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1.5 Radiation

1.5.1 lonizing Radiation

1.5.1.1 Sources of lonizing Radiation

Cosmic rays have been studied for a long time and there are many references of their
characteristics (Haffner 1967; Ginzburg 1958; Colgate et al. 1963; Meyer 1969). During the
last 5 decades, a new field of nuclear science, perhaps “radiation bioastronautics” for the most
descriptive way, has been emerging. Cosmic rays, which have extraordinary penetrating
power and fall continuously upon the Earth from somewhere beyond, can be the major
radiation hazard in manned space missions. Still, there are many challenges of ensuring the
proper protection against space radiation hazard for the implementation of NASA’s Vision for

Space Exploration.

The origin of most cosmic rays is probably in our galaxy, especially in supernova explosions
(Ginzburg 1958; Colgate et al. 1963), although the highest-energy components (=10'7 eV
amu™') may well be of extragalactic origin (Meyer 1969). The Sun contributes significantly to
the flux of low energy cosmic rays (below 0.5 GeV amu™) arriving at the Earth. Disturbed
regions on the Sun sporadically emit bursts of energetic charged particles into interplanetary

space.
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The types and energies of particle radiations in space are summarized in figure 1.5.1.1. The
predominant types of particle radiations in the Earth’s environment are solar wind protons,
auroral electrons, solar storm protons, trapped protons, trapped electrons, solar protons, and
galactic cosmic rays (GCRs). There are temporal variations as well as spatial distributions. It
is convenient to consider the particulate radiation in space as arising from the distinct sources
defined by their location: the solar particle radiation, the galactic cosmic radiation, and the

trapped particle radiation.

[figure 1.5.1.1 here]

a) Solar Particle Radiation

The solar wind is really an extension of the solar corona, and extends to at least several
astronomical units (1 AU = 1.5 x 10® km). The solar wind is plasma of both positive and
negative particles trapped in a magnetic field emanating from the Sun. It is composed mostly
of protons and is persistent through variable parts of the quiet Sun’s output. The solar wind
protons have thermal energies of ~1 — 10 keV. Except when the Sun is active, the solar wind

constitutes the most important particulate solar radiation.

A solar flare is an intense local brightening on the face of the Sun close to a sunspot. The
solar abnormality results in an alteration of the general outflow of solar plasma at moderate
energies, and in local solar magnetic fields which are carried by that plasma. As the solar
plasma envelops the Earth, the magnetic screening effects inherent in plasmas act to shield the
Earth from GCR known as a Forbush decrease (Forbush 1937), while contributing far more
radiation of their own. When the solar plasma interacts with the geomagnetic field a
disturbance or storm occurs. During an intense magnetic disturbance, the Earth’s magnetic

fields (Van Allen radiation belts) are compressed into the Earth’s atmosphere in polar regions



and trapped electrons in the belt are lost. These auroral electrons are seen only in polar

regions associated with coronal mass ejection (CME) after solar flares.

The solar protons tend to be eliminated from equatorial regions of the magnetosphere as they
are deflected by the horizontal geomagnetic field lines into space. However, solar primary
particles arrive at the poles by moving along the near vertical geomagnetic field lines and are
thus not deflected. When the low-energy solar storm protons are channelled into the polar
regions by the Earth’s magnetic field, radio blackouts are produced in the lowest ionospheric
region following certain solar flares, which is called a polar cap absorption (PCA) event

(Kundu and Haddock 1960).

The radiations with energies below 100 keV — such as solar wind protons and auroral
electrons — and the solar storm protons with energies below 10 MeV are considered

biologically unimportant since they are shielded against by even gaseous barriers.

In association with many of the optical flares occurring from time to time on the solar surface,
large fluxes of solar energetic particles are sometimes accelerated and emitted, and these
emissions of solar cosmic radiation are designated solar particle events (SPEs). SPEs with
periods of several hours to days represent one of several short-lived manifestations of the
active Sun. The solar wind and SPEs are composed of the same types of particles, mostly
protons and with the next significant component being alpha particles (Freier 1963; Biswas et
al. 1963; Biswas et al. 1962). These two groups of particles are distinguished by their
numbers and speeds (energy). Heavier nuclei, mostly in the carbon, nitrogen, and oxygen
group (Biswas et al. 1966; Durgaprasad et al. 1968), and even heavier particles (atomic
charge number, Z, between 22 and 30) (Bertsch et al. 1969) have also been observed from
major SPEs. Rare clusters of high intensity (several orders of magnitude) and high energy

events are critical to spaceflight and extravehicular activity (EVA), because the large events



alone determine the yearly fluences of solar particles and there is much higher dose rate effect

during a short period of peak (Kim et al. 2006a).

For the past solar cycles 19-21 (1955-1986), the list of major SPEs and the proton fluences
are assembled by Shea and Smart (1990), where all the available flux and fluence data are
contained in the form of useful continuous database. From 1986 to the present (solar cycles
22 and 23), a SPE list and the GOES spacecraft measurements of the 5-min average integral
proton flux are obtained through direct access to NOAA’s National Geophysical Data Center
(NGDC). Table 1 lists the large SPEs for the past five solar cycles, where the omnidirectional

proton fluence with energy above 30 MeV, @5, exceeds 10° protons/crnz.

[table 1.5.1.1 here]

Frequency of SPE occurrence recorded by NOAA’s GOES satellites is shown in figure
1.5.1.2 within 3-months periods for the solar cycle 23. Here, monthly mean sunspot numbers
are included in the figure to show the association between SPE occurrence and solar activity,
and the occurrence times of 5 large SPEs are marked with arrows for the criteria having ®;, >
10° protons/cm”. It has been shown an increase in SPE occurrence with increasing solar
activity; however, no recognizable pattern has been identified. Large events have definitely
occurred during solar active years, but have not occurred exactly during months of solar
maximal activity. Moreover, they are more likely to occur in the ascending or declining
phases of the solar cycle (Goswami et al. 1988). This sporadic behavior of SPE occurrence is

a major operational problem in planning for Moon and Mars missions.

[figure 1.5.1.2 here]

The shapes of the energy spectra as well as the total fluences vary considerably from event to

event (Biswas et al. 1962; Freier and Webber 1963; King 1972; Kim et al. 2006b; Shea and



Smart 1990; NGDC 2006). Figure 1.5.1.3 shows the energy spectra of the most recent event
of January 16, 2005 SPE. There was a sudden increase in proton flux especially for particles
with energies greater than 50 MeV. Protons with energies greater than 100 MeV were
increased by as much as four orders of magnitude after having declined from the major pulse.
Although during this sharp commencement the fluence did not reach the value obtained at the
major peak intensities, this sudden increase of high energy particles may pose more threat
than the major particle intensities. Total fluence of an SPE is the representative indicator of a
large SPE, and the detailed energy spectra for a large SPE, especially at high energies, is the

important parameter for radiation exposure risk assessment (Kim et al. 2006a).

[figure 1.5.1.3 here]

One example of detailed temporal analysis of dose rate at blood forming organ (BFO) is given
in the figure 1.5.1.4a for the August 1972 SPE, which is one of large SPEs in modern era and
has the highest dose rate at peak. During the peak times, rather heavy shielding (up to 30
g/cm” of aluminium) provided by spacecraft is not enough to reduce the BFO dose rate to 1
cGy-Eqg/h, where a pivotal transition from low to high dose rates would be started. The
temporal behavior shown in this figure suggests significant biological damage would be
incurred during the first major peak times. It is noted that biological effects are expected to
increase significantly for dose rates above 5 cGy/h. The current recommended 30-day
exposure limit at BFO, 25 cGy-Eq (NCRP 2000), is easily exceeded, and early effects from
acute exposure may not be avoided when only conventional amount of spacecraft material is
provided in order to protect BFO from this class of SPE as shown in figure 1.5.1.4b. To avoid
placing unrealistic mass on a space vehicle and at the same time to increase safety factors for
astronauts, one shielding solution against SPE would be the selection of optimal
vehicle/shielding materials, since it has been shown that materials with lower atomic mass

constituents have better shielding effectiveness (Wilson et al. 1995; Cucinotta et al. 2000).



[figure 1.5.1.4a here]

[figure 1.5.1.4b here]

An event of special interest occurred on February 23, 1956 (Wilson et al. 1999) where a
striking feature was a large number of high-energy particles early in the event. However,
there is still debate on the accuracy of spectral determinations for this event because only
ground-based neutron monitors were available. Large uncertainties exist in the determination
of spectra due to atmospheric propagation calculations that is required to unfold the spectra.
The overall exposure levels from this specific event have been estimated greater than 10 cSv
(10 rem) at sensitive sites, while those from other large SPEs recorded in modern era can be
reduced below 10 cSv, when heavily shielded “storm shelters” are added to a typical
spacecraft (Kim et al. 2005). However, this result should come with the caveat of significant

uncertainties in the determination of the source spectra of protons.

b) Galactic Cosmic Radiation

In addition to the radiation from the Sun, the Earth also is bombarded with charged particles
from outside the solar system i.e. GCR. These particles appear to pervade at least the near-
Earth environment isotropically, and have a range of energies that exceeds 10 GeV per
nucleon. GCR is fully ionized nuclei. The electrons are stripped from the atoms during the
acceleration to GCR energies. The region outside the solar system in the outer part of the
galaxy is believed to be filled uniformly with GCR. The GCR nuclei constitute approximately
one-third of energy density of the interstellar medium and, on a galactic scale, they form a
relativistic gas whose pressure is important to take into account in the dynamics of galactic
magnetic fields. The galactic cosmic ray nuclei are the only direct and measurable sample of
matter from outside the solar system. It is a unique sample since it includes all of the elements

from hydrogen to the actinides. The GCR arriving beyond the Earth’s magnetic field at the



distance of the Earth from the Sun (i.e., 1 AU) is composed of ~ 98 % nuclei and ~ 2 %
electrons and positrons (Simpson 1983). In the energy range 10° — 10'° eV amu™, where it has
its highest intensity, the nuclear component consists roughly of 87 % protons, ~ 12 % helium
nuclei and a total of ~ 1 % for all of the heavier nuclei from carbon to the actinides (Simpson

1983).

At 1 AU, the GCR flux is affected by solar activity due to interaction with the solar plasma
emitted into the interplanetary space, and is out of phase with the Sun’s activity — the more
active the Sun, the smaller the GCR flux at the Earth. The intensity of the GCR flux varies
over the approximately 11-year solar cycle due to the changes in the interplanetary plasma
resulting from the expanding solar corona (Bobcock 1961; Badhwar and O’Neill 1992). The
GCR flux reaching Earth is decreased during intense sunspot activity, because the low-energy
GCR particles are deflected by the Sun’s enhanced magnetic field carried by the expanding
solar plasma. The maximum dose received occurs at solar minima due to the lower solar
plasma output. Measurements at solar minimum modulation, in which major SPEs are

usually absent, show the greatest extent of GCR exposure (Badhwar 1999).

GCR has turned out to be a vital contributor to our understanding of high energy phenomena
in our galaxy. While protons carry most of the GCR energy, heavy particles give information
on composition and propagation. Although GCRs probably include every natural element, not
all are important for space radiation protection purposes. The elemental abundances for
species heavier than iron (atomic charge number, Z > 26) are typically 2 to 4 orders of
magnitude smaller than that for iron (Adams et al. 1981). In the solar system some elements
such as the L nuclei (Li, Be, B), F and several nuclei between Si and Fe are quite rare
(Simpson 1983b; Cucinotta et al. 2006b), whereas in the GCR flux these nuclei are present
nearly as commonly as their neighbors (Simpson 1983b). This shows that their origin is in the
breakup of heavy particles during GCR propagation which would not be present in the GCR

at stellar sources (Parker 1965; Webber et al. 1990a; Fields et al. 1994).



Experimental studies of high-charge and high-energy particles (HZE) were made on the
Pioneer, Voyager, and Ulysses spacecraft for the measurements of isotopic composition of
GCR elements for near-Earth or deep space (Hesse et al. 1991; Lukasiak et al. 1993, 1995;
Webber et al. 1985, 1990a; Wiedenback and Greiner 1981; Wiedenback 1985). These data
have been implemented to the development of predictive GCR spectra behind shielding as an
important goal for NASA’s Space Radiation Research Program (Cucinotta et al. 2006b).
Examples of the GCR energy spectra for hydrogen and helium isotopes are shown in figure
1.5.1.5a at solar minimum and solar maximum, and for Ne, Si, and Fe isotopes in figure
1.5.1.5b at solar minimum. These figures show the contribution of different isotopes to
primary GCR composition (Cucinotta et al. 2006b). In recent years, new data of the GCR near
Mars were collected by MARIE (The Martian Radiation Environment Experiment) on the
Mars Odyssey spacecraft (Zeitlin et al. 2004) in order to plan the design of future manned

spacecraft and missions to the Moon and Mars.

[figure 1.5.1.5a here]

[figure 1.5.1.5b here]

The propagation of galactic cosmic ions through matter has been studied by many researchers
as a means of determining the origin of these ions as well as evaluation of required shielding.
As the galactic cosmic components are transported through target media, their energies are
attenuated via two distinct mechanisms: (1) electromagnetic interactions, resulting in
ionization and excitation, and (2) nuclear interactions, resulting in the generation of a
multitude of cascading secondary particles from all subsequent-generation collisions

(fragmentation).



The energy is lost in extremely small increments in many collisions of electromagnetic
interactions along the incident particle’s path, and the average rate of energy loss per unit path
length (MeV/(g/cm?)) is expressed by the stopping power. Comprehensive tables of stopping
powers versus particle energy are available in the literature (Barkas and Berger 1964;

Williamson et al. 1966; Steward 1968; Janni 1966; Bichsel 1969).

For the strong nuclear interactions of the incident particle with a nucleus of the target
medium, the quantum multiple scattering of heavy ion fragmentation (QMSFRG) describes
the physics of the abrasion-ablation model of fragmentation (Cucinotta et al. 1992, 1997a,
1997b, 1998, Cucinotta and Dubey 1994) and agrees well with experimental data
(Brechtmann and Heinrich, 1988; Webber et al., 1990b; Knott et al., 1996, 1997; Zeitlin et al.,
1997, 2001). The theoretical calculation of the fragmentation cross sections involves the
following areas: (1) the description of the probability of removing a given amount of mass
and charge, (2) the description of the distribution of pre-fragment excitation energies formed
in the abrasion step, and (3) the description of the statistical decay of the pre-fragments to
form the final fragment distribution. A particular final nuclide as a result of the de-excitation
of a primary residue is the nuclear fragment, sometimes referred to as a secondary product.
Customarily in cosmic ion transport studies, the fragment velocities are assumed to be equal
to the fragmenting ion velocity before collision at the interaction site (Wilson et al. 1993;

Townsend et al. 1993).

In the last 25 years, the description of GCR transport in shielding has improved dramatically
for the nuclear interactions and propagation of protons, heavy ions, and their secondaries.
Major milestones include the development of an accurate free space GCR model (Badhwar
and O’Neill, 1992), the HZETRN code (Wilson, 1977;Wilson et al., 1991), the measurement
of a significant number of fragmentation cross sections (Brechtmann and Heinrich, 1988;
Webber et al., 1990b, 1998; Knott et al., 1996, 1997; Zeitlin et al., 1997, 2001), and the

development of an accurate nuclear fragmentation model (Cucinotta et al., 1997b, 1998).



Laboratory (Schimmerling et al., 1989) and spaceflight (Badhwar and Cucinotta, 2000)
validation data have also become available. The combination of the GCR model of Badhwar
and O’Neill, QMSFRG cross section data base, and HZETRN transport code have been
shown to agree with flight measurements of GCR dose and dose equivalent within £15% on
several space vehicles (Cucinotta et al. 2006b). However, further spectral data sets, both in

space and at heavy ion accelerators, are needed to fully validate these codes.

The implementation of heavy ion transport models has progressed from models that did not
satisfy unitarity (Letaw et al. 1983), to the current fully energy-dependent models with
accurate absorption cross sections (Shinn et al., 1994; Wilson et al., 1993b; Cucinotta, 1993).
Future work may still be required for light-particle transport (n, p, d, t, h, &, and mesons and
their decays), including establishing production cross section models and data, and
understanding the role of angular deflections, which are more important for neutrons than for
heavy ion transport. However, the heavy ion problem is in much better shape with many of
the remaining tasks of implementation. One exception may be improvements in fragmentation
cross sections and laboratory validation for Z=1-5 nuclei produced from the heavier projectile

nuclei (Z >10).

c¢) Trapped Radiation Belts

All of the magnetized planets have populations of highly energetic particles that are trapped
in the planetary magnetic fields. The most extensively studied of these trapped populations
are Earth’s radiation belts (the Van Allen belts) and the radiation belts of Jupiter. The
magnetic field surrounding the Earth is roughly in a dipole configuration and charged
particles are trapped in the geomagnetosphere (Van Allen et al. 1958), where there are two
geomagnetically trapped radiation belts with high radiation intensities. The stable trapped
radiation in inner zone, consisting mostly of protons with a small percentage of electrons, is

primarily centered at an altitude of 2,000 km; and the transient outer zone, consisting mostly
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of low-energy electrons with a small percentage of protons, at 20,000 km (Parker and West
1973). Energies range from ~ 100 keV to > 400 MeV for protons and from 10s of keV to > 10
MeV for electrons. The particles undergo three distinct motions: (1) a spiralling around the
magnetic field lines in a helical motion having typical spiralling period of 10 seconds for
electrons and 10 seconds for protons; (2) a bouncing back and forth along the field lines
between mirror points having typical bounce period of 0.1-2 seconds depending on energy
and particle; (3) a drifting around the Earth with typical drift period of 1-10 hours for
electrons and 5 seconds-30 minutes for protons depending on energy. These naturally trapped
Van Allen belts in a plane normal to the solar wind direction are spatially distorted by the

solar wind pressing on the geomagnetosphere.

The Earth’s magnetic field is not centered at the Earth’s geographic center, and the main
dipole moment, along the principal axis of the magnetic filed, is tilted with respect to the
Earth’s rotational axis. Thus, the geomagnetic filed is not symmetrical with respect to
geographic coordinates. An interesting combination of two geomagnetic features, (1) the
effective dipole displaced away from Brazil, and (2) the local distortion of geomagnetic field
in South Africa called Capetown anomaly, causes trapped particles of the inner belt to dip
close to the surface of the Earth in the region of the South Atlantic Ocean between Brazil and
South Africa. This increase of particle flux at low altitude has been called the South Atlantic
anomaly (SAA). The most radiation encountered by satellites in low-inclination orbits comes

from the SAA.

Manned missions at low Earth orbit (LEO) are flown at altitudes below the inner belt. But, the
51.6° inclination orbit, such as the International Space Station (ISS), takes high geomagnetic
latitudes where the exposures to the increased relativistic electron in the radiation belt and
SPE fluxes during major solar disturbances are unavoidable as well as the higher GCR fluxes.
Reduction of radiation risk at ISS orbit can be relatively easy and recommendations can be

found in National Research Council (NRC) report (2000). However, astronauts embarking on
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or returning from journeys to the Moon or Mars will have to pass through the Van Allen belts

and will be exposed for brief periods to high levels of radiation.

1.5.1.2 Space Radiation Protection Issues

NASA follows radiation exposure limits for humans in space (Cucinotta and Durante, 2006)
and implements appropriate risk mitigation measures in order to ensure that humans can
safely live and work in the space radiation environment, anywhere, anytime. In the context of
the radiation protection principle of as low as reasonable achievable (ALARA), “safely”
means that acceptable risks are not exceeded during crew members’ lifetimes, where
“acceptable risks” include limits on post-mission and multi-mission consequences. The most
important radiations for biological considerations are the trapped protons in the inner zone,
the trapped electrons in both the inner and the outer zones, SPEs, and especially GCR (Wilson

etal. 1991).

The more intense components of space radiations such as SPEs and trapped radiation were
considered to be the principal radiation hazards for the past short duration exploratory
missions, since the continuous GCR background exposures are of low intensity. In the past,
career radiation limits were based on fatal cancer risks, and increased lifetime cancer risk
above the natural incidence is limited within 3 percent in NASA missions at LEO as
recommended by the National Council on Radiation Protection and Measurements (NCRP,

2000).

Safety concerns for long term space explorations include carcinogenesis, degenerative tissue
effects, such as cataracts (Cucinotta et al. 2001) or heart diseases (Preston et al. 2003; Howe
et al. 2004; Yang and Ainsworth 1982), and acute radiation syndromes (NCRP 2000). Other
risks, such as damage to the central nervous system (CNS), are a concern for HZE nuclei

(NAS 1996), because of their unique pattern of energy deposition on the microscopic scale of
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living cells. Although standards for lunar missions are under review at this time, it is expected
that cancer risks will be the major component of radiation limits, however new knowledge on

chronic non-cancer risks from radiation is needed.

Because the abundance of some heavy ions from major SPEs may increase rapidly by 3 or 4
orders of magnitude above GCR background for periods of several hours to days, SPEs
present the most significant risk for short-stay lunar missions (<90 d). The primary radiation
protection from SPE is to control early somatic radiation effects, which may impact mission
safety. However, effective mitigation against SPEs is viable by implementing several options:
a spacecraft devised by high-performance structural material with effective radiation
shielding properties, such as carbon composite with high hydrogen content; adequate mission
planning for timing and location; and seeking a shelter and using personal localized shielding
in timely manner with the warning system developed (Cucinotta et al. 2006). It has been
assessed that acute death is extremely unlikely from any known large SPE, and acute
radiation sickness extremely improbable inside exploratory spacecraft or lunar habitation
module except EVA performed during major SPE for greater than 2 hours (Cucinotta, 2006a).
Skin damage (Kim et al. 2006) and cataracts ( Cucinotta et al. 2001) are specially concerned

due to the dose rate effect.

In contrast, for long-term missions, such as long duration lunar (>90 d) or Mars missions, risk
from GCR may exceed the acceptable radiation risk limits. The unusually high specific
ionization of HZE nuclei of GCR will be the ultimate limiting factor in long-term space
operations, because their relative dose contributions are comparable to those of light particles
but their biological effects, which are yet poorly understood, are far more serious (Cucinotta

and Durante 2006).

For the effort of accurate projections of radiation doses to astronauts, which are required for

space mission planning on future exploratory class and long-duration missions (Cucinotta and

13



Durante 2006), a solar cycle statistical model has been developed (Wilson et al. 1999; Kim
and Wilson 2000; Kim et al. 2004, 2006d). A systematic method of making short-range
projections of future levels of solar cycle activity was established by quantifying the
progression level of sunspot numbers within the solar cycle. The resultant solar activity levels
were coupled to GCR deceleration potential (¢) and the mean occurrence frequency of SPEs
(v) for the projection of future space radiation environment, which is interest in radiation

protection.

The GCR deceleration parameter, ¢(t), represents the temporal GCR environment in
interplanetary space, and the calculated values are shown as a function of time in the upper
graph of figure 1.5.1.6. The point dose equivalents inside a typical equipment room of a
spacecraft (5 g/cm? aluminum) are calculated from the GCR environment in interplanetary
space, that is determined as a function of ¢(t), and at LEO by using the HZETRN code
system (Wilson et al 1995) as shown in the lower graph of figure 1.5.1.6. This calculation
shows that within the simple and representative spacecraft configuration the GCR exposure
levels are simply affected by the solar modulation in interplanetary space by a factor of three,
while at LEO to about a factor of two due to the further modification of the GCR environment

by geomagnetic fields and atmospheric shielding.

[figure 1.5.1.6 here]

Although no definite pattern of SPE occurrences has been observed in the past solar cycles,
large SPEs have been recorded during the solar active years as shown in figure 1.5.1.7. This
strong possibility of large SPE occurrences at high ¢(t) and the multiple annual occurrences of
medium to large SPEs per year during the solar active years in future cycles as shown in

figure 1.5.1.8 are definitively major operational problems in planning and protecting
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astronauts on future missions to the moon and Mars. Since the sporadic nature of SPEs makes
it impossible

to pinpoint the exact time of future large SPE occurrences, the probabilities of SPEs occurring
in a short mission period and the exposure levels from various SPEs are calculated in figure

1.5.1.9 for guidance in the design of protection systems.

[figure 1.5.1.7 here]

[figure 1.5.1.8 here]

[figure 1.5.1.9 here]

1.5.1.3 Summary

Considerable effort and improvement have been made in the study of ionizing radiation
exposure occurring in various regions of space. Satellites and spacecrafts equipped with
innovative instruments are continually refining particle data and providing more accurate
information on the ionizing radiation environment. The major problem in accurate spectral
definition of ionizing radiation appears to be the detailed energy spectra, especially at high
energies, which is important parameter for accurate radiation risk assessment. Magnitude of
risks posed by exposure to radiation in future space missions is subject to the accuracies of
predictive forecast of event size of SPE, GCR environment, geomagnetic fields, and
atmospheric radiation environment. Although heavy ion fragmentations and interactions are
adequately resolved through laboratory study and model development, improvements in
fragmentation cross sections for the light nuclei produced from HZE nuclei and their
laboratory validation are still required to achieve the principal goal of planetary GCR
simulation at a critical exposure site. More accurate prediction procedure for ionizing

radiation environment can be made with a better understanding of the solar and space physics,
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fulfillment of required measurements for nuclear/atomic processes, and their validation and
verification with spaceflights and heavy ion accelerators experiments. It is certainly true that
the continued advancements in solar and space physics combining with physical
measurements will strengthen the confidence of future manned exploration of solar system.
Advancements in radiobiology will surely give the meaningful radiation hazard assessments
for short and long term effects, by which appropriate and effective mitigation measures can be

placed to ensure that humans safely live and work in the space, anywhere, anytime.
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Table 1.5.1.1 Large SPEs during Solar Cycles 19-23 with ®5o > 10° protons/cm’

Solar Cycle SPE {3, protons/cm’
19 11/12/1960 9.00 x 10°
20 8/2/1972 5.00 x 10’
22 10/19/1989 423 x 10°
23 7/14/2000 3.74 x 10°
23 10/26/2003 3.25x 10°
23 11/4/2001 2.92x 10°
19 7/10/1959 2.30x 10°
23 11/8/2000 2.27x 10°
22 3/23/1991 1.74 x 10°
22 8/12/1989 1.51x 10°
22 9/29/1989 1.35x 10°
23 1/16/2005 1.04 x 10°
19 2/23/1956 1.00 x 10°
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Figure 1.5.1.1. Space-radiation environment (Wilson et al. 1991)
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2005 SPE.
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Figure 1.5.1.4b. Cumulative BFO dose behind various aluminium thickness during August 2-

11, 1972 SPE.
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Figure 1.5.1.5b. Energy spectra for Ne, Si, and Fe isotopes at solar minimum, showing

contributions from different isotopes to primary GCR composition.
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Figure 1.5.1.6. GCR deceleration parameter as a function of time (upper graph), calculated
from the neutron monitor rate measurements and from the projected neutron monitor rates in
future with the statistical model (Kim et al. 2006d); and point dose equivalents from the GCR
inside spacecraft (lower graph), shielded with 5 g/cm” aluminum, calculated with HZETRN

(Wilson et al. 1995).
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Figure 1.5.1.9. Probability of SPE in 1-week mission (thin line: average probability of SPE

and statistical fluctuation during the space era; thick line: extended average probability

including impulsive nitrate events (McCracken et al. 2001); filled square: impulsive nitrate

events), and BFO dose inside a spacecraft of 5 g/cm” aluminum (line with filled circle: BFO

dose of the worst-case SPE model (Xapsos et al. 2000); filled diamond: BFO dose of 34 large

SPEs during the space era).

Note 1: the largest event recorded in the space era (F30); the BFO dose inside a spacecraft (5

g/cm” aluminum) is lower than the current NCRP limit for LEO mission (NCRP 2000).

Note 2: @3> 2 x 10° protons/cmz; the BFO dose is over the current limit.

Note 3: ds3q at 70% confidence level of the worst-case SPE; the BFO dose is over the current

limit.
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