Positioning, 2018, 9, 47-72
http://www.scirp.org/journal/pos
ISSN Online: 2150-8526

ISSN Print: 2150-850X

/
oo Resmurch
0.00 Publishing

Quantum Nature of Distortion and Delay of
Satellite Signals II

Gennady V. Golubkov!2, Michael I. Manzheliit, Lev V. Eppelbaum3*

'Semenov Institute of Chemical Physics of RAS, Moscow, Russia

*National Research Center “Kurchatov Institute”, Moscow, Russia

*Department of Earth Sciences, Tel Aviv University, Tel Aviv, Israel

Email: kolupanovo@gmail.com, mike.manzheliy@gmail.com, *levap@post.tau.ac.il

How to cite this paper: Golubkov, G.V.,
Manzhelii, M.I. and Eppelbaum, L.V. (2018)
Quantum Nature of Distortion and Delay
of Satellite Signals II. Positioning, 9, 47-72.
https://doi.org/10.4236/p0s.2018.93004

Received: July 18, 2018
Accepted: August 14, 2018
Published: August 17, 2018

Copyright © 2018 by authors and

Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

Abstract

A detailed analysis of the influence of Rydberg states to the behavior of GPS
satellite signals in the D and E atmospheric layers has been carried out. It is
demonstrated that these states are the main reason for the GPS signal distor-
tion. It is shown that the behavior of satellite signals is associated with the
spectral characteristics of the UHF radiation of the Rydberg states depending
on the geomagnetic conditions of ionosphere. The foundations of the quan-
tum theory of distortion and delay of GPS satellite signal propagation
through D and E atmospheric layers are analyzed and expounded. The
problem reduces to the resonant scattering of photons, moving in the elec-
tromagnetic field of the signal, to the Rydberg complexes populated in a
two-temperature non-equilibrium plasma. The processes of creation of addi-
tional photons because of stimulated emission and resonance scattering of
photons are considered. In the present work, the quantum theory of the
propagation of a satellite signal in the Earth’s upper atmosphere, firstly earlier
proposed by the same authors, is described in detail. The general problems of
the theory and possible theoretical and applied consequences are discussed. It
is explained that two main processes occurring here, are directly related to the
resonant quantum properties of the propagation medium. The first process
leads to a direct increase in the power of the received signal, and second—to a
shift in the signal carrier frequency Av and the time delay Az of its
propagation. The main reasons of the processes are scattering of the Rydberg
electron by the ion core and presence of the neutral medium molecule in the
intermediate autoionization states of the composite system populated by the
strong non-adiabatic coupling of electron and nuclear motions. The main
purposes of our investigation are the physical justification of the formation of
parameters Av and A7 using the quantum dynamics of the electron be-
havior in the intermediate state of the Rydberg complex A**M and the esti-
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mation of the quantities of Av and Az in the elementary act of elastic
(Rayleigh) photon scattering.
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1. Introduction

The GPS system is employed now as a highly important element of the global
information infrastructure [1]. Free and reliable access to this system led to the
development of hundreds of applications that affects majority aspects of the
modern infrastructure, environment, science, medicine, etc.

GPS technology is now used almost everywhere, from precise clocks and cell
phones, to bulldozers, sea vessels, military applications and bank computers. It
increases productivity in various sectors of the economy, including agriculture,
aviation, building, defense systems, all branches of the Earth’s sciences, sport
applications, postal service, etc. The use of the GPS system saves lives, prevents
traffic accidents, and promotes search and rescue operations, speeds up the deli-
very of emergency services and the elimination of the consequences of natural
disasters. This system is vital for the next generation of the automatic transpor-
tation [2], which should help to improve vehicle safety with increasing reliability
and capacity.

The GPS system is also of high importance for the majority of scientific, envi-
ronmental, technical and medical tasks: weather (climate) forecasting e.g. [3],
earthquake monitoring, searching economic minerals, environmental protection,
archaeological prospection, and safe driving [4]-[11]. The GPS system (space
sensor net) is also crucial for any national security.

However, GPS is not free from some disturbing effects. Spontaneous amplifi-
cation of the solar activity accompanied by significant increase of electromag-
netic radiation and ejection of high-energy particles leads to strong disturbances
in the upper atmosphere and ionosphere of Earth. A presence of such failures in
the frequency range of 1.2 - 1.6 GHz is the one of the most significant manifesta-
tions of such perturbations in the GPS data. The increase in the solar activity
leads to significant decrease in the signal/noise ratio and, as a result, to the par-
tial inability to decode the messages contained in the signal. Careful analysis of
literature sources does not give an understanding of this phenomenon. We pro-
pose that our theory presented in this study will elucidate the physical causes of
the disturbing effect.

It was shown in [12] that during the solar flares of different power there was a
certain sequence of decreasing carrier/noise ratio for the frequencies L, =
1.57542 GHz and L, = 1.22760 GHz (Figure 1(a)). During the solar flare of X-1
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level (22.15 UTC, December 14, 2006) the carrier/noise ratio for the frequency Z,
had become worse. At the same time, the carrier/noise ratio for the Z, frequency
remained unchanged (see Figure 1(a)). The flare of the X-3 level (02.40 UT,
December 13, 2006) led to a simultaneous deterioration of the carrier/noise ratio
for both frequencies (Figure 1(b)). The duration of the phenomena observed in
both cases was about 30 minutes. This behavior of signal/noise ratio in principle
cannot be explained by the impact of the broadband solar radio emission.

More powerful geomagnetic disturbances lead to complete disappearance of
the signal at the GPS receiver for a sufficiently long period of time [13]. For in-
stance, the data obtained at the Sao Luis Observatory (Brazil) on September
15-16, 2011 showed the loss of GPS signal occurred several times during the day.
The signal at the receiver sporadically disappeared five times for 5 - 30 minutes
each between 16.00 UTC September 15 to 01.00 UTC September 16, 2011.
Moreover, the horizontal positioning error during these days greatly exceeded
the value of 50 m.

The next phenomenon that deserves a comprehensive attention, is the in-

creasing power of the GPS receiver signal during periods of strong solar activity.
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Figure 1. (a) The solar flare of class X-1 in December 14, 2006 at 22.15 UT; (b) The solar flare of class X-3 in
December 13, 2006 at 02.40 UT.
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The time-dependence of the power of the GPS signal, and an integral number of
failures at the receiver during the geomagnetic disturbance on July 15, 2000 are
shown in Figure 2 (after [14]). The left vertical axis shows the intensity of the
GPS signal in relative units. At the right axis the total number of failures is dis-
played. The whole process was observed during three hours. There was an in-
crease of about three times in the intensity of the signal at the receiver S(#) with
respect to the satellite signal power. The integral number of failures grew with
increasing intensity of the received signal, although it is obvious that the increase
in the number of failures at high levels of carrier signal should not occur.

The authors [14] did not give an explanation for the growth of intensity. In-
deed, it is difficult to assume that the signal increases over time caused by the
presence of solar radio-wave radiation, since the GPS signal registered at the re-
ceiver is a correctly decoded signal from the satellite. The right-hand part of the
graph is intermittent what reflects the lack of satellite data identification.

Effect of the solar activity bursts on the stability of the satellite navigation sys-
tems is well established in the numerous studies. However, the physical mechan-
isms of this effect have not received a satisfactory explanation. It was earlier as-
sumed that the main contribution to the positioning error makes F-layer of the
ionosphere, which determines the total electron content (TEC) in the atmos-
phere. However, the effects of the solar flares and solar activity most clearly and
synchronously are manifested in the ionization of D and E ionospheric layers
[15]. Experimental studies [16] [17] [18] have shown that the positioning errors
are caused by the solar perturbation and arise due to changes in characteristics
of the signals while passing through the lower part of D and E ionosphere layers.
This fact is clearly demonstrated in Figure 3 where data from [16] were used.

Figure 3 displays the dependence of the average signal/noise ratio on the time
of rocket flight, launched from Sweden to the ballistic orbit with a maximum of
700 km. Based on the above experimental data, the following analysis is pre-
sented below. Despite the fact that the frequency spectrum of the solar radiation
is uniform in the range from 2 to 18 GHz [19], selective sequence of the sig-
nal/noise ratio reduction is observed for the frequencies Z, and Z, [20] under
conditions of increased solar activity. Also let us note that in this paper is pre-
sented a similar, uniform by frequency, time relationship between the radiation

power (in the range of 1.2 - 1.6 GHz) and the high solar activity. This means that
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Figure 2. Dependence of the intensity S(7) of the GPS signal registered at the receiver and
the number of failures D(#) per unit time (after [14]).
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Figure 3. Dependence of the signal/noise ratio on time during rocket flight.

solar radiation cannot be responsible for this effect directly and the physical
cause of the phenomenon lies elsewhere.

Furthermore, in Afraimovich’s experiments [14], an increase of failures is ob-
served with increasing intensity of the received signal, i.e the received signal
differs from the original one that cannot occur from the incoherent radiation of
the Sun. Such a behavior of the signal can be explained by the fact that it is a
subject of the resonance effects of the propagation medium, the nature of which
is currently under intensive study [21]-[26].

Therefore, we have two obvious contradictions, which at first view are in-
compatible with each other. The first phenomenon is due to the incoherent light
exposure, and the second phenomenon is caused by the coherent and resonant
light influence. There is an essential theoretical problem to combine together
these two phenomena. On the other hand, according to measurements [16] [17],
the most powerful GPS signal distortion occurs in the lower part of the D and E
ionospheric layers (below 110 km above the Earth’s surface), the physical essence
of which is discussed in detail below.

Thus, the results of investigations indicate that the solar activity disturbances
are an important factor affecting the quality of GPS signal. Positioning errors in
such periods can reach hundreds of meters at the Earth’s surface that is high sig-
nificant practically in all GPS applications. At the same time, the results of stu-
dies show that positioning errors for the infrastructure objects do not exceed
several meters even in the conditions of geomagnetic disturbances [27]. The es-
timates of positioning errors in the geometric optics approximation, taking into
account refraction on ionospheric inhomogeneities in the F domain of the io-
nosphere, also do not exceed several meters at the earth’s surface [28]. Direct
measurements using ballistic missiles [16] and the radio-occultation method [17]
have shown that the atmospheric layer, where the signal mainly degrades, is lo-
cated at the altitudes of 80 - 110 km above the Earth’s surface, Ze in the D and E
layers of the atmosphere. When the satellite signal passes through these layers,
multiple resonance scattering of photons occurs on the orbitally degenerate
Rydberg complexes A**M, whose states are split by interaction with the neutral

medium; between two last subjects occur the radiation transitions [26].

DOI: 10.4236/p0s.2018.93004

51 Positioning


https://doi.org/10.4236/pos.2018.93004

G. V. Golubkov et al.

This paper essentially extends the materials firstly published by the same au-
thors [29], where was shown that the processes occurring in the atmosphere are
directly related to the resonant quantum properties of the satellite GPS signal
propagation through Earth’s atmosphere. We considered the processes of for-
mation of additional photons as result of stimulated emission and resonance
scattering of photons. The first process leads to an increase of the power of the
received signal, and second provides a shift in the signal carrier frequency Av
and the time delay Ar of its propagation. This is due to the scattering of the
Rydberg electron moving in the Rydberg complex A**M on the ionic molecular
core and the neutral molecule of the medium M in the intermediate autoioniza-
tion states owing to the compound system populating by a strong nonadiabatic
coupling of electron and nuclear motions. As a result, shift of the carrier fre-
quency and time delay during GPS signal propagation through atmosphere are
occurred.

The physical justification of formation of the shift Av and delay time At
of the satellite signal by the quantum dynamics of the electron behavior in the
intermediate state of the Rydberg complex A**M and the estimation of these
quantities in the elementary act of elastic (Rayleigh) photon scattering are the
main purposes of our investigation. A detailed description of the manifestation
of the resonant quantum properties of the propagation medium of satellite GPS
signals are presented in the first five sections of this paper. The influence of
Rydberg states on these signals in the D and E layers of the atmosphere is ana-
lyzed. It is shown that the behavior of the signals is related to the spectral cha-
racteristics of the microwave radiation of Rydberg complex A**M which depend
on the geomagnetic state of the ionosphere. The basics of quantum theory of
distortion and delay of the GPS signal are disputed in detailed in ‘Discussion’. It
is established that the delay time is completely determined by the dynamics of
the intermediate autoionization states of the Rydberg molecules due to their in-
teraction with the surrounding medium. Finally, the stages of the further con-

struction of the general theory are formulated and discussed.

2. Present State of the Theory and Experiments

It is known that the signal propagation delay is observed when the satellite sig-
nals propagate through the ionosphere containing free electrons and positively
charged ions [30]. The presence of electrons is confirmed by measurements car-
ried out by ionosondes (high-frequency radars) located at the Earth. The signal
received by the radar is a probing signal that has passed twice through the io-
nosphere and is reflected from the ionosphere F2 layer. The time delay of the
signal passing through the ionosphere leads to serious limitations in the accura-
cy of measurement of the distance between the satellite and receiver (last is lo-
cated at the Earth’s surface). The accuracy of measuring the distance calculated
by the propagation time of a signal depends on the density of free electrons in

the Earth’s ionosphere along the path of signal propagation. The magnitude of
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the signal propagation delay is usually described by the simple formula proposed
in [31]

re 202 [Nar, (1)

T 3x10°y

where v is the frequency of the radio waves emitted by the satellite in Hz,
I Nd! is the total electron content (TEC) in the signal propagation path, along
the column cross-section for one m?.

According to the measurements performed by the ionosondes, the main role
in the TEC forming has the ionosphere layer F2. The greatest contribution
comes from the region located near the maximum of the distribution function of
the electron density which is detected by the high-frequency pulse radars. Since
such measurements are carried out, starting from 1930, there a rich statistical
material has been accumulated. It allows using regular measurements in order to
create a set of different statistics, and reconstruct on their basis a distribution of
the average electron density in the F2 layer for seasonal time of day, geographic
location, etc. The basis conception presented in [31] is the assumption that the
Earth’s ionosphere is a dispersive plasma medium. This representation is, strictly
speaking, valid only for a homogeneous medium [32]. Klobuchar [31] metho-
dology is used worldwide for the monitoring of ionosphere scintillation effects
and is widely known as a “Klobuchar Model”.

In essence, this is the simplest model of the ionosphere plasma, where the
dispersion of medium is associated with the electron density variation at a fixed
frequency. The difference between the results of the model calculations [32] and
experiment gives an error of the time delay (see Equation (1)) up to 50%. The
measurement delay time error at the same frequency, e.g. L, can exceed 100 ns
with respect to the TEC value. Note, that along with the model, there are many
other models of the ionosphere based on statistical measurements, which differ
from each other by the degree of complexity. However, their use does not allow
completely reduce the measurement error of At . In fact, the best correction of
ionosphere effects can be achieved here only by independent measurements
strictly aligned with the direction of the GPS signal propagation from each GPS
satellite to the receiver located at the ground surface. Thus, an analysis of results
should be carried out without the statistical averages. This is especially concerns
the velocity of variation of the group delay Ar.

At present, the physical interpretation of the relationship between the solar
events and the disruption of the functioning of satellite navigation systems is
inadequate and needs in additional examination. However, analysis of literature
indicates that the main efforts of engineers and researchers are concentrated on-
ly for the improvement of the transmitting and receiving equipment of naviga-
tion systems without attempts to study the natural phenomena occurring in the
Earth’s atmosphere. We believe that the most problem is to find out which
physical and chemical processes affect the propagation of radio waves in atmos-

phere at this frequency range [26].

DOI: 10.4236/p0s.2018.93004

53 Positioning


https://doi.org/10.4236/pos.2018.93004

G. V. Golubkov et al.

An analysis of existing experimental data shows that the main contribution to
positioning errors is formed on the sections of radio paths passing through the
lower ionosphere. The validity of this conclusion is confirmed by numerous stu-
dies and, in particular [16] [17] [18], where was shown that in the daytime posi-
tioning errors are created mainly at the altitudes less than 110 km. The influence
of the lower ionosphere on the reception quality of GPS satellites is convincingly
demonstrated in Figure 3. The dependence depicted in this figure corresponds
to results obtained at satellite which during the entire flight proved to be practi-
cally in an upright position. In addition, in Afraimovich’s experiment [14] an
increase in the number of failures occurs with increase of the intensity of the re-
ceived signal, i.e. the received signal differs from the original one, which cannot
be due to incoherent radiation of the Sun. This behavior of the signal can be ex-
plained by the fact that it is subject of the resonance effect of the propagation
medium, the nature of which has been intensively studied during recent years
and is associated with the cascade of rescattering of electromagnetic waves on
the states of Rydberg complexes A**M in the atmospheric D and E layers. This
behavior of the signal can be explained by the effect of the propagation reson-
ance medium, the nature of which has been intensively studied in recent years
and is associated with the cascade of rescattering of electromagnetic waves on
the states of Rydberg complexes A**M in the lower atmosphere [26].

It was established in [33] that superfine UHF radiation is formed as a result of
solar flares in the atmosphere. Intensity of this radiation in hundreds of times
exceeds the typical levels of the microwave solar bursts. An analysis of the vari-
ous possibilities for the generation of detected radiation indicates that the great-
est contribution to the resulting spectrum pattern is done by transitions between
the Rydberg states of the neutral components of a nonequilibrium two-temperature
plasma excited by a stream of sunlight or a stream of electrons ejected from the
ionosphere in collision with electrons. The layer of the atmosphere where such
transitions predominantly occurs is located at a height of 80 - 110 km above the
Earth’s surface. During the satellite signal propagation through this layer, the
multiple resonance scattering of photons occurs on the orbitally degenerate
Rydberg complexes A**M whose states are split due to the interaction with a

neutral medium and between which the radiative transitions occur [19].

3. Rydberg Molecules in Neutral Medium

The Rydberg states are such highly excited states of atoms and molecules that are
located near the ionization boundary and are characterized by presence of an in-
finite sequence of energy levels converging to the ionization threshold. Rydberg
atoms and molecules have one excited weakly bound electron whose state is
characterized by a level energy with a given principal quantum number n and
angular momentum /of the electron with respect to the ion core. The energies of
levels with large angular momenta / do not depend on the orbitally degenerate

states. Thus, these states are statistically the most stable since electrons spend
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most of its time at large distances from the ion core.

The process leading to formation of the degenerate states with large angular
momenta of the electron is called / mixing. In the upper atmosphere, it flows
quickly and is irreversible. As a result, the quantum differences between the ex-
cited atoms and molecules disappear, and the radiation spectrum does not de-
pend on their chemical composition [21]. The mixing process takes place in a
sufficiently dense neutral gas medium with a density greater than 10> cm™
which corresponds to the heights 4 = 110 km. The criterion of its efficiency re-
lated directly to the density of the medium is the condition that at least one neu-
tral molecule of oxygen or nitrogen exists in the volume of the electron cloud of
the Rydberg molecule A** (with radius 2n°a,, where a, is the Bohr radius).
The interaction between them leads to formation of the quasi-molecules A**M,
the potential energy surfaces (PES) of which are classified according to the an-
gular momentum Z of the weakly bound electron with respect to the neutral M
molecule. The shape of such a potential surface is determined by the characteris-

tics of the elastic scattering of a slow electron on this molecule [34].

4. Nonequilibrium Two-Temperature Plasma

Ejection of ionosphere electrons passing through the E and D layers of the upper
atmosphere occurs after intense flares on the Sun during periods of subsequent
strong geomagnetic disturbances. Under these conditions the nonequilibrium
two-temperature recombination plasma is formed where distribution of the
Rydberg particles of the medium over the energy states occurs for the time of
order of 107" s [21]. A spontaneous emission occurs much earlier than thermo-
dynamic equilibrium is established. Since the concentration of free electrons n,
is small in comparison with the concentration of atmospheric particles p,,
there is no noticeable change in temperature of the medium [34]; so, an influ-
ence of temperature deviations to atmospheric particles at the heights of 80 - 120
km is small [35].

This is due to the fact that the high translational temperature of particles
coming from the ionospheric F layer under entering a denser medium expended
on the vibrational and rotational excitation of the atmospheric molecules [36].
Further relaxation of excitation is due to the processes of resonance transfer of
internal energy, the transfer of which occurs due to subsequent collisions. As a
result, separation of the electron temperature 7, from the medium temperature
T, occurs in the D and E layers, and a two-temperature recombination plasma
with a temperature 7, << 7, is established that agrees well with the direct mea-
surements [37].

The neutral medium concentration for E and D atmosphere layers changes in
the interval of 10" < p, <10'° cm™. The concentration of highly excited par-
ticles formed here is determined by the temperature 7, concentration 7,, and
magnitude of the flux of free electrons, and also depends on the density of the

medium. The states with the main quantum numbers at the range n~20 - 70
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are the most populated in the two-temperature recombination plasma. The con-
centration and temperature of the electrons here strongly depend on the levels of
the magnetic storms (disturbances) within the limits of 10° <n, <10° cm™ and
10° <7, <3.5x10° K, respectively [15]. An increase of the density in the lower
part of the D layer should lead to an increase in the rate of the processes of shock
and radiative quenching of the Rydberg states. Therefore, for p, >10"° cm™,
their concentration will decrease sharply. The corresponding partial populations
of the degenerate states of the Rydberg quasi-molecules are shown in Figure 4.
They were calculated in [23] for the density of the medium and temperature
corresponding to the heights at the lower part of the E layer and the upper part
of the D layer. The curves depicted in Figure 4(a) correspond to the daytime
when the concentration #, and temperature of free electrons 7, under the in-
fluence of the Sun reaches n,=10° cm™ and 7, =2000 K . The population at
the night time at n, =10* cm™ and 7, =1000 K are presented in Figure 4(b).
It can be seen from Figure 4(a) & Figure 4(b) that at night the level-by-level
concentration of the Rydberg particles is less than in the daytime at least by
three orders of magnitude.

5. Incoherent High Frequency Radiation

Preliminary calculations [23] have shown that the distribution of ultrahigh fre-
quency (UHF) radiation lines dependent on n and correspondingly on the values
of L=0-3 for each molecule. They contain four series of L — L’ transition
lines which with increase of the L' converge to the transition of L —n limit.
The shift of the frequency limits relative to each other for nitrogen and oxygen
molecules leads to significant inhomogeneity of the resulting radiation spectrum.
The intensity of the incoherent UHF radiation is visibly reduced due to the dif-
ference between the scattering characteristics of the slow electrons for oxygen
and nitrogen molecules (scattering lengths, quadrupole moments, and static po-
larizabilities) in three spectral frequency ranges belonging to the 1 - 100 GHz.
The first one includes the frequency range of 1.17 - 1.71 GHz, the second—4.31 -
6.09 GHz, and the third—7.27 - 57.1 GHz.

The dependences of the intensity of incoherent UHF radiation of the excited
medium in the range of 0.8 - 1.8 GHz for the noiseless and perturbed ionosphere
are given in Figure 5(a) & Figure 5(b) [15]. It can be seen that profile of the
UHEF radiation is a nonmonotonic function of the frequency v and increases
sharply near the right limit of the range. The relative intensities W increase by
about four orders of magnitude with increase of the electron concentration n,
by two orders of magnitude. It is directly related to the effect of consistent re-
duction in the signal/noise ratio for the frequencies L, and L, of GPS signals
during the solar flare power increase, since the position of the first range (1.17 -
1.71 GHz) of the radiation intensity attenuation and the “transparency window”
of the satellite signal propagation are practically coincided [23].

Note, that for sufficiently large values (7 >40) in the cross sections of the /
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Figure 4. Dependencies of the populations of highly excited states of A**N, and A**O,
quasi-molecules on the principal quantum number 1 calculated at various electron tem-

peratures 7, and concentrations n, and medium density p, =10” cm™. Case (a)

n,=10°cm™ corresponds to daily time; case (b) n, =10* em™ corresponds to night.

mixing processes for the Rydberg molecules N, and O;, a strong nonadia-
batic coupling with rotation must be manifested [25] [26] [38]. This leads to
formation of sharp dips at certain values n_, depending on the partial and to-
tal cross sections of n. The forms of dips are determined by the quantum proper-

ties of the colliding particles and their relative velocity.
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Figure 5. Dependences of the radiation intensities of highly excited quasi-molecules A**N
and A**O on the frequency in the range 0.8 - 1.8 GHz for various values of the density of the

medium p, and the electron temperature 7, for the electron concentrations equal
n,=10" em™ (Figure 5(a)) and n, =10’ cm™ (Figure 5(b)), respectively. In Figure 5(a)
curve (1) corresponds to the electron temperature 7, =1000 K and the concentration of the
medium p, =107 -10" ecm™ ; curve (2) T, =1000K and p, =10" cm™; curve (3)
T,=2000K and p,=10"-10"cm™ . In Figure 5(b): curve (1) 7,=2000K and
p, =107 -10" cm™; curve (2) T, =2000K and p, =10" cm™; curve (3) T, =3000K
and p, =10"-10" cm™;curve (4) 7, =3000K and p, =10" cm™.
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Under the aforementioned conditions, rotational dips should arise at low
electron T, temperatures. For example, at 7, <1000 K , the position of the first
minimum of the cross section is reached in the vicinity of the point n_, =44
(whose half-width is An == 2) [25]. With an increase of the electron tempera-
ture AT, >200K, the mean value

n

‘min

" anT)

decreases enough rapidly and the cross-section reaches the plateau. The picture
is strongly different in the case of /mixing the oxygen molecule due to a strong
shift n toward smaller numbers n where collisional dips are absent. This is due
to the fact that the harpoon mechanism makes a significant contribution to the /
mixing for O, +0, u N} +0O, processes through the formation of interme-
diate resonant ion configurations (O;, N; ) +0;.

This is an illustrative example when the individual spectroscopic properties of
quasi-molecules composed the Rydberg molecules of nitrogen N, and oxygen
O, in a neutral medium determine the observed features of the influence of so-
lar activity on the failures of the GPS system. The selectivity of the effect at the
frequencies L, and Z, is due to the nonmonotonic character of the UHF spec-
trum which depends on the level of solar activity [24] [25] [26]. In the men-
tioned publications, the basement of the theory was developed and the “Rydberg”
program was created. These developments were used for calculation of the fre-
quency profiles of the power of the UHF radiation flux in the range of 0.8 - 10

GHz, which are essentially nonmonotonic ones.

6. Long-Wave Infrared Radiation

The incoherent UHF radiation of the Rydberg states during periods of geomag-
netic disturbances is accompanied by intense long-wavelength infrared (IR) rad-
iation (with a wavelength exceeding 15 pm) [39]. Analysis of the spectrum of
this radiation allows reconstructing the parameters of a two-temperature plasma
(electron concentration and temperature) for solving the inverse problem. This
will enable, in turn, to connect the characteristic delay times of satellite signals at
different carrier frequencies with the intensity of the power flux intensity of the
incoherent UHF radiation [/, relying on the unique properties of the frequen-
cy profile of the radiation near two points: 1.4 GHz and 5 GHz. These parame-
ters were firstly calculated with the employment of the “Rydberg” software in [15]
[24] [25] and presented in Figure 6 and Figure 7.

The frequency behavior presented in Figure 6 is called as a “waist point”. The
position of this point on the frequency axis does not depend on the temperature
T, of the electrons, while the value of the power flux of radiation /,, along the
vertical axis increases quadratically with the increasing electron concentration
n,.
Note that such unique properties of the radiation of the upper atmosphere

were independently detected in studies for the remote passive location of the
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Figure 6. The dependence of the power flux of radiation /,, on the frequency v for two
electron concentration values: (1) 7, =10* cm™ (red lines) and (2) n, =1.2x10* cm™
(blue lines) and different electron temperatures 7,: ¥ -7 =1000K,0-T, =1200K , =
-T =1500K,e -7, =2000K .
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Figure 7. The dependence of the power flux of radiation /[, on the frequency v for the

electron concentration 7, =10* cm™ and different temperatures 7,

Earth’s surface [40].

7. Discussion

7.1. Quantum Approach for Description of Satellite
Signal Propagation

The quantum theory of radiation, propagation and absorption of light originated

in the beginning of the 20" century and described in detail in various courses of
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general and theoretical physics (see, for example, [41]). In our problem, we will
talk about the features of the passage of photons radiated by satellites through a
resonance quantum medium in the D and £ layers of the upper atmosphere of
the Earth. Suppose that the transmitter signal is a certain group N, of photons
is radiated at time 7, in a certain order. The energy of a photon (here, and in
the future, we will use the atomic system of units i=e=m, =1) is defined as
E,=2nv,, where v, is the carrier frequency of the transmitter which is as-
sumed to be given. The total energy of the group will be E(N,)=2aN,v,,
where N, > 1. For simplicity, we write the initial radiation power of the group
(without taking into account the details of the emission of photons) as
P(v,)=2nNyV,/t, . Then the power of the radio emission flux has the form
2nN,v,

I(vy)= — ()

where Sis the flux area.

During a satellite signal propagates through the D and E layers of the atmos-
phere occurs scattering of photons moving in its electromagnetic field on the
states of orbitally degenerate Rydberg complexes A**, which are split due to in-
elastic interaction with the neutral medium [15] [23] [24] [25] [26]. The symbol
A** denotes the highly excited states of atmospheric molecules N,, O,, NO, and
M, and includes the quadrupole diatomic molecules of nitrogen and oxygen. The
total wave function of these states is superposition over the angular moments /of
an isolated electron (for /< 3) and is characterized by the electron angular mo-
mentum L with respect to the M molecule. The values of the level shifts A, of
a complex split off from the degenerate Coulomb levels by the interaction of the
Rydberg molecule A** with the neutral medium molecules M depend on their
main parameters (electron scattering length a, polarizability B, and quadrupole
moment Q) and appreciably (by an amount of order %, where n is the principal
quantum number) exceed the shifts A, of isolated Rydberg levels (for /<3),

Le.

A~

T A 3)
n

Under these conditions, an influence of the neutral medium reduces to an ir-
reversible / mixing process A”(n,/<3)+M —> A" (n,/>3)+M with forma-
tion of the long-lived orbitally degenerate A**M complexes which are populated,
as was noted above, in a two-temperature plasma at the heights of 60 - 110 km
above the Earth. At the lower boundary of this domain the process of effective
quenching of the Rydberg complexes occurs [15] [23]. The upper boundary of
this domain corresponds to the restriction on the density of the medium for the
realization of / mixing process [15]. The characteristic frequency of transitions
v, =A,/2n in the complex A**M (occurring without changing of the principal
quantum number n) in this region is of the order of 1 GHz (or 107 eV).

The strength of the satellite signal field is determined by its power and, ac-

cording to Equation (2), is proportional to the number of photons N, . Since
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the wavelengths of the satellite GPS signal belong to the decimeter range and are
much larger than the complex size, all the transitions can be considered in the
dipole approximation and represent the electromagnetic interaction operator w
in the form of V=—1D, where f is the quantity of the field strength operator
determined by the source power, and D is the dipole moment operator of the
complex A**M [30].

Since a satellite signal during the propagation through the D and E layers is
scattered on the orbitally degenerate states of the Rydberg complexes A**M re-
solved by interaction with the neutral medium molecules [15] [22] [23], we as-
sociate the processes occurring here with their vibronic potential energy surfaces
(PES).

7.2. Types of Transition in Interaction of Photon
with the Rydberg Complex

The description of the orbitally degenerate states of Rydberg complexes A**M
requires, at the first stage, the introduction of diabatic vibronic potential energy
surfaces (PES) U, , (R,&y,u), where the vector R is the distance between the
diatomic molecules A** and M, u is their relative velocity, and the vector &,
specifies the orientation of the molecule M in the coordinate system associated
with the molecule A**. Under vibronic we mean the electron-vibrational states
of the Rydberg complex with the principal quantum number 7, (depending on
the vibrational quantum number v of the molecular ion A*) and the moment of
the weakly bound electron L relative to the molecule M. A regular method for
constructing such PES is described in [34], and the wave functions should be
constructed by analogy with the approach developed in [42].

The rotation of the molecule A** can be considered by classical way; we as-
sume the direction of its axis to be fixed averaging over the orientations at the
last stage of the calculation [43]. In addition, we should average here over the
velocities u, confining ourselves to the Maxwellian distribution, since the main
contribution is made by the domain of relative energy that is less or equal to the
temperature 7, of the neutral medium. Since the radiation processes in the
problem formulation are assumed as quasistatic ones, the frequency of radiation

(or absorption) transitions is determined by the relation

Vv (LiHLf):i

U s (Réot)=U, , (R.E, ,u)‘. (4)

Therefore, all subsequent averaging over orientations and relative velocities
should be performed for a given transition frequency v.

To understand the physics of the phenomenon, it suffices to confine ourselves
to three types of transitions. First type concerns to the intrinsic spontaneous ul-
trahigh frequency (UHF) radiation of a neutral quantum medium, which is in-
coherent and propagates in an arbitrary direction. The dissociation of the Ryd-
berg complexes A**M does not take into account in this case since the distribu-

tion of populations of the Rydberg complexes with respect to binding energy
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E, in a non-equilibrium plasma is assumed to be stationary and is maintained
by a constant flux of free electrons. The distribution of the populations of levels
located above some binding energy E, is practically equilibrium with an elec-
tron temperature close to the temperature of free electrons 7, [23]. At the high
binding energies E, ~ E, equilibrium, distribution is strongly perturbed over
the AE < E, energy interval. This interval is called as a “sink neck” or a “nar-
row recombination flux place” [44]. Above the sink neck, where E <E,, the
collision transitions between the bound states and continuum is predominated.
Below the neck, the radiative transitions predominate, that result in the equili-
brium population of the low-lying states with a 7, temperature of medium
molecules. However, as was indicated above, the electron temperature 7, here
is much higher than the temperature of the ions 7, and the neutral medium

i

T,; T, and T, practically coincide in the D and E layers.

Second type is a direct transition N, = N, +1 to the underlying state of the
complex and corresponds to stimulated emission at the carrier frequency v,
[45]. It preserves the polarization of the photons of the satellite signal and can be
considered without taking into account a predissociation. Spontaneous emission
of photon by a neutral resonance medium propagates in an arbitrary direction,
while the stimulated emission retains the direction of the initial radiation inci-
dent at the Rydberg complex. Since the polarization of the stimulated emission
coincides with the polarization of the satellite GPS signal, this leads to the crea-
tion of additional photons and the experimentally observed increase in the pow-
er of the received GPS signal. This leads to creation of additional photons and
the experimentally observed power of the received GPS signal is increased. This
effect was first discovered in Afraimovich’s [13] unique experience, which was
held at the Cornell University (USA) and has not been explained to the present.
Direct measurements have shown that the power of the obtained receiver’s radi-
ation at the frequency v, increases about three-fold compared to the transmit-
ter power at satellite and is accompanied by signal failures at the receiver (see
Figure 2).

Third type of transitions corresponds to the resonance scattering of photon on
the complex A**M which proceeds through three successive stages. The first one
takes place during times of 107"°-10""s and corresponds to the stimulated
absorption of photon with L — L transition (for An=0) into the interme-
diate overlying n,,L,, vibronic state of the complex.

These times (depending on the magnitude of 1) correspond to the duration of
the photon passage through the electron cloud of the Rydberg complex. The next
stage is related to the quantum dynamics of the A**M complex itself, where
along with the discrete states, the energy spectrum of the composite system in-
cludes the virtual autoionization states of the A** molecule [46]. This is realized
when the relative energy of the diatomic molecules A** and M in the complex
E, >T, is greater than the binding energy of the electron, ie. by condition
ny 2 1/ \/i >30. The characteristic values of 7, , populated in a non-equilibrium
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plasma, occur at the altitudes of 80-110 km above the Earth, in the interval of 20
- 70 [23].

The process of the resonant scattering of photon completes at the same time
of order of 107°-10"s by the forced transition to the final state
N,—1— N, . Note that the resonance scattering of photons on the orbitally de-
generated Rydberg complexes includes, as shown in Figure 8, a lot of interme-
diate states, and therefore it fundamentally differs from the traditional scheme
which not contains a time delay [41]. We also note that in the problem of the
resonance scattering of Rydberg electron, the presence of predissocational
channels should be taken into account when considering independently the dis-
sociation of complexes for various fragments of a neutral medium [15] [23].
Thus, the theory of propagation and distortion of satellite signals should include
simultaneously the contributions of all three aforementioned types of the radia-
tion processes. Besides this, here the improved Kalman filtering with time delay
between the useful signal and noise and wideband noise effect [7] could be ap-

plied.

7.3. Theory of Resonance Scattering of Photon by Rydberg Complex

Let us discuss the development of a general scheme of the formal theory of re-
sonance scattering of photon. The dipole matrix element of the transition from

the initial n,L state to the intermediate overlying n,L  state of the Rydberg

int

n,=10"em® n,=10°cm® n,= 10°cm®
T=3500K T.=2000 K T.= 2000 K
8.0 - |
754 o |
7.0 - I\
654  Ouw,
o

Radiation frequency, GHz

00+t T T rFrrrrr-r
17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

Principal quantum number, n

Figure 8. Dependence of absorption (emission) lines of Rydberg complexes A**N, and
A**Q, on the principal quantum number n. The bold lines denote the boundaries of the
ranges of attenuation of the intensity of absorption (radiation).
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complex A**M describing the first act of the photon absorption has the form
D, (L Ly )= (¥, (5ERE)|r| ¥, . (6REu)). (5)

Here ¥, , is the total wave function of the initial vibronic complex state (for
the fixed values of vectors R and &), ¥, ,  is the total wave function of the
intermediate autoionization complex state which describes the dynamics of the
behavior of the Rydberg electron moving in the two-center force field of the

quantum system “Rydberg molecule A ** + neutral molecule of the medium M”.

7.3.1. Vibronic Wave Function of the Initial State of a Complex
The vibronic wave functions ¥, , of two-center system satisfy to the exact re-

lation for the level shift operator T in the formal theory of scattering [42]
| @, )=V, |¥.)- (6)

Here V_ s the operator of e —M interaction, @, , is the basis wave

vL
function of a non-interacting system in the Z-representation normalized to unity

[43]. The operator T satisfies to the integral Lippman-Schwinger equation

1=V_ Gy (E)7, (7)

where the Green’s operator G ,.,, of the Rydberg molecule is determined as
usually in accordance with [43]. It follows from the integral Equation (7) that the
wave functions of the Rydberg complex A**M can be represented in the form

¥, )=V 1@, ) =G wyt|®, ) (8)

and it is expressed in the terms of the corresponding matrix elements of the D

level of the shift operator 7.

7.3.2. Wave Function of the Intermediate Autoionization State
The total vibronic wave function ¥, , (u) of the intermediate autoionization
state of the system “A** + M” depends on the relative velocity u of these mole-

cules and by analogy with Equation (6) is also defined as
¥ () = V21| P (1)) = G (E) e[ @1, (1) ©)
Here FE = —Lz+ E, is the total energy of the system counting from the mo-

MZ
Cu,M

lecular ion A" ground state, E, is the kinetic energy equal to E, =

is the reduced mass of the particles A** and M. The difference between Equa-
tions ((9) and (7)) is that the operator Ve,M (u) describes the e  — M interac-
tion of the electron with the molecule A4, which moves with a given velocity zin
the coordinate system is associated with Rydberg molecule A**. In this case, the
wave function W, , () is written in the L-representation and normalized by
the 0 -function of the energy Q of relative motion. In determining the operator
A\ (u) it suffices to regard the Rydberg electron as free one and to neglect the
dependence from u. Such a representation is valid if the wavelength A of elec-

tron changes is smaller on dimensions of the effective domain « of interaction
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with the neutral particle A4, i.e. under condition [34]

dA
a—<A or
dr (peR)

> <1 (10)
(p, isthe classical electron momentum in a Coulomb field).
The main role in Equation (9) plays the Green’s operator G .., (£) which
by definition is a convolution [35]

1

21’

sin[ k(R-R’)]
R-R]

Here G . isthe Green’s operator of the isolated Rydberg molecule A**, the

G,y (RR,E)= kdk. (11)

Iokmax GA** (E - Ek )

quantities E, and k, are respectively equalto E, =k> /2M c>s

f 1
by = 412M, (E-’-E] In the case of positive energy E >E,, the operator

G ,.. in Equation (11) describes the motion of electron in the continuous spec-
trum. This region of the momentum variation k& of the colliding particles in-
cludes virtual transitions to the ionization continuum and transitions between

its states. This operator satisfies to the reduced Dyson equation [43]
G ,.(E)=G'Y(E)+G(E)T9(E)GI(E), (12)

where G') is the Coulomb Green operator, and T'“) s the collision matrix
of an electron with the Rydberg molecule A**.

The poles of the Coulomb Green function here are strictly compensated and
the eigenvalue spectrum is determined by the T -matrix poles, which satisfies

to the system of integral equations [42]

T = t+¢3|g)(q|cot[ nv, ()] T
4 .

t=V__ +V_ Gt
e A4 e 4

(13)

The t operator in Equation (13) is the matrix of reactions which describes
the electrostatic interaction of electron with ion core A'". The wave functions
|g)=|imv) are the Coulomb basis functions, /and m are the angular momen-
tum of the electron and its projection on the axis of the molecule A**. The func-
tion v, (g) is defined as v, (5):(—25)71/2. In going over to the continuous
spectrum, the function cot[nv(s)J =—i.

Since for a given m the states with different /are mixed, the total normalized
wave function of the orbital degenerate state of the molecule A** is defined as
the superposition

n—1
'//55;72 (r’R) = 2 Anlm (R)CDE'[;{ (r’R)’ (14)

=

where [ >3, and the coefficients 4

nlm

are equal to
oY) (R,R
Ay (R) = %
$ ol (R.7)

="
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In this case, the partial wave functions @2 are normalized to unity for each
value of R Thus, in Eq. (12) the resonance terms appear in the scattering of
electron by the molecule A** and a finite lifetime of the electron in the ioniza-
tion continuum arises respectively.As a result, the wave function ¥, , (u) of
the intermediate autoionizing state of the complex A**M is expressed in terms of
the characteristics of the resonance scattering of electron by the molecule A **.
Therefore, this is the reason for the photon delay in the intermediate state of the

A**M complex due to interaction with the neutral medium.

7.4. Propagation and Distortion of a Radio-Signal

For a qualitative explanation of the features of GPS signal distortion during the
propagation through the 80 - 110 km layer, it suffices to confine ourselves to the
case of the resonance (Rayleigh) elastic scattering (when the quantum state of
the Rydberg complex A**M does not change) and to analyze the resonant struc-
ture of the transition oscillator strength £, (L—L'). The problem of the ra-
diative transition to the ionization continuum of the Rydberg molecule (bound-free
transitions) was considered in [47] [48], where the total wave functions of the
molecule are expressed in terms of the collision T- matrix elements describing
the slow electron scattering on the ion core in the Coulomb potential and the
force field of the M molecule [43]. As a result, the dipole matrix element
nyL — nyL' transition becomes superposition of the direct and two-stage (re-
sonant) processes, and the strength of the transition oscillator acquires a typical
form of the contour Fano. For predissociation states (lying in ionization conti-
nuum) such a situation arises with the participation of discrete vibronic levels of
the vibrational excited states of the A+ ion (located near the corresponding le-
vels of the series (v=0), when the connection between the Rydberg configura-
tion and the dissociative continuum increases substantially due to the decrease
of the / parameter and principal quantum number n,, since the total wave
function includes the superposition of all possible vibronic states with a given
energy. As a result, the strength of the transition oscillator can be represented in
the form [48]

4

(4 +3,,)

(1:52) | (15)

E, (Lo L)=FY(L>1)

where Fn(\?) is the strength of the direct transition oscillator, ¢, is the profile

index, 0, =4nAv/T, is the shift of the carrier frequency, and T, is the

width of the resonant level.

It can be seen that the frequency shift of the scattered photon Ov, and the
delay time O7 in the intermediate state (due to the broadening of the autoio-
nization discrete levels) are completely determined by the strong nonadiabatic
coupling of the electron and nuclear motions in the intermediate complex A**M
and by the configuration interaction V' with a dissociative continuum. The

corresponding complex dipole moment of L — L' transitions is formed by an
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entire set of principal quantum numbers 7, (see Figure 8). The selection rule
here has A form of AL =+k (where kis an integer), which arises due to the
lack of the central symmetry for the Rydberg molecules in the system A** + M
[23] [26].

Preliminary estimates of the single-photon resonant scattering give the fol-
lowing values: for the frequency shift dv, ~10” GHz and the time delay
07t ~10""" 5. Consequently, the formation of observable values of delay times
during the propagation of a satellite signal through the atmospheric layer of 80 -
110 km should be realized as a result of no less than 10° scattering events of the
photon group N, that has a good agreement with the calculations [25], since
the total number of the Rydberg complexes in a column with the area on the re-
ceiver antenna under normal conditions for 10 cm” is ~10” - 10°. Considering
that the velocity propagation of a signal is much higher than the characteristic
velocities of molecules inside the complexes, it suffices to confine oneself to their
quasistatic description. Then, taking into account a normal distribution for the
Brownian motion and considering that the probability of one event of a reson-
ance scattering of photon is w~10" for 10° interactions, we obtain
A7 ~107" s, i.e. about 100 nanoseconds.

Thus, the Rydberg complexes A**M serve peculiar traps for the scattered
photons. It should be pointed out that a similar phenomenon was considered

earlier for metallic particle [49].

8. Conclusion

It should be noted that up to the present day, empirical Equation (1), which was
obtained as a result of statistical processing of the received signals under normal
geomagnetic conditions, is used in the GNSS positioning satellite systems for
calculating the delay time of a signal. However, magnetic disturbances (and es-
pecially storms) significantly change the concentration and flow of electrons in
the Earth’s atmosphere. Various attempts to mathematically-physically (and
chemically) describe such situation within the framework of classical electrody-
namics cannot in principle lead to the delay since it is well known (and experi-
mentally confirmed) that the refractive index in the ionosphere (including plas-
ma inhomogeneities) differs from unity only in the fourth decimal place [36]. It
is the resonant multiple interaction of a signal with a quantum medium that de-
termines the delay process: this description is firstly proposed and formulated by
the authors of this paper. The development of a general theory of signal propa-
gation and delay should be based on an integral version of the theory of a mul-
tichannel quantum defect (MQD) and is divided into three stages. The first as-
sumes the construction of a complete adiabatic wave function of the initial state
of the Rydberg complex, including the vibronic states and the exchange interac-
tion (for the case where the Rydberg molecule and the neutral molecule of the
medium are coincided). To solve this problem, we proposed to use the method

developed in [42] for a simple system “Rydberg atom + atom with a filled elec-
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tron shell” and substantially refine it. Secondly, it is necessary to develop a regu-
lar method for constructing the complete wave function of the complex taking
into account the dynamics of its fragments when the kinetic energy of their rela-
tive motion is included to the general consideration [46], which was also not
earlier discussed and is done for the first time. This will allow us at the third
stage to determine the corresponding dipole matrix elements of the resonant
scattering to introduce into the theory the power of the radiation obtained at re-
ceiver and the total delay time of the signal as a result of the rescattering cascade
along the propagation path of the signal. At the same time, it is necessary to de-
velop a numerical program and calculate the total delay time of the satellite sig-
nal, depending on the main parameters of the non-equilibrium plasma (concen-
tration, flux, and electron temperature) for various geomagnetic conditions oc-
curring in the ionosphere. In conclusion, we note that a consistent quantum
theory of the propagation of satellite signals for a more complete imagination of
the phenomenon must also take into account the Raman scattering of photons
and the possibility of decay of A**M complexes, which have not been discussed
yet. This will allow to calculated reliable values of the carrier frequency shift and

the delay time of the radio waves incoming to the Earth.
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