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Introduction

At a period of enhanced solar activity, the error in positioning of global navigational satellite
systems increases. This occurs both during short (of 5-20 min duration) and prolonged (several
hours) time periods. In the first case, errors arise due to the radiation coming from the solar
flare. The second situation happens under the action of solar wind within 30-35 hours after the
flare. An example is the time dependence of the Global Positioning System (GPS) operation
at a period of enhanced solar activity published on the website of the Cornell University [1].
According to the data of real-time measurements made at the monitoring stations of the Arecibo
observatory (Puerto Rico) in the year 2011, a 20-min interruption in the GPS was observed
routinely from August 30 to September 2 between 03.00 and 04.00 UTC. In these measurements,
the horizontal positioning error reached 50 m and up.

For the stronger geomagnetic disturbances, the GPS signal can fully disappear over a long
period [1]. For instance, according to the data obtained in September 15-16 2011 at the Sao Luis
Observatory (Brazil), the GPS signal disappeared more than once during a day. At a period from
16.00 UTC September 15 to 01.00 UTC September 16, the signal at receiver disappeared five
times sporadically for 5-30 minutes. Over those days, the horizontal positioning error significally
exceeded 50 m.

It was shown in [2] that, for solar flares of different intensity, the signal-to-noise ratio
decreases, in a certain sequence, for frequencies L; = 1.57542 and Lo = 1.22760 GHz. For the
flare of level X-1 (22.15 UTC December 14, 2006) the signal-to-noise ratio decreased for the
L; frequency. At the same time, this ratio remained constant for the Ly frequency. The X-3
flare (02.40 UTC December 13, 2006) resulted in a simultaneous decrease in the signal-to-noise
ratio for both frequencies. The duration of the observed phenomena was about 30 minutes in
both cases. An increase in the signal intensity at the GPS receiver in a period of enhanced
solar activity is another phenomenon worthy of noting. The time dependences of the GPS-
signal intensity at the receiver and the integral number of failures at the receiver during the
course of the geomagnetic disturbance July 15, 2000, are given in [3]. The signal intensity at
the receiver was found to increase approximately by a factor of three relative to the intensity
of the transmitter signal. As the signal intensity at receiver increased, the integral number of
failures also increased. No explanation was given by the authors of the cited works for the cause
of the increase in intensity.

The detection of intense IR radiation in the range from 10 to 40 pum, first measured by
the FIRST spectrometer in June 7, 2005 [4], is no less interesting fact, as shown below. In
this work, an explanation of the above-mentioned phenomena is suggested on a basis of the
physicochemical processes occurring in a nonequilibrium two-temperature plasma in the E and
D layers of the Earth.

Traditional models of ionospheric processes based on the total electron content and wave
optics during geomagnetic disturbances of the ionosphere are ineffective [5]. The optical quan-
tum resonant properties of the neutral medium of a low ionosphere, where the influence on
the satellite signal propagation is most appreciable, are began to investigate recently (see, for
example, [6-9]). Simultaneous analysis of the additional background noise and the signal prop-
agation delay time, which determines the positioning error, can be a promising approach to
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Fig. 1. Potential energy curves of the quasimolecule A**M

the study of such properties. Using of standard methods of measurement noise cannot detect a
number of physicochemical reactions in the lower ionosphere responsible for its formation and
influencing on positioning errors [6, 8|. To solve this problem, it is convenient to bond the level
of background noise to the measured signal of GPS, since the propagation delay is associated
with the manifestation of the most important atmospheric process: 1 - the mixing of highly
excited states [7, 9]. For this purpose, it is advisable to define the signal / noise ratio (C/N)
thus, when as signal should be understand the level of the selected signal receiver GPS, and
as the value of its noise level we must choose the value of its fluctuations. Finding ways to
ensure the sustainability of the system GPS, is a fundamental scientific and technical problem.
In this paper we present one of the possible options for its solutions by choosing another range
of carrier frequencies.

Rydberg states in neutral medium

Solar flares generate additional background ultrahigh-frequency (UHF) radiation in the lover
ionosphere which is caused by the radiative transitions between the Rydberg states of particles
excited in a neutral medium under the action of solar flux or flow of electrons ejected from the
ionosphere [10]. By Rydberg states are called those highly excited atomic and molecular states
which are situated near the ionization threshold and characterized by an infinite sequence of
energy levels converging to the threshold. They are intermediate between the low-lying excited
states and the ionized states in the continuum spectrum. The Rydberg atoms and molecules
have one excited weakly bound electron whose state is classified by an energy level with principal
quantum number n and electronic angular momentum [ about the ion core. The energies of
the levels with high angular momenta do not depend on [ (orbitally degenerate states). These
states are the most stable statistically, because electron resides mostly at a large distance from
the ion core.

The process giving rise to the degenerate states with high electronic angular momenta
is referred to as [ -mixing. It proceeds rapidly and irreversibly in the lower ionosphere. As
a result, the quantum distinctions between the excited atoms and molecules disappear and
the radiation spectrum becomes independent of their chemical composition [11]. The [ -mixing
process proceeds in a rather dense neutral gaseous medium with a density exceeding 10'? cm™~3,
which corresponds to altitudes of A <120 km. The corresponding efficiency criterion directly
related to the density of medium is that, at least, one neutral molecule M occurs in the electron
cloud of a Rydberg particle A** (of radius 2na, where ag is the Bohr radius). The interaction
between them gives rise to quasimolecules A**M whose potential curves are splitted from the
degenerate Coulomb levels and classified by the index L characterized the amplitude of elastic
electron scattering on the neutral molecule M. Each of them includes a superposition of Rydberg
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Fig. 2. UHF radiation lines of the A**N, and A**O, quasimolecules

states with different values of [ [11]. The energy scheme of potential curves dependent on the
interatomic coordinate R is given in Fig.1 for the quantum L - states with angular momenta
L =0 and L = 1 that are split out from the degenerate Coulomb n+1 and n levels in the
classical turning points. The optical transitions without changing principal quantum number
(An = 0) between the split-out and degenerate states of quasimolecules A**M are shown by
blue arrows. They correspond to the UHF radiation in the decimeter range. The red arrows
indicate analogous transitions with a change in the principal quantum number An = 1 to
produce IR radiation.

At altitudes h < 50 km, the Rydberg states of particles A * xare unoccupied because of the
quenching due to the interaction of Rydberg particles A % * with unexcited oxygen molecules
and to the formation of an intermediate ionic complex A*(n L) O3 (s) (harpoon mechanism),
ie.,

A**(nL) + Oy — AT (nL)O5 (s) —» A (n'L') + Oy,

(s is the vibrational quantum number). The reason is that the negative molecular ion O 5 has a
number of resonant vibrationally excited autoionizing levels situated against the background of
ionization continuum. Based on these two circumstances, one can suggest that the atmospheric
layer radiating in the decimeter range forms between 50 and 120 km.

Nonequilibrium two-temperature recombining plasma

An increase in the solar activity gives rise to two types of nonequilibrium plasma in the
ionospheric E and D layers: recombining and photoionized plasma. The first corresponds to
a nonequilibrium two-temperature plasma where the Rydberg states are occupied due to the
collisional transitions of free electrons with the bound states of discrete spectrum in the presence
of inelastic interaction with the neutral components of medium [7]. In this case, the electron
temperature can vary from 1000 to 3500 K [12], while the medium temperature of this layer
can vary from 200 to 300 K, depending on its altitude. Note that this occupation mechanism
prevails for the Rydberg states in the lower D layer. The electron thermalization is mostly
due to the vibrational excitation of molecular nitrogen with the formation of an intermediate
negative ion:
e+ Ny(v=0) = Ny, —e + Ny(v>1).

Rydberg states are occupied at the energies higher than certain energy F. in a two-temperature
quasistationary nonequilibrium plasma [7]. In the low ionosphere, it is determined by the action
of electron flows precipitated from the ionosphere subjected to strong geomagnetic disturbances.
Under these conditions, the distribution of occupancies over levels E, near the ionization
limit is characterized by the temperature close to temperature T, of free electrons. At higher
binding energies, F,, ~ FE,, the Rydberg states are almost unoccupied in the energy interval
AFE << FE,. This interval is called the narrow site of recombination flow or “neck of flow”.
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Fig. 3. The spectrum of UHF radiation for a quiet ionosphere (the electron density is
ne = 103ecm™3). Curve (1) corresponds to electron temperature T,=1000 K and medium
concentration p, = 1012 — 10*3ecm™3; (2) T.= 1000 K, p, = 10*em™3; (3) T.= 2000 K,
po =102 —-108cm=3

Above the neck, E/,, > F,, the collisional transitions between the binding states and continuum
prevail. The radiative transitions resulting in the equilibrium occupation of the low-lying states
with temperature 7T, of medium molecules dominate below the neck.

The diagram of emission lines dependent on the principal quantum number nare shown in
Fig. 2 for the L — n transitions between the split-out and degenerate Coulomb levels and the
possible L — L’ transitions between the split-out levels of quasimolecules A * Ny and A * xOs,
as calculated in [8]. Regard to the radiation intensity calculation we have taken into account
dipole transitions only, i.e. with common selection rules (Al = 41), as it is usually done in
the presence of superposition of states. For each quasimolecule, the distribution of n-dependent
emission lines in the range 0.8-10 GHz contains four sets of lines corresponding to the L — L’
transitions converging, with increasing L', to the L — n transition, where L =0, 1, 2, 3. These
transition lines are symbolized as Ny, Np,, and Opp , Oy, for the quasimolecules A x %Ny
and AxxO,, respectively. One can see that the relative frequency shift for the limiting Ny ,, and
O, occurs in three spectral ranges where the transitions are suppressed for small n values.
The reason is that the characteristics of slow-electron scattering from the nitrogen and oxygen
molecules are different.

The frequency dependence of the intensity of incoherent UHF radiation from an excited
medium in the range 0.8-1.8 GHz is shown in Figs. 3 and 4 for a quiet and disturbed ionosphere.
One can see that the UHF-radiation profile is a nonmonotonic function of frequency w and
rises steeply near the right boundary of the range. With a two-order increase in the electron
concentration n. the relative intensities W increase approximately by a four order of magnitude.
This has a direct relationship to the observed effect of sequential decrease in the signal-to-
noise ratio for the L; and Lo GPS signals with increasing flare intensity [2], because the first
frequency range 1.17-1.71 GHz of decrease virtually coincides with the “transparency window”
for the propagation of the satellite signals.
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Fig. 4. The spectrum of UHF radiation for a disturbed ionosphere (the electron density is
ne = 10°cm™ 3). Curve (1) corresponds to electron temperature T.=2000 K and neutral medium
concentration p, = 10'? — 10*3ecm™3; (2) T.= 2000 K, p, = 10*em™3; (3) T.= 3000 K,
po =102 —10'3cm™3; (4) T.= 3000 K, p, = 10¥cm=3

Wx 107 Wiem? Wx 107" W/om?
1,5x10° 4 5x10° 4

T,=1500K

T,=1000K

T, =2000 K

3 4
radiation frequency, GHz radiation frequency, GHz

Fig. 5. The power flux W as a function on the frequency v, density n., and temperature T: (a)
n. = 5103 cm™ 3, T,= 1000 K and T.= 1500 K (the morning, calm conditions);(b) n, = 104
cm™ 3, T,= 1500 K and T.= 2000 K (daytime, calm conditions)

Additional background radiation in the range 4.0 — 6.0 GHz

As shown in Figures 5(a, b), the next minimum of power flux intensity is located near the
frequency 5 GHz. In contrast, it is due first minimum radiative transitions is more stable when
the plasma parameters. By increasing of temperature 7T, the curve character is changed to
inverse and becomes weakly dependent on a frequency. A behavior of the curves converging to
a single point is called the “bottleneck”. This dependence of the power flux radiation under
the small change in temperature provides signal delay at a given GPS frequency, not exceeding
10% of difference between the lower and the upper curve from the change of temperature on
500K, on the assumption that the delay signal proportional to the intensity of background
radiation. This is illustrated clearly in the Table, where the ratio of the power radiation fluxes
n = W(Ts)/W(T7) is shown for different values n. and T, at the frequency V;Q) = HGHz.
The value n = 2 for the electron density n, = 5 - 10* cm =3 is the boundary of transition
to a strong increase of the delay. The calculations are performed in the framework of the
"Rydberg” program taking into account depending on the electron density distribution in height
[13]. Thus, the emitting layer in decimeter range is located in the interval of 90-110 km.

Note that the ratio of the power radiation fluxes at the first v Scl) = 1.57 GHz fre-
quency for the electron density n, = 10% cm =3 and the range of T, from 2000K to 3000K
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Table 1. The dependence of ratio n = W (v ;2), Ne, T'S) /W (v &2), ne, T.) on the electron

density n. for a given frequency v ;2)

Ne, 5 10 20 20
103

cm ™3

T<=|To = | T"= T = | I"= 1> = |T<=]1T° =
1000K| 1500K| 1500K | 2000K | 2000K | 2500K | 2500K| 3000K
n 1.09 1.18 1.03 2.0

reaches the n = 2 value also. Under these conditions, the point l/gcl) is located on the steep

slope of the curve W (vy) (see Fig. 4). The ratio of power radiation fluxes is 1.08 for the

next ¥~ 5 CHz frequency range corresponding to the minimum of the upper curve
W(vy, TS) and the slanting behavior of the lower W vy, T ) one at electron density
ne = 2-10% ecm 3 for the said temperature 7, range. The v ;2) ~ b5 GHz frequency is
more preferable in relation to the first one by using in system GPS, because the difference
module A W (vy) = |W(vy, TS) — W(vg, T7)| is important for the satellite signal stabil-
ity only. No less important it is the fact that the frequency bandwidth around of the minimum
value is much greater than the width of the first one and therefore should be more informative.
Under conditions of strong geomagnetic disturbance (for n. > 10° cm~?) additional back-
ground UHF radiation at the 1/;2) frequency increases strongly and passes onto the inclined
portion of the curve, which leads to the problem of identification of the signal.

Analysis of the data indicates that the delay signal at a frequency of 5 GHz may be recov-
ered from the power spectrum of infrared radiation, which to be measured in a spectrometer
mounted on a GPS-satellite constellation. At the same time, using of the all possible methods
of filtering the signal at the 1.57 GHz frequency cannot eliminate the position errors since the
delay is due to the resonance cascade of re-radiation of the GPS signal on the Rydberg states.
Note that estimation of the signal delay by the additional background UHF radiation of lower
ionosphere essentially impossible here, because in contrast to the IR radiation level of its power
is significantly lower than the thermal noise floor. This can be done on the basis of infrared
radiation, as his power is several orders higher than the power UHF radiation of Rydberg states
[7]. Indeed, since the position of the “bottleneck” at v ;2) frequency proportional to the electron
density n., and does not depend on the temperature 7T, (see Figure 5), the amount of signal
delay can be estimated by recovering population of Rydberg states by IR spectrum.

Photoionized plasma

The photoionized plasma is produced under the action of a broadband radiation coming from
the solar flare within 20-30 min. This process is caused by the multiquantum excitation of
the electronic states of atoms and molecules where the spin forbidding is removed for the
corresponding radiative transitions because of the interaction with medium molecules M. The
distinction between the populations of high-lying Rydberg states (with high values of n) and the
situation in the nonequilibrium recombining plasma is that the former are additionally depleted
due to photoionization. At small n, the Rydberg and low-lying excited states are depleted due
to the predissociation processes, including the nonadiabatic transitions via the intermediate
valence configurations and the resonance (nonresonance) transfer of internal energy as a result
of the collisional processes followed by the thermalization of medium. This is evident from the
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rise in its temperature with increasing altitude in the range 40-60 km. It is significant that
the [ - mixing process for these states is strongly suppressed, and the influence of medium is
significantly reduced [11]. This is particularly important for the formation of frequency profile
of the IR radiation [7], as measured in [4]. A direct indication of this fact is the presence of
a characteristic decrease in intensity with increasing frequency radiation on the position of
the first peak (with a wavelength of about 20 microns) to low (close to 15 microns), which
is associated with the process [ - mixing. It should be also pointed out that the IR radiation
coming from the altitudes higher than 120 km cannot, basically, have such a relief structure.

The distinction between the actions of the photoionized and recombining plasma on the
distortion of satellite GPS signals and the attendant errors in positioning is clearly seen from
the observed time dependence of positioning error. In the first case, a sharp and short-lived
(down to 20 min) peak appears with an positioning error of more than 50 m). The second case
corresponds to the formation of a bell-shaped dependence with a characteristic width of several
hours and positioning error of 15-20 m.

The propagation of the satellite GPS signal is accompanied by two physical processes.
The first is associated with the resonance absorption followed by induced reemission of an
electromagnetic wave from the Rydberg states of quasimolecules A**N, and A**xOy with a time
delay of 1075 —107%s in one scattering event. The second one is caused by the incoherent plasma
radiation. These processes superpose independently on one another. The most characteristic
feature of the resonance absorption of electromagnetic wave followed by radiation is that the
envelope of resonance intensity profile rises by a factor of 2-3 and the phase shift forms. It is
precisely these two processes that are responsible for the increase in intensity and disappearance
of the GPS signal, as observed in [3]. This indicates that the emitted and received signals differ
from one another.

Conclusion

Thus, the physical cause of the time delays and phase shifts in the signals received from the
global navigational satellite systems is associated with a cascade of resonance reemission from
the Rydberg states of quasimolecules A % xNy and A * *Os in the atmospheric E and D layers;
i.e., it is dictated by the quantum properties of medium in which the signal propagates. Note
in conclusion that the systematic analysis of the long-wave portion of IR spectrum observed
in [4] (for the An = 1 transitions) from the radiating D layer over a long period of time
under conditions of strong magnetic storms should be an independent line of investigation.
This spectral range falls on the interval 10 < n < 40 of principal quantum numbers, where
the [-mixing process is effective enough [14]. The above-listed features of frequency profile
should appear in this case as well. As distinct from the radiation from the A x *Ny and A %
x(Ooquasimolecules in the decimeter range (An = 0 transitions), the spectral pattern of the
nL — (n—1) L transitions should be more cumbersome. This fact can form a basis for the IR
layerwise scanning of D layer and diagnostics of plasma parameters, including the determination
of the Rydberg state populations. Simultaneous calculation in frame of the UHF radiation
theory [8] and measurement in real-time data on the long-wave infrared radiation will solve
this problem only. Positioning errors of the GPS may be used to determine key ionospheric
parameters: temperature and electron density, concentration of neutral medium component,
ete.
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JenmmmMerpoBoe 1 mH(ppakpacHOe N3JIydeHns HUKHeil moHocdephl B

nmepmnobl IOBbIIIEHNA COJIHEYHOI aKTHUBHOCTHI

Toaybros I.B., Mawnorceauti M.H.
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Hnemumym zumuveckot usuru um. H.H. Cemenosa PAH, Poccus

Bo Bpems reomaruutabix Bo3myIlieHuit B - u D-ciosax monocdepbl mpoucxoauT 3HaYU-
TeIbHBIN OTPBHIB 3JIEKTPOHHON Temieparypbl 1. or TemmepaTypsl cpeabl Ty, Te. T, << Tj.
B pesysbpraTe ycraHaBIMBaeTCd JIByXTeMIlepaTypHas CIa00MOHM30BaHHAS PEKOMOMHAIIMOHHAS
IJ1a3Ma, MapaMeTphbl KOTOPO# TOCTATOYHO HAJIEXKHO OMPeIesaI0TCd Ha OCHOBAHUH MPSIMBIX pa-
KeTHBIX m3MepeHuil. Tak Kak dacToTa coyaapeHmii 3JeKTPOHOB ¢ HEHTPAJIHHBIMU YaCTHIIAMHA
cpeant nopanxa 1012 — 10 ¢!, B mnasme gopMupyoTCca aBa JOKAILHBIX PACIPEIeICHUS 110
SHEPIHsIM JTHCKPETHBIX COCTOsTHHI aToMoB n MoJieky:1. Ilepsoe (¢ Temmneparypoii T.) coorBer-
CTBYET BBICOKOBO30YK/IEHHBIM PUJI0EPTOBCKIM COCTOSHUAM, PACIIOJIOKEHHBIM BBIIIIEe HEKOTOPOi
saeprun F, (ropsbimka ctoka). OHa HAXOAUTCS W3 YCJIOBUsI MHUHUMYMa KOHCTAHTHI CKOPOCTH
TYIIEHUsI 33 CUET TEPEXOJIOB B HUKeIeXKalue cocTosinus. Bropoe (¢ remmeparypoit cpejbt T)
OTHOCHTCH K HU3KOJIEKAIMUM cocTogHusM. [lojioykenune y3K0oro mecra HaXOJAUTCH U3 yCJIOBUS
MHUHAMYMa KOHCTAHTBI CKOPOCTH TYIIEHUS 32 CYET MePEeXO0B B HUIKEIEYKAINE COCTOSTHUSI.

B noknaie 06cy)KaaioTest OCHOBHBIE MEXaHU3MBI TTPOTIECCOB 3aCe/IeHUS U TYIIeHUs pujibep-
IOBCKUX COCTOSHHN B PEKOMOMHAIIMOHHON JIBYXTeMIepaTypHoil mia3zmMe. BaxkueiiimmMm u3 HHX
SBJIZETCS TPOIECC [-MepeMeTTuBaHus, TPUBOAAIINN K 00pa30BaHUIO OPOUTAJBHO BBIPOMKIEH-
HbIX KBasuMoJieKya A** Ny u A**(y. 3acesieHHOCTH PUAOEPrOBCKUX COCTOAHMIT KBA3UMOJIEK YT
3aBUCAT OT KOHIICHTPAIUKU CPEJibl, TIOTOKA M TEMIEPAaTyphbl 3JIEKTPOHOB. PaccMorpen crekTp
HEKOTE€PEHTHOTO U3JYy4YeHUs JEIUMEeTPOBOTO JAUATIA30Ha /I IEPEXOI0B MEXK/IY PaCIIellIeHHbI-
MU YPOBHSMH 3THUX KBasuMojeKysd. [lokazano, 9To OH gBJsieTCd HEOMHOPOTHBIM H COJEPIZKUT
TPU JWANA30HA YaCTOT, B KOTOPBIX MPOUCXOIUT 3aMeTHOe YMeHbITeHne NHTeHCUBHOCTU U3JTy de-
nusi. Qusndeckasi npuanHa GOPMUPOBAHKS ITUX JUANABOHOB 00YCJIOBJICHA CIBUIOM CHEKTPOB
N3JIyIeHUsT KBA3UMOJIEKYJI, COJepzKaImux HeBo30ykaeHHbie Mosiekyibl Ny 1 Oy. OOpazoBanue
PUIOEPTOBCKIX KBA3UMOJIEKYJT COMTPOBOK/1A€TCST MHTEHCUBHBIM CBEPX(DOHOBBIM HHQPAKPACHBIM
(VK) ussydeHueM, Mo CIeKTPY KOTOPOTO MOXKHO BOCCTAHABJIUBATH HOCIONHBIE PACIPE/IeTeHHs]
3acesleHHOCTel puadeproBekux dacTun B D- n E-citosx armocdepsr.
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