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Abstract 

 
We present a two-fluid simulation of the interaction 

between the powerful HF (high-frequency) 

electromagnetic wave and the ionosphere. The OTSI 

(Oscillation Two-Stream Instability) and PDI (Parametric 

Decay Instability), near and below the turning point of 

ordinary wave mode respectively, are excited. The region 

of coexistence of OTSI and PDI is investigated. The 

spectral features in OTSI, PDI and coexistence area are 

studied. The wave conversion from O mode to Z mode is 

studied by using different source intensity. 

 

1 Introduction 

 
The HF-induced plasma line and ion line has been 

observed in many ionospheric radio modification 

experiments [1-4]. The PPI (Ponderomotive Parametric 

Instability) theory, include PDI, OTSI and other 

parametric instability induced by Ponderomotive force, is 

followed to interpret the spectral features [5-7]. In PDI 

process, the pump wave (ω0, k0) decays into a Langmuir 

wave (ωL, kL) and an ion acoustic wave (ωIA, kIA), where 

the phase matching conditions ω0=ωL+ωIA, k0= kL+ kIA 

are satisfied. The Langmuir wave can further decay into a 

daughter Langmuir wave and an acoustic wave, which is 

described by cascade theory, also known as WTA (weak 

Langmuir turbulence approximation). The OTSI process 

involves the decay of pump wave to two Langmuir 

sidebands and a purely growing mode, which is 

corresponding with cavitons formation [8-11].  

 

The numerical simulations of PDI have been reported in 

many studies [12-14], while simulation about OTSI is 

present mostly in SLT study [8-11]. Both two processes 

simulation are almost based on Zakharov model. In this 

study, more general equations are computed to simulate 

both OTSI and PDI under different intensity of electric 

field and the spectral feature are analyzed. Conversion 

from O mode to Z mode with the intensity of electric field 

is studied. 

 

2 Numerical Model 

 
To numerically simulate the radio wave propagation in 

the ionosphere, the curl Maxwell equations (1) are 

computed by FDTD (Finite-Difference Time-Domain) 

scheme,  
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where J  is the current from the dynamics of electrons and 

ions. In this paper, the O+ is considered for ions. The 

dynamics of electrons and ions are governed by equation 

(2) and (3), where n is the density, v is velocity, m is the 

mass, z is the vertical spatial coordinate, subscript e and i 

represent electrons and ions, 1/2( / )Te B e ev k T m is the 

electron thermal speed and 1/2[ ( 3 ) / ]s B e i iC k T T m   is the 

ion acoustic speed, kB is Boltzmann’s constant, Te and Ti 

are temperature of electrons and ions. The Ponderomotive 

force is considered in the ion momentum equation. 

Constant geomagnetic field B0 is considered. The density 

fluctuations are separated into fast and slow timescale. So 

we define the electron density ne=ne0+nes+neh, where ne0 is 

the background electron density, nes is the fluctuation in 

slow timescale and neh is the fluctuation in fast timescale. 

Similarly, the ion density is defined by ni=ni0+nis+nih. 

Here quasi-neutrality is assumed in background electron 

density and slow timescale, i.e. ne0=ni0 =n0 and nes=nis=ns. 

The ion fluctuation in fast timescale is zero, namely nih=0, 

which means that ions are assumed to be immobile in 

high-frequency process. 
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3 Numerical Setup 

 
The computation of above numerical model is accelerated 

by GPU. A computational domain of dimensions 

865381 Yee cells [15] is used, with the spatial step size 

set as 0.04 m, which means that total computation height 

range is 0 – 3461.52 m. The boundaries on both sides are 

256 cell PML (Perfect-Matched-Layer) boundaries [16]. 

The background electron density profile n0 is assumed to 

have a Gaussian shape as formula (4). 
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where nmax =1.436×1011 m-3 is the electron density at the 

F2 peak located at zmax= 13.418 km, which height is 

beyond the computation domain, and L=31.62 km is the 

ionosphere scale length. The pump frequency is chosen as 

f0=3.2 MHz, from which the turning point of O mode 

wave can be calculated as z0=2.352 km. The source 

electromagnetic wave is at z=0 km and pump wave is set 

as O mode. The temperature of electrons and ions are both 

chosen as 1500 K. The geomagnetic field is set to the case 

at the EISCAT facility in Tromso as  

0[ sin( ) sin( )]B B x z                  (5) 

where θ = 12°, B0 is set as typical value B0 =510-5 T. 

 

4 Simulation Results 

 
We compare the simulation in different pump intensity. 

Firstly, the pump intensity E0=1 V/m is chosen, which is 

so large that induce a PPI in broad height range. Fig 1 

shows the evolution of the z-direction electric field Ez and 

ions density change ns. Large scale standing wave is 

formed soon due to the reflection after simulation start. At 

about t=4 ms, the small scale structures are generated 

significantly around z=2.4 km, 1.9 km and 1.8 km, which 

demonstrates that PPI is excited. Meanwhile, standing 

wave at  z=2.4 km moves down and become more 

intensive, which seems to be compressed by the small 

scale structure. In addition, new wave above turning point 

of O mode is generated and propagation upwards, which 

mean the Z mode wave is converted due to the small scale 

structure. After then, small structure is generated at lower 

height with time because of the lower intensity of 

standing wave at lower height.  

 

 

Figure 1. The evolution of z-direction field Ez and ion 

density change ns. 

 

To distinguish the PDI and OTSI in Figure 1, the 

spectrum of ion density change with height is showed, as 

Figure 2. Below the height of z=1580 m, two discrete 

spectrum enhancement is obvious, and the relationship 

between the two frequencies is exactly double, which is 

consistent with cascade theory. The spectrum above 

z=1580 m is enhanced at zero frequency, which is the 

OTSI spectral feature. 

Based on dispersion relation of Langmuir wave as 

equation (6), 
2 2 2 2 23 sinL p Te cev     

L
k               (6) 

and ion acoustic wave as equation (7) 
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and match condition, where ωce is the electrons gyro-

frequency, the prediction about the acoustic wave 

frequency of primary PDI is present as equation (8), 

which is computed with our simulation parameters and 

plotted in Figure 2 as black line. The black line fit the 

enhanced spectrum by primary decay process in Figure 2 

pretty well. The predicted acoustic frequency gets lower 

with height from equation (8), i.e., the black line in Figure 

2. Let |fIA|=0, the height can be calculated as zp,max= 

2119.48 m. The height zp,max represents the maximum 

height where PDI can be excited. So, in figure 2, the PPI 

excited around z=2400 m should be only OTSI process. 

Between z=1580 m-2050m, both PDI and OTSI processes 

are excited. 

 
Figure 2. The ion density change ns frequency spectrum 

with height. The black line is the prediction of ion 

acoustic wave frequency induced by primary PDI from 

equation (8). 
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Figure 3 shows the evolution of ns at three different 

regions, where only OTSI is excited, both OTSI and PDI 

excited, and only PDI is excited. The cavitons are 

observed at upper panel and middle panel. The 

propagation of cavitons can be observed too, which is 

corresponding with the collapse and nucleation of 

cavitons. The depth of cavitons between 2386 m – 2393 m 

is larger than that between 1706 m -1713 m, because of 

the intensity of standing wave as pump wave is larger 
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between 2386 m – 2393 m. The f-k spectrum at these 

three regions are present in Figure 4, where the trace of 

enhanced spectrum in three panels are all consistent with 

acoustic wave dispersion relation. However, the 

differences between three panels should be mentioned. 

The significantly discrete spectral feature at bottom panel, 

consistent with cascade theory [11], also demonstrates the 

PDI and cascade are excited. In the middle panel and 

upper panel, the spectrum is broad and continuous, which 

is derived from the collapse. But the maximum 

enhancement can be observed at k0=1 m-1 and k =N k0 at 

middle panel, where N is an integer. This spectral feature 

may come from the harmonic wave number of formation 

of cavitons. At upper panel, the harmonic enhancement of 

cavitons are invisible. It may be covered by the spectrum 

extension due to violent collapse. 

 
Figure 3. The ion density change ns at three different 

regions. 

 

 
Figure 4. The f-k spectrum at these three regions 

corresponding with Figure 3. 

 

Next the intensity of source is changed to be 0.8 V/m, in 

which case the OTSI at z=2400 m is not excited. Ion 

density change ns frequency spectrum with height are 

showed as Figure 5. The OTSI is not most easily excited 

in reflection height, because the threshold of OTSI get 

greater while the height is closer to the reflection height 

[17]. The height range where both PDI and OTSI are 

excited are slightly narrowed. 

 

The conversion from O mode to Z mode wave due to 

cavitons is studied. The simulation is run with eight 

different source intensity E0. Here the conversion ratio is 

defined as the ratio of maximum electric field between 

z=2800 m – 3200 m after small scale structure generation 

to maximum standing wave intensity before small scale 

structure generation. The result is plotted as Figure 6. The 

red star represents the OTSI at=2400 m is excited. The 

black star represents the OTSI at z=2400 m is not excited 

and in these situation the maximum height of small scale 

structure generation is about z=2100 m. The conversion 

rate gets larger with source intensity. The more important 

factor to be considered is the height of cavitons. The 

dispersion relation curves of O mode and Z mode are 

closer near reflection height than that far below the 

reflection height, which induced more effective 

conversion while OTSI near reflection height is excited 

and cavitons are generated.  

 
Figure 5. Same as Figure 2 but source intensity E0=0.8 

V/m.  

 

 
Figure 6. The Conversion rate from O mode to Z mode 

with source intensity E0.  
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5 Summary 

 
Two-fluid model is numerally simulated in this study. The 

OTSI and PDI process are excited in the simulation. The 

cycle of nucleation, collapse of cavitons are observed in 

OTIS process, which is corresponding with the 

propagation of cavitons. The cascade is observed in PDI 

process. 

 

The region of OTSI excitation is higher than that of PDI, 

which is consistent with the previous studies. At the 

junction, two process are coexistent. The height range of 

coexistence depends on the power of source. 

 

The spectral feature in different region is studied. The 

PDI excitation shows a discrete spectrum. Prediction of 

ion acoustic wave frequency in primary PDI is present, 

which is consistent with the simulation pretty well. The 

spectrum enhancement is broad and continuous in OTSI 

due to the formation and collapse of cavitons. In existence 

region, the spectrum is same as OTSI area except the 

harmonic wave enhancement.  

 

The conversion from O mode to Z mode is studied by the 

simulations in different source intensity. The maximum 

height of cavitons generation is important. The closer the 

cavitons gets to the reflection height, the conversion is 

more effective. The source intensity can also influence the 

conversion by influencing the cavitons depth. 
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