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The study of the anisotropy's influence on the response function of radiation monitors

Some satellites are equipped with radiation monitors used to scan different regions of the magnetosphere. Data processing of these monitors show that a lot of particles are detected during descending orbits (when latitude goes down) if we compare with ascending orbits (when latitude goes up) in the case of the Argentinian satellite SAC-D. Indeed, monitors do not always look in the same direction in respect to the local magnetic field for a same region of space depending on the type of orbit. These data reflect anisotropy in radiation belts and the objective is to study the anisotropy's influence on the response function of radiation monitors. Also, a comparison between two Monte-Carlo methods, GEANT4 and MCNPX, will be performed.

I. INTRODUCTION 1

Since their discovery in 1958 by Explorer and Pioneer probes, the Earth's radiation belts are widely studied especially because energy of particles are very high and may cause damages on human bodies and on spacecraft, sometimes leading to their loss. In order to better understand radiation belts, monitors fly on satellites to give more information about particles in radiation belts.

This paper focuses on the CNES ICARE-NG instrument aboard the Argentinian satellite SAC-D, which flew between June 10, 2011 and June 8, 2015. The description of the satellite and instrument can be found in [START_REF] Boscher | In-Flight Measurements of Radiation Environment on Board the Argentinean Satellite SAC-D[END_REF]. In particular, ICARE-NG points always the same direction, which is 45° from the zenith and from the satellite velocity (see [START_REF] Boscher | In-Flight Measurements of Radiation Environment on Board the Argentinean Satellite SAC-D[END_REF] for more details). When the satellite is flying on descending orbits, the ICARE-NG monitor records fluxes higher than the ones for ascending orbits as shown on Fig. 1. This is the observation of the anisotropy of the environment, observation that we will explain using Monte-Carlo codes to obtain the response function of the ICARE-NG instrument, and then use magnetic field data available through the IRBEM library to have the number of detected particles according to pitch angle and the incoming particles' energy depending on the position of the satellite. In section II, the design of the ICARE-NG's A head is described, and the comparison between response functions of the A head obtained thanks to GEANT4 [START_REF]Geant4: A toolkit for the simulation of the passage of particles through matter[END_REF] and MCNPX [START_REF] Pelowitz | MCNPX User's Manual[END_REF] is presented. Section III focuses on GEANT4 simulations for the ICARE-NG monitor aboard the SAC-D satellite. In particular, the influence of the satellite's position on privileged directions of incoming particles is studied with the establishment of matrices describing the number of detected particles according to the equatorial pitch angle for several satellite's positions and type of orbit (ascending or descending orbit).

II. COMPARISON BETWEEN GEANT4 AND MCNPX

The complete description of the ICARE-NG instrument can be found in [START_REF] Boscher | In Flight Measurements of Radiation Environment on Board the French Satellite JASON-2[END_REF]. The instrument is made of three detectors (heads A,B and C). In this paper we focus only on the A head, which has a pair of 500µm thick silicon diodes that we can combine into an anti-coincidence or coincidence mode in output.

Response functions of the A head are calculated using two Monte-Carlo codes in order to compare them: MCNPX and GEANT4. For this purpose, exactly the same geometry of the ICARE-NG instrument is used, and deposited energy is recorded through 128 channels. The geometry for GEANT4 was done using FASTRAD Software [5]. For simulations, incident energies are defined from 14MeV to 150MeV by step of 2MeV for protons and from 0.4MeV to 10MeV by step of 50keV for electrons, and as output we have a file for each incident energy containing the ratio number of particles detected per channel over the total number of particles launched by incident energy. Source of particles is a sphere around the detector. Response functions to protons in anticoincidence and coincidence modes established by GEANT4 are respectively presented in Fig. 2 and Fig. 3, with the absolute relative difference between GEANT4 and MCNPX response functions. For both anti-coincidence and coincidence modes matrices for GEANT4 and MCNPX are the same. Differences got in the difference response function matrices for both modes are located on the noise. Indeed, it corresponds to regions where the geometric factor is weak and a small difference between the value of the geometric factor for the GEANT4 calculation and those of the MCNPX calculation leads to a big relative difference while it is just noise. However, in conclusion for protons GEANT4 and MCNPX results are identical.

Same results for the case of electrons are presented in Fig. 4. MCNPX and GEANT4 results are not perfectly equivalent. A large part of matrices are quite identical but for energies deposited more than 1MeV some differences are visible for the upper part of the electron response function, indeed GEANT4 counts more particles than MCNPX. Electrons scatter and emit secondary radiations that can be better taken into account in the case of GEANT4 calculations. Additional curves will be added in the final version of the paper, in particular some sections at different incident energies for each matrices to better compare results from GEANT4 and MCNPX and thus better visualize protons equivalence and the difference for electrons.

Otherwise, calculation time for a given incident energy is the same for GEANT4 and MCNPX. However, only one simulation is needed per incident energy in the case of GEANT4, while MCNPX needs two simulations: anticoincidence and coincidence, which saves time concerning GEANT4. Then, both codes can be parallelized. Another important difference is that the user can have more results at the output thanks to GEANT4. In particular, contrary to MCNPX it allows to have initial position and velocity of particles, which are needed to calculate pitch angle. To conclude, MCNPX and GEANT4 are equivalent to establish proton response function, and GEANT4 seems to be more efficient in the case of electrons but note that electron matrices are however quite similar. MCNPX has the advantage of being easier to install and use but GEANT4 provides more output results, including the initial velocity vector of incident particles, it is for this reason that for the study of the influence of the anisotropy the simulations will be made using GEANT4. 

III. THE INFLUENCE OF THE SATELLITE'S POSITION ON PRIVILEGED DIRECTIONS OF INCOMING PARTICLES

We concentrate here on the directionality's study for protons in coincidence mode. Indeed, to be able to see the anisotropy we must have a narrow field of view otherwise because of the angle averaging for a larger field of view (in the case of anti-coincidence) the anisotropy would not be visible.

In order to study the anisotropy it is necessary to have particles information and the magnetic field for each point of the orbit. Particles coordinates and their velocity vector provided by GEANT4 are expressed in the ICARE-NG system while the magnetic field is expressed in the geographic (GEO) system. Knowing the position of ICARE-NG on the satellite (see [START_REF] Trad | SAC-D CARMEN -Analyse sectorielle[END_REF]), coordinates initially in the monitor system can be converted into the satellite system. Then, the satellite's orientation allows to have the satellite's velocity along the x axis of the satellite system, and the z axis of the satellite is in the direction of the Earth so coordinates can be expressed in the geodesic system. Finally, geodesic coordinates are converted into geographic coordinates using the IRBEM library [START_REF] Bourdarie | The International Radiation Belt Environment Modeling (IRBEM) library[END_REF], which is the same library used to get the magnetic field. For each point of the orbit it is possible to get the pitch angle α of a particle, defined as the angle between the direction of the magnetic field and those of the velocity vector of particles. According to the conservation of the first adiabatic invariant along a drift shell we have:

1 𝐵𝐵 𝑚𝑚 = 𝑠𝑠𝑠𝑠𝑠𝑠²(𝛼𝛼 𝑒𝑒𝑒𝑒 ) 𝛼𝛼 𝑒𝑒𝑒𝑒 = 𝑠𝑠𝑠𝑠𝑠𝑠²(𝛼𝛼 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ) 𝛼𝛼 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (1)
with 𝛼𝛼 𝑒𝑒𝑒𝑒 the equatorial pitch angle, 𝛼𝛼 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 the pitch angle of the particle at the considered position, 𝐵𝐵 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 is the magnetic field at the considered point and 𝐵𝐵 𝑒𝑒𝑒𝑒 the magnetic field at the magnetic equator. We are interested in dates for which the SAC-D satellite flies over the SAA to have high fluxes. To study the anisotropy of the space environment along a magnetic field line we use the property of the terrestrial magnetic field which is tilted and off-center compared with the rotation axis of the Earth associated to a protons trapped environment stable along time. Hence, the SAC-D satellite will cross the same drift shell at different longitude and so different values of In order to study the influence of the satellite's position along a drift shell over the angle distribution of particles detected by the instrument three positions are considered, identified as red crosses on Fig. 5. For each position, two configurations are possible: ascending orbit and descending orbit.

The equatorial pitch angle which defines the loss cone is such that the particle has a mirror point at an altitude of 100km during its drift along a given drift shell. Thanks to the equation (1) only the minimal magnetic field value obtained at 100km during a drift (limit point for the mirror point beyond which particles precipitate in the upper atmosphere), and the magnetic field value at the magnetic equator are necessary to calculate the equatorial pitch angle. These values are obtained using IRBEM library. For L=1.185 in the case of the SAC-D satellite the limit equatorial pitch angle of the loss cone is equal to 66.27°. The Fig. 6 represents the number of detected protons in an incident energyequatorial pitch angle map for each three positions represented on the Fig. 5, each for ascending and descending orbits. In Fig. 6, the horizontal red lines for an equatorial pitch angle equals to 66.27° represent the value of the angle of the loss cone. There is an absence of particles beyond 55° for matrices on the left, 73° for matrices on the center, and no cut-off for matrices on the right so an angle nearly equals to 90°. These values are the limit equatorial pitch angle for given longitudes (cf Fig. 5), limit angles beyond which the sensor does not detect particles regardless of the loss cone. Indeed, this is due to the position of the satellite when it is advanced enough along the field line and so particles with a high equatorial pitch angle have a mirror point between the magnetic equator and the satellite, hence satellite does not see these particles because they reach their mirror point before reaching the satellite. Hatched areas on Fig. 6 represent particles with an equatorial pitch angle as they are not seen by the monitor. Concerning matrices on the left of Fig. 6 (for ascending and descending orbits), there are only particles with an equatorial pitch angle less than the angle of the loss cone for ascending and descending orbits, so the ICARE-NG instrument does not detect trapped particles in the radiation belts. For the pair of figures on the center of Fig. 6, only few particles have an equatorial pitch angle higher than the one of the loss cone, but more particles are detected in the case of the descending orbit. For the third set of matrices, on the right of Fig. 6, a lot of particles have an equatorial pitch angle higher than the one of the loss cone, and there are therefore trapped and so susceptible of being detected in large number by the monitor. Conversely, most of particles for the ascending orbit have a pitch angle less than the one of the loss cone, so there are lost by precipitating in the upper atmosphere, hence the monitor detects a small amount of particles.

Observations get thanks to the A head of the ICARE-NG instrument illustrated on Fig. 1 are in agreement with GEANT4 simulations. These simulations explain qualitatively the difference of the number of detected particles between ascending and descending orbits by highlighting the existence of privileged pitch angles and thus privileged directions.

To characterize this anisotropy, the final paper will contain comparison between different models to describe the evolution of the omnidirectional flux according to the equatorial pitch angle.

IV CONCLUSIONS

The comparison between GEANT4 and MCNPX calculations for the ICARE-NG instrument allows to conclude that for protons GEANT4 and MCNPX are equivalent to establish a response function, but GEANT4 counts more particles than MCNPX in the case of electrons. Moreover, GEANT4 gives more results at the output and the user can control parameters which is not always the case for MCNPX.

Then, results obtained in the Fig. 6 highlight the influence of the anisotropy on response function of the ICARE-NG instrument. Angles for those a high number of particles (red parts on matrices) are privileged equatorial pitch angles for a given position of the satellite along its orbit. These privileged angles are not the same according to the satellite's position and so characterize the influence of the anisotropy on the response function of ICARE-NG. The number of particles seen by the instrument depends a lot on the position of the satellite along its orbit and its orientation according to the local magnetic field.
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 1 Fig. 1 -Maps of the 65MeV protons flux (MeV -1 cm -2 s -1 sr -1 ) measured by ICARE-NG during January 2015. Top panel: measurements for descending orbits. Bottom panel: measurements for ascending orbits.
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 2 Fig. 2 -Top panel: GEANT4 calculation result for protons in anti-coincidence mode. Geometric factor (cm 2 .sr) in an incident energy (X-axis) -deposited energy (Y-axis) map from the A head of ICARE-NG aboard SAC-D. Bottom panel: Relative difference between GEANT4 calculation result and MCNPX calculation result in an incident-deposited energy map.
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 3 Fig. 3 -Top panel: GEANT4 calculation result for protons in coincidence mode. Geometric factor (cm 2 .sr) in an incident energy (X-axis) -deposited energy (Y-axis) map from the A head of ICARE-NG aboard SAC-D. Bottom panel: Relative difference between GEANT4 calculation result and MCNPX calculation result in an incident-deposited energy map.
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 4 Fig. 4 -Top panel: GEANT4 calculation result for electrons in anticoincidence mode. Geometric factor (cm 2 .sr) in an incident energy (X-axis)deposited energy (Y-axis) map from the A head of ICARE-NG aboard SAC-D. Bottom panel: Relative difference between GEANT4 calculation result and MCNPX calculation result in an incident-deposited energy map.

  [START_REF] Boscher | In-Flight Measurements of Radiation Environment on Board the Argentinean Satellite SAC-D[END_REF], this allows to observe different pitch angle for a same drift shell as illustrated on Fig.5for L=1.185.
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 5 Fig. 5 -Evolution of the limit equatorial pitch angle according to the longitude of SAC-D for a given drift shell for L=1.185 and an altitude equals to 664km.
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 6 Fig. 6 -Number of protons detected in coincidence mode in an incident energy (X-axis) -equatorial pitch angle (Y-axis) map. This for a field line as L = 1.185 and an altitude equals to 664km. Ascending orbits (top panel) and descending orbits (bottom panel) are classified according to increasing longitudes from left to right.