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The overall theory of tho night-time F-region emission rato of tho
atomio nitrogon 2D-S line at 5200 & is re-developed, including somo
new torms. Calculations using tho derived cxprossion show that
the intograted 5200 A vertical volumo omission 1ato ovor Nairobi
(36°49’ 5, 1°16" S) at 2000 UT on 2/4/1973 (K, < 5,) was less than
1 R. Volumo omission rates calculated at 2000 UT display maximum
values within the 260-290 km. altitude range.

1. INTRODUCTION

The presence of tho NI(5200 A) line in the nightglow spectrum was first mentioned
by Courtes (1950) and Dufay (1950), and was furthor ascertained exporimen-
tally within a decade afterwards (Kvassovskii 1958; Dufav 1959; Blackwell
et al 1960). A lot more other moasurements of the night-time emission
rato of this line have been reported e.g., Weill ef af 1968; Weill & Christopho-
Glaume 1969); Hernandez & Turtle 1969; ote.). Other workers (Bates 19562;
Seaton 1953; Petorson et al 1966; ete.) havo contribuled pieces of theoretical
work which have formed a concrete base upon which the theory governing the
night sky emission rate of this atomic nitrogoeu line has been built.  Iformulative
oxpressions for the NI(5200 A) emission rates (night-time or otherwise) aro
always susceplible to expansions and/or moditications in the face of now findings
that bear corrclation with the deunsity of atmospheric N(*D). Wo have incor-
porated new terms in tho formulation developed in this analysis. In particular,
we havo put omphasis on both tho population of tho N(2D) spocies through
ocascading from atomic nitrogen enorgy levels highor than the doublet 2D lovels,
and the depopulation of the N(®D) species through some chemical reactions.
Consideration of these procoesses is essential for very accurate work. A ride
objoctive of this paper is to compare saples of night-time theoretical integrated
emission rate and (photomotric) experimental cmission rates of NI(5200 R) in
the tropical atmosphere with tho corresponding estimatos reported in the current
literaturo.

2. Tar INTEGRATED EMissioN Rarr or NI(6200 A)
The Emission of the 5199-9 A-5202-3 & Line
©\ The level structure and multiplets of the ground configuration of NI are
illustrated in Figure 1. Tho energy and designation for each level are indicated
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in the same figure togethor with the wavelength of each of the possible transitions.
The Einstoin transition coefficients (given in unils of sec-1) are written in paren-
thescs, while the torm lifotimes are shown just above or below each level or group
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of lovols. The enorgy and J values for cach level are also shown, All theso
values havo beon obtained from Chamberlain with an oxception of the onergy
values which have themselves beon obtained from Hernandez & Turtle. It is
worthwhile noting that although the lifetime of N(®D) is about 26 hours in the
laboratory, its value decroasos considerably in the ionosphere e.g., about 15 min.
8t 175 km, 200 km and 300 km; about 17 to 25 min. during the night; and
within the rango from 2 to 156 minutes. If wo denote the Einstein coefficiont
for the NI(2D-1S) transitinon by 4p and the population density of N(2D) by
[N(*D)], then tho omission rate ep (emissions em=3 sec—1) of the 5200 & line is
writton ais :

€p = Ap[N(*D)] (1)

Exprossions for ep(h), where % denotes height above ground level can be
obtained through appropriste solution of the continuity equation :

NI — Py Lo(—ais((N(D)Jon) (@)
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where Py(h) is the rate of production of atoms in state (*D), Lp(h) is the loss rato
of atoms in state (*D), and vp is the volocity of the N(2D) atoms. The integrated
emission rate in the vertical direction Q (ralcighs) can be written in the form

Q (raleighs) = 10-% | e (h)dh
[\)

= 1054 p [ [N(2D)|dh. (3)
Loss of N(*D)

The ®D levels of N are depopulated by radiative transitions and also by
deactivating collisions. The prominent guenching sgents havo been identified
a8 0,(X3%g7), electrons and O(3P) (Wallace & McElvoy, 1966; Henry & Williams,
1968; ete.). The respective quenching reactions are :

N(2D)4-0y(X3%g~)— N(28)4-0,(1A, or 1,1) (4)
N(ED)+e———-——— N(*8)+¢ (6)
NED)+O(P) — N(#8)+4+0(D) (6)

The corresponding collisionu] deactivation coefficient, dp, is
dp = 81| Og]+84¢]-+8510] (7

where S, S, and S, are the spocitic reaction rates for reactions (4), (6) and (6),
respoctively. The 2D levels of N ave also depopulated by the following chemical
reactions :
N(ED)+0, - O-+-NO ey = 6:x 10712 cmdsoc™?
...Nicolet., 1970.

N(ED) +-NO - N,+0 ky — 1:8 1019 emdsec!
... Krasnopol’skiy, 1971.

N(@ED)4+N,O0 = N,4-NO kg == 4 x 10~** ci?soc!
...Malcolme-Lawes, 1974.

Tho loss rate Lp is the product of the corresponding cocfficients of depopu-
lation and [N(2D)|, i.c..
Lp = (Ap+8p+H[0;]-+ kg NO]-+E{N,ONN D)) . (®)
The Production of N(2D)
The mechanisms Jhat lead to the excitation of the nitrogen atoms into the
2D lovels during the day and night time have been discussed by a number of

authors [e.g., Norton el al, 1963; Wallace & McElroy, 1966; lvanov-Kholodnyy
2
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& Nikol'skiy, 1969; and otbers]. Norton ef al suggested that one of the sources
of N(:D) at hoights above about 90 km is the. reaction

NO++4e—> N+04-2:76 eV ()]

whose reaction rate is a,[NO*][e], where a, is the rate cocfficier t for the reaction.
Energotically, the N and O atoms produced by this reaction can be either the
N(48) and O(D) torms, or the N(2D) and O(®P) terms. However, since excitation
of the O atom into tho D level violates conservation of spin [Dalgarno &
Walker, 1964), we shall consider the production of N(2D) and O(*P) as being
predominant. The formation of N(2D) can also be done by oxygen association
[Wallaco & McElroy, 1966). Thus the reactions

0+0+N — 0,+N(2D) . (10)
and
0+04+M = 0,/ +M ."
followed by |
0,' 4N — 0,--N(2D) (\U)

are possible oxcitation mochanisms. Note that O, donotes exciied uxyg,\en
moloculo. However, owing 1o the low atmospheric voncontration of atomie
unitrogen, the vosultant emission by veactions (10) and (11) would be negligible.
Wallace and McEBlroy consider the ion-stom interchango veaction

Ny (X28,+)4-0(P) > NOH'E) +NED)+0-71 eV .. (12)

(with reaction rate x,[N,*][0]) ax one of the mechanisms leading to the forma-
tion of N(2D). 1t has been agreod [Hernandez & Turtle 1969] that .dissociative
recombination of NO*+ could be one of tho souraes of N(2D) in the ionosphere
although the same authors found the officiency of the dissociative recombination
to be at most 10%. Morcover, according to Wallace & McElroy (1966), agroe-
mont with obsorvation has been satisfactory in demonstiating that NO! re-
combination is not. a necessary sourco of N(2D). We shall, therefore, take only
reactions (9) and (12) into our account. The 2D level of N is also populated by
transitions from the neighbouring higher energy lovel *P (£ = 3-5762 eV) rosult-
ing in the cmission of 10398 A and 10407 A. Let Ay, denote the corresponding
rato of transition. It iv also worthwaile noting that the 2/ lovel of N can be
populated by cascading from higher lying statos.

In summary, the production rato, Pp (em—3soc?), is

Pp = kp,a,[NO*+][e] +kpoao No*JO] -4 p,[*P]-+ ”)JYZ,,[N("X)] .« (13)

)
where the k's aro the numbers of oxcitations por reaction, and the summation
term accounts for cascading from higher lying states. Note that the Z’s arc
the respective transition rates. It would seem that the population rate of N(®P)
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is not yet well known (Rees & Jones 1973). althcugh the following cxpression
for [2P] has been given!:

[2P] = [N, *](0-C825-} 0-66[¢]a,)

where o ,
ay = 205 10-7 (3 )"

Concentration. of N(2D)

In arriving at an expression {for the N(2D) concentration, we shall invoke
the equilibrium conditions, ospecially at night-time in the F-region. Tt is known
tnat the ionosphere attains eqnilibrinm (or at least quasi-equilibrium) some
hours after sanset e.g. Stubbe (1968) reported that at one height helow the
maximum, it takes about § hours for equilibrium to be attained in the F-rogion.
Under equilibrium  conditions, therefore, the time-dependent and divergence
terms in equation (2) can be neglectad.  Hmmee. by combining cquations (2),
(8) and (13), we get,

kp,oy[NO* J[e]-|-hpyaal Ny YO+ pg 2P} X Z ,,|N("X)|

INED)] = .. (14)
Ap+dp+k,[Oy] Tl NO]+ ko[ N, OJ

The Concentrations of N,' and NO?

The coneontrations o1 N,© and NOT can bo obained by sotting up and
solving their concinuity equaticns, if necessary undor certain assumptions. The
prominent scurce of Nyt in the jonosphere is the reaction

N, ke = Ny' 4 kg (not. yet. conclusivoly known
known numer ‘cally).
..Danilov 1970.

On tho other hand, N,* is lost through the following chemical reactions :
Ny*+e - N+N kg = 3 10-7(T)-32
...Danilov 1970.

N,*+0, = 0g"+N, kyy = 10-1%cm3soc?
...Danilov 1970

N,+-+0 - NO++N kgy = 2:5Xx107%
,..Danilov 1970

Nz* +O'-) N2+0+ ke: - 3)( 10—1]
...Danilov 1970

N,#+N = N, +N+ ' kegq
...Timothy et al 1971.
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The continuity equation for N+ can be written ax

a _ :
u??:ﬂ == Ky Nol—{kyole] +hgo[ On] +(kgy -+Kaa)[ O] - ko NN+ ]1— 0N Ho ... (16)

The principal sources of NO* in the ionosphere are the chemical reactions
0,*4+NO - NO' 40, kgg = 8x10-10
...Nicolet 1965

NyF+4+0 - NXO! 4N kg = 2:5x 10710
...Forgson et al 1965

01 Ny » NO+4N kyy = 31012
...Fergson et al 1965

Nt40, > NO+40 kag = 3 X 10710 |
...Danilov 1960.

The major reaction that depopulates NO! is
NO* e — N+0 by = 441077 '*2? )

...Krasnopol’skiy 1971.

Henee tho continuity equation for NO' is

OO . e N kO N -4 Ny 1O 4 k[ 0#NO)

k3N 0, —V(NO . . e (16)

Since NO' and N,' arc two of the main constituents of the lowor part of the
Faayer |Rustor 1971], the divergence terms in equations (15) and (16) are not
vory important. Under equilibrium conditions. the time-dependent and diver-
gonco torms in equations (15) and (16) can be ignored. Therefore,

Ny
IN2'1 = % (6] £l O+ (gg -+ g OT TFpaIN] e (7

and.

[NO+) = _kan O7](Ng]+ 1‘20_[_1.\{2+][O]+’;::[[?]z+]@0]-h@gi[_lﬂ MOl (18)

The integrated eiission rate of NI(5200 A)

By combining equations (3), (14) and (17) the'fo]lowit—lg expression for the
integrated omission rate, Qp, are arrived at :

. h 108 2 Jp, oty [NOT1[e] 4+ (kpyotakag NoJ[01)/ B 44 po 2P] 4 an Wﬂd
Sotmioe = !» T (k051 FETNOT + ElN;0D) /A

h

(19)
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where

Wn = ZﬂlN(”X)]
and

B == kygle]+kag[Os]-F (ke 1-kgo) O]+ kg [N ].
Equation (19) can be written in the equivalent form :
I 2 ko INO+][e] 4 (kpyttokpg[ N, J[O1)/ B4 py| 2P )- | A [N("A)J

Qp(R) = 10-5
P T @ TR O5]-FANO) LR N0 Ap.

h

(20)

where Hy and II are the lowoer and upper altitude limits of the emitting layer,
respectively. It has been shown [Peterson et al 1966] that the value of thoe
stoady state [NOH| at night-time can be expressed in terms of dissociative re-
combination of molecular ions reactions charge neutrality arguments, and atomic-
to-molecular-ion conversion reactions. Thus

kgo[ N, |

[NO'} = oy (1 + (o N /ooe) -+ (kg Ogfotge)

whoro ky,. kg and ay are the rato coofficients of the following reactions :

O+ +N, -5 NOt+N-+1-09 oV ko
O0t4+0, > 0,+0 1:53 eV kg
0" 4e = 0] 04696 oV oty

The valuo of [NO] can he written in the lollowing approximation expression
[Mitra 1968] :

[NO] = 04 exp (-—~3‘~7(,£0)

10s}+5 » 10-770)] e (22)
Hornandez & Turtle [1969] have associatod the production of N(3D) by the
reaction (9) with an efficiency factor. Likewise, we associate an efficiency factor
p with the production of N(2D) by the veaction (9), so that a combination of equa-
tions (20), (21) and (22) gives
H  (plgy kpl[N.,][e]/F-{ (kp..azk%[l\‘o][()l) /B - }—Ap,.[zPJ—l-

Qo(R) = 100 ——— — = o - T — ok

. 1H @ L0, HRN,OL 04 oxp (P00 10,145 7 m—’[om/m

(23)

where F = 1+ (kyNy/a,¢) +-(kgy Opfate).
The last equation has been used in computing theoretical values of the
volumo and integrated emission rates of NI(5200 A) over Nairobi (36°49' E,
1°16’ 8) during the night of 2/3 April 1973 at 2000 UT, 2100 UT and 2300 UT
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for both 7', = 1200°K and T == 1000°K. The latter has been chosen becausc
the year 1973 was within the sunspot minimum, thus implying that the iono-
sphere might not have been at its maximum temperature during the time in
quostion. The 2/3 April 1973 night was fairly magnetically quite with K, values
hotween 3_ and 5,.  Apart from the availability of ionosonde data, Nairobi has
hoon chosen because it is a tropical arca. 1t is no doubt that the theoretical
values w0 obtainod have sorved to give at least a rough picture of the sort of
omission rate values to expect, assuming, of course. that the whole basis of the
theoretical analysis is valid at the times and place in question. For the com-
putations we have extracted the densities of Ny, O, and O as functions of altitude
from CIRA 1972, while the electron density values over Nairobi have been
deduced. from ionosonde data (N. J. Skinner. Private Communication).

We have incorporated the following approximations in our calculations :

kyy 2 0 sinco it is assumed that thero is negligible (solar) radiation during ‘r he
night under equilibrium conditions.

Lyl NyO| = 0 since N0 is not one of the prominent molecular const ituom&;
of the ionosphere. \\

Sy = 0 since reaction (6) can at most, provide a minor source of O(*D) in
the undisturbed night-time ionosphere, it can be considered
as having nogligible offeet. on the density of N(2D).

1" = 1 since the terms ((kyNy/a,(e) + (kg Opforse)) are known to be fairly small
in the upper atmosphere at night;?.

Apa2P)-EZ,|N(X)] =~ 0 since there is negligible quantity of suunlight at
night-time. Noto that absorption of sunlight at A3466A (*S-2P)
followod by cascading to 21 with emission of 110400 4 is a more
important  way of populating N(2D) than direct absorption at
5199 A.

Moreovor, the following numerieal values for the constant in equation (23)
have been used in the calculations :

Numerical Value Source of Numerical Value

Ap = T-0%x10-% sec™? Chamberlain
Plyo = 247X 10~ cm? sec™ Hernandez & Turtle
kgy = 10~ om? sec—? ” -
S; = 1-9x 102 om3 sec? Wallace & McElroy

N, = 8 X 10~ om3 gec? Seaton
ky = 6% 1012 om? gec? Nicolet:
ky = 1:8 X 10-10 cm? goc~! Krasnopol’skiy

kp, — 1 See text.
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4. REsvLrs AND CONOLUSION

Tables 1, 2 and 3 show the electron densities at 2000 UT, 2100 UT and
2300 UT, respectively. Tigure 2 shows the calculated volume emission rates
of NI(5200 A) at different altitudes for T, == 1200°K at 2000 UT, 2100 UT
and 2300 UT. Careful numerical calculation of the avea bounded by the 2000 UT
curve and the horizontal axis (Fig. 2) shows that

Qp(R) =~ 041 R, o (24)

Table 1. Eloctron densicios (numbers per em?) at 2000 UT

Height, Eloetron
(km) Density
187-6 0-087 % 10¢
200 0-100
212-6 0-04
225 0-082
237-6 0:139
260 0196
262-6 0-260
276 0-340
287-0 0-592
300 0-720
312-H 0-990
3258 0-0486
337 00337
3560 00234

Table 2. Klectron densities (numbors por em?) at 2100 UT

Huoight Eleetron
(km) Donsity
237-6 0-08 > 10¢
260 0-195
262-5 0350
276 0-510
287D 0-630
300 0730
312-6 0-860

Table 3. Electron densities (numbers per cm®) at 2300 UT

Height Electron
(km) Density
250 0:491 x 10
270 0-010
280 0-280
200 0-626
300 0:706

310 0-630
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Figure 3 shows a plot of the volume omission rates versus altitude for 7', -~
1000°K at 2000 UT, 2100 UT and 2300 UT. By moans of a numerical analysis
technique. it is found that at 2000 UT (and for T, == 1000°K)

On(R) = 035 R. (26)

" is shown in the literature lo.g. McCormac 1971) that Qp (R) < 1R
during the night, in consistence with equations (24) and (25). However, it has
heen confirmed through a sevies of photometric measurements of the night sky
NI(5200 A) emission vato |Njau ¢f @l 1976) that the night sky values of Q ,(#)
at Dar es Salaam (6°46’ S, 39°14’ E) are at times far greater than 1 2. Experi-
mental measurements made at Dar cs Salaam from July to October 1974 have
shown |Njau 1975] that night-sky emission rates of NI(5200 A) varied trom
a lower limit of about 0 R o an upper limit of about 28 R, The apparent dis-
cropancy between (theoretical) estimates reported in the literature and experi-
mental (phetometric) values may probably be accounted for by taking into
account factors like OH(9, 2) contamination, possible errors in calculating iono-
spheric oleetron densities. and the degree of accuracy with which the constants
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for the processos that effect tho density of N(2D) in the ionosphero are assigned
numerical values,
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