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Active Physics of Energetic Particles, 
Waves, and their Interaction in the 

Near-Earth Space 
  

Introduction

The Earth’s plasmasphere is a region of cold plasma made of ions/electrons of a few 
eV, originating from upwelling air in the ionosphere and forming a rotating torus around 
the Earth. We analyze 7 years of RBSP data of the electron plasma density, which is a 
main parameter influencing WPI driving trapped particles in the inner magnetosphere.

 

Properties of the radiation belts:
1. Higher flux in the inner belt at high 

pitch angles 
2. Pitch angle dependence of the 

inner belt (agrees with QL theory)
3. Wider inner belt at high p.a.
4. Narrower slot at high p.a.
5. Relatively isotropic S-shaped 

structure of the outer belt

New electron density models
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Fig 1. (left) The electron radiation belts, the NASA Van Allen Probes (RBSP) 
their precession and wave and particle instruments. (right) Activity during 
RBSP showing the dominance of quiet times and the rareness of storms. 

Wave-particle interactions

Active experiments are man-made monitored disturbances of ionosphere or near Earth 
space, such as neutral release (barium or hydrazine burn for instance) or electron beam 
emission in the ionosphere. This is a way to understand electromagnetic wave 
propagation in near Earth’s space. The motivation is to study wave-particle interactions 
occurring in the radiations belts. Inhere, we use observations of electromagnetic waves 

and cold electron plasma density measured by the NASA Van Allen Probes (RBSP). We 
explain how we generate formatted data & statistics usable for analyzing active 
experiments and radiation belt problems with accurate and validated simulations. 

New mean electron densities and their standard deviation are generated and fitted to 
be inputted in space weather codes. Complexity arises in very dense low-L regions, 
inside the plasmapause (150-10 #/cc), in plasma plumes and in detached plasma. 

Fig 2. (top) RBSP electron density. (left) Statistics of plasmaspheric density vs. 
geomagnetic activity (Dst index). (right) Empirial model of the mean and 
standard deviation of the electron density vs. Dst index.

The plasmasphere from RBSP

Whistler-mode waves and the plasmasphere 
Whistler mode waves are electromagnetic, 
right-hand polarized whistler mode waves that 
are observed in the VLF range from tens of Hz 
to tens of kHz. Hiss waves are the main driver 
of the slot formation while chorus waves cause 

strong acceleration responsible of important flux 
enhancements during storms.

 Fig 3. Whistler-mode waves power spectrum 
measured by RBSP during an inbound pass, 
from the plasma trough to the deep 
plasmasphere. 

Wave-particle interactions cause the depletion 
of the slot and outer radiation belts 
Hiss waves have tremendous effects (WPI) during extended plasmasphere times and 
sculpt the slot within the belts (L=2 to L=5.5). We compute and reproduction of the 
radiation belt energy structure for quiet times and moderate substorm activity.

Fig 5. (top) The Earth’s magnetic field computed with the IGRF model vs. a 
eccentric/tilted dipole. A good accuracy of the magnetic field is essential at low 
altitude/L-shell. (bottom) 32 keV electron flux in 2018 (RBSP-B) with daily 
injections populating both inner and outer belts and causing significant 
spacecraft charging (from M. Cosmides’ PhD.). 
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Turbulence (SMART),11 and follow the fate of the energy in
the beam of neutral atoms that will be injected into the iono-
sphere transverse to the local magnetic field until the energy
extracted from it generate electrostatic waves that evolve
nonlinearly into electromagnetic waves and radiate into the
magnetosphere. The SMART mission, sketched in Fig. 1, is
modeled after similar experiments conducted since the mid
1970s generating a high speed Barium (Ba) release by a
shaped charge explosion to accelerate the Ba atoms to high
velocities perpendicular to the Earth’s magnetic field.12 The
Ba atoms are photo-ionized, forming a ring velocity distribu-
tion of heavy Baþ ions that is unstable to lower hybrid
waves.13 The sounding rocket will carry the Ba release mod-
ule and an instrumented daughter section that includes vector
wave magnetic and electric field sensors, Langmuir probes,
and energetic particle detectors. The goal of these measure-
ments is to determine the whistler/magnetosonic and lower
hybrid wave amplitudes and spectrum in the ionospheric
source region. The Ba release will occur at "700 km near
apogee. Ground based cameras and radio diagnostics will
be used to characterize the Ba release. Satellites in the mag-
netosphere (e.g., the Van Allen Probes14 or other) can be
used to detect the propagation of the SMART-generated
whistler/magnetosonic waves into the radiation belts.

The ionosphere is a spatially inhomogeneous medium
with dipolar background magnetic field and diurnal as

well as seasonal variations in the density and temperature.
Below the crossover region, "1000 km, the plasma is
mainly composed of oxygen while above it is mainly hydro-
gen. A realistic end-to-end 3D numerical simulation of the
evolution of a spatially localized ion ring beam is challeng-
ing even in an idealized environment but more so in the in-
homogeneous multi-species ionosphere. The complexity
arises due to nonlinear interactions of waves and particles
in weak turbulence that is inherently 3D in character4 and is
localized in a finite volume in the ionosphere. The turbu-
lence involves scattering of short wavelength (few meters)
electrostatic waves into long wavelength (km) electromag-
netic waves on short time scales and diffusive processes
with long time scales as well as radiation of electromag-
netic waves out of the source region. Because of the dipolar
magnetic field, the wave normal angle constantly changes
as the wave propagates. Ray tracing of intermediate fre-
quency waves in a dipolar magnetic field shows that even
if an electromagnetic wave is launched parallel to the
magnetic field, the ray trajectory introduces a transverse
component due to the magnetic field geometry, making the
wave propagation oblique and electrostatic,7 as well as
vice-versa. It is important to consider these features for
accurate estimates of the turbulence behavior and determin-
ing realistic boundary conditions for numerical simulations.
Boundary conditions capturing these nuances in a numeri-
cal simulation are prohibitive, but without it, the simula-
tions are far from reality. Therefore, in order to account for
all relevant physics, we will rely on physical arguments
based on the wave kinetic equation in combination with nu-
merical simulations in limited domains.

We consider typical ionospheric conditions prevailing at
an altitude of "700 km where shaped charge explosion will
be used to create and inject a beam of neutral Ba atoms per-
pendicular to the local magnetic field. Approximately 1.5 kg
of Ba will form a ring beam with an average velocity of
V?0 " 10 km/s. As the neutral Ba atoms are photo-ionized to
Baþ ions, they will be confined by the magnetic field through
gyration and form a ring velocity distribution perpendicular to
the magnetic field (Fig. 1(b)). Since the Ba ionization time is
"30s the Baþ ions will occupy a conical volume with 300 km
height. Thermal expansion of neutral atoms at "1 km/s trans-
verse to the injection velocity will lead to a conical region of
Baþ ions with the base diameter of "100 km and a volume of
"1020 cc. The average Baþ density will be "105/cc. For the
background ionospheric density, we use "105/cc, which is
the typical density in solar minimum. This makes the parame-
ter a # ðnBa=noþÞðmoþ=mBaÞ " 0:1, which determines the
growth rate of the beam driven lower hybrid waves.13 The
mean Oþ temperature of "1200 K (0.1 eV) gives Oþ thermal
velocity vtOþ " 1 km/s. The plasma is oxygen dominated and
dense with xpe=Xe " 3, xpe is the electron plasma frequency,
making the local lower hybrid frequency xLH "

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XOþXe
p

" 0:3& 105=s corresponding to a magnetic field of 0.3 G.
We discuss the relevant linear and nonlinear characteristics
of the intermediate frequency waves that will be generated
following the introduction of the Baþ ring beam in the
ionosphere.

FIG. 1. (a) Schematic description of the SMART high-speed neutral atom
injection experiment in the ionosphere and (b) the ion ring beam formed by
photo ionization of neutral atoms.
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Figure 1. (a) The Electric Field and Waves (EFW) electron plasma density (log10 in cm −3) from Van Allen Probes B during 
the whole mission with (b) 3 level lines extracted. (c–j) The mean density in (L and magnetic local time) and (small insert) 
data point number for 8 bins of Dst with level lines of (solid) 1,000 cm −3, (long dashed) 100 cm −3, (dashed) 10 cm −3. (k, l) 
L100 for Electric and Magnetic Field Instrument Suite and Integrated Science (blue) and EFW (red).
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The NASA Van ALLEN Probes 
(RBSP) mission (2012-2019): 

measurements of ambient particles 
+ electromagnetic waves + energetic 

radiation belts particles

Geomagnetic activity 
during RBSP mission:
0<Kp<1 : 70% of times
1<Kp<3 : 18% of times
3<Kp<5 : 10% of times
5<Kp<8 :   2% of times

Ripoll, J.-F., Loridan, V., Denton, M. H., Cunningham, G., Reeves, G., Santolík, O., et al. 
(2019). Observations and Fokker-Planck simulations of the L-shell, energy, and pitch angle 
structure of Earth’s electron radiation belts during quiet times. Journal of Geophysical 
Research: Space Physics, 124, 1125–1142. 
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10 day averaged Dα0α0 (March 4-15, Kp~1-2) at fixed pitch angle versus (L, E)

En
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L-shellL=1.5 L=5.5

100 keV
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fact, wave effects shift sometimes abruptly to higher energies at high L shells, as, for instance, at L = 4 on 1
March or L = 4.2 on 3 March in Figure 8. This is an artifact happening at the plasmapause when density
measurements are lacking. It is caused by the discontinuity of the two density models in use. Such a shift
does not occur with the measured density, which is continuous.

For quiet times with a greatly extended plasmasphere (and when the measured density is available over the
entire domain) effects on low-energy electrons (<300 keV) extend in the outer belt till L = 5.5, e.g., 5, 8, 9, 11,
15, and 16 March. Such a plasmasphere configuration is essential to understanding the decay of outer belt
electrons from hiss waves. Hiss wave predominantly act along the main line L = (10 ! 5log10(E))/3 with E
in MeV, that is about ±L away from the edging lines previously defined. Electron lifetimes along this diagonal
are close to 1 day attesting strong loss from hiss waves. Electron lifetimes remain low as energy increases
from 200 keV up to 2 MeV until the amplitude of the waves is not large enough to scatter the highest energy
electrons. An upper limit of the energy seems to be 3–4 MeV here, but resonance with higher energy
electrons as L decreases down to L ~ 1.5 is mathematically possible.

All these snapshots show how the hiss effects change locally and temporally due to the wave and plasma
environment and how the external envelope of the region of influence evolves. They show daily wave effects
without assessing whether the observed electron loss follows the same fluctuations (if observable). The
overestimation by 40–50% of the density of some filaments between L = 2 and 3 on 15 and 16 March does
not modify the lifetime profile in a clearly visible way in Figure 8 although it does approximately increase the
electron lifetime by a factor of less than 2.

4.3. Temporally Averaged Lifetimes

We plot in Figure 9 temporally averaged pitch angle diffusion coefficients from 5 to 15 March. This period is
noteworthy due to the quiet and stable magnetospheric conditions that persisted for 15 days after the 1
March storm (observed Kp ranged from 1 to 2, with a mean value of 1.2). The averaged diffusion coefficients
follow similar variations to the ones of the profiles for Day 6 although they are somewhat stronger since wave
amplitudes were comparatively lower on 6 March. Weak scattering at L = 2 and E ≲ 800 keV is confirmed. The
maximal diffusion follows a diagonal line in log10E, which shifts slightly to higher energy as pitch angle
increases. Maximal diffusion also decays after some pitch angle (α ≳ 50°) as it shifts to higher energy when
pitch angle increases. At fixed energy, the maximal cyclotron diffusion occurs at higher L shell as pitch angle
increases. Again, Landau diffusion is an isolated island of strong diffusion (α ≳ 80°). These time-averaged dif-
fusion coefficients will be used in section 5 to generate a mean lifetime.

Figure 9. Time-averaged diffusion coefficients (log10 of s
!1) fromMarch 5 to March 15 2013 plotted at fixed L = 2, 3, 4, 5 in the (top row) (E, α) plane and at fixed pitch

angles α = 20, 50, 70, 80, 90° in the (bottom row) (L, E) plane. The averaged values follow similar variations than the ones of the profiles for Day 6. The maximal
diffusion follows a diagonal line in log10E which shifts slightly to higher energy as pitch angle increases. Maximal diffusion also decays after some pitch angle
(α > ~50°) as it shifts to higher energy when pitch angle increases. Landau diffusion is an isolated island of strong diffusion (α ~ 89°).
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α0=20° α0=50° α0=70° α0=80°

Pitch angle diffusion occurs along a main line in the (L,E) plane that 
shifts toward higher Lshell as pitch angle increases

4.2. Snapshots in the (L, E) Plane

Figure 7 shows how pitch angle diffusion occurs at lower energy as L increases. At L = 2 and E below ~800 keV
(Figure 7 top row, first panel), we see a wide region of negligible diffusion (D ~ 10!10 s!1) in the (E, α) plane,
with E ~ ≤800 keV and α in [αlc = 20°, αmin Landau ~ 70°]. This is due to the first cyclotron harmonic that does
not reach pitch angles higher than the loss cone pitch angle (20°). Higher cyclotron harmonics have their
highest pitch angle of nonnegligible diffusion that decreases with |n| increasing from 1. In other words, the
pitch angle of nonnegligible pitch angle diffusion that is the closest to 90° is always the one of the |n| = 1 har-
monic and it does not exceed the loss cone pitch angle at L = 2 and E below ~800 keV. Since Landau (n = 0)
pitch angle diffusion (above 10!10 s!1) is confined at pitch angles above αmin Landau ~ 70° at L = 2 (and
below), there is then no significant pitch angle diffusion from hiss waves between αlc = 20° and α ~ 70° at
L = 2 (and lower Ls) for all harmonics. This absence of pitch angle diffusion explains why electrons of energy
below ~800 keV and located at the inner belt edge (and below inside the inner belt) are not scattered out by
hiss waves and remain trapped.

At higher L shell (L ≥ 3) and fixed low energy (<300 keV), the minimum pitch angle diffusion occurs between
first cyclotron harmonic and the Landau (n = 0) harmonic (e.g., between α = 65° and α = 85° at L = 4 and
E = 100 keV). At fixed L shell, the maximal pitch angle diffusion from cyclotron harmonics occurs at higher
energy as pitch angle increases (Figure 7, bottom row). Landau diffusion is strong almost everywhere in
the (L, E) plane, i.e., for E < 3 MeV and 6 > L > 2, but this strong diffusion occurs only at ~89° and is sur-
rounded by very weak diffusion at both lower and higher pitch angles.

The effect of hiss waves can be more simply understood and characterized according to lifetime, bearing in
mind that such a treatment remains an approximation. The lifetime profile is particularly interesting and char-
acteristic when plotted daily in the (L, E) plane [Meredith et al., 2006b; Ripoll et al., 2014a, 2014b; Reeves et al.,
2015], as shown in Figure 8 for the first half of March 2013.

Omitting storm times (as 1 March) and focusing on quiet recovery times, we see that daily effects are con-
fined within a wide region of the plasmasphere, with sharp inner and outer edges at a given energy following
a power law decay. Hiss effects can be strong (τ ~ 1 day). Effects stop abruptly at L shells lower than
L = 2.5 ! log10(E) with E in MeV (see Figure 8, Day 5). That limit is visible as soon as there is wave activity
and is likely to correspond to the outer edge of the inner belt (unless VLF transmitter waves or lightning-

Figure 7. Diffusion coefficients log10(Dαα) (log10 of s
!1) for 6March 2013 plotted at fixed L = 2, 3, 4, 5 in the (top row) (E, α) plane and at (bottom row) fixed equatorial

pitch angles α = 20, 50, 70, 80, 90° (from left to right) in the (L, E) plane. Figure 7 (top, left) shows no hiss effects at L = 2 and E ≤ 800–900 KeV, therefore explaining
why inner belt electrons of these energies are not scattered by hiss waves. At fixed L shell, maximal cyclotron pitch angle diffusion occurs at higher energy as pitch angle
increases (for α ≤ 80°). Maximal pitch angle diffusion occurs along a main diagonal (shifting up as α increases) that will be more discussed in the next figures.
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Wave-Particle Interactions from hiss waves : pitch angle diffusion in (L-E-a)

Measured hiss wave properties 
are used in the computation of 
pitch angle diffusion coefficients 
(CEA CEVA code).

Ripoll, J.-F., Thaller, 
S. A., Hartley, D. P., 
Cunningham, G. S., 
Pierrard, V., Kurth, 
W. S., et al. (2022). 
Statistics and 
empirical models of 
the plasmasphere 
boundaries from the 
Van Allen Probes for 
radiation belt physics. 
Geophysical Research 
Letters, 49, 
e2022GL101402. 

Reference: Ripoll, J.-F., Claudepierre, S. G., Ukhorskiy et al. (2020). Particle Dynamics in the Earth's Radiation 
Belts: Review of Current Research and Open Questions. Journal of Geophysical Research: Space Physics, 125, 
e2019JA026735. 

PACTE-ESPACE is a 3-year ANR project (2023-2025) with LPP, IRAP and Airbus DS
Active physics of energetic particles, waves, and their interaction in the near-Earth space 
with 2 applications: 1- natural events, 2- active experiments. One objective is to develop 
new density/whistler property empirical models used for WPI simulations.

Ray Tracing is a numerical method of tracking wave fronts during propagation. We use 
the HOTRAY code (Horne, 1989) developed at BAS for simulating and understanding 
active experiments or natural events and for tracking wave power propagation and 
damping with application to wave-particle interactions with radiation belt electrons. 

Future work will be dedicated to study the radiation belt dynamic and both the REDA 
and SMART active experiments.

A: temperature does not change 
trajectory but shorten it by Landau 
damping
B: competition between magnetic field
and density gradients. For low density, 
magnetic field gradients dominate and 
rays are guided by magnetic field line.
C: Lower frequency waves propagate
with outward magneto-reflections. 
Higher frequency waves have inward
propagation. (from L. Cerfolli’s PhD.)

Future Work

Wave propagation by Ray Tracing

Fig 7. (top left) The NRL SMART active 
experiment principle. (bottom left) 
Power spectrum of whistler-mode 
waves measured by ePOP/RRI during 
the REDA active experiment. (right) 
SMART rocket. 

Fig 6. Influence of main parameters in Ray tracing simulations. 

Fig 4. The 3D (L, E, a) dynamic radiation 
belt energy structure during quiet times: 
data vs. VERB3D simulations.


