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Abstract

:

The study of suitable materials to shield astronauts from Galactic Cosmic Rays (GCR) is a topic of fundamental importance. The choice of the material must take into account both the secondary radiation produced by the interaction between primary radiation and material and its shielding ability. The physics case presented here deals with the interaction of a proton beam with a Nomex shield, namely, a target material with a mass thickness of 20 g cm−2. The study was conducted with the simulation code DOSE based on the well-known simulation package Geant4. This article shows the properties of secondary radiations produced in the target by the interaction of a proton beam in an energy range characterizing the GCR spectrum. We observed the production of ions of masses and charges lower than the chemical elements that make up Nomex, and also a significant production of neutrons, protons, and 𝛼 particles.
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1. Introduction


Interplanetary travels are a real challenge for crews due to the very different living conditions from those in which humans usually live on Earth. Physical stress due to microgravity and the mixed composition of space radiation represent a potential showstopper to human exploration of space. In the space environment, there are energetic particles of different origins [1]. The dominant radiation with a very wide spectrum in energy, up to about 0.1 TeV, is constituted by the Galactic Cosmic Rays (GCR). The GCR [2] are composed of protons (87%), alpha particles (12%), and a relatively small amount of heavier nuclei (~1%) arriving from outside the heliosphere [3,4,5,6,7,8]. These particles continuously enter the solar cavity and are isotropically distributed. The energy spectrum of GCR is described by the differential intensity or differential flux φ(E). The cyclical variations of the sun’s magnetic fields coupled with the interactions of the GCR with the solar wind modulate the spectrum of the GCR [9]. A differential energy spectrum for hydrogen can be obtained by using the SPENVIS {SPace ENVironment Information System} software (version 4.6.10) [10], as shown in Figure 1.



The spectrum has been normalized to the maximum and ranges from 50 to 1000 MeV. The GCR CREME96 model [11] implemented in SPENVIS is based on the semiempirical model of Nymmik [12,13]. This model fixes the parameters that describe the variations of the flux of the particles (electrons, protons, and nuclei) that make up the GCR with the energy of 10 ÷ 105 MeV/A in the space immediately surrounding the Earth beyond the terrestrial magnetosphere.



Currently, shielding is the only simple countermeasure to prevent exposure to radiation. Protection of astronauts from cosmic radiation, therefore, involves inevitable compromises in the design of equipment, for instance, suits and storm shelters, and concerns construction materials of the spacecraft. The high energy part of cosmic radiation and the consequent physical processes activated by the interaction between radiation and matter, such as nuclear reactions, makes the description of secondary radiation, potentially more harmful, very complex. It is, therefore, crucial to study (1) how cosmic radiation interacts with the shielding materials by selecting the possible physical processes involved, and (2) if the secondary radiation produced can be harmful, having the potential to escape from the shielding material.



This work shows the results obtained by a Monte Carlo simulation of the proton—shield interaction by taking into account the molecular constitution of the shield. For this specific work, we have used the Nomex material. The physical models of the electromagnetic and hadronic interactions were implemented in the code DOSE developed on the basis of the tool Geant4, as discussed in detail in previous work [14]. The code DOSE has been validated using tabulated and experimental data available only for 1 GeV protons [14,15].



The aim of the present work is to extend the calculation of the production of secondary radiation in the target in a wider energy range characterizing the GCR spectrum in Figure 1. Calculations were performed at different energy values of the primary proton beam in order to explore the reliability of the code DOSE in describing the physical interaction processes, i.e., the nuclear reactions that take place and, hence, the consequential production of secondary particles.



The choice of the proper material for shielding also concerns its ability to minimize the escape of secondary radiation. In future work, we will show the implementation of the transport of secondary radiation with the aim to evaluate the dose absorbed by the astronauts behind the shield. The present work is to be considered as a natural continuation of the work reported in [15].




2. Materials and Method


Physical Processes



A short overview of the physical processes implemented in DOSE is given for completeness. A charged particle, such as a proton, moving in a material, loses energy almost continuously by inelastic Coulomb interaction with electrons and is slightly deflected from its initial direction. The interaction with the atomic nuclei gives rise either to elastic/inelastic collisions or nuclear reactions. In particular:




	
Inelastic collisions with the atomic electrons of the material produce ionization or excitation of the atoms of the medium and energy loss of the charged incident particle.



	
Elastic collisions in the Coulomb field of nuclei, although less frequent, lead to negligible energy loss while significantly changing the trajectory of the incident particle.








The amount of energy loss in each collision in both cases is a very small fraction of the initial kinetic energy of the incident particle. However, since the number of collisions per unit of travel is very high, the result is a significant cumulative energy loss with small fluctuations. The interaction of the charged particles is essentially of the electromagnetic type. Electromagnetic interactions are predominantly elastic collisions, i.e., collisions in which energy is transferred from one particle to another, but the oncoming particles retain their identity. However, there are numerous mechanisms of particle production in the interactions of high-energy particles in matter. The high energy protons (up to 0.1 TeV) that interact with a material give rise to nuclear collisions with the atomic nuclei in the shield and may produce hadrons (protons, neutrons, charged pions) or other nuclei, which in turn can have further nuclear collisions; other particles, such as neutral pions will decay almost instantly and whose products may initiate electromagnetic showers. In addition to fast hadrons, nuclear collisions also give rise to low-energy (MeV) neutrons, protons, light ions (alpha particles), and gamma rays, which are emitted during the de-excitation of the target nuclei. Neutrons can be highly penetrating and can escape the material unless they undergo multiple elastic nuclear collisions until they thermalize and are captured. Eventually, the residual nuclei of elastic and inelastic collisions can also further interact with neighboring nuclei [16].



In this scenario, the type of secondary particles and their absorption inside the shield are critical properties of the shielding material. Secondary radiation escaping the shield might be less harmful than the primary one (preferred feature) or can be even more harmful, depending on the nature of the incident flux and the chemical composition of the shield. The effects of nuclear interactions on the radiation environment behind the shield are very different in the two cases: proton–nucleus collisions tend to make the environment behind the shield more dangerous [17,18,19], whereas nucleus–nucleus collisions tend to do the opposite [20].




3. Geant4 Tool and DOSE Code


Geant4 is a versatile and powerful toolkit to simulate the passage of particles through matter [21,22]. It includes a large variety of physics functionality for each particle type in the energy range from a few eV to several TeV. It is possible to construct a detailed geometry that reproduces the irradiation conditions. Geant4 allows users to choose among a wide range of models, driven by theory or data or based on parameterizations to describe the different physical phenomena depending on particle type and energy range. With respect to other general-purpose Monte Carlo systems for particle transport, Geant4 is characterized by the peculiarity of encompassing a very large variety of physics modeling options [23]. Users are responsible for selecting the physics configuration of their experimental applications; the nature of Geant4 as a toolkit prevents the definition of any “default” physics configuration.



The validation process of the code DOSE was carried out in two steps: (1) comparison of calculation results with experimental data available in the NIST database [14], i.e., Validation of the Electromagnetic Physical Processes; (2) comparison of simulation results with the experimental data collected at the NASA Space Radiation Laboratory in Brookhaven, namely, measurements performed by bombarding an aluminum slab with a 1 GeV proton beam [14,24,25,26]. The flowchart in Figure 2 shows the processes implemented in DOSE. A detailed description of the models and the energy range of validity associated with each process are reported in the Physics Reference Manual [27].




4. Geometry Used in the Calculation and Choice of the Shield Material


In this work, the calculations are performed considering the experimental setup, which is shown schematically in Figure 3. The simulated geometry consists of an extended proton source, with a diameter of 20 cm, energy ranges from 50 MeV to 1000 MeV, in a vacuum. As a target, instead of the aluminum used in Loffredo et al., 2017 [14], we now use a Nomex slab (ρ ∼ 1.15 g/cm3), in the shape of a parallelepiped, with a thickness of 20 g/cm2 (whereby z = 17.4 cm) in the direction of the primary beam and an area of 30 × 30 cm2 facing the beam. Such a thickness is typical of the storm shelters used by the crew during intense Solar Particle Events (SPEs) [4,14].



For each energy value, a run of 1.5 × 106 events was simulated.



The Nomex chemical composition is shown in Table 1.



The Table 2 shows the models implemented in Geant4 and used DOSE. The energy cut thresholds are set to the Geant4 default values.



As already discussed, the shield that can be used in space must possess fundamental characteristics, including the capacity to absorb the secondary radiation generated by the interaction of the primary beam with the atomic nuclei of the chemical elements, this secondary radiation being the largest contribution to the dose absorbed by the astronauts. The choice of the Nomex [28,29] materials for this test is inspired by a previous study [15] concerning the shielding effectiveness of some materials suitable for applications in space. Nomex was the best in terms of dose reduction to astronauts in the case of the interaction with 1 GeV protons [15]. In Nomex, there is a percentage of air due to the honeycomb structure. It is known that hydrogen is effective in shielding against GCR [30] because it breaks up the heavy ions by forming smaller, less harmful fragments [31], which are mostly absorbed inside the shield.




5. Results: Mass, Charge, and Energy Distributions of Secondary Particles


Figure 4 shows the yield of secondary particles as a function of the atomic and mass numbers (Z and A, respectively) produced in the proton–Nomex interaction. Since the production rates depend on the processes that open with the increase of proton energy, we investigate how the production of secondary particles evolves with the bombarding energy. We selected a few energy values within the energy spectrum of GCRs shown in Figure 1 to give an overview of such evolution.



At all energies, in the calculation results, we can identify three main production clusters located (1) at the larger masses around the mass of 37Cl, (2) around the masses of 12C and 14N, (3) in correspondence of the light-particle masses with atomic number Z ≤ 2. The presence of these three clusters provides the first indication that protons impinging on C, N, and Cl nuclei produce composite systems, as a consequence of the proton capture that deexcite by emitting light particles in a cascade. Particle emission can be evaporation-like (producing a Maxwellian energy spectrum, more likely at the lowest proton energy) or of the pre-equilibrium type (with a non-Maxwellian energy spectrum extended up to almost the beam energy). The mass range or width of clusters 2 and 3 depend on the excitation energy and increase with the proton energy. Such a trend is expected since the highest the excitation energy, the more particles are evaporated, and the lightest is the residual nucleus. As a consequence, on the light particle side (cluster 3), the increase of the excitation energy opens more decay channels, decay cascades are longer, and deuterons, tritons, and 3,4He emissions become more probable. Such an increase is clearly visible in Figure 4. The relative population of the ions that differ by one unit of mass and charge from 12C, 14N, and 37Cl can also slightly change because direct reaction channels are opened at larger proton energy. However, this effect is limited to such mass and charge regions since protons can only produce knockout of protons or neutrons or a pickup of a neutron. Thus, the production of secondary protons and neutrons can also have a slight contribution from these direct channels. The extension of clusters 2 and 3 towards smaller masses and charges reaches saturation at energies above 200 MeV because the wavelength of the relative motion becomes so small that nuclei are transparent to protons and productions of different particles (e.g., muons, pions, etc.) become the predominant channels via inelastic direct channels such as p-p and p-n. This behavior is also reflected in the spectra of the atomic number of the secondary fragment in Figure 5 and in the energy spectra shown in Figure 6. The energy spectra are dominated at the lowest energies by light particles, as, for instance, the emission from compound nuclei, while direct reactions are the dominant production processes at all beam energies. The energy spectra are consequently of continuous type. The energy peak at around the beam energy shows up at the highest energies being the consequence of the smaller wavelength and higher transparency of the nucleus to the incoming protons and the opening of the p-p and p-n direct inelastic interactions.



A further feature common at all energies is the copious production of neutrons. This is because merely all nuclear collisions (except elastic) that are involved produce neutrons. Being neutrons more penetrating than charged radiations, their contribution to the dose absorbed by the astronauts can be relatively very large. Therefore, the capability of the shielding material to reduce the escape of neutrons is a challenge for the development of any shielding material.



The overall picture coming from the mass, charge, and energy distributions of the secondary products is therefore consistent with expectations of the general trend of nuclear reaction mechanisms with the bombarding energy. It is important to remark that, as a second step, the code DOSE takes care of the transport of these secondary particles in the medium. In principle, such particles, besides being slowed down by electromagnetic interactions, may interact again with the nuclei in the medium and give rise to hadronic processes (capture, inelastic processes, evaporation) of the same type of the one already discussed. Therefore, the check on the reliability of the implementation of those processes that forge secondary particles gives confidence that the transport of secondary radiation is also performed in a reliable manner.




6. Summary and Conclusions


In this work, we explored the production of secondary radiations produced in the interaction of a proton beam of energies up to 1 GeV with a shield made with Nomex material of the known chemical composition. The code DOSE was used to simulate the interaction of the protons with the atoms in the shield. We have analyzed the production of secondary radiation in the target from the point of view of the implemented processes. We remarked the production of ions of masses and charges lower than the original chemical elements, but also a consistent production of neutrons, protons, and alpha particles.



As secondary radiation can escape the shield and possibly be more harmful than the incoming radiation (for instance, neutrons because of their higher penetrability), it is necessary to consider the transport of this secondary radiation in the same shielding material and to evaluate the dose absorbed as a function of the distance from the shield. This part of the work will be the subject of an article in preparation.
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Figure 1. The differential energy spectra for hydrogen obtained using the SPENVIS software. 






Figure 1. The differential energy spectra for hydrogen obtained using the SPENVIS software.



[image: Applsci 12 02643 g001]







[image: Applsci 12 02643 g002 550] 





Figure 2. Flowchart concerning the processes implemented in the DOSE application. 
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Figure 3. Experimental setup used in the simulation. 
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Figure 4. Computed atomic and mass numbers (Z, A) of the secondary particles produced as a result of the proton¬-Nomex interaction for different energy values that characterize the spectrum of GCRs. (a) 50 MeV, (b) 100 MeV, (c) 200 MeV, (d) 500 MeV, (e) 800 MeV, (f) ~1000 MeV. 
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Figure 5. Computed atomic numbers and event frequency of the secondary particles produced as a result of the proton-Nomex interaction for different energy values that characterize the spectrum of GCRs. The three clusters of high (1), middle (2), and low (3) masses are highlighted. (a) 50 MeV, (b) 100 MeV, (c) 200 MeV, (d) 500 MeV, (e) 800 MeV, (f) ~1000 MeV. 
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Figure 6. Energy spectra for the secondary products. For each energy, the spectrum is independently normalized to the total yield (y). (a) 50 MeV, (b) 100 MeV, (c) 200 MeV, (d) 500 MeV, (e) 800 MeV, (f) ~1000 MeV. 
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Table 1. Thickness, density, and composition of the Nomex target used as a shield in space.
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	Target
	Thickness (cm)
	ρ (g/cm3)
	Composition





	Nomex
	17.4
	1.15
	[H(4%)C(54%)N(9%)O(10%)Cl(23%)]45% + [N(70%) O(30%)]55%
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Table 2. The models implemented in the Geant4 package and used in the DOSE application. Default parameters are used.
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	Particles
	Models





	e−, e+, γ
	Penelope



	Protons
	CHIPSElastic, Bertini, Binary



	Neutrons
	HP Elastic, LElastic, CHIPSElastic, HP Inelastic Model, Bertini, Binary



	Ions
	Binary
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