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ABSTRACT

The distribution of N atoms between the altitude range 100 and 280 km
has been computed from reactions between constituent particles of the
atmosphere and assuming their rate coefficients at laboratory temperature
(300°K) to be constant for the whole altitude range. It is also calculated
for rate coefficients varying with temperature. It has been found that the
latter distribution, which is considerably different from the former, gives
a reasonably good profile. Since in many cases, reactions involving loss of
N-atoms lead to the production of NO molecules, the altitude distribution of
NO molecules is also calculated. The computed N and NO distributions compare
favorably with certain rocket experiments and laboratory data. From the loss
processes, the lifetimes of N and NO are computed.
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1. INTRODUCTION

Distributions of ions and neutral particles with altitude have been ob-
tained by rocket-borne mass spectrometers and are computed from reaction rates
of upper atmospheric constituents—ions, electrons, and neutral particles.

The reaction rates are obtained from laboratory experiments or from theoretical
computations. For obtaining the distribution of minor constituents of the
atmosphere like N and NO, mass spectrometers may introduce uncertainties due
to "wall effect" or dissociation of molecules by accelerated electrons. Again,
to determine rates of reactions experimentally for thermal and nearly thermal
ions, difficulties are experienced. In theoretical work too, techniques for
calculating cross-sections of reactions involving atmospheric particles are
yet to be evolved possibly by semiclassical treatments, and methods for cal-
culating cross sections at thermal energies should be devised. Also in many
cases, temperature variations of rate coefficients, which may be altered by a
factor of several orders by the ambient temperature range at different layers
of the upper atmosphere, are not available. However, the altitude distribu-
tions of atmospheric ion and neutral particle densities computed with the
available collisional data may cross check those obtained by rocket-borne ex-
periments or from rate coefficients determined in the laboratory. Also from
the loss processes, the 1life times of atmospheric particles can be computed.

In this report the altitude distribution of N-atom density between 100
and 280 km is calculated. Since in many cases, reactions involving loss of
N atoms are related to the production of NO molecules, its altitude distribu-
tion is also calculated. The lifetimes of these particles are also computed.



2. COMPUTATION OF N AND NO DISTRIBUTIONS AND LIFETIMES

For computing N-atom distribution, the following scheme has been adopted:

First, to postulate from geophysical observations and laboratory data,
conceivable collisional reactions involving N atoms in the atmosphere.

Second, to determine the relative importance of these reactions and for
a particular reaction its importance at different layers of the atmosphere,
after closely examining the rate coefficients of these reactions as determined
by different investigators.. A distribution is then obtained by equating the
production and loss rates.

The reactions leading to the production of N atoms and their observed
rate coefficients obtained by different authors are given in Table 1. The
coefficients which are used for the computation are given in the last column.
The loss processes and their rate coefficients are given in Table 2.

The reactions which produce NO molecules and those by which they are con-
sumed are given in Tables 3 and 4.

0, 02, and No profiles and the temperature distribution of the atmos-
phere are obtained from CIRA, 1965. For calculating N-atom distribution, a
profile of NO is needed which is initially taken for 100-120 km from the
Handbook of Geophysics (1960) and for the altitude range 120-280 km from
Nawrocki and Papa (1963). After obtaining the NO distribution from reactions
given in Tables 3 and 4, the N-atom distribution is recalculated.

The ion distributions (Fig. 1) used for computations are given in Table
5. The electron density i1s assumed to be the sum of the ion densities.




TABLE 1

REACTIONS LFADING TO N~ATOM PRODUCTION AND THEIR RATE COEFFICIENTS

Rate Qecefficient Used For Computation

Observed Rate Coefficient (cmd particle~l sec-1)
Reaction (cm? particle™l sec™l) Coefficlent Coefficient Varying
at 300°K With Temperature
NE4e N4 1-2x10-7 (Gibbons, 1961) by mass 3x10~7 %

spectrometric technique

3x10~7 (Biondi, 1963) for thermal
(300°K) electron

7x10-7 (Nawrocki, et al., 196%)

N0 T +esN40 3.5x10~7 (Whitten, et al., 1965) 3.5x10~7 Varies as T~1 from
at 300°K 2x10-8 at 2000°K to
6x10~T at 208°K
~10~T (Sugden, 1961) at
flame temperature

ot +Np-NO TN 3x10712 (Fehsenfeld, et al., 1965b) 2x10712 4.2x10712 exp(-470/RT)
2x10-12 (panilov, 1966) (B = 0.47 Keal)
1.4x10711 (Dickison, et al., 1960) Adjusted to 2x10™12 at
4,7x10"12 (Langstroth, et al., 300°K, E is the activa-
1962) tion energy.

2.2x10"11 (ce111, et al., 1963)
6.75x10"2 (Talrose, et al., 1962)

NE+0-NO N 2.5x10"10 (Ferguson, et al., 19%65)  2.5x10710 1.0x10"7 exp(~3560/RT)
(E = 3.56 Keal)
Adjusted to 2.5x10~10

at 300°K
NH+02+03+N 510710 (Fehsenfeld, et al., 1965)  1x1077 1x1079
1x10™? (Goldan, et al., 1966)
NH+NO+NOT+N 8x10~10 (Golden, et al., 1966) 8x10-10 *
at 300°K
ot No+0%+I 2.4x10711 (Goldan, et al., 1966) 2.4x10-11 *
No+hwNa(alng)  Cross-section, @ = 6x10723 cm® Q = 1x10"2ler? @ = 1x10~%Len?
(Ditchburn, et al., 1959)
+N+N 10721 o (Wetanabe, et al., 1953) **

#*After computing the N-atom production rates for rate coefflcilents at 300°K, it was found
that for reactions marked (%) , the contributlons are small and hence for varylng temperature
these reactions are not considered.

**¥Most of the sbsorption occurs in the (8,0) band at 1226A (Nicolet, 1960). For this wave-
length, the absorption cross section of Oz is 4x10~19 em? (Watansbe, 1958) and N(hv)_ =
1.5x107 photons/cm® sec (Gast, et al., 1965).




TABLE 2

REACTIONS LEADING TO N~ATOM IOSS AND THEIR RATE COEFFICIENTS

Observed Rate Coefficient

Rate Coefficient Used For Computation
(cm3 particle™l sec-l)

Reaction (cmd particle™ sec~l) Coefficlent Coefficient Varying
at 300°K With Temperature
oF+N+NOT+0 2x10710 at 300°K (Goldan, et 2x10~10 2.9x10~9 exp(~1590/RT)
al., 1966) (E = 1.59 Keal)
Adjusted to 2x10™10 et
300°K

NN+t < 10711 1x10-12 4x10™9 exp(~3560/RT)
(E = 3.56 Keal)
Adjusted to 1x10™11
at 300°K

N+ No4M 7.4x10~33 cnd particle~2 sec-l 7.4x10733 cnb * 2k

(200-450°K) (Herron, et al., particle=2
1958) gec—l

1.7x10"32 at 300°K (Harteck,
et al., 1958)

NHO-+M-NO+M 1.5x10732 cxf particle=? gec-l 551033 cmb *

(at 300°K) (Keplan, et al., particle~e
1958) sec™L

5x10"33 (Byron, 1959)

N+ No+hy < 10"* (Nawrocki, et al., 1963) 1x10~17 1.7x10°16 771/2
Adjusted to 1x10-17
at 300°K

N+O+NO-+hv < 10"1% (Nawrocki, et al., 1963) 1x10~17 1.7x10716 p-1/2
Adjusted o 1x10-17
at 300°K

-17
1x10 (Young, et al., 1963)
N+02NO+0 3.3%10™12 exp(-3100/T) 1x10-16 3.3%10"12 exp(~3100/T)
(Kistiakowsky, 197)
1x10-16 at 300°K
(Harteck, et al., 1957)
N+NO-+Ng+0 8x10~11 at 300°K 2.6x10"11 1.5x10-1271/2

(Kistiakowsky,1958)

1-3x10"13 at 300°K
(Harteck, et al., 1957)

1.5x1012 71/2 (Wcolet, 19658)

*¥After computing the N~atom production rates for rate coefficients at 300°K, it was found
that for reactions marked (*), the contributions are small and hence for varying temperature
these reactions are not considered.

#**n (M) 1s assumed to be equal to n(02)+0.6n(Nz) (Young, et al., 1962).
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TABLE 5

ALTITUDE DISTRIBUTIONS OF IONS

Ton

Altitude Range (km)

O+

Not

100-200 (Whitten,
200-250 (Johnson,
260-280%

100-240 (Whitten,
2L0-280%*

100-220 (Whitten,
220-280%*

130 (Ghosh, et al.

140-220 (Johnson,
220-280%*

100-200 (Whitten,
200-240 (Johnson,
240-280%*

et al., 1964)
1966)

et al., 1964)

et al., 1964)

, 1964)
1966)

et al., 1964)
1966 )

*¥For the altitude range 260-280 km, 0% and electron

distributions (Cormier, 1965) are assumed same.

**¥Extrapolated to follow the trend given in Fig. 3

(Ghosh, et al., 196L4).




Assuming rate coefficients for various reactions at 300°K given in
column 3 of Tables 1 and 2, the production and loss rates of N for the altitude
range 100-280 km are computed and are given in Figs. 2-4.¥ The corresponding
rates for rate coefficients varylng with temperature given in the last columns
of the above tables, are computed and are illustrated in Figs. 4-6. A com-
parison of Figs. 2-4 with Figs. L4-6 shows that the production and loss rates
of N atoms are significantly altered if the temperature variation of rate
coefficients, which may sometimes be altered by several orders in the above
altitude range, are considered.

*For calculating N-atom production by predissociation using the formula
2n(Nz),QN(hv),

(the factor 2 accounts for the production of two neutral atoms), it has been
assumed that above altitude z, photons are absorbed mainly by Oz, so that the
photon flux of frequency v at an altitude z for overhead sun is given by

N(hv)z; = N(nv)  exp(-7)
where
%0 1 1
w(z) = i cozn(Og)zexp(-z /Hoa,z)dz
N(hv)oo = number of photons of frequency v outside the earth's atmos-
" phere = 1.5x109 photons/cm® sec for 1226A (Gast, et al.,
1965)
0o = scale height of 02 molecules at an altitude z
zZ
b
Q = cross-section for absorption of 1226A by No molecules =
1x10721 cpf
002 = cross-section for absorption of 1226A by Os molecules =
4x10-19 cm® (Watanabe, 1958)
n(Ng)Z = concentration of N-o molecules at altitude z
n(Og)Z = concentration of Oo molecules at altitude z.

Again, for calculating the production and loss rates from neutral-
neutral or ion-neutral particle reactions, the usual formula, namely, the
rate is equal to the product of rate coefficient and concentrations of
the reacting particles, is used.



The calculated rates of production and loss of NO molecules for rate
coefficients varying with temperature are shown in Figs. 7 and 8.

After calculating the loss rates of N atoms, it is found that the life-
time of N atoms for the altitude range 100-280 km varies between 5.7x10" and
1.%3x10° sec (Table 6 and Figs. 4 and 6).

The N-atom distribution is calculated by equating the production and loss
rates (Fig. 9). 1In a similar manner for 100-280 km the distribution of NO

(Fig. 9), for which the lifetime varies between 3.6x10° and 58 sec (Table 6
and Fig. 8), is calculated.

TABLE 6

LIFETIMES OF N AND NO

Altitude Lifetime of NO Lifetime of N
(km) (sec) (sec)
100 3.6x102 5. 7Tx10%
110 2.9x10° 1.9x10%
120 2.5%x102 5.7x107
130 1.8x10° 2.1x103
140 1.2x10° 1.3%103
150 9.1x101 1.6x103
160 7.4kx101 2.2x107
170 6.7x10t 2.7x103
180 6.3x101 3.3x103
190 5.9x10+ L.0x103
200 5.8x10+ L.8x102
220 7.3%x10+ 7.1x102
240 1.0x10% 1.0x10*
250 1.1x102 1.7x10k
260 1.2x10°2 2. 2x10"
280 1.0x102 3. 9x10%

10




3. CONCLUSIONS

1. After analyzing various reactions leading to the production and loss
of N and NO, it may be concluded that the predissociation of Nz molecules
does not contribute significantly to the production of N atoms. In the higher
region, they are produced mainly by the ion-atom interchange reaction

0* + Nz » NO* + N
and in the lower region, Jjointly with the reaction
Not + e+ N+O .
N atoms are lost by the following reactions
0 +N->No*+0 and N+ NO->DN>+O .

The computed N distribution shows that the first reaction is important at the
upper and the latter at the lower region.

The accuracy of calculated N and NO distributions is limited mainly by
the values of rate coefficients of reactions (the coefficients are now be-
lieved to be accurate by orders but not by factors) and their temperature
variations.

For the major portion of 100-280 km altitude range, the NO production
and loss rates are given, respectively, by

0% + Nz + X,NO* + WO
and

0F + WO » KaNot + 0o .

At equilibrium

11



k1n(03)n(N2) = kon(0f)n(mo)
n(N0) = 1 n(mp)
ko

Therefore n(NO) distribution follows (No) profile and is independent of
N-atom distribution (see Fig. 9).

2. TFrom the rocket-borne mass spectrometric measurements of neutral con-
stituents in the altitude range 100-200 km, Hedin and Nier (1965) concluded
that the concentration of N atoms is about 1% of Nn. Again the mass spectro-
metric data obtained by Schaefer constantly show a small increase of N over
laboratory calibrations. Also, from the analysis of peak heights for N and
Nz between 100 and 200 km, it is found that atomic nitrogen does not occur
more than 3% of No (Mirtov, 1964). The computed N distribution shows that at
the upper region of the above altitude range N is about 1-5% of Nzo. 1In the
lower region the percentage is much smaller. Therefore, for accurate determi-
nation of N~atom concentration by a rocket-borne mass spectrometer, it should
be measured above 200 km where its concentration becomes relatively larger,.

3. By observing absorption of solar radiations in a rocket-borne spec-
trograph with pointing control, Jursa, et al. (1959), obtained the upper limit
cf NO molecules as 101% molecules cm™2 above the altitude range 63-87 km.
Again, Barth (1964) obtained a NO column density of 1.5x10L3 molecules cm™2
above 125 km. This agrees with the value obtained from the computed curve
which gives about 5xlO13 molecules cm™© column™l above this altitude.

4. NI(52004, 2D—uS) line is observed in twilight and night airglows and
appears with an intensity less than 5R at night and 10R at twilight (8ilver-
man, et al., 1965). Assuming that this line is emitted at 90-100 km and that
the lifetime of the N(°D) atom is about 26 hours (Hunten, et al., 1966), the
concentration of N atoms at twilight can be obtained from the rate of precduc-
tion and quenching of the N(°D) atoms, namely

n(N)Bn(hv) = n(NQD)[A+n(M)7]
where

n(N) = concentration of normal N atoms

n(M) = concentration of third body = n(0z)+0.6n(Nz)
n(N"D) = concentration of N(°D) atoms

A,B = A and B coefficients for 2p-%s transition of N atoms
n(hv) = solar photon flux density for 5200A

¥

2
¥y = rate coefficient for collisional deactivation of N("D) atoms

Therefore, the emission rate of 5200A line is given by

12




Substituting B in terms of A and n(hv) from Planck's formula,* we obtain

n(n) = r_w_%mexpm/m),
D

where

dilution factor = 5.h1x10'6, and
Boltzmann constant.

D
k

No precise information regarding the quenching cross-section involving metastable
atoms is available. According to Laidler (1954) the coefficient of quenching
reactions involving nonmetastable atoms is of the order of 10-12 cm5/particle
sec. The coefficient for the metastable N(2D) atoms by No and Oz is assumed

to be one order smaller than the above value, that is, y = 10713 cm3/particle
sec. Assuming the sun's temperature T = 6000°K and the mean altitude of
emission of 5200A line at twilight to be 90 km, we obtain n(N) = 3x107 em=>.

The computed N-atom distribution shows that at 100 km the concentration is

1x108 cm=3.

*In the visible region the number of photons calculated from Planck's black-
body formula for T = 6000°K agrees with the observed value.

13
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Fig. 5. Production rates of N-atoms by varlous reactions for rate coefficients
varying with temperature.
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Fig. 8. Variation of x with altitude for various reactions having rate co-
efficients varylng with temperature. To obtain loss rate of NO molecules,
multiply x by [NOJ.

25




300

250

2001

HEIGHT (Km)
T

150

B /J(n

100

50 ' ' ‘ : '
107 10° 0° 10"
CONCENTRATION (PARTICLE CM )

Fig. 9. Computed altitude distributions of N and NO. For comparison, the
distributions of O, Oz and Nz obtained from CIRA 1965 are also shown.

(1) Assumed NO distribution; (2) N distribution for (1) for constant rate co-
efficient; (3) N distribution for (1) for rate coefficient varying with temp.;
(4) calculated NO distribution for (3) for rate coefficient varying with temp.;
(5) N distribution calculated from (4); (6) Nz distribution from CIRA 1965;

(7) 0 distribution from CIRA 1965; (8) 0z distribution from CIRA 1965.
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