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Abstract

:

Within the past decade, evidence of excess atmospheric    14  C production in tree rings, coupled with an increase in annually resolved measurements of    10  Be in Arctic and Antarctic ice cores, have indicated that an extremely large solar particle event (SPE) occurred in AD 993/4. The production of cosmogenic nuclei, such as    36  Cl in consonance with    10  Be, indicate that the event had a very energetic “hard” particle spectrum, comparable to the event of February 1956. Herein, we estimate the potential radiation risk to male and female crew members on a mission to Mars that would occur from such an SPE. Critical organ doses and effective doses are calculated and compared with NASA space radiation limits for an SPE comparable to the AD 993/4 event, occurring during the transit phase to Mars, or while the crew members are operating on the surface of Mars. Aluminum shielding, similar in thickness to a surface lander, a spacecraft, and a storm shelter area within the spacecraft, are assumed for the transit phase. For surface operations, including the shielding provided by the atmosphere of Mars, shielding comparable to a spacesuit, enclosed rover, and a surface habitat are assumed. The results of our simulations indicate that such an event might have severe consequences for astronauts in transit to Mars. However, on the surface of Mars, the atmosphere provides some protection against an event similar to the 993/4 SPE. In general, the results show that additional shielding may be required for some of the assumed shielding scenarios.
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1. Introduction


The space radiation environment remains one of the biggest challenges facing future space travel. It consists of three main sources: galactic cosmic rays (GCRs), trapped particles in Earth’s magnetic field (TPs), and solar energetic particles (SEPs). Unlike GCRs and TPs which are stable and predictable, SEPs are ejected from the sun through solar particle events (SPEs) in different strengths and in an unpredictable manner. In addition, they can pose a short-term threat to astronauts traveling through space or residing on a lunar or planetary body. Hence, studying the possible impacts of SPEs on future missions could help in risk mitigation planning for such events.



Since SPEs vary unpredictably in their severity, the events that have occurred throughout history provide a database of the possible scenarios that could be used to study the risks of SPEs. SPEs are characterized by their particle fluence level and their energy spectrum. Most events have low proton fluences and pose little or no threat to crews on space missions. However, several times during the approximate 11-year solar cycle, events with large particle fluences, mainly protons, occur. One such event occurred in August 1972. That event had the largest proton fluence of any event in the modern space era. Fortunately, its proton energy spectrum was “soft”, meaning that the number of incident particles declined rapidly as the particle energies increased. An event such as this one only poses a radiation exposure threat to crews that are thinly shielded (e.g., by a spacesuit or thin spacecraft shell) [1]. Other events, such as the ones in February 1956 and October 1989, that occurred during the modern space era, had “hard” energy spectra (numbers of incident particles declined slowly as the particle energies increased). These events require thicker shields (~20 g cm    − 2    of aluminum) to reduce exposure to below radiation limits [2,3,4]. Events combining a large proton fluence with a “hard” energy spectrum pose the greatest risk, since they require substantial amounts of shielding to reduce crew exposure to below acute radiation syndrome thresholds and crew radiation limits [5].



Recently, studies of Japanese tree rings discovered rapid increases in    14  C content in AD 774/5 and AD 993/4, which is an implication of a possible extremely large SPE, not of galactic cosmic ray origin. The solar origin of the extreme 774/5 event was confirmed by [6] and the 993/4 event was later confirmed by [7], who studied peaks in production of    10  Be and    36  Cl in ice cores. Although the AD 774/5 and AD 993/4 events appear to have been single SPEs, a recent study of evidence of    14  C increases in Japanese cedar tree rings by [8] suggests that another event which occurred ~2600 years ago may not have been a single event, but a series of consecutive SPEs over a period of 3 years. Such a series of events could individually yield radiation exposures exceeding short-term limits, and cumulatively yield organ doses and effective doses in excess of career limits. However, unlike the case for the AD 993/4 event and in [9] for the AD 774/5 event, where it is assumed that they were single events, the likelihood of death arising from an acute radiation response may not be significant, unlike the likelihood of that happening for an extremely large, single event. In this work, we examine the possible impact of the recently discovered 993/4 SPE on a trip to the Martian surface. The earlier work by [9] estimated the impact of the 774/5 event on crews on the surface of Mars.



The SPE spectrum is frequently parameterized using a Band function which has event-based spectral fit parameters. When high-energy protons from an SPE interact with Earth’s atmosphere, they create secondary neutrons which reach the surface. The Band function utilizes Earth-based neutron monitor data, providing a relatively more reliable high energy fluence estimates. The resulting proton spectra from the Band function are used as source terms to calculate the resulting risk on astronauts using radiation transport/shielding codes.



To estimate the energy spectra of the 993/4 SPE for input into the dose and risk calculations, a scaling factor based on [7,10] was applied to the well-studied February 1956 SPE, which has the hardest energy spectrum measured to date. Several parameterizations were used to model the February 1956 event [11,12,13]. The recent modified Band function by [13] shall be used in this paper as the baseline spectrum for the applied scaling factor. The scaled spectrum is used to examine the possible radiation effects of an event similar to the 993/4 SPE on future crewed missions to Mars.



In this work, the effects of the 993/4 SPE were studied in two scenarios: a crewed mission on transit to Mars through free space, and a mission on the surface of Mars. To assess the possible risks to the crew, the High Z and Energy TRaNsport (HZETRN) deterministic radiation transport code on the NASA Langley Research Center On-Line Tool for the Assessment of Radiation In Space (OLTARIS) website was used with Computerized Anatomical Male (CAM) and Computerized Anatomical Female (CAF) models placed in a sphere made of an aluminum shielding with varying areal densities representing spacesuits, an enclosed surface rover or lander, and a surface habitat. Finally, the resulting effective and critical organ doses were reported with comparisons to NASA’s permissible exposure limits.



Section 2 describes the methodology used in this study with a detailed description of the 993/4 SPE scaled spectrum, the radiation transport code, dose quantities, and the radiation limits for both effective and critical organ doses. Section 3 provides the estimated doses and discusses their implications for future crewed missions. Lastly, Section 4 provides the conclusions of this paper and discusses future work.




2. Computational Methods


The integral energy spectra of the 993/4 SPE is estimated by scaling the February 1956 SPE spectrum. One of the most recent estimates of the February 1956 event proton fluence was provided by [13] through a modified Band function, and is given by


     F  ( > R )  =      J 1  ×  R  −  γ 1    × e x p  ( − R /  R 1  )  ,   R <  R b          J 2  ×  R  −  γ 2    × e x p  ( − R /  R 2  )  ,   R ≥  R b             R b  =  (  γ 2  −  γ 1  )  ×    R 1  ×  R 2    (  R 2  −  R 1  )          J 1  =  J 2  ×  R  b    γ 1  −  γ 2    × e x p  (  γ 2  −  γ 1  )      








where F(>R) is the integral proton fluence in units of #/cm   2  , and R is the proton rigidity in units of GV, while   γ 1  , and   γ 2   are unitless fitting parameters. For the February 1956 event,   R 1   = 0.823 GV,   R 2   = 4.692 GV,   γ 1   = 1.822, and   γ 2   = 4.207, and   J 2   = 1.023  ×  10 8    #/cm   2   [13].



Based on the analysis in [7], which compares the annual mean production of    10  Be and    36  Cl between February 1956 and other historical SPEs including the AD 993/4 event, the modified Band function was scaled by a factor of ~10. Figure 1 presents a comparison between the February 1956 SPE spectra and the scaled version representing the AD 993/4 event.



The scaled AD 993/4 spectrum was used as a source term in deterministic radiation transport code to calculate the dose quantities of interest in two scenarios: transit to Mars through free space, and a stay on the Martian surface. The code used in this work is HZETRN, utilized through the OLTARIS website developed by NASA Langley Research Center (https://oltaris.nasa.gov/ accessed on 25–26 March 2021). HZETRN solves the time-independent linear Boltzmann equation using computational methods. Two human phantom models, the CAM and CAF, are used in the geometry to study the effects of SPEs exposure behind aluminum shielding. CAM and CAF models provide details of different organs and their overlying tissues, which enables calculation of the specific dose to each organ, especially since each organ responds differently with different doses of radiation. This helps in determining the severity of the doses from a comparable AD 993/4 event on certain organs. The sensitive organs in this work are lens of the eye, skin, blood forming organs (BFO), heart, and central nervous system (CNS).



In each scenario, the CAM and CAF models were located separately in the center of a sphere with varying aluminum thickness. For the free space scenario, the thicknesses used are 5, 20, and 40 g cm    − 2   . However, since the Martian surface is protected from space radiation by the Martian atmosphere, and since the astronauts are expected to explore the surface in their spacesuits, the thicknesses used are 0.4, 5, and 20 g cm    − 2   . Note that an aluminum thickness of 0.4 g cm    − 2    is comparable to a spacesuit, 5 g cm    − 2    to a surface lander or enclosed rover, 20 g cm    − 2    to a nominal transiting spacecraft or surface habitat on Mars, and 40 g cm    − 2    to an SPE “storm shelter” on a spacecraft.



The absorbed dose, D, in units of Gray (Gy), is calculated as the absorbed energy in each organ by primary and secondary radiation. However, this physical quantity does not take into account the biological impact of the incident radiation in the organ. Thus, for short-term risk assessment per organ, the absorbed dose is multiplied by the relative biological effectiveness,   R B E  , a unit-less factor that takes into account the biological risk of the incident particle, to calculate the organ dose in units of Gray-Equivalent (Gy-eq). For long-term risk, two unit-less factors are first included to the dose absorbed by the organ: the quality factor, Q, that accounts for the biological damage by the incident radiation, and the weighting factor of the organ or tissue   w T   that takes into account the sensitivity of the organ to the radiation. The doses from all organs are then summed up to constitute the effective dose, E, in units of Sievert (Sv). Critical organ doses in units of Gy-eq and effective dose in units of Sv are provided as outputs from OLTARIS.



The resulting organ dose quantities are then compared to the NASA’s permissible dose limits for 30 days, 1 year, and the entire career for the short-term or career non-cancer effects presented in Table 1. They are also compared to the thresholds of severe possible short-term health effects. In addition, the effective dose is compared to NASA’s permissible dose limits for 1-year mission for 40-year old astronauts, which is 88 cSv for males and 70 cSv for females [14].




3. Results and Discussion


Table 2 and Table 3 present the organ doses in units of cGy-eq from an event similar to the 993/4 SPE on a mission in a free space transit to Mars for male and female astronauts. At 5 g cm    − 2   , for both CAM and CAF, the doses of all organs exceed their uppermost limits for short-term or career non-cancer effects. The eye, skin, heart, and CNS doses at such thickness exceeds the career limit, while the BFO doses exceed the 1-year limit. At 20 g cm    − 2   , BFO, heart, CNS doses are still above their corresponding uppermost limits, while eye and skin doses are now below the career limit but above the 1-year limit. This applies to CAM and CAF, which exhibit very similar trends beyond all studied thicknesses when it comes to organ doses. At 40 g cm    − 2   , both BFO and heart doses are still above their uppermost limits. However, eye, skin, and CNS doses are now below the 1-year limit, but still above the 30-day limit.



The organ doses from an event similar to the 993/4 SPE on the surface of Mars at the mean surface elevation are presented in Table 4 and Table 5. Unlike the free space scenario, behind a thin shield of 0.4 g cm    − 2   , which is comparable to a spacesuit, the doses of the eyes, skin, and CNS are below the 30-day limit, while BFO and heart doses are above their corresponding 1-year limits. However, at 20 g cm    − 2   , BFO and heart doses are below the 1-year limit, but above the 30-day limit. It is clear from the results that the additional ~20 g cm    − 2    thickness of the atmosphere of Mars provides a fair amount of protection against an event similar to the 993/4 event compared to free space. However, more protection is required to keep some organ doses below NASA’s limits.



To assess the actual biological risk from such doses, we compare the doses of the skin and BFO, which are very radiosensitive, to the thresholds of severe possible short-term health effects. For the skin, the threshold is 200 cGy for an early transient erythema, 600 cGy for main erythema, and 700 cGy for permanent epilation [16]. It can be seen from Figure 2 and Figure 3 that main erythema is a major concern behind thin shields in free space. Even at 20 g cm    − 2   , the skin doses for both CAM and CAF are very close to the early transient erythema threshold. As the shielding thickness approaches 40 g cm    − 2   , the skin’s doses start to drop below dangerous thresholds in free space, although they are still above the 30-day limit, as seen in Table 2 and Table 3. When it comes to the surface of Mars, it is clear again the Martian atmosphere provides protection against severe biological effects to the skin. This is demonstrated in Figure 2 and Figure 3, as all skin dose value for CAM and CAF are below the severe thresholds. On the other hand, for BFOs, the dose at which the surviving fraction is 37% is 60–160 cGy. This is primarily due to the high radiosensitivity of the human stem cells. Figure 4 and Figure 5 illustrate the BFO doses for CAM and CAF. In free space, at 5 g cm    − 2   , the BFO dose is above the 37% surviving fraction threshold, while at 20 and 40 g cm    − 2   , is it within the threshold. Thus, in transit to Mars, the astronauts will be at a very high risk from an event similar to the one that occurred in AD 993/4 based on the resulting BFO organ doses. On the Martian surface, the BFO doses are below the 37% surviving fraction threshold for all the studied thicknesses for CAM and CAF. However, at 0.4 g cm    − 2   , the BFO doses are close to the threshold, and thus the astronauts exploring the Martian surface in their spacesuits might be at risk if an event similar to the 993/4 SPE reaches Mars.



Finally, the effective doses for male and female astronauts from an event similar to the 993/4 SPE are presented in Table 6 and Table 7. In free space, the effective dose values behind all thicknesses exceed NASA’s permissible effective dose limits for 1-year mission for both CAM and CAF. On the other hand, the effective dose values would be below the limits on the Martian surface only behind a thickness of 20 g cm    − 2    or above for CAF. For CAM, a thickness of 0.4 g cm    − 2    is sufficient. Recall that the dose limits vary between male and female astronauts due to biological differences and sensitivities to radiation. A slight increase in CAM’s effective dose is observed at 5 g cm    − 2   , followed by a decrease with increased shielding. This is probably due to the nuclear fragmentation caused by the secondary particles created by the Martian atmosphere.




4. Conclusions and Future Work


The radiation risk of an event similar to the AD 993/4 SPE on a mission to the surface of Mars has been studied in this work for male and female astronauts. In free space, such event might have disastrous effects on the crew, even behind an aluminum shielding of 40 g cm    − 2   . This is primarily due to the radiosensitivity of the BFOs. In addition, NASA’s permissible dose limits for short-term or career non-cancer effects are all exceeded in free space, along with effective dose limits. On the surface of Mars, the Martian atmosphere provides an adequate protection against an event similar to the AD 993/4 SPE compared to free space. However, the 30-day organ dose limits are exceeded for the heart and BFOs even behind an aluminum shielding of 20 g cm    − 2   . Additionally, a thin shielding of 0.4 g cm    − 2   , which is comparable to spacesuit, should provide some protection to the BFOs against an event similar to the AD 993/4 SPE; however, the dose received is close to the 37% surviving fraction threshold, and astronauts should be behind some shielding for protective measures. For female astronauts on the Martian surface, an aluminum shielding of 20 g cm    − 2    is required to keep the effective dose below the limits. Future work will study the risks of an event similar to the AD 993/4 SPE combined with the effects of chronic exposure to the galactic cosmic ray background radiation during the transit to Mars and while on the surface of Mars. Additional future plans include: (1) expanding the AD 993/4 SPE analyses to include a range of altitudes on the surface of Mars; (2) re-analyze the AD 774/5 event using the input spectrum from [13], including additional results for cis-lunar space; (3) analyzing the radiation risks for an event similar to the ~660 BCE event; and (4) investigating the effects of spectral hardness uncertainties on the calculated results.
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Figure 1. Proton fluence spectra for the February 1956 SPE based on [13] and the scaled AD 993/4 SPE used in this work. 
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Figure 2. Skin doses from 993/4 SPE for CAM behind various thicknesses of aluminum shielding. The possible biological damage threshold regions are labeled in the background. 
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Figure 3. Skin doses from 993/4 SPE for CAF behind various thicknesses of aluminum shielding. The possible biological damage threshold regions are labeled in the background. 
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Figure 4. BFO doses from 993/4 SPE for CAM behind various thicknesses of aluminum shielding. The possible biological damage threshold region is labeled in the background. 
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Figure 5. BFO doses from 993/4 SPE for CAF behind various thicknesses of aluminum shielding. The possible biological damage threshold region is labeled in the background. 
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Table 1. NASA’s permissible organ dose limits for 30 days, 1 year, and the entire career for short-term or career non-cancer effects [15].






Table 1. NASA’s permissible organ dose limits for 30 days, 1 year, and the entire career for short-term or career non-cancer effects [15].





	Dose
	30-Day
	1-Year
	Career





	Skin (cGy-eq)
	150
	300
	600



	Heart (cGy-eq)
	25
	50
	100



	Lens (cGy-eq)
	100
	200
	400



	BFD (cGy-eq)
	25
	50
	N/A



	CNS * (cGy)
	50
	100
	150







* RBE for CNS damage is unknown. Units of cGy are used instead.













[image: Table] 





Table 2. Organ doses from 993/4 SPE for CAM on transit to Mars through free space behind various thicknesses of aluminum shielding.
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CAM—Free Space

	
Thickness (g/cm    2   )




	
Does

	
5

	
20

	
40






	
Eye (cGy-eq)

	
8.65   ×   10 2   

	
3.15   ×   10 2   

	
1.76   ×   10 2   




	
Skin (cGy-eq)

	
1.00   ×   10 3   

	
3.09   ×   10 2   

	
1.71   ×   10 2   




	
BFO (cGy-eq)

	
4.58   ×   10 2   

	
2.31   ×   10 2   

	
1.45   ×   10 2   




	
Heart (cGy-eq)

	
3.69   ×   10 2   

	
2.13   ×   10 2   

	
1.38   ×   10 2   




	
CNS (cGy)

	
3.15   ×   10 2   

	
1.57   ×   10 2   

	
8.99   ×   10 1   








▪ Above career limit; ▪ Above 1-year limit; ▪ Above 30-day limit.
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Table 3. Organ doses from 993/4 SPE for CAF on transit to Mars through free space behind various thicknesses of aluminum shielding.
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CAM—Free Space

	
Thickness (g/cm    2   )




	
Does

	
5

	
20

	
40






	
Eye (cGy-eq)

	
8.82   ×   10 2   

	
3.13   ×   10 2   

	
1.78   ×   10 2   




	
Skin (cGy-eq)

	
9.97   ×   10 2   

	
3.11   ×   10 2   

	
1.73   ×   10 2   




	
BFO (cGy-eq)

	
4.77   ×   10 2   

	
2.37   ×   10 2   

	
1.48   ×   10 2   




	
Heart (cGy-eq)

	
3.81   ×   10 2   

	
2.18   ×   10 2   

	
1.40   ×   10 2   




	
CNS (cGy)

	
3.34   ×   10 2   

	
1.62   ×   10 2   

	
9.21   ×   10 1   








▪ Above career limit; ▪ Above 1-year limit; ▪ Above 30-day limit.
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Table 4. Organ doses from 993/4 SPE for CAM on the surface of Mars behind various thicknesses of aluminum shielding.
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CAM—Martion Surface

	
Thickness (g/cm    2   )




	
Does

	
5

	
20

	
40






	
Eye (cGy-eq)

	
8.37   ×   10 1   

	
7.47   ×   10 1   

	
5.72   ×   10 1   




	
Skin (cGy-eq)

	
8.23   ×   10 1   

	
7.30   ×   10 1   

	
5.56   ×   10 1   




	
BFO (cGy-eq)

	
6.72   ×   10 1   

	
6.11   ×   10 1   

	
4.78   ×   10 1   




	
Heart (cGy-eq)

	
6.72   ×   10 1   

	
5.79   ×   10 1   

	
4.56   ×   10 1   




	
CNS (cGy)

	
4.20   ×   10 1   

	
3.74   ×   10 1   

	
2.72   ×   10 1   








▪ Above career limit; ▪ Above 1-year limit; ▪ Above 30-day limit.
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Table 5. Organ doses from 993/4 SPE for CAF on the surface of Mars behind various thicknesses of aluminum shielding.
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CAM—Martion Surface

	
Thickness (g/cm    2   )




	
Does

	
0.4

	
5

	
20






	
Eye (cGy-eq)

	
8.47   ×   10 1   

	
7.56   ×   10 1   

	
5.78   ×   10 1   




	
Skin (cGy-eq)

	
8.28   ×   10 1   

	
7.35   ×   10 1   

	
5.60   ×   10 1   




	
BFO (cGy-eq)

	
6.86   ×   10 1   

	
6.24   ×   10 1   

	
4.87   ×   10 1   




	
Heart (cGy-eq)

	
6.45   ×   10 1   

	
5.90   ×   10 1   

	
4.63   ×   10 1   




	
CNS (cGy)

	
4.31   ×   10 1   

	
3.83   ×   10 1   

	
2.78   ×   10 1   








▪ Above career limit; ▪ Above 1-year limit; ▪ Above 30-day limit.
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Table 6. Effective doses from 993/4 SPE for CAM and CAF on transit to Mars through free space. NASA’s permissible effective dose limits for 1-year mission is 88 cSv for 40-year old males and 70 cSv for 40-year old females [14].






Table 6. Effective doses from 993/4 SPE for CAM and CAF on transit to Mars through free space. NASA’s permissible effective dose limits for 1-year mission is 88 cSv for 40-year old males and 70 cSv for 40-year old females [14].





	
Effective Dose—Free Space

	
Thickness (g/cm    2   )




	
Computerized Model

	
5

	
20

	
40






	
CAM (cSv)

	
5.02   ×   10 2   

	
2.66   ×   10 2   

	
1.88   ×   10 2   




	
CAF (cSv)

	
4.83   ×   10 2   

	
2.66   ×   10 2   

	
1.88   ×   10 2   








▪ Above NASA’s permissible limit for 1-year mission.
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Table 7. Effective doses from 993/4 SPE for CAM and CAF on the surface of Mars behind various thicknesses of aluminum shielding. NASA’s permissible effective dose limits for 1-year mission and 88 cSv for 40-year old males and 70 cSv for 40-year old females [14].






Table 7. Effective doses from 993/4 SPE for CAM and CAF on the surface of Mars behind various thicknesses of aluminum shielding. NASA’s permissible effective dose limits for 1-year mission and 88 cSv for 40-year old males and 70 cSv for 40-year old females [14].





	
Effective Dose—Martian Surface

	
Thickness (g/cm    2   )




	
Computerized Model

	
0.4

	
5

	
20






	
CAM (cSv)

	
7.52   ×   10 1   

	
8.06   ×   10 1   

	
5.80   ×   10 1   




	
CAF (cSv)

	
7.60   ×   10 1   

	
7.07   ×   10 1   

	
5.85   ×   10 1   








▪ Above NASA’s permissible limit for 1-year mission.
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