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How well questions of science can be answered to some extent depends on the
techniques available at the time.

Nikjoo et al., Int. J. Radiat. Biol. (1998)






Abstract

Deep-space radiation is among the biggest hindrances to human space exploration. Therefore, radiation
protection in space is a very active field of research. Passive shielding is currently the most promising
radiation protection strategy and it consists of adding shielding material to the walls of the spacecraft
and the planetary bases. This thesis work presents results obtained in accelerator-based experimental
campaigns with some of the most relevant ion beams for radiation protection in space and several structural,
in situ, standard, and innovative shielding materials. Lithium-based hydrides stabilised with paraffin were
proved to combine the promising dose attenuation properties of the pure hydrides and the mechanical and
chemical stability of the paraffin, resulting in good candidate shielding materials for space missions. The
experimental data were compared with the simulation results of the most commonly used Monte Carlo
codes in this field of research, namely FLUKA, PHITS, and Geant4. The simulations showed significant and
systematic differences among the codes mainly due to the different implemented nuclear cross-section
models. Therefore, the last part of the work focuses on the presentation of the two nuclear cross-section
databases (total reaction cross-sections and fragment production cross-sections) that were generated within
this thesis work. The collected nuclear reaction cross-section data were compared to the parametrisations
used in the Monte Carlo codes to understand which of them are more reliable. It was concluded that no
parametrisation can well reproduce all the experimental data for every system and energy region. Therefore,
an optimisation of the Tripathi parametrisation for reaction cross-sections was proposed. Additionally, an
important gap in the experimental data was pointed out for high energies. The databases were uploaded
online and made open access to provide the research communities interested in such data, with the
possibility to access them and plot them alongside the parametrisations.







Zusammenfassung

Die Strahlung im tiefen Weltraum ist eines der grof3ten Hindernisse fiir die bemannte Raumfahrt. Daher
ist der Weltraumstrahlenschutz ein sehr aktives Forschungsgebiet. Trotz einiger Einschrankungen ist die
passive Abschirmung derzeit die vielversprechendste Abschirmungsstrategie. Bei dieser Methode werden
Abschirmmaterialien an den Wanden des Raumfahrzeugs und der planetaren Basis angebracht. In dieser
Arbeit werden Ergebnisse vorgestellt, welche in beschleunigerbasierten experimentellen Kampagnen mit
fiir den Strahlenschutz im Weltraum relevanten Ionenstrahlen und verschiedenen strukturellen, in situ,
Standard- und innovativen Abschirmmaterialien gewonnen wurden. Dabei hat sich gezeigt, dass mit Paraf-
fin stabilisierte Hydride auf Lithiumbasis die vielversprechenden Dosisabschwachungseigenschaften der
reinen Hydride mit der mechanischen und chemischen Stabilitdt von Paraffin kombinieren. Dies macht
sie als zu guten Kandidaten fiir Abschirmmaterialien in Weltraummissionen. Die experimentellen Daten
wurden mit den Simulationsergebnissen der in diesem Forschungsbereich am h&ufigsten verwendeten
Monte-Carlo-Codes, FLUKA, PHITS und Geant4, verglichen. Die Simulationen zeigten signifikante syste-
matische Unterschiede, welche hauptsachlich auf die unterschiedlichen in den Codes implementierten
Kernreaktionsmodelle zuriickzufiihren sind. Daher konzentriert sich der letzte Teil der Arbeit auf die
Prasentation von zwei Datenbanken mit Kernreaktions- und Produktionsquerschnitten, welche im Rahmen
dieser Arbeit erstellt wurden. Die gesammelten Daten zu totalen nuklearen Reaktionsquerschnitten wurden
mit den in den Monte-Carlo-Codes verwendeten Parametrisierungen verglichen, um zu verstehen welche
von ihnen zuverléssiger sind. Es wurde festgestellt, dass keine Parametrisierung alle experimentellen Daten
fiir jedes System und jeden Energiebereich gut reproduzieren kann. Daher wurde eine Optimierung der
Tripathi-Parametrisierung fiir totaler Reaktionsquerschnitte vorgeschlagen. Aufserdem wurde auf eine wich-
tige Liicke in den experimentellen Daten fiir hohe Energien hingewiesen. Die Datenbanken wurden online
hochgeladen und frei zugénglich gemacht, um den an solchen Daten interessierten Forschungsgruppen die
Moglichkeit zu geben, sie einzusehen, herunterzuladen und sie zusammen mit den Parametrisierungen
darzustellen.
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1 Introduction

Expanding human presence into the Solar System is a common goal of 14 space agencies [1]. Nevertheless,
we evolved to survive the dangers encountered on Earth as a species, not what awaits us beyond it. Since
our blue planet protects us from deep-space radiation through both its magnetic field and its atmosphere,
the radiation levels humans experience in their day-to-day life on Earth are on average significantly lower
than in outer space. The Earth’s magnetic field deviates the trajectory of charged radiation arriving at
the planet’s surface. Additionally, when the incoming radiation interacts with the planet’s atmosphere,
the primary radiation is attenuated and a shower of secondary and less-dangerous particles is generated.
Beyond low-Earth orbit (LEO), there are two main sources of cosmic radiation: solar particle events (SPEs)
and galactic (and intergalactic) cosmic rays (GCRs). The energy of intergalactic radiation can reach up to
the ZeV region (10?! eV) and the particle spectrum contains ions up to Nickel in relevant amounts. Heavier
ions are present only in traces [2]. These very-high energies and charges make GCRs among the number
one enemies of manned space exploration [3]. SPEs can indeed, be stopped within the few centimetres
of matter constituting the structure of the spacecraft. SPEs are, therefore, only harmful if they coincide
with an extravehicular activity (EVA), in which our explorers are only protected by the spacesuit they are
wearing. What can prevent radiation-related accidents during EVAs is space weather forecast, which can
ideally foresee when an SPE will happen. This is indeed a very active field of research.

The principle that guides radiation protection on Earth is called ALARA, which stands for “as low as
reasonably achievable”. The three factors one can play with to get ALARA amounts of radiation dose are
distance, time, and shielding. When it comes to distance, the idea is to stay as far as possible from the
radiation source. For time, it is meant that the exposure time should be minimised. Shielding is any type of
material the person can hide behind to stop as much radiation as possible within it. If the ALARA principle
is applied to radiation protection in space, distance is not a factor that can be played with because the
radiation source is in this case isotropic. Time is only partially. Surely new technologies can allow us to
reach our final destination faster. But the intrinsic definition of exploration pushes us towards further
and further destinations. Therefore, even if we go faster, it takes more time the further we want to reach.
Hence, the only option left is shielding.

Two strategies can be followed to shield from radiation. One is active shielding, the second is passive
shielding. Active shielding consists in taking inspiration from the first protection from cosmic radiation
our blue planet provides us with and generating a magnetic field around the spacecraft or the in situ base
of the explorers at their final destination. Because of technological limitations such as the generation of
very strong magnetic fields and the state-of-the-art of cryogenic superconducting magnet techniques, this
strategy is not pursue-able on time for the mission to Mars [4].

Passive shielding consists in taking inspiration from the second source of protection of our planet and
adding material to the spacecraft or the in situ base walls. The most challenging aspect is that GCRs are
too energetic to be stopped within reasonable amounts of material for the structure of a spacecraft. Surely,
after reaching the final-destination planet or satellite, in situ resources such as regolith can be naturally
exploited to protect our explorers, e.g. by building caves on the hosting planet. And there is no upper limit
to the amount of such resources. But what to do during the travel? When cosmic radiation passes through
the shielding and structural spacecraft materials, it undergoes nuclear reactions with the nuclei of such




materials. As a consequence, a shower of secondary particles is generated, which is normally less harmful
to humans than the primary cosmic radiation because of the less complex DNA damage that it causes [4].
One aim is, therefore, to maximise such nuclear reactions. The probability of a nuclear reaction happening
is called nuclear reaction cross-section, and it is quantified physically as a geometrical interaction area.
Since the costs of a mission scale with the spacecraft mass, the nuclear reaction cross-section of single
target nuclei is to be maximised per unit mass of the shielding material. Hence, the best shielding materials
in space are low-Z (atomic number) and high hydrogen content materials [5-10], being polyethylene (PE)
the gold standard. Recently, even lower-Z materials, such as lithium-based hydrides, have been tested
as innovative shields [11, 12]. Their radiation dose attenuation properties are ideal, but their chemical
instability makes them too dangerous to be exploited in space.

Full-scale realistic tests of shielding scenarios cannot be done on Earth. It would be impossible to irradiate
a full spacecraft, using the exact GCR spectrum and the cosmic radiation intensities. Therefore, we fully
rely on calculations, in particular Monte Carlo (MC) simulations. Such stochastic calculations make it
possible to predict what the outcome of the interaction between GCR and spacecraft or in situ materials
will be. Nevertheless, the goodness of the results depends on the goodness of the physics underlying such
simulations. Nuclear reaction semi-empirical parametrisations are a key “ingredient” to MC codes. What
can be done to test the reliability of MC codes is to compare the outcome of the simulations with the results
of simple accelerator-based experiments [12-14]. They can provide us with a lot of information regarding
the goodness of the nuclear reaction models that are part of the computational “machinery”.

To tackle these issues, an ESA project named ROSSINI3 [15] was started in 2018, as a follow-up of
previous experimental projects ROSSINI [16-18] and ROSSINI2 [11, 12]. This thesis focuses on two of
the project endpoints. On the one hand, accelerator-based experimental campaigns were conducted to
test different important materials for shielding astronauts in space, and the results were compared with
the outcome of MC simulations performed with the most used codes in the framework of space travel. In
particular, within this work, the very low-Z lithium-based hydrides have been stabilised in a paraffin matrix
and the resulting composite materials have been tested as shields in space. Alongside such innovative
shields, also the gold standard PE, potential in situ shields such as Moon regolith, and structural materials
have been irradiated with relevant beams for space radiation. On the other hand, the state of the art
of the experimentally-measured cross-sections was reviewed, a comprehensive open-access database of
experimentally-measured total nuclear reaction and fragment production cross-sections was generated,
and the data were compared with the semi-empirical cross-section parametrisations that are in the most
commonly MC codes used for radiation protection in space purposes.

Chapter 2 provides a theoretical background of radiation shielding in space, starting from the basic
concepts of radiation protection on Earth, going through the space radiation environment and the interaction
of these radiation fields with matter. After that, the concepts of radiation protection on Earth are applied to
the space radiation environment and it is explained why passive shielding is currently the most promising
radiation protection strategy. An overview of the importance of MC simulations, nuclear cross-sections, and
experiments is then given. Chapter 3 goes into the details of the experiments performed with candidate
shielding materials and shows the results obtained. The comparison of these results with MC simulations is
presented in Chapter 4. Chapter 5 presents the nuclear cross-section databases generated within this work
and the comparison of nuclear reaction cross-section data with the parametrisations implemented in the
most commonly used MC codes for radiation protection in space applications. Finally, Chapter 6 presents
the conclusions and outlook of the work.




2 Theoretical Background

When hitting a cell of the human body, ionising radiation can cause damage to important chemical structures
in macromolecules. In particular, DNA is the most sensitive to damage among them, because it encodes all
the information required for the cell’s functioning. Based on the type of cellular damage that occurs due to
the radiation dose, the effects on the organism can be acute (acute radiation syndromes, e.g. gastrointestinal
or neurovascular syndromes) or chronic (late radiation effects, e.g. solid cancer or leukaemia). Radiation
protection is a field of research that studies how to effectively protect humans from ionising radiation.
When travelling through space, humans are exposed to a radiation field that is different both quantitatively
and qualitatively from the radiation to which we are exposed on Earth. Therefore, radiation protection
strategies need to be applied to make space exploration as safe as possible.

Within this chapter, the reader will be walked through the physical and mathematical bases of radiation
protection in space. Firstly, a general background about the basic radiation protection concepts and
quantities is given. After that, the space exploration plans for the next couple of decades are shortly
overviewed, and the cosmic radiation environment is presented, followed by the foreseen radiation exposure
scenarios. The basic concepts of how radiation interacts with matter are necessary to understand how
space radiation interacts with both the space explorers’ biological tissue and the materials surrounding
them. Therefore, it is then described how heavy charged particles interact with matter. The focus on heavy
charged particles is due to their relative importance in the space radiation spectrum.

After that, the reader is made aware of why cosmic radiation is considered one of the main hindrances
to space exploration, and why radiation protection is needed for long-term deep-space missions. With
“deep space”, everything beyond the Earth’s atmosphere is included. Because of the differences between
the radiation environment on Earth and in space, suitable radiation protection concepts are developed for
space travel. Strategies based on emulating how Earth shields space radiation can be exploited. Shielding
techniques based on the active generation of electromagnetic fields (active shielding) cannot reach a
development advanced enough for the ambitious aim of sending mankind to Mars within the next decade.
Therefore, shielding strategies based on the addition of material (passive shielding) need to be exploited.
The shielding material choices are based on a deep understanding of radiation interaction with matter.
In particular, nuclear reactions that radiation undergoes with the nuclei composing matter are key to
understanding the shielding material choices. Since the high energy of GCRs makes it impossible to stop all
of them within realistic spacecraft thicknesses, the only option left is to make them less harmful. Generally,
when heavier ions hit the DNA structure, the damage caused is more complex and, therefore, more difficult
to repair correctly. Hence, the lighter the ion hitting space explorers, the less dangerous it is for them.
Therefore, nuclear interactions of space radiation with shielding materials need to be maximised as they
cause the breakup of space radiation into smaller ions.

After going through the details of shielding in space strategies, the importance of stochastic and determin-
istic simulations to prepare for space exploration missions is explained. In particular, they are the means on
which it is fully relied to predict how the cosmic radiation field will change when interacting with structural
and shielding materials surrounding space explorers. The physics underlying the codes and, in particular,
realistic nuclear cross-section parametrisations are key ingredients to obtaining trustable simulation results.
Ground-based experiments taking place in particle accelerator facilities are the best way to obtain data




that can be directly compared to simulation results. This comparison leads to a better understanding of
the goodness of the physical parameters inside the simulations and allows the improvement of simulation
capabilities.

2.1 Radiation Protection

Radiation protection is defined by the International Atomic Energy Agency as the protection of individuals
from the effects of exposure to ionising radiation [19].

2.1.1 Dose, Dose Equivalent, and Effective Dose

Before talking about radiation effects on the organism, a few quantities need to be defined. The absorbed
dose D is defined as [20]:
piE
~dm’
where dF is the average energy deposited by ionising radiation into a quantity of matter with mass dm.
The unit of measurement of D is Gray (Gy=J/kg). It is to be noted that D does not contain any information
regarding the radiation type or energy.
The dose equivalent Deq to an organ or tissue 7" is defined as [21]:

Deq =Y wrDr. (2.2)
R

2.1

where R are the different radiation types, wg is the so-called radiation weighting factor and Dy is the
absorbed dose received by the organ or tissue. The wg values reported in ICRP 103 [22] can be found
in Table 2.1. The wp associated to neutrons is energy dependent. The unit of measurement of Deq is
Sievert (Sv). With the aim of considering also the fact that the irradiation of different organs and tissues

Table 2.1: Radiation weighting factors from ICRP 103 [22].

Radiation type WR
X and ~ rays 1
Electrons and muons 1
Protons and charged pions 2

« particles and heavy ions 20
Neutrons 21020

is associated to different risks of stochastic effects, the Deq values need to be weighted on specific tissue

weighting factors wp. The quantity that takes this into account is called effective dose D¢ and can be

calculated with the following age and gender independent function [22]:
Dy + D§q>

Degr = Z wr <2
T

where T are the different tissues and the apices M and F stand for male and female. wy factors can be
found in Table 2.2. D, is also measured in Sievert (Sv). Equation 2.3 is recommended to be used both if
the body is exposed uniformly and non uniformly. Since radiation risks strongly depend on age and gender,
Equation 2.3 only allows highly inaccurate risk estimations, which derive from the ICRP 103 inherent
assumption that the exposure is well below dangerous limits.

(2.3)




Table 2.2: Tissue weighting factors from ICRP 103 [22].

Organ wr
Breast, bone marrow, lung, colon, stomach 0.12
Gonads 0.08
Bladder, liver, oesophagus, thyroid 0.04
Bone surface, brain, salivary glands, skin 0.01
Other 0.12

2.1.2 Radiation Damage to Living Tissue

When radiation interacts with the cells of the human body, it excites and ionises the atoms composing

‘ Radiation primary interaction ‘

l

‘ Excitation and ionisation
| | 101%s
‘ Biological molecules ‘ ‘ Water ‘

}

Production of radicals

}

‘ Damage to DNA and other molecules ‘ 10°%s
|
‘ DNA breaks ‘
l
‘ Chromosome aberrations ‘ minutes
‘ Damage at cell level ‘ hours

‘ Damage at organ and organism level ‘ years

Figure 2.1: Classic paradigm of radiation damage.

the macromolecules and water molecules that the cells are composed of (time scale of 10 x 10715 s). The
macromolecules include DNA, proteins, RNA and lipids, which make up the most important biochemical
structures in the cell. In particular, DNA is the most sensitive to damage among them, because it encodes all
the primary information required for the cell’s functioning. If radiation directly damages the macromolecules,
this is called direct damage. Additionally, radiation can break water molecules and generate free radicals
that can diffuse within the cell (time scale of 10 x 10~'2s) and damage the DNA. This is called indirect
damage. Such damages happen in the time scale of 10 x 10~%s. Repeated damages, if left unrepaired
or if not correctly repaired, can lead to chromosomal aberrations (time scale of minutes), which cause
errors in various cellular processes (time scale of hours). In particular, this can the cause production of
incorrect amounts of key proteins or of mutant proteins, which enhance or suppress important biochemical




pathways in the cell. As the cell requires a balance between these different biochemical pathways, the
unbalancing leads to various types of damage to the cell, which can lead to cell death or promote cancer-
type characteristics. This can cause damage to important organs which perform the function of maintaining
life support systems in an organism. Such damage can take up to years. This progression is called the
classic paradigm of radiation damage and is reported schematically in Figure 2.1.

Focusing on the direct DNA damage, the more complex such damage is, the more difficult it is for the
cell repair mechanisms to correct it. For charged particles, the (unrestricted) linear energy transfer (LET)
is defined as the energy loss per unit path by a charged radiation particle due to electronic collisions [23].
The higher the LET is, the more excitations and ionisations are caused on the particle path length, which
means more localised, and therefore complex, DNA damage (see Figure 2.2).

(Ielec!t_ré?_) ‘% £, ionization
ow- i

. ' Cluster

LA

ionization

e
event

a-particle
(high-LET) \

Figure 2.2: Schematic representation of the biological damage caused to the DNA by low and high-LET
radiation [24].

Nevertheless, two particles can have the same LET, but different spatial energy deposition patterns.
Such distribution is taken into account by the particle track structure. Figure 2.3 reports the example
of the track structures of four ions having the same LET. It has been demonstrated [28-32], that the
biological effectiveness of radiation not only depends on the LET, but also on the track structure. As a first
approximation, a more localised energy release along the particle trajectory corresponds, in fact, to a more
localised damage creation, which is more difficult for the cell mechanisms to repair correctly.

2.1.3 Deterministic and Stochastic Effects of Radiation Exposure

There are two types of biological effects caused by radiation at an organism level: deterministic and
stochastic [33]. The more dose an individual is exposed to, the higher the risk or probability of such
effects developing. Nevertheless, the shape of the dose responses of deterministic and stochastic effects
are different (see Figure 2.4). On the one hand, deterministic effects (e.g. cataracts or skin erythema)
show a threshold in dose below which they do not occur. Right above the threshold, their probability
increases rapidly, generating a sigmoid-shaped dose-response curve. On the other hand, stochastic effects
are “all-or-nothing” effects (e.g. cancer or leukaemia). Therefore, the severity of the effect does not depend
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Figure 2.3: Comparison of the tracks of 0.45 MeV u~! “He, 10 MeV u~! 12C, and 1000 MeV u~! 5Fe ions.
They all have an LET of 150keV um™~!. The simulations were performed with the TRAX code
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on the amount of dose received, but the probability of such effects occurring does. There is no dose
threshold for such events, and the dose-response curve can be described as linear, or linear with non-linear
effects at high doses. The National Council on Radiation Protection and Measurements states that the
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Figure 2.4: Dose response curves of deterministic and stochastic effects [33].

objectives of radiation protection are [33]:

1. preventing clinically significant deterministic radiation-induced effects by reducing exposure to doses
below the apparent or practical threshold, and

2. limiting the risk of stochastic effects to a reasonable level.

Therefore, effective dose limits are reported in the ICRP 103 [22]. The effective dose limit for the public is
1 mSv year~! and for radiation workers is 20 mSv year—! per year, averaged over defined periods of 5 years.
These limits do not include natural radiation exposure, which is on average 2.4 mSv year—! [34].




2.1.4 The ALARA Principle

The second National Council on Radiation Protection and Measurements statement become the ALARA
exposure principle, for which the received dose must be reduced to As Low As Reasonably Achievable [35].
There are three ways to do it [4]:

1. Distance: the greater the distance from the radiation source the less radiation is received. In particular,
the source intensity scales as I o< ~2, r being the distance from the source.

2. Time: the shorter the exposure time to the radiation source is, the better.

3. Shielding: adding material between the source and the exposed person reduces the radiation intensity.
As a rule of thumb, products of alpha decay can be stopped with a sheet of paper, products of beta
decay need a few millimetres of aluminium, and gamma decay several centimetres of lead.

2.2 Space Exploration

The third edition of the Global Exploration Roadmap [1] has recently reaffirmed the interest of 14 space
agencies including NASA, ESA and the Russian ROSCOSMOS, in expanding the human presence into the
Solar System. The mission to Mars is agreed to be a common goal, and going to the Moon again is an
important intermediate step. The agreed space exploration roadmap for the next couple of decades [1], is
reported in Figure 2.5. In particular, the main aims of space exploration and colonisation are to enable
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Figure 2.5: The global exploration roadmap [1].

sustainable living and working on the Moon and Mars, to study the origin and evolution of the Earth-Moon




system, the Solar system, and the Universe itself, to look for evidence of past or present life outside of our
blue planet, and to understand the origin of life on Earth.

Since humans evolved to live on Earth, they are not well suited to be somewhere else. Different air
composition, temperature conditions, gravity, and radiation environments can be harmful to us. In the
NASA Human Research Roadmap [36], the risks posed to humans by space exploration are grouped into
three categories:

1. Physiological and psychological problems caused by microgravity (or reduced gravity). Such problems
have been extensively studied, especially in LEO, both on the International Space Station (ISS)
and, previously, on the Mir [37]. Some of them are bone loss, skeletal muscle mass reduction,
cardiovascular alterations, kidney stone formation, impaired sensory-motor capabilities, and immune
system dysfunctions. These risks are well characterised, and several countermeasures are available.
The psychological problems related to the absence of gravity are related to the subsequent lack of
the spatial coordinate system that gravity naturally generates (what is “up” and what “down”).

2. Psychological and medical problems caused by isolation. On the one hand, psychological problems
are mostly induced by isolation, which may lead to serious neurobehavioural problems caused by
poor psychosocial adaptation [37], and microgravity, which leads to the disappearance of one of
our main reference systems. Isolation-induced psychological problems have been studied through
experiments in the Concordia base (Antarctica) and the Mars500 platform (Russia). On the other
hand, medical problems due to isolation consist of autonomous medical care (AMC), for which the
counter measurements under development (e.g. portable medical equipment and telemedicine) are
mostly technological.

3. Acute and late risks caused by exposure to radiation. The radiation doses to which space explorers are
exposed in space are much higher than on Earth. Therefore, their biological effects would be severe
if the explorers were directly exposed to them. In addition, the Earth’s radiation spectrum is mainly
made of gamma, beta and alpha rays, while in space there are mostly protons and heavy ions. As a
consequence, terrestrial data cannot be extrapolated to be used in space exposure scenarios, which
leads to very high uncertainties in radiation risk estimates, especially for carcinogenesis, central
nervous system damages, and late cardiovascular effects [37].

Such risks were rated from 1 to 3 [36], where 1 means that they are so serious that the mission is impossible
without their mitigation, and 3 means suspected health consequences with limited impact on the mission
design. Among the risks listed above, only AMC and radiation-induced risks are classified as 1. This thesis
work solely focuses on how to mitigate the risks induced by exposure to the cosmic radiation environment.

2.3 Space Radiation Environment

The space radiation environment is a complex mixture of particles with solar, galactic or intergalactic
origin, and characterised by a broad range of energies [4]. The combined effect of the Earth’s magnetic
field and atmosphere (1kgcm™2 of thickness) reduces the space radiation exposure of the planet’s surface
to nearly a zero level. Humans evolved to be inhabitants of the surface of Earth. Therefore, we are resistant
to the radiation level to which we are exposed on Earth, but unshielded exposure to space radiation poses
a life threat to us. Additionally, space radiation also poses a threat to the success of unmanned exploration
missions as well, due to the damage it can cause to electronic devices.

The existence of a source of radiation outside the atmosphere was firstly proven by Victor Hess at the
beginning of the 20™ century through seven balloon flights [38]. There are two main sources of space




radiation beyond low-Earth orbit (LEO): solar particle events (SPEs) and galactic cosmic rays (GCRs). In
addition to these two, in LEO there is also a third source: trapped radiation belts, also known as Van
Allen belts. They consist of charged particles (mainly protons and electrons) trapped and confined in
toroidal regions by the Earth’s magnetic field. The altitudes of these regions range from about 1000 up to
60 000 km. Since future missions focus on the exploration of other planetary surfaces, only SPEs and GCRs
are described in the following.

2.3.1 Solar Particle Events

Our Star continuously emits particles alongside electromagnetic radiation. They mainly consist of protons
and electrons (the so-called solar wind) that have such low energies (for a proton between 100 eV and
3.5keV) that they can be stopped within a few hundreds of nanometres of skin. However, sporadic energy
releases can accelerate solar energetic particles (SEPs) in the corona and interplanetary medium. Such
particles consist mostly of protons and a small fraction of heavier nuclei [39], with energies reaching up
to several GeV. They travel in the Solar System spiralling around the interplanetary magnetic field lines.
These SPEs have been recorded on Earth since 1942 [40]. Even before this date, very intense SPEs could
be witnessed even through visual observations (“Carrington event”, 28 August to 2 September 1859 [41]).
Typically, major SPEs are observed on Earth once per month, and they last from several hours to days.
SPEs show an enormous variability in fluence and energy spectra. The most intense 20™-century events
are reported in Figure 2.6.
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Figure 2.6: Proton fluence spectra of the most intense recorded SPEs [42].

SPEs tend to happen more or less often depending on the solar cycle phase. The solar activity is,
modulated with an 11-year-long cycle, and SPEs are more common and stronger during the phase of
maximum of such cycle, while they are less common during the solar minimum phase.

2.3.2 Galactic Cosmic Rays

According to the current knowledge, GCRs originate from supernovae explosions, merges of neutron stars,
pulsars, or other highly energetic astronomical objects and phenomena [43]. Once reached our Solar
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System, their trajectory is bent by the solar magnetic field and they impinge isotropically onto planetary
surfaces. GCRs consist of 2% electrons and 98% baryons. The baryonic component is made out of 85%
protons, 14% helium nuclei, and 1% heavier nuclei. The heavier nuclei component is made of all nuclei of
the periodic table until uranium, but everything heavier than nickel is only present in traces. The relative
contribution of protons and heavy ions to the GCR spectrum is reported in Figure 2.7. Neutrons are not
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Figure 2.7: Relative contributions of the different elements to the baryonic component of the GCR spectrum

[3].

part of the primary GCR spectrum as free neutrons are not stable and have a half life of around 10 minutes.
The 11-year solar cycle modulates the GCR spectrum as well. GCR spectra are anti-correlated with the
minima and maxima of the solar cycle: during solar minima, GCR intensities are higher, and vice versa.
The GCR energy spectrum is reported in Figure 2.8, where it can be seen that the solar cycle has an effect
of a factor that reaches up to 4. GCR energies can reach up to 10'! GeV.
It can be seen in Figure 2.8 that the GCR spectrum has a maximum around 1 GeV u~! for all ions and
for solar maximum modulation, which shifts towards lower energies for solar minimum modulation.
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Figure 2.8: Differential energy spectra for hydrogen, helium, oxygen, and iron for the 1977 solar minimum
and 1959 solar maximum, which are the two cycles with the strongest modulation of the past
50 years [4].

2.4 Radiation Exposure Scenarios

The Flight

During an interplanetary mission in deep space, SPEs and GCRs will irradiate the spacecraft with fluxes
and fluences that depend on the location in the Solar System. On average, every cell nucleus in the body of
each crew member will be hit by a proton once every three days, by a helium ion once every few weeks,
and by a heavier ion about once every few months [44, 45]. Also, the cell traversals are not statistically
independent as the traversal of a cell nucleus corresponds to the simultaneous traversal of around other
10? cell nuclei. Between 2012 and 2013 (close to a solar minimum), the radiation assessment detector
(RAD), which flew on the Curiosity rover , recorded an average dose rate of 0.46 mGy day~! and a dose
equivalent rate of 1.84 mSv day ! [46]. The RAD measurements showed that in this period, 95% of the
measured absorbed dose was due to GCRs, and only 5% to SPEs. Depending on the spacecraft and on the
SPE, dose rates can fluctuate between 0 and 100 mGy hr~! inside a space vehicle throughout a SPE [45].
Flying to the Moon only takes a few days, but the transit to Mars alone takes 6 to 9 months [47] and will
already expose the crews to very high doses.

Space explorers have first-hand experienced effects due to the constant flux of GCRs. In particular, most
of the explorers that went to the Moon or spent time in LEO, have witnessed the so-called cosmic ray visual
phenomena [48, 49]. They consist of “flashes of light” of shapes, depending on the witness, exceptionally
colourful (yellowish, pale green, or blue), sometimes moving across the visual field. A temporal correlation
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was proven between the observed light flashes and the flux of protons and heavy ions, by experiments
performed in LEO with silicon telescopes [50, 51].

On the Moon

The Moon has neither a magnetic field nor an atmosphere. Together with the several technical disadvantages
that these two planetary characteristics create, a crew on the Moon’s surface is exposed to unshielded
SPEs and GCRs. The only protection that the Moon offers is geometric because half of the isotropic cosmic
radiation flux is naturally shielded by the planetary body itself. Concerning GCRs, the average annual GCR
exposure on the Moon’s surface is estimated to be 0.38 Sv during solar minima, and 0.11 Sv during solar
maxima [52]. Additionally, a worst-case SPE could expose the crew to 1 Sv in a very short time [52].

On Mars

The ferromagnetic elements in the core of Mars are solid. Therefore, the planet has no magnetic field.
However, differently to the Moon, it has an atmosphere, which is much thinner than Earth’s. The RAD
recorded an average GCR dose rate of 0.21 mGy day ! and a dose equivalent rate of 0.64 mSv day ! [53].
The radiation exposure of space explorers on Mars depends on several factors [4, 54]. Firstly, the exposure
depends on the atmospheric thickness, which changes with the altitude [55-57]. It ranges from about
2.2gcm™? at an altitude of 25km, and about 30.5gcm ™2 in basins [58] located 7km below the planet
surface [59], which is anyway much lower than the ~ 1000 gcm~?2 at sea level on Earth. Secondly, the
exposure also depends on the soil composition as this changes the albedo particle field, which are the
particles directed backwards from the planetary surface. The selection of landing sites are based on other
requirements than radiation exposure. Nevertheless, the different radiation exposure scenarios need to be
taken into account for shielding purposes.

In conclusion, staying on the Moon and Mars means facing both acute and chronic radiation exposure
risks.

2.5 Interaction of Heavy Charged Particles with Matter

Before talking about how to protect space explorers from cosmic radiation exposure, it is necessary to go
through the physics underlying the interaction of the heavy charged particle composing space radiation
with matter, i.e. space explorers’ biological tissue, and structural and shielding materials of space habitats.

When charged particles (projectiles) interact with matter (target), they lose energy through different
processes. The quantity taking into account this energy loss is the (linear) stopping power L of a material,
which is defined [23] as the energy lost by a charged particle per unit path. It can be expressed as a sum of

individual components:
dE  dE dE

Zr = G )raa + (3 et (2.4)
(d—E) is the radiative stopping power due to emission of bremsstrahlung in the electric fields of atomic

dx
nuclei or electrons and the collision stopping power (flf ) is defined as:

dE dE dE

(%)col = (%)e] + (%)nuc’ (25)

where (d—E) is the electronic (or collision) stopping power due to collisions with electrons of the material
and (d—E) is the nuclear stopping power due to elastic Coulomb collisions in which recoil energy is
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imparted to atoms. For protons and heavier ions, (%

space radiation, also (%)
interest for this work:

)ra 4 1s negligible. For the energies of interest for

is, as it becomes relevant only at very low energies. Therefore, in the cases of

dE _ ,dE
= (2 a (2.6)

In addition, the projectile ion can also undergo inelastic interactions with the target material nuclei.

Interactions of radiation with matter are a stochastic process. There is a probability associated with
them to happen, which is called cross-section. The cross-section for a certain interaction is [23]:

) 2.7)

P
7T
where P is the probability of that interaction for a single target entity when subjected to the particle fluence

®. The cross-section represents the geometrical area that the target entities expose to the projectile for the
process of interest to happen. The unit of measurement of cross-sections is the barn (1b = 10~2 m?).
In the following, the interactions taking place when protons and heavier ions travel through matter are

split into two categories: the interactions with the electrons of the material and the interactions with the
nuclei.

2.5.1 Electronic Interactions

When heavy charged particles travel through matter, they transfer energy to atomic electrons via inelastic
Coulomb interactions leading to excitation and ionisation processes. The electrons leaving their atoms
are called secondary electrons, and the ones among them that have enough energy to generate another
ionisation are called delta rays. A schematic representation of the ionisation processes caused by heavy
charged particles traversing a target material is given in Figure 2.9.

Target Target
Projectile Projectile

Target electron

~.

Figure 2.9: Schematic representation of the ionisation processes that occur when heavy charged particles
interact with matter (“Projectile” is the incoming particle and “Target” is the material).
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The Bethe Formula

The mean kinetic energy per unit path length that the ion loses in the excitation and ionisation processes,
which is the electronic stopping power (dE )el can be computed with the Bethe [60] formula as:

dE QPZT ZQ 1 2mec2/8272Emax 2 5(B7)
(dx ) >= 47rNAr MeC Ar ,62 ln 2 - f[% - ) (2.8)
where N, is the Avogadro constant, r. is the classic electron radius, m. the electron mass, ¢ the speed
of light, 3 = %, and v = —-L__. The terms referring to the target material are its density p, its atomic

V1-p2
number Z, its mass number A, and its mean ionisation potential /. The mean ionisation potential of
atoms is approximately given by [61]:

I =(10eV)Zy. (2.9)

If this approximation is introduced in Equation (2.8), an expression which is often called the Bethe-Bloch
formula is obtained. In Equation (2.8), the terms referring to the projectile ion are its atomic number Z,,
and its velocity v. Fmax is the maximum energy transfer to an electron, and 4(S~) the relativistic density
effect correction that becomes relevant at energies above about 1 GeV u~! [62]. Enax can be estimated as:

Me

Fmax = 4—2E, (2.10)

My
according to the binary encounter model [63]. In Equation 2.10, m,, is the projectile mass and E,, the
projectile kinetic energy. The unit generally used in radloblology for the L is keV /pm.

It can be seen from Equation 2.8 that the ¢ % x @. As the velocity (or kmetlc energy [£,) of a particle

increases, dE decreases until a minimum which is reached for a projectile velocity of approximately 90%
of the speed of light. At higher energles L increases very slowly due to relativistic effects (5(37)). As the
projectile ion slows down, the 4£ e L increases to a maximum and then very quickly drops to zero[45]. This
maximum that occurs very close to the point where the particle loses its remaining energy and stops is
called the Bragg peak (see Section 2.5.3).

The Barkas Formula

At very low energies the Bethe-Bloch formula ceases to be valid because processes that change the projectile
charge state start to occur. In particular, the projectile starts to collect electrons of the surrounding material
decreasing its effective charge [64]. The Barkas formula can be used to describe the effective projectile
charge Z.¢ (which then substitutes Z,):

—2/3

Zegt = Zp(1 — 71258277, (2.11)

This formula does not consider though, the discrete nature of charge states, but only average charge over
many projectiles [65, 66].

Stopping Power and LET

As defined in Section 2.1.2, the (unrestricted) LET of a material is the energy lost per unit path by a charged
particle due to electronic collisions. Therefore [23]:

dE
LET = () (2.12)
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The limitations of quantities such as the stopping power and the LET are, firstly, that different particles
can have the same value, as different v and Z,, combinations can lead to the same LET or stopping power
values. Secondly, they do not take care of the finite dimensions of the target. Finally, they do not consider
the stochasticity of the energy loss phenomenon over the particle track. The energy is released in the form
of clusters. As a consequence, they are defined as an average over a great number of interactions of the
primary ion. Therefore, they cannot be used to define the energy loss in a very small volume, such as the
dimensions of a cell or DNA [67].

Particle Ranges

Knowing how to compute the stopping power from Equation 2.8, the range R of the projectile particles can
be computed as:

Ev dE
= _. 2.13
R /0 —dE/dz ( )
To be noted that, if we take two different particles with the same energy per nucleon:
Z24A
B _ e (2.14)
Ry Z)hAn

Therefore, if two particles have the same A/Z? ratio they have the same range, e.g. protons and “He ions,
while heavier particles have shorter ranges for the same initial energy per nucleon value.

2.5.2 Nuclear Interactions

The second interaction type that ions undergo when travelling through matter is nuclear interactions. They
can be either elastic or inelastic processes. When elastic interactions happen, no changes in the composition
of the nuclei take place and the total kinetic energy of the system is conserved. On the other hand, there
are two outcomes of inelastic interactions. In the first case, projectile and target nuclei remain intact and
total kinetic energy is not conserved because of the (nuclear) excitation processes that occur. In the second
case, projectile and target react and either or both of them break apart and produce secondary nuclei. This
nuclear reaction process is known as fragmentation. The secondary nuclei are called projectile fragments if
they originate from the primary ions, or target fragments if from the nuclei composing the target material
[68]. Such fragmentation processes occur if the projectile and target nuclei overlap during the collision
and the projectile kinetic energy exceeds the Coulomb barrier.

Abrasion-Ablation Model

For heavy-ion reactions, these collisions are commonly described through the so-called abrasion-ablation
model [4, 69, 70], which can also be called the cascade-evaporation model. In this two-step process, firstly
the geometrical overlap between the projectile and target nuclei causes the removal of nucleons from the
original nuclei. What remains after it, are parts of them, and a so-called fireball, all of which are normally
in an excited state. The remaining parts of the original nuclei can be called spectators. Secondly, during the
ablation phase, both the spectators and the fireball de-excite by emitting lighter nuclei, single nucleons, and
gamma rays. The process is represented in Figure 2.10. Peripheral collisions lead to small mass removals
from the original nuclei, while central collisions can cause their complete disintegration.

Nuclear Cross-Sections
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Figure 2.10: Schematic representation of the abrasion-ablation model [4].

Nuclear Reaction Cross-Sections

The cross-section (see Equation (2.7)) for an inelastic nuclear process to happen is called the total reaction
cross-section (ocg). The number N of ions that reach a thickness 2z of a given material with an atomic
density n of atoms per unit volume, can be computed as:

N = Nye #9r, (2.15)

where N is the number of ions entering the material. The atomic density can be computed as:
n=—p, (2.16)

where N4 is the Avogadro constant, M the molar mass, and p the material density. A geometrical approach
was used by Bradt and Peters [71] to estimate total reaction cross-sections as:

or = o2 (A2 + Apt/? +6)2. (2.17)

A, and Ar are, respectively, the projectile and target mass numbers, 7 is the nucleon radius, and &
is the overlap transparency parameter. Most of the parametrisations used nowadays to model reaction
cross-sections are still based on an energy-dependent Bradt-Peters approach, where the energy dependence
is inside the § parameter. Some of these parametrisations will be described in Section 5.1.2.

Reaction cross-sections can be estimated by the measurement of charge and mass-changing cross-sections.
On the one hand, charge-changing cross-sections measure the probability of the projectile ion to charge its
atomic number Z,, (“charge”), which means to become another element. The case of the projectile only
changing its mass number A, is not included in the charge-charging cross-section. On the other hand,
mass-changing cross-sections measure the probability of the projectile ion to charge its mass number A,.
Mass-changing cross-sections are therefore more inclusive than charge-changing cross-sections.

Nuclear Fragment Production Cross-Sections

The cross-section for the production of a specific fragment as a consequence of nuclear fragmentation
processes is called the fragment production cross-section [72].

Fragment production cross-sections can be inclusive (o), ;) or exclusive (o, ). On the one hand, o), ; are
probabilities of a certain fragment to be produced, no matter the reaction channel taking place. o, . on the
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other hand, measure the probability of a specific reaction channel to take place. For a reaction:
P+T—F+X, (2.18)

P is the projectile, T' the target, and F' and X are the fragments produced. o,; does not contain any
information about X, while o), . does. Therefore:

Opi =Y Ope ks (2.19)
k

where the sum runs over all the possible exclusive channels & that generate the fragment of interest of o ;.
op.i can themselves be either elemental or isotopic. If o, ; expresses the probability of a certain element
(no matter its mass number) to be produced, i.e.:

A 7, +AT Zp — Zp + X, (2.20)

it is called elemental (o¢). On the other hand, if o, ; expresses the probability of a specific isotope of that
element to be produced, i.e.:
A 7, 44T Zp —AF Zp + X (2.21)

it is called isotopic (ojso). In particular:

Oel = Z Oiso j, (2.22)
J

where the sum runs over all the isotopes j of the element of interest.

So far, the focus was put on total cross-sections. A total cross-section for a reaction such as the one of
Equation 2.18 describes the probability of the fragment F' to be produced with any energy and direction of
motion. Nevertheless, there are also differential cross sections. In particular:

dQO'pZ'
Opi = L (2.23)
g /@ /77 dEdf
dQUp,i

where —-E5 is the double differential inclusive production cross-section for a certain fragment to be
produced with a certain energy F and direction of motion 6. © are all the possible directions of motion
and 7 all the possible fragment energies.

The basic equation for calculating the total inclusive production cross-section of a fragment with atomic
number Z; and mass number Ay through spallation and fragmentation processes is [73, 74]:

U(Af’Zf) = Y(Af)Y(Zprob - Zf)|Af7 (2.24)

where Y (Ay) is the sum of all isobaric cross-sections with fragment mass Ay and Y (Zp0b — Z7)| 4, is the
distribution of elemental cross-sections (with a given mass Ay), whose maximum value is reached at the
most probable atomic number Z,y,.

Nevertheless, the experimental data collected from the 70s onwards allowed improvements in the model.
For instance, Equation 2.24 does not take into account the odd-even staggering (OES) [75], which consists
in enhanced production of even-Z than odd-Z nuclides because of their higher binding energy per nucleon.
Therefore, a more accurate description can be obtained with the following Equation:

o(Ay, Zp) = Y(Ap)Y (Zprob — Zf)|a; Aors(Ay, Zy). (2.25)

The parametrisations most commonly used in the space radiation field are EPAX3 [76], NUCFRG3 [77],
SPACS [78], FRACS [79], and RAADFRG [80]. Older models such as EPAX3 are based on Equation (2.24).
More recent models such as FRACS, instead, take also into account the OES (Equation (2.25)) and, therefore,
show a better agreement with experimental data.
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Measuring Nuclear Cross-Sections

When measuring them, mass-changing cross-sections are more difficult to be measured than charge-
changing cross-sections, exclusive more than inclusive, isotopic more than elemental, and finally, differential
cross-sections more than total. In fact, it is more difficult to identify all of the fragments produced (o} )
than only the ones of interest (¢, ;), to resolve the mass of an ion (ojs,) in addition to its atomic number
alone (ois0), and to resolve the energy and emission angle of a fragment (j%%) than its fragment production
only (total o, ;). Nevertheless, the most meaningful are the most difficult ones, as they allow the benchmark
of the theoretical predictions on a more basic level. Once we have reliable exclusive cross-sections, we
can sum up all the processes producing the fragment of interest, and obtain the corresponding inclusive
cross-section. Following the same reasoning, once having reliable values of all the isotopic cross-sections
for all the isotopes of the element of interest, we can obtain the elemental cross-section by summing
them up. The same is valid for double-differential cross-sections, which can be integrated once to obtain
single-differential cross-sections and twice total cross-sections. In all three cases, the opposite process is

not possible.

2.5.3 Bragg Curves

The projectile’s electronic and nuclear interactions described in the previous sections dictate the shape of
the depth-dose profile for the projectile in the target material. In Panel (a) of Figure 2.11, the simulated
depth-dose profiles of protons, helium, carbon and iron ions in polyethene (PE), are reported. The primary
energy of the ions was chosen for them to have the same ranges. The dose values were normalised to the
entrance channel (values at z = 0). The curves were computed with FLUKA. Such profiles are called Bragg
curves and the peaks at the end of them are Bragg peaks. Such peaks are caused by the increase of the ‘é—f
of the primary ions right before they are stopped at the end of their range (see Section 2.5.1).
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Figure 2.11: Panel (a): simulated Bragg curves of 200 MeV 'H, 200 MeV u~! *He, 400 MeV u~! 12C, and
1000 MeV u~! 55Fe in polyethylene. The primary energy of the ions have been chosen for them
to have the same range, starting from the choice of 1 GeV u~! for iron, as it is its peak energy
in the GCR spectrum for the case of solar minimum (see Figure 2.8). Panel (b): Bragg curves
of 100, 500, 800, and 1000 MeV u~! 5Fe ions. This Figure was produced with FLUKA.

The shape of the curves before the Bragg peak is determined by a combination of two main phenomena:
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* energy loss due to collisions of the projectile with the electrons of the medium, which makes the dose
increase as the penetration depth increases, and

* fragmentation of primary ions through nuclear reactions, which make the dose decrease even if
several fragments are produced from one projectile because the projectile fragments have a lower
atomic number than the primary ions (‘fi—f x Zg). Since fragments have a lower ‘é—f, they have a longer
range and, therefore, contribute to a so-called fragment tail behind the Bragg peak. Examples of the
relative contribution to the absorbed dose of primary ions and their fragments in PE are reported in

Figure 2.12.
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Figure 2.12: Calculated total normalised dose and relative contributions of primary ions and fragments for
403 MeV u~! 28Si and 980 MeV u~! *8Ti in PE [4, 81]. The total normalised dose is compared
with experimental data.

In Panel (a) of Figure 2.11, it can be seen that for the carbon-ion energy considered, such phenomena
almost even each other out in the entrance channel. For the energies under study, for hydrogen and helium,
the dose increases due to their dominating energy loss, while for iron the dose decreases until the Bragg
peak because of the domination of the fragmentation effect. Thus, depending on the ion species and energy
one of the two phenomena prevails. In Figure 2.11, it is possible to see that the more fragmentation
happens, i.e. steeper the entrance channel of the curve, the bigger the tail behind the Bragg peak is.

In conclusion, the shape of the Bragg peak, the tail behind it and the entrance channel of the curve differ
for every ion because of the interactions it undergoes when travelling through matter [82, 83].

In Panel (b) of Figure 2.11, Bragg curves of iron ions having different primary energies are reported.
More energetic ions have longer ranges. A larger range corresponds to more fragmentation reactions. This
causes:

* astronger dose attenuation before the Bragg peak,
* asmaller Bragg peak as fewer primary ions contribute to it, and

* a more pronounced tail behind the Bragg peak due to more projectile fragments generated.
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Additionally, it can be noticed that the Bragg peak broadens for higher energies. This is due to a phe-
nomenon called energy loss straggling. When the penetration depth in the target increases, the microscopic
fluctuations around the mean energy loss sum up into a macroscopic range straggling.

2.5.4 Dose Build-up

Panel (a) of Figure 2.13 shows a zoom-in of the Bragg curves of Panel (a) of Figure 2.11 over the first 0.6 cm
of PE for carbon and iron ions. A small dose enhancement can be observed for very small PE thicknesses,
i.e. until ~ 0.25 cm for carbon, and ~ 0.4 cm for iron ions. This phenomenon is called dose build-up [84,
85]. It is due to secondary particles (electrons or ions) generated from the target material, which are
mainly forward directed. The depth of the dose build-up effect corresponds to the range of such particles
in the target material. The effect stops growing when no more secondary particles are added, i.e. the
new particles compensate for the loss of those that stop as they have reached the end of their range in the
material (see Panel (b) of Figure 2.13). In Figure 2.13, the depth of the dose build-up is larger for iron ions
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Figure 2.13: Panel (a): zoom-in of Figure 2.11 over the first 0.6 cm of PE for carbon and iron ions. Panel (b):
schematic representation of the equilibrium reached in the build up effect. The depth of the
effect corresponds to the range of the secondary particles causing it.

than for carbon as the range of the secondary particles is higher for iron because of their higher energy
(1000 MeV u~! vs 400 MeV u™'). For the case of iron, the build-up is also more intense. This is actually due
to the longer range of the secondary particles as, if the particle range (represented with green rectangles in
Panel (b) of Figure 2.13) is longer, the more secondary particles are produced within this range and their
contribution builds up to higher doses. After the build-up effect reaches equilibrium at a certain depth, the
dose attenuation due to projectile absorption or fragmentation takes over for the projectiles of Figure 2.13,
and the dose starts to decrease. The build-up effect is much stronger for lighter ions [11]. For instance,
Panel (a) of Figure 2.14 reports the full Bragg curves of 400 MeV u~! hydrogen and helium ions in PE.
Panel (b) is a zoom-in over the first 30 cm of PE. It is possible to see that, even if helium and hydrogen
have lower energies per unit nucleon, the range of their build-up effect is much larger than for the iron and
carbon, reaching around 12 cm for helium, and 20 cm for hydrogen.
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2.6 Radiation Protection in Space

As discussed in Section 2.4, space explorers are ordinarily exposed to much higher doses than humans on
Earth. Table 2.3 compares the dose exposures on Earth, during the flight, on the Moon, and Mars. Due

Table 2.3: Comparison of dose equivalent exposures in different scenarios. The variability on the Moon
and Mars is due to the solar cycle and the altitude of the exposure.

Exposure scenario  Deq rate (mSv year™!) Ref.
Earth 2.4 [86]
Flight 672 [46]
Moon 110-380 [52]
Mars 100-230 [53, 871

to the different doses and radiation fields characterising space and terrestrial exposures, the radiation
protection definitions and measures taken on Earth need to be modified and adapted to space exploration.

2.6.1 A More Suitable Dose Equivalent Definition

As already pointed out, the radiation protection definitions reported in Section 2.1 should only be used
in the case of dose exposures well below legal limits (see Section 2.1.3), which is not the case for space.
When coming to radiation protection in space, radiation quality factors wg (see Table 2.1) are not used,
nor Equation 2.2 is. If one considers the relative importance of protons and heavy ions, using wgr = 20 for
all of them, independently of their energy, is too approximate, and a more realistic approach needs to be
used [22]. The National Council for Radiation Protection and Measurements recommends [88] to use the
following method [20] to compute the organ D4 for space applications:

Deq = % / dm / Q(LET)Fp(LET)LET dLET, (2.26)
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where m is the organ mass, Fr is the particle fluence through the organ T, and Q(LET) is a LET-dependent
quality factor. Q(LET') was introduced in ICRP 26 [35], before the introduction of the wg factors, and
the latest recommendations for it come from ICRP 60 [89]. Equation 2.26 takes into account not the
particle type, but its LET. The same particle, in fact, has different LET values depending on is energy. Even
if Equation 2.26 is more accurate than Equation 2.2, it is still not optimal because it does not take into
account track effects (see Section 2.1.2).

2.6.2 Radiation-Related Health Risks in Space

Space radiation risks of concern to NASA are carcinogenesis, acute and late risks to the central nervous
system, degenerative tissue risks such as cardiovascular disease, and acute radiation syndromes [4, 45].
Even if cancer dominates dose risk estimates, non-cancer effects are an increasing source of concern.
Cataract is so far the only cosmic radiation-induced effect observed in space explorers [90, 91]. As already
pointed out, acute risks (occurring during the mission) are a concern with SPEs, while late risks (occurring
after a mission) with both GCRs and SPEs. A large number of risks of concern make it too complicated
to try approaches such as genetic selection, as it is very unlikely to find someone resistant to so many
diseases. In addition, the chronic radiation exposure and the radiation quality, make the applicability of
the radio-protectors developed for terrestrial exposure and usually employed in case of acute exposure to
low-LET radiation [4], unfeasible.

2.6.3 Uncertainties on Space Radiation Risks

As mentioned in Section 2.2, the Earth’s radiation spectrum is very different to space radiation in energy
and composition. In particular, radiation-exposure health data mainly come from epidemiological studies
performed on atomic-bomb survivors, who were exposed mainly to gamma, beta and alpha rays. Therefore,
very large uncertainties are still associated with space radiation risks because of poor knowledge of (in
order of decreasing importance) [4, 45]: relative biological effectiveness factors of heavy ions for late
effects (cancer and non-cancer), dose and dose-rate dependencies, transfer of risk across populations,
determination of space radiation organ exposures, various errors in human data sources, effects of exposure
to a mixed low and high-LET radiation field, the shape of the dose-response curve at low doses for charged
particles, and possible synergistic risks from other space environment stressors (in particular microgravity)
on radiation risks. Large ground-based experimental radiobiology research programs are ongoing to reduce
such uncertainties.

2.6.4 Effective Dose Limits in Space

Risk of Exposure-Induced Death: Model

The quantity used to make risk estimates in space is the risk of exposure-induced death (REID). Following
the NASA model [92], it can be computed as:

t
REID(ag, D) = / dthnr(a, ap, D)So(t)e Jar BAu(zamD) (2.27)
ap

where )\, is the age and gender-dependent cancer mortality rate, ag is the age at exposure, a is the
attained age (a — ag is then the time after exposure, or latency), and Sy the survival fraction of the
background population. There are different models recommending different values to be used in the A,
computation. Therefore, the REID results are model-dependent.
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Age and Gender Dependency

Figure 2.15 reports a comparison of the effective doses that lead to a 3% REID in females and males of
different ages, in a 1-year mission, computed with different models, under the assumption of an equal
organ dose equivalent for all tissues. The Figure shows that the older a space explorer is, the higher the
effective dose value leading to the same REID. Also, the dose values for males are consistently higher than
for females.
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Figure 2.15: Comparison of the effective dose values leading to 3% REID for male and female individuals
(data from [92]).

Dose Limits for Space Explorers

The career effective dose limits (Sv) recommended by different space agencies until 2021 are reported in
Table 2.4. It can be noticed that, in the case of NASA and JAXA, they are not only age-dependent, but also
gender-dependent. Nevertheless, in 2021, the US National Academy of Science introduced a simplified

Table 2.4: Career effective dose limits (Sv) as recommended by different space agencies before 2021.

Space agency Gender Age at first exposure (years)
30 35 45 55

NASA (USA) Female 0.47 0.55 0.75 1.1
Male 0.62 0.72 0.95 1.5
JAXA (Japan) Female 0.6 0.8 0.9 1.1
Male 06 09 1.0 1.2

ESA (Europe) 1.0 1.0 1.0 1.0
FSA (Russia) 1.0 1.0 1.0 1.0
CSA (Canada) 1.0 1.0 1.0 1.0
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effective dose limit of 0.6 Sv for all astronauts, independently of their age and gender, with the objective
of allowing equivalent flight opportunities to everyone [93, 94]. This number is based on a 3% REID
calculation for a 35-year-old female using the operational NASA 2012 [95] model with never smoker
parameters. This decision caused a break in the scientific community, as some defined it as a “giant leap
backwards” for radiation protection in space [96].

2.6.5 The ALARA Principle in Space

Since the strategies used on Earth to protect humans from radiation are based on the ALARA principle
described in Section 2.1, it could be considered to apply it also to radiation protection in space:

1. Distance. In space, it is impossible to increase the distance from the radiation source as GCRs are
omnidirectional and as SPE radiation travelling along solar magnetic field lines becomes isotropic
within a few hours after the start of an event [97].

2. Time. This point can be addressed in several ways. Manned exploration missions such as the mission
to Mars can be limited to a maximum amount of time. But starting a colony on the Moon, Mars,
or any other planetary surface beyond them, goes in the very opposite direction, as the aim is for
people to live there for long periods. Focusing on travel only, more powerful engines can be employed
in space exploration to reach higher velocities and make the travel as short as possible. This is a
long-term goal of space programs, but currently has strong limitations [87]. Exploring outer space
pushes into the direction of going further and further, and this naturally makes missions longer
and longer. On the other hand, the timing, as in when to perform the mission, can play a role. In
particular, in Section 2.3, it is explained that SPEs happen with a higher probability during solar
maxima, while GCR fluxes are higher during solar maxima. Therefore, the question if it would be
better to proceed with the mission to Mars during a solar maximum (less exposition to GCR, but
higher SPE risk) or minimum (higher GCR exposition but lower SPE risk) has remained unanswered
for a long time. Recently, however, [98] demonstrated through MC calculations that the optimal time
to fly to Mars is during a solar minimum, and the mission duration should not exceed 4 years.

3. Shielding. Alongside the choice of an appropriate time of flight, shielding is the only option left to
mitigate the risks of crew exposure to space radiation. There are two possible shielding strategies:
active and passive shielding.

2.7 Shielding in Space

2.7.1 Active Shielding

Active shielding consists in generating magnetic fields around the space explorers’ habitat to deflect the
trajectory of cosmic rays [4, 37]. This would be possible since SPEs and GCRs are made of charged particles.
The most promising approach is confined magnetic fields. In particular, toroidal fields [99-101] generated
around the spacecraft would have the advantage of confining the field outside of the spacecraft’s habitable
area and consequently, not exposing the space explorers to an intense magnetic field. Nevertheless, there
are several technical issues with active shielding. Among them, the cryogenic superconducting magnet
technique, which is critical for such applications, is currently not reliable. Also, the active shielding system
would need to be redundant as possible failures cannot leave the crew unprotected. For this reason, even if
such techniques were already available, they would be combined with passive shielding.
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2.7.2 Passive Shielding

Passive shielding consists in adding material to spacecraft and habitat walls to reduce the dose inside the
crew’s living space [37]. The thickness of the spacecraft wall alone is 5 g cm ™2, but on the ISS the shielding
thickness reaches around 20 g cm~2 because of the presence of several payloads and racks. Such thickness
can stop all protons with energy below 100 to 200 MeV, and therefore efficient against trapped radiation
(which is relevant in LEO only) and most SPEs [4]. Because of their different composition and energy
spectrum, SPEs and GCRs deserve individual considerations when coming to passive shielding.

Shielding from SPEs

Even if most of SPEs are harmless behind thin shields, the most intense can be life-threatening for unshielded
space explorers [102]. In particular, there have been about 400 SPEs in the space age, and only 4 of them
would have led to blood-forming organ doses behind 5 g cm =2 aluminium shields, sufficient to possibly cause
acute radiation sickness. Furthermore, none of them would have led to acute radiation death [103]. Due
to the energy spectra of SPEs, the 20 g cm ™2 shielding thickness foreseen for future long-term exploration
missions is sufficient to reduce the doses enough to make the SPEs harmless for space crews. Also, an
approach based on having more shielded quarters (e.g. sleeping quarters) can be adopted for keeping the
crew protected from SPEs. It is estimated [4] that mass requirements of the order of 1000 kg are needed
for such so-called storm shelters for a crew of three using optimal shielding materials and topologies.

Nevertheless, intense SPEs remain a life-threatening risk during extravehicular activities (EVAs), both
performed during the travel and in situ, i.e. on the explored planetary surfaces. Spacesuit design and
the usage of shielding blankets or coats to cover vital organs can be advantageous but are not enough.
An adequate forecast system is then necessary as a “warning system” for our space explorers to abandon
the ongoing EVA or not start one, and avoid them experiencing acute radiation syndromes or being at
risk of death. Unfortunately, the current forecasting abilities are limited. However, [104] showed that the
detection of relativistic solar electrons may allow a 1-hour prewarning of SPEs and a prediction of integral
proton fluences.

Shielding from GCRs

Even if SPEs might be able to cause acute radiation syndrome and in worse case scenarios death, they do
not pose as much of a risk as galactic (and intergalactic) cosmic rays (GCR). As explained in the previous
section, SPEs can be shielded with spacecraft wall thicknesses already foreseen for long-term deep-space
missions. On the other hand, the composition and energy spectra of GCR (see Figures 2.7 and 2.8) reaching
up to 10?2 eV, make them impossible to be completely shielded with reasonable amounts of spacecraft
material [4]. Average energy GCRs can penetrate tens to hundreds of centimetres of water or aluminium.
In addition, the secondary radiation field produced within the interaction of GCRs with the structural or
shielding material of the spacecraft is made of lighter particles that can penetrate even further [45].
Even though the fluence of light ions is much higher than that of heavier ions, behind thin shields heavy
ions are the main source of dose and dose equivalent. For very thick shieldings, instead, light ions like
hydrogen and helium become the most relevant for dose and dose equivalent contributions [105]. In
Figure 2.16, the relative contribution of the different ion species to fluence, dose and dose equivalent is
shown behind a thin 5 g cm~2 aluminium shield. For what concerns thicker shields, [106] calculated that,
behind a 20 g cm 2 aluminium shield, 68% of the total effective dose is due to protons, and 10% to helium.
These numbers increase behind a 20 g cm~2 aluminium shield, reaching 70% for protons, and 14% for
helium. These results are also supported by Geant4 calculations presented in [105]. The usage of thick
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Figure 2.16: Relative contribution in fluence (green circles), dose (blue triangles), and dose equivalent (red
squares) of different GCR ion species. The calculation was performed as an average over 1
year of solar minimum (worst case scenario) behind a 5 g cm =2 aluminium shield [4].

shields also causes an increase in the neutron dose behind them. Because of the high penetration power of
neutrons and their high biological effectiveness (see Table 2.1), it is key to focus on their production [14,
107, 108]. The increasing importance of light ions behind thick shields is shown in Figure 2.17.

In conclusion, passive shielding is the winning strategy for near-future space exploration missions [4,
110, 111]. Nevertheless, it also has limitations. The main problem is the travel because of the severe
mass (and volume) constraints due to the high cost of the fuel. As the shielding thickness increases, the
shielding effectiveness drops due to the secondary radiation field generated through the interaction of
cosmic radiation with the shield itself. Because of such mass constraints, engineers have been considering
the dual use of necessary resources such as water, fuel, and food storage, as shielding material also. In
addition, the so-called in situ resources can be exploited on the planetary surfaces, i.e. Lunar or Mars
regolith [112, 113]. In fact, it can be moved on top of the crew’s habitable structures [4, 114]. Habitable
areas can also be obtained by digging caves on the Moon, but the need for light for the psychological
well-being of the crew members needs to be taken into account as well. Space explorers cannot spend too
much time inside the habitats, depending on the mission aims.

2.7.3 Candidate Materials for Passive Shielding

The basic concepts of heavy ion interaction with matter can be used to guide the selection of optimal
shielding materials. In space, the aim is to stop low-energy particles and to break up particles whose energy
is too high to be completely stopped within the spacecraft shields.
For low-energy particles, the aim is to maximise their slowing down process so that they eventually stop
in the shielding. Since % x p% (see Equation 2.8),
dE/dx  Zrp
X =,
p Ar

(2.28)

where % is called mass stopping power and represents the stopping power per unit mass of the material.

Quantities per unit mass of the target (in this case shielding) material are interesting because of the severe
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Figure 2.17: Increasing relevance of light ions behind thick shields: calculated contribution (%) of different
ions to GCR blood forming organs (BFO) dose equivalent in free space (from the left) and
increasing thickness of simple spherical geometries (adapted from [109]).

mass constraints characterising space missions, due to the high cost of the fuel needed to send heavy
spacecrafts into space. The materials with higher % are low-Z materials, as the greater Z becomes, the

higher the number of neutrons per unit proton in the nuclei is (% = 1 for hydrogen, 0.5 for carbon, 0.48
for aluminium, 0.46 for iron, and 0.40 for lead). Low-Z materials have the highest number of electrons per
nucleon. Low-Z materials are, therefore, optimal for slowing down and stopping the particles that can be
stopped within the viable shielding thicknesses in space.

Additionally to the maximisation of the mass stopping power (i.e. the electronic interactions), a good
approach for shielding in space is the maximization of nuclear fragmentation processes as breaking up the
primary cosmic rays significantly reduces the dose (see Section 2.5.3). Since the nuclear reaction cross
section o o A? 3 (see Equation 2.17), the nuclear reaction cross-section per unit mass of the shield mLT is:

2/3

g AT -1/3
—x——=A . 2.2
mrT x AT T ( 9)

Therefore, the nuclear reaction cross-section per unit mass of the shield is also maximised for the case of
low-Z materials, as they have small Ar. This is due to the nuclei of low-Z materials being smaller in size
and therefore, more of them can fit into a given mass, so that more nuclear interactions can happen. Low-Z
materials are therefore the best option for passive shielding purposes [4-7, 9].

From these considerations, the optimal shielding material from cosmic radiation would be liquid hydro-
gen. Nevertheless, engineering considerations about the material strength, temperature resistance, UV




degradation and flammability, need to be done. That is why PE (and in particular, high-density polyethylene
- HDPE) has been considered the golden standard for radiation protection in space for a few decades [4, 6].
It is chemically stable, cheap, and has a low atomic number. Recent simulation campaigns performed with
the full GCR spectrum have confirmed the goodness of PE for dose equivalent reduction also behind thick
shields. The production of protons and neutrons in thick targets makes the dose equivalent attenuation of
other materials such as aluminium limited. These results are reported in Figure 2.18.
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Figure 2.18: Total dose equivalent as a function of aluminium (left) and polyethylene (right) shield thickness
for the full GCR spectrum (adapted from [115]).

Experimental [11, 12] and simulation campaigns [116] have recently shown that lithium-based hydrides,
which have lower Z than PE, have promising dose attenuation properties. Therefore, such materials are the
focus of the experimental campaigns performed in the scope of this thesis.

2.8 Stochastic and Deterministic Radiation Transport Methods

It is unfeasible to irradiate spacecraft and space habitats in ground-based experiments, and it is unfeasible
to irradiate them with a homogenous radiation source mimicking the cosmic radiation composition, energy
spectra, and rates. Therefore, we have to rely on the results of deterministic and stochastic simulations of
how radiation interacts with the materials composing the habitat and the space explorers’ bodies. There
are two approaches to solving any physical or mathematical problem: stochastic and deterministic.

On the one hand, the deterministic approach consists of directly solving integropartial-differential
equations to find the exact solution to the problem. It is usually chosen for simple or one-dimensional
problems because when coming to complex or three-dimensional problems, assumptions and simplifications
are necessary to make the problem solvable in reasonable amount of time. Therefore, deterministic methods
tend to be fast but approximate in the resolution of real-world (complex or three-dimensional) problems.

On the other hand, stochastic methods imply the usage of random numbers, are usually chosen for
complex or three-dimensional problems and tend to be very accurate at the cost of highly demanding
computational resources. Stochastic methods are also called Monte Carlo (MC) methods [117]. Stochastic
methods consist in several (/V) different realisations, each of them providing a different outcome (f;). The
final outcome is an approximation of the correct value (expectation value < f >) with respective error bars,
and the correct value is likely to be within those error bars o. The expectation value < f > is defined as
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a mean value over the realisations f; and the error bars can be computed as its standard deviation. The
central limit theorem states that for large N, < f >— f, where f is the true value of the solution to the
problem. For very large N, in fact, 02(< f >) — 0.

It is possible to simulate radiation transport in matter both by using a deterministic and a MC approach.

2.8.1 Deterministic Methods: Solving Transport Equations

Simulating radiation transport in matter with deterministic methods consists in solving Boltzmann-type
transport equations that treat the atomic and nuclear collisions altering the particle type and energy. NASA
developed such a deterministic code for radiation protection in space applications. This code is called
HZETRN [118]. The GSI Helmholtzzentrum fiir Schwerionenforschung is also developing a deterministic
code for space applications called SpaceTRiP [119].

The relevant transport equations are derived based on the conservation principle for the flux density
o; (7, O, E) of particles of type j:

—

G- Vo7, 0, E) = 3 / / o (5,0 B, B )y (7,0, E')AE'dSY — o,(E)é, (7,9, E), (2.30)
k

where ¢;(7, O, E) is the flux of particles j having direction 2 and energy E, and ¢ (7, o, E ) the flux
of particles k having direction €’ and energy E’. o;(E) is the total reaction cross-section describing the
probability of a particle j with an energy E to interact with the medium, oy, (ﬁ, o , E, E') is the cross-section
describing the probability for the process of a particle of type & moving in direction Q' with an energy £’
to produce a particle j with direction O and energy E. The cross-section to be used in Equation 2.30 are
inclusive cross-sections.

2.8.2 Monte Carlo Methods: Single Particle Histories

On the other hand, also a MC approach can be used to simulate radiation transport in matter [120]. MC
methods started to be used already towards the end of the 18™ century with Buffon’s needle problem.
Nevertheless, a big step forward in the development of stochastic methods came with the Manhattan
project (1939-1946) [121], where they were applied to the development of nuclear weapons. In particular,
they were used to simulate neutron transport in matter.

Since the emission of radiation from atoms and its interaction with them is a natural stochastic pro-
cess, it is possible to see a stochastic approach to the problem in two ways. It can be seen either as a
rather straightforward stochastic simulation or as a process whose average behaviour can be described by
mathematical equations whose solution can be obtained through MC methods.

Most radiation protection in space applications rely on the usage of MC codes such as FLUKA, Geant4,
and PHITS. These MC codes were also used to simulate the experimental results presented in this work.
Therefore, the focus from now on is put on MC methods. Radiation transport in matter in MC codes
is simulated with single-particle histories. N particles are generated, one by one. Each particle has its
history. The particle trajectories are divided into steps, which are defined as straight free-flight tracks
between consecutive physics interactions. Pseudorandom numbers are translated into physical decisions
that “Nature” would make when particles are moving around. The history of every particle is simulated
until they exist in the system or has zero kinetic energy left. The decisions to be made (through the usage
of pseudorandom numbers) are about the energy, type and direction of motion of the primary particle (for
each of the N primary particles generated), the step length (for each step of each particle), the type of
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collisions taking place, and the energy, type and direction of motion of the secondary particles possibly
produced during the interaction.

A step is defined as a straight trajectory between two subsequent collisions. Therefore, deciding the
step length equals deciding where the next collision takes place. The step length s is sampled from the
following probability function:

p(s) = pe H4, (2.31)
for homogenous media, and from:
p(s) = p(z)e Jo = (2.32)
for inhomogeneous media. y is a property of the medium. It is proportional to the material density and it
is proportional to the total reaction cross-section o

Bh=no = nz oi, (2.33)
7

where n is the atomic density of the medium (see Equation 2.16), and o; are the cross-sections of each
i competing process. Each process takes place with a probability 2. For inhomogeneous media, y is a
function of the material depth z, u = u(z). Nevertheless, also for homogenous media, ¢ is a function of the
particle energy, that becomes lower at each interaction. Therefore, 0 = o(E) = o(z) for every medium.
Consequently, p(s) is a function of z as well, and needs to be recalculated at each step.

Once the step length is sampled, the process taking place is sampled according to 2. If any secondary
particles are produced during such interaction, the final state of the process, which is the energy and
direction of motion of the secondary particle, is sampled from the double-differential cross-section of the

secondary particle production j;%. After this, the direction of the primary particle is updated and the code
goes on following the history of the primary particle, while the information about the produced secondary
particles is stored somewhere, and they will be followed after the end of the history of the primary particle.
Each of the secondary particles will have its history, and this is valid for any tertiary (or higher-order)
particle produced.

Every single particle’s history is a realisation. Therefore, the expectation values of the sampled quantities
are computed as average over the single-particle hystories with associated standard deviation.

2.8.3 The Need for Reliable Cross-Section Models

As seen in the previous sections, cross-sections are a key ingredient in both deterministic and MC simulations.
On the one hand, for what concerns deterministic methods, total and double differential cross-sections
are required in the Boltzmann-type equations (see Equation 2.30). On the other hand, in MC codes,
reaction cross-sections are used to decide the step length and which of the competing processes occurs, and
production cross-sections to determine the final state of a process, in particular, what secondary particles are
produced. Double-differential production cross-sections contain additional information about the secondary
particle energy and direction of motion. The codes make use of cross-section models (or parametrisations),
and only in particular cases, e.g. slow neutron cross-sections, of experimental data tables. Parametrisations
describing cross-sections are semi-empirical, meaning that both theory and experiments are involved in
their development. It is therefore important to:

* understand what experimental cross-section data that are necessary to the parametrisation develop-
ment are missing and

* understand which parametrisations work better for what systems and energies

This inter-dependence of MC codes, cross-section parametrisations, theory, and experimental data, is
reported in Figure 2.19.
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Figure 2.19: Representation of the inter-dependence of MC codes, cross-section models, theory, and
experimental data.

2.9 Accelerator-Based Experiments

The simulation work performed for radiation protection in space has to be coupled with ground-based
experimental activity. Particle accelerators, and in particular synchrotrons, are the only machines capable of
delivering the high energies needed to understand the interaction of cosmic rays with matter. Accelerator-
based experimental campaigns are needed for two main endpoints:

1. doing ground-based biological studies on the effects of heavy ions on biological targets such as cells
and animals (biology experiments), and

2. performing meaningful experiments to determine absorbed dose attenuation properties of potential
shielding materials, production of secondary radiation fields, and cross-sections (physics experiments)
and comparing the results with MC simulations.

Biology experiments are key to reducing some of the uncertainties listed in Section 2.6.3. Physics experi-
ments are key to improving MC codes and reducing uncertainties related to the secondary radiation field
generated through the interaction of primary cosmic rays with structural and shielding materials. In this
work, the focus is on the second endpoint. By comparing the results of MC simulations with experimental
data, it is possible to study the accuracy of the physics models underlying the codes, among which are also
cross-section parametrisations. The improvement of such models leads also to improvements in the risk
calculations on which radiation protection of astronauts fully relies.

The more quantities are measured during an experiment, the more meaningful the comparison with
MC simulations is. For instance, if the type, energy, and direction of motion of all the particles composing
the secondary radiation field are measured, all these quantities can be compared with the outcome of
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MC simulations. Nevertheless, it is not always feasible to perform such precise and complete experiments,
as it requires a very large number of detectors, and most importantly, a very large number of beam
time hours invested. Therefore, other experiments can be performed, which take very short and still
provide meaningful data for the comparison with MC simulation outcomes. An example is absorbed dose
measurements before and after a target of interest for space, which is what was performed for this work.

2.9.1 Facilities

Ton accelerators are the only machines on Earth able to reproduce the high-energy radiation fields of deep
space. Thus, space radiation experiments are performed at these facilities. Among the most important
in the field, there is the Joint Institute for Nuclear Research JINR in Dubna, the Helmholtzzentrum fiir
Schwerionenforschung (GSI), the NASA Space Radiation Laboratory at Brookhaven National Laboratory, the
Heavy Ion Medical Accelerator at the National Institute of Radiological Sciences in Chiba, Japan, and other
accelerator facilities in Europe and Asia [45]. Focusing on the European facility, the SIS-18 synchrotron of
GSI provides ion beams in the range of 80 to 2000 MeV u~! for species from protons to uranium, which
makes GSI the best European experimental facility to perform experimental research about radiation
protection in space. Nevertheless, also medical facilities can be used for space application purposes, limiting
the experiments to low-Z beams and energies not higher than a few hundreds of MeV u~! (depending on
the facility) [122].

2.9.2 lon Beams of Interest for Space

In particular, the most important beams and energies to be used for radiation protection in space experi-
mental campaigns can be deduced from Figures 2.7, 2.16 and 2.17. As explained in Section 2.7.2, high-Z
ions contribute more to the dose equivalent behind thin shields, while low-Z ions behind thick shields. Both
these exposure scenarios need to be taken into account because space explorers are supposed to experience
both during the duration of a space mission. For instance, thick shields are supposed to be used on the
spacecraft, especially in the sleeping quarters. On the other hand, during EVAs and in situ explorations,
the space explorers will be only shielded with thin layers of material. Among low-Z ion beams, the most
relevant are protons and helium ions, as their contribution together corresponds to 70% of the GCR BFO
dose equivalent behind a 30 g cm~? aluminium shield. In addition, protons are also the main constituent of
SPEs. In the past, not many experimental campaigns have been performed by using proton and helium
beams at energies of interest for space [11, 12, 123]. Concerning high-Z beams, it has been demonstrated
[37] that the dose reduction of the complete heavy-ion component of GCRs behind thin shields is very
similar to the dose reduction of 1 GeV u~! ®Fe behind the same shielding. The difference between the two
is due to the hard component (kinetic energies greater than 1 GeV u~!) of the energy spectra of GCR heavy
ions. Also, the GCR iron energy spectrum peaks around 1 GeV u~! in solar maximum conditions, which
have been demonstrated to be better for exploration scenarios [98]. Therefore, several accelerator-based
experimental campaigns making use of 1 GeV u~! *Fe beams, have been conducted in the past years [7, 8,
11-14, 124, 125].

The dose measurements performed within the current work include both high-Z (iron) and low-Z (protons
and helium) ion beams. In particular, this work is a part of the ROSSINI3 and DEIMOS projects.

2.9.3 The ROSSINI3 Project

Among the many ground-based experimental campaigns conducted in the past decades, there are the
ROSSINI projects, which aim at testing stable and manageable high-performance shielding materials. The
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most recent of them was ROSSINI3 [15]. The project was funded by ESA and is a collaboration of Thales
Alenia Space Italia, GSI Helmholtzzentrum fiir Schwerionenforschung, and the University of Torino. Two of
the main branches of ROSSINI3 are the focus of this work. The first is the measurement of dose attenuation
curves for 1 GeVu ! *°Fe and 2 GeV proton beams in structural and potential innovative and in situ
shielding materials. Such curves have been then compared with the simulation results obtained with three
of the main MC transport codes used for radiation protection in space. The second is an evaluation of the
state-of-the-art experimentally measured reaction and fragment production cross-section data, alongside
the semi-empirical parametrisations used to describe the dependence of such cross-sections on the projectile
energy.

2.9.4 The DEIMOS Project

Ideas for ground-based experiments for investigating the physics and biology of radiation protection in
space are collected by ESA through its Continuously-Open Research Announcement Investigating biological
effects of space radiation (ESA-CORA-IBER) [122]. The DEIMOS project is an experimental campaign
funded by the ESA-CORA-IBER project. It aims at a deeper understanding of the nuclear interaction of
high-energy light ions (*H and “He) with materials of interest for radiation protection in space. The proton
and helium GCR energy spectrum peaks around 500 MeV u~!. Therefore, accelerator facilities other than
GSI could be exploited for these dose measurements. In particular, the DEIMOS experimental campaigns
are conducted at the Heidelberger Ionenstrahl-Therapiezentrum (HIT). The exact energies used for the
experiments were 480 MeV for protons and 430 MeV u~"! for “He ions since this is the maximum energy
reachable at HIT.
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3 Absorbed Dose Measurements

As seen in Section 2.2, the dangers due to space radiation are among the biggest hindrances to manned
long-term deep-space exploration missions [3, 4, 95, 126], and currently, the most promising radiation
protection strategy is passive shielding [4, 110, 111], despite its limitations [10, 108, 115]. Such a strategy
needs to be tested at accelerator facilities before being used in space. Absorbed dose measurements for
different materials can be performed relatively fast and effectively and allow a direct comparison of the
dose values behind structural and potential shielding materials.

Ideally, measurements that also take into account possible synergistic effects of the complex space
radiation field need a GCR simulator [45, 127]. However, this is important for biological experiments [128-
131], while with materials, one could conceivably construct a GCR simulator by collecting single-beam data
on the same target. In addition, “simple” accelerator-based experiments such as the one reported in this
work, are necessary because their comparison to the outcome of MC simulations allows an understanding
of the validity of the basic physics models underlying the MC codes (see Chapter 4).

Heavy ions such as iron are the main contributors to the dose equivalent due to GRCs behind thin shields
[4] (see Figure 2.16), while light ions behind thick shields [105] (see Figure 2.17). Therefore, both iron
and helium ions and protons were used for the absorbed dose measurements presented in this work.
Innovative and in situ shielding materials for long-term deep-space missions were used in the experimental
campaigns, alongside conventional structural and shielding materials for comparison.

The results presented in this Chapter and the following are part of the ROSSINI3 and DEIMOS projects.
The experimental and MC results obtained with iron beams were published in F Luoni et al., “Dose attenu-
ation in innovative shielding materials for radiation protection in space: Measurements and simulations,”
accepted by Radiat. Res., 2022.

3.1 Materials and Methods

3.1.1 Beams

The four different ion beams listed in Table 3.1 have been used to obtain the results presented in this
section. The motivation behind the ion type choices is that both high (°°Fe) and low-Z ions (*H and “He)
are important contributors to the GCR dose equivalent. The first behind thin and the second behind thick
shields. The motivations behind the energy choices are the following:

* 1GeVu~! 5Fe: this energy was selected as the GCR iron energy spectrum peaks around it in solar
maximum conditions, which have been demonstrated to be better for exploration scenarios [98]. In
addition, for the reasons explained in Section 2.9.2, this beam is a good proxy of GCRs behind thin
shields.

* 2GeV H: this energy is extremely high and still in a high-fluence region of the GCR hydrogen energy
spectrum. The capability of GSI to accelerate ion beams to such high energies was exploited to study
the interaction of such high-energy protons with matter.
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Table 3.1: Beams used for the experimental campaigns of this work, listed in chronological order. Along-

side the ion type, are reported details about the beam kinetic energy in MeV u~!, the beam
full-width-half-maximum (FWHM) in mm, the beam intensity in ions per spill, the facility where
the experiments were performed, and the project of which the experiments were part.

Ion type Energy FWHM (mm) Intensity (ions per spill) Facility Project

56Fe 1GeVu! ~ 5to 10 1to 3 x 107 GSI (Cave A) ROSSINI3
IH 2GeV ~ 20 5% 108 GSI (Cave M) ROSSINI3
IH 480 MeV ~5 2 x 108 HIT DEIMOS
‘He 430 MeV u! ~5 4 %107 HIT DEIMOS

e 480MeV 'H: the proton GCR energy spectrum peaks around 500 MeV u~!. These measurements

were part of the DEIMOS project that took place at HIT, where 480 MeV is the maximum energy to
which 'H ions can be accelerated.

e 430 MeV u~! “He: also the helium GCR energy spectrum peaks around 500 MeV u~!. Also in this

case, 430 MeV u~! is the maximum energy to which *He ions can be accelerated at HIT.

Additionally, 'H and “He ions are good to look at the build up caused by target fragments as explained in
Section 2.5.4.

3.1.2 Target Materials

Traditional, innovative, and in situ shielding materials were used in this work, alongside structural
spacecraft materials. In particular, the following target materials were irradiated during the experimental
campaigns:

* HDPE: it was selected as reference material to compare the results with, as it has been considered

the golden standard for a couple of decades [4, 6].

LiH and LiBH,: for the reasons discussed in Section 2.7.3, light materials are considered the best
option for passive shielding purposes during deep-space missions [4-7, 9]. These lithium-base
hydrides are lighter than HDPE, and therefore, they are expected to perform better than it.

In particular, LiH showed promising results in dose attenuation of °°Fe beams within the ROSSINI2
experimental campaigns [11, 12], which suggested that the follow-up ROSSINI3 campaign should
focus more on lithium-based hydride materials.

Additionally, LiBH4 was selected as another promising lithium-based hydride because of its potential
benefit for low-energy neutron capture by boron. Such property was, nevertheless, not deepened
within these experimental campaigns. These lithium-based materials have also been the focus of
attention of promising simulation campaigns [116]. The LiH used in this work was produced by
the Alfa Aesar company with a purity of 97+% (CAS number: 7580-67-8) and the LiBH4 by Acros
Organics with a purity of 95% (CAS: 16949-15-8).

LiH, and LiBHy4, (LiH and LiBH, embedded in a paraffin matrix): LiH and LiBH, are chemically
reacting with the moisture in the air and are, therefore, not suitable to be used in a pure form for
shielding in space. Within this work, a certain amount of paraffin was mixed with the hydrides to
make them more stable, and the resulting composite materials were also tested during the irradiations
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Table 3.2: Aluminium 2024 average mass percentage composition.

Element Mass contribution (%) Element Mass contribution (%)

Al 92.4 Mg 1.5
Si 0.5 Cr 0.1
Fe 0.5 Zn 0.25
Cu 4 Ti 0.15
Mn 0.6 Ni 0
\% 0 Ag 0
Li 0

and compared to pure LiH and LiBH,. The production and characterisation of the composite materials
were carried out by the chemistry department of the University of Turin. Paraffin wax was selected
to be mixed with hydrides, due to its high hydrogen content and relatively easy manufacturing
processes.

LiHp and LiBH,, were produced using the highest possible hydride content that still guarantees
sufficient mechanical and chemical stability of the samples. In particular, 50% hydride content in
weight was used for LiH,, and 40% for LiBH,p.

The paraffin used in this work was produced by Sigma-Aldrich (Paraplast®, CAS: 145686-99-3). Also,
both pure and composite lithium-based hydrides were embedded into vacuum seal plastic bags (areal
density of 0.009 g cm~2) to keep them out of contact with air.

Paraffin: pure paraffin was tested for comparison. These samples were prepared with a melting-
cooling procedure performed in air, which was repeated until flat and parallel surfaces were obtained.

Aluminium 2024, 2219 and 2195: three aluminium alloys generally used for structural components of
space vehicles. They belong to the AA 2000 series (alloyed with copper), which is the most extensively
used alloy family in aerospace structures due to its good mechanical properties.

Al2024 is commonly used in space applications, both on satellites and the International Space Station
(ISS) Micrometeoroids and Debris Protection Systems. Al2219 is characterised by high fracture
toughness, it is easily weldable and therefore widely used in space structures, e.g. the primary
structure of the ISS pressurised modules.

Al2195 is one of the most complex grades in the aluminium-copper alloy family; it can be easily
welded. This alloy is interesting because it is less dense than Al2219 thanks to its Li content and, at
the same time, about 30% stronger. A12195 has been already used in space, especially for rocket
tanks, e.g. for the Space Shuttle external tank and Falcon9.

The average composition of the three aluminium alloys is given in Tables 3.2, 3.3, 3.4 in weight
percentages.

Li-poly batteries (stacked flat cellphone built-in Lithium polymer batteries without housing): they
could potentially have a dual-use of energy sources and shields if placed around the habitable areas.

Moon regolith: simulant of polar highland Moon regolith itself was tested as potential in situ shielding
material. Polar highland regolith was chosen as the plans are for a future Moon base to be built
near the Lunar south pole [133]. In particular, the Off Planet Research OPRH2N Near-Side Highland
Lunar regolith simulant was used. Its composition is reported in Table 3.5, and it consists of sand
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Table 3.3: Aluminium 2219 average mass percentage composition.

Element Mass contribution (%) Element Mass contribution (%)

Al 92.295 Mg 0.02
Si 0.15 Cr 0
Fe 0.15 Zn 0.5
Cu 6.3 Ti 0.06
Mn 0.25 Zr 0.175
\% 0.1 Ag 0
Li 0

Table 3.4: Aluminium 2195 average mass percentage composition.

Element Mass contribution (%) Element Mass contribution (%)

Al 93.4 Mg 0.525
Si 0.1 Cr 0
Fe 0.12 Zn 0.23
Cu 4 Ti 0.08
Mn 0 Zr 0.12
\Y% 0 Ag 0.425
Li 1

with grain diameter between 250 and 500 pm. This customised diameter was chosen as the minimum
to guarantee atomic and density uniformity during the irradiations without requiring special safety
measures while handling the material (e.g. risk of inhalation of grains which are too small).

During the campaigns that made use of the 1 GeV u~! *°Fe-ion beam, it was irradiated into a PMMA
container (later area of 5 x 7cm? and length of 4 cm, walls 0.5 mm thick). A 1 mm-thick plexiglas
wall was used to confine the Moon sand. Its relative position was changed at each irradiation so that
thicker Moon layers could be placed.

During the light-ion campaigns (480 MeV 'H and 430 MeV u~! *He-ion beams) it was irradiated in
PMMA boxes with a lateral area of 25 x 25 cm? and a depth of 11 cm. One box was thinner (6 cm) to
allow a finer resolution of significant depth ranges. Since the box walls perpendicular to the beam axis

Table 3.5: Highland Moon regolith simulant mass percentage composition. LOI stays for Low-Order

Impurities.

Element Mass contribution (%) Element Mass contribution (%)

Si0, 47.89 Al,O4 27.06
TiO, 0.52 FeO 3.68
MnO 0.06 MgO 2.84
CaO 14.19 Na,O 2.43
K0 0.25 P,05 0.2
LOI 0.88
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are 0.5 cm thick, the Moon regolith simulant thickness contained in the 11 cm-thick boxes is 10 cm,
and in the 6 cm-thick box is 5 cm. Therefore, the 5 or 10 cm-thick Moon samples are interspersed
with 1 cm of PMMA. Since the other walls of these boxes are 1 cm thick, the effective lateral area of
the Moon regolith simulant was 23 (x axis) x ca. 23 (z axis) cm?.

* Siand SiOs (purity of 99 and 99.99%, respectively.): they were tested as main components of Moon
regolith (see Table 3.5).

» PMMA: it was used as reference material for irradiations with 2 GeV 'H because of its availability
and because of its relatively similar atomic composition to PE.

For the targets where the full Bragg curve was measured, an increased curve resolution around the Bragg
Peak area was obtained through fine steps (in depth) with a so-called range shifter (RS) [134] (see
Section 3.1.3).

A complete list of the irradiated materials for each ion beam can be found in Tables 3.6, 3.7, and 3.8.
Error bars for the areal densities of single irradiated targets were estimated through error propagation of
the measured weight, thickness and area of the targets. They were then summed up to obtain the error
associated with the areal density of the total irradiated thickness. It can be noticed that the amounts of
lithium-based hydrides (both pure and composite) used for the irradiations are limited by the available
amounts of material coming from the University of Turin. In addition, a maximum thickness of 3.096 g cm 2
(corresponding to ca. 5cm) was used for the case of the 2 GeV 'H beam irradiations. The reason is that it
had been estimated through preparatory MC simulations that, already for a 10 cm-thick target, the dose
loss out of a 5 x 5 cm? area (slightly smaller than the LiH samples) would be 24%.

A material that was not used in this experimental campaign is water. Water has a potential shielding
role for future missions as it is needed on the spacecraft for life support and could be kept in the walls
with an additional shielding function. Nevertheless, the higher average mass number of water makes it
perform less well than PE downstream of heavy-ion beams, as it was recently pointed out for 1 GeV u~!
6Fe through MC simulations [135] and for 430 MeV u~! '2C through experimental campaigns [11].

3.1.3 Experimental Setup

As reported in Table 3.1, the high-energy irradiations (1 GeV u~! 5Fe and 2 GeV 'H) were performed
in GSI Cave A [136] and Cave M [137]. The lower-energy irradiations (480 MeV 'H and 430 MeV u—!
4He) at HIT. The setups consisted mainly of variable target thicknesses placed in between two large area
parallel-plate ionisation chambers (ICs): the closest to the beam exit window is called IC1 and the other
IC2. The active detector thickness is 2 x 10 mm in the IC2 and 2 x 5mm in the IC1, with an active area
of 26 x 26 cm?. It was filled with a gas mixture of 80% argon and 20% CO,. In Figure 3.1 a schematic
description of the ICs is shown. The electrodes are represented with black lines. They are 6.7 mg cm 2
thick and made of a nickel-coated polyester mesh (43% and 57% mass percentages, respectively). The
outer foils are 25 pum thick and made of BoPET (Mylar).

The IC1 and IC2 were kept in the same position and the different targets were exchanged between
subsequent irradiations. The IC1 operated as a reference monitor for normalisation. Therefore, the results
are not affected by unavoidable fluctuations in the beam intensity. The charge readout of the ionisation
chambers was realised with high-precision electrometers (model K6517, KEITHLEY), which guaranteed
accuracy in the charge measurement to be below 1%,,. The large area of the parallel-plate ionisation
chambers laterally integrates almost the complete signal from the beam. Therefore, the sensitivity of the
results to beam width and scattering effects is minimised. The distance between the IC2 and the targets is
always minimised to avoid loss of signal. The same setup has been largely used in the past [11, 12, 85].
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Table 3.6: List of the materials used for the 1 GeV u~! *Fe beam irradiations, alongside their mass densities (p),
areas perpendicular to the beam line (A) and irradiated thicknesses (t) with associated uncertainties.
The thicknesses are given in areal densities.
The numbers in parentheses refer to the uncertainties of the values and apply to the least significant

digits.
Material p (gem™3) A (cm?) t (gcm™2)®
LiH 0.5279(48) 33.20(51) 0.615(13), 1.231(16), 1.863(19), 2.481(26), 3.096(29),
3.710(31), 4.315(34), 4.937(37), 5.543(39), 6.149(41),
6.756(42), 7.359(44), 7.959(46), 8.559(47)
LiBH,4 0.5255(59) 33.20(51) 0.633(11), 1.264(18), 1.897(22), 2.525(27), 3.149(32),
3.758(34), 4.383(37), 5.003(39), 5.637(42), 6.261(45)
LiH, 0.7844(50) 77.73(31) 0.733(13), 1.477(16), 2.227(21), 2.969(23), 3.718(25),
4.456(28), 5.216(30), 5.965(32), 6.731(34), 7.486(35),
8.232(37), 9.018(39), 9.721(40), 10.504(42), 11.267(45)
LiBHy p 0.7523(38) 28.23(19) 0.692(12), 1.277(17), 1.943(19), 2.627(24), 3.326(26),
4.003(28), 4.673(30), 5.353(31), 6.011(32)
Paraffin 0.9025(56) 93.48(55) 1.845(18), ... 34.06(17)°
HDPE 0.9270(93) ¢ 3.587(37), 4.811(49), 6.016(61), 6.962(70)
Al2024 2.690(55) 402(1) 2.261(18), 3.392(27)
Al2219 2.835(10) 72.00300(11) 2.026(10), 6.079(29), 8.105(38)
Al2195 2.705(28) 129.59(37) 3.646(31), 6.382(50)
Si 2.404(37) 79(2) 0.962(16), 1.923(30), 2.885(45), 3.846(59),
4.808(74), 5.769(88), 6.73(10)
SiO, 2.213(32) 79(2) 0.885(13), 1.770(25), 2.656(38), 3.541(51),
4.426(63), 5.311(76), 6.196(89)
Moon regolith 1.35(8) 35.00(86) 0.243(28), 0.65(14), 1.32(15), 1.99(18),
2.66(22), 4.01(31), 5.62(41)
Li-poly batteries  2.27(57) d 0.6883(29), 1.3899(64), 2.091(10), 2.789(14),

4.221(21), 6.545(31), 8.896(41), 11.933(53)

@ The thicknesses of the pure and composite lithium-based hydrides include the thin plastic bags they were embedded in
during the irradiations, as well as the thicknesses of the Moon regolith simulant include the plexiglas foil and PMMA walls
of the box it was irradiated in.

b The whole Bragg curve was measured for paraffin in steps of 1.8 g cm™2. At the Bragg peak, the steps are smaller and
realised with the HDPE foils of the range shifter.

¢ The HDPE target consists of two wedges shifted relatively to each other. Thus, the area of the target changes according to
the overlap of the wedges. The wedges have an area of 246 cm? (minimum area) and an angle of 16°.

4 The area of the Li-ion batteries varies from 39 to 59 cm?, depending on the battery.
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Table 3.7: List of the materials used for the 2 GeV 'H beam irradiations, alongside their mass densities
(p), areas perpendicular to the beam line (A) and irradiated thicknesses (t) with associated

uncertainties. The thicknesses are given in areal densities.

The numbers in parentheses refer to the uncertainties of the values and apply to the least

significant digits.

Material p (gcm™3) A (cm?) t (gcm™?)

LiH 0.5279(48)  33.20(51) 0.615(13), 1.231(16), 1.863(19), 3.096(29)
PMMA 1.183(11) 400.300(60) 0.7056(70), 1.877(13), 3.101(18), 8.813(33),

to 900(9) 19.428(86), 25.190(97), 37.004(97)

Table 3.8: List of the materials used for the 480 MeV 'H and 430 MeV u~! “He beam irradia-
tions, alongside their mass densities (p), areas perpendicular to the beam line (A)
and irradiated thicknesses (t) with associated uncertainties. The thicknesses are
given in areal densities.

The numbers in parentheses refer to the uncertainties of the values and apply to
the least significant digits.

Material p (gem™3) A (cm?) t (gcm—2)®

LiH 0.5279(48) 33.20(51) 0.615(13), 1.231(16), 1.863(19), 2.481(26),
3.096(29), 4.937(37), 6.756(42), 8.559(47)

HDPE 0.9340(96)  900(2) @

Moon regolith  1.345(15)®  625(20)¢ d

@ The whole Bragg curve was measured in steps of either 4.7 or 9.4 gcm~2. Around the Bragg peak,
the steps are smaller and realised with the HDPE foils of the range shifter.

® The uncertainty of the Moon regolith density reported in Table 3.6 is 0.08 g cm 3. This number was
estimated by taking into account the difference between the compressed and uncompressed powder.
Nevertheless, during the 480 MeV 'H and 430 MeV u~! *He beam irradiations, the Moon regolith
simulant was always irradiated as compressed. Therefore, the actual uncertainty of the density during
the irradiations is estimated to be 0.015 g cm 3.

¢ The Moon regolith simulant was irradiated in PMMA boxes with a lateral area of 25 x 25cm?.
Nevertheless, the boxes were not filled until the end, therefore the large uncertainty.

4 The whole Bragg curve was measured in steps of either 8.3(2) or 15.4(3) gcm™2. Around the Bragg
peak, the steps are smaller and realised with the HDPE foils of the range shifter.

41



2 x10 mm (1C2)
2x5mm (IC1)

——

+ - 4

\_Y_J

40 mm Ar-CO, gas mixture
(80%-20% volume)

Figure 3.1: Details about the ionisation chambers used for the experimental campaigns.

For the case of the 2 GeV 'H beam, a third IC (IC3) was used as well. The IC3 is identical to the IC2. In
particular, the IC3 was placed right before the target material, to measure the backscattered radiation.
Since the IC3 was kept at a 0 cm distance from the target material, it was always repositioned between two
subsequent irradiations. A similar setup has been used for high-energy protons also in the past [123].

Schematics of the experimental setups are reported in Figure 3.2.

The RS is composed of ten HDPE foils and plates with well-defined areal densities, each roughly doubling
the previous one in thickness. Since it is remotely controlled, it allows quick changes of the amount of
material in the beam line, varying from 62 pm of HDPE up to 64 mm, in steps of ca. 60 pm.

3.1.4 Data Analysis

The charge signals from the ICs were measured. The ratio of the charge signal from the two ionisation
chambers (Q2/@Q1) was then computed and normalised to the same ratio obtained without any target
(Q2,n0 target/ @1,no target) - This provides the change in the dose (reduction or enhance) due to the presence
of the target:

Dy Q2/Q1

—= = ) 3.1

Dl (QZ/Ql)no target ( )
Same was done for the backscattered dose measured with the IC3:

D3 _ Q3/Gn 3.2)

Dl (QS/Ql)no target.

In this case, no target measurements were performed by leaving a few centimetres of air between the IC3
and the IC2.

3.1.5 Error Bars

Both error bars associated with the target areal density and the dose ratio were included in the analysis.
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Figure 3.2: Panel (a): experimental setup used for 1 GeV u~! 5Fe, 480 MeV 'H and 430 MeV u~! He beam
irradiations: d3 = d4 = 4 cm, d; and ds are beam time dependent, d; being about 15 cm for iron
ions and 26.5 cm for protons and helium ions, and d, about 1 m for iron ions and 135 cm for
protons and helium ions. The distance between the target and the IC2 is also beam time
dependent and varies between 0 and 2 cm.

Panel (b): experimental setup used for 2 GeV 'H beam irradiations: d3 =d; =ds5 =4cm, d; =
13.5cm, and ds = 95.5 cm. The distance between the target and the IC2 was 0 in this case.

Areal Density Error Estimation

Uncertainties associated with the areal density of single targets (e.g. one HDPE slab) were computed
through error propagation of the target thickness and volumetric density. The uncertainty associated with
the volumetric density was in turn estimated through error propagation of the target mass and volume.
For some samples, the volume was directly measured, e.g. Moon regolith simulant. For some others, it
was computed from the target height, length, and width (e.g. HDPE slabs) or base radius and height
(e.g. lithium-base hydrides). In these cases, the uncertainties associated with the single dimensions were
propagated to compute the uncertainty associated with the volume. For each step, the following formula
was used:

2
Af = Z(gimi) , (3.3)
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were f is either the target volume, volumetric density, or areal density, Af is the error associated to f,
x; are the variables f depends on, and Ax; are the errors associated to the x;. For each variable x;, the
Azx; were estimated as the square addition of the uncertainties associated to the instrument used for the
measurement (Ax;ingy) and the statistical error obtained as the standard deviation of all the measurements
taken of x; (Ax;sar):

Az; = \/(Axi)instrQ + (Awi)stat2~ (3.4)

The uncertainty associated with the total target areal density used for each irradiation (e.g. total HDPE
areal density) was computed as the sum of the uncertainties of the areal densities of every single target
placed in the beam line (e.g. each HDPE slab). The uncertainties, therefore, become bigger for larger
target thicknesses.

Absorbed Dose Error Estimation

For each material thickness, at least two measurement points were taken. The final data were computed
as the arithmetic average of such values, and the associated statistical fluctuations as the standard devia-
tion. The systematic component of the errors was evaluated as the statistical fluctuations (measured at
different times of the experimental campaign) of the data obtained without target ((Q2/Q1)no target OF
(Q3/Q1)no target) - This systematic component accounts for the uncertainty related to the non-linearities of
the readout electronics, e.g. slight offsets.

3.2 Results and Discussion

In this Section, the results obtained throughout the experimental campaigns are presented and discussed,
starting from the data obtained with the iron beam and then going to the data obtained with the light-ion
beams at low and high energy.

3.2.1 Iron lons

Dose Attenuation Results

For the case of the 1 GeV u~! %F-ion beam, the measured dose ratios decrease as a function of the target
thickness. This is caused by the attenuation of the primary beam due to the fragmentation processes
that the °°Fe ions undergo while traversing the target material. Since LET  Z? (see Equation 2.8), the
produced fragments have an LET lower than the *Fe beam. In addition, the slowing down of the primary
iron beam cannot compensate for the dose reduction due to the fragmentation. The analysis of the dose
attenuation results has been performed as a function of the areal density of the targets (gcm™?2), which
is obtained by multiplying their mass density by their thickness. The more fragmentation per unit mass
happens, the stronger the dose attenuation expected for the same areal density of different targets. Lighter
materials such as lithium-based hydrides are expected to provide stronger dose attenuation because they
have the lowest mass number A (see Section 2.7.3). Higher- A materials such as aluminium or silicon
are expected to be less effective for this purpose [115].

The dose ratios (see Equation 3.1) obtained for iron ions in all target materials used for the tests, are
plotted in Figure 3.3. As expected, the dose reduction is stronger for lower- A materials. LiH performs
the best. The dose reduction obtained with LiBH, and the chemically stable LiH, are equal and are the
best after LiH. This result is very interesting as it shows that a chemically stable material can be a better
shield from high-Z GCRs than HDPE, which has been considered the gold standard for radiation protection
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Figure 3.3: 1 GeV u~! *Fe-ion beam dose attenuation results for all tested materials up to 16 gcm=2. The
dashed lines simply connect the experimental points.

in space for the past couple of decades. Aluminium, the main structural material of spacecrafts, shows
the worst shielding capabilities among the tested materials. SiO, shows a dose reduction stronger than Si
because of its lower mass number (Ap < Ag;). The results obtained with the Moon regolith simulant and
SiO, are very similar as SiOs is the main component of the Moon regolith simulant used (see Table 3.5). It
should be noted that irradiating pure Moon regolith simulant was not possible because of its consistency
(sand) and a thin-wall box made out of PE and PMMA was used as its container (see Section 3.1.2).

Concerning aluminium, only Al2219 alloy results are reported in Figure 3.3. Figure 3.4 reports a direct
comparison between the three aluminium alloys used for these experimental campaigns. They show similar
dose attenuation curves, but thanks to the high precision of the experimental setup, it was possible to
resolve the small differences between them. These only small deviations prove that no big role is expected
to be played by the type of aluminium alloy for what concerns radiation protection.

Initial Dose Build Up

A small dose build up (see Section 2.5.4) can be seen for the very first gcm ™2 of all target materials. The
only exception is paraffin because the thinnest available target was too thick. After the build up equilibrium
is reached (see Panel (b) of Figure 2.13), the dose attenuation due to projectile fragmentation takes over
and the dose ratio starts to decrease.

Details of such build up were studied through MC simulations and are presented in Section 4.2.1.

Paraffin Bragg Curve

The paraffin data reported in Figure 3.3 are only the initial points of the full Bragg curve that was measured
and that is reported in Figure 3.5.

The apparent flat start of the curve hides an initial dose build up which was not possible to resolve due
to the minimum available thickness of the paraffin targets.
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Figure 3.5: Full paraffin Bragg curve measured with 1 GeV u~! %Fe ions. The dashed lines simply connect
the experimental points.

Material Exchanges

Some irradiations were performed by exchanging the order of the targets only, without changing the
material type or quantity. Pure LiH and LiBH, were used for this purpose, in combination with Al2219
and Al2195 alloys. The results of these exchange experiments are reported in Figure 3.6. They show that
the dose attenuation is systematically higher (1% effect ca.) if the shielding material (LiH or LiBH,) is
placed upstream of the structural material (aluminium). This does not change for different aluminium
alloys, lithium-based hydrides, and different thicknesses. The reason for the difference might be that the
combination of energy loss and fragmentation is slightly more beneficial for the configuration in which the
shielding material is placed upstream of the aluminium. Nevertheless, since the difference is small, it is
difficult to analyse and reproduce it through MC simulations. In a real case configuration, this would mean
placing the shielding material outside the structural walls of the spacecraft.
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Figure 3.6: Dose attenuation results obtained merely by exchanging the relative order of aluminium
(spacecraft structural material) and lithium-based hydrides (shielding material). The dashed
lines simply connect the experimental points. All experimental results were obtained with a
1GeV u~! °°Fe-ion beam.

It was already known that the material order can have an impact on the shielding performance [108,
138]. Similar experiments were already performed by [138] with HDPE and aluminium but did not show
such systematic results. The reason is probably that the smaller area of the EGG chamber used for those
measurements could not guarantee the same experimental precision of the data presented in this work.
It is very interesting to notice that the situation gets reversed for the case of dose equivalent. Placing
the structural material (higher Z) outside of the shielding (lower Z) provides stronger dose equivalent
attenuation [108]. In particular, this dose equivalent attenuation is much stronger than the few percentages
observed in the present work. This highlights the need for studies involving the biological effectiveness of
the shielding materials.

3.2.2 Light lons

Lower-Energy Results

This section focuses on the results obtained with 480 MeV protons and 430 MeV u~! “He ions. For these
beams, the materials used for dose measurements are HDPE, Moon regolith simulant, and LiH. While
4He ions undergo nuclear fragmentation processes in the materials, protons do not. They only slow down
because of interactions with target electrons and nuclei and collide with target nuclei with consequent
production of target fragments.

In Figures 3.7 and 3.8, the dose attenuation results are shown for 480 MeV proton and 430 MeV u™*
“He beams. Figure 3.7 only reports HDPE and Moon regolith simulant results. Full Bragg curves were
measured for these two materials. Due to the lack of material, only results for a maximum of 11.2 g cm 2
of LiH were measured. These data are reported in Figure 3.8, alongside HDPE and Moon simulant results.

In Figure 3.7, it can be seen that the results for the two different materials are almost identical in the
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Figure 3.7: Bragg-curves experimental results obtained with 480 MeV protons (Panel (a)) and 430 MeV u™*

“He ions (Panel (b)) in HDPE and Moon regolith simulant. The dashed lines simply connect
the experimental points.
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Figure 3.8: Experimental results obtained with 480 MeV protons (Panel (a)) and 430 MeV u~! *He ions
(Panel (b)) in HDPE, Moon regolith simulant, and LiH, up to the maximum irradiated LiH

thickness (11.2 g cm—2). HDPE and Moon regolith simulant data are the same as in Figure 3.7.
The dashed lines simply connect the experimental points.

first part of the Bragg curves (until around 70 g cm~2) for both ion beams, and they differ in the Bragg peak
region. This means that the production of secondary particles is quite similar in the two materials. It has to
be considered though, that the Moon regolith simulant was irradiated inside PMMA boxes. Therefore, the
results are not only pure Moon but Moon and PMMA mixed, Moon being the most abundant material. On

the other hand, it can be seen in Figure 3.8, that the dose build up in LiH is weaker than in the other two
materials for both beams.

The Bragg peaks of both protons and “He ions are located at lower areal density for HDPE than for the
Moon. The reason is that the stopping power is proportional to the density-normalised electron density:
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% x % Since (%)HDPE > (%)Moon regolith’ (%)HDPE > (%)Moon regolith” Therefore’ for the same ion and
energy Ruppe < Rumoon regolith, Where R is the particle range in g cm 2. Also, the Bragg peak of protons in
HDPE is higher than in the Moon regolith simulant. Nevertheless, the area under the proton Bragg peak is
similar for the two materials. It is slightly larger for the Moon regolith simulant case. Therefore, the lower
Bragg peak seems to be caused by the granular structure (sand) of the Moon regolith, which broadens the
Bragg peak like an additional energy straggling [139].

In Figure 3.9, the same data of Figures 3.7 and 3.8 are plotted by grouping them by target material.
The ranges of “He ions are smaller because of the lower kinetic energy per nucleon of the beam. Also,

the proton beam displays a higher dose build up effect. This happens because % x Zg. The same D is

therefore measured for more protons than helium ions. Overall, more primary ions undergo more nuclear

collisions and generate more target fragments. Therefore, a higher dose build up is observed for the same
dose D;.
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the experimental points.
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Higher-Energy Results

This section focuses on the results obtained with a 2 GeV proton beam at the GSI Cave M. For this beam,
the materials used for dose measurements are PMMA and LiH. As stated in Section 3.1.2, PMMA was
chosen as a reference material because of its availability and relatively similar atomic composition to PE.
It is expected to see a higher dose build up for this beam than for 480 MeV protons because, as seen in
Section 2.5.4, the build up is stronger in intensity for higher energies of the same ion beam. In addition,
the build up is also expected to be longer in depth than for 480 MeV protons. The reason is that the higher
energy of the primary beam translates into higher-energy secondary ions, which have in turn a larger
range. In Figure 3.10, the results of dose ratio Dy/D; obtained with 2 GeV protons in PMMA and LiH are

reported.
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Figure 3.10: Panel (a): 2GeV proton beam D,/D; experimental results. Panel (b): zoom-in the first
4 g cm™2, which correspond to the maximum LiH thickness available. The dashed lines simply

connect the experimental points.

As explained in Section 3.1.3, for this experimental campaign, a third IC was also used in front of the
target material (see the schematic of the experiment in Panel (b) of Figure 3.2). The ratio between the
dose measured with this chamber and the IC1 is called D3/D;. The results of this ratio for increasing
material thicknesses are shown in Figure 3.11.

As it can be seen in Panels (a) of Figures 3.11 and 3.10, the dose build up results before (D3/D;) and
behind (Dy/D;) the target are extremely similar for PMMA and LiH. Nevertheless, the zoom-in reported in
Panels (b) show that in both cases the results are consistently lower for LiH than for PMMA. This confirms
what has already been seen for lower-energy beams. Therefore, it can be concluded that this material
seems to be beneficial also from the point of view of slightly less dose build up for light-ion beams.

In literature, every proton with energy lower than the primary beam is commonly called a “secondary
proton” since it cannot be distinguished if it is a target fragment or a primary proton whose energy has
been degraded through collisions with the target. In the following, primary protons that undergo scattering
reactions with the target ions will be called “primary protons” because, even if their kinetic energy is
degraded, they are not formed during interactions with the target material. They are therefore beam ions.
“Secondary protons” is the name that will be used for protons coming from the target material, namely,
target fragments.

A further distinction between secondary protons (as defined above) can be made:
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Figure 3.11: Panel (a): 2GeV proton beam D3/D; experimental results. Panel (b): zoom-in the first
4 g cm ™2, which correspond to the maximum LiH thickness available. The dashed lines simply

connect the experimental points.

(b)

* those directly knocked out by the primary protons (“knock-out protons”), whose angular distribution
is strongly peaked towards the primary beam direction, and

* those generated within the nuclear evaporation de-excitation processes that target nuclei undergo
after interacting with the primary beam (“evaporation protons”). Their angular distribution is

isotropic.
Therefore, the dose release into the chambers is mainly due to the following particles:

1. IC1: primary protons only,

2. IC2: primary protons, knock-out secondary protons, lower-energy evaporation protons, and other

secondary particles (e.g. electrons),

3. IC3: primary protons, evaporation protons, and other secondary particles (e.g. electrons).

The results obtained with the same material both for Dy /D; and D3/ D; are reported in Figure 3.12. The
difference between the two sets of results is due to the additional contribution to Dy/D; of slowed-down
primary protons, knock-out secondary protons, and the different contributions of other secondary particles

(e.g. electrons).

3.2.3 Lithium Hydride
As stated at the beginning of this chapter, within physics experiments (see Section 2.9), one could conceivably
construct a GCR simulator by collecting single-beam data on the same target. In this work, results with four
different ion beams of interest for GCR were collected for one same target, which is a candidate innovative
shielding material for upcoming deep-space explorations: LiH. This is the material which performed the
best for all the four ion beams used within the various experimental campaigns.

These results are reported in Figure 3.13. The absorbed dose results for one single material and several
different beams of interest in space allow a more complete understanding of its properties. For the 1 GeV u™!
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Figure 3.12: Panel (a): Comparison between D5/ D, and D3/ D, experimental results for LiH and the 2 GeV
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(b)

6Fe beam, the dose decreases after an initial short build up. This is due to the dominating fragmentation
of the primary beam. For lower-Z beams, the dose keeps increasing for increasing LiH thickness. This dose
build up is stronger for lighter ions and higher beam energies. The GCR spectrum is made of both light
and heavy ions. Therefore, the overall absorbed dose behind LiH would result from a combination of this

attenuation and build up effects.
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3.3 Conclusions of Absorbed Dose Measurements

Absorbed dose measurements with 1 GeV u~! °Fe, 430 MeV u~! *He, and 480 and 2 GeV 'H-ion beams
were performed with well-established (PE), innovative (lithium-based hydrides) and potential in situ
(Moon regolith) shielding materials for space exploration. Structural spacecraft materials (Al) and potential
dual-use components (Li-poly batteries) were also tested for comparison. The iron beam was chosen
because the GCR dose equivalent behind thin shields is dominated by the heavy-ion component of GCR
(iron in particular), and the helium and proton beams because light-ions dominate such contribution behind
thick shields.

A consistent dose attenuation is observed for the iron beam. The materials performing the best, and
even better than PE, which is the gold standard for space exploration, are the lithium-based hydrides.
As already found out in past experimental [11, 12] and simulation [116] campaigns, LiH is the best
material for the dose attenuation endpoint. Second to it, there is the other lithium-based hydride tested in
the experimental campaigns: LiBH,. Nevertheless, these two hydrides are not chemically stable as they
react with the moisture in the air. The addition of paraffin to them was proven to be effective to make
mechanically and chemically stable promising composite shielding materials. Both the pure hydrides and
their version chemically stabilised in a paraffin matrix performed better than PE. In particular, LiH-paraffin
seems to combine the excellent dose attenuation properties of LiH with manageable chemical stability. The
second-best performing materials after LiH, are LiBH, and LiH-paraffin at the same level. This suggests a
big potential of the chemically stable innovative material LiH-paraffin for its use in space radiation shielding
applications.

Concerning the light-ion beam results, a consistent dose build up is observed. The dose build up is
stronger and has a longer range for lighter ions and higher kinetic energies. A dose enhancement in the
first centimetres of materials causes an inverse shielding, as the dose increases for increasing shielding
thickness. Therefore, this phenomenon needs to be taken into account especially for high-energy light
ions, as the range of such effect can become significant and affect the absorbed dose behind shielding
thicknesses of interest in space missions. Once more, LiH resulted in the best material as the dose build up
associated with it is the lowest among the tested materials.

Since the GCR spectrum is made both of light and heavy ions, the dose ratio due to the presence of the
shielding materials in space will be a mixture of the dose attenuation of the heavy-ion contribution and the
dose build up of the light ions.
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4 Monte Carlo Simulations

As GCRs are a very difficult radiation environment to be reproduced on Earth, MC or deterministic transport
codes are needed for risk assessment of exploration mission scenarios and shielding design. Therefore, as
discussed in Section 2.9, it is necessary to validate the transport code simulation outcomes with results
obtained from physics experiments performed at accelerator facilities. “Simple” single-ion beam accelerator-
based experiments such as the one reported in Chapter 3 are important because their comparison to the
outcome of simulations allows an understanding of the validity of the basic physics models underlying the
transport codes.

The results of the experimental campaigns presented in Chapter 3 were compared to the predictions of
some of the most commonly used MC codes for radiation protection in space applications, namely Geant4
[140], PHITS [141], and FLUKA [142-145].

The results presented in this Section are the outcome of a collaboration between GSI and Thales Alenia
Space Italia in the framework of the ROSSINI3 project. Therefore, the Geant4 and PHITS simulations were
performed by the Thales Alenia Space Italia team and the FLUKA simulations were carried out within the
scope of this Thesis.

4.1 Materials and Methods

4.1.1 Simulation Setup and Approximations

Simulations reproducing the ROSSINI3 experimental campaigns were carried out using the MC particle
transport codes PHITS (version 3.20), Geant4 (version 10.6 patch-02) and FLUKA (version 2020.0.3, and
flair version 2.3-0 [146]). The main goal was to keep the simulations as similar as possible to focus on the
differences among the physics models.

Geometry

The simulation geometry reproduced the experimental setup: the air gaps and distances between the
different setup components have been kept the same as during the experimental campaigns.

The simulations also included the plastic bags and the boxes into which the lithium-based hydrides
and Moon were respectively irradiated. The beam was modelled with a Gaussian lateral profile of 0.8 cm
FWHM (no angular divergence), the ICs as two 25 pm Mylar walls filled with gas and no detailed internal
electrode structures. Details about the ICs are not crucial since the dose ratios are normalised to the no
target case. For the simulations, the number of generated primary ions has been selected high enough to
decrease the statistical errors to less than 3% (10* to 10° ions). The RS plates were precisely simulated,
but the external RS structure was not included as it was not in the beam line.

Some Geant4 simulations were performed to check if it was necessary to include the geometry of the
structures keeping the targets in place and the rest of the surrounding Cave structure. These simulation
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runs proved that the addition of these elements did not make a difference in the results. Therefore, they
were not added to the final simulations.

Geant4

The following setup and approximations were used by the Thales Alenia Space Italia team for the Geant4
simulations.

The dose in the detector was calculated by summing up the energy deposition in the active region of the
detector and dividing it by the mass of the region itself. The default electron range cut of 0.1 mm was used
for the pure and composite lithium-based hydrides, and HDPE. It corresponds to an energy cut of 0.08 MeV
in HDPE, and of 0.057 MeV in LiH. A 0.01 mm cut was used for electrons in the aluminium alloys, Si, SiO-
and Moon regolith. It corresponds to an electron energy of 0.0325 MeV in aluminium, and of 0.03 MeV in
Si.

The reference physics lists QGSP_INCLXX, FTFP_BERT, and QBBC_EMY Geant4 physics lists were used for
the simulations. QGSP_INCLXX is an experimental physics list that uses the Quark-Gluon String model for
high-energy hadronic interactions, and the Leige Intranuclear Cascade model for proton, neutron and pion
induced reaction with low energies, instead of the Binary or Bertini Cascade models. It is recommended to
be used for shielding applications [147]. FTFP_BERT makes use of the FRITIOF String model for high-energy
hadron interactions, and Bertini for low energies. It is recommended to be used for high-energy applications
[147]. QBBC_EMY is a list created ad hoc for space, radiation biology, and radiation protection applications.
It includes combinations of Binary, Bertini, Quark-Gluon String, FRITIOF String and other models to reach
high precision in the simulation of many hadron-ion and ion-ion interactions in a wide energy range [148].
This last list was chosen for the simulations because of the good agreement with the data presented in
[12] and more generally in the energy range between 100 MeV u~! and 1.5 GeV u~' [148]. The reference
physics lists QGSP_BERT, QGSP_BERT EMYV, and FTFP_INCLXX were also used to simulate the full paraffin
Bragg curve for a deeper study of the differences among the lists themselves and the combination of the
different models for different particles and energy ranges.

PHITS

The following setup and approximations were used by the Thales Alenia Space Italia team for the PHITS
simulations.

The T-Deposit tally was used to calculate the dose deposition. A 1.0 x 1073 MeV energy cut was used
for electrons, gammas, and positrons, while the production threshold for delta rays was set to 0.1 MeV.
The transport of electrons, positrons, and photons was based on the EGS5 algorithm, while gamma decay
residual nuclei transport was based on the EBITEM model. Landau Vavilov energy straggling option was
selected for charged particles and nuclei. The Lynch formula based on the Moliére theory was used for
Coulomb diffusion, while JQMD-2.0 and SMM for nuclear reactions.

FLUKA

In FLUKA, transport cuts for e* and v were set to 0.1 MeV, like the delta ray production cut. This cut was
chosen after running simulations with lower thresholds and reporting no significant differences in the
results. Projectile and target electromagnetic-dissociation and coalescence processes were activated, and
the FLUKA evaporation model used was “New evaporation with heavy frag”.
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4.1.2 Data Analysis and Error Propagation

The dose ratios obtained for each simulated target thickness were divided by the dose ratio obtained for
the no target case, as it was done with the experimental data:

Dy . (D2/D1)target

2 _ . 4.1)
Dl (DQ/Dl)no target
Same for g—f. The doses were calculated in the active regions of the two ICs.
The errors were computed as follows:
A<D2> _ & (A((D2/Dl)target)>2+ <A((D2/Dl)notarget)>2 (4 2)
Dl Dl (D2/Dl)target (D2/Dl)no target ’ ’

Same for A (?ﬁ’).

4.2 Results and Discussion

4.2.1 Iron lons

This Section focuses on the MC simulations performed to be compared to the experimental data obtained
with the 1 GeV u~! °°Fe beam and further analyse these results. The content of this Section was published
in F Luoni et al., “Dose attenuation in innovative shielding materials for radiation protection in space:
Measurements and simulations,” accepted by Radiat. Res., 2022.

Absorbed Dose Simulations

Monte Carlo predictions of the 1 GeV u~! 56Fe-beam experimental results are reported in Figure 4.1 for
the aluminium alloys and HDPE, Figure 4.2 for the lithium-based hydrides and their composites, and
Figure 4.3 for pure Si, SiO,, and Moon regolith. Error bars represent the statistical error due to the use of
Monte Carlo approaches. PHITS reproduces well the results for aluminium and all the pure and composite
lithium-based hydrides. On the other hand, PHITS overestimates the results for HDPE, Si, SiO, and Moon
regolith. FLUKA reproduces well the results for HDPE, all the pure and composite lithium-based hydrides
and the Moon regolith. Nevertheless, it underestimates the results for the aluminium alloys, Si and SiOs.
FLUKA tends, therefore, to underestimate the results for the heaviest targets. The fit of the Moon results
with FLUKA could be influenced by the presence of the PMMA/Plexiglas box involved in the setup. All the
Geant4 physics lists used can reproduce well and give consistent results for the aluminium alloys and Si,
which are the heaviest tested targets. For all the other cases, QGSP_INCLXX is the list performing the best.
QBBC_EMY and FTFP_BERT overestimate the results for HDPE, all the pure and composite lithium-based
hydrides, SiO5 and Moon regolith. These results confirm the recommendation of using QGSP_INCLXX
for shielding applications. It should be also noted that QBBC_EMY, which is the reference physics list
recommended for medical and space applications, is not able to reproduce well the experimental data for
any of the studied materials, but the aluminium alloys.

The differences obtained between different MC codes can be large, reaching 15% for the largest amount
of LiHp. This is due to the different hadronic physics underlying FLUKA, PHITS and different Geant4
physics lists, and in particular, to the different nuclear cross-section parametrisations employed in the codes.
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Figure 4.1: Comparison between experimental data and MC simulation results for the three tested alu-
minium alloys and for HDPE irradiated with the 1 GeV u~! 56Fe beam. The PHITS simulations
were performed by Dr. Martina Giraudo and Claudio Cipriani. The Geant4 simulations were
performed by Luca Bocchini.

These parametrisations are in fact, a crucial ingredient to Monte Carlo simulations [68, 72, 105, 149]. If a
simulation overestimates the dose reduction, the nuclear fragmentation cross-section of the primary ions in
the target material is overestimated. The opposite is valid for Monte Carlo simulations underestimating
the experimentally measured dose attenuation. Geant4 QBBC_EMY, for instance, underestimates the dose
attenuation in HDPE and all lithium-based hydrides. Therefore, we can deduce that the underlying physics
might underestimate the nuclear fragmentation cross-section of 1 GeV u~! *Fe on 'H target nuclei. Since
nuclear cross-section parametrisations are semi-empirical, they need cross-section measurement data to be
validated. Chapter 5 goes into great detail in regard to the parametrisations and what cross-sections need
to be measured.
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Figure 4.2: Comparison between experimental data and MC simulation results for the pure and composite
lithium-based hydrides irradiated with the 1 GeV u~! *Fe beam. The PHITS simulations were
performed by Dr. Martina Giraudo. The Geant4 simulations were performed by Luca Bocchini.

Paraffin Bragg Curve Simulations

A full Bragg curve measurement has been carried out with paraffin. The first part of the curve can be found
in Figure 3.3. The full curve and the Monte Carlo simulation results are reported in Figure 4.4. In Panel (b)
of Figure 4.4, the results obtained with different Geant4 physics lists are reported. Several lists have been
used to study the differences in the results introduced by changing the hadronic and electromagnetic models
implemented in Geant4. Since QGSP_INCLXX is the list performing the best, the results obtained with it
are reported in Panel (a) of the same figure, alongside the PHITS and FLUKA results. It can be observed
that FLUKA, PHITS and Geant4 QGSP_INCLXX reproduce the fragmentation and tail regions well. PHITS,
however, underestimates the range of the primaries, and Geant4 QGSP_INCLXX overestimates the height of
the Bragg peak. This overestimation is a sign of an underestimation of the nuclear fragmentation processes
undergone by the primary Fe ions. In Panel (b), it can be observed that the results strongly depend on
the reference physics list used. QGSP_BERT EMV, QBBC EMY and QGSP_BERT underestimate the Fe
nuclear fragmentation processes much stronger than QGSP_INCLXX and FTFP_INCLXX. The latter though,
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Figure 4.3: Comparison between experimental data and MC simulation results for Si, SiO, and highland
Moon regolith irradiated with the 1 GeV u~! 5°Fe beam. The PHITS simulations were performed
by Claudio Cipriani. The Geant4 simulations were performed by Luca Bocchini.

reproduce well the trend of the data before the Bragg peak and in the tail regions. QGSP_BERT EMYV and
QGSP_BERT make use of the Bertini Cascade model at low energies, and QBBC_EMY for some interactions
as well. On the other hand, QGSP_INCLXX and FTFP_INCLXX use the Leige Intranuclear Cascade model for
proton, neutron and pion induced reactions at low energies. The differences among the lists look therefore
mainly due to low-energy interactions.

Initial Dose Build Up

MC simulations were performed with FLUKA to deepen the physical bases of the phenomenon. The results
obtained for LiH and Al2219 are shown in Figure 4.5. The curves in magenta report the simulation results
obtained when no delta electrons are generated. The electronic production threshold was set to 57 GeV,
which is higher than the kinetic energy of the primary ions. The light green curve was instead generated by
setting the electronic production threshold to 0.1 MeV. The outcome is that the dose build up observed for
these experimental data is merely due to delta electrons. The target fragments generated through nuclear
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Figure 4.4: Comparison between experimental data and simulation results for paraffin irradiated with the
1GeVu~! 55Fe beam. In Panel (a) simulation results obtained with FLUKA, PHITS and Geant4
physics list QGSP_INCLXX are reported. In Panel (b) results obtained with several Geant4
physics lists are shown. The PHITS simulations were performed by Dr. Martina Giraudo. The
Geant4 simulations were performed by Luca Bocchini.
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Figure 4.5: Comparison between the result of MC simulations performed with FLUKA for pure-LiH target
(Panel (a)) and Al2219 (Panel (b)), including (light green) and excluding (magenta) the dose
contribution of delta electrons. The experimental data were obtained through irradiation with
the 1 GeV u~! °°Fe beam and are the same as reported in Figure 3.3. The simulation results
including the delta-electron contribution are the same as reported in Figure 4.2.

interactions between the iron ions and the target nuclei do not contribute to it. This is very different than
what happens with light-ion beams (see Section 4.2.2).
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4.2.2 Light lons

This Section focuses on the MC simulations performed to be compared to the experimental data obtained
with the 2 GeV proton beam and further analyse these results.

Monte Carlo predictions of the 2 GeV 'H-beam experimental results are reported in Figure 4.6 for
Dy /D, and Figure 4.7 for D3/ D;. Error bars represent the statistical error due to the use of Monte Carlo
approaches. For the D3/ D, data, the error bars look larger because of the smaller range of D3/D; values
included in the y-axes of the plots of Figure 4.7.
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Figure 4.6: Comparison between D, /D, experimental data and MC simulation results for PMMA and LiH
irradiated with the 2 GeV 'H beam. The PHITS simulations were performed by Dr. Martina
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irradiated with the 2 GeV 'H beam. The PHITS simulations were performed by Dr. Martina
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Giraudo. The Geant4 simulations were performed by Luca Bocchini.

From Figure 4.6, it can be seen that FLUKA simulations fit the experimental data the best. PHITS
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underestimates the dose build up for Dy/D; in PMMA and overestimates it in LiH. This means that PHITS
underestimates the production of knock-out secondary protons and, potentially, the electronic contribution
to the build up in PMMA and overestimates them in LiH. The opposite is valid for the Geant4 QBBC_EMY
and FTFP_BERT lists. Concerning QGSP_INCLXX, it overestimates the build up for both materials.

Concerning the D3/ D; results reported in Figure 4.7, FLUKA was found to be the best code for reproducing
the experimental data for PMMA. All the other lists overestimate the build up of D3/D;, which means that
they overestimate the evaporation nucleons emitted by the target and, potentially, the electronic contribution
to the build up (see Section 4.2.2). PHITS overestimates the D3/ D; results the most. Concerning LiH, only
QGSP_INCLXX overestimates the results. The other lists fit the results well (within error bars).

On the one hand, the results obtained with FLUKA are in agreement with the findings of Section 4.2.1. It
was found to be the best code for light targets and both LiH and PMMA are low-Z targets. On the other hand,
the results obtained with QGSP_INCLXX are quite surprising, as it is the Geant4 list overall fitting the iron
experimental data best. It overestimates both the knock-out of secondary protons (Dy/D; results) and the
production of evaporation nucleons (D3/D; results) and, potentially, the electronic contribution to the build
ups. Therefore, it looks like the Leige Intranuclear Cascade model for low energies used in QGSP_INCLXX
reproduces well the results of a nuclear fragmentation interaction undergone by a high-energy heavy
projectile such as iron, but not of a spallation reaction of a high-energy proton.

Electronic Contribution to the Dose Build Up

MC simulations were performed with FLUKA to understand the impact of the electronic contribution to the
build up. The results obtained for LiH and PMMA are shown in Figure 4.8. Also in this case, the curves
in magenta report the simulation results obtained when no delta electrons are generated. The electronic
production threshold was set to 3 GeV, which is higher than the kinetic energy of the primary protons. The
light green curve was instead generated by setting the electronic production threshold to 0.1 MeV.

The outcome is that, as expected, only part of the dose build up observed for these experimental data is
due to delta electrons, both for Dy/D; and D3/ D;.

The electronic contribution to Dy/D; is ~ 40% for thin material layers and decreases with increasing
thickness, reaching ~ 20% for the largest PMMA thickness. The range of electrons in such materials is, in
fact, smaller than the range of protons. In particular, it was estimated with LISE+ + [150] that the range
of 2GeV protons in LiH and PMMA is ~ 820 g cm~?2 and with the NIST database [151, 152] that the range
of 2 GeV electrons is ~ 74 g cm~2 in LiH and ~ 40 gcm ™2 in PMMA. Therefore, protons go on building up
for longer ranges and the relative electronic contribution becomes smaller.

The electronic contribution to D3/ D; is smaller. It ranges between ~ 20 and ~ 30% for LiH and it is
~ 30% for thin layers of PMMA, reducing to between ~ 20 and ~ 10% for the thickest layers.
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Figure 4.8: Comparison between the result of MC simulations performed with FLUKA for LiH (Panel (a))
and PMMA (Panel (b)), including (light green) and excluding (magenta) the dose contribution
of delta electrons. The experimental data were obtained through irradiation with the 2 GeV 'H
beam. The experimental data and simulation results including the delta-electron contribution
the same as reported in Figures 4.7 and 4.6.

4.3 Conclusions of the Monte Carlo Simulations

The experimental data presented in Chapter 3 were compared with commonly used MC codes for space
exploration simulations, i.e. FLUKA, PHITS, and Geant4. Three different Geant4 physics lists were used
for all the simulations: QGSP_INCLXX, Geant4 QBBC_EMY, and FTFP_BERT. For the case of the full
paraffin Bragg curve measured with iron ions, a more complete comparison among Geant4 physics lists
was performed by including also QGSP_BERT, QGSP_BERT EMYV, and FTFP_INCLXX.

Concerning the iron results, FLUKA resulted to be the best fit with the experimental data for hydrogen-
rich materials (HDPE and lithium-based hydrides), while the worst fit for heavier materials such as the
aluminium alloys, Si and SiO,. In particular, FLUKA overestimates the fragmentation and, therefore, the
dose attenuation of high-Z materials. For what concerns the paraffin Bragg curve, FLUKA can reproduce
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well the first part of it, but it does not match the Bragg peak position and the tail as precisely as Geant4
QGSP_INCLXX does. PHITS fits well the experimentally obtained dose ratios with the lithium-based
hydride composites, pure LiBH, and paraffin, but tends to underestimate the fragmentation and dose
attenuation for all the other tested materials. The Geant4 physics lists results are compatible with each
other for heavy targets such as aluminium and Si. These are also the cases in which the Geant4 results
fit the data the best. In all the other cases, QGSP_INCLXX is the best fit for the experimental data, while
QBBC_EMY and FTFP_BERT underestimate the fragmentation. The more systematic comparison of the
Geant4 lists performed for the paraffin Bragg curve showed a better fit for the lists making use of the Leige
Intranuclear Cascade model for low energies (QGSP_INCLXX and FTFP_INCLXX). The list performing the
best is QGSP_INCLXX, confirming the recommendations of choosing it for shielding applications. The
additional study made with FLUKA with LiH and Al2219 showed that the dose build up phenomenon is
purely due to the generation of secondary electrons in the case of iron ions.

Concerning the high-energy proton results, FLUKA fits the experimental data best, which is in agreement
with what was observed for iron ions, i.e. that FLUKA is the best fit for low-Z targets. Only LiH and PMMA
were irradiated during the high-energy proton beam experimental campaign. Surprisingly, the Geant4
physics list QGSP_INCLXX results are the worst fit for the experimental data for both targets and both the
cases of Do/ Dq and D3/D; measurements.

Overall, the MC simulation results show significant and systematic differences among codes that are
used for the same radiation protection purposes. This is mainly due to the need of optimising the current
nuclear reaction cross-section models. This topic is discussed extensively in the following chapter.
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5 Nuclear Cross-Section Databases

As the reader could understand from Section 2.8, realistic cross-sections are an essential ingredient to
reliable deterministic and MC transport codes [72, 149]. In deterministic codes, they enter the transport
equations (see Equation (2.30)). In MC codes, nuclear reaction cross-sections are involved in the sampling
of the interaction distance of heavy-ions in matter - also called step length (see Equations 2.31, 2.32,
and 2.33) - and nuclear production cross-sections are involved in the generation of secondary particles.
Unfortunately, there are significant uncertainties in our understanding of nuclear interaction processes
between different ions [153]. Several semi-empirical cross-section parametrisations have been developed
over the past decades, and are used within MC codes. Nevertheless, none of them fit well the experimental
data for all projectile-target systems. Therefore, a deep study of the state of the art of nuclear reaction and
total fragment production cross-sections were included in the ROSSINI3 project. In particular, two data
collections of experimentally measured reaction and fragment production cross-sections were generated
within a collaboration between GSI, ESA and NASA. An up-to-date version of the data collections and a
tool to generate cross-section plots can be found in the free and open-access web application accessible
from GSI’s official website [154]. The results obtained in this work can also be of usage for heavy-ion
therapy applications [68], nuclear physics experiments and astrophysics [79].

A comprehensive overview of nuclear cross-section data relevant to radiation protection in space was
published by Norbury et al. in 2012 [72]. In that work, the information related to the data concerned
the systems of target and projectile for which the cross-section data were measured, the type of cross-
section, and the kinetic energy range of the projectile. The present work aims at updating that collection
and collecting further details about the data, such as the kinetic energy of the projectile, the measured
cross-section values, and many more.

This chapter is divided into three sections: one describing the reaction cross-section database, one
describing the fragment production cross-section database, and one the main features of the web application
containing both databases.

5.1 Reaction Cross-Section Database

This work aims to give a broad overview of all nucleus-nucleus reaction cross-section data measured so far
and to compare them with the most-commonly used parametrisations in transport codes. Through such
a comprehensive study, recommendations are given on what cross-section data should be measured in
future experiments and what formulae fit the existing data best for the most relevant systems to radiation
protection in space. Most of the content of this section has been published in F Luoni et al., “Total nuclear
reaction cross-section database for radiation protection in space and heavy-ion therapy applications,” New
J. Phys., vol. 23, no. 101201, 2021. por: https://doi.org/10.1088/1367-2630/ac27e1.

5.1.1 The Database
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Data

It was decided to focus on nucleus-nucleus reactions only. Therefore, reaction cross-section data measured
for projectiles such as protons and neutrons are not reported. Only English peer-reviewed works have been
included. A total of 1786 cross-section data from 103 publications [155-257] have been included in the
database so far. In the cases in which old data were replaced by more accurate and later measurements,
only the newest dataset was included (e.g. data from Ref. [258] were not reported as they were replaced
with data from Ref. [179]). In Figure 5.1, the number of cross-section data reported in the database is
plotted as a function of the projectile atomic number. A zoom on data points up to nickel projectiles is also
reported, since heavier nuclei are only present in trace amounts in the GCR spectrum (see Section 2.3.2).
Charge-changing cross-section data are shown in red and reaction cross-sections in green. Data collections
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Figure 5.1: Number of cross-section data reported in the reaction cross-section database as a function of
the atomic number of the projectile nucleus Z,,. Charge-changing cross-section entry numbers
are shown in red and reaction in green. In Panel (a) all entries are shown, in Panel (b) only
entries up to nickel projectiles.

for “He, '2C and %Fe projectiles impinging on different targets are reported in Figures 5.2, 5.3, and 5.4,
alongside predictions of one of the semi-empirical parametrisations (Kox-Shen model, see section 5.1.2) to
guide the reader’s eyes. Experimentally-measured cross-section data for composite targets (i.e. molecular
targets, not made of one element only) were also included in the database. In Figure 5.5, data for different
projectiles impinging on water targets are reported. Projectiles with high abundance contributions to the
GCR spectrum (see Figure 2.7) were chosen.

Database Structure

The database is available as a table with the following entrances:
* Projectile atomic number.

* Projectile mass number.
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Figure 5.2: Data collection for *He projectiles on different targets alongside the predictions of the Kox-
Shen semi-empirical model (see section 5.1.2) to guide the reader’s eyes. IK stands for Inverse
Kinematic data (see Section 5.1.2). Different colours represent different targets. Both reaction
and charge-changing cross-sections are plotted. The data are from references [156, 166, 167,
179,180, 187,188, 220, 229-232, 238, 251, 253].

Cross-section / b

C-12 + Li-7, C-12, Si-28, Zr-91, Sn-

119, Pb-207

N
o]
L

N
o
L

=
5
L

=
=)
L

e
5]
L

o
o

e !

10t 102 103

104 10°

Projectile Kinetic Energy / MeV/u

-= Kox-Shen C-12+Li-7

Kox-Shen C-12+C-12
Kox-Shen C-12+Si-28
Kox-Shen C-12+Zr-91
Kox-Shen C-12+Sn-119

- Kox-Shen C-12+Pb-207

Tanihata1985c(IK)
Alpat2013
Tran2016
Ferrando1988
Chulkov2000
Golovchenko2002
Schall1996
Webber1990

@1 B FR 9 1 ) @ R ER R R e B R

Zeitlin2007a
Kox1984
Tanihatal992
Webber1990
Perrin1982
Takechi2009
Aksinenko1980
Hostachy1987
Kox1987
Fang2000
Ozawa2001
Jaros1978
Jun-Sheng Li2016(IK)
Cecchini2008(IK)

B B 1 £ i

Brechtmann1989(IK)
Flesh2001(IK)
Webber1990(IK)
Yamaguchi2010(IK)
Zeitlin2007b(IK)
Webber1990(IK)
Aksinenko1980
Fang2001(IK)
Aksinenko1980
Alpat2013
Zeitlin2007a
Togo2007(IK)
Alpat2013
Zeitlin2007a

Figure 5.3: Same as Figure 5.2, but for '2C projectiles. The data are from references [161, 166, 168, 170,
181, 184, 186, 189, 203, 208, 209, 211, 218, 220, 223, 225, 226, 234-236, 238, 239, 242, 248, 249,

251].

* Target atomic number. For composite targets, the effective atomic number was computed as [259]:

1
2.94

Zete = | D fe(Zk)>™
p

)

(5.1)

where f;, is the fraction of the total number of electrons for the k-th element and Z,, is its atomic

number.

* Target mass number. For compound materials, this is the sum of the single mass numbers of each
element. If the target is just an element without specifications about the isotope (as it mostly is), it is
reported with the standard atomic weight rounded to the closest integer (e.g. 64 for Cu).
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Figure 5.4: Same as Figure 5.2, but for Fe projectiles. For 5Fe + %4Cu, 197Ar, 238U, both charge and

mass-changing cross-section data were measured by Westfall et al. [174]. Therefore, two data
points are reported for each system for the same energy. The data are from references [157,
161,166, 170, 174, 178,193, 196, 198, 220, 230, 235, 242].

Target chemical formula.

Target areal density (g/cm?). This is an important parameter to evaluate the quality of the data: the
usage of thin targets provides better data as the projectile kinetic energy during the reaction is well
defined and the probability of multiple reactions is low. However, the thinner the target is, the longer
the beam time necessary to collect data with appropriate statistics is [105]. If more than one target
was used, more than one value was reported.

Projectile kinetic energy (MeV/u). Many reaction cross-section data were measured in inverse
kinematics (IK), which means that projectile and target have exchanged roles during the measurement.
The passage from inverse to direct kinematics is straightforward since the reaction cross-section
of e.g. 220MeV u~! 12C (projectile) impinging on 27Al (target) is the same as the cross-section of
220 MeV u~! 27Al (projectile) on '2C (target). Having the same kinetic energy per nucleon means
having the same velocity.

Projectile kinetic energy lower uncertainty (MeV/u).

Projectile kinetic energy upper uncertainty (MeV/u). These last two columns are almost always the
same.

Evaluation point of the projectile energy. The projectile energy reported in the publication can be
either

— the primary energy from the accelerator (e.g. identified as “out of the beam line” or “before the
target”, depending on the authors’ definition), or

— the energy at the centre of the target, especially for thick targets (e.g. identified as “in the centre
of the target”).
Cross-section type. The three main cross-section types are:

— charge-changing (“cc”) - i.e. probability that the projectile nucleus loses at least one proton
(this does not include neutron-removal reactions),
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Figure 5.5: Data collections for 3He, “He, 12C, 150 and 2°Ne projectiles on water alongside the predictions

of the Kox-Shen semi-empirical model (see section 5.1.2) to guide the reader’s eyes. Different
colours represent different projectiles. Both reaction and charge-changing cross-sections are
plotted. For “He + H,0 both charge and mass-changing cross-section data were measured by
Horst et al. [155, 156]. Mass-changing cross-sections were only measured by Horst et al. [156]
for 3He and *He. For all other projectiles, the data are charge-changing only. Therefore, the
data points lie below the model predictions (see section 5.1.3). Data are from references [155,
156, 170, 211, 218].

mass-changing (“mc”) - i.e. probability that the projectile loses at least one nucleon (this includes
neutron-removal reaction channels), and

reaction. It is to be noticed that it is more difficult to measure reaction/mass-changing cross-
sections for heavy projectile nuclei. Therefore, the number of reaction cross-section data (green
contributions in Figure 5.1) becomes lower with increasing projectile atomic number and mostly
charge-changing cross-sections are available.

Since the definition of what the authors mean with a specific cross-section type depends on the
publication, it is recommended to look into the specific work for a deeper understanding.

Cross-section (mb): cross-section value reported in millibarn.
Cross-section lower uncertainty (mb).
Cross-section upper uncertainty (mb).

Uncertainty type. This can be either:
— both statistical and systematic, or

— purely statistical. This is the case especially for older publications, as the reported uncertainties
do not include systematic components due to e.g. instrument calibration. When using these
data, it should be considered that the error bars are larger than they appear.

First author of the publication.

Year of the publication.
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* DOI: unique Digital Object Identifier of the peer-reviewed publication.
* Experiment facility.

* Beamtime. If the month and the year of the experiment are reported in the publication, they are also
reported in the database.

* Measurement method. Details about the detectors used to experimentally obtain the data have been
added as well. It is recommended to refer to the publications for further details.

* Comments: other comments.
* Electromagnetic dissociation (EMD) cross-section (mb): they are only present in a few cases.
* EMD cross-section lower uncertainty (mb).

* EMD cross-section upper uncertainty (mb).

5.1.2 Parametrisations

Several semi-empirical parametrisations of reaction cross-sections were developed over the last forty years
starting from the energy-dependent Bradt-Peters geometrical formula (Equation 2.17). The Kox [242],
Shen [260], Kox-Shen [261], Tripathi [262, 263] with Horst optimisations for “He projectiles [156], and
Hybrid-Kurotama [264] parametrisations were re-implemented within this work with the aim of them
being compared to the comprehensive data collection from the database. Details about the implementation
are reported in the following sections. The Kox, Shen and Tripathi parametrisations are implemented in
Geant4 [265], but none of them is set as default in any of the Geant4 physics lists. Nevertheless, they can
be manually selected to be used. In the next Geant4 version the Kox and Shen parametrisations will be
removed as they are obsolete. Hybrid-Kurotama is the default parametrisation used in PHITS (Kox-Shen
and Tripathi are options). An empirically-modified version of Tripathi is implemented in FLUKA. The Horst
optimisations for *He were included in the last version of FLUKA [144]. The deterministic GSI in-house
code SpaceTRiP [119] also makes use of Tripathi with Horst optimisations as default for total cross-sections.
It is to be noted that EMD processes are not included in these parametrisations.

Kox Parametrisation

The phenomenological Kox parametrisation for reaction cross-sections was proposed in 1987 [242]:

B
oRr = T Rint’ <1 -z ) (5.2)
cm

B is the energy-independent Coulomb interaction barrier and Rj,; is the interaction radius, which has
three components:

1. Ry, Which is similar to the Bradt-Peters interaction radius,

2. Rsyr (“nuclear surface” contribution), which accounts for mass asymmetry (energy independent) and
transparency, and

3. the neutron excess D, which in Ref. [242] is explained to be necessary only for projectile kinetic
energies below 200 MeV u™!.
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Ecn is the centre-of-mass energy of the system in MeV, which can be calculated as:

ApAr

B = E-—271
cm Ap+AT

(5.3)

with E being the kinetic energy of the projectile in MeV u~!. Equation 5.3 is not exact at high energies,

o . . . E—
but it is a good approximation because 22~ ——= 0.

In this work, the model was implemented as in Geant4, meaning as described in Ref. [242] with the
following exceptions:

1. The neutron excess parameter D is applied to all kinetic energies, not only below 200 MeV u~!.

2. The following functions have been used for the transparency parameter ¢ instead of the values
reported in Table III of Ref. [242]:

10 T \3
c= <_1.55 + 2) (1—5) for z<15 (5.4)
10
c=——+2 for z>1.5 (5.5)
x
where = = log;((E).
3. Equation 14 of Ref. [242] states that:
Zp Zye?
B= T (5.6)
ro(Ar™? + Ap77)
Nevertheless, the correct expression for B is:
Zr7,
B= p (5.7)

TC(ATl/g + Ap1/3)’
where 7o (= 1.3 x 10~ m) has to be inserted in femtometres.

4. As all the components of R (Rint, Ryol, Rsur), also D should also be multiplied by 7 (= 1.1 x 107 m).
If 7o is always inserted in meters, the cross-section result is obtained in m?.

5. A low-energy check was added, which automatically sets the cross-section to zero if Fep < B.

Shen Parametrisation

Since the Kox formula fails at reproducing the data for energies lower than 10 MeV u~! and no values for ¢
are given for £ < 30 MeV u~! in Ref. [242], a new unified parametrisation based on the Kox formula was
proposed by Shen et al. in 1989 [260]. The Shen cross-section formula is the same as Equation 5.2, but the
B and Ry, parameters are different. In particular,

77 RrR
B =144 d — p_ 5.8
RT+Rp+3-2 RT+Rp (5-8)
where:
R, =1.12A4,Y3 —0.94 4,7 1/3 i=(T,p) (5.9)
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and b = 1. i in Equation 5.9 can stand either for target (1) or projectile (p). Concerning Ry, the Shen
model adds an energy-dependent term to it and changes the multiplication factor « of the neutron excess
term from 5 to 1. Nevertheless, it is pointed out in Ref. [260] that by using o = 1, the cross-sections for
heavy targets are underestimated. Also in this case, ¢ from Equations 5.4 and 5.5 have been used, as well
as the same low-energy check used for the Kox formula. The values of ¢ given in Ref. [260] were not used
because of the reasons pointed out in the following section.

Kox-Shen Parametrisation

Recently [261], an updated version of the Shen parametrisation was proposed. In particular, it was pointed
out that the transparency parameter c provided in Ref. [260] should not be used. It is not fully in agreement
with what is reported in Ref. [242] (as it should be) and the energy scale of the ¢ plot in Ref. [260] is
inconsistent. Therefore, the following parametrisation was proposed:

10 3
c= <—155 + 2) (1%) +0.0006 E for E < 45MeVu! (5.10)
c=1.91 —16e 0T2T4E 16(0.0849 EO5%%)  for E > 45MeVu (5.11)

where FE is the kinetic energy of the projectile in MeVu~! and = = log;,(E). The expression valid for
E > 45MeV u~! had already been proposed in 1988 by Townsend and Wilson [266]. The expression for
E < 45MeV u! is similar to the one developed for Geant4, but it has modifications that provide a smooth
overlap with the Townsend and Wilson’s part.

The other modification to the Shen parametrisation proposed in Ref. [261], is the use of & = 5 in the
neutron-excess parameter, as in the Kox model. Therefore the name Kox-Shen model. Nevertheless, as
explained in Ref. [260], the « value that fits the experimental data best is 1. Therefore, o = 1 has been
used in the implementation of this work.

Tripathi Parametrisation

The Tripathi semi-empirical formula was first presented in 1996 [262]. Two publications followed in 1997
[267] and 1999 [263]. They respectively dealt with neutron projectiles and light systems, where “light
systems” means that at least either projectile or target has mass number A < 4. The parametrisation for
neutron projectiles [267] has not been included in the present work as neutron data are not part of the
data collection. The other two parametrisations will be referred to as “Tripathi96” and “Tripathi99” in the
following.

Tripathi96 Parametrisation The following form for the reaction cross-section was presented in Ref. [262]:

or = 12 (A2 + A3 4+ 6p)? (1 _ B >f, (5.12)
Ecm
where 7o = 1.1 fm, B is the energy-dependent Coulomb barrier and f is a multiplication factor equal to 1
in all cases but for '"H + “He and 'H + '2C, where it is supposed to be set to 27 and 3.5, respectively. Also
in this case, Equation 5.3 is used for the computation of E.y,. In Geant4, the proper physical calculation for
Ecnm is implemented, while Equation 5.3 is used in PHITS.
The parameter ¢ is defined as:

Ap — 2777,
op = 1.855+0.16i —Cg +aw.

(5.13)
Ecml/3 ATAP
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The last term is commonly called the neutron excess parameter and the multiplication factor is & = 0.91. S
is the mass asymmetry term and C is the parameter through which 0z accounts for the transparency and
Pauli-blocking effects. C'g itself is energy-dependent and can be computed as:

Cp = D(1+exp(—E/T1)) — 0.292 exp(—FE/792) cos(0.229 E*4%3), (5.14)

where T} = 40, E is the projectile kinetic energy in MeV u~! and D is proportional to the density of the
colliding system, scaled with respect to the density of the system '2C+!2C:

PA, + PAr

PAc t PAc .

More details can be found in Ref. [262]. Moreover, in Ref. [262] it is recommended to use:

D =175 (5.15)

* the single value D = 2.05 for the proton - nucleus case
* the reduced value D/3 for lithium nuclei

¢ the specific density-independent formula for the case of *He projectiles, due to the small density

compression:

0.8
D=277-80x103A7 +1.8 x 107 °A7% - — -, (5.16)

l1+e ¢
where G = 75. It is believed that there is a typo in the original publication [262] concerning the
parentheses for D, since Equation 5.16 is consistent with the formula given for D in Ref. [263].

Tripathi96 has been implemented in the present work as described in Ref. [262], with a few modifications:

1. A different nuclear radius r; has been used. The nuclear radius r; is inside the Coulomb barrier
parameter B. In Ref. [262] it is suggested to use:

r; = 1.29 T'rms,i (5.17)

and to use data from Ref. [268] for 7ims ;. This will be called “Wilson ;”. In particular, the ryms;
used for the present work is the arithmetic average of the data given in Ref. [268] for Z < 26 and
Trms; = 0.84 A;/3 +0.55 for Z > 26. The formula for Z > 26 is reported in Appendix A of Ref. [269].
Nevertheless, in Geant4 [147], the following formula is used to compute r; of projectile and target
nuclei:

~1.29 x 0.6 x 1.36 x 10715 4;1/3

= - )
In Figure 5.6, the radius computed as in Equation 5.18 is referred to as “G4 r;”. It was observed that
the Tripathi model is sensitive even to small changes of this parameter at low energies. It has been
decided to use for r; the same formula as implemented in Geant4 (Equation 5.18) after comparing
all the low energy (< 10 MeV u™!) cross-sections from the data collection with the results obtained
either with Tripathi96 implemented with r; from Equation 5.17 or Equation 5.18 (see Figure 5.6).
The G4 r; does not fit the experimental data best for all systems. However, the decision of using
it in the implementation comes from the following considerations. For the systems: ‘He + '2C
(“Labie1973” dataset [180]), *He + 27Al (one data point), *“He + °6Fe (two data points) and *He +
Z3"Np (“Powers1966” dataset [250]), G4 r; fits the data best. For “He + '8!Ta and “He + '97Au, the
Wilson r; applied to Tripathi96 fits the data best. For 12C + '2C, both Wilson and G4 r; are compatible
with the single data point. For the cases of “He + '®!Ta and “He + '97Au, the measurements are only
single data points, while for “He + 23"Np there is a series of measurement points that systematically
follow the cross-section increase in the Coulomb barrier energy region (see Figure 5.6). In PHITS,
the Wilson radius is used.

(5.18)

T
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Figure 5.6: Dependence of Tripathi96 and Tripathi99 semi-empirical cross-section formulae on the nuclear
radius for “He + °6Fe and “He + 23"Np. Solid lines have been chosen for the version of the
models that has been implemented within the present work. Data in Panel (a) are from
references [178, 220, 230], in Panel (b) from reference [250].

2. Horst et al. optimisations [156] to Equation 5.16 are used to calculate D for *He + targets from C to
Si. Recently some charge- and mass-changing cross-section measurements with He were performed
at therapeutic energies (70 - 220 MeV u~!) on 2C, 160 and 28Si targets [156, 167]. Based on these
data and the data by Ingemarsson et al. [179], an optimisation of Tripathi96 for the case of “He
projectiles on targets with masses between C and Si has been proposed being:

D=22-80x103Ar + 1.8 x 10°Ap? — — . (5.19)

where G = 50. These changes led to considerable improvements of “He dose calculations [144, 270].

3. Low-energy check: once cross-sections are computed for all energies, any negative values are set to
null. This procedure is implemented in Geant4 as well.

In Tripathi96 calculations performed for the present work, the lightest ion is always considered to be the
projectile. This changes the choice of the D parameter to be used and the neutron excess parameter (last
term of Equation 5.13). The same is done in Geant4 and PHITS.

Tripathi99 Parametrisation The Tripathi99 formula was implemented as presented in Ref. [263]:

or = 102 (A2 + A3 4 6p)? (1 - RCEB>Xm. (5.20)
cm

The additional terms to Eqrespect 5.12 are the system-dependent Coulomb multiplier R., which allows one
to keep the same formalism for light, medium and heavy nuclei, and the optical model multiplier X,,:

E
Xm=1-Xie X152, (5.21)
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where X = 5.2 for the n+*He system and
X; =283 —-3.1x10247 + 1.7 x 1074 A2 (5.22)

in all other cases, and
E
Sp=1.2+1.6(1—e ). (5.23)

Differently from Tripathi96, 71 and G are system dependent in Tripathi99. The nuclear radius used in this
case is the Wilson r; (Equation 5.17), as recommended in Ref. [263]. Also in Geant4 and PHITS the Wilson
r; is used for Tripathi99. To be noticed is that the Geant4 radius would fit the experimental data better for
all systems for which low-energy data were measured (see section 5.1.2 and Figure 5.6). From Ref. [263],
the lightest particle is to be used as the projectile in the formulation. This is how the model is implemented
in Geant4, PHITS and the present work. The model has been implemented as in Ref. [263], with a few
modifications:

1. The centre-of-mass kinetic energy of the system E.p, is in MeV. We believe that the unit of measure-
ment given for it in Ref. [263] (AMeV) is a typographical error.

2. In the Tripathi subroutine of PHITS, X,, = 1 is used for every projectile ion but neutrons. Using
X, = 1 instead of X, from Equation 5.21 gives in fact, a better agreement with the original curves
presented in Ref. [263] (the difference is appreciable for all figures from 3 to 20 of Ref. [263] but 4, 5
and 18). In addition, the curves were compared with the measured cross-sections from the database
and in the majority of the cases, the use of X,,, = 1 gives better agreement with the data. Figure 5.7
shows how the use of X,,, = 1 instead of X,,, from Equation 5.21, improves the fit of the model to the
data and also to the curve reported in Ref. [263].
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Figure 5.7: Comparison between the results of Tripathi99 for the systems “He+?Be and “He+?7Al, obtained
by using X,, = 1 or X,,, from Equation 5.21, which is recommended in Ref. [263] (“rec. X,,,"),
and the curves presented in Ref. [263]. The experimental data from the database have been
plotted as well. For the case of X,,, from Equation 5.21, the low-energy check implemented
in Geant4 has been used: below 6 MeV u~}, if the first derivative of the cross-section as a
function of the energy is negative (i.e. values becoming smaller with increasing energy) the
cross-section values are set to zero. IK stands for Inverse Kinematic data. Data in Panel (a)
are from references [179, 187, 230], in Panel (b) from references [187, 220, 230, 238].
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Table 5.1: System-dependent values for 77 and D used in the Tripathi subroutine of PHITS and in the
present work.

Projectile + Target T} D

IH + 3He 58 1.70

IH + ‘He 40 2.05

IH + SLi 40 2.05

IH + "Li 37 2.15

H+ (Ar > 40 2.05

’H + ‘He 23 1.65+0.22/ (1 + exp %)

3. In the Tripathi subroutine of PHITS, optimised 77 and G parameters for a broader set of systems
are specified. In particular, specific values are used for the cases of 'H + ®He, *He, SLi, "Li, 'H +
targets with A7 > 7 and ?H + “He. The values are presented in table 5.1. For 'H + other targets,
the values used are the same as presented in the original work for 'H + any target. These additional
optimisations have been implemented in the calculation of Tripathi99 for the present work.

In Geant4, in addition to the check for negative cross-section values, which is recommended in Ref. [263],
an extra check was added for Tripathi99. At low energies (below 6 MeV u™!), if the first derivative of
the cross-section as a function of the energy is negative (i.e. cross-section values becoming smaller with
increasing energy) the cross-section values are set to null. This check is nevertheless not necessary if
X, = 11is used. For this reason, it has not been implemented within the current work.

Hybrid-Kurotama Parametrisation

A semi-empirical parametrisation model called “Hybrid-Kurotama” was proposed in 2014 within Ref.[264].
It is based on the Black Sphere (“Kurotama” in Japanese) cross-section formula, extended to low energies
by smoothly connecting it to the Tripathi parametrisation:

7"'(aJp(E’cut) + aT(FJ‘cut))2
JTrip(Elcut) ’

or(E) = feunrm(ap(E) + ar(E))* + fouz(E)omip(E) (5.24)

a, is the black-sphere radius of the projectile, ar is the black-sphere radius of the target, and F is the
projectile kinetic energy in MeV u~!. E.,; = 400 MeV u~! in the case 4He is either the projectile or the
target, otherwise E.,; = 115MeV u~".

1
fCUtl - —E+FEcut (5.25)
l1+e 4
1
fcutz = T E—FBex (5-26)
l+e 4

with d = 1 MeV u~!. It has been noticed that fe,; and feu2 were inverted in Ref.[264]. The values of
the Tripathi parametrisation are renormalized so that they match the “Kurotama” value at E¢y. The
Hybrid-Kurotama parametrisation has been implemented within this work in the same way it is in PHITS,
i.e. using Tripathi99 (section 5.1.2) for o, in the case of “light” nucleus-nucleus systems (A < 4 for at
least either the projectile or the target) and Tripathi96 otherwise (section 5.1.2).
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5.1.3 Mass-Changing Cross-Sections as Proxy of Nuclear Reaction Cross-Sections

Experimental cross-sections are often only estimates of the total reaction cross-sections. Since most nuclear
fragmentation channels lead to loss of at least one proton, charge-changing cross-sections o are a good
approximation of reaction cross-sections. However, the contribution of pure neutron-removal reactions
(for example fragmentation of 2C into !'C or '°C) is only taken into account in the mass-changing
cross-section opme. With the aim of studying for what colliding systems o can be used to validate total
reaction cross-section models and for what systems o, are required, the ratio o../or was computed for a
variety of colliding systems at 1 GeV.u~! (see Figure 5.8). o was calculated with the Kox-Shen model (see
Section 5.1.2), and the neutron-removal cross-section (or — o¢c) Was obtained from the parametrisation by
Mei [79] as implemented in the program LISE++ [150]. From Figure 5.8, significant differences between

1.000
0.975 A
0.950 A
0.925 A
)
S 0.900 A
0.875 A
—— C target
0.850 1 —e— O target
—>— Al target
0.825 A Au target

(I) 1I5 3I0 4I5 6I0 7I5 9I0 l(I)S léO 1é5 15;0 1(I55 léO léS
Ao
Figure 5.8: Ratio of charge-changing to total reaction cross-section occ/or as a function of the projectile
mass number, computed for projectile kinetic energy 1 GeV.u~! and for different target mate-
rials. The total reaction cross-sections were calculated using the Kox-Shen model [261] and
the neutron-removal cross-sections using the parametrisation by Mei et al. [79].

occ and og can be observed for very low and very high-A projectiles. The reason for it in the case of low A,
is that the number of possible fragmentation channels is limited and therefore, single neutron-removal has
a high relative probability. On the other hand, for nuclei heavier than *°Ca, the higher the A, is, the higher
the nucleus neutron excess is. Therefore, also for very high- A projectiles, neutron-removal reactions are
probable. It can also be observed in Figure 5.8, that the difference between o.. and og is more important
for lighter targets. For them, peripheral collisions, which are the main cause for the removal of single
nucleons, are more probable. These calculations are only an estimation of the real cross-section ratio, but
measured data suggest that the ratio o../og is even lower than expected, meaning that o.. and oy are
more different than estimated in Figure 5.8. In Ref. [192], for instance, both mass and change-changing
cross-sections for the system 2°Ne + '2C at 950 MeV u~! are reported and their ratio is 0.91, while it is
expected to lay between 0.95 and 0.97.

In conclusion, since charge-changing cross-sections can have large deviations from reaction cross-sections,
they were not used for the comparison of experimental data with parametrisations.

79



5.1.4 Comparison Between Data and Parametrisations

The primary systems of interest to radiation protection in space are:
“He, 2C, 190, Ne, ?*Mg, 28Si, °Fe + 'H, "1i,'2C, 160, 27Al, 28si. (5.27)

The projectiles have been chosen because of their contribution to the GCR spectrum (see Section 2.3.2).
Concerning the targets, 'H and "Li was chosen because of its importance in innovative shielding materials
for passive shielding in space (see Section 3.1.2), 'H, 2C and !0 because they are among the main
components of the human body. 27Al is the most important structural material spacecrafts are made of.
285i is the main component of electronic devices and planetary regoliths.

'H projectiles are not included in Equation (5.27) because the corresponding cross-section data were
not included in the databases since 'H projectiles do not fragment. Therefore, in this study, 'H target data
are not included since inverse kinematic data could not be plotted alongside them.

The plots shown in this Section can also be directly generated on the web application developed as part
of the work (see section 5.3). In the past, the parametrisations presented in this work were often compared
only to a limited data set [271, 272].

Inverse kinematics data are also reported in the plots. For example, for the case of *He + °°Fe system,
both reaction cross-section data measured using “He projectiles and '2C targets and *°Fe on “He were used.
For this reason and since the reimplementation of each model uses the lightest nucleus as projectile, some
plots are not reported because they would be identical to others. E.g. 22Si + '2C would be identical to '2C
+ 28Si.

‘He Results

In Figures 5.9 and 5.10, total reaction cross-section data of *He projectiles impinging on the different
targets listed in Equation 5.27 are extracted from the database and plotted alongside the predictions of
the parametrisations presented in Section 5.1.2. The only exception is 'H targets because of the reasons
explained above.

Some datasets are not compatible with each other. The Labie1973 data are probably not optimal for
comparison since they do not include compound elastic scattering contributions, which have a resonance in
this energy region. In addition, the fluctuations of the Gokmen1984 dataset are non-physical, and the data
is not compatible with the Ingemarsson2000 dataset. Since Ingemarsson’s data are more recent, they are
likely to be more reliable. Since the single Igo1963 data point is old and lower than Ingemarsson2000, it is
believed to underestimate the real cross-section value. The same considerations apply to the Warner1996
dataset (see “He + 28Si). The Horst2019, Horst2017 and DeVries1982 data are compatible with each
other within error bars. It is to be noted that the Aksinenko1980 data (see “He + 27Al) are also believed to
underestimate the real cross-section values. For all the targets but lithium, enough data points are available
to check if the models fit the data well for low, mid and high energies.

All the models seem to be in reasonable agreement with the data points. Nevertheless, Tripathi99
and, consequently, Hybrid-Kurotama show a tendency to underestimate the data at low and intermediate
energies. The only datasets that are well fitted by Hybrid-Kurotama at low energies are, indeed, the
unreliable 1g01963 and Gokmen1984.The model that seems to fit the data best is Tripathi96, thanks to the
optimisations recently proposed in Ref. [156]. Kox, Shen and Kox-Shen fit the data best at high energies
(see *He + 12Q).
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Figure 5.9: Comparison between parametrisation results and cross-section data for the following systems:
4He + "Li, '2C. IK stands for Inverse Kinematic data. To be noted that Tripathi96 is not the
original model [262], but optimisations from Horst et al. [156] for *He projectile are included.
Data in Panel (a) are from reference [238], in Panel (b) from references [156, 167, 179, 180, 187,
188, 220, 229-231, 238, 251]. Error bar types of the Webber1990 and 1go1963 datasets are not
specified to be only statistical or systematic as well. For Labie1973 and DeVries1982 they are
only statistical. The rest are both statistical and systematic.

12¢ Results

Figures 5.11 and 5.12 report measured cross-section values extracted from the database for '?C projectiles
on the targets of Equation 5.27 (but 'H), alongside the parametrisation predictions. Starting from the 12C
+ 7Li system, the parametrisation fitting the single data point best is Hybrid-Kurotama.

From Figures 5.9 and 5.11, it can be noticed that the data points for the cases of He and '2C projectiles
on '2C targets are many more than for most other systems. This is probably due to the importance of
these two systems for heavy-ion therapy. This is an example of how the field of radiation protection in
space can benefit from the research done for heavy-ion therapy [273]. Concerning the '2C + '2C system,
the only data point that looks incompatible with the others in the low-energy range (~ 70 MeV u™1) is
Aksinenko1980. It is smaller than the data from Takechi2009, Kox1987 and Hostachy1987. Since it is
the oldest data point in this energy range, it is reasonable to believe that the results of Ref. [238] are not
reliable. Therefore, it is not surprising that none of the models fit the Aksinenko1980 data point for the
12C 4+ 288j system as well. Coming to the mid-energy range (~ 250 MeV u~1), the Kox1987 data points are
larger than both Takechi2009 and Hostachy1987 data. Therefore, it is believed that in this energy region
the Kox1987 dataset is the most precise. For all the four systems, enough data points are available to check
if the models fit the data well for all energy ranges.

All the models seem to be in reasonable agreement with the data. Nevertheless, Kox, Shen and Kox-Shen
cannot reproduce the oscillation in the data (dip in the mid-energy region), which is parametrised by the
cosine term in C'g in the Tripathi model, and, consequently, in the Hybrid-Kurotama model. Kox, Shen and
Kox-Shen seem to fit the high-energy data best (see 2C + 12C and '2C + 160).

81



Cross-section / b

He-4 + O-16 He-4 + Al-27

. . 1.4 .
Tripathi99 ,_.,/_.:..\‘
—— Tripathi96 Vi SA
1.2 1 5 A
—-= Kox L=~ )
K ~ N
—-- Shen /) AN
o 1.0 EA \,
—-= Kox-Shen = /5 N N
Hybrid-Kurot: 5 N S
ybrid-Kurotama _g 0.8 ii \\ = STeTaemaTmaT
—————— o
—————— 8 i N
% 0.6 i ==
o
S I Tripathi99 Hybrid-Kurotama ===
0.4 4 I Tripathi96 —— Tanihatal985a
Horst2019 I Kox —-=- Webber1990(IK) Hé
Webber1990(IK) Hé 0.2 A Shen —-- 1901963
Ingemarsson2000 Kox-Shen —-= Aksinenko1980 H
0.0 T T T 0.0 T T T
10° 10t 10?2 103 104 10° 10t 102 10° 104
Projectile Kinetic Energy / MeV/u Projectile Kinetic Energy / MeV/u
(a) (b)
He-4 + Si-28
1.4 4
1.2 1
Qo
~ 1.0 1
f=
e
$ 0.8+
wn
&
2061 | -
© Il Tripathi99 === Hybrid-Kurotama
0471 4 —— Tripathi96 @ Horst2019
/ —-- Kox Ingemarsson2000
0.2 1/ —-= Shen H  Warner1996
—-- Kox-Shen
0.0 T T T T
10° 10! 102 103 104
Projectile Kinetic Energy / MeV/u
()

Figure 5.10: Comparison between parametrisation results and cross-section data for the following sys-

tems: ‘He + 160, 27 Al, 28Si. IK stands for Inverse Kinematic data. To be noted that Tripathi96
is not the original model [262], but optimisations from Horst et al. [156] for “He projectile are
included. Data in Panel (a) from references [156, 179, 220], in Panel (b) from references [187,
220, 230, 238], in Panel (c) from references [156, 179, 253]. Error bar types of the Webber1990
and 1go1963 datasets are not specified to be only statistical or systematic as well. The rest
are both statistical and systematic.
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Figure 5.11: Comparison between parametrisation results and cross-section data for the following sys-
tems: 12C + “Li, '2C. IK stands for Inverse Kinematic data. Data in Panel (a) are from refer-
ences [189], in Panel (b) from references [186, 220, 234, 236, 238, 239, 242, 248, 249, 251].
Error bar types of the Webber1990 and Takechi2009 datasets are not specified to be only
statistical or systematic too. Hostachy1987 error bars are only statistical. The rest are both
statistical and systematic.

160 Results

From Figure 5.13, it is clear that data are missing for '°0 projectiles impinging on targets of interest for
radiation protection in space. There is no data either for "Li, 90 or ?2Si targets. There is only one data
point for 2“Al. There are not enough statistics to compare the model predictions to the data.

To be noted that 10 + 2C is not reported since it would be the same plot as '>C + '60. As specified
in Section 5.1.5, in every model the lightest nucleus is used as the projectile. In addition, since inverse
kinematic data is included, both figures (*2C + 0 and 0 + '2C) would show the same data as well.

2ONe Results

In Figure 5.14, data for 2°Ne projectiles extracted from the database are shown. Concerning 2°Ne + !2C,
there are also very-low energy data, corresponding to the Coulomb barrier region. Also in this case, the
Aksinenko1980 data point is smaller than the data points from the other datasets. At mid energies, three
different measurements were performed around 30 MeV u~!. They are compatible with each other within
error bars. All the models seem to reproduce the data reasonably well, even if all of them predict lower
values than the Shapiral982 data points in the Coulomb barrier. The data are, nevertheless, pretty old and
characterised by large error bars.

For the case of 2°Ne + 27Al, there are not enough statistics to compare the model predictions to the data
since all data were collected within the same measurement campaign. No experimental data have been
measured for 2°Ne + 7Li, 60 or 28Si.

83



Cross-section / b

C-12 + O-16 C-12 + Al-27
16 2.00
: . FERN ) /&‘-/"—"\.'\
1.4- ks \ L7 Ve
/ V4 N3
1.2 ! . 1.50 //' \ .
< /
1.0 N I (il TF PRy c 1251 I
: et 2 !
- = i
0.8 @ 1.00 I/
i
4 © 0.75 A
0.6 5 075 /.’.’ —— Tripathio6 H Webber1990(IK)
04 —— Tripathi96  --- Hybrid-Kurotama osod X —-- Kox Takechi2009
’ i —-= Kox H  Webber1990(IK) u —-- Shen BH  Kox1987
0.2 —-- Shen 9 Fang2000(IK) 0.25 ! —.- Kox-Shen BH  Fang2001(IK)
—-- Kox-Shen PH  0zawa2001(IK) I ——- Hybrid-Kurotama
0.0 T T T 0.00 T T T
10° 10t 102 103 104 10° 10t 102 10° 104
Projectile Kinetic Energy / MeV/u Projectile Kinetic Energy / MeV/u
(a) (b)
C-12 + Si-28
2.00 1
==
1.75 A 7 /)
V4 ,/’ RN
o 1:501 il
é 1.25 4 j \\\t CS p TS ARSI
g i 1 T
» 1.00 1 D
a 1
o
5 0.75 1 l_{l
0.50 - I —— Tripathi96 —=- Hybrid-Kurotama
: 4 —-- Kox i Webber1990(IK)
0.25 - 7 —-- Shen B Aksinenko1980
4 —.- Kox-Shen  BH Fang2001(IK)
0.00 T T T T
10° 10! 102 103 104

Projectile Kinetic Energy / MeV/u

(©)

Figure 5.12: Comparison between parametrisation results and cross-section data for the following sys-
tems: 2C + 160, 27Al, 28Si. IK stands for Inverse Kinematic data. Data in Panel (a) from
references [220, 248, 249], in Panel (b) from references [177, 220, 236, 242], in Panel (c) from
references [177, 220, 238]. Error bar types of the Webber1990 and Takechi2009 datasets
are not specified to be only statistical or systematic too. The rest are both statistical and

systematic.
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Figure 5.14: Comparison between parametrisation results and cross-section data for the following sys-
tems: 2°Ne + 12C, 27Al. IK stands for Inverse Kinematic data. Data in Panel (a) are from
references [175-177, 192, 220, 238, 242], in Panel (b) from reference [242]. Bochkarev1998
error bars are only statistical, while Webber1990 error bar type is not specified. The rest are
both statistical and systematic.

24Mg Results

Also for the case of 2*Mg, very few experimental data have been measured. Only for the system 2*Mg +
12¢, two data points were measured (see Figure 5.15). There are not enough statistics to compare the

model predictions to the data.
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Figure 5.15: Comparison between parametrisation results and cross-section data for the following system:
24Mg + 12C. Data are from references [177, 220]. The Webber1990 error bar type is not specified
and Fang2001 are both statistical and systematic.

28Sj Results

No experimental data have been measured for 28Si + 27Al or 28Si + 28Si. 28Si + 12C would be the same
as Panel (c) of Figure 5.12, and it has already been pointed out that no data are there for the system 50
+ 288i, and therefore for 22Si + 160. The only data points measured are for the system 28Si + "Li (see
Figure 5.16). All parametrisations but Tripathi96 and Hybrid-Kurotama fit the data well.
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Figure 5.16: Comparison between parametrisation results and cross-section data for the following system:
28Gi + "Li. Data are from reference [253]. Error bars are both statistical and systematic.

56Fe Results

No data are available for °6Fe + 60, 27Al, 22Si (see Figure 5.17). Concerning the °Fe + "Li system, all
parametrisations fit the high-energy Westfall1979 data point, but Tripathi96. Because of the previous
considerations about the Kox1987 dataset, it is difficult to make considerations for the ®Fe + 2C system.
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Figure 5.17: Comparison between parametrisation results and cross-section data for the following sys-
tems: °°Fe + “Li, 12C. IK stands for Inverse Kinematic data. Data in Panel (a) are from
reference [174] and data in Panel (b) from references [174, 220, 242]. Webber1990 error bar
type is not specified, the rest are both statistical and systematic.

5.1.5 Discussion

The Kox1987 Dataset

If we take systems where also charge-changing cross-section data have been measured during experimental
campaigns different to the Kox1987, and plot both reaction and charge-changing cross-sections together,
we obtain Figure 5.18. It can be noticed that the charge-changing cross-sections are larger than the
Kox1987 data. This is not physical since, by definition, reaction cross-sections are supposed to be larger
than charge-changing cross-sections, as previously discussed in this Section. This provides additional
evidence about the systematic underestimation of the reaction cross-section data by the Kox1987 dataset.

Projectile-Target Asymmetry Issue: the Neutron Excess Parameter

Due to the neutron-excess term, none of the parametrisations provides the same results in the case of a
target-projectile exchange, unless they are characterised by the same neutron excess (A —27). In particular,
the heavier the target nucleus is, the stronger the effect of the neutron-excess term becomes. This is a
non-physical result, as reaction cross-sections should not depend on the reference system. Nevertheless,
the heavier nucleus always plays the role of the target in the models. This was explicitly pointed out in
Ref. [261], and it is implicit in the Tripathi parametrisations. As stated in Ref. [242, 260], the neutron excess
parameter « plays an important role at low energies (< 200 MeV u~!). However, the parametrisations are
structured in such a way that « is likewise important at all energy ranges. Within this work, a careful study
was conducted by making use of the experimental data from the database and the Kox-Shen model. It
has been observed that with the multiplication factor of the neutron excess parameter being set to o = 5,
low-energy data are fitted best, while o = 0 fits them better at high energies. The recommended parameter
in Ref. [260] is a = 1, which is a good compromise if the condition is to keep « constant at all energy
values. Probably, an energy-dependent function modelling o would be ideal.
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Figure 5.18: Comparison between Kox1987 mass and charge-changing cross-section data collected during
different experimental campaigns for the following systems: 2°Ne + 2’ Al and °6Fe + 12C. IK
stands for Inverse Kinematic data, “cc” for charge-changing and “mc” for mass-changing
cross-sections. Data in Panel (a) are from references [157, 182, 224, 228, 235, 242], in Panel
(b) from references [157, 166, 170, 174, 196, 198, 220, 235, 242].

High-Energy Data

For some systems, the parametrisations provide different results at high energies (see Figure 5.19). In
particular, Tripathi96 tends to provide values higher than the other parametrisations at high energies
and, for the case of heavy projectiles, Hybrid-Kurotama provides lower values. To quantify such effect,
the relative differences were computed for several systems, between the maximum and minimum cross-
section values provided by the different parametrisations at 10 GeV u~'. The results for different projectiles
(different colours) are reported in Figure 5.20 as a function of the target atomic number. It can be noticed
that such relative deviations become systematically larger for heavier targets for all projectiles considered,
and they tend to be larger for heavier projectiles (except for “He). Such differences underline uncertainties
in the MC simulations since, for some systems, the results can strongly be influenced by the choice of the
cross-section parametrisation.

Considerations Involving the Absorbed Dose Measurements

As reported in Section 5.1.2, the Tripathi model is used in FLUKA MC simulations and the Hybrid-Kurotama
in PHITS. Looking at the MC simulation results of Chapter 4, it can be seen in Figure 4.1 that PHITS
underestimates the dose attenuation in HDPE, which means that it underestimates the reaction cross-section
of 56Fe + 12C or 'H. Concerning the system °°Fe + '2C, it can be seen in Figure 5.17 that he Hybrid-
Kurotama model at energies slightly lower than 1 GeV u™! fits well the Kox1987 dataset. This is additional
evidence that the dataset underestimates the real cross-section values. PHITS underestimates also the dose
attenuation in the lithium-based hydrides. This could be due to an excessive depth of the Hybrid-Kurotama
basin at intermediate energies. For what concerns FLUKA, it fits very well all the dose attenuation data
with the lithium-based hydrides. Since Tripathi96 with D /3 strongly overestimates the cross-section data,
it is to be concluded that among the internal optimisations included in the implementation of the Tripathi
parametrisation in FLUKA there is also the usage of D instead of D /3 for the system %5Fe + "Li and, possibly,
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Figure 5.19: Comparison between parametrisation results and cross-section data for the following sys-
tems: “He + 207Pb and *SFe + 207Pb. Data in Panel (a) are from references [179, 230, 238], in

Panel (b) from reference [174].
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Figure 5.20: Relative differences between the maximum and minimum cross-section values predicted
by the different parametrisations at 10 GeV u~" (divided by the average value for all models)
for different projectile nuclei as a function of the target atomic number. The dashed lines
connect the points to guide the reader’s eyes.

for all the cases involving lithium.

5.1.6 Proposed Optimisation of the Tripathi Parametrisation

Thanks to the large amount of data collected in this work, it was possible to optimise the Tripathi parametri-
sation so that it fits the data better. This parametrisation was chosen because it has many system-dependent
parameters, which were adapted to fit the experimental data system by system.
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Tripathi96

Starting from the Tripathi96 parametrisation, the following modifications are proposed.
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* The case of lithium projectile. As discussed in Section 2.7.3, lithium plays an important role in

innovative passive shielding materials for radiation protection in space. Besides the fact that not
many data have been measured at all with lithium, a comment about the Tripathi96 parametrisation
for this element is added. The literature [262] recommends the usage of D/3 instead of D for lithium
projectiles for the Tripathi96 model calculations. However, Figure 5.21 reports a few examples that
show that using D gives better agreement with the experimental data.
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Figure 5.21: Tripathi96 computed both using D from Equation 5.15 (choice followed in the present work)

and D/3 (as recommended in Ref. [262]) for the following systems: “Li + 12C, °°Fe. IK stands
for Inverse Kinematic data. Data in Panel (a) are from reference [189], in Panel (b) from
reference [174].

In addition, optimisations were performed for all isotopes of lithium impinging on many different
targets, by using the data collected in the database. Such optimisations are collected in Tab. 5.2. The
parameters that were modified with respect to Ref. [262] are T7 (see Eq. 5.14) and the multiplication
parameter of D, which was always set to 1.75 in Ref. [262] (see Eq. 5.15). By re-writing Equation 5.15

as:
PA, T PAr

PAc t PAc ’
the optimisations apply to the factor d. Such optimisations are reported in Tab. 5.2.

D=d (5.28)

Other projectiles. Optimisations for several other systems were performed by fitting Tripathi96 to the
data collection (see Table 5.3). In particular, the focus was put on ?Be, 2C, 160, 2°Ne and *°Fe on all
the different targets from the database. Such ions were chosen because they contribute most to the
GCR dose equivalent in free space (see Equation 5.27). Optimisations were performed also for 27Al
+ 56Fe since this is the projectile-target system that the parametrisation uses for *’Fe + 27Al (the
lighter ion is always the projectile in the eyes of the model).

No optimisations could be performed for the case of 2*Mg and ?®Si projectiles, which are also important
contributors to the GCR dose in free space since no mass-changing (reaction) cross-section data were
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Table 5.2: Recommendations for parameters to be used for Li isotopes projectiles within Tripathi96. In
Reference [262], T} = 40, d = 1.75, and f = 1 for all of the systems.

System Ty d f System T d f
6Li — 9Be 110 1.8 1.1 7Li— %Be 40 1.65 1
12¢ 110 1.75 1 2TA1 40 1.8 1
27TAl 110 1.9 1.05 2851 40 16 1
28si 110 1.8 0.95 6Fe 40 2 1
64Cu 100 1.8 1 64Cu 100 1.8 1
8Li — 9Be 40 165 1 9Li— !2C 40 18 1
28gi 80 1.8 0.93 2TAl 40 19 1
64Cu 100 1.8 1 64Cu 100 1.8 1

H1j - 9Be 40 1.3 1
2 40 135 1
2si 55 2.8 1.5
64Cu 100 1.8 1

Table 5.3: Recommendations for parameters to be used for different projectiles within Tripathi96. In
Reference [262], T1 = 40, d = 1.75, A = 0.292, and f = 1 for all of the systems.

System T d A f  System T d A
12¢c 5 12¢ 50 1.9 0292 1 9Be— ‘Be 40 1.7 0.292
60 40 2 0292 1 126 65 1.8 0.292
20Ne 30 2.7 0292 1.4 27TA1 40 1.8 0.292

5Fe 40 1.8 0.292
64Cu 65 1.75 0.292
160 - 27A1 25 1.75 0.292
64Cu 30 1.75 0.292
20Ne — %4Cu 60 1.75 0.292

22Na 80 2.1 0.292
Mg 55 1.9 0.292
27TAl 50 2 0.292
288i 70 1.9 0.292
OCca 50 2.2 0.292
Fe 55 2.2 0.292
64Cu 60 1.9 0.292

RN G O G S )

T S g g

measured. There are no available data for the system 2’Al + 28Si. To be noted, for the specific case of
12¢ — 917r no optimisation was proposed since there are only data from the Aksinenko1979 dataset,
which was judged to be not reliable within the present work since it constantly underestimates the
data for other systems (see Sec. 5.1.4).

For projectiles lighter than Li, optimisations are given for Tripathi99 later in this section.

Tripathi99

The broad data collection allowed to carefully analyse all the nucleus-nucleus “light systems” for which
cross-section data were measured. As a result, new parameters are recommended to be used for 2H, 3He
and “He projectiles. All the recommendations are collected in Tables 5.4, 5.5 and 5.6. For the systems for
which no data or only very high energy data are present, the parameters given in Ref. [263] remained
unchanged.
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Firstly, it is recommended to use a = 5 for the multiplication factor of the neutron excess parameter
for Zr > 54. Using a = 0.91 in fact, underestimates cross sections for very heavy targets. Concerning 2H
and 3He systems, recommendations for R¢ and T are given. In Fig. 5.22 are reported two examples of
how the optimisations proposed in this work fit the experimental data better for 2H + 0 and 2H + °°Fe.
For 3He no high-energy data were found in literature, so no changes in D were proposed. In Fig. 5.23 are
reported two examples of how the optimised model fits the data for 3He: 3He + 28Si and 3He + 2°7Pb.

Concerning “He projectiles, changes in R¢, Ty and also A (see Eq. 5.14) are proposed. Changes in A were
necessary only for “He on '2C system. Recommendations are given about which Eq. to use between 5.15
and 5.19 and with what values for G and Dy. Among the other things, it can be noticed that a growth in
D, with the heavier targets gives a systematic better fit with the high-energy data. In Fig. 5.24 are reported
two examples of how the optimisations proposed in this work fit the experimental data better for *He on a
medium-light (*°0) and a heavy (*°"Pb) target.

Table 5.4: Recommendations of parameters to be used for 2H projectiles within Tripathi99, from Ref. [263]
and this work. In the PHITS implementation, the parameters presented within Ref. [263] plus
specific ones for 2H + “He are used. Systems that did not require any change with respect to
the PHITS implementation (e.g. 2H + 2H, *He) are not reported. Exceptions to the rules are
reported right under it (see 2H + °Fe). When no specifications about the isotope are there, the
recommendations are to be considered valid for every isotope of the element.

Tripathi99 [263] This work

Re Ty Re Ty
’H + 9Be, 160 1 23 1 50
’H + 12C 6 23 1.5 50
’H + (12 < Zr < 50) 1 23 1 100
2H + 56Fe 1 23 0.6 100
°H + Sn, '36Xe 1 23 1 500
2H + 1198n 1 23 1.2 500
2H + 159Tb, 181Ta, ¥7Au 1 23 1.2 500
2H + 207pp, 209Bj 1 23 1 500
’H + 232Th 1 23 1.4 500

With the optimisations presented in this section, the optimised Tripathi parametrisation fits the data
best for all systems. Nevertheless, these optimisations should be tested by comparing the outcome of MC
simulations against experimental results of e.g. absorbed dose curves, as it was done for the Horst D factor
corrections [270].

5.1.7 Recommendations

Parametrisations

All models can represent the trend of experimental data quite well, with the only exception that the
Tripathi96 D value should be used without dividing it by 3 for lithium projectiles. It is hard to make
suggestions about what parametrisation should be used, especially because of the lack of data points for
many systems, and the different results obtained for different systems. Table 5.7 collects the considerations
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Figure 5.22: Comparison between the results obtained for 2H using Tripathi99 with the parameters re-
ported in Ref. [263] and in this work (see Table 5.4). The experimental data from the database
are plotted as well. For the case of ?H + 0Fe the agreement is shifted from the Wilkins1962
set of data with the parameters from Ref. [263], to Mayo1965 with the parameters from this
work. The reason is that Mayo1965 data are an upgraded version of Wilkins1962 data, which

were found out to be an underestimation of the real values.

Table 5.5: Recommendations for parameters R, T1, and « to be used for 2He projectiles in Tripathi99
[263]. The parameters from the original model are compared to the parameters recommended
in this work. Systems that did not require any change in these parameters (e.g. *He + 12C, 27Al)

are not reported.

Tripathi99 [263] This work

RC T1 « RC T1 (&%
3He + “Be 1 40 0.91 1 50 0091
3He + 160 1 40 091 1 50 0091
3He + 28si 1 40 091 1 65 0091
SHe+%Ca 1 40 0.91 1 55 0091
3He + 58Ni 1 40 091 06 60 091
3He + ONi 1 40 091 1 70 091
SHe+'™Sn 1 40 091 1 90 0.91
SHe+'%sn 1 40 091 0.5 70 0.91
SHe+'sSn 1 40 091 0.5 75 091
SHe+'Sn 1 40 091 0.7 80 0.91
SHe + 27Pb 1 40 0.91 1 50 5

that can be made out of the results presented in Section 5.1.4. Kox and Shen do not appear in Table 5.7 as
the Kox-Shen parametrisation is the most recent update of both. Also, the Kox model tends to overestimate
the importance of the neutron excess parameter, which makes it more error-prone when used for heavy-
target systems. The Kox-Shen model does not appear for intermediate energies as it cannot reproduce the
consistent drop in the datasets in this energy region. The Hybrid-Kurotama model is reported for high
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Table 5.6: Recommendations of parameters to be used for *He projectiles within Tripathi99, from Ref. [263] and this work. Eq. 5.16
comes from Ref. [262, 263], Eq. 5.19 from Ref. [156]. Systems that did not require any change to the parametrisation presented
in Ref. [263] are not reported. When no specifications about the isotope are there, the recommendations are to be considered
valid for every isotope of the element.

Tripathi99 [263] This work

Rc T D Dy G A Rce T D Dy G A
‘He + "Li 1 40 Eq.5.16 2.77 75 0.292 1 40 Eq.5.16 295 75 0.292
‘He + “Be 1 25 Eq.5.16 277 300 0292 7 50 Eq.519 22 50 14
4He + 12C 1 40 Eq.5.16 277 75 0.292 3.5 50 Eq.519 22 50 0.7
4He + 160 1 40 Eq.5.16 2.77 75 0.292 1 50 Eq.5.19 24 50 0.292
‘He + ?°Ne 1 40 Eq.5.16 2.77 75 0.292 1 40 Eq.5.16 3 75 0.292
4He + 27A1 1 25 Eq.5.16 2.77 300 0.292 1 20 Eq.5.16 2.5 300 0.292
‘He + 28Si 1 40 Eq.5.16 2.77 75 0.292 1 50 Eq.5.19 24 50 0.292
4He + 4°Ca 1 40 Eq.5.16 277 75 0.292 1 100 Eq.5.16 277 75 0.292
4He + *8Ti 1 40 Eq.5.16 2.77 75 0.292 1 40 Eq.5.16 3 300 0.292
4He + 1V, 22Cr 1 40 Eq5.16 277 75 0.292 12 40 Eq.5.16 3 300 0.292
4He + 5%Fe 1 40 Eq.5.16 2.77 300 0.292 1.2 40 Eq.5.16 3 300 0.292
“He + %°Co 1 40 Eq.5.16 277 75 0292 1.1 40 Eq.5.16 3 300 0.292
‘He + Ni 1 40 Eq.5.16 277 75 0.292 12 80 Eq.516 3 300 0.292
4He + %Cu 1 40 Eq.5.16 277 75 0.292 1.2 80 Eq.5.16 3.2 300 0.292
‘He + %Zn 1 40 Eq.5.16 277 75 0.292 1.1 80 Eq.5.16 3.2 300 0.292
4He + 91Zr, 93Nb, Mo 1 40 Eq.5.16 277 75 0.292 1.1 80 Eq.5.16 3.4 300 0.292
‘He + 19%Ag 1 40 Eq.5.16 277 75 0.292 1 80 Eq.5.16 3.4 300 0.292
‘He + Sn 1 40 Eq.5.16 277 75 0.292 1.1 80 Eq.516 3.4 300 0.292
‘He + ®1Ta 0.6 40 Eq.5.16 2.77 75 0292 1.1 80 Eq.5.16 3.4 300 0.292
4He + 97Au 0.6 40 Eq.5.16 277 75 0.292 1 80 Eq.5.16 3.4 300 0.292
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Figure 5.23: Comparison between the results obtained for 3He using Tripathi99 with the parameters
reported in Ref. [263] and in this work (see Table 5.5). The experimental data from the
database are plotted as well.

Table 5.7: Recommendations of parametrisations to be used for systems of interest for radiation protec-
tion in space for light and heavy systems and at different energy ranges.

System Models fitting the best
Low energies Intermediate energies High energies
(E<30MeVu™') (30MeVu ' < E <500MeVu™!) (E>500MeVut)
All systems Kox-Shen Tripathi96 Kox-Shen
(including light) Hybrid-Kurotama Hybrid-Kurotama
Light systems Tripathi99

energies, but underestimates the high-energy data for the case of heavy projectile and target systems. Since
specific system-dependent optimisations were performed within this work for Tripathi96 and 99 to fit the
collected data, the optimised Tripathi model presented in Section 5.1.6, fits the data best.

Gaps in the Experimental Data

In literature, there are either no cross-section data (or not enough of them or they are non-reliable) for
several important systems in the field of radiation protection in space. For instance, there are no data for
160, 20Ne and 2*Mg impinging on any target of interest for space. Also, there are no data for the following
systems: “SFe + 160, 27Al + 28Si, 28Sj + 27Al, and 28Si + 28Si. Since cross-section measurements on
oxygen targets are difficult to perform, inverse kinematic measurements using °0 beams on various solid
targets (e.g. carbon, aluminium, silicon, iron) could be very efficient to fill some of the gaps. High-energy
(> 1GeVu~!) data are available for almost none of the systems in Equation 5.27, meaning that the models
cannot be validated at such energies. This is very important since different parametrisations model the
high-energy cross-section values very differently (see Figure 5.20). High-energy cross-sections are relevant
when it comes to cosmic radiation transport through matter, and poor knowledge of them can lead to large

95



Cross section / b

Cross section / b

He-4 + Be-9 He-4 + O-16
1.0 Tripathi99 Tripathi99
Tripathi99 (This work) 1.04 Tripathi99 (This work)
Tanihatal985 IH ’ Horst2019
0.8 1 1901963 Webber1990(IK)
Ingemarsson2000 -3 0.8 Ingemarsson2000
0.6 1 s I
© 0.6 ;
9] =
# o 4 D1 1
0.4 1 8
O 0.4 4
0.2 4 0.2
0.0 T T T 0.0 T T T
100 10t 102 103 104 10° 10t 102 103 10
Projectile Kinetic Energy / MeV/u Projectile Kinetic Energy / MeV/u
(a) (b)
He-4 + Al-27 He-4 + Pb-207
1.2 4
3.0 1
1.0
2.51 I
Qo
0.8+ R S50l
3 °
0.6 g
: o o151
Tripathi99 9
0.4 Tripathi99 (This work) S 1.0 Tripathi99
Tanihatal985 ¥ ' Tripathi99 (This work)
Webber1990(IK) Hé 1901963
0.2 1901963 0.5 Ingemarsson2000
Aksinenko1980 ¥ Aksinenko1980
0.0 T T T 0.0 T T T
100 10t 102 103 104 10° 10! 102 103 104
Projectile Kinetic Energy / MeV/u Projectile Kinetic Energy / MeV/u
(© (d)

Figure 5.24: Comparison between the results obtained for *He using Tripathi99 with the parameters
reported in Ref. [263] and in this work (see Table 5.6). The experimental data from the

database are plotted as well.

simulation errors. Therefore, high-energy cross-sections are the most important to be measured to improve
simulation capabilities.
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5.2 Fragment Production Cross-Section Database

This data collection aims to give a broad overview of all the total inclusive fragment production cross-
section data measured so far. A study of both elemental and isotopic fragment production cross-sections is
included in this work. At the end, considerations about the experimental gaps for space radiation shielding
applications are reported.

5.2.1 The Database

Data

Also in this case, only data from English-written peer-reviewed publications were included in the data
collection. A total of 7536 fragment production cross-section data from 69 peer-reviewed publications
[157-163, 165-170, 174, 182, 198, 200, 201, 203, 209, 211, 213, 214, 217, 224, 227, 228, 274-315]
have been included in the database so far.

As explained in Section 2.5.2, production cross-sections can be inclusive or exclusive, elemental or
isotopic, total or differential. Since total inclusive cross-sections are the easiest to be measured, more data
are available in the literature. Therefore, the database created within this work only contains total inclusive
fragment production cross-section data, both elemental and isotopic.

In figure 5.25, the number of cross-section data reported in the fragment production cross-section
database is plotted as a function of the atomic number of the projectile nucleus. A zoom on the data
until nickel is reported in Panel (b), as those are the most relevant projectiles for radiation protection in
space purposes. Elemental cross-section numbers are shown in blue and isotopic in cyan. By comparing
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Figure 5.25: Number of cross-section data reported in the production cross-section database as a function
of the atomic number of the projectile nucleus Z,. Elemental cross-section entry numbers
are shown in blue and isotopic in cyan. In Panel (a) all entries are shown, in Panel (b) only
entries up to nickel projectiles.

Figures 5.1 and 5.25, it can be noticed that fragment production cross-sections were measured for fewer
projectiles, as many Z, have no data associated with them. The measurement of fragment production

97



cross-sections requires, in fact, a greater experimental effort than total reaction cross-sections. Nevertheless,
for the systems for which data were measured, more data than for reaction cross-sections are reported.
One nuclear reaction generates many fragments (multiplicity). In particular, the higher the Z, is, the more
different projectile fragments can be generated. Also, in most cases for which isotopic cross-sections were
also measured, the number of isotopic cross-section data is higher because many isotopic cross-sections are
associated with one elemental cross-section, as more than one isotope corresponds to one element.

As a general consideration, there are fewer publications for fragment production cross-section data
(69) than for reaction cross-section data (103). This is because production cross-section data are harder
to be measured as they require more detectors and statistics, therefore more beam time. Nevertheless,
within such publications, more fragment production cross-section data can be found (7552) than reaction
cross-sections (1786). For each nuclear reaction, several different fragments can be produced. Additionally,
the heavier the projectile is, the greater the number of fragments that are produced. This is even more true
for isotopic cross-sections. Therefore, the fragment production cross-section data in this second database
are more than the reaction cross-section data in the first database even if the number of publications is
considerably smaller.

Database Structure

Also this database is available as a table. The columns of the table are the following (an explanation is
reported only for columns that are different to the reaction database):

* Projectile atomic number.

* Projectile mass number.

* Target chemical formula.

* Target mass number.

* Projectile kinetic energy (MeV/u).
* Fragment atomic number.

* Fragment mass number. This was set to O in case the cross-section is elemental since all the mass
numbers of the element are included.

e Cross-section (mb).

e Cross-section error (mb).

* First author of the publication.

* Year of the publication.

* DOI: unique Digital Object Identifier of the peer-reviewed publication.

e Comments.
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5.2.2 Elemental Cross-Sections

In the following are reported the elemental cross-section data for the most relevant systems for radiation
protection in space applications (see Equation 5.27).

For “He projectiles, no elemental cross-section data were measured. Only hydrogen and helium fragments
can be produced. Therefore, isotopic cross-sections are more relevant for this projectile (see Section 5.2.3).
Also, no data for oxygen or silicon targets were measured for any of the projectiles of interest. Solely for
iron projectiles, lithium target data are present in the literature.
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Figure 5.26: Total inclusive elemental fragment production cross-section data as a function of the frag-
ment atomic number Z; for the following systems: 12C + 'H, 12C, 27Al, H,0. Data in Panel (a)
are from references [166, 225, 300, 305], data in Panel (b) from references [170, 211, 225, 305],
data in Panel (c) from references [170, 225], and data in Panel (d) from references [170, 211].

The '2C projectiles data are reported in Figure 5.26. Only data for 'H, '2C, and 27Al targets are reported,
as data for Li, 190 or ?8Si are not present literature. Only for the case of '2C projectiles, elemental
cross-sections were measured on water. Since water is the main component of human body, such data are
reported in Panel (d) of Figure 5.26. Probably, water target data are only present in the literature for 2C
projectiles because of the importance of such cross-sections in heavy-ion therapy. This is another example
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of how the field of radiation protection in space can benefit of the research done for heavy-ion therapy
[273]. A different combination of colour and symbol was used for different datasets. For each of them, the
first author and year of the peer-reviewed publication from which the data were extracted, are reported. It
can be noticed that the probability of producing helium fragments is much higher than that of the other
elements. The reason for this is that the binding energy per nucleon of *He is very high (double-magic
nucleus). Therefore, 12C has a high cross-section for the so-called three-a process, where it breaks into
three a nuclei.

The 160, 2°Ne, Mg and 28Si projectile data are reported in Figures 5.27, 5.28, 5.29, and 5.30. For these
systems, only data for 'H, 12C, and 27Al targets are present in literature.
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Figure 5.27: Total inclusive elemental fragment production cross-section data as a function of the frag-
ment atomic number Z; for the following system: 160 + 'H, 12C, 27Al. Data in Panel (a) are
from references [166, 213, 228, 305], in Panel (b) from references [213, 228, 305], and in Panel
(c) from references [213, 228].

For the case of °Ne projectiles, Zeitlin et al. measured helium production cross-sections. As for the case
of 12C projectiles, the double-magic nuclear property of « nuclei makes these cross-section values much
larger than the production of any other element. Nevertheless, the helium production cross-section is less
large than the cross-section of the production of other fragment elements in the case of ?Ne projectiles
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Figure 5.28: Total inclusive elemental fragment production cross-section data as a function of the frag-
ment atomic number Z; for the following systems: 2°Ne + 'H, 12C, 27Al. Data in Panel (a) are
from references [157, 224, 228, 305], data in Panel (b) from references [157, 224, 228, 289,
305], and in Panel (c) from [157, 224, 228].

than '2C. ?°Ne ions do not undergo the three-a process of '2C projectiles.

The *SFe projectiles data are reported in Figure 5.31. Data for 'H, 7Li, 2C, and 2Al targets are reported,
as no data for 90 or 28Si were measured.

For all projectiles heavier than !2C, only fragments with Z; > 4 could be resolved during the measure-
ments, except for the production of helium (Z; = 2) from 20Ne projectiles, and of lithium (Z ¢ = 3) from
%Fe + 27Al reactions. It becomes, in fact, more challenging to resolve the production of light ions when
heavier projectiles come into the picture.

Because of peripheral collisions, which cause the loss of a few nucleons only, the cross-section values
become higher the closer the Z; gets to Z,. The only exceptions are the production cross-sections of
helium fragments, which are very high due to high binding energy per nucleon of “He, and the production
cross-sections of nitrogen and fluorine, which tend to be lower due to the drop in the binding energy per
nucleon for the nuclei of the stable isotopes of these two elements. Also, the OES effect can be observed for
almost all systems.
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Figure 5.29: Total inclusive elemental fragment production cross-section data as a function of the frag-
ment atomic number Z; for the following systems: Mg + 'H, 12C, 2"Al. Data in Panel (a)
are from references [228, 305, 308], data in Panel (b) from references [217, 228, 305], and in
Panel (c) from [217, 228].

5.2.3 Isotopic Cross-Sections

In this Section, the focus is put on isotopic cross-sections, for which not only the atomic number of
the fragment Z; is measured but also its mass number A;. In Figures 5.32, 5.33, 5.34, and 5.35, the
isotopic cross-section data for the most relevant systems for radiation protection in space applications (see
Equation 5.27) are reported. The plots show cross-section data as a function of A; and different colours
are used for different elements (Z;). At times, more than one data point is present for a single fragment
isotope. The reason is that data at different projectile kinetic energies were measured.

Concerning “He projectiles, only data on '?C and specifically for the production of 3He were measured at
four different energies, which are of interest for heavy-ion therapy applications. No data for the production
of other fragments were measured.

For '2C projectiles, data on 'H, '2C, 160, and 27Al targets were measured. Since '2C is an ion of interest
also for therapy applications, more cross-section measurements were performed. Several isotopes of all
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Figure 5.30: Total inclusive elemental fragment production cross-section data as a function of the frag-
ment atomic number Z; for the following systems: 28Si + 1H, 12C, 27Al. Data in Panel (a) are
from references [203, 209, 226, 305], in Panel (b) from references [168, 203, 209, 226, 305],
and in Panel (c) from references [203, 209, 226].

elements from hydrogen to carbon were covered during such measurements. Many different projectile
kinetic energies were used for fragments with Z; = 1, 2. Cross-sections for the production of hydrogen and
helium are higher than cross-sections for the production of heavier elements. The cross-sections for the
production of elements with Z; = 1,2 are much lower (around a factor of 5) for 'H targets than for the
others.

For the system '2C + 'H, data for Z + = 1,2 come from four different experiments [277, 286, 300, 304]
at very different energies, from 95 to about 3000 MeV u~!, and data for heavier fragments come from one
experiment only [301]. It is hard to reveal both heavy and light fragments with the same set of detectors.
The data collected at 95 MeV u~! [277] are of interest for therapy, the others for space applications.

For the system '2C + '2C, data come more or less in equal amounts for energies of interest for therapy
and space applications. During some experiments, all fragments were detected [277, 286, 304], but during
others, only the production of either heavy or light fragments was measured.

As already pointed out, using 60 as target is not trivial. Therefore, only one experiment made mea-
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Figure 5.31: Total inclusive elemental fragment production cross-section data as a function of the fragment
atomic number Z for the following systems: 5Fe + 'H, Li, 2C, 2" Al. Data in Panel (a) are from
references [166, 174,198, 285, 305, 309], data in Panel (b) from [174], in Panel (c) from [174,
198, 285, 305, 307, 309], and data in Panel (d) from[285, 299, 307, 309].

surements of isotopic fragment production cross-sections for 12C + 60 [277]. The energy is 95 MeV u~!,
which is of interest mainly for therapy. All fragments were resolved.

Also for the case of 12C + 27Al, all fragments were resolved and both low (95MeV u~!) [277] and high
energies (1.05 and 2.1 GeV u~1') [286, 304] were covered.

Concerning 190 projectiles, fewer data are available than for 12C projectiles. Nevertheless, since 150 has
been thought to be used for therapy applications [316], data at therapy energies were also measured [296,
297, 303]. Nevertheless, high-energy data were also measured [286, 304]. Also for 50 projectiles, in most
cases, either light or heavy fragments were resolved during one experiment. Therefore, hydrogen and
helium data were not taken for the same energies as for the rest. In the case of 10 + 27Al, production
data for Zy = 1,2 were taken at high energies (2100 MeV u~!) and for heavier fragments at low energies
(100 MeV u™1). For all other cases, the situation is reversed.

It can be noticed that, for both cases of 12C and 60 projectiles, the production cross-section values of
light fragments become higher for heavier targets. In addition, differently from the other systems studied,

104



He-4 + C-12

300
@® He
250 A

200 A

150

Cross section / mb

100 A

2 3 4
Ar
Figure 5.32: Total inclusive isotopic fragment production cross-section data as a function of the fragment

mass number A for the following systems: “He + !2C. Data are from reference [167] at
energies of 83.5, 125 and 176 MeV u!.

the OES is very pronounced for the systems '°0 + 'H, '2C, especially for Z; = 1,2, 6.

It is more difficult to perform isotopic cross-section measurements for °°Fe projectiles because many more
fragments are produced. In fact, data for °°Fe + 'H (Panel (a) of Figure 5.35) are from one experimental
campaign only [312] and the same is valid for data for ®Fe + '2C (Panel (b) [306]). Nevertheless, a wide
range of fragments were covered in both cases, especially for the system °°Fe + 'H. The projectile kinetic
energy for the system %Fe + 'H is 1 GeV u~!, and for *Fe + 2C 600 MeV u~!, both of interest for space
applications.

Since data at various energies were collected for “He and '2C projectiles, plots showing only the cross-
section data for the production of one specific fragment as a function of the projectile kinetic energy
were generated. The focus was put on light fragments, as more data at different energies were collected
and because of their relative importance in radiation protection in space [105]. The plots are shown in
Figures 5.36, 5.37, 5.38, and 5.39. Data from Olson1983 [304] were excluded by all plots containing
data from Lindstrom1975 [286] as they simply reproduce them perfectly. For all cases plotted in the four
Figures, the data seem to decrease as the projectile kinetic energy increases, with the exception of the
production of ?H and 3H for the system '2C + 'H (see Figure 5.37).

5.2.4 Discussion and Recommendations

Elemental Cross-Sections

Concerning elemental cross-sections, no data for oxygen or silicon targets were measured for any of the
projectiles of interest. Solely for iron projectiles, lithium target data are present in the literature.

The lack of oxygen target data is probably due to the technical difficulties in using a gaseous target.
Nevertheless, it is possible to measure such cross-sections by using a composite target such as water and
subtracting the hydrogen contribution. This same method is often used to measure cross-sections for
hydrogen targets with a combination of graphite (pure C) and CH, targets. For oxygen target data, a
combination of graphite, CHs, and water targets could be exploited.
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Figure 5.33: Total inclusive isotopic fragment production cross-section data as a function of the fragment
mass number A for the following systems: 12C + 'H, 12C, 60, 27Al. Data in Panel (a) are
from references [277, 286, 300, 301, 304], in Panel (b) from [220, 277, 278, 286, 288, 296, 302,
304], in Panel (c) from [277], and in Panel (d) from [277, 286, 304].

Concerning silicon target data, they are important to be measured because of the consistent amount of
electronic devices surrounding the spacecraft habitat. It is therefore recommended that they are measured.
The same is valid for lithium targets because of the lithium content of innovative shielding materials such
as the ones tested in this work (see Chapter 3).

Isotopic Cross-Sections

Also for isotopic cross-sections, almost no *He projectiles data were measured, except for 3He production
data for the system *He + '2C, which is of interest for therapy applications. This is a very important
gap in such data because of the relative importance of such ions in the GCR contribution behind thick
shields [105]. Therefore, it is recommended that this gap is filled in future experimental campaigns. Data
measured using ?°Ne, Mg, and 28Si projectiles are missing and recommended to be measured.
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Figure 5.34: Total inclusive isotopic fragment production cross-section data as a function of the fragment
mass number A for the following systems: 160 + 'H, 12C, 2"Al. Data in Panel (a) are from
references [286, 296], in Panel (b) from [286, 296, 297], and in Panel (c) from references [303,
304].

Also for the case of isotopic cross-sections, data on lithium, oxygen, and silicon targets are missing,
except for the system of interest for therapy '2C + 60, where data only at energies of interest for therapy
and not space (95 MeV u~!) were measured. Therefore, data with these targets are recommended to be
measured. For all the elemental and isotopic cross-sections listed, the focus is recommended to be put on
high energies.
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Figure 5.35: Total inclusive isotopic fragment production cross-section data as a function of the fragment
mass number A; for the following systems: °°Fe + 'H, 12C. Data in Panel (a) are from
reference [312] and in Panel (b) from [306].

He-4 + C-12 --> He-3

300
T @ Horst2017

250 -
Q
€ ¢
= 200 A
S
s}
[}
wn
% 1509 L1
[
[©]

100

80 100 120 140 160 180 200 220

Projectile kinetic energy / MeV/u

Figure 5.36: Total inclusive isotopic production cross-section data as a function of the projectile kinetic
energy for the following reaction: *He + '2C — 3He. Data are from reference [167].
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Figure 5.37: Total inclusive isotopic fragment production cross-section data as a function of the projectile
kinetic energy for the following reactions: 12C + 'H — 'H, 2H, 3H, He, *He, SHe. Data are from
references [277, 286, 300, 301].
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Figure 5.39: Total inclusive isotopic fragment production cross-section data as a function of the projectile

kinetic energy for the following reactions: '2C + 27Al — 'H, 2H, 3H, 3He, *He, ®He. Data are

from references [277, 286].
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5.3 Web Application

A web application was developed for the users to access the databases. From the link [154], the user can
access the database web application itself, the user manual, the reaction cross-section database publication
where the database is explained, and the email address of the responsible team.

In the web application (see Figure 5.40), the user can select the database of interest between reaction
and fragment production cross-section databases, by selecting it to heading “Cross-section data type”. Once
selected the database, two tabs navigate the user to the related sections. The first section is a display of
the data (“Database” section). In the second section, the user can directly plot the cross-section data as
a function of the projectile kinetic energy (“Plot” section). For the reaction cross-section database, it is
possible to also plot the parametrisations described in Section 5.1.2, either alone or alongside the data
from the database. The database and plot sections are independent of each other. They are equipped with
filters and settings. The filters allow the user to select the data and, eventually, the parametrisations of
interest. Through the settings, the visual properties of the data collection and of any generated plots can be
adjusted. It is possible to download the database (entire or only the data of interest) and the plots. It is also
possible to send feedback about the databases or the app and report eventual bugs to the responsible team,
send data and the generated plots to a desired email address without downloading them first, send some
data that do not appear in the databases to the responsible team so that they addition can be assessed.

As already mentioned, the plot section allows the user also to plot parametrisations only. In this case, the
target can be any isotope, element or self-defined molecule. Atomic and mass numbers of such compound
targets are computed as described in section 5.1.1. The cross-sections of projectiles impinging on compound
targets are computed as:

o= ni0), (5.29)

where n; is the number of atoms of the element ¢ in the molecule and o; is the reaction cross-section of the
projectile with the element. o; is computed taking into account the natural isotopic abundances of the
element .
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Figure 5.40: Screenshots of the web application. Panel (a) is from the data section of the total reaction
cross-section database, without any filters applied. Panel (b) is from the plot section of the
total reaction cross-section database, for the system 2C + 2C, including only mass-changing
cross-section data and all parametrisation.

113



5.4 Conclusions of the Cross-Section Databases and Future Work

Human space exploration relies on deterministic and stochastic transport codes, and nucleus-nucleus cross-
sections are a key ingredient to them. Therefore, nuclear reaction and fragment production cross-section
databases for nucleus-nucleus systems were generated as a result of a GSI-ESA-NASA collaboration in the
framework of the ROSSINI3 project. Chapter 5 focused on presenting the two data collections generated
(reaction cross-section database) or expanded starting from the work of colleagues (fragment production
cross-section database) in the framework of this thesis work. The reaction cross-section database contains
1786 data from 103 publications. The fragment production cross-section database contains 7536 data from
69 publications. Both were made open-access and can be found at [154].

5.4.1 Reaction Cross-Section Database

The reaction cross-section database [68] is made of charge-changing and reaction cross-section data. The
reaction data were compared to the parametrisations implemented in the MC codes most commonly used
for radiation protection in space applications, namely the Kox, Shen, Kox-Shen, Tripathi, and Hybrid
Kurotama parametrisations.

The comparison between data and parametrisations allowed to highlight some problems in some of the
available datasets, point out limitations in the parametrisations such as the projectile-target asymmetry
issue and the large differences at high energies and give recommendations about which parametrisations fit
the data best depending on the system and energy region and what are the gaps in the currently available
cross-section data. In particular, the Kox-Shen model is the best at reproducing the data at low energies
and high energies for most systems, Tripathi96 can reproduce the data trend at intermediate energies, and
Hybrid-Kurotama works well at intermediate and high energies. Concerning light systems, Tripathi99 can
reproduce the high-energy trend of the data well.

Additionally, the lack of data in the high-energy (> 1 GeV u™!) region, where the models show significant
differences, leads to large uncertainties in transport simulations. Therefore, it is recommended to measure
such high-energy data for the systems listed in Equation 5.27. Particular attention should be paid to:

* helium projectiles because of their relative contribution to dose equivalent behind thick shields [105]
and

* lithium targets, because lithium-based hydrides are promising innovative shielding materials in space
and nearly no cross-section data are available in the literature.

Also, the data from the database were used to optimise the Tripathi model. Therefore, this optimised
version of the Tripathi model is the parametrisation fitting the existing sets of data best. Nevertheless, this
optimised model should be validated by comparing the outcome of MC simulations with and without its
implementation to accelerator-based data, such as absorbed dose measurements [270].

5.4.2 Fragment Production cross-section database

The fragment production cross-section database is made of elemental and isotopic cross-section data. The
data for systems of interest for space are reported. Elemental cross-section data are missing for:

e lithium (but for iron projectiles), oxygen, and silicon targets,

e very light fragments (Z; < 3) for projectiles heavier than carbon.
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Concerning isotopic cross-sections, data are missing for:
* helium projectiles,
e lithium, oxygen, and silicon targets,
e the system °Fe + 27Al,
* low-Z fragments for iron projectiles,
* energies of interest for space for the systems *He + '2C and '2C + 160.

In both cases, such literature gaps should be covered. In addition, a study was conducted on the energy
dependence of isotopic cross-sections for the cases in which data of isotopic cross-sections at different
energies are available in the literature.

Future developments include comparing these data to the parametrisations most commonly used for
radiation protection in space applications, namely EPAX3, FRACS, SPACS, NUCFRG3, and RAADFRG.
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6 Conclusions and Future Work

The damages caused by GCRs represent a main obstacle to deep-space exploration and passive shielding is
currently the most promising radiation protection strategy. This thesis work focused on accelerator-based
experimental campaigns performed with standard, innovative, and potential in situ shielding materials
[132], the comparison of these results with the most commonly used MC transport codes, and a revision of
the available nuclear cross-section data and parametrisations used in these codes to model them [68].

The experimental campaigns were performed in the framework of the ESA project ROSSINI3 [15] and
the GSI project DEIMOS, with beams of interest for radiation protection in space, namely 1 GeV u~! 5°Fe,
2GeV 'H, 480 MeV 'H, and 430 MeV u~! *He. On the one hand, °5Fe is the main contributor to dose
equivalent behind thin shields. 5[4, 37]. On the other hand, light ions such as 'H and “He are the main
contributors behind thick shields. The target materials used for the experimental campaigns are structural
spacecraft materials such as aluminium, standard shielding materials such as PE, innovative shielding
materials such as lithium-based hydrides, potential dual-use components i.e. Li-poly batteries, and in situ
shielding materials such as Moon regolith. Lithium-based hydrides had already shown promising absorbed
dose attenuation results both through experiments and simulation campaigns. Nevertheless, they are not
chemically stable as they react with the moisture in the air. Therefore, composite materials were produced
by adding a stabilising paraffin matrix to the pure hydrides and they were tested within this work. The
irradiations with *°Fe showed a consistent dose attenuation for all the target materials. The materials
performing the best are the lithium-based hydrides. In particular, the measurements confirmed that LiH is
the best material among the ones investigated in this work concerning heavy-ion dose attenuation. Both the
pure hydrides and their version chemically stabilised in a paraffin matrix performed better than PE. Among
them, LiH-paraffin seems to combine the excellent dose attenuation properties of LiH with manageable
chemical stability. This suggests a big potential of the chemically stable innovative material LiH-paraffin
for its use in space radiation shielding applications. On the other hand, the irradiations with the light
ions showed a consistent dose build-up, which is stronger for lighter ions and higher energies. This dose
enhancement in the first centimetres of materials causes an inverse shielding, as the dose increases because
of the presence of the shielding material. Since the GCR spectrum is made of both light and heavy ions,
the dose ratio due to the presence of the shields in space will be a mixture of the dose attenuation of the
heavy-ion contribution and the dose build-up of the light ions.

Future developments of such experimental campaigns include testing the biological effectiveness of the
most promising materials through biological experiments with cells and animals. In particular, a GCR
simulator should be used to take into account possible synergistic effects of the complex space radiation
field. Also, measurements characterising the full secondary particle spectra behind the shields would be
very useful, especially to be benchmarked with MC codes. In particular, for physics experiments, one
could conceivably construct a GCR simulator by collecting single-beam data on the same target, both from
literature and from new experiments. This is similar to what was done in this work for LiH, but using even
more ions and energies.

The results obtained during the experimental campaigns were then compared to the simulation results
of some of the most commonly used MC codes for radiation protection in space applications, namely
FLUKA, PHITS, and Geant4. The Geant4 and PHITS simulations were performed by the Thales Alenia Space
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Italia team and the FLUKA simulations were carried out within the scope of this Thesis. Overall, the MC
simulation results showed significant and systematic differences among codes that are used for the same
radiation protection purposes. These differences are mainly due to the different nuclear cross-section models
used. Therefore, a comprehensive data collection was generated within this work as a GSI-ESA-NASA
collaboration and was made available as open-access online [154], where the data can be downloaded and
plotted.

As a result of a systematic study of the systems of interest for radiation protection in space, gaps in
the experimental data were pointed out. For several systems, no data are present in the literature at any
energy range. These gaps are therefore recommended to be filled. Particular attention should be focused
on *He projectiles because of their relevance to dose equivalent behind thick shields in space and to lithium
targets, as no data are present in literature and lithium-based hydrides are promising innovative candidate
shielding materials for space missions.

The study also included a systematic comparison between the data and the semi-empirical parametrisa-
tions implemented in the MC codes used for space. This highlighted the need for high-energy data as the
parametrisation predictions differ largely at high-energies, leading to high uncertainties in the outcome of
MC codes depending on the parametrisation used. Also, no single parametrisation appears to reproduce
well the experimental data for all systems and energy regions. Thanks to the comprehensive data collection
generated in this work, an optimisation of the Tripathi (both Tripathi96 and 99) model was performed.
Tripathi was chosen because of the high number of free parameters, which were changed system by system
to fit the data at best. In the future, these optimisations should be tested by implementing them into
MC codes and comparing the simulation outcome with experimental results of e.g. absorbed dose curves.
Future developments also include the usage of one optimal cross-section parametrisation in all MC codes,
as the preparation of space exploration missions from the radiation protection point of view fully relies on
them.

This work went, therefore, through three different aspects of the field of passive shielding from space
radiation. Firstly, it added both heavy and light-ion experimental data on many materials of interest
for space, including the promising innovative lithium-based hydrides. Secondly, it provided a complete
benchmark of MC codes with these data and considerations about the nuclear cross-section models
implemented in the codes were drawn. Lastly, a comprehensive nuclear reaction and production cross-
section data collection was developed, which allowed the highlighting of gaps in the experimental data
and the systematic comparison of the data with the most commonly used parametrisations in MC codes.
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