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which account for a sum over all harmonics (-n. . ., 0, . . ., n), a
wave normal integration, and bounce averaging between the
mirror points. Equations 2 to 8 of Lyons et al. (1972) define
the diffusion coefficients. The limit of low frequency (ωmed/ωce <
1) and high-density (ωmedωce/ω2

pe � 1) that are assumed in these
computations are satisfied (cf. Table 2, last two columns). A more
synthetic and modern expressions of the diffusion coefficients is
available through Equations 8, 9 in Ripoll and Mourenas (2013)
using the notations of Albert (2005). Verification by comparison
with diffusion coefficients computed with the codes from the US
AFRL and BAS (e.g.,Albert (1994, 2008); Meredith et al. (2007))
have been performed in Ripoll and Mourenas (2013). Validation
studies include Ripoll et al. (2016, 2017, 2019), Ripoll et al.
(2020b), Ripoll et al. (2020c), and Loridan et al. (2019).

Diffusion coefficients were calculated using the average wave
and plasma parameters from RBSP-A. They are based on the
observed size of the high density region (∼1 h MLT) and there is

noMLT-averaging (e.g., Spasojevic et al. (2015)) that accounts for
the wave variations throughout the drift path (cf. more comments
below). The inclusion of the available ambient measurements
produces so-called event-driven diffusion coefficients which are
today the most sophisticated method for reproducing radiation
belt observations (see also Thorne et al. (2013); Tu et al. (2014);
Ripoll et al. (2020b); Pierrard et al. (2021)). In doing so, we
attempt to quantify the accuracy of this type of modeling. The
calculated diffusion coefficients are discussed in Section 3 below.

We also investigate the evolution of the electron phase space
density (PSD) using the calculated diffusion coefficients in a
pitch angle diffusion based Fokker-Planck equation (e.g. Ripoll
et al. (2017)). The initial electron distribution was taken to be
dependent on pitch angle following the RBSP-B observations.
A convolution with the energy spectrum can be performed
after the computation is made (in the absence of energy

FIGURE 4 | Example pitch angle (A) and energy (B) distributions from the RBSP-B MagEIS instrument with superposed � ts. The pitch angle distribution is shown
for ∼75 keV electrons and the energy distribution is shown near the loss cone at α ∼ 8°.

TABLE 1 | Average wave parameters obtained from both Van Allen Probe
spacecraft during the event interval. θ is the wave normal angle.

Spacecraft Time Amplitude fmedian fmin fmax �

RBSP UT (pT) (Hz) (Hz) (Hz) (degrees)

A 1500–1700 140 154 76 313 11
B 1440–1540 92 150 63 400 12

TABLE 2 | Average plasma and normalized wave parameters during the event
interval. ωmed is the median wave angular frequency calculated using fmedian

from Table 1.

Spacecraft ne � pe � ce � med/� ce ωmedωce/ω2
pe

RBSP (cm� 3) ×105s� 1 ×103s� 1 ×10� 1 ×10� 5

A 79.4 5.03 4.26 0.97 1.63
B 79.4 5.03 4.26 0.94 1.59

FIGURE 5 | Bounce averaged diffusion coef� cient (1/s, log10 scale) with
respect to energy (E) and equatorial pitch angle (α) at L � 5.9 for the plume
conditions observed by RBSP-A on 10 August, 2015 1500–1700 (cf. Tables
1, 2.).

Frontiers in Astronomy and Space Sciences | www.frontiersin.org December 2021 | Volume 8 | Article 7769925

Millan et al. Electron Precipitation and Plume Hiss



diffusion). For each MagEIS energy channel, the pitch angle
distribution was fit with a sinb(α) function with a power b(E)
depending on energy (example shown for 75 keV in left panel
of Figure 4). We find b(E) � [0.15, 0.35, 0.52, 0.8, 0.6] for E �
[54, 75, 102, 132, 169] keV. The initial condition is regularized
in a continuous manner within the loss cone using the expression
f(t � 0, E) � sinb(E)(α) − sinb(E)(αlc) (Li Z. et al. (2013)).

3 RESULTS

Figure 5 shows the bounce averaged diffusion coefficients
calculated using the input parameters described above. At
large L-shell (e.g., in the outer belt or in plasmaspheric
plumes, L ∼ 6), hiss waves will predominantly act on low
energy electrons. Here, the diffusion coefficient for small pitch
angle particles is largest between ∼10–150 keV, consistent with
the energy of x-rays observed by BARREL. As mentioned
previously, the diffusion coefficient is not drift-averaged and is
representative of the wave particle interactions only within the
plume. The waves were observed only within the plume region,
extending ∼1 h of MLT, thus drift-bounce-averaged diffusion
coefficients would be a factor 1/24 lower in amplitude. Here, due
to the intense wave amplitude and the absence of MLT-averaging,
diffusion coefficients reach very high rates with Dαα ∼10−2 s−1.
Since BARREL was located in the northern hemisphere, it

observed predominantly local precipitation. This local bounce
loss comes from the immediate and intense (low pitch angle)
precipitation within the plume (thus proportional to the local
wave amplitude squared) and is not the result of wave particle
interactions all along the drift path (that would be proportional to
the MLT-averaged squared amplitude, a factor 1/24 lower in this
case).

Figure 6 shows the evolution of the phase space density for
electrons as a function of energy, E, and equatorial pitch angle, α,
from t � 0 to t � 100 min of interaction with hiss waves in
the high-density region. The initial condition (top left panel) is
f(t � 0, E) � sinb(E)(α) − sinb(E)(αlc). Sudden loss of 10–30 keV
electrons occurs almost immediately, within the first 5 min, in the
vicinity of the loss cone (Figure 6, top middle). Loss of 100 keV
electrons by one order of magnitude takes 25 min of interaction.
After 100 min (Figure 6, bottom right), the phase space density
has vanished by ∼2 (resp. 1) orders of magnitude for all pitch
angles below 70° for E in [20, 70] keV (resp [70, 200] keV). Note
that electrons, particularly of higher energy, may interact with the
plume multiple times as they gradient-curvature drift around
Earth in order to reach a total of 100 min of interaction. 10 keV
electrons with small pitch angle take ∼40 min to drift across the
plume, thus the rapid loss of low energy electrons within the first
5 min occurs upon their first encounter with the plume. The
predicted range of energies of the main loss are also in agreement
with the range of energy found by Shi et al. (2019). Some loss of

FIGURE 6 | Phase space density versus energy (log10 in keV) and equatorial pitch angle (degrees) plotted at t � 0, 5, 25, 50, 75, 100 min. This PSD is the solution of
the Fokker-Planck pitch angle diffusion equation.
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