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Abstract- Spacecraft traveling through the Van Allen
Radiation Belts are exposed to highly energetic
particles that may present dangerous charging on a
spacecraft’s internal dielectrics and sensitive
electronics. The AE9 model is a new and highly
improved framework that characterizes the electron,
proton and plasma environments throughout the
radiation belt region. Unlike previous models of its
kind, AE9 accounts for the natural dynamics and
variability of space weather. We utilize the AE9 model
to characterize the radiation environment for energetic
electrons through the radiation belt region for a
fictitious mission trajectory. We characterize the
environment based on 4 different models of varying
confidence levels and 40 Monte Carlo runs: 75%, 95%,
99%, and a mean. We apply these environments to a
generic spacecraft with generic material properties, to
demonstrate our capabilities in determining charging
results. We present these capabilities in the context of
many future high profile missions.
Index Terms-Space environment characterization,
surface charging, internal dielectric charging
1. INTRODUCTION
The Van Allen Radiation Belts contain energized electrons,
protons and plasma that can cause a multitude of problems
for an impending spacecraft. These issues include
electrostatic discharging (ESD) that can damage sensitive
electronics, surface charging, and internal charging leading
to local dielectric breakdown. Internal and surface charging
are frequently the cause of the most serious damages to
spacecraft, sometimes even resulting in the loss of the
mission [i]. On January 20 and 21, 1994, the Anik-E1 and
E2 spacecraft suffered charging effects that resulted in
temporary disablement of both spacecraft [ii]. Tab. 1 shows
the distribution by anomaly diagnosis, which gives
indication how significant spacecraft charging is.
Unfortunately for many missions, it is necessary to travel
through either part of, or the entirety of the Van Allen
Belts.

The radiation belts extend anywhere from 1,000 to 90,000
km, depending on geomagnetic activity. The inner belt is
primarily characterized by energetic protons (10-100 MeV)
released by collisions with cosmic ray ions and atoms in
the atmosphere, and extends from 1000-6000 km above the
Earth’s equator. The outer belt is primarily characterized
by lower energy protons and electrons (1 MeV), and its
extent fluctuates dramatically with space weather
dynamics [iii]. Recently, a third, transient belt was
discovered that tends to appear during particularly active
times, when interplanetary shock waves play with normal
boundaries [iv]. Fig. 1 shows the typical domains of both
the inner and outer radiation belts.
Table 1. Distribution by Anomaly Diagnosis [i].
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community has available. Therefore, we utilize the AE9
model for our analysis.

Figure 1. Typical domains of the inner and outer
radiation belts [iii].
The amount of charging a spacecraft may experience is
directly related to the duration it resides in the radiation
belt region. Fig. 2 shows the primary region of concern
for internal charging. The energetic electron environment
peaks at about 1.5 earth radii (Re) and 4 Re in the
equatorial plane.

Figure 2. Area of concern for internal charging [ii].
2. ENVIRONMENT CHARACTERIZATION
There have been many attempts at different models to
accurately represent the radiation belt environment. The
difficulties lie in the dynamic variability of the radiation
belt region; the region greatly expands and/or contracts
depending on upstream solar wind conditions, solar cycle,
and space weather phenomena, therefore providing
challenges in predictability. The newest of such models has
greatly improved on this challenge, and accurately
accounts for space weather dynamics [v]. AE9 is, at
present, one of the best radiation specification models the

To obtain the electron flux for the entire mission, AE9
requires the mission trajectory ephemeris file (time and
position) as input, as well as the electron bins. AE9 returns
either integral or differential flux/fluence for a mean,
perturbed mean, or Monte Carlo model mode. Flux is the
rate of flow per unit area, and has units of electrons/cm^2
seconds. Fluence is the number of particles that intersect a
unit area, and has units of electrons/cm^2. Integral
flux/fluence refers to the total flux/fluence for all energies
less than and equal to the present energy being considered.
Differential flux/fluence refers to the flux/fluence for each
energy separately [vi, vii]. For example, in our analysis, we
want to consider the total amount of electrons that can
penetrate the outer layer of the spacecraft, over all energies.
Therefore, we want to examine the integral flux/fluence.
The Monte Carlo model mode can produce 1-999 runs, but
40 is recommended by developers for optimal
computational efficiency and statistical accuracy [vi]. We
characterize the mission environment using the
recommended 40 Monte Carlo seed runs, and produce 4
separate environments from this at varying confidence
levels: 75%, 95%, 99%, and a mean. The mean model is
comprised of an aggregate mean based on the 40 Monte
Carlo seed runs. The percentage confidence levels
represent the likelihood that the environment in question
represents the actual environment X% of time [vii]. We
will continue our analysis using all four environments,
however, only the environment for the 99% case is shown
in the figures below.
A mission ephemeris file is a file that contains the position
of the spacecraft at specific time intervals. Ideally, a
mission ephemeris file will have a time and position
resolution fine enough to fully resolve the mission
environment, but not too fine that we lose computational
efficiency. Fig. 3 represents the fictitious mission
ephemeris used, as a function of altitude and time. Figs. 4
and 5 show the corresponding latitude and longitude,
respectively, as a function of time.
After inputting the mission ephemeris file into AE9, we
obtain the following environment, shown in Fig. 6. This
figure shows the log of AE9 electron flux as a function of
electron energy and mission time. The colors correspond to
the log of the flux relative to each electron energy and time
in the mission.
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Figure 5. Longitude VS Time for the fictitious mission
profile.

Figure 3. Altitude VS Time for the fictitious mission
profile.

Figure 6. Log of AE9 electron flux as a function of
electron energy and mission time.

Figure 4. Latitude VS Time for the fictitious mission
profile.
The AE9 model is based on decades of measurements from
a wide variety of satellites. Tab. 2 below shows the
satellites/sensors, respective orbits, temporal ranges, and
energy ranges that contributed to the AE9 model [vii]. The
AE9 model includes uncertainty and variability due to
space weather with a Monte Carlo autoregressive timeevolution based on data from satellites and sensors listed in
Tab. 2.
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3.

ENVIRONMENT APPLICATION TO
SPACECRAFT PROPERTIES
Once we have obtained the appropriate AE9 environment,
we can begin to apply the environment to the actual
mission spacecraft properties. We start this process by
determining the equivalent aluminum thicknesses of the
spacecraft properties to be considered.
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Table 2 Table of datasets contributing to AE9 model [vii].
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electron through a material, allowing us to appropriately
scale the material thickness to its equivalent thickness as if
it were made of pure aluminum. We compute the necessary
CSDA ratios using the ESTAR tables available in reference
[viii]. Tab. 3 shows the conversion from actual material
thickness of the spacecraft to an equivalent aluminum
thickness, based on each material layer of the OML.
Table 3. Conversion from spacecraft material thickness of
the OML to an equivalent aluminum thickness.

3.1.2 Dielectric Materials
Similarly to the OML material thicknesses, we convert the
thicknesses of each dielectric material to be considered, to
an equivalent aluminum thickness. Tab. 4 shows the
conversion for the dielectric materials within the
spacecraft.

3.1 Equivalent Aluminum Thickness
In order to determine the charging inside the spacecraft, we
need to understand what electrons can penetrate inside the
spacecraft in the first place. Aluminum is a conductive
material, and typically comprises many of the external
outer mold line (OML) features of many high profile
missions. Aluminum is a good proxy to use because plenty
of energy loss data is presently available for aluminum.
Since most vehicles’ OML are comprised of multiple
layers of different materials, we simplify the problem of
determining how far energetic electrons can penetrate into
the outer shell by converting all layer thicknesses into an
“equivalent aluminum thickness”. This permits us to
approximate how many electrons will penetrate all the way
inside the spacecraft, through all of the layers in the OML.
3.1.1 Outer Mold Line
We take the information describing the OML of the
spacecraft and convert the material thicknesses to an
equivalent aluminum thickness by utilizing the material
thickness,
density
and
continuous-slowing-down
approximation (CSDA) range ratio. The CSDA range ratio
approximates the average path length traveled by an

Table 4. Conversion from spacecraft internal dielectric
material thickness to an equivalent aluminum thickness.

3.2 Electron Penetration Depth
With our approximation, in order to determine how many
energetic electrons can make it through the OML and into
the spacecraft, we need some kind or relationship between
the energy of the electrons and how far they can penetrate
through aluminum. This relationship is quite complex, as it
depends on the individual properties of the material being
penetrated (in this case, aluminum). These properties
include the collision stopping power, density, and radiative
stopping power. The CSDA range ratio is an
approximation based on the total stopping power and is a
way to estimate path length based on these properties [ix].
The collision stopping power relates the rate of energy loss
per unit path length resulting from Coulomb collisions. The
radiative stopping power relates the rate of energy loss due
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to collisions with atoms and atomic electrons that emit
electromagnetic radiation.
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a minimum thickness for the OML to demonstrate our
capabilities in analysis.

Fig. 7 shows the electron and proton ranges in aluminum
versus particle energy. Electrons with energies of 0-20
KeV normally contribute to surface charging, while
electrons with energies greater than 200 KeV normally
contribute to internal charging [ii].
The National Institute of Standards and Technology
(NIST) has already developed a relationship based on Fig.
7. We can determine the stopping power and penetration
depth of electrons in the radiation belts by using NIST’s
ESTAR Stopping Power and Penetration Depth chart. We
determined the range in aluminum in Section 3.1. From this
information, we can interpolate the chart in Fig. 8 to
determine the corresponding electron kinetic energy an
electron must possess in order to penetrate through the
entire depth of our computed aluminum thickness. This
chart was created based on data generated in reference [x].
Fig. 8 shows the ESTAR Stopping Power and Penetration
Depth chart used. Tab. 5 shows the electron energy cutoffs
for the OML and dielectric materials.

Figure 7. Electron and Proton Range vs Electron Energy
in aluminum [ii].
3.3 Peak Electron Flux through OML
By using the AE9 environment (integral electron flux) that
impinges on the outside of the OML, and the electron
cutoffs determined in Section 3.2, we can compute the peak
electron flux through the OML. The peak electron flux
through the OML is the external spacecraft charging
environment that passes through the OML that can affect
dielectrics inside the spacecraft. This is shown for all 4
models in Fig. 9 below. We have included a maximum and

Figure 8. ESTAR Stopping Power chart for Electrons in
Aluminum [viii].
Table 5. Electron energy cutoffs for each material and the
OML.

In Fig. 9, we demonstrate that for minimum OML
thickness (solid bars), maximum flux enters the spacecraft.
For a thicker OML (striped bars), less flux enters the
spacecraft. This has many implications for possible
charging mitigation efforts with effective shielding by the
OML of a spacecraft. These results are particularly useful
when knowledge of a specific threshold limit is known. For
example, if the present mission requires that the peak
electron flux through the OML be no greater than 1X10^5
e-/cm^2 sec, then we can determine that the present
minimum OML thickness (solid bars) in Fig. 9 is
insufficient when exposed to the AE9 95% and AE9 99%
environments.
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Conversely to the previous two plots, the thicker the
dielectric material is, the higher the charging rate (Tab. 5
shows the thicknesses of M1, M2 and M3, respectively).
This is because the thicker dielectric material absorbs
more, and we are looking at how much the material
charges, not what passes through.
If a hypothetical dielectric within the spacecraft (say, M1)
cannot exceed a charging rate of 0.02 pA/cm^2, then this
particular dielectric would potentially breakdown for a
minimally thick OML exposed to environments similar to
AE9 99%. For the thicker OML, M1 would be sufficiently
shielded for all environment scenarios.

Figure 9. Peak electron flux through the OML that can
interact with the surface of dielectrics.
3.4 Maximum Embedded Charge Density
We integrate the charging current over time through the
entire mission to compute the maximum embedded charge
density just inside the OML. This is shown in Fig. 10
below. Typical dielectrics will begin to breakdown with an
electron charge deposition of 2X10^10 electrons/cm^2 [ii].

Figure 11. Flux through different dielectrics in the
spacecraft.
4.

NUMIT ANALYSIS: DIELECTRIC ELECTRIC
FIELD
When evaluating the internal charging threat from an
external radiation environment, one of our trusted tools is
NUMIT, which allows for a 1D electric field evaluation of
many layers of dielectrics subjected to a radiation
environment.

Figure 10. Max embedded charge density through OML.
3.5 Charging at Dielectrics
We use the environment that has made it through the OML
(peak electron flux through OML, Section 3.3) along with
the electron energy cutoffs to determine the charging rate
for each dielectric material. The results are shown below in
Fig. 11.

We have assumed the OML is subjected to the AE9
radiation environment described previously in this paper.
We will use the NUMIT software to evaluate the electric
field within the material layers of the OML as a function of
time, being careful to consider whether there may be
significant risk of a discharge. Such a discharge may
couple transients to electronics or damage any TPS that
may be present on the OML.
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The fictitious OML described in previous sections is shown
below in Fig. 12. It consists of three layers with the same
thicknesses as described in Tab. 3 of Section 3.1. The
NUMIT simulation requires inputs for conductivity (dark
and RIC coefficient), atomic number, atomic mass,
thickness and density. We have generated fictitious
parameters for NUMIT input, as shown below in Tab. 6.

Figure 13. Electric field result for the 2.81 hour profile
for all three layers.

Figure 12. Layers comprising the OML.
Table 6. Layer parameters for input into NUMIT.

We therefore run the NUMIT simulation for the entire
duration of our ephemeris spectrum. We extract the
electric field profile within the layers and show the results
in Fig. 13 below. Fig. 13 shows the electric field profile at
2.81 hours into the mission, at which time we find some of
our largest electric fields.
Notice the characteristic crossover from positive to
negative electric field values. We see a maximum value of
about 5.0e5 V/m in Layer 1, which is getting close to
typical dielectric breakdown of about 1e7 V/m. The
vertical lines correspond to where the end of each
respective material layer is located.
In Fig. 14, we have plotted a time contour of the electric
field distribution. The reader can see the point at which the
vehicle passes through the region beyond the outer
radiation belt, from around 9 hours to 19 hours. Also, the
reader can see how the zero point inflection arises and
remains in the region of the second layer. The electric field
is relatively constant in the third layer, which is the largest
material in our OML model. Hence much of the plot shows
no variation in the electric field results.

Figure 14. Time contour of the electric field profile
through all three layers.
Our analysis indicates possible risk of discharge within
Layer 1, which reaches an electric field of about 4.36e6
V/m. The engineering response should be to investigate
the known breakdown strength of the material making up
Layer 1, and the consequences of a discharge.
Our model in this section is very simple, but provides a
tangible demonstration of how the radiation spectrum
obtained from AE9 can be used to provide detailed,
quantitative predictions of the possible breakdown risks for
a vehicle in this environment.
5. CONCLUSIONS
We have reviewed the complexities of a well-known
problem in space exploration and presented a highly
relevant analysis to assist in its mitigation. We have
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presented internal charging results for a fictitious mission
to demonstrate our capabilities. As is to be expected, the
internal charging at the spacecraft’s OML and internal
dielectrics increases with decreasing material thicknesses.
We can apply our techniques to any mission, provided we
have access to the mission ephemeris file, information
regarding the OML of the spacecraft, and information
regarding the internal dielectrics of greatest concern. We
are able to provide worst-case charging scenarios and can
compare them against various program requirements and
thresholds.
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