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Abstract: Solar particle events (SPEs) can pose serious threats for future crewed missions to the Moon.
Historically, there have been several extreme SPEs that could have been dangerous for astronauts,
and thus analyzing their potential risk on humans is an important step towards space exploration. In
this work, we study the effects of a well-known SPE that occurred on 23 February 1956 on a mission
in cis-Lunar space. Estimates of the proton fluence spectra of the February 1956 event were obtained
from three different parameterized models published within the past 12 years. The studied geometry
consists of a female phantom in the center of spherical spacecraft shielded by aluminum area densities
ranging from 0.4 to 40 g cm−2. The effective dose, along with lens, skin, blood forming organs,
heart, and central nervous system doses, were tallied using the On Line Tool for the Assessment of
Radiation In Space (OLTARIS), which utilizes the High Z and Energy TRansport code (HZETRN), a
deterministic radiation transport code. Based on the parameterized models, the results herein show
that thicknesses comparable to a spacesuit might not protect against severe health consequences from
a February 1956 category event. They also show that a minimum aluminum shielding of around
20 g cm−2 is sufficient to keep the effective dose and critical organ doses below NASA’s permissible
limits for such event. In addition, except for very thin shielding, the input models produced results
that were within good agreement, where the doses obtained from the three proton fluence spectra
tended to converge with slight differences as the shielding thickness increases.
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1. Introduction

In the mid-1950s, at the dawn of the modern space program, an enormous solar flare,
accompanied by a large flux of very energetic charged particles, mainly protons, occurred
on 23 February 1956. A plethora of scientific observations of this event were available due
to preparations for the upcoming International Geophysical Year in 1957. At 0331 UT, the
optical flare was observed and reached its peak intensity increase shortly thereafter at 0342
UT. Associated cosmic ray intensities were detected by various neutron monitors on the
ground shortly thereafter at 0340–0350. Neutron monitor increases at Leeds, UK, exceeded
4500% between 0345 and 0350, indicating the arrival of secondary neutrons produced by
highly relativistic protons impinging on Earth’s atmosphere. A thorough overview of the
history of this event can be found in a publication by [1]. A comprehensive model of the
particle spectrum from the event was quickly developed by [2]. Potential biological effects
on humans in space were also quickly recognized by [3].

During the Apollo era an event occurred in August 1972, between the Apollo 16 and
17 missions that had the largest fluence of protons ever measured in a solar particle event.
Fortunately, the particle flux decreased rapidly with increasing particle energies, resulting
in a “soft” spectrum, one that could be shielded against with even moderate amounts of
spacecraft shielding. Concerns, however, did arise as to how large could an event occur
that would significantly impact a human space mission (e.g., [4,5]). Clearly, one with a
very energetic proton energy spectrum (“hard” spectrum) would be the most difficult to
shield against.
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Over the past two decades, evidence of several extremely large historic solar events,
much stronger than any observed in the modern space era, have been discovered (e.g., [6–9]).
Although the initial results in [6] suggested that a large, energetic proton fluence accompa-
nied the Carrington event of 1859, it was later determined not to be the case [10]. However,
convincing evidence for other extremely large and very energetic solar particle events was
present for other time periods [11]. At present it is known that extreme solar particle events
did occur in 774/775 AD, 993/994 AD, and 660 BC [9]. Each event had a proton spectral
hardness comparable to that of the 23 February 1956 event, with proton fluences more than
order of magnitude higher. Ref. [12] have recently provided insight into the causes of the
very high energy protons in the spectra for the 1956 and 774 AD events. They suggest
that these protons came from high-energy, impulsive events erupting on the Sun from
the borders of the optimum connection region to Earth (W40—70 longitude on the Sun)
and were accelerated by quasi-perpendicular shocks. Estimates of doses from the 774/775
AD event, using an earlier Band Fit parameterization of the 1956 event [13], scaled to the
fluence of the 774/775 AD event, presented in [14], were reported by [15]. More recently,
updated spectral parameters for the February 956 event spectrum, based upon the Band
function [16], and another based upon a new parameterization using a modified Band
function form [17] were published. In this work we compare radiation risk quantities for
crew members exposed to the above-mentioned spectral representations characterized by
the February 1956 category event. The crew members are assumed to be 40-year females
on a mission in cis-Lunar space, shielded by aluminum area densities ranging from 0.4 to
40 g cm−2 (representative of shielding for space suits to storm shelters).

2. Computational Methods

To calculate the risk from a February 1956 category event, three isotropic source terms
were generated to provide a comparison between the different spectral estimates of the
actual event: Band function by [13], Band function by [16], and a modified Band function
by [17]. These spectra will be referred to as BF10, BF18, and U20, respectively. The Band
function used in BF10 and BF18 is given by:

J(> R) =
J0 · R−γ1 · exp(−R/R0), R < (γ2 − γ1) · R0

J0 · R−γ2 · [(γ2 − γ1)R0]
(γ2−γ1) · exp(γ2 − γ1), R ≥ (γ2 − γ1) · R0

where J(>R) is integral proton fluence in units of #/cm2, and R is the proton rigidity in
units of GV, while J0, R0, γ1, and γ2 are fitting parameters provided in Table 1 for BF10
and BF18.

Table 1. Band fit parameters for the February 1954 event obtained from [13] for BF10 and [16]
for BF18.

Band Function J0 (#/cm2) R0 (GV) γ1 γ2

BF10 8.79 × 108 3.21 × 10−1 0.584 5.040
BF18 1.75 × 108 5.66 × 10−1 1.760 0.566

The modified Band function for U20 is given by:

J(> R) =
J1 · R−γ1 · exp(−R/R1), R < Rb
J2 · R−γ2 · exp(−R/R2), R ≥ Rb

Rb = (γ2 − γ1) ·
R1 · R2

(R2 − R1)

J1 = J2 · Rγ1−γ2
b · exp(γ2 − γ1)
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where R1 = 0.823 GV, R2 = 4.692 GV, γ1 = 1.822, γ2 = 4.207, J2 = 1.023 × 108 #/cm2,
J1 = 1.4 × 108 #/cm2 and Rb = 2.38 GV for the February 1956 event [17]. Figure 1 illustrates
the integral energy spectra of the three source terms.

Figure 1. Proton fluence spectra for the February 1956 event generated using BF10, BF18, and U20.

These input spectra were transported using the On-Line Tool for the Assessment of
Radiation In Space (OLTARIS). OLTARIS was developed by NASA Langley Research Center.
It utilizes the High Z and Energy TRansport (HZETRN) deterministic transport code to
calculate various outputs of interest, including effective and organ doses. The geometry
used in this work consists of a Computerized Anatomical Female (CAF) model placed in
the center of spherical spacecraft with an aluminum shielding having areal densities of 0.4,
5, 10, 20, 40 g cm−2. For the same radiation field in thin shields, females have a radiation
risk that is generally higher than males due to body mass and size differences, and thus the
CAF model was chosen since it is more limiting.

OLTARIS calculates the organ or tissue averaged dose equivalent, HT , in units of
Sievert (Sv), by averaging target points in selected organs or tissues. Dose equivalent is
obtained by multiplying the absorbed dose, D, in units of Gray (Gy), by a quality factor,
Q, which is a factor dependent on the linear energy transfer (LET) along the incident
particle track. The effective dose, E, in units of Sievert (Sv), from the solar particle event is
obtained by averaging the dose equivalents from all modeled organs and tissues by the
following expression:

∑ wT Ht

where wT is the weighting factor of the organ or the tissue. Table 2 presents NASA’s
permissible limits of the effective dose for different female ages. These limits are based
upon a 3% Risk of Exposure Induced Death (REID) at the 95% confidence limit [18], and
depend on mission duration, the radiation environment, and sex of the crew member.
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Table 2. NASA’s permissible effective dose limits for 1-year mission [18].

Age (year) Effective Dose Limit (cSv)

30 60
40 70
50 82
60 98

The dose of organs of short-term concern, in units of Gray-Equivalent (Gy-Eq), are
calculated using

D(Gy-Eq) = D(Gy) · RBE

where RBE is the relative biological effectiveness, a factor that relates to the increased
biological damage of the incident charged particle. For protons, the RBE factor is 1.5.
Table 3 presents NASA’s permissible dose limits for selected organs [19]. These organs are
lens, skin, blood forming organs (BFO), heart, and central nervous system (CNS).

Table 3. NASA’s permissible dose limits for short-term or career non-cancer effects.

Organ 30-day 1-year Career

Skin (cGy-Eq) 150 300 600
Heart (cGy-Eq) 25 50 100
Lens (cGy-Eq) 100 200 400
BFO (cGy-Eq) 25 50 N/A
CNS * (cGy) 50 100 150

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

3. Results and Discussion
3.1. Effective Dose

Figure 2 presents the effective dose results from the three scenarios studied in this
work. At 0.4 g cm−2, U20 and BF18 values are close to each other, and above the limit for the
50-year old female, but below the limit for the 60-year old (98 cSv). At the same thickness,
the BF10 value lies between the limits for 30 and 40-year old females. At thicknesses of
5 g cm−2 and above, the effective dose obtained using the three spectra start to converge
relative to each other, with all dose values being below the 30-year old limit. Due to
differences in parametrized models, the calculated risk of developing fatal cancer varies.
For a 40-year female exposed to a February 1956 category event with 0.4 g cm−2 aluminum
shielding, the effective dose is 89.7 cSv for U20 and 87.9 cSv for BF18. The corresponding
Risk of Exposure-Induced Death (REID) point values for a 1-year mission are 3.5% for U20
and 3.4% for BF18. However, the risk of death from fatal cancer at the 95% confidence level
could be as high as 11.8% and 11.6% for U20 and BF18, respectively. For BF10, the effective
dose (67.1 Sv) is slightly below the limit for a 40-year old (70 cSv), and the corresponding
REID point value for a 1-year mission is 2.9%, but the REID at the 95% confidence level is
9.7%. The elevated risk from acute radiation syndrome for some organs in the short-term is
of the most significant concern, and will be addressed in the next section.
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Figure 2. The effective dose from U20, BF18, and BF10 February 1956 event spectra for various
aluminum thicknesses. NASA’s permissible limits for 1-year mission for 30, 40, and 50-year old
females are included in the plot. The dose limit for 60-year old is above the maximum obtained
effective dose values.

3.2. Organ Doses

The results of the critical organ doses are presented in Figures 3–7. As shown in
Figure 3, the skin doses are above all limits for a shield thickness of 0.4 g cm−2, which is
analogous to a spacesuit. Potential risks from skin exposures of this magnitude include
moist desquamation and epilation. The U20 and BF18 spectra yield similar doses that
are above the career limit, while BF10 doses are slightly above the 1-year limit. Dose
estimates from all three spectrum models converge at thicknesses of 5 g cm−2 (comparable
to a surface lander or rover) and greater, indicating that they provide adequate protection
for the skin dose to be below permissible limits with no acute skin damage. Heart dose
values are illustrated in Figure 4. Here BF18 dose values are slightly lower than values
obtained from U20 and BF10. However, for all proton fluence spectra considered herein,
any shielding above 0.4 g cm−2 will keep the heart dose limits below the 1-year limit, and
an aluminum thickness around 20 g cm−2 is required to keep the heart doses below the
30-day limit. Figure 5 shows the lens dose values. At 0.4 g cm−2, U20 and BF18 dose values
are very similar above the 1-year limit, while the BF10 dose value is between the 1-year and
30-day limits. At larger thicknesses, all input spectra yield doses within good agreement,
with all doses being below the 30 day-limit. BFO doses, illustrated in Figure 6, exceed the
1-year limit at 0.4 g cm−2 and the 30-day limit until 10 g cm−2. Beyond that, the aluminum
is thick enough for provide protection that keep the astronaut below the limits. Finally,
none of the CNS dose values were above any limit for any spectrum, even with 0.4 g cm−2

of aluminum, as shown in Figure 7.
In general, the thinner the aluminum shield, the threshold energy for protons to

penetrate that shield is lower. Since the U20 and BF18 spectra have significantly larger
fluences than the BF10 spectrum at energies ~10 s of MeV, more of the U20 and BF18
protons will penetrate the shield resulting in higher doses from them than for the BF10
spectrum. However, for thicker aluminum shields of 20 g cm−2 or more, incident protons
with energies less than ~100 MeV are unable to penetrate the shield. From Figure 1, it
is noted that the fluence spectra represented by the three parameterizations converge at
~100 MeV and become similar in magnitude. Hence, the doses produced by them will also
converge to approximately the same values.

In summary, the crew doses and effective doses obtained using the proton fluence
spectra from U20, BF18, and BF10 are very similar at all aluminum thicknesses with the
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exception of the thinnest aluminum shield considered herein. For spacesuit shielding,
exposure to an entire event of the magnitude of the February 1956 would result in skin
damage. However, an aluminum shield of 20 g cm−2 would be sufficient to keep the critical
organ doses below the permissible limits from this event.

Figure 3. The skin dose from U20, BF18, and BF10 February 1956 event spectra for various aluminum
thicknesses. NASA’s permissible career, 1-year, and 30-day skin dose limits are included in the plot.

Figure 4. The heart dose from U20, BF18, and BF10 February 1956 event spectra for various aluminum
thicknesses. NASA’s permissible 1-year and 30-day heart dose limits are included in the plot. The
career limit (100 cGy-Eq) is above the maximum obtained dose values.
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Figure 5. The lens dose from U20, BF18, and BF10 February 1956 event spectra for various aluminum
thicknesses. NASA’s permissible 1-year and 30-day lens dose limits are included in the plot. The
career limit (400 cGy-Eq) is above the maximum obtained dose values.

Figure 6. The BFO dose from U20, BF18, and BF10 February 1956 event spectra for various aluminum
thicknesses. NASA’s permissible 1-year and 30-day BFO dose limits are included in the plot.



Aerospace 2021, 8, 107 8 of 9

Figure 7. The CNS dose from U20, BF18, and BF10 February 1956 event spectra for various aluminum
thicknesses. NASA’s permissible 30-day lens dose limits are included in the plot. Note that the
maximum obtained dose values are below the 30-day limit.

4. Conclusions and Future Work

In this work, we present the biological risk of a February 1956 category event on a
mission in cis-Lunar space. Three different parametrizations approximating the proton
fluence spectra of the event, BF10, BF18, and U20, were transported in OLTARIS to compare
the critical organ doses received by female astronauts protected by aluminum shield with
varying thicknesses. Although the doses estimated by the three models disagree by varying
factors at very thin shields, they tend to produce converging results with only slight
differences for thicker shields. The results show that the minimum thickness of aluminum
required to keep effective dose and critical organ doses below NASA’s 30-day limits for a
February 1956 category event is 20 g cm−2, with the heart being the most sensitive organ.
They also show that thicknesses comparable to a spacesuit might not protect against severe
health consequences, especially for the skin, since such large doses are likely to results in
some skin damage (e.g., moist desquamation). Future work will include estimating doses
for the February 1956 event in different regions of space, like the lunar surface and surface
of Mars, by incorporating additional updated parametrizations like the one provided
by [20]. It also includes estimating organ doses and effective doses for other more extreme
solar particle events in cis-Lunar space, such as the 774/775 AD and 993/994 AD events,
along with the upper limits of our star [21].
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