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Abstract: The space radiation environment poses health risks to astronauts.
There are three sources of space radiation: trapped radiation, Solar Particle Events, and
Galactic Cosmic Rays (GCR) and these sources consist primarily of protons and heavier
(HZE) ions. NASA has developed a radiation protection strategy to limit risks that
includes the use of countermeasures such as shielding. A correct risk assessment relies
on an accurate evaluation of the shielding effects of spacecraft structures on the
incoming space radiation environment. Since the complicated shielding geometry plays
an important role, existing transport codes must be improved to predict dose deposition
inside the vehicle. Computer simulations of spacecraft are often used to show the
reduction in equivalent dose provided by spacecraft structures. However, published
research has shown that increasing shielding does not always result in a reduction in
equivalent dose. When interacting with spacecraft structure and shielding materials,
high energy protons and HZE ions can produce secondary particles that can cause
greater biological damage than the incident particle. Shielding optimization, therefore,
requires an understanding of the contribution of the physical interactions to the dose

and dose equivalent.
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Through the use of accelerator measurements and Monte Carlo simulations, the
shielding properties were investigated for current and proposed spacecraft hull
materials irradiated with protons and *’Fe jons at 1 GeV/n. Small differences were seen
between materials; however, these differences could be important when performing
the design trades necessary for long duration space mission planning. This improved
understanding can be incorporated into the radiation protection in future spacecraft

designs.
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Chapter 1: Introduction

Space travel is a risky endeavor. This was clearly evident in the three major US
spacecraft accidents; the Apollo 1 fire on the launch pad during a test, the disintegration
of the Space Shuttle Challenger during launch, and the breakup of the Space Shuttle
Columbia upon re-entering the Earth’s atmosphere. Risks in human spaceflight are not
limited to vehicle accidents, but include risks to the human participants that manifest in
health consequences during and after a mission (Barratt & Pool 2008; Cucinotta et al.
2013; Cucinotta et al. 2011). These human health risks include loss of bone density and
impaired bone remodeling leading to structural weakness (Orwoll et al. 2013; LeBlanc et
al. 2000) cardiovascular changes such as fluid shifts, changes in total blood volume,
heartbeat and heart rhythm irregularities, diminished aerobic capacity, (Meck 2001;
Perhonen 2001) altered immune function (Barratt & Pool, 2008; Crucian et al. 2008;
Crucian et al. 2013;), and vision degradation with evidence of increased intracranial
pressure (Kramer et al. 2012; Mader et al. 2011). A space vehicle is also a closed-loop
living environment providing the opportunity for microbiological and toxicological
exposures from air, surface and water contaminants (Barratt & Pool 2008; Law et al.
2014). While the risk of visual impairment and intracranial pressure is an emerging risk,
many other recognized human risks are reasonably well understood and there are
generally countermeasures available or identified for future implementation.

Some of the least understood risks are those resulting from exposure to the
space radiation environment. This is due to the fundamental differences in biological
effects from the space radiation environment, and the difficulty in characterizing the
consequences of space radiation exposures through direct observation of the exposed
individual(Cucinotta et al. 2013). The radiation environment in space is complex; it

includes unique high energy and high- linear energy transfer (LET) components that are



distinct from the low energy and low-LET radiation environments generally encountered
in terrestrial environments. Briefly, the space radiation environment consists of high-
energy protons and high-charge (Z) and -energy (E) nuclei (HZE). A more detailed
description of the space radiation environment is contained in Chapter 2. Due to the
complexity of the space radiation field, both acute and late effects are possible in
exposed astronauts. Acute radiation sickness, particularly the prodromal syndrome (i.e.
nausea, vomiting, anorexia, and fatigue), could result from an intense solar particle
event (SPE) during times when astronauts are not protected by adequate shielding. Late
effects such as cancer and degenerative diseases, often thought to be related to aging,

are being associated with the chronic exposure to space radiation.

EVOLUTION OF SPACEFLIGHT EXPOSURE STANDARDS

Through its authorization stated in the National Aeronautics and Space Act,
NASA is responsible for developing its own standards to protect astronaut health. The
Agency has relied on recommendations from external scientific review panels as its
radiation protection philosophy has evolved. In 1967, the National Academy of
Sciences-National Research Council (NAS-NRC) noted that radiation protection in human
spaceflight is distinct from that in terrestrial workers because of the high-risk nature of
spaceflight. Initially the evaluation of the radiation hazards from spaceflight focused on
deterministic effects and malignant diseases were considered as “secondary” in
importance (NRC 1967). In 1970 the NAS-NRC recommended dose limits for the Apollo
astronauts as a guideline on the dose equivalent to the blood forming organ (BFO),
thought to result in a doubling of mortality due to cancer for a white male between ages
35 and 55. The guideline was presented in terms of a “primary reference risk” and was
designed “to limit the exposure to that which corresponds to an added probability of

radiation-induced cancer over a period of about 20 years that is equal to the natural



probability for the specific population at risk” instead of a defined limit. They estimated
this exposure to be 400 rem and believed it corresponded to about a 2-3 percent risk of
developing cancer. It is important to note that the risk of cancer resulting from space
radiation was not to preclude the successful completion a particular mission and they
noted that acceptance of a higher risk for planetary missions than for space station
missions “would seem both realistic and practical” (Cucinotta 2007; NRC 1970).

In addition to recommending short-term limits to minimize acute effects, the
National Council on Radiation Protection and Measurements (NCRP) in its Report 98,
Guidance on Radiation Received in Space Activities (NCRP 1989) noted that cancer was
the principal risk, and career limits were set to limit the risk of fatal cancer. The report
limited the risk to 3 percent excess lifetime cancer mortality, based on comparison with
other hazardous occupations. The report was also the first instance where NASA’s
radiation limits would take age and gender into account. In NCRP Report 132, Radiation
Protection Guidance for Activities in Low-Earth Orbit (NCRP 2000), the NCRP questioned
the use of mortality data from hazardous occupations as the basis for space-related
radiation limits as there had been large reductions in workplace mortality in the
intervening years since the publication of NCRP Report 98. In order to remain
consistent with the guidelines for terrestrial radiation workers, the NCRP continued to
endorse the 3 percent lifetime risk of cancer death. The report also briefly addressed
the challenge of uncertainties in quantifying radiation limits: “It is well known that risk
estimation is a difficult field in which there are many sources of potential error and
therefore uncertainty. Given the magnitude of these uncertainties and the problems of
dose specification estimates or risk on which dose limits for astronauts are based should
be recognized as very conservative and possibly subject to modified values when more
precise information becomes available” (NCRP 2000).

The knowledge of space radiation risks has matured since the 1960s; the data

from the Japanese atomic bomb survivor cohort has evolved and new exposed cohorts,



like the Mayak workers in Russia, have emerged. It is well known that within the human
system radiation is a carcinogen, can cause degenerative diseases like cataracts, and, in
large enough doses, can ablate cell populations. In addition, many animal and cell
experiments have been performed using particle types and energies relevant to the
space radiation environment providing strong evidence that the biological effects from
HZE particles are fundamentally different from low LET radiations common in terrestrial
radiation protection (Ritter & Durante 2010). Further, there are also strong indications
that radiation exposure also has deleterious effects on the central nervous system (CNS)
and the cardiovascular system (Huff & Cucinotta 2009a; Huff & Cucinotta 2009b; NCRP
2006). A robust radiation protection program has evolved at NASA to address the
growth in knowledge of the biological effects of radiation, the increase in number of
individuals who have flown in space, the inclusion of females in the astronaut
population, the continued human presence in low earth orbit (LEO) through the
International Space Station (ISS), and the extension of mission durations to as long as a
year. To control the amount of risk resulting from radiation incurred by the larger more
diverse astronaut population, radiation limits have evolved to a Space Permissible
Exposure Limit for Space Flight Radiation that limits planned career exposure to 3% risk
of exposure induced-death (REID) for fatal cancer (NASA 2007). The basis for the limit is
the solid cancer mortality analysis from the Life Span Study (LSS) Report 13 (of the
Japanese atomic bomb survivors). This analysis forms the basis for calculating age and
gender specific effective doses to reach a probability of a 3% REID. In addition, NASA
has been utilizing an administrative limit for managing the risk to an individual astronaut
throughout his/her career. This administrative limit is set to to ensure that the
astronaut does not exceed 3% REID at the upper 95% confidence level using a statistical
assessment of the uncertainties in the risk projection calculations to limit the cumulative

effective dose (in units of Sievert) received by an astronaut throughout his or her career.



For LEO exposures, the NASA administrative limit is approximately equal to a 1% REID

point estimate (Cucinotta 2007; NASA 2007).

ALARA AND RADIATION DOSE LIMITATION

Approaches to protection against ionizing radiation are remarkably consistent
throughout the world. This is due largely to the existence of a well-established and
internationally recognized radiation protection framework. Central to this framework is
the International Commission on Radiological Protection (ICRP). There are three
primary requirements in the general system of radiological protection recommended by

the ICRP (IAEA 2004; ICRP 1977; ICRP 2007):

1) Justification,
2) Optimization, and

3) Dose limitation.

Justification means that any proposed activity involving exposure to individuals
should not be adopted unless it yields a sufficient benefit to the exposed individuals or
to society in order to justify the risks incurred by the radiation exposure. The principle
was introduced because of the need to find some way of balancing costs and benefits of
the introduction of a source involving ionizing radiation. It is based on the hypothesis
that any radiation exposure, no matter how small, carries with it a certain level of risk
and that risk is proportional to the level of exposure. This hypothesis is known as the
linear, non-threshold hypothesis (LNT). The second feature is optimization, which is
technically the practice of the as low as reasonably achievable (ALARA) principle. ALARA
requires that “all radiation should be kept as low as reasonably achievable, economic

and social factors taken into account” (ICRP 1977; ICRP 1990; ICRP 2007). ALARA is a



management tool to implement safety factors to keep exposures below regulatory dose
limits using a cost benefit analysis approach. For NASA this means ALARA must be
considered when designing vehicles, developing dose limits and planning missions.
ALARA, is based on the LNT hypothesis and is also required by all international
regulatory agencies and scientific bodies and as such becomes a legal requirement for
NASA. The third element is dose limitation. This involves setting upper limits on the
dose that may be received by any exposed individual (including members of the public)
from all sources of radiation other than medical. These limits are then imposed by
regulatory agencies.

In addition, ICRP recommends that each source of exposure, such as a hospital or
reactor site, be constrained to a fraction of the dose limit. As a simple example, with
the dose limit of 100 mrem/yr for members of the public, then the constraint might be
set at 30 mrem/yr. This may be viewed as that site's share of the allotted exposure of
100 mrem/yr to any member of the public. The ICRP recognizes that some individuals
may receive radiation doses from several facilities independently. Each site will then
optimize the doses received to be as far below 30 mrem/yr as possible, in order to
ensure that the doses are ALARA. In this system of dose limitation, optimization plays
the central role, and dose limits play a very secondary role, mainly as guidance for
setting action levels and other operating parameters, and also as a guide for allocating
dose to various sources, that is, as a guide in setting constraints (ICRP 1977; ICRP 1990).

The major factors that assist in limiting the exposure (and thus risk) from a single
6-month ISS mission are the geomagnetic shielding provided by the Earth and the length
of the mission. The radiation risk from a single 6-month ISS mission does not exceed 1%
REID, regardless of age and gender, therefore, altering the length of an ISS mission is not
necessary to maintain exposures ALARA. Instead, crew assignments to ISS Expeditions
are used to manage the REID over the career of an astronaut. There will be continued

challenges in meeting this limit as mission lengths extend beyond one year. To further



keep exposures ALARA, NASA incorporates radiation protection into its design of space
vehicles and management of missions. Two of the basic tenets of terrestrial radiation
protection, time and shielding, are used to limit radiation exposure in space. Practical
actions taken by NASA include performing design analyses of the radiation protection
properties of new spacecraft (Simon, et al. 2013; Wilson et al. 2001), lining the crew
quarters of the ISS with polyethylene to reduce primary and secondary proton and
neutron exposures (NASA 2006; Shavers et al. 2004), and timing the extravehicular
activities spacewalks to avoid high latitude passes and the South Atlantic Anomaly
(NCRP 2002; NCRP 2000). However, the costs of incorporating time and shielding must
be commensurate with other mission risks (e.g. launch hazards, failures of life support
systems, human error, etc.), technical risks (e.g. launch mass restrictions), as well as cost
and schedule risks. Meeting the exploration technical and safety goals while meeting
programmatic constraints related to cost and schedule involves making complex
decisions. Within its Risk Informed Decision Making (RIDM) process, NASA has
developed an iterative framework for evaluating engineering design options (Dezfuli et
al. 2010). The iterative design process shown in Figure 1.1 is a multidisciplinary activity
that requires robust computational procedures for evaluating astronaut REID for a given
design reference mission while performing the appropriate trades studies. The process
must evaluate construction methods for the vehicle design in terms of mission
objectives and costs as part of the approval of the design. The process will then
determine whether the design is ALARA. The need to understand and manage the risk
of radiation exposure within this decision making framework has led NASA to develop a
large research effort to decrease the uncertainties associated with evaluating and

projecting risks from space radiation.
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The characterization and reduction of uncertainty in space radiation risk
estimates is necessary for improving the precision of these estimates and reducing the
relatively large confidence intervals dominated by the uncertainties in biological
response to space radiations. Much of the research focus has been on reducing the
uncertainty of human biological response from high charge and energy (HZE) radiation
through ground-based experimentation (Cucinotta et al. 2002; Durante & Cucinotta
2011; Cucinotta et al. 2012). Unfortunately, the biological research necessary to reduce
the uncertainties will require many years to complete. With design and planning for
exploration missions already underway (ISECG 2013; NASA 2014), decisions on
reference missions and vehicle design will be required without the benefit of the full
scientific understanding of the biological uncertainties. Improvements in the methods
and understanding in the areas of the radiation protection qualities of spacecraft
materials is warranted to provide a sound basis for the design trades that are necessary
in space vehicle design and mission planning. The need to inform NASA decisions on
spacecraft materials, mass constraints, and mission lengths within the currently
available scientific knowledge was the motivation behind this work.

A correct risk assessment relies on an accurate evaluation of the effect of vehicle
structures on the incoming space radiation environment. Since a complicated shielding
geometry plays an important role, existing transport codes must be improved to predict
dose deposition inside the vehicle. Experimental work is therefore indispensable in the
validation of these codes. These determinations can be used in making shielding
optimization recommendations and inform mission planning. Previous accelerator
experiments to evaluate the effectiveness of spacecraft materials at reducing dose have
focused on single materials and not layered mock-ups more closely representing a
spacecraft wall (Gutersloh et al. 2006; Miller et al. 2003; Zeitlin et al. 2006; Zeitlin et al.
2008). Within this research project, the following four materials combinations were

f56

further investigated to improve the understanding of the interactions of *°Fe ion and



protons (Lobascio et al. 2008; Silvestri et al. 2011). The Particle Heavy lon Transport

(PHITS) code, a relatively new Monte Carlo transport tool, was utilized in the

investigations.

1. The Columbus Science Module launched in February 2008. Its design and

3.

structure is similar to the other ISS modules and Orion Service Module which
is being built by the European Space Agency. Understanding its radiation
protection properties will be valuable for NASA and this knowledge can be
translated to the development of new space vehicles. This dissertation
focusses on the dose reduction capability of a more realistic mock-up of the
vehicle structures when compared to single materials, aluminum or

polyethylene of equivalent areal density.

An improved understanding of the radiation protection properties of
inflatable spacecraft structures is important as space agencies look for low
mass vehicle materials for interplanetary missions. Therefore, computer
simulations of 1 GeV proton and 1 GeV/n *Fe beams interacting with one
proposed inflatable structure, REMSIM, was compared with standard

spacecraft materials, aluminum and polyethylene of similar areal density.

This dissertation will investigate the differences in equivalent dose caused by
changing the order of materials used in shielding design. The current effort
investigates the differences in the production of secondary particles from 1
GeV/n *°Fe and 1 GeV proton beams incident on aluminum followed by

polyethylene and polyethylene followed by aluminum.
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4. Previous experiments concentrated on measurements along the beam axis
(Bertucci et al. 2007; Mancusi et al. 2007; Lobascio et al. 2008; Silvestri et al.
2011). This current effort focusses on the measurement of the angular
distribution of protons produced by high energy protons irradiating 20 g/cm2

thick aluminum shielding.
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Chapter 2: Background and Literature Review

QUANTITIES USED IN RADIATION PROTECTION

The risks associated with exposure to radiation cannot be measured directly;
they are calculated from measured radiation exposure, radiation properties, and
combined with computer model predictions of risk. The system of dose quantities has
been defined by ICRP and International Commission on Radiation Units and
Measurements (ICRU) for terrestrial external radiation protection provides the basis of
space radiation protection (ICRP 2007; ICRU 1993; NCRP 1991).

Radiation exposures are described in terms of the absorbed dose, D, which is the
energy absorbed per unit mass of a material. Formally, absorbed dose at a point is

defined by the ICRU as:

AE
D= — Eqn 2.1
Am

Where AE is the mean energy absorbed from the radiation to a mass, Am. The Sl unit
of absorbed dose is J kg™ and its special unit is known as the gray (Gy). Absorbed dose
takes into account of the radiation field internal and external to the specified volume of
mass and therefore, all charged particles that were produced in or enter that volume. In
radiation protection the interest is in the absorbed dose averaged over a tissue or organ
volume. The mean absorbed dose, Drg, in and organ or tissue T due to radiation of type
R is the basic quantity for the definition of the protection quantities equivalent dose and
effective dose. In mixed radiation fields the mean absorbed dose, Drin and organ or

tissue T is given by (Attix 1986):
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Dr = YrDrp Eqn. 2.2

It is common to describe the number of particles incident on a cross-sectional
area, or incident on a sphere of a given cross-sectional area, called the fluence, F, with
units cm™. As particles pass through matter, they lose energy at a rate dependent on
their kinetic energy, E and charge number, Z, and approximately the average ratio of
charge to mass (Z1/A7) of the materials through which they travel. This rate of energy
loss is called the Linear Energy Transfer (LET), which, for unit density materials such as
tissue, has units of keV/um. Dose and fluence are related by D = p F LET, where p is the
density of the material (for water or tissue = 1 g/cm?>).

Most biological effects of radiation can be related to the absorbed dose.
However, radiation protection is generally concerned with controlling exposures so that
the detriment to the individual is limited. When experiments have been performed on
biological systems using different radiation types, it has been shown that different
absorbed doses are sometimes needed to obtain the same biological effect. This is
particularly true for high LET radiation. The quantity that has been defined to account
for these differences is the relative biological effectiveness (RBE), which is defined as the
ratio of the absorbed dose of a standard radiation, such as X rays or gamma rays, to the
absorbed dose of a radiation in question, that both produce the same level of a given
biological effect. In the regulatory framework defined by the ICRP and the NCRP, an
equivalent dose is obtained when the absorbed dose is weighted by a modifying factor
that reflects the damaging ability of the particular type of radiation, or the

‘effectiveness” of the radiation. These modifying factors are proscribed by
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recommendation bodies such as the ICRP or NCRP as a measure of cancer risk
associated with different types of radiation exposure to individual organs (ICRP 60; ICRP
103; NCRP 1993). For individual tissues or organs, the modifying factor is known as a
radiation weighting factor, W,, and varies depending upon the particle type and energy
as shown in Table 1.1. The radiation weighting factor was previously known as the
quality factor (ICRP 1977). The product of dose and the radiation weighting factor (D x
W,) is known as the Equivalent Dose (H) and is given in Sieverts (Sv) (1 rem = 0.01 Sv). In
a similar fashion, the equivalent dose to a specific organ or tissue (t) due to a radiation
(r) is the organ dose equivalent (H;,) and likewise carries units of Sv. However, for the
complex mixtures of high- and low-LET radiations in space, the practice in the space
radiation protection community is to average the point quantity H., over the organ or

tissue of interest by means of computational models to obtain the organ dose

equivalent.
Type and Energy Range Weighting Factor, w,
Photons, all energies 1.0
Electrons, positrons, and muons, all energies 1.0
Neutrons <10 keV 5.0
10 to 100 keV 10.0
>100 keV to 2 MeV 20.0
>2 MeV to 20 MeV 10.0
>20 MeV 5.0
Protons, other than recoil protons, energy >2MeV 2.0
Alpha particles, fission fragments, non-relativistic heavy ions 20.0

Table-2.1: Radiation Weighting Factors (adapted from ICRP 1991).

Radiation weighting factors are not used in space radiation protection since the

spectrum in different organs is a complicated mixture of primary and secondary

14




particles. The approach recommended by the NCRP is to use the organ dose equivalent
Hr defined by the ICRU (ICRU 1993):

Hy = % [, dm [ Q(L)Fr(L)Ldl Eqn. 2.3
where L is the LET, m is the organ mass averaged over a tissue, Fris the fluence of
particles through the tissue T, and Q is the quality factor which is dimensionless. Q is a
continuous function of LET and the ICRP recommendations are illustrated in Figure 2.1.
The radiation quality is defined as a function of the LET of a heavy charged particle. Any
particle having an LET below 10 keV/um is given a quality of 1.0, the curve rises steeply
thereafter to a maximum quality of 30 for particles with an LET of 100 keV/um. The
curve decreases for particles having an LET greater than 100 keV/um based on
measured RBE’s and the theory that the excess energy deposited is not more effective
at cell killing. (ICRP 1991) It is important to note that there is experimental evidence
that biological effect of charged particles depends both on track structure and LET.
However, the Q(L) relationship represents a reasonable first approximation of the
changes in RBE in a mixed radiation field such as that in space and NASA continues to
use Q(L) rather than ICRP radiation weighting factors based on NCRP recommendations

(NCRP 2000).
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Figure 2.1 : Quality as a function of LET. Adapted from ICRP 1977.

Long term dose monitoring on board the Space Shuttle and International Space
Station (ISS) with the Tissue Equivalent Proportional Counters have shown that total
quality factors measured per mission vary from 2.0 to 3.1 with the Galactic Cosmic Rays
(GCR) having quality factors ranging from 11-22 inside the vehicle (Beaujean et al. 1999;
Zhou et al. 2009; Zhou et al. 2010) Recent measurements made by the Radiation
Assessment Detector on the Mars Science Laboratory have shown the average quality
factor for GCRs to be 3.82 £ 0.25 in free space while on the surface of Mars, the average
quality factor was lower at 3.05 + 0.26 (Hassler et al. 2014; Zeitlin et al. 2013)

Exposure of different organs or tissues can result in different risks to the
individual. The quantity Effective Dose (E) reflects the same probability of the
occurrence of effects regardless of whether the irradiation is a uniform or partial body

irradiation. It also accounts for the varying sensitivities of the organs to radiation.
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Effective dose is the sum of the weighted dose equivalent (Hy) for all exposed tissues or
organs. The tissue weighting factor reflects the relative radiation detriment to each
organ and tissue including the different mortality and morbidity risks from cancer, the
risk of severe hereditary effects, and the years of life lost due to these effects (NCRP

2000).

E = ZTWTHT Eqn: 2.4

SPACE RADIATION ENVIRONMENT

The ionizing radiation environment in space is comprised of charged particles,
uncharged particles, and high-energy photons with a broad range of energies. The
particles vary in size from electrons and protons to heavy nuclei. In the near-Earth
space environment, there are three naturally occurring sources of space radiation, solar
particle events (SPE), galactic cosmic rays (GCR), and trapped radiation. For radiation
protection purposes, GCRs are the most challenging to mitigate. In addition, the
interaction of the cosmic rays with the spacecraft walls creates secondary particles, both
electrically charged and neutrally charged. Radiation levels from each of these sources
vary in intensity, temporally, and spatially. The temporal and spatial fluctuations must
be taken into account in the planning of space missions to minimize the hazardous

effects of radiation exposures.

Solar Particle Events (SPE)
Solar radiation can be divided into two groups: a steady stream of solar material

called the solar wind, and Solar Particle Events (SPE) which are associated with solar
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flares and coronal mass ejections. Most solar radiations are of lower energy than the
GCR, but coronal mass ejections release a very high fluence rate, on average 10"
particles per cm?. The solar wind is composed of approximately 95% protons, 4% alpha
particles, and about 1% other nuclei consisting primarily of carbon, nitrogen, oxygen,
neon, magnesium, silicon and iron. These particles contain high (~¥800 km/s) and low
(~400 km/s) speed components. In general, the low speed winds contain a factor of 3
higher numbers of heavier nuclei (Reames 1999). The solar wind particles, even when
enhanced due to higher solar activities, do not contribute to the dose to astronauts due
to the relative low energy of the particles and hence the absorption in even thin
shielding thicknesses .(Cucinotta 2007; Durante & Cucinotta 2011).

The Sun's activity is characterized by an 11-year cycle that can be divided into
four inactive years (solar minimum) and seven active years (solar maximum). Changes
in electromagnetic radiation, particles, and magnetic fields arriving from the Sun have a
significant influence on the space surrounding the Earth. SPEs occur when energetic
charged particles are ejected from the sun into interplanetary space. The most
energetic particles arrive at Earth within tens of minutes of the event on the Sun, while
the lower-energy particles arrive over the course of a day. Without radiation
protection, SPEs can result in significant doses to astronaut crews. Large SPEs occurred
in November 1960, August 1972, and October 1989. Fortunately, these events did not
occur when astronauts were on the surface of the moon. However, future events of

these magnitudes could result in clinical detriment to astronaut crews.
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Solar flares and Coronal Mass Ejections (CME) are eruptions from the sun’s
surface and are associated with sunspots. These events are much more likely to occur in
the time of maximum solar activity, but occur with a much lower frequency than
sunspots. SPEs associated with solar flares develop rapidly and can last for days. They
produce intense electro-magnetic radiations as well as protons, electrons, and plasmas
of helium to iron, of which approximately 97.8% is composed of protons and 2.1% is
Helium (Hathaway 2012). SPEs are highly unpredictable in occurrence, intensity, and
duration. This is due to the physics behind both the formation and transport of the
particles. As a consequence, an intense SPE can arrive at earth and be complete within
hours, or the SPE can last for more than a week, during which there are bursts of
radiation lasting a few hours. A large number of the particles from an SPE are protons
with energies less than 10 MeV/nucleon which can be relatively easily shielded by
spacecraft hulls. There is a rapid fall off in intensity with increasing energies common to
all CMEs. The very high density of protons with energies greater than 10 MeV can still be
a particular source of concern for external operation, while protons of more than 30
MeV can be of concern to thinly shielded habitats.

Accurate prediction of the time and intensity of individual SPEs is not currently
possible. Modern data on SPEs have only has been collected since 1956, which
corresponds to the beginning of cycle 19. This data indicates that about 30 to 50 major
SPE events occur per cycle, most during the middle 5 years corresponding to solar
maximum. Of particular note are the occasional very large CMEs, which have the

potential for effects on crew health. One such SPE, commonly known as the August
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1972 event, is among the largest recorded events. Although this event is often used in
radiation protection planning for possible future SPEs, it may not be the worst case
scenario. Through the examination of nitrates in ice core samples, it has been
determined that solar events of up to ten times the intensity of the 1972 event have
occurred in the past 500 years. Another important consideration is that although the
occurrence of SPEs is can be frequent during solar maximum, the occurrence of these
intense SPEs is rare. There are several statistical models of SPE occurrences available for
mission planning. These are: the King model (King 1974), the Jet Propulsion Laboratory
(JPL) model (Feynman, et al. 1993), the Emission of Solar Protons (ESP) model (Xapsos et
al. 1999), and the NASA SPE Propensity Model (Kim et al. 2009). SPEs that occur during
a mission can be disruptive to accomplishing mission objectives; i.e. astronauts may
need to relocate to a more heavily shielded area of the spacecraft, EVAs can be
rescheduled, etc. (NASA 2014). Having the ability to accurately forecast the occurrence

and severity of SPEs would minimize radiation hazard from radiation.

Galactic Cosmic Rays

Galactic Cosmic Radiation (GCR) originates outside our solar system but
generally within the Milky Way Galaxy and is treated as isotropic or uniform in intensity
and direction. This radiation consists of atomic nuclei of hydrogen to uranium which
have been ionized and accelerated to very high energies. The highest-intensity GCR is
found between a few tenths and a few tens of GeV per nucleon, where the particles can
penetrate tens to hundreds of centimeters of shielding. GCR is 85 percent protons, 14

percent helium, and the remaining 1-2% heavier nuclei with charges ranging from 3
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(lithium) to about 28 (nickel) (Simpson 1983). lons heavier than nickel are also present,
but they are rare. These subtle compositional differences were a key factor in
understanding the origin of GCR and provided the original impetus for the development
of heavy-ion transport codes and heavy-ion cross-section libraries that are used today.
The remaining 1% of the GCR is composed of electrons and positrons.

These particles are termed HZE particles because they are composed of high-
energy (high-E) nuclei of heavier (high atomic number Z) elements. The fluence levels of
these particles are very low. However, since they travel very close to the speed of light,
and because some of them are composed of very heavy elements such as iron, they
produce intense ionization as they pass through matter. Consequently, although the
number of HZE particles is relatively small, they can have a significant biological impact.
Figure 2.2 shows the relative contribution of fluence of charged particles to the dose
and dose equivalent. This graph was created using the NASA developed radiation
transport code, HZETRN, and the Badhwar O’Neil GCR model (Cucinotta et al. 2003;
Durante & Cucinotta 2011; Group 2012). The electrons and positrons present in GCR
are a minor biological hazard as compared to the bulk of GCR since they are easily

shielded.
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Figure 2.2: Percent contributions from individual GCR elements for the particle flux,

dose, and dose equivalent at solar minimum. Reprinted from Cucinotta et
al. 2003.

The galactic cosmic radiation also varies as a function of the level of solar activity
which has follows the 11 year solar cycle. The number of solar particles is directly
related to the number of observed solar events. When the solar wind increases there
are more particles and higher interplanetary magnetic field to interact with the influx of
GCR. This interaction removes some of the lower energy GCR particles. The result is
that in time of solar maximum the GCR environment in the inner solar system has a

higher energy but lower fluence than during solar minimum. Equivalent doses (H) from
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the GCR in interplanetary space are estimated to range from 0.3 Sv/year during solar
maximum to about 1 Sv/year during solar minimum.

Interactions of the GCR with the solar wind, combined with the cyclic changes in
magnetic fields of the sun, have the effect of modulating the GCR spectrum and this
modulation is described by several different models. Examples used in the US are the
Nymmick model (Nymmik 1996), the Combined Release Radiation Effects
Satellite/Space Radiation Effects (CRRES/SPACERAD) heavy ion model (Chen et al. 1994),
and the Badhwar-O’Neill model (Badhwar & O'Neill 1994; O'Neill 2010). Each of these
models has its strengths and weaknesses and their use by the scientific and operational
communities seeks to capitalize on its strengths. The Nymmick model is used in the
1997 version of Cosmic Ray Effects on Micro-Electronics code (CREME-96) developed by
the Naval Research Laboratory and widely used for predicting single event effects for
micro-electronics in aircraft and spacecraft (Tylka et al. 1997). The CRRES/SPACERAD
Heavy lon Model of the Environment (CHIME) was developed in collaboration with the
US Air Force and also used for predicting effects on microelectronics in satellites in Air
Force applications (Chenette et al. 1994). NASA uses the Badhwar-O’Neill model for
human spaceflight mission planning and also on the prediction of single event effects

on microelectronics in its spacecraft (Badhwar & O'Neill 1994; O'Neill 2010).

Trapped Radiation
Trapped radiation results when charged particles are trapped in the magnetic
field surrounding the Earth. The rotation of the earth’s molten iron core creates electric

currents that produce a magnetic field which extends thousands of kilometers into
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space. As charged particles interact with this magnetic field, their original direction is
altered according to their energy, charge, and mass along the magnetic field lines of the
earth. These particles are contained in one of two doughnut-shaped magnetic rings
surrounding the Earth called the Van Allen radiation belts. The inner belt contains a
fairly stable population of protons with energies exceeding 10 MeV. While the outer
belt contains mainly electrons with energies up to 10 MeV for which spacecraft hull and
structures provide sufficient shielding. Protons with energies greater than 30 MeV have
sufficient energy to penetrate spacecraft structures. Additionally, the trapped
electrons have an insignificant contribution at altitudes lower than 700 km and do not
pose a threat for astronauts. Other ions such as, helium, carbon and oxygen nuclei,
have been detected in these trapped regions, but they are of much less concern than
the protons due to their scarcity.

Charged particles trapped in the Earth’s magnetic field have a helical motion
around the geomagnetic field lines that consists of a sliding motion along the field lines
and a bouncing motion along a line between the trapped particle's mirror points (Hess
1968). In addition to the helical motion, there is also a longitudinal drift around the
Earth, with electrons drifting East and protons drifting West. The South Atlantic
Anomaly (SAA) region, where the spiraling protons get closer to Earth than usual, is an
important source of radiation exposure for crewmembers in a spacecraft traveling at
low orbit inclination and low altitude (NCRP 1998; NASA 2012). During periods of solar

minimum, for ISS and MIR usual orbital inclination of 51.6° and altitude of
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approximately 400 km, almost half of the ionizing radiation came from SAA trapped
protons, while the other half came from GCR (Badhwar 1997).

Experience with Earth orbital missions to date indicates that nearly all of the
accumulated radiation exposure can be attributable to passages through the SAA (Kim
et al. 2007). In addition to altitude and orbital inclination, the integrated dose is a
function of solar cycle. Increases in solar activity expand the atmosphere and increase
the loss of trapped protons. Therefore, trapped radiation doses in LEO are known to
decrease during solar maximum and increase during solar minimum. Although high
inclination flights pass through the SAA maximum intensity regions, less time is spent in
the SAA than low inclination flights. Crews in high inclination flights receive less net
exposure to trapped radiation than in low inclination flights for a given altitude. Low
inclination flights will not transit the SAA lower than 28.5 degrees south latitude and
avoids the peak of the SAA.

For most of NASA’s space programs, astronauts have not traveled through the
Van Allen Belts; however, missions to deep space require traversing them (Kim et al.
2007). Thus, for a spacecraft in LEO, the main contribution from the trapped radiation
to dose rate comes from the trapped protons. The trapped proton flux is influenced by
both the solar activity and by altitude. At a fixed altitude the proton fluxes decrease as
the solar activity increases, whereas at constant solar activity the trapped fluxes
increase almost exponentially with altitude (Badhwar 1997). During travel to the Moon
or Mars, a spacecraft will be accelerated in LEO and pass through the inner and outer

radiation belts as it achieves escape velocity. Fortunately, during the manned Apollo
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missions, the craft transit in these regions was rapid enough that overall dose due to
trapped protons was minimized. The average skin dose for those missions was 4.1 mGy,

most of which was attributable to the radiation belts (Bailey 1976).

Nuclear Propulsion and Power

While the bulk of the discussion of the radiation environment has focused on the
natural environment in space, manmade sources of radiation are used in spaceflight.
Nuclear propulsion could reduce radiation exposure during long duration missions both
by shortening transit times (Durante & Bruno 2010). NASA has historically funded
programs to study the efficacy of using nuclear technology for propulsion and planetary
surface based power systems (Aftergood 1989; DOE 1987). While a direct comparison
of a nuclear system to chemical one is difficult, nuclear systems could provide a more
efficient means of transport. The benefit of using nuclear technology for propulsion
systems is in the ability to provide a greater specific impulse and more thrust per unit
mass compared with conventional chemical propellant systems. Higher specific impulse
is directly correlated with shorter transit times, currently estimated at 30% less
compared to chemical propulsion. Nuclear propulsion would require less mass as
chemical propellants would not be needed and the mass savings could be replaced with
an augmentation in shielding. Whether time is shortened or shielding is added,
radiation exposures would be reduced during transit.

The use of nuclear energy could dramatically change the capabilities of
interplanetary missions. As radiation exposures are already of concern, limiting

additional exposures from man-made sources will be critical to a nuclear program.
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Exposures from man-made sources are not considered in this present study, however,
future considerations in mission planning should also focus on shielding materials and

designs, as well as, optimizing distance from the reactor.

PHYSICS OF ENERGY LOSS AND FRAGMENTATION OF HEAVY IONS

When high energy ions pass through matter they interact with constituent
atoms, molecules and nuclei. There two basic types of interactions processes that
occur: 1) ionization and excitation of the atoms and molecules of the material and 2)
nuclear interactions with the nuclei of the atoms of the material (Attix 1986).
Mathematically particle transport can be described by the time-independent Boltzmann
equation using the continuous slowing down approximation (Wilson et.al. 1991; Wilson
et.al. 2001):
0-Tp(%0,E)— —[SE)p;(% 3,E)] + 0;(E)g;(%,3,E) =
>k Ujk(ﬁ, 3B E) o (%0, E")dd', dE’ Eqn. 2.4
where q)]-(i, ﬁ, E) is the flux of particle type j at the position ¥ heading in the direction
Q with energy E, S;(E) is the stopping power of particle type j with energy E, o;(E) is the
total cross section of particle type j, with energy E, and ajk(!_f, ﬁ',E,E’) is the cross
section for particles of type k with energy £’ and direction Q' creating particles of type j

with energy E and direction Q. There are different types of interactions that may occur
as a result of each interaction and are described by the total probability of interaction or

cross section g;(E) which can be expanded to:

oi(E) = ajat(E) + ajel(E) + o/'(E) Eqn. 2.5
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where the first term refers to collision with atomic electrons, the second term is for
elastic nuclear scattering, and the third term describes nuclear reactions. The
approximate values for the cross sections and average energy transfer are as follows
(NCRP 2006):

o (E) ~ 107 cm? for §Eq, ~ 10%eV

ajel(E) ~107Y%cm? for §E,, ~ 10%eV

o] (E) ~107%**c¢cm? for 6E4 ~ 10%eV

From the cross section information above, the primary interactions of charged
particles with matter are atomic interactions, through ionization and excitation. Many
atomic collisions (~10°) occur in an cm of matter, whereas approximately 10® nuclear
Coulomb elastic collisions occur per cm. In contrast, nuclear reactions are separated by
a fraction to many cm depending energy and particle type.

As a charged particle travels through matter it loses kinetic energy by either
exciting bound electrons of the atoms making up the matter, or by ionization the
stripping of the electron entirely from the atom. Typically the amount of energy
required to excite electrons in an atom is very small compared to the energy required to
ionize an atom; therefore most of the energy loss that occurs is from ionization and the
energy loss from excitation can be neglected. The ionization process can be thought of
as the charged particle traversing the matter, and imparting some of its energy to an
electron, and this process is repeated many times as the charged particle encounters
additional electrons. The mean rate of energy loss in a target can be represented by the

Bethe-Bloch equation (Attix 1986; Durante & Cucinotta 2011):
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4nZ2pZrNye* 2mc?p2y? C(B)
) - B

Eqn 2.6

where S is the stopping power with units of LET, e is the electronic charge, N, is
Avogadro’s number, p is the target density, m is the electron mass, c is the speed of
light, Z, is the atomic number of the incident particle, Z; is the atomic number of the
target, / is the mean excitation energy, and B is the particle velocity divided by the
speed of light, y = (1 — f2)™2. The correction terms employed are the shell correction
C(8), the Barkas correction Li(B), the Bloch term L,(B), and the Mott and density
corrections L3(B).

In order for a nuclear interaction to occur, the nucleons in the incident particle,
or projectile, must interact with the nucleons in the target. The energy must be
sufficient to overcome the natural electromagnetic repulsion between the protons,
called the Coulomb barrier. If the energy of the particle is below the barrier, the nuclei
will “bounce off” one another. When a collision occurs between the incident particle
and a target nucleus, either the beam particle scatters elastically leaving the target
nucleus in its ground state or the target nucleus is internally excited and subsequently
decays by emitting radiation or nucleons. When a particle, such as a neutron or a
proton, interacts with a target nucleus, it can "scatter," changing its direction of travel
and its kinetic energy. The scattering can be "elastic" or "inelastic". In elastic scattering,
the target nucleus remains in its ground state, but in inelastic scattering, it can absorb
energy from the incident particle and the absorbed energy usually is re-emitted as

gamma rays. Both of these events are "two-body" collisions, much like billiard-ball
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collisions, and the products fly off at different angles. By mathematical analysis, the
energies of the scattered particle and the recoil nucleus can be completely determined
by the angle of emission of the scattered particle. The angular distributions of many
interactions have previously been measured or calculated (Attix 1986; LANL 2010). The

probability of nuclear reactions can be approximated by the Bradt-Peters equation:

1 1

o= nrozcl(E)(Ai + 43 — ¢, (E)) Eqn. 2.7
where o is the fragmentation cross-section, A, and Ar are the atomic weight of the
projectile and target, respectively, and ry is the nucleon radius. In this case, the energy
dependent corrections to the geometrical cross-section are provided by the semi-
empirical terms c; and c,.

If we evaluate the stopping power described in Equation 2.6 per unit mass, we
show that the mass stopping power or energy lost per gram of target material is the

following proportion:
2 2T Egn. 2.8

The number of nuclear interactions per unit mass is also proportional to fragmentation

cross section per unit mass. To a first approximation, o is proportional to A?3,

1/3

Consequently, the nuclear transmission is proportional to 1/A”° so the following

proportion holds:

1

—x A3 Egn. 2.9

Therefore, the electromagnetic and nuclear energy deposition per unit target mass

decreases with increasing atomic weight of the shielding, Ay, leading to the conclusion

30



that light materials are more effective for shielding in space. The dependence of energy
loss on the Z;/Ar ratio implies that hydrogen is the optimal material for slowing particles

since its ratio is one. (Wilson et al. 1997; Wilson et al. 1991).

SPACE RADIATION TRANSPORT - TRANSPORT CODES

To calculate the radiation environment at a particular location inside the
spacecraft, to a particular tissue site, at a given time; shielding models for both the
astronaut and the spacecraft are required. A space radiation transport code to calculate
the transport of the particles from the external environment through the shielding
material provided by the spacecraft and the astronaut’s body is also required. There are
two types of radiation transport codes, Monte-Carlo and deterministic codes. Monte-
Carlo codes such as PHITS (Sato et al. 2013), High Energy Transport Code - Human
Exploration and Development in Space (HETC-HEDS) (Townsend et al. 2005),
FLUctuating KAskades (FLUKA) (Battistoni et al. 2007; Ferrari et al. 2005) and Geant4
(Agostinelli et al. 2003) use statistical methods for determination of particle trajectories.
Deterministic codes such as HZE TRaNsport code (HZETRN) (Wilson et al. 1995) utilize

approximate solutions to the Boltzmann transport equation given in Eqn. 2. 4.

Monte Carlo Codes

PHITS is a general purpose Monte Carlo particle transport code written in
Fortran 77. PHITS can calculate the transport of all particles (nucleons, nuclei, mesons,
photons, and electrons) over wide energy ranges, using several nuclear reaction models

and nuclear data libraries. Geometrical configuration of the simulation can be set with
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or Combinatorial Geometry (CG) or General Geometry (GG) systems. Various quantities
such as heat deposition, track length and production yields can be deduced from the
simulation, using implemented estimator functions called "tallies". Using the graphics
code provided, ANGEL, PHITS also has a function to draw 2D and 3D figures of the
calculated results as well as the simulation geometries. PHITS can be executed on
almost all computers (Sato et al. 2013). Since PHITS was chosen for this work, a more
detailed description of PHITS, the physics models implemented, and the reasons for
selecting is contained in Chapter 3 of this dissertation.

HETC-HEDS is a NASA developed extension of the HETC originally developed at
Oakridge National Laboratory to provide a method for three dimensional transport of
heavy ions in space. It is capable of carrying out three-dimensional transport of the
heavy ions in the space environment. HETC-HEDS simulates particle cascades by using
Monte Carlo methods to compute the trajectories of the primary particle and all the
secondary particles produced in nuclear collisions. The particles considered by HETC-
HEDS (protons, neutrons, pions, muons, light ions and heavy ions) can be distributed in
angle, energy, and space. Each particle in the cascade is followed until it disappears by
escaping from the boundaries of the system, undergoes a nuclear collision or
absorption, comes to rest due to energy losses from ionization and excitation of atomic
electrons in the target medium, or decays in the case of pions and muons. Neutrons
produced below the specified cutoff of 20 MeV and photons produced in the cascade
from pion decays or from de-excitation are not transported. However, information

regarding the neutrons and photons is stored for transport by other codes such as
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MORSE, MCNP, and EGS. HETC-HEDS provides a complete history tape of all cascades so
that analyses of specific problems can be performed. For a more in depth review of the
physics models incorporated in HETC-HEDS, the reader is referred to the code’s
reference publication (Townsend et al. 2005).

FLUKA is a general purpose tool for calculations of particle transport and
interactions with matter, covering an extended range of applications spanning proton
and electron accelerator shielding, target design, calorimetry, activation, dosimetry,
detector design, accelerator driven systems, cosmic rays, neutrino physics, and
radiotherapy. FLUKA can simulate with high accuracy, the interaction and propagation
in matter of about 60 different particles, including photons and electrons from 1 keV to
thousands of TeV; neutrinos and muons of any energy; hadrons of energies up to 20 TeV
with up to 10 PeV possible by linking FLUKA with the Dual Parton Model (DPMIJET) code;
neutrons down to thermal energies; heavy ions; and all the corresponding antiparticles.
The program can also transport polarized photons (e.g., synchrotron radiation) and
optical photons. Time evolution and tracking of emitted radiation from unstable
residual nuclei can be performed online. FLUKA can handle even very complex
geometries, using its improved version of the well-known Combinatorial Geometry (CG)
package. The FLUKA CG has been designed to track correctly also charged particles
(even in the presence of magnetic or electric fields). Various visualization and
debugging tools are also available. For most applications, no programming is required
from the user. However, a number of user interface routines written in Fortran 77 are

available for users with special requirements (Ferrari et al. 2005). For a complete
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description of the physics models used in FLUKA, the reader is referred to the code’s
user manual (Fasso et al. 2011).

GEANT4 is a toolkit for simulating the passage of particles through matter. It
includes a complete range of functionality including particle tracking, geometry, physics
models and hits (a snapshot of the physical interaction of a track in a detector). It has
been used in applications in particle physics, nuclear physics, accelerator design, space
engineering, and medical physics. The physics processes provided cover a
comprehensive range, including electromagnetic, hadronic and optical processes, a
large set of long-lived particles, materials and elements; all over a wide energy range
starting, in some cases, from 250 eV and extending in others to the TeV energy range. It
has been designed and constructed to expose the physics models utilized, to handle
complex geometries, and to enable easy adaptation for optimal use in different types of
applications. The toolkit is the result of a worldwide collaboration of physicists and
software engineers. Geant4 is unique as it has been created exploiting software
engineering and object-oriented technology and implemented in the C++ programming

language (Agostinelli et al. 2003).

Deterministic Codes

NASA has developed a suite of transport codes, HZETRN, to solve the HZE
portion (A > 4) of equation 2.4 with the continuous slowing down and straight ahead
approximations (Wilson et al. 1991). Solutions obtained with HZETRN can be coupled
with solutions obtained from a BRNTRN, which is a light ion code used to obtain the

transport of the full GCR spectrum (Wilson et al. 1988). NASA has developed two
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different nuclear fragmentation models, the Quantum Multiple Scattering
Fragmentation Model (QMSFRG) and the Nuclear Fragmentation Model (NUCFRG) and
both have been used in work with HZETRN. NUCFRG2 is a semi-empirical abrasion-
ablation model and QMSFRG is a non-relativistic quantum multiple scattering model of

nuclear fragmentation based on the Glauber formalism (Cucinotta et al. 2013).

Comparison of Transport Codes
Each of the computer codes described previously is a well proven application and
has gone through extensive validation for spaceflight and accelerator applications. In
general there are three ways to assess the uncertainties in transport code results
(Durante & Cucinotta 2011):
e Comparison of the code results to ground based measurements for both thick
and thin targets for different materials compositions and amounts.
e Inter-comparison of the codes for matched geometries and environments.

e Comparison of the code results to spaceflight measurements.

A comprehensive literature review of the comparison of each of these codes to
experimental measurements was undertaken. During the development of the heavy ion
transport models within each software package, code have undergone significant
benchmarking with accelerator measurements of ions and energies relevant to the
space environment. The publications are too numerous for thorough discussion here,
so representative publications for each code are discussed. In an early publication on

the PHITS code (lwase et al. 2002), the authors began confirming the accuracy of the
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heavy ion transport calculations, particularly for production of secondary particles and
neutrons. The code was also shown to provide good results on the angular distribution
of secondary neutron energy spectra produced from the irradiation of thick carbon,
aluminum, copper and lead targets by 100 MeV/n carbon, 400 MeV/n carbon, and 400
MeV/n iron ions. Following the addition of an event generator for low energy neutron
transport in 2007 (lwamoto et al. 2007) and through the comparison to published
secondary neutron spectra, PHITS was able to reproduce the secondary neutron spectra
in a wide neutron-energy regime (Satoh et al. 2007). Sato et al. (2005) and Zeitlin et al.
(2008), used PHITS to simulate the fragmentation distributions determined by Zeitlin et
al. (2004) and was shown to have overall good agreement with the experimental data.
However, an under prediction was seen. Comparison of the HETC-HEDS code
predictions and measured energy loss data for 1.063 GeV/n iron ions irradiating carbon
and aluminum targets, 600 MeV/n irradiating a polyethylene target and 800 MeV/n
irradiating a tin target was performed in Charara et al. (2008). The authors found that
HETC-HEDS reproduced the energy loss spectra well for the iron ions on aluminum but
over predicted the spectra in the other ion and target combinations. A limitation in
these results is that neutron and photon production are not benchmarked. FLUKA’s
history can be traced to early development work in 1964 and the code distribution and
management has become a large international collaboration. Therefore, there are
numerous publications that benchmark FLUKA to experimental measurements. In the
last 15 years, the code has evolved from a high energy physics code to being able to

transport particles of a wider energy range, from roughly 100 MeV/n to cosmic ray
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energies. Fasso et al. (2003) found good agreement with the expanded physics models
and experimental data from various sources. The work was performed in collaboration
with the University of Houston under a grant from NASA in an effort to incorporate
spacecraft geometries in three dimensional Monte Carlo calculations. Geant4 is used by
the European Space Agency and work has been performed to improve its hadron
interaction models to include the ions present in the space radiation environment. In
Ivanchenko et al. (2012) the authors concluded that Geant4 should be able to describe
the nuclear interactions in a space radiation environment. Good results were found for
hadron interactions with atomic nuclei in the energy interval 10 MeV-15 GeV for
interactions of neutrons, protons, and pions and for ions in the energy interval 100
MeV/n-1.5 GeV/n. The comparisons do show some uncertainty with the production of
light ions.

The broad energy beam boundary conditions in HZETRN neglect range or energy
straggling. This approximation is appropriate for the use in spaceflight calculations;
however, energy straggling become more important in ion beam calculations, so NASA
has developed a related code GREENTRN with narrow energy beam (or monoenergetic)
boundary conditions for use in accelerator measurements . The energy loss spectra
calculated with NUCFRG fragmentation model was compared to experimental data from
taken at Brookhaven National Laboratory Alternating Gradient Synchrotron (Walker et
al. 2005) and then a computational inter-comparison of same energy loss spectra for
NUCFRG and QMSFRG was performed. The authors concluded that the calculated

spectra showed reasonable agreement in shape with the experimental results.
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However, there were some discrepancies identified in the lower values of energy
deposited indicating the need for further model refinement and comparison with
experimental data. For light ion modelling, NASA has developed a Monte Carlo based
transport code, the GCR Event-based Risk Model (GERMCode) for use in evaluating
accelerator measurements at Brookhaven National Lab’s NASA Space Radiation
Laboratory (NRSL). The GERMCode uses the QMSFRG for a nuclear interaction data
base and atomic energy loss subroutines from HZETRN. GERMCode has been
benchmarked with many measurements by Zeitlin et al. (2008) and shows good
agreement with these measurements (Cucinotta et al. 2011).

Individually these codes compare well with experimental measurements leading
several research groups to perform inter-comparisons of the codes. Several of these
comparisons are discussed. The results of comparisons of PHITS, FLUKA, and HZETRN
and experimental data taken with silicon detectors and plastic nuclear track detectors
were discussed in Durante & Kronenberg (2005). Whereas agreement between the
experiments and all three codes was seen, HZETRN tended to overestimate the protons
produced. This over estimation was expected due to HZETRN’s use of the forward
approximation that does not account for lateral scattering of the ions transported. The
production neutrons and photons at angles of 7.5, 30, 60, and 150 degrees resulting
from the irradiation of beryllium, carbon, aluminum and iron target materials with
moderate energy protons was compared for FLUKA, MCNP, and PHITS in Oh et al.
(2011). The results calculated using FLUKA and PHITS agree well with the experimental

results; however, MCNPX showed an under prediction at every energy range except for
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an unusual over prediction at the highest energies. The authors found better results
when the LA150 cross section library was used with MCNPX. In this publication the
authors also evaluated results from the two intra-nuclear cascade models available in
PHITS, Bertini and Jaeri Quantum Molecular Dynamics (JQMD) and found that JQMD
was better at predicting the experimental results. As consequence of these results,
JQMD was chosen for the PHITS simulations in the work described in the methods
section of this paper. In Sihver et al. (2008), the authors used measured fragmentation
cross sections previously obtained and published by the Lawrence Berkley Laboratory
(LBL) group and described in Zeitlin et al. (2010), which they compared to predictions
from PHITS, HETC-HEDS, MCNPX , FLUKA, and HZETRN’s NUCFRG. Both HETC-HEDS and
NUCFRG were shown to not reproduce the odd-even effect seen in the experimental
data. However, all of the codes are shown to underestimate the fragmentation cross
sections and a slight underestimation of the charge changing cross sections.

NCRP Report 153 provides a comprehensive review of many of the spaceflight
measurements compared to predicted values from HZETRN (NCRP 2006). In addition,
within the HZETRN suite, both fragmentation models have been well validated with
space measurements (Cucinotta et al. 2008; Slaba et al. 2011). Since Monte Carlo
calculations generally require long computational times, comparing Monte Carlo
predictions to spaceflight measurements usually require that simplified geometries be
used leading to uncertainties in the results. As an example, simulations of the
MATROSHKA-R experiment on the ISS, the Russian Service Module was modelled as

sphere of aluminum with varying areal densities from 3 - 5 g/cm? with the MATROSHKA-
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R spherical phantom inside. In reality the geometry of the Russian Service Module is
more complicated. The best overall agreement between averaged simulated absorbed
doses and those measured by the detectors on the phantom surface was achieved when
using a mass thickness of about 4 g/cmz. The measured average absorbed dose was 172
uGy/day and the simulated average absorbed doses were 196 uGy/day and 153
HGy/day for 3 g/cm? and 5 g/cm? of aluminum shielding, respectively (Koliskova et al.

2012).

SHIELDING IN SPACE

In the early space missions, radiation doses from GCR were considered negligible
as mission durations were short. For example, Apollo missions were 10 days or less and
Shuttle missions were two weeks or less. The unpredictable nature of SPEs was of
principle concern due the potential for high exposures leading to clinical detriment. The
aluminum hull of the spacecraft was the only shielding provided. With the increasing
duration of missions at the ISS, and planning for long duration exploratory missions, the
inclusion of parasitic shielding has been investigated (Shavers et al. 2004; Kodaira et al.
2014). In this publication the authors note that operational constraints for retrofitted
shield materials include launch mass and access to a launch vehicle. This publication
was written following the Space Shuttle Columbia accident and the Shuttle was
grounded. Access to the ISS was solely through Soyuz and Progress launches and launch
mass was extremely constrained. Other habitability factors described include
consideration of air ventilation and materials off-gassing, flammability, and noise.

Perhaps the most challenging constraint for retrofitted shields is the reduction of
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inhabitable volume. Hydrogenous materials have been shown to be the most effective
at reducing exposure to GCR. Therefore, NASA evaluated the effectiveness of including
polyethylene bricks in the astronaut sleep quarters and found as much as a 20%
reduction in total dose equivalent. The actual dose equivalent reduction is less due to
the number of hours the astronaut spends in the sleep quarters. The authors also noted
that shielding material readily available on a spacecraft usually include spacecraft
structure and contents, including support hardware, payloads, storage of water, food,
clothes, paper, debris shields, and even the crewmembers. Following the success
reported in Shavers et al. (2004), NASA designed the sleep quarters for Node 2 of the US
operating segment, to include incorporate prudent choices of construction materials
including the incorporation of polyethylene panels to reduce dose equivalent. A
reduction of about 5% in dose equivalent from GCR was predicted for a mission. This
reduction estimated the number of hours an astronaut would spend in their sleep
quarters ( NASA 2006). The Russian starboard crew cabin is only shielded by a thin
aluminum panel necessitating the need for the inclusion of additional shielding material.
A “protective curtain” of packaged wet hygiene wipes and towels was constructed along
the outer wall of the crew quarters, adding 6.3 g/cm2 areal density of shielding. Using
thermoluminescent detectors and nuclear track detectors, a dose reduction of 37%

(total) was measured in the crew quarters (Kodaira et al. 2014).

SHIELDING EXPERIMENTS AT ACCELERATORS
NASA in conjunction with the US Department of Energy funded the LBL group to

conduct a series of experiments to obtain the percentage dose reduction per unit
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thickness for a variety of ions and materials. The experiments confirmed the predictions
of Wilson, et al. (1991) that doses from light ions were the most effectively shielded and
that hydrogen was the best suited for this task. Hydrogen is an impractical spacecraft
construction material, but the experimental measurements showed that practical
materials like polyethylene and polymethylmethacylate (PMMA) had similar dose
reduction capabilities and were superior to aluminum (Guetersloh et al. 2006; Miller et
al. 2003; Zeitlin et al. 2006; Zeitlin et al. 2008).

The European Space Agency (ESA) has also funded a series of experiments to
evaluate the shielding effectiveness of spacecraft construction materials. Kevlar® and
Nextel® are materials commonly used in space structures to protect against
micrometeorites. Using Bragg curves, the authors in Lobascio et al. 2008 estimated the
shielding effectiveness of the materials using accelerator measurements and found that
while polyethylene provided the largest dose reduction, Kevlar® provided between 80-
90% of the reduction in dose obtained from polyethylene when irradiated with 1GeV/n
*®Fe jons. Both Kevlar® and Nextel® provide more attenuation than the same mass of
aluminum. These results provided evidence to use more realistic layered spacecraft
structure materials in this dissertation work. Accelerator measurements have also been
taken for 1 GeV proton beams with aluminum and PMMA (Bertucci et al. 2007; Mancusi
et al. 2007). In this work the authors found that the dose increased by 40% and 60%
when shielded by 20 g/cm® of PMMA and aluminum respectively. The dose rate

decreased with increasing distance from the shield; however, it remained elevated for
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up to 20 cm. The authors used PHITS to determine the increase in dose was due to
secondary particles created from nuclear interactions in the shielding material.

The testing of the composite materials used in the construction of the walls of
the Columbus module on the ISS and an inflatable habitat was reported in Silvestri et al.
(2011). The composite wall materials tested included layers of Kevlar® and Nextel® in
thicknesses consistent with spacecraft design. The authors reported that the composite
materials provided more dose reduction than an equivalent areal density of aluminum
and this improvement in shielding effectiveness is attributed to the addition of Kevlar®
and Nextel®. The composite materials were shown to reduce the dose more than an
equivalent areal density of aluminum. Simulations of the fragmentation distributions
using GEANT4 were also reported. The simulations reproduced the odd-even effect and
when the areal density is increased the amount of fragmentation is increased. Similar
tests for the composite materials from the Columbus module and an inflatable habitat
irradiated with protons were reported in Destefanis et al. (2008). GEANT4 was used to
simulate the experiment and the results indicate a good agreement between
experimental data and simulations.

Finally, ESA is currently sponsoring a set of measurements at GSI Helmholtz
Centre for Heavy lon Research in Germany, to test in situ planetary materials, Mars and
Lunar regolith, and novelmaterials with very high hydrogen content and excellent

structural properties (Durante 2014).
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Chapter 3: Methods

PHYSICAL MEASUREMENTS

Accelerator Beam and Dosimetry

As described earlier, highly energetic GCR can penetrate many g/cm2 of matter,
while protons are easier to shield. To assess the space radiation protection capabilities
provided by several materials used in space vehicle construction, ground tests were
performed at NASA’s Space Research Laboratory (NSRL) at Brookhaven National
Laboratory (BNL). In order to compare results to the GCR appropriately, a 1 GeV/n *°Fe
beam was chosen as it is the roughly the median energy of the primary GCR fluence and
has been shown to be representative of the heavy-ion component of the GCR (Zeitlin et
al. 2008). Additionally, solar particle events are composed largely of energetic protons
with an energy range up to 10 GeV and GCR is 98% protons with a median energy of 1

GeV. Therefore, 1 GeV protons were accelerated. (NCRP 2006)

*®Fe jon Beam Dosimetry

A °°Fe beam of 964.9 MeV/n was used with a range of 12.6 cm or 34 g/ cm? of
aluminum. The LET in water is stated as 151 keV/um. The size of the beam was about
20 cm x 20 cm, with a stated disuniformity below 5%. Three parallel plate ionization
chambers were used as the beam monitors, and the absorbed dose was measured by
the Far West Technology, Inc. model IC-17A ionization chamber, also called the Egg
Chamber The Egg Chamber is a three terminal 1cm? spherical ionization chamber with a
0.05 mm thick tissue equivalent plastic wall. The spherical detector is mounted on the
end of a stem with the signal connections made through a terminal block. The block

contains a Bayonet Neill-Concelman (BNC) signal connector and a miniature high
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voltage (MHV) high voltage connector. The stem effects are less than 1 x 10™?A for a 1 x
10* R/h exposure with Co-60. The effect may be minimized by using a positive and
negative collecting voltage on the detector and averaging the readings. The Egg
Chamber is calibrated annually using a Cs-137 gamma ray source. The calibration is
based on the standard defined in ICRU Report 59 (1998) (Far West Technologies 2001;
BNL 2011). All samples were placed normal to the beam and absorbed dose was
measured following the shield for the seven different configurations listed in Table 3.1.
Dose was measured for each configuration twice in order to ensure consistency in the

measurement and reduce uncertainty.

Configurations for *Fe Runs Dimensions (cm?)
Columbus shield 9x8
Columbus with internal structure model 10x 10
Inflatable habitat material, REMSIM 9x8
Inflatable habitat material, REMSIM with 9x8
water

Aluminum 20x 20
Polyethylene 20 x 20
Aluminum and Polyethylene with 20 x 20
changing mutual position

Table 3.1:  Dimensions for shielding configurations tested for *Fe beams.

Proton Beam Dosimetry

A proton beam of 1 GeV was accelerated. The LET in water is stated at 0.22
keV/um. The size of the beam was about 20 cm x 20 cm, and its stated disuniformity at
the accelerator window was reported below 5%. For some of the measurements taken,
the proton beam size was reduced to 10 cm x 10 cm to reduce data acquisition time. As
described in the *°Fe dosimetry section, three parallel plate ionization chambers were

used as beam monitors, and the absorbed dose was measured by the Egg Chamber. All
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samples were again placed normal to the beam and dose was measured in the five
different configurations listed in Table 3-2. Again, dose measurements were taken twice
for most of the measurements to ensure consistency. However, on the day of the
proton beam experiments, the Relativistic Heavy lon Collider was running leading to
lengthy data acquisition times. Consequently, only one dose measurement was taken

due to time limitations.

Configurations for Proton Runs Dimensions (cm?)
Columbus with internal structure model 10x 10
Inflatable habitat material, REMSIM with water 9x8
Aluminum 20 x 20
Polyethylene 20 x 20
Aluminum and Polyethylene with changing mutual position 20 x 20

Table 3-2: Dimensions for shielding configurations tested for proton beams.

Bragg Peak Measurements

At the beginning of each day, the kinetic energy of the NSRL Beam is
determined by measuring the Bragg Peak. The relative LET is measured using the
secondary ion chambers as increasing thicknesses of high density polyethylene are
sequentially inserted using the range shifter into the path of the beam. When a critical
thickness is reached, the beam particles will slow down enough in the polyethylene to
stop in the ion chamber, giving a peak in the observed LET. From the location of the
stopping peak, the NRSL staff derived the kinetic energy of the beam, and the LET that a
beam of that kinetic energy would deposit in water. The experimental plot of the Bragg
Peak for the *°Fe beam on the day of the experiments is shown in Figure 3.1 as the LET

measured in the ion chamber as a function of the thickness of polyethylene. The range
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of 1 GeV protons in polyethylene is 318 cm which is much larger than the irradiation

chamber at BNL and therefore a Bragg Peak was not measured.

Sun Jun 18 08:33:19 EDT 2006

0.9

0.8

Normalized Exposure
B N Ll
- (1] 2 ~

f

/

{

/

!

|

|

|

e
w

e
Y)

-~
0.1 ——e,

T .
’ e

0.0 A i e
00 20 40 6.0 80 100 12.0 140 16.0 18.0 20.0 22.0 24.0 26.0 28.0 30.0 32.0 34.0 36.0 38.0 40.0 42.0 44.0 46.0

Thickness (cm)

Figure 3.1: BNL Measured Bragg curve vs. residual range for *°Fe ions inside
polyethylene (density 0.97 g/cm?>).

OVERVIEW OF THE MAJOR EXPERIMENTAL CONFIGURATIONS

Space vehicle development largely uses available materials and technologies so
the knowledge of the behavior of existing structures in extreme environments is a key
point. The materials of interest in this study are typical space vehicle construction
materials such as aluminum, Kevlar® and polyethylene because there is a lot of previous
experimental and computational work to study shielding performance of these
materials. It is important to note that air gaps that would be present in the actual
spacecraft construction are not included in the mock-ups used in this work, as they have

negligible effect on the results.
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Description of the Columbus without Internal Structures Model

The Columbus module is typical of the construction of the other modules in the
United States Operating Segment of the International Space Station. These modules are
comprised of three cylindrical sections and two end-cones. Each end-cone contains a
hatch opening through which the astronauts will enter and exit from module to the next
module. The exterior of a module is made of aluminum and has a "waffle" pattern that
strengthens the hull. It is covered with a multilayer insulation (MLI) blanket to protect
the module from the temperature extremes of space. An intermediate debris shield
made of Kevlar protects the module against space debris and micrometeoroids.
Another insulation layer made of Nextel is next followed by an aluminum debris shield
for added micrometeoroid protection and to reflect the intense sunlight reducing the
heat load on the module. Figure 3.2 is a good illustration of the components of the

Columbus module.

Figure 3.2: Cutaway view of the Columbus Laboratory.
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For the experiments, the mock-up of the Columbus module shown in Figure 3.3
is representative of the actual configuration of the external shell utilized for the
Columbus model. This configuration is composed, as shown in Table 3.3, of aluminum
at the first bumper, Nextel®, Kevlar® epoxy and MLI at the second bumper, and finally
the aluminum pressurized shell or wall bumper (Destefanis et al. 2008; Silvestri et al.
2011). Mylar is used in the experimental configuration to contain the layers and has a

negligible effect on the results.

Material Areal Density Thickness
[g/cm’] [em]

Al2219 0.7 0.25

Nextel® 0.4 0.55

Kevlar® 0.9 0.8

MLI 0.2 0.13

Al2219 1.3 0.48

Areal Density [g/cmZ] Total Thickness [cm]

3.5 2.2

Table 3.3:  Materials for the multilayer Columbus mock-up.
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Figure 3.3: Multi-layer Columbus without internal structure mock-up. Details of layers
provided in relative scale.
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Rigid Multi-layer Columbus with Internal Structures

As shown in Figure 3.2, the habitable volume where astronauts work and live is
surrounded by a large number of devices and structures. Aluminum interior structures
provide space for power lines, data management systems, vacuum systems, air
conditioning ducts, water lines and more, all supporting the space station's rack system.
There are 10 aluminum racks inside the laboratory, six on each side. Each rack is 73
inches (1.9 meters) tall and 42 inches (1.1 meters) wide, basically, the size of the
average household closet. Made with a graphite composite shell, racks inside the
International Space Station lab are largely aluminum and weigh around 1,200 pounds
(544 kilograms) each (ESA, 1012). Figure 3.2 provides an illustration of the rack system
present on an ISS module. The racks are composed for the most part of aluminum and
composite material that are positioned between the module walls and the astronauts’
livable volume, therefore, providing further protection against the effects of a radiation
exposure. In order to test the potential protection afforded by these materials, it was
important to determine the equivalent density of the material constituting the internal
“out-fittings” in order to explore their role in the interaction with radiation. A simple
row estimation of these materials was performed. Two different configurations were
considered: the configuration of the module at launch and the on-orbit configuration.
The difference is a matter of the total weight and number of racks present during the
launch phase. This includes only the indispensable hardware and devices that are
present in order to accomplish all the operations were needed to attach it to the ISS.
After the commissioning procedures a maximum of 10 racks (998 kg each) can be
accommodated inside the module and 4 outside (370 kg each). During the launch phase
the total internal mass could be 6000 kg. We assumed that this mass could be thought
as uniformly distributed along the walls of the module. Aluminum represents about the

60% of the total mass inside the module. The remaining mass is attributed to liquid
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from propellant and water tanks and then plastic and composite materials contained in
the modules electronics. In order to leverage previous work done to characterize the
radiation protection properties of Nextel® and Kevlar®, the remaining materials were

approximated as Kevlar® (Destefanis et al. 2008; Lobascio et al. 2008; Silvestri et al.

2011).
Material Areal Density [g/cmz] Total Thickness [cm]
Al 0.7 0.25
Nextel® 0.4 0.55
Kevlar® 0.9 0.6
MLI 0.2 0.13
Al 1.3 0.48
Al 7.4 3
Kevlar® 3.8 2.9
Areal Density [g/cmz] Total Thickness [cm]
15 8

Table 3.4:  Materials for multilayer Columbus type with internal structure mock up.
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Figure 3.4: Columbus and internal vehicle structure mock up from experiment. Detail
of layers provided in relative scale.

Description of the Flexible Multi-layer Inflatable Habitat Mock-up.

Mass and volume constraints inherent in spaceflight have led to the design and
development of alternatives to the traditional aluminum shell. Inflatable habitats are
not a new concept and have been considered because the vehicle construction
materials provide a greater volume of living space for a given mass, and are not
constrained by the diameter of the launch vehicle.

Although never flown, the first serious design and manufacture of an inflatable
space habitat was in 1961 with a space station design produced by Goodyear (NASA

2013). A proposal released in 1989 by NASA’s Johnson Space Center's (JSC) in the Man
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Systems Division outlined a 16 meter (52 ft.) diameter spherical habitat lunar outpost
partially buried in the lunar surface. (Roberts 1992) Another inflatable module called
TransHab was proposed at JSC in the 1990s for the International Space Station, and later
the private company Bigelow Aerospace revived the design for use in a number of
potential civil and commercial applications. Currently, the Bigelow Expandable Activity
Module (BEAM) space habitat will be tested on the International Space Station starting
in 2015 for a two-year technology demonstration to test the module’s structural
integrity, leak rate, radiation dose rate, and temperature changes. Figure 3.5 shows and
artist’s rendition of the BEAM in space and docked to the ISS (Bigelow Aerospace 2013).

The actual construction of an inflatable space habitat would be determined by
mission objectives and driven by the need for protection from the environmental
conditions in space. Thermal protection would be provided by layers of MLI covered by
an external layer to protect against oxidation from atomic oxygen and degradation due
to ultra-violet radiation. The micrometeoroid and orbital debris shield consisting of
shock absorbers and ballistic restraint layers would follow. These layers would likely
have low density foam spacers in between for added attenuation of debris. Pressure
containment would be provided by a structural restraint system and air containment
would be provided by a bladder system. A final layer of a fire retardant material like
Nomex would serve as the protection from fire and any potential damage resulting from
crew activities within the spacecraft. An understanding of the radiation dose reduction
properties of this vehicle type will be necessary for managing radiation dose and risk

during the upcoming technology demonstration.
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(b)

Figure 3.5: An artist’s conception of the BEAM (a) in space and (b) docked to the ISS.

To obtain an understanding of the radiation protection afforded by inflatable
habitats, the flexible multi-layer configuration adopted by the European Space Agency
collaboration, Radiation Exposure and Mission Strategies for Interplanetary Manned
Missions (REMSIM), was used (Cougnet 2005). The experimental configuration, shown
as the Mylar coated package in Figure 3.6, consists of a thermal multi-layer insulation,

MLI, four Nextel bumpers used to absorb shock from impacting micro-meteoroids, a
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ballistic restraint multi-layer of Kevlar® used to absorb the kinetic energy of the debris
cloud, a structural restraint multi-layer of Kevlar® provides to support pressure loads
incurred from inflating the module and to supply further protection. To contain air
inside the module, a multi-layer composed by three layers of airtight material separated
by two layers of Kevlar® to protect and supply stiffness to the air bladder. A final layer
of Nomex provides protection against punctures and fire. In the flight configuration
there would be some spacer elements composed of foam needed to guarantee correct
spacing between consecutive bumper layers, however, these spacer elements were not

used during the irradiations at Brookhaven.

Material # of Layers Thickness [cm] Areal Density
[g/cm’]
MLI + 21 0.15 0.08
Betacloth
Nextel® 4 0.55 0.41
Kevlar® 17 0.45 0.36
Bladder 3 0.04 0.05
Nomex 1 0.01 0.01
Water 2 7.4 7.6
Areal Density [g/cmZ] Total Thickness [cm]
= 8.5 8.5

Table 3.5:  Materials for Flexible multi-layer REMSIM type with water added.
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table

Beam

Mylar Mylar

Nomex MLI (21)
Air Bladder (3) Nextel (4)

Kevlar (17)

Figure 3.6: Flexible multi-layer REMSIM and water mock-up used in experiments.
Detail of layers provided in relative scale.

The future design of inflatable/expandable space vehicles are unknown so
accurately modelling the internal configuration like was done with the Columbus mock-
up measurements was not possible. However, during the planning of these experiments

it was it recognized that the concept of utilizing propellant and drinking water tanks as
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additional shielding was being considered in vehicle designs; therefore, water was
included in the mockup. The REMSIM configuration was placed adjacent to two water
filled T75 plastic flasks, 3.7 cm thick each providing an additional 7.6 g/cm? of a high

hydrogen content material.

Aluminum and polyethylene with mutually changing positions

Many shielding studies have shown that the lighter the material the greater the
reduction in dose when shielding space radiation (Wilson et al. 1995; Shavers et al.
2004; Zeitlin et al. 2006). The fragmentation cross section per unit target (T) mass

'1/3, while the ionization power increases as Z7/A;. Theoretically

decreases as Ar
hydrogen would be the best material for shielding against heavy ions; however, because
of the difficulties of containment, no shield with liquid hydrogen has been constructed.
To date the practical solution has been to utilize a hydrogen rich material like
polyethylene. On the International Space Station, polyethylene shielding layers have
been incorporated into the walls of the sleep quarters of the astronauts. The
polyethylene sheets are placed interior to the ISS module aluminum hull, but within the
rack structure so that the polyethylene is bound on either side with aluminum (Shavers
et al. 2004; NRC 2008). In addition, Mancusi et al. (2007) showed that the absorbed
dose-rate measured in the sample position increases between 25% and 40% when a
proton beam was shielded with the blocks in polymethyl methacrylate (PMMA) and Al
of the same areal density(20 g/cm?). In those studies, aluminum was shown to be
responsible for the greatest increase in dose. Space structures are largely made of
aluminum, so studying the effects of combining it with polyethylene is a key point in
understanding the radiation protection afforded through realistic shielding

combinations. Figure 3.7 is a photograph of the 10 g/cm? Polyethylene+ 10 g/cm? Al

configuration. The four configurations tested are as follows:
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e 5g/cm? Polyethylene+ 5 g/cm? Aluminum
e 5g/cm? Aluminum + 5 g/cm? Polyethylene
e 10 g/cm? Polyethylene+ 10 g/cm? Aluminum

e 10 g/cm” Aluminum + 10 g/cm’ Polyethylene

7

Figure 3.7:  Aluminum-polyethylene shielding configuration example - 10 g/cm? of
polyethylene followed by 10 g/cm? aluminum.

Off-axis Measurements of 1 GeV Shielded Proton Beam

In this aim, we extended our investigations to obtain off-axis measurements of a
1 GeV proton beam deposition after traversal of a relatively thin (3 cm) aluminum

target. For these measurements a proton beam at 980 MeV was accelerated at BNL
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NSRL. The LET in water is about 0.22 keV/um and the relative energy spread at the
accelerator window was reported below 5%. The cylindrical aluminum target, 3x3 cm in
size and 2.71 g/cm® in density, was positioned with the axis parallel to the beam and
supported by low-density polyethylene foam. Experience at Brookhaven has shown that
the foam produces minimal scatter and fragmentation and therefore should not have
impacted our results. The exit window of the accelerator was located several meters
upstream of the three parallel-plate ionization chambers that were used as beam
monitors. While one of the parallel plate ionization chambers is visible in Figure 3.8 the
exit window is not visible. The location of the Egg chamber was moved along the x-axis
from 0- 6 cm while the x and y axes were held constant. Dose was measured using the
Egg chamber at these dimensions. The beam dose rate was adjusted in order to provide

a sufficient number of particles to deliver 200 cGy to the Egg Chamber.
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Figure 3.8:  Experimental configuration for angular distribution of proton ions shielded
by aluminum cylinder. Egg position located at (Ocm, Ocm, +1cm).

PHITS SIMULATIONS

PHITS was developed through a collaboration between JAEA (Japan Atomic
Energy Agency), RIST (Research Organization for Information Science and Technology),
KEK (High Energy Accelerator Research Organization) and Chalmers University of
Technology. PHITS is a general purpose Monte-Carlo transport code written in Fortran
77. It can transport all particles (nucleons, nuclei, mesons, photons, and electrons) over
wide energy ranges (~100 GeV/n), using various nuclear reaction models and nuclear
data libraries. Geometrical configuration of the simulation can be set with either CG or
GG systems. Various quantities such as energy deposition, track length and production
yields can be deduced from the simulation, using implemented estimator functions
called "tallies". The code package also provides a graphics tool, ANGEL, which can be
used to create 2D and 3D illustrations of the calculated results as well as the simulation
geometries. PHITS can be executed are Windows, Mac, Linux, and Unix platforms (Sato
et al. 2013).

PHITS has been used extensively for three-dimensional transport of cosmic ray
particles and design of accelerator facilities. It addresses two categories of physical
processes, transport process and collision process. It simulates ionization through
transport processes under an external field and uses the mean-free path to determine
instances of collision (Niita et al. 2006; Sihver et al. 2007). lonization transport includes
angular and energy straggling, showing good agreement for Bragg peaks and
fragmentation tails (Niita et al. 2006). For low energy neutron interactions, PHITS
employs Evaluated Nuclear Data Files (ENDF) and can be used with any of the
internationally available cross section libraries. Most recently the Japanese Evaluated

Nuclear Data Libraries (JENDL) are used for interactions up to 20 MeV, and the LA150
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libraries for are used interactions up to 150 MeV. ENDF are also used for gamma and
electron transport below 1 GeV in the same manner as the Monte Carlo N-Particle
(MCNP) code (Sato et al. 2013). For high energy neutrons and other particles, two
models, JAM (Jet AA Microscopic Transport Model) and JQMD (JAERI Quantum
Molecular Dynamics) are incorporated to simulate the particle induced reactions up to
200 GeV/n and the nucleus-nucleus collisions, respectively (Niita et al. 2006; Sato et al.
2006; Sihver et al. 2007). JAM uses a hadronic cascade model, with hadron-hadron
cross sections parameterized by resonance and string models by fitting available
experimental data (Sihver et al. 2007; Sihver et al. 2008). The Breit-Wigner resonance
model and the established data (Particle Data Group 2002) is used at center-of-mass
energies less than around 4-5 GeV, at which point the resonances widen and the
discrete levels get closer together, and soft processes with little transverse momentum
transfer occur (Sihver et al. 2007). Only ionization processes are considered for nuclei
transported below energies of 10 MeV/n; above this energy, JQMD is used to transport
nuclei (Niita et al. 2006; Sato et al. 2006; Niita et al. 2011). JQMD considers the nucleus
to be a self-binding system of nucleons, and can estimate the yields of light particles,
fragments and excited residual nuclei (Niita et al. 2006; Sihver et al. 2007). Both JAM
and JQMD are used for the dynamic portion of the nuclear reaction. Once the dynamics
are finished, the general evaporation model is employed to statistically address nuclear
de-excitation through particle emission to obtain the final state of the particle (Niita et

al. 2006; Sihver et al. 2007; Sato et al. 2013).

Using the PHITS Code

At the time this work was proposed, the operational version of the NASA
developed code HZETRN incorporated approximations that neglected angular dispersion

and the effect on lateral beam spread and range straggling which limited its use for
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simulation of beam line experiments. As a result Monte Carlo transport codes were
explored. | chose PHITS for this work primarily due to its reasonable learning curve and
ultimately the ease of parallelization of PHITS input. The source code of PHITS is written
in FORTRAN, and can be compiled and executed on various operating systems, such as
Windows, Mac and Linux. For Windows and Mac, the executable file compiled by Intel
Fortran is included in the PHITS package. Thus, the user can execute PHITS in Windows
and Mac environments without compiling it. In general for operating in the Linux
environment, the user must compile PHITS using the make command coupled with an
appropriate Fortran compiler. Although this work was begun with PHITS version 2.13,
an event generator for neutron transport was added in version 2.24 and this was used
for the completion of this work. While minor changes were made to the code during
the years of this work, the physics models in the code were still those of version 2.24
until PHITS was completely rewritten and version 2.52 was released (Sato et al. 2013).
Parallelization and operating in the Linux environment became extremely important
because the early simulations in the Microsoft Windows environment took from weeks
to months to complete. Although PHITS has the capability to incorporate user defined

subroutines, these were not required in this work.

PHITS - PARALLEL MODE

For this work PHITS was run on a Linux operating system in parallel mode in
order to reduce the computational times to manageable levels. The simulations were
performed on the NASA Space Radiation Analysis Group (SRAG) cluster known as
Watson. Watson has twenty Advanced Micro Devices, Inc. (AMD) 6176 nodes with 24
processors per node and 32 GB of random access memory per node, and eight AMD
6276 nodes with 32 processors per node and 32 GB of random access memory per node

(Langford 2011). The major difference in serial or parallel operation occurs in the
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compilation of the code, which requires references to different source files and a
compiler capable of parallel operations. PHITS was received from Oakridge National
Laboratory’s Radiation Safety Information Computational Center (RSICC) as a compiled
and executable code; however, some modifications to the source files were necessary
for it to run properly. The test files provided with the code and other example files
obtained through the code developers were run to confirm that installation on Watson
was performed correctly.

Although running PHITS in parallel reduced simulation time for this work
considerably, experience gained in other work has shown that it is not yet feasible to
use PHITS in larger operational evaluations of astronaut dosimetry (Sihver et al. 2010;
Bahadori 2013). Simulation of GCR ions in realistic spacecraft geometries or human
phantoms can take up to a few days for more than 100 processors. The uncertainty
requirements could be relaxed in order to reduce computation time, but for structures
larger than the size simulated in the present study, the statistics for a given number of
incident particles would be much worse due to a larger simulation volume. Also, it is
difficult at present to incorporate complex structures in PHITS due to the relatively
simple geometry definitions currently implemented in the code (Sihver et. al. 2010;

Bahadori et. al. 2013).

FILE STRUCTURE

The general structure of a PHITS input file is independent of whether the code is
run in serial or parallel mode. The user specifies a descriptive phrase for the problem in
the “Title” section. Any number of title lines is allowed in the input file. The parameters
that govern transport, such as particle energy cut-off and cross-section calculation
approach, are selected in the “Parameters” section. The user defines the type, energy,

and geometry of irradiation in the “Source” section. Material properties for the
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materials used in the problem are defined in the “Material” section. The user has the
option to choose between the CG system and the GG system when describing the
geometry of the calculation. If CG is chosen then the sections “Cell” and “Surface” must
be used. However, the “Region” and “Body” sections are used if the CG system is
chosen. Finally, values to be recorded in the problem are specified in Tallies, each of
which has its own section. An example PHITS input file used to generate data for this
chapter is included in Appendix C. Input files created for these studies included the

following sections:

o Title,

e Parameters,

e Source,
e Material
e Cell,

e Surface, and

e Tallies.

PARAMETERS SECTION

The values in the “Parameters” section chosen for the present study that
affected particle transport and tally recording are shown in the example input files in
Appendix C. The “icntl” variable governs the type of PHITS run that is to be executed.
Options for this variable include normal execution and geometry checking by voiding all
materials and plotting the geometry. Misspecification of the geometry is a common

mistake and checking the geometry is important during the development of the
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simulation input files. Although the default value is 0 for “icntl”, it was included in case
input files needed to be debugged. The “maxcas” and “maxbch” variables represent the
total number of particles per batch and number of batches, respectively. In parallel
execution, the “maxbch” must be divisible by the total number of executable
processors, otherwise the simulation will terminate when it reaches the number of
batches divisible by the number of processors. The values chosen for these variables
eventually balanced run times while achieving acceptable relative error values. Initially
the “itall” variable was set to 1 for the simulations in order to record tally output after
every batch so that the progress of a particular run could be monitored.

Prior to the use of the code in a parallel multi-processor mode, the ability to
check the tally output after every batch was necessary since computational times were
lengthy. Once accuracy of the results was determined, the setting was changed to
itall=0. The default values for the “incut” and “igcut” variables were chosen to record
information on the neutrons and gammas that pass below the minimum energies for
transport. The “rseed” value determines the seed number for the pseudo-random
number generator included in PHITS. Choosing a value of less than 0 causes the seed
number to be chosen based on the computer system clock time, while a value of greater
than O causes the seed number to be set to that value. The “file” variables indicate
locations for input and output files used by PHITS. Here, “file(6)”, “file(7)”, “file(14)”
and “file(19)”specify the summary output file, the cross-section library file, and the
gamma decay file, and the giant dipole resonance file for photonuclear reactions,
respectively.

PHITS was originally developed with the MCNP methodology incorporated for
the transport of neutrons. PHITS distribution became restricted through US law in 2009.
Receipt and use of the code outside of the US was prohibited. Versions of the code
released to US researchers and students through RSICC continued to maintain the

ENDF/B-VI cross section library files. Therefore, | used these cross section files in my

66



work. In 2009, the JENDL cross section libraries were continuing to be base-lined
against experimental data. This cross section development work has continued and
newer releases of PHITS have incorporated JENDL 4.0 (Shibata 2011; Sato et al. 2013).
The “emin” variables determine the minimum particle energy required for transport.
The code default values are 1.0 MeV for protons, neutrons, pions, muons, and kaons;
2.0 MeV for “exotic” particles; and 10° MeV for electrons, positrons and gammas and
10° MeV/n for charged particles heavier than protons, which would effectively prevent
transport for the particles of interest in this problem. The proton minimum energy was
reduced to 1 keV, and the minimum energy for charged particles heavier than protons
was reduced to 1 keV/n. The neutron minimum energy was reduced to 10 eV to
include thermal neutrons. Electron and positrons were cut off at 1 MeV to avoid a bug
present in PHITS version 2.24 that manifests when electrons and positrons are
transported below 1 MeV. This bug was later corrected in the release of PHITS version
2.52 (Sato et al. 2013). Photons were considered to a minimum energy of 1 keV. The
maximum energy for cross-section libraries for neutrons was set at 20 MeV, and 1 GeV
was used as the maximum energy for cross-section libraries for electrons, positrons, and
gammas. The simulations used the default value of 150 MeV for proton transport. For
improved results, decay gammas were considered by setting “igamma” equal to 1, and
giant dipole resonances were included by setting “ipngdr” equal to 1. The “egmdnu”
and “ejamnu” variables were set to 20 MeV which is the energy above which the JAM
model is used to simulate nucleon-nucleus interactions. JAM was chosen as it is
generally superior to Bertini in terms of reproducing experimental data (Sato et al.
2013). The “e-mode” variable determines whether the event generator is used during
transport. The event generator (lwamoto et al. 2007; Niita et al. 2011) allows PHITS to
sample ions, which is particularly important if one is determining the quality factor for

the products of low-energy neutron reactions. Thus, charged particles resulting from
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neutron interactions were statistically created and the contribution of neutrons to the

flux was determined.

SOURCE SECTION

In the “Source” section of the input file, the “s-type” variable defines the type of
source used in the PHITS simulation. This variable was set to 2, indicating that a
rectangular solid source was predominantly used. For the off-axis proton simulations
where a smaller Gaussian shaped beam was simulated, the s-type was set to 13. The
available particles for PHITS simulations are listed in Appendix A. These particles can be
specified by the symbol or the kf-code as specified by the Particle Data Group (Arguin et
al. 2013). The decay-channels and life-times for the particles identified as type 11 are
listed in Appendix B. For this work, the projectile chosen was either proton or *°Fe as
appropriate to match the experimental beams used. The x, y and z coordinates were
chosen to match the dimensions used in the experimental configuration. In early
simulations where a source size corresponding to the typical BNL biology beam, 20 cm
by 20 cm, was used, however, the computational times for *’Fe simulations were
exceedingly long and the use of smaller beam sizes was explored and implemented to
reduce the computational times and increase source statistics. The Columbus and
REMSIM mock-ups were 6 cm x 6 cm which allowed for a reduction to a 10 cm x 10 cm
source size. According to the BNL NSRL website, delivering a dose of 100 cGy to a tissue
equivalent (water) samples requires 3.2 x 10° protons per square centimeter at a kinetic

energy of 1 GeV. If the beam is *°Fe, then 100 cGy is equivalent to 4.7 x 10°°®

Fe ions per
cm? at 1000 MeV/n. Typically, 9.5 x 10° source particles were chosen for the
simulations since this number was determined to be sufficient since the primary

particles dominate the statistics and the relative errors reported for the fragments

infrequently produced was limited to under 10%.
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Materials and Geometry

The materials and geometry of the problem were collectively defined in the
“Materials”, “Cell”, and “Surface” sections of the input file. The geometry described in
the PHITS input file was designed to most nearly match the beam line configuration at

BNL. The general geometry of the problem included the following components:

e The aluminum vacuum window,

e The local air environment present in the irradiation chamber

e The three parallel plate ionization chambers,

e The rectangular parallel structure representing the shielding material or a
cylinder for the angular measurements, consistent with Figures 3.3, 3.4, 3.5, 3.6,
and 3.8.

e The aluminum rail system

e The Egg chamber, and

e The particle graveyard, where particles are no longer transported.

In the “Materials” section, each material was given a unique identifier, the
nucleus designation, and the percent by mass of each constituent element was defined.
Here, the most abundant isotope with the exception of carbon was used to represent
each element since data for the natural elements are generally not available in the ENDF
VIl library (Chadwick 2006). In the “Surface” section, the physical dimensions of the
surfaces defining the geometry for each cell were given. In the “Cell” section, each cell
is defined by the material number and its density. The universe boundary was defined

as +500 cm in the x dimension, 500 cm in the y dimension and +1000 cm in the z
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dimension enabling the inclusion of a “particle graveyard” to ‘kill” particles leaving these

dimensions in order to limit computational times.

Tally sections

PHITS allows the user to specify quantities resulting from simulation to be
recorded. These are called tallies, and provide a window into the transport processes of
the simulation. Each tally is afforded its own section, in which parameters governing
how the tally is executed are defined. PHITS provides two methods, “T-Heat” and “T-
Deposit”, for determining the energy deposited. The values calculated by “T-Heat”
include the estimated energy deposited using the Kerma approximation. On the other
hand, the values calculated by “T-Deposit” include only the energy deposited from
charged particles due to their ionization energy loss. “T-Deposit” turned out to be the
most appropriate tally in that the absorbed dose values obtained from the Egg chamber
measurements were from ionization events. However, “T-Heat” was used in each
simulation as a second tally to verify the results. One hundred energy bins between 1
keV and 10 TeV were used, and specific particles of interest were specified. Although
the user inputs the energy spectrum in energy per nucleon, PHITS tallies output in terms
of absolute energy on a per-source-particle basis. Therefore, appropriate post-
processing must be performed to calculate the absorbed dose. After the “T-Heat” tally,
“T-Deposit” tallies were used to calculate energy absorbed in the Egg chamber and to
determine the particles produced. A conversion was employed to convert to units of
absorbed dose. The T-Deposit tally was utilized to determine dose equivalent. PHITs
has the ability to determine dose equivalent based on LET in water, LET in a region
material or using the Q(L) relationship described by the ICRP. The Q(L) relationship was

used in this work.
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PHITS Post-Processing

Although PHITS provides a relative error for each tallied result, this value
represents the error associated with the mean of the tally for a single random number.
To gain a true representation of the uncertainty in a tally, PHITS must be executed
multiple times and the standard error of the mean should be calculated. PHITS was
executed four times for each simulation to characterize the standard error of the mean
for each tallied quantity. Since a large number of particles, (9.5 x 10°) were transported
for each simulation, the relative error for each total tallied quantity was on the order
0.1%. To obtain the uncertainty in a tally, the tally output files for the four runs in each

simulation were post-processed using statistical functions available in Microsoft Excel.
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Chapter 4: Physical Measurement Results

>5FE BEAM RESULTS

Columbus and REMSIM Results

In order to compare the shielding effectiveness of the spacecraft mock-ups to
standard spacecraft materials, absorbed dose measurements were also taken for
aluminum and polyethylene with areal densities of 3.5 g/cm?, 7 g/cm?, and 15 g/cm®
each. Since only a single dose measurement was taken for each of the shielding mock-
up, a beam dose of 200 cGy was delivered to reduce uncertainty in the dose
measurement. The results of the tests with the *°Fe ions are graphed in Figure 4.1. In
general the materials tested showed a decrease in dose reduction ability with
decreasing areal density. In addition, data show that as expected, 15 g/cm’ of
polyethylene had the greatest reduction in absorbed dose. However, for the same 15
g/cm? areal density, the Columbus with internal structure model provided a greater
reduction in dose than for aluminum alone. The dose reduction increased from 8.2% to
28.7% when the internal structures materials were added to the Columbus shell. The
addition of Kevlar® as a composite material to represent the plastic and other composite
materials contained throughout the modules is responsible for this reduction. Kevlar®
and is superior to aluminum in reducing absorbed dose due to a shift along the LET
curve to a lower value (Lobascio et al. 2008; Silvestri et al. 2011). Structural materials
and equipment in the vehicle should be included in astronaut risk assessments to
provide a more accurate assessment of the shielding provided. Although the REMSIM
configuration with water had a lower areal density, it provided a comparable reduction
in dose to the Columbus with internal structure model demonstrating the effectiveness

of water in reducing dose. From these results, it appears that a prudent approach

72



would be to develop design solutions for inflatable habitats that include water tanks
placed behind the pressurized vehicle walls. The Columbus and REMSIM configurations
alone did not provide the shielding effectiveness of the other configurations. Given the

small areal densities of these mock-ups, this was suspected.
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Figure 4.1: Absorbed dose reduction versus shielding configuration for 964.9 MeV/n
*°Fe beams when compared to a reference dose. Adapted from (Silvestri et
al. 2011).

Aluminum and Polyethylene Order Results

As shown in Figure 4.2, the *°Fe ion irradiation of the four configurations of
polyethylene and aluminum with mutually changing positions, the general behavior
appears to be the same for equivalent areal densities. The reduction in dose for
configuration with 5 g/cm2 polyethylene and 5 g/cm2 aluminum is similar to the
configuration in which the order changes. The same situation is replicated for the

configurations where the areal density is increased to 10 g/cm? polyethylene and 10
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g/cm? aluminum. In this case the configuration with polyethylene before aluminum
presents a slightly larger reduction in absorbed dose with respect to the configuration
with aluminum before polyethylene. However, this finding could be attributed to
statistical fluctuations in the measurements since the reduction percentages were close
in value. When comparing dose reduction capability of these multi-layer results to the
materials tested in Figure 4.1, | find that 15 g/cm? of polyethylene was still more
effective at reducing dose confirming the earlier findings (Wilson et al. 1995; Shavers et
al. 2004; Guetersloh et al. 2006). When the polyethylene and aluminum combinations
are compared to the results obtained for the other shielding configurations, the
reduction in dose combination of materials provided reduction in dose more nearly

matches those configurations with consistent areal densities.
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Figure 4.2: Reduction in absorbed dose for Al-Polyethylene and Polyethylene-Al with
increasing thickness for 964.9 MeV/n *’Fe beams when compared to a
reference dose.
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The dose reduction between experiments of different thick target depths can be
compared by determining the fractional dose reduction divided by the areal density of

the target using equation 4.1(Zeitlin et al. 2006).

_ 1 [D)-Do
6D, = |72 ] Eqn. 4.1

where p is the density of the target material, x is its depth, D(x) is the dose at the
shielding depth and Dy is the dose without the shielding (Gutersloh et al. 2006; Zeitlin et
al. 2006). This simple method provides an approximation of shielding effectiveness but
allows a more complete comparison of dose reduction across different materials and
thicknesses.

The calculated dose reduction values for the materials in this study are relatively
small as shown in Figure 4.3. The range in mass numbers for the shielding materials
used here is small limiting the ability to drawn broader conclusions as in Zeitlin et al.
(2006). For these materials it is not clear that shielding effectiveness decreases as the
mass number of the material or combination of materials increases. Thin shields of
polyethylene are still the most effective at reducing dose while all three thickness of
aluminum are the least effective. However, both of the REMSIM mock-ups were nearly
as effective as the thin targets of polyethylene and more effective than the 15 g/cm2
one indicating that the radiation protection provided by inflatable structures should be
further evaluated. When comparing layering of polyethylene and aluminum, the data
suggest that dose reduction superior to either of the Columbus mock-ups and aluminum
alone is present for the both of the 10 g/cm2 layers. However, the effect is not present
with the doubling of the thickness. This same decrease in dose reduction is present

when the thickness is increased for the aluminum and polyethylene shields.
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Figure 4.3: Dose reduction normalized to areal density ranked from highest to lowest
for shielding materials irradiated with a 964.9 MeV/n *°Fe beam.

Lower mass materials are known to be advantageous for shielding neutrons
through the reduction in target-evaporation neutrons, which are predominately low
energy (< 20 MeV) neutrons with high biological weighting factors (Cucinotta 1993).
Finally, there is a narrow range in performance across all the materials used in this study
leading me to conclude that a decision as to which configuration would be the optimal
shielding design is not straightforward. Design engineers could select the vehicle

construction materials based on properties important in human spaceflight.
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PROTON BEAM RESULTS

Columbus Results

Dose measurements were obtained with the Egg Chamber in 2 cm increments
from 80 cm in front of the shielding mock-up to 80 cm behind the shielding mock-up
along the 1 GeV proton beam axis. An additional measurement was taken at 1 cm to
obtain greater detail on the absorbed dose behavior close to the shield. Data plotted in
Figure 4.3, normalized to the dose delivered in the unshielded configuration, show the
percent dose reduction as a function of the distance for the Columbus plus internal
equipment mock-up. The absorbed dose at the first detector position, 0.254 cm,
increased about 25% when the beam was shielded, remained elevated for the first 2 cm
and then decreased to about 80% of the total absorbed dose at a distance of 80 cm
from the shielding mock-up. This decrease is likely due to shielding of the light
fragments produced, low energy protons, pions, muons, and electrons, by the
intervening air thickness (Mancusi et al. 2007). Given that the depth in a typical rack on
the ISS is 107 cm, one can reasonably assume the dose to the astronaut would be
reduced at least this amount. The data appear to indicate that a further reduction in
absorbed dose could be possible at 107 cm. Physical space limitations prevented
obtaining dose measurements at the distances consistent with an ISS rack. Figure 4.4
also shows a 4% increase of the absorbed dose for the first centimeter before the
shielding configuration. This result is due to the production of secondary particles in the
Columbus mock-up materials and similar to that shown in similar experiments (Mancusi

et al. 2007; Destefanis et al. 2008; Silvestri et al. 2011).

REMSIM Results

For the tests of the REMSIM configuration, dose measurements were obtained

identically to those for Columbus. Figure 4.4 shows the amount of absorbed dose
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delivered as a function of the distance along the 1 GeV proton beam axis for the
REMSIM shield. Similar to the Columbus measurements, the absorbed dose at the
sample position increased 24% when the beam is shielded with the REMSIM shielding
configuration, while it decreases to about 88% of the irradiated absorbed dose at a
distance of 30 inches from the sample. Again, given that the depth in a typical rack is
107 cm and some sort of rack structure will be necessary in inflatable habitats, one can
reasonably assume the dose to the astronaut would be reduced the same 12%. Figure
4.4 shows a similar increase in the absorbed dose immediately before the sample, up to
2 inches, due to the production of secondary particles. The shielding properties of
REMSIM mock-up are very similar to that of the Columbus mock-up as Figure 4.3 shows.
This is interesting in that the areal densities are quite different but illustrative of the
improvement in dose reduction when water is incorporated into the shielding. As a
reminder, REMSIM plus water mock-up has an areal density of 8.6 g/cm2 while the

Columbus plus internal structure mock-up has an areal density of 15 g/cmz.
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Figure 4.4: Absorbed dose measured at varying distances along the 1 GeV proton

beam axis for the Columbus plus internal equipment equivalent mock-up
(blue) and REMSIM plus water mock-up (red). Adapted from (Destefanis et
al. 2008). Lines are used to connect the points.

Aluminum and Polyethylene Comparison Results

The evaluation of the degree of absorbed dose reduction produced by both the
Columbus configuration and the REMSIM configuration when compared to
measurements taken with aluminum and polyethylene with areal densities of 7
g/cm2 and 15 g/cm2 is illustrated in Figure 4.5. In this portion of the experiment,
measurements at a distance of 0.254 cm behind the shielding material were
obtained for aluminum and polyethylene consequently the results reflected in Figure
4.5 are for only this distance. The Columbus plus internal equipment mock-up
provided a larger dose reduction than a pure aluminum thickness of the same areal

density; however, the Columbus plus internal structures mock-up did not reduce the

absorbed dose as much as 15 g/cmz polyethylene thickness. The reduction in dose
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obtained from the REMSIM plus water mock-up was measured to be the same as
that for 7g/cm2 of polyethylene. Similar to other results our team obtained, an
increase in absorbed dose was seen for all four of the configurations tested and the
increase was greatest for both areal densities of aluminum(Mancusi et al. 2007).
The increase was nearly 43 % for the 7 g/cm2 areal density and 60% for the 15 g/cm2
areal density. The fact that the tested multilayer “Columbus” mock-up provided a
larger dose reduction than a pure aluminum mock-up of the same areal density, lead
our team to observe that, if mass savings were required while balancing radiation
protection properties, selection of a lighter composite wall with the same dose

reduction factor would be a prudent approach.
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Figure 4.5: Dose ratio comparisons for (a) Columbus and (b) REMSIM mock-ups to
aluminum and polyethylene blocks with similar areal densities for a 1 GeV
proton beam.
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Aluminum and Polyethylene Shielding Results

Aluminum and polyethylene shields obtained by changing their mutual position
and increasing the areal density of the material are used to reduce the proton beam.
These configurations more nearly match the inputs, semi-infinite slabs of aluminum and
water, to the NASA operational astronaut radiation dose assessment process using
HZETRN (Cucinotta et al. 2012; Semones 2012). The delivered absorbed dose was
measured at increasing distance (0.254 cm to 5.08 cm) from the samples by means of
the Egg Chamber. Figure 4.6 shows that all four configurations result in an increase in
dose directly adjacent to the shielding configuration like in the previous measurements.
The increase ranges from 25-63% and is greatest for the 10 g/cm? polyethylene followed
by 10 g/cm’ aluminum. Interestingly this same 60+% increase was seen it the
measurements for the 7 g/cm2 of aluminum. The absorbed dose decreases with
increasing distance from the shielding material. When comparing to all experimental
values obtained in Figure 4.7, the increase is greater than that measured previously for
either of the Columbus or REMSIM mock-ups. Measurements were not taken to
determine whether the decrease would coincide with realistic vehicle measurements
but it seems reasonable that the light particles produced would be decrease in a manner

similar to that seen in the Columbus and REMSIM experiments.
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Figure 4.6: Absorbed dose ratio for a 1 GeV proton beam after different aluminum and
polyethylene configurations when compared to a reference dose. Adapted
from (Destefanis et al. 2008).
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Figure 4.7: Absorbed dose ratio versus shielding configuration for 1 GeV proton beams
when compared to a reference dose.
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Angular Distribution of Protons

A limitation in the measurements and results described in the previous sections
is that these measurements were obtained along the beam axis neglecting any
contribution to lateral spreading. Expanding upon this work and that published in
Bertucci et al. (2007) and Mancusi et al. (2007) the angular distribution of the secondary
protons and other low LET particles produced by the high energy protons irradiating an
aluminum cylinder of 2.71 g/cm® with dimensions 30x30 mm, positioned with the axis
parallel to the beam were obtained. The location of the egg chamber was varied
between 0 and 6 cm on the x dimension; the y dimension was 0 cm; and therefore a
constant z dimension of 1 cm from the cylinder to evaluate the angular distribution of
the secondary protons. Dose measurements are described in Table 4.1. The majority of
the particles, primary and secondary are produced in the forward direction and lateral

dose decreases rapidly with increasing angle from the z-axis.
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Run # Beam Ege Egg Dose Dose Rate Egg I.Exposufe
Dose Dose /Beam Dose | (cGy/min) Position | Time (min)
(cGy) (cGy) (cm)
1 200.14 187 0.934346 196.25 (0,0, +1) 1.12 min
2 14.27 13.33 0.9341275 111.46 (0,0, +1) 0.20 min
Total 200.33
3 2500 32.9 0.01316 2569.32 (-2, 0,+1) 1.12 min
4 13125 173.02 | 0.0131825 4993.32 (-2, 0, +1) 2.91min
Total 205.92
5 10000 48.04 0.004804 6060.52 (-4, 0, +1) 1.85 min
6 31600 152.05 | 0.0048117 7015.36 (-4, 0, +1) 4.96 min
Total 200.09
7 40000 103.81 | 0.0025953 6996.07 (-6, 0, +1) 6.28 min
8 37000 101.84 | 0.0027524 7071.24 (-6, 0, +1) 5.75 min
Total 205.65
Table 4.1: Angular dose measurements for a 1 GeV proton beam shielded with 8.13

g/cm2 aluminum cylinder.

Beam Images

The NSRL beam profile can be tuned to a variety of shapes and sizes. Gathering
data on the beam shape and size was necessary for informing the type of source input
for the PHITS simulations. For all of the experiments except the off-axis measurements
of protons, a square beam of either 10x10 cm? or 20x20 cm? was used. An image of a
10x10 cm?® *°Fe beam profile captured with the NSRL Digital Beam Imager is illustrated in
Figure 4.8. The shielding material and the Egg Chamber are visible in the image and
there is uniform beam intensity across the exposure area confirming the choice of a
rectangular solid source for PHITS. For the off-axis measurements a small beam spot
was required. The beam image for the 980 MeV proton beam shown in Figure 4.9
indicates that a Gaussian shaped beam was used. The beam size was estimated to be

1.79 cm through an examination of the photographic emulsion of the beam image.
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Figure 4.8: NSRL beam image of 10 x 10 cm?*°Fe beam.

Figure 4.9: NSRL beam image indicating a Gaussian shaped beam for 1 GeV proton.
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Chapter 5: PHITS results

SIMULATIONS OF THE ENERGY DEPOSITED IN THE IONIZATION CHAMBER

Due to the limited acceptance of the beam transport, it is assumed that only a
single species of ion is transported to the target. Any fragmentation observed takes
place in the material in the beam line described earlier in Chapter 4.24. Each parallel
plate ion chamber is composed of 5 mils (0.018 g/cm?) kapton, 68 pum (0.061 g/cm?)
Copper, 0.040 um (0.077 mg/cmz) gold, and 4 cm of Nitrogen gas. These ion chambers
were simulated in the PHITS input file as individual layers with dimensions of 20 cm x 20
cm. This approximation limited the geometry errors experienced while running PHITS.
The Egg chamber was simulated as a 1 cm?® sphere of air and although labelled as the
Egg chamber there is no solution of continuity with the surrounding medium which is
also air. An understanding of the energy deposition in the ion chamber was important
to understand the baseline particle interactions and deposition without the shielding
material in place. Therefore, interactions and particle production due to the six meters
of air and the three parallel plate ion chambers between the vacuum window and the
Egg chamber can be treated as background when evaluating the other experimental
geometries. The energy absorbed in the Egg chamber was simulated for the 964.9
MeV/n *°Fe beam and the 1 GeV proton beam. The results are shown in Figures 5.1 and
5.2 and are a good visual representation of the distribution of the loss of energy in the
primary particle and fragmentation distribution in fluence, energy and particle
produced. The primary particles dominate the contributions to the absorbed dose while
the secondary particles are in general 2-3 orders of magnitude lower in number. For the
*®Fe beam simulations, several peaks are seen; one in the energy bin containing the
964.9 MeV/n beam energy; one in the range of 1-4 MeV for the lighter ions, charge less

than five. The same peak is present for the pions, muons, and electrons and a peak 2-3
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orders of magnitude lower in the energy bin range 100-1000 MeV for the heavier ions is
observed. For the proton beam simulation the distributions peak in the range 1-4 MeV

since low energy protons, pions, muons and electrons contribute to absorbed dose.

# Particles (1/source)

Energy (Mev)

Figure 5.1: Contribution of particles in energy and number to the absorbed dose in the
Egg chamber in PHITS simulation of 964.9 MeV/n *°Fe beam.
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Figure 5.2:  Contribution of particles in energy and number to the absorbed dose in
the Egg chamber in PHITS simulation of 1 GeV proton beam.

SIMULATIONS OF BRAGG CURVE

In order to ensure the use of an appropriate physics model for all simulations, a
Bragg curve for the 964.9 MeV/n *°Fe beam was simulated using an input file that
described an experimental geometry that included all components and dimensions of
the BNL beam line. Figure 5.3 is a schematic of the beam line components used in the
simulation. For improved accuracy the rail system was added to the geometry of the
simulation. An input file was created for each thickness of polyethylene and run. The
relative dose was calculated by the ratio of the dose in the detector after range shifter
to the dose in the detector placed before the range shifter. Figure 5.4 shows the
comparison of the PHITS simulation to the experimental results. While the values
around the Bragg peak vary greatly on an individual thickness basis, the overall shape of

the curves compare very nicely indicating appropriate choices in the PHITS parameters
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governing transport. This beam line geometry was incorporated in the remaining

shielding simulations.
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Figure 5.3:  Geometry representation in PHITS for the NSRL target room.

During the course of this work, NASA’s Space Radiation Health Program
developed a Monte-Carlo based transport code, the GCR Event-based Risk Model
(GERMCode) leveraging the many Bragg curve measurements for various nuclei taken by
BNL staff. The GERMCode uses the quantum multiple scattering fragmentation model
(QMSFRG) nuclear database combined with the range energy subroutines from HZETRN
to describe the NSRL beam line(Cucinotta et al. 2011). The GERMCode has been heavily
validated with NSRL measurements and the measurements described in Zeitlin et al.
2008 (Cucinotta et al. 2012). Similar to the PHITS simulations presented in this
dissertation, the GERMCode uses a monoenergetic flux normalized to 100 cGy. Using
version 1.1 published in 2011 obtained from the NASA Space Radiation Health Project, a

Bragg curve was generated as a further validation of my PHITS models. Figure 5.4 also
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shows the same similar agreement in curve shape; however, a small difference in
prediction by GERM is seen at low energies at the peak. This difference can be
explained by differences in transport between the two codes resulting from the NSRL
beam line approximation, beam energy shift at NSRL, interpolation and extrapolation in
the fragmentation database, numerical result obtained due to the shielding depth
interval for beam transport. Using the GERMCode to model the Bragg curve gave insight
after the fact on comparison between HZETRN results and PHITS. The process
developed with PHITS is lengthy while a Bragg curve can be obtained with GERMCode in
a matter of minutes. GERMCode does not provide ion species identification in the
primaries and secondaries. If identification of the particle and its contribution to the

dose is important, detailed simulations similar to my work with PHITS is preferred.
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Figure 5.4: Comparison of experimental Bragg peak measurements to simulated Bragg
peak for a 964.9 MeV/n *®Fe beam. Lines are used to connect the points.
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SIMULATIONS OF EXPERIMENTAL DATA FOR 56FE IONS

The experimental geometries from Chapter 3 were developed in PHITS and
incorporated in the general experimental geometry shown in Figure 5.3. The geometry
of the Columbus mock-up shown in Figures 3.3 and 3.4 with dimensions described in
Tables 3.3 and 3.4 were developed. These geometries were composed of rectangular
parallel planes of the Columbus layers (aluminum, Nextel’, Kevlar’, multilayer insulation
and aluminum), aluminum rack structure, and Kevlar) placed adjacent to one another. A
similar geometry development process was used for the REMSIM and REMSIM plus
water mock-ups using the layered geometry described in Table 3.5 and illustrated in
Figure3.5. The aluminum and polyethylene plates were modelled as rectangular parallel
planes of appropriate areal density (3 g/cm?, 7 g/cm?, and 15 g/cm?) and dimensions
reported in Table3.1. A monoenergetic input spectrum of 964.9 MeV/n *°Fe ions was
used and the dose was normalized to the simulated dose value at the first measurement
of the Egg with shielding material removed. Figure 5.5 shows the comparison of the
measured absorbed dose in the Egg Chamber to the PHITS results. Measured versus
calculated differ by up to +10% showing good agreement confirming that the physics
used in the simulations are likely correct. Similar observations to the experimental
results regarding dose reduction capabilities of the materials were obtained; the 15
g/cm? polyethylene slab provided the largest dose reduction while REMSIM provided
the least. The simulations also confirmed that the Columbus plus internal structures
mock-up reduced the dose more than an equivalent areal density of aluminum. It is
interesting to note that for the shielding materials composed of aluminum, PHITS tends
to over predict the experimental results by as much as 10%. When evaluating the
proton results discussed later in this dissertation, this same over prediction is not seen.
Uncertainties in the nuclear physics models within PHITS coupled with gaps in the

measured cross sections are the likely reasons.
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Figure 5.5: Comparison of the average dose calculated by PHITS simulations of the
964.9 MeV/n *°Fe beam to the experimental results.

>°Fe Beam Fragmentation Results

The nuclear fragmentation events occurring as a result of particle interactions
with the shielding material play a role in determining the effectiveness of a particular
shielding material. The fragmentation distribution after each shielding material was
determined by scoring the PHITS output using the T-Deposit (energy deposited in a
volume) tally for the Egg Chamber. Using the output from the T-Deposit tally was
convenient in that those results were already post processed from the dose calculations
earlier and did not require re-simulation of the experiments. This method was
previously described in Zeitlin et al. (2010). A limitation in this approach is the geometry
issues inherent with modelling a small detector volume. The results are shown in
Figures 5.6 — 5.8 and show some expected general results (Zeitlin et al. 2008). The
fragmentation distribution favors the production of particles with an even charge; the

odd-even effect and show a decrease in fragment production until charge ten. Below
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charge nine, a steady increase is seen in the fluence. The magnitude of the increase in
the production of oxygen is unexpected but is in reasonable agreement with previously
reported increase for oxygen through carbon with a decrease at beryllium in simulations
of the same experimental data with Geant4 using the G4BinarylonCascade model
(Silvestri et al. 2011). Figure 5.6 shows the 964.9 MeV/n *°Fe ion fragmentation induced
by the three materials of areal density 3.5 g/cm2 tested experimentally. Results are
normalized to the simulated source and displayed in several graphs to illustrate the
fragment production differences. Differently than reported in Silvestri et al. (2011), the
PHITS simulations show that the Columbus hull mock-up induces a similar fragmentation
distribution to an equivalent areal density of aluminum. The polyethylene target leads
to more abundant production of fragments with Z>12 due to the light materials while
the spectrum of fragments are more nearly equal for Z<12. A similar result shown in
Figure 5.7 is seen when the fragmentation distributions are compared between the
Columbus plus internal structures mock-up and equivalent areal densities of aluminum
and polyethylene. PHITS is thought to systematically under estimate charge changing
cross sections especially for light ions which could explain this differences in the results
here and in Silvestri et al. (2011) (Sihver et al. 2007; Sihver et al. 2008; Zeitlin et al.
2008). However it is important to note that while fragment cross sections predicted by
PHITS have been shown to not be in good agreement with experimental data, PHITS
does correctly predict the trends Zeitlin et al. (2008). Figure 5.8 compares the
fragments produced from the Columbus hull and Columbus plus internal structures
mock-up. As expected the Columbus plus internal structures mock-up produces more
fragments due to the higher areal density and addition of Kevlar'. Finally, it is
interesting to note that the heaviest fragments are not increased for the Columbus plus
internal structures mock-up when compared to the Columbus hull mock-up. The

additional thickness provides the opportunity for these fragments to further fragment
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into lighter ions. The underestimation of the fragmentation events by PHITS reported in
Zeitlin et al. (2008) may also be responsible for this result.

To evaluate the production of fragments from the REMSIM mock-ups, the results
were compared to the aluminum and polyethylene with areal densities of 7 g/cm2 as
these most nearly matched in areal density the REMSIM plus was mock-up. This
comparison is reported in Figure 5.9. For moderate to heavy fragments, Z>8, the
REMSIM plus water mock-up fragmentation spectrum closely matches the spectrum for
the 7 g/cmz. The fragmentation occurring in the aluminum shield is less. The presence
of water which is hydrogen rich in both water and polyethylene increases the fragments
produced with little spectrum change. Comparing the fragmentation results for the
Columbus and REMSIM mock-ups is shown in Figure 5.10. This comparison provides the
opportunity to evaluate the potential radiation protection capabilities between a
currently flying vehicle configuration to a structure type still in the planning and design
phases. Interestingly the spectrums reported for the Columbus plus internal structure
mock-up is nearly identical to the spectrum for the REMSIM plus water and a similar
finding to that found with the Geant4 simulations in Silvestri et al. (2011). Recall that
the physical measurements for both mock-ups reported in Figure 4.1 provided a similar
dose reduction capability, 26-28%. Therefore the radiation protection provided by both
structures is nearly the same for 964.9 MeV/n bFe ions, however, the areal density of
REMSIM is approximately half that of the Columbus plus internal structures mock-up.
Since inflatable habitats are still in the planning and design phase and rack structures
are unknown for this vehicle type, we did not include the any thickness to approximate
the equipment racks. It is reasonable to infer that additional radiation protection would

be provided by the mass from the rack structure.
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Figure 5.6: Simulated fragmentation distribution as a function of the fragment charge
number after the Columbus hull mock-up and equivalent areal densities of
aluminum and polyethylene irradiated by 964.9 MeV/n *°Fe ions. Lines are
used to connect the points.
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Figure 5.9: Simulated fragmentation distribution as a function of the fragment charge

number after the REMSIM plus water mock-up and 7 g/cm2 areal densities
of aluminum and polyethylene irradiated by 964.9 MeV/n *®Fe jons. Lines
are used to connect the points.
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Figure 5.10: Simulated fragmentation distribution as a function of the fragment charge
number after the Columbus and REMSIM mock-ups irradiated by 964.9
MeV/n *°Fe ions. Lines are used to connect the points.

SIMULATIONS OF EXPERIMENTAL DATA FOR PROTONS

The beam line geometry described in Figure 5.3 was again used as input to the
PHITS simulations and as with the simulations with *°Fe, the aluminum and polyethylene
comparison runs were first simulated for protons. The aluminum and polyethylene
plates were also modelled as rectangular parallel planes of appropriate areal density
and dimensions (areal densities of 7 g/cmz, and 15 g/cm2 with dimensions reported in
Table 3.2). A monoenergetic beam of 1 GeV protons was used as an input source. The
results for the simulations for all measurements taken at 0.254 cm behind the shielding
materials are shown in Figure 5.11. PHITS appears to reproduce the experimental
results fairly well indicating that the physics parameters chosen for the PHITS input are
appropriate. The general increase in absorbed dose close to the shielding material, seen

in the experimental portion of this effort and reported in Mancusi et al. (2007) and
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Destefanis et al. (2007), is replicated by PHITS. Although the PHITS simulations show the
largest increase in dose to be produced when irradiating aluminum with 1 GeV protons
(Mancusi et al. 2007), it appears to under estimate the measurements for the areal
densities of aluminum tested in these experiments. It is also apparent that the increase
in dose, approximately 25%, is the nearly same for the polyethylene slabs, Columbus
plus internal structures mock-up and REMSIM plus water. Recall from Figure 4.7 that

this was seen in the physical measurements as well.

H PHITS

W Experimental

Absorbed Dose (cGy)

Figure 5.11: Comparison of the absorbed dose calculated by PHITS simulations of the 1
GeV proton beam to the experimental results.

Evaluating the particle types and their contribution to the absorbed dose in the
simulations shows that the dose along the beam axis is dominated by protons; in fact,
greater than 97% of the dose is due to protons. Pions, muons and electrons, resulting
from ionizations from photons, and other hadrons combine for the remaining
contribution. Figure 5.12 reports the varying contributions of particles to the dose.

Pions are the second largest contributor; followed by electrons and other hadrons, and
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muons contribute only minimally to the dose. Pions are produced in nuclear reactions
of GCR particles with shielding materials and tissue at energies above a few hundred
MeV/n. The number of pions produced increases with kinetic energy of the GCR particle
with multi-pion production processes occurring above 500 MeV/n. Most pions are
produced by protons, helium and secondary neutrons because of their high abundances
in the GCR and the fact that the pion production cross section increases with mass
number (Cucinotta et al. 2012). Although the quality factor for pions is low, these
simulation results show that pions contribute to the absorbed dose and should be
included in dose equivalent and effective dose calculations for an improvement in risk
assessments. The category listed as others is a combination of neutrons and other
hadrons and Figure 5.12 shows that the irradiation of the 15 g/cm2 aluminum slab
produced the largest number of these particles. It is also seen that the more realistic
Columbus plus internal structures mock-up irradiation results in a decrease in the
production of the neutrons when compared to either polyethylene or aluminum.
Although dose equivalent was not calculated for this experimental data, the simulations
seem to indicate that the Columbus plus internal structures mock-up would result in a

lower dose equivalent.
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Figure 5.12: PHITS simulated dose contribution when various shielding materials with
different areal densities are irradiated by a 1 GeV proton beam.

For the Columbus plus internal structures and REMSIM plus water shields, the
dose was also measured at different distances along the beam axis both before and
after the mock-up. The dose measured and simulated in the sample position was
increased by the shielding. The dose was normalized to the simulated dose value at the
first measurement of the Egg Chamber with the shielding material removed. The
simulations reproduce very accurately the measurements for the Columbus mock-up;
however, there are some deviations from measured for the REMSIM simulations. These
results are reported in Figures 5.13 and 5.14. PHITS appears to overestimate the
measured results for REMSIM by 2-6%. GEANT4 simulations of this same data published
in Destefanis et al. (2008) show similar deviations between the measured and calculated
values for the REMSIM plus water mock-up while the comparisons for the Columbus

mock-up show much better agreement. These deviations could be explained by the
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uncertainty introduced into the simulation from the geometry issues inherent in

modelling the small volume of the Egg Chamber as the simulation “detector”.
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Figure 5.13: Dose ratio calculated by PHITS compared to measured values as a function
of distance along the 1GeV proton beam axis for the 15 g/cm? Columbus
mock-up. Lines are used to connect the points.
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Figure 5.14: Dose ratio calculated by PHITS compared to measured values as a function
of distance along the 1 GeV proton beam axis for the 8.6g/cm? REMSIM
mock-up. Lines are used to connect the points.

As shown in Figures 5.15 and 5.16, the simulation indicates that protons account
for over 98% of the measured dose both in front and behind the shield, regardless of
distance. The remaining fraction is attributed to pions, muons, electrons, and other
hadrons, including neutrons. The simulations also show that secondary protons,
emitted from the target, are mostly responsible for the observed increase in dose near
the shielding material. The dose composition exhibits similar behavior for both of the
shielding materials. Protons account for 99.5% initially and this trend is seen until the
distances near the shield. At a distance greater than 25 cm behind the shield the proton
contribution is comparable to the contribution prior to the shield. In the simulated
measurements near the shield, pions contribute nearly 1% of the dose. The simulation
for REMSIM shows that the pions produced have a wider energy range, however, much
of these are at low energies and are thus easily attenuated by air. It was noted earlier

that the distance separating the astronaut from the spacecraft hull and the exterior of
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the rack structure is 42 inches on the ISS, a dose reduction of 12-15% was observed in
these experiments at similar distances leads me to the inference that a similar dose
reduction would be expected. Again, the category listed as others is a combination of
neutrons and other hadrons. A comparison of the results graphed in Figures 5.15 and
5.16 indicates that the production of neutrons is less for the REMSIM mock-up at all
distances near the shielding material. This is expected due to the inclusion of water in
the REMSIM mock-up. At distances behind either shield that are consistent with the
standard rack dimensions, the contribution to dose from the neutrons are similar for

both shield mock-ups.
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Figure 5.15: PHITS simulated dose contribution at different distances when the
Columbus plus internal structures mock-up with an areal density of 15
g/cm2 was irradiated with 1 GeV proton beam.
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Figure 5.16: PHITS simulated dose contribution at different distances when the REMSIM
plus water mock-up with an areal density of 8.6 g/cmz was irradiated with
1 GeV proton beam.

TeSTING ORDER MATTERS

PHITS simulation results compared to the BNL measured data for the four
polyethylene and aluminum configurations are described in Table 5.1 for the > Fe
experiments and Table 5.2 for the proton experiments. In this portion of the work, the
simulation results were shown to under estimate the measured values but in general
compare favorably to the measured data in trends. The under prediction was found to
be up to 10% for the *®Fe simulations and up to 20% for the proton simulations. The
tendency for PHITS results to under predict has been reported previously and related to
a consistent under prediction in the charge changing cross sections (Zeitlin et al, 2008;
Sihver et al. 2008). In Zeitlin et al. 2008, the authors showed that PHITS consistently
underestimated measured charge changing cross section data in think targets of
aluminum, polyethylene and lead. The underestimation was most significant for

fragments with Z<9. In Sihver et al. (2008), the authors showed that benchmarking of
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PHITS against FLUKA, HETC-HEDS, and NUCFRG2 for projectiles heavier than Silicon,
PHITS consistently under predicted the charge changing cross sections. When layering
materials in simulations, uncertainties present during the transport in one material can
be effectively cancelled by competing uncertainties in the next.

Table 5.1 shows that for the *°Fe irradiations and configurations where the
polyethylene slab was first, there is a modestly lower, about 3%, measured dose and
PHITS calculated dose and dose equivalent than the values for the configurations where
aluminum was first. Within a total areal density (10 g/cm2 or 20 g/cmz) changing the
order of the materials for the same areal density did not significantly change average
quality factor. When the areal density is increased from 10 g/cm2 to 20 g/cm2 total,
there is a decrease in measured dose, PHITS calculated dose and dose equivalent, and
average quality factor. The reductions are consistent with increasing the areal density.
The calculated fragmentation distributions for all configurations are presented in Figure
5.17. The distributions are more tightly grouped indicating that the change in quality is

more complicated and the layering of materials may have effectively a cancelling effect

A Egg Dose PHITS Dose PHITS Dose Equivalent | Average
Shieldin
i (cGy) (cGy) (cSv) Q
Al/poly 20 g/cm® 131.6 127.7 984.84 7.71
Poly/Al 20 g/cm? 127.8 123.3 959.49 7.78
Al/poly 10 g/cm® 149.4 141.0 1132.86 8.04
Poly/Al 10 g/cm2 151.3 134.5 1082.44 8.05

Table 5.1:  Comparison of PHITS simulations of dose, dose equivalent, and average Q
for a 964.9 MeV/n *°Fe irradiation of aluminum and polyethylene with
mutually changing position with experimental results.
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Figure 5.17: Simulated fragmentation distribution as a function of the fragment charge
number for aluminum and polyethylene with mutually changing position
irradiated by 964.9 MeV/n *Fe ions. Lines are used to connect the points.

Table 5.2 shows that for the 1 GeV proton irradiations the results are different.
Changing the orientation of aluminum and polyethylene does not appreciably change
the measured dose and PHITS calculated quantities. The increase in dose following the
shielding material reported previously in this work and in literature (Mancusi et al, 2007;
Bertucci et al, 2007) was seen and replicated with PHITS. The measured dose and PHITS
calculated quantities decrease with increasing distance from the shield. The
contribution to dose from particles other than protons becomes more apparent. For
the configuration where 10 g/cm? polyethylene is placed in front of 10 g/cm’ of
aluminum, protons only account for about 66% of the dose, while neutrons and photons
account for about 30%. At the detector location of 0.254 cm, the PHITS calculated
average Q was increased to ~2.5 and decreased with distance from the shield. Figure
5.18 shows this increase in dose and dose equivalent to be the result of neutrons and
photons produced in the shielding materials. Secondary protons are increased but not
to the extent seen with the Columbus or REMSIM mock-ups. Pions and electrons also

contribute to the increase in dose. Limited measurements were taken experimentally
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and longer distances were not simulated so comparisons with the values obtained for
Columbus and REMSIM mock-ups are not possible. Forward work could involve using

PHITS to estimate the dose, dose equivalent and average Q.

Shieldin Egg Dose PHITS Dose PHITS Dose Average
g (cGy) (cGy) Equivalent (cSv) Q
Al/Poly 20 g/cm’
/@ooy254gc/r:1m 1>1.00 12502 . 2'45
2
Al/ 'Z;';’ ;2 fr/ncm 140.70 107.38 211.49 1.97
2
Alf ;0'5}’ gg Cgrfq cm 130.80 103.70 189.15 1.82
Poly Al 20 g/cm’
@0 254gc/;m 16350 1005 o -
2
PO'Z@AZ' gg i{:‘:m 150.90 120.60 279.14 2.31
2
osoaem | 1980 | 11387 el o
Al Poly 10 g/cm?
s 143.10 125.22 315.27 2.52
2
Mensien | 130 | 1146 =0 o
2
Al Z‘)"g’ 3(8’ i/n:m 125.90 109.11 204.27 1.87
Poly Al 10 g/cm’
s 143.40 137.89 367.72 2.67
2
Po'z’@Az' ég i/n:m 136.60 121.94 264.07 2.17
1 2
POZ)A; Og i{;:m 127.90 114.80 222.30 1.94

Table 5.2:  Comparison of PHITS simulations of dose, dose equivalent, and average Q
for the 1 GeV proton irradiation of 5 g/cm2 and 10 g/cm2 aluminum and
polyethylene with mutually changing position with experimental results.
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Figure 5.18: Contribution of particles to absorbed dose in the Egg chamber for
aluminum and polyethylene shielding in mutually changing order for the 1
GeV proton beam irradiations.

SIMULATIONS OF THE ANGULAR DISTRIBUTION

PHITS has been shown to accurately reproduce how the dose varies when the
dimension along the beam axis is changed. There are limitations in all measurements
and simulations previously reported in this paper, as these measurements and
subsequent simulations were taken along the beam axis and neglected any lateral
scattering. In this aim the contribution to dose in off axis measurements was explored.
PHITS was used to simulate dose deposition after the traversal of a 3 cm target of
aluminum. The geometry representation in PHITS for the NSRL target room shown in
Figure 5.3 was again used for the PHITS input. However, the source input for PHITS was
a cylindrically symmetrical Gaussian beam of FWHM of 1.79 cm of monoenergetic
protons with an energy of 980 MeV. The Egg Chamber was simulated identically as in
the other aims, as a 1 cm? sphere of air resulting in a beam size radius larger than the

Egg Chamber. These spheres were located 90° to the beam line at varying distances in
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the x direction (0, 0, +1), (-5.08, 0, +1), (-10.16, O, +1) and (-15.24, 0, +1) to most nearly
match the experimental configuration. Although measurements recorded during the
experiments at BNL were in inches, all measurements simulated and reported are in
centimeters.

As shown in Table 5.3, PHITS reproduces the experimental data fairly well except
at small angles, measurement (-5.08, 0, +1) where the simulated result is an order of
magnitude higher than measured. A review of the output of the proton spectrum for
this simulation shows the proton energy deposited in the simulated detector is
dominated by the source proton energy. There are two possible explanations for this
over estimation. The most likely cause is a misspecification in the source geometry for
the simulation when compared to the experimental configuration leading to simulated
lateral beam spreading that overlaps the virtual detector. Very different results can be
obtained when varying the radius of the simulated source. However, all changes in
geometry explored did not yield results that fully explain this. A second less likely
reason is based on previously published work that reported the increase in dose seen
near the shield to be from the production of secondary protons emitted from the target
(Mancusi et al. 2007). These evaporation protons are emitted isotropically. The
increase could be accounted for by an over prediction of the secondary protons by the
physics models in PHITS. The results for the other measurement locations are in good
agreement with the measured values. The increase in dose following the shielding
material reported previously, here and the published literature (Bertucci et al. 2007,
Mancusi et al. 2007; Destefanis et al. 2008) is replicated here for the measurement
along the beam axis. The slight underestimation by PHITS for the measurement
locations (-10.16, 0, +1) and (-15.24, 0, +1) is consistent with published literature (Sihver

et al. 2010; Lee et al. 2011).
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Egg Position Beam Egg Egg Dose / | Simulated Egg
(cm) Dose Dose Beam Dose | Dose / Virtual
(cGy) (cGy) Dose
(0,0, +1) 200.14 187 0.934 1.12
(-5.08, 0,+1) 2500 32.9 0.0132 0.140
(-10.16, 0, +1) 10000 48.04 0.00481 0.00474
(-15.24, 0, +1) 40000 103.81 0.00267 0.00189

Table 5.3:  Comparison of measured and PHITS simulated dose distributions for off
axis measurements for a 980 MeV proton beam on an aluminum target.

The simulations of the off axis measurements demonstrate that other particle
types become more important as the distance from the beam axis is increased as shown
in Figure 5.21. Protons are shown to dominate the contribution to dose for the
measurements at x = 0 and x = 5.08 cm. The PHITS tally, T-Track, was used to track the
particle types crossing the Egg Chamber. Figure 5.19 shows the contributions. Neutrons
account for 40-45% of the particles crossing the Egg chamber at the distances in the x
direction corresponding to 10.16 cm and 15.24 cm. With angular distance from the
shield, the contribution from all particle types, except protons, increases. Photons are
also shown to increase. The electrons are produced by photon interactions. The type
listed as others is composed of other hadrons not specifically tracked by the tally. These
results provide evidence of the value of the incorporation of 3D Monte Carlo

calculations when conducting astronaut dose calculations.
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Figure 5.19: Contribution of particles to absorbed dose in the Egg chamber for a 980
MeV proton beam irradiation of an aluminum target.

STATISTICAL UNCERTAINTY IN PHITS SIMULATIONS

Graphing the experimentally measured values compared to the PHITS simulated
ones as in Figures 5.20 and 5.21 displays the linear relationship between the observed
and predicted results. In extrapolating the trend line toward zero, a minimal offset from
zero is seen indicating a slight and likely negligible over prediction of the measured
values by PHITS for the *Fe simulations. However, the trend line for the proton
simulations goes through zero. The good agreement between PHITS simulations and
accelerator measurements has also been demonstrated for other studies (Sihver et al.
2007) and this work further indicates that PHITS is an accurate radiation transport tool.
As noted in Chapter 3, PHITS estimates the relative error for each tally based on the
number of events contributing to the tally and this is not the statistical uncertainty in
the tallied quantity. Since a large number of particles, (9.5 x 10°) were transported for
each simulation, the relative error for each individual tallied quantity was on the order

of 0.3%. Four simulations for each of the experimental geometries were performed to
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allow for a post simulation statistical assessment. When standard error of the mean
(SEM) was calculated, a SEM on the order of 0.3% was determined and in general would
be contained within the symbols on the graphs. This low uncertainty is based on the
large number of simulated events contributing to the tally and clearly underestimates
the true uncertainty in the Monte Carlo simulations. This limitation present in PHITS
version 2.24 has been corrected with the modification of the code to include statistical
uncertainties of tally results by calculating the standard deviation of the tallied quantity.
(Sato et al. 2013). Error bars are therefore not shown on these of any of the following

results presented in this paper.
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Figure 5.19: Comparison of measured experimental dose from a 964.9 MeV/n **Fe
beam to predicted dose by PHITS for the same monoenergetic beam.
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Figure 5.20: Comparison of PHITS simulations of the 1000 MeV proton beam to the
experimental results.

With any transport code simulation there are uncertainties in the results. There
are uncertainties systematically introduced to the problem based on beam energy,
energy spread, beam profile and shape, details of the geometry. Assumptions necessary
to bound the problem to a manageable calculation contribute to these uncertainties.
Additional uncertainty is introduced in the transport code calculation. Transport codes
rely heavily on measured nuclear cross sections for accurate predictions. Although
many measurements of cross sections have been obtained, there are still notable gaps,
especially for light ions, which lead to uncertainties in the results from any code. Proton
cross sections have been the most heavily investigated, however, disagreements of a
factor of 2 exist (Norbury & Miller 2012; Durante 2014). These gaps lead to
uncertainties in the physics models and could easily lead to errors on the order of 20%.
Recent evaluations of several transport codes that have been conducted by NASA are
illustrated in Figure 5.21 show variation in results across the full spectrum. This work
shows that the variation in neutron spectra from the Monte Carlo codes is still a factor

of two across the whole spectrum (Wilson et al. 2014). This highlights the continued
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need for continued measurements of cross

transport codes.
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at the bottom of an aluminum sphere. From Wilson et al. 2014
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Chapter 6: Conclusions

NEED FOR PRESENT STUDY

The need to understand and manage the risk of radiation exposure within its
decision making framework, has led NASA to develop a comprehensive effort to
decrease the uncertainties associated with evaluating and projecting risks from space
radiation. This effort is not limited to understanding the uncertainties inherent in the
radiation biology of HZE ions. Improvements in the methods and understanding in the
areas of the radiation protection characteristics of spacecraft materials is warranted to
provide a sound basis for the design trades that are necessary when designing long
duration space missions. The need to inform NASA decisions on spacecraft materials,
mass constraints, and mission lengths within the currently available scientific knowledge
was the motivation behind this work. Prior to the proposal of this work, accelerator
experiments to evaluate the dose reduction effectiveness of spacecraft materials have
focused on single materials, i.e. aluminum and polyethylene, not layered mock-ups
more closely representing a spacecraft wall (Miller et al. 2003; Guetersloh et al. 2006;

Zeitlin et al. 2006; Mancusi et al. 2007; Zeitlin et al. 2008).

FINDINGS

Columbus and REMSIM Evaluations

Two aims of the study were to determine the dose reduction capabilities of more
realistic mock-ups of spacecraft structures when irradiated by 1 GeV/n *®Fe ion and
proton beams. Two vehicle hull mock-ups, the ISS Columbus module and a proposed
inflatable habitat, REMSIM, were studied and results were compared to those of

standard spacecraft materials, aluminum and polyethylene. As expected polyethylene
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was found to be superior in dose reduction capability, but reasonable reductions could
be obtained when more realistic layered hull materials were irradiated with either
particle. Internal structures and payloads contribute mass from low mass materials, i.e.
Kevlar®, plastics and water, which should be included to improve accuracy in the
calculations of equivalent dose. These materials do not add parasitic mass to the
vehicle and optimization of the placement of these materials can result in dose
reductions as shown in Shavers et al (2004), NASA (2006), and Kodaira et al. (2014).
When the dose reduction capability for these two mock-ups are compared to
each other for the °Fe irradiation, there were no major differences in dose reduction
and fragmentation spectra as determined by PHITS. This comparison suggests that an
astronaut in an inflatable habitat with appropriately place water or fuel tanks could
experience very similar conditions to an astronaut in a typical spacecraft when hit by 1
GeV/n *°Fe ions. A similar situation was present when the mockups were compared for
the 1 GeV proton irradiation. A nearly identical increase in dose adjacent to the shield
was observed on measurement and with the PHITS predictions. The dose decreased
with increasing distance from the shielding material with the same pattern. When
considering the production of neutrons and other hadrons produced as a result of the
irradiation of the shielding material, lower fluence rates were observed for REMSIM

suggesting perhaps that dose equivalent would be lower.

Testing Order Matters

Differences in dose reduction capability and dose equivalent were evaluated for
four different areal densities and order of layered aluminum and polyethylene sheets to

investigate whether the order of the materials matters. The configurations tested were:

e 5g/cm? Polyethylene+ 5 g/cm? Aluminum
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e 5g/cm? Aluminum + 5 g/cm? Polyethylene
e 10 g/cm? Polyethylene+ 10 g/cm? Aluminum

e 10 g/cm? Aluminum + 10 g/cm? Polyethylene

Overall a 25%-35% reduction in dose was seen for all four configurations for the
*°Fe experiments. However, when comparing the configurations to each other, a slightly
lower dose (~¥3%) was seen was seen for the two configurations where polyethylene was
placed before the aluminum. The PHITS calculated dose equivalent was also about 3%
lower. However, within a total areal density (10 g/cm2 or 20 g/cmz) changing the order
of the materials for the same areal density did not significantly change average quality
factor. A decrease in all quantities was seen with an increase in areal density. When
evaluating the fragmentation spectra for all four configurations the spectra are tightly
grouped together, indicating that the order of materials has little effect on the quality of
the radiation filed behind the shield.

In the 1 GeV proton investigations, the dose was increased directly adjacent to
the shielding material for all four configurations; 50-60% for the 20 g/cm2 configurations
and 40% for the 10 g/cm2 ones, resulting in increased PHITS calculated quantities of
dose equivalent and average Q. These values decrease with increasing distance from
the shield. Changing the order of the materials produced subtle increases of 3-5% in
radiation quality for the two configurations where polyethylene was placed first. This
slight increase could be inferred to result in a higher total dose equivalent for an
astronaut exposed to 1 GeV protons in this configuration. In the current practice on the
ISS, the polyethylene sheets are placed between the aluminum vehicle wall and the
aluminum rack system, resulting in a more complicated arrangement. However, as
novel approaches where polyethylene polymers are used for structural components,

this finding should be considered (Durante 2014).
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Off-Axis Measurements

Few off axis measurements of shielding materials have been obtained at
accelerators leading to a limited understanding of the angular distribution of particles
produced when interacting with aluminum. The simulations of the off axis
measurements demonstrate that other particle types become more important as the
distance from the beam axis is increased. In particular, the contribution from neutrons
and photons increases with distance at a 90° angle from the aluminum target. The
geometry of the simulations conducted in this work influenced the results and forward
work is necessary to elucidate the root of the geometry problem. PHITS has been
shown to replicate measurements taken at small angles for 290 and 400 MeV/n *2C
beams for many targets (Zeitlin et al. 2007) leading me to conclude that the over
prediction of the dose at small angles is a geometry problem. In Zeitlin et al. (2007), the
angular measurements were obtained at a sufficient distance from the target that beam
spreading would not have influenced the results. The limited measurements and
simulations in the current work indicate a need to further investigate the angular

contribution of particles to dose.
PHITS Monte Carlo Code

The Monte Carlo transport code PHITS is a relatively new code package when
compared to other transport code suites. Its use as a tool in performing radiation dose
calculations was explored. PHITS estimations generally agreed well with the
experimental results, but underestimated the measured values in many of the proton
irradiations. This underestimation has been found in other studies with PHITS and the
other transport codes described in this study (Sihver, et al 2008). It has also been shown

that the biological response depends not only on the LET, but also on the specific charge
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and velocity of the ion species (Friedrich et al. 2012, Friedrich et al. 2013). Therefore,
for a comprehensive risk assessment model, the Monte Carlo simulation appears to be

still irreplaceable.

LIMITATIONS AND FUTURE WORK

Several simple limitations were preset in this work. For the PHITS simulations |
used the geometry of actual volume of the Egg chamber. Using a small volume for the
detector in the simulations introduces uncertainties. Given the stated small
disuniformity in both of the beams, using a monoenergetic *Fe and proton source was a
reasonable approximation. As discussed in more detail in the forward work section, the
relatively sparse cross section data available for use in transport codes leads to
uncertainties in their predictions. These uncertainties are hard to quantify.

A proposed update to the NASA space radiation risk model was recently
published (Cucinotta et a/ 2011). Although three parts of the risk model were changed,
the recasting of radiation quality in terms of effective charge and ion energy instead of
LET, with distinct quality factors for solid cancers and leukemia (Cucinotta et al 2011) is
a limitation on the conclusions from this work. The re-parameterization of radiation
quality using effective charge and energy instead of LET was prompted by research
indicating that LET does not sufficiently describe the energy deposition characteristics of
an ion near the ion track, which manifests in differences in measures of radiation
damage at the microscopic level among particles with the same LET but different charge
(Thacker et al 1979; Cucinotta et al 1997; Cucinotta et al 2000). Biophysical models

were used to derive a risk cross-section, which can be rearranged in a form analogous to
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the quality factor (Cucinotta et a/ 2011). NASA’s operational codes are being updated to
include these changes; however, current Monte Carlo codes have not incorporated the
use of a risk cross section as described in Cucinotta et al. (2011). In addition, Borak et al.
(2014) provides an alternative method for to defining quality factors that does not
require identification of the charge (Z) and E (MeV/n) of the incident radiation. It is
based on redefining the new quality factors as a function of LET, independent of charge
and energy. New methods like the one described in Borak et al. (2014) will need to be
coupled with transport code models to perform future risk assessments.

Polyethylene has been identified as a potential structural polymer for spacecraft
shielding with various fabrication strategies developed to create stiff structures and
inflatable vehicles. Other novel composite materials, new shields based on nano-
materials, proprietary screens with undisclosed exact composition, and complex in situ
planetary resources are being proposed. Accelerator measurements of these
innovative approaches will be necessary to understand the radiation protection qualities
of these materials before they are incorporated into a spacecraft design. Accelerator
tests of shielding materials can also provide other important data for the
characterization of the shielding materials, such as neutron yields and energy spectra at
different angles and microdosimetric spectra. Continued material tests at high energy

accelerators are necessary.

Accelerator measurements alone are not sufficient for characterizing shielding
materials and transport codes will have to be employed. These codes rely on measured

nuclear cross-sections and for these novel materials code predictions have high
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uncertainties or may be completely lacking. An extensive database of current measured
cross sections has been recently compiled by NASA; however, this work was performed
to understand standard spacecraft materials. A review of Norbury & Miller (2012)
highlights the missing values in the database. Even cross-sections for protons, which
have been the most studied, both experimentally and theoretically, show disagreements
by a factor of 2 between the values calculated from models and measurements. To
reduce the uncertainties in any radiation transport code being used for such
calculations, precise measurements of interaction cross sections are required to
benchmark the codes (Durante 2014). One of the advantages of Monte Carlo
simulations is the ability to obtain information on the particle transport in 3D; however,
limited measurements of triple differential cross sections (charge, energy, and angle)
have been obtained to benchmark transport codes (Sihver et al. 2008). Future
measurements will be needed to fill in the missing cross sections standard spacecraft
materials in order to improve the uncertainties in calculations. The measurements will

also need to be extended to include evaluate these novel materials.
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A

Appendices

LIST OF PARTICLES TRANSPORTED IN PHITS

Type Symbol kf-code Particle Name
1 proton 2212 proton
2 neutron 2112 neutron
3 pion+ 211 m
4 pion0 111 °
5 pion- -211 T
6 muon+ -13 u
7 muon- 13 M
8 kaon+ 321 K*

9 kaonO 311 K°
10 kaon- -321 K
11 = 12 Ve Ve
11 - +14 v, V,
11 - -2212 D

11 - -2112 n

11 - 311 K°
11 - +221 n7
11 - 331 n'
11 - +3122 A°A°
11 - +3222 PN
11 - +3212 30x°
11 - +3112 Iy
11 - +3322 505°
11 - +3312 5E
11 - +3334 o0
12 electron 11 e-
13 positron -11 e+
14 photon 22 r

15 deuteron 1000002 Deuteron
16 triton 1000003 Triton
17 3he 2000003 3He
18 alpha 2000004 A

19 nucleus Z*1000000+A Nucleus
20 all - all particles
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B LIFE TIMES AND DECAY CHANNEL FOR PARTICLES TRANSPORTED IN PHITS
Blanking Fraction | Lifetime (sec)
>y + y 100% 0
o> W+, 100% 2.6029e-8
TS W+, 100% 2.6029e-8
v et o+ V. o+, 100% 2.19703e-6
o> e+ V. o+ v, 100% 2.19703e-6
KK > n o+ - 68.61% 8.922e-11
> ° + 1 31.39%
- Y + Y other
K > W+, 63.51% 1.2371e-8
> + na other
K > W+ v 63.51% 1.2371e-8
> o + m other
n > vy 4 y 38.90% 0
> ©° + ° + 31.90%
> o+ o o+ 23.70%
> o + m + y other
n' - m + i + n 44.10% 0
> o+ 0 o+ n 20.50%
-> m + 4 + v 30.10%
N y + y other
NS> p + 64.10% 2.631e-10
- n + ° other
5> p + 0 51.57% 7.99e-11
- n + na other
2 > A+ y 100% 0
5 > n + o 100% 1.479e-10
£ s> A+ 100% 2.90e-10
= > AN+ 100% 1.639e-10
O > A+ K- 67.80% 8.22e-11
> =+ - 23.60%
> = & . other
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C EXAMPLE PHITS INPUT FILE

[Title]
Al cylinder

egg filled with air at all four measurements

beam 1.79 cm Gaussian

[Parameters]

icntl =0
maxcas = 100000
maxbch =95

emin(1) = 0.001
emin(2) = 1e-10
emin(12)=1.0
emin(13)=1.0
emin(14) = 0.001
emin(15) = 0.001
emin(16) = 0.001
emin(17) = 0.001
emin(18) = 0.001
emin(19) = 0.001
dmax(2) = 20.0
dmax(12) = 1000.0
dmax(13) = 1000.0
dmax(14) = 1000.0
esmin = 0.001
ejamnu =20.0
egmdnu = 20.0

igamma=1
itall =1
ipngdr=1
Siggem =1
Sipara=1
igchk =1

S Normal PHITS calculation

S Number of particles per batch

S Number of batches

S cut-off energy for proton (MeV)

S cut-off energy for neutron (MeV)

S cut-off energy for electron (MeV)

S cut-off energy for positron (MeV)

S cut-off energy for photon (MeV)

S cut-off energy for deuteron (MeV/n)

S cut-off energy for triton (MeV/n)

S cut-off energy for 3He (MeV/n)

S cut-off energy for alpha (MeV/n)

S cut-off energy for nucleus (MeV/n)

S nuclear data max energy for neutron (MeV)

S nuclear data max energy for electon (MeV)

S nuclear data max energy for positron (MeV)

S nuclear data max energy for photon (MeV)

S minimum energy for range calculation (MeV)

S Use JAM model per 12/13/10 e-mail from T. Sato

S (D=3500) energy of QMD for nucleon (MeV)
(changed 12/2/2012)

S 1: to use the gamma decay option

S 1: to output tally every batch

S 1: photo-nuclear reaction

S 1: to output the GG warning echo back

S 1: to output all parameter

S 1: to check geometry

file(6) = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/phits.out

S file name of output summary

file(7) = /home/mvanbaal/phits224L/MCNPXdata/xsdir3

S file name of nuclear data

file(14)= /home/mvanbaal/phits224L/data/trxcrd.dat

S file name of gamma decay data

file(19)= /home/mvanbaal/phits224L/data/GDRxsec.inp
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Sfile name for giant dipole resonances

ides=0 S 0: photon produces electron
S irskip = 273900 S for debug
rseed = -1 S for debug
nedisp=1 S energy straggling option
nspred =1 S angular straggling option
nlost = 200 S max number of lost particles
e-mode =1
[Source]
s-type = 13 # mono-energetic R-Gaussian distribution source
proj = proton # kind of incident particle
e0 = 980.0 # energy of beam [MeV]
x0 = 0.0000 # (D=0.0) center position of x-axis [cm]
y0 = 0.0000 # (D=0.0) center position of y-axis [cm]
z0 = -11.000 # (D=0.0) minimum position of z-axis [cm]
z1=-11.000 # (D=0.0) maximum position of z-axis [cm]
dir=1.0 # direction cosine from z axis
rli= 1.790 # Full Width at Half Maximum of Gaussian [cm]
[Material]
ml gas=1 S air

6000.60c 0.000124/12.011/0.06873995529

7014.60c 0.755267*0.99634/14.00674/0.06873995529
7015.60c 0.755267*0.00366/14.00674/0.06873995529
8016.60c 0.231781*0.99762/15.9994/0.06873995529
8017.60c 0.231781*0.00238/15.9994/0.06873995529

m?2 Saluminum
13027 -2.71
m3 Skevlar (Lobascio et al. 2008)

6000.60c  14/28
1001.60c 10/28
8016.60c  2/28
7014.60c  2/28

m4 $Nextel (0.0298 g/cm?)(Lobascio et al. 2008)
13027 -0.625*2.7
14000 -0.245*0.3333*2.3296
8016 -0.245*0.6667*0.001429
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SMLI (kapton and mylar/assume 50/50)
Sadded up both components in Excel MLI.XIs

S A-150 (to approximate Egg Chamber)

Scopper in scintillation detectors

5010 -0.13*2.34
m5
1H -0.01448
12C -0.26855
14N -0.073279*1.417*0.125
160 -0.11492
mb6
1001.60c  -0.102*(1.138)
6000.60c  -0.768*(1.138)
7014.60c  -0.036%*(1.138)
8016.60c  -0.059%*(1.138)
9019.60c  -0.017%*(1.138)
m7  Skapton
1H -0.026362*(1.417)
12C -0.691133*(1.417)
14N -0.073270*(1.417)
160 -0.209235*(1.417)
m8
63Cu -8.96
m9

197Au  -19.32

m10 gas=1

14N -1.2506

mll
1H 2/3
160 1/3

[Surface]

Sgold in scintillation detectors

Snitrogen fill in scintillation detectors

SWater
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1 RPP -1010-10100.00.0381
2 S 00100.762
3 RPP -1010-10 10 285 285.013

RPP -1010-10 10 285.014 285.021

S vacuum window 1st target

S virtual egg

$ kapton layer in 1°* Scintillation detector
(dimensions from imaginil07.jpg)

Scopper layer in 1st scintillation detector

RPP -1010-10 10 285.022 285.022004 Sgold layer in 1st scintillation detector

RPP -1010-1010 260 260.013

4
5
6 RPP -1010-1010285.023 289.023
7
8 RPP -1010-1010260.014 260.021

Snitrogen gas in 1st Scintillation detector

Skapton layer in 2nd Scintillation detector

Scopper layer in 2nd Scintillation detector
still need dimensions and to fix
combinatorics)

9 RPP -1010-10 10 260.022 260.022004 Sgold layer in 2nd scintillation detector

10 RPP -1010-1010 260.023 264.023

11 RPP -1010-10 10250 250.013
12 RPP -1010-10 10 250.014 250.021

Snitrogen gas in 2" scintillation detector
Skapton layer in 3rd scintillation detector
Scopper layer in 3rd scintillation detector

13 RPP -1010-10 10 250.022 250.022004 Sgold layer in 3rd scintillation detector

14 RPP -1010-10 10 250.023 254.023
15 RCC 0060900315

16 S 00615 0.762

17 S 5.080615 0.762

18 S 10.16 0615 0.762

19 S 15.240615 0.762

20 RPP -500 500 -500 500 -1000 1000

Snitrogen gas in 3rd Scintillation detector
Saluminum cylinder

S Egg chamber

S Egg chamber

S Egg chamber

S Egg chamber

S universe boundary

S vacuum window 1st target (aluminum)

[Cell]

12 -271 -1
21 -0.0012 -2
37 -1417 -3

4 8 -8.96 -4
59 -1932 -5

6 10 -1.2506E-3 -6
77 -1417 -7

8 8 -8.96 -8
99 -1932 -9

1010 -1.2506E-3 -10
117 -1.417 -11
128 -8.96 -12
139 -19.32 -13
14 10 -1.2506E-3 -14
152 -2.71 -15
161 -0.0012 -16
171 -0.0012 -17
181 -0.0012 -18

S virtual egg for normalization

S kapton layer in 1st scintillation detector
Scopper layer in 1st scintillation detector
Sgold layer in 1st scintillation detector
Snitrogen gas in 1st scintillation detector
S kapton layer in 2nd scintillation detector
Scopper layer in 2nd scintillation detector
Sgold layer in 2nd scintillation detector
Snitrogen gas in 2nd scintillation detector
S kapton layer in 3rd scintillation detector
Scopper layer in 3rd scintillation detector
Sgold layer in 3rd scintillation detector
Snitrogen gas in 3rd scintillation detector
S aluminum cylinder

Segg chamber

Segg chamber

Segg chamber
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191 -0.0012 -19 Segg chamber
201 -0.0012 -201234567891011121314151617 1819
S outside universe

21 -1 20
[T-Heat]
title = Heat in xyz mesh
mesh = xyz # mesh type is xyz scoring mesh
x-type= 2 # x-mesh is linear given by xmin, xmax and nx

xmin = -20.00000 # minimum value of x-mesh points
xmax = 20.00000 # maximum value of x-mesh points
nx= 100 # number of x-mesh points
y-type= 2 # y-mesh is linear given by ymin, ymax and ny
ymin = -20.00000 # minimum value of y-mesh points
ymax = 20.00000 # maximum value of y-mesh points
ny= 1 # number of y-mesh points
z-type= 2 # z-mesh is linear given by zmin, zmax and nz
zmin = 600.0000 # minimum value of z-mesh points
zmax = 620.0000 # maximum value of z-mesh points

nz= 100 # number of z-mesh points
unit= 2 # unit is [MeV/source]
2D-type= 3 # 1:Cont, 2:Clust, 3:Color, 4:xyz, 5:mat, 6:Clust+Cont, 7:Col+Cont
axis = zx # axis of output

file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/heat.out
# file name of output for the above axis

material = all # (D=all) number of specific material
output = heat # only heat is written

electron= 0 # (D=0) 0-> photon library, 1-> electron ionization
epsout= 1 # (D=0) generate eps file by ANGEL

S$$SSvirtual egg

[T-Heat]
title = Edep-EGG
mesh = reg
reg =2
axis = eng
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/EGG_edepv.dat
material = all
e-type =3
ne =130
emin = 1le-10
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emax = 1le3
output = deposit-all
unit=3

epsout=1
electron=1

[T-Deposit]
title = Deposit-EGG
mesh = reg
reg =2
axis = reg
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/EGG_depositv.dat
material = all
output = dose
unit=2
epsout=1

[T-Deposit]
title = Deposit-EGG2

dedxfnc =2

mesh = reg

reg =2

axis = reg

file =
/home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/EGG_depositDEv.dat
material = all

output = dose

unit=1

epsout=1

[T-Deposit]
title = Deposit-EGG2
mesh =reg
reg =2
axis = eng
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/EGG2_doselv.dat
part = all proton pion- pion+ muon+ muon-

material = all
output = deposit
unit=3

e-type =3

ne =100

emin = le-7
emax = le3
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epsout=1

[T-Deposit]
title = Deposit-EGG3

mesh =reg
reg =2
axis = eng

file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/EGG3_dose2v.dat
part = electron photon neutron

material = all

output = deposit

unit=3

e-type =3

ne =100

emin = le-7

emax = le3

epsout=1

[T-Track]
title = flux by track length in egg volume
mesh = reg
reg =2
axis = eng
e-type =5
edel=0.1
emin = 1e-5
emax = 1e3
unit=1
part = proton pion+ pion- muon+ muon- electron
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/egg_tracklv.dat
epsout=1

[T-Track]
title = flux by track length in egg volume
mesh =reg
reg =2
axis = eng
e-type=5
edel=0.1
emin =1e-5
emax = 1e3
unit=1
part = neutron photon all
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/egg_track2v.dat
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epsout=1

[T-LET]

title = LET in egg

mesh =reg

reg =2

unit =8

I-type =3
nl =50
Imin=0.1
Imax = 10000

axis = let

file = /nome/mvanbaal/phits224L/Al_angular/eggair/1.79dia/let_eggv.dat

epsout=1

$S955first egg

[T-Heat]
title = Edep-EGG
mesh = reg
reg =16
axis = eng
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/EGG_edep.dat
material = all
e-type =3
ne =130
emin = 1e-10
emax = le3
output = deposit-all
unit=3
epsout=1
electron=1

[T-Deposit]
title = Deposit-EGG
mesh = reg
reg =16
axis =reg
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/EGG_deposit.dat
material = all
output = dose
unit=2
epsout=1
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[T-Deposit]
title = Deposit-EGG2

dedxfnc=2

mesh =reg

reg =16

axis = reg

file =
/home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/EGG_depositDE.dat
material = all

output = dose

unit=1

epsout=1

[T-Deposit]
title = Deposit-EGG2
mesh = reg
reg =16
axis = eng
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/EGG2_dose.dat
part = all proton pion- pion+ muon+ muon-
material = all
output = deposit
unit=3
e-type =3
ne =100
emin = le-7
emax = le3
epsout=1

[T-Deposit]
title = Deposit-EGG3
mesh =reg
reg =16
axis = eng
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/EGG3_dose.dat
part = electron photon neutron

material = all
output = deposit
unit=3

e-type =3

ne =100

emin = le-7
emax = le3
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epsout=1

[T-Track]
title = flux by track length in egg volume
mesh =reg
reg =16
axis = eng
e-type =5
edel =0.1
emin =1e-5
emax = 1e3
unit=1

part = proton pion+ pion- muon+ muon- electron
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/egg_track.dat
epsout=1

[T-Track]
title = flux by track length in egg volume
mesh = reg
reg =16
axis = eng
e-type=5
edel=0.1
emin = 1e-5
emax = 1e3
unit=1
part = neutron photon all
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/egg_track2.dat
epsout=1

[T-LET]
title = LET in egg
mesh =reg
reg =16
unit=8
I-type =3
nl =50
Imin=0.1
Imax = 10000
axis = let
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/let_egg.dat
epsout=1

[T-Yield]
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title = secondary yield

mesh =reg

reg =16

axis = eng

unit=1

file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/EGG_yield
output = product

epsout=1

[T-Product]
title = secondary product
mesh = reg
reg =16
axis = eng
e-type=1
unit=3
e-type =3
ne =100
emin = le-7
emax = le3
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/EGG_product
output = source nuclear nonela elastic
epsout=1

$$S$Ssecond egg

[T-Heat]
title = Edep-EGG
mesh =reg
reg =17
axis = eng
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/2/EGG_edep.dat
material = all
e-type =3
ne =130
emin = 1le-10
emax = le3
output = deposit-all
unit=3
epsout=1
electron=1

[T-Deposit]
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title = Deposit-EGG

mesh =reg

reg =17

axis = reg

file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/2/EGG_deposit.dat
material = all

output = dose

unit=2

epsout=1

[T-Deposit]
title = Deposit-EGG2

dedxfnc=2

mesh = reg

reg =17

axis = reg

file =
/home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/2/EGG_depositDE.dat
material = all

output = dose

unit=1

epsout=1

[T-Deposit]
title = Deposit-EGG2
mesh =reg
reg =17
axis = eng
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/2/EGG2_dose.dat
part = all proton pion- pion+ muon+ muon-
material = all
output = deposit
unit=3
e-type =3
ne =100
emin = le-7
emax = 1le3
epsout=1

[T-Deposit]
title = Deposit-EGG3
mesh = reg
reg=17
axis = eng
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file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/2/EGG3_dose.dat
part = electron photon neutron

material = all

output = deposit

unit=3

e-type =3

ne =100

emin = le-7

emax = le3

epsout=1

[T-Track]
title = flux by track length in egg volume
mesh = reg
reg =17
axis = eng
e-type=5
edel=0.1
emin =1e-5
emax = 1e3
unit=1
part = proton pion+ pion- muon+ muon- electron
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/2/egg_track.dat
epsout=1

[T-Track]
title = flux by track length in egg volume
mesh =reg
reg =17
axis = eng
e-type =5
edel=0.1
emin =1e-5
emax = le3
unit=1
part = neutron photon all
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/2/egg_track2.dat
epsout=1

[T-LET]
title = LET in egg
mesh = reg
reg=17
unit=8
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I-type =3
nl =50
Imin=0.1
Imax = 10000
axis = let
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/2/let_egg.dat
epsout=1

[T-Yield]
title = secondary yield
mesh = reg
reg =17
axis = eng
unit=1
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/2/EGG_yield
output = product
epsout=1

[T-Product]
title = secondary product
mesh = reg
reg =17
axis = eng
e-type=1
unit=3
e-type =3
ne =100
emin = le-7
emax = le3
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/2/EGG_product
output = source nuclear nonela elastic
epsout=1

$$55third egg

[T-Heat]
title = Edep-EGG
mesh = reg
reg =18
axis = eng
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/4/EGG_edep.dat
material = all
e-type =3
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ne =130

emin = 1le-10
emax = le3
output = deposit-all
unit=3

epsout=1
electron=1

[T-Deposit]
title = Deposit-EGG
mesh = reg
reg =18
axis = reg
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/4/EGG_deposit.dat
material = all
output = dose
unit=2
epsout=1

[T-Deposit]
title = Deposit-EGG2

dedxfnc=2

mesh =reg

reg =18

axis = reg

file =
/home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/4/EGG_depositDE.dat
material = all

output = dose

unit=1

epsout=1

[T-Deposit]
title = Deposit-EGG2
mesh =reg
reg =18
axis = eng
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/4/EGG2_dose.dat
part = all proton pion- pion+ muon+ muon-
material = all
output = deposit
unit=3
e-type =3
ne =100
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emin = le-7
emax = le3
epsout=1

[T-Deposit]
title = Deposit-EGG3
mesh =reg
reg =18
axis = eng
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/4/EGG3_dose.dat
part = electron photon neutron
material = all
output = deposit
unit=3
e-type =3
ne =100
emin = le-7
emax = le3
epsout=1

[T-Track]
title = flux by track length in egg volume
mesh =reg
reg =18
axis = eng
e-type =5
edel=0.1
emin = 1e-5
emax = 1e3
unit=1
part = proton pion+ pion- muon+ muon- electron
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/4/egg_track.dat
epsout=1

[T-Track]
title = flux by track length in egg volume
mesh = reg
reg =18
axis = eng
e-type=5
edel=0.1
emin =1e-5
emax = 1e3
unit=1
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part = neutron photon all
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/4/egg_track2.dat
epsout=1

[T-LET]

title = LET in egg

mesh =reg

reg =18

unit=8

I-type =3
nl =50
Imin=0.1
Imax = 10000

axis = let

file = /nome/mvanbaal/phits224L/Al_angular/eggair/1.79dia/4/let_egg.dat

epsout=1

[T-Yield]

title = secondary yield

mesh = reg

reg =18

axis = eng

unit=1

file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/4/EGG_yield
output = product

epsout=1

[T-Product]
title = secondary product
mesh =reg
reg =18
axis = eng
e-type=1
unit=3
e-type =3
ne =100
emin = le-7
emax = 1le3
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/4/EGG_product
output = source nuclear nonela elastic
epsout=1

$$S$Sfourth egg
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[T-Heat]
title = Edep-EGG
mesh =reg
reg =19
axis = eng
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/6/EGG_edep.dat
material = all
e-type =3
ne =130
emin = le-10
emax = le3
output = deposit-all
unit=3
epsout=1
electron=1

[T-Deposit]
title = Deposit-EGG
mesh = reg
reg =19
axis = reg
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/6/EGG_deposit.dat
material = all
output = dose
unit=2
epsout=1

[T-Deposit]
title = Deposit-EGG2

dedxfnc=2

mesh =reg

reg =19

axis = reg

file =
/home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/6/EGG_depositDE.dat
material = all

output = dose

unit=1

epsout=1

[T-Deposit]
title = Deposit-EGG2
mesh = reg
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reg =19

axis = eng

file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/6/EGG2_dose.dat
part = all proton pion- pion+ muon+ muon-
material = all

output = deposit

unit=3

e-type =3

ne =100

emin = le-7

emax = le3

epsout=1

[T-Deposit]
title = Deposit-EGG3
mesh = reg
reg =19
axis = eng
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/6/EGG3_dose.dat
part = electron photon neutron
material = all
output = deposit
unit=3
e-type =3
ne =100
emin = le-7
emax = le3
epsout=1

[T-Track]
title = flux by track length in egg volume
mesh =reg
reg =19
axis = eng
e-type =5
edel=0.1
emin = 1le-5
emax = le3
unit=1
part = proton pion+ pion- muon+ muon- electron
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/6/egg_track.dat
epsout=1

[T-Track]
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title = flux by track length in egg volume
mesh =reg
reg =19
axis = eng
e-type =5
edel =0.1
emin =1e-5
emax = 1e3
unit=1
part = neutron photon all
file = /nome/mvanbaal/phits224L/Al_angular/eggair/1.79dia/6/egg_track2.dat
epsout=1

[T-LET]
title = LET in egg
mesh = reg
reg =19
unit=8
I-type =3

nl =50

Imin=0.1

Imax = 10000
axis = let
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/6/let_egg.dat
epsout=1

[T-Yield]
title = secondary yield
mesh =reg
reg =19
axis = eng
unit=1
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/6/EGG_yield
output = product
epsout=1

[T-Product]
title = secondary product
mesh = reg
reg =19
axis = eng
e-type=1
unit=3
e-type =3
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ne =100
emin = le-7
emax = le3
file = /home/mvanbaal/phits224L/Al_angular/eggair/1.79dia/6/EGG_product
output = source nuclear nonela elastic
epsout=1
[END]
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