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Abstract. Using electron density and temperature 

equations, we have modeled the dynamics of the elec-

tron density profile in the ionosphere due to the expul-

sion of plasma from localization regions of plasma 

waves, pumped by high-power HF radio waves, i.e. 

wave reflection and upper hybrid resonance regions. 

Causes of the ionospheric plasma expulsion are an in-

crease in the gas-kinetic pressure due to the ohm heating 

of electrons by plasma waves, and the high-frequency 

pressure of plasma waves (ponderomotive expulsion). 

We have established that the ponderomotive expulsion 

develops more rapidly and is responsible for the for-

mation of local regions of plasma density depletion near 

plasma resonances, whereas the gas-kinetic pressure 

increase is responsible for the formation of lower-

density region, which is slower in time and more ex-

tended and smoother in height. The results obtained 

qualitatively agree with the data from the experiment 

conducted at the HAARP facility in 2014. 

Keywords: ionosphere, electron heating, powerful 

HF radiation, ponderomotive expulsion, profile modifi-

cation. 

 

 

 

 

INTRODUCTION 

Plasma expulsion from the upper hybrid resonance 

(UHR) region of a powerful radio wave (pump wave, 

PW), where 
2 2 2

pe 0 e ,Hf f f  was found in the experi-

ments on studying disturbances of the ionospheric vol-

ume pumped by powerful HF radio-wave of ordinary 

polarization by the multifrequency Doppler sounding 

(MDS) at the SURA facility in the 1980th [Vaskov et 

al., 1986]. Here f0, fpe, fHe are the PW frequency, elec-

tron plasma, and cyclotron frequencies respectively. 

These results directly confirmed theoretical ideas about 

the important role of processes in the UHR region in 

exciting artificial ionosphere turbulence [Vas’kov, 

Gurevich, 1976; Grach, Trakhtengertz, 1975; Grach et 

al., 1981]. Later, similar experiments found plasma ex-

pulsion from a PW reflection region, where f0 = fpe [Be-

rezin et al., 1991], which occurred earlier than that from 

the UHR region. This expulsion was weaker and disap-

peared (or noticeably weakened) after the development 

of processes in the UHR region. The latter suggests that 

the plasma expulsion from the PW reflection region is 

connected with the rapid (in fractions of a second) exci-

tation of plasma (Langmuir) waves due to the develop-

ment of a ponderomotive parametric instability at the 

initial stage of pumping. Slower processes in the UHR 

region (thermal parametric and resonance instabilities), 

which lead to the occurrence of small-scale irregulari-

ties, extended along the magnetic field, and upper hy-

brid waves, shield the reflection point, and the pump 

energy is injected into plasma in the UHR region.  

The effect of plasma expulsion from the PW reflec-

tion and UHR regions occurs at sufficiently high effec-

tive PW powers: 150–250 MW at different f0 at the Sura 

facility [Vaskov et al., 1986; Berezin et al., 1991; Grach 

et al., 1997], 280 MW at the EISCAT/heating facility 

(Tromsø, Norway) [Lobachevsky et al., 1992], 400 MW 

at the HAARP facility (Alaska, the USA) [Shindin et 

al., 2021]. At low PW powers, there are no expulsion 

effects, despite the effective excitation of artificial tur-

bulence in the PW reflection and UHR regions. Moreo-

ver, when a PW frequency is close to the electron cyclo-

tron frequency harmonics (f0≈nfHe), the development of 

disturbances in the UHR region is noticeably weakened 

and slowed down. At the same time, the plasma expul-

sion from the reflection region is observed for a longer 

time [Lobachevsky et al., 1992], and the profile modifi-

cation changes significantly [Shindin et al., 2021].  

The MDS method involves using a set of test radio 

waves with different frequencies. Analyzing phase 

characteristics of the test signals reflected from a dis-

turbed region allows us to reconstruct the vertical elec-

tron density profile Ne(z) and hence the relative varia-

tion in the electron density e e 0

0 0

.
N N N

N N

 
  The alti-

tude resolution of the reconstructed profile directly de-

pends on the frequency shift between "neighboring" test 

waves, and the frequency range of the test waves deter-

mines the range of heights in the reconstructed profile. 

In the first MDS experiments [Vaskov et al., 1986; Lo-

bachevsky et al., 1992; Grach et al., 1997; Berezin et al., 

1991], the number of the these waves did not exceed 

eight, in some cases it was twelve. Since 2006, a modi-
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fied MDS method has been used [Sergeev et al., 2007], 

which makes it possible to significantly improve the 

altitude resolution of the reconstructed profile as well as 

to trace its temporal evolution. This is achieved due to 

special combined modes of heating facility radiation, 

used for ionosphere pumping and sounding [Sergeev et 

al., 2007; Grach et al., 2016]. The probe (sounding) ra-

diation in this case is a sequence of short (20–200 μs) 

radio pulses. Recording ionospherically reflected radio 

pulses with modern wide-band receivers enables identi-

fication of their spectral components against the noise 

background in a bandwidth to 1 MHz, these components 

serve as test waves. The use of regularization algorithms 

makes it possible to correctly account for the geomag-

netic field effect when solving the inverse problem. As a 

result, the method provides the following parameters of 

the reconstructed profile Ne(z, t): ~50 m altitude resolu-

tion, ~30 km altitude range, ~100–200 µs time resolu-

tion. Experiments carried out with the SURA facility 

with the new method have confirmed the results of ear-

lier experiments: the initial plasma expulsion from the 

reflection region, the subsequent shielding of the reflec-

tion region, and the slower development (along with 

UHR turbulence) of plasma expulsion from the UHR 

region [Shindin et al., 2012].  

The expulsion effects and the ionospheric electron 

density profile modification have been studied theoreti-

cally in [Vaskov, Dimant, 1989; Grach et al., 1989; Di-

mant, 1989]. These effects can be associated both with 

the ponderomotive (average HF) pressure of plasma 

waves and with an increase in the gas-kinetic pressure 

of plasma due to heating of electrons by plasma waves. 

Grach et al. [1998] have found that in the SURA exper-

iment, by the end of minute pumping cycles, the expul-

sion effect prevailed due to the increase in the gas-

kinetic pressure. Plasma waves, in turn, appeared at 

heights of plasma resonances (reflection and UHR re-

gions) due to excitation of parametric instabilities under 

the influence of a powerful radio wave on the iono-

sphere.  

In 2014, a series of experiments on the modification 

of the ionospheric electron density profile, using mul-

tifrequency Doppler sounding by the technique devel-

oped at the Sura facility, was carried out with the 

HAARP heating facility (Alaska, the USA), whose 

power is about 10 times higher than the power of the 

Sura facility [Sergeev et al., 2016; Shindin et al., 2021]. 

It was found that in a number of sessions both expulsion 

regions (near the reflection point and near the UHR 

height) were preserved during the entire exposure time 

(>40 s). 

The purpose of this work is to determine the mecha-

nism of formation of the modified electron density pro-

file in the ionosphere, observed in the experiment 

[Shindin et al., 2021] with the HAARP facility, under 

the action of a powerful HF radio wave. Section 1 brief-

ly states the results of the HAARP experiment (altitude 

dependences ΔNe/N0) in one of the heating sessions at 

different instants of time after switching on a PW. Sec-

tion 2 formulates a system of equations including the 

thermal conductivity equation taking into account the 

source of heating by plasma waves and the ambipolar 

diffusion equation with account of the electron thermod-

iffusion and ponderomotive pressure.  

Section 3 presents the results of calculations within 

the formulated system for parameters that provide the 

closest similarity to the empirical data. Section 4 briefly 

discusses the results. 

 

1. EXPERIMENTAL DATA 

In 2014, a series of experiments was conducted with 

the HAARP heating facility to study the modification of 

the electron density profile in the ionosphere, using the 

method developed at the Sura facility. The effective 

power of the HF radiation was 400 MW, which is much 

higher than that of Sura. The electron density depend-

ence e e 0

0 0

( , ) ( , )N z t N z t N

N N

 
  obtained in one of the 

experimental sessions (z is the height; t is the time after 

switching on a PW) is shown in Figure 1 from [Shindin 

et al., 2021]. The pump wave was switched on at t=0 

and switched off at t=45 s. The PW frequency f0 was 

5540 kHz, the true PW reflection height zr= 237 km, the 

true UHR height zuh=230 km. Note that in this session 

the PW frequency was quite far from the multiple cyclo-

tron resonance: f 0−4f He~−150 kHz.  

Figure 1 displays the relative amount of the expulsed 

plasma at different time points; zr and zuh are the initial 

heights of the reflection point and UHR respectively. 

Regions of the decreased electron density are seen to 

develop both near the height of the reflection point zr, 

where f0=fpe, and near the height of UHR (z=zuh), where 

 

Figure 1. Relative electron density variations 

ΔNe/N0=[Ne(t)–Ne(0)]/Ne(0) as a function of height at 1, 3, 5, 

15, 30, 40 s of heating. The PW frequency f0=5540 kHz,   

z–zr=0 corresponds to the position of the reflection point zr. 

The arrows show the initial heights of the PW reflection zr and 

upper hybrid resonance zuh 
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 2 2 2

pe 0 e .Hf f f   As the pumping time t increases, the 

electron density decreases more slowly between these 

heights, and this trend persists throughout the exposure 

time (45 s). 

 

2. THEORETICAL MODEL. 

BASIC EQUATIONS 

When an O-polarization powerful radio wave (pump 
waves) falls on the ionosphere in a direction close to 
vertical, plasma waves are excited in the region of 
plasma resonances. According to present-day views 
(see, e.g., [Grach et al., 2016]), there are two regions 
where the contribution of the PW energy to ionospheric 
plasma is effective: the first is near the PW reflection 
point (f0=fpe, z=zr), where a ponderomotive parametric 
instability develops most rapidly (in a matter of milli-
seconds), and  the second is near the PW UHR height 
(f0

2
=fpe

 2
+fHe

2
, z=zuh), where a thermal parametric insta-

bility is excited more slowly (for several seconds). Due 
to the pondermotive parametric instability, Langmuir 
waves are excited, while the thermal parametric instabil-
ity is responsible for the excitation of upper hybrid 
waves and small-scale plasma density irregularities, 
elongated along the geomagnetic field. The plasma 
waves in the reflection and UHR regions have a low 
group velocity; they effectively accumulate and dissi-
pate almost locally in the excitation region. The sharply 
inhomogeneous accumulation of plasma waves in height 
should lead to intense ejection of electrons from the 
resonance region by the pondermotive force (Miller 
force) [Dimant, 1989; Grach et al., 1989; Vaskov, Di-
mant, 1989]. Furthermore, the collisional dissipation of 
plasma waves leads to additional heating of electrons, 
which also causes plasma expulsion from the resonance 
region due to a gas-kinetic pressure increase [Gurevich, 
Schwarzburg, 1973; Dimant, 1989].  

In conditions of the experiments at the 
EISCAT/heating, Sura, and HAARP facilities, the geo-

magnetic field is almost vertical (θ=∡z B=12°, 18.5°, 
and 14° respectively); moreover, the antenna patterns of 
the facilities are quite wide (the horizontal size of the 
disturbed region at altitudes of ~230 km is ~50 km). 
Since the ionospheric plasma transport in the direction 
transverse to the geomagnetic field B is significantly 
slowed down, we can assume that the plasma expulsion 
from the regions of the PW energy contribution occurs 
along the magnetic field.  

At sufficiently long times (t>1/vi, vi is the frequency 
of ion collisions) and at large scales (Δz>le, the mean 
free path of electrons), the plasma motion in this direc-
tion is described by the equation [Gurevich, Schwarz-
burg, 1973] 

e a

2
2

a 2

2 2

2 2e 0 e 0 e

2 2

i i 0

cos θ
τ

cos θ cos θ .

N

T

N N N
D

t z

m N N T
D

m v Tz z

   
  

 

  
 

 

 (1) 

Here ΔN=N–N0 is the plasma density perturbation; N0 is 

the initial (equilibrium) density; e i

a

i i

T T
D

m v


 is the co-

efficient of ambipolar plasma diffusion; τN=(αNe)
–1

 is 
the electron lifetime; DTea=kTDa·is the coefficient of 
ambipolar thermodiffusion; kT is the thermodiffusion 
ratio, in the elementary theory at hand kT =1; me, mi, Te, 
Ti are masses and temperatures (in energy units) of elec-
trons and ions; vi is the frequency of ion collisions; θ is 
the angle between the vertical and the geomagnetic field 
(the temperature and density are redistributed along the 
magnetic field). In HAARP experiment conditions, 

≈76°, hence cos
2
=0.94~1. The first term on the right-

hand side of Equation (1) is related to the ponderomo-
tive plasma expulsion. Here Φ is the average HF poten-
tial (accordingly, the pondermotive force is equal to 

 [Gaponov, Miller, 1958; Pitaevskii, 1960]):  

22

2

0 e

( )
,

24 ω

e W z

N mm
  

E
 (2) 

where e is an electron charge; 
2

E is the integral intensi-

ty of a high-frequency electric field; W is the integral (in 

terms of frequencies ω and wave vectors k) energy den-

sity of plasma waves: The 2

ω,

1
ω.

8π
kW E d d  k  The 

PW energy density in the excitation region of plasma 

waves is small compared to W and can be neglected. 

The second term on the right-hand side of Equation (1) 

is related to thermodiffusion — the redistribution of 

electrons due to variations in electron temperature and 

hence in gas-kinetic pressure. The behavior of the elec-

tron temperature under PW impact is described by the 

thermal conductivity equation with constant coefficients 

in the region of the heating source: 

 
2

2e e

e e 02
cos θ δ ,T T

T T
D v T T Q

t z

 
   

 
 (3) 

where 2e

e e

e e

,T

T
D v l

m v
  e

e

e e

1 T
l

v m
  is the mean free 

path of electrons; ve is the frequency of electron colli-

sions; δ is the fraction of energy lost by an electron 

when it collides with a heavy particle (ion, neutral atom 

or molecule); Q (z, t) is the source characterizing the 

Joule heating of electrons by a high-frequency electric 

field (mainly plasma waves): 

2

e

0 0

2σ 4 ( )
;

3 3 8π
T

vW z
Q

N N
 

E
 (4) 

σ is the anti-Hermitian part of electron conductivity. 

Turn now to the space-time structure of the sources 

Ф(z, t) and QT(z, t). The domain of existence of plasma 

waves in Formulas (2) and (4) is characterized by the 

parameter ∆z — the size of the heating source in height. 

According to theoretical models [Grach et al., 2016], 

plasma waves are concentrated in rather narrow regions 

of PW energy input to ionospheric plasma (∆z~0.5 km), 

i.e. near reflection z=zr and upper hybrid resonance z=zuh 

regions. The pondermotive parametric instability devel-

ops most rapidly (in a matter of milliseconds) near the 

reflection region, whereas near the UHR region the 

thermal parametric instability is excited more slowly, 
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and plasma waves develop for a few seconds (2–3 s) 

[Sergeev et al., 2016].  

To simulate the development of perturbations of the 

electron density profile ∆Ne(z), we represent the spatial 

distribution of the sources Ф(z, t) and QT(z, t) in the 

Gaussian form: 

   
2 2

uh r

2 2

2

uh2 2

r

( ) ,

z z z z

z z
z

W z e e
z

 
 

 
 

   
 

 (5) 

with the same vertical size of the sources. The meaning 

of the multiplier 

2

uh

r

z

z

 
 
 

will be explained below. We 

suppose that plasma waves in the reflection region arise 

instantly, at zero second immediately after switching on a 

PW; whereas in the UHR region the plasma waves de-

velop in ~2–3 s. Since the time of development of the 

thermal and pondermotive parametric instabilities is 

short compared to the time of temperature and electron 

density redistribution (see Equations (1), (3)), we as-

sume that in the reflection region there is instantaneous 

excitation of plasma waves at t=0; and in the UHR re-

gion, with a delay ∆t.  

Let us assume W(z) proportional to the pump wave 

intensity at the corresponding altitudes: 

2

0є ( )
( ) ,

8π

E z
W z   (6) 

where ϵ>>1 is the proportionality coefficient character-

izing an increase in the real source associated with 

plasma waves, compared to the case when the source is 

only PW. Besides, the value of ϵ may differ for the 

sources associated with the pondermotive (at the point 

of reflection) and thermal parametric instabilities. Using 

both theoretical models and empirical data, ∆z and ϵ can 

be estimated rather roughly; therefore, during the simu-

lation the values of ∆z and ϵ should vary in order to 

achieve acceptable agreement with empirical data. 

Note that in experiments, where heating is carried 

out by an extraordinary wave, plasma waves are not 

excited. In this case, temperature should be calculated 

taking into account the distribution of the PW electric 

field over the entire region of the PW propagation. Here 

(for the case of heating by an ordinary wave), we limit 

ourselves to the finite size of the plasma wave genera-

tion region.  

The PW electric field amplitude E0 can be calculated 

by the formula [Gurevich, Schwarzburg, 1973]  

  
 0

0

Bт
B/м 9.5 ,

[м]

P
E z

z
  (7) 

where P0 is the effective radiated power of the pump 

wave. Formula (5) has, therefore, a multiplier 
2

uh

r

,
z

z

 
 
 

associated with the spherical divergence of PW 

(the denominator z in Formula (7)). 

The PW anomalous absorption in the UHR region, 

associated with the scattering of PW into plasma (UH) 

waves by small-scale irregularities elongated along the 

magnetic field, can lead, as already mentioned, to 

shielding of the reflection region and, accordingly, to 

suppression of the pondermotive parametric instability 

and a noticeable decrease in the depth of plasma expul-

sion at the reflection point. This situation took place in 

experiments both at the Sura facility [Shindin et al., 

2012] and at the HAARP facility in the session at 

f0=5500 MHz, conducted a few minutes later than that 

described in Section 1. This should lead to the ϵ(t) de-

pendence when the upper hybrid turbulence develops. 

However, hereinafter for simplicity, in the simulation 

we ignore the anomalous attenuation effect and take ϵ to 

be identical for the reflection and UHR regions. Along 

with the plasma expulsion from the PW energy input 

regions there are competitive processes that, on the con-

trary, cause the electron density to increase in the PW 

energy input region. This is a disturbance of the ioniza-

tion-recombination equilibrium owing to the depend-

ence of the recombination coefficient on temperature 

[Gurevich, Schwarzburg, 1973; Benediktov et al., 1980; 

Boyko et al., 1985], as well as additional ionization of 

the ionospheric neutral component by electrons acceler-

ated by plasma waves [Vaskov et al., 1981; Grach et al., 

1998] up to the formation of reflecting layers [Bernhardt 

et al., 2016; Carlson, Jensen, 2014; Mishin et al., 2016; 

Pedersen et al., 2010; Pedersen et al., 2011; Sergeev et 

al., 2013]. Yet, these processes do not have such a pro-

nounced spatial structure as the plasma expulsion in 

Figure 1. In the experiment [Shindin et al., 2021], an 

increase in the electron density due to the disturbance of 

the ionization-recombination equilibrium and, against 

its background, plasma expulsion were observed. At the 

same time, the formation of additional layers was not 

recorded because, first, the PW power was insufficient 

and, second, a vertical impact was made, while layers 

are effectively formed when the antenna pattern of the 

heating facility is directed to the magnetic zenith. 

The existence of two plasma expulsion regions 

makes it possible to study the competition of two effects 

through simulation using Equations (1) and (3): plasma 

expulsion due to a gas- kinetic pressure increase by 

electron heating (the right-hand side of Equation (3) QT 

and the second term in the right-hand side of Equation 

(1)) and pondermotive plasma expulsion (the first term 

on the right-hand side of Equation (1)). 

To figure out which of the mechanisms of formation 

of ionospheric plasma density regions prevails, we have 

carried out model calculations using Equations (1) and (3), 

taking the source for (2), (4), and (5). For the calcula-

tions, we took the following parameters: N0=3.7·10
5
 cm

–3
, 

τN=30 s, T0=2.07·10
–13

erg (which corresponds to 

T0=1500 K) — the initial electron temperature, vi=1 s
–1

, 

P0=175 MW, le=500 m, ve=300 s
–1

, δ=10
–4

.  

To solve the ambipolar diffusion and thermal con-

ductivity equations, we adopted the method of finite 

differences. The method involves changing the initial 

(continuous) problem of mathematical physics to its 

discrete analog (difference scheme). The domain of con-

tinuous change of arguments is replaced by a finite, or 

countable set of points, also known as nodes. The set of 

all nodes is called a net. Instead of functions of continu-
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ous arguments, we analyze the so-called net functions 

defined on the net (in the net domain). The equations 

and conditions included in the description of the math-

ematical physics problem are replaced by their discrete 

analogs. The result is a net (difference) scheme. To 

tackle the elliptic problem by the method of finite dif-

ferences, a net is constructed for the computational do-

main, then a difference scheme is selected and a differ-

ence equation is written for each node of the net (analog 

of the original equation but with the difference scheme), 

and thereafter boundary conditions are considered. A 

system of linear algebraic equations is taken whose so-

lution yields approximate values in the nodes. Solving 

problems by the method of finite differences is an itera-

tive process; at each iteration, we find a solution in a 

new time layer. 
Note at the end of the section that the pondermotive 

expulsion and the Joule heating for a source located in 
the UHR region under stationary (prolonged) pumping 
have been analyzed in [Dimant, 1989]. The heating 
source QT(z, t) was shown to be more significant for the 
formation of a lower-density region. This result has 
been confirmed by estimates made on the basis of the 
empirical data from [Grach et al., 1998]. 

 

3. NUMERICAL SIMULATION 

RESULTS 

Figure 2–4 presents the results of simulation with 
(1), (3) for Δz=600 m and ϵ=6, at which the agreement 
between the calculated results and the experimental data 
seems to be the best. The half-width of the domain of 
existence of plasma waves Δz was chosen on the basis 
of existing theoretical concepts of plasma wave excita-
tion in ionospheric experiments in the regions of reflec-
tion [Eliasson, 2013] and upper hybrid resonance 
[Grach et al., 1981; Grach et al., 2016] and was varied 
during the simulation within fairly narrow limits (~20–
25 %); the value ϵ was selected for the best agreement 
between calculation results and empirical data (first of 
all, we are dealing with the maximum depths of electron 

density cavities Δn e/N 0 at z~z r and z~zuh).  

Figure 2 illustrates the height distribution of electron 

temperature perturbations e e 0

0 0

T T T

T T

 
  at 1, 3, 5, 15, 

30, 40 s of heating. The position of the sources approx-
imately corresponds to the heights of reflection and 
UHR in Figure 1. It is apparent that after the source is 
activated in the UHR region the electron temperature 
quickly equalizes in the interval between the reflection 
zr and UHR zuh heights, the regions of the PW energy 
input to ionospheric plasma. In this case, the second 
term on the right-hand side of Equation (1), responsible 
for the plasma expulsion caused by the gas-kinetic pres-
sure increase due to electron heating (thermodiffusion 

source), weakly depends on z at zuh≲z≲z r.  
Figure 3 for the same time points as in Figure 2 shows 

the relative electron density perturbation as a function of 

height e e 0

0 0

( , )
N N N

z t
N N

 
 , taking into account only 

the thermodiffusion source. It can be observed that due to 

 

Figure 2. Relative increase in electron temperature as a 
function of height at various instants of time after switching 
on a PW. 
 

 

Figure 3. Relative variation in the electron density ΔNe/N0 
at plasma resonance heights of 230 km (UHR) and 237 km 
(reflection). Only the gas-kinetic pressure variation (i.e. the 
thermodiffusion source described by the second term in Equa-
tion (1)) is taken into account. Lines indicate the electron den-
sity dynamics at 1, 3, 5, 15, 30, and 40 s after switching on a 
PW  
 

 

Figure 4. The same as in Figure 3 if both electron heating 
(the second term in Equation (1)) and pondermotive plasma 
expulsion (the first term in Equation (1)) are taken into ac-
count 

 
the temperature equalization, thermal expulsion leads to 
the formation of a single electron density cavity at 

zuh≲z≲zr. There are no two spatially shifted regions at 
z~z r and in z~zuh.  

Figure 4 shows the dependence 

e e 0

0 0

( , )
N N N

z t
N N
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for the case of consideration of two sources — ponder-

motive and thermodiffusion — for the same plasma 

parameters as in Figures 2, 3. It can be seen that the 

behavior of ΔNe/N0 in this Figure qualitatively corre-

sponds to that observed in the experiment (see Figure 1) 

on modification of the electron density profile. First, a 

cavity develops near the reflection point, then, upon 

actuation of the thermal parametric instability, another 

cavity appears in the UHR region. These cavities are 

caused by the pondermotive plasma expulsion from the 

regions of PW energy contribution near zr and zuh. Later 

on, these two isolated cavities develop in parallel. Along 

with them, but more slowly, a more extended and shal-

low electron density cavity, associated with electron 

heating, develops. 

Thus, we may conclude that when lower-density re-

gions are formed in the plasma resonance region, re-

gardless of two or one, both effects (the gas-kinetic 

(thermodiffusion) plasma expulsion due to electron 

heating and the pondermotive plasma expulsion) should 

play the role. Specifically, the pondermotive plasma 

expulsion is responsible for the local location of the 

lower-density regions observed in the experiments near 

the heights of plasma resonances. The total depth of the 

cavities is determined by the additive effect of thermal 

and pondermotive expulsions. Note that this conclusion 

does not depend on the specific values of Δz and ϵ, used for 

the simulation and typical for experimental conditions. 

 

4. DISCUSSION 

The purpose of this work was to determine the 

mechanism of formation of the modified electron densi-

ty profile, observed in the experiment at the HAARP 

facility, in the ionosphere under the action of a powerful 

HF radio wave [Shindin et al., 2021]. The model for the 

vertical distribution of the energy density of plasma 

waves excited by the impact differs in a number of pa-

rameters from the distribution that actually exists in the 

experiment. First, we take almost identical distribution 

of W(z) at z~zr and z~zuh. In fact, the widths of the Δz 

regions occupied by plasma waves, the form of the de-

pendence W(z), the intensity of plasma waves in each 

specific pumping session are unknown. Theoretical cal-

culations [Eliasson, 2013; Grach et al., 2016] do not 

give a full answer to this question either. In most exper-

iments, especially when the frequency of a powerful 

wave did not approach the multiple gyroresonance fre-

quencies, there was a decrease or complete disappear-

ance of plasma expulsion from the z~zr region, associat-

ed with the consuming PW energy (shielding of the re-

flection region) at altitudes z~zuh due to the anomalous 

absorption. Such an effect occurs in experiments at 

SURA and HAARP facilities; in the latter case the PW 

frequency was f0=5500 kHz [Shindin et al., 2012; Ser-

geev et al., 2016]. The two isolated expulsion regions 

were most clearly pronounced at 
e 04 5540Hf f  kHz. 

The development of the cavities after switching on a 

PW is described in more detail in [Shindin et al., 2021]. 

Interpreting the occurrence of two isolated cavities in 

the PW frequency range f0≲4 fHe is beyond the scope of 

this work and requires more advanced and detailed 

models of the development of artificial ionospheric tur-

bulence.  

Nevertheless, from the simulation of the electron 

density profile formation during the PW energy input to 

ionospheric plasma in the z~zr and z~zuh regions using 

Equations (1) and (3), we have found that there is a 

qualitative agreement between the simulation results 

and the experimental data when taking into account both 

thermal and pondermotive plasma expulsion from PW 

energy input regions: first, local cavities of electron 

density appear near the regions of the PW energy input 

to plasma at z~zr and z~zuh due to the pondermotive 

plasma expulsion; then a more extended electron densi-

ty cavity associated with electron heating develops. We 

may, therefore, consider it established that the decisive 

role in the presence of two lower electron density re-

gions is played by the pondermotive plasma expulsion 

from the plasma resonance regions. The total decrease 

in plasma density in plasma resonance regions is deter-

mined by the additive effect of thermal and pondermo-

tive expulsion. 

The work was financially supported by RSF Grants 

No. 20-12-000197 (development of the theoretical mod-

el, analysis of the results) and No. 21-72-10131 (numer-

ical solution of Equations (1), (3)). 
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