
1. Introduction
Energetic (10s keV–10s MeV) electrons of Earth's outer radiation belt are highly dynamic, and important to 
understand due to their damaging effect on orbiting satellites (e.g., Baker et al., 2018; Wrenn, 1995). Geomag-
netic activity, such as storms and substorms, are largely responsible for radiation belt dynamics (e.g., Akasofu 
et al., 1963; Hutchinson et al., 2011; Yokoyama, 1997), driving known enhancement, loss and transport processes 
such as ULF and VLF waves (e.g., Bingham et  al.,  2018; Horne et  al.,  2009; Jaynes et  al.,  2015; Mathie & 
Mann, 2000; Murphy et al., 2020; Reeves et al., 2013; Rostoker et al., 1998), and the loss of electrons via the 
magnetopause (e.g., Schulz & Lanzerotti, 2012; Staples et al., 2022; West et al., 1972). Scientific interest often 
focuses around understanding those processes in relation to the observed electron flux response.

Kennel and Petschek  (1966) originally theorized that stably trapped electrons of >40 keV (integral flux) are 
subject to a natural upper flux limit, imposed by the generation of whistler-mode chorus waves due to pitch angle 
anisotropies. High levels of flux and pitch angle anisotropy will result in high levels of chorus generation. It 
follows therefore, that due to the ability of chorus waves to effectively scatter electron pitch angles (e.g., Horne & 
Thorne, 1998; Horne et al., 2003), a threshold can be reached where pitch angle scattering dominates, preventing 
further increases in flux. Since the original formulation, a number of studies have advanced the Kennel-Petschek 
framework, adapting for differential flux at higher energies (Schulz & Davidson, 1988) and incorporating relativ-
istic effects (Mauk & Fox, 2010; Summers et al., 2009, 2011; Xiao et al., 1998). From here on, we will term this 
process the “Kennel-Petschek” (KP) process or limit.

Abstract We use Van Allen Probes electron data during 70 geomagnetic storms to examine the response 
of equatorial pitch angle distributions (PADs) at L* = 4.0–4.5 to a theoretical upper limit on stably trapped 
particle fluxes. Of the energies examined, 54 and 108 keV electron PADs isotropize to a previously assumed 
level within 6 hr of reaching the limit, near-identically across all 70 storms, consistent with rapid pitch angle 
scattering due to chorus wave interactions. In around 30% of events, 54 keV electrons completely exceed the 
KP limit, before being quickly subdued. 470 and 749 keV PADs show clear indications of an upper limit, 
though less aligned with the calculated limit used here. The consistency of an absolute upper limit shown 
across all events demonstrates the importance of this phenomena in both the limiting effect on electron flux and 
consistently influencing electron PAD evolution during geomagnetic storms. These results also highlight the 
need for further investigation, particularly related to the limiting of higher energy electrons.

Plain Language Summary High energy electrons in the space environment around Earth, known 
as the outer Van Allen radiation belt, can cause severe damage to satellites in orbit. Simultaneously measuring 
many electrons traveling in different directions and at different energies can help us understand which processes 
are present and influencing radiation belt dynamics in more detail. Our results show evidence of a process 
which limits electrons in the heart of the outer radiation belt to a maximum intensity level. The directional 
measurements provide further insight into the processes causing these energy-dependent changes, showing 
signs of already known mechanisms such as interaction with particular magnetic waves.

WALTON ET AL.

©2023. The Authors.
This is an open access article under 
the terms of the Creative Commons 
Attribution License, which permits use, 
distribution and reproduction in any 
medium, provided the original work is 
properly cited.

The Response of Electron Pitch Angle Distributions to the 
Upper Limit on Stably Trapped Particles
S. D. Walton1  , I. R. Mann2  , L. Olifer2  , L. G. Ozeke2  , C. Forsyth3  , I. J. Rae4  , 
M.-T. Walach5  , K. R. Murphy4,6  , S. G. Claudepierre7, H. E. Spence8  , and D. N. Baker9 

1Space Sciences Laboratory, University of California, Berkeley, CA, USA, 2Department of Physics, University of Alberta, 
Edmonton, AB, Canada, 3Mullard Space Science Laboratory, University College London, Dorking, UK, 4Department of 
Maths, Physics and Electrical Engineering, Northumbria University, Newcastle upon Tyne, UK, 5Department of Physics, 
Lancaster University, Lancaster, UK, 6Self, Thunder Bay, ON, Canada, 7Department of Atmospheric and Oceanic Sciences, 
University of California, Los Angeles, CA, USA, 8Institute for the Study of Earth, Oceans, and Space, University of New 
Hampshire, Durham, NH, USA, 9Laboratory for Atmospheric and Space Physics, University of Colorado Boulder, Boulder, 
CO, USA

Key Points:
•  During ∼30% of 70 geomagnetic 

storms, 54 keV electrons exceed the 
upper flux limit described by Kennel 
and Petschek theory

•  Equatorial electron pitch angle 
distributions (PADs) up to 749 keV 
isotropize to a consistent level upon 
reaching an upper limit

•  Skewed, highly modal flux 
distributions from 70 geomagnetic 
storms emphasize this result in all 
energies, notably including 470 and 
749 keV

Correspondence to:
S. D. Walton,
sdwalton@berkeley.edu

Citation:
Walton, S. D., Mann, I. R., Olifer, L., 
Ozeke, L. G., Forsyth, C., Rae, I. J., et al. 
(2023). The response of electron pitch 
angle distributions to the upper limit 
on stably trapped particles. Journal of 
Geophysical Research: Space Physics, 
128, e2023JA031988. https://doi.
org/10.1029/2023JA031988

Received 9 AUG 2023
Accepted 20 OCT 2023

10.1029/2023JA031988
RESEARCH ARTICLE

1 of 10

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-0695-7116
https://orcid.org/0000-0003-1004-7841
https://orcid.org/0000-0002-6479-2778
https://orcid.org/0000-0002-5917-7113
https://orcid.org/0000-0002-0026-8395
https://orcid.org/0000-0002-2637-4786
https://orcid.org/0000-0002-9352-0659
https://orcid.org/0000-0002-3063-6451
https://orcid.org/0000-0002-2526-2205
https://orcid.org/0000-0001-5909-0926
https://doi.org/10.1029/2023JA031988
https://doi.org/10.1029/2023JA031988
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2023JA031988&domain=pdf&date_stamp=2023-11-10


Journal of Geophysical Research: Space Physics

WALTON ET AL.

10.1029/2023JA031988

2 of 10

More recently, observational evidence of the KP process has been presented, showing a very clear upper flux 
limit (Olifer et al., 2021), as well as the corresponding high amplitude chorus waves (Chakraborty et al., 2022). 
Studies have also shown that when reformulated in terms of differential flux, an upper limit may be present for 
particles at higher energies, even for >1 MeV, but would require an extremely high number of particles, rarely 
observed in Earth's radiation belts. A small number of studies have reported these observations, though only by 
specifically selecting the most extreme events available at the time (Davidson et al., 1988; Mauk & Fox, 2010; 
Olifer et al., 2021, 2022; Schulz & Davidson, 1988).

The KP process requires high pitch angle anisotropies and the subsequent rapid scattering of electron pitch 
angles. It therefore follows that the respective equatorial electron PAD should exhibit characteristic behavior 
during the KP process. Electron PAD's have previously been studied as useful indicators of drivers of elec-
tron flux variation and are broadly categorized into three major categories: pancake (highly isotropic, peaked at 
90°), butterfly (minima at 90°, two symmetric peaks at smaller and larger pitch angles) and flattop (transitional 
between pancake and butterfly) (for further discussion on electron PADs, see, e.g., Gannon et al., 2007; Ozeke 
et al., 2022; Zhao et al., 2018, 2020).

Here, we use fitted equatorial PADs, derived from combined Van Allen Probe A and B data (Mauk et al., 2013; 
Spence et al., 2013) in a superposed epoch analysis (SEA), to examine their temporal evolution during the KP 
process at L* = 4.0–4.5, specifically during geomagnetic storms. We find that of the PADs that reach the KP level 
calculated from the Mauk and Fox (2010) formulation, once reached, isotropization follows, close to the level 
assumed in Mauk and Fox (2010) and corresponding with electron fluxes reaching a clear upper limit. Of those 
energies (54, 108, 470, and 749 keV), the KP effect is most pronounced at 54 and 108 keV, and less pronounced 
at 470 and 749 keV, though is still apparent.

2. Instrumentation and Data
Seven years (September 2012–October 2019) of Level 3 flux data from the Relativistic Electron-Proton Tele-
scope (Baker et al., 2013) (>2 MeV) and Magnetic Electron Ion Spectrometer (MagEIS) (Blake et al., 2013) 
(<2 MeV) instruments aboard both Van Allen Probe A and B spacecraft are used to characterize the electron 
PADs. MagEIS energy channels are labeled as the modal energy from Van Allen Probe A.

To improve the quality of the analysis and achieve a continuous characterization of PADs, as explained in Chen 
et al. (2014), Zhao et al. (2020), and Ozeke et al. (2022), we derive equatorial pitch angles from the Van Allen 
Probe measurements according to the TS04D magnetic field model (Tsyganenko & Sitnov,  2005). We then 
fit the mapped PADs to an eighth order Legendre polynomial, from which we then derive the fluxes in 180 
equally-spaced equatorial pitch angle bins between 0° and 180°. For a full description of the mapping and Legen-
dre polynomial fitting techniques, see Ozeke et al. (2022) and Chen et al. (2014).

We use Roederer's L* parameter (Roederer, 1967) as a magnetic field reference using the TS04D magnetic field 
model (Tsyganenko & Sitnov, 2005). We note that while it is important to consider the dependence of L* on elec-
tron pitch angle (e.g., Tu et al., 2019; Walton et al., 2021), below L* ≲ 5.0, L* shows very little, to no dependence 
on pitch angle (e.g., Ozeke et al., 2022). Therefore, we calculate L* for a 90° pitch angle particle for simplicity, 
binning the data in 0.5 L* intervals to capture sufficient data.

To calculate the KP limit for use in this study, we use the methodology employed by Mauk and Fox (2010) as this 
is, to our knowledge, the most advanced framework for describing the KP process, building on the previous works 
of Xiao et al. (1998) and Summers et al. (2009). The Mauk and Fox (2010) calculation has also more recently 
become readily available computationally, published online in Mauk (2021).

Their approach defines the KP limit as the electron flux level as a function of Energy and pitch angle, at which the 
overall chorus wave amplitude is sustained as a result of ongoing wave growth, including amplitude losses due to 
wave propagation along the field line. The KP limit can be described mathematically by the condition G · R = 1 
being met, where G is the net gain of whistler mode amplitudes at the magnetic equator and R is the ionospheric 
reflection coefficient, typically estimated to be ∼5%, which we assume in the present study. If G · R ≥ 1, wave 
growth can be sustained despite imperfect ionospheric wave reflection. The KP ± factor of 3 uncertainty region 
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used in this study is directly derived from the uncertainty in the wave reflection from the ionosphere. The net gain 
in whistler mode amplitudes, G, is expressed in Equation 1 by:

𝐿𝐿𝐿𝐿𝐸𝐸𝛾𝛾(𝐽𝐽 (𝐸𝐸𝐸 𝐸𝐸)) ≈ ln(𝐺𝐺)𝑉𝑉𝑔𝑔 (1)

Where γ is the temporal growth rate of whistler waves as a function of the current flux level, J (which, in turn, is a 
function of energy, E, and pitch angle, α) and Vg is the wave group speed. L and RE represent the magnetic dipole 
coordinate L and Earth radii respectively. For this study, the relevant magnetic field parameters are taken from the 
Tsyganenko and Sitnov (2005) magnetic field model and the electron number density is taken from the Sheeley 
et al. (2001) empirical model. The full derivation of the final KP calculation, as well as the approximations and 
uncertainties that are incorporated, are extensively described in Mauk and Fox (2010) and references therein.

3. Results
In the following, we describe an SEA of the fitted electron PADs and the KP limit calculated in Mauk and 
Fox (2010) and as described above, at L* = 4.0–4.5, for all MLT throughout 70 Van Allen Probes era geomag-
netic storms, calculating the KP limit for each individual storm before the analysis. Storms are identified using 
the Dst index, as described by Olifer et al. (2021) (Section 2), with all epoch times provided in their Supporting 
Information Table S1. The epoch time, te is at minimum Dst and the analysis is performed for te ± 72 hr, with 
6-hr time resolution.

3.1. Response of 90° Electron Flux

Figure 1 shows the temporal profile of the SEA for 90° fluxes. The median is plotted in red and the quartile range 
and 10-90th percentile range are plotted as darker and lighter shades of red, respectively. The KP limit median, 
quartile range and its factor of 3 uncertainty, derived from the Mauk and Fox (2010) calculation are the blue line, 

Figure 1. superposed epoch analysis for 70 storms at L* = 4.0–4.5 and the energies labeled, for an epoch at minimum Dst (vertical dashed line) ±72 hr. The left plot 
shows the median (red line), quartile range (darker shaded red), and 10th-90th percentile range (lighter shaded red) of 90° equatorial electron flux. The right plot is the 
same data as the left, but with flux normalized to the median Kennel-Petschek (KP) limit. The blue line and shaded region shows the median KP limit and its quartile 
range, and the purple shaded region shows the factor of 3 uncertainty in the KP limit calculation.
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blue shaded region and purple shaded region, respectively. We will collectively refer to this region as the “KP 
region.” Figure 1 (left) shows the actual 90° flux values for 54, 108, 470, 749, and 2,600 keV, while (right) shows 
the 90° flux normalized to the KP limit for the same energies (KP limit = 1.00), in order to show the proximity 
of flux values to the KP limit on a more comparable scale between energies. In the following, we will focus on 
Figure 1 (right) for the KP-normalized flux unless stated otherwise.

For 54 keV electrons, the normalized 90° flux values show a large variability across ∼2 orders of magnitude 
pre-epoch. Median flux increases from around −12 hr to the KP limit. While the majority of 54 keV flux increases 
and plateaus within the KP region, approximately 25% of data exceeds the upper bound of the factor of 3 KP limit 
uncertainty. Within 24 hr post-epoch, 80% of data reduces below the median KP limit, concurrent with a signif-
icant reduction in data variability from ∼1.5–2 orders of magnitude pre-epoch, to <1 order of magnitude. From 
epoch to +72 hr, 54 keV flux gradually decreases and appears to increase in variability again with decreasing 
proximity to the KP limit.

108 keV results show similarly high variability to 54 keV electrons, around two orders of magnitude pre-epoch. 
From −12 hr to epoch, median flux increases and plateaus inside the KP region, concurrent with a significant 
reduction in variability, more so than 54  keV, to ≲0.5 orders of magnitude and remains constant for around 
18 hr post-epoch. I.E. For 108 keV electrons, 80% of all 70 storms plateau within ≲0.5 an order of magnitude, 
within very close proximity to the calculated KP limit. 108 keV electron fluxes proceed to decrease in intensity 
(and therefore away from the KP limit) and increase in variability after ∼18 hr. The described effect in 108 keV 
electrons can also be observed in 470 keV electrons to a lesser degree, reducing in variability with increasing 
proximity to the KP limit, though the median flux remains ∼0.5 order of magnitude below the median KP limit. 
749 keV electron fluxes remain entirely below the KP region and do not show any significant changes in variabil-
ity, though the variability between the upper quartile and 90th percentile may reduce, and will be analyzed more 
closely in Section 3.3. 2,600 keV (2.6 MeV) electron fluxes typically remain far below the KP region throughout 
the SEA, most ≲3 orders of magnitude, and as can be seen from Figure 1 (left), do not show any significant 
change in variability.

In summary, for all electron energies whose fluxes plateau the KP region, the variability in fluxes decreases with 
proximity, as an increasing proportion of the 70 storms plateau at a similar flux intensity. For 54 keV electrons, 
there appears to be an ‘overshoot’ feature in the most extreme fluxes, before the reduction in variability. Higher 
energies 749 and 2,600 keV do not show any clear change in variability, particularly the 2,600 keV electron 
fluxes, which remain significantly below the KP region.

3.2. Response of Electron Pitch Angle Distributions

Figure 2 shows the SEA of KP-normalized, fitted electron fluxes as a function of pitch angle, for time bins selected 
to represent significant stages of flux limiting during storms: −66 to −60 hr (left), −6 hr to epoch (center-left) 
epoch to 6 hr (center), 12–18 hr (center-right) and 24–30 hr (right). These time-bins cover the pre-storm, main 
phase and the progression through the early recovery phase. From top to bottom, 54, 108, 470 and 749 keV elec-
trons fluxes are shown, notably without the 2,600 keV electrons due to their lack of significance with regards to 
the KP limit in this particular analysis, as shown by Figure 1. The KP region is also plotted as a function of pitch 
angle, according to an anisotropy level of sin 0.6αeq, as estimated in Mauk and Fox (2010). The colors are keyed 
identically to that of Figure 1.

For 54 keV electrons Figure 2 (top row), progression through the storm can be equated to that in Figure 1 when 
focusing on 90° flux. The “overshoot” of the KP region is clear ±6 hr of the epoch time, with there being a 
large, around 1.5–2 orders of magnitude spread across 80% of the events pre-epoch. Notably, from 0 to 6 hr and 
12–18 hr post-epoch, while some degree of variability remains at 90°, variability is reduced to <0.5 of an order 
of magnitude at pitch angles ≲45° and ≳135°. The uppermost percentiles also show hints of butterfly PADs. 
24–30 hr post-epoch, variability increases again as overall flux reduces in intensity and away from the KP region. 
108 keV fluxes (second row) evolve similarly to 54 kev, without overshooting the KP region, but lose their 90° 
variability by 12 hr post-epoch, as well as at all other pitch angles.

Median 470 keV electron fluxes in Figure 2 (third row) notably do not reach the KP region, but the variability in 
the data still reduces significantly across all pitch angles with proximity to the KP region, from ∼1 to ∼0.5 orders 
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of magnitude. The PAD characteristically isotropizes to around sin 0.6αeq from 12 hr onward. This effect is also 
observed in 759 keV electrons, though to a milder degree and with lesser proximity to the KP region.

Overall, PADs in Figure 2 appear to characteristically evolve with the proximity of 90° fluxes to the KP region. 
PADs across all analyzed energies typically isotropoize to sin 0.6αeq upon reaching a peak flux, and reduce in 
variability. This is more subtle, but still clear, with increasing energy. In the next section, we will analyze the 
distribution of the SEA data in more detail.

3.3. Comparison of Pitch Angle Distributions to Flux Distributions

Figure 3 shows the distribution of 90° flux values across the 70 geomagnetic storm events. The figure panel 
layout is identical to that of Figure 2 to allow clear reference, showing 54, 108, 470 and 749 keV electrons from 
top to bottom, and time bins −66 to −60 hr, −6 hr to epoch, epoch to 6 hr, 12–18 hr and 24–30 hr from left to 
right. The distribution of measured 90° flux values normalized to the KP limit are represented as red bars, and the 
90° KP region is plotted as the vertical blue line and purple region. The median PAD for each time bin and energy 
is inset in the upper-left of each respective panel (shown in red), along with the KP region (blue line and  purple 
shaded region).

The features described in Section 3.2 and shown in Figure 2 for 54 and 108 keV are emphasized in Figure 3. 
There is initially a relatively large spread of data pre-storm (−66 to −60 hr) in both 54 and 108 keV. For 54 keV 

Figure 2. Superposed Epoch Analysis as in Figure 1, for (from top to bottom) 54, 108, 470 and 749 keV electrons, plotted at the selected times relative to epoch, 
labeled above each column. The median (red line), quartile range (darker shaded red) and 10-90th percentile range (lighter red) of electron flux normalized to the KP 
limit at 90° is plotted as a function of equatorial pitch angle. The median KP limit (blue line) and it's factor of 3 uncertainty (purple shaded region) are plotted as a 
function of equatorial pitch angle αeq, according to the sin 0.6αeq level of anisotropy assumed in Mauk and Fox (2010).
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electrons, −6 hr to epoch shows somewhat bimodal distribution, with some events concentrated just under the 
median KP limit and a concentration of events ‘overshooting’ the KP region. From the epoch to +6 hr, the data 
becomes much more concentrated around the median KP limit and mostly within the KP region, concurrent with 
the PAD (upper-left of panel) closely matching the KP region anisotropy. From 12 hr onward, the spread of data 
increases again as many of the 70 events reduce in flux. 108 keV electron fluxes typically do not overshoot the 
KP region, as shown in Figures 1 and 2 and emphasized in Figure 3. As the majority of fluxes (and the respec-
tive PADs)  approach the KP region, the distribution becomes increasingly modal, concentrated very close to the 
median KP limit by 12–18 hr after the epoch.

The 470 and 749 keV electron flux distributions from Figure 3 (bottom two rows) provide further insight into the 
spread of data. As the fluxes approach the KP region in both energies (from −6 hr through to 30 hr), the distribu-
tions become increasingly skewed to the right, with a leftward tail, concentrating close to the lower bound of the 
KP region, again, concurrent with isotropization of the PADs. This effect is, again, less pronounced for 749 keV, 
but clearly visible in the distribution where such an effect was not clear in the statistical PAD data alone (from 
Figure 2).

Overall, the flux distributions in Figure 3 informatively add to the results of Figure 2, providing a more detailed 
view of the spread of data. For 54 and 108 keV, the result is emphasized, showing the concentration of data 
within the KP region. For 470 and 749 keV, the evolution of the flux across events becomes much more clear 
when viewing the distributions, showing the right-skewed distribution as the fluxes approach the KP region and 
becoming concentrated close to the KP region during isotropization of the respective PADs.

Figure 3. Superposed Epoch Analysis as in Figure 1, for (from top to bottom) 54, 108, 470 and 749 keV electrons, plotted at the selected times relative to epoch, 
labeled above each column. The distribution (red bars) of events is plotted as a function of electron flux normalized to the KP limit at 90°. The median KP limit is 
plotted as a vertical blue line, with it's factor of 3 uncertainty shaded in purple. The pitch angle distribution for each respective time, and the KP limit, is plotted in the 
upper-left of each panel, comparative in layout to Figure 2.
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4. Discussion
We have shown the response of fitted equatorial electron PADs to geomagnetic storms in the context of 
self-limitation of fluxes, specifically with regards to the theories of Kennel and Petschek (1966) and the calcu-
lation outlined in Mauk and Fox (2010). Having performed an SEA of the fitted PADs, we have presented the 
temporal evolution of 90° electron fluxes for ±72 hr of minimum Dst, followed by a more detailed analysis of the 
PAD evolution and the distribution of the 90° flux intensities across 70 geomagnetic storm events, identified as 
in Olifer et al. (2021). Our results show a clear evolution of different electron populations throughout the course 
of geomagnetic storms, highly dependent on energy.

Pre-epoch, our results demonstrate vastly differing initial flux conditions between storms, regardless of energy, 
followed by some form of enhancement. Higher energy electrons enhance over longer timescales than lower ener-
gies and therefore reach the KP region later in the storm, if at all. As shown in Section 3, variability in the PAD 
data appears to be dependent on proximity to the KP region.

54 keV electrons, being the lowest of the energies analyzed, are the first population to reach the KP region during 
storms, and even exceed it in ∼30% of the events analyzed, though remains highly variable in the 6 hr pre-epoch. 
This high flux and high variability is likely to be the result of a large number of particles in the 10s keV popu-
lation being injected from the magnetotail during storm main phase (e.g., Baker et al., 1998; Jaynes et al., 2015; 
Murphy et al., 2018). This notion is compounded by the continuing increased flux variability around 90° through-
out the recovery phase, as shown in Figure 2 (top row), compared to pitch angles closer to the loss cone. Gener-
ally, anisotropies in the 10s keV population, which we observe here, are thought to be the primary source of 
whistler-mode chorus waves in the outer radiation belts (e.g., Jaynes et al., 2015; Kennel & Petschek, 1966; Li 
et al., 2010; Sazhin & Hayakawa, 1992), which are able to effectively scatter electron pitch angles of many ener-
gies (including 54 keV) toward the atmospheric loss cone, increasing the flux at smaller pitch angles (e.g., Horne 
& Thorne, 1998; Horne et al., 2003). The dramatic reduction in 54 keV flux variability to mainly within the KP 
region observed in Figure 2 (top row), and the isotropization of the median PAD to ∼sin 0.6αeq anisotropy within 
6 hr post-epoch strongly suggests that these electrons may be influenced by a self-limiting process akin to that 
described originally by Kennel and Petschek (1966).

Our results similarly suggest a self-limiting process for 108 keV electrons (Figure 2, second row), as they are 
also thought to be capable of generating chorus emissions (e.g., Jaynes et al., 2015; Li et al., 2010; Sazhin & 
Hayakawa, 1992, and references therein). The PAD evolution is very similar to 54 keV electrons, instead without 
the overwhelming quantity of injected particles required to exceed the KP region. There are mild 108 keV injec-
tion signatures within 6-hr post-epoch, where fluxes around 90° show increased variability, as well as slightly 
higher variability at pitch angles <45° and >125, indicating that for some events, PADs remain anisotropic. By 
12–18 hr post epoch, the fluxes have, similarly to 54 keV, dramatically reduced in variability to a very small range 
of flux values, and isotropized to ∼sin 0.6αeq.

The occurrence of a self-limiting flux process akin to that in Kennel and Petschek (1966), that is, flux limiting 
as a result of chorus wave generation directly by that specific energy of particles, is more difficult to conclude 
for our 470 and 749 keV results, not least because the authors in the mentioned study are referring to >40 keV 
integral electron fluxes only. As previously mentioned, later formulations of the theory (Davidson et al., 1988; 
Mauk & Fox, 2010; Summers et al., 2009) consider differential flux, with which, Schulz and Davidson (1988), 
Davidson et al. (1988), and Olifer et al. (2022) have presented observational evidence of an upper limit for elec-
trons with energies up to 2.6 MeV. The present study uses the Mauk and Fox (2010) formulation of an upper 
limit, which in Figure 3 (bottom two rows) for 470 and 749 keV electron fluxes, clearly shows a relationship to 
right-skewed, highly modal distributions, suggesting a common upper limit observed across many different storm 
events. Our PAD results in Figure 2 (bottom two rows) also suggest pitch angle scattering at the upper limit, by 
the isotropization of the distribution. However, chorus wave generation is generally attributed to the 10–100 keV 
population (e.g., Sazhin & Hayakawa, 1992; Li et al., 2010; Jaynes et al., 2015, and references therein). It is clear 
that chorus waves are able to scatter the pitch angles of a large range of energies including >1 MeV (e.g., Bortnik 
& Thorne, 2007; Breneman et al., 2017; Horne & Thorne, 1998; Horne et al., 2009), so chorus waves generated 
by the 10–100 keV particle population cannot be ruled out as a possible contributor to the observed upper limit 
at higher energies. It is unclear what precise mechanism is responsible for the results in the present study and in 
previously mentioned studies for the flux limiting effect at energies higher than a few 100s keV.
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Moreover, it appears that the modal points of Figure 2 distributions are at increasingly further from the KP limit, 
despite the still right-modal shapes. The 470 and 749 keV distributions peak below the entire KP region, suggest-
ing that the Mauk and Fox (2010) calculation may be overestimating the KP limit at higher energies. As discussed 
above, it is unclear what may be responsible for the upper limit at higher energies, and while the KP process could 
still be in effect and simply overestimated, it is worth considering that another unknown process besides the KP 
process may be influencing this behavior. There are also multiple known processes which could enhance electron 
precipitation at 470 and 749 keV energies (and therefore limiting the fluxes to a lower level), such as EMIC wave 
scattering (e.g., Hendry et al., 2017, 2021) or ULF wave modulation of the loss cone (e.g., Brito et al., 2015; Rae 
et al., 2018), which are not considered by the KP limit calculation. However, it is important to emphasize that the 
additional known processes are not known to produce the “limiting” effect which we observe here, and so would 
be supplementary to some kind of flux-limiting process, KP-related or otherwise.

It is also worth noting that even though we observe a possible upper limit across all of the energies in our analysis, 
the enhancement mechanism is different. As mentioned, 54 and 108 keV electrons show characteristics of particle 
injections from the magnetotail (Figure 2) (top two rows), which is unlikely to be the case for 470 and 749 keV. 
Instead, 470 and 749 keV electrons and higher are thought to be either accelerated by chorus waves generated by 
the 10–100 keV electron ‘source’ population (e.g., Jaynes et al., 2015, and references therein), enhanced by ULF 
wave power and radial diffusion during storm recovery phase (e.g., Mann et al., 2016; Mathie & Mann, 2000; 
Murphy et al., 2011; Ozeke et al., 2012, 2017; Rae et al., 2012), or a combination of all of the above. Hence the 
observed longer timescale for the higher energies to approach the KP region. That said, regardless of the nature 
of enhancement and the energy dependence between populations, all energies observed in this study appear to 
tend toward the same fundamental behavior following that enhancement, that is, reducing in variability when 
approaching the region of possible influence by the KP process or at least some form of upper limiting process, 
and subsequent isotropization of the equatorial PAD.

5. Conclusions
We have used Legendre polynomials to fit the details of the equatorial PADs of relativistic electrons during 70 
storms at L* = 4.0–4.5 and determine how they typically respond to geomagnetic storms via a SEA. The present 
study provides observational evidence from the Van Allen Probes mission of an upper flux limit on stably trapped 
electrons with 54, 108, 470 and 749 keV energies. Here, we use the Mauk and Fox (2010) formulation, based on 
the ideas of Kennel and Petschek (1966) as a basis for comparison with observed equatorial fluxes and PADs. 
We find:

1.  The variability in fluxes across events for 54 and 108 keV dramatically reduces for all pitch angles upon 
reaching an upper limit, in strong alignment with the calculated KP limit.

2.  Around 30% of events show 54 keV electron fluxes exceeding the KP region entirely, before being subdued 
within 6 hr to below the KP limit.

3.  470 and 749 keV 90° fluxes show reduction in variability, as well as right-skewed, highly modal distributions 
across all events around their peak flux, further emphasizing the presence of an upper limit, though this is 
appears increasingly below the KP-limit calculation with increasing energy.

4.  For all energies, equatorial electron PADs evolve such that they isotropize to ∼sin 0.6αeq when close to their 
upper limit, suggesting the scattering of 90° pitch angles toward the loss cone.

While there is support in literature for a self-limiting, Kennel and Petschek (1966) style process at 10–100 keV 
energies, this is not the case for higher energies, despite the clear appearance of an upper limit in the observational 
data shown here and in other studies (Davidson et al., 1988; Olifer et al., 2022; Schulz & Davidson, 1988). It 
is open to interpretation and future work to determine the process which limits fluxes at these higher energies. 
Regardless of the underlying process, this is an important result for future consideration of radiation belt obser-
vations, modeling, and prediction of future dynamics.

Data Availability Statement
RBSP-ECT data are publicly available at https://rbsp-ect.newmexicoconsortium.org/science/DataDirectories.php 
Parameters for TS04 model are obtained from the Tsyganenko model web page (http://geo.phys.spbu.ru/∼tsy-
ganenko/modeling.html).
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