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« Nothing in life is to be feared , it is only to be understood ~

—Marie Sklodowska Curie*

(* As quoted in - Ham D., Marie Sklodowska Curie: The woman who opened
the nuclear age. 21st Century Science & Technology 15(4), 2002, pp 30-68)



ABSTRACT

The radiation environment in space is one of the primary concerns for human
spaceflight as it poses potential risk to astronauts’ health. Galactic Cosmic Rays
(GCR), consisting of high-energy nuclei, are a major source of radiation exposure in
space. As the number of people visiting space in low-Earth orbit is increasing and
mankind prepares to go beyond, the issue of radiation protection against GCR thus

becomes vitally important.

The pre-flight assessment of radiation-related health risks is achieved by performing
numerical simulations of the mission scenario to estimate the necessary radiation-dose
quantities. This technique requires models describing the radiation spectra, the target
and shield configurations, and additionally transport codes to simulate the passage of
radiation through matter. The reliability of the calculated dose therefore depends on

the accuracy of all these models.

During the course of this PhD work, commonly used models describing the GCR
spectra are evaluated for their accuracy for various time periods. The model spectra
of nuclei, most relevant for space dosimetry, are compared with measurements
from high-altitude balloon flights and space missions. The GCR models included
in this work are CREME96, CREME2009, Burger-Usoskin, Badhwar-O’Neill2010,
Badhwar-O’Neill2011, Matthia-ACE/OULU and SPENVIS/ISO15390. The influence
of using these different GCR models on the dose calculations is studied for a time
period ranging over the last four decades. This is achieved by calculating the absorbed
dose and dose equivalent rates in a spherical water phantom using the GEANT4
Monte-Carlo framework. Additionally, the influence of aluminium shielding of varying
thicknesses (0.3 g/cm?, 10 g/cm? and 40 g/cm?) on the dose is investigated for a
time period ranging from 1997 to 2012. All these investigations are performed for

near-Earth interplanetary space and the orbit of the International Space Station (ISS).

Apart from examining these parameters the effective dose, being the baseline quantity
for radiation-risk assessment, is estimated. The quantity is calculated for the end of the
year 2009 when the highest GCR intensity since the dawn of human spaceflight era was
observed. Further studies presented in the thesis include the relative contribution of
particles with different energies to the total exposure and the comparison of calculated
dose with the measurements conducted inside the ISS and in-transit to Mars by the
MSL/RAD instrument.
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Z USAMMENFASSUNG

Die Strahlungsumgebung im Weltraum ist eine der groflen Herausforderungen der
bemannten Raumfahrt, da sie ein potenzielles Gesundheitsrisiko fiir Astronauten
darstellt. Galaktisch kosmische Strahlung (GCR), hauptséichlich bestehend aus hoch-
energetischen Atomkernen, ist dabei eine der Hauptquellen der Strahlenexposition.
Da die Anzahl der Menschen, die sich im erdnahen Orbit aufhalten, stetig wéchst
und die Menschheit sich auf Reisen zu weiter entfernten Zielen vorbereitet, erlangt
der Strahlenschutz hinsichtlich der GCR besondere Bedeutung.

Um das Gesundheitsrisiko durch die Strahlenexposition im Vorhinein abschétzen
zu koénnen, werden numerische Simulationen der Missionsszenarien dazu genutzt,
die notwendigen Strahlendosisgréfien zu bestimmen. Hierfiir werden Computer-
modelle benétigt, die das Energiespektrum der Strahlungsumgebung, Zielobjekt
und Abschirmung, sowie den Transport von Strahlung durch Materie beschreiben.
Die Zuverlassigkeit der berechneten Dosisgroflen hédngt dementsprechend von der
Genauigkeit all dieser Modelle ab.

In der vorliegenden Arbeit werden die Spektren géngiger GCR Modelle auf ihre
Genauigkeit innerhalb ausgewéhlter Zeitrdume untersucht und fiir die dosimetrisch
wichtigsten Ionen mit Messungen aus Ballon- und Weltraumexperimenten verglichen.
Die dabei verwendeten GCR Modelle sind CREME96, CREME2009, Burger-Usoskin,
Badhwar-O’Neill2010, Badhwar-O’Neill2011, Matthia-ACE/OULU und SPEN-
VIS/ISO15390. Der Einfluss, den die Anwendung dieser verschiedenen Modelle auf
Dosisberechnungen hat, wird fiir den Zeitraum der letzten vier Jahrzehnte analysiert,
indem die absorbierte Dosis sowie Aquivalentdosisraten in einem sphérischen Wasser-
phantom mit Hilfe von GEANT4 Monte-Carlo Simulationen berechnet werden.
Zusatzlich wird fir den Zeitraum von 1997 bis 2012 der Einfluss unterschiedlicher
Abschirmungsdicken (0.3g/cm?, 10g/cm? and 40g/cm? Aluminium) auf die Dosis
untersucht. Alle Analysen werden fiir den erdnahen interplanetaren Raum sowie fiir
den Orbit der Internationalen Raumstation (ISS) durchgefiihrt.

Auflerdem wird die effektive Dosis als BasisgroBie zur Strahlenrisikoeinschéitzung
berechnet. Diese Grofle wird fiir das Ende des Jahres 2009 abgeschétzt, da zu diesem
Zeitpunkt die hochste GCR Intensitdt seit Anbeginn der bemannten Raumfahrt
beobachtet wurde. Weitere Studien in der vorliegenden Arbeit beinhalten den
relativen Beitrag von Teilchen verschiedener Energien zur Gesamtexposition und
Vergleiche von berechneten Dosiswerten mit Messungen, die innerhalb der ISS und

auf dem Weg zum Mars mit dem MSL/RAD Instrument vorgenommen wurden.
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PREFACE

This is a cumulative doctoral thesis containing research work accomplished between
July 2009 and June 2013 within the framework of the SpaceLlife Program at the
Helmholtz Space Life Science Research School. The program was initiated and
implemented by the German Aerospace Centre (DLR) in Cologne, Germany. With
this program, DLR together with partner universities in Germany and abroad aims
to deepen the understanding of various issues associated with the interaction of living
systems with the extreme environment of space by conducting research in relevant
scientific disciplines such as Radiation Biology, Astrobiology, Gravitational Biology

and Space Physiology.

As a participant of the Helmholtz Space Life Science Research School, I received the
SpaceLife scholarship which is funded in equal parts by the Initiative and Networking
Fund of the Helmholtz Association, and the DLR.

The study presented in this dissertation focuses on the numerical estimation of
radiation exposure from Galactic Cosmic Rays (GCR) in space outside and inside the
Earth’s magnetosphere. This topic falls under a branch of science called Radiation
Protection in Space which deals with the development of methods and concepts to

mitigate the radiation related health risks for humans in space.

The work was performed at the Institute of Aerospace Medicine, DLR-Cologne,
Germany under the supervision of Dr. Thomas Berger leading the Biophysics group
at the Department of Radiation Biology in DLR-Colgone and Prof. Dr. Robert
Wimmer-Schweingruber leading the Extraterrestrial Physics group at the Institute of

Experimental and Applied Physics, Christian-Albrechts-University Kiel, Germany.

This dissertation includes four scientific papers published in peer-reviewed scientific
journals relevant to the field of study. All publications are co-authored by several
scientists, however I am the primary author of three. Additional results from further

investigations performed during the research work are added in the thesis as well.
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1 INTRODUCTION

Curiosity has always stimulated mankind to question and understand the world we
live in, its origin and what lies beyond. Together with determination it has led us
to innovate and develop technologies to reach for space. Soon after the launch of
the first artificial spacecraft, Sputnik-1, in 1957, Yuri Gagarin was the first man to
voyage into space in 1961 marking the beginning of the human spaceflight era. Since
then there have been over 500! astronauts (Sandoval et al., 2010) to space, spending
extended periods of time lasting from a few days to several months. In fact, the
number of people from across the globe visiting space is increasing and is projected

to rise at a faster rate with private companies now investing in human spaceflight.

The extreme environmental conditions in space, contrary to those on Earth where
life as we know has evolved, have long been regarded as a limiting factor for
manned missions in terms of duration and destinations. The negative effects of
reduced gravity, the enhanced level of radiation and psychological issues arising from
prolonged confinement and isolation can affect astronaut’s performance and can be
dangerous to their health (White and Averner 2001; Horneck et al. 2003; Setlow 2003).

Much effort and research has been undertaken since the conception of manned
missions to counteract these effects. However, our understanding of the interaction
between the human body and the space environment is still incomplete due to
several reasons, e.g., the inadequate knowledge of fundamental concepts of human
body systems and technical complexity to simulate the space environment on Earth.
Nevertheless, advancements in this field of study have been made over the years and
through detailed assessment of missions, with the existing and continuously growing
knowledge, appropriate steps are being taken to improve the safety and mitigate the

negative effects of space travel on humans.

The assessment of the health risk arising from radiation requires the determination of
the radiation exposure of astronauts. This is achieved by performing measurements
of the radiation dose which is required for monitoring the crew exposure and by
making numerical estimations using radiation transport codes to simulate the passage
of radiation through matter. The latter approach is essential for the prediction of the
radiation exposure for future missions to space and for locations where measurements
are not feasible, e.g., inside human body or where they have not yet been made e.g.

during future space missions. The reliability of this approach is, unquestionably,

"http://www.nasa.gov/worldbook/astronaut_ worldbook.html



Chapter 1. Introduction

dependent on the accuracy of the models used for the numerical calculations.

The work presented in this thesis is an effort to further improve methods essential for
the numerical estimation of the radiation-related health risks in space. It focusses on
the radiation exposure from Galactic Cosmic Rays (GCR) in space and shows how
the application of different models describing the GCR radiation field affects the dose
quantities required for the estimation of the health risks. This was achieved by testing
the GCR spectra described by frequently used models against the measurements. The
differences produced in the estimated dose quantities using these models were then
quantified for the last four decades. Furthermore, the influence of different amounts

of shielding on the dose quantities was studied as well.

Structure of the thesis

This thesis begins with an introduction into the field of Radiation Protection in
Space in Chapter 2. The chapter includes scientific background on GCR and the
variability in its intensity over time inside and outside the magnetosphere close to
Earth. Additionally, a brief overview of the relevant physical processes involved in
radiation-matter interactions, an introduction to dosimetric concepts required for the
quantification of radiation exposure, and a brief overview of the relevance of GCR for
radiation protection in space is provided. Chapter 3 describes the tools, methods and
algorithm used in this work for the numerical estimation of the radiation exposure
from GCR. The following Chapter 4 consists of scientific papers which present the
results of the different investigations performed during the course of the research work.
They include an assessment of models describing the GCR spectra, calculation of the
radiation exposure from GCR over the past four decades with a special emphasis on
the GCR exposure during the 2009 solar minimum, and the effect of using different
GCR models and shielding on the dose values. The publications are arranged in an
order to logically follow and understand how the consequence of each study impacted
the development of the research work. The next Chapter 5 contains additional results
that have not been published in the papers. The findings of the work and associated
conclusions are summarised in Chapter 6. The thesis ends with an outlook in Chapter

7 wherein topics for possible future studies related with this work are discussed.



2 RADIATION PROTECTION IN SPACE

Soon after the discovery of X-rays and radioactivity in 1895 and 1896, their inadver-
tent use for various applications, e.g., in the field of medicine and physics, resulted
in numerous injuries and prompted the immediate need for establishing guidelines
for people working with radiation (Lindell, 1996). In the 1920s several advisory
bodies (Lindell, 1996) like the International Commission on Radiation Units and
Measurements (ICRU), the International Commission on Radiological Protection
(ICRP), the National Council on Radiation Protection and Measurements (NCRP) of
the United States were founded to formulate methods and develop recommendations
for protection against radiation. These committees have been since providing the
guidelines which are constantly updated with the increasing knowledge in the field of
radiation protection with time. In fact, several countries across the world including
the European Member States (Council Directive 96/29 /Euratom, 1996)! have adopted
many of the recommendations especially from ICRP into their legislation to develop
safety standards for radiation workers 2 for various types of occupations and general

public against ionizing radiation.

Space contains both ionizing and non-ionizing radiation which can be distinguished
by their energy. In comparison with non-ionizing radiation such as near UV and
infrared, ionizing radiation has greater energy and is able to penetrate deeper into the
medium. When interacting with living cells, it can cause greater biological damage.
The damage process starts with the absorption of energy that is transferred from
the incident ionizing radiation through mechanisms explained later in Section 2.2. A
series of biochemical transformations of water and biological molecules are triggered
which eventually may result in observable biological effects. The radiation can affect
the cells or tissues directly or indirectly through reactive free radicals produced on
interaction with water (Goodhead, 1994). The DNA (deoxyribonucleic acid) within
the cell nucleus is the most critical target as it contains the genetic information.
Genotoxic stress like DNA damage caused by irradiation can lead to cell death,

mutations and abnormal biological functioning depending on the kind of DNA-damage

"http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:1.:1996:159:0001:0114:EN:PDF
2 Astronauts are not listed under radiation workers in the current Directive 96/29/Euratom, how-

ever in May 2012 the European Commission adopted the proposal for a council directive laying down
basic safety standards for protection against dangers from exposure to ionizing radiation which includes
space crew as radiation workers as well and is foreseen to be included in the national laws in the coming

years. See http://ec.europa.eu/energy/nuclear/radiation_ protection/radiation_ protection_en.htm
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repair response (Koch 2013 and references therein).

Ionizing radiation includes far ultraviolet (UV) light, X-rays, gamma rays and
energetic atomic nuclei. Earth is constantly bombarded with such radiation from
space, however, due to the Lorentz force the Earth’s magnetosphere deflects charged
particles away that have energies below a certain threshold. Particles having enough
energy to penetrate through the Earth’s magnetic field to lower altitudes suffer from
continuous energy losses via interactions with the atoms and molecules comprising the
atmosphere and cause the production of secondary particles. As a consequence, the
composition and the energy spectrum of the space radiation changes dramatically with
increasing atmospheric depth. On ground, this secondary radiation field constitutes
part of the background radiation contributing to such a low level of exposure that it

is not considered a health risk.

In space, however, the radiation exposure is significantly larger. It depends on the
intensity, composition and energy distribution of the radiation field which varies
both spatially and temporally. It is for this reason that the assessment of the risks
related to radiation in space is conducted separately for each mission scenario. Such
assessments lead to certain guidelines which facilitate the space agencies to develop
methods to control the amount of radiation received by the astronauts. The increased
radiation dose in space has been recognized as a concern by ICRP (1991, 2007) and
NCRP (1989, 2000, 2002, 2006). While NCRP provides the guidelines for radiation
protection specifically in space, the ICRP has not published any such guidelines yet
although a report concerning this issue is currently in preparation and its draft can

be found on their website?.

Clearly, the assessment of radiation exposure requires the identification of the radiation
source, the description of the radiation field and the physics of the radiation-matter
interaction. Furthermore, it requires the understanding of the biological effects
radiation can have on the exposed human tissue to evaluate the potential health
risks. In this chapter, many of these aspects are briefly discussed starting with the
description of the Galactic Cosmic Rays (GCR) and their characteristics, the particle
interactions leading to major energy losses inside a medium and the dosimetric
concepts required to quantify the extent of radiation exposure.

It should be noted that besides the GCR, there exist other important sources of radi-

ation exposure in space mainly the Sun and for destinations close to Earth additional

sources including trapped particles in the Van-Allen radiation belts (van Allen et al.,

3http://www.icrp.org/page.asp?id=163



1959) and albedo particles like neutrons and protons produced by scattering of primary
particles (NCRP 1989, 2000, 2002, 2006; Reitz 2008; Cucinotta and Durante 2006).
However, these are not discussed in this dissertation because this work is focused on

the importance and the consequences of GCR on humans in space only.
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2.1 Galactic Cosmic Rays

Over a century ago in the year 1912, Victor Franz Hess discovered a type of radiation
(Hess, 1912) originating from extra-terrestrial sources. He called it “ Hohenstrahlung”
(can be translated to as “high-altitude radiation’ in English) and was awarded the
Nobel Prize for its discovery in 1936.

Since the 1920s, this type of radiation has been denoted as Cosmic Rays (CR). Its
sources include the Sun (often called Solar Cosmic Radiation) and sources present
outside the solar system such as supernova remnants (Ackermann et al., 2013). CRs

from outside the solar system are termed Galactic Cosmic Rays (GCR).

In this section, the characteristics and the dynamics of GCR in Near-Earth space,
i.e., within a distance of 1 AU from the sun (Section 2.1.2) and inside the Earth’s
magnetic field (Section 2.1.3) are briefly discussed. For a recent review on GCR in
the heliosphere see Heber (2011) and Potgieter (2011) and for a detailed description
on Heliospheric Physics see Kallenrode (2004) and Wimmer-Schweingruber (2005).

2.1.1 GCR Energy Spectra

Galactic cosmic rays arriving at Earth consist of about 98% fully ionized atoms and
about 2% of electrons and photons as measured by various balloon and space missions.
GCR nuclei range from hydrogen to iron and beyond, with energies extending up to
10?! eV. Hydrogen nuclei are the most abundant, constituting around 87% of the total
nucleon component, followed by helium nuclei, 12%, and heavy nuclei, 1% (Simpson,
1983).

Figure 2.1 shows the differential energy spectra of GCR hydrogen, helium, oxygen and
iron nuclei measured by various space missions as given in Table 2.1. The differential
energy spectrum or the particle flux J, is the number of particles dN observed by a
detector in the energy band from E to E + dE passing through a unit surface area

dA and arriving from direction 2 within a solid angle df) during time interval dt:

dN

J = A dr a0 dE

(2.1)

Throughout this document .J is expressed in the units m~2s~lsr=!(MeV/nuc)~!

where nuc is nucleon.
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Figure 2.1: Measured GCR spectra of different ions. See Table 2.1 for the details of the GCR

measurements plotted in the figure.

At high energies around some tens of GeV /nuc, as can also be seen in Figure 2.1, the

GCR spectral shape can be described by a power law

where J; is the differential flux of particle type ¢ with kinetic energy F per nucleon and
~; is the differential spectral index. This part of the GCR represents the spectrum
outside the heliosphere and is called the Local Interstellar Spectrum (LIS). On
encountering the heliosphere the lower energetic nuclei experience solar modulation
and thus the spectrum deviates from the power law and becomes flatter. At about
a distance of 1 AU from the Sun, the modulated GCR particle spectrum peaks at

energies around a few hundreds of MeV/nuc.

Table 2.1: Details of the GCR data shown in Figure 2.1.

Nuclei Experiment Energy Range Time of measurement
(MeV /nuc)
H, He BESS (Shikaze et al., 2007) 210 — 21.5-10° August 1999
PAMELA (Adriani et al., 2011) 21.7-10% — 183 -10®  July 2006 — March 2008
O, Fe  ACE/CRIS (Stone et al., 1998) 70.4 — 470 December 1999 — January 2000
HEAO-3 (Engelmann et al., 1990) 620 — 35 - 10% October 1979 — June 1980

CRN (Mueller et al., 1991) 52.6-10° — 103 -10® July — August 1985
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2.1.2 Solar Modulation

The variation of GCR over time caused by the solar activity is called solar modulation
which was first observed and investigated by Forbush (1954). Figure 2.2 shows energy
spectra of GCR hydrogen and helium ions measured by the BESS experiment (Shikaze
et al., 2007) during extreme solar activity periods of the 237¢ solar cycle. The difference
in the particle fluxes during solar activity minimum (July 1997) and maximum (August
2000) periods can be clearly seen for energies below about 10 GeV /nuc. The intensity of
the particles is highest during solar activity minimum and lowest during solar activity
maximum conditions. Additionally, the shift in the peak of the spectrum to higher
energies during solar maximum can also be observed.

Note that in the text hereafter the solar activity minimum is referred to as simply
“solar minimum” and solar activity maximum as “solar maximum”.

The solar modulation can be explained by understanding the propagation of GCR
inside the heliospheric magnetic field (HMF). The heliosphere can be imagined as a
big magnetic bubble in the interstellar medium filled with solar wind which moves
outward from the sun carrying along with it the frozen-in HMF towards its outer
boundaries. Since GCR are ionized particles they experience the Lorentz force exerted

by the HMF which varies in space and time with the changing solar activity.

A charged particle in a homogeneous magnetic field gyrates in helical trajectories
around a guiding centre with constant radius of gyration (gyroradius) along the mag-
netic field lines. The angle between the particles direction of flight and the magnetic

field lines is called the pitch angle o with

v
tan o = — (2.3)
Y
where, wv; = velocity component of the particle perpendicular to B
such that it is vsin «
v = velocity component of the particle parallel to B

such that it is v cos «

The gyroradius r, is defined as the ratio between the magnetic rigidity R and the mag-
netic field strength |§ | where magnetic rigidity describes the resistance of a charged
particle ¢ to change its direction due to the magnetic field (Kallenrode, 2004). The
gyroradius is determined from the following equation:

moyvy  moyvsina  psina Rsin«

lg/|1B] /1 B] lql| Bl |BI

y (2.4)
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with
1 v
where mo = rest mass of the particle
c = speed of light
v = velocity of the particle
q = charge of the particle
B = uniform magnetic field
R = p/q is the magnetic rigidity of the particle
p = particle momentum
1 -
e
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Figure 2.2: Galactic cosmic ray spectra of hydrogen and helium nuclei measured by BESS

during different solar activity periods (Shikaze et al., 2007).

The magnetic field inside the heliosphere is inhomogeneous. Thus the motion of the
particle has to be characterized by the curvature of its path (also called as the local
gyration radius) imposed by the local magnetic field which varies along the trajectory
of the particle. The same formula (equation 2.4) can be applied for this magnetic

configuration as well.
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With the magnetic rigidity in the numerator of equation 2.4 it is evident that
low-energy particles follow trajectories of stronger curvature (smaller gyroradius)
than high-energy particles and are therefore more easily deflected than the lat-
ter. E.g., for 1 GeV, 10 GeV and 220 GeV protons the gyroradius in near-Earth
space is 178 Earth-radii, 1140 Earth-radii and 23,450 Earth radii (1 AU) respectively
when |B| = 5 nT during typical solar minimum periods (Caballero-Lopez et al., 2004b).

As the solar activity increases, the sun floods the heliosphere with larger quantities
of magnetic plasma bubbles causing a higher number of irregularities and therefore
localized inhomogeneity in the magnetic field strength. In regions of strong HMF the
local radius of particle trajectories becomes small (equation 2.4). The GCR particles
are more deviated and scattered, and do not penetrate as easily in the inner regions

of the heliosphere.

The temporal variability of GCR intensity has been extensively studied since 1951
using ground-based instruments called Neutron Monitors (see Simpson (2000)).
Neutron monitors (NM) measure the secondary by-products, mainly neutrons and
protons (Clem and Dorman, 2000), of the interactions between primary GCR and
the particles constituting the Earth’s atmosphere. Therefore, NM counts give
information regarding the GCR intensity. Figure 2.3 shows monthly sunspot numbers
over time, indicating the quasi-periodic change in solar activity, and the NM data
collected at various ground stations over the same time period. The figure clearly
shows an anti-correlation of the GCR intensity with the 11-year sunspot cycle
(discovered by Schwabe 1844) and the 22-year solar magnetic cycle or the Hale cycle
first discovered by Hale et al. (1919). The alternating peak-plateau shaped GCR
maxima is caused by the change in solar magnetic polarity which affects the drift

directions of positively charged GCR nuclei in the heliosphere (Jokipii and Kota 1983).

Elevated GCR intensity during the last solar minimum between the solar cycles
23 and 24 (2009-2010) in comparison with the previous minima can be seen in the
NM data by the Oulu and Mc Murdo stations in Figure 2.3b. The cause of this is
associated with the prolonged low solar activity leading to reduced HMF strength and
the level of turbulence (Heber et al. 2009; Mewaldt et al. 2010; Bazilevskaya et al.
2013). Unlike the data from these two NM station, the data from the Kiel NM shows
no exceptional increase during this time period which is associated with the so-called

vertical cut-off rigidity R, at its geographical location and is explained in Section 2.1.3.

Note: During the PhD work, the radiation exposure from GCR over the last four
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decades was calculated and the period from 2009-2010 was especially investigated to see
the impact of increased GCR, particle fluxes on the radiation exposure in comparison
with the previous solar minima (Mrigakshi et al. 2013b, Section 4.5). The results
indeed show an increase in the dose rates during the end of 2009 relative to the peak

exposure in the 1997 solar minimum period.
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Figure 2.3: Variation of sunspot numbers® shown in Figure 2.3a with the solar cycle numbers
indicated in red. Figure 2.3b shows the neutron monitor count rates (10-day averages) relative to
the mean values over time. The mean count rate (counts/second) and the vertical cut-off rigidity R.
(explained in Section 2.1.3) for each NM station are also indicated. The offset values are added to
the relative NM count rates to clearly distinguish the separate graphs. The neutron monitor data
collected by Kiel and Mc Murdo stations are from the Neutron Monitor Database (NMBD)®. The

data from the Oulu station was acquired from their websiteS.

*http:/ /sidc.oma.be/sunspot-data/
Shttp://previ.obspm.fr/hidden3/search.php
Shttp://cosmicrays.oulu.fi/
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Description of GCR energy spectra

The spatial and temporal evolution of the GCR distribution function can be described
by the transport theory introduced by Parker (1965) via the transport equation, also
known as the Parker equation. It considers the underlying physical processes affecting
the transport of GCR inside the heliosphere such as diffusion of the particles in the
irregular magnetic fields, convection with solar wind, adiabatic energy changes related
to the solar wind expansion in the heliosphere and drifts that depend on the polarity
of the magnetic field (see Potgieter 2011 for detailed description of the transport
equation).

The transport equation is usually approximated for practical applications due to the
fact that solving the complete equation is complex (Kota and Jokipii, 1991). Gleeson
and Axford (1968) suggested a simplification of the transport equation known as the
Force-Field approximation with assumptions such as spherical symmetry and steady
state of the heliosphere, negligible adiabatic energy loss and no drifts(see Caballero-
Lopez and Moraal 2004a). The analytical solution of this approximation gives the
differential energy spectrum, J; of GCR particle type i at 1 AU, as a function of its

kinetic energy and the so-called solar modulation parameter ® for a certain point. It

is given by
Ji(T, ) = Jrrsi(T + @) T +(gg 1 iTi)2TR) (2.6)
where, ¢ = % - | is the modulation function
Z = atomic number
A mass number
e = elementary charge
% modulation parameter
T = particle’s kinetic energy
Tr = rest energy of proton
Jrrs = Local Interstellar Spectrum of the particle flux

The modulation parameter ¢ is the only time-variable factor in the formula and
indicates the strength of the solar modulation. The value of the modulation parameter
@ lies generally between 300 MV during solar minimum when the solar modulation of
the GCR is well above 1000 MV during solar maximum periods when the modulation
is the strongest. Equation 2.6 also indicates that the calculation of the GCR fluxes
at 1 AU need the description of the flux of the LIS, Jrrg, and therefore is an
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important parameter for the description of GCR modulation. However, the current
knowledge of the Jprg is rather poor due to the lack of direct measurements and
thus also needs to be modelled. The use of various models of the Jprs induce
slight differences in the calculated values of the modulation parameter as shown by
Usoskin et al. (2005), Herbst et al. (2010) and Herbst et al. (2012). These differences
are subsequently carried forward into the calculation of the GCR spectra close to
Earth. Even though the Force-Field approximation models an incomplete modulation
scenario in the heliosphere by neglecting important physical processes, it is still able
to describe the energy spectrum of GCR particles close to the Earth with reasonable
precision for particle energies above ~100 MeV /nuc (Caballero-Lopez and Moraal
2004a; Usoskin, 2005; Fisk, 1971). The model is, therefore, often used for various
applications including numerical estimation of GCR exposure in space close to Earth
which requires the description of the GCR particle fluxes over an energy range from
10 MeV /nuc to 100 GeV /nuc. It has been shown in Section 5.2 that nearly the entire
GCR exposure (>98% of the total dose) is caused by particles with energies between
100 MeV/nuc to 100 GeV/nuc for locations both inside and outside the Earth’s
magnetosphere (~1 AU from the Sun), thus making it an appropriate choice for GCR
dose calculations. Widely used GCR models for this purpose including some that are
based on the Force-Field approximation have been inter-compared and tested against
GCR measurements in Mrigakshi et al. (2012) (see Section 4.2). It is nevertheless
stressed that due to the assumptions made in the Force-Field model, it has limitations
for theoretical applications such as to understand the role of drifts in modulation of

GCR and the effect on GCR propagation during high solar activity periods.

2.1.3 Geomagnetic Modulation

Similar to the heliosphere, the Earth’s magnetosphere is a region around our planet
formed by the Earth’s magnetic field. It is continuously reshaped by the interaction
of the Earth’s magnetic field with the solar wind. Close to the surface of the Earth,
the magnetic field can be approximated as a dipole with the dipole axis inclined by
11.3° with respect to the Earth’s rotation axis. At higher altitudes the dipole-like
field gets distorted due to electric currents created by the ionospheric plasma and
the energetic particles from the Sun and GCR trapped in the Earth’s magnetic field
(Van-Allen radiation belts). The outer structure is strongly modified by the solar wind.

The motion of charged particles in proximity to Earth is influenced by the Lorentz
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force exerted by the Earth’s magnetic field. As shown in equation 2.4, charged
particles in a magnetic field can be characterized by their magnetic rigidity for their
motion (gyroradius). From this equation it follows that CR particles with high
rigidity (or energy) above a certain threshold penetrate into the magnetosphere
with nearly straight trajectories, particles with intermediate rigidity will penetrate
through with a curved path and the low-rigidity particles will get strongly deflected
such that they may even bounce back towards their original incoming direction.
This is an important reason why not all GCR particles which penetrate deep
inside the heliosphere reach the top of the Earth’s atmosphere. The intensity of

GCR particles below certain energies, corresponding to the particle rigidity is reduced.

The level of geomagnetic shielding for a given location inside the magnetosphere is
often quantified by the so-called effective vertical cut-off rigidity R. (Cooke et al.,
1991). In the text hereafter, it is referred to simply as cut-off rigidity. The cut-off
rigidity lies in the rigidity interval between the value below which (lower threshold) no
particle arrives from the vertical direction at the location of interest, and the highest
rigidity value above which (upper threshold) all particles arrive in vertical direction.
This quantity is often used to calculate the lower energy threshold for a particle,
independent of the particle type, to reach the top of the atmosphere. Thereby the
cut-off rigidity strongly depends on the geomagnetic latitudes as the magnetic field
strength varies from equator to the poles, the altitude of the observation point and

the geomagnetic conditions at the observation time.

Figure 2.4 shows the cut-off rigidity contours on the geographical latitude-longitude
grid calculated for an altitude of 20 km in January 2005 (intermediate solar activity
period) by Matthid (2009). The lowest R. values (R. ~ 0 GV') correspond to the
region around the geomagnetic poles and the highest values (R. ~ 17 GV) seen
around southern Asia correspond to the region around the geomagnetic equator. The
minimum energy that a CR particle must have in order to reach an altitude of 20
km over this region, based on the cut-off rigidity, can be calculated and is ~16 GeV
for H nuclei and ~7.6 GeV /nuc for He nuclei. The differences in the cut-off rigidity
contours at the same latitudes especially around the geographical equator is due to

the tilt in the magnetic dipole axis relative to the rotation axis of the Earth.

When studying the transmission of the charged particles and interpreting their

measurements, it is important to carefully consider the rigidity interval between the

Thttp://visibleearth.nasa.gov
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Figure 2.4: World map of the vertical cut-off rigidities R, at an altitude of 20 km for epoch
2005 calculated and provided by Dr. Daniel Matthid (Matthia, 2009) using the PLANETO-
COSMICS code (Desorgher et al., 2005). World map credit: NASA Goddard Space Flight

Center”.

upper and lower rigidity thresholds (mentioned above) for a given location and time
(Stormer, 1930). The trajectories of particles are not only dependent on the rigidity
and location but are also dependent on their angle of arrival with respect to the
magnetic field lines i.e. the pitch angle a defined in equation 2.3. From equations 2.3
and 2.4 (defining gyroradius), it can be deduced that as the Lorentz force reduces
with decreasing pitch angle «, the gyroradius of a particle also becomes smaller and
the particle is less deflected by the magnetic field. Therefore, particles with rigidities
between the lower cut-off and upper cut-off rigidity interval may experience large
and frequent variation of pitch angle in the magnetic field of the Earth. This can
result in complex trajectories when these particles encounter the magnetic field which
changes spatially with latitude and longitude. As a consequence, the particles travel
to completely different locations in comparison to their original point of incidence
inside the magnetosphere. Some particles may eventually even reach the atmosphere
at higher latitudes and some may get trapped in the magnetic cavities such as the
Van Allen belts. The low-rigidity (or low-energy) particles arriving parallel to the

magnetic field can easily enter the atmosphere at magnetic poles, where the field lines
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are vertical.

Another factor influencing the GCR fluxes near-Earth is the altitude dependent factor
accounting for the obstruction of the GCR particles caused by the presence of the solid
Earth (Vallarta, 1948). For an altitude of the International Space Station (ISS) at
350 km, the solid angle occulted by the Earth (solid angle of a cone) is about 0.34 * 47.

In Figure 2.3 (Section 2.1.2), the difference in the relative NM count rates measured by
various NM stations can be observed e.g. in the years between 2009 and 2010. Unlike
the Mc Murdo and the Oulu NM, the NM at Kiel did not record any unusual increase
in the NM count rates during this time period. The observation can be explained
by the greater geomagnetic shielding effect on GCR particles arriving above Kiel. As
indicated in Figure 2.3, the cut-off rigidity for Kiel (54.3°N, 10.1°E) is R, = 2.36 GV
which is less than for Mc Murdo (77.9°S, 166.6°E), R. = 0.3 GV and for Oulu NM
stations (65.05°N, 25.47°E), R. = 0.81 GV. Due to the higher R, at Kiel, particles
with energies below a certain threshold are unable to penetrate into the atmosphere
above it. Thus, in contrast to Mc Murdo and Oulu NM, there is no contribution of

these low-energy particles to the NM count rate measured at Kiel.
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Figure 2.5: Downward primary GCR H spectra at different geomagnetic latitudes O, (ra-
dians) measured by the AMS-01 experiment in June 1998 during the STS-91 flight with an
orbital inclination of 51.7° and an altitude between 320 and 390 km (Aguilar et al., 2002).
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Measurements from various space missions e.g. PAMELA (see Figure 5 in Casolino
et al. 2009) and AMS-01 (see Figure 4.9 a-c in Aguilar et al. 2002) also reveal the
geomagnetic modulation of the GCR particle fluxes wherein the decrease in the GCR
intensity from higher geomagnetic latitudes towards the geomagnetic equator can
be seen. This effect is illustrated in Figure 2.5, showing the results of the AMS-01
measurements provided in Aguilar et al. (2002). The figure shows primary spectra
of the proton flux directed towards nadir at various geomagnetic latitude intervals
measured by the AMS-01 instrument on-board the space-shuttle (STS-91) orbiting at
an altitude between 320 and 390 km with an inclination of 51.7°. The geomagnetic
modulation leads to reduced particle intensities below 10 GeV/nuc and the drop in
the proton fluxes with decreasing latitude can be seen. Particles with energies above
10 GeV /nuc are not affected by the Earth’s magnetic field and the spectra are similar
to the proton spectra at 1 AU outside the Earth’s magnetosphere.

The GCR flux variation caused by the geomagnetic shielding also affects the radiation
exposure. The measurements made by the DOSIS experiment (Burmeister et al.,
2012) on-board the Columbus module show that the exposure from GCR in terms
of absorbed dose (defined in Section 2.3.1) ranges from about 2 uGy/h - 17 uGy/h
(Labrenz, 2013).

From the topics discussed in this section, it is clear that the GCR particle fluxes
vary significantly with time and location inside the heliosphere. The GCR particles
entering the heliosphere are modulated by the sun resulting in the reduction of their
total fluxes and energy spectra over time. Additionally, fluxes are further reduced
when particles travel from outside to inside of the Earth’s magnetosphere.

Particles that are able to penetrate through the magnetosphere reach the atmosphere
and interact with its constituting atoms and molecules. As a result secondary particles
are produced which in fact are a source of radiation exposure at aviation altitudes
(ICRU, 2010). As mentioned above, these particles can be detected by instruments
(Grieder, 2001) such as the Neutron Monitors and are used as an index for the GCR

intensity as shown in Figure 2.3.

During the PhD work, the influence on the radiation exposure by the varying GCR
fluxes at location outside the Earth’s magnetosphere at 1 AU and inside the magne-
tosphere at ISS orbit was studied. Additionally, the temporal change associated with
the quasi-periodic GCR intensity was also investigated. The results can be found in
Mrigakshi et al. 2013a (see Section 4.3), Mrigakshi et al. 2013b (see Section 4.5) and
Chapter 5.
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2.2 Radiation-Matter Interaction

An understanding of the interaction processes between radiation and the traversed
medium is necessary for radiation detection, measurement, shielding studies, radiation
transport calculations and the assessment of the radiation-related health risks.
When GCRs traverse through matter, they interact with the constituting atoms and
molecules through electromagnetic and nuclear forces. The interactions between
GCR and a target, e.g. spacecraft, produces a large variety of secondary particles
(e.g. gamma radiation, electrons, muons, neutrons, pions and secondary protons and
heavy ions). Neutrons and secondary ions are especially crucial for space applications
since they can deposit large energies into the medium. Other secondary particles like
electrons and photons contribute only a small fraction to the total exposure; however,
since these can travel to greater distances than heavier particles and deposit energy
there, they can be of importance in radiation protection in space.

In this section some of the relevant radiation-matter interaction processes for space
radiation studies are discussed. For further reading see, e.g., Zeitlin (2012), NCRP
(2006) and Cucinotta et al. (1996).

2.2.1 Electromagnetic Interactions

While traversing through matter charged particles exert long-range Coulomb forces
on the electrons of the target atoms along their path and undergo inelastic scatter-
ing thereby suffering energy loss as they penetrate deeper inside. The energy lost
is transferred to the orbital electrons, causing ionization or excitation of the target
atoms. The laws of conservation of both energy and momentum are important for the
formulation of the energy losses of radiation in matter. By following these laws, the
maximum energy transfer, T;,4., that occurs during a single head-on collision between
the heavy ion projectile of mass M with velocity v and the orbital electrons of mass
me at rest can be deduced. The relativistic expression for maximum energy transfer
is (Turner, 2007)

272 M v?
Tyw = T (2.7)
1+ 2yme/M +m2/M
with
1

V1— 2 c
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If M >> m, then equation 2.7 reduces to
Trnaz = 27°mev? ~ 292 mec? 32 (2.9)

From equation 2.9 it can be deduced that when the projectile protons or heavy ions
7 interact with atomic electrons, they lose a very small fraction of their energy during
a head-on single collision and are only slightly deflected. This kind of scattering
is also known as Coulomb scattering. Thus they travel mostly in nearly straight
lines continuously transferring a small fraction of their energy during each collision
(cross section o coulomb ~ 10716 ecm?, NCRP 2002) with the electrons on their
path. Occasionally these ions can get large-angle deflections when undergoing elastic
collisions with atomic nuclei (0 eiqstic = 1071 ¢cm?, NCRP 2002) and transfer energy
to them leading them to recoil.

Furthermore, sometimes the orbital electrons may gain sufficient energy from the
projectile so that they may leave the atom and induce secondary ionization of
neighbouring atoms. Such electrons are often called J-electrons or d-rays. The range
of d-rays is small compared to the charged ions so that ionizations occur close to the
primary ion track. However, sometimes they can be long-ranged and deposit energy
at considerable distance from the primary ion track (see Kobetich and Katz 1968 for
details).

Stopping Power

A quantity described as the stopping power of a medium for a charged particle is used
to determine the average energy loss per unit length in the medium and is of funda-
mental importance in radiation dosimetry (Leo, 1994). It is calculated as a product of
the probability per unit path length, usually expressed in cm ™! of a charged particle
to have an interaction and the average energy loss per collision usually expressed in
MeV (Turner, 2007). The stopping power is thus usually given in MeVem ™. There
are different kinds of stopping powers depending on the type of energy loss such as
the collision stopping power (also known as electronic stopping power) and radiation
stopping power. The former is associated with the inelastic collisions of the projectile
ions with electrons which can lead to, e.g., ionization and excitation of target atoms
and molecules. The latter is associated with the emission of bremsstrahlung photons
when typically electrons, e.g., d-rays are decelerated by sharp deflections caused by
their interaction with atomic nuclei of the medium. Another type of stopping power
is called the nuclear stopping power which is associated with the elastic collisions be-

tween the projectile ion and nuclei of the medium. It is only important for low energy
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heavy particles. When the projectile energy becomes higher, nuclear stopping is not
important, and can be neglected in the calculations (Schiavi, 2003). The description
of the collision stopping power is particularly important for the transport of ions in
matter as they suffer energy losses mainly due to ionization as stated above. The
expression for the collision stopping power of a uniform medium for relativistic heavy
charged particles, —dE/dx, was derived from the work of Bohr (1913) and (1915),
Bethe (1932), Bloch (1933) and is given by (Leo, 1994)

— Z—f = 27rNar§mec2pj;Z lln (W) - 2,82] (2.10)
where
N, Avogadro’s number re  classical radius of electron
z charge of incoming particle me mass of electron
Z  charge number of medium A mass number of medium
p density of medium 1 mean excitation potential of medium

Thax, 7V, B, v and ¢ are the same as in equation 2.7

This formula is called the Bethe-Bloch formula (Leo, 1994) and is the basic expression
for the energy loss calculations. For a complete description, certain correction
factors associated with other processes that contribute to the energy loss of heavy
charged particles have to be added in the equation 2.10. For example, the equation
presented above has to be modified for energetic particles (energies in the GeV region
and above). Other important corrections include the so-called shell and density
corrections. The shell correction accounts for the non-participation of the inner-shell
electrons during ionization and excitation processes caused by low energy projectiles.
The density correction considers the polarization of the atoms along the path of
energetic projectiles wherein the distant electrons are shielded from the electric field
resulting in lower contribution of the distant electrons to the total energy loss. See
Leo (1994) for details regarding these correction factors and others that are not

introduced here.

From the formula it is clear that the stopping power is dependent on certain properties
of both the incident ion type, its energy and also on the target material. When
particles have non-relativistic energy, their energy loss is dominated by 1/4% term in
equation 2.10. It follows from the equation that with decreasing velocity and energy
of the projectile the energy loss increases. As a result, a characteristic maximum in

the energy deposition with depth curve is observed at the end of their path in the
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medium and is called Bragg-peak. Another factor to note is that the energy loss of a
particle is proportional to the square of their charge z2. This means that heavier ions
lose energy in a given medium at a faster rate than the lighter ones which further
indicates that they have shorter range (penetration depth) as well. The equation
also indicates the influence of the medium traversed on the energy loss of heavy
ions. The energy loss is proportional to Z/A which means that materials having
high charge-to-mass ratio, e.g. hydrogen in comparison with aluminium, will lead to

greater energy loss of the projectiles.

Other processes leading to energy loss due to electromagnetic interactions are
pair-production when high-energy particles on traversing through the Coulomb field
of the target nucleus produce electron-positron pairs, and interaction of secondary
photons with nuclei such as photoelectric effect and Compton scattering. In this
chapter the interactions of photons with matter are not discussed. However, it has
to be noted that photons, produced as secondaries by the incident heavy ions as in
the case of GCRs, can be highly penetrating in a medium and can lead to energy
deposition at a distance from their original locations. Thus, photons were also treated

in the radiation transport calculations performed in this work.

2.2.2 Nuclear Interactions

Unlike the quasi-continuous energy loss through electromagnetic interactions of a
charged particle along its track, the energy loss via strong interactions occur rather
less frequently. This can be explained by the lower cross section of the strong

0= cm?, related to the size of the nucleus (radius

interaction , i.e., 0; puclear =~ 1
~10~15 m) in comparison with the cross section for Coulomb scattering, o; coutomb
~ 1076 c¢m? (radius of an atom ~107'° m). Additionally, the charged particles
feel the repulsion from the nucleus thereby also leading to reduced probability for
such interactions to occur. But when the energy of the ions are greater than what
is required to overcome this repulsion, which is called Coulomb barrier, then these

interactions can take place.

Nuclear interactions such as inelastic nucleus-nucleus or nucleon-nucleus interactions
are dominant for heavy ions with energies above 100 MeV /nuc (Hiifner, 1985). These

processes therefore are highly relevant for GCR nuclei interactions with the spacecraft
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and tissue. An important process at high energies called fragmentation can occur
which leads to the production of secondary particles which further interact with the
medium and lose energy. In such a process either the projectile or the target nucleus
fragments (or disintegrates) into smaller nuclei and some nucleons (Hiifner, 1985).
While the projectile fragments mostly preserve the velocity of the incident particle,
the target fragments emitted are slow relative to the incident particle (Zeitlin 2012,
NCRP 2006, Hifner 1985).

The secondary neutrons are of great importance as they, being electrically neutral
particles, are extremely penetrating and deposit large amounts of energy indirectly
through the production of secondary charged particles due to nuclear interactions.

If neutrons are produced with energies below ~20 MeV, they may get absorbed by
the nucleus leading to reactions such as the production of deuterium when a neutron
is captured by a hydrogen atom (1H(n,y)?H reaction). This process, called radiative
neutron capture, is accompanied by the emission of gamma rays which can in turn
be absorbed by an atomic nucleus to knock out a nucleon. Other neutron capture
processes can occur which may result in the emission of charged particles such as
protons and alpha particles or induce nuclear fission (Turner, 2007).

Another process that is associated with neutrons is evaporation which occurs when
target nucleus may fragment due to high-energy neutrons (>100 MeV) which can lead
them or the fragment nuclei to be in an excited state and subsequently decay while

emitting nucleons including neutrons (Zeitlin, 2012).

The fragmentation process during GCR interactions leads to a large production of
pions. Some of these may decay or travel further to interact with target atoms and
produce more pions, secondary nucleons, and photons. Thus pions also contribute to

a significant amount of radiation exposure (Aghara et al., 2009).

The nuclear interactions of nuclei, especially heavy ions, are not yet described by
any fundamental theory as these are not fully understood and the cross-sections are
calculated using semi-empirical models in the transport codes (Zeitlin, 2012).

NCRP (2006) and Zeitlin (2012) give a detailed description of nuclear interactions
especially important to space radiation studies. For fragmentation process in partic-
ular, see Hiifner (1985).

Hadronic and Electromagnetic Showers
The cascade of secondary particle production as a result of interactions between

high-energy particles with dense matter is often termed a shower. Thus, the inter-
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action of GCR particles with spacecraft shielding and Earth’s atmosphere mostly
results in such showers. Hadronic showers are usually produced by high-energy
nuclei, pions or atomic nuclei and can lead to electromagnetic showers due to the
production of charged particles in the process. Electromagnetic showers are triggered
by high-energy electrons via bremsstrahlung, or photons via pair-production which
produce an electron-positron pair. Positrons may again recombine with electrons
to emit more photons. This process continues to produce low energy photons and
electrons which are ultimately absorbed by the atoms.

The transport calculations concerning GCR interactions with matter are thus

required to treat the propagation of these showers by including all physical processes
as described above in Section 2.2.1 and 2.2.2.



24 Chapter 2. Radiation Protection in Space

2.3 Dosimetric Concepts

The health risk arising from exposure to ionizing radiation is quantified by deter-
mining dose quantities that are related to the biological effects of the radiation.
As mentioned earlier, the ICRP, ICRU and NCRP work towards developing and
recommending the dose quantities and units relevant for radiation protection. These
quantities are defined below in Section 2.3.1 and are based on ICRP reports 60
(ICRP, 1991) and 103 (ICRP, 2007), ICRU report 85 (ICRU, 2011), and NCRP
reports 132 (NCRP, 2000) and 142 (NCRP, 2002). Additionally, the problem of GCR

for manned missions to space is also discussed in Section 2.3.2.

2.3.1 Dose quantities

Absorbed Dose
The absorbed dose D is a fundamental dose quantity in radiation protection which
gives a measure of the mean energy de imparted by ionizing radiation in a mass

element dm of the target material:

de
= (2.11)
The unit of absorbed dose is J/kg but is expressed with a special name gray
(Gy) where 1 Gy is equal to 1 J/kg. For the purpose of radiation protection
it is required to calculate the mean absorbed dose, Dr, in an organ or tissue

which is defined as the total energy imparted divided by the mass of the tissue or organ.

The level of biological damage varies with several factors, mainly the radiation type,
amount and energy. The biological response to charged particles, especially, mainly
depends on their charge z and velocity v. This can be explained, to an extent,
by understanding the cluster-damage wherein a population of cells can experience
high density damage. Cluster-damage is particularly crucial when it occurs in DNA
as explained in the introduction of this chapter. d-rays (or secondary electrons,
explained in section 2.2.1) are a primary cause of clustering of energy deposition
(NCRP, 2006). The number of é-rays produced per unit of charged particle track
depends on the stopping power —dE/dx  z?/$? (equation 2.10). Higher z particles
produce a larger number of ionization events which yield a large number of electrons.

These electrons may posses enough energy to in fact produce even more secondary
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electrons. The range of the electrons and their energy depends on the velocity of
the primary particle. Most of the J-rays however deposit energies within a short
distance from the primary particle track leading to small clusters along the track on
the micrometer or smaller scale (NCRP, 2006).

In addition to the charge and velocity of the primary particle, the level of biological
damage also depends on the sensitivity of the biological material to the radiation it

is exposed to, and the duration of irradiation.

Linear Energy Transfer and Quality Factor

As mentioned above, the amount of energy deposited (given by absorbed dose), the
biological effectiveness of the radiation, or the extent of damage it causes depends on
how densely ionizing the radiation is along its track through an organ or tissue (NCRP
2006, ICRP 2007, Cucinotta and Durante 2009). The ionizing density as mentioned
above depends on the stopping power, therefore a quantity closely related to it called
unrestricted Linear Energy Transfer (LET) is additionally used for the dose
assessment. It is given as the amount of energy deposited by charged particles, dE,

divided by the distance, dl, traversed.

dE

LET = ¥ (2.12)
LET is equivalent to the collision stopping power (Section 2.2.1). Low-LET radiation
results in diffusely distributed damages in a cell which can easily be repaired in
contrast to clustered or localized multiple DNA damage caused by high-LET radiation
with densely ionizing tracks (Cucinotta and Durante 2009 and see Figure 4-3 therein
for a visual illustration). An example of clustered DNA damage is a double strand
break wherein both strands in the double helix are damaged which is difficult or

sometimes impossible to repair.

LET is thus a physical quantity which can be related with the biological effectiveness
of radiation of different types and energy (NCRP 2000, NCRP 2002) . The absorbed
dose can be weighted with an LET dependent factor to quantitatively reflect the

extent of biological damage.

The quality factor, @, is specified for a point in the tissue and is given as a function

1

of LET of charged particles in water given in keVum™" as shown below. It is a

dimensionless quantity defined by ICRP (2007):
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1 , LET <10 keVyum™!
QLET) =14 032-LET —-22 , 10keVum ! < LET <100 keVum~! (2.13)
300/vLET ,  LET > 100 keV pum™!

The equation illustrates how the biological effectiveness (for a given absorbed dose)
changes with LET and is based on available experimental data for cancer induction
on various biological targets. It can be seen that the biological effectiveness of the
radiaion increases with increasing LET from 10 keV/pum up to 100 keV/um after
which it falls depicting cell-death. As a result there is a reduced probability of

mutations in the DNA that can eventually lead to cancer.

Dose Equivalent

The mean absorbed dose in a tissue or an organ can be weighted with the quality
factor to get a measure of the biological damage and the resulting quantity is called
dose equivalent H (NCRP, 2000). It is thus given by

H=D-Q (2.14)

The unit of dose equivalent is J/kg as well, however to differentiate between the two

dose quantities a special name for the unit called sievert (Sv) is used.

Effective Dose

For individual radiation protection monitoring of a person, a quantity called effective
dose is used. As recommended by the NCRP (2000) and NCRP (2002), this quantity
E can be calculated as the sum of dose equivalent (called organ dose equivalent) Hp
in the tissues and organs, considered sensitive to the induction of stochastic effects,

multiplied by the corresponding tissue weighting factors wp. It is given by
E=Y wr-Hr (2.15)
T

The effective dose is also given in the unit sievert (Sv) as the tissue weighting factors
are dimensionless. These factors represent the relative contribution of individual
tissues or organs to the total health detriment (stochastic) when the whole body is
irradiated uniformly. Stochastic effect implies the statistical nature of the manifesta-
tion of biological effects such as cancer which do not show existence of an exposure
threshold for these types of effects to occur. Deterministic effects on the other hand

are associated with high doses in a short period of time resulting in the death of a
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population of cells. Examples of such an effect include cataract or infertility. The
accumulated effective dose received by an astronaut during the time spent in space
currently used for the estimation of the cancer risk, but it is emphasized that the risk
also depends on gender, age, genetic predisposition as well as smoking habits etc. See
NCRP (2000) and NCRP (2000) for more details about these quantities and dose
limits.

In this work, all these dose quantities to estimate the exposure from GCR have been
estimated and are presented in Mrigakshi et al. 2013a (see Chapter 4.3), Mrigakshi
et al. 2013b (see Chapter 4.5), Chapter 5 and Appendix C.

2.3.2 GCR Hazard in Space

By looking at the composition of the GCR (Section 2.1.1 or black line in Figure 2.6),
it may appear that the consideration of hydrogen and helium nuclei alone might be
sufficient for the GCR dose assessment as these particles comprise ~98% of the total
nucleonic component of GCR. However, heavy ions contribute significantly to the ra-
diation exposure as the extent of the biological damage is related to a particle’s energy
loss, which in turn is proportional to the square of charge of the particle (equation 2.10)
within a material. By accounting for these facts, the assessment of the radiation

exposure from GCR heavy nuclei becomes important for radiation protection in space.
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Figure 2.6: Relative contribution of GCR nuclei to total absorbed dose rate (in red), dose
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Figure 2.6 shows the relative contribution of GCR particles between 1<z<26 with
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energies ranging from 10 MeV /nuc and 100 GeV /nuc to total particle fluxes integrated
over energy (in black), absorbed dose rates (dD/dt, in red) and dose equivalent rates
(dH/dt, in blue). GCR nuclei with z>26 are usually ignored as they are much less
abundant and contribute insignificant doses to the total exposure. The values have
been estimated by computer simulations (see Section 3 for the calculation method)
for an unshielded water phantom exposed to GCR at ISS orbit during November
2009. The GCR particle spectra were calculated from the model by Matthia et al.
(2013a). The figure illustrates how many of the less abundant nuclei with z>2 such
as C, O, Mg, Si and Fe contribute a large fraction to the total GCR exposure after
weighting with the absorbed dose and their biological effectiveness quantified by the

dose equivalent rate.

Effect of shielding on GCR exposure

There exist are several datasets with measurements of GCR dose rates in Low
Earth Orbits (LEO) and show that GCR, in addition to the particles trapped in the
radiation belts, are the major source of radiation exposure at LEO. Between July
2009 and July 2012, measurements taken by the DOSIS and DOSIS-3D experiment
(Burmeister et al., 2012) in the Columbus module of the International Space Station
(ISS) showed a GCR contribution of about 60-70% (150-157 uGy/d) to the total ab-
sorbed dose rate and about 70-80% (496 - 517 uSv/d) to the total dose equivalent rate.

When GCR interact with the material constituting the spacecraft, the composition
and the energy spectra of the radiation field inside the spacecraft changes which
in turn influences the exposure resulting from GCR. The dose rates measured at
different location inside the ISS show strong dependence on the amount of shielding.
The absorbed dose rates measured inside the Russian Module, Zvezda, between
May-December 2009 ranged from 100 uGy/d to 125 uGy/d (Lishnevskii et al. 2012,
Semones 2009). However, higher absorbed dose rates of about 158 uGy/d were
measured inside the Columbus module between August-September 2009 (Semones,
2009). The mean shielding has been estimated to be about 32 g/cm? - 47 g/cm?
around the detectors considering the entire mass distribution around them in the
Zvezda module (Jadrnickova et al., 2009) while in the Columbus module the estimated
median shielding was about 100 g/cm? (Stoffle et al., 2012).

Besides the measurements on-board the ISS, there have been several measurement
campaigns on STS-shuttle missions at similar altitude as that of the ISS. During

the STS-89 flight in the solar minimum period of January 1998, variable behaviour
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in dose rates with an increase in shielding was observed (Badhwar and Cucinotta,
2000). The measured absorbed dose rates were 175.6, 167.2, 148.5 and 170.5 puGy/d
and dose equivalent rates 614.4, 487.6, 617.2 and 540.5 uSv/d behind a shielding of
0, 17.145, 24.003 and 30.861 g/cm?.

These data sets clearly indicate the complexity of the issue of shielding in radia-
tion protection from GCR in space and show that it is not trivial to predict the
variation of the GCR exposure with shielding. See Mrigakshi et al. (2013b) and
Matthia et al. (2013b) for numerically estimated dose values changing with increasing
aluminium shielding. Additionally, Figure 5.7 in Chapter 5 shows the variation of
calculated absorbed dose rate and dose equivalent rate with different amount of

aluminium shielding thicknesses for near-Earth interplanetary space and the ISS orbit.

The effect of shielding on dose can be explained by understanding the interaction
processes of GCR with matter and their energy deposition characteristics. Due to
their greater LET or stopping power which is proportional to z?, the heavy ions
lose energy faster and are stopped in smaller shielding depths in comparison with
lighter ions. This is true for energies below which the nuclear interactions are less
likely to occur and the ionization process dominates. However, when the energies are
higher, as in the case of GCR, such that nuclear interactions do occur, then there is a
production of lighter nuclei which may penetrate deeper inside the shielding. In fact
the main mechanism of energy loss of the GCR heavy nuclei is through fragmentation
(Zeitlin 2012, 2006) . These fragment nuclei are lighter and have lower LET. Thus
even though they are more penetrating and may yield higher absorbed doses, they
have lower biological effectiveness yielding lower dose equivalent in comparison with
the incident nuclei. On the other hand, if the incident nuclei with high-LET above
100 keVum~=! (Section 2.13) interacts with the shielding then the production of
lighter nuclei with higher quality factor may result in higher dose equivalent (Zeitlin
et al., 2006).

GCR cannot be shielded completely in space but by selecting appropriate materials
the shielding can nevertheless be optimized to minimize their contribution to dose. It
has been found that materials which increase the probability of nuclear interactions
resulting in fragmentation of the heavy GCR nuclei into smaller nuclei can be efficient
per unit mass of material in slowing down heavy ions. This suggests that an efficient
shielding material should have low mean atomic mass, with as few neutrons as possible

(Sihver, 2008) which would in turn also reduce the production of neutrons. Hy-
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drogenous materials such as Polyethylene are therefore expected to be more effective

in shielding (Sihver, 2008) GCR than the aluminium conventionally used in spacecraft.



3 NUMERICAL DOSE ASSESSMENT

The determination of the dose quantities (Section 2.3.1) necessary to quantify the
radiation related health risks is achieved by performing either measurements uti-

lizing various detector techniques or numerical calculations using computer simulation.

Measurements of radiation exposure in space can be made with passive and active
dosimeters. Passive dosimeters measure dose accumulated over a period of time
and can only be evaluated on ground. An example of a passive dosimeter is the
European Crew Personal Dosimeter (EuCPD) (Straube et al., 2010) which uses
thermoluminescence detectors (TLDs) and plastic nuclear track detectors (PNTDs)
for the assessment of absorbed dose and LET spectra. Active dosimeters, on the
other hand, give a possibility to measure these dose quantities and acquire data
over comparatively shorter periods of time, but require a power supply to function.
Examples of active dosimeters include DOSTEL (Beaujean et al., 1999) and MDT
(Ritter, 2013) which use silicon detectors arranged in a telescope configuration. For
a review on dosimetry on-board the ISS see Berger (2008), and Caffrey and Hamby
(2011).

In computer simulations, the real scenario is modelled by software. It is a powerful
method for understanding complex physical systems to study the influence of various
parameters and the behaviour of a system in a short period of time. For space
applications, simulations are essential especially for making estimations of the
radiation doses that are likely to be received by astronauts during future missions
to space and in the case when measurements are not feasible or have not yet been
made. They also play an important role in understanding the effect of shielding on
the radiation exposure.

However, since the models used in numerical calculations are approximations of
the real scenario, uncertainties are introduced in the system and the models must
therefore be validated by measurements and carefully selected to produce reliable
results for any application. Experimental data are thus extremely important for the

validation of the models used in computer simulation.

In this work, numerical calculations were performed to estimate the radiation exposure
from GCR. An introduction to the GCR dose calculation methodology, giving an
overview of the experimental scenario and the workflow illustrating the various steps

at different stages of the calculation process, is presented below in Section 3.1.



32 Chapter 3. Numerical Dose Assessment

3.1 Methodology of GCR dose estimation

In general, simulation of radiation exposure requires a description of the radiation
field, material and geometries of the target and its surrounding volumes, the physics
of particle interactions and methods to transport the radiation in the target volumes.
Therefore to estimate the radiation GCR exposure of humans in space, models
describing the GCR energy spectra, the human body, the surrounding shielding and
a radiation transport code which simulates the transport and interactions of GCR

particles through the simulated targets are required.

The transport code GEANT4 was selected for this purpose and will briefly introduced
in Section 3.3. Since the software does not provide GCR spectra, external models
were used for their description (see Section 3.2). Several models widely used for space
applications were investigated. The procedure developed for the data analysis of the
simulation output and for calculating the dose quantities to estimate the GCR exposure
is explained in Section 3.4. An overview of the applied methodology is illustrated in

Figure 3.1 below.
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Figure 3.1: Schematic diagram illustrating the procedure applied to estimate the GCR ex-
posure. Note that the absorbed dose, D, shown in the diagram is exemplary of the procedure

which was also applied for the dose equivalent H.
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The three boxes show the separate stages of the calculation process. The box in
yellow shows the simulation stage (see Section 3.3) wherein the isotropic irradiation
of the human body by the relevant (for radiation exposure assessment from GCR)
particles and energies were simulated. The box in purple shows the stage wherein the
GCR energy spectra of all the relevant particles was calculated using GCR models
for a location outside the magnetosphere (1 AU) and the ISS orbit after applying a
scaling procedure to the spectra at 1 AU (see Section 3.2). The box in green shows
the data analysis stage wherein the radiation exposure from GCR was calculated (see
Section 3.4) by scaling the dose per particle per energy bin (output of the simulation
stage) with the desired GCR energy spectrum (output of the GCR spectra calculation
stage).

Each of these stages are explained in detail in the sections below.

3.2 GCR Model Spectra

The assessment of radiation exposure from GCR requires the energy spectra of
GCR particles between 1<z<26 (the relevance of these particles is discussed in
Section 2.3.2) with energies from 10 — 10° MeV/nuc. Calculations probing the
relevant energy range for GCR dose assessment in Mrigakshi et al. (2013a) (see
Section 4.3) have shown that from the entire energy range investigated (10 — 10°
MeV /nuc), particles with 100 — 10> MeV /nuc energy contribute over 98% of the total
GCR exposure. Since measurements of the GCR energy spectra are only available
over limited energy ranges, particle types, time periods and locations, numerical

models are used to derive GCR spectra.

In this work, the GCR exposure was investigated for near-Earth locations outside
the magnetosphere as well as for the ISS orbit. The GCR model spectra were thus

required for these locations.

3.2.1 Outside magnetosphere near-Earth

Widely used GCR models were investigated in order to find the most accurate model
for the GCR dose assessment. These models are Badhwar-O’Neill2010 (O’Neill, 2010),
Burger-Usoskin (Usoskin et al., 2005), CREME96 (Tylka et al., 1997), CREME2009



34 Chapter 3. Numerical Dose Assessment

(https://creme.isde.vanderbilt.edu/), SPENVIS/ISO15390 (ISO-15390, 2004) and
a new model developed at the German Aerospace Centre (Matthia et al., 2013a)
and the Badhwar-O’Neill2011 model which is an update of the Badhwar-O’Neill2010
model. These models describe the GCR spectra for a location outside the Earth’s
magnetosphere at a distance of 1 AU from the sun. A brief overview of the properties

and capabilities of these GCR models used is shown in Table 3.1.

Most of the models were evaluated for a time period covering the last four decades as
presented in Mrigakshi et al. 2012 (see Section 4.2) except for the Badhwar-O’Neill2011
which was tested for a time period between 1997 and 2011 (see Section 5.1). Addition-
ally, the SPENVIS/ISO15390 (ISO-15390, 2004) was examined only for two epochs,
i.e., at GCR intensity minimum and maximum periods in 2000 (solar maximum) and
2009 (solar minimum) respectively (see Appendix C). All these models were evaluated
by inter-comparing and testing the model spectra of light and heavy nuclei described
by each of the models against measurements taken from various high-altitude bal-

loon experiments and space missions (Mrigakshi et al. 2012, Section 5.1, Appendix C).

The models, as they are provided, can generate energy spectra for only one point in
time for each run and therefore to get spectra for a large number of points in time,
individual batch retrieval scripts for each model needed to be written. These scripts

are described in Appendix A.
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3.2.2 Inside magnetosphere at ISS orbit

The GCR particle fluxes inside the Earth’s magnetosphere are attenuated as a result
of the shielding provided by the Earth’s magnetic field as explained in Section 2.1.3.
The GCR models therefore have to account for this geomagnetic shielding effect and
transport the GCR particles accordingly to a specific orbit. Except for CREME96
and CREME2009, the models introduced in Section 3.2.1 do not provide GCR spectra
for LEO. Therefore, a model calculating the attenuation factor based on the cut-off

rigidity and accounting for the solid Earth obstruction was required.

For this purpose, the so-called geomagnetic transmission function calculated by the
GTRN (Geomagnetic TRaNsmission) routine in the CREME package was used. The
function describes the fraction of particles reaching the ISS orbit (350 km altitude,
51.6° inclination) as a function of the particle’s magnetic rigidity. The geomagnetic
transmission function is calculated from 0 to 20 GV in 0.2 GV steps and is shown in

Figure 3.2a.
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Figure 3.2: Figure a shows the geomagnetic transmission function calculated by the
CREMEY96 package for the ISS orbit at 350 km altitude and 51.6° inclination and Figure

b shows the same function plotted against the kinetic energy of H nuclei.

To calculate the GCR spectra at ISS orbit, the particle fluxes derived for a location
outside the magnetosphere were scaled by the geomagnetic transmission function.
However, the rigidity was first converted to energy per nucleon for each particle type
by:

~ M, (3.1)
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where E = kinetic energy per nucleon
My = rest energy per nucleon
R = magnetic rigidity
Q = charge of the particle
A = atomic mass number of the particle

Figure 3.2b shows the geomagnetic transmission function against the kinetic energy of
H nuclei corresponding to the rigidity. The same way rigidity was converted for each
particle type into kinetic energy per nucleon. The energy spectra, derived from all
GCR models under consideration, of GCR nuclei from 10 MeV /nuc to 100 GeV /nuc
outside the magnetosphere were then scaled with the geomagnetic transmission
function. For higher energies corresponding to rigidities greater than 20 GV, the

GCR energy spectra were linearly extrapolated in log-log scale.

Figure 3.3 shows the energy spectrum of GCR H nuclei calculated for ISS orbit
by scaling the energy spectrum outside the magnetosphere with the geomagnetic
transmission function. The energy spectrum for outside the magnetosphere was
derived from the BON2010 model for January 1998.
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Figure 3.3: GCR H energy spectra outside and inside the magnetosphere calculated using

the Badhwar-O’Neill2010 model for January 1998 and the geomagnetic transmission function.



38 Chapter 3. Numerical Dose Assessment

3.3 GEANT4 Simulation

GEANT4 (GEometry ANd Transport)! is a software toolkit for the simulation of
the passage of particles through matter (Agostinelli et al. 2003, Allison et al. 2006).
GEANT4 was initially designed and developed for high-energy physics experiments
but due to its functionality and flexibility, it gained popularity in many other
research fields such as space and medical physics. It is currently being developed and
maintained by a world-wide collaboration including premier scientific institutions and

universities?.

The toolkit is open source written in C++ language and due to its object-oriented
programming approach, it allows application developers to use available functions and
also customize them for their application. It uses a large set of physics models that
are theoretical, parameterised and data-driven, to handle the interactions between
incident particles and matter for a wide energy range, from a few keV to above 1
TeV. Each particle trajectory is simulated according to the stochastics of the possible
particle interactions between the incident particle and the target material by applying
Monte-Carlo (MC) techniques (see James 1980 for details about the MC method)
that are used at various steps of the simulation process from particle generation to
its final state. Furthermore, the toolkit allows the user to integrate data analysis
software such as ROOT (Brun and Rademakers, 1997)3 which provides histogramming
methods and gives a possibility to process and visualize the simulation output data
outside the GEANT4 simulation runs. GEANT4 also provides interfaces to various
graphics visualization programs such as Virtual Reality Modelling Language (VRML)
which are used to visualize the model geometries as well as particle trajectories.
Visualization is especially useful as it serves as a method for troubleshooting the
simulated experimental setup, e.g., position of the volumes or the properties of the

simulated radiation source such as its position and angular distribution.

The GEANT4 website provides the necessary documentation* regarding the software,
e.g., its design and functionality, the physics models therein, and the tools available for
individual applications. It should be noted that the software is continuously evolving
and each year there is a new version of GEANT4 released. The older versions and

their corresponding manuals are nevertheless available on the website.

"http://geant4.cern.ch/

2see https://geant4.cern.ch/collaboration /index.shtml
3http://root.cern.ch/drupal/
“http://geant4.web.cern.ch/geant4/support/userdocuments.shtml
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In this work GEANT4 version 4.9.3 patch 02 was used.

3.3.1 GEANT4 Monte-Carlo Method

In contrast to deterministic numerical problem solving techniques Monte-Carlo uses
random numbers and probability distributions in order to obtain a close approximation
to the exact solution. GEANT4 uses MC techniques to quantify the interactions of
accelerated particles with matter.

The basic task of the GEANT4 toolkit is to track randomly generated particles along
their path inside a target volume and simulate their interactions with the traversed
matter. The particles are generated with a specified energy and spatial distribution
by the Generic Particle Source included with the toolkit.

GEANT4 tracks a particle from interaction to interaction until it has lost its entire
kinetic energy or it has left the so-called World volume. Each particle is associated
with a repertoire of interaction processes, ¢ = 1,2, 3....,n, that may occur during its
flight. Each interaction, when it occurs, may lead to loss of momentum, change in
direction of movement and creation of secondary particles (which are then tracked
separately).

In between the interactions the trajectory of the particle is propagated according to
the applicable equation of motion taking into account possibly present EM fields in
the case of charged particles.

After every interaction event GEANT4 applies a MC process to determine the type of
the next interaction to occur and the distance the particle will travel until it interacts.
The decision is influenced by the material properties of the medium through which the
particle travels. Such properties are, e.g., the number density of interaction centres,
n;, and interaction cross-section, o;, and depend in general on the interaction process
and the tracked particle (mass, charge, momentum).

The following simplified description of the GEANT4 interaction selection process is
valid under the assumption that no force field is present and the traversed material is

homogeneous (e.g. water or air):

e The probability P;(L;) that the interaction ¢ occurs after the particle has
travelled undisturbed for a distance L; is given by the distribution function
Pi(L;) = 1 — exp(—L;/)\;) where the quantity \; = ﬁ is called the mean free
path.

e Inversion of this equation by solving for L; yields
Lz' = —ln(l - Pz))\z
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which allows us to determine an L; for each interaction by drawing n uniformly

distributed random numbers between 0..1 for P;.

e The smallest L; selects the interaction 7 to occur and at the same time the
distance the particle is transported along its trajectory. The outcome of
the interaction itself is simulated as well using MC techniques. The particle
state is updated accordingly and the whole process repeats until the parti-

cle’s energy falls below a threshold or it is transported outside the World volume.

Besides the GEANT4 documentation®, presentations given by the collaborators during
various training sessions, e.g., Liendl (2004) are also recommended for illustration as

well as detailed description of the GEANT4 MC methods.

3.3.2 Simulation Setup

Target Geometry

A spherical water phantom with a radius of 25 cm was used as a surrogate for a
human body. The sphere was divided into 100 concentric spherical shells with a
thickness of 2.5 mm each. Such a construction was used in GEANT4 to discriminate
between different regions in the target volume and therefore allowed the numerical
estimation of the depth dependent dose distribution. To simulate different amounts
of shielding, aluminium shells with an outer radius of 50 cm of 0.3g/cm?, 10 g/cm?
and 40 g/cm? thickness enveloping the water phantom were added to the target
construction.

The rationale for the use of this phantom geometry in this work is discussed in
Mrigakshi et. al 2013a, 2013b (Section 4.3 and 4.5).

The construction of the target in GEANT4 is done by specifying an object of type
G4V U ser DetectorConstruction which is a mandatory base class used to define the
material and geometry setup, making regions in the setup sensitive (called Sensitive

Detectors in GEANT4) to restrict the particle interaction data in certain volumes only.

Figure 3.4 shows a snapshot® of the geometry setup. In GEANT4 all volumes must

Shttp://geant4.web.cern.ch/geant4/UserDocumentation /UsersGuides/PhysicsReferenceManual /

fo/PhysicsReferenceManual.pdf
5The visualization was performed with VRML by using the VRML driver provided in GEANT4 to



3.3. GEANT4 Simulation 41

Figure 3.4: Target geometry setup inside the World Volume (Box in gray). The water sphere
can be seen in black at the centre surrounded by aluminium shielding shown in brown with air
in between coloured in cyan. A zoom-in picture showing concentric shells of the water sphere

with the innermost at the origin of the coordinate axes (in orange).

be contained inside the so-called World Volume (the rectangular box in Figure 3.4)
and defines the global coordinate system with origin at its centre. In this case the
World Volume is constructed as a rectangular box and the spherical water phantom
with the spherical shielding (10 g/cm? aluminium) and air in between is positioned

at its centre. The coordinate axes are also shown in the figure.

Radiation Source
A spherical radiation source radiating from its surface inwards onto the fully-enveloped
target was modelled. The target was isotropically irradiated by particles ranging from

1<z<26 to simulate the GCR distribution in near-Earth space which is nearly isotropic.

The energy spectrum of the isotropic radiation field was set to follow a power law
distribution, such that the number of particles simulated were uniformly distributed
over logarithmic energy scale E ranging from 10-10° MeV /nuc (Figure 3.5a). This
means that the same number of particles falls within any energy interval of constant
width in a logarithmic energy scale. Therefore, by simulating an appropriate num-
ber of particles (see Appendix B), data analysis could be made for particle energies
ranging over several orders of magnitude with insignificant statistical biasing of the
result over energy. Additionally, a greater computation efficiency is achieved in terms

of the number of particles required to be simulated in contrast to the case of a uniform

create text files representing the 3D geometry in VRML format (.wrl). These files were then displayed

using vrml file viewing software called view3dscene.
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particle distribution over a linear energy scale.

The mandatory user base class in GEANT4 for specifying how a primary par-
ticle event with specific properties of the radiation source should be gener-
ated, is G4V UserPrimaryGeneratorAction. For the actual generation of the
primary particles the GEANT4 General Particle Source module” (GPS) via

G4General ParticleSource class was utilized.
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Figure 3.5: Energy histograms of H nuclei simulated from the radiation source distributed over
energies following the power-law distribution (Figure 3.5a) and the GCR energy distribution
(Figure 3.5b). The GCR H energy spectrum used to calculate the distribution of particle
number over energy was calculated using the CREME96 model for January 1977 for an orbit

at an altitude of 450 km and an inclination of 51.6°.

As explained in Mrigakshi et al. (2013a) (Section 4.3), the total dose rates from
all particle energies was calculated by integrating the dose (absorbed dose or dose
equivalent) normalized by the number of particles in every energy interval weighted
by the corresponding GCR particle flux. This method of dose estimation instead of
simulating particles with GCR particle energy distributions (Figure 3.5b) allowed the
calculation of the dose quantities for any given input energy spectrum for a particular

geometry setup. This was especially useful in this study wherein the effect of using

"http://reat.space.qinetiq.com/gps/
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different GCR models and spectra on the dose quantities was studied over several

decades and locations outside and inside the Earth’s magnetosphere.

Physics Models

In GEANT4, the physics models describing the physical process associated with
each particle type involved in the simulation, have to be specified by the user e.g.
an electron is assigned with multiple scattering, ionization and bremsstrahlung
processes, whereas an ion is assigned with electromagnetic (EM) interaction processes
(ionization and energy loss) as well as hadronic interaction processes (elastic and
inelastic collisions, capture and fission). These physical processes in Geant4 include
decay, transportation, EM and hadronic interactions which are described using theory
and data driven models and are collected in the so-called 'Physics Lists’ These lists
can be either created by users, or the pre-configured reference physics lists can be
used. These reference lists are routinely validated and updated, and are available in
GEANT4 for various applications. GEANT4 by default does not provide any physics
settings. The mandatory user base class in GEANT4 for specifying the physics

settings is G4V U ser PrimaryGenerator Action.

One of the reference physics lists recommended® for shielding and dosimetric applica-
tions is QGSP_BERT HP and it was selected for this work. QQGSP refers to the
Quark Gluon String Model (for protons, neutrons, pions, kaons and with energies be-
tween 10-10° GeV), BERT refers to the Bertini cascade model (for protons, neutrons,
pions, kaons, hyperons and energies < 15 GeV) and H P refers to data-driven High
Precision neutron model (<20 MeV). See Ivantchenko et al. (2012) for a summary
regarding the hadronic physics models in GEANT4. The selected physics list addi-
tionally includes the standard EM model (emstandard_opt3) for the EM interaction
processes such as multiple scattering, bremsstrahlung, ionization, pair production,
photo and Compton-effect. Additionally, external hadronic interaction models JAM
(jet AA microscopic transport model) developed by Niita et al. (1995) and JQM D
(Jaeri quantum molecular dynamics) by Nara et al. (2000) were incorporated by
applying the interface to these models developed by Koi et al. (2003) for GEANT4.
The reason for including these models (also discussed in Mrigakshi et al. 2013b,
Section 4.5) was their treatment of inelastic nucleus-nucleus interactions at energies
above 10 GeV /nuc and inclusion of heavy ions >He. The QGSP_BERT HP does

not describe these interactions for these particles and energies.

Shttp://geant4.cern.ch/support/proc_mod_ catalog/physics_ lists/useCases.shtml
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It should be noted that in later versions of GEANT4, a native implementation
of the JQMD model is provided as the G4QM D model which is able to handle
nucleus-nucleus interactions for ions >He as well. There have been three major
releases of GEANT4 versions (4.9.4, 4.9.5 and 4.9.6) since the beginning of this
research work but in order to have a consistent simulation setup for the assessment
of dose quantities changing with different simulation scenario, the same version of
GEANT4 was used throughout the research work.

3.3.3 Simulation Processing and Output

After setting up the target geometry, physics list and the radiation source via the three
mandatory base classes G4V User DetectorConstruction, G4V U ser PhysicsList and
G4V U ser PrimaryGenerator Action respectively, the G4RunManager class must be
instantiated in the GEANT4 code’s main() method. The run manager controls the
flow of the simulation. First it checks for the existence of these mandatory classes
then performs their initializations to build the setup and begins the simulation run of

events. GEANT4 at this point creates and manages event loops.

All tracks associated with an event are followed (tracking process) and information
can be accessed via Get() methods in the G4T'rack class e.g. the energy, momentum
and position of the primary and secondary particles. To get information associated
with a step of a particle track (stepping process), e.g., step length or total energy
deposited during a step, the Get() methods provided in the G4Step class can be used.

In this work, information for the estimation of the absorbed dose and dose equivalent

in every shell in the water phantom was accessed.

1. Absorbed dose: The identification of the traversed shell, n, to determine the
shell mass, m,, and the energy deposited, €, by the particle during each step,
s, inside that shell was required. The absorbed dose D,, in each shell n was

calculated by:

D,=% = (3.2)

2. Dose equivalent: The same information as for the calculation of absorbed dose

and additionally the step length, [, for each step, s, inside a shell was required.
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This was done to first calculate the LET (LETs = €,/l) for each step and
then to determine the corresponding quality factor, Qs(LETs), using the Q-
LET relationship (equation 2.13). The dose equivalent, H,, in each shell n was

calculated by:
s(LETj)

H,=Y = @ (3.3)

mnp

Note that these calculations were made separately for each particle type from 1<z<26
and the results were stored in histograms for data processing outside the GEANT4
simulation process. Figure 3.6 shows the flow chart of the simulation process in
GEANT4 and all the quantities accessed in this work that were essential for GCR

dose assessment.

The ROOT software was integrated with the GEANT4 code to perform histogramming
of the data after each event. Three histograms were written into ROOT files and were
used after the simulation for the estimation of GCR exposure based on the results

from the simulation output (see Section 3.4). These histograms contained:

1. Energy histogram: 1-D histogram storing number of particles per primary par-

ticle energy bins (100 bins in total selected).

2. Absorbed dose histogram: 2-D histogram storing the absorbed dose per energy

bin and in each shell constituting the water phantom.

3. Dose equivalent histogram: 2-D histogram storing the dose equivalent per energy

bin and in each shell of the water phantom

The energy histogram was utilized for the normalization of dose values by the number
of primary particles for each energy bin to get the dose per primary particle. This
was the first step to scale the dose values to GCR energy spectra.

Besides the obvious requirement of the other two histograms, i.e. for storing dose
values for GCR dose estimation at a later stage, these allowed the study of the relative

contribution of different particle energies to total dose and also for depth-dose analysis.

In this work, separate ROOT files were created corresponding to the individual simula-
tion runs for each particle type and for exposure scenarios without and with aluminium

shielding of varying thicknesses around the water phantom.
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3.4 GCR Dose Estimation

The GCR absorbed dose rate, dD/dt, for each particle type were separately calcu-
lated by the scaling procedure explained in Section 2.3 in Mrigakshi et al. (2013a)
(Section 4.3). Note that the same procedure is used to estimate the dose equivalent
rate and the procedure is only shown for absorbed dose rate as an example. In the
procedure, first the dose calculated from the simulations, d; = D;/Nj;, per primary
particle number in each energy bin, ¢, was calculated, where D; was the absorbed
dose from all primary particles, N;, in that bin. Then d; was weighted by the
number of primary particles in the energy interval ¢ integrated over each energy
bin and additionally integrated over the simulated radiation source surface and
the solid angle of emission is calculated (f; in equation 3.4). The dose rate in a

volume is thereafter calculated by summing up this scaled quantity over all energy bins.

dD "
i=1
In the equation the quantity f; is calculated as follows:

1. Integration over the spherical radiation source surface yields 47 R? where R is

the radius of the radiation source sphere

2. Integration over the solid emission angle restricted to inward direction

and biased with cosine law to generate isotropic distribution of particles:

27 T
J de [dfcosfsinf =
0 0
3. If j; is the energy distribution in energy bin 4 then f; = j; - 4nR? - m = 472 R%j;

In this work the radius of the radiation source was different for different simulation
scenarios. For the case without shielding wherein R,,sniciq = 0.35m was selected, the
scaling factor was f; = 4.836j; and for the case with shielding wherein Rgp;e1q = 0.55m
was selected, the factor was f; = 11.94j;.

The absorbed dose rate dD,/dt (equation 3.5) and the dose equivalent rate per day
(equation 3.6) induced by each GCR particle species from 1<z<26 over the whole

sphere of mass M was therefore calculated by:

100 100

dD, 1 .
D LSS o) AR5 5 33
i=1n=1
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and
A, 1 100 100 .
=7 Z > Hy(z) - my - A7°R%ji(2) - AE; (3.6)
i=1n=1
M = total mass of the water sphere of radius 0.25 m i.e. 65.45 kg
1 = energy bin number
n = shell number
D, = absorbed dose in shell n
H, = dose equivalent in shell n
m, = mass of shell n
AFE; = bin width of energy bin ¢
R =  RpoShield OF Rshield, radius of the radiation source
Ji = GCR flux

The total absorbed dose rate dD/dt and the dose equivalent rate dH/dt from all the
relevant GCR. particles were then calculated by summing up results for individual

particle types:

@_26 D, @_26 dH,
dt dt

and
= dt = dt

(3.7)

The entire data analysis for the estimation of radiation exposure from GCR described
in this section was performed using the ROOT software. In fact ROOT was also used

for all the data visualizations presented in this work.

With the methodology explained in this chapter, GCR exposure of humans in space
was estimated and the effect of the following parameters on the dose rates was studied
as presented in Mrigakshi et al. 2013a, 2013b (see Chapter 4) and in Chapter 5:

1. The influence of using different GCR models by deriving and applying the GCR

fluxes, j;, from all considered GCR models in this work (Section 3.2),

2. The difference in the GCR exposure at locations in space outside and inside the
Farth’s magnetosphere and at ISS orbit by deriving GCR fluxes from all models
for these locations (Section 3.2.1 and 3.2.2)
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3. The effect of the changing GCR particle fluxes with solar activity by calculating
dose rates for time period ranging from 1970 to 2011

4. The effect of shielding by simulating aluminium shieldings of varying thicknesses
of 0.3 g/cm? , 10 g/cm? and 40 g/cm? and calculating the corresponding dose

rates

5. The variation of the dose rates with the depth, by storing the doses induced in

each shell inside the water phantom

6. The relative contribution of GCR particles with different energies to the total
dose rates, by storing the dose rates contributed by different particle energies in

each energy bin
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4 PUBLICATIONS

The focus of the work throughout the research period has been to contribute towards
making better predictions of GCR exposure for humans in space. Several aspects
involved in the estimation of the GCR dose were therefore investigated during the
course of the research work. In this chapter, the publications containing many of the
results from these investigations are presented.

Each publication is put under a different section and are arranged in a manner
to logically follow the study as it evolved during the research period. Note that
additional results, besides those published in the papers, are also included in the

dissertation in the following Chapter 5 and Appendix C.

4.1 An Overview of the papers

This section gives a brief introduction to the papers with an aim to solely aid the
reader to understand the contextual connection between the papers. Each of these
papers presents various investigations related with numerical dose calculations and
therefore individually contain data analysis methods, results and detailed discussions.
An overall summary discussing the major findings of the research work is given in

Chapter 6.

Paper I: Assessment of galactic cosmic ray models

A mandatory requirement for the GCR dose calculation is the description of the
energy spectra of all relevant GCR particles for the time period and the location
of interest. As discussed in Section 2.1, the GCR flux in near-Earth space varies
with the 11-year sunspot and the 22-year Hale cycle. Therefore, one of the research
objectives was to inspect how the change in the particle fluxes over time influences the
level of GCR exposure. For this purpose, a model capable of describing the temporal
variation in the GCR particle fluxes was required.

There exist several models fullfilling these criteria. For this work, GCR models
most frequently used for dosimetry applications were compared with measurements
to find the most accurate model in order to reduce uncertainties introduced by the
model spectra in the dose calculations. The first paper, Mrigakshi et al. (2012),

presents this evaluation of the GCR models. It briefly introduces each model and the
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measurements, explains the methods used to investigate the models and of course
provides a detailed discussion of the level of accuracy of each model to describe the
energy spectra of light (hydrogen and helium) and heavy (oxygen and iron) GCR

nuclei.

Paper II: How Galactic Cosmic Ray models affect the estimation of

radiation exposure in space

The results presented in Paper I showed several short-comings of each model. Some
rather severe discrepancies were found between model and measured spectra for
certain epochs in the past decade. The immediate question that occurred naturally
was how much do the differences in the model spectra and the large discrepancies
observed at certain times impact the dose estimations. Especially as these models
have been used in the past and are still being used to make dose estimations for time
periods where they have shown disagreement with the measurements.

In the second paper, Mrigakshi et al. (2013a), the question raised above is addressed.
The radiation exposure in terms of the absorbed dose rate and dose equivalent rate
in an unshielded target was estimated for a time period ranging from 1970 to 2010
using the models investigated in the first paper. The differences arising in the dose
values as a result of the differences in the energy spectra derived by the GCR models
were also quantified. The investigation was conducted for near-Earth interplanetary
space and ISS orbit.

Another objective of the research was to probe the contribution of different particle
energies to the total GCR exposure and to study the variation of dose rates with the
depth. These studies are also included in the paper as well as the methods applied

for the dose calculations and a detailed discussion of the obtained results.

Paper III: A Ready-to-Use Galactic Cosmic Ray Model

The results presented in the Paper II clearly showed that the choice of GCR model
influences the dose estimations. The overestimation of the GCR intensity by models
especially during certain epochs (solar maximum period, 2000-2003) leads to doses as
high as 1.5-2 times those calculated using the most accurate model. The underesti-
mation by the models of particle fluxes observed during the deep solar minimum in
2009-2010, on the other hand, resulted in no unusual increase in the dose rates for
this time period in comparison with the previous solar minima.

Since the GCR intensity is the lowest during the solar maximum periods and
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vice-versa for solar minimum, the dose estimations are usually made during these two
periods in order to assess the expected range of the minimum and maximum GCR
exposure. Furthermore, as stated earlier, each component used for the numerical
calculations can lead to inaccuracies in the dose estimations. To pinpoint the source
of the uncertainties while benchmarking the numerical calculation tools with the dose
measurements, it is essential to validate each of the components separately.

It became apparent that due to the findings reported in the first two papers in addition
to the reasoning stated above, a better GCR model was required. As a consequence,
a new model was developed and is presented in the third paper, Matthid et al.
(2013a). The energy spectra from this model showed the best agreement with the

measurements in comparison with the other GCR models for most of the time periods.

Paper I'V: Estimation of Galactic Cosmic Ray exposure inside and outside
the Earth’s magnetosphere during the recent solar minimum between

solar cycles 23 and 24

With the new model developed, the dose estimations made earlier (Paper II) were
updated and are presented in the fourth paper, Mrigakshi et al. (2013b). Addition-
ally, the paper also includes dose estimations made with the target surrounded by
aluminium shielding representing the hull of a spacecraft. This was done in order to
approximately simulate the real scenario wherein the astronauts in space are usually
stationed inside a spacecraft. Different shielding thicknesses were simulated to exam-
ine how the different amounts of shielding influences the level of radiation exposure
from GCR. The study with the shielding was performed for a period ranging from
1997 to 2011 to see whether there is any influence of the solar activity on the GCR
exposure of the target surrounded with shielding.

Furthermore, the peak GCR exposure during the deep solar minimum between the
solar cycles 23 and 24 was estimated and compared with the peak exposure calculated

for the previous solar minimum.
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4.2 Paper I - Mrigakshi et al. 2012

Assessment of galactic cosmic ray models

Alankrita Isha Mrigakshi, Daniel Matthid, Thomas Berger, Giinther Reitz and
Robert F. Wimmer-Schweingruber, Journal of Geophysical Research, Volume
117 , Issue A8 , A08109, 2012, doi:10.1029/2012JA017611
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Assessment of galactic cosmic ray models

Alankrita Isha Mrigakshi,] Daniel Matthié,! Thomas Berger,] Giinther Reitz,'
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[1] Among several factors involved in the development of a manned space mission
concept, the astronauts’ health is a major concern that needs to be considered carefully.
Galactic cosmic rays (GCRs), which mainly consist of high-energetic nuclei ranging from
hydrogen to iron and beyond, pose a major radiation health risk in long-term space
missions. It is therefore required to assess the radiation exposure of astronauts in order to
estimate their radiation risks. This can be done either by performing direct
measurements or by making computer based simulations from which the dose can be
derived. A necessary prerequisite for an accurate estimation of the exposure using
simulations is a reliable description of the GCR spectra. The aim of this work is to
compare GCR models and to test their applicability for the exposure assessment of
astronauts. To achieve this, commonly used models capable of describing both light and
heavy GCR particle spectra were evaluated by investigating the model spectra for
various particles over several decades. The updated Badhwar-O’Neill model published in
the year 2010, CREME2009 which uses the International Standard model for GCR,
CREME96 and the Burger-Usoskin model were examined. Hydrogen, helium, oxygen
and iron nuclei spectra calculated by the different models are compared with measurements
from various high-altitude balloon and space-borne experiments. During certain epochs
in the last decade, there are large discrepancies between the GCR energy spectra
described by the models and the measurements. All the models exhibit weaknesses in

describing the increased GCR flux that was observed in 2009-2010.

Citation: Mrigakshi, A. 1., D. Matthid, T. Berger, G. Reitz, and R. F. Wimmer-Schweingruber (2012), Assessment of galactic
cosmic ray models, J. Geophys. Res., 117, A08109, doi:10.1029/2012JA017611.

1. Introduction

[2] In addition to the considerable engineering challenges
associated with unmanned space missions, human space-
flight poses even greater challenges in limiting the negative
health effects and hazards to humans. Among other important
factors such as microgravity or psycho-social effects due to
the confined living space associated with long-term space
missions the radiation environment in space poses a sub-
stantial risk to the astronauts’ health [Berger, 2008; NCRP,
1989, 2000, 2002; Cucinotta et al., 2003]. Space radiation
near Earth includes galactic cosmic rays (GCR), solar particle
events, trapped particles in the Van Allen belts and albedo
particles, mostly neutrons, produced by scattering of primary
radiation from Earth’s atmosphere [NCRP, 2002]. Therefore,
due to the elevated exposure from these radiations, astronauts
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are considered to be radiation occupational workers [/CRP,
1991] for which the assessment of radiation related risks
is mandatory.

[3] Radiation exposure of astronauts is studied based on
the determination of dose quantities related to the biological
effects of ionizing radiation and recommended by the Inter-
national Commission on Radiological Protection [/CRP,
1991]. Two approaches can be taken to estimate these
quantities: one is by performing dose measurements and the
other is by making numerical simulations utilizing radiation
transport codes [NCRP, 2002]. The latter approach has the
advantage that it is possible to make predictions of the radi-
ation exposure on future missions or for situations where
measurements are not feasible or unavailable. The precision
of the dose calculations using simulations, however, directly
depends on the validity of the physical models in the trans-
port code, on the level of detail of the geometry describing
the target and its environment, and last but not least on the
models specifying the composition and the spectra of the
different components of the external radiation field. Thus it is
important to make a careful evaluation of these factors in
order to reduce the uncertainty in dose calculations.

[4] This paper presents an evaluation of commonly used
models describing the spectrum of GCR nuclei for dosimetry
purposes.
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1.1.

[5] The hadronic component of GCR is mainly composed
of fully ionized atomic nuclei which consist of hydrogen
(~87%), helium (~12%) and heavier nuclei (~1%) [Simpson,
1983] with kinetic energies extending begyond 1020 eV
[Horandel, 2008]. GCR components up to 10'® ¢V are thought
to be of galactic origin with sources like supernova explo-
sions of massive stars and above 10'® eV of extra-galactic
origin [Biermann and de Souza, 2011]. Since GCR particles
are ions they are modulated by the heliospheric magnetic
field which is frozen in and carried along with the solar
wind [Heber, 2001]. The GCR intensity close to Earth is anti-
correlated to the solar activity during the 22-year magnetic
cycle of the Sun and the 11-year sunspot cycle [Heber, 2001,
Wiedenbeck, 2011; Usoskin et al., 2001a].

[6] The models discussed in this paper describe the spectra
of the nucleonic component of the GCR beyond the helio-
spheric modulation region, the so-called Local Interstellar
Spectrum (LIS), and the modulation inside the heliosphere.
They provide the differential energy distribution of GCR
particle fluxes. This energy spectrum is calculated for a
selected point of time inside the heliosphere at 1 AU. There-
fore, these models can be used for the estimation of the radia-
tion exposure in near-Earth interplanetary space.

Galactic Cosmic Rays

2. Galactic Cosmic Ray Models

[7] Several models frequently used in space dosimetry -
CREMED96 [Tyika et al., 1997] (https://creme.isde.vanderbilt.
edu/), CREME2009 (https://creme.isde.vanderbilt.edu/) and
Badhwar-O’Neill 2010 [O’Neill, 2010] were investigated.
These models were selected due to their capability of describ-
ing spectra of GCR nuclei between 1 <Z < 26 over an energy
range from 10 to 10° MeV/nuc. Another model based on
the work of Usoskin et al. [2005] and Burger and Potgieter
[2000] is considered in this work which is confined to
describe hydrogen and helium spectra.

2.1. CREME96

[s] CREME96 stands for Cosmic Ray Effects on Micro-
Electronics Code updated in the year 1996. This package
was primarily designed to make radiation effect calcula-
tions on electronic systems and it is easily accessible over
the Internet. CREME96 applies the semi-empirical model
developed by Nymmik et al. [1992] to describe GCR parti-
cle fluxes. The particle spectrum in the model is calculated
as a product of two functions: one describes the LIS, and the
second describes the particle’s modulation which is depen-
dent on particle rigidity and solar activity.

[o] The expression for the LIS, jj, of particle species i in
the CREME96 model, is given by,

k) =0 (o) 5, m

where R is the rigidity of the particle in GV. D;, ;, o; are
constant parameters for each particle species. D, and ~; are
determined from high-energy experiments and «; describes
the form of the low energy region (see Nymmik et al. [1994]
for details). 3 is the ratio of particle velocity to the speed of
light in vacuum.
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[10] The modulation function is calculated by using the
Wolf number W [American National Standards Institute,
2004] which is defined as:

W =k(10 g+f), (2)

where, f is the number of individual sunspots, g is the
number of sunspot groups, and & is an empirical observa-
tional factor depending on site of observation and the indi-
vidual observer.

[11] The CREME96 model describes GCR particle fluxes
over energies from 10 to 10° MeV/nuc from Hydrogen
(Z =1) up to Nickel (Z = 28) nuclei for locations both inside
the magnetosphere and near-Earth interplanetary space. The
model also describes flux spectra of the Anomalous Cosmic
Rays (ACR) component of GCR. This component, however,
is of no importance for the assessment of radiation exposure
in space and spacecraft design due to the low energies and
flux levels of the ACR [Tylka et al., 1997; NCRP, 2000].

[12] In 2010 an announcement was made on the CREME
website stating that the CREME96 package is valid only
from the year 1950 to 1997. Additionally, an upgraded
version called CREME2009 (https://creme.isde.vanderbilt.
edu/) was released. Since no such information was provided
earlier on the Website, CREME96 was extensively used for
periods after 1997 as well [e.g., Gustafsson et al., 2010;
Sihver et al., 2010; Ryu et al., 2007; Palfalvi et al., 2008]. In
order to estimate the accuracy of CREME96 and the reli-
ability of published estimations of the radiation exposure in
space using this model for time periods after 1997,
CREMED96 was included in the comparison even for times
after the official period of validity.

2.2. CREME2009

[13] CREME2009 (https://creme.isde.vanderbilt.edu/) is
the latest version in the CREME package and is based on the
GCR standard model described in ISO 15390 [American
National Standards Institute, 2004] and the model by
Nymmik et al. [1992]. CREME2009 model uses 12-month
averages of the Wolf numbers centered at the requested time
instead of using the monthly averaged values as in the case
of CREMED96.

[14] GCR particle spectra in the energy range from 10 to
10° MeV/nuc are described from Hydrogen up to Nickel
nuclei from the year 1760 to present. The model, at the time
of this work, was not yet able to provide estimates for par-
ticles at locations inside the magnetosphere.

2.3. Badhwar-O’Neill 2010

[15] The Badhwar-O’Neill 2010 (BON2010) [O’Neill,
2010] model is the latest revision of a model which was
first developed in the 1990s by G. D. Badhwar and P. M.
O’Neill [Badhwar and O’Neill, 1992, 1996; O Neill, 2006].
The data presented in this publication was obtained from a
computer program written in FORTRAN implementing the
BON2010 model and kindly provided by the author (P. M.
O’Neill, private communication, 2010).

[16] Unlike the CREME models which describe the par-
ticle flux variation in the heliosphere semi-empirically, the
BON2010 model uses the spherically symmetric Fokker-
Planck equation that accounts for GCR propagation in the
heliosphere due to diffusion, convection and adiabatic
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deceleration (described by Parker [1965]). Gleeson and
Axford [1968] suggested a solution of this equation result-
ing in a single parameter called the deceleration parameter or
the potential, ®, which describes the modulation of the
particle spectra. This solution is called the force-field solu-
tion. The modulation parameter in the BON2010 model is
derived from the International Sunspot Number (ISSN)
accounting for the time lag of GCR flux variations relative to
the solar activity (see Nymmik [2000] for details). It is cali-
brated with GCR measurements from space missions such as
the Advanced Composition Explorer (ACE) and the Inter-
planetary Monitoring Platform-8 (IMP-8).

[17] The differential energy distribution of GCR particles
at 1 AU expressed in (s-m?-s--MeV/nuc) ™' for a given LIS,
Jiis» 18 described in the model by,

Jus(E) = joB*(E + Eo) 7, (3)

where, E is the kinetic energy of the GCR particle in MeV/
nuc; E, is the particle’s rest mass per nucleon (938 MeV/
nuc); 3 is particle speed relative to the speed of light; j,, -,
and § are parameters constant for each type of GCR particle
and which are determined from various balloon and space
measurements.

[18] The BON2010 model describes the spectra of GCR
nuclei in the energy range from 1 to 10° MeV/nuc and for
elements from Hydrogen (Z = 1) to Plutonium (Z = 94) for
near-Earth interplanetary space. The model, however, does
not provide spectra for locations inside the magnetosphere.

2.4. Burger-Usoskin

[19] The Burger-Usoskin model [Usoskin et al., 2005], as
called in this paper, also uses the force-field approximation
of the cosmic ray modulation. The LIS, j;;, of GCR hydro-
gen nuclei used in the model was developed by Burger and
Potgieter [2000]:

~1.9x 10*. P(E)>T®
1+ 0.4866P(E) "

jlis (E) (4)

P(E) = \/E(E + 2Ey), (5)

where, E is the kinetic energy (in MeV/nuc) and E, =
938 MeV is the rest mass. The LIS of the helium nuclei is
derived by approximating the ratio of helium to hydrogen
particle number to 5% and thus scaling equation (4) by
0.05. The local interstellar spectra together with the modu-
lation parameter provided by Usoskin et al. [2005] (http://
cosmicrays.oulu.fi/phi/phi.html) is applied in the force-field
model to derive the energy spectra of the GCR hydrogen
and helium particles at 1 AU.

[20] The major differences between the models investi-
gated in this work are:

[21] 1. The Burger-Usoskin model is limited to GCR ions
with Z < 2 and a constant ratio of helium to hydrogen par-
ticle number in the LIS is assumed. The other models can be
used for the description of GCR spectra for ions ranging
from hydrogen to iron and beyond.

[22] 2. The reconstruction of the modulation parameter in
the Burger-Usoskin model is based on neutron monitor
count rates which are a direct measure of the GCR intensity

MRIGAKSHI ET AL.: ASSESSMENT OF GALACTIC COSMIC RAY MODELS

A08109

while the other models rely on sunspot numbers which are
not necessarily directly related to the GCR intensity at Earth.

[23] 3. While the CREME models use an empirical
description of the modulated GCR, a physical approach is
taken in the Burger-Usoskin and BON2010 models by
solving the Fokker-Planck equation to describe the GCR
transport in the heliosphere.

3. Galactic Cosmic Ray Measurements

[24] The fluxes derived from the models presented above
were compared with measurements (see section 4) in order
to assess the accuracy of the models in terms of temporal
variations and spectral shape. The GCR measurements were
obtained from the following space and high altitude balloon
experiments.

3.1. Advanced Composition Explorer

[25] The Advance Composition Explorer (ACE) [Stone
et al., 1998] is an ongoing NASA Explorer mission which
was launched on August 25, 1997 (http://www.srl.caltech.
edu/ACE/ace_mission.html). The spacecraft orbits the Sun-
Earth L1 Lagrange point.

[26] The data from the Cosmic Ray Isotope Spectrometer
(CRIS) and the Solar Isotope Spectrometer (SIS) onboard
the ACE spacecraft was used for the purpose of this com-
parison study. The CRIS instrument measures the isotopic
composition of the GCR particle species from Lito Ni (Z=3
to 28) and provides spectral information over an energy
range from about 100 to 500 MeV/nuc. The SIS instrument
measures the isotopic composition of energetic nuclei from
He to Ni (Z =2 to 28) and provides spectral information over
the energy range from about 10 to 100 MeV/nuc. In this
work, 27-Day averages of oxygen and iron nuclei flux are
used which can be accessed from the online database (http://
www.srl.caltech.edu/ACE/ASC/level2/index.html).
Although ACE measures data for many particles, it doesn’t
provide data for GCR hydrogen and high energy He nuclei
which are the most abundant GCR particles and therefore are
highly relevant in radiation protection for humans in space.

3.2. A Payload for Antimatter Matter Exploration
and Light-Nuclei Astrophysics

[27] The Payload for Antimatter Matter Exploration and
Light-nuclei Astrophysics (PAMELA) experiment [Mocciutti
et al., 2009] was launched in June 2006 (http://pamela.
roma2.infn.it). It is a satellite-borne experiment orbiting Earth
at an altitude ranging from 350 to 610 km with an inclination
of 70 degrees.

[28] The energy spectrum of the GCR hydrogen and
helium nuclei averaged over a period of July 2006 to March
2008 [Adriani et al., 2011] are employed in this work. The
spectrum for hydrogen is provided in the energy range of
0.43 GeV to about 860 GeV and for helium in the range of
0.12 GeV/nuc to about 595 GeV/nuc.

3.3. Electron Proton Helium Instrument

[29] Electron Proton Helium Instrument (EPHIN) [Miiller-
Mellin et al., 1995] was launched in December 1995 aboard
the Solar and Heliospheric Observatory (SOHO) [Domingo
et al., 1995]. It measures the energy spectra of hydrogen
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and helium nuclei over three energy ranges from 4.3—
7.8 MeV/nuc, 7.8-25 MeV/nuc and 25-53 MeV/nuc.

[30] The data collected over the last two energy ranges
during the period of June 1998, August 2000 and January
2009 has been used in this work to test the model
spectra at the corresponding energies (http://www?2.physik.
uni-kiel.de/SOHO/phpeph/EPHIN.htm).

3.4. Alpha Magnetic Spectrometer

[31] Alpha Magnetic Spectrometer (AMS) is an experi-
ment built to search for cosmic antimatter and dark matter
and to study the composition and energy spectrum of the
primary cosmic rays [Aguilar et al., 2002]. It was flown on
the space shuttle Discovery during flight STS-91 in June
1998. The orbital inclination was 51.7 degrees and the alti-
tude ranged from 320 to 390 km.

[32] The GCR hydrogen spectrum from 0.2-200 GeV
[Alcaraz et al., 2000a] and helium spectrum from 0.1 to
100 GeV/nuc [Alcaraz et al., 2000b] collected by AMS-01 is
included in this work.

3.5. Balloon-Borne Experiments

[33] The energy spectrum of hydrogen and helium nuclei
measured by the following balloon experiments were taken
for this study. All these experiments flew from Lynn Lake,
Manitoba, Canada (56.5° N, 101.0° W) at an altitude of
~36-37 km.

3.5.1. Balloon-borne Experiment With a
Superconducting Spectrometer

[34] Balloon-borne Experiment with a Superconducting
Spectrometer (BESS) is a project to search for antimatter in
the cosmic radiation as well as to measure energy and
intensity of less exotic components of the cosmic radiation
[Mitchell et al. 2010].

[35] The results from the flights in 1997 (27th July), 1998
(29th July), 1999 (11th August), 2000 (10th August) and
2002 (7th August) [Shikaze et al., 2007] have been used for
this study. The observation time during these flights varied
between ~14 h and 33 h. The geomagnetic cut-off rigidity at
the location of the experiments is approximately 0.4 GV
(corresponding to ~82 MeV/nucleon for H nuclei and
~21 MeV/nucleon for He nuclei). Due to the low geomag-
netic cut-off rigidity at the location of the experiments, the
GCR particles are not affected by the magnetosphere and
can penetrate into the atmosphere. The experiments provide
data on GCR proton and helium spectra in the kinetic energy
range between 0.215 and 21.5 GeV/nuc.

3.5.2. Isotope Matter-Antimatter Experiment

[36] Isotope Matter-Antimatter Experiment (IMAX) was
designed to measure the galactic cosmic ray abundances
of protons, antiprotons, deuterium, helium-3 and helium-4
[Menn et al., 2000] (http://idal.physik.uni-siegen.de/imax.
html). The experiment was launched on 16th July 1992 and
made observations for ~16 h. The proton and helium spectra
were measured from 0.2 GeV/nuc to 200 GeV/nuc.

3.5.3. Cosmic Antiparticle Ring-Imaging Cerenkov
Experiment

[37] Cosmic Antiparticle Ring-Imaging Cerenkov Exper-
iment (CAPRICE-1) was flown from 8th to 9th August 1994
and made observations for ~18 h [Boezio et al., 1999]
(http://idal.physik.uni-siegen.de/caprice.html). The proton
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and helium spectra were measured from 0.2 GeV/nuc to
200 GeV/nuc.

[38] GCR Radiation exposure in space mainly arises from
particles with energies between 100 MeV/nuc to 10 GeV/
nuc. Therefore, continuous measurements over time cover-
ing such a broad range of energies are important in order to
develop reliable GCR models. Since these balloon experi-
ments provide measurements of H and He nuclei above
200 MeV/nuc, it is difficult to draw conclusions on the
accuracy of GCR models to describe the energy spectra of
these particles at lower energies. Furthermore, due to the lack
of continuous data for these particles over the critical energy
range during the last decade, it is difficult to the judge
precision of the models accurately for recent times. The
description of heavier particles by the models can be eval-
uated for the last decade due to the availability of continu-
ous measurements from the ACE mission, though, only for
energies from about 100 to 500 MeV/nuc. There is data
available for high Z particles with energies above 10 GeV/
nuc measured by experiments like HEAO 3 [Engelmann
et al., 1990], CREAM 1 [Wakely et al., 2008] and TRACER
[Obermeier et al., 2011; Ave et al., 2008] etc. However, they
do not exist at regular or frequent intervals in time particu-
larly for the recent times.

4. Comparison of Models With Measurements

[39] For dosimetry purposes the GCR models should be
able to describe the temporal variation of the GCR spectra
related to their modulation during the solar cycle. The models
were accordingly examined by comparing the model-derived
spectra at 1 AU with the available measurements. The study
was performed for hydrogen, helium, oxygen and iron nuclei.
The first two nuclei represent the light GCR component,
while O was taken as a representative for the mid-heavy and
Fe for the heavy GCR component. Moreover, due to the large
abundance of light nuclei and the greater biological effec-
tiveness of the heavier nuclei, these particles contribute
significantly to the radiation exposure.

[40] In this section, the variation of energy integrated flux
over the last four decades as described by the models is
compared with GCR measurements from the different
experiments. For several points in time the deviations of
energy spectra obtained from the models and measured in
the experiments are investigated. As a measure of the level
of accuracy of the three models under consideration, the
chi-square value calculated from the comparison of models
against experimental data over the available energy ranges
are presented.

4.1. Temporal Variation of Integral Fluxes

[41] GCR hydrogen, helium, oxygen and iron spectra
measurements together with the corresponding spectra
described by Burger-Usoskin, CREME96, CREME2009 and
BON2010 models were integrated over the energy range of
the measurements.

[42] The model-derived flux and measurements of hydro-
gen and helium nuclei integrated over energy are shown in
Figures la and 1b respectively. The hydrogen flux was
integrated over the common energy range for which the
measurements were made by all three balloon experiments
(IMAX, CAPRICE-1 and BESS) that is from 210 MeV/nuc
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Table 1. Percent Difference in the Integrated Flux Calculated
From Models Relative to PAMELA Data

Hydrogen Helium
(430-24-10° MeV)  (210-24-10°> MeV/nuc)
Burger-Usoskin +25 +6
Badhwar-ONeill 2010 —-17 —11
CREME2009 -3 -2
CREME96 —6 —-12

to 24 GeV/nuc and helium flux was integrated from
230 MeV/nuc to 24 GeV/nuc. The average helium flux from
July 2006 to March 2008 measured by PAMELA was inte-
grated over the same energy range and is shown in
Figure 1b. The integrated hydrogen flux from PAMELA is
not presented in Figure 1a due to the different energy range
over which the data is published. However, a summary of
the comparison between the PAMELA hydrogen as well as
helium measurements is given in Table 1. The integrated
flux of oxygen and iron nuclei from measurements and
models are shown in Figures 1c and 1d respectively. The
flux was integrated over the CRIS energy range from 80 to
231 MeV/nuc for oxygen nuclei and from 150 MeV/nuc to
460 MeV/nuc for iron. The model-derived fluxes were each
produced for 10 equally distributed points in time per year
from 1970 until the end of 2010.

[43] It should be noted that due to the properties of the
different models, the corresponding GCR fluxes could not
be averaged over the same time intervals. The CREME
models do not describe time averaged spectra as in the case
of the BON2010 model which provides flux averaged over a
user defined number of days. For this study an averaging
time of one day was selected in the BON2010 model.

[44] The temporal variation of the integrated particle flux
over the selected time period (1970-2011) was plotted
against the 10-day averaged relative difference between the
Neutron Monitor (NM) count rates of the Oulu station
[Usoskin et al., 2001b] (http://cosmicrays.oulu.fi/) and its
mean count rate (6134.09 counts/min). It was done in order
to investigate the general behavior of models over time in
comparison to the NM count rates which give an indirect
measure of the GCR intensity and are most sensitive to them
in the energy range between 0.5 and 20 GeV [Usoskin et al.
2001a] (Figure 1).

[45] In Figure 1 the difference observed in the smoothness
of the curves from the CREME models in comparison to the
BON2010 and the Burger-Usoskin model is due to the fact
that the sunspot numbers used to calculate the modulation
functions in the models are averaged over several days. For
most of the time until the year 2009, the models describe the
trend in the variation of the GCR intensity as measured by
the neutron monitor and the balloon and spacecraft experi-
ments. CREME96, however, shows large discrepancies
during the maximum of solar cycle 23 around the year 2000.
This is more evident in Figures 1c and 1d where the O and
Fe measurements are plotted at regular intervals over the last
decade respectively. A phase shift of about 3 years can be
observed as a result of which the end of solar maximum of
this solar cycle is delayed in the CREME96 model compared
to measurements.
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[46] Clearly, all the models exhibit shortcomings in describ-
ing the increased GCR intensity observed by ACE/CRIS
instrument and the NM during the most recent solar mini-
mum in the years 2009 and 2010. The peak integrated flux
of oxygen and iron in 2009-2010 measured from ACE was
found to be about 22%-20% greater than the previous solar
minimum in 1998. The Burger-Usoskin model does show
heightened fluxes during this time however its accuracy
cannot be judged correctly due to the limited set of mea-
surements. It overestimates the PAMELA H measurement
by ~25% and He by ~6% (Table 1).

[47] Owing to the lack of experimental data after the year
2002 no conclusions can be drawn on the accuracy of the
models in predicting the GCR hydrogen and helium flux for
recent times. Nevertheless, for the times during which mea-
surements are available, the Burger-Usoskin model describes
the measurements most accurately. The CREME2009 model
reproduces the measurements relatively well except for the
2000-2002 solar maximum. During this period it over-
estimates the hydrogen measurements by around 70% to
40% and helium by around 45% to 20%. Of the models
discussed in this work, the BON2010 model is found to be
the best model to describe the measurements of the heavier
particles. It also shows good agreement with the helium data.
For hydrogen it underestimates the BESS data during the
solar minimum in 1998 by ~7% and the PAMELA data by
~17% (Table 1).

4.2. Differential Energy Distributions

[48] A direct comparison of model-derived H, He, O and
Fe differential energy spectra with measurements can be
seen in Figure 2.

[49] The investigation was carried out for the last solar
minimum and maximum conditions corresponding to the
GCR maximum and minimum. The distributions are shown
for two solar minimum periods, 1998 (Figure 2a) and 2009
(Figure 2c¢) and for the solar maximum in the year 2000
(Figure 2b). Initially, the models were investigated for the
most recent solar minimum and solar maximum period only.
In order to compare the hydrogen and helium energy spectra
predicted by the models with experimental results for low
solar activity, however, the solar minimum of the year 1998
was selected in addition to 2009 due to the unavailability of
H and He measurements for the year 2009. The data for
these two particles were taken from BESS, AMS-01 and
EPHIN/SOHO instruments whereas the measurements for O
and Fe nuclei were acquired from the SIS and CRIS instru-
ments onboard the ACE spacecraft. Note that the H flux
between 7.8 and 25 MeV/nuc from EPHIN which is out of
range in Figure 2a and very high in Figure 2b is dominated
by solar energetic protons not GCR.

[s0] Table 2 shows the date and the period of the selected
experiments together with the measured energy ranges for
the different particle types. For these periods the distribu-
tions from the instruments are compared to the model pre-
dictions. The ACE data is averaged over 27 day periods
corresponding to one Bartels Rotation (BR) uniquely iden-
tified by a number.

[51] It should be noted that the GCR data described by the
CREME models were produced for the fractional year
closest to the time at which the measurements were taken.
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Figure 2. Comparison of H (blue lines), He (green lines), O (red lines) and Fe (black lines) GCR differ-
ential energy spectra described by Burger-Usoskin (dotted-dashed lines), CREME96 (dotted lines),
CREME2009 (dashed lines) and BON2010 (continuous lines) models with the AMS-01 (solid stars),
EPHIN/SOHO (solid triangles), BESS (solid squares) and ACE - SIS and CRIS (solid circles) measure-
ments during different solar activity extremes. (a) The flux distributions for the year 1998 (solar mini-
mum), (b) for the year 2000 (solar maximum), and (c) for the year 2009 (solar minimum).
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Table 2. Summary of Data Selection to Plot the Differential Energy Distributions as Shown in Section 4.2

Energy Range

Particle Experiment (MeV/nuc) 1998 (Solar Minimum) 2000 (Solar Maximum) 2009 (Solar Minimum)
H and He AMS-01 90-181-10° 2-12 Jun - -
BESS 210-20-10° 29 Jul 10-11 Aug -
EPHIN 7-53 2-12 Jun 6-7 Aug 1-2 Jan
O and Fe  ACE (SIS/CRIS) 7-460 31 Jul-26 Aug BR number = 2253 29 Jul-24 Aug BR number = 2280 1-27 Jan BR number = 2394

For instance for the year 1998, the BESS data was recorded
on the 29th July which corresponds to the fractional year
1998.58. But the corresponding particle distributions from
the CREME models were reproduced for the fractional year
1998.6 i.e., 8th Aug. This method of data selection was first
tested and it was found that the flux described by the
CREME models does not change significantly over such
small time intervals. With the BON2010 on the other hand it
is possible to produce the GCR distributions for exactly the
same time as that of the observation. Accordingly, the H and
He distributions from this model were averaged over 1 day
whereas for O and Fe over 27 days in order to match the
experimental conditions stated in the Table 2. The spectra
from Burger-Usoskin model was produced by using the
monthly averages of the modulation potential for the
corresponding periods.

[s2] By looking at the distributions for the selected time
periods one can deduce that BON2010 model describes the
spectrum of all the particles for the energy range above
~40 MeV/nuc more accurately than the CREME models.
The H and He spectra from the Burger-Usoskin model also
fits the measurements noticeably well. The increase in the
particle flux measured from SIS/ACE at lower energies is
due to the ACR component. The CREME models include
the ACR component but the agreement between the model
and measured spectra is limited.

[53] The expected decrease in the intensity from solar
minimum (Figure 2a) to solar maximum (Figure 2b) period
is clearly visible. For all particles under consideration, the
CREME2009 and BON2010 models are capable to repro-
duce this significant decrease whereas CREME96 cannot.
The CREME models overestimate the particle fluxes with
respect to the measurements for the year 1998 and 2000. For
H and He nuclei with energies above ~1 GeV/nuc, all
models perform well. At these energies the particles get less
attenuated by the solar modulation and follow a power law
distribution.

[54] During the solar maximum of the year 2000
(Figure 2b), all the models have relatively large discrepancies
with respect to experimental data for the H and He par-
ticle fluxes. CREME96 produces the largest deviation for
all particles with the maximum difference lying between
100 MeV/nuc to 250 MeV/nuc with respect to the other
models and the experimental data. For instance, the H and
He flux at 210 MeV/nuc described by CREME96 differs
by about an order of magnitude with respect to the mea-
surements. The discrepancy produced by CREME96 for
this time period is no surprise as the investigation of the
temporal behavior of the energy integrated particle flux in
section 4.1 revealed a large phase shift in the model with
respect to the solar cycle at that time.

[55] For the time chosen during solar minimum in 2009
(Figure 2c), only higher Z particle data from ACE are
available. The Burger-Usoskin model shows increased flux
which corresponds to the increased cosmic ray intensity as
observed by the neutron monitor in section 4.1 (Figure 1).
However, its accuracy cannot be fairly judged due to the
limited H and He measurements. The rest of the models do
not reproduce this observation. They slightly underestimate
the O and Fe flux, which is also in accordance with the
observations of section 4.1 (Figure 1) where the significant
increase in the GCR flux during this period was not repro-
duced by the models.

[s6] No final conclusion can be drawn from the investi-
gation of the particle spectra regarding the accuracy of the
models over the entire GCR energy range due to the lack of
data concerning heavier nuclei at energies above a few
hundred MeV/nucleon and also for the lighter particles in the
last decade. As mentioned earlier in section 3.5, continuous
measurements of particles over time covering the energy
range important for the purpose of radiation protection and
are essential for better judgment of the models especially for
recent times. Additionally, in order to appropriately inter-
compare the GCR models for the description of higher Z
particles, continuous measurements at regular energy inter-
vals from a few hundreds of MeV/nuc to about 10 GeV/nuc
are also necessary.

4.3. Chi-Square Analysis

[571 A chi-square test was performed to examine the
accuracy of all four models (in comparison with measured
data) using Chi-square as defined in equation (6),
2 L& 2, 2
X = ]ﬁ; [fmeas (E,) _fmodel(Ei)] /Ji ) (6)

where, fcas(E) and froqe(E;) are the measured and model
flux at the measured energy i respectively, o; is the error of
the measurement and N is the number of points measured in
the spectrum. The errors in the measurements from balloon
experiments (BESS, IMAX and CAPRICE-1) are provided
in the respective papers [Shikaze et al., 2007; Menn et al.,
2000; Boezio et al., 1999]. For ACE/CRIS data the error
was taken to be 10% as suggested in the CRIS documentation
(http://www.stl.caltech.edu/ACE/ASC/level2/cris_12desc.html).

[58] Figure 3 shows the Chi-square calculated between the
models and the available measurements for GCR H, He, O
and Fe nuclei. It should be noted that the lines joining every
point in the plots have been added in order to track plots for
each model clearly and the y axis representing the chi-square
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is shown in logarithmic scale to see the features of each plot
in detail.

[59] Figures 3a and 3b show the chi-square for the GCR H
and He spectra over time respectively. The hydrogen data
from the balloon experiments over the energy range of
210 MeV/nuc to 24 GeV/nuc and helium data over the
energy range of 230 MeV/nuc to 24 GeV/nuc were used to
calculate the chi-square. The GCR spectra described by the
CREME models were derived for the fractional year closest
to the time at which the measurements were taken. The dis-
tributions derived from BON2010 were produced for exactly
the same time as that of the observation and were averaged
over one day whereas the Burger-Usoskin model was applied
by using the monthly averages of the modulation potential
for the corresponding month of observation. Due to the lack
of hydrogen and helium measurements for recent time peri-
ods, chi-square could be calculated only for 7 points in time
for which the data was available (section 3.5). Therefore, the
accuracy of the models for these two particles cannot be
judged reliably on the basis of these few measurement points.

[60] For these 7 points in time, large values of chi-square
calculated for CREMEDO96 relative to the other models during
most of the times can be observed indicating that it produces
the largest deviations in GCR flux spectrum with respect to
the measurements. The difference is maximum in the year
2000 (September) which was expected due to the phase shift
that was observed around this time in section 4.1. In general,
by looking at the high chi-square values, it can be said that
all the models describe the measured H data inaccurately
around the year 2000-2002. The same is true for the
description of He spectra for the time in year 2000 but not
for the time in 2002 where the chi-square value was found to
be between 1 and 5 for all the models. This shows that the
models especially BON2010 and CREME96, are able to
describe the He spectra relatively well for this time. On
average the chi-square for the H nuclei is the lowest from
BON2010 model (~14.5) whereas for He it is the lowest
from Burger-Usoskin model (~2.5).

[61] The chi-square value for GCR O and Fe spectra over
time calculated from the comparison of models against
measurements is shown in Figures 3¢ and 3d respectively.
Due to the availability of GCR particle spectra for heavy
ions from the ACE mission continuously since August 1997
up to now, the capability of the GCR models to describe O
and Fe spectrum over time in the energy range of the CRIS
measurements could be analyzed in detail.

[62] Chi-square for iron nuclei was calculated over the
energy range from 150 MeV/nuc to 500 MeV/nuc (ACE/
CRIS) and from 80 MeV/nuc to 231 MeV/nuc for oxygen
nuclei. In this case as well, the GCR spectra described by the
CREME models were produced for the fractional year
closest to the time at which the measurements were taken
whereas the distributions described by BON2010 were pro-
duced for exactly the same time and averaged over the same
duration (27 days) as that of the observation (same as in
section 4.2). The calculated chi-square values are found to
be similar for both the particle spectra. The level of accuracy
of the models is found to vary over different time periods.
The incorrect description of the O and Fe spectra by all the
models and the large deviation by CREME96 model with
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respect to the measurements around the year 2000-2002 is
also visible here. The CREME2009 and BON2010 model
perform similarly during 1998 to 2000 and 2009 onwards in
case of Fe spectra. From mid-2002 to mid-2003, the
description of Fe spectra by the CREME96 model is in close
agreement with the measurements in contrast to the other
times where it shows an overestimation. The O spectra from
CREME2009 model is also in good agreement with the
measurements for the time period from mid-1997 to 2000
and from 2006 to 2007. Similar to the trend of the
CREMEDO96 chi-square values for the Fe spectra, the differ-
ences between the measurements and the model fluxes are
found to decrease from mid-2002 to mid-2003 for O spectra.
The discrepancies by the CREME2009 and BON2010
models are also observed to reduce after 2010 while they
remain high for CREME96 model.

[63] The averaged chi-square over the selected time period
from August 1997 to September 2010 for oxygen nuclei was
found to be 5.29, 17.19 and 108.8 and for iron nuclei to
be 4.01, 12.77 and 43.96 for BON2010, CREME2009 and
CREME96 models respectively. The smallest value of the
averaged chi-square for the BON2010 model with respect to
the other models indicates that on average it describes the
GCR O and Fe spectra most accurately in comparison to the
CREME models over the last 10 years. There are only some
periods where the chi-square values of the other models are
slightly below BON2010, e.g., iron and oxygen data and
CREME96 for 2004; iron data and CREMEQ9 between
2006 and 2008.

5. Conclusion and Outlook

[64] Widely used galactic cosmic ray models — Burger-
Usoskin, CREME96, CREME2009 and Badhwar-O’Neill
2010 were investigated conceming their accuracy in the
energy range between a few hundreds of MeV per nucleon and
several tens of GeV per nucleon by comparing the differential
energy spectra of the dosimetrically most relevant particles
and derived energy integrated fluxes with measurements.
Important outcomes of the work are the following:

[65] 1. Badhwar-O’Neill 2010 was found to be most
accurate GCR model in comparison to the CREME models
for the description of GCR spectra for heavy ions with the
smallest chi-square for most of the periods in the last decade.

[66] 2. The CREME96 model should be used with caution
for 1998 onwards and calculations using this model should
be interpreted carefully.

[67] 3. All the models display limitations in describing the
elevated GCR intensity which was observed around the year
2009. The Burger-Usoskin model shows increase in particle
fluxes which overestimate the only available data set from
PAMELA. The insufficiency of the hydrogen and helium
measurements makes it difficult to accurately judge the
models.

[68] The results of this work have shown that a detailed
analysis on the accuracy of models for the galactic cosmic
radiation applied to radiation protection in space is essential.
In this context it is desirable to broaden the knowledge and
the description of the energy distribution of galactic cosmic
radiation in the energy range between a few hundreds of

9o0f12



A08109

MRIGAKSHI ET AL.: ASSESSMENT OF GALACTIC COSMIC RAY MODELS

A08109

ONU/ AN 00S—ONU/AIN 05T (P) pue onu/ASIA 1€ 03 onu/ASIA 08 (9) JO a3uer A319u9 ue 1940 sa[oned o pue O YOO 10}
orenbs-1yo oY) 9Je[NO[ED 0} PAsn 1M JUSWNNSUL STYD/HIV WO SUSWIAINSEIW SEAISYAN "ONU/AD) {7 0} ONUW/AJN 0€T (q)
pue onu/A9D g 01 dSnu/A9N 01¢ (8) Jo a3uer £310us ue 10A0 soponted oH pue H YOO 10J sjuowiiadxs (sarenbs prjos)
SSAd pue (so[Suewn pros) [-FOTAdVD (SO[o10 prjos) XVIA] WOl SJUStoINSeaw oy} 0) 109dsar [yim paje[nofeds sem I
"e1noads 9 pue O “9H ‘H YOO Y} 9qLIOSIP 0] S[OPOW (SUI] SNONUNU0D UNIF) OTOZNOE PUe (3ul] Paysep anjq) 600ZANTID
“(our] penop pax) 96IINTYD ‘(sour] pepop-paysep yoe[q) urysos-1oSing jo Auiqedes oy 159} 03 orenbs-1y) °¢ a3y

ieajp L=
0102 8002 9002 002 2002 0002 8661 oL 2002 0002 8661 9661 661
T _ T T _ T T T _ T T T _ T T T _ T T T _ T T T _ T T - T T _ T T T _ T T T _ T T T _ T T T _ T T
] : : : 0102 II'N.O-iemypeg ]
i upjsosn-iobung - —-—- -
i 60023NIHD — — | 3
- 963NIHD ----| 3
3, ssig =
3014dVvDy v ]
. XVINI ]
1 o : 3
” wl. ................................ —
= i
-0} [ .
1l 3 3
=01 3
m Pt I m ]
1Pppnu ol : P 3 : 19jonu’ winijaH : : 3
0102 8002 9002 002 ¢002 0002 8661 2¢00¢ 0002 866 | 966 | 661
T _ T T _ T T T _ T T T _ T T T _ T T T _ T T T _ T T] T T _ T T T _ T T T — T T T _ T T T _ T T
0L Mm
A WS TN W A0S V.. S V7R S S, 3
1 o ]
4 = 3
o1 & 3
c -
— e |
. c =
= R 0000 SO oOos SO0 OO PO UUROPPUUNS SOTUUOOPSUOOPSUOOPOOE OTPUOU- SRR ASUIOOT SOOI =
- ;01 i
: : = I S N O 2 O S ST S =
0102 I118N,O-lemypeg = |
600z INIHD — — : : : ¢ w =
963aWIYD - - - - 1919nu uabAxo 0 ] 1I9|oNu _._.wmo‘_g_._ e Mu

0L

0L

oL

oL

oL
0L

0L

ol

asenbsg 1yo

atenbsg 1y

10 of 12



A08109

MeV per nucleon to tens of GeV per nucleon especially for
the most relevant hydrogen and helium nuclei and their
modulation in the heliosphere and how this modulation
changes during the solar cycle.
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Abstract

The radiation environment in space is a major concern for human spaceflight because of the adverse effects of high levels of radiation
on astronauts’ health. Therefore, it is essential to perform radiation risk assessments already during the concept studies of a manned
mission. Galactic Cosmic Rays (GCR) have been identified to be one of the primary sources of radiation exposure in space.

This work presents an evaluation of the radiation exposure caused by GCR between 1970 and 2011 in near-Earth interplanetary space
and at the orbit of the International Space Station (ISS) by making numerical simulations with the Monte—Carlo framework GEANT4.
Commonly used GCR models - CREME96, CREME2009 and Badhwar—O’Neill2010 are used to describe the GCR spectra and the dif-
ferences arising from the application of these different models in terms of absorbed dose and dose equivalent rates are investigated. Addi-
tionally, the depth distribution of the dose quantities and the relative contribution of particles with different energies to the total exposure
during solar maximum and minimum conditions are studied.

The differences in the spectra, described by the models, result in considerable differences in the estimation of the radiation exposure.
© 2012 COSPAR. Published by Elsevier Ltd. All rights reserved.

Keywords: Radiation exposure in low-Earth orbit and near-Earth interplanetary space; Galactic Cosmic Ray models; Monte—Carlo simulations

1. Introduction

The presence of high-energy ionizing radiation in space
poses substantial risk to astronauts’ health. The assessment
of the health risks from radiation is therefore of paramount
importance (NCRP, 1989, 2000, 2002, 2006; Cucinotta
et al., 2001; Cucinotta and Durante, 2006). The radiation
exposure varies both spatially and temporally as a result
of varying characteristics of the radiation field such as
intensity, energy distribution and its composition. This is
observed, for instance, at Low-Earth Orbits (LEO) where
the exposure is greater than on Earth owing to the thinning
and eventually the absence of atmosphere at higher alti-
tudes (Berger, 2008). The exposure by Galactic Cosmic

* Corresponding author. Tel.: +49 2203 6013147, fax: +49 2203 61970.
E-mail address: alankrita.mrigakshi@dlr.de (A.I. Mrigakshi).

Rays (GCR) at LEO is smaller in comparison to near-
Earth interplanetary space due to the reduced intensity of
the GCR caused by the shielding effect of the Earth’s mag-
netosphere and the shadowing effect of the Earth (Adams
et al., 1983; Cooke et al., 1991). Therefore, with Moon
and Mars being potential destinations for manned space-
flight beyond LEO, the evaluation of radiation induced
health risks is a necessary prerequisite for human explora-
tion missions.

The quantification of the health risks requires the deter-
mination of dose quantities that are related to the biologi-
cal effects of ionizing radiation. These quantities are
recommended by the International Commission on Radio-
logical Protection (ICRP, 1991) and can be estimated by
performing computer simulations using radiation transport
codes (NCRP, 2002). The resulting quantities from simula-
tions contain uncertainties that arise from various factors

0273-1177/$36.00 © 2012 COSPAR. Published by Elsevier Ltd. All rights reserved.
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such as the validity of the physical models in the transport
code, the level of detail of the geometry describing the tar-
get and its environment, and the models specifying the
composition and the spectra of the different components
of the external radiation field. These uncertainties need to
be evaluated in order to assess the accuracy of the dose
estimates.

An evaluation of models comparing the predicted GCR
spectra at near-Earth interplanetary space with measure-
ments was presented in Mrigakshi et al. (2012). The study
showed significant discrepancies in the model spectra with
respect to observations for several epochs in the last decade
and some of the results relevant for the work presented
here are summarized in Section 1.2.

The goal of this work besides estimating the radiation
exposure in space is to evaluate the consequence of the dif-
ferences in the model spectra on the estimated radiation
exposure.

This paper investigates the effect of applying different
GCR models on the estimated dose quantities inside a sim-
ple geometry for locations outside and inside the Earth’s
magnetosphere over the last four decades. The dependency
of the dose on depth in the target and on the particle energy
during solar maximum and minimum conditions is studied
as well.

1.1. GCR models

Galactic Cosmic Rays have been identified to be one of
the primary sources of radiation exposure in space both
outside and inside the Earth’s magnetosphere (NCRP,
2000, 2006). They consist of about 98% charged nuclei with
H constituting ~87%, He ~12% and heavier nuclei ~1% of
the entire nuclear component (Simpson, 1983). The contri-
bution of lighter nuclei to the radiation exposure in space is
substantial due to their large elemental abundances while
the heavy ions gain significance considering the greater bio-
logical effect related with the higher specific energy loss
within a material which is proportional to the square of
charge (Mewaldt, 1994; Cucinotta et al., 2001). Energetic
heavy ions like Fe are able to penetrate inside the space-
suits and spacecrafts and by interacting with astronauts’
bodies can cause extensive cellular damage due to the large
energy deposition along their densely ionizing tracks
(Cucinotta and Durante, 2009). Above iron the GCR par-
ticle species being much scarcer do not play a vital role.

Therefore, for the purpose of radiation protection in
near-Earth interplanetary space and at Low-Earth Orbits
it is sufficient to consider GCR nuclei between
1 <Z <26 (Z=atomic number) with energies ranging
from 10 to 10° MeV/nuc. Three commonly used GCR

models CREME96 (Tylka et al, 1997, https://
creme.isde.vanderbilt.edu/), its updated version
CREME2009 (https://creme.isde.vanderbilt.edu/) and

Badhwar—O’Neill2010 (O’Neill, 2010) which is referred to
as BON2010 in this paper were employed. The models
are able to provide spectra of the relevant particles over

the energy range relevant for radiation protection in space.
In the year 2010, CREME96 was announced to be valid
only from 1950 until 1997. Due to this late announcement
it has been applied for times after its valid period (e.g. in
Gustafsson et al. (2010), Sihver et al. (2010), Kwangsun
et al. (2007), Palfalvi et al. (2008)) and therefore is included
in this work for years 1997-2011 as well.

Each model describes the spectra of the nucleonic com-
ponent of GCR beyond the heliospheric modulation
region, the Local Interstellar Spectrum (LIS), and the mod-
ulation inside the heliosphere which is related to the solar
activity. They provide the differential energy distribution
of the GCR particle flux which is the number of particles
per area, time, solid angle and particle energy. This energy
spectrum is calculated for a selected point of time and in
near-Earth interplanetary space corresponding to a dis-
tance of 1 AU from the sun outside the Earth’s
magnetosphere.

For a specific orbit the CREME package provides the
so-called geomagnetic transmission function (Tylka et al.,
1997; https://creme.isde.vanderbilt.edu/) which can be used
to calculate the GCR spectra inside the Earth’s magneto-
sphere. The geomagnetic transmission function gives the
fraction of particles reaching an orbit of interest as a func-
tion of the particles’ magnetic rigidity which is defined as
the ratio of its momentum to charge. It also accounts for
the effect of solid Earth’s obstruction to the incoming radi-
ation. In this work, the spectra for LEO were determined
from the models by scaling the GCR spectra at 1 AU by
the orbit-averaged geomagnetic transmission function
derived for the International Space Station (ISS) with an
inclination of 51.6° and an altitude of 350 km.

1.2. GCR models vs. measurements

As mentioned earlier, the work presented in Mrigakshi
et al. (2012) showed a comparison study between models
and measured GCR spectra. The investigation was per-
formed for the GCR spectra at near-Earth interplanetary
space. Large discrepancies were observed between the mea-
sured and model spectra during several periods in the last
decades. During August 2000, for instance, the CREME96
model showed the largest differences of about 190% for H
and about 100% for He fluxes integrated over the energy
range 210 MeV/nuc to 24 GeV/nuc in comparison to the
measurements from the BESS instrument (Shikaze et al.,
2007). CREME2009 also showed large deviations from
the experiment by about 73% for H and 44% for He while
BON2010 showed about 27% and 18% respectively. For
the seven H and He measurements investigated in Mrigakshi
et al. (2012) between July 1992 and August 2002, BON2010
showed the least deviation from the experimental data. The
models were also tested for the accuracy of the description
of heavy nuclei by comparing GCR O and Fe spectra with
continuous measurements taken between August 1997 and
September 2010 by the Advanced Composition Explorer
(ACE) spacecraft (Stone et al., 1998; http://www.srl.
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caltech.edu/ACE/ASC/level2) over an energy range of
about 70-470 MeV/nuc. BON2010 for almost all time peri-
ods showed the least deviation from the data indicating that
among the three models it is the most accurate GCR model
for the recent past.

The peak integrated flux of O and Fe spectra measured
by ACE during the extended solar minimum between 2008
and 2010 was found to be about 20% greater than the pre-
vious solar minimum in 1998. However, all the models
failed to describe the elevated particle fluxes for this time
period.

2. Dose calculation procedure

To estimate the exposure numerically, the transport of
radiation was simulated using the GEANT4 Monte-Carlo
framework (GEometry ANd Tracking, Agostinelli et al.,
2003; Allison et al., 2006).

2.1. Simulation setup

GEANT4 version 4.9.3 patch 02 was used to implement
the geometry, to simulate the particle transport through the
target and to calculate the resulting radiation exposure. In
this work, the recommended hadronic and electromagnetic
physics model lists (QGSP_BERT and emstandard_opt3)
were selected to calculate the transport of primary and
secondary particles in the defined target (see GEANT4
Physics Reference Manual in http://geant4.cern.ch/
G4UsersDocuments/UsersGuides/PhysicsReferenceManu-
al/html/ PhysicsReferenceManual.html for details). Due to
the limitation of the intrinsic models in GEANT4.9.3
describing inelastic nucleus—nucleus interactions to energies
below 10 GeV/nuc, an interface (Koi et al., 2003; Sihver
et al., 2008) to the external JOMD/JAM model (Niita
et al., 1995; Nara et al., 1999) was applied to extend the
simulations to higher energies. Such interactions are
important as they can lead to projectile and target fragmen-
tation thereby affecting the amount of the radiation expo-
sure. During this study it was found that there is a
significant contribution of GCR nuclei with energies above
10 GeV/nuc to exposure especially at low-Earth orbit (see
Section 3.3).

A first approach to estimate the radiation exposure is to
use a spherical water phantom as target. In this work a
water sphere of 25 cm in radius consisting of 100 shells with
a thickness of 2.5 mm each was adopted as the irradiated
target. A spherical radiation source with a radius of
35 cm, enveloping the water sphere was created to simulate
particles from 1 < Z < 26 with energies between 10 MeV/
nuc and 100 GeV/nuc inwards onto the target with an iso-
tropic angular distribution.

2.2. Radiation protection quantities

The following dose quantities that were calculated are
amongst the principal dosimetric quantities in radiation

protection as recommended by the ICRP 60 (ICRP,
1991) and are defined in Eqgs. (1) and (2)

I. Absorbed dose D in the unit J/kg or gray (Gy):
dz
D=— 1
. (1)
where de is the mean energy imparted in a volume of mass
dm by ionizing radiation.

Different types of radiation have different effects on
human tissue. Some produce greater biological damage
than others for the same amount of energy they impart.
This information regarding the extent of biological damage
caused cannot be conceived by absorbed dose alone and
consequently the dose equivalent was introduced:

I. Dose equivalent H in the unit J/kg or sievert (Sv):

H=D-0Q (2)

where D is the mean absorbed dose in the target and Q is
the mean quality factor related to the biological effective-
ness of the radiation and is given as a function of the unre-
stricted Linear Energy Transfer (LET) in water defined in
ICRP 60 as the Q-LET relationship (ICRP, 1991). The
unrestricted LET is the energy lost by a charged particle di-
vided by the path length.

In GEANT4, information such as deposited energy is
registered in steps along a particle’s trajectory inside the
target. Therefore, to calculate the absorbed dose in a cer-
tain volume the energy deposited for each step in the vol-
ume is summed up and divided by the mass of the
volume. To calculate the dose equivalent in the volume,
the deposited energy for each step is multiplied by the qual-
ity factor, which is calculated by applying the Q-LET
relationship.

2.3. Method for GCR dose estimation

Simulation of the transport of GCR particles, especially
heavy nuclei at high energy, is very time consuming. A sim-
plified procedure was thus applied in order to calculate the
radiation exposure for many different input spectra from
different models and for different time periods under inves-
tigation. An example to illustrate this procedure is shown
in Fig. 1. The GCR spectrum for H nuclei in near-Earth
interplanetary space was derived using BON2010 model
for January 1998 (Fig. 1a).

A number of primary particles N with energies uni-
formly distributed over logarithmic energy scale were sim-
ulated. For each energy bin i the dose per primary particle
d; was calculated (Fig. 1b): d; = D,/N;, where D; is the dose
from all primary particles N; in that bin.

The resulting dose per primary particle d; for each
energy bin was then scaled (Fig. 1c) by f;, which is the
GCR particle energy distribution integrated over the
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Fig. 1. Graphical representation of the procedure used to calculate the
GCR exposure as described in Section 2.3. Fig. la: Energy distribution of
GCR H nuclei derived from BON2010 model for the January 1998.
Fig. 1b: Dose per primary particle (H nuclei) in each energy bin. Fig. lc:
Dose calculated by multiplying absorbed dose per particle with the
corresponding GCR flux at each energy bin.

energy bin i, the simulated radiation source surface and the
solid angle of emission. The sum over all energy bins n was
then calculated to obtain the dose rate dD/dt:

dD &
e > fid; (3)
i=1

This indirect method was adopted due to its flexibility
and practicality which allows an efficient calculation of
doses using three models over the last 40 years with a reso-
lution of ten dates per year. The method was validated by
comparing the calculated dose quantities with the results
of estimations using the GCR flux spectra directly as an
input for the transport code. The difference in the mean
absorbed dose from hydrogen and iron particles calculated
from both the methods was found to be less than 3%.

In Fig. 1b, the peak observed around 300 MeV/nuc can
be attributed to protons whose range in water is about
50 cm corresponding to the diameter of the simulated water
sphere. All protons above this threshold keep a fraction of
their initial energy regardless of their incident angle on the
target and deposit less energy to the sphere due to the
decreasing LET at higher energies.

3. GCR exposure analysis

The work presented in Mrigakshi et al. (2012) regarding
the evaluation of the GCR models showed discrepancies
between the model spectra and measurements. Accord-
ingly, the differences arising in the dose quantities on
applying these models were investigated for the last four
decades and are discussed in this section.

3.1. Radiation exposure using different GCR models

The absorbed dose and the dose equivalent rate in the
water sphere induced by the GCR particles were calculated
for ten dates per year starting from 1970 until the end of
the year 2010. The spectra were derived from CREMEY6,
CREME2009 and BON2010 models. The dose rate varia-
tion over time in near-Earth interplanetary space and at
the ISS orbit is shown in Fig. 2a and b respectively.

The GCR intensity close to Earth is modulated by the
solar activity and is the highest during the solar minimum
periods and vice versa. For example, the GCR O and Fe
flux integrated over the measured energy range (~70—
470 MeV/nuc) by the ACE spacecraft was about 4-6 times
greater during the solar minimum in 1997-1998 than dur-
ing the solar maximum in 2000-2001 (Mrigakshi et al.,
2012). In Fig.2 the temporal variation in the dose rates as
a result of the variation in GCR intensity is clearly visible.

Although the work in Mrigakshi et al. (2012) showed
several weaknesses in all the models, BON2010 model
exhibited the best agreement with measurements for most
of the times in the last decade (see Section 1.2). Based on
the BON2010 model, the absorbed dose and dose equiva-
lent rates for near-Earth interplanetary space (Fig. 2a)
are estimated to range from ~0.14 to ~0.38 mGy/d and
from ~0.45 to ~1.18 mSv/d from solar maximum to solar
minimum periods respectively. Fig. 2a shows that the dose
rates increased by over a 100% from solar maximum e.g. in
1990-1992 to minimum period in 1997-1998.

The GCR intensity inside the magnetosphere is reduced
by the Earth’s magnetic field which has a shielding effect on
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the charged particles and only those with sufficient rigidity
are able to penetrate inside the magnetosphere. Nuclei with
low rigidities are thus affected the most and are unable to
penetrate deep into the magnetosphere. Due to this reduc-
tion in the GCR intensity the exposure at the ISS orbit is
reduced as well. For ISS orbit (Fig. 2b) the absorbed dose
and dose equivalent rates range from 0.038 to 0.066 mGy/d
and from 0.11 to 0.20 mSv/d from solar maximum to solar
minimum periods. The variation in the dose rates from
solar minimum periods to solar maximum is not as large
as observed in near-Earth interplanetary space due to the
reduced GCR particles with energies below a few GeV/
nuc where the modulation is the highest.

The predicted dose rates based on the CREME models
exceed the values obtained with BON2010 at several
epochs. For instance in January 1998 the absorbed dose
rates calculated for near-Earth interplanetary space using
CREMEY6, CREME2009 and BON2010 are found to be
~0.42, ~0.41 and ~0.37 mGy/d respectively. The dose
equivalent rates for the same time and location are
~1.27mSv/d from CREME9, ~1.26mSv/d from
CREME2009 and ~1.14 mSv/d from BON2010. The high
dose rate using CREMEY96 during the solar maximum of
2000-2002 is due to the overestimation of the GCR inten-
sity by the model which was observed in Mrigakshi et al.
(2012) and the values estimated with the BON2010 model
are expected to be much closer to the real values at that
time.

As mentioned in Section 1.2, during the last solar mini-
mum in 2008-2010, a significant increase in the GCR inten-
sity in comparison to the previous solar minimum in 1998
was observed by ACE. The resulting exposure during this
time should therefore be greater than during solar mini-
mum periods in the recent past. However this is not
reflected in the results of this work because the GCR mod-
els do not describe the enhanced particle fluxes (Mrigakshi
et al., 2012). It can therefore be assumed that the estimated
radiation exposure for this epoch is underestimated by all

three models under investigation. Since only a limited part
of the entire energy spectra is measured by ACE, it is diffi-
cult to draw conclusions regarding the accuracy of models
at higher energies and subsequently to account for the dif-
ferences in the dose calculations. For example, at the time
when GCR intensity reached maximum in late 2009, the
energy-integrated O flux measured between ~80 and
230 MeV/nuc by the ACE spacecraft is underestimated
by BON2010 by about 30% and the Fe flux integrated
between ~150 and 460 MeV/nuc by about 26% (Mrigakshi
et al., 2012). The underestimation in the dose is however
expected to be less than 26-30% as the contribution to
the total dose from particles at these energies (see Fig. 6
and Table 1) is relatively small especially at ISS orbit
(Fig. 6b).

The quality factor Q over time for the GCR spectra was
calculated by dividing the dose equivalent rate by the
absorbed dose rate estimated for the water sphere. The
average Q over the last 40 years is about 3.1 from all the
models for both locations in space. The increase in Q from
ISS orbit to near-Earth interplanetary space is about 2%
from BON2010 and 1% from the CREME models.

To quantify the difference in the estimated radiation
exposure, the ratio of the dose rates based on the CREME
models to the BON2010 model were calculated. The result-
ing relative absorbed dose rates and dose equivalent rates
are presented in Fig. 3 for near-Earth interplanetary space
(Fig. 3a) and for the ISS orbit (Fig. 3b).

The differences between the models are more or less the
same for absorbed dose and dose equivalent rates. The
average difference in the dose rates over the last 40 years
for both locations in space is about 16%. At certain points
in time, however, the differences are significantly larger.
The dose quantities estimated with the CREME96 model
between the years 1999-2002, for instance, differ from the
results using the BON2010 on average by approximately
60% for near-Earth interplanetary space and for the ISS
orbit by approximately 40%. The average differences in
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Table 1

Contribution of GCR particles with energies lying in different energy ranges to the total absorbed dose rate dD/dt and dose equivalent rate dH/dt
estimated by applying the BON2010 model in an unshielded water sphere of radius 25 cm during solar minimum (January 1998) and solar maximum

(August 2002) periods.

Near-earth interplanetary space

Solar activity Total dose 0.1-1 GeV/nuc 1-10 Gev/nuc 10-100 Gev/nuc
dD/dt dH/dt dD/dt dH/dt dD/dt dH]dt dD/dt dH]dt
(1Gy/d) (nSv/d) (1Gy/d) (nSv/d) (1Gy/d) (nSv/d) (1Gy/d) (uSv/d)
Minimum 368.0 1136.9 167.8 594.8 174.4 478.9 22.0 45.8
Relative contribution 100% 45.6% 52.3% 47.4% 42.1% 6.0% 4.0%
Maximum 180.6 570.9 54.8 222.7 105.5 303.8 19.6 41.2
Relative contribution 100% 30.3% 39.0% 58.4% 53.2% 10.9% 7.2%
ISS orbit (Altitude — 350 km and inclination — 51.6°)
Minimum 64.3 198.3 10.8 47.4 39.6 121.5 13.8 29.0
Relative contribution 100% 16.9% 23.9% 61.6% 61.3% 21.5% 14.9%
Maximum 433 131.1 4.2 20.1 26.8 84.7 12.3 26.2
Relative contribution 100% 9.7% 15.3% 61.8% 64.7% 28.5% 20.0%

the dose rates calculated from CREME2009 model for time
periods between 2002 and 2006 are ~35% for near-Earth
interplanetary space and about 30% for the ISS orbit.
The maximum differences observed in the estimation of
radiation exposure at near-Earth interplanetary space
using the CREMEY96 model is more than a factor of two
whereas for the ISS orbit is about 1.6.

GCR models are a necessary prerequisite for making
predictions of the radiation exposure for future manned
missions to space. The choice of GCR model can affect
the level of accuracy in the projected dose estimations lead-
ing to uncertainties in the duration planned for a mission.
It also influences the selection of astronauts especially as
the amount of doses accumulated during previous space-
flights is strictly taken into consideration (NCRP, 2000)
as well.

3.2. Variation of dose rate with depth

The radiation risk assessment for astronauts involves
the determination of the radiation load received in all rele-
vant organs of the human body (NCRP, 2002). These
organs are of course positioned at different sites and depths
inside the body. For this reason, the simulated water sphere
was built up of shells such that a depth-dose analysis could
be performed by estimating the exposure at the shell corre-
sponding to the mean shielding of an organ.

The dose rates plotted against depth in the water sphere
during solar minimum in January 1998 and solar maximum
in August 2002 are shown in Fig. 4a for near-Earth inter-
planetary space and in Fig. 4b for ISS orbit. The dose
quantities presented here were calculated using the GCR
spectra described by BON2010 model.

The dose rates are higher during solar minimum with
respect to solar maximum as was also observed in Fig. 2
which is due to the fact that the radiation exposure which
is directly related with the GCR intensity varies with solar
activity (Section 3.1). In Fig. 4a and b it is visible that

while the dose equivalent rate decreases with depth, the
absorbed dose increases slightly at LEO and remains fairly
constant in near-Earth interplanetary space. The highest
dose equivalent is induced in the outer shells of the sphere
where the shielding is lower and the dose equivalent
reduces with depth owing to the shielding by the outer
water shells.

In order to see how the depth-dose rates behave over
time, the absorbed dose and dose equivalent rates in differ-
ent shells located at certain depths inside the water sphere
between 1970 and 2011 are shown in Fig. 5a for near-Earth
interplanetary space and in Fig. 5b for ISS orbit. The two
quantities were calculated for shells starting from the out-
ermost (0-0.25 cm) and for three inner shells (1-1.25 cm,
5-5.25cm and 10-10.25 cm). The outermost shell corre-
sponds to an average shielding of 12.9 g/cm? and the dose
can be used as an estimate of the skin dose whereas the
dose in the shell that lies between 1 and 1.25 cm (average
shielding 14.7 g/cm?) can be considered as the dose in an
inner organ or the skin dose beneath a shielding of 1 cm
of water, etc.

As seen in Fig. 4, the opposite behavior of the dose
equivalent and the absorbed dose rates with depth is clearly
visible for all periods in time in Fig. 5b as well. The increase
in the absorbed dose rates with depth for outside the mag-
netosphere is not visible in comparison to ISS orbit. The
dose rates are similar for all depths and the curves are dif-
ficult to distinguish in Fig. 5a. The dose equivalent rates for
outside the magnetosphere also decreases with depth.

3.3. Variation of dose rate with particle energy

Radiation exposure varies with the energy, flux and the
type of the incoming particles. To investigate the contribu-
tion of different particle energies to the total exposure, the
integrated absorbed dose and dose equivalent rates were
calculated as a function of energy. The dose quantities were
estimated by applying the BON2010 model.
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Fig. 6 shows the absorbed dose and dose equivalent
rates integrated from 10 MeV/nuc to 100 GeV/nuc for
solar minimum (January 1998) and solar maximum
(August 2002) conditions for near-Earth interplanetary
space (Fig. 6a) and ISS orbit (Fig. 6b). The figures provide
information about the significance of different particle
energies on the radiation exposure. The relative contribu-
tion of GCR particles with energies lying in different energy
ranges to the total dose rates have been quantified in
Table 1.

As mentioned in Section 3.1 and observed in Fig. 2, the
radiation exposure which is directly related to the GCR
intensity varies with the solar activity. It is the highest dur-
ing solar minimum and the least during solar maximum.
This can be also seen in Fig 6 and Table 1 for both the
locations in space. The ratio of the doses in August 2000
to January 1998 in near-Earth interplanetary space is about
two and at ISS orbit about 1.5. The lower ratio for the ISS

orbit can be attributed to the fact that the low energetic
particles that are strongly modulated by the solar activity
also experience the strongest shielding effect of the geomag-
netic field and are unable to penetrate into low orbits as
discussed earlier in Section 3.1. As a result of this, the effect
of particle energies on the radiation exposure at ISS orbit
in comparison with outside the magnetosphere is domi-
nated by particles with energies above 1 GeV/nuc as shown
in Fig. 6b and Table 1. While about 90% of total dose for
near-Earth interplanetary space comes from particles with
energies between 100 MeV/nuc and 10 GeV/nuc (Fig. 6a),
about 80-90% of the total dose at ISS orbit is caused by
particles with higher energies between 1 and 100 GeV/nuc
Fig. 6b).

In addition to this result, the contribution of GCR par-
ticles with energies above 100 GeV/nuc was also estimated
in order to investigate the importance of such high particle
energies on the radiation exposure. The dose contribution



832 A.L Mrigakshi et al. | Advances in Space Research 51 (2013) 825-834

- Near-Earth Interplanetary: Space

2 16f kil
& -
b T 14 ,m\{?\k |
3a F M X
SE b |
5 12— Y
o
w /WM ~|
9 1 f P TR (1L S A", A 7, SO p
o a w\‘
a =

0.8 A AV |
2
CT 06
Q > —
a @ -
QE 04f W )

—_ = A M 'w.NV"

2! oy " )’J ) d *\1 ol
o 0.2 M ’1' Y TOPTPRRY . ¢
= - \awiiey Vil T
8 - (a)
- Py i i A SN PEPEPEFIS AFATENAFI ETEFAIVES AUTIFErI AFIAVIVE AR

1970 1975 1980 1985 1990 1995 2000 2005 2010

025 1SS Drbit
2 - ﬂm N
< - |
> g C Nﬂ |
c — R LB R
55 o2 1
5 i
hi]
© 0_15 AL AT Ui
] [
a [ [Depth:
| |— 0-0.25 cm

2 0.1}—1-1.25¢cm
£ I |—5-5.25 cm
S - [—10-10.25 cm|
S(g B i s10s
ag <
< 0.05 [
3 R
Q L
s [(b)
2 C i
< SN TN T U T T T T N T T T T S T T ST T T T S T T T T T T T T O O T 1

1970 1975 1980 1985 1990 1995 2000 2005 2010
Year

Fig. 5. Absorbed dose and dose equivalent rates, estimated by applying
the BON2010 model, at selected depths in the water sphere based on the
GCR intensities given by the BON2010 model for near-Earth interplan-
etary space (Fig. 5a) and for the ISS orbit (Fig. 5b). (For interpretation of
the references to color in this figure, the reader is referred to the web
version of this article.)

from selected nuclei, most relevant for dosimetery
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100 and 175 GeV/nuc was found to be less than 1% relative
to the total dose from particle energies ranging from 10 to
175 MeV/nuc for both solar maximum and minimum peri-
ods at ISS orbit as well as in near-Earth interplanetary
space.

4. Conclusion and outlook

Calculations of the absorbed dose and dose equivalent
rate in an unshielded water sphere exposed to GCR inten-
sities predicted by CREME96, CREME2009 and Badh-
war—O’Neill2010 models for a location outside the
Earth’s magnetosphere and for the ISS orbit were per-
formed. The goal was to estimate the differences in the
derived dose quantities resulting from the different descrip-
tions of the GCR spectra from the models. Additionally,
dose rate as a function of depth and primary particle
energy were studied. Important outcomes of the work are
the following:

e The GCR induced absorbed dose rate in an unshielded
water sphere in near-Earth interplanetary space was esti-
mated to range from about 0.14-0.4 mGy/d and the
dose equivalent rate from about 0.45-1.18 mSv/d during
solar maximum to minimum periods whereas at ISS
orbit the absorbed dose range from about 0.038—
0.066 mGy/d and the dose equivalent from about
0.11-0.20 mSv/d on applying the Badhwar-O’Neill2010
model. Mrigakshi et al. (2012) concluded that, based on
measurements, the Badhwar—O’Neill2010 model is more
accurate than the CREME models for most of the last
10-15 years. However, all models fail to describe the
increase in GCR intensity in 2009 and 2010 and the
accuracy of all models for the description of H and He
nuclei cannot be judged thoroughly. It can be assumed
that the results presented in this work obtained with
the BON2010 model are the best estimate of the real
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Fig. 6. Integrated absorbed dose and dose equivalent rates calculated by applying the BON2010 model, plotted in red and blue respectively, over energy
during solar minimum (January 1998) and solar maximum (August 2002) conditions for near-Earth interplanetary space (Fig. 6a) and ISS orbit (Fig. 6b).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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values. However the presented dose rates for the recent
deep solar minimum are assumed to underestimate the
true radiation exposure.

e There are significant variations in the calculated radia-
tion exposure as a result of the differences in the descrip-
tion of GCR spectra by using the three models. The
average differences in the dose rates over the last
40 years for both the locations in space are about 16%.
However, large differences were observed during several
periods particularly between 1999 and 2006 the highest
of which was found to be greater than 100% for the
end of the year 2000 for near-Earth interplanetary space.
The estimations made for the epoch from 1999 to 2002
differ by about 40% and 60% for ISS orbit and near-
Earth interplanetary space respectively (CREME96 vs.
BON2010); and the estimations for 2002-2006 differ
by about 30% and 35% for ISS orbit and near-Earth
interplanetary space respectively (CREME2009 vs.
BON2010).

e Around 90% of the GCR exposure in near-Earth inter-
planetary space is caused by particles with energies
between 100 MeV/nuc and 10 GeV/nuc whereas at the
ISS orbit about 85-90% of the exposure is caused by
particles with energies between 1 and 100 GeV/nuc. It
was estimated that particles above 100 GeV/nuc con-
tribute with less than 1% to the total dose and can be
neglected.

The estimation of the dose quantities for the unusually
deep solar minimum in 2009-2010, when the largest
increase in the GCR intensity in the past decades was
observed, could serve as a worst case scenario for GCR
exposure assessments. However, the models investigated
in this work are unable to describe this increased GCR flux
and thus lead to an underestimation of the dose quantities.
A comparison of the dose estimations with measurements
performed at the International Space Station and data col-
lected by the Radiation Assessment Dectector (RAD)
(Hassler et al., 2012) onboard the Mars Science Laboratory
(MSL) will be subject of future work and will add impor-
tant information on the applicability of the GCR models
in radiation exposure assessments for space outside and
inside the Earth’s magnetosphere. Additionally, the appli-
cation of a simple water sphere as target and neglecting
the shielding of any spacecraft can only serve as an approx-
imation for realistic irradiation conditions for humans in
space. The accuracy of this approach will also be investi-
gated in the future.
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Abstract

Galactic cosmic ray nuclei close to Earth are of great importance in different fields of research. By studying their intensity in near-
Earth interplanetary space and modeling their modulation in the heliosphere it is possible to gain knowledge both about the structure
of the heliosphere and the transport processes within. Additionally, secondary phenomena like cloud formation, ionization processes in
the atmosphere, cosmogenic nuclide production and radiation exposure in space and at aviation altitudes are related to the intensity of
the galactic cosmic rays and their modulation in the heliosphere. In order to improve the knowledge about these processes and under-
lying mechanisms it is often beneficial to perform numerical simulations. A necessary prerequisite for such simulations is a model describ-
ing the galactic cosmic ray intensities for all particle types and energies of importance. Several of these models exist in the literature.
However, many of these do not provide essential characteristics like the description of heavier nuclei or it is difficult to associate them
to recent or actual solar modulation conditions. In this work a model is presented which describes the galactic cosmic ray spectra of
nuclei based on a single parameter. The values of this parameter for different solar modulation conditions are derived from measure-
ments of the Advanced Composition Explorer (ACE) spacecraft and Oulu neutron monitor count rates. Comparing the galactic cosmic

ray spectra predicted by the model to a comprehensive set of experimental data from literature shows very good agreement.

© 2012 COSPAR. Published by Elsevier Ltd. All rights reserved.

Keywords: Galactic Cosmic Rays; Solar modulation; Neutron monitors; Solar activity; Sun spot number

1. Introduction

Galactic Cosmic Rays (GCRs) are of importance in
many geophysical phenomena and are a major source of
the radiation exposure in interplanetary space, low Earth
orbit and at aviation altitudes. The nuclear component of
the Galactic Cosmic Rays accounting for about 98% of
the particles consists mainly of hydrogen (=87%), helium
(=~12%) and to a lesser extent of heavier nuclei (==1%)
(Simpson, 1983). Regardless of their low numbers, nuclei
heavier than helium play an important role in some phe-
nomena due to their large number of nucleons, the corre-
sponding masses and their high energies. The enhanced
biological effectiveness of the heavier nuclei are of particu-
lar relevance concerning the radiation exposure in space

* Corresponding author. Tel.: +49 2203 6013151; fax: +49 2203 61970.
E-mail address: Daniel. Matthiae@dlr.de (D. Matthid).

(Cucinotta et al., 2003, 2008; McKenna-Lawlor et al.,
2011).

Galactic Cosmic Rays are not only the major source of
radiation exposure in space, but they are also the cause for
a number of atmospheric phenomena such as elevated
exposure at aviation altitudes (Reitz, 1993; EURADOS,
2004; Beck et al., 2009), the formation of cosmogenic nuclei
(Matthid et al., 2011; Beer et al., 1988, 1990; Steinhilber
et al., 2008), and they are possibly linked to low-level cloud
formation and climate change (Svensmark and Friis-
Christensen, 1997; Kirkby, 2007).

In order to study such processes in detail and to relate
their magnitude to the galactic cosmic ray intensity, an
accurate and applicable model of the Galactic Cosmic
Rays, their temporal modulation and respective energy dis-
tribution is essential. Many of the existing models lack a
description of nuclei heavier than hydrogen or helium,
e.g. Garcia-Munoz et al. (1975) and Usoskin et al.

0273-1177/$36.00 © 2012 COSPAR. Published by Elsevier Ltd. All rights reserved.
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(2005), or are difficult to handle due to an extensive formal-
ism (e.g. the GALPROP model, http://galprop.stanford.
edu Strong and Moskalenko (1998), Strong et al. (2007),
Shibata et al. (2004, 2006), Nymmik et al. (1992, 1996).
Some of these models focus on energies above hundreds
of GeV per nucleon which are of great interest in astro-
physical questions but do not contribute significantly to
most atmospheric processes or radiation exposure due to
the low intensities at these energies.

The CHIME model (Chenette et al., 1994) provides
spectra of GCR ions in near Earth interplanetary space
and inside the geomagnetic field based on estimates of
the solar modulation of GCR from IMP-8 helium measure-
ments in the energy range between 70 and 95 MeV/n and
Climax neutron monitor count rates for the epoch from
1973 to 1993.

Other models (CREME96/CREME2009, https://creme.
isde.vanderbilt.edu/, and O’Neill (2010) are not capable to
describe accurately the changes in GCR intensities due to
solar modulation. It was found that especially during the
recent very deep and extended solar minimum in the years
2008-2010 widely used models could not to describe the pro-
longed increase in GCR intensity (Mrigakshi et al., 2012).

This work presents a simplified version of the GCR ISO-
model (ISO, 2004) modified in order to reduce the number
of free parameters to one. This single free parameter is then
derived from measurements of galactic cosmic ray carbon
fluxes by the Cosmic Ray Isotope Spectrometer (CRIS)
on-board the Advanced Composition Explorer (ACE)
spacecraft (Stone et al., 1998) for the time period between
August 1997 and April 2012. By establishing a linear rela-
tionship between the model parameter derived from ACE
data and the count rate of the Oulu neutron monitor,
http://cosmicrays.oulu.fi/, the backward estimate of the
parameter can be extended until the year 1964. Based on
these data, an extensive comparison of the model predic-
tions of other galactic cosmic ray nuclei with experimental
data is presented and very good agreement is found.

2. The Galactic Cosmic Ray model

The galactic cosmic ray model presented in this work
was derived from the GCR-ISO model (ISO, 2004). The
ISO model itself is based on publications by Nymmik
et al. (1992, 1996), Nymmik and Suslov (1995) and relates
the particle intensities to 12 month averages of the sun spot
number. In practice, the maximum and minimum average
sun spot number during the solar cycle of interest are used
together with the average sun spot number at the time of
interest taking into account a certain time lag between
sun spot numbers and GCR intensities. Additionally, the
time of the polar magnetic field reversal of the sun in the
solar cycle has to be put in the model. Due to the fact that
these quantities are not easily derived and sometimes not
even well defined, for instance in the time period close to
the end of a solar cycle and the beginning of the subsequent
or in the ongoing cycle prior to the magnetic field reversal,

the goal of this work was to eliminate the manifold depen-
dence on the sun spot number and on the time of the field
reversal and replace it by a single dependence on a well
observed parameter.

The starting point of the GCR-ISO model is a descrip-
tion of the rigidity spectrum of the different nuclei:

orn = C,-[)’[ R

Ai(Ryt)
—— (R, 1) = 1
dAdt’deR( 1) RV R—I—RO(R,tJ (1)

e &, is the differential fluence rate or flux density of GCR
particle type i with respect to particle rigidity R in GV at
time ¢, i.e., number of particles N per area A, time 7,
solid angle 2, and rigidity R.

e [ is the ratio of particle speed to the speed of light.

e C,, o,, y; are parameters given by the ISO model and
listed in Table 1. C; is in the unit (s sr m* GV)™'

o A(R,t) and Ry(R, ) describe the modulation of the GCR
in the heliosphere.

At very large rigidities the right part of Eq. (1) and f
approach unity and the spectrum is described by a pure
power law: &, = C,;R™". The right part of the equation
describes the modulation of the spectrum at lower
rigidities.

Ry is a function of the mean sun spot or Wolf number
W

Table 1

Parameters of the galactic cosmic ray ISO-Model.

Nucleus Z; A; Ci [(ssrm®>GV) 1 i o
H 1 1.0 1.85 x 10* 274 285
He 2 4.0 3.69 x 10° 2.77 3.12
Li 3 6.9 19.50 2.82 3.41
Be 4 9.0 17.70 3.05 4.30
B 5 10.8 49.20 2.96 3.93
C 6 12.0 103.00 2.76 3.18
N 7 14.0 36.70 2.89 3.77
O 8 16.0 87.40 2.70 3.11
F 9 19.0 3.19 2.82 4.05
Ne 10 20.2 16.40 2.76 3.11
Na 11 23.0 4.43 2.84 3.14
Mg 12 24.3 19.30 2.70 3.65
Al 13 27.0 4.17 2.77 3.46
Si 14 28.1 13.40 2.66 3.00
P 15 31.0 1.15 2.89 4.04
S 16 32.1 3.06 2.71 3.30
Cl 17 354 1.30 3.00 4.40
Ar 18 39.9 2.33 2.93 4.33
K 19 39.1 1.87 3.05 4.49
Ca 20 40.1 2.17 2.77 2.93
Sc 21 44.9 0.74 2.97 3.78
Ti 22 479 2.63 2.99 3.79
\Y 23 50.9 1.23 2.94 3.50
Cr 24 52.0 2.12 2.89 3.28
Mn 25 54.9 1.14 2.74 3.29
Fe 26 55.8 9.32 2.63 3.01
Co 27 58.9 0.10 2.63 4.25
Ni 28 58.7 0.48 2.63 3.52
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Ro(R,1) = 0.37+3-107*. (W(t, At(R,1)))'* (2)

In the ISO model the mean sun spot number W(¢,A#(R, 1))
is calculated considering a rigidity dependent time lag A¢
between the sun spot number and the intensity of the galac-
tic cosmic rays at Earth. In this work, however, W will be
treated as a rigidity independent, free parameter which will
later be derived by fitting cosmic ray measurements and
neutron monitor count rates.

The exponent A; in the modulation term of Eq. (1) in the
ISO model is described as a function of the rigidity, the
time and the mean sun spot number (for details see ISO
(2004)). It will be shown later that A; can be approximated
by a linear function of W. During periods of very small
time lag between the sun spot number and the GCR inten-
sity, the numerical value of W is expected to be similar to
the sun spot number.

By inserting Eq. (2) in 1, by replacing A; with the
assumed linear relationship A = b-W + ¢, and by assuming
a rigidity independent W, the following description of the
rigidity spectrum is obtained:

b-W(t)+c
C.p” R

@,’ R,t = o
(R-1) =" R+ (03743-107*-w(n)'™®)

3)

This leaves the description of the rigidity spectrum by the
model with the single, time- or modulation-dependent
parameter W, and two constant parameters » and ¢ which
will be derived below.

The differential fluence rate with respect to energy or
flux density F; can then be calculated from Eq. (3) as
follows:

dN A4; 1
Fi(E,t):m(EJ):‘Di(R(E)J)mE
b-W(t)+c
op R(E) Ai 1
CR(E)"|R(E)+(0.37+3-10"*- W (0)'*) 1Zi| B

Here,

e F;is the differential fluence rate or flux density of particle
i with respect to energy E at time ¢.

e A; and Z; are the mass number and atomic number of
GCR nucleus 1.

The fundamental difference between the GCR-ISO
model and its modified version presented in this work
and given in Eq. (4) is the description of the solar modula-
tion effect by a single parameter under the assumption that
b and ¢ are modulation independent, constant parameters.

3. Determination of the model parameters

In order to make the model applicable and to estimate
the modulated GCR spectra at Earth W has to be deter-

mined. For this purpose, the particle flux density F;
described by Eq. (4) was fitted to experimental data pro-
vided by the Cosmic Ray Isotope Spectrometer (CRIS)
on-board the Advanced Composition Explorer (ACE)
spacecraft (Stone et al., 1998; http://www.srl.caltech.edu/
ACE/ASC/level2). Galactic cosmic ray carbon data was
found to be appropriate for the determination of the model
parameters due to the relatively large abundance of carbon.
Additionally, the energy range of carbon measured by
CRIS, 68.3 MeV/n < E <194.4 MeV/n, is very well suited
for an investigation of the solar modulation as the particles
at these energies are heavily affected on their way through
the heliosphere. The data used for the analysis are averages
of the carbon flux over one Bartels rotation (27 days) and
cover the period between August 14th 1997 (day of the
year, DOY = 226) and April 2nd 2012 (DOY = 93), which
is a total number of 198 Bartels rotations. The parameters
b and c of the model are derived by performing a minimi-
zation procedure and it was found that the minimization of
the average absolute deviation yielded good results. The
average absolute deviation s between the model predictions
and the ACE carbon data for all Bartels rotations was cal-
culated as:

N=198 1 M=7 |F(E/,t,) _yj(tl)|
M

D0

i—1 J=1

(5)

N is the number of Bartels rotations in the data set, and M
is the number of data points from the ACE carbon data
with energies E; and particle flux density y; during Bartels
rotation i. F(E}, t;) is the model predicted particle flux den-
sity dependent on the model parameters b, ¢ and W. The
latter differs between the time intervals 7 and is a measure
of the heliospheric modulation of the GCR.

By minimizing s the relationship between W and
A = b-W + ¢ can be obtained. This minimization procedure
was conducted with the MINUIT package (James and
Roos, 1975) implemented in the ROOT v5.28 analysis soft-
ware (http://root.cern.ch). The minimization was per-
formed in a way that for a single calculation of s the set
of b and ¢ was kept constant and W was fitted for each
set of ACE data between the year 1997 and 2012. Then,
a new set of b and c is selected in the minimization process
and W is again fitted for all time intervals. These steps are
repeated until a stable minimum of s is identified.

On performing this procedure it was found that » = 0.02
and ¢ = 4.7 minimize s and the exponent A in Eq. (1) can be
expressed in terms of W:

A=002-W+4.7 (6)

However, it has to be noted that this solution is not neces-
sarily unique. The minimization procedure might converge
to other results of b and ¢ depending on the starting values
and limits of the parameters and other preconditions. Nev-
ertheless, it was found that using the results given in Eq. (6)
leads to very good agreement to experimental data.

The application of Eq. (6) to Eq. (4) results in a descrip-
tion of the GCR fluxes dependent only on the single
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Table 2

Model parameter W derived from ACE carbon data between August 1997 and April 2012.

Year W acE) Year W acE) Year W acE) Year W acE)
1997.65 15.6 2001.35 109.9 2005.05 73.9 2008.74 18.5
1997.73 17.1 2001.42 107.3 2005.12 74.2 2008.82 16.5
1997.80 19.3 2001.50 102.4 2005.19 72.5 2008.89 13.7
1997.88 22.5 2001.57 100.1 2005.27 70.0 2008.96 14.6
1997.95 22,5 2001.65 103.5 2005.34 70.0 2009.04 14.4
1998.02 21.0 2001.72 100.7 2005.42 69.2 2009.11 10.2
1998.10 19.7 2001.79 107.5 2005.49 66.4 2009.18 8.7
1998.17 18.6 2001.87 104.4 2005.56 68.7 2009.26 6.5
1998.25 20.6 2001.94 99.1 2005.64 71.4 2009.33 4.4
1998.32 34.6 2002.02 97.7 2005.71 77.4 2009.41 3.1
1998.39 36.3 2002.09 99.5 2005.78 68.1 2009.48 4.5
1998.47 373 2002.16 94.6 2005.86 62.8 2009.55 1.9
1998.54 35.8 2002.24 95.7 2005.93 60.5 2009.63 3.1
1998.62 34.0 2002.31 96.8 2006.01 57.9 2009.70 0.7
1998.69 325 2002.38 97.9 2006.08 55.5 2009.78 0.0
1998.76 35.0 2002.46 95.9 2006.15 53.2 2009.85 1.4
1998.84 33.9 2002.53 92.6 2006.23 48.7 2009.92 0.0
1998.91 38.4 2002.61 104.2 2006.30 47.4 2010.00 0.2
1998.98 39.0 2002.68 99.8 2006.38 45.5 2010.07 0.0
1999.06 44.2 2002.75 96.7 2006.45 43.4 2010.15 4.0
1999.13 44.1 2002.83 97.7 2006.52 42.5 2010.22 11.0
1999.21 47.1 2002.90 96.8 2006.60 41.1 2010.29 18.7
1999.28 45.4 2002.98 97.9 2006.67 43.2 2010.37 17.8
1999.35 46.7 2003.05 95.0 2006.75 39.5 2010.44 18.5
1999.43 46.7 2003.12 94.3 2006.82 38.7 2010.52 18.9
1999.50 47.7 2003.20 92.6 2006.89 37.6 2010.59 21.9
1999.58 44.2 2003.27 95.9 2006.97 43.0 2010.66 20.9
1999.65 47.7 2003.35 96.9 2007.04 37.3 2010.74 22.8
1999.72 53.5 2003.42 98.7 2007.12 37.5 2010.81 23.1
1999.80 61.6 2003.49 99.7 2007.19 35.5 2010.89 25.1
1999.87 66.2 2003.57 97.8 2007.26 314 2010.96 27.2
1999.95 70.0 2003.64 96.5 2007.34 30.6 2011.03 26.6
2000.02 74.8 2003.72 97.2 2007.41 30.6 2011.11 26.2
2000.09 78.7 2003.79 96.4 2007.49 28.5 2011.18 30.8
2000.17 83.0 2003.86 107.3 2007.56 27.1 2011.26 37.3
2000.24 86.5 2003.94 108.8 2007.63 26.4 2011.33 38.7
2000.32 86.7 2004.01 102.3 2007.71 25.6 2011.40 39.8
2000.39 93.3 2004.09 100.0 2007.78 25.0 2011.48 47.0
2000.46 99.4 2004.16 93.9 2007.86 23.9 2011.55 459
2000.54 99.8 2004.23 89.0 2007.93 24.8 2011.63 46.8
2000.61 110.9 2004.31 84.1 2008.00 24.2 2011.70 443
2000.68 112.2 2004.38 81.0 2008.08 23.8 2011.77 51.7
2000.76 111.2 2004.46 79.8 2008.15 23.9 2011.85 46.9
2000.83 109.6 2004.53 76.8 2008.23 25.1 2011.92 453
2000.91 114.4 2004.60 71.7 2008.30 26.3 2012.00 439
2000.98 115.5 2004.68 74.5 2008.37 25.1 2012.07 44.5
2001.05 118.5 2004.75 72.5 2008.45 23.9 2012.14 46.9
2001.13 115.9 2004.82 69.5 2008.52 22.0 2012.22 57.7
2001.20 111.2 2004.90 69.9 2008.59 21.5

2001.28 116.6 2004.97 67.2 2008.67 17.3

parameter W. Using the same data set of ACE/CRIS car-
bon data it is possible to derive W for the time period
between August 1997 and present. The values of W
obtained from a fit of the model to the experimental data
for all Bartels rotations between August 1997 and April
2012 are presented in Table 2 and in the lower panel of
Fig. 1. The fractional years in Table 2 mark the center of
a Bartels rotation.

In order to extend the temporal validity of the model the
Oulu neutron monitor (NM) count rates (Fig. 1, top panel,

from http://cosmicrays.oulu.fi/) were selected as a second
source of information on the intensity of galactic cosmic
rays. As the NM count rates are a measure of the GCR
intensity a strong correlation between the parameter W
and the count rates can be assumed. Fig. 2 illustrates this
relation between W derived from the ACE carbon data
(Wacg) and the Oulu count rates averaged over the same
Bartels rotation. Fitting the data with a polynomial of
the first degree gives a description of W as a function of
the NM count rate cr (cr in counts/min):
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Fig. 1. Oulu neutron monitor count rate between January 1964 and April 2012 in the upper panel. Model parameter W derived from the direct fit to the
ACE/CRIS carbon data (black line) and from Oulu count rates (grey line) compared to the 12 month averaged International Sun Spot Number (ISSN,

dashed line) in the lower panel.

Wous = —0.093 - cr + 638.7 (7)

Certainly, a similar correlation could as well be performed
with other neutron monitor stations or other parameters
monitoring the galactic cosmic ray intensity.

The sun spot number (SIDC-team, 2012) is compared to
the parameter of the model derived from the Oulu neutron
monitor and the ACE data in the lower panel of Fig. 1. Itis
obvious that the values taken by the different variables are
very similar, especially during some of the solar maximum
periods. However, there are several noteworthy features.
The time lag between the sun spot number and the model
parameters, occurring during different periods in the time
interval under investigation, is a manifestation of the corre-
sponding time lag between the solar activity and the GCR
intensity at Earth.

The different levels of solar activity reached during the
solar maxima and expressed by the sun spot number are,
with some exceptions around 1980-1983, well described
by W. At the solar minima preceding the most recent,
however, the model parameter derived from the neutron
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Fig. 2. Scatter plot of the Oulu neutron monitor count rates vs. the model
parameter W derived from ACE carbon data. The data was fitted with a
linear function.
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Fig. 3. GCR spectra described by the model (dashed lines) compared to ACE data (squares). From top to bottom panel: Carbon, Oxygen, Silicon, and
Iron. The selected dates between 2001 and 2010 represent different modulation expressed by model parameters between very low modulation Wacg = 0.0
(uppermost set of data and line in each panel) and very high modulation Wacg = 118.5 (lowest set of data and line in each panel).

monitor does not reach the lowest values of the sun spot
number. During the most recent solar minimum around
the year 2009, on the other hand, all parameters are
close to zero. The fact that the parameter derived from
the neutron monitor data deviates from the sun spot
number during extreme solar activity periods is most
probably due to the low sensitivity of the ground based
neutron monitor to lower energies being most affected by
the modulation.

4. Comparison of the galactic cosmic ray model with
experimental data

A comparison to a large set of experimental data includ-
ing a wide range of energies for several GCR nuclei was
performed to validate the model presented above.

In Fig. 3, the data of the ACE/CRIS detector for GCR
carbon, oxygen, silicon and iron is compared to the predic-
tions of the model using Wacg. It is important to remem-
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Fig. 4. Comparison of the model presented in this work with the ISO
model, the BO-10 model and ACE data for GCR iron. The selected dates
between 2001 and 2010 represent low modulation (Wacg =0, solar
minimum), moderate modulation (Wacg = 76.8), and strong modulation
(Wacg = 118.5, solar maximum).

ber that the carbon data was used in the fitting procedure
to obtain W. All other spectra, on the other hand, are
derived from this single parameter. Four different points
from the measurement period of ACE between 2001 and
present were selected to cover the whole range of solar
modulation in this period. The maximum modulation dur-
ing that time with the lowest GCR intensity was in the
beginning of the year 2001 (Wcg = 118.5). The lowest
modulation leading to the maximum GCR flux was
reached at the end of the year 2009 (Wacg = 0.0). These
values are very similar to the International Sun Spot Num-
ber (ISSN, cf. Fig. 1). In between the two dates during the
period of decreasing activity, however, the downward slope
of the sun spot number is steeper compared to the model
parameter W which expresses the time delay of the GCR
intensity at Earth with respect to the solar activity.

The ACE data is illustrated as squares and the model
predictions as dashed lines in Fig. 3. The lowest set of data
represents the largest solar modulation (2001), and the data
lying above illustrate the increasing GCR intensity with
decreasing solar modulation. The agreement between the
model predictions and the ACE measurements is very good
for all solar modulation conditions and for all ions. The

Table 3

mean absolute deviation between the model predictions
and the ACE data averaged over the period between
1997 and 2012 is: 5% for carbon, 7% for silicon and iron,
and 9% for oxygen.

A comparison of the model predictions, which is not
shown here, using W derived from the Oulu data from
Eq. (7) revealed similar good agreement for the three lower
modulations in 2009, 2006 and 2004. For the solar maxi-
mum conditions in the year 2001, however, an overestima-
tion of the experimental data by the model was observed.
Fig. 1 exhibits partial discrepancies between the two sets
of W around 2001 which is the cause of this disagreement.
Neutron monitor count-rates are always to a certain degree
dependent on environmental conditions which may be a
reason for this disagreement. On the other hand, the com-
parison relies on data of the same instrument which was
used for the parameter determination and, as a conse-
quence, it can not necessarily be concluded that Wacg
gives the better estimate of the GCR intensity.

To investigate the agreement of the ISO-model, the
O’Neill (2010) model (BO-10) and the model from this
work with experimental results, a comparison of the mod-
els to the ACE iron data is illustrated in Fig. 4. The data
for the GCR-ISO model were retrieved from its implemen-
tation in SPENVIS (“The Space Environment Information
System”, http://www.spenvis.oma.be/spenvis/). The ACE
data as well as the data from the different models are
retrieved as averages over one Bartels rotation the center
of which is indicated by the fractional date given in the
legends.

There is an obvious disagreement between the ACE data
and both the GCR ISO and BO-10 model, especially for
very strong modulation corresponding to low GCR inten-
sity. The same behavior was observed for the other nuclei
(C, O, and Si). The mean absolute deviations between the
models and the ACE data for the three selected times given
in Table 3 are below 10% for the model presented in this
work and significantly larger for the ISO and BO-10 models.
As the data provided by ACE/CRIS is restricted to heavier
elements and energies below a few 100 MeV, an additional
comparison to balloon data from the BESS experiment
(Shikaze et al., 2007) was performed for hydrogen, helium

Relative deviation of the model presented in this work from experimental data compared to the ISO model and the BO-10 model. For the ACE data, the
fractional year indicates the center of the Bartels rotation over which the averaging was performed.

Experiment Ion Energy range [MeV/n] Year w Relative deviation from experimental data
This work ISO BO-10
ACE/CRIS Fe 129.1-470.9 2001.05 118.5 8% 73% 58%
ACE/CRIS Fe 129.1-470.9 2004.53 76.8 5% 23% 7%
ACE/CRIS Fe 129.1-470.9 2009.78 0.0 8% 23% 24%
BESS1998 H 215-21.5 x 10° 29th July 1998 47.1 4% 17% 5%
BESS2000 H 215-21.5 x 10° 10th August 2000 116.1 16% 120% 34%
BESS1998 He 215-21.5 x 10° 29th July 1998 47.1 9% 9% 5%
BESS2000 He 215-21.5 x 10° 10th August 2000 116.1 12% 59% 24%
HEAO-3-C2 C 620-3.5 x 10° October 1979-June 1980 88.4 6% 7% 7%
HEAO-3-C2 Fe 800-3.5 x 10° October 1979-June 1980 88.4 11% 19% 9%
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and to data from the HEAO-3-C2 (Engelmann et al., 1990)
experiment for carbon and iron (Fig. 5).

The experimental data from the BESS and HEAO-3-C2
experiments comprise of GCR intensities at energies
between a few 100 MeV/n and 20 GeV/n and above. The
data from the BESS experiment were recorded on 29th of
July 1998 corresponding to a Wgy, =47.1 and on 10th/
11th of August 2000 (Wgyu, = 116.1). The results from
HEAO-3-C2 were obtained between October 1979 and

Space Research 51 (2013) 329-338

June 1980 (Wouu = 88.4). Note, that although the
HEAO-3-C2 measurements lasted for eight months the
GCR intensity changed only moderately in this period.
Oulu neutron monitor count rates varied by less than 4%
during that time and the results for the models were derived
for a solar modulation averaged over the time between
October 1979 and June 1980.

While the comparison at higher energies in Fig. 5 shows
the accuracy of the models compared to relatively weak
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Fig. 5. Comparison of GCR spectra described by the model presented in this work with the ISO model, the BO-10 model and selected experimental data

for Hydrogen, Helium, Carbon and Iron (from top to bottom panel).
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modulated spectra, the impact of the passage of the helio-
sphere on the GCR intensity is evident at lower energies.
The observations confirm the result of the above compari-
son: Good agreement between experimental data and the
model presented in this work for both weak (BESS, 1998)
and strong modulation conditions (BESS, 2000) and devi-
ations between the ISO model, the BO-10 model and exper-
imental data.

For intermediate modulation (HEAO-3-C2) all three
models describe the experimental data accurately. It is
noteworthy that the parameters used to describe the model
spectra in Fig. 5 were retrieved from the Oulu data and the
good agreement confirms the applicability of the Oulu
derived parameters to the model.

The relative deviations of the models compared to the
experimental data averaged over the measured energy
ranges are given in Table 3. The model presented in this
work shows significantly smaller deviations from the exper-
imental data compared to the ISO model and the BO-10
model.

5. Summary

In this work, a promising galactic cosmic ray model
derived from the ISO standard model is presented. By sim-
plifying the description of the solar modulation to a single
parameter the galactic cosmic ray intensity could be quan-
tified by fitting the experimental ACE carbon data. The
values of the derived parameter W are similar but not equal
to the International Sun Spot Number. It was found that
using the average sun spot number, as described in the
ISO standard, is difficult and the resulting GCR intensities
do not agree very well with experimental data. Especially
during times of solar activity extremes the model presented
here exhibits much better agreement with ACE and balloon
data than the ISO and BO-10 model. Additionally, the
model does not show similar disagreement to experimental
data during the recent solar minimum as observed for other
models by Mrigakshi et al. (2012). While the model pre-
sented here deviates for most of the experimental condi-
tions on average by around 10% or less, the ISO model
in many cases shows discrepancies to the measurements
of several tens of percent and more. This result supports
the conclusion that the model presented in this work offers
a significant improvement in the description of the intensity
of the modulated galactic cosmic rays close to Earth.

By assuming a linear relationship between the model
parameter derived from ACE data with the Oulu neutron
monitor count rates, the characterization of the solar mod-
ulation and the corresponding GCR intensities and energy
spectra could be determined for times prior to the ACE
mission back to the year 1964. The comparison of the
model to balloon data from earlier times proved that deriv-
ing the model parameter from the Oulu neutron monitor
count rates provides reliable results. The procedure of cou-
pling the ACE derived model parameter to neutron moni-
tor data can certainly be performed for other parameters as

well which may further increase the period of applicability
of the model.
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Abstract

The evidently low solar activity observed between solar cycles 23 and 24 during the years 2008-2010 led to a substantial increase in the
Galactic Cosmic Ray (GCR) intensity in comparison with preceding solar minima. As the GCRs consist of highly-ionizing charged par-
ticles having the potential to cause biological damage, they are a subject of concern for manned missions to space. With the enhanced
particle fluxes observed between 2008 and 2010, it is reasonable to assume that the radiation exposure from GCR must have also
increased to unusually high levels. In this paper, the GCR exposure outside and inside the Earth’s magnetosphere is numerically calcu-
lated for time periods starting from 1970 to the end of 2011 in order to investigate the increase in dose levels during the years 2008-2010
in comparison with the last three solar minima. The dose rates were calculated in a water sphere, used as a surrogate for the human body,
either unshielded or surrounded by aluminium shielding of 0.3, 10 or 40 g/cm?.

By performing such a long-term analysis, it was estimated that the GCR exposure during the recent solar minimum was indeed the
largest in comparison with previous minima and that the increase was more pronounced for locations outside the magnetosphere.
© 2013 COSPAR. Published by Elsevier Ltd. All rights reserved.

Keywords: Radiation exposure in Low Earth Orbit and near-Earth interplanetary space; Variation of dose rates with shielding over time; Galactic Cosmic
Rays; Solar minimum; Monte-Carlo simulations

1. Introduction tic environment encountered in space are of great impor-

tance as they can help to reduce these risks.

The expansion of human space exploration to destina-
tions like the Moon and Mars is likely to occur within
the first half of this century. Additionally, the opportunities
for the general public travelling into space with commercial
spaceflights are becoming reality. With the rising number
of people visiting and likely to visit space, the studies
improving the knowledge on health risks related to the exo-
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of Aerospace Medicine, Radiation Biology, Linder Hohe, 51147 Cologne,
Germany. Tel.: +49 2203 6013147; fax: +49 2203 61970.

E-mail address: alankrita.mrigakshi@dlr.de (A.I. Mrigakshi).

One of the primary concerns for manned missions to
space is the elevated level of radiation exposure especially
due to Solar Particle Events (SPE) and Galactic Cosmic
Rays (GCRs) (NCRP, 1989, 2000, 2002, 2006; Cucinotta
et al., 2001; Cucinotta and Durante, 2006). High-energy
GCR nuclei, ranging from hydrogen to iron and beyond,
contribute to the significant amount of dose to which astro-
nauts are exposed to both outside and inside the Earth’s
magnetosphere (NCRP, 2000, 2006). The dose levels are
directly related to the GCR particle intensities which vary
with the 11-year sunspot cycle and the 22-year solar mag-
netic cycle (Belov, 2000; Heber, 2011; Usoskin et al.,

0273-1177/$36.00 © 2013 COSPAR. Published by Elsevier Ltd. All rights reserved.
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2001). Since the GCR intensity is anti-correlated with the
solar activity, the GCR exposure peaks at solar minimum
and is lowest at solar maximum conditions.

During the last solar minimum between the solar cycles
23 and 24 an unusual rise in the GCR intensity in compar-
ison with several minima in the past decades was observed.
This phenomenon was related to the unusually low solar
activity during the extended solar minimum conditions in
the heliosphere (Mewaldt et al., 2010). In this work, the
increase in the GCR exposure during the last solar mini-
mum is investigated for the orbit of the International Space
Station (ISS) and for near-Earth interplanetary space at a
distance of one Astronomical Unit (AU) from the Sun out-
side the Earth’s magnetosphere. The exposure was esti-
mated in terms of absorbed dose and dose equivalent
rates for a period ranging from January 1970 to October
2011 in order to examine the relative change in the dose
quantities at different solar minima. The GCR model
recently developed by Matthii et al. (2013a) was employed
in the work since other models used for dosimetric pur-
poses like CREMEY96 (Tylka et al, 1997; https://
creme.isde.vanderbilt.edu/), CREME2009 (https://
creme.isde.vanderbilt.edu/) and the Badhwar-O’Neill
2010 model (O’Neill, 2010), were found not to be able to
describe the increased GCR intensity and the respective
increase in dose during 2008-2010 as presented in Mrigak-
shi et al. (2012) and Mrigakshi et al. (2013).

A similar study numerically determining the GCR expo-
sure over the time period between the years 1975 and the
end of 2009 was performed by Schwadron et al. (2010)
who did not predict a significant increase in dose rates
between the years 2008 and 2010. One of the reasons for
this is likely due to the application of the Badhwar-O’Neill
2006 GCR model (O’Neill, 2006) by Schwadron et al.
(2010) to estimate the radiation exposure. The authors
mention in the paper that the value of the solar modulation
parameter @, frequently used for the description of the
modulation of GCR in the heliosphere in the force field
model (Gleeson and Axford, 1968), ranged between
400 MV and 1800 MV in the model from solar minimum
to maximum during the inspected time period. This param-
eter gives an indication about the strength of the solar
modulation in the Heliosphere. A smaller @ implies weaker
modulation allowing more GCR particles to penetrate
inside the heliosphere. In Section 1.1 the value of & based
on GCR measurements during the solar minimum in late
2009 is shown to have been much lower than the value used
by the GCR model from O’Neill (2006) to describe the
GCR spectra during that time period.

1.1. GCR during the solar minimum between solar cycles 23
and 24

Since the discovery of GCR by Victor Franz Hess (Hess,
1912) a century ago, a large number of GCR measurements
by various ground-based, high-altitude balloon-borne and
space-borne instruments have been performed (Grieder,

2001 and the references therein). Continuous data espe-
cially from Neutron Monitors (NM) (Simpson, 2000) since
1951 complemented by recent space missions like the
Advanced Composition Explorer (ACE) (Stone et al,
1998) which has been operating since 1997 are of special
importance as they reveal the long-term variation of the
GCR intensity. Among others, ACE measures nuclei from
Li to Ni over an energy range from about 40 to 500 MeV/
nuc while the Neutron Monitor count rates provide an
indirect measure of the GCR intensity (Usoskin et al.
2001).

Fig. la shows the temporal variation of the monthly
sunspot  numbers  (http://sidc.oma.be/DATA/month-
ssn.dat) with the solar cycle number indicated and
Fig. 1b shows the NM count rates measured by the Oulu
station (http://cosmicrays.oulu.fi/) from January 1970 to
October 2011. The Oulu station is located at 65.05°N,
25.47°E where the geomagnetic shielding quantified by
the effective vertical cut-off rigidity is about 0.8 GV. The
rigidity R of a charged particle is defined as its momentum
p per charge ¢, R = p/q. The effective vertical cut-off rigid-
ity lies in the rigidity interval between the value below
which no particle arrives in vertical direction at the loca-
tion of interest and the highest rigidity value above which
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all particles arrive in vertical direction (see Cooke et al.,
1991 for a detailed discussion on the cut-off terminology).
The effective vertical cut-off rigidity is often used to calcu-
late the lowest energy for a charged particle to penetrate
the magnetosphere and reach the top of the atmosphere.

By comparing Fig. la and b, the negative correlation
between the monthly sunspot numbers, which are an index
for the level of solar activity, and the 10-day averaged NM
count rates can be seen. The elevated GCR intensity during
the last solar minimum relative to the minima in the past
decades is clearly visible. In 2009 the peak neutron count
rate of 6850 min~' was about 3-5% greater than the peak
count rates measured during preceding minima.

Fig. 2 shows the GCR particle fluxes integrated over
energy measured by the Cosmic Ray Isotope Spectrometer
(CRIS) instrument aboard the ACE spacecraft between
August 1997 and October 2011 relative to the maximum
integrated flux observed in the 1997/1998 solar minimum.
The data is presented for C, O, Ne, Mg, Si and Fe nuclei
as these are highly abundant GCR ions measured by the
instrument over different energy ranges from approxi-
mately 59 MeV/nuc to 471 MeV/nuc. The fluxes are aver-
aged over 27 days and were obtained from the ACE
website (http://www.srl.caltech.edu/ACE/ASC/level2/
IVI2DATA_CRIS.html). The elevated particle fluxes in
2009/2010 in comparison with the previous minimum can
also be seen. The peak values were observed in late 2009
where the fluxes are showing an increase of about 16—
21% in comparison with the peak intensity during the pre-
vious solar minimum.

The solar modulation parameter @ reconstructed from
data collected by various neutron monitors since 1936 is
provided at http://cosmicrays.oulu.fi/phi/Phi_mon.txt
according to Usoskin et al., 2011. The lowest of these
monthly averaged values of @ during the last solar mini-
mum was 255 MV during December 2009 whereas for the
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Fig. 2. 27-Day averages of the GCR flux integrated over energy ranges
measured by ACE/CRIS instrument between August 1997 and October
2011 relative to the maximum integrated flux observed in the 1997/1998
solar minimum.

solar minimum between cycle 22 and 23 it was 394 MV
(August 1997). In fact the modulation levels in late 2009
were the lowest in the last half century. The value @ derived
from the measured intensities of the particle species men-
tioned above at ~200 MeV/nuc by the ACE/CRIS instru-
ment and averaged from late October 2009 to about mid-
January 2010 was found to be ~235 MV (Mewaldt et al.,
2010). For the solar minimum between cycles 22 and 23,
the averaged @ between late August and early November
1997 was ~320 MV (Mewaldt et al., 2010).

2. Method — numerical dose estimation

GCR arriving at Earth, as measured via various balloon
and satellite experiments, consist of about 98% charged
nuclei out of which H constitutes ~87%, He ~12% and
heavier nuclei up to iron and beyond ~1% (Simpson,
1983). Although the heavy nuclei are less abundant, they
are critical for the purpose of radiation exposure assess-
ments for astronauts. The extent of biological damage is
related to a particle’s energy loss, which in turn is propor-
tional to the square of charge of the particle within a mate-
rial and therefore is greater for heavy nuclei (Mewaldt,
1994; Cucinotta et al., 2001). Since the intensity of elements
above Fe falls down dramatically in GCR, it is sufficient to
consider nuclei between 1 < Z < 26 (Z = atomic number).
It was shown in Mrigakshi et al. (2013) that the selected
energy range between 10 MeV/nuc and 100 GeV/nuc is
adequate for the simulation setup used in this work which
is described in Section 2.1. For a detailed explanation of
the dose calculation method refer to Mrigakshi et al. 2013.

The radiation exposure was numerically estimated in
terms of absorbed dose rate (dD/dt) and dose equivalent
rate (dH/dr) as defined in Eq. (1) and Eq. (2):

1. Absorbed Dose D in the unit J/kg or gray (Gy):

de
D=— 1
. (1)
where dz is the mean energy imparted in a volume of mass

dm by ionizing radiation

I1. Dose Equivalent in the unit J/kg or sievert (Sv):

H=D.Q @

where D is the mean absorbed dose in the target and Q is
the mean quality factor related to the biological effective-
ness of the radiation. Q is defined as a function of the unre-
stricted linear energy transfer (LET) in water in ICRP 60
(ICRP, 1991). The unrestricted LET is the energy lost by
a charged particle divided by the path length.

The absorbed dose and the dose equivalent are among
the principal dosimetric quantities recommended by the
International Commission on Radiological Protection in
ICRP 60 (ICRP, 1991). While the absorbed dose gives
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the amount of energy per mass imparted in a material the
dose equivalent includes information regarding the extent
of biological damage.

2.1. Simulation setup

Radiation transport codes are required to simulate the
passage of radiation through matter. Such codes utilize dif-
ferent methods to describe the physics of particle interac-
tions and the transport the primary and secondary
radiation through simulated media e.g. spacecraft shielding
and human body. Several studies (e.g. Lin et al. 2012 and
Sihver et al. 2008a) have been performed to inter-compare
and validate these transport codes for their application in
radiation protection in space.

In this work, the Monte-Carlo transport code GEANT4
(GEometry ANd Tracking, Agostinelli et al., 2003; Allison
et al., 2006) version 9.3 patch 02 was employed to describe
the shield and target geometries, simulate and transport
radiation and estimate the dose quantities.

2.1.1. Target

Spherical phantoms (e.g. Berger et al., 2004; Jadrnic-
kova et al., 2010), and the anthropomorphic phantoms
(e.g. Reitz et al., 2009; Yasuda, 2009), are often used to
measure the dose distribution inside the human body in
space. For numerical dose calculations, spherical phantoms
are easier to model and require less computational time in
comparison with human voxel phantoms. The organ doses
from spherical phantoms can be derived from the com-
puted values at points inside the sphere where the mean
shielding equals the mean shielding of the organs inside
the human body (NCRP, 1989; Kireeva et al. 2007; Mat-
thid et al. 2013b). Matthid et al. (2013b) investigated the
applicability of a water sphere of radius 20 cm as a surro-
gate for anthropomorphic phantoms and estimated organ
doses for isotropic irradiation from GCR in Low Earth
Orbit. The mean organ shielding p in the ICRP male phan-
tom was calculated to range from 10.5 g/cm? to 19.1 g/cm?
and in the water sphere from 10 g/cm? to 20 g/cm”. By
comparing the calculated organ absorbed dose and dose
equivalent rates in the spherical and the ICRP voxel phan-
toms, it was found that these quantities differed by less
than 5% and 11%, respectively.

In this work, a spherical water phantom with a radius
of 25cm, consisting of 100 shells with a thickness of
2.5 mm each, was used as a surrogate for the human body
to estimate the radiation exposure. The mean shielding for
isotropic irradiation for the sphere lies between 12.5 g/cm?
at the surface to 25 g/cm? at the centre of the sphere. This
implies that while the mean shielding for many organs e.g.
red bone marrow (p=17.1 g/cm? see Matthid et al.
2013b) is covered by the sphere used in this work and
the dose rates can be estimated, but for some organs like
the brain (p = 11.6 g/cm?, see Matthid et al. 2013b this is
not the case due to the heavier self-shielding of the water
sphere.

The dose quantities presented in this paper are calcu-
lated over the entire water sphere. To calculate the
absorbed dose, the summation of the energy deposited at
each step along a particle’s trajectory in the sphere was
divided by its mass (Eq. (1)) and to calculate the dose
equivalent, the summation of the energy deposited
weighted by the quality factor (dependent on the LET)
for each step was divided by the mass of the sphere (Eq.

(2)).

2.1.2. Shielding and radiation source

Ions ranging from hydrogen to iron were simulated
from a spherical radiation source inwards onto the water
sphere with and without shielding made of aluminium.
The shielding geometry is also spherically surrounding
the target sphere with an outer radius of 50 cm with vary-
ing thicknesses corresponding to areal densities 0.3 g/cm?
(~0.11cm), 10g/em®> (~3.70cm), and 40 g/cm?
(~14.8 cm). The space between the shielding and the target
consists of air.

2.1.3. Physics models

The relevant hadronic and electromagnetic physics
model lists (QGSP_BERT_HP and emstandard_opt3) were
selected to calculate the transport of primary and second-
ary particles in the water sphere (see GEANT4 Physics
Reference Manual in http://geantd.cern.ch/G4UsersDocu-
ments/UsersGuides/PhysicsReferenceManual/html/Phys-
icsReferenceManual.html for details). Additionally, the
JQMD/JAM model (Niita et al., 1995; Nara et al., 1999)
interface for GEANT4 (Koi et al., 2003) was used due to
the limitation of the intrinsic models in GEANT4.9.3
describing inelastic nucleus—nucleus interactions to energies
below 10 GeV/nuc. Furthermore, the hadron model
(QOGSP_BERT_HP) used for the simulations in this work
is applicable for protons, neutrons, pions, kaons and hype-
rons only and not for heavy ions from helium onwards (see
Ivantchenko et al., 2012 and the references therein for
details regarding the available Geant4 models for inelastic
nucleus—nucleus interactions). With the inclusion of the
JQMD/JAM model, the contribution of heavy ions
(Z = 2) and the contribution of particle energies ranging
from 10 MeV/nuc to 100 GeV/nuc to the GCR exposure
could be calculated (Sihver et al., 2008b).

2.2. GCR model

The GCR model developed by Matthii et al., 2013a was
used to describe the spectra of the relevant particles. This
model is based on the GCR-ISO model (ISO, 2004) and
is capable of describing energy spectra of nuclei ranging
from H to Ni for a selected point of time at 1 AU distance
from the Sun outside the Earth’s magnetosphere. The only
free parameter required to calculate the particle spectra is
derived from either the GCR carbon measurements from
the ACE spacecraft for periods since August 1997 (referred
to as Matthii/ACE in this paper) or from the Oulu NM
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count rates to extend the validity period of the model back
to 1964 (referred to as Matthii/OULU). In this work both
methods were used to derive the GCR spectra for the esti-
mation of the dose quantities.

To calculate the GCR spectra inside the Earth’s magne-
tosphere, the so-called geomagnetic transmission function
provided by the CREME package (Tylka et al., 1997;
https://creme.isde.vanderbilt.edu/) was used. The geomag-
netic transmission function gives the fraction of particles
reaching an orbit of interest as a function of the particles’
magnetic rigidity. It also accounts for the effect of solid
Earth’s obstruction to the incoming radiation. For this
work, the spectra at Low Earth Orbit (LEO) were calcu-
lated by scaling the GCR spectra at 1 AU by the orbit-aver-
aged geomagnetic transmission function derived for the ISS
orbit with an inclination of 51.6° and an altitude of 350 km.

3. Results — GCR exposure

For the identification of any unusual changes in the level
of GCR exposure, the dose estimations were performed for
an extended period of time. A detailed explanation of the
method applied to estimate the dose rates over several dec-
ades using different models can be found in Mrigakshi
et al., 2013.

Fig. 3 shows the calculated absorbed dose and dose
equivalent rates in the water sphere without shielding from
January 1970 to October 2011 at near-Earth interplanetary
space (Fig. 3a) and at the ISS orbit (Fig. 3b). The dose
quantities were estimated by applying the Matthii/ACE
and Matthii/OULU model. As expected, the dose rate cor-
relates with the GCR intensity and is anti-correlated to the
solar activity. The exposure is largest during the solar min-
imum periods (around years 1977, 1986, 1997, 2009) when
the GCR flux reaches its peak values. The estimated dose
values using the ACE and OULU data in the GCR model
are very similar. However, during certain epochs e.g. 1997-
1998 and 2001-2002 small differences can be seen which
occur as a result of the differences in the GCR spectra
derived using the two sets of data. The Neutron Monitor
is mainly sensitive to the flux of secondary neutrons and
protons produced by the interaction of primary GCR
within the atmosphere. Due to their large abundance, pri-
mary hydrogen and helium are the main sources of these
secondary particle fluxes. The ACE data on the other hand
are direct measurements of GCR carbon nuclei. Addition-
ally, the carbon spectra provided by ACE is measured over
energies ranging from 59 MeV/nuc to 200 MeV/nuc
whereas the NM is sensitive to higher energies as the
low-energetic particles do not affect the count rate of a
sea-level Neutron Monitor due to the shielding provided
by the Earth’s atmosphere.

The absorbed dose rate between January 1970 and
October 2011 ranged from 88.5 pGy/d to 472 pGy/d and
the dose equivalent rate from 280 uSv/d to
1.43 x 10° uSv/d from solar maximum to minimum in
near-Earth interplanetary space. For ISS orbit the
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Fig. 3. Absorbed dose rates (dashed lines) and dose equivalent rates (solid
lines) in a water sphere for near-Earth interplanetary space (Fig. 3a) and
ISS orbit (Fig. 3b) estimated by applying the GCR model by Matthii et al
(2013a) using either ACE measurements (Matthii/ACE, red lines) or Oulu
Neutron Monitor count rates (Matthii/OULU, black lines). (For inter-
pretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

absorbed dose rate ranged from 30.5 uGy/d to 76.7 uGy/
d and the dose equivalent rate from 90.3 uSv/d to
239 uSv/d which is about 15% (30%) of the dose rates out-
side the magnetosphere during solar minimum (solar max-
imum). The variation of dose rates during a solar cycle
between solar maximum and minimum is about a factor
of 2-2.5 inside the magnetosphere (Fig. 3b) in comparison
to about a factor of 3-4.5 outside the magnetosphere
(Fig. 3a). The lower variation at LEO is due to the fact that
low energetic particles which experience the strongest mod-
ulation by the solar activity get also strongly modulated by
the geomagnetic field leading to a reduced solar cycle
related variation in the exposure. For the same simulation
scenario in Mrigakshi et al. (2013), it was shown that the
GCR exposure from particles with energies ranging from
100 MeV/nuc to 1 GeV/nuc contribute to about 30-52%
of the total exposure in near-Earth interplanetary space
while this contribution is reduced to about 10-24% at
ISS orbit. The mean quality factor averaged over the
inspected time period was found to be about 3.1 for both
the locations in space.
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To investigate the influence of shielding on the exposure
from GCR, calculations of the dose rates in the water
sphere surrounded by aluminium with thicknesses corre-
sponding to areal densities of 0.3 g/cm? 10 g/cm® and
40 g/cm” were made and are shown in Fig. 4. The dose
quantities were estimated by applying the Matthii/ACE
GCR model for a time period ranging from August 1997
to October 2011 for near-Earth interplanetary space and
ISS orbit.

The dose rates calculated for a shielding of 0.3 g/cm?
differ by less than 1% from those calculated in the target
without shielding for both locations in space. The absorbed
dose rates are found to increase for 10 g/cm? and 40 g/cm?
shielding for both locations in space, although the increase
is higher at ISS orbit (Fig. 4b). Compared to the unshielded
target the relative increase in the absorbed dose rate calcu-
lated for ISS orbit (near-Earth interplanetary space) with
10 g/cm? shielding is 16-22% (2-12%) and 70-96% (13—
50%) for 40 g/cm”. The increase in absorbed dose rates
can be attributed to the increase in secondary radiation like
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the reader is referred to the web version of this article.)

neutrons with increasing shield thickness that is created by
nuclear interactions of high-energy GCR particles with
atoms constituting the shielding. The variation of dose
equivalent rates with shielding show different behaviors
with location and time indicating that the influence of the
shielding on the dose rates is also dependant on the energy
spectra of the GCR particles which changes with the solar
activity.

In near-Earth interplanetary space (Fig. 4a) the reduc-
tion in the dose equivalent rate by adding 10 g/cm® Al
shielding is stronger during solar minimum periods
(—16%) than during solar maximum (—7%). By increasing
the shielding from 10 g/cm? to 40 g/cm?, the change in the
dose equivalent rate is, on average, about 4% over time. It
increases during solar maximum (up to +12%) and
decreases during solar minimum (less than —2%). At ISS
orbit the change in dose equivalent rate by increasing the
shielding to 10 g/cm? is small. It increases during solar
maximum and decreases during solar minimum by up to
+3%. If the shielding is changed from 10 g/cm?® to 40 g/
cm” then the dose equivalent rate increases by about 25—
35%. The trend of the dose equivalent rates showing a
reduction from 0-0.3 g/cm? to 10 g/cm? shielding and then
increasing again from 10 g/cm? to 40 g/cm? for solar mini-
mum e.g. during November 2009 was also found by Mat-
thid et al. (2013b). In fact the non-monotonic behaviour
in the dose equivalent rates with increasing shielding was
also observed in the dose measurements taken during the
STS-89 flight in the solar minimum period of Jan 1998
(Badhwar and Cucinotta, 2000).

The quality factors, calculated as the ratio of the dose
equivalent rate to the absorbed dose rate, are found to
reduce with increasing shielding and the averages over
the whole time period are about 3.1 (no shielding, 0.3 g/
cm?), 2.6 (10 g/cm?) and 2.2 (40 g/cm?) for different shield-
ing configurations. The decreasing quality factors suggest
that the fraction of the dose contribution from low-LET
particles increases with increasing shielding.

Clearly, Fig. 3 indicates that the GCR exposure was the
largest during the solar minimum cycle 23/24 with respect
to the three solar minima in the past and peaked in Novem-
ber 2009. For the case without shielding, both dose quan-
tities, taken as the average values from Matthii/ACE and
Matthii/OULU (Fig. 3), are expected to have risen by
about 13% in near-Earth interplanetary space and about
6% at ISS orbit relative to the highest exposure during
the previous solar minimum in August 1997. The level of
increase in the dose rates from the peak exposure in 1997
to 2009 is found to reduce with shielding (Fig. 4) and has
been quantified in Table 1.

Mrigakshi et al. (2013) showed that for an unshielded
water sphere the application of commonly used GCR mod-
els for the purpose of radiation protection in space —
CREMEY%, CREME2009 and Badhwar-O’Neill2010
(BON2010), did not result in elevated exposure estimates
during the recent solar minimum in 2009. The peak dose
values in 2009 estimated for an unshielded water sphere
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Table 1
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Peak absorbed dose rate dD/dt and dose equivalent rate dH/dt estimated by using Matthiid/ACE GCR model for a water sphere shielded by aluminum

shells of varying thicknesses during the recent solar minimum in 2009.

Shielding (g/cm?) Near-Earth interplanetary space

dD/dt (nGy/d) dH/dt (uSv/d)

Change in dose
relative to peak
dose in 1997 (%)

ISS Orbit
dD/dt (nGy/d)

Change in dose
relative to peak
dose in 1997 (%)

dH/dt (nSv/d)

0 472 1.43 x 10° +9 76.7 239 +4
0.3 469 1.41 x 10° +9 76.7 238 +4
10 481 1.19 x 103 +8 89.5 232 +4
40 534 1.16 x 10° +6 131 289 +3
Table 2

Estimation of the maximum radiation exposure in an unshielded water sphere during the recent solar minimum in 2009 in terms of the absorbed dose rate

dD/dt and dose equivalent rate dH/dt applying various GCR models.

GCR models Month/2009 Near-Earth interplanetary space Change in dose ISS Orbit Change in dose
dD/ds (uGv/d JH/di (uSv/d relative to peak dD/ds (uGv/d JH/di (uSv/d relative to peak

Matthii/ACE November 472 1.43 x 10° +9 76.7 239 +4

Matthii/OULU November 469 1.42 x 10° +16 76.4 238 +8

BON2010 August 370 1.14 x 10° -3 64.5 199 -2

CREME96 March 395 1.22 x 10° -8 71.9 224 -2

CREME2009 August 398 1.24 x 10° -5 71.3 223 -1

by applying these models (Mrigakshi et al., 2013) are pre-
sented in Table 2 together with the dose estimates based
on the GCR model by Matthid et al. (2013a) using both
methods to derive the GCR spectra. The table also shows
the relative difference in the peak dose calculated for
2009 relative to the peak dose estimated for the previous
solar minimum in 1997. The highest exposure during these
years was calculated to occur at different times using all
GCR models as indicated in the table. Note that the result
is not indicated separately for absorbed dose rate and dose
equivalent rate as it was found to be similar for both these
quantities with less than 1.5% difference. The exposure cal-
culated using Matthii/OULU differed by less than 1% for
2009 and less than 7% for 1997 relative to the exposure cal-
culated using Matthid/ACE model. The application of the
Badhwar-O’Neill2010 model produced the largest differ-
ence in the dose values in comparison with the doses esti-
mated by applying the models by Matthid et al. (2013a).
For near-Earth interplanetary space the dose equivalent
and absorbed dose rates from BON2010 are ~21%, from
CREME9 ~16% and from CREME2009 ~14% lower
than the values calculated using Matthii/ACE. For ISS
orbit the dose values based on BON2010, CREME96 and
CREME2009 are lower by ~16%, ~6% and ~7%, respec-
tively relative to the values calculated using Matthii/ACE.

The peak skin absorbed dose during the year 2009 was
calculated by Schwadron et al. (2010) behind aluminium
shielding of 0.3 g/cm?, 10 g/cm® and 40 g/cm® for near-
Earth interplanetary space and was about 330 pnGy/d,
325 uGy/d and 274 pGy/d. The reducing trend in the
absorbed dose rates is contradictory to the results pre-
sented in this paper (Fig. 4) and the work presented in Mat-
thid et al. (2013b). Furthermore, in this work an increase in
the peak dose rates during the recent solar minimum in
November 2009 relative to the previous minimum in

August 1997 for all shielding configurations is visible
(Table 1) while in the results by Schwadron et al. (2010)
it is not. The differences in the absorbed dose rates calcu-
lated with the various GCR models in this work for the
recent solar minimum (Table 2) show that the selection
of the GCR model plays an important role in the estima-
tion of the radiation exposure. It was shown above that
the Badhwar-O’Neill model does not predict the increased
intensity in 2009 which indicates that the lower exposure
estimates by Schwadron et al. (2010) could indeed be due
to their selection of the GCR model.

However, the large differences in the dose rates calcu-
lated for the year 2009 in general e.g. behind a shielding
of 0.3 g/cm? which is about 30% lower than the estimates
made in this work using Matthid/ACE is likely due to
the transport models in the HZETRN code. The transport
code HZETRN used by Schwadron et al. (2010) in their
calculations was recently extended to include the produc-
tion, the transport and the decay of pions in matter (Nor-
man et al., 2012; Slaba et al., 2012). Recent studies showed
that the lack of a description of these physical interactions
lead to an underestimate in the absorbed dose from GCR
in the order of tens of percent (Aghara et al., 2009; Slaba
et al., 2012). Additional factors causing the differences in
the dose rates as shown in the two studies could be due
to the differences in the setup of the shield and/or target
geometries which, however, were not described explicitly
by Schwardon et al. (2010).

4. Conclusion and outlook

The goal of this work was to quantify the rise in the
GCR exposure during the solar minimum between cycles
23 and 24 as a result of elevated GCR intensities observed
at the time compared to the preceding solar minima. A
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numerical estimation of the absorbed dose rate and dose
equivalent rate was thus performed for time periods start-
ing from 1970 to the end of 2011 in a water sphere either
unshielded or behind aluminium shielding of 0.3, 10 and
40 g/cm?. The calculations were made for a location out-
side the Earth’s magnetosphere at a distance of about
1 AU from the Sun and at the ISS orbit. A GCR model
recently developed by Matthii et al. (2013a) was employed
to estimate the GCR exposure to overcome the finding of
the recent work presented in Mrigakshi et al. (2012) show-
ing that other commonly used GCR models CREMEY6,
CREME2009 and the Badhwar-O’Neill2010 do not
describe an elevated GCR intensity in the years 2008—
2010 and therefore their application does not result in an
increased estimate of the GCR exposure (Mrigakshi
et al., 2013).

The study showed that the GCR exposure between the
years 2008 and 2010 is expected to have been the highest
since the beginning of the space age. The peak absorbed
dose rate and the dose equivalent rate in an unshielded
water sphere during to the peak GCR intensity in Novem-
ber 2009 were estimated to be 472uGy/d and
1.43 x 10° pSv/d for near-Earth interplanetary space and
for ISS orbit 76.7 uGy/d and 239 pSv/d. The absorbed
dose and dose equivalent rates exceeded the previous max-
imum levels by about 10% for near-Earth interplanetary
space and about 6% at the ISS orbit if no shielding is used.
The relative increase in the peak dose rates from 1997 to
2009 was found to reduce with shielding ranging to about
6% (40 g/cm® shielding) for near-Earth interplanetary
space and to about 3% at the ISS orbit. The results were
compared with the dose estimates presented in Mrigakshi
et al. (2013) wherein the calculations were made using
Badhwar-O’Neill2010, CREME96 and CREME2009 mod-
els for the same simulation setup without shielding. It was
found that the application of these models results in lower
dose rates with respect to the values calculated using the
model by Matthii et al. (2013a).

The dose estimations made for this period could serve as
a reference for the worst case GCR exposure scenario for
manned spaceflight to destinations close to Earth.
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5 ADDITIONAL RESULTS

Besides the published findings and results, which were presented in the previous
chapter, additional investigations were performed during the course of the research
work and are presented in this chapter. These include an assessment of the latest
Badhwar-O’Neill2011 model in terms of accuracy of the GCR flux description and
the influence on dose calculations. Additionally, the variation of dose with primary
particle energy calculated for a shielded water sphere, and furthermore, estimations of
the effective dose and comparison of calculated dose with measurements are presented

as well.

Note that Appendix C contains an evaluation of the SPENVIS/ISO15390 model for
solar maximum (year 2000) and minimum (year 2009) periods. The results are not
presented in this chapter as the study was performed for only two time periods in the
recent past and from the results presented in Chapter 4 and in this chapter, it is clear
that the accuracies of the models change over time. Nevertheless, the study shown in
the appendix indicates that the SPENVIS/ISO15390 model as well must be carefully

examined before using it for dose calculations.

5.1 Badhwar-O’Neill2011 model

The Badhwar-O’Neill model published in 2010 (O’Neill, 2010) was updated and
released in 2012 as the Badhwar-O’Neill2011 (BON2011) model. Similar to the
previous model, the updated model can be accessed by contacting the author of
O’Neill (2010). The model is delivered as a DOS binary along with its source code
written in FORTRAN. Currently, there is no article published explaining this latest
model and describing the difference with respect to the older Badhwar-O’Neill2010

model.

5.1.1 Model vs measured energy spectra

To investigate the BON2011 for its accuracy, the model spectra of selected light
and heavy nuclei were compared with measurements. The spectra from BON2010
and Matthid/ACE (Matthid et al., 2013a) models are also presented to study the

differences between these models.
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Figure 5.1: Model and measured fluxes of hydrogen (a), helium (b), oxygen (c¢) and iron (d)
nuclei integrated over energy. The hydrogen and helium data, both model and measured, is
integrated between the common energy ranges starting from 215 MeV /nuc to 21.5 GeV /nuc as
measured by the BESS (solid square symbols) and PAMELA (solid star symbols) experiments.
The oxygen spectrum is integrated between 69 MeV /nuc and 240 MeV /nuc and the iron
spectrum between 129 MeV /nuc and 471 MeV /nuc as measured by ACE/CRIS (solid triangle
symbols) experiment. The solid lines show model data using BON2011 (blue line), BON2010
(green line) and Matthia/ACE (red line).

A similar assessment of the BON2010, Burger-Usoskin and the CREME models was
presented in Mrigakshi et al. 2012 (see Section 4.2).

Figure 5.1 shows the model and measured fluxes' of hydrogen, helium, oxygen and
iron nuclei integrated over the energy ranges of the available measurements from the
year 1997 onwards.

The hydrogen (Figure 5.1a) and helium data (Figure 5.1b) are integrated over an
energy range starting from 215 MeV/nuc to 21.5 GeV/nuc as measured by the

'Refer to Mrigakshi et al. (2012) presented in Section 4.2 and the references therein for a short

description of the space and balloon experiments from which the GCR data was taken for this work.



5.1. Badhwar-O’Neill2011 model 107

BESS and PAMELA experiments. As can be seen in the figure, there are only few
measurements available for these particles especially for helium. There is just one
data set of the helium fluxes measured by the PAMELA experiment which has been
published so far and in fact it is an average over a period of July 2006 to March
2008 (Adriani et al., 2011). Note that the energy spectrum of hydrogen and helium
nuclei published by the PAMELA team is given over a broader energy range (H: 82
MeV - 49 GeV and He: 120 MeV /nuc - 595 GeV /nuc) in comparison with the BESS
experiments but in this figure the flux has been integrated over the common energy
ranges covered by both these experiments.

The oxygen data (Figure 5.1c) has been integrated between 69 MeV /nuc and 240
MeV /nuc and the iron data (Figure 5.1d) between 129 MeV /nuc and 471 MeV /nuc
as measured by ACE/CRIS experiment. The ACE/CRIS data provided in 27-day
averages were used here.

The energy spectra are derived for the starting time of each measurement point as

the model spectra showed negligible differences over the entire observation period.

From the figures, it can be seen that the updated Badhwar-O’Neill model BON2011
gives a more accurate description of the particle fluxes than BON2010 for most of
the time periods after the year 2001. Unlike the BON2010 model it describes the
elevated GCR fluxes observed during the deep solar minimum between the solar
cycles 23 and 24. However, the differences between the measurements (hydrogen and
helium fluxes) by the BESS experiment and the model integrated fluxes calculated
using the BON2011 are larger than those calculated using BON2010 model for most
of the datasets. There seems to be a systematic overestimation between the years
2000 and about 2001 wherein the integrated flux from the model differ significantly
with respect to the measurements and falls sharply for heavy nuclei. For most of
the investigated time periods, the BON2011 model calculates higher particle fluxes
in comparison to the BON2010 model. In comparison with BON2011, the spectra
derived from Matthid/ACE model show better agreement with the measurements of
hydrogen and helium nuclei and of heavy nuclei for most of the the investigated time
periods up to the year 2006. The Matthii/ACE model is able to describe the peak
hydrogen fluxes observed in 2009, however, it shows an underestimation for oxygen
and iron nuclei which are described better by the BON2011 model in the investigated

energy range.

Figure 5.2 shows a comparison of the measured differential energy spectra of hydrogen,

helium, oxygen and iron nuclei from various instruments (BESS, AMS-01, PAMELA,
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Figure 5.2: Comparison of GCR hydrogen (blue lines), helium (green lines), oxygen (red lines)
and iron (black lines) energy spectra described by BON2011 (dashed lines), BON2010 (contin-
uous lines) and Matthid/ACE (dashed-dotted lines) models with measurements from various
measurements: BESS (solid square symbols), AMS-01 (solid star symbols) and ACE/CRIS
(solid circle symbols) for solar minimum (June-July 1998) and solar maximum periods (Au-
gust 2000).

ACE/CRIS) and model spectra from BON2011, BON2010 and Matthi&i/ACE models
for solar maximum (August 2000) and minimum (June-July 1998) periods. See Table
2 in Mrigakshi et al. 2012 (see Section 4.2) for details regarding the data selection
from AMS-01, BESS, ACE and PAMELA (helium data) experiments for this figure.
The hydrogen data presented here were measured by the PAMELA experiment
between the dates 06.12.2009 and 01.01.2010.

The drop in the measured fluxes and the shift in the peak to higher energies from
solar minimum (Figure 5.2a) to maximum (Figure 5.2b) period is clearly visible in the
figure. The differences between the measured and model fluxes found in the previous
Figure 5.1 are also seen in this figure. For these two epochs the differences between
model and measured fluxes are smaller using the BON2010 model in comparison with
the new BON2011 model. The overestimation of the fluxes of heavy nuclei using the
BON2011 model for the year 2000 can also be seen here. The Matthid/ACE model
shows the least difference with respect to the measurements for this time period of
all the selected nuclei. For the year 1998, BON2011 shows better agreement with
measurements of oxygen and iron nuclei whereas BON2010 does better for the lighter

nuclei.

Figure 5.3 shows the model spectra using the BON2011 and Matthid/ACE in compar-
ison with the GCR H nuclei measurements taken by the PAMELA mission between
July 2006 and December 2009 (Adriani et al., 2013).
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Figure 5.3: Comparison of the differential energy spectra of H nuclei described by BON2011
(continuous lines) and Matthii/ACE models (dashed lines) with the measured data from the
PAMELA mission (solid square symbols). The measurements taken during 2006 are shown in
black (13th November to 4th December), 2007 in green (30th November to 27th December),

2008 in blue (19th November to 15th December) and 2009 in red (6th December 2009 to 1st
January 2010).

The observation periods are indicated in the figure caption. The effect of solar mod-
ulation on hydrogen nuclei can be seen below 10 GeV (Figure 5.3a). The continuous
increase in the GCR hydrogen fluxes measured from a period of intermediate solar
activity at the end of the year 2006 to the solar minimum at the end of the year 2009
is clearly visible.

The model spectra from both BON2011 and Matthid/ACE above 700 MeV are in
agreement with the measured spectra within the uncertainties. At higher energies
above 40 GeV, the model spectra seem to diverge from the data points and further-
more the slopes of the measured spectra seem to be greater than those of the model
spectra (Figure 5.3a). Certainly, GCR measurements at higher energies of all particle
types will be useful to benchmark the models for these high energies. Figure 5.3b
shows a clearer picture of the discrepancies in the model spectra at lower energies.
The hydrogen fluxes described by the Matthii/ACE model are in agreement with
the measurements for all time periods except for the year 2008 wherein BON2011
shows a better agreement with the measurements. These observations are consistent
with the results shown in Figure 5.1. It should be noted that the differences in the
integrated model flux using BON2011 and measurements as seen in Figure 5.3 are
larger in comparison to the differences seen in Figure 5.1. This occurs due to the
smaller energy range over which the fluxes were integrated (from 215 MeV upwards).

The discrepancies are larger at lower energies.
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5.1.2 Influence on the dose calculations

Hydrogen, helium, oxygen and iron nuclei are the most important GCR, particles that
contribute to the total GCR exposure in space. Thus the differences observed in the
energy spectra described by different models must result in different dose values as
was shown in Mrigakshi et al. 2013a (see Section 4.3) wherein dose rates calculated
using CREME96, CREME2009 and BON2010 were inter-compared. In this section,
the exposure from GCR is estimated using the new BON2011 model and compared
with the results calculated using the BON2010 and Matthid/ACE model.
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Figure 5.4: Absorbed dose rate (dashed lines) and dose equivalent rate (continuous lines)
calculated for an unshielded water sphere located outside the magnetosphere close to the Earth
using BON2011 (blue lines), BON2010 (green lines) and Matthid/ACE model (red lines).

Figure 5.4 shows the absorbed dose rate and dose equivalent rate calculated using
BON2011, BON2010 and Matthi&d/ACE models for a time period ranging from July
1997 up to October 2011. The dose values are shown for an unshielded water sphere
located outside the magnetosphere close to Earth.

The differences in the dose rates using these models are in accordance with the model
flux inter-comparison results. For most of the time periods BON2011 calculated
higher GCR fluxes in comparison with the BON2010 model and thus the dose rates
predicted using the BON2011 model yield higher dose values as well. The dose rates
calculated using this model are also higher in comparison with the values calculated
using the Matthid/ACE model for most of the time periods. The peak dose values
for the GCR maximum period during 2009 are estimated to occur at different time
periods using BON2011 (around mid of 2009) and Matthid/ACE model (end of 2009).
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The GCR measurements as presented in the section above and the neutron monitor
count rates presented in Mrigakshi et al. 2013b (see Section 4.5) and Chapter 2 also
show the peak GCR fluxes at the end of the year 2009. In general the differences in
the dose values calculated using different models are higher during the solar minimum

periods and converge to nearly the same values at the end of the year 2011.
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Figure 5.5: Figure a shows the ratio of the dose equivalent rates using the BON2010 and
BON2011 models respectively and Figure b shows the ratio of the dose equivalent rates using
the BON2011 and Matthid/ACE models respectively.

In Figure 5.5 the differences in the dose rates using these models are quantified.
Figure 5.5a shows the ratio of the dose rate calculated using the BON2010 and the
values calculated using the BON2011 model. Around the mid of 2000 and between
2008 and 2010, the use of the BON2010 model leads to dose rates about 35% and
30% lower than those calculated using the BON2011 model.

Figure 5.5b shows the ratio of the dose rate calculated using the BON2011 and the
values calculated using the Matthid/ACE model. The difference lies within 10% for
most of the time periods. However, around the end of the year 2000 the BON2011
model produces dose values about 50% higher than that using the Matthid/ACE
model. At this time the discrepancies in the model spectra using the BON2011 were

observed as shown in the section above.
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5.2 Variation of dose with particle energy

In this section, the contribution of different particle energies to the total exposure
is investigated for either an unshielded and shielded water sphere surrounded by
aluminium shielding of 0.3 g/cm?, 10 g/cm? and 40 g/cm?. The aluminium shielding
of 0.3 g/cm? corresponds to the shielding of a nominal spacesuit and is often used for
dose assessments (e.g. in Schwadron et al. 2010, Ballarini et al. 2005, Kim et al. 1999).
The other two shielding configurations represent typical shieldings encountered in the
lower shielding parts of the ISS, e.g., in the Pirs modules the shielding is estimated
to range from 2 g/cm? to 40 g/cm? (Semkova et al., 2012).
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Figure 5.6: Cumulative dose rates over primary particle energy estimated for unshielded (0
g/cm? in black) and shielded (0.3 g/cm? in red, 10 g/cm? in blue, 40 g/cm? in green) water
sphere at different locations in space during solar maximum and minimum periods. Figure a
and b show the absorbed dose rate and dose equivalent rate respectively estimated for near-
Earth interplanetary space. Figure ¢ and d show the same dose quantities for ISS orbit. The
solar maximum period corresponds to August 2002 (solid squares) and the solar minimum to
November 2009 (solid triangles). Note that due to the similar dose values estimated in the
water sphere with no shielding (0 g/cm?) and with a shielding of 0.3 g/cm?, the corresponding

energy vs dose curves shown in red and black mostly overlap.
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The variation of dose with primary particle energy was studied by calculating the
dose rates integrated over primary particle energy from 10 MeV /nuc to 100 GeV /nuc
for all investigated shielding configurations as shown in Figure 5.6. The calculations
are made for time periods corresponding to the GCR intensity minimum (August
2002) and maximum (November 2009) using the Matthid/ACE model. Figure 5.6a
and b show the estimated absorbed dose rate and dose equivalent rate respectively

for near-Earth interplanetary space, and Figure 5.6c and d show the same for ISS orbit.

Note that Mrigakshi et al. 2013a (see Section 4.3) presented similar study for the
case of an unshielded water sphere using the BON2010 model. The total absorbed
dose and dose equivalent rates calculated for the water sphere with sheilding using
Matthida/ACE model over a time period ranging from the year 1997 to 2011 can be
found in Mrigakshi et al. 2013b (see Section 4.5). Figure 5.7 shows the total dose
rates plotted against shielding for August 2002 and November 2009.
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Figure 5.7: Absorbed dose (red lines with solid circle symbols) and dose equivalent rate (blue
lines with solid triangle symbols) calculated using the Matthid/ACE model for aluminium
shielding of 0 g/cm?, 0.3 g/cm?, 10 g/cm? and 40 g/cm? during solar maximum in August

2002 (dashed lines) and solar minimum period in November 2009 (continuous lines).

Results for both the investigated locations in space presented in the figures show that:

1. The contribution to total GCR, exposure from particles with energies between 10
and 100 MeV /nuc is insignificant for all cases. It is estimated to be either null
or less than 0.5% except for the near-Earth interplanetary space where it can be
up to 2% for the case of 0-0.3 g/cm? shielding.

2. The particle energies ranging from 100 MeV /nuc to 1 GeV/nuc can contribute
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from 3% for 40 g/cm? up to 55% for 0-0.3 g/cm? shielding.

3. The largest contribution to dose of about 40%-70% for most of the cases comes

from particle energies ranging from 1 GeV /nuc to 10 GeV /nuc.

4. The contribution of particle energies from 10 GeV /nuc to 100 GeV /nuc ranges
from about 4% for 0-0.3 g/cm? to about 44% for 40 g/cm?.

Continuing the discussion of Figure 5.6, it can be observed that with increasing
aluminium thickness, the contribution from high energy particles to total dose
increases. This can be explained by the greater shielding effect on low-energy particles
due to larger shield thickness.

In these graphs, the point of steepest slope in each curve indicates a peak in the dose
values. A shift in these points or peak towards higher energies from solar minimum
to maximum period can be observed in all the graphs for all shielding configurations.
E.g., in Figure 5.6a, the peak in the dose values for 10 g/cm? is at about 1 GeV /nuc
during solar minimum period in comparison to solar maximum at about 3 GeV/nuc.
This is due to the fact that the low energy component of the GCR is strongly
attenuated by the increased solar activity and therefore the contribution to dose from

these particles reduces as well.

For calculation of the GCR exposure at ISS orbit, particles with energies below
100 MeV /nuc can be ignored due to the negligible contribution to dose. While for
the same location the upper limit of the particle energy of 100 GeV /nuc should be
sufficient for 0 g/cm? to 10 g/cm?, the contribution of higher energies to total dose
for 40 g/cm? shielding should be investigated as the integrated dose curves seem to
still rise at these energies. For near-Earth interplanetary space the simulated energy

range seems to be sufficient for all the investigated shielding configurations.
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5.3 Estimation of effective dose rate

In this section, the effective dose rate is estimated. The effective dose can be
calculated from the equation 2.15. It requires the calculation of dose equivalent in
various organs, also known as organ dose equivalent (NCRP, 2000 and NCRP, 2002),
which is weighted by the tissue weighting factor wy (Table 5.1) for the corresponding

organs and summed up over all organs to deduce the effective dose (Chapter 2).

Table 5.1: Tissue weighting factors wr recommended by ICRP (ICRP, 2007).

Tissue wT

Red bone marrow, Colon, Lung, 0.12

Stomach, Breast, Remainder tissues™
Gonads 0.08
Bladder, Oesophagus, Liver, Thyroid 0.04

Bone surface, Brain, Salivary glands, 0.01
Skin

* Remainder tissues: Adrenals, Extrathoracic region, Gall bladder, Heart, Kidneys, Lymphatic nodes,
Muscle, Oral mucosa, Pancreas, Prostate (male), Small intestine, Spleen, Thymus, Uterus/cervix

(female)

To estimate the dose in different organs by using a spherical phantom, the mean
shielding of each organ in the human body has to be correlated to a location inside
the spherical phantom. Matthid et al. (2013b) calculated the mean shielding of
all the organs required for the estimation of the effective dose (Table 5.1) in the
ICRP male phantom. The ICRP male phantom is a reference computational voxel
phantom? based on tomographic imaging data set of an adult male (see ICRP 2009
for details). The result of the study showed that the mean organ shielding in the
ICRP male phantom ranges from 10.5 g/cm? (skin) to 19.1 g/cm? (bladder) for
isotropic irradiation. Note that in the same paper, Matthia et al. (2013b) also showed
that a spherical water phantom of 20 cm radius is less thana good approximation to
estimate the radiation exposure from GCR at ISS orbit. The absorbed dose rate and
dose equivalent rate calculated using the spherical phantom and the ICRP phantoms

(for both male and female) differed by less than than 5% and 11% respectively.

2Computational anthropomorphic phantom based on medical tomographic images in which the
anatomy is described by small three-dimensional volume elements (voxels) specifying the organ or
tissue to which they belong (ICRP, 2009)
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Figure 5.8: Figure a shows the mean shielding in the simulated water sphere of 25 cm radius
from its centre to the surface (black line). Also shown are mean shielding of some organs in
the ICRP male phantom (red dashed lines). For reference, the mean shielding of all organs
(black lines) in the ICRP male phantom, that are required for the estimation of the effective,
is shown in Figure b. The red dashed line indicates the mean shielding level at the surface
of the simulated water sphere. Locations with mean shielding below this threshold lie outside

the sphere.

Note that the mean shielding at a given point inside the water sphere is defined as
the product of density p with the mean distance x from that point to the surface of
the sphere. For the isotropic GCR radiation field the mean distance x is obtained by
integrating the distance to the surface x(6) as a function of incident direction over the
entire sphere (see Matthié et al. 2013b for a detailed description). The mean shielding
profile for the simulated water sphere used in this work was calculated by applying this
method. The shielding values estimated for the simulated water sphere ranges from
12.5 g/cm? at the surface to 25 g/cm? at the centre. Figure 5.8 shows the mean shield-
ing inside the simulated water sphere of 25 c¢m in radius (Figure 5.8a) together with

the mean shielding of all relevant organs inside the ICRP male phantom (Figure 5.8b).

Clearly, the water sphere is heavily self-shielded (12.5 g/cm? - 25 g/cm?) and thus
does not cover the entire range of mean organ shieldings of the ICRP male phantom
(10.5 g/cm? - 19.1 g/cm? ). However, the mean shielding of ten out of the required
fifteen organs, to estimate the effective dose (Table 5.1), is covered by the sphere and

with some assumptions the effective dose can be calculated.

Figure 5.9 shows the variation of absorbed dose and dose equivalent rates with depth
in the water sphere estimated for near-Earth interplanetary space and ISS orbit using
the Matthia/ACE model.

The data is presented for all the shielding configurations simulated in this work from

no shielding to aluminium shielding of 0.3 g/cm?; 10 g/cm? and 40 g/cm?.
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Figure 5.9: Variation of absorbed dose rate (dashed lines) and dose equivalent rate (con-
tinuous lines) with depth, estimated by applying the Matthid/ACE model during the peak
exposure period in the last solar minimum (November 2009) for near-Earth interplanetary
space (Figure a) and ISS orbit (Figure b). The dose rates are shown for an unshielded (black)
and shielded water sphere with aluminium of 0.3 g/cm? (red), 10 g/cm? (blue) and 40 g/cm?

(green).

The mean shielding required for the calculation of effective dose ranges from 10.5
g/cm?, which is outside the range of shieldings covered by the simulated sphere, up to
19.1 g/cm? i.e. about 6 cm inside from the surface. The absorbed dose rate from the
surface up to 6 cm in depth varies by less than 5% in near-Earth interplanetary space
for all shielding configurations whereas for ISS orbit by less than 15%. Therefore,
assuming the same absorbed dose values calculated for the surface of the sphere for
the organs that have lower mean shielding (skin, breast, bones, brain and salivary
glands) should give a reasonable value of the organ absorbed dose rates.

The dose equivalent rate on the other hand shows a stronger variation of dose with
depth which is due to the fragmentation of primary heavy nuclei at outer shells of
the water sphere which lead to the production of secondary particles which have
lower quality factor and yield lower dose equivalent rates with increasing depth. The
dose equivalent rate from the surface to 6 c¢cm in depth varies by up to 55 % for
near-Earth interplanetary space and up to 25% for ISS orbit. Nevertheless, since the
tissue weighting factors wp (Table 5.1) of four out of the five organs not covered by
the sphere is 0.01, their influence on effective dose is low. For the breast which has
a weighting of 0.12, the dose equivalent rate at the outer most shell of the water
sphere could be a fair assumption as the mean shielding at this shell is 12.5 g/cm?
not very different from 11.9 g/cm? which corresponds to that of the breast in a male
ICRP phantom. It is also important to note that these are only five organs are out

of fifteen organs, required for the calculation of effective dose, and thus their total
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contribution to effective dose should not be dramatic. Matthié et al. (2013b) estimate

a contribution of 20% by these organs to the effective dose.
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Figure 5.10: Effective dose rate calculated for a male astronaut either unshielded or sur-
rounded by aluminium shielding of 0.3 g/cm?, 10 g/cm? and 40 g/cm? during the peak ex-
posure period in the last solar minimum (November 2009) calculated using the Matthid/ACE

model for near-Earth interplanetary space and ISS orbit.

Figure 5.10 shows the effective dose rate in water sphere with and without shielding
estimated for November 2009 using the Matthid/ACE model for near-Earth Inter-
planetary space and ISS orbit. The values calculated for near-Earth interplanetary
space are 1660 pSv/d, 1640 uSv/d, 1300 uSv/d and 1250 mSv/d for 0 g/cm?, 0.3
g/cm?, 10 g/cm? and 40 g/cm? and for ISS orbit are 260 uSv/d (0-0.3 g/cm?), 250
puSv/d and 310 pSv/d.

The NASA space flight human system standard (NASA, 2007), provides career effective
dose limits for missions of 1-year duration or less and are shown in Table 5.2 for males
and females. These limits are based on 3% risk of exposure-induced death from cancer.
The decrease in risk with age is due to the reduced susceptibility for radiation-induced
cancer. The results shown here indicate that the annual effective dose in a male
astronaut are expected to be above 456 mSv, 476 mSv, 600 mSv and 607 mSv behind
shielding of 40 g/cm?, 10 g/cm?, 0.3 g/cm? and 0 g/cm? in near-Earth interplanetary
space. These values are either above or approach the career limit for 25 and 30 year old
males as recommended by NASA for all of their human space flight programs (NASA,
2007). Note that these results have been calculated for the time period (November
2009) when the GCR intensity and the GCR exposure reached highest levels observed
since 1970.
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Table 5.2: Career effective dose limits ( in units mSv) for 1-year missions as recommended
by the NASA space flight human system standard for all of their human space flight programs
(NASA, 2007).

Age, yr  Males Females

25 520 370
30 620 470
35 720 550
40 800 620
45 950 750
50 1150 920
55 1470 1120

Using the same method for the estimation of effective dose for a male astronaut, the
dose quantity can also be estimated for a female astronaut. The mean organ shielding
calculated by Matthid et al. (2013b) for the ICRP female phantom is different than
the male phantom and it ranges from 8.8 g/cm? to 16.9 g/cm?. The organs of which
the mean shielding are not covered by the simulated water sphere are skin (8.8
g/cm?), breast (11.5 g/cm?), brain (10.8 g/cm?) and salivary glands (11.6 g/cm?).
For these organs, the dose equivalent estimated for the outermost shell corresponding
to a mean shielding of 12.5 g/cm? is taken to calculate the effective dose. This
assumption follows the same reasoning as explained for the calculation of the effective
dose for a male astronaut. Therefore, with these assumptions the effective dose in
a female astronaut can be estimated. For a female astronaut the annual effective
dose for November 2009 are expected to be 456 mSv, 476 mSv, 633 mSv and 643
mSv behind shielding of 40 g/cm?, 10 g/cm?, 0.3 g/cm? and 0 g/cm? in near-Earth
interplanetary space. The values indicate the 1-yr career dose limits to have been
either reached or beyond those allowed for 25 to 40 year old females as recommended
by NASA for all of their human space flight programs (NASA, 2007).

A round trip to Mars is usually assumed to take up to a year or more and with GCR
exposure alone (no consideration of radiation from the Sun) contributing by such
high amounts to dose, the shielding to be used for future missions to deep space must

be appropriately optimized.
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5.4 Comparison with experimental data

The accuracy of the methods applied to estimate the dose values must be tested by
comparing the calculated dose with measurements. Often however, it is not trivial
to make reasonable comparisons because of numerous reasons. Such reasons are for
instance, the lack of detailed information about the shielding around the radiation
dose detectors, the energy deposition range or the particles measured by the detector
and also the kind of approximations made in the models during the simulation
process.

There are several experiments dedicated to measure radiation dose at various locations
inside the ISS. As mentioned in Chapter 2, the dose measurements made onboard
the ISS show large variation from location to location. To compare the experimental
data with the calculated data from this work, only measurements at locations where

the shielding is similar to those simulated in this work have to be considered.

Semkova et al. (2013) measured absorbed dose rates from July 2007 to February
2009 inside the Pirs module wherein the detectors are estimated to be surrounded
by shielding ranging from 2 g/cm? to 40 g/cm? (Semkova et al., 2012). In another
experiment, Lishnevskii et al. (2012) measured absorbed dose rates from 2005 -
2009 inside the Zvezda module where the average shielding around the detectors are
estimated to range from 32 g/cm? - 47 g/cm? (Jadrnickova et al., 2009). In the same
module, Zvezda, Semones (2009) also measured absorbed dose rate between May 2009
- August 2009. The calculated absorbed dose rates for a shielding of 10 g/cm? and
40 g/cm? could therefore be compared with the data available from these modules.

Table 5.3 shows a summary of the measured and calculated absorbed dose rates.

Note that the calculations were made for the observation period as provided in the
publications and the range of the dose rates over these periods are provided here
as shown in the table. Since the information about the shielding distribution is
unavailable, it is difficult to weight the calculated dose per the shielding amount. If
the average of the absorbed dose rates calculated with a shielding of 10 g/cm? and 40
g/cm? is considered then the relative difference of the calculations with the measured
data on the Pirs module ranges from less than 1% to 10% for July 2007 to February
2009.

The difference between the measured absorbed dose rates by Lishnevskii et al. (2012)
inside the Zvezda module and the calculated values are 7% to 33% for 2005-2006
and about 20% for 2007-2009. However, the calculated dose rates are in good agree-



5.4. Comparison with experimental data 121

ment with the measurements made by Semones (2009) for the same module where the

difference between the measurements and the calculated dose is about 4%.

Table 5.3: Comparison of the measured dose from GCR onboard the ISS with the calculated

dose over the whole sphere.

Module Dates Measured Calculated
dD/dt dD/dt
(uGy/d)  (uGy/d)

Pirs July 2007 - Feb. 2009 104 - 119 83 - 87 (10 g/cm?)
123 - 128 (40 g/cm?)

Zvezda 2005 - 2006° 80-100 106 - 118 (40 g/cm?)
2007 - 2009° 100- 110  120-131 (40 g/cm?)

May 2009 - Aug. 2009° 125 130 (40 g/cm?)

*Semkova et al. (2013); PLishnevskii et al. (2012); “Semones (2009)

In addition measurements from inside the Columbus module are available where
the median shielding has been estimated to be 100 g/cm? (Stoffle et al., 2012).
Unfortunately, the largest shielding simulated in this work equals 40 g/cm?, thus

calculated and the measured dose rates cannot be compared.

Since manned missions to locations beyond LEO such as Mars are being planned, it
is also important to investigate the radiation exposure during such long-duration and
long-distant flights.

The first ever measurements of the dose rate outside the terrestrial environment
were recently performed by the MSL/RAD instrument during its transit flight to
Mars (Zeitlin et al., 2013). In comparison with the data in LEO, this data is also
very important for benchmarking the modelling process. This is because of the
lesser number of parameters that could have influenced the GCR fluxes and thus the
resulting dose measured by the instrument. The dose measurements were made in the
near-Earth interplanetary space wherein the GCR are not attenuated by the Earth’s
magnetosphere and by the solid-obstruction caused by the planet. If simulating
this scenario, the question of uncertainties arising in the calculated dose from the
application of geomagnetic transmission function (transporting GCR fluxes from
outside to inside the Earth’s magnetosphere) therefore does not exist. This should

aid the scientists to pinpoint other sources of errors in the calculated dose better and
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help to further improve the reliability of numerical dose estimation.

The shielding distribution around the MSL/RAD instrument is complex. During
the transit to Mars the shielding around the instrument ranged from 1 g/cm? to 80
g/cm?. Zeitlin et al. (2013) have provided the cumulative probability distribution
as a function of shielding depth which should be useful to appropriately model the
shielding distribution around the instrument. In this work, limited set of shieldings
were modelled which certainly does not cover the range of shielding that surrounded
the instrument. Nevertheless, by making use of the cumulative probability distribu-
tion of the shielding and by making some assumptions, the calculated dose can be
roughly compared with the MSL/RAD measurements.

Due to the large size of the water sphere the dose in the outermost shell is considered
for this comparison study wherein the mean shielding inside the sphere is the least.
It should be noted that for a more realistic benchmarking of the dose calculations
for this MSL/RAD in-transit scenario, a smaller geometry of the detector should be
simulated.

The cumulative probability distribution vs shielding depth indicates that about 30%
of the shielding amounted to 3 g/cm?, 50% to 10 g/cm?, 10% to 40 g/cm? and 70
g/cm? each. The calculated dose therefore can be weighted with these factors in
order to compare the dose values. In this work, not all of these shielding amounts
were simulated and hence after weighting the dose with the factors shown above, a
certain fraction of the dose (from 3 g/cm? and 70 g/cm?) will still be unaccounted
for. However, the dose rates in the common shielding used for the measurement and

calculation can be compared.

Table 5.4 shows the measured and calculated dose rates averaged over the observation
period, i.e., between December 2011 to July 2012. The dose rates were calculated
using the Matthid/ACE GCR model. The table also indicates the amount of shielding

used.
The sum of the calculated absorbed dose rate for a shielding of 10 g/cm? weighted

by 50% and for 40 g/cm? weighted by 10% equals to 220 uGy/d. For the remaining
shielding some assumptions must be made. If the dose rates for 3 g/cm? is considered
to be the same as that for 0-0.3 g/cm? and the dose rates for 70 g/cm? is taken the
same as that of 40 g/cm? then the total absorbed dose rate sums up to 360 uGy/d.
This is about 22% lower than the measured value. The variation in the absorbed
dose rate has been estimated in this work to increase with increasing aluminium
shielding and the dose for 3 g/cm? and 70 g/cm? are expected to be greater than

for 0-0.3 g/cm? and 40 g/cm? respectively. These assumptions are likely to therefore
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Table 5.4: Absorbed dose measurements by MSL/RAD instrument during the transit flight
to Mars between December 2011 to July 2012 (Zeitlin et al., 2013) and the calculated dose for

the same time period.

Measured Calculated
Shielding  1-80 g/cm? 0-0.3 g/cm® 10 g/ecm? 40 g/cm?
dD/dt 461 4+ 92 to 481 £ 80 319 353 435

(uGy/d)

cause an underestimation in the calculated absorbed dose rate and the difference in
comparison with the measurements can be reasoned.

MSL/RAD also measured dose equivalent rate (1840 + 330 pGy/d) but due to the
fact that the dose equivalent rate shows a stronger variation with increasing shielding
(see Figure 5.7), the same assumptions made for the comparison of the measured and
absorbed dose rate are difficult to make. Therefore, the dose equivalent rates are not

compared here.

Considering all the simplified approximations made during the simulations and the
assumptions applied to compare the calculated and measured dose rates, the results
of this work show reasonable agreement with the experimental data.

It is stressed that this comparison study was only intended to check whether the
methods applied in this work to make dose estimates were rational. However, in
order to perform rigorous benchmarking of the numerical calculation methods, the

experimental setups have to be modelled as accurately as possible.
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6 SUMMARY AND CONCLUSIONS

Radiation is one of the primary concerns for manned missions to space. An important
source of radiation exposure are the galactic cosmic rays (GCR). They continuously
bombard the heliosphere with high-energy and high-z particles, and have been found
to contribute up to 60% to total absorbed dose rate and up to 80% to the total dose
equivalent rate in low Earth orbits. At these altitudes, the GCR intensity and the
resulting exposure is attenuated to a certain extent by the Earth’s magnetosphere.
Beyond the magnetosphere the GCR exposure increases to levels which, if not properly
anticipated and protected against, will be health-threatening for humans traveling
on long-duration space missions. Therefore, to counteract the radiation exposure
in space, standards, e.g., the dose limits concerning the safety of astronauts from
radiation are established. These standards are followed by monitoring the radiation
exposure of the crew through dose measurements and by numerically estimating the
radiation exposure for every mission scenario. Additionally, methods to mitigate the

exposure levels, e.g. shielding optimisation, are investigated as well.

Several studies in the past have shown disagreement between the measured and
numerically estimated GCR dose values indicating the shortcomings of the methods
used for numerical calculations of dose. Initiatives have thus been taken by the space
dosimetry community to improve the GCR dose predictions especially because of
the growing interest of not only the national space agencies but also the private
commercial industry for space travel beyond the low Earth orbit such as to the Moon
and Mars. Thus, all elements involved in the modeling process to make reliable
estimation of radiation exposure are continuously studied, optimised and updated
with the growing knowledge of these domains. These elements are, e.g., GCR models,
the underlying physics models in the radiation transport codes, phantom geometries

and materials that simulate the human body and the spacecraft.

This PhD work contributes towards making more reliable calculations of the exposure
from GCR in space and to understand how the dose is affected by various parameters.
During the course of the research, the influence of the following environmental param-
eters on the GCR exposure, as well as modeling parameters used for the numerical

dose estimation were studied:
e GCR models

e Influence of different GCR models on the dose estimations
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e GCR dose estimation and influence of shielding

e Implications on space travel to near-Earth interplanetary space

1. GCR models:
To reduce uncertainties arising in the dose values from discrepancies in the
GCR model spectra at 1 AU, several GCR models (CREME96, CREME2009,
Badhwar-O’Neill2010, Badhwar-O’Neill2011, Matthid-ACE/OULU, Burger-
Usoskin and SPENVIS/15390 models) used for the purpose of radiation
protection in space were tested. This was done by comparing the model spectra
with the GCR measurements from the year 1994 onwards. The model spec-

tra were also inter-compared for periods before 1994 starting from the year 1970.

e During the initial phase of the research work in the year 2010-2011,
the widely used CREME96, CREME2009, Badhwar-O’Neill2010 and the
Burger-Usoskin models were evaluated by comparing model spectra with
the GCR measurements. Several discrepancies were found in the spectra
described by all models at various points in time in the last decade. The
largest difference between the measured and the modeled GCR fluxes was
found for the hydrogen fluxes for the year 2000 using the CREME96 model
(>150%). The updated CREME2009 model also showed differences as high
as 70% for hydrogen nuclei for the same time period indicating further room
for improvement in the new model. The Burger-Usoskin model shows good
agreement for hydrogen and helium nuclei, however, the model is limited to
only these two particles. The Badhwar-O’Neill2010 model shows the least
discrepancies with measurements of both light and heavy nuclei for most of
the time periods. However, along with the rest of the models it also shows
deficiency in describing the unusual increase in the GCR intensity observed
in the recent deep solar minimum period between the 23"® and the 24"

solar cycle.

e As a consequence of the findings of this work, a new GCR model for a better
prediction of the GCR intensity was developed within the work-group based
on either the GCR carbon measurements by the CRIS instrument on-board
the ACE spacecraft (Matthid/ACE model) or the neutron monitor count
rates from the OULU station (Matthia/OULU). The GCR spectra using the
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new model show better agreement with the measurements for most of the
investigated time periods. The model is also able to describe the increase
in the GCR fluxes for the last solar minimum period, however with a slight

underestimation for heavy nuclei fluxes.

e Later in 2012, an update of the Badhwar-O’Neill2010 model was released.
The model was also examined. It works much better than the older model
and shows good agreement with the measurements. It is also able to de-
scribe the increase in the GCR fluxes during the last solar minimum showing

better agreement with the measurement of heavy nuclei in comparison to
the Matthid/ACE model.

e Another GCR model SPENVIS/ISO15390 was evaluated but only for two
epochs that is for the last solar minimum and maximum period. It was
found to perform similar to the CREME2009 model which is also based
on the ISO15390 model and showed severe discrepancies especially for the

solar maximum period.

To summarize, the spectra derived from all investigated models were found to
disagree among each other and also with measurements for various time periods.
The differences are found to vary over time. The widely used CREME96 model
was found to produce the largest discrepancies with respect to the measurements
and the newly developed Matthid/ACE model and the Badhwar-O’Neill2011

model show the best agreement with the measured data.

. Influence of different GCR models on the dose estimations

The impact on the dose estimations of using various GCR models was studied by
calculating the absorbed dose and dose equivalent rates using all GCR models
and by quantifying the differences arising in the dose rates. The Monte-Carlo
transport code GEANT4 was used to simulate the transport of radiation in a
water sphere used as a surrogate for the human body. The investigation was

performed for the time period from 1970 to 2011.

e Differences in the dose values were estimated corresponding to the periods
where differences between GCR fluxes using different GCR models were
found. E.g., the ratio of the dose values calculated using CREME96 model
to the Matthid/ACE model showed a large difference of over 100% between
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the model for near-Earth interplanetary space and about 45% for ISS orbit
for the solar maximum period in the year 2000-2002. The CREME2009
model showed differences as high as about 30%-50% during 2004-2006 for
both locations in space compared to Matthid/ACE model.

e Dose values using the Badhwar-O’Neill2010 model were lower with respect
to the Matthid/ACE model for most of the time periods and for both lo-
cations in space with differences up to 20%. The Badhwar-O’Neill2011
model was used to estimate the GCR, dose for near-Earth interplanetary
space only and produced higher dose values in comparison with its older
version. With respect to the Matthid/ACE model the differences lie within
10-20% for most of the time periods except in 2000 where the dose is es-
timated 50% higher. During this period the Badhwar-O’Neill2011 model

also showed large disagreement with the measurements.

e The ratio of the dose values using SPENVIS/ISO15390 with respect to the
values calculated using the Matthid/ACE model were estimated to be 1.45
and 0.87 during the last solar maximum and minimum period for near-Earth

interplanetary space.

To conclude, the differences among the GCR model spectra and the discrep-
ancies with respect to the measurements can considerably influence the dose
estimates. It is worth mentioning that no previous studies were found that
investigate the effect of the GCR model spectra on the dose quantities for an
extended time range. However, some studies comparing the GCR fluxes from
different models with measurements usually only for one solar maximum and
minimum period can be found in literature. But as the above results indicate
that the accuracies of the GCR models vary with time, the GCR models must
be tested first against the measurements.

These results are also important to interpret published GCR dose estimations
made in the past using the GCR models considered in this work for epochs
when discrepancies between measured data and calculated dose results or results

using other models were found.

. GCR dose estimation and influence of shielding

It is known that the distribution and the amount of shielding inside the ISS differs

from one location to another. In this work, aluminium shieldings of 0.3 g/cm?, 10
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g/cm? and 40 g/cm? were therefore modeled as a spherical shell surrounding the
water sphere for the simulations. By calculating the GCR exposure for different
shielding amounts, the influence on the dose rates from 1970 to 2011 and thus
the importance of the application of correct shielding for numerical estimation
of dose was studied. This investigation was performed using the Matthia/ACE

model.

e The dose calculation over a period of over 40 years reveals the variation of
GCR dose rates with the changing solar activity. The absorbed dose and
dose equivalent rates in the unshielded water sphere are estimated to range
from 0.14 mGy/d to 0.47 mGy/d and from 0.28 to 1.43 mSv/d respectively
for near-Earth interplanetary space from solar maximum to minimum pe-
riods (increase by a factor of up to 5). For ISS orbit the absorbed dose
and dose equivalent rates are lower and are estimated to range from 0.03
mGy/d to 0.08 mGy/d and from 0.09 to 0.24 mSv/d respectively from solar

maximum to minimum periods (increase by a factor of about 2.7).

e The highest GCR exposure was estimated for November 2009 and in com-
parison with the peak exposure during the previous solar minimum was
found to be elevated by 6%-10% for near-Earth interplanetary space and
up to 3%-4% for ISS orbit depending on the shielding.

e The effect of shielding on dose is found to vary with location and time.
While the absorbed dose rate for both the investigated locations increases
with increase in shielding, the dose equivalent rate shows variable behaviour
depending on solar activity and location. For instance, the dose equivalent
rate calculated for near-Earth interplanetary space decreases during solar
minimum period in November 2009 for 0 g/cm? to 40 g/cm? shielding. But
during the solar maximum period in August 2002, the dose equivalent first
decreases with increasing shielding from 0 g/cm? to 10 g/cm? and then
increases with increasing shielding from 10 g/cm? to 40 g/cm?. For the
ISS orbit, the trend in the dose equivalent rate with increasing shielding is

opposite for these solar activity periods.

e The effect of primary particle energy on dose was also investigated for all
the shielding configurations. Over 98% of the dose, calculated for an energy
range of 10 MeV /nuc to 100 GeV /nuc, is estimated to come from particle
energies ranging from 100 MeV /nuc to 100 GeV/nuc. A large part of the

total dose (about 40% -67%) comes from particles with energies between
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1 GeV/nuc and 10 GeV /nuc for all shielding thicknesses. With increasing
aluminium thickness, the bulk contribution to dose comes from higher en-
ergies. For 0-0.3 g/cm? the contribution from particle energies to total dose
from 100 MeV /nuc to 1 GeV/nuc is up to 55% whereas for 40 g/cm? it is
only about 4% and from 10 GeV /nuc to 100 GeV /nuc it is only about 4% for
0-0.3 g/cm? and about 44% for 40 g/cm?. The results show, as expected,

the stronger influence of shielding on low-energy particles.

To conclude, there is a strong dependence of GCR exposure on solar activity,
location in space and the amount of shielding. Proper information regarding
these parameters is vital for a reasonable prediction of dose. Lastly, the GCR
exposure during the last solar minimum is expected to be the largest since the
dawn of human space flight era and could serve as reference for worst-case GCR

exposure studies.

. Implications on space travel to near-Earth interplanetary space

The estimate of the peak annual effective dose (a quantity required for individual
monitoring of a person) calculated for the deep solar minimum period in 2009
was found to range from 456 mSv to 607 mSv for male astronauts and from
456 mSv to 643 mSv for female astronauts from no shielding to a shielding
of 40 g/cm? for near-Earth interplanetary space. The study suggests that if
a fast round-trip mission to Mars (365 days) was to happen during a period
of such high GCR intensity, then a 25-30 year old male or a 25-40 year old
female would either surpass or approach the 1 year career effective dose limits
as recommended by NASA for all of their human space flight programs (NASA,
2007). Not only would the astronauts immediately reach the end of their career
by receiving such high exposures but, more importantly, they would also have

significantly increased their risk of developing fatal cancer later in life.

To go for such long-duration space travels into the near-Earth interplanetary
space, ways to reduce the radiation exposure have to be found. Shielding
studies are of particular interest as the often used material in spacecraft
that is aluminium (large amount of shielding), in some cases, seems to be
counter-efficient in shielding the GCR appropriately. There are other materials
with low mean atomic mass that are being investigated for use in spacecraft for

long-duration flights.
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Another way to reduce the health-risks to individuals is by selecting older
astronauts who have a smaller probability of developing fatal cancer.
Traveling during the GCR intensity-minimum periods will help reduce the

exposure in comparison with the maximum periods as well.



132 Chapter 6. Summary and Conclusions




7 OUTLOOK

The results of this work show that the investigated parameters invloved in the
numerical estimation of the radiation exposure from GCR, strongly influence the
calculated dose values. Therefore, these parameters have to be evaluated and carefully
selected for applications in radiation protection in space.

In addition to the investigations presented here, there are other parameters involved
in GCR modelling that should be inspected to further increase the confidence in the

dose calculations. Some of them are listed below:

1. GCR model spectra

e In this work, the GCR models evaluated are able to describe the GCR en-
ergy spectrum of particles outside the Earth’s magnetosphere at about 1 AU
from the sun. To calculate the GCR fluxes at ISS orbit, the model spectra
for near-Earth interplanetary space had to be scaled with the geomagnetic
transmission function. This function gives the fraction of the GCR parti-
cles as a function of energy that are able to penetrate to a location inside
the Earth’s magnetosphere and was derived using the tool available on the
CREME website. The accuracy of this model and therefore the GCR fluxes
in low Earth orbits should be tested to check whether or not there is any

influence on the dose rates calculated for these orbits.

e Since many of the GCR models (CREME96, CREME2009, SPEN-
VIS/15390, Badhwar-O’Neill2010 models) use sunspot numbers as inputs
and since there are predictions of the sunspots available for the coming
years, the models could be used to calculate the GCR fluxes for future mis-
sions. The models could therefore be tested for their prediction capabilities.
It is however likely that there will be discrepancies in the GCR fluxes as
while testing these models, large discrepancies for several time periods in
the past were found which perhaps suggests that sunspots are not the op-

timum index to give a measure of the level of solar modulation of GCR.

e Measurements of GCR particles from pioneering mission like Voyager-1,
once it is beyond the heliosphere, could add knowledge to improve the
models used to describe the local interstellar spectrum (LIS) of the GCR
particles. Each of the investigated GCR models require the description
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of the LIS as it is this spectrum which is then modulated using different
techniques to derive the GCR spectra near-Earth. Therefore, improved LIS
models would lead to more accurate calculation of GCR fluxes at locations

near-Earth.

e Additionally, the in-transit from Earth to Mars data measured by the
MSL/RAD instrument (Zeitlin et al., 2013) can be useful to examine
whether the GCR spectra described by the model for location outside the
magnetosphere (1 AU distance), is appropriate or not and how much the
particle intensity changes with distance. In fact, measurements quantifying
the spatial variation of GCR particles from other space missions like Ulysses
(Heber et al., 1996) should also be useful for this study.

It should be mentioned here that the GCR models included in this work use
either an empirical or semi-empirical approach (Force-field approximation) to
describe the modulation of GCR. Due to these modelling techniques, these
models have limitations to describe the GCR energy spectrum, e.g., models
using the Force-field approximation show discrepancies at energies below
about 100 MeV /nuc. Inspite of these shortcomings, these models must be
considered reasonable attempts at implementing radiation protection in space
because particles below these energies contribute only an insignificant amount
to the total dose. However, the spectra described by these models still show
inaccuracies for energies above 100 MeV /nuc for some time periods as shown in
this thesis. Therefore, in order to get reliable description of the GCR, energy
spectrum, models must be based on the complete GCR transport theory that
include all the important physical processes invloved in the modulation of GCR

inside the heliosphere as described by the transport equation.

2. Simulation of the GCR exposure

e The dose measured by the MSL/RAD instrument (Zeitlin et al., 2013)
in-transit to and on the surface of Mars will be useful for validating the
transport codes and the methods used to estimate the GCR dose.
Additionally, the data from the surface should also be useful for validating
codes that calculate the particle fluxes for the surface and the atmosphere
of Mars. Therefore, thorough simulations for these two scenarios of the

MSL/RAD instrument are extremely important for developing reliable
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models which will in return give confidence in the GCR dose prediction at

least for travel to Mars.

e From the results presented in this work, it is clear that the use of heavy
aluminium shielding is counter-productive in terms of reducing the exposure
from GCR. Therefore, other materials that can provide optimum shielding
against GCR while maintaining the structural integrity of the spacecraft
will have to be used for long-duration spaceflights in interplanetary space.
Simulations to predict the exposure from GCR of humans to destinations
like Moon and Mars must therefore be made with realistic shielding that is
likely to be used in the spacecrafts to understand the health-risks associated

with the corresponding space travel.

e Dose calculations estimating the peak exposure during the last solar min-
imum periods must be performed using detailed models of the human
body (anthropomorphic voxel phantoms) and shielding, e.g., of the planned
spacecraft for long-duration spaceflight, to estimate the worst-case GCR ex-
posures. This could be extremely important since many sunspot number
predictions indicate lower level of solar activity in the future, suggesting
that elevated intensity of the GCR can be expected.

In this work, the radiation exposure only from GCRs was estimated. However, for
the complete assessment of the radiation-related health risks requires the calculation
of the dose rates from other sources of radiation as well. E.g., high-energy (up to
several GeV) particles that are emitted in large numbers during the Solar Particle
Events (SPE). Such events can last for days to weeks and large events can lead
to deterministic effects of acute nature like nausea or skin injury. Additionally for
locations inside the Earth’s magnetosphere exposure from the trapped particles

should also be investigated.

Besides these few points mentioned above there are many more fields falling under the
realm of radiation protection in space that need attention for better prediction and
quantification of the health-risks associated with radiation in space. For instance, a
greater understanding of the interaction of body systems with radiation needs to be

developed to predict the biological effects that can occur after irradiation.
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Appendices






A GCR MODEL DATA RETRIEVAL

The assessment of GCR models was performed by comparing model spectra from
all models (CREME96, CREME2009, Badhwar-O’Neill2010, Burger-Usoskin and
Matthi&-ACE/OULU) under consideration with the available GCR measurements
taken over different time periods starting from the year 1992 and at regular intervals
(e.g. 27-day averaged data by ACE/CRIS from July 1997 onwards). Additionally,
dose rates were calculated using all GCR models for time periods ranging from 1970
to 2011 with a time-resolution of 10 dates per year e.g. 1970.0, 1970.1,....,1970.9. As
stated in Chapter 3, Section 3.2.1, the models as available in their original state are
able to generate GCR data for only one time period for each run of the programs.
Therefore, batch retrieval scripts were written for the models to produce the data for
the required time periods and to properly store them with a consistent format for an
efficient and automated data processing. These scripts are briefly described in this

chapter.

A.1 CREME96 and CREME2009

Accessing the Models

The CREME models can be accessed through the CREME website!. The GCR flux
of particles ranging from hydrogen to nickel can be produced on running the Fluz
routine provided in the CREME package. The routine requires several inputs such as
the particle type (in atomic number), the GCR model (CREME96 or CREME 2009),
time period in fractional year, location (outside or inside the Earth’s magnetosphere)
and the output file name. After running the routine, a TSV (tab-seperated values)
data file with energies in the first colum followed by the fluxes of all particles in

individual columns is generated e.g.:

Energy (MeV/nuc) Flux (m™2s tsr™ (MeV/nuc)™)

Z=1 7=2 7=3 ---
1.05919 2.604e-06 November 2009 and 5.3196e-07  1.1611e-09 - - -
1.07391 2.6817e-06 6.813e-07 8.5495e-09 - - -
1.08884 2.7621e-06 8.3764e-07  1.6401e-08 - - -

"https://creme.isde.vanderbilt.edu/
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Automatic Data Retrieval

The Wget utility, a commonly used package for data retrieval, was chosen for
downloading data from the CREME website. This utility basically makes HTTP
requests as if a user’s browser is sending them to the target website, in this case the
CREME website. Then, by knowing how the URL has to be formatted and which
parameters the CREME website accepts, the data retrieval can be automated by a
shell script using Wget. Additionally by using the Gawk utility the retrieved data files
were filtered for individual particle fluxes, and stored in separate files and directories.
The script was originally written by Thomas Urlings?.

The end product of this procedure resulted in sorted out files with a consistent

naming format that were stored under directories for every considered year:

Code Snippet:

#!/bin/bash -eu

#Setup: Initilize variables and send login request to the CREME website
year = 19700 #Denoting 1970.0
model = 1996 #CREME model either 1996 or 2009

#Iterate the loop by 0.1 year steps (data sampling rate)
for (( i=0; i<$numberO0fTimeValues; i++))
{

# Navigate to the Flux routine webpage

# Update time value
y=$(( year + $i )) #e.g. 19700 + 1 = 19701, denoting 1970.1

# Create the filename in the format such as 1970.1_Z1_Z28_creme96_outside_EMF.
tsv

fname =

# Execute request on server to run the Flux routine

wget -0- --no-check-certificate --load-cookies "CREMECOOKIE.txt" --save-
cookies "CREMECOOKIE.txt" --keep-session-cookies --post-data "z1=1&z2=28%
version=$model&model=Year&year=${y:0:4}.${y:4}&location=Interplanetary¥20
Space&rootname=$fname&form.button.submit=Submit&form.submitted=1&tzoffset=
None" "https://creme.isde.vanderbilt.edu/CREME-MC/Members/aimsphere/
FluxTemplate" 2>&1 1>/dev/null || ( echo "wget failed in request!" & exit

2Thomas Urlings is the IT Manager of the Radiation Biology Department, Institute of Aerospace

Medicine, German Aerospace Centre, Germany
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$E_WGET )

#Download datafile

wget -0 "$TARG_DIR/$fname.tsv" --no-check-certificate --load-cookies "$COOKIE"
"https://creme.isde.vanderbilt.edu/CREME-MC/Members/$username/
DisplaySessionData?tag=File.tsv&download=1" 2>&1 1>/dev/null || ( echo "

wget failed in datafile download!" & exit $E_WGET )

#Load datafile and store Z columns into separate files
for j in 2 3 ... 27 #j represents the column numbers with first containing the
energies and the following containing the particle fluxes for Z = j-1

do

# generate output filenames

outfname=${y:0:4}.${y:4}_2Z

[ $j -1le 10 ] && outfname=${outfnamel}O

outfname=${outfname}$(C $j - 1 ))

[ $model = 1996 ] && outfname=${outfname}_creme96 || outfname=${outfname}l}

_creme2009
outfname=${outfname} _outside_EMF

# write header

echo -e "\"Energy (MeV/nuc)\"\t\"Flux (particles/m2-s-sr-MeV/nuc)\"">"
$TARG_DIR/$outfname.tsv"

echo -e "\"\"\tZ=$(( $j - 1 ))">>"$TARG_DIR/$outfname.tsv"

#filter the columns and print columns 1 and j to the output file
gawk -v x=$j ’BEGIN { FS = "\t" };NR>2 {print $1 "\t" $x }’ "$TARG_DIR/
$fname.tsv">>"$TARG_DIR/$outfname.tsv"
done
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A.2 Badhwar-O’Neill 2010 and 2011 models

Accessing the Model

The models are provided in MS-DOS binary format by the author of O’Neill (2010)
upon request. The executable file is sent together with the source-code written in
Fortran language. Upon execution, the program runs from the command line interface
and asks for various inputs to calculate and generate the required GCR spectrum.
These inputs include the drive used for the output directory, particle type and either
the time (option a) or the level of solar modulation (option b) for which the flux is
required. For the option ’a’, the program derives the solar modulation parameter
based on the International Sunspot Numbers (ISSN) and thus requires the user to keep
the file with the ISSN updated by downloading the latest data file from the National
Geophysical Data Centre 3. In this work, the GCR flux was derived using the option
’a’ wherein the time period of choice has to be provided. The period over which the
flux has to be averaged has to be given as well. The output of the program produces a

file containing the energy spectrum of the selected particle for the selected time period.

Automatic Data Retrieval

The data files containing the energy spectrum of all particles ranging from hydrogen
to iron for multiple time periods were produced using a set of batch scripts. To allow
automatic passing of the input parameters through the standard input stream in DOS
by the batch script, it was necessary to recompile the Fortran source code with the

g95 Fortran compiler®. The batch scripts contain commands to

e Set required inputs like the time in fraction year, particle type in atomic number

and the averaging duration in days
e Call the recompiled executable file and pass the input parameters

e Copy and save the created files with a consistent naming format

Code Snippet:

3ftp://ftp.ngdc.noaa.gov/STP /SOLAR__DATA /SUNSPOT _NUMBERS/INTERNATIONAL/

monthly/MONTHLY
“http://www.g95.0rg/
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File 1: gcrdr_loop.bat

REM call the gcrdr_loop_year script and pass the Z numbers as input parameters
@echo off

CALL gcrdr_loop_year 1

CALL gcrdr_loop_year 2

CALL gcrdr_loop_year

File 2: gcrdr_loop_year.bat

REM call the gcrdr_param script and pass the Z number, duration and the time
period read from a text file years.txt as input parameters

Qecho off

SET PARTICLE=Y%1

SET DURATION=1

FOR /F %%i IN (years.txt) DO (CALL gcrdr_param %%i %PARTICLEY, %DURATIONY)

File 3: gcrdr_param.bat

REM set the input parameters directory (C), Z number (PARTICLE), the time period
(YEAR) and duration (DURATION) everytime the variables are called by the
executable file MY_GCRDR.EXE containing the GCR model, and copy and save the
created file flx.dat to the format %YEARY%_Z)PARTICLEY_1DayAvg_badhwar-o-

neill.txt

Qecho off

SET YEAR=

SET PARTICLE=

SET DURATION=

SET YEAR=%1

SET PARTICLE=%2

SET DURATION=%3

echo batchfile started with parameters: %YEARY, %PARTICLEY %DURATIONY

(echo C

echo %PARTICLEY

echo.

echo.

echo %YEARY

echo.

echo 7DURATION?%) |MY_GCRDR.EXE

echo %YEARY

echo %PARTICLEY

echo DURATIONY

SET OUTFILENAME=%YEARY _Z%PARTICLEY% _1DayAvg_badhwar-o-neill.txt

echo.

echo Outputfile: %OUTFILENAMEY

copy /Y flx.dat %OUTFILENAMEY
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A.3 Burger-Usoskin and Matthia et al. 2013a

Accessing the Models

Both the models implemented in the ROOT script/C++ language were provided by
Dr. Daniel Matthid. It should be noted that the Matthid model (containing both
Matthid/ACE and Matthid/OULU) can also be provided in an executable JAVA
binary file upon request.

The function implementing the GCR models required a set of parameters or argu-
ments that were passed to the function when called on execution. These parameters
included the particle type and the parameter indicating the level of solar modulation
(Model parameter W in the case of Matthid and solar modulation parameter ® in
case of Burger-Usoskin model). The program would generate the energy spectrum of
the selected particle and the time period for which the parameter indicating the level

of solar modulation was selected.

Automatic Data Retrieval
To produce and store the energy spectra into files with consistent format, additional
functions were added to the program to iterate over all the particle types and time

periods. This was achieved by simply applying the For-loop iteration structure.

Code Snippet:

#include "TGraph.h"
#include "TF1.h"
#include ...

TGraph* W_ACE = new TGraph ("PO_ACE.txt");
TF1* GetGCRFunction(Int_t Z);
TGraph* makeDanModGraph (double years, int z);

void CalculateOutside (){

// Create graph object with the text file containing the modulation parameter
W values (in this case based on ACE measurements) calculated by Matthi{\"a
} et al. 2013a over time

TGraph* W_ACE = new TGraph ("PO_ACE.txt");

Double_t* years;

Int_t nOfYears;

years=W_ACE->GetX () ;

n0fYears = W_ACE->GetN();

int nOfParticles = 28;

int z[1 = {1,2,3, 4, 5,6, 7,8, 9,10, 11,12, 13,14, 15,16, 17, 18, 19, 20, 21,
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22, 23, 24, 25, 26,27, 28};

//loop over all Z values (particle types) and time to eventually create txt

files to have energy spectrum of each particle and time, by creating graph
objects by the makeDanModGraph function
for (int zNum = 0; zNum<nOfParticles; zNum++){
for (int yearIndex = 0; yearIndex<nOfYears ; yearIndex++) {

char yearExact [20];
sprintf (yearExact ,"’%f",years[yearIndex]);
TString* fractionalYear = new TString(yearExact);

TGraph* DanModGraph = makeDanModGraph(years[yearIndex],Z[zNum]);

TGraph* makeDanModGraph (double year,int z) {

//Evaluate the values of the modulation parameter W at the desired year by
linearly interpolating

between the W provided over various tine periods

double W_ACE_at = W_ACE->Eval(year);

//Calculate the energy spectrum of particle z by calling the function
GetGCRFunction and passing the value of z and for W values evaluated for
the desired time

TF1* DanielModel = GetGCRFunction(z);

DanielModel ->SetParameter (0,W_ACE_atYear);

//Create graph from any text file containing the differential energy spectra
from CREME model in order to get the energies for which the particle
fluxes must be derived from model Matthi{\"a}/OULU

TGraph* for_EnergyColumn = new TGraph("1970.0_Z1_creme96_outside_EMF.tsv");

// Get number of energy points

int numPoints = for_EnergyColumn->GetN();

// Get energy values

Double_t* energies = for_EnergyColumn->GetX();

double flux[numPoints];

//Evaluate the fluxes for the common energy intervals as that produced by the
CREME model
for (int i =0; i<=numPoints; i++){

flux[i] = DanielModel->Eval(energies[i]);

\\Create file with a particular format
char dname2[100];
sprintf (dname2,"Ys/%f_Z%d_DLR_0ULUyears.txt",path,year,z);
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ofstream outfile2;

outfile2.open(dname2);

//Save the energy spectra of particle z for a desired particle, time and
energies
for (int numValues = 0; numValues<numPoints; numValues++){

outfile2 <<energies[numValues]<<" "<< flux[numValues]<<endl;

outfile2.close();

//The function contains the implementation of the model by Matthi{\"a} et al.
2013a or by Burger-Usoskin with all the necessary model parameters as
mentioned in the respective papers

TF1* GetGCRFunction(Int_t Z){ // function return

// model implementation




B PRIMARY PARTICLE GENERATION

B.1 Input spectra: particle number over energy

The General Particle Source (GPS) was used to generate the input spectrum of parti-
cles in this work. The energy distribution of the primary particles selected for this work
was set to follow a power law distribution as described in Chapter 3, Section 3.3.2.
This method of particle generation is called indirect method in this section. The
other way of generating particles, called as the direct method henceforth, is to use a
user-defined histogram which includes the GCR energy distribution and for particle
generator is interpreted as the probability distribution to generate particles of certain
energies. E.g. the following commands in the GCR macro file shows the GCR H

energy spectrum using the CREME96 model used for event generation:

#gps command Energy Flux

/gps/hist/point  5.3244  9.4506e-06
/gps/hist/point  5.3984  2.0993e-05
/gps/hist/point  5.4735  3.1674e-05
/gps/hist/point  5.5495  4.1553e-05
/gps/hist/point  5.6266  5.0687e-05
/gps/hist/point  5.7048  5.9125e-05

In the direct method the number of events generated are distributed with the GCR
energy distribution and therefore to have enough statistics at the lower energy range
below 100 MeV /nuc and above several tens of GeV/nuc large number of particles
have to be simulated in comparison with the indirect method (See Figure 3.5 for a
visual illustration). After running the simulations the results have to be normalized
by the number of events simulated in order to calculate the absorbed dose rates in

units of Gy/d and dose equivalent rates in units Sv/d.

To see if the results by using the two methods yield same results, the doses induced
by GCR H and Fe nuclei were calculated for an unshielded water sphere irradiated
isotropically. The GCR particle fluxes were derived using CREME96 model for an
orbit with an inclination of 51.6° and altitude of 450 km for January 1977 in case of
H nuclei and for an altitude of 350 km with the same inclination for January 2004 for

Fe nuclei.
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Figure B.1: Comparison of the dose rates calculated using the indirect and the direct method.
Layer number 0 corresponds to the outermost shell and the layer number 100 corresponds to

the innermost.

Clearly, the dose values calculated using both the methods show good agreement.
Severe fluctuations in the dose calculated in the innermost layers (90th layer onwards)
can be observed wherein the difference between the dose values calculated using the
different methods increases too. This behaviour can be explained by the fact that the
volumes of inner layers (or shells) are so small that the probability of particles (primary
of secondary) passing through them to deposit significant amount of energies is very
low. By increasing the number of particles simulated, lesser fluctuations in the dose

rates are observed at the inner layers as shown in the following Section B.2.
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B.2 Quality of statistics

For selecting the number of particles to be simulated using the indirect method for
the GCR dose assessment, a depth-dose analysis for different numbers of primary
particles (or events) was performed. The numbers of particles leading to a reasonably

smooth depth-dose distribution were used for further calculations.

The graph below shows an example dose deposited by GCR Fe ion in the unshielded
water sphere for different number of primary particles, 10,000, 100,000 and 700,000.
The extent of fluctuations is seen to have reduced considerably from 10,000 to 100,000
events atleast for layers up to about 80. At inner layers the fluctuations remain large
but on simulating a larger number of particles (700000), the quality of the result
improves.

A completely smooth depth-dose profile would require the simulation of a larger
number of particles which would lead to an increase in the computational time, as
would simulations with increasing shielding. Therefore, the particle number has to be

carefully selected.

ics Quality Comparison
Fe Dose; Indirect Method; Year 2004 at 350 km Altitude
0.003 Calculations; using:

—— 10000 particles
—— 100000 particles

—— 700000 particles

0.0025

) ,

5 OOOZN‘

E F Tw

S 0.0015- %‘J\/\ A 1

Q 0.0015[ o

= - ¥ W

[ [

2 [

S 0.001-

- [

< 7 \A
0.0005 \

e I SR

Layer number (Layer thickness = 2.5mm)

Figure B.2: Influence of the number of simulated particles on the fluctuations in the depth-
dose distribution. Layer number O corresponds to the outermost shell and the layer number

100 corresponds to the innermost.

In this work, 500,000 particles were simulated for the experimental scenario without
shielding, and over 800,000 particles for the case with shielding. Figure 5.9 shows that
the selection of this many particles for the respective shielding configurations was
acceptable as the criterion of having minimal fluctuations in the depth-dose profile
was achieved. In Figure 5.9, the increase in the statistical fluctuations in the dose at

deeper locations can also be observed.
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B.3 Example GPS macro file

The code below shows an example of a GCR macro file use to setup radiation source

to generate primary particles with required properties.

#Initialize GEANT4 kernel

/run/initialize

#Sets the source distribution type to Surface and shape to Sphere
/gps/pos/type Surface
/gps/pos/shape Sphere

#Sets the centre coordinates of the source

/gps/pos/centre 0 0 O cm

#Sets the radius of the source sphere for the scenario without shielding

/gps/pos/radius 0.35 m

#Sets the angular distribution of particle emission to cosine-law with solid
angle theta from O to 90 degrees

/gps/ang/type cos

/gps/ang/mintheta 0. deg

/gps/ang/maxtheta 90. deg

#Sets the energy distribution type to power law with spectral index -1
/gps/ene/type Pow
/gps/ene/alpha -1.0

#Sets atomic number 26 and atomic mass 56 to simulate iron ion
/gps/ion 26 56

#Sets minimum of the energy range of iron ion to 10 MeV/nuc and maximum to 100
GeV/nuc

/gps/ene/min 560. MeV

/gps/ene/max 5600. GeV

#Switch on tracking with verbosity 2 to get information of each particle step
and secondary particles

/tracking/verbose 2

#Start a run to simulate 10000 events or primary particles
/run/beamOn 10000




C SPENVIS GCR MODEL

C.1 The ISO15390 GCR model in SPENVIS

The Space Environment Information System (SPENVIS) is a web-based tool! which
allows users to use models describing the space environment, e.g., radiation, mete-
oroids and debris, and its effect on spacecraft systems. There are implementations of
the ISO model (ISO-15390, 2004) and model by Nymmik et al. (1996) available to
derive GCR spectra of particles ranging from hydrogen upto uranium at user-specified
mission epochs. The model energy spectra covers particle fluxes from 1 MeV /nuc
to 20 GeV/nuc. However, this energy range is not sufficient for the calculation of
radiation exposure from GCR. which requires particle fluxes for energies up to 100
GeV/nuc (see Figure 5.6). To use SPENVIS/ISO15390 model for dose calculations,

the particle fluxes have to be thus extrapolated in log-log scale to cover higher energies.

C.2 Model assessment

Figure C.1 shows model and measured energy spectra of GCR H, He, O and Fe
nuclei for August 2000 (solar maximum) and November 2009 (solar minimum). The
graph is similar to the Figure 2 in Mrigakshi et al. (2013a) but shows the PAMELA
measurements and the model spectra from SPENVIS/ISO15390 (dotted lines) and
Matthia/ACE in addition to CREME2009 and BON2010 only.

The differential energy spectra described by the SPENVIS/ISO15390 model is close
to the model spectra using the CREME2009 model. This is most likely due to the
fact that the CREME2009 model is also based on the ISO15390. The model results
in considerable overestimation of all investigated particle fluxes, e.g., over 70% for
hydrogen nuclei in comparison with the measurements for this solar maximum period.
For the solar minimum period the model produces similar particle fluxes for helium,
oxygen and iron nuclei from 100 MeV /nuc onwards as the Badhwar-O’Neill2010 model.
It derives lower GCR hydrogen fluxes in comparison with the data measured by the
PAMELA mission.

"http://www.spenvis.oma.be/
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Figure C.1: Comparison of the differential energy spectra of H (blue), He (green), O (red)

and Fe (black) nuclei described by SPENVIS/ISO15390 (dotted lines), Matthid/ACE (dashed-
dotted lines), CREME2009 (dashed lines) and BON2010 (continuous lines) with data from
EPHIN/SOHO (solid triangles), BESS (solid squares - Figure 5.3a), PAMELA (solid squares
- Figure 5.3b) and ACE - SIS and CRIS (solid circles) measured during different solar activity
extreme periods. Figure 5.3a shows the assessment for August 2000 (solar maximum) and

Figure 5.3b for November 2009 (solar minimum).
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C.3 Dose Assessment

The GCR exposure estimated for near-Earth interplanetary space for the solar maxi-
mum period in terms of absorbed dose rate is 273 uGy/d and the dose equivalent rate
861 puSv/d. and for solar minimum period 405 pGy/d and 1247 uSv/d respectively.
In comparison with the Matthid/ACE model, the dose values for the solar maximum
period are higher and for solar maximum are lower. The ratio of the dose using the
SPENVIS/ISO15390 model to the Matthia/ACE model for the former is 1.45 and for
the latter is 0.87.

Although the the SPENVIS/ISO15390 model has been evaluated for only 2 points
in time, the results indicate that this model as well must be evaluated against

measurements for its accuracy for any required time period before its application.
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