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Abstract—CNES and ONERA have developed a radiation 
monitor ICARE-NG to measure protons and electrons in 
radiation belts. This instrument is able to measure a wide range 
of energy for protons and electrons, but no measurements of few 
MeV protons are performed. The objective of this study is to 
extend capabilities of this radiation monitor by adding a low 
energy proton sensor. In this article the design of a detector for 
low energy protons compatible with the ICARE-NG instrument 
is presented. Response functions for protons and electrons of the 
low energy proton detector are calculated using Monte-Carlo 
simulations. The calculation of predicted count rates of particles 
using the AP-8 and AE-8 models will be performed. 

Index Terms—Geant4, Monte-Carlo simulations, proton, 
radiation belts, radiation monitor, response function, space 
environment. 

I. INTRODUCTION 
UE to the magnetic field of the Earth, protons and 
electrons are trapped in a restricted region of the 
magnetosphere and constitute radiation belts [1]. A 

good knowledge of these regions is mandatory to prevent 
damages on satellites or even their loss [2]. While a bunch of 
measurements of proton flux with energies greater than 10 
MeV are available, in-situ measurements of 1-10 MeV protons 
are not common. The challenge to have good measurements of 
low energy protons is to accurately discriminate protons with 
energy of a few MeV to protons with energy of several tens of 
MeV, and to energetic electrons. Such monitors have already 
been developed: MEPED [3] [4], LPT [5], SST [6] and 
RBSPICE [7]. The aim of this study is to design a sensor of 
low energy protons compatible with the existing ICARE-NG 
instrument which flew over several missions as JASON-2 [8] 
and SAC-D [9]. Valid proton energy range measured by 
ICARE-NG on JASON-2 and SAC-D is from 12.8 MeV to 
190 MeV. Such a new sensor will extend this energy range 
down to 2 MeV protons.  

 In section II, a brief presentation of the ICARE-NG 
instrument as well as the geometry of the detector of low 
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energy protons are given. In section III the modelling of the 
instrument is described. In particular, Monte-Carlo 
simulations are outlined. Section IV focuses on numerical 
results of response functions of the detector and the modelling 
of predicted count rates of particles. Finally, conclusions are 
given in section V.  

II. THE INSTRUMENT’S GEOMETRY

 The geometry of the low energy proton detector has to 
satisfy several objectives: (1) an accurate discrimination of 
ionizing particles in a mixed field must be guaranteed, (2) it 
must be compatible with the existing ICARE-NG electronic 
design, and (3) it must be compatible with the actual 
mechanical design of ICARE-NG. Satisfying the second 
constraint imposes to implement a sensor based on solid state 
detectors with coincidence and anti-coincidence modes and to 
measure energy deposition in the 0-10 MeV range 
approximatively. The third objective means that the size of the 
sensor is limited in term of dimension and weight. The first 
objective is much more challenging: for example, in a 700 µm 
thick silicon diode a 1-MeV proton can deposit the same 
amount of energy than a 100-MeV proton or a 1-MeV 
electron. So, the first challenge to face is to reduce the 
contribution of electrons and high energy protons in order to 
get accurate measurements of low energy protons. To reduce 
the contribution of electrons and high energy protons the 
shielding is made of tungsten. However, the Bremsstrahlung 
depends on the square of the atomic number of the element so 
the tungsten fosters this phenomenon. The Bremsstrahlung 
depends also on the energy of the incident electron so to 
reduce this effect aluminum is added on both sides of the 
tungsten to reduce the energy of electrons before they reach 
the tungsten. At the main entrance of the detector, a 
samarium-cobalt magnet is used to deflect the major part of 
electrons before they reach the first silicon diode. Because 
protons are heavier, they are not affected in the energy range 
of interest (few MeV). The magnet is described in section III. 
Aluminum baffles are used to attenuate the scattering of 
particles in the collimator. To improve measurement quality, 
two silicon diodes are used to collimate particles. Moreover, 
diameters of diodes are chosen so as to reduce the contribution 
of particles coming from the sides of the instrument. In 
particular, the diameter of the first diode is lower than the one 
of the second diode. Last but not least, the instrument has to 
be compatible with the ICARE-NG instrument for which the 
complete description can be found in [8]. The ICARE-NG 
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instrument consists of three detector heads (A, B, and C). Both 
sensors A and C are set to measure protons while the Head-B 
measures electrons. Particle fluxes for electrons from 250keV 
to 3.2MeV and for protons from 12.8MeV to 190MeV are 
obtained. The goal now is to be able to implement either the 
actual Head-C of ICARE-NG or the new low energy proton 
sensor with no impact on electronic or mechanical design. 
This leads to other constraints for the geometry of the low 
energy proton detector. The positions of diodes in the new 
detector’s head have to be roughly the same than in the Head-
C. Also, the volume of the new head is limited by other heads 
so the thickness of the shielding must be the same as for the 
Head-C. As the Head-B detects electrons, the low energy 
proton head has to not interact with other heads, especially due 
to the magnetic field produced by the magnet. A steel 
strapping is used to confine the magnetic field inside the head. 
An illustration of the geometry of the low energy proton head 
taking into accounts all the constraints discussed above is 
shown in Fig. 1. 

 
Fig. 1. Cross-section of the geometry of the low energy proton detector. 
Aluminum is represented in grey, tungsten in blue, diodes in pink, steel 
strapping in green, and pieces of samarium-cobalt in hatched areas. 

 The front silicon diode of 700µm thick has a sensitive area 
of 50mm² while the back silicon diode of 300µm thick has a 
sensitive area of 113mm². 

III. THE MODELING OF THE INSTRUMENT 

A. Magnetic field calculation 
The magnet is composed of two samarium-cobalt pieces so 

that the magnetic field is oriented diametrically. The height of 
the samarium-cobalt magnet is a compromise between the 
total volume of the detector and the deflection of electrons. 

The magnetic field of the samarium-cobalt magnet is 
calculated using PS-PERMAG software [10]. The vertical 
cross-section of this calculation is presented in Fig. 2. 

Between the two pieces, the magnetic field is approximately 
uniform. At the center the magnetic field is equal to 0.36T. 
These calculations do not take into account the steel strapping 
which will increase the intensity of the magnetic field between 
the two pieces and confine the magnetic field inside the head. 
Results of this magnetic field calculation are used in Monte-
Carlo simulations to calculate the response of the low energy 
proton detector. 

B. Monte-Carlo simulations 
Response functions of protons and electrons in anti-

coincidence and coincidence modes of the low energy proton  

 
Fig. 2.  Vertical cross-section of the magnetic field produced by the magnet. 

head are computing from Monte-Carlo simulations based on 
the GEANT-4 (“GEometry ANd tracking”) toolkit [11] [12]. 
The geometry of the low energy proton detector is drawn and 
translated into GEANT-4 using FASTRAD Software [13]. In 
these simulations a spherical source with a radius equals to 
4.5𝑐𝑐𝑐𝑐 is assumed with a cosine-law angular distribution for 
velocity vector directions [14]. Five million of tries are 
performed per incident energy. The efficiency of the detector 
is simulated by calculating the geometric factor, GEF, which 
is obtained from the ratio between the number of particles 
detected per channel over the total number of particles 
launched per incident energy. Its expression is given in (1) and 
calculated using [14] and [15]. 

 𝐺𝐺𝐺𝐺𝐺𝐺 = 4𝜋𝜋2𝑅𝑅2
𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑
𝑁𝑁𝑇𝑇𝑇𝑇𝑑𝑑𝑇𝑇𝑇𝑇

 (1) 

where 𝑅𝑅 is the radius of the source. 
At the entrance of the detector, an aluminum foil of 50µm is 

added for Monte-Carlo simulations to take into account the 
MLI (Multi-Layer Insulation) of the satellite which will cover 
the instrument. 

IV. NUMERICAL RESULTS 

A. Response functions 
Proton response functions in anti-coincidence and 

coincidence modes are shown in Fig. 3 and in Fig. 4. 
In Fig. 3 two regions can be highlighted: protons with an 

incident energy lower than 10MeV and protons with an 
incident energy higher than 65MeV. The first part is attributed 
to protons which depose all their energy in the front diode of 
the detector. The second part is attributed to protons which 
cross the shielding before reaching the front diode. 

In Fig. 4 the response function indicates two regimes: 
protons with energies lower than 65MeV which come from the 
aperture of the detector and depose energy in the two diodes, 
and protons with incident energies higher than 65MeV and 
cross the shielding before reaching the two diodes. 

With Fig. 3 and Fig. 4, 2-20MeV protons are measured 
thanks to anti-coincidence and coincidence modes. In the two 
cases, high energy protons cross the shielding and are detected 
with a higher geometric factor than the one of 2-20MeV 
energy protons. 
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Fig. 3. Proton response function in anti-coincidence mode. Geometric factor 
(cm².sr) in incident energy (x-axis)-deposited energy (y-axis) map. 

 
Fig. 4. Proton response function in coincidence mode. Geometric factor 
(cm².sr) in incident energy (x-axis)-deposited energy (y-axis) map. 

Simulations were performed using the same number of 
particles for all incident energies. Nevertheless, in space 
fluxes of particles depend on the energy. Flux models will be 
taken into account in the subsection IV. B. to investigate the 
relative contribution of 2-20 MeV protons and higher energies. 

Electron response functions in anti-coincidence and 
coincidence modes are shown in Fig. 5 and Fig. 6. 

In Fig. 5 some electrons are detected in anti-coincidence 
mode. More precisely, they are mostly photons produced by 
the Bremsstrahlung. If we compare with the geometric factor 
of protons in anti-coincidence, the one in the case of electrons 
is much lower. This is due to the magnet which deflects the 
major part of electrons. In addition, electrons deposit energies 
less than 2MeV so some electrons will be detected only in the 
first channels. 

In Fig. 6 few electrons are detected in coincidence mode but 
with a very low geometric factor. Furthermore, for all these 
simulations (protons and electrons) no threshold has been 
taken into consideration to filter out low energy depositions 
(and electronic noise by the way). 

With a threshold set at 0.5MeV for example, which is the 

 
Fig. 5. Electron response function in anti-coincidence mode. Geometric factor 
(cm².sr) in incident energy (x-axis)-deposited energy (y-axis) map. 

 
Fig. 6. Electron response function in coincidence mode. Geometric factor 
(cm².sr) in incident energy (x-axis)-deposited energy (y-axis) map. 

case for the Head-A of ICARE-NG, few electrons would be 
detectable only in anti-coincidence mode. 

These response functions characterize the efficiency of the 
sensor to measure protons and electrons, but do not take into 
consideration particles distribution. In subsection IV. B, 
response functions and fluxes of particles are used to simulate 
particles’ counts that will be returned by the instrument. 

B. The modeling of calculated counts of particles 
Fluxes of particles depend strongly on the satellite’s 

location in the radiation belts. To take into account the 
response functions of the detector and particle distributions, 
expected count rates for each channel are computed. The 
expression of count rates for a given deposited energy channel 
is provided in (2) and extracted from [16]. 

𝐶𝐶 = � � 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝐺𝐺,𝛼𝛼𝑇𝑇𝑇𝑇𝑙𝑙𝑇𝑇𝑇𝑇) × 𝑀𝑀𝑀𝑀𝑀𝑀(𝐺𝐺,𝛼𝛼𝑇𝑇𝑇𝑇𝑙𝑙𝑇𝑇𝑇𝑇) × 𝑑𝑑𝐺𝐺𝑑𝑑𝛼𝛼𝑇𝑇𝑇𝑇𝑙𝑙𝑇𝑇𝑇𝑇
𝐸𝐸𝛼𝛼𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

 (2) 

where 𝑀𝑀𝑀𝑀𝑀𝑀(𝐺𝐺,𝛼𝛼𝑇𝑇𝑇𝑇𝑙𝑙𝑇𝑇𝑇𝑇) and 𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓(𝐺𝐺,𝛼𝛼𝑇𝑇𝑇𝑇𝑙𝑙𝑇𝑇𝑇𝑇) are respectively the 
geometric factor and the unidirectional differential flux at a 
given incident energy and local pitch-angle. In a first step, 
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particle fluxes will be considered isotropic at spacecraft 
locations so response functions computed from an isotropic 
source will be adopted. After [17] [18] and [19] a correction 
factor is applied to electron fluxes with energies greater than 
800 keV at L<2.5 returned by AE-8 model [20] [21]: AE-8 
fluxes are divided by a factor 100 for 𝐿𝐿 < 2.5 and for energies 
greater than 800 keV.  Count rates are calculated for all 
deposited energy channels along the magnetic equator. Results 
obtained for the anti-coincidence mode are shown in Fig. 7. 

Fig. 7. Count rates of particles in McIlwain L-parameter (x-axis)-deposited 
energy (y-axis) map for the low energy proton detector in anti-coincidence 
mode. 

 Count rates obtained in Fig. 7 exhibit three regions. The 
first one with a red contour indicates count rates dominated by 
protons with energies greater than 65 MeV. The second one 
represented in green points out count rates dominated by 
energetic electrons. For the third one (with no specific 
contour) 2-20MeV protons dominate count rates. Clearly, the 
adopted sensor geometry allows discriminating 2-20 MeV 
protons accurately in a large radiation belt domain, and 
particularly allows sampling the pic flux. For 𝐿𝐿 < 1.7 high 
energy protons dominate count rates but their contribution 
cannot be easily removed since these protons cross the 
aluminum-tungsten shielding. To limit even more their 
contribution the shielding has to be thicker. But design 
constrains to fit with the actual ICARE-NG radiation monitor, 
make it difficult to increase again mass and volume of the low 
energy proton sensor. 
 In the final version of the paper, results for the coincidence 
mode will be discussed. Also, count rates of low-energy 
protons will be calculated by taking into account the pointing 
direction of the monitor according to the magnetic field. 

V. CONCLUSION 
A new sensor of low energy protons has been designed. This 

sensor is compatible with the ICARE-NG instrument and can 
replace the Head-C according to the needs. Monte-Carlo 
simulations have been performed to calculate response 
functions of the sensor. By combining response functions 
calculated with GEANT4 and particle fluxes given by AP-8 
and AE-8 models, predicted count rates have been calculated. 

Sensor performances indicate that the detector is sensitive to 
2-20MeV protons for 1.7 < 𝐿𝐿 < 3.5. 
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