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Benchmarking trapped proton specification models 

along an EOR orbit 

S. Bourdarie, P. Caron, M. Ruffenach, F. Bezerra, R. Ecoffet

Abstract: Eutelsat 7C (E7C), a telecommunication spacecraft, was 

launched on 21st of June 2019 and reached geostationary (GEO) 

orbit four months later after a quasi-equatorial electric orbit 

raising (EOR) phase. An ICARE-NG (Influence sur les 

Composant Avancés des Radiations de l’Espace, Nouvelle 

Génération) radiation monitor was implemented on the 

spacecraft allowing measurements of electron and proton flux as 

well as Single Event Upset (SEU) effect affecting various static 

random access memories (SRAMs) and dynamic random access 

memories (DRAMs). According to the cruise to GEO profile, two 

phases could be deduced, a first one where SEU events are 

dominated by trapped protons and a second one where they are 

attributed to cosmic rays and solar proton events. In this paper, 

SEU events attributed to trapped particles as well as proton flux 

recorded by ICARE-NG are used to benchmark proton 

specification models, Aerospace Proton version 8 (AP8), 

Aerospace Proton version 9 (AP9) and Global Radiation Earth 

ENvironment-proton (GREEN-p). Although, the 3D shielding of 

the spacecraft and payload is considered to transport accurately 

the proton environment down to the chip, ground tests to define 

cross section were not reliable enough to draw clear conclusion 

on specification model performances along EOR orbits. 

I. INTRODUCTION

lthough specification models for trapped electrons and 

protons in the Earth space environment have been

widely benchmarked along very popular orbits, i.e. 

GEOstationary (GEO) [1]-[3], Low Earth Orbit (LEO) [2]-[6], 

and to some extent, navigation orbits, there is a clear gap in 

between like along Electrical Orbit Raising (EOR) phase to 

reach GEO. Recently, it was found that AP8 [7] and AP9 [8] 

were underestimating trapped proton flux in the range 4 to 10 

MeV from 5000 km to 20 000 km altitudes [9], but no 

benchmarking of energetic trapped proton specification were 

conducted above 1500 km with radiation induced effects such 

as SEU events.  

An ICARE-NG (Influence sur les Composant Avancés des 

Radiations de l’Espace, Nouvelle Génération) radiation 

monitor has been implemented on the Eutelsat 7° number C 

(E7C) spacecraft launched on 21st June 2019. The spacecraft 

reached GEO following a 4 months EOR phase. During the 

entire crossing of the radiation belts, the ICARE-NG 

instrument provided electron and proton flux measurement 

[10] respectively in the range 1.45 to 2.0 MeV and 50 to 141

MeV. On the same instrument, an electronic test board (MEX)

is implemented were radiation effects are collected [11]. In

particular, SEU events are recorded on different chips. These

in-situ measurements are considered here to benchmark proton
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specification models, AP8 min, AP9 V1.50.001 Mean, and 

GREEN-p (Global Radiation Earth ENvironment-proton) [12]. 

Section II describes E7C’s EOR orbit and in-situ 

measurements of interest. Section III details the SEU 

predictions out of specification models along E7C’s EOR 

orbit. Those predictions are compared to in-flight data and 

results are then discussed. To complete the previous analysis, 

proton flux predictions from specification models along E7C's 

orbit are compared to measurements from ICARE 

spectrometers in section IV. Finally, in Section V conclusions 

are drawn on the performances of AP8 min, AP9 V1.50.001 

Mean and GREEN-p to reproduce in-flight observations along 

an EOR orbit. 

II. FLIGHT DATA

E7C is a spacecraft that reached its final station at GEO 

with electrical orbit raising (EOR).  It was launched on June 

21st, 2019 from Kourou, French Guyana. The cruise to GEO 

lasted for about 4 months. The evolution of perigee, apogee, 

and inclination from launch date to end of October 2019 is 

given in Fig.1. The spacecraft left the energetic proton belt in 

about 1.5 month of mission (perigee at 5 000 km 1 month after 

launch and at 10000 km 2 months after launch).  

Fig. 1 E7C orbital parameters out of Two Lines Elements versus time during 

EOR phase to GEO, with apogee-perigee (a) and inclination (b). 

F. Bezerra, R. Ecoffet and M. Ruffenach are with CNES, 18 av. E. Belin 31401 

Toulouse, France 

 A 

mailto:Sebastien.Bourdarie@onecert.fr)


On the MEX experiment, two memories are of particular 

interest because they have been fully calibrated at ground 

under a proton beam: the cumulated SEU collected along E7C 

EOR phase to GEO are given in Fig. 2. Because their 

respective proton cross sections are not the same [13], different 

slopes in the curves are found, 0.95 SEU/day for the Samsung 

K7A801800M SSRAM and 4.3 SEU/day for IDT 

IDT71V3558S SSRAM while E7C was still crossing the 

trapped proton belt. After E7C perigee was definitively above 

the trapped energetic proton belt, the SEU rates became 

respectively 0.06 SEU/day and 0.19 SEU/day. Those events 

can be attributed to galactic cosmic rays with no doubt because 

the spacecraft was above the proton belt, and no solar energetic 

particles were observed during this time. Assuming the SEU 

rate due to galactic cosmic rays is the same while E7C is in the 

trapped proton radiation belt, the SEUs only attributed to 

trapped proton can be deduced. To this end, an average SEU 

rate of 0.06 SEU per day for the Samsung K7A801800M 

SSRAM and 0.19 SEU per day for IDT IDT71V3558S 

SSRAM is subtracted from the total number of SEUs recorded 

by ICARE-NG. The total number of SEUs with or without the 

galactic cosmic ray contribution are compared in Fig.3. When 

E7C does not cross the trapped proton belt anymore, because 

the perigee is high enough, the total SEU number only 

attributed to trapped proton does not evolve anymore. 

Fig. 2 Top panel (a) - Cumulated SEU event collected from two chips during 
E7C’s EOR phase to GEO. Bottom panel (b) – >49.3 MeV trapped proton 

flux measurements from ICARE-NG payload onboard E7C. 

Fig. 3 Top panels (a and b)- Accumulated SEU events collected from two 
chips, IDT71V3558S (a) and K7A801800M (b) during E7C’s EOR phase to 

GEO with and without galactic cosmic ray contribution. Bottom panel (c) – 

>49.3 MeV trapped proton flux measurements from ICARE-NG payload

onboard E7C. 

We can conclude that a minimum of 93.7% of SEU events 

recorded on the Samsung K7A801800M SSRAM and 95.6% 

of SEU events recorded on the Samsung IDT71V3558S 

SSRAM can be attributed to trapped protons when E7C 

perigee is still in the energetic proton belt. Only the data where 

the contribution from galactic cosmic rays is removed will be 

used next. 

III. SEU PREDICTIONS OUT OF SPECIFICATION MODELS

A. Approach

To perform SEU event predictions affecting the two chips

from specification models, AP8 min with ESA interpolations 

[7], AP9 V1.50.001 Mean [8], and GREEN-p [12], the 

following strategy is applied (similar to [14], [15]): 

- E7C trajectory is computed with a time step of 20s

using the Simplified General Perturbation version 4

model, SGP4 [16], to propagate Two Line Elements,

TLE, collected on Space-track [17].

- A proton differential spectrum is deduced at each

orbital locations (every 20s) from AP8 min with ESA

interpolation, AP9 V1.50.001 Mean, and GREEN-p

models.

- At each new increment of SEUs collected by the

ICARE-NG MEX board, the proton differential

fluence is calculated from the switch-on of the

instrument to the time of the new event.

- Each proton differential fluence is transported down to

the chip accounting for the 3D shielding from the

payload and the spacecraft around it. Note that it

allows us to account for highly anisotropy of the

shielding distribution.

- The cumulated SEU events are deduced by

multiplying the transported fluence with the chip’s

proton cross section.



Propagating the proton fluence down to the chips requires 

a good knowledge of the 3D shielding surrounding them. To 

do so, the distribution of shielding thicknesses seen by the 

SRAM devices was calculated by a sector analysis carried out 

by MAXAR Company using the FASTRAD software [18]. 

The 3D CAD model of the spacecraft is then simplified to the 

distribution of shielding in the 4π steradians obtained with 

FASTRAD. From GEometry ANd Traking toolkit (GEANT-

4) [19] the matrix (Fig. 4) to transport a spectrum outside E7C

down to the chip can be computed considering the 3D sector

analysis. It is found that protons with energy less than 30 MeV

outside the spacecraft cannot reach the SRAMs.

Fig. 4 Conversion matrix from incident proton energy to transmitted proton 

energy considering E7C 3D shielding. 

B. Device cross sections

A good definition of the proton device cross section is also

crucial to get accurate SEU predictions. Only two parts per 

memory of interest were tested in years 2000s at the University 

Catholic of Louvain (UCL) proton beam [20]. It can be noticed 

that the results obtained from one part to another present 

significant differences (Fig. 5). Moreover, the authors of [20] 

specifies that the tests did not make it possible to define the 

threshold energy given that the UCL accelerator cannot 

reasonably go below 9 MeV. The lack of statistics (number of 

parts tested limited to two) and the indeterminacy of the 

threshold energy leave many degrees of freedom to define a 

precise Weibull fit. To reflect these uncertainties, several cross 

section curves have been defined (Fig. 5 and  

Table I): 

- Xsection 1: Same as [13], threshold energy set at 9

MeV and saturation cross section close to a worst case

given the dispersion of the experimental points.

- Xsection 2: Threshold energy set at 9 MeV and curve

passing through the lowest points (most optimistic

cross section).

- Xsection 3: Threshold energy set at 5 MeV and curve

passing through the highest points (worst-case cross

section).

Fig. 5: Device cross sections for protons (top (a) is for IDT IDT71V3558S 

and bottom (b) is for Samsung K7A801800A 

TABLE I. WEIBULL FIT PARAMETER FOR THE PROTON DEVICE 

CROSS SECTION 

Eth 

[MeV] 
σsat [cm-2] W S 

IDT71V3558S 

X section 1 9 5.64×10-8 8.66 0.54 

X section 2 9 2.82×10-8 8.66 0.2 

X section 3 5 1.07×10-7 100. 0.54 

K7A801800A 

X section 1 9 1.5×10-8 5.8 0.55 

X section 2 9 1.07×10-8 10 0.3 

X section 3 5 2.25×10-8 28 0.55 

C. Environment calculations at the chip

The average fluxes of trapped protons encountered by E7C

during the EOR phase predicted by the AP8 min, AP9 

V1.50.001 Mean, GREEN-p models, and measured by 

ICARE-NG are compared in Fig. 6. The ICARE-NG spectrum 

is deduced from integrated proton channels because these 

measurements are omnidirectional unlike differential channel 

ones. The average integrated spectrum, which covers the 

energy range 49 MeV-121 MeV, is then approximated by an 

exponential spectrum which will be derived to obtain the curve 

presented here. This spectrum is extrapolated for energies 

below 49 MeV and above 121 MeV. Resulting flux in this 

energy range must be considered with great caution. Note that 

the range of interest, given the transfer function (Fig. 4) and 

the sensitivity of the components (Fig. 5), is 30 MeV to around 

100-200 MeV. Beyond that, the fluxes are weak and the

protons will have a minor influence on the total number of

single events.

In the 30-150 MeV range, we notice that the models or 

measurements are relatively close, AP9 V1.50.001 producing 



the highest fluxes while GREEN-p predicts the lowest ones. 

AP8 min and ICARE-NG measurements predict intermediate 

flux levels. 

Fig. 6: Comparison of the differential fluxes of trapped protons averaged 

over the entire EOR phase of E7C predicted by the AP8min, AP9 V1.50.001 

Mean, and GREEN-p specification models as well as restored from the 

measurements of the ICARE-NG monitor 

These spectra are then transported to the chip by applying 

the transfer matrix (Fig. 4). The comparison of proton fluxes 

transmitted at the chip level is shown in Fig. 7. Consistent with 

previous findings, AP9 V1.50.001 Mean provides the highest 

predictions while GREEN-p predicts the lowest transmitted 

fluxes. 

Fig. 7 Comparison of the differential fluxes of protons transmitted to the chip 

of the MEX board and averaged over the entire EOR phase of E7C predicted 
by the AP8min, AP9 V1.50.001 Mean, and GREEN-p specification models 

as well as restored from the measurements of the ICARE- NG monitor. 

D. Results

Finally, the total fluence (transmitted to the chip) from

launch time to each time a new SEU is recorded is convolved 

with the sensitivity curve of each memory in order to obtain a 

forecast of the total number of SEUs induced by the trapped 

protons (Fig. 8 and Fig. 9). In order to analyze the prediction 

impacts of SEU induced by the uncertainty in the definition of 

the cross section curve, three sensitivity curves are used (X 

section 1, X section 2 and X section3), the envelope of the 

cross section being given by X section 2 (minimum value) and 

X section 3 (maximum value). 

Fig. 8 Top four panels: cumulated number of SEUs predicted from ICARE-
NG (a), GREEN-p (b), AP9 V1.50.001 Mean (c) and AP8 min (d) and 

compared with ICARE-MEX measurements during the E7C’s EOR phase on 

the Samsung K7A801800A memory. Bottom panel (e): L* versus time color 

map of > 49.3 MeV proton flux measured by ICARE-NG on board E7C. 

Fig. 9 Top four panels: cumulated number of SEUs predicted from ICARE-

NG (a), GREEN-p (b), AP9 V1.50.001 Mean (c) and AP8 min (d) and 
compared with ICARE-MEX measurements during the E7C’s EOR phase on 

the IDT IDT71V3558S memory. Bottom panel (e): L* versus time color map 

of > 49.3 MeV proton flux measured by ICARE-NG on board E7C. 

In the case of the Samsung K7A801800A memory, in flight 

measurements are systematically between the maximum 



predicted value (X section 3) and the minimum predicted one 

(X section 2) regardless of the model used (AP8min, AP9 

V1.50.001 Mean, GREEN-p) or ICARE-NG measurements 

(Fig. 8). The best performance is obtained with AP8min X 

section 1, AP9 V1.50.001 Mean X section 2, GREEN-p X 

section 3 and ICARE-NG X section 1. In other words, AP9 

V1.50.001 Mean is close to in-flight observations if we 

consider the weakest cross-section curve: AP9 V1.50.001 

Mean would, therefore, tend to overestimate the observations 

made with the Samsung memory. On the other hand, GREEN-

p is close to in-flight observations if we consider the strongest 

cross-section curve: GREEN-p would, therefore, tend to 

underestimate the observations made with the Samsung 

memory. AP8 min and ICARE-NG produce very close results 

and are in agreement with each other. 

In the case of the IDT IDT71V3558S memory, the situation 

is quite different and not necessarily consistent with the results 

obtained previously (Fig. 9). The in-flight measurements are 

only between the maximum predicted value (X section 3) and 

the minimum predicted value (X section 2) with AP9 

V1.50.001 Mean. AP8 min and GREEN-p underestimate in-

flight measurements regardless of the defined cross-section 

curve. More surprisingly, the predictions deduced from the 

ICARE-NG measurements underestimate the in-flight 

measurements whatever the defined cross-section curve. It 

should, however, be remembered that the proton spectrum 

deduced from the ICARE-NG measurements underestimate 

the proton fluxes for energies below 50 MeV and for energies 

above 120 MeV. 

Note that in all calculations the proton environment is 

assumed isotropic. This assumption could also lead to some 

additional uncertainty in the SEU rates evaluation. 

Nevertheless, the anisotropy of the proton environment is 

decreasing with altitude. Whereas it is proven to be large for 

altitudes below 1000 km, it is almost negligible above [21]. As 

a result, the proton peak flux encountered by E7C being about 

at 2800 km altitude it is expected that the isotropy of the proton 

flux assumption is not affecting the results. 

SEU rates measured and predicted by the specification 

models are compared in TABLE II considering 3 cross section 

curves for each of the memories.  Ratios deduced between 

forecasts and measurements (last two columns) are color 

coded: green if the ratio is between 0.8 and 1.2, orange if the 

ratio is between (0.5 and 0.8) and (1.2 and 2), and red if the 

ratio is less than 0.5 or greater than 2. These results cover the 

period 21 June-17 July 2019. In view of the comparisons 

obtained for the two chips, it is extremely difficult to draw 

clear conclusions as to the performance of the specification 

models for an EOR orbit (TABLE II.). We can identify a trend 

but it should be taken with great caution: 

- GREEN-p seems to underestimate the fluxes of

trapped protons.

- AP9 V1.50.001 seems to overestimate trapped proton

fluxes.

- AP8 min seems to produce the best predictions.

TABLE II. SEU RATES MEASURED AND PREDICTED BY THE 

SPECIFICATION MODELS. 
X 

section 
Samsung: 
SEU/day 

IDT 
SEU/day 

Samsung : 
Ratio to 

flight data 

IDT Ratio 
to flight 

data 

Data 0.907 4.338 

AP8 min 1 1.066 3.897 1.18 0.9 

2 0.653 1.676 0.72 0.39 

3 1.299 4 .132 1.43 0.95 

AP9 

V1.50.001 
Mean 

1 1.323 4.909 1.46 1.13 

2 0.824 2.113 0.91 0.49 

3 1.962 6.341 2.16 1.46 

GREEN-p 1 0.68 2.494 0.75 0.57 

2 0.419 1.066 0.46 0.25 

3 0.856 2.777 0.94 0.64 

ICARE-

NG 

1 0.83 2.939 0.92 0.68 

2 0.512 1.258 0.56 0.29 

3 1.216 3.709 1.34 0.86 

IV. COMPARISON OF ICARE-NG MEASUREMENTS WITH 

SPECIFICATION MODELS 

To go beyond previous conclusions, comparisons 

were made between ICARE-NG measurements and 

predictions of the fluxes of trapped protons obtained with the 

AP8 min, AP9 V1.50.001 Mean, and GREEN-p models. To do 

so, each time ICARE-NG measurements are above the 

background noise of the radiation monitor, a forecast is made 

with the each specification models, AP8 min, AP9 V1.50.001 

Mean, and GREEN-p. Only the energy-integrated proton 

channels have been considered because these measurements 

are omnidirectional, unlike the differential ones, which have 

more "directionality" in the measurement and thus make it 

possible to avoid any potential bias linked to a potentially 

highly anisotropic environment. In Fig. 10 the fluxes predicted 

by the specification models at the E7C measurement locations 

are compared with the ICARE-NG measurements for three 

channels, >49.3, >79.36 and >121.6 MeV. To interpret these 

graphs, it is important to keep in mind that we are comparing 

fluxes averaged over long periods of time (AP8 min = several 

years, AP9 = more than one solar cycle, and GREEN-p = 1 

year) with instantaneous proton fluxes (ICARE-NG 

measurements accumulation time is 8s). 

From these comparisons, it turns out that AP8 min 

perfectly reproduces large fluxes (peak of the proton belt in the 

region 1.1<R<1.9). On the other hand, it is clear that AP8 min 

underestimates the proton fluxes in the outer region of the 

proton belt (R> 1.9) because the proton belt is more extended 

towards high altitudes than predicted by AP8 min. The fact that 

AP8 min reproduces large fluxes quite faithfully reinforces its 

good behavior in terms of SEU forecasting, with weak fluxes 

having little impact on the results. 



Fig. 10 Comparison of ICARE-NG measurements with AP8 min model ((a) 
is for > 49.3 MeV, (b) is for > 79.36 MeV and (c) is for >121.6 MeV. The 

color code indicates the radial distance in Earth radii of E7C satellite. 

AP9 V1.50.001 Mean also reproduces the large fluxes 

of trapped protons quite faithfully with a tendency to 

overestimate more and more in-situ measurements as the 

energy increases. In the outer zone of the proton belt, AP9 

V1.50.001 Mean overestimates the fluxes of trapped protons: 

the proton belt seen by AP9 is significantly larger than shown 

by the ICARE-NG measurements. This observation is 

consistent with the conclusions obtained with the SEU 

calculations. 

Fig. 11 Comparison of ICARE-NG measurements with AP9 V1.50.001 

Mean model ((a) is for > 49.3 MeV, (b) is for > 79.36 MeV and (c) is for 

>121.6 MeV. The color code indicates the radial distance in Earth radii of 

E7C satellite.

GREEN-p systematically underestimates the peak 

flux of trapped protons at all energies. On the other hand, 

GREEN-p greatly overestimates the proton fluxes trapped in 

the outer region of the proton belt because the proton belt seen 

by GREEN-p is too extended in altitude. The underestimation 

of the peak flux is consistent with the SEU forecast results. The 

rather consequent overestimation of fluxes in the outer region 

tends to compensate on average for this bias, which makes it 

possible to obtain SEU forecasts relatively close to in-flight 

measurements. 



Fig. 12 Comparison of ICARE-NG measurements with GREEN-p model 

(top is for > 49.3 MeV, middle is for > 79.36 MeV and bottom is for >121.6 

MeV. The color code indicates the radial distance in Earth radii of E7C 

satellite. 

V. CONCLUSIONS

The analysis of the SEU measurements on the 

Samsung and IDT memories and their comparison with the 

predictions made with the trapped proton specification models, 

AP8 min, AP9 V1.50.001 Mean, and GREEN-p does not make 

it possible to define with no doubt which is the most efficient 

model for EOR type orbits. The comparisons obtained from 

one memory to another are not perfectly consistent. This is 

probably linked to too large uncertainties in the proton cross-

section curves obtained from ground tests. In view of all the 

results, the AP8 min model seems to provide the predictions 

most in agreement with the E7C-ICARE-NG-MEX 

measurements while AP9 V1.50.001 tends to slightly 

overestimate them and GREENp slightly underestimate them. 

The comparison of the average fluxes predicted by the 

specification models with the instantaneous flux 

measurements from the ICARE-NG monitor on board E7C 

provides additional information. The peak flux is well 

reproduced by the AP8 min and AP9 V1.50.001 Mean models 

while GREEN-p underestimates it. On the other hand, the 

models all fail in the outer zone of the proton belt where fluxes 

are lower.  

These results seem to confirm that the AP8 min model 

is the most realistic one, even if not perfect, for an EOR orbit 

such as E7C. 
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