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Abstract Ground-based very low frequency (VLF) transmitters located around the world generate signals
that leak through the bottom side of the ionosphere in the form of whistler mode waves. Wave and particle
measurements on satellites have observed that these man-made VLF waves can be strong enough to scatter
trapped energetic electrons into low pitch angle orbits, causing loss by absorption in the lower atmosphere. This
precipitation loss process is greatly enhanced by intentional amplification of the whistler waves using a newly
discovered process called rocket exhaust driven amplification (REDA). Satellite measurements of REDA have
shown between 30 and 50 dB intensification of VLF waves in space using a 60 s burn of the 150 g/s thruster
on the Cygnus satellite that services the International Space Station. This controlled amplification process is
adequate to deplete the energetic particle population on the affected field lines in a few minutes rather than
the multi-day period it would take naturally. Numerical simulations of the pitch angle diffusion for radiation
belt particles use the UCLA quasi-linear Fokker Planck model to assess the impact of REDA on radiation belt
remediation of newly injected energetic electrons. The simulated precipitation fluxes of energetic electrons
are applied to models of D-region electron density and bremsstrahlung X-rays for predictions of the modified
environment that can be observed with satellite and ground-based sensors.

Plain Language Summary The Earth's radiation belts respond to whistler waves by changes

in electron particle orbits. The amount of particle pitch angle deflection depends on the strength of the

wave electric field of the propagating electromagnetic wave. Current sources of whistlers from both ground
and satellite sources have amplitudes less than about 10 pT. A new technique that can greatly increase this
amplitude is called rocket exhaust driven amplification (REDA). Experimental measurements of REDA show
between 30 and 50 dB enhancements in the power of the whistlers. These enhancements are sufficient to
rapidly reduce the energetic electron population on affected field lines in the radiation belts in minutes which
would take days with unamplified whistler waves. During the radiation belt remediation process, energetic
electrons are precipitated into the lower atmosphere where enhanced optical emissions, D-region absorption
galactic radio signals, and X-ray emissions can provide a measure of the REDA effeteness.

1. Introduction

The natural and artificial production of high-intensity whistler waves in space is of interest because of their
interaction with radiation belt particles. Lightning bursts excite large amplitude pulses of electromagnetic radi-
ation that couple through the bottom of the ionosphere, are ducted along magnetic field lines, and interact with
the Earth's radiation belts to produce lightning-induced electron precipitation (LEP). In this interaction process,
amplified whistler, triggered emissions, and enhancements in the electron density of the lower ionosphere have
been observed (Voss et al., 1984). LEP is also produced by nonducted (magnetospherically reflected) whistlers
(Bortnik et al., 2006a, 2006b; Lauben et al., 2001). Other natural whistler mode emissions include chorus, plas-
maspheric hiss, and magnetosonic waves. Chorus waves are strong, natural very low frequency (VLF) emissions
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generated in the inner magnetosphere during storms and substorms and can dramatically affect electron acceler-
ation and loss timescales (Ozaki et al., 2019). They play a major role in radiation belt dynamics contributing to
both the acceleration and loss of relativistic electrons (Bortnik & Thorne, 2007). Plasmaspheric hiss is another
important, natural, magnetospheric emission which is observed in the plasmasphere and plasmaspheric plumes. It
is largely responsible for the formation of the slot region (for example, Lyons & Thorne, 1973; Lyons et al., 1972)
and the quiet time decay of outer radiation belt electrons (Meredith et al., 2006). Magnetosonic waves, which
are observed both inside and outside the plasmapause, can also contribute to both the acceleration and loss of
radiation belt particles (Horne et al., 2007; Meredith et al., 2009).

In addition, ambient power-line harmonics (Fedorov et al., 2021; Park & Helliwell, 1978), intentional VLF trans-
missions from terrestrial power lines and high-power VLF transmitters can leak into space where they may inter-
act with energetic electrons in the Earth's magnetosphere (Hua et al., 2020; Ma et al., 2017; Ross et al., 2019).
Several man-made facilities have been developed to study this wave-particle-interaction process including VLF
transmitters (Helliwell, 1977, 1988), high-power HF facilities for modulations of natural ionosphere currents
in the ionosphere (Guo et al., 2021), large satellite antennas driven by high power signal generators, electron
beams that are modulated at VLF rates, and high-speed neutral injections that rapidly photoionize in sunlight
(Borovsky & Delzanno, 2019; Sotnikov et al., 2018). These techniques require dedicated, expensive engineering
efforts for design, construction, and testing before they are deployed on the ground or in space. The VLF waves
currently injected into space are reduced to ineffective levels by nonlinear losses (Galinsky et al., 2011; Mishin
et al., 2010) and propagation spreading.

A new, currently available process for amplification of whistler signals to useful levels involves transferring energy
from pickup ions in a rocket exhaust plume to the electromagnetic (EM) waves. The process uses lower-hybrid
waves from an artificial source to power the amplifier. A rocket engine in space can excite large-amplitude lower
hybrid waves by charge exchange of the plume molecules with ambient oxygen ions in the ionosphere (Bern-
hardt et al., 2012; Bernhardt & Sulzer, 2004). The rocket engine burn yields energetic molecules by the reaction
N2O4 + 2NoHy — 4H,O* + 3N;, where the asterisk indicates molecules moving atbetween 4 and 10 km/s, depend-
ing on orientation of the rocket nozzle relative to the orbit velocity vector. Streaming exhaust molecules encounter
atomic oxygen ions and hypersonic ions are created by H,0* + Ot — H,0*" + O,N; +O0* - NO*" +N. The
resulting pickup ions form into a ring-beam distribution that excites a lower hybrid wave instability as described
in the next section.

Sections 3 and 4 describe the utility of the whistler amplification process with simulations of induced electron
precipitation, enhanced optical and X-ray emissions, radio absorption in the D-region, and changes in the VLF
propagation constrained in the Earth-ionosphere waveguide (EIWG). These changes will provide indirect meas-
urements of the amplification using both ground and satellite instruments. The conclusions and recommendations
for future research are given in the last section.

2. Whistler Wave Amplification in Space

The rocket exhaust driven amplification (REDA) technique described here uses existing technologies to amplify
signals from existing ground-based transmitters with dedicated firings of rocket motors in low-earth-orbit. The
technique converts the ambient atomic oxygen ions in the topside ionosphere to an activated plasma region with
pickup ions gyrating around the magnetic field lines. Whistler waves passing though this region are parametri-
cally amplified by converting the energy of the gyrating ions into intense electromagnetic signals.

The first demonstration of REDA of whistler mode waves occurred on 26 May 2020 by transferring energy
from pickup ions in a rocket exhaust plume to EM waves (Bernhardt et al., 2021). The source of coherent VLF
waves was the Navy NML Transmitter at 25.2 kHz located in LaMoure, North Dakota. The topside ionosphere at
480 km altitude became an amplifying medium with a 60 s firing of the Cygnus BT-4 engine during the NG-13
Mission after undocking from the International Space Station (ISS). The rocket engine injected exhaust near
500 km altitude as a neutral cloud moving perpendicular to field lines. The NML transmitter, the Cygnus burn,
and the VLF Radio Receiver Instrument (RRI) on e-POP/SWARM-E (James et al., 2015) at 1,000 km altitude
were all on the same field lines within 10 s of the burn. Charge exchange between the ambient O+ ions and the
hypersonic water molecules in the exhaust produce H,O* ions in a ring-beam velocity distribution (Bernhardt
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Figure 1. Experimental geometry for amplification of ground-based very

low frequency (VLF) signals by rocket exhaust injections in space. The NML

transmitter in North Dakota continuously broadcasts 25.2 kHz signals that

enter the ionosphere as low-amplitude whistler waves. When the whistlers pass

though the rocket engine plume, they become amplified for reception on by

the plasma wave sensor on the e-POP payload simultaneously passing over the

interaction region.

et al., 2021). The charge exchange rate is velocity dependent with a value
of 3.2 x 10~ cm?/s (Bernhardt, 1987; X. Li et al., 1995). A diagram of the
experiment is shown in Figure 1.

The RRI recorded the enhanced VLF signals on channels A and B of crossed
dipole antennas at 1,000 km altitude. The SWARM-E/e-POP satellite passed
through the whistler propagation cone around the magnetic field relative to
the Cygnus exhaust cloud. The 25.2 kHz VLF signal from NML was ampli-
fied by 30 dB as observed by channel A of the RRI (Figure 2). The flow rate
from the BT-4 engine was 150 g/s so the 60 s burn released 9 kg of exhaust
over a 440 km horizontal orbit trajectory with a satellite velocity of 7.3 km/s.
The injection speed relative to the background atmosphere was 4.3 km/s for
a 3.0 km/s plume in the satellite wake direction.

The significance of the rocket-burn amplification is found by comparing
the NG-13 experiment with previous observations of ground-based VLF
transmissions in space. The Electric and Magnetic Field Instrument Suite
and Integrated Science (EMFISIS) sensor on the Van Allen Probe A satel-
lite was used to collect plasma wave data (Kletzing et al., 2013) including
signals from ground-based VLF transmitters. These data were analyzed to
provide the 5 yr average intensity over magnetic local time (MLT) and sensor
altitudes at L-shells in the 1-3.5 range (Meredith et al., 2019). The ampli-
fied VLF signals for the NML station provided by the two channels of the
RRI at 1,050 km altitude are compared with the unamplified VLF signals for
the eight strongest VLF transmitters observed by the EMFISIS in Figure 3
(bottom eight curves).

The NML signal strength outside of the REDA region from RRI is about eight-times larger than the 5 yr average
value from EMFISIS. This is because the NG-13 REDA experiment occurred near 18:00 MLT directly over the
transmitter at 1,050 km altitude whereas the averaged EMFISIS observations include all local times when the
satellite is far (in longitude and altitude) from the transmitter.

Within the REDA region, Cygnus rocket burn enhances the NML whistler amplitudes (top two curves with chan-
nels A and B of RRI data in Figure 3) well above average ambient VLF levels. The peak REDA amplitude is 270

26 May 2020, 25.2 kHz Whistler Amplification

1.5}
1.0} -------
.:; )
L 105
g BT-4 Off BT-4 Off
L 00
2 Ambient Ambient
S 05l VLF VLF
g 0.5
<
=10} —— VLF Wave Envelope
-85 b s Cygnus Burn Status
-120 -60 0 60 120 180

Time After Engine Cutoff (s)

Figure 2. Demodulated signal showing between 20 and 30 dB amplification
of the 25.2 kHz ground transmissions from the NML very low frequency
(VLF) station directly below Cygnus orbiting at 500 km altitude. The
measured potential on a 6 m boom of the Radio Receiver Instrument (RRI)
antenna is converted into low-frequency electric fields assuming a boom
sample distance of 3 m. The peak signal strength of 0.15 pV on the dipole-

antenna channel A is influenced by its orientation.

pT, including corrections for the saturation of the RRI receiver (Bernhardt
et al., 2021). The rocket-burn amplification of the most powerful transmit-
ters (NWC, DHO38, NAA), which are three times stronger than NML, could
produce whistler waves amplitudes over 1,000 pT. This article investigates
the impact of these strong waves on the trapped energetic electrons in the
radiation belts.

A preexisting coherent ELF signal at 300 Hz was amplified by 50 dB
during and after the Cygnus burn. Extremely strong coherent emissions and
quasi-periodic bursts in the 300-310 Hz frequency range lasted for 200 s
after the release. The excitation of an ELF whistler cavity may have lasted
even longer, but the orbit of the SWARM-E/e-POP moved the RRI sensor
away from the wave emission region. The rocket-burn amplified 300 Hz ELF
waves may have gained even more energy by cyclotron resonance with radia-
tion belt electrons while ducted between geomagnetic-conjugate hemispheres
(Bernhardt et al., 2021).

Another report on intense whistlers was made during the STEREO mission
(Cattell et al., 2008). The whistler waves observed with STEREO show
240 mV/m electric field transients in the radiation belts. The REDA observa-
tions by e-POP/RRI is 2-20 mV/m coherent whistlers at 300 Hz and 24.2 kHz
for a duration of 60 s in the ionosphere. Both these type waves in the radiation
belts can produce enhanced scatter into the loss cone and particle acceleration
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Figure 3. Measured very low frequency (VLF) amplitudes of whistler waves
from ground transmitters using (a) 5 yr averages from the Van Allen Probe A
and (b) instantaneous observations of the A and B channels of Radio Receiver
Instrument (RRI) on SWARM-E/e-POP. Differences between the two NML
data sets are attributed to magnetic local time (MLT) dependence on D-region
absorption and variations in satellite positions relative to the VLF transmitters.
The unamplified signal from the NML transmitter in North Dakota is the
lowest of the averaged data at mid-latitudes. The amplified NML signal
during the REDA event has the largest amplitude of coherent VLF signals ever
observed in the ionosphere.

to higher energies (Hua et al., 2022). Future studies should determine the
relative effects of a short burst of transient whistlers with high wave-normal
angles or a long continuous source of coherent whistlers that can be trapped
in ducts for field-aligned wave-normal propagation.

One approach for comparisons of intense coherent waves (REDA) to tran-
sient naturally occurring waves using a quasi-linear model is to compute the
energy in the wave during the interactions. A 0.1 s burst at 240 mV/m has
25% of the energy of a 60 s VLF tone with 20 mV/m amplitude. The REDA
approach to radiation belt interactions studies can produce effects compara-
ble and even exceeding natural whistler events.

Experimental measurements during the Cygnus NG-13 Mission demonstrate
that a wide range of ELF and VLF frequencies can be amplified using a
rocket exhaust injection of water vapor. The device, shown in Figure 4, used
to amplify the ELF/VLF signals is called a whistler traveling wave paramet-
ric amplifier (WTWPA; Bernhardt, 2021). The amplification process uses an
input whistler mode signal, a lower-hybrid pump wave, and a daughter idler
wave, to provide an amplified whistler wave. The rocket nozzle is directed
perpendicular to the magnetic field lines to yield a ring-beam distribution of
ions that gyrate around the magnetic field (B). The perpendicular ion motion
excites a broad spectrum of pump, lower hybrid (LH) waves by a lower-hy-
brid instability (Akimoto et al., 1986; Winske & Daughton, 2012). The para-
metric conversion process relies on frequency and wavenumber matching
conditions (w, = w, + w, k, =k, + k) for the electrostatic pump wave (@,, k)
to decay into a whistler wave (@, k;) and another lower hybrid wave (w, k).

Computation results of REDA gain with three pump amplitudes are illustrated by Figure 4, using the whis-
tler frequency and plasma parameters given for the Cygnus NG-13 experiment (Bernhardt, 2021; Bernhardt
et al., 2021). The input amplitude of the wave is set at 0 dB and, depending on the selected pump amplitude; the
waves grow spatially after passing through 10 km of activated plasma to obtain gains near 30, 40, and 50 dB. The

25.2 kHz Whistler Traveling Wave Parametric Amplifier
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Figure 4. Design and performance of the rocket exhaust driven amplification
(REDA) physical device. (inset) The amplitude of the right-hand circular
polarization is represented as a spiral with growth after passing though the
activated region with the ion-ring beam distribution. The curves show the
lower hybrid pump control of whistler amplification and saturation levels.
The units for pump amplitude AQ are the same as the dB power scale for the
whistler wave.

shape of the LH wave distribution is a cosine-squared envelope of the pump
wave over 10 km range. The wave amplitudes grow monotonically at rates
determined by the three values of lower-hybrid pump amplitude (A) as the
whistlers propagate through the region with an ion-ring plasma distribution.
The whistler amplitude for the highest gain REDA is flattened as it exits the
active region because the pump is depleted by full transference of energy to
the amplified wave. Thus, the WTWPA has no threshold for amplification
but it has a saturation limit. The magnitude of the whistler mode when the
amplifier is saturated should be strongest near the center of the exhaust cloud
where exhaust pickup ion fraction is the greatest and the pump amplitude is
expected to be at a maximum. Based on experimental measurements during
the NG-13 Cygnus mission and these WTWPA computations, the amplifi-
cation factor of the whistler signals from ground-based transmitters will be
taken in the range of 30 through 50 dB, representing typical range of REDA
conditions. The specific gains at 30, 40, and 50 dB are taken to represent
respective whistler wave amplitudes of 150, 500, and 1,500 pT.

3. Impact of REDA on Energetic Electrons

The flux density of energetic electrons in the radiation belts can be rapidly
depleted with localized amplification of ambient whistler signals. The differ-
ential number flux of precipitating radiation belt electrons is enhanced with
the intensified whistler wave signals in space when rocket engines burn
directly above ground-based VLF transmitters. The amplified waves pitch
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2-D Quasi-Linear Fokker Planck Model, L = 2.5 angle scatter trapped radiation into the magnetic field loss cone. This REDA
— 0. 2. —4 —6. —8 —10. — 12. process intentionally drains energetic electrons from the radiation belts.
'g . 50; Time (Days) The effectiveness of REDA in space will be simulated using a quasi-linear,
D= Fokker-Planck model (Bortnik et al., 2006a, 2006b; Hua et al., 2020).
_‘_5 0.100 Enhancements in the drift-loss cone electron fluxes have been associated with
2 0.050 nighttime VLF wave transmissions from the ground (Gamble et al., 2008;
e Kulkarni et al., 2008; Sauvaud et al., 2019) by cyclotron resonance enhance-
"; ment of pitch angle diffusion in the radiation belts. These transmitter-induced
1_>'<' 0.010 precipitation features, called “wisps” in the observations, are only observed
& 0.005 at night (i.e., when the D-region absorption of VLF is low) and for 1.4 <
L 1.8 magnetic field lines (i.e., where field-aligned ducts occur; Sauvaud

0.1 0.2

Figure 5. Impact of lightning, hiss, and unamplified very low frequency
(VLF) on the differential electron fluxes in the post substorm radiation belts as
simulated by Hua et al. (2020).

Energy (MeV)

0.3 0.4 0.5 et al., 2019). These same conditions are used in the quasi-linear, Fokker-

Planck model studies for the formation of the localized-depletion of elec-
trons by REDA in the inner radiation belt. Spatially localized amplification
of whistler waves are multiple VLF transmitters (such as NML at 25.2 kHz)
represented statistically with a 2 kHz bandwidth (Ma et al., 2017) in the
region 2.4 < L < 2.6. The Fokker-Planck simulations (10-600 keV) use iden-
tical initial and background conditions representing February—March 2016
provided by data from the Radiation Belt Storm Probes Ion Composition
Experiment (RBSPICE) onboard the Van Allen Probes (Hua et al., 2020). Statistical wave models for plasmas-
pheric hiss, magnetosonic waves, and lightning generated whistlers (LGW) are from W. Li et al. (2015), Ma
et al. (2016), and Green et al. (2020), respectively. The model uses a dipolar magnetic field model and empirical
electron density model given by Ozhogin et al. (2012). The ambient environment of LGW, hiss, and unamplified
VLF transmitters produces a slow but continuous draining of the trapped radiation belts (Figure 5). The upper
boundary at 500 keV uses a fixed flux of 0.035 X 10° cm=2s~! Sr~! keV~.

Pitch angle and momentum transfer in the rocket exhaust driven amplification (REDA) zone yields scattering
into the precipitation loss cone. Once inside the loss cone, the timescale for loss, T, is one-quarter the particle
bounce period.

The REDA gain factors of 0, 30, and 50 dB will be used to estimate impacts on the energetic electron populations
in the radiation belts. The trapped electron density distribution is computed using the Fokker-Planck diffusion

equation:
of 19 af\ 1 of
=2 (DG ) + = DG
ot Gaa< a>+Gd (” " op o
10 aof 10 af S
= GL)+ =2 (pp,c2L)-L
*Ga <” ’ da)+G0p<p ” ap> T

where f(a, p) is the phase-space density, a is the equatorial pitch angle, p = ym,v is the momentum, and G = p?
S(a) sina cosa is a scale factor related to the bounce period (Hua et al., 2020). The bounce averaged coefficients
D, Dy, = D,,, D,) are enhanced by the amplified whistler waves. The diffusion coefficients are calculated

using statistical frequency spectrum of VLF transmitter waves (Ma et al., 2017), considering up to 10 orders of
resonant harmonics with electrons.

The enhanced diffusion at L = 2.6 is seen in Figure 6; similar changes in distributions in diffusion are found at all
L-shells affected by the amplified whistlers. Increased diffusion yields a rapid change in the pitch angle, momen-
tum, and energy distributions of the particles. The primary time-dependent loss of energetic electrons occurs for
those with pitch angles a < a. where the equatorial pitch angle of the bounce loss cone, a, is given in a dipole
magnetic field by sin? a. = (4L — 3L%)~"2. The equatorial electron flux is related to the phase-space density by
Jj(a, p) = fla, p)p? and can be measured by particle detectors on satellites.

Starting with a quasi-equilibrium distribution of background particles that slowly decays in the radiation belts
between L = 1.5-3, amplification factors of 0, 30, and 50 dB are employed by the Fokker-Planck model for
a two-minute period in three separate runs. The results for the 30 dB REDA are illustrated in Figure 7. The
reductions in energetic electron fluxes are primarily below 100 keV energies. Figures 5 and 7 show that 2 min
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Figure 6. Quasi-linear electron diffusion coefficients due to very low frequency (VLF) transmitter waves (25.2 kHz) at L = 2.6 with different rocket exhaust driven
amplification in dB and corresponding whistler amplitude, Bw, in pT. The top simulations for the diffusion in the ambient, unamplified environment have a maximum
pitch angle diffusion rate of 10 s~!. The coefficients using 30 dB for the 25.2 kHz amplification are shown in the middle row with the maximum diffusion rate to 10~2

s~!. The bottom row with a 50 dB rocket exhaust driven amplification (REDA) enhancement in the VLF amplitude yields a maximum diffusion rate approaching 1 s~!.
Note that the color scale for the diffusion coefficients is different for each row.
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Figure 7. Impact of 2 min BT-4 wake burn on radiation belt electrons
simulated by the UCLA 2-D Fokker-Planck Model for 30 dB rocket exhaust

driven amplification of whistler waves.

1

of 30 dB REDA produces a 0.2 X 10° cm~2 s! Sr~! kev~! change trapped
flux at L = 2.5 that would have taken 2.5-day in the unamplified plasma
environment.

Amplification of ambient VLF signals at 50 dB yields a dramatic loss of
differential electron fluxes in the radiation belts (Figure 8.). After 2 min of
REDA, the whistler waves scatter 80% of the energetic electrons with ener-
gies less than 100 keV into the loss cone in the vicinity of the affected field
lines. In addition, electrons are scattered to higher energy so that the electron
flux above 200 keV is significantly increased. This acceleration process will
be the focus of a future article. Enhanced precipitation at higher energies
will occur for ELF and VLF frequencies that meet the cyclotron resonance
criteria. The REDA can also occur for electromagnetic ion cyclotron (EMIC)
waves leading to enhanced precipitation of both ultra-relativistic electrons
and energetic protons.

Scatter of energetic electrons into the loss cone produces an enhancement in
precipitation into the lower atmosphere. At energies below 200 keV, simu-
lations show large field-aligned transport fluxes to the neutral atmosphere.
This precipitation flux is found by integration of j (a, p) over equatorial pitch
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2-D Fokker Planck Model, L = 2.5, 50 dB Gain angles less than a and by considering flux density increase as the area of the
' magnetic flux tube is reduced for particles moving down field lines from the
= Time (Minutes) equator to the Earth's surface.
% 1 — 0. 02 — 04 — 06 |
= — 08 — 1. — 12 14 The enhanced precipitating flux for 30 dB amplification of transmitted VLF
& 0.50 e Highep ] signals after a REDA burn is displayed in Figure 9. The 120 s of 30 dB REDA
i initiates a transient in precipitation that relaxes to a near steady state after
‘T‘E 100 s. After the simulated REDA is switched off, the enhanced precipitation
o returns to zero. The actual precipitation flux will respond to a more gradual
‘s 0.10 1 . . o . .
= rise and fall in the amplifications with an envelope similar to the one shown
3 0.05 - in Figure 2.
i
) ) ) ) As expected, the 50 dB REDA with a 1,500 pT whistler wave produces a
0.0 0.1 0.2 0.3 0.4 0.5 0.6 much larger flux of energetic electrons that precipitate into the lower atmos-
Energy (MeV) phere (Figure 10). The large whistler amplitudes from REDA require consid-

Figure 8. Impact of 2 min BT-4 wake burn on radiation belt electrons for a
50 dB enhancement in whistler wave power.
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Figure 9. Spectrum of energetic electrons precipitated into the atmosphere
by the loss of radiation belt electrons from the 30 dB rocket exhaust driven
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2-D Fokker Planck Model, L = 2.5, 30 dB Gain

ering phase trapping during the wave-particle interaction calculations. Future
simulations should use a Vlasov-Liouville (VL) model, which computes
the phase-space particle distribution function directly using a character-
istic-based solution of the Vlasov equation. Previous work has shown that
phase trapping contributes significantly to precipitation when the large-am-
plitude wave (>100 pT) is present (Harid et al., 2014).

4. Measurement Predictions of REDA Effects

After the burning of a rocket engine over a ground-based ELF/VLF transmitter, particle precipitation from REDA
may be measured in space or on the ground. The full range of radiation belt loss and detection processes is found
in the text by Jaynes and Usanova (2020). Direct detection can use satellite energetic particle detectors or plasma
wave receivers. This type of measurement is difficult because the satellite sensor must traverse the REDA field
line. The only in situ space-based detection of REDA effects used careful coordination of a Cygnus engine
burn and SWARM-E/RRI instrument operation during the NG-13 Mission (Bernhardt et al., 2021) as shown in
Figure 2.

Indirect detection of REDA can use VLF and HF propagation through enhanced D-region densities, balloon
observations with bremsstrahlung X-ray flux counters, and optical emissions at 427.8 nm (Clilverd et al., 2017,
Helliwell et al., 1973, 1980; Rogers & Honary, 2020; Rosenberg et al., 1977, 1971, 1980; Xu et al., 2020).
Estimates of the D-region changes are computed using the Sodankyld Ion and Neutral Chemistry (SIC) model
designed for ionospheric D-region studies (Turunen et al., 1996; Verronen
et al., 2005). This 1-D simulation code solved for the concentrations of 72

Transient

Equilibrium g

ions, including 29 negative ions, and 16 neutral species at altitudes across

Time (Seconds) 20-150 km (Verronen et al., 2015). In the SIC model, about 400 chemical

— 10 =——f208'=—30 40 50 reactions are implemented, plus additional external forcing due to solar radi-
60 70 80 90 100 ation (1-500 nm), electron and proton precipitation, and galactic cosmic radi-

— 110 — 120 ation. Transport and chemistry are advanced in intervals of 5 s, matching the

time step of the REDA precipitation fluxes. This model produces an ambient
D-region with additional ionization from the REDA induced electron precip-
itation. The neutral model atmosphere used for all simulations is MSISE-00
(Picone et al., 2002).

The precipitation flux associated with 30 dB REDA is predicted to produce
enhanced electron and ion production in the D-region through a process

20

40

60

80 100 120
Energy (keV)

of inelastic electron-neutral collisions (Figure 11a). The electron densities
in the D-region grow by a factor of 10 during the 2 min of the simulation
(Figure 11b). The computed patch of ionization could produce measurable
effects in both HF absorption of galactic radiation near 30 MHz (Rosenberg

amplification (REDA) shown in Figure 7. The maximum precipitation flux is et al., 1977, 1980) and subionospheric VLF radio propagation in the EIWG

about 6 X 10> cm =3 s~! Sr~' keV~1.

(Helliwell et al., 1973).
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Figure 10. Spectrum of energetic electrons precipitated into the atmosphere
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by the loss of radiation belt electrons from the 50 dB rocket exhaust driven

amplification (REDA) shown in Figure 8. The maximum precipitation flux is

about 1 x 10° cm™ s~! Sr~! keV~!, which is 17 times the flux in Figure 9.

If the whistler wave amplification reaches 50 dB, the REDA burn will have a
much larger impact on the production of electrons and ions in the D-region.
Figure 12 shows the 120 s buildup during REDA followed by 120 s decay
after the whistler amplification has stopped. The REDA effects on HF radio
absorption are computed using wave attenuation rates for collisional plasmas
(Rogers & Honary, 2020). D-region enhancements are shown to linger in
both the electron densities (Figure 12a) and the 30 MHz absorption profile
(Figure 12b) as displayed over the 240 s period. It should be possible to detect
the residual 30 MHz attenuation long after the enhanced electron precipita-
tion fluxes have disappeared.

The D-region ionization patch is 30 km thick, and it can extend in length
horizontally for over 1,000 km along rocket engine burn trajectory. The width
of the patch is typically 250 km depending on the spread of the rocket exhaust
cloud (Bernhardt et al., 2021). The shape of the precipitation region is observ-
able using ground diagnostics. An imaging riometer (Fiori & Danskin, 2016;
Kavanagh et al., 2009; Moffat-Griffin et al., 2010) could provide the dimen-
sions of the absorption patch at the foot of the magnetic field lines. An inco-
herent scatter radar could also be used to estimate the size of the D-Region
patch (Kaeppler et al., 2020). Field line mapping could then determine the
size of radiation belt regions impacted by the REDA process.

Height integration over a vertical absorption path though the attenuation profiles in Figure 12b provide a simu-

lated time history of the radio amplitude signal available to a 30 MHz riometer (Figure 13). The precipitation
event causes a rapid rise of radio absorption with a time constant of 6 s. During the first 120 s, production by
collisional ionization and losses by electron-ion recombination and electron attachment eventually approach equi-
librium with a nearly constant absorption. The plasma decay time is about 18 s after the REDA event has finished.

Plasma Production with 30 dB Gain

Enhanced D-Region with 30 dB Gain

Amplification Time
- 208

50s
80s
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— 110's

100
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o
o
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Figure 11. Predicted D-region ionization caused by a 2 min Cygnus burn that strengthens very low frequency (VLF)
whistlers by 30 dB through rocket exhaust driven amplification (REDA). The (a) artificial ionization is constrained between
73 and 120 km altitudes yielding (b) artificially enhanced D-region densities in the 76—100 km range.
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Figure 12. Ionization of the D-region during a 50 dB rocket exhaust driven amplification (REDA) event. The precipitation
flux shown in Figure 9 causes (a) D-region growth by almost three orders of magnitude for 2 min and then relaxed toward the
initial state after the REDA is over. The REDA process produces (b) an artificial layer extending from 68 to 110 km altitude
that is responsible for strong attenuation of a 30 MHz signal propagating downward through the disturbed region.

Using multiple frequencies, the electron-density height profile may be determined by considering the rate of
free-electron production (artificial ionization rate) and the effective recombination rate (Kavanagh et al., 2009).
Measurements at several frequencies can also provide estimates of the whistler mode amplification by the REDA
process. The computed frequency dependence of HF equilibrium absorption for several levels of whistler wave

amplification is given in Figure 14.

50 dB REDA, D-Region Absorption

Electron Precipitation Off

N

w

30 MHz D-Region Attenutation (dB)
- N

Electron Precipitation On
0 50 100 150 200
Amplification Time (s)

o

Figure 13. Computed riometer response to a finite duration period of rocket
exhaust driven amplification (REDA) over a ground very low frequency (VLF)
transmitter.

Another method of detecting the effects of REDA is to measure the ampli-
tude and phase changes in the EIWG for VLF signals propagating over long
distances. Figure 15 illustrates the disturbed EIWG paths from a 24.8 kHz
NLK transmitter near Seattle, Washington, and a 25.2 kHz NML transmitter
at LaMoure, North Dakota to receivers in Dover DE and Burden KS. These
sites are currently equipped for the VLF measurements of phase and ampli-
tude disturbances associated with REDA (Gross et al., 2018).

The D-region disturbances in middle of the EIWG path show changes in both
phase and amplitude of the VLF magnetic field strength when encounter-
ing localized disturbances in the D-layer. Predictions of these changes for
EIWG propagation to a ground receiver were made using the Long Wave-
length Propagation Capability model (Golkowski et al., 2021). The REDA
impact calculation uses a great circle path between the 24.8 kHz NLK trans-
mitter and a receiver in Delaware, which passes over the 25.2 kHz NML VLF
transmitter. The radius of the enhanced D-region is assumed to be 200 km
around the location of REDA induced precipitation over the NML site. Both
amplitude changes (Figure 16) and phase changes (Figure 17) are detectable,
but the magnitudes of the REDA induced changes in the EIWG are much
larger during the night.

BERNHARDT ET AL.

9of 17

858017 SUOWILWIOD @A TeR10) 3ol dde ays Aq peusenob afe Saolie YO ‘@SN JO S8|nJ 10} ARIq1T8UIUO 8|1 UO (SUOIPUOO-PUR-SLUIBYLI0D A8 | 1M ARe.q)1BulJUO//SdNY) SUOTIPUOD PUe SWwis | 3u) 88S *[Z02/TT/ST] uo ARiqi]auliuo Ae|im ‘“Aenins onomiuy usnilig Aq 8SE0E0VEZ202/620T 0T/10p/wod A 1m AriqijeuliuosgndnBe;/sdny wouy papeojumoq ‘9 ‘220z ‘Z0v669T2



~u |
A\-"U Journal of Geophysical Research: Space Physics 10.1029/2022JA030358
AND SPACE SCIENCE
Vertical D-Region Absorption The VLF transmitter that excites the REDA will also excite the EIWG. The
35 N\ e Ambient electron precipitation over the transmitter will impact the coupling to the
300\ ___ 30dB REDA waveguide. The amplitudes and phases computed for a 50 dB REDA event
@ 25 40dB REDA are shown in Figures 18 a.nd 19, respectively. Rapid change.s .1n l?oth ampli-
= tude and phase are predicted for the strong REDA precipitation events.
»% & —— 50dB REDA Multiple receiver measurements may be useful for determining the size of
% 15 the modified D-region.
<10 e The precipitating electrons can also excite bremsstrahlung X-rays for obser-
5 e vations by balloons. The X-ray fluxes provide a diagnostic for the precipitat-
of T e ing electron distributions (Xu & Marshall, 2019). The VLF waveguide and
10 15 20 25 30

Frequency (MHz)

Figure 14. Computed impact of rocket exhaust driven amplification (REDA)
gain on the vertical attenuation of HF signals during times of electron

precipitation by amplified whistlers.

X-ray experiments can be combined for detection of natural and artificial
precipitation events (Rosenberg et al., 1971). The bremsstrahlung process
of X-ray emission generation is illustrated in Figure 20 by coulomb scatter
from the atomic oxygen nucleus. The relativistic electrons travel along the
magnetic field lines to enter the mesosphere where they encounter atmos-
pheric constituents of oxygen and nitrogen. Electrons that pass near a posi-
tively charged nucleus emit bremsstrahlung radiation (Marshall et al., 2019;
Rosenberg et al., 1971, 1980).

Predictions of the X-ray fluxes from the 2 min REDA burn have been made using the GEANT4 model (Geant4
collaboration, 2012a, 2012b, 2013a, 2013b) to compute the time evolution of the X-ray emission spectrum. The
50 dB REDA electron spectra shown in Figure 10 were approximated by piecewise constant energy spectra, with
electrons at eight energy bands from 50 to 250 keV. For each of the eight electron energy bands, mono-energetic
electrons are emitted isotropically from 100 km altitude. They excite a spectrum of X-rays over a range of ener-
gies at lower altitudes. The X-ray photons at a fixed lower altitude were summed into 25 energy bins covering
10-250 keV to yield eight X-ray flux vectors. The X-ray spectrum from REDA electrons at a time step is a linear
combination of the eight X-ray flux vectors, for which the weights are a product of electron flux at the time step
and an associated electron energy width.

The computed X-ray spectra are illustrated in Figure 21 for an altitude of 36 km. Initially, the X-ray spectrum

peaks at energies near 30—40 keV. Later for r > 90 s, the tail of the distribution grows, and the spectrum exponen-

tially drops in energy as I, exp(—E/E|) with E; = 17 keV. The curves in Figure 19 can be used to estimate X-ray
intensities for balloon-based sensors designed to show the effectiveness of
REDA of whistlers for scattering radiation belt particles.

The computed X-ray spectra are illustrated in for an altitude of 36 km.

50

45

40

Latitude (Deg)

35

Great Cir_cle VLF Paths

Initially, the X-ray spectrum peaks at energies near 3040 keV. Later for t >
90 s, the tail of the distribution grows, and the spectrum exponentially drops
in energy as I exp(—E/E|) with E,; = 17 keV. The curves in can be used to
estimate X-ray intensities for balloon-based sensors designed to show the
effectiveness of Rocket Exhaust Driven Amplification of whistlers for scat-
tering radiation belt particles.

It has been long known that VLF wave events can be associated with tran-

Burden

sient optical emissions (Helliwell & Mende, 1980). Energetic electron

precipitation fluxes from the 50 dB REDA process are input to the Global

240 250

Figure 15. Very low frequency (VLF) propagation in the Earth-ionosphere
waveguide disturbed by rocket exhaust driven amplification (REDA)
amplification and electron precipitation over the NML transmitter. The
propagation model is used to estimate the VLF signal changes at Dover
Delaware along the path from NLK that passes over NML. The NML signals
are also simulated for reception at the Dover DE and Burden KS receives. The
D-region disturbance is assumed to have a fixed profile inside the solid circle

centered at the NML transmitter.

260 270 280
Longitude (Deg)

Airglow (GLOW; Soloman, 2017) to calculate mesospheric and thermo-
spheric airglow emissions. Volume emission rates are obtained by integrat-
ing through the model output fields yielding the vertical column brightness.
Emissions subject to absorption or scattering use radiative transfer calcula-
tions. The standard GLOW driver code was modified to use altitude ranges
above 73 km driven by the incoming fluxes given in Figure 10. The computed
total height integrated intensities, in Rayleighs, of the emission profiles of
557.7 nm (green) and 427.8 nm (blue) are shown in Figure 22. The N,('P)
673.0 nm emission should also be produced. Profiles of the volume emission
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Figure 16. Drop in signal amplitude associated with very low frequency

24 .8 kHz Path from NLK WA to DE Over NML ND

rates show that the emissions from O('S) and N, initially range from 85 to

0 0. 105 km altitude and drop by 10 km at the end of the simulation. Imaging
& of these optical emissions are a primary diagnostic to determine the spatial
-1t % extent of the REDA wave interactions in the radiation belts.
o
s
=2} Day 1-01 S .
_ Night g 5. Conclusions and Future Research
-3r g A new technique has been developed for intensification of low-frequency
> electromagnetic waves in space plasmas. The amplification process involves
-4t 5™ propagation through a medium that has been activated by the injection of
. . hypersonic water vapor from a rocket nozzle. Charge exchange between
. < ® Tir:: ©) o0 0o ied the water molecules and thermal oxygen ions yields a beam of energetic

water ions. If the injection is perpendicular to the ambient magnetic field,
a ring-beam distribution is produced in the ions that excites high amplitude

(VLF) propagation in the Earth-ionosphere waveguide with a 50 dB rocket lower-hybrid waves over a large frequency spectrum. The lower hybrid oscil-
exhaust driven amplification (REDA) precipitation event at the center of the lations serve as a pump for a parametric amplifier of existing whistler or

path. Note change in scale for the weak daytime disturbance.

Phase (Degrees)

Figure 17. Shift in very low frequency (VLF) signal phase associated with
propagation in the Earth-ionosphere waveguide with a 50 dB rocket exhaust

-02|
—04}
_0.6_

24 .8 kHz Path from NLK WA to DE Over NML ND

EMIC waves. The WTWPA transfers energy from the lower hybrid pump
wave to the whistler signal and a lower hybrid idler wave by resonance
matching (Bernhardt, 2021).

REDA of coherent whistler waves in the topside ionosphere is an example of the WTWPA that has been exper-
imentally verified (Bernhardt et al., 2021). At the conclusion of the NG-13 flight of the Cygnus satellite to the
ISS, the 25.2 kHz transmissions from the Navy VLF site NML were amplified by 30 dB using a 60 s burn of
the BT-4 main engine. Measurements taken 500 km from the burn by the RRI wave sensor on the SWARM-E
spacecraft demonstrated that the 8 pT wave was amplified to 270 pT, making it the strongest man-made, coherent
VLF signal ever observed in space. This indicates that the key to creation of intense whistler waves may not be by
generating them in space, but with in situ amplification of ground generated VLF waves.

The strongest VLF waves from ground-based transmitters are observed in space at night because of daytime
D-Region absorption (Némec et al., 2020). Whistler modes from near-Earth sources are much weaker during
daylight periods and do not have as strong interaction with the radiation belts. The REDA technique may intensify
the daytime VLF waves in space to intensities larger than normally found at night so future REDA experiments
should be conducted at all local times.

Experiments are currently being planned to verify and optimize the REDA concept with dedicated Cygnus burns
and other spacecraft in orbit over ground-based VLF transmitters. Figure 23 shows a map of the 21 existing VLF
transmitters around the world used for communications applications. These
transmitters excite the Earth ionosphere waveguide, which causes leakage of
signals into the ionosphere as whistler modes (Y. Kasahara et al., 2018). A

— Night superimposed orbit of the Cygnus satellite (solid line) with an inclination that

Day is optimum for rocket burns directly over the ground-based VLF sites is also
shown. The requirement of exhaust injection perpendicular to the ambient
magnetic field is easily satisfied because most orbits are traveling from west
to east perpendicular to the ambient north-south orientation of the magnetic
meridian. Additional flexibility in the experiments is available since the
burns may occur over the geomagnetic conjugate location to the ground-

based transmitter. Diagnostics of REDA experiments can be supported by
existing networks of ground-based instruments such as VLF receivers, auro-
ral imagers, and sampling riometers as described by Shiokawa et al. (2017).

L L

40

Time (s)

60 80 100 120 Along with SWARM-E in low-earth-orbit, satellites such as ARASE (ERG)
in mid-earth-orbit can support the REDA measurements with a complete
suite of wave and particle instruments (S. Kasahara et al., 2018; Y. Kasahara
et al., 2018; Kazama et al., 2017). A diagram of an experimental geometry

driven amplification (REDA) precipitation event at the center of the path. Note ~ for future REDA tests is given in Figure 24. A field line associated with a

change in scale for the weak daytime disturbance.

ground-based VLF transmitter would be the center for a region of ambient
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Figure 18. Amplitude changes for very low frequency (VLF) signals propagating from the source directly below the rocket
exhaust driven amplification (REDA) burn to the two receiver locations in Figure 15. Because D-region absorption is only
found during the day, changes are stronger at night.

whistler signals located 500 km in radius near the Earth. The experiment would setup as many space-based and

ground-based instruments along this field line during a dedicated Cygnus burn. The results of these experi-

ments will depend on several factors including (a) the presence of field-aligned enhancement ducts to guide the

intense whistler into the equatorial regions of the magnetosphere, (b) orientation of the rocket engine relative to

the spacecraft orbit vector, (c) burn duration and flow rate of the rocket motor, and (d) broadcast power of the

ground-based source. Unlike natural events, the REDA experiments have predictable locations and times of the

precipitation events. Large VLF communications systems (Kulkarni et al., 2008) and high-power HF modulations

of the high latitude electrojet (Lehtinen & Inan, 2008) can be used as sources for the VLF waves. These exper-

iments will be supported by theoretical efforts using both fluid and kinetic theory for the theory and diagnostic

simulation models presented here.
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Figure 19. Phase changes for very low frequency (VLF) signals propagating from the source directly below the rocket
exhaust driven amplification (REDA) burn to the two receiver locations in Figure 15. Nighttime phase changes show a
transient pulse at the onset of REDA precipitation.
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Figure 20. Bremsstrahlung X-rays produced with a y-directed energetic electron precipitated from the radiation belts by an
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Figure 21. Bremsstrahlung X-ray spectrum produced by precipitating electrons from a 50 dB rocket exhaust amplification of
ambient whistler signals.
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Figure 22. Artificial aurora intensities from rocket exhaust driven amplification (REDA) induced electron precipitation
obtained by vertical integration of the enhanced volume emission rate profile (inset) at each time.
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Figure 23. Cygnus and SWARM-E/e-POP orbits for rocket exhaust driven amplification (REDA) burn experiments over
existing very low frequency (VLF) communications transmitters around the world.
BERNHARDT ET AL. 14 of 17

858017 SUOWILWIOD @A TeR10) 3ol dde ays Aq peusenob afe Saolie YO ‘@SN JO S8|nJ 10} ARIq1T8UIUO 8|1 UO (SUOIPUOO-PUR-SLUIBYLI0D A8 | 1M ARe.q)1BulJUO//SdNY) SUOTIPUOD PUe SWwis | 3u) 88S *[Z02/TT/ST] uo ARiqi]auliuo Ae|im ‘“Aenins onomiuy usnilig Aq 8SE0E0VEZ202/620T 0T/10p/wod A 1m AriqijeuliuosgndnBe;/sdny wouy papeojumoq ‘9 ‘220z ‘Z0v669T2



A7 |
MI
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics

10.1029/2022JA030358

Acknowledgments

The work at the University of Alaska
was supported by NSF Grant 2054361.

J. Bortnik and M. Hua gratefully
acknowledge support from subgrant
1559841 to the University of California,
Los Angeles, from the University of
Colorado Boulder under NASA Prime
Grant agreement 80NSSC20K 1580, and
NASA/SWO2R Grant SONSSC19K0239.
Q. Ma would like to acknowledge

NASA Grant 80NSSC20K0196. The
work of M. Golkowski was supported

by NASA Grant 80NSSC19K0264. The
work of P. T. Verronen is supported by
the Academy of Finland (project No.
335555 ICT-SUNVAC). N. P. Meredith
would like to acknowledge funding from
Natural Environment Research Council
grants NE/P10738X/1 (Rad-Sat), and NE/
V00249X/1 (Sat-Risk). The European
Space Agency's Third Party Mission
Program supports the e-POP instruments
on the CASSIOPE/SWARM-E satellite.
‘We acknowledge the Van Allen Probes
mission, particularly the RBSPICE team
for providing the particle data.

Amplified

Wihistler ELF/VLF Wave

Ground or

&‘ Aircraft

Cygnus Engine Source
Ram Burn

Radiation Belt
Interactions

Arase (ERG)

Electron Precipi ’
D-Region Absorption,
Bremsstrahlung X-Rays

Earth

Magnetic Field
Lines and Whistler

Ducts Rocket Motor Driven Amplification

Demonstration Test Diagnostics

Figure 24. Proposed configuration for rocket exhaust driven amplification (REDA) demonstration and concept validation.
The test diagnostics will measure amplified whistlers, scatter of energetic particles, enhanced plasma from electron
precipitation, mesospheric airglow, and X-ray emissions in the stratosphere.

Data Availability Statement

All data used in this article are available from the e-POP Data Center at https://epop-data.phys.ucalgary.ca/. The
RBSPICE data were obtained from http://rbspicea.ftecs.com.

References

Akimoto, K., Papadopoulos, K., & Winske, D. (1986). Lower-hybrid instabilities driven by an ion velocity ring. Journal of Plasma Physics,
34(part 3), 445-465.

Bernhardt, P. A. (1987). A critical comparison of ionospheric depletion chemicals. Journal of Geophysical Research, 92, 4617-4628. https://doi.
org/10.1029/ja092ia05p04617

Bernhardt, P. A. (2021). The whistler traveling wave parametric amplifier (WTWPA) driven by an ion ring-beam distribution from a neutral gas
injection in space plasmas. IEEE Transactions on Plasma Science, 49(6), 1983-1996. https://doi.org/10.1109/TPS.2021.3079130

Bernhardt, P. A., Ballenthin, J. O., Baumgardner, J. L., Bhatt, A., Boyd, 1. D., Burt, J. M., et al. (2012). Ground and space-based measurement
of rocket engine burns in the ionosphere. I[EEE Transactions on Plasma Science, 40, 1267-1286. https://doi.org/10.1109/tps.2012.2185814

Bernhardt, P. A., Bougas, W. C., Griffin, M. K., Watson, C., Langley, R. B., Howarth, A. D., et al. (2021). Strong amplification of ELF/
VLF signals in space using neutral gas injections from a satellite rocket engine. Radio Science, 56(2), ¢2020RS007207. https://doi.
org/10.1029/2020RS007207

Bernhardt, P. A., & Sulzer, M. P. (2004). Incoherent scatter measurements of ring-ion beam distributions produced by space shuttle exhaust
injections into the ionosphere. Journal of Geophysical Research, 109, A02303. https://doi.org/10.1029/2002JA009693

Borovsky, J. E., & Delzanno, G. L. (2019). Active experiments in space: The future. Frontiers in Astronomy and Space Sciences, 6, 31. https://
doi.org/10.3389/fspas.2019.00031

Bortnik, J., Inan, U. S., & Bell, T. F. (2006a). Temporal signatures of radiation belt electron precipitation induced by lightning-generated MR
whistler waves: 1. Methodology, 711, A02204. https://doi.org/10.1029/2005ja011182

Bortnik, J., Inan, U. S., & Bell, T. F. (2006b). Temporal signatures of radiation belt electron precipitation induced by lightning-generated MR
whistler waves: 2. Global signatures. , /71, A02205. https://doi.org/10.1029/2005ja011398

Bortnik, J., & Thorne, R. M. (2007). The dual role of ELF/VLF chorus waves in the acceleration and precipitation of radiation belt electrons.
Journal of Atmospheric and Solar-Terrestrial Physics, 69, 378-386. https://doi.org/10.1016/j.jastp.2006.05.030

Cattell, C., Wygant, J. R., Goetz, K., Kersten, K., Kellogg, P. J., von Rosenvinge, T, et al. (2008). Discovery of very large amplitude whistler mode
waves in Earth’s radiation belts. , 35, LO1105. https://doi.org/10.1029/2007GL032009

Clilverd, M. A., Rodger, C. J., McCarthy, M., Millan, R., Blum, L. W., Cobbett, N., et al. (2017). Investigating energetic electron precipitation
through combining ground-based and balloon observations. Journal of Geophysical Research: Space Physics, 122, 534-546. https://doi.
org/10.1002/2016JA022812

Fedorov, E. N., Mazur, N. G., & Pilipenko, V. A. (2021). Electromagnetic response of the mid-latitude ionosphere to power transmission lines.
Journal of Geophysical Research: Space Physics, 126, €2021JA029659. https://doi.org/10.1029/2021ja029659

Fiori, R. A. D., & Danskin, D. W. (2016). Examination of the relationship between riometer-derived absorption and the integral proton flux in the
context of modeling polar cap absorption. Space Weather, 14, 1032—1052. https://doi.org/10.1002/2016sw001461

Galinsky, V. L., Shevchenko, V. L., Mishin, E. V., & Starks, M. J. (2011). Numerical modeling of 3D weak turbulence driven by high power VLF
pump waves in the topside ionosphere, 38. https://doi.org/10.1029/2011GL048441

BERNHARDT ET AL.

15 of 17

858017 SUOWILWIOD @A TeR10) 3ol dde ays Aq peusenob afe Saolie YO ‘@SN JO S8|nJ 10} ARIq1T8UIUO 8|1 UO (SUOIPUOO-PUR-SLUIBYLI0D A8 | 1M ARe.q)1BulJUO//SdNY) SUOTIPUOD PUe SWwis | 3u) 88S *[Z02/TT/ST] uo ARiqi]auliuo Ae|im ‘“Aenins onomiuy usnilig Aq 8SE0E0VEZ202/620T 0T/10p/wod A 1m AriqijeuliuosgndnBe;/sdny wouy papeojumoq ‘9 ‘220z ‘Z0v669T2


https://epop-data.phys.ucalgary.ca/
http://rbspicea.ftecs.com
https://doi.org/10.1029/ja092ia05p04617
https://doi.org/10.1029/ja092ia05p04617
https://doi.org/10.1109/TPS.2021.3079130
https://doi.org/10.1109/tps.2012.2185814
https://doi.org/10.1029/2020RS007207
https://doi.org/10.1029/2020RS007207
https://doi.org/10.1029/2002JA009693
https://doi.org/10.3389/fspas.2019.00031
https://doi.org/10.3389/fspas.2019.00031
https://doi.org/10.1029/2005ja011182
https://doi.org/10.1029/2005ja011398
https://doi.org/10.1016/j.jastp.2006.05.030
https://doi.org/10.1029/2007GL032009
https://doi.org/10.1002/2016JA022812
https://doi.org/10.1002/2016JA022812
https://doi.org/10.1029/2021ja029659
https://doi.org/10.1002/2016sw001461
https://doi.org/10.1029/2011GL048441

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2022JA030358

Gamble, R. J., Rodger, C. J., Clilverd, M. A., Sauvaud, J.-A., Thomson, N. R., Stewart, S. L., et al. (2008). Radiation belt electron precipitation by
man-made VLF transmissions. Journal of Geophysical Research, 113, A10211. https://doi.org/10.1029/2008ja013369

Geant4 collaboration, C. (2012a). Geant4 user’s guide for application developers.Version 9.6.0.

Geant4 collaboration, C. (2012b). Physics reference manual . Version 9.6.0.

Geant4 collaboration, C. (2013a). Electromagnetic standard physics working group.

Geant4 collaboration, C. (2013b). Low energy electromagnetic physics working group.

Gotkowski, M., Renick, C., & Cohen, M. B. (2021). Quantification of ionospheric perturbations from lightning using overlapping paths of VLF
signal propagation. Journal of Geophysical Research: Space Physics, 126, €2020JA028540. https://doi.org/10.1029/2020JA028540

Green, A., Li, W., Ma, Q., Shen, X.-C., Bortnik, J., & Hospodarsky, G. B. (2020). Properties of lightning generated whistlers based on Van Allen
probes observations and their global effects on radiation belt electron loss. , 47, €2020GL089584. https://doi.org/10.1029/2020g1089584

Gross, N. C., Cohen, M. B., Said, R. K., & Golkowski, M. (2018). Polarization of narrowband VLF transmitter signals as an ionospheric diagnos-
tic. Journal of Geophysical Research: Space Physics, 123, 901-917. https://doi.org/10.1002/2017JA024907

Guo, Z., Fang, H., & Honary, F. (2021). The generation of ULF/ELF/VLF waves in the ionosphere by modulated heating. Universe, 7, 29. https://
doi.org/10.3390/universe7020029

Harid, V., Gotkowski, M., Bell, T., & Inan, U. S. (2014). Theoretical and numerical analysis of radiation belt electron precipitation by coherent
whistler mode waves. Journal of Geophysical Research: Space Physics, 119. https://doi.org/10.1002/2014JA019809

Helliwell, R. A. (1977). Active very low frequency experiments on the magnetosphere from Siple Station, Antarctica. Philosophical Transactions
of the Royal Society of London. Series B, Biological Sciences, 279, 13-24. Retrieved from http://www.jstor.org/stable/2417764

Helliwell, R. A. (1988). VLF wave stimulation experiments in the magnetosphere from Siple Station, Antarctica. Reviews of Geophysics, 26,
551-578. https://doi.org/10.1029/RG026i003p00551

Helliwell, R. A., Katsufrakis, J. P., & Trimpi, M. L. (1973). Whistler-induced amplitude perturbation in VLF propagation. , 78, 4679-4688.
https://doi.org/10.1029/ja078i022p04679

Helliwell, R. A., & Mende, S. B. (1980). Correlations between 14,278 optical emissions and VLF wave events observed at L ~ 4 in the Antarctic.
Journal of Geophysical Research, 85(AT), 3376-3386. https://doi.org/10.1029/JA085iA07p03376

Horne, R. B., Thorne, R. M., Glauert, S. A., Meredith, N. P., Pokhotelov, D., & Santolk, O. (2007). Electron acceleration in the Van Allen radia-
tion belts by fast magnetosonic waves. Geophysical Research Letters, 34, L17107. https://doi.org/10.1029/2007GL030267

Hua, M., Bortnik, J., Ma, Q., & Bernhardt, P. A. (2022). Radiation belt electron acceleration driven by very low-frequency transmitter waves in
near-Earth space. Geophysical Research Letters, 49, €2022GL099258. https://doi.org/10.1029/2022GL099258

Hua, M., Li, W., Ni, B., Ma, Q., Green, A., Shen, X., et al. (2020). Very-low-frequency transmitters bifurcate energetic electron belt in near-Earth
space. Nature Communications, 11, 4847. https://doi.org/10.1038/s41467-020-18545-y

James, H. G., King, E. P,, White, A., Hum, R. H., Lunscher, W. H. H. L., & Siefring, C. L. (2015). The e-POP Radio Receiver Instrument on
CASSIOPE. Space Science Reviews, 189, 79-105. https://doi.org/10.1007/s11214-014-0130-y

Jaynes, A. N., & Usanova, M. E. (Eds.). (2020). The dynamic loss of Earth’s radiation belts from loss in the magnetosphere to particle precipita-
tion in the atmosphere (Vol. 2020). Amsterdam, Netherlands: Elsevier.

Kaeppler, S. R., Sanchez, E., Varney, R. H., Irvin, R. J., Marshall, R. A., Bortnik, J., et al. (2020). Incoherent scatter radar observations of
10-100 keV precipitation: Review and outlook. In A. N. Jaynes, & M. E. Usanova (Eds.), The dynamic loss of Earth's radiation belts (Vol.
1, pp. 145-197). (1st ed.). Elsevier. https://doi.org/10.1016/B978-0-12-813371-2.00006-8

Kasahara, S., Yokota, S., Mitani, T., Asamura, K., Hirahara, M., Shibano, Y., & Takashima, T. (2018). Medium-energy particle experiments-elec-
tron analyzer (MEP-e) for the exploration of energization and radiation in geospace (ERG) mission. Earth Planets and Space, 70, 69. https://
doi.org/10.1186/s40623-018-0847-z

Kasahara, Y., Kasaba, Y., Kojima, H., Yagitani, S., Ishisaka, K., Kumamoto, A., et al. (2018). The plasma wave experiment (PWE) on board the
Arase (ERG) satellite Earth. Planets and Space, 70, 86. https://doi.org/10.1186/s40623-018-0842-4

Kavanagh, A. J., Wild, J. A., & Honary, F. (2009). Observations of omega bands using an imaging riometer. Annales Geophysicae, 27, 4183—
4195. https://doi.org/10.5194/angeo-27-4183-2009

Kazama, Y., Wang, B., Wang, S., Ho, P. T. P., Tam, S. W. Y., Chang, T.-F,, et al. (2017). Low-energy particle experiments-electron analyzer
(LEPe) onboard the Arase spacecraft. Earth Planets and Space, 69, 165. https://doi.org/10.1186/s40623-017-0748-6

Kletzing, C. A., Kurth, W. S., Acuna, M., MacDowall, R. J., Torbert, R. B., Averkamp, T., et al. (2013). The electric and magnetic field instrument
suite and integrated science EMFISIS on RBSP. Space Science Reviews, 179, 127-181. https://doi.org/10.1007/s11214-013-9993-6

Kulkarni, P., Inan, U. S., Bell, T. F., & Bortnik, J. (2008). Precipitation signatures of ground-based VLF transmitters. Journal of Geophysical
Research, 113, A07214. https://doi.org/10.1029/2007JA012569

Lauben, D. S., Inan, U. S., & Bell, T. F. (2001). Precipitation of radiation belt electrons induced by obliquely propagating lightning-generated
whistlers. Journal of Geophysical Research: Space Physics, 106(A12), 29745-29770. https://doi.org/10.1029/1999ja000155

Lehtinen, N. G., & Inan, U. S. (2008). Radiation of ELF/VLF waves by harmonically varying currents into a stratified ionosphere with application
to radiation by a modulated electrojet. , 113, A06301. https://doi.org/10.1029/2007JA012911

Li, W., Ma, Q., Thorne, R. M., Bortnik, J., Kletzing, C. A., Kurth, W. S., et al. (2015). Statistical properties of plasmaspheric hiss derived from
Van Allen Probes data and their effects on radiation belt electron dynamics. Journal of Geophysical Research: Space Physics, 120, 3393-3405.
https://doi.org/10.1002/2015ja021048

Li, X., Huang, Y.-L., Flesch, G. D., & Ng, C. Y. (1995). Absolute total cross sections for the ion-molecule reaction O+(4So) + H,O. The Journal
of Chemical Physics, 102, 5100-5101. https://doi.org/10.1063/1.469561

Lyons, L. R., & Thorne, R. M. (1973). Equilibrium structure of radiation belt electrons. Journal of Geophysical Research, 78, 2142-2149. https://
doi.org/10.1029/ja078i013p02142

Lyons, L. R., Thorne, R. M., & Kennel, C. F. (1972). Pitch angle diffusion of radiation belt electrons within the plasmasphere. Journal of
Geophysical Research, 77(19), 3455-3474. https://doi.org/10.1029/JA077i019p03455

Ma, Q., Li, W., Thorne, R. M., Bortnik, J., Kletzing, C. A., Kurth, W. S., & Hospodarsky, G. B. (2016). Electron scattering by magnetosonic
waves in the inner magnetosphere. Journal of Geophysical Research: Space Physics, 121, 274-285. https://doi.org/10.1002/2015ja021992

Ma, Q., Mourenas, D., Li, W., Artemyev, A., & Thorne, R. M. (2017). VLF waves from ground-based transmitters observed by the Van
Allen Probes: Statistical model and effects on plasmaspheric electrons. Geophysical Research Letters, 44, 6483—6491. https://doi.
org/10.1002/2017GL073885

Marshall, R. A., Xu, W., Sousa, A., McCarthy, M., & Millan, R. (2019). X-ray signatures of lightning-induced electron precipitation. Journal of
Geophysical Research: Space Physics, 124(10), 10230-10245. https://doi.org/10.1029/2019JA027044

Meredith, N. P, Horne, R. B., Clilverd, M. A., & Ross, J. P.J. (2019). An investigation of VLF transmitter wave power in the inner radiation belt
and slot region. Journal of Geophysical Research: Space Physics, 124, 5246-5259. https://doi.org/10.1029/2019JA026715

BERNHARDT ET AL.

16 of 17

85U80| 7 SUOLILLIOD BAITER. B|qedl|dde aup Aq pausenob a1e sapiie YO ‘88N JOSa|nJ 10} A%eiq1T 8UIIUO /811 UO (SUORIPUD-PLE-SWLBYW0D" 43| 1M ARe1q 1 fBul | JUo//SdNY) SUORIPUOD pue SWid L 83 885 *[7202/TT/ST] uo Arigi8uliuo AB|IM ‘AeAINS dnomeIuY UshiE Ad 8SE080VIZ20Z/620T OT/10p/wiod: 43| im* Axeiq1jeut|uo'sqndnBe//sdny Wwo.y pepeojumod ‘9 ‘Z20e ‘Zov669T2


https://doi.org/10.1029/2008ja013369
https://doi.org/10.1029/2020JA028540
https://doi.org/10.1029/2020gl089584
https://doi.org/10.1002/2017JA024907
https://doi.org/10.3390/universe7020029
https://doi.org/10.3390/universe7020029
https://doi.org/10.1002/2014JA019809
http://www.jstor.org/stable/2417764
https://doi.org/10.1029/RG026i003p00551
https://doi.org/10.1029/ja078i022p04679
https://doi.org/10.1029/JA085iA07p03376
https://doi.org/10.1029/2007GL030267
https://doi.org/10.1029/2022GL099258
https://doi.org/10.1038/s41467-020-18545-y
https://doi.org/10.1007/s11214-014-0130-y
https://doi.org/10.1016/B978-0-12-813371-2.00006-8
https://doi.org/10.1186/s40623-018-0847-z
https://doi.org/10.1186/s40623-018-0847-z
https://doi.org/10.1186/s40623-018-0842-4
https://doi.org/10.5194/angeo-27-4183-2009
https://doi.org/10.1186/s40623-017-0748-6
https://doi.org/10.1007/s11214-013-9993-6
https://doi.org/10.1029/2007JA012569
https://doi.org/10.1029/1999ja000155
https://doi.org/10.1029/2007JA012911
https://doi.org/10.1002/2015ja021048
https://doi.org/10.1063/1.469561
https://doi.org/10.1029/ja078i013p02142
https://doi.org/10.1029/ja078i013p02142
https://doi.org/10.1029/JA077i019p03455
https://doi.org/10.1002/2015ja021992
https://doi.org/10.1002/2017GL073885
https://doi.org/10.1002/2017GL073885
https://doi.org/10.1029/2019JA027044
https://doi.org/10.1029/2019JA026715

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2022JA030358

Meredith, N. P, Horne, R. B., Glauert, S. A., Baker, D. N., Kanekal, S. G., & Albert, J. M. (2009). Relativistic electron loss timescales in the slot
region. Journal of Geophysical Research, 114, A03222. https://doi.org/10.1029/2008JA013889

Meredith, N. P, Horne, R. B., Glauert, S. A., Thorne, R. M., Summers, D., Albert, J. M., & Anderson, R. R. (2006). Energetic outer zone elec-
tron loss timescales during low geomagnetic activity. Journal of Geophysical Research, 111, A05212. https://doi.org/10.1029/2005JA011516

Mishin, E. V., Starks, M. J., Ginet, G. P., & Quinn, R. A. (2010). Nonlinear VLF effects in the topside ionosphere. , 37, L04101. https://doi.
0rg/10.1029/2009GL042010

Moffat-Griffin, T., Hibbins, R. E., & Jarvis, M. J. (2010). Calibrating an imaging riometer: Determination of the true beam azimuth angle posi-
tion, 45, RS5011.

Némec, F., Pekat, J., & Parrot, M. (2020). NWC transmitter effects on the nightside upper ionosphere observed by a low-altitude satellite. Journal
of Geophysical Research: Space Physics, 125, €2020JA028660.

Ozaki, M., Miyoshi, Y., Shiokawa, K., Hosokawa, K., Oyama, S.-i., Kataoka, R., et al. (2019). Visualization of rapid electron precipitation via
chorus element wave-particle interactions. Nature Communications, 10, 257. https://doi.org/10.1038/s41467-018-07996-z

Ozhogin, P., Tu, J., Song, P., & Reinisch, B. W. (2012). Field-aligned distribution of the plasmaspheric electron density: An empirical model
derived from the IMAGE RPI measurements. J, /17, A06225. https://doi.org/10.1029/2011ja017330

Park, C. G., & Helliwell, R. A. (1978). Magnetospheric effects of power line radiation. Science, 200, 727-730. https://doi.org/10.1126/
science.200.4343.727

Picone, J. M., Hedin, A. E., Drob, D. P., & Aikin, A. C. (2002). NRLMSISE-00 empirical model of the atmosphere: Statistical comparisons and
scientific issues. Journal of Geophysical Research, 107, 1468. https://doi.org/10.1029/2002ja009430

Rogers, N. C., & Honary, F. (2020). Assimilation of real-time riometer measurements into models of 30 MHz polar cap absorption. Journal of
Space Weather and Space Climate, 5, A8. https://doi.org/10.1051/swsc/2015009

Rosenberg, T. J., Foster, J. C., Matthews, D. L., Sheldon, W. R., & Benbrook, J. R. (1977). Microburst electron precipitation at L ~ 4., 82, 177.
https://doi.org/10.1029/ja082i001p00177

Rosenberg, T. J., Helliwell, R. A., & Katsufrakis, J. P. (1971). Electron precipitation associated with discrete very-low-frequency emissions.
Journal of Geophysical Research, 76, 8445-8452. https://doi.org/10.1029/ja0761034p08445

Rosenberg, T. J., Siren, J., & Lanzerotti, L. J. (1980). High time resolution riometer and X-ray measurements of conjugate electron precipitation
from the magnetosphere. Nature, 283, 278-280. https://doi.org/10.1038/283278a0

Ross, J. P. J., Meredith, N. P., Glauert, S. A., Horne, R. B., & Clilverd, M. A. (2019). Effects of VLF transmitter waves on the inner belt and slot
region. Journal of Geophysical Research: Space Physics, 124, 5260-5277. https://doi.org/10.1029/2019JA026716

Sauvaud, J.-A., Maggiolo, R., Jacquey, C., Parrot, M., Berthelier, J.-J., Gamble, R. J., & Rodger, C. J. (2019). Radiation belt electron precipitation
due to VLF transmitters: Satellite observations. Geophysical Research Letters, 35, 1.09101.

Shiokawa, K., Katoh, Y., Hamaguchi, Y., Yamamoto, Y., Adachi, T., Ozaki, M., et al. (2017). Ground-based instruments of the PWING project to
investigate dynamics of the inner magnetosphere at subauroral latitudes as a part of the ERG-ground coordinated observation network. Earth
Planets and Space, 69, 160. https://doi.org/10.1186/s40623-017-0745-9

Solomon, S. C. (2017). Global modeling of thermospheric airglow in the far ultraviolet. Journal of Geophysical Research: Space Physics, 122,
7834-7848. https://doi.org/10.1002/2017JA024314

Sotnikov, V., Kim, T., Caplinger, J., Main, D., Mishin, E., Gershenzon, N., et al. (2018). Parametric excitation of very low frequency (VLF)
electromagnetic whistler waves and interactions with energetic electrons in radiation belt. Plasma Physics and Controlled Fusion, 60, 044014.
https://doi.org/10.1088/1361-6587/aaab1b

Turunen, E., Matveinen, H., Tolvanen, J., & Ranta, H. (1996). D-region ion chemistry model. In R. W. Schunk (Ed.), STEP handbook of iono-
spheric models (pp. 1-25). Boulder, Colorado, USA: SCOSTEP Secretariat.

Verronen, P. T., Andersson, M. E., Kero, A., Enell, C.-F., Wissing, J. M., Talaat, E. R., et al. (2015). Contribution of proton and electron precip-
itation to the observed electron concentration in October—November 2003 and September 2005. Annales Geophysicae, 33, 381-394. https://
doi.org/10.5194/angeo-33-381-2015

Verronen, P. T., Seppild, A., Clilverd, M. A., Rodger, C. J., Kyrold, E., Enell, C.-F,, et al. (2005). Diurnal variation of ozone depletion during the
October—November 2003 solar proton events, /70, A09S32. https://doi.org/10.1029/2004JA010932

Voss, H., Imhof, W., Walt, M., Mobilia, J., Gaines, E. E., Reagan, J. B., et al. (1984). Lightning-induced electron precipitation. Nature, 312,
740-742. https://doi.org/10.1038/312740a0

Winske, D., & Daughton, W. (2012). Generation of lower hybrid and whistler waves by an ion velocity-ring distribution. Physics of Plasmas, 19,
1-17. https://doi.org/10.1063/1.4736983

Xu, W., & Marshall, R. A. (2019). Characteristics of energetic electron precipitation estimated from simulated bremsstrahlung X-ray distributions.
Journal of Geophysical Research: Space Physics, 124, 2831-2843. https://doi.org/10.1029/2018JA026273

Xu, W., Marshall, R. A., Tyssgy, H. N., & Fang, X. (2020). A generalized method for calculating atmospheric ionization by energetic electron
precipitation. Journal of Geophysical Research: Space Physics, 125, e2020JA028482. https://doi.org/10.1029/2020JA028482

BERNHARDT ET AL.

17 of 17

85U80| 7 SUOLILLIOD BAITER. B|qedl|dde aup Aq pausenob a1e sapiie YO ‘88N JOSa|nJ 10} A%eiq1T 8UIIUO /811 UO (SUORIPUD-PLE-SWLBYW0D" 43| 1M ARe1q 1 fBul | JUo//SdNY) SUORIPUOD pue SWid L 83 885 *[7202/TT/ST] uo Arigi8uliuo AB|IM ‘AeAINS dnomeIuY UshiE Ad 8SE080VIZ20Z/620T OT/10p/wiod: 43| im* Axeiq1jeut|uo'sqndnBe//sdny Wwo.y pepeojumod ‘9 ‘Z20e ‘Zov669T2


https://doi.org/10.1029/2008JA013889
https://doi.org/10.1029/2005JA011516
https://doi.org/10.1029/2009GL042010
https://doi.org/10.1029/2009GL042010
https://doi.org/10.1038/s41467-018-07996-z
https://doi.org/10.1029/2011ja017330
https://doi.org/10.1126/science.200.4343.727
https://doi.org/10.1126/science.200.4343.727
https://doi.org/10.1029/2002ja009430
https://doi.org/10.1051/swsc/2015009
https://doi.org/10.1029/ja082i001p00177
https://doi.org/10.1029/ja076i034p08445
https://doi.org/10.1038/283278a0
https://doi.org/10.1029/2019JA026716
https://doi.org/10.1186/s40623-017-0745-9
https://doi.org/10.1002/2017JA024314
https://doi.org/10.1088/1361-6587/aaab1b
https://doi.org/10.5194/angeo-33-381-2015
https://doi.org/10.5194/angeo-33-381-2015
https://doi.org/10.1029/2004JA010932
https://doi.org/10.1038/312740a0
https://doi.org/10.1063/1.4736983
https://doi.org/10.1029/2018JA026273
https://doi.org/10.1029/2020JA028482

	Active Precipitation of Radiation Belt Electrons Using Rocket Exhaust Driven Amplification (REDA) of Man-Made Whistlers
	Abstract
	Plain Language Summary
	1. Introduction
	2. Whistler Wave Amplification in Space
	3. Impact of REDA on Energetic Electrons
	4. Measurement Predictions of REDA Effects
	5. Conclusions and Future Research
	Data Availability Statement
	References


