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ABSTRACT
The steps to define the deep charging environment for the
electric-orbit-raising
(EOR)
of
satellites
to
geosynchronous earth orbit (GEO) will be described. It
consists of the evaluation of the various EOR scenarios
and determines the worst case charging EOR path. Once
the worst case path has been defined, the 10-hours worst
case fluence and the total charging fluence have to be
determined. The deep charging environment then flows
down to the satellite hardware for analysis and design.
The analysis consists of identifying potential dielectrics
that are vulnerable to charging and discharge. The
conditions of the material for analysis will be defined.
Materials are analyzed for the worst case EOR as an
illustration of the process. The JPL NUMIT2.0 code is
used to calculate the electric field build up on the
materials of concern. Mitigation steps such as additional
shielding and changes to operational conditions will be
considered if the result indicates discharge can occur.
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1.

INTRODUCTION

The conventional way to launch a GEO satellite is to
place it into a geostationary transfer orbit (GTO) using
the capabilities of the launch vehicle. Then, chemical
propellants and the Main Satellite Thruster (MST) are
used to raise the satellite perigee to GEO. For an electric
propulsion or hybrid chemical and electric propulsion
system it can take much longer to reach GEO. Electrical
propulsion systems are not new [1], however, long
duration EOR is a recent trend for satellites with electric
propulsion. The key benefit of using electric propulsion
is mass reduction. The reduction or elimination of
chemical propellants makes the satellite much lighter for
launch. This approach allows two or more satellites to be
launched with a single launcher, thereby reducing launch
costs [2]. With a lighter satellite, the satellite can also
carry more payload.
1.1. Considerations for EOR
The optimal way to use EOR depends on many factors.
The satellite design including cost, schedule, mass,
hardware availability and payload, affect the detailed
EOR plan. In satellite design, the power subsystem
capability, configuration, total mass, fuel management,
and other factors need to be included in the EOR

optimization plan. The electric propulsion equipment
capability such as power, thrust, efficiency and reliability
dictates the EOR plan. Finally, environmental concerns
need to be considered [2].
In EOR, the environmental conditions where the satellite
transits can be very different from GEO. For long
duration EOR, the duration spent in the heart of the
radiation belt can be long and the radiation level is much
higher than the daily absorbed radiation at GEO. At low
altitude where the debris environment is higher than in
GEO, the probability of impact can be significantly
higher. The surface charging environment in general is
less severe than in GEO but the deep or internal charging
is much worse. The satellite will transit through the heart
of the outer electron belt where there is a high flux of high
energy electrons. Deep charging and discharge during
EOR is the focus of this work.
2.

EOR ORBITS

The actual EOR plan for a satellite depends on many
factors as stated earlier. Satellites are typically designed
so they are launch compatible with a variety of launch
vehicles. The key element is the launch vehicle to be used
with the intended launch mass. Three typical EOR orbits
are presented to illustrate the method for defining the
worst
case
deep
charging
environment:
supersynchronous, extended GTO, and subsynchronous.
With a set amount of days for EOR, the three EOR
scenarios can be presented. A reasonably long 180 days
EOR is used to represent a fairly long duration that is not
overly lengthy since each additional day may impact or
delay the intended satellite’s start of operation for
revenue. Fig. 1 shows the supersynchronous case, Fig. 2
shows the extended GTO case, and Fig. 3 shows the
subsynchronous case. The height of apogee (Ha), the
height of perigee (Hp), and the inclination time histories
are shown in the figures. Fig. 4 shows the orbit ring
corresponding to the subsynchronous case at day 1
(lowest perigee), day 90 (apogee at GEO), day 130
(highest apogee) and day 180 (end of EOR).
3.

SPACE ENVIRONMENTS FOR EOR

The space environment for each EOR differs due to its
transit through the radiation belt. The orbit profile and the
duration drive the environment to be encountered.
Trapped electrons and protons mainly contribute the
particle radiation. These particles can cause total
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ionizing as well as displacement damage. Certain orbits
will encounter more solar flare protons depending on the
orbit with respect to the geomagnetic shield. Trapped
protons in the proton belt as well as solar protons can
induce Single Event Effects. With EOR mainly at low
inclination, the surface charging environment is severe at
higher altitude such as above 15,000km. The deep or
internal charging environment, mainly caused by trapped
electrons above 10,000km, is the focus of this study.
Figure 4. Orbit rings corresponding to day 1 (orange),
day 90 (blue), day 130 (violet) and day 180 (black).
3.1. Deep Charging Requirement Derivation

Figure 1. Supersynchronous 180 days EOR

The outer radiation belt or the electron belt contains a
large amount of electrons especially medium to high
energy ones that can penetrate through a material’s
surface. However, not every orbit in EOR stays at the
heart of the outer belt where it can encounter significant
deep charging relative to GEO. Deep charging at GEO is
compared to EOR because the GEO satellite is routinely
hardened to deep charging in the GEO environment.
Hence, the central region of the outer belt is the area of
deep charging concern. NASA-HDBK-4002A states the
high charging region is between 10,000km to GEO. By
looking at the three EOR scenarios shown in Figs. 1 to 3,
the region where the EOR orbit contains the most
charged particles is in the subsynchronous orbit. Fig. 5
shows the subsynchronous EOR that has a number of
days during which nearly 100% of the time is spent in the
blue shaded charging region.

subsynchronous
Figure 2. Extended GTO 180 days EOR

Figure 3. Subsynchronous 180 days EOR

Figure 5. The worst case charging days found in
subsynchronous EOR are around day 85 where it has
near 100% of the time spent in the charging region.
The electron fluence of each orbit or each day can be
computed by a radiation model code such as NASA AE8
or AE9. Code packages such as SpaceRad can also be
used to generate a visual presentation of the flux
magnitude. Fig. 6 shows an example of electrons in an
EOR day.
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The electron flux varies with electron energy. Day 130 is
the most severe in a wide range of energy spectrum. Day
115 has higher flux at very high energy levels but higher
energy particles are fewer in number and tend to
penetrate and stop at a material that is very well shielded.
This makes deep charging much less of a concern.
Therefore, day 130 is used as the charging requirement.

Figure 6. The visual presentation of integral flux of
>1MeV electrons (electrons/cm2/sec) in an EOR day
illustrated with particle flux intensity along the EOR
orbital path.
The subsynchronous EOR orbit is assessed in detail to
define the worst case charging requirement since it has
the worst charging days. Although day 85 shown in Fig.
5 seems to have nearly the whole day in the outer belt
charging zone, the electron fluence might not be the
maximum. The other days, such as day 115 and day 130,
have higher fluence because they spend longer durations
at the peak of the outer belt. The peak of the outer belt
varies due to various solar conditions and the electron
energy of concern but mainly lies between 20,000km to
27,000km. Table 1 shows the flux comparison for the
three days.
Table 1. Integral electron flux for day 85, 115 and 130
for the subsynchronous EOR

NASA in Ref. [4] has defined the worst case charging
condition at GEO. That level, shown in figure 8 of [4],
is much higher than the average flux taken from NASA
model AE8. Radiation model codes such as AE8 and
AE9 can generate flux at higher confidence levels to
ensure definition of a very conservative charging
condition. Fig. 7 shows the result of the deep charging
flux for the worst charging day 130 and plots it next to
the GEO worst case environment defined in [4]. The
EOR requirement is defined by using the 97.7% derived
by NASA AE8 code. As a note, the result from AE9 at
99% is close to the AE8 at 97.7% result.
4.

DEEP CHARGING ANALYSIS APPROACH

Experience and observations from the Combined Release
and Radiation Effects Satellite (CRRES) and NASAHDBK-4002A suggest 10 hours of high flux is the
duration for deep charging concern. Recent flight data
and analysis have shown that 10 hours might not be
sufficient since some material can continue to charge at a
lower flux beyond the 10 hours of peak flux. For EOR,
24 hours of charging flux will be used as illustrated in the
previous figures. The most extreme analysis approach is
to determine the steady state condition of the material
under the worst case charging condition. In other words,
the material is charged until it reaches e-field saturation
independent of the number of hours.
NASA in Ref. [4] identifies two analysis methods; a
simple calculation and a detailed analysis with material
modeling. A simple analysis method is to determine the
amount of particles trapped in the material and check
against the breakdown threshold of the material as
outlined in the Appendix of [4]. A detailed analysis
method involves constructing a charging model to
account for material geometry, particle penetration and
trapping, temperature, radiation induced conductivity
(RIC), breakdown level, and voltage bias level if
applicable. Material resistivity changes with temperature
so the temperature experienced by the material needs to
be known to set the resistivity value in the code. The
accumulated radiation on the material at the beginning of
life, or beginning EOR, is minimal so RIC can be ignored
in a conservative charging analysis. Voltage bias
including grounding is specified on each side of the
material to be analyzed. Computer codes such as
DICTAT and NUMIT-2 can be used for computation.
The DICTAT code is part of the SPENVIS analytical
module made available on the Internet. The code is
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sponsored by ESA and was developed by Qinetiq. The
NUMIT-2 code was generated by NASA JPL.

Figure 7. Plot of charging flux for the average EOR flux
at day 130, the worst EOR flux at day 130, and the
worst GEO flux defined by NASA-HDBK-4002A.
5.

Figure 8. A coaxial cable model and the charging
analysis result by NUMIT-2 showing the e-field level.

DEEP CHARGING ANALYSIS EXAMPLES

The common material used in the exterior of the satellite
has been analysed using the NUMIT-2 code as an
illustration of the process. The first material analysed is
a 0.141 inch semi-rigid coaxial cable. It is modelled as it
is laid down against a solid panel. The outer shield is
made out of aluminium and the dielectric is
tetrafluorethylene with copper as the center conductor.
The various parameters needed for the NUMIT-2 input
have been generated and the EOR worst case flux has
been used for the analysis. The analysis result is shown
in Fig. 8. Series 1 to 12 curves in the figure show the efield at various material depth. The PTFE breakdown
level is about 2E7V/m. The charging result at 10 hours
is about 1.4E7V/m. Saturation of e-field is foreseen
within 24 hours and is below 2E7V/m as seen in the
figure. Therefore, breakdown is not expected for this
coaxial cable in this external satellite configuration.
The next example is a Kapton sheet of 0.002 inch
attached to a grounded panel and exposed to the external
EOR environment. There is no shielding on the incoming
electron direction. The charging was computed for 10
hours. The e-field in the Kapton sheet reached the
saturation level at the end of 10 hours. The peak e-field
is about 1.6E7V/m. There is no anticipated breakdown
for a level of 2.8E8 v/m. Fig. 9 shows the simulation
result.

Figure 9. A Kapton sheet model and the charging
analysis result by NUMIT-2 showing the e-field level.
The final example is a coverglass on a solar cell. The
cover glass is 0.004 inch thick. The solar cell is simply
modelled as a ground path where charges can bleed-off
as an illustration. The charged glass has reached e-field
saturation within 10 hours of EOR charging. The
maximum e-field level is about 4.8E6V/m.
The
breakdown level of the glass is about 4.7E8V/m so
breakdown is not expected. The model does not take into
account surface charging effects where solar panels can
discharge due to triple junction points on the solar array
configuration. Fig. 10 shows the simulation result under
the worst case EOR environment. The same model has
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The GEO environment is less severe than the EOR and
thus the maximum charged level is less than EOR, as
expected. Fig. 11 shows the GEO simulation result.

5

compared to the maximum e-field at the end of 10 hours
and at field saturation level. A few examples of the
charging analysis have been presented. A worst case
GEO result has also been compared to the EOR case.
7.
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8.

Figure 10. Deep charging simulation result of a
coverglass under EOR by NUMIT-2 showing the e-field
level at various layers of the coverglass. Series 1 is the
coverglass surface facing the incoming electron and
Series 12 is the last surface facing the solar cell.

Figure 11. Deep charging simulation result of a
coverglass at GEO by NUMIT-2 showing the e-field
level at various layers of the coverglass. Series 1 is the
coverglass surface facing the incoming electron and
Series 12 is the last surface facing the solar cell.
6.

CONCLUSION

The deep charging environment can be severe for
spacecraft with long duration EOR transit through the
outer radiation belt. The individual day charging
condition needs to be evaluated and the worst day
selected. The worst case charging fluence condition can
be established for that day with a model such as NASA
AE8/AP8 or AE9/AP9 code at a high confidence level.
Material charging analysis shall be performed based on
that worst case environment. The analysis needs to
account for material environmental conditions including
effects such as temperature, inherent shielding around the
material, shielding geometry, material characteristics,
radiation induced conductivity, and voltage bias
condition. The material breakdown field level shall be
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