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Resonance scattering of laser radiation by nitrogen and nitrogen oxide molecules is studied. 
It is shown that the concentration of 2N  ions and NO molecules above 100 km can be 
measured with the help of the first positive system of 2N  ions and the  bands of NO. 

 
 

The first studies on the possibility of using 
resonance scattering (RS) of laser radiation to 
determine the composition of the atmosphere were 
published in the mid-1960s (see Refs. 1–3 and the 
references cited there). In studies performed in this 
country and abroad it has been suggested that 
metastable molecules and ions of nitrogen, nitrogen 
oxide, sodium, potassium, calcium, lithium, and other 
components be determined with the help of RS. In this 
connection there emerged a wide range of geophysical 
problems such as the study of the thermodynamic and 
wind regimes in the atmosphere, meteor matter 
entering the upper layers of the atmosphere, obtaining 
new information about the nature of sporadic Es layers 
of the ionosphere and the downward ion fluxes from 
the F layer, and determining the parameters of 
internal gravity waves. In the last few years, 
however, experiments on determining the 
composition of the upper atmosphere have been 
confined to the measurements of the content metal, 
primarily, sodium atoms. 

The choice of the atmospheric component whose 
concentration is to be measured by the RS method is 
made based on the following conditions. 

1. The concentration of the reradiator and the RS 
cross-section must be high enough so that the 
resonance backscattering signal is stronger than the 
aerosol and molecular scattering. 

2. The intensity of nighttime airglow (and during 
the day the airglow together with the background 
solar radiation) should not exceed the resonance 
backscattering signal at the sounding wavelength. 

3. The lifetime of the upper excited state of the 
transition should be short. In this case the probability 
of quenching of the excitation is low, it is easier to 
interpret the data, and the RS cross section is 
significantly higher. The latter property is connected 
with the fact that the RS cross section is proportional 
to the oscillator strength and therefore the Einstein 
coefficient of spontaneous emission. 

4. The absorption of the laser radiation at the 
chosen wavelength by other components of the 
atmosphere should be weak. This is especially 
important for sounding from the ground. 
 

Assuming the conditions 1–4 are satisfied, we shall 
study the possibility of determining some nitrogen 
components in the upper atmosphere. These components 
are chosen primarily because they play a determining 
role in the formation of the lower ionosphere. 

The nitrogen molecule undergoes six basic 
electronic transitions. Three of them (Birge-Hopfield I 
and II and Lyman-Birge-Hopfield) lie in the 
short-wavelength region of the spectrum ( < 260 nm) 
and they cannot be employed for laser sounding because 
the radiation due to these transitions is strongly 
absorbed by oxygen and ozone. Transitions in the second 
positive system occur from the excited state Â3g, whose 
population is low, and calculations show that the 
condition 1 is not satisfied. For this reason the 
Vegard-Kaplan electronic transitions ( 3 1 +

u g( ,A X    

230–506 nm) and transitions in the first positive system 
( 3 3 +

g u,B A    470–4000 nm) can be used to determine 

the concentration of nitrogen molecules in the excited 
( 3 +

uA  ) and ground ( 1
gX  ) states. 

The Vegard-Kaplan transitions occurs from the 
metastable state 3

uA   whose lifetime is about 2 s. 
Because its lifetime is long the probability of 
quenching of the excitation in the strato-mesosphere 
is high, since a free flight time of  2 s corresponds 
to an altitude of 300 km. 

Inaba4 estimates that the concentration of 
N2  3+

uA concentration at 100 km is equal to 108 cm–3, 

and on this basis he believes that the concentration of 
metastable nitrogen molecules can be measured using the 
transitions in the first positive system. 

The optical transitions from the ground state into 
the triplet state 3

uA   are forbidden by an 
intercombination selection rule, and the main 
mechanism of excitation of daytime emissions in the first 
positive system (like also in the second positive system 
and the Vegard-Kaplan transitions) is excitation by 
photoelectrons 
 

 (1) 
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FIG. 1. The energy levels of the NO molecule.  
 

The cross sections for inelastic collisions for the 
state 3 +

uA   are maximum for electron energies in the 

range 7–20 eV. Radiative transitions from the Â3u 
and Ñ3u levels as well as the ion-molecular reaction 
 

 (2) 
 
are additional processes which increase the 
concentration of 3

2 u( ).N A   
The rate of formation of these molecules is 

 5  109
 cm–2 s–1, and atomic oxygen is the main 

component on which quenching occurs (the quenching 
rate constant is 5  10–11 cm3s–1). Other reactions are 
also possible, for example, energetic coupling with 
excitation to a higher level. 

Kiselev5 calculated the distribution of 3
2 u( )N A   

molecules over vibrational levels as a function of the 
altitude. The maximum concentration at an altitude of 
about 140 km, about is 2  103 cm–3 (total 
concentration) and 3  102 cm–3 for the vibrational 
level with v = 0. The content of 3

2 u( )N A   below 
140 km is sharply lower. 

Kiselev’s calculation are in good agreement  
with the data obtained by other authors, and  
for daytime conditions they can be regarded as the 
most reliable data. 

Since the flux of exciting photoelectrons is 
formed by the action of short-wavelength solar 
radiation the concentration of metastable nitrogen 
molecules can be expected to be sharply lower under 
nighttime conditions. This is indicated directly by data 
on the strong drop in nighttime emissions owing to 
transitions from the levels Ñ3u, Â

3g, and 3
u( )A  . 

Our calculations show that concentration levels 
3

2 u( )N A   are too low for performing lidar 
measurements using equipment with technically 
realistic parameters. 

Among the transitions of the 2N  ion the 
transition of the first negative system with vibrational 
quantum numbers v = 0, v = 0 is most preferable. 
Radiation with the wavelength of the transition 

391.4 nm is weakly absorbed by atmospheric 
components and the transition is characterized by a 
short lifetime in the excited state ( 10–7 s) and high 
oscillator strength, equal to 2.46  10–2. For this 
reason the cross section for resonance backscattering is 
large and is equal to 1.7  10–14 cm2 sr–1 (for 
T > 200 K). The observation of RS of laser radiation 
is not limited to atmospheric emission with 
 = 391.4 nm. At night the intensity of the emission 
is less than 1R (1R = 106 photons  cm–2  s–1) (see 
Table I). This value is several orders of magnitude 
lower than the intensity of emission from a pulsed 
volume formed by excitation with laser radiation. 

The minimum detectable concentrations of 
nitrogen ions – 2 lim( )N  – can be calculated with the 
help of the laser sounding equation, tables of the 
optical characterisitics of atmospheric aerosol,6 and 
the standard atmosphere model. For such calculations 
we assume that the backscattering coefficient, 
determined by RS by 2 ,N  should be an order of 
magnitude higher than the molecular and aerosol 
backscattering coefficients. 

At an altitude of 100 |km this quantity is equal to 

2 lim( )N  > 2  101 cm–3, and its value then drops in 
proportion to the decrease in the density of the 
atmosphere. Data from rocket experiments show that 
the ion concentration at the indicated altitudes is 
102–103 cm–3. 

To determine the integration time (the time 
necessary for measuring the backscattering signal with 
a fixed accuracy , %) we shall employ the relation 
 

 (3) 
 

where Ns and Nn are the average number of signal and 
noise pulses, respectively, t(H) = 2H/s is the 
gating time, and f is the pulse transmission frequency 
of the laser. In the case of sounding from the ground 
the integration time is 103 s with the following 
parameters: the laser radiation energy is 1 J, the 
diameter of the receiving optical antenna is 1 m; the 
transmission coefficient of the optical systems is 0.3, 
the quantum efficiency of the photodetector is 0.1, 
H = 1 km, the atmospheric transmission is 10–1, the 
nitrogen ion concentration is 102 cm–3, Nn = 102 s–1, 
f = 10 Hz,  = 5%, and H = 100 km. This means 
that the resonance backscattering signal can be 
measured over a period of tens of minutes with an 
accuracy of 5% with the help of a lidar on the ground 
with fully realistic values of the parameters indicated, 
while the 2N  ion concentration can be measured with 

an accuracy of  20%. This uncertainty is determined 
primarily by the uncertainty in the coefficient of 
transmission of the atmosphere along the 
"lidar-scattering layer of the atmosphere-lidar" path 
and the uncertainty in the instrumental coefficient of 
the lidar and the resonance backscattering signal. 
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TABLE I. 
 

The basic atmospheric emissions owing to resonance scattering. 
 

 
 

*Emissions owing to chemical reactions 
**Emissions owing to photodissociation and collisions 
 

We shall study the possibility of determining the 
content of nitrogen oxide in the upper atmosphere by 
the lidar method. 

Inaba4 belives that the Ogava-2 systems of 
bands for wavelengths in the range 864–874 nm 
(1, 0) and 768–794 nm (2, 0) can be employed in 
this case. The concentration so obtained is equal to 
the total content of NO in the first case and the 
concentration of NO is > 107 cm–3 in the second 
case. This assertion is wrong, since the lower level of 
this transition à4 corresponds to an excitation 
energy of > 5 eV and the population of such a high 
energy level is negligible (see Fig. 1). For this 
reason, as pointed out in the monograph of Ref. 7, 
the principal transitions for evening and daytime 

atmospheric NO emissions associated with the RS 
process are observed in the  system of bands of 
nitrogen oxide. 

Table II gives the wavelengths, the 
Frank-Condon factors (qvv), the oscillator strengths, 
and the lifetime of the upper level according to the 
data from the monographs Refs. 8 and 9. 

Let us examine the possibility of measuring the 
concentration of the nitrogen oxide at altitudes in the 
range 100–160 km, where the average concentration is 
> 107 cm–3 (see Ref. 11). In the case of sounding from 
the ground the radiation with the shortest wavelength, 
which is not strongly absorbed by ozone and molecular 
oxygen, corresponds to the transition 0–10 of the  
system of NO bands  = 358.3 nm. The content of 
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vibrationally excited NO molecules at these altitudes 
is not known. If local thermodynamic equilibrium is 
assumed, then according to the Boltzmann distribution 
the highest concentration of molecules in the level 
v = 10 at T > 103 K (150 km) is 103 cm–3. The 
Franck-Condon factor, which determines the relative 
intensity of the transitions between the vibrational 
levels of two electronic states, exceeds for the transition 
0–10 the analogous values for most other transitions. 
The maximum value of the resonance backscattering 

cross section, which we calculated under the assumption 
that the contour has a Doppler shape, is 
3  10–15 cm2  sr–1 (T = 103 K). The resonance 
backscattering coefficient, equal to 
3  10–12 cm–1  sr–1 ([NO] = 103 cm–1), is much 
greater than the molecular backscattering coefficient, 
which is 1.4  10–16 cm–1  sr–1 for  = 358 nm and 
H = 150 km. 
 

TABLE II. 
 

The basic spectroscopic parameters of the  and  bands of the nitrogen molecule 
 

 
 

*The most probable value. 
**According to the data of Ref. 10. 
 

The integration time for the lidar parameters 
given above is about 3 h in the case of measurements of 
the NO concentration at an altitude of 150 km. Over 
this period of time the distribution of NO molecules 
can be determined at the indicated altitudes with a 
spatial resolution of 1 km, and the uncertainty in 
values obtained for the concentration is about 20%. 
The insignificant lifetime of the excited state 
( 10–8 s) makes it possible to employ the laser radar 
equation in its usual form, neglecting the specific 
features of the signal owing to reradiation from 
metastable states. 
 

Calculations of the concentrations of different 
components measured by the lidar method require 
information about atmospheric emissions. The 
airglow in the chosen region of the spectrum for 
different times of day can limit the determination of 
the atmospheric components. 

The airglow is excited by collisions with 
high-energy particles, solar radiation, chemical 
reactions, and excitation in thermal collisions. The 
action of the photons gives rise to RS, fluorescence, 
photodissociation, and photoionization while collisions 
with electrons can lead to excitation by photoelectrons. 
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Table I, which was constructed based on Refs. 7 
and 11–15, summarizes these emissions. The intensity 
is expressed in Rayleighs and the radiation is assumed 
to be isotropic. For this reason for estimates of the 
background radiation owing to emissions which 
reaches the lidar receiver the indicated intensity will 
be approximately 4n times lower. 

Table I also gives the value of g – the probability 
of RS of a photon of soldr radiation in the absence of 
collisional deactivation of the excited component: 
 

 (4) 
 
where F is the intensity of solar radiation at the 
wavelength  and f is the oscillator strength of the 
transition. The rest of the notation is standard. 

According to rocket and lidar measurements the 
maximum concentrations of the components 
approximately correspond to the altitudes of the 
emissions. At night, which time is most suitable for 
lidar measurements, only part of the emissions owing 
to chemical processes is observed. 
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