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Abstract Thermal self-focusing effect (TSFI) is an important mechanism for large scale field-
aligned density irregularities generated when powerful HF radio waves incident on the
ionosphere. The detailed analysis and accurate simulation of it is meaningful for the study of
various non-linear phenomenon generated in ionospheric modulation experiments. The numerical
simulation results can also provide some theoretical reference for the ionospheric modulation

experiments that may be carried out in our country in the future.
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Firstly, the mathematical expressions for the excitation threshold value and the growth rate
of TSFI are derived by the normal mode expansion approach which couples the transport
equations of electron temperature and plasma density and the equation describing wave
propagation, and with the adoption of the International Reference lonosphere (IRI-2012) model
and the neutral atmospheric model (MSIS-E-00) as background parameters. Secondly, a three-
dimensional numerical model for vertical heating of the ionosphere by powerful high-frequency
radio waves is presented, and the disturbances of electron density and electron temperature in the
pump wave reflection region under different heating conditions are simulated and analyzed in
detail. Finally, the electron density and electron temperature fluctuations at the reflection height
are evaluated and the corresponding power spectra are computed and analyzed.

The calculation shows that TSFI may occur when the heating threshold of HF pump waves
reaches or exceeds the magnitude of 100 mV/m, which is consistent with the estimation of
classical theory. When the powerful HF pump waves incident to the ionosphere, large-scale field-
aligned irregularities (FAI) are developed near the reflection area of it due to the TSFI. The
simulation results show that: 1. Lots of density striations with 4% ~10% density depletions
formed near the pump wave reflection area and the electron temperature inside the depletions has
a strong enhancement which can reach 1. 6~2. 1 times of the background value. 2. The heating
effects become even stronger for lower background electron temperature and density. 3. The
perturbation amplitude of electron temperature and density decreases with time and gradually
becomes saturated, the time scale of which for electron temperature is much faster than that for
electron density. The analysis results of the power spectra of the electron density and electron
temperature fluctuations show that: 1. The large-scale irregularities caused by TSFI meet the
power-law spectrum, but do not approach the stage of turbulence. 2. The spectral index
gradually stabilizes as the heating continues. 3. The difference between the power-law spectral
index during the daytime and nighttime is small, but the spectrum of electron density and
temperature differs much to each other.

The three-dimensional numerical model for ionospheric vertical heating presented in our
paper is utilized for simulating the self-consistent development of the density and temperature
perturbations due to the TSFI in the pump wave reflection region. The formation and evolution of
the irregularities in the daytime and night show marked differences. The simulation results
obtained in this paper can be compared with the observation data obtained in the ionospheric

modulation experiments probably carried out in the future, in order to verify the accuracy of our results.
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Fig. 1

The excitation threshold of TSFI needed for the formation of different scales FAI in Alaska area at two times

(a) LT=02:00 and (b) LT=14:00.
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Contours of the electron density fluctuation and electron temperature fluctuation in pump wave reflection area

in 3 different magnetic meridian for Fuzhou area at four different times during the daytime

Each column in the figure represents different magnetic meridian, the contours in the first line of each part of the figure represent the

electron density fluctuation. and the second line represent the electron temperature fluctuation, and for each parts: (A) t=0.5 s

(B) t=30 s; (C) t=120 s; (D) t=180 s.
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the electron density fluctuation, and the second line represent the electron temperature fluctuation, and for each parts:
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Fig. 9

Contours of the electron density fluctuation and electron temperature fluctuation in pump wave reflection area

in the magnetic meridian for Fuzhou area at different times during the nighttime

The contours in the left side of the figure represent the electron density fluctuation, and the contours in right side represent the electron

temperature fluctuation, and for each parts:

(A) t=0.5s; (B) t=10 s; (C) t=30 s; (D) t=60 s; (E) t=120 s; (F) t=180 s.
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