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Abstract

This paper is related to satellite observations on board DEMETER of energetic electrons
scattering just over the SURA facility in Russia (L = 2.6). Two kinds of perturbations occurred in
energetic particles, one with increase of electron flux, and one with pitch angle modulation. The
phenomena are due to the artificial HF wave heating, with wide frequency band electromagnetic
emissions occurring simultaneously. Based on the analysis and observations in wave-particle
interaction at different frequency bands, the lightning-like VLF emissions and enhanced VLF
transmitter signals induced by HF heating may contribute to the increase of electron flux and
the modulation of pitch angles around L ~ 2.6 over SURA heating region.
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Introduction

The ionospheric heating experiments between
DEMETER and HF (high frequency) heating facilities
on the ground have been carried out a lot of times
during its operation time in 2004-2010, in which
artificial ducts were formed over the heating re-
gion and many perturbations in plasma parameters
were detected in the topside ionosphere [1-4]. Be-
sides that, the modulated ELF/VLF (extremely low
frequency/very low frequency) electromagnetic
waves and triggered emissions excited by HF heat-
er were observed on satellite and ground stations
[5-8]; which provides good opportunities for study
of wave-particle interaction. However, as one of
the major topic in ionospheric heating and magne-
tosphere physics, the real observations in energetic

particle diffusion excited by HF heater have been
rarely reported in previous studies.

In the present paper, we collect all the SU-
RA-DEMETER heating events, and exhibit a few
cases with energetic particle perturbations over
heating region. We then investigate and discuss the
interaction between electromagnetic waves and
energetic particles.

Observations

Our data set consists of DEMETER observations
with 29 experiments from SURA heater (56.15°N,
46.1°E, L = 2.6), which were all took place in local
night time. The passes were selected with clear
HF bumping waves recorded at DEMETER to make
sure that all the perturbations were directly related
to HF heating. At the meantime, VLF spectrum from
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Figure 1: Observations above SURA on May 12, 2008 and August 27, 2009 (Top: Electron flux; Middle: VLF
spectrogram of an E field component; Bottom: HF spectrogram of an E field component).

ICE [9] and high energy particle detection [10] from
IDP were taken into account in this paper.

Energetic particle precipitation over heating
region

Two typical events are identified with disturbanc-
es in high energy particles on May 12, 2008 and Au-
gust 27, 2009 respectively during SURA heating ex-
periments. In our previous study [4], there occurred
intensive plasma perturbations simultaneously. It
can be seen from Figure 1 that, the bumping waves
from SURA were detected on HF spectrum at 2.36
MHz (due to the side-lobe effects of ICE as the dif-
ference between sampling frequency 6.66 MHz
and SURA transmitted frequency 4.3 MHz). On May
12, 2008, the ionospheric heating took place during
UT 18:16:27-18:16:39, while on August 27, 2009, it
happened at UT 18:03:36-18:03:53. With the HF
heating process, perturbations in electric field were
presented in broad frequency bands from 19 Hz to
20 kHz, and the intensive disturbances occurred
below 600 Hz in VLF spectrums in the middle panel

of Figure 1. As for the energetic particles, they pre-
sented clear enhancement at energy band 70-100
keV. Relative to the HF wave intensity centres, per-
turbations in VLF and energetic particles exhibited
a little drift to the south direction. Compared these
two events, the electron precipitation was much
more significant on May 12, 2008, and the elec-
tron flux on August 27, 2009 varied in a quite small
scale within 2—3 cm?’s. sr. KeV. The two events
illustrated two facts: (1) The simultaneous electro-
magnetic emissions excited by HF heater; (2) Only
lower energy band of electrons precipitating over
the same heating region. It demonstrates the direct
relationship between HF heating and energetic par-
ticle precipitation.

Pitch angle diffusion

In total 29 SURA-DEMETER experiments, only
two passes observed the variations in pitch angle
over SURA heater as shown in Figure 2. Along the
orbit of 33262-1 on September 18, 2010, 2.36 MHz
bumping waves were detected in HF spectrogram
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Figure 2: Observations above SURA on September 18, 2010 and 21, 2010 (Top: Electron pitch angle with red
lines as a reference; Middle: VLF spectrogram of an E field component; Bottom: HF spectrogram of an E field

component).
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during UT 17:51:18-17:52:06 with intensity larger
than 10—1uV>.m™. Hz". VLF emissions distributed
from 19 Hz to 20 kHz, with those transmitter signals
enhanced and frequency broadened over 15 kHz.
Over SURA heating region, the pitch angle of elec-
trons decreased firstly, increased to reach a maxi-
mum, and then recovered to the normal ascending
trend. The variation amplitude in pitch angle was
about 0.03°. Three days later, along another orbit
of 33306-1 on September 21 observed the similar
phenomenon in pitch angle of electrons during
the heating experiment. The bumping frequency
at this time is 4740 kHz [11] shown as 1.926 MHz
in HF spectrogram at UT 17:43:45-17:44:09. The
transmitted power is 105 MW on this day, while on
Sep. 18 being 50 MW. But the strength of electric
field differed so largely between them, only about
10-2 uV2m™. Hz" on Sep. 21, which illustrates
great attenuation in lower ionosphere. In VLF spec-
trogram, there were almost no obvious perturba-
tions detected, and only enhanced and frequency

broadened VLF transmsitter signals could be distin-
guished, especially at 18.1 kHz. The pitch angle of
electrons also showed modulation variations as on
September 18, with amplitude about 0.03°. During
both experiments, no in-situ plasma perturbations
had been detected, and the electron fluxes did not
exhibit corresponding variations over this region.
Compared with the electron flux enhancement in
Figure 1, the perturbations on ground-based VLF
transmitters were much more intensive during
both pitch angle diffusion events in Figure 2. The
pitch angle variations over the heating region were
too small, but they can be easily distinguished un-
der their smoothing background curves. Addition-
ally, they occurred just at the heating time period,
so we need pay more attention on this kind of phe-
nomenon in energetic particles.

Discussion

The analysis above demonstrated the existence
of electron diffusion and precipitation induced by
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HF heating, in which the electron flux increased one
order of amplitude in the maximum at 70-100 keV
and pitch angle modulated about 0.03°. Their same
time periods and locations presented the close and
direct relationships with HF heater. So how this
electron diffusion happened, induced by HF bump-
ing waves themselves, ELF emissions, or the VLF
emissions? The VLF transmitter induced electron
belts have been widely observed and studied on
DEMETER [12-14]. The night time observations of
energetic particle flux showed clear enhancement
from NWC (L ~ 1.45) at higher L-shell around 1.67-
1.9 [12,14], which illustrated the ducted propa-
gation of VLF transmitters in the magnetosphere.
Two years of experiments from NPM (L ~ 1.17) in
Hawaii with 21.4 kHz to DEMETER presented a few
cases of transmitter-induced electron precipitation
around L ~ 1.9 [13]. From the observations of Fig-
ure 1 and Figure 2, the enhanced VLF transmitter
signals were observed with the modulation of pitch
angles (Figure 2), not the precipitation of low ener-
gy electrons. Parrot, et al. [15] reported the power-
ful VLF transmitter-induced ionospheric perturba-
tions on DEMETER, and they found the precipitated
electrons not located at the same position of plas-
ma perturbations, but at a higher L value. So the
enhanced VLF transmitter signals due to HF heat-
ing might contribute to the pitch angle diffusion of
electrons over the heating region. Unfortunately
we did not find the precipitated electrons at high-
er L-shell, but just over the same region with en-
hanced VLF transmitter signals, so there are some
conflicts to explain the observations shown in Fig-
ure 1 by enhanced VLF transmitters.

Another enhanced EM waves were the light-
ning-like signals at kHz frequency band over SURA
heater. The interaction between whistler-mode
lightning events and trapped electrons can cause
electron pitch-angle scattering, sometimes by as
much as 1° [7,16] studied the lightning-induced
electron precipitation detected by DEMETER satel-
lite, and their results illustrated that 100-300 keV
electron precipitation with electron flux increasing
to half an order to 2 orders in amplitude, just over
the localized lightning events or thunderstorms. It
is consistent with the observations of particle pre-
cipitation from enhanced VLF-band whistler waves
induced by HF heating as shown in Figure 1, which
verifies the major contribution of VLF-band whis-
tler waves in particle precipitation.

The strongest EM emissions from HF heating are
at ELF/VLF frequency band, lower than 600 Hz. The
three-component electromagnetic field data has
been collected along the orbit of 27576 - 1 on 27
August, 2009 under burst mode during the heat-
ing time. Figure 3 shows the polarization analysis
of ELF emissions during UT 18:03:30-18:04:00 over
the heating region by using the SVD method [17].
It can be seen that, besides the enhanced signals
within a wide frequency band above the cut-off fre-
guency about 600 Hz, some whistler signals were
also detected in magnetic field at 200-600 Hz, es-
pecially two signals with the electric field togeth-
er over the heating region at UT 18:03-18:04 with
polar angle near 90°, left hand polarization with
ellipicity of - 0.8 and planarity near 0.8. But the
emissions in magnetic field were not obvious be-
low 200 Hz, which demonstrates that these emis-
sions mainly were electrostatic waves at lower fre-
quency band. In the analysis of HF-induced plasma
perturbations [4] the ULF electric field disturbances
were found due to the effects of ¥ x B from up-
wards movement of ions in the artificial ducts. The
relationship between these ULF/ELF electrostatic
waves and energetic particles is rarely studied at
middle or low latitude, so here we refer to oth-
er observational facts to discuss it. In VLF heating
research [15] there occurred similar electrostatic
waves at ULF/ELF frequency band due to the move-
ment of ions in the VLF-induced artificial ducts over
the heating region, but no simultaneous electron
precipitation occurred at the same position, but at
a higher L-shell ( ~ 1.9). Considering the similarity
of the producing mechanism of these electrostatic
waves induced by VLF and HF radio waves, the con-
tribution of ULF/ELF electrostatic emissions on di-
rect energetic particle precipitation over the same
region still needs further investigations.

With the low orbiting satellite DEMETER which
can measure wave and energetic particles and the
multi times of experiments between SURA-DEME-
TER, it was possible to exhibit for the first time the
in-situ electron precipitations and their pitch an-
gle diffusion just over the heating region. Among
different frequency band signals excited by HF
heating process, the kHz whistler waves under the
non-ducted propagation mode may be the major
contributor to precipitated electrons, and the en-
hanced VLF transmitter signals play some roles in
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pitch angle modulation, while ULF/ELF electrostatic
waves for direct effects on energetic particle scat-
tering needs further study.

Acknowledgement

This paper is jointly supported by National Nat-
ural Science Foundation of China (41674156) and
National Key R&D Program of China (Grant no.
2018YFC1503506). The authors thanks DEMETER
center for providing the satellite data (http://de-
meter.cnrs-orleans.fr/).

References

1. Frolov VL, Rapoport VO, Komrakov GP, Belov AS,
Markov GA, et al. (2008) Satellite measurements of
plasma-density perturbations induced in the topside
ionosphere by high-power HF radio waves from the
“SURA” heating facility. Radiophys Quantum Elec-
tron 51: 825-833.

2. FrolovV, Rapoport V, Komrakov G, Belov AS, Markov
GA, et al. (2008) Density ducts formed by heating the
Earth’s ionosphere with high-power HF radio waves.
JETP Lett 88: 790-794.

3. Vartanyan A, Milikh GM, Mishin E, Parrot M, Galkin |,
et al. (2012) Artificial ducts caused by HF heating of
the ionosphere by HAARP. J Geophys Res 117: 10307.

4. Zhang X, Frolov V, Zhou C, Shufan Z, Yury R, et al.
(2016) Plasma perturbations HF-induced in the top-
side ionosphere. J Geophys Res Space Physics 121:
10052-10063.

5. Cohen MB, Gol-kowski M, Inan US (2008) Orientation
of the HAARP ELF ionospheric dipole and the auroral
electrojet. Geophys. Res Lett 35: 02806.

6. Cohen MB, Gotkowski M (2013) 100 days of ELF/VLF
generation via HF heating with HAARP. J Geophys
Res Space Physics 118: 6597-6607.

7. Inan US, Piddyachiy D, Peter WB, Sauvaud JA, Par-
rot M, et al. (2007) Demeter satellite observations of
lightning-induced electron precipitation. Geophysi-
cal Research Letters 34: 07103.

8. Platino M, Inan US, Bell TF, Parrot M, Kennedy EJ

DOI: 10.35840/2631-5009/7535

(2006) Demeter observations of ELF waves injected
with the HAARP HF transmitter. Geophys Res Lett 33:
16101.

9. Berthelier JJ, Godefroy M, Leblanc F, Malingre M,

Menvielle M, et al. (2006) ICE, the electric field ex-
periment on Demeter. Planet Space Sci 54: 456-471.

10.Sauvaud JA, Moreau T, Maggiolo R, Treilhou JP, Jac-
quey C, et al. (2006) High-energy electron detection
onboard Demeter: The IDP spectrometer, descrip-
tion and first results on the inner belt. Planet Space
Sci 54: 502-511.

11.Frolov VL, Mityakov NA, Shorokhova EA, Parrot M
(2013) Structure of the electric field of a high-pow-
er radio wave in the outer ionosphere. Radiophys
Quant Elect 56: 325-343.

12.Gamble RJ, Rodger CJ, Clilverd MA, Sauvaud JA,
Thomson NR, et al. (2008) Radiation belt electron
precipitation by man-made VLF transmissions. J Geo-
phys Res 113: 10211.

13.Graf KL, Inan US, Piddyachiy D, Kulkarni P, Parrot M,
et al. (2009) Demeter observations of transmitter-in-
duced precipitation of inner radiation belt electrons.
J Geophys Res 114: 07205.

14.Li XQ, Ma Y, Wang P, Huanyu W, Hong L, et al.
(2012) Study of the North West Cape electron belts
observed by Demeter satellite. ] Geophys Res 117:
04201.

15.Parrot M, Sauwaud JA, Berthelier JJ, Lebreton JP
(2007) First in-situ observations of strong ionospheric
perturbations generated by a powerful VLF ground-
based transmitter. Geophys Res Lett 34: 11111.

16.Inan US, Walt M, Voss H, Imhof WL (1989) Energy
spectra and pitch angle distribution of lightning-in-
duced electron precipitation: Analysis of an event
observed on the S81-1 (SEEP) satellite. Journal of
Geophysical Research 94: 1379-1401.

17.Santolik O, Nemec F, Parrot M, Lagoutte D, Madrias
L, et al. (2006) Analysis methods for multi-compo-
nent wave measurements on board the Demeter
spacecraft. Planet Space Sci 54: 512-527.

ISSN 2631-5009

‘772831 500008“

9 ‘

Zhang X (2020) HF-Induced Energetic Particle Precipitation Phenomena on Board Demeter. Int J Astronaut Aeronautical Eng

5:035



https://pdfs.semanticscholar.org/7b02/3407647d64757b28fd531f92a580642975f4.pdf?_ga=2.161750332.1859667219.1585628947-1657342615.1585628947
https://pdfs.semanticscholar.org/7b02/3407647d64757b28fd531f92a580642975f4.pdf?_ga=2.161750332.1859667219.1585628947-1657342615.1585628947
https://pdfs.semanticscholar.org/7b02/3407647d64757b28fd531f92a580642975f4.pdf?_ga=2.161750332.1859667219.1585628947-1657342615.1585628947
https://www.sciencedirect.com/science/article/abs/pii/S0032063305002072#!
https://www.sciencedirect.com/science/article/abs/pii/S0032063305002072#!
https://www.sciencedirect.com/science/article/abs/pii/S0032063305002072#!
https://www.sciencedirect.com/science/article/abs/pii/S0032063305002102#!
https://www.sciencedirect.com/science/article/abs/pii/S0032063305002102#!
https://www.sciencedirect.com/science/article/abs/pii/S0032063305002102#!
https://www.sciencedirect.com/science/article/abs/pii/S0032063305002102#!
https://www.sciencedirect.com/science/article/abs/pii/S0032063305002102#!
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2008JA013369
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2008JA013369
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2008JA013369
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2008JA013369
https://vlf.stanford.edu/sites/default/files/publications/2009-09.pdf
https://vlf.stanford.edu/sites/default/files/publications/2009-09.pdf
https://vlf.stanford.edu/sites/default/files/publications/2009-09.pdf
https://vlf.stanford.edu/sites/default/files/publications/2009-09.pdf
https://pdfs.semanticscholar.org/001c/5659d80425e712f47149e14403e90d691036.pdf?_ga=2.137442480.1859667219.1585628947-1657342615.1585628947
https://pdfs.semanticscholar.org/001c/5659d80425e712f47149e14403e90d691036.pdf?_ga=2.137442480.1859667219.1585628947-1657342615.1585628947
https://pdfs.semanticscholar.org/001c/5659d80425e712f47149e14403e90d691036.pdf?_ga=2.137442480.1859667219.1585628947-1657342615.1585628947
https://pdfs.semanticscholar.org/001c/5659d80425e712f47149e14403e90d691036.pdf?_ga=2.137442480.1859667219.1585628947-1657342615.1585628947
https://agupubs.onlinelibrary.wiley.com/doi/epdf/10.1029/2007GL029368
https://agupubs.onlinelibrary.wiley.com/doi/epdf/10.1029/2007GL029368
https://agupubs.onlinelibrary.wiley.com/doi/epdf/10.1029/2007GL029368
https://agupubs.onlinelibrary.wiley.com/doi/epdf/10.1029/2007GL029368
https://www.sciencedirect.com/science/article/abs/pii/S0032063305002114
https://www.sciencedirect.com/science/article/abs/pii/S0032063305002114
https://www.sciencedirect.com/science/article/abs/pii/S0032063305002114
https://www.sciencedirect.com/science/article/abs/pii/S0032063305002114
http://demeter.cnrs-orleans.fr/
http://demeter.cnrs-orleans.fr/
https://pdfs.semanticscholar.org/7cac/3a5af04ce7899567fe7975b25cdb2e6fccae.pdf?_ga=2.70333072.1859667219.1585628947-1657342615.1585628947
https://pdfs.semanticscholar.org/7cac/3a5af04ce7899567fe7975b25cdb2e6fccae.pdf?_ga=2.70333072.1859667219.1585628947-1657342615.1585628947
https://pdfs.semanticscholar.org/7cac/3a5af04ce7899567fe7975b25cdb2e6fccae.pdf?_ga=2.70333072.1859667219.1585628947-1657342615.1585628947
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2016JA022484
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2016JA022484
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2016JA022484
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2016JA022484
https://pdfs.semanticscholar.org/7b02/3407647d64757b28fd531f92a580642975f4.pdf?_ga=2.161750332.1859667219.1585628947-1657342615.1585628947

	Title
	Abstract
	Keywords
	Introduction
	Observations
	Energetic particle precipitation over heating region 
	Pitch angle diffusion 

	Discussion
	Acknowledgement
	Figure 1
	Figure 2
	Figure 3
	References

