
HAL Id: hal-03416933
https://hal.science/hal-03416933v2

Submitted on 3 Dec 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

OMEP-EOR: A MeV proton flux specification model for
electric orbit raising missions

Antoine Brunet, Angélica Sicard, Constantinos Papadimitriou, Didier Lazaro,
Pablo Caron

To cite this version:
Antoine Brunet, Angélica Sicard, Constantinos Papadimitriou, Didier Lazaro, Pablo Caron. OMEP-
EOR: A MeV proton flux specification model for electric orbit raising missions. Journal of Space
Weather and Space Climate, 2021, 11, pp.55. �10.1051/swsc/2021038�. �hal-03416933v2�

https://hal.science/hal-03416933v2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


OMEP-EOR: A MeV proton flux specification model for electric

orbit raising missions

Antoine Brunet1,* , Angélica Sicard1 , Constantinos Papadimitriou2,3 , Didier Lazaro1

and Pablo Caron1

1 ONERA/DPHY, Université de Toulouse, Toulouse 31055, France
2 Space Applications and Research Consultancy (SPARC), Athens, Greece
3 Department of Physics, National and Kapodistrian University of Athens, Athens, Greece

Received 22 January 2021 / Accepted 22 September 2021

Abstract –Electric Orbit Raising (EOR) for telecommunication satellites significantly reduced on-board
fuel mass at the price of extended transfer durations. These relatively long transfers, which usually span
a few months, cross large spans of the radiation belts, resulting in significant exposure of the spacecraft
to space radiations. Since they are not very populated, the radiation environment of intermediate regions
of the radiation belts is less constrained than on popular orbits such as low Earth orbit or geostationary
orbit in standard environment models. In particular, there is a need for more specific models for the
MeV energy range proton fluxes, responsible for solar arrays degradations, and hence critical for EOR
missions. ONERA has developed a specification model of proton fluxes dedicated for EOR missions as
part of the ESA ARTES program. This model can estimate the average proton fluxes between 60 keV
and 20 MeV on arbitrary trajectories on the typical duration of EOR transfers. A global statistical model
of the radiation belts was extracted from the Van Allen Probes RBSPICE data. For regions with no or low
sampling, simulation results from the Salammbô radiation belt model were used. Special care was taken to
model the temporal dynamics of the belts on the considered mission durations. A Gaussian Process model
was developed, allowing to compute the distribution of the average fluxes on arbitrary mission durations
analytically. Satellites trajectories can be flown in the resulting global distribution, yielding the proton flux
spectrum distribution as seen by the spacecraft. We show the results of the model on a typical EOR
trajectory. The obtained fluxes are compared to the standard AP8 model, the AP9 model and validated
using the THEMIS satellites data. We illustrate the expected effect on solar cell degradation, where our
model shows an increase of up to 20% degradation prediction compared to AP8.

Keywords: proton / radiation belts / electric orbit raising / environment specification / modelling

1 Introduction

In the past decade, electric thrusters have largely replaced
conventional chemical propulsion for the orbit-raising of geosyn-
chronous spacecraft (Lev et al., 2019), in what is commonly
called Electric Orbit Raising (EOR). The introduction of high
specific impulse and low thrust electrical propulsion systems
has allowed massive increases in dry mass ratios (Autric et al.,
2018), at the cost of a significant increase in the transfer duration
to geostationary orbit (GEO). During the few months it takes for
the spacecraft to reach geosynchronous orbit with EOR, the
satellite is exposed to the space environment, particularly to the
radiations in theVanAllen belts, which have an important impact
on the spacecraft (Matéo-Vélez et al., 2017).

One of the main effects of the radiative environment on
EOR satellites is the degradation of the solar cells due to the
proton-induced non-ionizing dose (Anspaugh, 1996; Messenger
et al., 2014), which leads to a degradation of the cell perfor-
mance and reduces the available onboard power. It is known
that these degradations are mainly driven by the proton fluxes
between 1 and 10 MeV (Lozinski et al., 2019).

The 1–10 MeV energy range is particularly hard to model,
as it transitions between two distinct physical regimes. At
energies below 1 MeV, the protons trapped in the radiation belt
mostly come from the external part of the magnetosphere, the
plasma sheet (Boscher et al., 1998). On the contrary, protons
above 10 MeV are created by Cosmic Ray Albedo Neutron
Decay (CRAND) (Selesnick et al., 2013, 2014) or directly
injected into the radiation belts during some Solar Energetic
Particle (SEP) (Hudson et al., 1998; Selesnick et al., 2010;*Corresponding author: antoine.brunet@onera.fr
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Kress et al., 2005). The main physical processes involved in the
dynamics of the proton radiation belt between 1 and 10 MeV
are the radial diffusion (Boscher et al., 1998), the geomagnetic
shielding and trapping boundaries (Boscher et al., 1998; Leske
et al., 2001), and the coulomb and charge-exchange scattering
by neutrals in the atmosphere (Cornwall et al., 1965; Nakada
& Mead, 1965; Spjeldvik, 1977).

Due to the complexity of the trapping process of the parti-
cles at these intermediate energies, most of the simulation
efforts have focused on relatively short-term effects, using par-
ticle tracking in magnetohydrodynamics simulations (Elkington
et al., 2002; Engel et al., 2015). Few long-term simulations of
the proton belts have been carried out, as it has been done for
lower (Boscher et al., 1998) or higher (Selesnick et al., 2007)
energy protons. In this paper, we use results from Salammbô
simulations improving from Maget et al. (2008), using direct
data assimilation from NOAA GOES data and an improved
energy-dependant magnetic shielding model to estimate the
trapping of SEP protons, as presented in Section 2.2 of this
paper.

A relatively low number of missions have been mea-
sured the proton radiation belt in the MeV energy range. The
SEM2 MEPED (Yando et al., 2011) detector on-board the
NOAA POES constellation since 1998 has three available
channels covering this range (0.8–2.5 MeV, 2.5–6.9 MeV,
and >6.9 MeV), providing a long-term sampling of the radiation
belts in low earth orbit (LEO). Likewise, on GEO, the NOAA
GOES constellation has provided three proton channels (0.74–
4.2 MeV, 4.2–8.7 MeV, 8.7–14.5 MeV) in this energy range
since 1974, although with some variation in the measured
energies across the different missions.

A sampling of the equatorial regions below GEO, which is
of main interest for EOR missions, has been sporadic. The
CRRES PROTEL (Violet et al., 1993) instrument has provided
good measurements in this region during less than two years in
1990 and 1991. This data has been extensively used to study the
dynamics of the proton belt (Hudson et al., 1995; Gussenhoven
et al., 1996; Lozinski et al., 2019). The solid-state telescopes
(SST) onboard the THEMIS constellation (Angelopoulos,
2009) have provided proton measurements since 2007, but it
showed severe contamination in the MeV energy range due to
electrons (McFadden et al., 2009). The TacSat-4 satellite has
also featured a proton monitor (CEASE) and a solar cell
degradation experiment (Jenkins et al., 2013). Most recently,
the Van Allen Probes mission (Spence et al., 2013) has featured
several proton monitors and sample the proton radiation belt
in a large range of energies. In particular, the RBSPICE instru-
ment provides 24 ions channels between 1 MeV and 10 MeV
(Mitchell et al., 2014).

These various datasets have shown an important variability
of the proton belt at these energies at various temporal scales
(Johnston et al., 2012, 2015), which is hard to account for in
specification models. In particular, the radiation belt during solar
cycle 24 is largely more extended than during the previous two
solar cycles due to the low geomagnetic activity in the past
decade. The high variability of the radiation belt state is easily
illustrated by the NOAA POES 15 measurement of the
2.5–6.9 MeV protons, as shown in Figure 1.

The standard AP8 model (Sawyer & Vette, 1976), widely
used in the industry as a specification model for spacecraft

design, only provides two states linked to the solar cycle mini-
mum and maximum and does not accurately represent the wide
variability seen at smaller timescales. The AP9 model (Ginet
et al., 2013; Johnston et al., 2015) offers a Monte-Carlo mode
that can finely estimate the environment variability at different
timescales. This mode is, however, very costly to run, and it
is difficult in practice to use it as a specification model for
mission design.

From in-flight measurements of solar cells degradation on
relatively recent missions, the AP8 and AP9 models have been
reported to significantly under-estimate the 1–10 MeV proton
fluxes for EOR or comparable missions (Delonno et al., 2013;
Ishikawa et al., 2013; Jenkins et al., 2014), highlighting the
difficulty to specify this environment.

This paper presents a global statistical model of the proton
fluxes in the radiation belt between 60 keV and 20 MeV,
accounting for the duration and orbit of EOR missions. The
ONERA Middle-Energy Proton for EOR (OMEP-EOR) is
based on flux maps generated from the RBSPICE data. When
insufficient data was available, we used simulation data from
the Salammbô model to fill the gaps. A statistical spatial and
temporal model was fitted on this dataset, which allows the esti-
mation of the average flux statistical distributions for arbitrary
spacecraft trajectories.

The paper is organized as follows. In Section 2, we describe
the experimental and simulation data used for the development
of this model. The model development is then detailed in
Section 3. Finally, model runs and validation are presented in
Section 4.

2 Data used in this study

2.1 Van Allen Probes RBSPICE data

The model developed in this study is based on data from
RBSPICE on board the Van Allen Probes (Spence et al.,
2013; Mitchell et al., 2014). The RBSPICE data (level 3) have
been downloaded from the RBSPICE website (http://rbspicea.
ftecs.com). Two modes of measurement exist (Manweiler &
Mull, 2017): the Time of Flight (ToF) data and the energy-only

Fig. 1. NPOES-15/SEM2 unidirectional differential proton flux at
2.5–6.9 MeV at 90� pitch angle between 1998 and 2020.
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data (ISRHELT). As noted in the RBSPICE data user manual,
the ISRHELT mode cannot separate the different ion species,
but we assume that the protons are dominant in this energy
range throughout the radiation belt.

Thus, two datasets are available from the same instrument.
The energy channels are the same for each dataset and each
of the two spacecraft (RBSP-A and RBSP-B). There are
64 energy channels for protons from 40 keV to 18 keV.

RBSPICE ToF data have been put into CDF PRBEM for-
mat (Bourdarie et al., 2008). Omnidirectional and unidirectional

differential fluxes are available from 23/02/2013 to 07/10/2019
for RBSP-A and 23/02/2013 to 15/07/2019 for RBSP-B. The
time resolution of the data varies. Sometimes it is 11 s (1 spin),
sometimes it is 22 s (2 spins) and sometimes it is about 110 s
(10 spins).

RBSPICE ISRHELT data have been put into CDF PRBEM
format. Only unidirectional differential fluxes are available
from 01/04/2013 to 13/10/2019 for RBSP-A and 29/10/2012
to 15/07/2019 for RBSP-B. The time resolution of the data is
610 ms, with only a few local pitch angles at each measurement.

(a)

(b)

Fig. 2. Omnidirectional differential proton flux measured by RBSP-B ToF and ISRHELT modes at 50 keV, 500 keV, 1 MeV and 5 MeV.
(a) ToF mode; (b) ISRHELT mode.
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Thus, to have all local pitch angles at each measurement, we
integrate in 11 s. Consequently, the time resolution in the
CDF files is 11 s.

Omnidirectional fluxes have been calculated from unidirec-
tional fluxes using trapezoid integration. The geomagnetic
coordinates of the spacecraft were computed with the IRBEM
library (Boscher et al., 2012) using the IGRF (Thébault et al.,
2015) and Olson-Pfitzer quiet time (Olson & Pfitzer, 1974)
magnetic field models.

Figure 2 represents omnidirectional differential proton flux
measured by RBSP-B from ToF mode on top and ISRHELT
mode at the bottom. Five energies are plotted: 50 keV,
100 keV, 500 keV, 1 MeV and 5 MeV.

In order to know which dataset will be used to develop the
model, it is essential to analyse these data.

2.1.1 ISRHELT dataset

As for almost all experimental data, there are several
kinds of problems in RBSPICE ISRHELT data, such as con-
tamination and bad data points. A deep analysis of these data
shows that bad measurements appear during two time periods
in the two first energy channels (41 keV and 46 keV): from
16/09/2014 to 20/09/2014 and 20/06/2017 to 23/06/2017 and
in all energy channels of ISRHELT data before 22/02/2013.
These data have been removed from the dataset. According to
the PIs of the instrument (private discussion), the two first
channels are close to the detector threshold and the noise level
in the solid-state detectors (SSD) varies with RBSPICE temper-
ature. The RBSPICE temperature was not closely controlled,
and so these channels should not be used.

Then, the data analysis shows that measurements at low L*
values (L* being the third adiabatic invariant associated with the
drift motion of the particles) are contaminated by very energetic
protons in almost all energy channels. Figure 3 represents an
example of this contamination for 1 MeV protons on RBSP-B
below L* = 2.

Finally, by comparing ISRHELT data with ToF data and
with other data, some energy channels of the ISRHELT dataset
are really bad and unusable as observed in Figure 4 for 50 keV
proton measurements. While the dynamics of 50 keV proton
flux measured by NPOES-15/SEM2 are coherent with the one
measured by RBSPICE ToF data, flux from RBSPICE
ISRHELT data are different. Data from ISRHELT are energy-
only measurements, and these SSDs are directly exposed to
both ions and electrons. Most of the time, below 1 MeV energy,
these detectors are dominated by electrons. So these data are not
usable below about 1 MeV.

2.1.2 ToF dataset

The RBSPICE ToF measurements are good quality data,
with none of the above-mentioned problems. However, at
energy greater than 1 MeV, we can observe that proton fluxes
measured by RBSPICE in this mode are very high during some
periods (in 2015 and at the end of 2017) compared to those
observed in ISRHELT data. Figure 5 shows an example of these
differences for 5 MeV protons with an increase of the flux
between L* = 3 and L* = 4 more important in the ToF data than
in the ISRHELT data. The enhancement structures at these L*
values are somewhat visible in both datasets but are really more

accentuated in the ToF data. As presented in Figure 5, NPOES-
15/SEM2 does not observe such structures at nearly the same
energy. It is important to remember that RBSP is nearly
equatorial satellites while the NOAA POES constellation is in
LEO. However, according to the long duration of the structures
seen in ToF datasets, the flux increase would be seen at LEO
and near the equator. Figure 5 also shows the proton flux at
higher energy (18 MeV) from RBSP-B/REPT, where the struc-
tures are not seen either (lower energies are not available on
REPT). After discussion with the PIs on RBSPICE, instrument
(private discussion), since we do not know that there are only
protons in the energy channels greater than 1 MeV and because
helium has a much higher efficiency for generating a TOF than
protons do at those energies, there could be some helium in the
observed rates. Consequently, in the scope of this study, we
chose to prefer ISRHELT data for energies greater than
1 MeV than ToF data.

2.1.3 RBSPICE data used in the model

Now, it is essential to obtain the best dataset using the two
datasets from RBSPICE measurements. According to the anal-
ysis and the cleaning of these datasets described above, it is
clear that the data used in the radiation model development
should be a combination of the two datasets, neither of which
is perfect. We know that some channels of ToF data are strange
at high energies, and some channels of ISRHELT data are
strange at low energies. Consequently, we will construct a
dataset containing ToF data at low energies (<1 MeV) and
ISRHELT data at high energies (>1 MeV).

This combined RBSPICE dataset is presented versus L* and
energy in Figure 6, in the case of the year 2016.

2.2 Salammbô simulation results

As in-flight data provide only partial coverage in time, space
and energy, we have used a physics-based model to compute a
complete covariance matrix with appropriate statistics. For this,
we have used the Salammbô proton radiation belt model
(Beutier et al., 1995; Maget et al., 2008). This is a 3D (Energy,
Pitch-angle, L* parameter) physics-based proton radiation belt

Fig. 3. Omnidirectional differential ion flux at 1 MeV measured by
RBSP-B/RBSPICE ISRHELT versus L* and time.
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dynamics model. It provides full 3D maps of the proton phase-
space densities. This model includes the following physical
processes:

– An empirical radial diffusion model, driven by the Kp geo-
magnetic index, as described in Lejosne et al. (2013).

– Nuclear interactions, charge exchange, and neutral colli-
sions, based on the MSIS86 atmospheric model (Hedin,
1987).

– An empirical external boundary model at high L* derived
from NOAA POES data, as described further down.

– A dynamical geomagnetic shielding model based on the
CRRES data, driven by the Kp and Dst indices presented
at the end of this section.

– SEP events from direct assimilation of GOES data above
the trapping boundary defined by the geomagnetic shield-
ing model.

– A static CRAND model derived from FLUKA calculations
of neutron (Combier et al., 2017; Maget et al. 2018).

The external boundary condition at L* value of 8 is defined
as a Kappa distribution, with the following parameters:

Fig. 5. Omnidirectional fluxes versus L* and time between 2014 and 2019 for 5 MeV protons for both datasets from RBSPICE (ToF in third
panel and ISRHELT in fourth panel), for 2.5–6.9 MeV protons from NPOES-15/SEM2 in the second panel, and for 18 MeV protons from
RBSP/REPT in the first panel.

Fig. 4. Omnidirectional 50 keV proton fluxes versus L* and time between 2013 and 2019 for both datasets from RBSPICE (ToF data in middle
panel and ISRHELT in bottom panel) and for NPOES-15/SEM2 (top panel).
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j = 5.4558–0.2623 Kp,
T = 4.25 keV,
f0 = exp (65.33 + 0.1927 Kp) MeV�3 s�3.

These parameters were fitted on proton fluxes measured
on the NOAA POES 15–19 satellites on the night side
(Magnetic Local Time above 18 h, or below 6 h). Using these
parameters, the boundary phase-space density is expressed as a
function of energy Ec as:

fL�¼8 Ecð Þ ¼ f0 1þ Ec
jT

� ��1�j

: ð1Þ

This boundary condition is applied for energies below 500 keV.
Above this energy, the SEP flux measured by the NOAA GOES
satellites are used. It is assumed that these geostationary satel-
lites are always above the trapping boundary at these energies
and that the flux at a given energy is constant across the differ-
ent L* above this boundary (Vacaresse et al., 1999). The trap-
ping boundary was fitted on CRRES data and is given by the
following equation:

Ltrap ¼ 6� 0:282Kp þ 3:5 � 10�3 Dst: ð2Þ

For this model, we have simulated the period from 1989 to
2017, covering more than three solar cycles. Phase-Space
Density (PSD) maps were produced twice per day on a rela-
tively coarse grid (34 � 25 � 34 along the pitch angle, energy,
and L* axes). From the obtained PSD maps, we computed the
Omnidirectional Differential Proton Fluxes (hereby described as
FPDO as in the PRBEM standard) using trapezoid integration.

Because of the relatively coarse grid, we observe some dis-
crepancies between the simulated fluxes and the RBSPICE
observations at low L* values, with large gradients in the den-
sities. To a lesser extent, we also observe discrepancies between
the datasets near the low energy boundary of the Salammbô

domain. To avoid biasing our model on these regions where
Salammbô is expected to behave relatively poorly, we filtered
out all points below L* = 2 and at energies below 40 keV.

2.3 Model grid

As described in Section 3, the statistical analysis required to
construct the OMEP-EOR model has been carried on indepen-
dently for the RBSP and Salammbô datasets, and the results
were merged to produce the model.

To allow for the statistical computations and merging, we
have defined a common Cartesian grid to mesh the (aeq ¼
arcsin

ffiffiffiffiffi
Beq

B

q� �
, Ec, L*) space, where aeq is the equatorial pitch

angle, B and Beq are the local and equatorial magnetic field
magnitudes, and Ec the particle energy. The grid used in our
model is described in Table 1.

We note that, for low L* and low equatorial pitch-angles
values, the points are ill-defined, as they lay in the atmosphere
or below. We use the pitch angle of locally bouncing particles
to denote the magnetic latitude of the points on the field lines.
The energy and L* grids are uniform on a logarithmic scale,
and the equatorial pitch angle values are linearly distributed
(15, 40, 65, and 90 degrees).

The FPDO values for both datasets were computed on this
common grid.

3 Model description

3.1 Overview

As presented in Figure 7, the OMEP-EOR model consists of
three main parts:

– A spatial model which describes the shape of the radiation
belt. This models the 12 h average distribution of the global
radiation belt state as a lognormal multivariate distribution.
It is constituted by the median state and the covariance
matrix across the radiation belt.

– A temporal model which allows converting the distribution
of the 12 h average to the distribution of averages on arbi-
trary durations. This temporal model assumes a Gaussian
Process form using a simple 1-parameter covariance kernel.

Table 1. Cartesian grid parameters used for the OMEP-EOR model.

Ec L* aeq

Number of points 9 20 4
Minimum value 63 keV 1.665 15�
Maximum value 20 MeV 8.000 90�

Fig. 6. 2016 average for the omnidirectional equatorial proton flux for the combined RBSPICE dataset, as a function of L* and energy (left
panel), and as a function of energy for different L* values (right panel).
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– An orbit integration scheme that allows projecting the
resulting distribution on the spacecraft trajectory. As we
show here, this projection can be approximated efficiently
using established formula.

In this section, we present the different parts of the OMEP-
EOR model.

3.2 Spatial model

The spatial model describes the distribution of the proton
radiation belt global state. In this model, we assume that the
12 h sampling period used in our input datasets is small enough
to model the instantaneous state of the belt.

We model this state as a multivariate lognormal distribution
that is fitted independently on the two input datasets. We have
computed the median state at each grid point and the spatial
covariance matrix (where each coefficient is the covariance of
the flux between two grid points), using the base 10 logarithm
of the fluxes. For each model, we have filtered out any mesh
point where too few points were available (less than 500 samples
for the RBSP dataset and less than 15 000 samples in the

Salammbô dataset). We have also filtered out every point in
the Salammbô dataset at L* less than 2 or energies lower than
40 keV, as explained in Section 2.2.

The two distributions were then merged to obtain optimal
coverage of the model domain. When available, RBSP data
were used, and the Salammbô data were only added when
RBSP data were missing. Figure 8 presents the resulting loga-
rithmic mean of the distribution at each point. As can be seen,
circled in red on this figure, the Salammbô dataset mainly fills
the high-L* points.

3.3 Temporal model

To compute the distributions of average fluxes on arbitrary
durations, we need to have a model of the temporal correlations
of the dataset. We have used a simple Gaussian process
(Williams & Rasmussen, 2006) at each grid point to account
for these correlations. The Gaussian process model assumes that
the distribution of two samples at the same point is normal and
that its covariance only depends on the time interval between
the two samples.

Fig. 8. Logarithmic mean of the flux in our model, as a function of L*, energy, and equatorial pitch angle. Regions circled in red correspond to
data from the Salammbô model.

Fig. 7. Schematic model overview.
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(a)

(b)

Fig. 9. Temporal covariances of the proton flux measured and fitted. Vertical gray lines present the 1 day, 1 week, 1 month and 1 year time
intervals. (a) Points at the magnetic equator and for L* values with maximal mean fluxes for each energy (62 keV in blue, 539 in orange and
4.71 MeV in green). (b) Points at the magnetic equator and for L* values 2.3 (in blue), 3.0 (in orange) and 3.8 (in green).
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This covariance is given by the following square exponen-
tial kernel:

K dtð Þ ¼ r2 exp � dt2

2s2

� �
ð3Þ

where r2 is the variance of the underlying data and s the char-
acteristic time at the given point. These two parameters were
fitted on the data.

Figure 9a presents three examples of temporal covariances
measured and fitted for three different energies (61, 539, and
4.71) and at the peak of the belt. It can be seen that this simple
model can account for a large range of dynamics observed in
the proton radiation belt. Some discrepancies can be seen on
the 61 and 4.71 covariances at high time intervals, but the model
seems like a good first-order approximation. Similarly, Figure 9b
presents the measured and fitted covariances of the fluxes at
1.11 MeV, at different L* values. Again the model can match
the different dynamics even outside the peak of the belt.

Figure 10 presents the fitted characteristic times in the
grid. It can be noted that the fitted times are quite continuous
on the domain and increase in the inner part of the radiation
belts, as expected. We note that the characteristic times seem
to decrease again at very low L* and high energies. This could
be a statistical artifact introduced by our method. Indeed, we
only fit our temporal covariance model on time intervals
between 1 day and 4 years, so our model might not identify very
large characteristic times accurately. This should not, however,
significantly impact the model results for relatively small mis-
sion durations.

We extend this model for the joint spatial and temporal
covariance by assuming the following expression for the

covariance between the fluxes at grid points X1 and X2 and sep-
arated by the time interval dt:

KðX 1;X 2; dtÞ ¼ covðX 1;X 2Þ exp � dt2

2s1s2

� �
ð4Þ

where si is the previously fitted characteristic time for the
point Xi, and cov(X1, X2) is the spatial covariance between
the two points.

Using this model, we can analytically compute the covari-
ance matrix for averages on an arbitrary duration T, which is
given by:

covT X 1;X 2ð Þ ¼ 1
T 2

Z T

0

Z T

0
K X 1;X 2; t1 � t2ð Þ dt1dt2 ð5Þ

which yields the following, by denoting q12 ¼ Tffiffiffiffiffiffi
s1s2

p :

covT X 1;X 2ð Þ ¼ cov X 1;X 2ð Þ
ffiffiffiffiffiffi
2p

p

q12
erf

q12ffiffiffi
2

p
� �

þ 2
q2
12

e�
q2
12
2 � 1

� �� �
:

ð6Þ
This formula allows to easily compute, from the spatial distribu-
tion and the fitted characteristic times, the global distribution of
average fluxes for any given mission duration. Such distribution
can then be projected on the satellite orbit to estimate the flux
distribution as seen from the spacecraft.

3.4 Trajectory integration

Starting from the sampling points of the spacecraft trajec-
tory, in magnetic coordinates, we compute how much time is

Fig. 10. Fitted characteristic times on the mesh, in years. Each subplot corresponds to one equatorial pitch angle value.
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spent near each vertex of the model (aeq, L*) mesh. The corre-
sponding time step is distributed on the four nearest grid vertex,
linearly weighted by their distance to the point for a given point.
The resulting vector of time spent near each vertex on the over-
all trajectory is then normalized. We note this vector T.

The distribution of the average proton flux on the mission is
simply the sum of the distributions on each grid point, weighted
by this time vector. Since the distributions are log-normal, we
use the Fenton–Wilkinson method (Fenton, 1960) to approxi-
mate the resulting distribution. For any given energy plan E
in the model grid, we note ME and DE the mean vector and
covariance matrix of the base 10 logarithm of the flux, obtained
as described in Section 3.2. The resulting weighted sum distri-
bution is approximated by a log-normal distribution with mean
lE and variance r2

E given by:

lE ¼ T � 10MEþDE=2

r2
E ¼ T �ME � 10DE � 1

� � �MT
E � TT :

We compute this distribution for each energy level in our grid,
from which it is easy to produce arbitrary percentiles spectrum.

4 Results

The model was tested and validated on several spacecraft
trajectories provided by the ESA ARTES “Electric Orbit
Raising Radiation Environment and Solar Array Degradation”
project partners. Here we present model results obtained on
an EOR trajectory provided by OHB (Germany). The trajectory
starts with an initial injection at an elliptical orbit, with a perigee
at approximately 257 km, apogee at 35 800 km, as presented in
Figure 11. The trajectory ends 194 days later at GEO.

A 5-minute sampling of the trajectory was used. The corre-
sponding magnetic coordinates were computed using the IGRF
(Olson & Pfitzer, 1974; Thébault et al., 2015) magnetic field
models, using January 1st, 2012 as a starting date.

As a reference, we have computed the AP8 and AP9/SPM
proton fluxes for this trajectory averaged on the mission. We
note that the AP8 MIN and MAX models yield very nearly
identical results on these energies, so only the AP8 MIN results
are presented here. The AP9/SPM model was run on version
1.50.001 in mean mode, in which we have computed all deciles.

Moreover, we have computed estimation of the 4 MeV pro-
ton flux mission average from the THEMIS-SST data. We can
compute the average flux on the trajectory for a given starting
date using proton flux maps produced from these instruments.
By varying the starting date on the RBSP period (2012–
2019), we have produced a distribution on the flux, correspond-
ing to the variation of the proton belt on this period. We note
that, due to contamination of the data, we could not use the data
below L* = 1.9, so for these points of the trajectory, a null flux
was assumed. To estimate the impact of this filtering, we have
computed the AP8 flux while using null fluxes for these data
points, and the resulting average flux is only 1.2% smaller than
the AP8 flux without filtering.

The resulting median and 90th percentile energy spectrum
are presented in Figure 12. First, we notice that all model

spectra are relatively close to each other, compared to the vari-
ability between the median and 90th percentiles for the OMEP-
EOR and AP9 models.

The AP8 model presents higher fluxes at low energies
(below 1 MeV) than the OMEP-EOR and AP9 models, both
for the median and 90th percentile values. On the contrary,
the AP8 fluxes between 2 MeV and 10 MeV fall below the

Fig. 11. Test trajectory in the GEI coordinate system.

Fig. 12. Mission-averaged proton fluxes in the OMEP-EOR (in solid
lines), AP8 (in black dot-dashed line), AP9 (in dashed lines) and
SPM (in dotted lines) models, and as measured by THEMIS-SST.
50th (in blue) and 95th (in green) percentiles of the distributions are
shown.
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90th percentile, and even the median flux from the OMEP-EOR
model.

The spread of the distributions of the SPM is greater than
both AP9 and the OMEP-EOR model, which reflects the larger
uncertainties in the datasets involved in the creation of the Plasma
Model. Apart from this, the distributions of the OMEP-EOR and
AP9 models follow one another closely below 1 MeV. At higher
energies up to 10MeV, the OMEP-EORmodel is systematically
higher for the median and 90th percentile, with a maximum ratio
between the two models around 5 MeV.

Interestingly, the THEMIS-SST estimation of the 4 MeV
proton flux is even higher than the OMEP-EOR prediction, albeit
very close. Figure 13 presents in more detail the different distri-
butions at 4 MeV. We observe that the AP9, OMEP-EOR, and
THEMIS-SST distributions have similar overall shapes. Further-
more, as we can see in this figure, the OMEP-EORmodel closely
matches the distribution observed by THEMIS-SST, signifi-
cantly higher than the AP8 and AP9 fluxes. On average, the
OMEP-EOR predicts fluxes 2.85 times higher than AP9, and
the THEMIS-SST fluxes are 3.07 times higher than AP9 and
only 1.08 times higher than OMEP-EOR.

Overall, we see the expected behavior of the OMEP-EOR
model, predicting slightly higher proton fluxes in the MeV
energy range but otherwise showing good agreement with the
reference models.

To estimate the effect of these differences on solar cell
degradations, the displacement damage dose (DDD) method is
used. This method was developed at the US Naval Research
Laboratories (NRL) and is based on non-ionizing energy loss
(NIEL) (Summers et al., 1994; Messenger et al., 2001). The
degradation of the cell short circuit current (Isc), open-circuit
voltage (Voc), and maximum power (Pmax, here used as illustra-
tion) are usually observed. To do this, two steps are necessary:

– The DDD estimation [thanks to SCREAM (Solar Cell Radi-
ation Environment Analysis Models) software (Messenger
et al., 2010, for instance], which can be performed on
SPENVIS (Walters et al., 2007) or OMERE (Peyrard
et al., 2003).

– The normalized parameter calculation, using the following
equation, with P0 the initial maximum power:

Pmax

P 0
¼ 1� C log 1þ DDD

Dx

� �
ð7Þ

where C and Dx are technology-dependant fitting parameters.
In this paper we have used the same parameters as in Delonno
et al. (2013) concerning GaAs cells, as presented in Table 2.

Degradation predictions were calculated using AP8, AP9,
and OMEP models during the whole EOR trajectory (194 days)
for coverglass thickness between 50 and 600. The results are
presented in Figure 14. In Figure 14, two important things
can be observed. First, AP8 and AP9 90th provide very similar
results. Second, unsurprinsingly more degradations are expected
with OMEP-EOR (both for the 50th and 90th percentiles). For
coverglass of about 100 microns, OMEP-EOR 90th percentile
predicts a degradation 20% higher than that predicted by the
AP8 model at the end of orbit raising.

5 Conclusions

The OMEP-EOR model presented in this paper can com-
pute proton flux specification for solar cell degradation on
EOR-type missions with complex trajectories. At low energies,
it provides a middle ground between the SPM and AP9 models.
Between 100 keV and 1 MeV, there is excellent agreement with
the AP9 model, while both AP9 and OMEP-EOR yield slightly
lower average values compared to AP8, although the AP8 val-
ues are still within the uncertainty levels predicted by the per-
centile output of the models. Above 1 MeV, the OMEP-EOR
model increasingly exceeds AP9, and between 4 and 5 MeV,
it produces greater fluxes than all models in our validation
study, exhibiting a small knee in the spectral shape. The same

Table 2. Fitting parameters used in equation (7).

C 0.2904
Dx 1.1 � 109 MeV/g

Fig. 14. Pmax/P0 degradation predictions as a function of the
coverglass thickness.

Fig. 13. Cumulative distribution of the mission-averaged 4 MeV
proton fluxes in the OMEP-EOR (in orange), AP8 (in blue) and AP9
(in green) models, and as measured by THEMIS-SST (in red).
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feature, but at a lower flux level, is also present in AP9, and the
OMEP-EOR flux levels at 4 MeV seem to be confirmed by the
relatively recent THEMIS-SST data.

These results highlight the high climatological variability of
the proton belt at a few MeV, as the AP8 and AP9 are using
data from previous solar cycles, and the OMEP-EOR model,
as well as the THEMIS-SST data, correspond to the most recent
solar cycle, during which very intense average proton fluxes
were observed at these energies, compared to those observed
during previous solar cycles. We believe that these recent obser-
vations give a good idea of a worst-case proton environment for
solar cell degradation and that the OMEP-EOR can be used for
designing upcoming EOR missions.

As part of future developments, we plan to refine the tempo-
ral model to include solar-cycle dependencies and use the
methodology developed here to model the dynamics of other
challenging parts of the radiation belts, such as the slot in the
electron belts.

The OMEP-EOR model will be available in the Solar Array
Degradation Calculator (SADC) tool to be distributed by ESA.
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