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This paper introduces a new approach for the determination of the source region of beat wave (BW) modulation. This
type of modulation is achieved by transmitting high-frequency (HF) continuous waves with a frequency difference f, where
f is the frequency of modulated ELF/VLF (extremely low frequency/very low frequency) waves from two sub-arrays of a
high power HF transmitter. Despite the advantages of BW modulation in terms of generating more stable ELF/VLF signal
and high modulation efficiency, there exists a controversy on the physical mechanism of BW and its source region. In
this paper, the two controversial theories, i.e., BW based on D-E region thermal nonlinearity and BW based on F region
ponderomotive nonlinearity are examined for cases where each of these two theories exists exclusively or both of them
exist simultaneously. According to the analysis and simulation results presented in this paper, it is found that the generated
VLF signal amplitude exhibits significant variation as a function of HF frequency in different source regions. Therefore,
this characteristic can be utilized as a potential new approach to determine the physical mechanism and source location of

BW.

Keywords: powerful HF waves, ionospheric modulated heating, beat wave modulation, ELF/VLF waves

PACS: 41.20.Jb, 52.35.Mw, 94.20.Bb, 94.05.Pt

1. Introduction

The extremely low frequency/very low frequency
(ELF/VLF) wave has important applications in navigation,
submarine communication and detection of underground tar-
gets because of its strong penetration and weak attenuation for
long distance propagation. Besides, high-energy electrons in
the natural or artificial (such as high-altitude nuclear explo-
sions) radiation belts can be precipitated through the process
of wave-particle interaction with ELF/VLF waves, which is of
great importance to protect astronauts and spacecrafts operat-
ing in these regions. However, the construction of ELF/VLF
antenna arrays requires very large ground and high cost of
maintenance. In addition, these arrays suffer from poor flex-
ibility and low radiation efficiency.l'?! To overcome these
issues, an alternative approach has been adopted known as
“ionospheric modulated heating”.

The so-called ionospheric modulated heating refers to the
process of heating the local ionosphere with high-power high-
frequency (HF) radio waves, causing the variation of some
plasma parameters, so as to form a virtual antenna in the iono-
sphere to radiate ELF/VLF waves. The first feasible operation
method of ionospheric modulated heating, amplitude modula-
tion (AM), was proposed by Willis and Davis'*! and verified
experimentally.[# Its basic principle is that the high power HF
transmitter, “heater”, is switched on and off with the expected
ELF/VLF frequency, giving rise to an increase and decrease
of local electron temperature with the modulation frequency,

fCorresponding author. E-mail: fanghx @hit.edu.cn
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and such periodic change of electron temperature will cause
the corresponding change of electron density and conductivity.
This will provide periodic changes in the ionospheric current
and results in radiating ELF/VLF waves.

The principle and operation of amplitude modulation is
simple, but there are several limitations: 1) low modulation
efficiency, 2) dependence on electrojet and 3) poor signal qual-
ity. In order to overcome these problems, scientists have pro-
posed and verified a number of other modulation methods as
well as continuous upgrading of the ionospheric heating facil-
ities over the past 40 years.

Some modulation methods are essentially modified
ones based on AM, such as beam painting,® geomet-
ric modulation,® preheating-AM!U! and dual-beam HF
modulation.® These methods improve the modulation effi-
ciency to a certain extent, but just like AM, they also have
the limitation of electrojet dependency. Some other electrojet-
independent modulation methods, such as thermal cubic non-
linearity modulation, ! ionospheric current drive, 119 Jower

1] extend the time

hybrid (LH)-to-whistler mode conversion, !
and range of latitude of ionospheric modulated heating. This
paper is focused on beat wave (BW) modulation!!>!3! which
is achieved by transmitting HF continuous waves with a
frequency difference f (f is the frequency of modulated
ELF/VLF waves) from two sub-arrays of a heater. BW has the

advantages of more stable ELF/VLF signal generation!'%!3]

and high modulation efficiency in higher VLF range.!'6:17]

However, it is not clear whether it is an electrojet-independent
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modulation method or not due to the controversy of its mech-
anism and source region of modulated ELF/VLF waves. For
example, according to Refs. [17-23] the mechanism of BW is
essentially the same as AM (i.e., thermal nonlinearity), which
means BW is an electrojet-dependent modulation method
whose source region is located in the D-E region. Whereas
Refs. [16,24-28] report that BW is an electrojet-independent
modulation method, and the source region and mechanism of
BW are F region ponderomotive nonlinearity.

In this paper, BW modulation efficiency as a function of
HF frequency is simulated for two competing scenarios. In
addition, since the possibility of combined action of the two
theories exists according to Refs. [13,29], the effect of the su-
perposition of the two theories is also explored by using the
retarded potential method.

By comparing the simulation results, it is found that re-
sponses of BW based on different theories (including the com-
bined action of two theories) to different HF frequencies are
significantly different. This feature provides a new idea to de-
termine the physical mechanism and source region of BW.

2. Physical model

As mentioned in the above section, there are two theories
of BW: the first is BW based on thermal nonlinearity, whose
source region is located in the D-E layer. The second is BW
based on ponderomotive nonlinearity, whose source region is
located in the F layer. In this section, the governing equations
for these two theories are presented. For the case that both
these theories exist simultaneously, the calculation method of
superimposed magnetic field utilizing the retarded potential
method is reported.

2.1. BW in the D-E region

The essence of BW in the D-E region is to periodically
change the electron temperature in the D-E region in the pro-
cess of modulated heating. This will lead to periodic changes
in ionospheric conductivity at the same frequency. Hence, in
the presence of ionospheric electric field, the ionospheric cur-
rent is also modulated, causing the generation of the corre-
sponding ELF/VLF waves.

The change of electron temperature during the modulated

heating process can be represented by the energy equation 3]
3 dT.
Shene—== = O(Te,1) = L(Te, 1), ey

where kg is the Boltzmann constant, n. and T; are the elec-
tron density and temperature, respectively. L(T,l) is the loss
term of electronic energy. The absorption rate Q(7¢,!) is given
by [30]

Q = 2xS, 2

where the energy flux S of the HF wave is!3!
ERP U
S(l)=—= =2 [ x("dl 3
4 4mzexp{ I ®) }’ ©)
while [ is the altitude, ERP represents the effective radiated
power, and K is the absorption coefficient!3")
o
K=—X, (4)
c

where @y is the angular frequency of the HF wave, c is the
speed of light and y is the imaginary part of the complex re-
fraction index.

As mentioned above, during the BW process, two sub-
arrays of the heater transmit HF continuous waves with a fre-
quency difference f in the ELF/VLF range, where f is the
beat wave frequency. The electric field of the total HF heater

is given by!!3

E,=E, +Ep
= (%) (Epo/2) [1+e*i<‘°’*‘/’>} exp i (koz—pt)]+c.c., (5)

where “£” represent O-mode and X-mode waves, respec-
tively. E, is the amplitude of each HF wave. @ =27 f and y
is the phase difference between the two HF waves. @y and ko
are the heater radian frequency and wave number, respectively.

The loss of electron energy in the ionosphere is domi-
nated by collisions, this process is very complex, mainly in-
cluding (1) elastic collision of electrons with positive ions;
(2) elastic collision of electrons with neutral particles; (3) the
excitation of the rotational level of O, and N»; (4) the excita-
tion of the vibration level of O, and N»; and (5) the excitation
of electronic energy level and fine structure of atom O. De-
tailed expressions are given by Ref. [31].

The electron density is determined from the continuity

equation3?!
one 2

o =q—o(Te)ng, (6)
where ¢ is production rate and ¢ (7¢) is recombination coeffi-
cient. In the lower ionosphere, the molecular ions (NO™ and
05 ) dominate the recombination process, so o/(T;) can be cal-
culated by!3?!

a(T.)=5x10""[NO™](300/T.)'*+2.2x1077[05](300/T.)°7,

(N
where [X] represents the density of particle X. The diffusion
effect of the electron is ignored during the modulated heating
process.

The electron temperature and density do not change syn-
chronously during the process of BW in the D-E region: the
time constant of the electron temperature is of the order of
0.01-1 ms,!73% while the time constant of the electron den-
sity is of the order of one minute.”! In this paper, we focus
on stimulating ELF/VLF waves with a frequency greater than
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1 kHz, which means the modulation period is less than 1 ms,
so the change of electron density is negligible during the mod-
ulated heating process.

The ionospheric current is>!

Jo =0 Ey, ®)

where Ey =25 mV/m is the natural electric field. Two compo-
nents of the ionospheric conductivity o need to be considered
in the modulated heating process, and they are Pedersen con-

ductivity op and Hall conductivity oy (21

€ne Ven We Vin W
op =% ( 2 o2 o2 2) 7 ®)
Vg, + @F Vi, + O
2 2
ene 0% o;
oy = — — 5 10
" B (Ue2n+wg vi?1+wi2> ( )

where e is electron charge, B is geomagnetic field, U, is the
collision frequency between electrons and neutral particles,
Uiy is the collision frequency between ions and neutral par-
ticles, @. and @; are the gyrofrequency of electron and ions,
respectively.

Therefore, the periodic variation of ionospheric conduc-
tivity during the modulated heating process causes the periodic
variation of ionospheric current. The vector potential is given
by!l

A(r1) = %‘;/de a1

where L is the permeability of free space and r is the distance
between a point x in the heating region and a point in space.
Thus, the magnetic field generated by the current is

B(r,t) =V x A(r,1). (12)

2.2. BW in the F region

According to the conclusion of Ref. [16], the ratio of
thermal nonlinearity to ponderomotive nonlinearity during the
process of BW in the F region is approximately equal to
40 /30 < 1, where v, is the electron elastic collision fre-
quency and @ is the modulated angular frequency. Therefore,
in this paper, only the ponderomotive nonlinearity is consid-
ered during the process of BW in the F region.

The density of nonlinear beating current of these two HF

waves is given by!!3]

Jp =~ (;) X (V+ (1 Ve Vie)) (13

where V) is the electron velocity induced by the HF waves

and ( ) represents a VLF bandpass filter.

The V. is given by!!!

Vi = =i (1) [(¢Epo/2me) (@0 £ ) [1 +-e 0]
xexp i (koz — awot)] +c.c., (14)

where m, is electronic mass.
Substituting Eq. (14) into Eq. (13) gives

g (r.) = (e/ax) [(e/me) /(00 + Q)]
X (0 + 9y) (neEpy) cos (ot — )
= J(r)e  tcc., (15)

where
J(r) = (e/2ae)[(e/me) /(0 + we)}z eV (0 + ay) (”eEg()) )

“+” represent O-mode and X-mode waves, respectively, the
beating currents generated by X-mode waves and O-mode
waves have a ratio proportional to [(@y + @) / (@ — @))%
which means X-mode waves are more effective to generate the
beating current than O-mode waves. Equation (15) represents
a localized time harmonic current source with a gain factor G
accounting for the finite size of the current distribution as well
as the guiding effect of the geomagnetic field on the VLF wave
propagation.

The phasor function of the vector potential of the
ELF/VLF radiation is given by!!3]

A(r) = (& anr) G/ wod (r')dV, (16)

where k is the wave number of the ELF/VLF wave.
Finally, the magnetic field of the modulated ELF/VLF

wave is given by!!3]

B(r,t)=VxA(r)e ' +cc. 17

2.3. Superposition of BW in both D-E region and F region

According to superposition principle of magnetic field,
the total magnetic fields of ELF/VLF waves is the vector sum
of magnetic fields of ELF/VLF waves generated by BW in two
source regions (as obtained according to physical models es-
tablished in Subsections 2.1 and 2.2, respectively). The physi-
cal models in Subsections 2.1 and 2.2 have taken into account
the retarded effect of the ELF/VLF wave generated by the
BW in the respective source region, i.e., the ELF/VLF wave
has phase delay when propagating from source region to field
point. Just considering physical models, on the ground directly
below source regions, the phase difference between magnetic
fields of ELF/VLF waves generated by BW in two source re-
gions is kd, where k is the wave number of the ELF/VLF wave,
and d is the distance between these two source region. But it
is worth noting that, when calculating the superimposed mag-
netic field of ELF/VLF waves generated in two source regions,
it is also necessary to take into account the time difference be-
tween HF waves propagation upward through these two source
regions, in other words, the start time of BW in two source
regions is different. Therefore, when calculating the super-
imposed magnetic field on the ground directly below source
regions, the actual phase difference should be 2kd.
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The simulation results in this paper are the magnetic field
amplitudes of ELF/VLF waves received on the ground directly
below the modulated heating source region. Therefore, the su-
perimposed magnetic field of BW in the two source regions
can be calculated by multiplying r/c and kr in Egs. (11) and
(16) by 2 respectively, remaining the rest unchanged and car-
rying out the vector sum.

3. Results and discussion

In this section, simulations of magnetic field amplitudes
of 1) BW in the D-E region, 2) BW in the F region and 3) su-
perposition of BW in both D-E and F region received on the
ground directly below the modulated heating source regions
are presented (Physical models in Section 2 have been vali-
dated in Ref. [34]). Parameters of background ionosphere and
atmosphere are chosen for 19 April 2015, 0600 UT, which
were obtained by IRI-2016 and NRLMSISE-00 and the lo-
cation of the HF transmitter is chosen as HAARP Facility
(62.4°N, 145°W). Figure 1 shows the variation of background
ionospheric plasma frequency with height, as shown in the
figure, the critical frequency of E and F layer are foE =
0.915 MHz and foF2 = 5.15 MHz, respectively, and it is cal-
culated that fxF2 = 5.87 MHz.

500

400+

300

200

Altitude (km)

1001

0 1 2 3 4 5 6
Frequency (MHz)

Fig. 1. Variation of background ionospheric plasma frequency with altitude.

The modulation frequency is 5000 Hz. O-mode and X-
mode HF waves are transmitted respectively, as shown in Ta-
ble 1, the frequency of HF waves varies from 4.75 MHz (lower
than foF2) to 6.25 MHz (higher than fxF2), which means the
overdense and underdense cases of O-mode and X-mode are
all included. Since we only focus on the variation of BW mod-
ulation efficiency with HF frequency in this paper, the gain of
each HF frequency is fixed which means the beam width is
fixed and the effective radiated power (ERP) is 150 MW for a
single array.

Table 1. The frequency of HF waves and the corresponding type of heating
(“1” represents overdense heating, and “0” represents underdense heating).

Mode HF frequency (MHz)
475 50 525 55 575 6.0 625
(0) 1 1 0 0 0 0 0
X 1 1 1 1 1 0 0

3.1. BW only existing in the D-E region

When only D-E layer BW is considered, it can be seen
from Fig. 2 that the radiation amplitude received on the ground
uniformly decreases with an increase of HF frequency. This
is mainly because as the frequency of HF waves increases,
it is easier for HF waves to penetrate the lower ionosphere,
and more of the wave energy will enter the F layer, so the
amount of radio energy absorbed for heating the lower iono-
sphere gradually decreases.

In addition, the modulation efficiency of the X-mode
wave is obviously higher than that of the O-mode wave at
each incident HF frequency, and this is because for lower
ionosphere, it is easier for X-mode waves to transfer energy
to electrons than O-mode waves causing more disturbance of
electron temperature, which can be verified by calculating the
absorption term Q(7¢,!) in Eq. (1). This is consistent with the

135] However, it also means that X-mode

experimental results.
waves of the same HF frequency have less energy entering the
F layer than O-mode waves as more energy is lost in the lower
ionosphere. This has an impact on the effect of BW in the F

region, which will be discussed in the next section.

0.20
? Il O-mode
G B X-mode
S 0.15 1
=
=
=
g 0.10
<
=1
2
= 0.05
e}
]
"

4.75 5.00 5.25 5.50 5.75 6.00 6.25
HF frequency (MHz)

Fig. 2. The amplitude of the VLF wave (f = 5000 Hz) generated by BW
in the D-E region of both O-mode waves and X-mode waves varies with the
HF frequency.

3.2. BW only existing in the F region

It can be seen from Fig. 3 that the variation of the effi-
ciency of BW in the F region with HF frequency is more com-
plex than that of D-E region, which is mainly reflected in three
aspects:

1) In the case of overdense BW heating, O-mode waves
are more efficient than X-mode waves of the same frequency,
which is different from the conclusion in Ref. [13]. Accord-
ing to Eq. (15), when other conditions (ERP, HF frequency,
reflection height) are the same, the ratio of beat current gener-
ated by the X-mode wave and O-mode wave in the F region is
[(@p + @) / (@ — @.)]*, which means that the X-mode wave
is more efficient than the O-mode wave, but it should be noted
that the ratio decreases with an increase of the HF frequency
(the HF frequency in Ref. [13] is 3.2 MHz, correspondingly,
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the ratio is about 6.53; however, in this paper, the ratio is
only about 2.5-3). In addition, since X-mode waves are more
strongly affected by D-E region absorption compared to O-
mode waves of the same frequency (with the HF frequency
increases from 4.75 MHz to 6.25 MHz, the energy attenuation
of O-mode waves and X-mode waves caused by D-E region
absorption are 15%—10% and 42%-23%, respectively), less
energy of X-mode waves reaches the F region. Finally, the X-
mode wave is reflected below the O-mode wave of the same
frequency, which means a smaller interaction region for mod-
ulated heating. Affected by the above factors, the amplitude
of VLF waves modulated by the O-mode wave is higher than
that of the X-mode wave as shown in Fig. 3.

2) In the case of overdense heating, both the wave energy
reaching the F region and the area of BW interaction region
increase with the increase of HF frequency, but at the same
time, the beating current decreases with the increase of HF
frequency. As a result, the variation of modulation efficiency
with HF frequency is uncertain.

3) The modulation efficiency of both O-mode waves and
X-mode waves will be greatly reduced when the process of
modulated heating changes from overdense heating to under-
dense heating with the increase of HF frequency. However,
since fxF2 is higher than foF2, the modulation efficiency of
the X-mode wave is much higher than that of the O-mode wave
when the HF frequency is in the range between foF2 and fxF2
as shown in Fig. 3. Only if the HF frequency continues to in-
crease to above fxF2, then both X-mode and O-mode waves
are produce underdense heating. Under this condition, the ef-
ficiency of BW modulation by the two mode waves can reach
the same order of magnitude.

Furthermore, according to 2) and 3), the modulated VLF
radiation is stronger when the HF waves were reflected in the
region not too far below the foF2 layer rather than well be-
low the foF2 layer, while the VLF radiation of underdense sit-
uation is weakest. This is consistent with the conclusion of
Ref. [28].

0.20

Il O-mode
Il X-mode
0.15 ]

0 L —

4.75 5.00 5.25 5.50 5.75 6.00 6.25
HF frequency (MHz)

Radiation amplitude (pT)
=
=
S

Fig. 3. The amplitude of the VLF wave (f = 5000 Hz) generated by BW
in the F region of both O-mode waves and X-mode waves varies with the
HF frequency. The type of heating (overdense or underdense) at different
frequency is shown in Table 1.

3.3. BW existing in both D-E and F region

The total amplitude of the VLF wave received on the
ground when BW modulation in both D-E and F region are
considered is presented in Fig. 4. As can be seen from this
figure, for the O-mode wave modulation, the superimposed
amplitude of VLF waves is lower than the amplitude of VLF
waves generated in the D-E or F region alone when the HF fre-
quencies are 4.75 MHz and 5 MHz. On the other hand, for the
X-mode wave modulation, when the HF frequency is within
the range of 4.75-5.75 MHz, the superimposed amplitude of
VLF waves exhibits both the case of between the amplitude
of VLF waves generated in two source regions and the case
of higher than the amplitude of VLF waves generated in each
of the two source regions alone. Moreover, the amplitude of
VLF waves is no longer monotonous with the increase of HF
frequency, but fluctuates. This behavior is caused by the phase
difference between the two source regions at different HF fre-
quencies under the premise of conforming to the law of wave
interference. In the frequency range of underdense heating in
the F layer, the superimposed amplitude of VLF waves is ba-
sically the same as the amplitude of VLF waves generated by
BW in the D-E region, and this is because the amplitude of
VLF waves generated by BW in the F region is much lower
than in the D-E region.

0.20 . -
& Bl O-mode
2 I X-mode
0.15 1
g
=]
=
Z o.10}
]
=}
.
% 0.05}
=
]
ot
0

4.75 5.00 5.25 5.50 5.75 6.00 6.25
HF frequency (MHz)

Fig. 4. The superimposed amplitude of the VLF wave (f = 5000 Hz) gen-
erated by BW in the D-E and F region of both O-mode waves and X-mode
waves varies with the HF frequency. The type of heating (overdense or un-
derdense) in F layer at different frequency is shown in Table 1.

4. Summary and conclusion

For BW in the D-E region, the modulation effect of X-
mode waves is higher than O-mode waves under the same con-
dition. Theoretically, the same conclusion is true for BW in the
F region, but when the lower ionosphere is strong, the effect
of D-E region absorption of X-mode waves is stronger than
that of O-mode waves, so that less energy of X-mode waves
reaches the F layer. In addition, the reflection height of X-
mode waves is lower than that of O-mode waves at the same
frequency, which means a smaller interaction region. In con-
trast to previously reported that BW by X-mode waves must be

(13

more effective than by O-mode waves,!!?! this work illustrates
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that O-mode waves may have a better modulation efficiency in

some cases.

The variation of the amplitude of VLF waves with HF
frequency (mainly around foF2 and fxF2) is significantly dif-
ferent when the position of BW source region is different.

1) For BW in the D-E region, the modulation efficiency
decreases uniformly and monotonically with the increase of
the HF frequency, since HF waves can penetrate the D-E layer.

2) For BW in the F region, in the case of overdense heat-
ing, as the HF frequency increases, firstly, the energy of HF
waves that can reach the F layer increases; secondly, the in-
crease of the reflection height of HF waves increases the area
of interaction region of BW, however, the beating current de-
creases during this process, therefore, the variation of modu-
lation efficiency with the HF frequency is uncertain and needs
to be analyzed according to the specific situation. When the
HF frequency increases to the range of underdense heating,
the modulation efficiency will decrease significantly compared
with that of the overdense heating due to the disappearance of
the swelling effect of HF electric field.

3) For BW existing in both D-E and F region, in the fre-
quency range of F layer overdense heating, the amplitude of
VLF waves fluctuates with the increase of HF frequency rather
than monotonously change; in the frequency range of F layer
underdense heating, the amplitude of VLF waves is basically
the same as that of generated by BW in the D-E region, which
means decreases with the increase of HF frequency.

In summary, the simulation results presented in this paper
indicate that significant variation of the modulation efficiency
of BW as a function of HF frequency exist in different source
region. It has been shown that by changing the HF frequency
(it should be noted here that the change of the HF frequency
needs to cross the foF2 or fxF2 for O-mode waves or X-mode
waves, respectively), and observing the variation trend of the
amplitude of VLF waves received on the ground, the source re-
gion and the corresponding physical mechanism of BW can be
determined. Therefore, changing the frequency of HF waves
is a feasible and novel approach to solve the controversy of
source region and mechanism of BW, although it still needs to
be tested and verified by future experiments.
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