The Ionospheric Conditions" wurde wihrend der COSPAR'S
Sitéung in Warschau (Juni 1963) vorgestellt und wurde fur ein Semi-
nair wihrend des Sommerkursus von COPERé in Alpbach (Usterreich)
gebraucht, Diese Arbeit wird in Planetary and Space Science heraus-

gegeben werden,

M. NICOLET,



THE XYONOSPHERIC CONDITIONS

by

Marcel NICOLET and William SWIDER, Jr.

Résumé,

Une analyse générale des conditions physiques dans 1'ionosphere
a été effectuée en considérant les diverses réactions auxduelles~sqnt soumis

les divers ions atomiques et moléculaires.

Tout d'abord, la détermination de la production et de la recombi-
naison ioniques indique que la distribution spectrale de 1'émission solaire
dltraviolette doit &tre mesurée avec plus de précision et que la recombi-

naison dissociative doit &tre fixée en foﬂction de la température.

Ensuite, le comportement de 1'ionosph2re dépend de l'ensemble des
processus influengant les ions atomiques 0+ et N+, c'est-a-dire des réactions
avec les molécules NZ’ 02 et NO. Les ions moléculaires N:, 0; et N0+ sont
liés entre eux par suite de l'existence de réactioms d'interchange entre ions

et atomes neutres intervenant en méme temps que les échanges de charges.

En outre, la distribution verticale_desviéns est discutée dans le

cadre d'une détermination de l‘importance relative des processus au sein des
+

2 .
le transfert de charge tandis que.1l'ion NO+ ne peut disparaitre que par l'inter-

diverses régions ionosphériques. L'ion moléculaire d'azote N, disparait par

médiaire du processus de recombinaison radiative,

Au sﬁrplus, la production des iomns gtdmiques d’'oxygéne dépend non
seulement de sa production par photo-ionisation directe de l'atome d'oxygéne
mais aussi de la production de l'ion moléculaire d’azote. Quant au rapport
des concentrations des ions N0+ et'0+, i1 dépend dans l“ionosphérg inférieure

de réactinns particuli2res,

Enfin, les ions He+ et H+ sont liés 2 un systéme de production et
de réactions qui les situe 3 haute altitude od les conditiong de diffusion

sont essentielles,




I_NTR@E'UC TION

The problem of the interpretation of th‘e-_phy;sic s-and chemistry
of the ionosphere is in a étate of cénfusion. The increasing knowledge
of the solar spectrum in the.far ultraviolet has, apparently, not as yet
lea.d toa con51stent picture of the photommzatmn processes in the
ionosphere. While Hinteregger and Watanabe [1 ] have determined a
certain distribution of the number of photons available- at the top of the

(2]

ionosphere, Ivanov- Kholodny has adopted another distribution.
The data of Table I between 900A and 30A show that the difference is
important. It is clear that for X <800 A, the number of photons used

by

Table I - Number of photons (cm'zsec-l) available at the top of the

earth's atmosphere according to Hinteregger-Watanabe
- (H-W) and Ivanov-Kholodny (I-K)

AN . 910-850 850-800 800-700 700-600 600-500 500-400A.

(H-W)  9.5x107 2.5x10° 5.0x10° 4.7x10% 5.9x10° 2.4x10? photons

(1-K)  5.0x10” 2.1x107 4.4x10'% 3.2x10%0 4.9x1010 3.0x10'%photons

AN 400-300 300-230 230-170 170-110 -110-80 80-60 60-30 A

(H-W)  7.2x107 3.1x10% 3.3x107 3.5x10% 2.4x10% 1.8x10% 1.6x10®
' photons

€-K)  9.6x10'% 5.3x10'0 2.4x10' 5.7x10% " 2.24x107 1.1x107 8. 4x10®

photons

Ivanov-Kholodny is ten times that obtained by Hinteregger and Watanabe.
Nevertheless, Norton, Van Zandt and Denison [3] , using the specfral

.distribufion given by Hall, Damon and Hinteregger [4] and Ivanov-
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Kholodny [2] , claim that they have satisfactoriiy interpreted the ionos-

pheric structure.

| It is difficult to uﬁderéta;nd how it is possigle to make suoch
dive_rgeﬁt'ihterpretations of optional ionoséheric behavior; even allowing.
for variation of the far ultraviolet spectrum with solar activity. The
analysis of the solar spect.rum in the region of A > 800'by Detwiler,
| Garrett, Purcell and Tousey[ ] and by Zirin, Hall and H1nteregger[ ]
show cons1stent results In the Spectral reglon of A < 800, Tabléd I
,1nd1cates a d1fference of a ‘artor of 10 which w111 affect the ionization of
all thermospheric const1tuents nameiy NZ’ O and O, Such a variation
cannot exist in the whole ultra-violet spectrum of wavelengths N X800A,
even for the maximum-to-minimum variation of the solar eyele,

[7] (3]

.On the other hand, Hintetegger , and Norton et al. consider
an a,,tmospheric model wi:i:h an atomic oxygeh conéentra_tion which is‘n.ot less |
than four times the molecular oxygen c»oncentx;ation é:t 110 km ;\nd not

less than the molecular nitrogen concentration at 130 km. Denison and

(8]

Van Zandt[ ] claim that Nicolet's model is inconsistent with

Hall's et al. data [4] . This deduction by Hinteregger [7] and Norton

(3]

et al. is based essentially on the behavior of two solar lines, namely
L yat 972 A and Si III at 1206 A in the .wing of Lyman-o. However, such
a deduction éan be modified if the laboratory méd'suremems of the
absorption cross-sections are not adapted to the atmbspheric ab'sorptién.
As an example, ,fhe vertical distribution of solar photons fdr Lyman-vy

at 972.537 A for an absorption cross-sécti'on of the ofder of 1 x 10-16
cm2 using Nicolet's medel fits the vertical distribution deduced by Hall '

et al. [4] An N2 band with a head at 972.2 A, which is shaded toward

longer wavelengths, has more than 10 rotatignal lines i a narrow
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spectral range with JP(IS) =973.98 A, The abs.orpfion cross-section .
depends. on the distribution of the rotational lines between 972 A and
974 A and a high .resolution spec.trum is needed to determine the exact
absorptwn cross-section of X 972.537 A. It cannbt be claipmed that
the cross-section is 1 x 10 16 «.mzlor 3x 10"16 cm2 without a. ~spec;ival
anal&sis of laboratory and atmosphere tondﬁions. It is evident that an
observation of solar Ly free from atmospheric absorption is required
to make a correct measurément of the exact photon flux at the top of
the earth's atmosphere. |

(7]

‘ Hinteregger's data show several anomalies. The ratio
n(Ni)/n(OZ) decreases from a factor of ‘1(') at 120 km to 4 and 2.5 at
130 km and 150 km; respectively, The ratio n(O)/n(Oz)' decreases from
about 15 between 110 and 120 km to 10 at 130 km and 140 km. The
normal behavior for such ratios is to increase with heighf. Furthermore,
it éhould be not'ed that Hinteregger gives the ratio n(N )/n(O) equal to
only 0.4 at 430 km while the ratio n(O)/n(O } reaches at least 15 between
110 km and 120 km. On the other hand, Denison and Van Zandt 31 using
the same ‘Qbser'vational data adopt the following ratios: n(O)/n(OZ) = 4 at
110 km, 9 at 120 km and about 15 at 130 km where nkO)_ almost reaches
the conééntration of n(NZ).

Ratios such as n{0)/n(N,) 2 1 at'130 km and n{0)/n(0,) 2 10 at
125 km dao not agree with m'a;ss spe&femétfic measurement s made ih
the USA (cf wan.send[ 9] , Schaefer [9a] ) and -in the USSR (cf Pokhunkov (10].).
For example, .an obser{ration made by .Séhaéfer shows that n(O)/n(OZ), =
near 118 km an.d not more than 3 at 130 km. |

The description of the daytime ionospheric regions as given by
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Norton et al. [3] or By Ivanov-Kholodny [2] cannot be used for night-

" time cqnditions withéut the addition of another process. Antonova and
Ivanov-Kholodny [ 11] ‘have introduced the ionization effect of electrons.
The flux in the ionosphere should be at least of the Srde»r of 1 erg 'cm'z-
sec-1 for electrons of energy ‘beAtwe.en 100 eV and Y0 keV, i.e. at least
of the order of 5 x 107 electrons cm™? sec”! for an ené'rg'y of 200 ¢V.

In other words, Ivanov-Kholodny, after"introdu'cing ‘a high ionization

~ rate for daytime conditions, is obliged to consider a high recombination
rate to obtain the observed eleétron c-én;_éntration's. When such a ’
recombination rate is used for nighttime conditions if would destroy the
F2 layé?. and a corpuscular flux ié postulated to maintain a nocturnal
ionosphere._ However, such an electron flux would _ekcite the nighﬁ
airglow spectrum in ‘such a way that auroral émis-sior.xs shoul.d'_occur;

in particular the first negative sysfem, and the-first positive syétem of
nitrogen. Since sﬁ.ch emissions are not observed it can be concluded, as

[12]

Galperin has shown, that the normal corpuscular flux is very small.

It is practically negligible compared with the ultraviolet flux, which is

certainly greater than 1l erg cm-2 sec—'l, and is insi.gnifié.ant compared

with the 15 ergs claimed by IvanoAv-Khol'odn'y as the normal glt"rayiolet
flux of A < 900 A. |

A recent analysis shows‘ how a corpuscular flux must be considered,
At mid-latitudes OVér North Aﬁlerica O'Brien [13] has measured, at

4

1000 km, a flux of precipitated electrons of 102 and 10 cm-z s_sec'-1 for

energies 2 40 keV. His discussion on the airglow excitation indicates that

2 2 -1

the normal fluxes are between 10”2 and 10~} ergs cm ~ sec = for 1 keV

electrons. It is possible that some anomaly could be detected as shown
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[14] [13] .

recently by Gledhill and Van Roeoyen using O'Brien's data

. The airglow data suggvest'va.rious limits for the electron flux. |
An emission of the gré,en line of atomic oxygen above. 300 km, equal to

the intensity of that of the noxmal airglow and due to the excitation of

electrons of about 10eV energy, would correspond to a flux of 1010

"1 An electron flux in the energy range 50-500eV,

-1

elestrons cm™ 2 sec
i.e, less‘tha.n 1 keV, canfiot be more 'tﬁan 167 electrons em™2 sec
since it would lead to such an exéitaltion of N2+ bénds which are not
observed in the airglow. Furthermore, the second positivé system of
hitrogen, which is likeﬁse not observed in the ajrglow, requires the.
same limiting conditiohs for the electron'ﬂux. ’Ilherefore, the ionization

9

rate coe%ﬁcient for the corpuscular radi,a.tion cannot be greater than 10°
sec ~ i.e, is always less than 10'2 the photoionization rate coefficient.
Since thexfe is né pos-sibili.ty. of finding a permanent electron flux in the
nighttime ionosphere greater than 0.1 erg cm.'2 se-c-1 it must bé
concluded that the total ionization production by corpuscular radiation
cannot attain in the whole ioﬁosphefe (for normali conditions outsidé of
the ayroral zone) one hundredth of Athat produced- by photo—iohization.

Finally, the number of atmospheric models used to explain the
up“per.-atmosp-he-re behév,iov'r-hés addea to the confusion and leads to the
other difficulties. Consequently, before trying to clarify the general
problem, an attempt is made to s-hqw the c-omplexity of the préblem of
ionospheric reactions and the -difficuity of deducing a correct explapation
of the ionosphere without an exact knowledge of the various physical

. parameters involved.



I. Positive Ion Reactions

Starting ‘frorn'the observational knowledge of the ionosphere,
‘ . ) R ) + + .+ + ot
the following positive ions must be considered: H, He , N, N2 , O

,f, NO¥, Mg¥, cat,... etc. Further, it should be noted that

b4

O
.. 4 , ; . + +
metallic ions are not present in the whole ionosphere, H and He occur

in the upper part of the ionosphere aBove the F, peak, OZ+’ NO+ and ot

2
are the essential ionic constituents cf the D, E and F regions and NZ+
and Nt are minor ions with maxirnum concentrations in the F region.

+ gt + + + : .
Thus, O, N', NO', 02 and N2 must be considered as the basic
ions which are involved in the various reactions. -

The predominant ion in the F region, O+, is subject to the
following ion-atom interchange reactions:
(vp); of®s) + N, (tz)  — Nofmyens) +1i12ev (1)
(v,); 0T(*8) + 0,8) — o)+ ofP) +1.54ev  (2)
(v3) 5 of(*s) +noPny — not(lz)+olPP)+4a37ev (3)
(v) s oF sy + voPm) = o,'%m) +n(*s)y 4 015 v (4)
The following charge transfer process mUS_’;'be added to reactions (1)

to (4): .

(vs) s 0T %)+ 0,0%m) — ofPmy+olP +1.54ev ()

Since there is no pr'actic.ai disti—nc--ti.dn between (»2‘) avr-,d (5), process (5)
will be ignored in t‘i’x‘e analyrs'is. .'Sirri_i_la‘rly., a .charge. F'ransfer process
between O‘+ and NO is equival.ent.tq' re.a_ct.i.on .(':3). |

The rate coefficients of the .ion-aéox."n.'interch‘an»ge reactions (1) |

to (4) are not well known. The rate of (2). has been measured by Dickinson
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and Séyérs [15] , Lang‘stroth and Has-ted-[ 16] and Flte Ruthe rford,

Snow and Van Lint [17]. . The followmg values have been obtamed
YZ 2 1x 10710 o3 sec".1 [17]
v, = 2520 49 x10" cm® sec™! [15]

Y, = (1.8 £0.2) x 10712 cm? sec™! [16]

From ionospheric observations, values between 10 %cm3sec™! and

lO_,13cm3se<:'~1 have been used to expla-iﬁ recombination and ionic
composition; Heftzberg[isl, y'= 10;9crﬁ3sec L. Dan110v[ 9] ‘

Yy = 10" %m3sec™!; Norton, Van Zandt and Den1son[ 31 » Y, =5 x 10-11
cm3sec 1' Bates énd Nicolet‘[ 20] , §= 10-1-‘3c,1.'r1,3sec-1

[16] .

Langstrotb and Hasted Lkave measured, for reaction (1),

vy = (4.7+0.5) x 12cm3sec-l. "But before this recent experimental

determination a high value of the order of '10-8cm3sec-; was given by

[16a] and a rate coefficient of the order of 10" 1% m3sec™! has

[16b] .

" Potter

The

[16c]

recent experimental analysis of Talrose, Markin and Larin seems,
-12.

been used in the study of the ionosphere by K-rassbvsky

however, to agree with a lower rate coefficient i.e. Y, £ 6.75x10

cm>sec™!. Various values have been used in the analysis 'of the

9 [18]

ionospheric 6bs~e'rvations such as 10~ cm3sec.-1 by Hertzberg

10 10cm3sec by Dan1lov[19b] Ll x 10-12ém3_sen-l by Nortan, Van

Zandt and Deni'son'[ ] and of the order of 10 3em3sec™! by Bates and

Nicoletl 20_'] .

" Several reactions involving 02+ lead to'_NO+ and particulalrly,'

(vg): 0,7¢m) +N(*s) — No*('z)+0PP)+ 422V (6)

. v(v7) ; Ozf(zﬂ) + NZ(-IZ) ~ no*('z) 4 NO() +0.87 eV (7)
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This last reaction, according to Fite et al. [17] , is very slow compared
with the charge transfer process or ion-atom mterchange react1on |
62 + NO -~ O2 + NO However, in the atmosphere, since n(NZ) >> n(NO),
(7) cannot be neglected even if the rate coeff1c1ent of the transfer process
with NO is large. Reaction (6) cannot be rejected since its rate coeffic’ient,l
Vg, may be much greater than Y7 and also because in the 160 km region,
~ where n(N) is the most importent fraction of the n(NZ), its eff'ect eould
modify the ratio n"(0,)/n"*(0).

The processes affecting NZ+ involve cha‘rge transfer processes

and ion-atom interchange reactions:

(vg) s N,Y(°z) + 0Cp) ~ o*¥s) + N,(Z)+1.96ev  (8)
vg) s N7 22) +0,°5) = 0%y + N, (') +3.50 v (9)
‘::'(ylo) ; NZ+(2lZ) +N(s) = N'CP N,y 103ev  (10)
(vy;) s NTCP) + NO(P) — NHCE) + o’P) + 2.22 v (11)

Finally, ion-atom interchange reactions in which N+ and on? are
involved must be considered by taking into account that the lower state

of ON+ is the excited state 3 of the normal ion NQ+.

‘912’ ;NP +0,0m)  — ont(3n, Not) + 0(3P) +[6.69 -_E(3n )lev (122)
(vy5) : N*(P) + NO(*n ) - | oNt(n ,...NO+) +003p) +[5.30 - ECn eV (13)
(Y14 s N,HC2) + 0(315) . oN+(3n . noY) + N(*s) + [3.08 - ECn)]ev (14)
(y*;s) , N2+(22) +0,0z) - oNt3n, NoY) + NOPN ) + [4.47 - ECT)]eV (15)

Reactions which may occur in the ionosphere require that the

egéifation energy E(3H ) is less than the-e.xiergy balance. Thus, reaction
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(14) must be rejected since E(3II )‘is more than 3eV, for example
E(3ﬂ ) = 4. 6eV[ 21] . However, Norton, Van Zandt aﬁd Denison[3I |

have considered reaction (14) as very important in the ionospheré

3 -1
sec

i.e,, more than the \,jalue_ of Yy for which they take 1 x. 10-1'.2cm3sec-1.

since they ha’ve adopted for the r-at¢ coefficient y1'4‘ =2 x l(')-“,'c;m
This is baéed on the erroneous assumption that thg re,a'ct.i:on (14) doés
not irf.volve an éxélited electronic level &f NO+. It shoulcll' be ibdinted out
that the charge transf_er. (N+ + NO g NO+ + N) is equivalent in fhe ion
producéd to reacti.on (13), ‘but is different frém reaction (1 1). |
'The reaction energies derivédl in (1.) to (15) c,ql‘reSpond to the
following dissociétion and ionization potential‘s.
Dissocia;tién of ioniéed molecules:
| +

4 +

0,%, 6.66 eV - N, e T3ev No?t. 10:.88 eV
| Dissociation of neutral mplgcules:
0,, 5.12 eV - 'NZ,'9.74§> evA' : NO, 6;'51~eV
Ionization of neutral molecules:
0, 12.08 ev o N,. 15.58 eV " NO, 9.25eV
| Ionization of neutral étoms: ‘. _
O, 13.62 eV - - N, 14.55eV. . H, 13.60:."eV

II. Phloto-ionization Processes

The reactions (1) to (13) must be used with the photo-ionization
and recombination rates to write equations for electron and ion concentra-

tions. The following ionization processes are considered:
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I(N,) ; N, + hv (A < 796 A) ——N2+ +e ‘ (16)
I(N) ; N, + hv (A < 510 A) =N +Nt +e (17)
I(N) ; N+hv (A < 8524) —N' +e " (18)
I0) ; O +hv (A < 910 A) ~ot e (19)
100,) ; O, +hv (A < 1026 A)=0," +e | (20)

The photo-ionization of NO is essentially due to the Lyman- a,

v

radiation at 1216 A:
I(NO) ; NO +hv (A =1216 A) — NO + e (21)

The absorption cross-sections and atmospheric densities are
known with sufficient precision as far as the order of magnitude is
concerned. Consequently it is possible to state that the following

ionization processes occcur:
(i) D region

Zl
O cannot be photo-ionized by A 1216.7 A. Other

{a) ionization of nitric oxide b);' Lyman-a, since O N2 and

constituents such as Na (A < 2412 A), Ca (A < 2071 A),‘
CH3'-'-()\ < 1260 A), C{(» < 1100 A) can be photo-ionized
by rédiati(’)ns which are unable to iqnize OZ'

(b) ionization by X rays of A < 10 A, i.e. with cross-sections

-lgcmz.

less than 10 It is known from rocket and satellite

measurements that the Lyman-«a flux is between 3 and 6 ergs
c:rn-zsezc:'"1 while the X-ray flux is extremely variable with

solar conditions. From 2-8 A the minimum-to-maximum

variation is a factor of several hundred (see a recent review
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by Friedman [ 22] )

(c) ionization by cosmic. rays which is effective in the lower
D region where Lyman-a cannot penefrate and where X rays
~of N <.2 A are not important; particularly during solar

quiet conditions.

An exact ,é.n‘a.lysis of the ionization problem in the D regAion
' rquuir-es the determination of the separate effects of the three ionizing
_.sources. In fact, it is nécessary to compare the iénizin‘g effect of the
stable gources Lyman-«a and cosmic rays as corﬁpared with tl;le extremely
varying source represented by X-rays. Such an analysis has been made
by Nicolet a'nd.Aikin [ 23.] who conside're'd' various X-ray fluxes according
to data obtained by vthe ANava;l Rés‘earch“Laboratory over an interval of
several yeaArs with Lyman-q a_nd cosmic ray ionizétion processes :
introduced by Nicolet [,23?" 23b] .
The ionization rate coefficient of.cosmic. rays is between (& being’
the georﬁagnetic latitude.)

71

o >09 > 10" 18sec™! and 1(¢ <50% < 1071 sec ,
i.e. with the following values: @ = 0°, 1.25 x 10" '8gec™!, & = 30°,
2 x lo-msec"l; ® = 400, 4.5 x lo-lssec-l‘, & =50° 1x 10_17sec-1
and ®= 60°, 1.25% 10° 17 gec” 1.

It is clear that X-rays of A < 2A emitied during completely

quiet conditions cannot lead to an ionization rate coefficient of the order

-lssec—l‘. - On the other hand, since the ionization rate coefficient

of 10
of nitric oxide by Lyman-a reaches values of the order of

I(NO) =5 x 10 'sec”! |
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10 leads to an electron producticn of

a small ratio n(NO)/n(OZ) =10"
the same order as the X-ray production under quiet solar conditions.
Thus, the distuljbéd solar conditions, and particularly solar flare

conditions, produce a D region due to X-réy radiation.

(ii) E Region
(2) ionization of molecular oxygen by ultraviolet radiation of
A D> 910 A, particulaﬂy by monochromatic radiations
such'as Lyman-f at 1025 A,' i.e, with absor’ption cross-
sections between 10'19cm~2_and ‘10-1_8cm-2. In addition,
ionization of atomic oxygen by radiation of AN < 910 A
and, particular_ly,' by the chroméspheric Lyman continuum -
which cén penetrate into the E layef via the;‘ windows of
molecular nitrogen absorption. lThe variation with the
solar cycle of these ultraviolet radiations should Be less
than a factor of twe.
| (b) ionization by X-rays of A > 10 A and particularly by the
| radiation in the spec.;.rai range 30 < X < 100 A. The
min‘imum-to-m'axixmum solar cycle variation isé.i:prbx»
imately sevenfold [22] .
(c) ionization of meteor ato?ns with low ionization potentials,
[24] '

introduced by Nicolet , to explain nocturnal conditions

in the E layer, and recently observed by Istomin[ 25] .

"An exact-analysis of the ionization production problem in the E
region still requires the determination of the éeparate effects of the
three ionizing sources. The stable source represented by the ultraviolet

radiations will have its maximum ionization effect under quiet solar
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conditions and, particularly,.during the minimum of the solar cycle.
The X-ray action will vary with solar activity and will become
predominant during disturbed solar conditions,

Considering that the ionization rate coefficient of 02 at zero

8

optical depth is not less than 10~ s‘ecnl, it is clear that an )\(-ray flux

-

varying from 0.15to 1 erg cm.2 sec” " for an average wavelength of
50 A'leads to an electrcn production from less than to greater than the
ultraviolet production of 02+. To be consistent with the solar data the

ratio of the electron production by ultraviolet radiations (02+, O+) and

+
2 ’

but at no time may one ionization process be neglected in comparison

by X-rays (N2+,-.O O+) must decrease with increasing solar activity,
with the other. In any case, the X-ray action must expiain the behavior
of the E layer during the entire solar cycle.
(iii) 'F region
(a) ionization of molecular nitrogen for A < 796 A with
absorption cross-section greater than 10_17cm2.
(b) ionization of atomic oxygen for A\ < 796 A subject to
the ab.sorption of molecular nitrogen.
(c) ionization of atomic oxygen for A > 800 A with different

-absorption cross-sections for its different ionization

potentials at 910 A, 732 A and 665 A.

An exact analysis of the ionigation problerh in the F region requires a
simultaneous knowledge of the energy of solar emissions and of the
absorption cross-sections of O, "NZ and 02. In particular, the penetra-

tion of monoc‘h'r‘omatic solar radiations between the E and Fi peaks must

‘be ;kpown in order to determine the Aexact behavior of the electron -
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production.

Considering that variations of solar activity~ will affect
chromospheric and coronal lines differently, it is difficult to
predict the exact height-disfribution of the electron production;’
for‘example., the variation of line intensity in the 'spect.r'um should be
more impOI;tant for the shortest wavelengths than for the Lyman.
continuum. Howgver, it appears that N2 and O ionizations will e
squect to almost the same vafiafions, and that the minimum-to-
maximum variation during 2 solar ¢ycle should not be greater than

fourfold.

III. Electron Recombination

The various processes (1) to (15$ represent the most important
ionosphex;ic reactions in which nitrogen and oxygen positive .ions are
involved. The 'processes (16) to (21) correspond to photo-ionization of
these constituepts.‘ It should be kept in mind that similar ionization
processes produce metallic ions and also light ions such as He+ and H+. |
ansequently, the first recombination p'rocess to be considered is
radiative recombination, such as X+ (or XY+) + e =X (or XY) + hv.

Since the recombination coefficient is always between I x 10—]2 a

5 x 10’12c’m3$ec-1 in the ionosphere (see Bates and Dalgarno

nd

L26],

the radiative recdmbination is neglected compared with other processes

.a.ffect.ing ions. Three-body electronic or ionic recombination processes

are also ne‘glectea since fhey cannot play a role in the normal ionosphere.
The essential recombination process in the iohosphere is Bates'

process of neutrali.za.'tion due to the dissociation of a molecular ion as

foilows:
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+ B * *
XY ' +e &= XY —X +Y

% . cr s . s . .
(the indicating possible excitation). Dissociative recombination

[

occurs (see Bates and Dalgarno 26] } as '"a result of a radiationless

transition to some state of the molecule in which the constituents
move apart and gain kinetic energy undexl' th‘e action‘of their mutual
repulsion so thé.t the neutralization is rendered permanent by virtue
of the Franck-Condon principle'. It i; clear from the theoretical
analysis that it is practically impossjble to predict the temperature
variation of the dissociative recombination coefficient, a. Further-
more, since the dissociation depends on the presence of a repulsive
curve, it may be assumed that the absolute values of a should be
different for different molecules. In other words, if values of @

9

between 10-6 and 10" %cmlsec™! and variations with temperatures

such as T"1 * _0'5

are assumed, they do not contradict theoretical
considerations. The problem is quite complicated since there is no

simple law establishing the variation of the repulsive curves of

molecules. Consequently, the absolute value of @ and its dependence

* on T must be found experimentally.
The principal dissociative recombination processes which

occur in the ionosphere are:

«0,) . ; OZ++e —~ 0+0

a(NO) ;3 NO*+e — N+O | |
+

a(NZ) s N2+e‘-’N+N

(22)
(23)

(24)

Various experimental determinations of the recombination coefficients

of these three ions exist, but it is diffi cult to adopt a correct value for



ionospheric purposes "Th"e"determinations-o_f a(N )-at room

temperature, after 1958 g1ve 4 x 10 7cm3s-ec (Fa1re and Champlon

[28

[27],

"and (5 9 - l) x 10 7cm3sec (Kasner Rogers and Biondi 28] ), corrected

. more recently to 2 x 10 7<:'-m'3sec- 1. At high te'mperatures-, there is an

-1

-8

“{ndication given by Sﬂayers (291 ¢or 32006 k.. AN;)=1.1x 10" "emYsec
and by Mentzoni Montgomery and Rowl3 ] . for 725_°.K d(N- ) =A6.'1 x 10
cm3sec-1. Consequently, a(NZ) is not known from laboratory measurements
with sufficient preusmn for 1onospher. purposes A rough conclusron‘
" should be that a(N ) > 10 7c‘m sec 'for the lower ionosphere |

. 'No. value. can. be obtamed for the upper 1onosphere since the
Atemperature var1at1on is not known:  The recent determmatmn 4of ﬁ-""
: ‘?‘_(921)4_:5}’ Ka.sne-r;..-‘Rogeir's-and.»Brondx [ 28] leading to 3 8 i l x 10 7.crn;35':e.c-
.has "b"ee:n'-’eoir’rected't’o 1. 7 X"v'll(A).'.-?cm%‘seci ,1 (prlvate commumcatmn)
. 1nd1cat1ng that there seems to be no. pract1cal d1fference between a(OZ) A
and a(N )-at room temperature . At hlgh temperatures the vaIue obtained
by Sayers[ 9] (O ) B 4 x10 8cm3sec 1 at- 2-500 K. _se'e‘rnS‘_to :
.1nd1cate a rapxd decrease of a(OZ) \;Vlth temperature

Laboratory data on a(NO) folrow a pattern 51m11ar to those for

Extremely hlgh values sucn as oz(NO) 1 3 x 10 6 -

[3 1]

'a(NZ) and a(OZ)
- were recently obtameo oy Gunton and Inn ,.as -were obta1ned in

7

. the 1950'3 (before 1958) for '\I and values between 4 x10° " and

2, . .
2w 10" 0em3se [3 ]
.2.-x 10" "cm”sec” by Doermg and Mahan For a h1gh temperature

of ‘about 5000o K Lin[33] 'gave u(NO) =-10" 9cm3sec 14. Syverson .
et al [ 4] pubhshed a value of a(NO) l '3'x 10-7cm'3sec 1 -at 3000 K.

’l‘hus the temp“erature dependence of the coeff1c1ent is unkn0wn

In. such eircumstances it is ¢lear that it is not poss1b1e to argue



- 17 -

for or against any value adopted for ionospheric conditions. This
points to the complexity of the determination of an ionospheric

recombination coefficient depending on the recombination of several

ions. Nicolet and Aikin'[ 23] adopted a(NZ) =5 x 10'7cm3sec-1,

a(OZ) =3x 10-8cm35ec-1 and a{NO) = 3 x 10-9 cm3sec-1 for their
D region analysis to show how the ionization is affected when various

constituents are involved. However, while extreme values for N2

and NO still remain a possibility, any value of the order of 10-7cm3sec

would not change the situation since ionic recombination and negative

’

ions are involved.
On the other hand, Whitten and Poppoff [35] have attemptéd to

interpret the behavior of the D region during ionospheric disturbances

by an ionospheric coefficient between 4 x 10" Tem3sec™! and 4 x 10-8_

[36]

crﬁ3sec—1. However, they claimed that the D-region ionization

can be interpreted, even duriné ‘quiescent solar conditions by, X-ray
radiations. Such an evaluation of the ionospheric behavior in the D region
indic'ates that an uncertain.t‘y of a factor of ten in 'the‘ recombination
coefficient still remains a poss.ibility when X-ray energies are not
éropefly related to solar conditions. Thus, any value of a from 10~

to 1()"8cm35ec-1 used for D region conditions cé.nnbt be contradicted.

In fact IVanov-Kholodny[z] . adopted @ = 3 x 10.'7 N300/ T cm3 sec"1

[3]

for all recombination coefficients. Norton et al. have adopted

different values: a(NZ) =4 x 10'-7(300/T) ém’ sec_l, a(OZ) =2x l(f7

3 sec™! and a(NO) = 6.7 x 1078 (300/ T) cm3 sec’l, i.e. a

(300/T) cm
variatioh of a factor of 6 betweéh a(Nz) and a(NO). The values adopted

by Ivanov-Kholodny and Norton et al. demonstrate that one may
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-estimate the absolute value of a recombination and its variation with
temperature., Obviously temperature dependence is introduced in
order to follow ionospheric observations, but a coefficient varying

with T~} *0-5

leads to very different values in the F layer.

An analysié‘of ionospheric observations, such as diurnal
variations or solar eclipse measurements, lead to different conclusions
with recombination coefficieﬁts as low as 108 cm3sec™! and greater
than 10-7<‘:m3sec-1 (see Ratcliffe[37] ). ‘H,owever, it is clear from
eclipse determinations that a high value for the ienosphetric recombina-
tion coefficient must be taken since there is solar emission during
totality.

The ;ﬁghttime conditions should give a value of the recombination
coefficient in the E and F, regions.. If values of the order of

[38]

2x 10_8cm35ec-1, such as reported by Titheridge , are accepted
for nighttime conditions, they should represent the‘ recombination
coefficient of the predominant ion. However, it is not yet clear what

the exact vertical distribution of electrons is in the nighttime E and F1
layers. If there is a peak in the E layer due. to meteor ions, the analysis

of the normal recombination is perturbed. If the electron concentration

at ionosphere sunset is n, 4 its value (ne)t after t seconds is given by

s

n) = 1
e't at + 1/n
e,o

Thus, after 4 x 104 seconds, the following values are obtained:

alem> sec™!) = 2.5x1077 2.5x10°% 2.5x10°7 2.5x10"10
(n)fem™® 5 10° 10° 10* 10°
n, 0(cm'3) > 103 10t 10° 10®
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3

Electron concentrations of the order of 10° cm™> below the F

2
region require an electron recombination coefficient of the order of |
2.5 x 10-8' crn'3sec_1 for.a pre'dominant ion suéh as NO+, or the presence
of meteor ion's With raéiati\'e recombination coefficients. A value of

a reaching 10”7cm35‘ec-l canrot result in more than 2.5 X 102 electrons
at the end of the night. Nevertheless, types of ES ionization could
modify the analysis since the ion behavior is different according to the
nature of the ions. For exaﬁple, meteor ions and nitric oxide are.not
subject to rescnance charge transfer as is the case foi"02+, O+ and N2+,
and their redistributions in the presence of the eartfx's‘ magnéti; field .
are_different. There is aiso the problem of the recorﬁbination
coefficient changing with time due to its dependence on-electronic and

ionic temperatures. In any event, it must be remémbered that the

electron-ion collision frequency decreases with temperature
-3/2 | ‘

(T ) and that the normal tendency of the temperature dependence

of therefore, _should be, in a complicated way, a deci‘e&se with

Q’D,

increasing temperatures.

V. Negative Ions

The reactions in which negative ions are involved are important
in the D region and must be added to the preceding reactions. The
mutual neutx'aliiation reaction between positive and negative molécular

ions such as

- + —
a XY  + O2 (X+Y)+QZ (25)

will add to the dissociative recombination a{XY) an additignal term

A A where N is the ratio of negative ion and electron concentrations
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for equilibrium conditions. In the same way

+

«. ; 0t + 00 = 0+0 o (26)

i

could be considered in a certain ionospheric region. The rate
cefficients of reactions such as (25) and (26) are not accurately
- known (cf. Dalgarno[jg] }; values between 10-./ and 10-Scm3sec-
are possible.

The introduction of negative ions in the D region certainly

depends on the three-body attach(ment
a(Oz) ; O2 ¥ O2 + e — O2 + O2 ' (27)
for which Chanin, Phelps$ and Biondi[4o] have obtained an experimental

value of the order of 2.3 x 10-30

6 -1 .
cm sec = for low atmospheric
temperatures. For atomic oxygen, radiative attachment is an

essential process

al0) ; O + e — O + hv © (28)

for which an attachment coefficient of the order of 1.3 x 10m15cm3sec
has been deduced from the photodetachment cross-section mea;sured by
Branscomb, Burch, Smith and Geltman[41] .

For such negative ions, the photodetachment by solar radiation

leads to a photodetachment
- -1 '
d(07) = 1.4 sec (29)

using experimental data obtained by Branscomb et al. [41] white
d(Oz.) is about 10 times smaller than (29). Photodetachment is the
principal loss process for negative ions in a sunlit atmosphere while

mutual neutralization is important in the nighttime D region. However,
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it should be noted tﬁat ions such as ot do not exist at low altitudes |
" due to ion-atom interchange reactions. Fu;‘thermore, 02+ is
involved in an ion-atom interchange reaction leading to NO+. Thus,
the positivle jons in '(25) must be the molecular ions OZ+ and NO+.

In the lower nighttime D region, atomic oxygen is excluded
frorﬁ collisional detachment of a.negati"ve ion because it disappears -
via ozone formation. Negative ions such as OH , 03- and NO_Z,F for
which higher affinities ¢xist, depend on the behavior of 02' and may be
considered as playing a role during twilight conditions. In other words;,
their concentrations are related to ,n(OZ-) for nighttime conditions |
through reactions which generally involve atoms. For exarnpie,
n(03_)/n(02') def)erids on n(O), n(NdZ-)/n(OZ_) depends on n(N); i.e.
on atoms which are not important in the lower D region after sunset.

, However, charge transfer processes should be considered.
For example, the OH ion under the same conditions should increase
since a charge transfer such as OH + 02— — OH + O, will not be
compensated for collisional detachment with atomic hydrogen, H,
which is unimportant where OH can play a role. Finally, all
reactions leading to NOZ', an ion having a high affinity (greater than

3.8 eV according to Curran[42] }, should be studied.

For other conditions, the processes of associative detachment

discussed by Dalgarno [39] , i.e.
0" +0 — O, te ‘ 4 (30)
O, +0 — O, + e . (31)

are ¢ertainly the most important processes for collisional detachment.
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Thus, even for nighttime conditions, negative ions are important
. only in the D region, and it is difficult to find adequate processes

to introduce negative ions in the E layer.

V. Analysis of Ionospheric Reactions

1 - General conditions

All processes (1) to (24) (after neglecting the effect of
negative ions)' must be considered in order to determine the
essential reactions in the ionosphere. The scheme of Figure 1
gives a general idea of the relationships between the various
processes.. From this, it is clear that only Not can be considered

as disappearing by dissociative recombination alone, OZ+ and N;-

co.ncentrationsﬂ are affected by ion-atom interchange reactions
(y6 and y7) and by charge transfer processes (ys and \(9); respectively.
ot is transformed inte molecular ions by ion-atom interchange

reactions (yl to y4).A Its transformation into N-O+ is due to reactions

+

with N, and NO (vl and y3) and into O"2 by O2 and NO (yz and y4).

2

+ , , :
However, O production is increased by the charge transfer process

between atomic oxygen and molecular nitrogen ions (YS). The ratio

+
2

. . + . . .
since 02+ may transform into NO' by jon-interchange reactions’

n+(0‘2)/n+.(NO) is not independent of reactions leaciing to O, or No*

(v, and y).

In order to determine the relative impor,tance' of reactions (1)
to (24), ionization equations are first considered for steady state

conditions. They may be written as follows
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e n(N,) I{N,) + 0’ (N) y,, n(NO)
n (N

2) = : - (32)
alNp)n, + g 1(O) + g n(0,) + vy o n(N)
n(N,) I, (N) + n(N) [1(N) + v, nT(N,)]
atN) = 22 77 AR U DR (33)
n(0) [1(0) + vy nT(N.)]
n*0) = P’ (34)
‘ v, niN,) + v, n(0,) + [v; + v,] n(NO)
r{0,) [1{O,) + v, n*(O) + vy, n*(N,)] +n(NO) y,n*(0)
ntfo,) - 22 72 5 .2 4 (35)
a(OZ) n, + Yg n(N) + Y7 n(NZ)
n*(NO) = — { n*(0) [y, 2(N,) + v; n(NO)] +n(0,)
«(NO)n_ . ( 6’
; 3

[V(, n(N) + Y7,n(N2)] + n+(N) [le n(OZ) + Y13 n(NO)] + n(NO) I(NO) }

In the denominator of (32) the process NZ+ + NO — NO* + NZ has

not been introduced, .since the concentration of nitric oxide is only a

[43]

fraction of that of molecular .oxygen. According to Nicolet's formula ,
adapted to recent rate coefficients,
n(NO) = n(OZ) x 10.1 e-3000/T (37)

which shov./s thé.t n(NO) is always a small fraction of .n(OZ). With
diffusion condifions for nitric oxide>, n(NO) é.nd n(OZ) décrease with
hreight at almost at the same rate sinc;e M(NO) = 30 ahnd M(OZ) = 32, and
the ratio n(NO)/ﬁ(QZ) almost corresponds to the ratio fixed by photo-

equilibrium conditions at the lower boundary of the diffusion region.
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On the other -hand, reactions (14) and (15), which would lead
directly to NO¥, ‘are not considered‘ since (8) and (9).are more
effective processes. However, a special remark must be made here
on the problem of nitric oxidé, since Danilov claimed }that'the
relation (37) cannot be éczcepted. | His arguments éxte based on the
assumption that molecular oxygen ié strongly dissociated at 150-160

km altitude [19¢] . In fact, he assumed the following equilibrium:

ap, p+(oz)ne = yn' {O) n(O)

where the rate coefficient ) of the dissociative recombination is

0—6

cm3sec-1, while the rate coefficient y for a radiative association

of OZ-+ is abcut 5 x 10_1 lcm"secwl. Such a value is much too great

for a radiative association; by a factor of 105 - 106. With 5 x 10"11

cm3sec-1, we should obtain

1 dant(0) 11

> 5x10°
n+(0) dt

n(O)

and we should find that, for n(O) = 10'7 c‘m-3, a time shorter than

104 sec would reéduce the sunset concentration to less t}ian 1 percent.
For example, no nighttime ionosph;ere at 300 km .- 350 km, where
n(O) = 5«x 108cm3, can exist aftel; a few hundred seconds. In order
to rnamtam an observed ion concentratmn a nighttime product1on

of more 1000 ions cm -3 sécm'1 should be required at all latitudes.

The same remark must be applied to the dissociation of nitrogen

Danilov introduces also the rezction
N+N — ‘NZ + hv

with a rate coefficient of the order of 3 x -10-,11 ‘c'rn3 -secf whi¢h is
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too great by a factor of several hundred thousands.

In fact; the problem must be considered as follows. The
extent to which molecular oxygen is dissociated depends on the
 importance of the loss prccesses (2), in addition to .the normal
photodissociation J(OZ) compared with the vertical transpfart, w,

by diffusion. A continuity equation such as

dn(OZ) d[n(OZ)w] +
— F —— - n(0,) [J(OZ) - Y,n o] ,
since J(OZ) > 10"6543(.:-1 with the use of y, < 10-12 cm? sec-l,

shows that the diffusion distribution of molecqla;‘ oxygen represents,
in a first approximation, the vertical distribution of that molecule.
The disappearance of molecular oxygen in the F2 region aé claimed
by Danilov should lead to such a strong departure from a diffusive
equilibrium distribution, that an upward vertical flow of O2 molecules
is immediately supported by diffusion. It can easily reach more thaﬁ _
1011 molecules c:m_2 sec:-1 at 150 km and remains greater than 1010
molecules cm” 2 sec”! at 250 km. Thus, there is nc difficulty in
relating the dissociation of nitrogen to the vertica'l distribution of
molecular oxygen. |

" In fact, atomic nitrogen reacts with 02 according to the

process

4N+OZ —- NO + O

for which the rate coefficient b1 can Be written

by = 1.5x 10713 p1/2 g+3000/T .

showing the strong effect of the temperature. An important loss
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process for atomic nitrogen occurs in the F1 region where the
temperature is high and where there is still a sufficient number of
'02 molecules. Furthermore, nitric oxide reacts easily with N

acc ordihg to

N + NO—’NZ+-O

for which a rate coefficient bZAmay be written

-

b, = 1.5x 10'12 TI/Z ,

~with .practically no activation energy. In chemical equiliBrium, (37)
represents, the-i‘efére, the ‘exact conditions. Thus, the mechanism:
of atomic nitrogen recombination and that of the formation of 02+
ions proposed by Danilov cannot be accepted since they are based on
the assumption that radiative associations have rate coefficients of

-11 3 -1
cm” sec .

the order of 10
It follows from the preeeding remarks that an adequate
approximation for (32) to (36) is introduced by neglecting reactions
(3), (4), (11) and (13) in that y n(NO) << y n(0,) or y n(NZ);
In all the ionization equations (32) to (36) there is competition
between reactions depending on the neutral constituent concentrations.
A simple way to investigate.the various effects is to introduce numerical

factors having all possible values between O and 1. They are: -

(a) for loss of atomic oxygen ions

- ¥, B(0,) | v;n(N,)
A~ 2 ™% ; A= 02
v{n(N,) + y,n(0,) ~ ¥n(N,) + v,n(0,)

(38)




- 28 -
. (b) for production of atomic oxygen ions,
vgn(O) vgn(O,)

B_

= - : - H 1-B=
¥gn(O) + y4n(O,)

" 1gn(0) + ygn(0,)

(39)

(c) for loss of molecular nitrogen ions,

alNyn, + vgn(O) + ygn(O,)

; 1 -C =

a(Np)n, + Ygn(0,) + ¥gn(0,)
 (40)

(d) for loss of molecular oxygen ions,

2(O,_)n v n(N) + yon(N,)-
D= 2e . 1.D-= ) 7 2

a(OZ)ne+ yén(Nv) + y7n(N2) a(OZ)ne + yén(N) + y7n(N2)

(41)

3.- Molecular nitrogen ion -
The ion N2+ is a minor constituent in the ionosphere [44] , [46] ,

[47] , even if its production by ultraviolet radiation n(N-Z)I(NZ) =q(N,)

is important. Equation (32) becomes, after making the approximdtions

justified before,

q(N,) B _ (42)
a(NZ)rié +‘y8ii'(O) + y9n(O

o+
n (NZ) = )
2

showing that various loss processes dominate depending on the altitude

[48a]

involved. It must be. pointed out here that Danilov has introduced

a concept which cannot be accepted. Instead of using the charge transfer
or ion-atem interchange (10)

‘NZ'* + N = Nt ¢ N, + 1.03eV
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he considered the opposite endothermic reaction

.-N2 + N2 N2 + N - 1.03 eV
with a rate bqefﬁcient of the order of 10-“- cm3 sec-l.

. It is not permissible to ignore an exothermic reaction when the

opposite endothermic reaction is used, even if the ratio of the NZ+ and

[48a]

: N+ concentrations that. Danilov obtained agrees with the

observed values. The reasoning is incorrect and the numerical values

used are wrong. The relative concentration of N2+ in the E layer is

very small, but its bands are observed in the twilight airglow, even
though the nighttime intensity ig very low (<5 x ~106 photons crn-2 .sec‘:-l)'
during quiet magnetic conditions. The twilight observations must be :

explained by a fluorescence effect of solar radiation on N2+ ions which

are present in the F2 région. The production of N2+-is due to solar

radiation .of A < '_.796' A which are absorbed in the 'F1 'region; X rays
of A <10 A are absorbed in the E layer; X rays shorter than 10 A aire
absorbéd- in the D region, and cosmic rays ionize N2 in the lower p‘art

of the D region (Nicolet and Aikin [23]). There is, therefore, a
production of N2+ ions in the whole ionospheére, i.e. where the

electron concentration varies from 102 cm'-3vto 1406 cm-3. In other ,I .

words, the first term in the denominator of (42) corresponding to
the dissociative recombination is not always the most important term;

N2+ can be transformed, before dissociative recombination, by charge

transfer process (8) and (9) involving o' and OZ+;»respéctive1y. Thus

the ionization equation (42) becomes, by using (40),

C qiNz)

.t —_—
a(Nz_) n,

2) = (433)

or
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[1 - €] alN,) | »
= — e - (43b) -
Y5n(0) + y4n(0,) | S

in which 0 < C < 1 increases with height. With electron concentra-

tions of .the order of 106 cm-3, i.e. in the F2 layer, the lifetime of N;

is very short since it depends on an exponential term approximately

as follows . ' - '

~e(Ny)n_t a(N,) -a(N,)n_t
+ R e
n(Nz) = nO(NZ) e\ +-;(N;)n—e [1 - € ] (44)
leading to’
T(N,) = 1/a(N,)n_ ~ (45)

na;mely a few hundred seconds-as a maxifnum lifetime.

Thus, photoequilibrium represents the ionization conditions
for N2+. Nevér;theless, ;ﬁ '_exact analysis of aeronomic data is: |
difficuillt since a detefrﬁirﬁ tion of fi’xe factor C in. éthation (’43a)'i$
needed.' An aeronomic determination 'cann‘o't lead to a.precise: know-
ledge of ré.t.e coefficients for which experimental.daté are still |
lacking. Since the theoretical analysis shows that there must be a

.transformation of N'2+5'into OZ+ 1n the D regidn,',' and intoOF up to the

F region, it is shown under which conditions charge transfer processes

(8) and (9) should dominate.

Let us take 5 x 10-7 qm3 sec " asa work_ing'(m‘aximum) value

for a_(NZ). In the D region (60-80.1@#1‘)_, y9-n(02) 2. N he'Wher;

2
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n(0,) .= 10%3 = 1014i'crr‘1-3
' -5 (% - -
q(NZ)ne =5x10 5.(*) =5x 10 4sec 1
: -19 : -17 3 -
Yq >10 -210 cm ~sec

Such values of Yo corresponding to charge transfer cross-sections

less than 10-23 cm2 show that there is no problem in considering

the transformation of N2+ into 02+ in the D region. In addition, the

following charge transfer process can be adopted for argon

+

+
A +N2 N

2+A

and thus the ionospheric conditions resulting from the ionization of
the principal atmospheric constituents by cosmic rays and by X rays
-vlead to molecular oxygen ions.

As far as the E region (100 - 120 km) is concerned, the same

analysis for 02 and O gives

n(oz), n(O) = 1012 = 1011 c:m-3
_ -2 -1
a(NZ) n.e =5x10 sec
Yo Yg 2 10-13 > 10'12c:m3sec'1

The small amount of NZ+ in the E region cannot be justified

if only dissociative recombination is involved. It can be justified if

12 -3 1

sec ,

i.e.. a charge transfer cross-section of the order of 5 x ]..0-18 c:m2

the rate coefficients Yo OF Y, reach values of the order of 10° cm
8 9 .

"(*) Ionic recombination is neglected here; its effect is small at 80 km.



« 32 -

corresponding to 1/1000 times a resonance charge transfer. Without
increasing the preceding value. of y8 in the F region, a decrease with
temperature of the dissociative recombination coefficient must be

3 -1

introduced. With, for example, a(Nz) =5 x 10-8 cm” sec , the -

- follewing conditions are obtained for the F region:

Altitade . 150 | 300 500 km
n(O) = 10!° =107 = 108¢m™3
a(Nz)ne =102 =5 x~10-2 = lo-zsec-1 .

Yg >10°12 >10°1! 210" Hem3sec™!

Thus, if the charge-transfer process (8) has a rate coefficient of the

order of 10°12c':m3sec-1 an additional production of atomic oxygen

ions results from the general photo-ionization of molecular nitrogen.
Bearing in mind that the production rate of NZ+ is important in the
F1 layer, it is clear that the ‘p,z;oduction of O+ should be increased as
compared with its direct'production,by photoionization of atc_):;’hi'c '
-oxygen. The transformation of N2+ into O+.js a process different
from an ion-atom interchange reaction leading to Not indicating

that the role played by N2+ in the E and Fl layers does not correspond

[3]

assumed.,

From the present analysis of reactions involving-’N'; ions, it

to that which Norton, Van .Zandt and Denison
appears that N2+_ concentrations are not directly related to the nature
of other ions but to the presence of electrons and the concentrations

of the neutral constituents. In addition, N;"- may always be considered
.as essentially being in photo-ionization equilibrium in all ionospheric

‘layers,
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4 - Atomic nitrogen ion

Atomic nitrogen is a minor constituent [43] and its.ion,

N+,A exists only above the F1 layer, being a certain fraction of

ot (<10%) in the F layer~[44] . The N+ concentration is given

2
essentially by the following approximatioﬁ of {33)

n(N,) I,(N) + a(N) (1) + vy ;n* (N,)]

aty) = (46)

Vyz »(O

2)
The principal loss process of N+ occurs by ion-atom interchange

reactions with O2 which apparently is very rapid. According to

laboratory measuxements made by Fite et al. [17] a tentative value

for the rate coefficient Y2 should be of the order of 5 x lo-mcm3sec-1.

Even if such an experimental value is not precise, equation (46) shows
that the absence of NT ions in the low ionosphere can be easily justified.

The first process of N+ production is due to the dissociative
: - |

J

photo-ionization of molecular nitrogen and requires the effect of

[45]

solar radiation of A < 510 A, According to Weissler et al. the

ionization cross-section of the process

N, + hv (A <510 &) =N*®P) + N(*s)  (47)

2

19cmz, i.e. about 100 times less than the

is of the order of 10~
ionization cross-section leading to N; . Since the ratio of molecular.
and atofnic nitrogen concentrations n(NZ)/n(N)k is much greater than
100 at normal ionaspheric levels, the ionizalivn rate for atomié .
‘nitrogen at A <510 A is due to the dissociative photo-ionization of

N In fact, since the optical depth for A < 800 A depends on mole- -

2°

cular nitrogen absorpﬁon, there is only the narrow spectral range
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. between 850 and 800 A, which leads to a direct photo-ionization
of N cémpleteiy independent of NZ' Thus, in using (43b), (46) is |

written as follows

atN) + y;n{N) [1-C] a(N,)/[ygn(O) + y4n(0,)]

nf(N) = ¢ (48)
Y12 7(O;) |
or, by the generally adequate approximatien,
N,) L,(N)
+ n(
nfN) = —2 2 (49)
Y Zn(OZ)

When the optical depth becomes small enough (above the F1 peak) the

N+ concentration, after a rapid increase, should he

nl(N) @ 1N/ vy, | (50)

i.e. almost probortional to the ratio of rate coefficients since the
-wvariation of n(NZ)/n(OZ) increases slowly with height,
From considerations of observational data obtained by

) .

, it appears that h+(N) is not less than 10‘-1 c:,m-3 above

Istomin [44]
the F2 peak and can be obtained from an equation such as (49). At
sufficiently high altitudes, the lifetime of N+. ions is, however, very

H

. long, since
+ ) L
T(N') = 1/Y12 n(OZ) (51)

and (49) should only be used to détermine the .ion concentration for
boundary conditions of the diffusive distribution abqve the F2 peak,

Also nete that reaction (12) does not play a- major role in creating
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NO+, since reaction (1) involving ot and NZ is, in fact, the

essential proce,ss'. . From the present analysis, it appea-rs‘that the
N+ concentration is not directly related té.the presence of other

- jons but essentially to molecular oxygen. Thus, it can be
neglected when the ionization conditions for all qthér ions are

studied. Furthermore, thé endothermic reaction. Nt +N, — NJ+~+ N

2
.. [48a] . . . »

used by Danilov' must be rejected since the interchange process
transforming the melecular-ion NZ+ into the atomic ion N¥ is an

exothermic reaction.

The principal reactions in which O+-is involved lead to .the
following equation for photo-ionization equilibrium, (34)
q(0) +n*(N,) ¥gn(0)

n+(0)eA = | (52a
1y, n(N,) + v, n(0,)

. The loss of ot ions by the associative process

ot + o——oz+v+ hv

with a rate coefficient certainly less than. 10-16- c:m:)'sec':"1 is, of
¢ ourse, ignored in the presence of ion atom interchange reactions .

(1) and (2). - The production of O+ ions by the endeothermic reaction

.+ N — NO + ot - 0.15 eV

is not considered, since.it cannot play an important role compared
- with other production sources.

With (39) and (43b), the steady state value (522) becomes
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~q(0) + B(1 - C) q(N,)
v, n(N,) + v, n(0,)

(52b)

“nto) -

in which 0 < B < 1.

In the lower ionosphere B and C decrease to very small
values- while they-in.creaée with height in the F region. The maximum
effect for an additional production of O+Lions should occur for B = 1
and C = 0. Such conditions are never relached but are best approachgd
in the Ii‘1 layer. Thus, there is a épntribution to the direct photo-
ionization of atomic oxygen by the ind,ireclt photo-ionization of mole-
cular nitrogen leadin'g, to an important production of the ot ion. At .
altitudes 'correspond‘ing to the E layer, ion-atem interchange
reactions (1) and (2) are important enough to transform ot ions into
NO+ and 02+’ If approximate ionization equilibrium can be retained
for day‘n-ti'me.conditions in the Fl layer acéordigg to ionospheric
observations, they must ‘qe rejected for the F2 layer. .Daytime and
nighttime conditjons for El and F2 léyer's clearly shov-/ that the loss

coefficient -
y; n(N;) + v, n(0,) = PB(z) S (53)

becomes small so that

20 = n*0),_, e P 1 nti0), 11 - e PN (54)

In other words, the low electronic concentration in the F1 layer for
nighttime conditions mean that the principal loss processes (1) and
(2) for atoric oxygen ions are large, and that steady state conditions

can be used for day-time conditions. In the F2 layer, the nighttime
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‘concentration of O 1ons is such that the steady .state is’ far from
bemg an adequate approx1mat1on for real condxtlons wh1ch depend
on d1ffus1on processes In fact it is well known that d1ffus1on
_"leads to the FZ peak and is actlve above 1t,' 80O that photoequ1l1br1um |

rannnt he apphed m that reg1on -
[48 48a]

From the analy51s of 1onospher1c condrtrons by Damlov
and Ivanov Kholodny[ ] h1gh values of y.of not less than 10 ;1 3
<:m33ec_1 are deduced since {3(}) is at least 10 4‘.sie -1 and" l_073 SecT!

N

._ at 500 km and 300 km respect1ve1y All other ~results which have"b,'een

Aobtamed however, lead to values less than 10 3'.sec-‘1: at‘3,00. km.

For example ﬁ(300 km) 6 8 x 10 -4 e'c—l g1ven by Van Zandt et

[9]

is the largest value which is obtamed for day t1me cond1t10ns v

near sunspot max1mum A low value 5(300 km) 10" 4 [ ._1 is | . -

[50_]
5 1]

deduced by Ratchffe et a1 for n1ghtt1me data A recent analys1s

ade by N1sbet and Qulnn leads to even smaller values for -
- n1ghtt1me data wh1ch must corre spond to low temperatur‘es of the
. thermopause. - |

: It is_‘ clear;, therefore,' that equilibrium Acondltions‘. cannot
repre'sent .r.eal conditions 1f ﬁ(z) =". ':< l0-4:.sec-~l.l" Elquations
._(53) and (54) show that from such observatlonal results y cannot'

- reach 10. 1,1 cm3 "sec.:'ﬂ1 A max1mum average value should be

y < 10712 cm3 sec™?, Furthermore it 1s necessary to know the
exact ratlo yl/yz in order to d1st1ngulsh between the ion- atom

and OZ' It is not possible to

1nterchange reactions of O with’ N2

obtain. exact aeronomic conditlons without ‘knowing,the ratio

‘l;ln(Né)/YZn(OZ)' Again an'apparent'interpretation of ionospheric
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' behavior’ may be givexi with an arbitrary hypothesis’ ainc,e_very

. many p_arameteﬁrs‘: are inyélved for which accurate values are as
yet uriknown.

6 - Molecular ions O2 a.nd NO+

'Mass-spei:trometric-measurements_, {46] , [47] , [52] sho’w
that 02+ aﬁd NQ+ are the prﬁéipal io.ns in the E -la.ygr and that ot
. becomesimpqrté.r.xt 6n1y' in the Fl' layer. ‘ Equilibrium copditions. may
. be considered és a very.good- approximatioh to ‘study: the-.'iglener'al
behavior of 'molecular‘ions.‘in- a sunlit atmosphere, since they
. dlsappear v1a d1ssoc1at1ve recornbmatmn |
Agam neglectmg reactions with NO (35) and (36) are

-written as follows
n*(NO) {a(NO) n, } = q(NO) + [1-A] [y, n(N,) + v, n(0,)] n"(0)

+ [y a(N) + v, aN,)] 0¥(0,) (55)

' n+(b2){ a(O,n_ + yu(N) + v, n_(‘NZ')}‘ = q(0;) + A[y,n(N,) +v,n(0,)] n¥(0)

+1-Bllyg n(0) + ygn(0,)] n* ()

(56) -
. It should again be made clear that we do not intfoduce, in the presence

of the ion-atom interchange (2), -

+ e at .
o' +.0, 0, + O
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the production of molecular oxygen by the radiative association

of + 0= 0,' + nv
: o [19b] . | -
introduced by Danilov since the rate coefficient he has used,
ie. 5x10° 1! cm3 sec-l, is too great by a factor of about 106.

Eqﬁations (55) and (56) show how n+(N0) and n+(02) are réla:ted

to the same loss reactions of atomic oxygen ions, .An-exact
knowledge of the factor A defined by (38) is first reqﬁired. But
the ratio n+(NO)/n+(02) is subject to the effect of r'eaétionsl(é) and

(7) leading to a transformatian of O t into N0+. 'Equation (55)
g 2 q

leads to

n*(NO) vy, n(N) + v, n(N,)

s _6 27 2 .
—_— (57)
n (OZ) a(NO) n,
. _ 5 -3 13
In the E region, where n, = 10" em ~ and n(NZ) =107 to

1012 cm-3, a value Yq 2 10-15 cm3 sec-1 leads to n+(NO) > n+(02)
if o(NO) = 10'7. to 10"8 cm’ sec-l. Thus, if one assumes that the
cross-section Q(~02+ - NZ) can reach 10-20 cmz,.. there is a trans-

formation of ions OZ+ into NOT at the bottom of the E layer. Such a

value of X;A?Awould lead to a complete transformatioﬁ of all ions into
Not in the D region, since N2+ can also be transfurmed into OZ+ _
according to charge transfer process (9).

rThere is, thereAfore,‘ an important pi'oblem to bé resolved
before determining the exact behavior of the D region and lower E
Alayer. All mass-spectrometric observations, except perhaps during

.disturbed conditions, seem to show an increase of NO+ compared with -

~O>2+‘ toward low altitudes. In addition, reaction (6) involving nitrogen
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" atoms should be considered as a process transforming O; into NO*t
.since atomic nitrogen reaches its maximum concentration in the E

layei‘ [43] .

A sufficiently high value of yé»is required but is not.
impossible. As far as the reaction-02+ + NO - NO+-+‘02 is
concerned, it should not be compared with (6) since n(NO) is a very
small fraction of n(N) in the E layer according to equation (37).

In any case, the present analysis shows that the behavior of the

- lower-ionosphere cannot be studied by ignoring the possible effect
of reactions (6) and (7).

Above a certain altitude, it is clear that O+ is more

important than 02+ in the production of the Not ion. Eqﬁation (55)

leads to
nfvo) o V1 n(N,) (58)
n* (0) ~ a(NO)n_

which becomes, where nf(O) = n,,
nt(vo) 2 v, n(N,)/ «(NO) (59)

Equations (58) and (59) should be applied to the }:"1 and FZ layers,
respectively; the NO+ production essentially depends on the ion-atom

interchange reaction (1).

+
2

by photoionization is an important process since all solar radiation

Analysis of (56) shows that the direct production of O, ions
of A\ < 1026 A is involved. Buf the final concentration n+(02) is
related to the effect of its transformation into Not by reactions (6)

and (7). Above a certain altitude, (56) leads to
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+ | _
n (O.) v, n(N,) + q(0,)/n" (O) :
2% Y2 rth 2 (60)

nt(0) ~ - - a(0,)n,
which becomes,.whereA n+(0.) = n_,
q(0,) . v,n(0,)
nf(0,) 2 —%- + 22 (61)
a'(O‘Z)ne a(OZ)

Equations (60) and (61) should be applied to the F1 and 'Fz layers,
respectively; 02+ production depends on the ion-atom interchange
reaction (2) together with direct photo-ionization.

The general ionization equations (55) and (56) can be

written, using equilibrium conditions (43b) and (52b),

n‘-"(NO‘) { q(Nome} q(NO) + [1-A] §(o) +[1-c] [B.-AB] q(N,) |

-+

n'(0,) [y, nlN) + v, nNp)] (62)

and

n*(o_,_) { a(0,)n, }

a(0,) + A q(0) + [1-C] [1-(B-AB)] q(N,)

n*(0,) [y, aN) + v, n(N,)] (63)

‘This énalysi.s' shows that, in.th'e D region, the last term of the

s,ecbnd memBer of equation (62).and (63) cannot be neglected when
i'eactiqns (6) and (7) are involved., If tfxe cross-section f.ox;‘ reaction
(7) reaches: 10-20 cmz, it may even play a role in the lower E layer.
.When the transformation of 02+ into NOf can.Abc ignor.od, it is clcar |

' -frbm (62) and (63) that atmospheric conditions are simplified, since

then one can write



‘— 42 -
n*(NO) {'ar(NO)r;e } = [1-A q(0) + [1-C][B-AB] a(N,) +4(NO) (64)
ahd | |
n*(0;) { a(oz)n;} -'A q(0)'# [1-C][1 - (B-AB)] a(N,) + q(O3) (65a)

Appii-catioh of {64) and (65a)’ in the F 1 ila';ye‘r""req.ui-re-s the knowledge of
a large.number' of parameters. the f,oﬁs expe rvimental and
aeronomic data. are needed before the {ai'rhblé”-“i-ono*s‘phere will be  sus-
..ceptible to explanation even under photo.-'\eq‘\i"ilibrium c'onditions. |
Note again that the cond1t10ns in the lower E layer or upper D region
should not be:studied by uising an equatmn such as (65a) but, with

(63) and (41), by

n'(0,) { &(.0,2) ng } ~~~~~ {Aq(O) + [1 -C]{1- (B»AB)] q(N,_) + q(oz)}

6w
with A, B, C arid D between 0 end 1. Factor D mayt be' sm‘all in
the lower 10nosphere and certainly reach un1ty in the F_ layer C
is small in the E layer but does not reach unity in the Fl layer while
B has its smallest value in the lower part of- the 1onosphere but
increases with height‘; p_al_j,tlcularly in the diffusion reg1on. A shOuld
decrease with height since n(OZ)/n(Né) decr-easee_in the diffusion
region, | . ' | |
‘In con'clueion,' the. five equations (43), (48), (52), (62) and
(65) 'show how each ion is relé.ted ;o the various productions. q(NZ),
q(O‘),‘ q(OZ),' q(NO) and g(N). Any aeronomic analysis'must deal with
the \}erticel d.istributihn of the vérioue factors A, B, Cand D. An
exact knowledge of—theée factors requires a pre(:ise deterrhinatiOn of

the rate coefficients of reactions (1) and (2), (8) and (9), (6) and (7)
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and (1 2) with that of the recombmatmn ceeffmwnts a(Nz), a(OZ)

- and a(NO) i.e. the knowledge of at lea.st 10 parameters when the
vertical distribution of neutral constituents (NZ’ @2, o and NO)
with-their ionization and absorption rate coefficient is pex;fe.ctly

' klriownalon.g: with:the solar flux. Since temperature effeets are
also irunporta,nt, it is clear:that only appr‘oximat‘e_ solut.imis~ can be
obtained, Some simpl'ification-‘may;be int':roducedz when a. specific

' ionosj)heric region is eonsidered. as shown in the analysis of the
fheére’tical behavior of each ion. Nevertheie.ss, 4the geaeral come-
plexity of equations (4.3) to (65) deinonstrates that contradictory

. conclusions can lee- reached when a parameter is not well chosen.
More in situ obser&ations, par.ticularly» of iea densities, are
‘'needed before sufficient aeronomic data willlbe- available to
determine rate coefficients of reactions Ayet‘ unknown from laboratory

measurements,

It is not the'purpose of this work to discuss the behaviorbof
H' and He' ions which play an imsortant role abo&e the F? peak |
,'Av'vher'e difftision controlsthe electron and ien- densities. : Herver,‘ it
' ‘may be pointed out that charge transfer processes g1ve the basic

cond1t1ons (see for example Bates and Patterson[ 3] ). At

. suffu:lently low altitudes, the photo ionization of H is: less: important

than the charge transfer H+ot — ut4 0. For _atom1,crhydrogen
.ions, the steady state is given by '

n_ (H) 9 n(H) K '
——— = : . (66)
'.nf(O) ' 8 n :
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where the ratio 9/8 is the ratio of preducts of statistical weights
considering

mH+ot=nt +0 (67
as the essential process. In the lower ionosphere, n(H)~/n(0), is
small, less than 10-5, and since n't'(O) < n the concentration of
atomic hydrogen ions is very small in the thermosphere. Above
the FZ peak, the ratio n(H)/n(O) increases and h+(0) = m_. At
high temperatures of the order of gOOOo--K n(H)/n(0) is still of the

order of 10 -5

,. and nf(H) is less than 10 cm™>. However, the
ratio n(H)/n(Q) is very sensitive to the temperature; it reaches at

500 km abcmt'IO"3 for T = 1000° K and increases up to more than
1

v

107" at 700° K. It is, fherefqre, clear that H' becomes an
important ion near 1000 km When the temperature decreases to
about 1000° K.

For helium ions, the b'ounda.ry conditions for the diffusive
region are subject to the effect of its ionization by ultraviolet
radiation. It will play an important role when the temperature is
sufficiently high i. e. T > 1000° K only in.the 4diffusive). ‘region a.nd_

will remain a: minor ion in the normal ionospheric layers.
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