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Abstract— New experimental data which confirm episodic occurrence of the correlation of light backscatter-
ing lidar signals from a 150—300 km altitude region with the plasma content in the nighttime F, layer of the
ionosphere are presented. Analysis results of lidar observation data for 2008—2014 are given. A conclusion is
drawn that these correlations occur when additional sources for ionosphere ionization appear. A hypothesis
is discussed that the resonance scattering by excited atomic nitrogen ions is a possible cause of generation of

these signals.

Keywords: sounding, atmosphere, lidar, scattering
DOI: 10.1134/S1024856015040041

INTRODUCTION

It is commonly accepted that lidar backscattering
signals from altitudes higher than 100 km are absent
during Rayleigh lidar sensing of the atmosphere. It is
shown in [1], based on lidar data and ionosphere
observations on March 28, 2008, that that day the dif-
ference between the total signal from the 200—300 km
altitude region and the independently measured back-
ground signal correlates with the plasma content in the
region of maximal nighttime F, layer of the iono-
sphere. A possible physical mechanism is proposed
which explains these correlations, namely, the forma-
tion of scattering by electron-excited atoms [1].

Additional experiments carried out in April—May,
2014, have stated that the frequency of returns from the
upper atmospheric region is close to the sensing radia-
tion frequency and has a spectrum no wider than 1 nm.
This suggests the existence of resonance scattering.
A correlation of the lidar returns with the plasma den-
sity in the nighttime F, layer of the ionosphere means
that scattering by ions can take place. The aim of this
paper is to find a possible component among ions of the
upper atmosphere and to justify its role in the genera-
tion of lidar returns.

INSTRUMENTAL COMPLEX

We used experimental data from lidar and iono-
sphere stations located in Kamchatka (Paratunka set-
tlement, 52.9° N, 158° W). The instrumental complex
is described in [2]. A Hamamatsu H8259-01 PMT and
a Hamamatsu M 8784 photon counter were used in the
receiving system. Also, we used light filters with trans-
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mission bandwidths of 3 and 1 nm at half maximum and
identical transmission 7> 65%. In order to exclude sig-
nals of the near zone, we used the electron blocking of
PMT by a 140-ms pulse. A signal was recorded during
4 ms with a step of 10 ms, which corresponded to the
altitude region 21—600 km with a step of 1.5 km.

The magnitude of the background signal was mea-
sured from the 20th to the 24th ms with a step of 10 ps
after sending each laser pulse. During measurements
of the background signal the sensing pulse is in the alti-
tude region 6000—6600 km, the background signal is
free of cutoff pulses and is provided by good data accu-
mulation. The background measurement is software
initiated and, as the practice has shown, can be speci-
fied by any pulse from the 10—95 ms region. Applica-
tion of this method for noise measurements allowed us
to detect weak returns from the upper atmosphere
against a well-averaged background.

OBSEVATION RESULTS

The detail analysis of observation results and geo-
physical situation on March 28, 2008, is described in [1].
Figure 1 shows the basic experimental result taken
from [1]. At nighttime from 13:00 to 14:30 UT, a small
but sharp increase in the critical frequency of layer F,
was noted, which was accompanied by an increase in
the F, layer depth by approximately 40 km. Simulta-
neously, a spike is observed on the lidar return summed
over the altitude region 200—300 km, which coincides
in time and shape with the burst of the critical fre-
quency of F, layer of the ionosphere.
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Fig. 1. (a) Critical frequency of the F, layer of the iono-
sphere f,F> and (b) lidar signal N—N,summed over the
200—300 km altitude region. The middle line shows the
lidar signal; top and bottom lines show root mean square
deviations.

The geophysical situation of this night was charac-
terized by a residual geomagnetic disturbance after a
storm, the maximum of which fell on March 26. Dur-
ing observations, local geomagnetic K indices were
equal to four. According to data of the ionosphere sta-
tion, sporadic E layers of corpuscular type were simul-
taneously recorded at altitudes of 130—150 km with
the critical frequency f, F, equal tol.5—1.6 MHz.

Examples of similar correlations in September and
November, 2008, are given in [2]. Observations of lidar
returns from the upper atmosphere require good
weather, absence of the moon, which guarantees a
minimal level of the background signal, and precipita-
tion of soft electrons in the ionosphere above the
observation point. Such conditions are not frequent at
the midlatitude Kamchatka lidar station.

As an example, Fig. 2 shows observation results for
July 1, 2010. Layers E; at altitudes of 100—110 km were
recorded that day throughout all three hours of observa-
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Fig. 2. (a) Critical frequencies f,F, and f,E; on July 1, 2010,
and (b) lidar signal minus background from the altitude
regions 150—200 and 200—300 km.

tions. The increase in £, F, at nighttime can be explained
by precipitation of particles with energies of hundreds of
electron volts (eV). The ionization increases in the
100—150 km region with the content of particles of units
of keV in energy [3], and E layers are formed near its
maximum. Night corpuscular E layers differ from plane
E; layers of the wind origin in their somewhat larger
thickness and horseshoe-shaped trace in ionograms,
which is typical for the regular daytime FE layer.

Maxima at 13:15, 14:00, and 14:45 UT (Fig. 2b) are
well pronounced on the lidar return plot. The first two
of them coincide in time with £ F, maxima (Fig. 2a).
At 14:45 UT, the value of /, F, is undetermined because
of diffusivity of the F, layer. The ionogram shows that
the magnitude of f F, at least did not noticeably
decrease at 14:45 UT. We may think that the correla-
tion of f,F, with lidar returns took place throughout
the 12:30—15:00 UT time interval.

At 13:15 UT, a correlation of a lidar return with both
J.F,andf, E, is observed. This circumstance additionally
confirms the corpuscular nature of E, layers. The
decrease in £, E; (at E| layer altitude of 100—110 km) at
14:00 and 14:45 UT is explained by a decrease in the
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number of precipitating electrons with energies of units
of keV in flows. At altitudes of the E region, the precip-
itating electrons form sufficiently narrow regions with
noticeably decreased ionization. In this case, a correla-
tion between £, E; and £, F;, is not obligatory; this is deter-
mined by the energy spectrum of the precipitating par-
ticles.

Weather conditions at the Kamchatka lidar station
allow about 40—50 sessions of lidar observations per
year. The data analysis for 2008—2013 has shown that
correlations of f,F, with lidar returns from the F layer
of the ionosphere can be successfully observed from
two to five times every year, i.e., in 5—10% of observa-
tions. The cases of electron precipitation in the atmo-
sphere at midlatitudes occur comparatively seldom;
they differ in duration, intensity, and spectrum of pre-
cipitating electrons. When the moon is in the sky, the
background signal can increase by an order of magni-
tude; and it is impossible to detect a lidar return from
ionosphere altitudes. Both these factors determine a
possibility of finding correlations between lidar returns
andf, F,. The found ratio of the number of cases of cor-
relation to the total number of sensing events, equal to
5—10%, approximately corresponds to observation
conditions.

It follows from 2008—2013 observations that the
increased light scattering from the upper atmosphere
can be observed both during magnetic disturbances
and under magnetically-quite conditions [2]. In most
cases, an increase in lidar returns was accompanied
by appearance of corpuscular E; at altitudes of 100—
150 km. This testifies the precipitation of soft elec-
trons (hundreds of eV—units of keV) in the air of
Kamchatka during lidar observations. A cause of
increased scattering in the upper atmosphere should
be sought in the increased ionization of the 150—
300-km region by precipitating electrons.

Starting from April, 2014, lidar observations were
conducted with the use of a YG-982E laser (wave-
length of 532 nm, pulse energy of 1.0—1.1 J). The
receiver signal, cut in two, came to two PMT tubes
through light filters with transmission bands at a half
maximum of 1 and 3 nm and equal transmission coef-
ficients 7> 65%, which allowed the estimation of the
signal spectral width.

Figure 3 shows results obtained on May 14, 2014.
That day, sporadic E; layers were observed at 11:15,
12:30, and 12:45 UT with critical frequencies of 2,
1.8, and 1.55 MHz, respectively. The type of all
observed E; layers in night conditions can be classi-
fied as corpuscular. Maxima on the lidar signal curve
(Fig. 3b) correspond to those time points, as well as
local increases in f, F,.

According to Fig. 3b, there is a good coincidence
between signals received by receivers with narrow and
wide light filters. This allows us to assume that lidar

ATMOSPHERIC AND OCEANIC OPTICS Vol. 28

No. 4

305

£,F,, MHz @)
8.0 F

751

6.5 : :
10:15 11:15 12:15

UuT

(b)

N-N,

200 |

100 -

0 |
10:15 11:15 12:15

UT

Fig. 3. (a) Critical frequency of the F, layer of the iono-
sphere f,F, and (b) lidar signals with different grades of fil-
tration summed over the 200—300 km region.

signals have frequencies in the spectrum of sensing
pulse, and the spectrum width does not exceed 1 nm.

The testing of the atomic oxygen radiation spec-
trum and its ions, which dominate at F, altitudes, has
shown that the nearest radiation lines of oxygen are
located near 533 nm, and the atomic oxygen fails to
affect noticeably the backscattering signal generation.

DISCUSSION

The second harmonics of an Nd:YAG laser has the
radiation band (532.08 + 0.07) nm. The search in data-
base [4] has shown that three lines of dipole transitions
of the atomic nitrogen ions from excited states with
basic quantum number # = 3 fall in this band.

In [5], observation results on resonance scattering

by N; ions within the 100—300 km altitude region are
given. At an altitude of 200 km, [N*] (N*ion concen-

tration) is approximately equal to [N;] , and at an alti-
tude of 300 km, [N*] exceeds [N;] by more than an
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Dipole transitions of excited atomic nitrogen ions in the Nd:YAG laser radiation band
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Component | Wavelength in air, nm Ay s Lower level Term J Upper level Term J
NII 532.0202 4.20e + 07 | 2s2p*(*P)3p | °P° 2 252p*(*P)3d ’p 1
NIII 532.0870 5.68¢+ 07 | 252p(CP%3p p 5/2 | 2s2pCCP%3d | 2F° 7/2
NII 532.0958 2.52¢ 4+ 07 | 252p%(*P)3p 5po 1 252p%(*P)3d Sp 2

Ay is the probability of spontaneous transition, 571; J is the total moment of state.

order of magnitude [6]. Parameters of the lidar system
[5] (mirror diameter of 100 cm, laser frequency of
20 Hz, summing over 5-km layers) differ little from
our lidar (corresponding parameters are 60 cm, 10 Hz,
50- and 100-km layers, respectively). The same order
of values of accumulated backscattering signals allows
us to think that the scattering by atomic nitrogen ions
within the 200—300 km range is quite possible.

The table shows frequencies of radiation lines of the
atomic nitrogen ions within the radiation band of the
Nd:YAG laser. The following standard designations are
used [4]: NII denotes the single-ionized ion N*, and
NIII, twice-ionized ion N*™,

Figure 4 shows the upper half (starting from the
spectrum half-height level) of the scheme of radiation
lines of an atomic nitrogen ion relative to the radiation
spectrum of the laser. The ion radiation bandwidth was
calculated taking into account the Doppler broaden-
ing of lines at a temperature of 800 K.

The first of these lines is at the edge of the band
(532.08 £ 0.07) nm, and two others fall in its center. All
three transitions can claim the role of resonance scat-
terers; however, the first one will be excited less effec-
tively than the third one, and the concentration of NIII
(line 2, N**) is significantly lower than of NII (N%).
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Fig. 4. Scheme of radiation lines of nitrogen ions relative to
YAG:Nd laser spectrum: 532.0202 (/), 532.087(2), and
532.0958 nm (3); YAG:Nd (4).
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The contribution of the third transition in the scattering
observed can be maximal.

At altitudes of 200—300 km, atomic oxygen prevails.
The O* concentration can be estimated as 10* cm™3
from the electron concentration of nighttime F, layer of
the ionosphere. Main source of a N ion is the reaction
of O* with a N(2D) atom, which is formed from dissoci-
ation of molecular nitrogen. Therefore, we can think
that the concentration of N* is proportional to that of
Ot at altitudes of 200—300 km. It makes about 1% of the
O™ concentration [6] and can be accepted equal to
102 cm™3. In this case, the cross-section of resonance
scattering at a wavelength of 532 nm is proportional to
the squared wavelength equal to 0.25 x 1072 m?. The
estimates, taking into account the lidar system parame-
ters, show that they correspond in order of magnitude to
the signal observed [7].

CONCLUSIONS

A hypothesis about the participation of highly
excited atoms and molecules in the generation of
lidar returns from ionosphere altitudes was discussed
in [1, 2]. No specific mechanisms of scattering by
these objects were proposed. Following the addition-
ally conducted studies, this hypothesis should be
changed and specified. The conclusion should be
drawn that the scattering of laser radiation with a
wavelength of 532 nm in the upper atmosphere can
be conditioned by the resonance scattering by excited
atomic nitrogen ions with the main quantum number
n = 3. The participation of highly excited atomic
nitrogen ions in this process can be considered only
under the condition that they will pass through the
state with n = 3, including states shown in the table,
during the cascade relaxation to the ground state.

This scattering takes place always, but it is weak
under standard conditions. The constant signal com-
ponent (about 100 photons per 15 min, see Fig. 1) can
be stipulated among others by cutoff pulses as well.
Signals accumulated forl5 min were not corrected for
aftereffects in order to conserve the reliability of the
initial data. The scattering increases by several orders
of magnitude during precipitation of soft electrons and
can be detected from correlations with plasma content
in the nighttime F, layer of the ionosphere.
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