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ABSTRACT 

Effectiveness of Polymer Composites as Radiation Shield against 

Galactic Cosmic Rays 

by 

Deng Yang 

Currently spacecraft uses aluminum alloys for primary structures which do 

not provide sufficient radiation protection for both the spacecraft electronics and for 

the astronauts in cislunar space. This thesis evaluates the shielding effectiveness of 

several types of polymer composite materials against Galactic Cosmic Rays (GCRs). 

Because the galactic cosmic rays consist of high energy particles and produce 

neutrons while interacting with shielding materials, the purpose of this thesis is to 

assess new shielding materials that could be used to protect spacecraft electronics 

and the astronauts against both primary and secondary radiation. New type of 

composite shielding materials which are metal-doped polyacetylene with hydrogen 

are studied. Since the metal doped polyacetylene have large molecules, they are 

proposed to be ideal hydrogen storage materials for shielding purposes. The 

MULASSIS which is a one-dimensional Monte Carlo transport code is used for the dose 

equivalent calculations. This transport code demonstrated that the shielding 

effectiveness of the proposed materials in this thesis are better when compared with 

the currently used ones. In addition, the fluence analysis shows that Ti-decorated cis-

polyacetylene with hydrogen content produces less neutrons when it interacts with 

GCRs radiation and thus it naturally becomes very effective shielding material.   
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Chapter 1 

Introduction 

1.1  Background 

In 1962, one of the greatest U.S. presidents John Kennedy announced his plan 

to put man on the moon. 8 years later, Apollo 11 mission fulfilled his goal and 24 

astronauts have flown to the moon yet. And 48 years later, then-U.S. Barack Obama 

set a goal to send humans to orbit Mars and return them safely to Earth in the mid-

2030s.  

Historically, most human space activities have taken place in the Low Earth 

Orbit (LEO) and been protected by a radiation belt. This belt is called Van Allen belts. 

It is a zone of energetic charged particles and attenuated the radiation hazard from 

solar wind and cosmic rays.  

The average distance between Earth and Mars is over 200 times as far as it is 

from the Earth to the moon. A crewed Mars mission, which at least costs 300 days, 

requires traveling outside of the radiation protection zone. Humans have never tried 
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to stay such long time period outside of Van Allen Belt before, and 24 people who went 

to the moon only stayed very short days. Even worse, the intensity of space radiation 

accumulates over the long duration spaceflight [18]. However, scientists have not 

found a general acknowledged method to protect electronics and humans from the 

radiation hazard. In addition, any additional mass in a spaceflight is an additional cost. 

Therefore, investigating more effective shielding regimes and materials will be 

significant to insure the safety of humans inside spacecrafts. 

1.2  Space Environment 

The harsh radiation environment outside of Earth’s magnetic field is one of the 

most critical issues to be addressed. The space radiation consists mainly of electrons 

and protons, solar energetic particles (SEPs), and galactic cosmic rays (GCRs).  

SEPs are general low- to medium-energy particles transmitted from the sun 

during several types of lunar activities. They are associated with some solar flares 

which produce intense burst of high energy plasma propagating into the solar system 

[1]. These particles are transported to the Earth under influence of the solar wind. 

The SEPs composed mostly of protons and includes alpha particles and high atomic 

number and energy particles (HZE) with energies from 10 to 100 MeV [5]. Due to the 

regularity of solar activities, SEPs are relatively rare and occurs during the solar 

maximum phase of 11-years solar cycle [14]. Considering its relatively low energy 

spectrum, the harm of this type of radiation could be avoided based on current 

technology. 
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Unlike SEPs, GCRs are a chronic source of high energy radiation from deep 

space and may cause health risks to humans who exposed to them for a long time 

period. Main fluence of GCRs are composed of 87% protons, 12% alpha particles and 

1% heavy ions from Li (lithium) to U (Uranium) and have a positive charge due to 

electron stripping [4]. GCRs consists of light flux but high energy particles ranging 

from 103 to 1012 MeV within 1 AU from the Sun. The particles travel at nearly the speed 

of light which easily penetrate the spacecraft and produce second particles 

meanwhile. These particles and the secondaries interacting with molecules will result 

in severe damage, even cause cancers. Like SEPs, GCRs energy spectrum is also related 

to solar activities. Its intensity rises to the maximum when the solar activities comes 

to its minimum, which reverses to SPEs. Wilson attributes this phenomenon to the 

weakness of Interplanetary Magnetic Field (IMF) in solar minimum condition, 

allowing more intergalactic charged particles through solar system [1]. The energy 

spectrum of proton, alpha particles, C ions and Fe ions in 1977 solar minimum is 

shown in Fig. 1.1 [29].  

A summary of comparison of SEPs and GCRs is given in Table 1.1. 

Radiation Composition Energy 

Galactic Cosmic Rays 
(GCRs) 

High energy protons, alpha 
particles and heavy ions 

103 to 1012 MeV 

Solar Energetic 
Particles (SEPs) 

Transient burst of low to 
medium protons and alpha 

particles 
10 to 100 MeV 

Table 1.1 Comparison of SEPs and GCRs. Data sourced from Battiston et al. [15] 
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Figure 1.1. Galactic Cosmic Rays Energy Spectrum during 1977 Solar Minimum 

for H, He, C and Fe [29] 

1.3  Thesis Goal and Organization 

The key objective of this thesis is to investigate and simulate the shielding 

effectiveness of high hydrogen content material against galactic cosmic radiation and 

decrease the neutrons produced in shielding process. The objectives and expected 

significance of this research are to develop a space radiation shielding material 

system which has high efficacy for radiation shielding and provide a new train of 

thought of designing new shielding materials. 

Although this study focuses on the shielding of GCRs, the results could also be 

applicable for other types of hazard radiations such as SEPs. In addition, detailed 
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information about step by step using MULASSIS is attached on the Appendix, which 

will be beneficial for people who works on this area later.  

This thesis is organized as follows: 

Chapter 1 provides the background of the thesis and an overview of radiation 

environment encountered to long duration flyby mission including the components 

of the galactic cosmic radiation.  

Chapter 2 introduces the basic knowledges in interaction between radiation 

and matters, stopping power and particle transport predicting tools. 

Chapter 3 presents the details on the selection of shielding materials, including 

current used materials, materials with high hydrogen content and composite polymer. 

Chapter 4 simulated the results of dose equivalent and fluence analysis are 

shown and compared to validate the proposed composite polymer radiation shield. 

Chapter 5 summarizes results and conclusions based on the results are 

presented to support the thesis objectives. 

A list of reference is presented at the end of the thesis. 
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Chapter 2 

Simulation and Radiation Transport 

Codes 

2.1 Interaction between radiation and shielding 

 When GCRs ions transport through shielding, the incident particles lose 

energy and be deviated from their original directions. Meanwhile, high energy from 

GCRs can detach electrons from material atoms and cause ionizing radiation [17]. The 

collision between the high energy particles and material atoms is not a straight 

process and largely depends on two factors: the type of radiation and the type of 

interaction before annihilation [14].  

 The Coulomb force is the dominant force when the charged particles 

penetrate in shielding [18, 31]. Positive particles like protons, alpha particles and HZE 

ions lose their kinetic energy gradually through excitation or ionization of the 

electrons in materials atoms. The collision with electrons in target material makes the 
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particles decelerated and finally stopped. During the process, the loss energy of 

charged particles per unit distance in the target material is defined as stopping power 

in this relationship:  

𝑆 =  −
𝑑𝐸

𝑑𝑥
                             (2.1) 

Here, dE corresponds to the energy loss of a particle through the matter and dx stands 

by the length of the particle travels. 

 In the interactions between ions and shielding, most energy loss from 

charged particles will transfer to target material and deposited. Linear Energy 

Transfer (LET) is defined to calculate the deposited energy in shielding: 

             𝑆 =  
𝑑𝐸

𝑑𝑥
                              (2.2) 

Equation (2.2) is different from (2.1) in dE, which is the energy deposited in 

the target materials. Simply comparing these two physical quantities, we could find 

linear energy transfer is a little smaller than stopping power. During electrons 

interaction, some energy from input particles transfer to Bremsstrahlung process and 

secondary neutrons, which is not calculated in LET. 

 Bethe and Bloch describe the stopping power more precisely by an empirical 

formula [19]: 

𝑆 =
2𝜋𝑟𝑒𝑁𝑎𝑚𝑒𝑐2𝜌𝑍𝑒𝑓𝑓

2 𝑍

𝐴𝛽2 [𝑙𝑛 (
2𝑚𝑣2𝛾2𝑊𝑚𝑎𝑥

𝐼2 ) − 2𝛽2 − 2
𝐶

𝑍
− 𝛿]       (2.3) 
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The equation (2.3) is named as Bethe-Bloch equation and the parameters in 

equation is presented: 𝑟𝑒 is the electron radius, 𝑁𝑎 is Avogadro’s Number, 𝑚𝑒𝑐2 is 

the energy at rest of the electron, I is Ionization potential, 𝑍 is atomic number, A is 

atomic mass number, 𝜌 is the density of the absorber material, 𝛽 is the ion incident 

speed ratio (v/c), 𝑍𝑒𝑓𝑓  is the effective charge of the incident particle, 𝛾  is 

1/√1 − 𝛽2, 𝑊𝑚𝑎𝑥 is the maximum energy transferred in a single collision, 𝐶 is shell 

correction and 𝛿 is density correction. 

 From the formula of Bethe-Bloch equation, we could obtain the trend of the 

energy deposited in the material per unit of the path as a function of path length. The 

stopping power S of a material is directly proportional to the atomic charge and 

inversely proportional to the atomic weight. Therefore, considering the stopping 

power mechanism, materials with elements of highest atomic charge to atomic weight 

should be the best shielding material against positive ions in GCRs [1]. Theoretically, 

hydrogen is the element with highest charge-to-weight ratio due to no neutron in its 

atom. It seems that the materials of low atomic number with high hydrogen content 

could be potential shielding materials. And detailed design and selection of materials 

will be discussed in Chp. 3. 

 Ionization and excitation are inelastic collision, while nuclear reaction arises 

fragmentation is the result of elastic collision. Heavy ions at nearly the speed of light 

are likely broken up and produce a great variety of smaller fragments including 

protons and neutrons. These secondary particles are very dangerous though they 

have relatively lower energy. When they travel trough shielding materials, complex 
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hadronic interactions take place which leads to severe health risks [1]. The use of 

hydrogen-rich materials could reduce the production of fragments and decrease the 

risk of radiation. 

2.2 Dosimetric value 

 Effects of high energy ions on the human cells can be twofold: impact direct 

and indirect influence [21]. Impact direct results from the Coulomb interaction 

between high energy particles with ionizing radiation and target molecules. Damage 

in cells might leads to DNA single strand break and double strand break. The indirect 

impact is considered as a very complex process which involves the ionization of other 

molecules and creation of free radicals. It might cause vision loss and cancer in a long 

time period. 

 To describe health risks for human body, several macroscopic quantities is 

used in this study. Absorbed dose is defined as the mean energy deposited per unit 

mass by ionizing radiation. The unit of this measure is J/Kg, which is given a name as 

Gray (Gy). 

𝐷 =  
𝑑�̅�

𝑑𝑚
                                (2.4) 

However, this quantity does not provide the information about biological 

response. Different ionizing particles have various biological effectiveness to 

molecules. For example, HZE ions have a larger effect to human body due to their low 

LET than the effect from protons. To include the biological information, dose 
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equivalent is defined and calculating by multiplying the weighting factor and the 

absorbed dose. 

𝐻 =  𝑤𝑅𝐷                              (2.5) 

𝑤𝑅 is called dimensionless weighting factor used for risk assessment. The unit 

of the measure is Sieverts (Sv), and 1 Sv is equal to 1 J/Kg. The radiation weighting 

factor largely depends on the type of source particles and is related to linear energy 

transfer in shielding. Larger weighting factor indicates severe biological impact. The 

weighting factor values recommended by the International Commission on 

Radiological Protection Publication 103 (ICRP103) are given in table 2.1. The 

International Commission on Radiological Protection has partly revised some of 

radiation weighting factors. The 𝑤𝑅 for proton was 5 in ICRP60 and it is updated to 

2 in this version. And weighting factor for neutrons is a continuous function of 

neutrons energy, shown in Fig. 2.1. Neutrons with energy between 10-2 or 103 MeV 

correspond to high weighting factors and thus are more damaging. 

 

Particles Weighting Factors 

Photons 1 

Electrons and muons 1 

Protons and charged ions 2 

Alpha particles and fission fragments 20 

HZE ions 20 

Neutrons 
2-20 (A continuous function of 

energy) 

Table 2.1 Weighting factors values for different particles recommended by 

ICRP 103 [22] 
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In order to analyse the reaction of radiation to different organ or tissue, the 

tissue weighting factor 𝑤𝑇 is introduced. And effective dose is defined as organ dose 

equivalent. 

𝐸 =  ∑ 𝑤𝑇𝑇 ∑ 𝑤𝑅𝑅 𝐷𝑇,𝑅                     (2.6) 

𝐷𝑇,𝑅  is the absorbed dose in the target tissue, and values for 𝑤𝑇  varies in 

different organs, which reaches from 0.01 for skin tissue and 0.12 for bone marrow 

[22]. 

Exposure to large amount of radiation for a long time will cause severe health 

problem, thus there is an exposure limitation for astronauts. The typical average dose 

for a person is about 3.6 mSv per year [16]. However, the standard for people who 

works in radiation environment is higher. The permissible exposure levels (PELs) of 

NASA astronaut is limited to 500 mSv radiation each year and it could be much lower 

for a single mission [8]. Lifetime exposure levels depend on people’s age and gender. 

Since young astronauts could have greater health risks after absorbing large amount 

of radiation than old ones, their exposure limitation is lower, shown in table 2.2 [16].  

Age (years) 25 35 45 55 

Male 1.50 Sv 2.50 Sv 3.25 Sv 4.00 Sv 

Female 1.00 Sv 1.75 Sv 2.50 Sv 3.00 Sv 

Table 2.2 Career Exposure Limits for NASA Astronauts by Age and Gender [16] 

 In addition, to compare the shielding effectiveness from a mass perspective, 

we introduce the unit areal density g/cm2 in our study. Areal density is the product of 
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density and length calculating the mass per unit area, which is a two-dimensional 

object. Radiation penetrating same areal density of different shielding targets means 

it interacts same mass of these two materials. Thus, we could easily compare the 

shielding effectiveness of different materials as mass is an extremely significant factor 

in aerospace.  

 

Figure 2.1. Neutron weighting factor as a continuous function of energy from 

[22] 

2.3 Computational Approach 

Using material barriers is one of the most efficient methods to protect from 

high energy radiation. The shielding effectiveness of different materials could be 

evaluated by transport codes. The codes simulate the various interactions and the 

results are the solutions of Boltzmann Transport Equations based on either 

deterministic method or the Monte Carlo method. 
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2.3.1 Deterministic Method 

 A typical deterministic code to solve Boltzmann Transport Equation is 

HZETRN, developed by the scientists in NASA Langley Research Center [3]. It 

calculates the transport of primary particles and secondary particles in a one-

dimensional approach. Straight-ahead approximation is applied to simply solve this 

differential equation, which means that secondary particles produced in collision still 

moves the initial path of their primary ions. Running deterministic codes is fast but 

systematic error is inevitable in simulation [18]. 

2.3.2 Monte Carlo Method 

The Monte Carlo method is a computational mathematical method using 

random sampling and statistical modeling to obtain numerical results. The purpose 

of this method is to use randomness to solve a complex problem with a large 

calculation. The first true Monte Carlo simulation has not developed until 20th 

century and applied systematically in making nuclear weapons during the second 

world war [24]. Stanislaw Ulam et al. [23] invented the modern version of the Monte 

Carlo Method when they were investigating the distance that neutrons will travel 

through various types of radiation shielding. Due to the complex process, physicists 

could not get an accurate result by traditional methods and finally came up with a 

random method instead. After that, the Monte Carlo simulation has become a widely 

used tool for the time-consuming and impractical problems.  
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The Multi-Layer Shielding Simulation Software (MULASSIS) was developed 

based on Monte Carlo Method by QinetiQ, BIRA and ESA [20]. It defines a cubic 

geometry with user-defined layers along the Z-axis. The input spectrum of particles 

transport along the Z-axis through the slabs. In this way, three-dimensional problem 

is transferred to a one-dimensional problem. 

In simulation, primary particles are input and tracked as they interact with 

user-defined materials. By substituting a huge number of particles, MULASSIS will 

analyze and build a model representing the probability distribution of the result 

requested by user. During this process, it could recalculate thousands of times, which 

means the accuracy of this method is improved by increasing the repeated time. One 

defect of this random method is the high number of iterations, which will take up 

much computer random access memory, and require a long computational time span. 

As the computation ability of MULASSIS, it is inefficient to simulate each element in 

our research. 
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Chapter 3 

Design of Composite Shield 

3.1 Current Used Shielding Materials 

 Space radiation risks to astronauts must be reduced to the lowest achievable 

level. Developing new shielding material is regarded as a potential technology to 

mitigating radiation for long time crew mission into deep space. A good shielding 

material should optimize several goals: a) effectively attenuate the GCRs radiation; b) 

produce fewer secondary particles; c) structural stable to load. 

 As we discussed in Chp. 2, the mostly positively charged GCRs particles 

interact with material mainly Coulomb interaction with negative electrons and 

positive nuclei. And Bethe-Bloch equation [19] demonstrates hydrogen, with the 

highest charge-to-mass ratio in all element, is the best shielding. But we cannot build 

structures out of liquid hydrogen. Polyethylene with its empirical formula of CH2 

contains a great amount of hydrogen and is a solid material. However, it does not have 
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enough strength for load-bearing aerospace structural application. The current 

material used in spacecraft is aluminum. Though structurally stable, aluminum is not 

theoretically as good at shielding as shielding materials with high hydrogen content. 

To overcome this problem, some experts come up with retrofitting polyethylene or 

water into container made of aluminum [28]. Thibeault et al. [25] proposes that 

BNNTs with hydrogen content might be a potential shielding material as its strength 

and possibility of high content of hydrogen. It is necessary to develop a new shielding 

material with higher hydrogen content than current materials in order to have a 

better shielding effectiveness. 

3.2 High hydrogen content materials 

 Scientists have studied hydrogen storage for decades, from methods to 

principle. Most researches are investigated to develop a new technology to be applied 

in mobile and hydrogen fuel-cell powered vehicles [6, 27]. In this work, we tried to 

find a material of large storage capacity (high gravimetric and volumetric density) and 

avoid introducing the elements which have great many neutrons. Two types of 

materials are considered. One is lithium compounds with high hydrogen content itself. 

And the other one is polymer composites, which could be a candidate to storage high 

content of hydrogen. In this thesis, we tried to find some low-Z materials that have 

high hydrogen content or could be a potential container to store hydrogen atoms. 
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3.2.1 Lithium Compounds  

 Lithium compounds have been widely investigated for use as potential 

hydrogen storage material due to their high hydrogen capacities. Zuttel et al. [6] have 

studied the structure of LiBH4 which contains 18 mass% of hydrogen and regard it as 

a new potential hydrogen storage material. We simulated four lithium compounds, 

lithium tetraborate, lithium amide, lithium hydride and lithium Borohydride, whose 

hydrogen content are from 0 wt% to 18 wt% in Chp. 4.  

3.2.2 Polymer Composites 

 The most significant work in the literature is firstly simulated the shielding 

effectiveness of some types of polymer composite, which mostly be applied in gas 

separation and sensing in previous work.  

Polyacetylene with its empirical formula of C-H were prepared in 1970s and 

used in electronics [30]. Recently, Lee et al. [27] claim that they found the optimal 

hydrogen storage material is Ti-decorated cis-polyacetylene based on first principle 

theory. Through distributing Titanium atoms into polymer, we could increase its 

hydrogen storage capacity. The maximum capability of hydrogen storage for this 

metal doped polyacetylene could reach 14 wt%. The structure of the polymer and 

metal dopant and hydrogen atoms position is shown in Fig. 3.1 [26]. Five hydrogen 

molecules are absorbed on a Titanium atom. 

Li et al. [13] assess the potential of lithium and boron decorated polyacetylene 

based on density functional theory. They state Li decorated polyacetylene can 
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reversibly store up to 10.8 wt% hydrogen in molecular form and B-doped cis-

polyacetylene could store up to 9.8 wt% hydrogen which is strongly banded. Lithium 

and boron could bound two and four hydrogen molecules each atom. The results are 

shown in Fig. 3.2 [13] and Fig. 3.3 [13], separately. These three polymer composites 

are simulated and compared in Chp. 4.  

 

Figure 3.1. Atomic structures of dihydrogen binding to a single Ti attached on 

cis-polyacetylene. (a) Pristine cis-polyacetylene, (b) Ti-doped cispolyacetylene 

and (c) 5 hydrogen molecules absorbed on Ti-doped cispolyacetylene. Green, 

pink, and white dots indicate carbon, titanium, and hydrogen atoms, 

respectively. from [26] 
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Figure 3.2. (a) Geometries of two H2 molecules bound to each isolated Li in 

Li2C4H4. (b) Geometries when one H2 molecule is bound to each Li in Li2C4H4 

(clustered configuration). from [13] 

 

Figure 3.3. Geometries of 2H2 and 3H2, and 4H2 molecules bound to B2C4H4 

(two-unit cells are shown). from [13] 
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Chapter 4 

Simulation Results and Discussion 

4.1 Transport Model 

4.1.1 GCRs model 

 The GCRs model used as the input source particle in MULASSIS is the 

CREME96 model during 1977 solar minimum in units of flux (MeV-1cm-2s-1). The 

original spectrum data of GCRs covers all elements from H to U. Considering the 

computation ability of MULASSIS, it is inefficient to simulate each element in our 

research. As we have discussed above, more than 80% of GCRs particles are protons, 

followed by alpha particles. Although Fe ions and other HZE ions have lower spectrum, 

their contribution to dose equivalent could not be negligible as their high number of 

nucleons. Based on these previous studies, we select hydrogen, helium and iron ions 

in our simulation [2], and they are all considered as fully stripped of their electrons.  
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The numerical method used for the incident energy spectrum is linear 

interpolation. And the angular distribution in our simulation is omnidirectional, 

which means the incident angle of GCRs particles are from 0 to 90 degrees.  

4.1.2 Geometry and pre-processing 

 MULASSIS provides a general one-dimensional space radiation analysis, so 

we could use it to simulate a multi-layered shield. In this thesis, the shape of shielding 

material we select is planar slabs and the geometry built consists of three layers, 

shown in Fig. 4.1. The first layer is a thickness of 1 mm aluminum container, the 

second layer represents the radiation shielding material and the third one is a water 

phantom with 30 cm thickness. Water phantom used as a target material to absorb 

dose is applied in many other studies [1,2]. Because most of the organs and tissues 

contains more than 70% water, water could be a simplified model for human body. 

Calculating the effective dose in water phantom will be beneficial for us to evaluate 

the biological effect from GCRs.  

Considering the characteristic of geometry in MULASSIS, a geometric factor is 

used to convert the fluence we want to simulate to a current through the slabs. As 

shown in Fig. 4.2(a), the isotropic fluence in which particles emit to all directions is 

4𝜋 times the size of particle flux 𝜑. 

𝜑 𝑖𝑠𝑜 = ∫ ∫ 𝜑
𝜋

2

−
𝜋

2

𝑠𝑖𝑛𝛳𝑑𝛳𝑑𝜔
2𝜋

0
               (4.1) 

 = 4𝜋𝜑 
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Where the azimuth 𝜔 is restricted to the interval [0,2𝜋) and the range for inclination 

𝛳 is [−
𝜋

2
,

𝜋

2
]. 

In this condition, only half of the particles could reach to the surface of 

shielding slabs, shown in Fig. 4.2(b). And the particle through a plane per unit area 

per unit solid angle at an angle 𝛳  with respect to the normal is 𝜑𝑐𝑜𝑠𝛳 . The total 

current is defined as: 

𝑗𝑛 =  ∫ 𝑑𝜔 ∫ 𝜑
𝜋

2
0

𝑐𝑜𝑠𝛳𝑠𝑖𝑛𝛳𝑑𝛳
2𝜋

0
          (4.2) 

= 𝜋𝜑 

Where the azimuth 𝜔 is restricted to the interval [0,2𝜋) and the range for inclination 

𝛳 is [0,
𝜋

2
]. 

From equation (4.1) and (4.2), we could find total fluence is four times greater 

than total current, which is the effective flux simulated. Thus, the energy spectrum of 

input source particles ranges from 
1

4
 to 1 of the given GCRs spectrum. And in this 

work, the given GCRs data is divided by 2. In addition, as the units of original data is 

m-2sr-1s-1(MeV/n)-1, in order to meet the unit requirement for source particle in 

MULASSIS, we need to multiply the original GCRs data by 2*3.14/10000. 

Three different types of materials are studied, including lithium compounds, 

plastic materials and polymer composites with hydrogen content. Aluminum and 

liquid hydrogen are used for reference and comparison, as aluminum is the current 

shielding material and liquid hydrogen has the best shielding effectiveness 

theoretically. 
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In dose equivalent analysis, the areal density of the shielding material studied 

ranges from 2 to 100 g/cm2 and the length of shielding is from 2 to 50 cm. The output 

units in the analysis type is Gy, which will be multiplied with the radiation weighting 

factors. And in fluence analysis, the neutrons are collected on the boundaries of the 

shielding materials with various areal density, as our goal is to compare the secondary 

effect of the shielding. The output units set is /cm2 and the fluence density type is 

omnidirectional.  

The detailed simulation process is presented in Appendix. 

 

Figure 4.1. Geometry for dose analysis 
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Figure 4.2. Schematic diagram for total fluence (a) and total current (b) 

4.2 Convergence Study 

A convergence study is shown in Fig. 4.3. It is aimed to find the most applicable 

input primary particle number in the simulation of MULASSIS. The MULASSIS input 

particle numbers range from 10 to 1000000. According to the principle of Monte Carlo 

method, more particles produce more accurate results. Meanwhile, large particle 

number also requires a large length of computation time. Therefore, we hope to find 

an optimal particle number to get an accurate and relatively time efficient simulation 

result.  

In Fig. 4.3, the simulation result of different primary particle number has been 

shown. When the particle number is 1000, its yearly dose equivalent results has a 

relatively large difference from the remain ones. Increasing the number to 10000 

makes the curve closer to the bigger input number result, while still slightly 
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inaccurate. Result from 100000 and 1000000 match well, meaning the calculation 

converged at 100000. 
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Figure 4.3. Convergence study for MULASSIS performed with aluminum 

shielding from 0 to 100 g/cm2 shielding against GCRs 

4.3 Computational study of shielding materials 

4.3.1 Dose equivalent in different GCRs models 

In this section, we compare the influence of different GCRs models in 

simulation results. As the spectrum of GCRs varies with the lunar activities, the 

intensity of GCRs models shows a cyclical fluctuation. The GCRs models used in this 

section are the CREME96 model during 1977 solar minimum (1977) and the Nymmik 

model during 1996 solar minimum (1996) [3]. These two models are all accessible 

through SPENVIS and used as source particles for MULASSIS simulation in units of 
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flux (cm-2MeV-1s-1). As the GCRs are composed of 87% protons, 12% alpha particles 

and remaining 1% heavy ions of charge elements [4], hydrogen, helium and iron ions 

are selected in the simulation. Figure 4.4 shows the energy spectrum of the two GCRs 

models. Black curves correspond to proton, alpha particles and iron ions of 1977 GCRs 

model respectively, and red curves are the ones of 1996 GCRs models. The curves 

shapes of three ions in the two GCRs models are similar. Protons are the highest-

energy particles with 5 order of magnitudes larger than the energy of iron ions. And 

the flux intensity of two models has a small difference when energy ranges from 10 to 

100 MeV/n. 

Dose equivalent in water phantom behind aluminum and liquid hydrogen of 

1996 GCRs model shows similar characteristics to that of 1977 GCRs model, shown in 

Fig. 4.5. They both states aluminum as universal structural material is particularly bad 

in protecting people from radiation while liquid hydrogen shows much better 

effectiveness of shielding.  

The value of dose equivalent indicates the absorbed energy in the water 

phantom. Large value implies to higher energy of incident particles or weak 

protection. In terms of the two GCRs model, dose equivalent of a same shielding 

material in 1996 GCRs is relatively smaller than that in 1977 GCRs in the same areal 

density. And the difference in the dose equivalent might result from the different GCRs 

models, as the flux intensity in 1977 GCRs is slightly larger than that in 1996 models. 



27 

 

10
0

10
1

10
2

10
3

10
4

10
5

10
-11

10
-10

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

 

 

F
lu

x
 (

cm
-2

M
eV

-1
s-1

)

Energy (MeV/n)

 H (1977)

 H (1996)

 He (1977)

 He (1996)

 Fe (1977)

 Fe (1996)

 

Figure 4.4. CREME96 and Nymmik Galactic Cosmic Rays Energy Spectrum 

during 1977 and 1996 Solar Minimum for H, He and Fe 
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Figure 4.5. Yearly dose equivalent for Aluminum and liquid hydrogen of 

varying areal density from 1977 and 1996 solar minimum GCRs with 

weighting factor recommended by ICRP103 
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4.3.2 Effective dose by particle type 

As the GCRs consists of 87% protons, 12% alpha particles and 1% HZE ions, it 

is necessary to analyze the contribution of each particles in shielding. Effective dose 

per particles in the shielding material of aluminum and liquid hydrogen versus areal 

density are shown in Fig. 4.6 and Fig. 4.7.  

Figure 4.6 presents a regulation that the effective dose of light ions declines 

slower than that of heavier particles with areal density increasing. It means that light 

particles have a stronger penetration of matters compared to heavy elements due to 

their high energy and low number of nucleus. The dose estimate of Fe ions falls very 

fast to a small range when areal density only rises to 4 g/cm2, while alpha particles 

declines to approximately 0.15 mSv per day in 15 g/cm2, half of its original strength. 

Besides, the absorbed energy caused by proton in water phantom is constantly even 

when the areal density increases to 100 g/cm2, which shows the strong penetration 

characteristic of proton.  

HZE ions in GCRs are heavy elements with relatively low energy and large 

number of nucleus, they could be stopped and broken down easily when transmitting 

the shielding materials. In contrast, lighter elements have higher energy spectrum 

and more possibility to permeate the shield. In Fig. 4.6, there is a slight rise of effective 

dose of proton when the thickness of aluminum shielding is small. Lighter elements 

such as hydrogen and neutrons are formed within the shielding when protons interact 

with aluminum’s nuclei, which results in the rise in the dose absorbed in water 

phantom. 
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If we compare these two shielding materials, aluminum and liquid hydrogen, 

we could find the shielding effectiveness of each particles of liquid hydrogen is better 

than that of aluminum. Dose of each three ions declines more quickly through liquid 

hydrogen than aluminum. Even protons, most difficult particles to shield, decrease 

their energy in hydrogen. Therefore, the low-Z materials with high hydrogen content 

might be a type of potential shielding materials. 
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Figure 4.6. Effective dose behind various depths of aluminum shielding per 

particle type at 1977 solar minimum  
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Figure 4.7. Effective dose behind various depths of liquid hydrogen shielding 

per particle type at 1977 solar minimum 

4.3.3 Simulation of high hydrogen content materials  

Lithium compounds is a class of low-Z material with Li (Z=3), O (Z=8) and H 

(Z=1), which has been traditionally used onboard crewed spacecrafts [2] and 

considered as a promising hydrogen storage material [7]. We investigated four lithium 

compounds, whose hydrogen content are from 0 wt% to 18 wt%, shown in table 4.1.  

 Chemical 
formula 

Density 
Hydrogen 

Content 

Lithium tetraborate Li2B4O7 2.4 g/cm3 0 

Lithium amide LiNH2 1.178 g/cm3 8.70% 

Lithium hydride LiH 0.820 g/cm3 12.50% 

Lithium Borohydride LiBH4 0.666 g/cm3 18.20% 

Table 4.1. Property of selected lithium compounds 
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 Based on the Bethe formula, the equation describing energy loss rate [8], the 

Z/A term (atomic number to atomic mass ratio) is generally proportional to its 

stopping power. Therefore, high hydrogen materials are considered as preferential 

shielding materials as hydrogen has the highest Z/A value. Yearly dose equivalent 

analysis in Fig. 4.8 also verifies this statement. The curves of high hydrogen content 

drop faster than those of low hydrogen content. Large slope in the figure corresponds 

to greater energy loss of the radiation, thus lithium borohydride making the most 

effective shielding effectiveness in the selected lithium compounds. However, lithium 

borohydride shows comparably inefficient shielding effectiveness compared to other 

types of shielding materials in later study.  

 Plastic materials are another type of high hydrogen content material with low 

atomic number. They are mainly composed of C (Z = 6) and H (Z = 1), thus are 

promising good shielding materials [10]. Polyethylene is often used as a comparison 

material in many other studies. Joseph Barthel used polyethylene as the shielding 

material to calculate the total mass required during a space mission based on 

optimization techniques [8]. Thibeault et al. [25] also used it to compare with the 

effectiveness of boron nanotubes with hydrogen content and tried to avoid the 

structure defects of polyethylene. In Fig. 4.9, we simulated 4 types of plastic materials 

and found their property of protecting is similar. One sees that liquid hydrogen is the 

best shield, but we cannot build structures out of liquid hydrogen. 
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Figure 4.8. Yearly dose equivalent for aluminum, lithium compounds and 

liquid hydrogen of varying areal density from 1977 solar minimum GCRs with 

weighting factor recommended by ICRP103 

0 10 20 30 40 50 60

0.06

0.07

0.08

0.09

0.10

0.11

0.12

0.13

0.14

0.15

Y
e

a
rl
y
 D

o
s
e

 E
q

u
iv

a
le

n
t 
S

v
/y

e
a
r

Areal Density g/cm
2

 Aluminum

 Polyethylene

 Polyoxymethylene

 Polystyrene

 Nylon-6/6

 Liquid Hydrogen

 

Figure 4.9. Yearly dose equivalent for aluminum, plastic materials and liquid 

hydrogen of varying areal density from 1977 solar minimum GCRs with 

weighting factor recommended by ICRP103 
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4.4 Computational study of polymer composites 

4.4.1 Dose Equivalent Analysis 

Polyethylene is a solid material, but it could not be a structural material used 

in spacecraft directly due to its strength and thermal stability. A combination of 

aluminum and polyethylene slabs is currently used by NASA [9]. Borggra fe et al. [11] 

compares this type of dual material with single aluminum shielding and verifies its 

better shielding effectiveness based on HZETRN. If we could find a material with 

better performance, we could replace polyethylene with this new material as the filler. 

In this section, dose comparisons of polymer composites and polyethylene are shown. 

As we discussed in Chp. 3, Titanium decorated trans-polyacetylene is a 

potential shielding material as its large hydrogen storage capability. Computational 

studies predict a promising maximum hydrogen capacity of 14 wt% for this 

composite [12]. Metal Dopant causes a most compact geometries of the doped 

polymers. And this structure provides sufficient space for hydrogen to be absorbed 

around metal atom. The monomer unit used in simulation is defined as (C4H2.2TiH3) 

[26]. 

Figure 4.10 shows our calculated results for dose equivalent for five different 

materials as a function of areal density. The curve which drops the fastest represents 

a greater energy loss and better shielding effectiveness. The curve for liquid hydrogen 

falls fastest, followed by Ti doped polyacetylene plus hydrogen content. Ti doped 

polyacetylene alone does not outperforms current radiation shielding material, 
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polyethylene. But after 14 wt% hydrogen adding to Ti doped polyacetylene, the 

shielding effectiveness of new material is better than that of polyethylene. All these 

four materials have better performance than aluminum in radiation protection. And 

Fig. 4.11 shows our calculated results for GCRs dose equivalent for Ti doped 

polyacetylene plus varying weight percent of hydrogen, as a function of areal density. 

The result of different hydrogen content demonstrates the relationship between 

hydrogen content and shielding performance. At the same polymer composite, the 

curves of higher hydrogen percentage drops faster indicating the better shielding 

effectiveness. 

Polyacetylene could also be decorated by Lithium and Boron, which are low 

atomic number elements [13]. Their simulation results are presented in Fig. 4.12 and 

Fig. 4.13. These two composites have a lower capacity of hydrogen storage than Ti 

doped polyacetylene, and they both show more effective in shielding GCRs after 

infused hydrogen. However, with maximum hydrogen content, they do not present an 

evident advantage over polyethylene.  

In addition, the shielding effectiveness of the introduced elements also follows 

the Bethe-Bloch equation. As we discussed in the previous sections, shielding 

performance correlates highly with atomic charge-to-weight ratio. The ratios of 

introduced elements are listed in table 4.2 and the dose equivalent analysis of these 

elements is shown in Fig. 4.14. Hydrogen is the best shield with highest atomic charge-

to-weight ratio. However, the ratios of lithium, boron, aluminium and titanium are all 

around 0.45 and the dose curves of these elements are similar.  
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Element Atomic Charge Atomic Weight ratio 

Hydrogen 1 1 1 

Lithium 3 7 0.43 

Boron 5 11 0.45 

Aluminum 13 27 0.48 

Titanium 22 48 0.46 

Table 4.2 Atomic charge-to-weight ratios of introduced elements  

From the perspective of volume, Fig. 4.15 shows a different tendency in the 

units of length. Mass is a one of most crucial factors in spaceflight, the size of a rocket 

also matters. Wide body of an aircraft not only increases its air resistance, but also 

increases the possibility of being hit by stones in space. It seems that the effectiveness 

of shielding material is proportional to its density in terms of volume. Higher density 

corresponds to more shielding in unit length and more nucleus to interact with input 

particles. With the length of shielding rising, dose equivalent of aluminum drops the 

fastest in all materials due to its high density, so it can absorb more particles within 

the same distance compared to the lighter materials. Because the densities of polymer 

composites and polyethylene are all around 1 g/cm3, the shielding effectiveness of 

these materials varying length is close. But liquid hydrogen is a low-density material 

with only 0.0708 g/cm3 at the normal pressure (1 atm, -253°C), the line of liquid 

hydrogen has the minimum sink rate.  
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Figure 4.10. Yearly dose equivalent for Ti doped polyacetylene of varying areal 

density from 1977 solar minimum GCRs with weighting factor recommended 

by ICRP103 
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Figure 4.11. Yearly dose equivalent for Ti doped polyacetylene plus varying 

hydrogen content from 1977 solar minimum GCRs with weighting factor 

recommended by ICRP103 
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Figure 4.12. Yearly dose equivalent for Li doped polyacetylene of varying areal 

density from 1977 solar minimum GCRs with weighting factor recommended 

by ICRP103 
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Figure 4.13. Yearly dose equivalent for B doped polyacetylene of varying areal 

density from 1977 solar minimum GCRs with weighting factor recommended 

by ICRP103 
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Figure 4.14. Yearly dose equivalent for different elements of varying areal 

density from 1977 solar minimum GCRs with weighting factor recommended 

by ICRP103 
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Figure 4.15. Yearly dose equivalent for different materials of varying length 

from 1977 solar minimum GCRs with weighting factor recommended by 

ICRP103 
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4.4.2 Fluence Analysis 

 Neutrons is a subatomic particle with no net electric charge. They will be 

produced in the nuclear fission when GCRs penetrates in shielding materials. 

Generally, neutrons can be a biological hazard as it could transmit matters easily 

without the control of Coulomb force. Even worse, in the energy ranging from 10-2 

MeV to 103 MeV, the weighting factor of neutrons is more than 20, shown in Fig. 2.1.  

Fluence analysis is a direct analysis method provided by MULASSIS, which 

helps us to determine the performance in producing neutrons of each material. The 

number of collected neutrons is calculated in a selected boundary. The GCRs model 

used in this section is CREME96 model during 1977 solar minimum. Hydrogen, 

helium and iron ions are input as the source particles separately, and their produced 

neutrons are collected in the boundary of shielding, eventually three results are added 

together. 

Three dimensional graphs are plotted in Fig. 4.16. The x-axis is mean neutron 

energy ranging from 0 to106 MeV, the y-axis is the areal density from 0 to 100 g/cm2 

and the z-axis corresponds to flux in units of particle/cm2. The graph of aluminum 

shows the flux grows fast with increased areal density. Thicker aluminum has large 

amount of nucleus which might be cracked and produced neutrons in shielding. 

Therefore, thick shielding material is not equal to great protection as it might produce 

more neutrons in nuclear fission. Compared Ti doped polyacetylene plus max 

hydrogen with other three referenced materials, we could find that aluminum 

produces most secondary neutrons while liquid hydrogen produces least neutrons. 



40 

 

The shape of flux in polyethylene, Ti doped polyacetylene plus max hydrogen, and 

liquid hydrogen is flat and even when the mean energy is between 0 to 104 MeV. All 

four materials produce comparably large number of particles in high mean energy. 

The max flux in polyethylene is over 0.04 particles/cm2 while the peak value in Ti 

doped polyacetylene plus 14% hydrogen is less than 0.03 particles/cm2. 

In terms of the properties of different polymer composites, the graph of Ti 

doped polyacetylene without hydrogen shows it does not have a good effectiveness in 

producing less neutrons, shown in Fig. 4.17. Titanium is a chemical element with 

atomic numbers 22, thus it could produce more neutrons than light elements when Ti 

atoms interact with GCRs particles. By adding hydrogen, Ti doped polyacetylene with 

hydrogen content yields much less neutrons in the riskiest energy range (10-2 MeV to 

103 MeV) and outperforms other two polymer composite materials.  

To understand which particles in GCRs contributes mostly in producing 

neutrons in shielding, we take Ti doped polyacetylene with hydrogen content as an 

example. Figure 4.18 shows protons play a predominant role in producing neutrons. 

These three ions present big differences in the order of magnitude. The flux value of 

protons is about ten times different in quantity than that of alpha particles and iron 

ions yield much less neutrons. 

To conclude, aluminum as the current shielding materials is not effective in 

producing less secondaries. Ti doped polyacetylene with high hydrogen content could 

attenuate the production of secondary fragments and is a good candidate material in 

shielding radiation in future space exploration. 
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a) Aluminum                            b) Polyethylene 

 

c) Ti Doped Polyacetylene+14% hydrogen            d) Liquid Hydrogen 

Figure 4.16. Secondary neutrons in different shielding materials with various 

areal density and mean energy by 1977 Solar minimum GCRs 

 

a) Ti Doped Polyacetylene        b) Ti Doped Polyacetylene+14% hydrogen 



42 

 

 

c) Li Doped Polyacetylene+10.8% hydrogen   d) B Doped Polyacetylene+9.8% hydrogen 

Figure 4.17. Secondary neutrons in polymer composites shielding with various 

areal density and mean energy by 1977 Solar minimum GCRs 

 

Proton                           Alpha Particles 

 

Fe ions 

Figure 4.18. Secondary neutrons in Ti doped polyacetylene plus 14% hydrogen 

with various areal density of per particle type at 1977 solar minimum 
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4.5 Comparison with HZETRN and PHITs 

 In order to validate the simulation results of MULASSIS, it is necessary to 

compare it with the experiment results (if possible) and other codes. In this section, 

we show the comparison of MULASSIS with HZETRN and PHITs. HZETRN is a high 

charge and energy transport computer program. It solves the transport equation 

based on the deterministic method, which aims to help scientists’ study and effect of 

radiation on shielding materials and biological system. And PHITs is a multi-purposed 

Monte Carlo particle and heavy ion transport code system, which based on the Monte 

Carlo method [4].  

 To compare our results with HZETRN and PHITs, we modified the simulation 

environment of MULASSIS. The geometry condition and input fluence spectrum 

(CREME96 fluences for 1977 solar minimum) are revised in this section. The 

simulated results of HZETRN and PHITs are referenced by J.W. Wilson [3]. There are 

two shielding materials studied, aluminum and iron. The geometries for this 

comparison consist of a thickness of 20 g/cm2 shielding regime and a 30 cm water 

phantom. It is noteworthy that the angular distribution of incident particles in all our 

previous analysis is omnidirectional. It means that radiation transmits to all 

directions. In order to match the scheme in HZETRN, we need to reset the distribution 

of source particle to parallel beam with incident angle of 0, which corresponds to 

travel the normal to the water phantom. Visualization of the check points is shown in 

Fig. 4.19. The 30 cm water phantom followed to shielding is equally divided into 6 

pieces and each flake is a 1 mm water used to absorb dose. 
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The comparison between MULASSIS and HZETRN is shown in Fig. 4.20 [2]. The 

values of absorbed in MULASSIS are lower than those in HZETRN and the ratio of dose 

equivalent is approaching to one when the depth increases, indicating a great 

consistency in these two codes. Different particle interaction routines and 

computational methods might result in the difference in results. And Bernabeu et al. 

[2] attribute the relatively lower outcome of MULASSIS to the difference of elements 

simulated. Because MULASSIS only simulates one element particles in a single run, we 

only consider H, He and Fe ions in our research while HZETRN transport all elements. 

The lack of other elements results in the remarkable difference in absorbed dose 

though HZE particles only accounts for 1% in GCRs. However, weighting factors of 

proton and alpha particle are 2 and 20, which decrease the difference in dose 

equivalent ratio, making the difference imperceptible.  

The results of MULASSIS also are also compared with PHITS results [3], shown 

in Fig. 4.21. The ratio of MULASSIS vs PHITS shows a similar tendency with that of 

MULASSIS vs HZETRN.  



45 

 

 

Figure 4.19. Visualization of the check points 
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Figure 4.20. Ratio of MULASSIS to HZETRN absorbed dose (filled symbols) and 

dose equivalent (empty symbols) for GCRs on Al shield (circles) and Fe shield 

(squares), from [2] with altered GCRs 
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Figure 4.21. Ratio of MULASSIS to PHITS absorbed dose (filled symbols) and 

dose equivalent (empty symbols) for GCRs on Al shield (circles) and Fe shield 

(squares) 
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Chapter 5 

Conclusions 

5.1 Summary 

 Space missions travelling for a long time period in deep space encounter 

harsh radiation environment and require adequate shielding methods to protect the 

astronauts and equipment. Aluminum which is currently used shows weak 

performance in shielding and produces a lot of neutrons meanwhile. Therefore, 

alternative light and effective shielding materials are required. This thesis set out to 

discuss the possibility of high hydrogen content materials as potential shielding 

materials. 

In this work, we tried 17 different materials, and the shielding effectiveness of 

13 of them were evaluated for the first time. They are lithium tetraborate, lithium 

amide, lithium hydride, lithium borohydride, polyoxymethylene, polystyrene, nylon-

6/6, Ti doped polyacetylene, Ti doped polyacetylene plus 14 wt% hydrogen content, 
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Li doped polyacetylene, Li doped polyacetylene plus 10.8 wt% hydrogen content, B 

doped polyacetylene and B doped polyacetylene plus 9.8% hydrogen content. 

 In summary, we simulated the shielding effectiveness of different materials 

against GCRs particles based on MULASSIS and found polymer composites with 

hydrogen content as a potential shielding material. According to dose equivalent 

analysis and fluence analysis, polymer composites are more effective than aluminum 

in shielding, and Ti doped polyacetylene plus hydrogen content was the most effective 

shielding material despite liquid hydrogen. By increasing the hydrogen percentage, 

the production of neutrons decreases noticeably. 

5.2 Recommendations for future work 

1) The MULASSIS used in this thesis is one-dimensional, which is relatively inaccurate. 

unless it is used on comparatively. Three-dimensional simulation code such as GRAS 

based on GEANT4 is recommended for the future work.  

2) The mechanical and thermal properties of the polymer composites simulated in 

our research need to be evaluated to decide whether their strength meet the required 

loading and heat transfer by conduction. 

3) It is still necessary to further study practical hydrogen storage materials and the 

stability of the hydrogen atoms inside the materials is also required to be investigated. 
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Appendix  

Simulation Procession 

1. Radiation source: 

Input: 

 
⚫ Outputs are in a file with .txt format. Using matlab to read and select the data 

we want. 

⚫ Transform the unit to be used in mulassis simulation, m-2sr-1s-1(MeV/n)-1 to 

cm-2MeV-1s-1. The data above need to time 2*3.14/10000. For example, 

protons at 1 MeV/n in the list is 201.41 m-2sr-1s-1(MeV/n)-1, it should be 

201.41*2*3.14/10000 = 0.1264855 cm-2MeV-1s-1 in the simulation. 

The whole data is from energy 1 MeV/n to 105 MeV, and linear interpolation is 

used as numerical method to calculate the rest of data in energy spectrum. 

2. Simulation in Mulassis 

Take Al shielding for example, we set its areal density is 2 g/cm2 and choose 30 
g/cm2 water as the model of human body. 

2.1 Protons 

2.1.1 Source particle macro  

Copy the energy spectrum of H ion from the above chart into MULASSIS. 



55 

 

 

2.1.2 Geometry  

 

2.1.3 Analysis parameters 

 
The layer2 (water) is used to absorb dose. 

Output:  
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2.2 Alpha Particles 

2.2.1 Source particle macro 

  

2.2.2 Geometry 

 

2.2.3 Analysis parameters 
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Output:  

 

2.3 Fe ion 

2.3.1 Source particle macro 

         

2.3.2 Geometry 
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2.3.3 Analysis parameters 

     

Output:  

 
 

3. Calculation 

According to the above results, the absorbed dose of H+, He+ and Fe3+ are 

8.4898e-10 Gy, 1.3558e-10 Gy and 3.5596e-13 Gy per second, respectively.  

In order to get the yearly dose, we need to times (60*60*24*365), which 

represents the seconds for one year. The yearly doses are 0.02677 Gy, 0.00428 Gy 

and 0.0000112 Gy respectively.  

Besides, considering that the source a point emits to all directions and the 

radiation materials are all layers, so only half of the radiation will be absorbed in 

this simulation.  

Dose equivalent uses weight factors based on the radiation type to estimate 

the biological damage that the absorbed dose may cause and are given in Sv, which 

is J/K multiplied by a weighting factor. In ICRP60, the weighting factor of proton 

is 5. Alpha particle and Fe ion’s weighting factors are both 20. But in ICRP103, the 

factor of proton reduces to 2.  
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In this case:  

In ICRP103  

dose equivalent = 0.02677 * 2+0.00428*20+0.0000112*20 

       = 0.1394 Sv/year 

In ICRP60 

dose equivalent = 0.02677 * 5+0.00428*20+0.0000112*20 

              = 0.2198 Sv/year 

 

Change the layer thickness to 5 g/cm2, 10 g/cm2, 20 g/cm2, 30 g/cm2, 40 g/cm2, 

60 g/cm2, 80 g/cm2, 100 g/cm2.  

The simulation results of aluminum are shown below. 
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