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Abstract

:

Understanding the radiation environment near the lunar surface is a key step towards planning for future missions to the Moon. However, the complex variety of energies and particle types constituting the space radiation environment makes the process of replicating such environment very difficult in Earth-based laboratories. Radiation transport codes provide a practical alternative covering a wider range of particle energy, angle, and type than can be experimentally attainable. Comparing actual measurements with simulation results help in validating particle flux input models, and input collision models and databases involving nuclear and electromagnetic interactions. Thus, in this work, we compare the LET spectra simulated using the Monte Carlo transport code PHITS with measurements made by the CRaTER instrument that is currently orbiting the Moon studying its radiation environment. In addition, we utilize a feature in PHITS that allows the user to run the simulations without Vavilov energy straggling to test whether it is the root cause of erroneous phenomena exhibited in similar studies in literature. The results herein show good agreement between the LET spectra of PHITS and the CRaTER instrument. They also confirm that using a Vavilov distribution correction would ultimately provide a better agreement between CRaTER measurements and the previous LET spectra from the transport codes HETC-HEDS and HZETRN.
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1. Introduction


With the increased interest in crewed missions to the Moon, it becomes important to properly understand the radiation environment near the lunar surface to assure the safety of future astronauts. One of the instruments currently orbiting the Moon to study its radiation environment is the Cosmic Ray Telescope for the Effects of Radiation (CRaTER) aboard the NASA’s Lunar Reconnaissance Orbiter (LRO), which was launched to lunar orbit in 2009. As described in [1],




A NASA-established LRO Objectives/Requirements Definition Team (ORDT) identifies the following high-priority objective for this initial robotic mission in the Lunar Exploration Program (LEP): “Characterization of the global lunar radiation environment and its biological impacts and potential mitigation, as well as investigation of shielding capabilities and validation of other deep space radiation mitigation strategies involving materials.”





In response, the CRaTER instrument was designed to satisfy this objective by characterizing the global lunar radiation environment and its biological impacts. The instrument investigates the effects on tissue-equivalent plastic (TEP) of incident galactic cosmic rays (GCR) and solar energetic particles (SEP) impinging in the detector, as well as any secondary radiation produced by their interactions, including interactions with the lunar surface, to inform constraints for models of biological response to radiation in the lunar environment. This is accomplished by measuring linear energy transfer (LET) spectra from approximately 0.1 keV  μ m    − 1    to 2.2 MeV  μ m    − 1   , behind different areal densities of TEP and levels of solar activity and GCR flux.



Since replicating the space radiation environment in Earth-based laboratories is a difficult process due the large variations in energies and particle types, radiation transport codes provide a practical alternative to study space radiation in wider ranges of particle energy, angle, and type than can be experimentally attainable. Comparing measured and simulated results helps in characterizing the experimental data, validating transport codes, and improving the understating of the underlying radiation mechanisms. The high energy aspect of the space radiation makes measurements by the CRaTER instrument a valuable database for transport code comparisons. They can be used for validating particle flux input models, and input collision models or databases involving nuclear and electromagnetic interactions.



Measurements by the CRaTER instrument were compared to several radiation transport codes including HETC-HEDS [2], HZERTN [3], Geant4 [4,5], and MCNP6 [6]. Analyses comparing LET spectra produced by HETC-HEDS and HZETRN simulations of measured LET spectra from the CRaTER instrument, obtained for the period from 29 June 2009 through 31 December 2010, were reported in [3]. Prior to that study, HETC-HEDS simulations had been previously used to characterize the CRaTER environment [2,7,8,9,10]. The 2014 Porter paper [3] also investigated utilizing measured LET data from CRaTER for purposes of validating space radiation transport codes, such as the NASA-standard deterministic code HZETRN [11]. In this work, we compare measurements made by the CRaTER instrument to the Monte Carlo radiation transport code PHITS [12]. PHITS has been previously used to study space radiation [13,14,15]. Here, we compare LET spectra measured by the CRaTER instrument during a period of solar minimum to the simulated results from PHITS.



In addition, as reported in [3], the agreement between HETC-HEDS LET results and the CRaTER measurements of LET was reasonably good except that the minimum ionizing peaks (MIPs) for the various ion species were much narrower and higher for HETC-HEDS than the CRaTER measurements. For HETC-HEDS, the proton peak was at ~0.39 keV  μ m    − 1   . The minimizing ionizing value obtained from Bethe–Bloch theory is 0.37 keV  μ m    − 1    [16]. The observed CRaTER data have a proton peak located at ~0.3 keV  μ m    − 1   , which is lower than the theoretical Bethe–Bloch value. For HETC-HEDS, the    4  He peak was again located, using Bethe–Bloch theory, at higher LET values (~1.55 keV  μ m    − 1   ) than the observed data peak of ~1.2 keV  μ m    − 1    for CRaTER. Two assumptions used in [3] HETC-HEDS input methodology resulted in the differences in location and magnitude between the MIPs for the HETC-HEDS LET spectra and the CRaTER LET spectra.



First, 100,000 particle histories for each incident ion type, energy, and direction of travel were separately discretized (as discussed in [3]), and input into the HETC-HEDS transport code. The output energies deposited per source particle were then recorded as single values in lookup tables for each incident particle discrete energy and angle within those bins. These tables were then folded with the June 2009 through December 2010 GCR spectrum to produce the LET spectra for comparison with the CRaTER measurements. In the present work, incident particle types, energies, and directions were selected from the continuous distributions provided by the Badhwar-O’Neill 2020 model, without discretizing the incident particle spectra into a subset of discrete energy and angle values [17].



Second, the authors in [3] suggested that the differences in MIP peak locations from HETC-HEDS may be due to using the average energy loss obtained from Bethe–Bloch theory in the calculation, whereas peaks in the CRaTER data reflect the most probable energy loss, since actual energy loss distributions in thin detectors follow the Landau–Vavilov form, with a peak (most probable) energy value that is always smaller than the mean. Investigating Vavilov distribution corrections in the HETC-HEDS simulations, postponed for future work in [3], is addressed in the present work.




2. Methodology


2.1. The CRaTER Instrument


The CRaTER instrument has been monitoring the radiation environment since entering lunar orbit in 2009. It consists of three stacks of silicon detectors pairs: D1/D2 pair facing deep space, D3/D4 pair in between two TEP volumes and the other detector pairs, and D5/D6 pair facing lunar surface. A detailed description of the instrument can be found in [1]. The detector of interest in this work is the D5/D6 detector. For a GCR particle to deposit energy in the D6 detector, it can either penetrate from the side of the detector, or enter from the D1/D2 detector pair passing through the D3/D4 detector pair and the two TEP volumes. Here, we focus on the particles triggering the three sets of detectors in a triple coincidence. The CRaTER data for flux of triple-coincident particles in the third detector pair as a function of LET were obtained from the CRaTER data products website, https://crater-web.sr.unh.edu (accessed on 5 June 2021). These data cover the time period of 26 November through 26 December 2009. The dates used in this study are selected to represent the solar minimum conditions of Solar Cycle 24. Although the measurements made by the CRaTER instrument are more accurately described as lineal energy (the energy deposited per mean chord length), they will be referred to in this work as LET.




2.2. PHITS


PHITS (Particle and Heavy Ion Transport code System) is a multipurpose Monte Carlo transport code developed by JAEA and other institutes [12]. The code allows the transport of all particles with various ranges of energies and emission angles. It utilizes different data libraries and physics models that are dependent on the energy of the transported particle. In this work, we use PHITS version 3.2 to simulate the energy deposited in CRaTER’s D6 detector. According to the manual:




In the transport process, PHITS can simulate a motion under external fields such as magnetic and gravity. Without the external fields, neutral particles move along a straight trajectory with constant energy up to the next collision point. However, charged particles and heavy ions interact many times with electrons in the material losing energy and changing direction. PHITS treats ionization processes not as collision but as a transport process under an external field. The average dE/dx is given by the charge density of the material and the momentum of the particle taking into account the fluctuations of the energy loss and the angular deviation. The second category of the physical processes is the collision with the nucleus in the material. In addition to the collision, we consider the decay of the particle as a process in this category. The total reaction cross section, or the lifetime of the particle, is an essential quantity in the determination of the mean free path of the transport particle. According to the mean free path, PHITS chooses the next collision point using the Monte Carlo method. To generate the secondary particles of the collision, we need the information on the final states of the collision. For neutron induced reactions in the low energy region, PHITS employs the cross sections from Evaluated Nuclear Data libraries. For high energy neutrons and other particles, we have incorporated two models, JAM [18] and JQMD [19], to simulate the particle induced reactions up to 200 GeV and the nucleus–nucleus collisions, respectively.





In general, the code requires an input file containing the desired parameters, source term, geometry, and tallies. The source term used in this work is obtained from the Badhwar–O’Neill 2020 model for a solar modulation of 400 MV to represent a period of a solar minimum [17]. The abundances of the source particles transported in this work (from Z = 1 to Z = 28) are presented in Figure 1, and their corresponding energy spectra are illustrated in Figure 2. The geometry used to represent the CRaTER instrument consists of stacks of cylinders lying on top of each other with the exact thickness of the sides, detectors, TEP volumes, and void regions of the CRaTER instrument. Table 1 provides the thickness and composition of each component used in the geometry simulated in this paper. To obtain the count rate as a function of LET, a tally was first used to calculate the energy deposited per source particle in D6, and was then divided by the detector thickness and multiplied by the source strength. We also utilized the unique feature in PHITS that allows the user to turn on and off the Landau–Vavilov energy straggling function to provide a comparison between the two resulting spectra. The results of the run with the Vavilov function are compared to the CRaTER instrument, while the results with this feature turned off are compared to the results obtained from HETC-HEDS, which is described in the following subsection. When comparing PHITS results to the measurements made by the CRaTER instrument, a geometric factor adjustment,   f ( L E T )  , was applied to the simulated LET spectra to correct for ‘false’ triple coincidences. The functional form of the correction for the D5/D6 detector pair is given as


     f  ( L E T )  =     1.0 ,   L E T < 2.0   keV / μ m            1.0 −   L E T − 2.0   28.258   ,    2.0   keV / μ m ≤ L E T ≤ 20.0   keV / μ m         0.363014 ,   20.0   keV / μ m < L E T         











This geometric factor adjustment is applied to all LET spectra measurements made in-flight and calibrated using experimental measurements performed at the Heavy Ion Medical Accelerator in Chiba, Japan. Therefore, it should also be applied in the simulated data. In this scenario, a ‘false’ triple coincidence occurs when a particle enters the detector stack from the D2 end of the telescope with an incident trajectory that places it within the D2/D4 coincidence cone but outside of the D2/D6 coincidence cone and produces secondary particles via interactions deep in the TEP that subsequently trigger D6. This correction is described in detail by [20].




2.3. HETC-HEDS


HETC-HEDS (High-Energy Transport Code-Human Exploration and Development in Space) is a three-dimensional, Monte Carlo particle transport code used to simulate particle cascades for a wide variety of nuclear species including nucleons, light ions, heavy ions, and any secondaries produced by nuclear collisions. Particle trajectories, characterized by their scattering angles, kinetic energies and collision probabilities are followed until the particle undergoes an interaction, escapes the system, decays, or comes to rest from energy losses due to Coulomb interactions with the target medium. For each simulation, there is an input geometry file that models the dimensions and material densities and composition. The user inputs the initial angle, energy, and particle type of the incoming ion. Using these geometry and source particle input data, HETC-HEDS simulates transporting the primary particles and all the subsequent generations of secondary, tertiary, etc., products produced through interactions with the target materials. For describing Coulomb collisions, HETC-HEDS uses the continuous slowing down approximation, Bethe–Bloch theory [21], to treat excitation and ionization reactions for lighter ion and heavy ions, protons, charged pions, and muons [22]. Fragmentation of heavy charged particles into lighter ion and neutron secondaries in nuclear collisions is modeled using a modified version of the NUCFRG2 semiempirical nuclear fragmentation code developed at NASA Langley [23]. A detailed explanation of HETC-HEDS inner workings and benchmarking is available elsewhere [22,24,25,26,27]. HETC-HEDS does not follow the tracks produced by liberated electrons (delta rays) in Coulomb collisions. Thus, the code calculates energy lost using the difference between the particle energies entering and exiting a target component (true LET) but not the actual energy deposited.



In HETC-HEDS runs, the source term and geometry were identical to what was used in PHITS. However, the source term here is different from the one used in [3], which used discrete energy values. In this work, we use a continuous energy distribution for each incident particle that was later combined according to the corresponding abundances. This is followed by separate analysis of each run to find the energy deposited in the D6 detector. LET is finally calculated by the same methodology used in PHITS in an attempt to compare the results from each code to test whether the absence of the Vavilov distribution is the reason behind the differences observed in [3].





3. Results and Discussion


Figure 3 presents the LET spectra in D6 from PHITS simulations in comparison with the measurements made by the CRaTER instrument for a period of solar minimum. An agreement can be seen in the general trends of both LET spectra and in the proton peak at ~0.3 keV  μ m    − 1   , the    4  He peak at ~1.2 keV  μ m    − 1   , and the oxygen peak at ~24 keV  μ m    − 1   . The fractional difference in the total LET-averaged count rate between CRaTER measurements and PHITS results is ~22% between 0.3 and 0.6 keV  μ m    − 1   , ~5% between 0.6 and 4 keV  μ m    − 1   , ~24% between 4 and 25 keV  μ m    − 1   , and ~9% between 25 and 130 keV  μ m    − 1   .



The LET spectra obtained from HETC-HEDS and PHITS without Vavilov energy straggling are presented in Figure 4. In comparison with the HETC-HEDS LET spectrum presented in [3], an improved smoothness is observed in the HETC-HEDS LET spectra created in this work, which is the result of sampling from a continuous GCR flux distribution rather than utilizing discrete lookup tables. Without Vavilov energy straggling, the LET spectrum from PHITS is very close to the one obtained from HETC-HEDS. Recall that the use of the Vavilov distribution shifts the HETC-HEDS LET MIPS from the average energy, which is what is provided by the Bethe–Bloch formula, to the most probable energy loss, which is smaller. The outstanding agreement in the LET spectra of HETC-HEDS and PHITS without Vavilov energy straggling, along with the agreements between CRaTER measurements and PHITS results utilizing Vavilov energy straggling, confirms the assertion provided in [3] that using a Vavilov distribution correction should fix the problem of the MIP peaks’ location and sharpness. This assertion also applies to the results of the deterministic code HZERTN presented in [3] as those results were shown to agree with the HETC-HEDS results.




4. Conclusions and Future Work


In this work, we compare measurements taken from the CRaTER instrument for a period representing a solar minimum with the Monte Carlo radiation transport code PHITS. The results show a very good agreement in the LET spectra between CRaTER measurements and PHITS simulations. In addition, we utilize the Vavilov energy straggling feature in PHITS to provide a comparison with HETC-HEDS. Using an updated version of source term in HETC-HEDS improved the smoothness of the resulting LET spectra. The updated HETC-HEDS LET spectra were then compared to PHITS after turning off the Vavilov correction. The remarkable agreement with the LET spectra of HETC-HEDS and PHITS confirms that the absence of the Vavilov distribution is the reason behind the differences in MIP locations observed in [3]. With the promising results from PHITS, future work will include running the code for various solar modulations and compare them with the CRaTER LET database. Incorporating Vavilov energy straggling into the HETC-HEDS transport code is also planned for future work.
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Figure 1. The relative abundance of each incident GCR ion simulated in this work obtained from [17] for solar modulation of 400 MV. 
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Figure 2. The energy spectra of the source term used in this work obtained from [17] for solar modulation of 400 MV. All ions were run collectively in PHITS, while each ion was run separately in HETC-HEDS. The division of GCR ions into three categories in this plot is for demonstration purposes. 
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Figure 3. A comparison between the LET spectra in D6 obtained from CRaTER measurements and PHITS simulations (with Vavilov energy straggling) during a period of solar minimum. 
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Figure 4. A comparison between the LET spectra in D6 obtained from HETC-HEDS and PHITS with and without Vavilov energy straggling. 
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Table 1. The components of the CRaTER instrument starting from S1 facing the zenith (deep space) and S2 facing the nadir (lunar surface). A schematic of the CRaTER instrument is provided in [1].
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	Component
	Material
	Thickness (mm)





	S1
	Aluminum
	0.813



	V1
	Void
	2.363



	D1
	Silicon
	0.148



	V2
	Void
	3.360



	D2
	Silicon
	1.000



	V3
	Void
	3.943



	A1
	A-150
	53.97



	V4
	Void
	3.554



	D3
	Silicon
	0.149



	V5
	Void
	3.568



	D4
	Silicon
	1.000



	V6
	Void
	11.90



	A2
	A-150
	26.98



	V7
	Void
	11.90



	D5
	Silicon
	0.149



	V8
	Void
	3.060



	D6
	Silicon
	1.000



	V9
	Void
	2.362



	S2
	Aluminum
	0.811
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