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Executive Summary

Introduction: Currently, many aerospace companies are working on interplanetary
travel. Since space exploration has a lot of harmful radiation, it is important to prevent exposure
whenever possible to avoid the injuries that radiation can cause.

Objective: Our goal is to create a simulation that tracks the relationship between
radiation, shielding material, and cancer. From this base, we can run experiments to determine
what is the most dangerous radiation and what the most efficient radiation barrier is.

Methods: We are using Geant4 to simulate the radiation bombardment on different
materials. The cancer simulation takes the results from Geant to determine how a human would
react to the radiation that gets through the barrier. The data from the radiation bombardment and
cancer code are presented in a user-friendly format by a front end program.

Results: The radiation simulation demonstrates that most barriers are usually effective at
blocking radiation. Gamma particles proved to be the most dangerous, killing the subject in the
cancer simulation very quickly. These particles were unable to be stopped by any barrier but
were partially blocked by lead. Neon and carbon radiation were especially cancer-inducing, but
took a while to deliver a fatal dose to the subject. Fast-moving proton radiation was easily
blocked by everything except kapton—a protective film often used in space technology—but was
still dangerous if it reached the subject.

Recommendations: Given more time, our project would have included a smartphone
application on the app store, an expansion of the materials and radiation types we used to
experiment with, more research on how radiation barriers wear out over time, and the effects that
radiation would have on satellite parts.

Conclusions: We determined that lead was the most effective material, but was
disproportionately expensive compared to the less efficient kapton. Due to its low cost, kapton
can afford to be far thicker for the same price. Additionally, we discovered that gamma radiation
was incredibly difficult to block by any barrier and also was the most deadly of the tested
radiations. However, heavy ions cause the most cancer risk before delivering a lethal dose and
are still very dangerous to astronauts for that reason. Our most important part of this project was
our bombardment simulation in Geant4 since it took the most effort and provided the base for the

rest of the project.
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Detailed Report
The Problem:

Currently, many aerospace companies and government agencies are focusing on
interplanetary travel. This achievement could lead to major developments in technology and our
understanding of the universe, as well as how society functions as a whole. Yet, even with these
advantages, space exploration has negative consequences. Along with the negative effects that
zero-gravity has on the human body, solar radiation goes unchecked without an atmosphere to
block it [1]. Health risks range from decreased nervous system functionality to a significantly
increased risk of cancer. However, radiation is not just a problem in space. Even within Earth’s
atmosphere, there are several instances where more knowledge about preventing radiation
exposure is necessary: nuclear reactor meltdowns, radioactive material testing, and UV radiation
from our sun are all common sources of radiation that must be approached with safety and

exposure prevention in mind.

The Objective:

Our objective for this project is to track the relationship between the type of radiation, the
materials used to shield it, and the effect that those two factors have on the health of a human
behind the shield. Our end product should consist of information about the effectiveness of
different materials commonly used for radiation barriers and about the danger that radiation
poses to a person—specifically under the conditions of acute radiation exposure. We also want to
present these pieces of information in a visually appealing way that can be understood by people
who don’t have a detailed understanding of the fields of dosimetry or radiation shielding. From
this information, we should be able to determine the most effective barrier to keep a human safe
for the longest time and determine how dangerous various radiation types are on a biological

scale.

The Solution:
Radiation Section
The radiation simulations used Geant4, a CERN-run toolbox for physics
simulations [2]. Gears is a specific version of Geant4 with more intuitive syntax. The

results were based on cross-sections (the likelihood two materials will interact) for each
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particle and barrier. If the bombarding object does not have a cross-section, as is the case
for beta particles and slow-moving protons, then its energy is not high enough to
penetrate the barrier. Because Geant4 is based on cross-sections, the At (time step
between start and finish) is not calculated for these particles.

To check the accuracy of Geant’s cross-sections, a simulation was written to
mimic the gold foil experiment and compare the results of the program to the results of
the original experiment. The gold foil experiment [3] measured the scattering effect gold
foil had when bombarded with alpha particles; in other words, its cross-section [4]. The

results from our program

GoldFoilEx

matched the results from the

175 -
original experiment within
an acceptable margin of 107
error. Because Geant 125 1
properly calculated the - 100 -

o
cross-section in the gold foil < s
experiment, we assume that
50 -
the accuracy of similar
calculations, like the solar 257
wind simulations, is just as 0+
accurate ~40000 20000 0 20000 40000
' Hight
In order to Angle of deflection (degrees) vs. offset (fin)

understand the cross-sections used by Geant, we made a Python program to demonstrate
the scattering effect one particle has on the other. This video demonstrates the interaction
between an alpha particle and a gold atom similar to that of the gold foil experiment. A
similar program was made to demonstrate the relationship between the height change or
the angle of approach change and the deflection (scattering) angle. Both of these
programs demonstrate a cross-section on a particle scale.

Based on the percentage of the particle’s occurrence in the solar wind, the

. . w
distance, a Python program uses the inverse square law (I = 5-) to calculate the At
4nr

with the given number of particles [5]. Due to its speed, each simulation is run with


https://youtu.be/wby1PMey44Q
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100,000 particles. The program finds the time it takes for that number of particles to hit

the barrier. If the bombarding object does not have a cross-section, as is the case for
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Cross-section as a measurement of scattering angle and ofisetih) [6]

slow-moving
protons, then its
energy is not high
enough to penetrate
the barrier.

Each of the
simulations had a
specified .tg (Text
Geometry) file that
determined the
barrier used in the

simulation. The

barriers used were aluminum, water, lead, concrete, and kapton. The barriers used

materials that had the most capability to stop radiation. The thickness of the materials

was constant at 50 micrometers, the standard width of a layer of radiation protection.

More layers would be used in a real situation.

Each radiation type has two programs: one high energy and one low energy. These

energies match the realistic speeds of particles emitted in the solar wind with the high

energy matching a solar flare and the low energy matching the lowest possible emission.

The exact energy per particle was found using a Python program, which

reverse-engineered the electron volts needed to achieve the high and low speeds of the

solar wind (BOOkTm - SOOkTm) [7]. The program uses the law of kinetic energy

2
(Ke = %MV ) to conserve both the mass and speed into the calculation [8]. After

converting the resulting joules to electron volts, the energy is in the proper units to be

used by Geant4.

The information from each simulation was saved to a CSV(Comma Separated

Values) file, which was then parsed by a Python program; its purpose is to properly

organize the number of particles that passed, were absorbed, or were reflected by the
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barrier. The particle type, number of particles, and their energy were then saved to an

Excel file.

Cancer Section

In order for a simulation to estimate the health effects of radiation, it must be able
to apply the principles of dosimetry to a situation. Dosimetry is the study of radiation
protection and the health effects related to it and uses some theories that are crucial for
getting this section of the code to work properly. Dosimetry typically breaks down into
three distinct sections: Absorbed dose, Equivalent Dose, and Effective Dose. Absorbed
dose governs objective health risks, and uses the unit of Grays [9]. There are two main
deterministic effects of radiation exposure that the absorbed dose predicts: Acute
Radiation Syndrome (ARS) [10] and Cutaneous Radiation Injury (CRI) [11]. These two
injuries scale up as radiation exposure increases and are guaranteed to show up on a
radiation victim at high doses. Equivalent dose governs the probability of getting cancer
on a full-body scale with the unit of sieverts [12], and can also be used as a metric for
overall health. This dosage metric scales with the Linear Energy Transfer (LET) of a
radiation wave, and the greater the LET the more damage the radiation can do to DNA
[13]. Finally, effective dose governs the probability of getting cancer on a tissue-specific
scale [9], which is the limit to our level of accuracy. Different tissues have different
vulnerabilities to getting cancer, which is important in determining what type of cancer a
person will get. There are several different models for how radiation damage scales with
dosage, but we are using the linear no-threshold model [14]. This is the easiest model to
program since it follows a linear slope of increasing cancer risk, and is one of the leading
theories of cancer prediction being used today. If we use these principles of dosimetry, we
can ensure that our predictions of cancer and other damages are accurate to the real

world.
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Quantity Definition New Units | Old Units
Exposure Charge per unit mass of | --- Roentgen
air [R)
1R=2.58x10" C/keg
Absorbed dose to Energy of radiation R | gray Radiation absorbed
tissue T from absorbed per unit mass | (Gy) dose
radiation of type R | of tissue T (rad)
1 rad = 100 ergs/g
Drr 1 Gy = 1 joule/kg
1 Gy = 100 rads
Equivalent dose to | Sum of contributions of | Sievert Roentgen
tissue T dose to T from (Sv) equivalent man
different radiation (rem)
Hr types, each multiplied
by the radiation
weighting factor (wg)
Hr=2g wg Drr
Effective Dose Sum of equivalent Sievert rem
doses to organs and (Sv)
E tissues exposed, each
multiplied by the
appropriate tissue
weighting factor (wr)
E= ZT Wt HT

Table indicating the units and definitions for the three levels of dosage we are using. [15]
The cancer simulation uses the results from the radiation portion to reach its
conclusion. To do this, it takes a target radiation type, barrier type, and radiation speed to
look for and then procedurally reads the CSV file until it finds each of those parameters
in the same row. From there, it can extract the relevant information for calculating the

dosimetry: The two radiation types, the energy per square meter from each radiation type

(in K eV/mz), and the At of the radiation bombardment are all saved into variables for
easy access later.

To make use of this information, three separate classes define the important
factors of the simulation and store crucial information. One is for radiation, which stores
its name and the parts of the body that it can hit. One is for deterministic injuries and
health effects that can result from radiation exposure. This class stores the injury’s name,
its current severity, the current symptoms for that level of severity, and a list of all the
symptoms of different severities. The final class is for cancers. This class stores the name,
what part of the body the cancer affects, the current probability one will develop the
cancer given the radiation, and the symptoms that indicate its onset. Three functions are
used to translate the units given into the ones used for dosimetry.

To convert electron volts into grays, electron volts must be converted into joules

by the scaling factor (1.6 * 10_19). Then, the energy must be multiplied by the surface
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area of the subject to get the net energy that hits the subject, then divided by the subject’s
mass to get grays: (G = (J * SA)/M) [16]. This is the first function the program runs to
acquire the relevant units.

Converting grays into an equivalent dose is based on a scaling factor: multiply the
grays calculated from the previous function by the LET of the radiation. This conversion
turns the output from grays into sieverts, with one sievert indicating a roughly 5.5%
chance of getting cancer [14].

Finally, the third function translates the equivalent dose into the effective dose.
This factor, also measured in sieverts, has further weighting to account for tissue
vulnerability. Some tissues in the body (e.g. the digestive tract) are more susceptible to
ionizing radiation than other tissues (e.g. skin). By accounting for this difference, we can
better determine which types of cancer are most likely to appear. For simplicity, we have
grouped these tissues into ones relating to the skin, bones, lungs, brain, stomach, and

reproductive organs of the body.

lonising radiation - Protection Dose quantities in SI units Effective dose

---------------------------

Whole body dose to all
tissue

of 0% .
ol g ey :
Quantity || Absorbed dose m Equivalentdose
D; H; - i
O,

Organdose totissue Ty |1
( SR e
. L O
Sl unit or (G ) g . : o (S ) " : - {S )
. ra Radiation weighting sleve \ Tissue weighting sleve Vi
mod;ﬁer Al e Factor - Wy factor - Wq
Derivation joule/kg Dimensionless factor joule/kg Dimensionless factor joule/kg
i i Biological effect on tissue type T having
Meanin Energy absorbed by Blo!oglcal effect D? i e
g | irradiated sarr]m_le Tf radfa;;‘?”*}fp;“‘wh Partial irradiation
maﬁe_r S el A Effective dose =summation of organ doses
guantity. M to those parts irradiated
Y !p er? Ila 'F'n ’[;lpES h Complete (uniform) irradiation
rel.r‘:]_u:‘re catr;‘u SHoey oria; ’ If whole body irradiated uniformly, the
e e weightings Wy summate to 1. Therefore,
Effective dose = Whole body Equivalent
dose

The relationship between absorbed dose, equivalent dose, and effective dose [17].
For each iteration of the script, we calculate these three values and add them to a
total. The grays are used to determine the severity of the deterministic effects of

radiation, such as ARS or CRI. Meanwhile, the effective dose is used to calculate the
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probability of each type of cancer that we have accounted for, ensuring that each cancer’s
probability is based on the effective dose of the specific tissue type it affects. In the end,
the time elapsed is increased by the At of the radiation, and the script is looped.

This loop is repeated until the subject has reached a threshold of radiation
exposure where it would be impossible for them to survive: When deterministic effects
have reached their maximum severity at 30 grays, or when the total equivalent dose has
reached around 50 sieverts. These thresholds pertain only to acute radiation exposure,
however; the same dosage over a longer time period may delay symptoms of radiation
poisoning as seen in the Plutonium Injection Experiments during the Manhattan Project

[18].

Front End Section

In order to easily collect results, as well as fulfill the parameter of having the
streamlined, easily comprehensible simulation we defined at the beginning of the project,
we created a visualization of the simulation process. While this segment is mainly
centered around the output of the cancer portion, it also helps present the findings of the
radiation portion in a more visually appealing way than Geant’s technical rendering
software. As a good starting point for a visualization, we chose Unity Game Engine for
its premade 3D graphics engine, easy-to-use particle system to show radiation effects,
and intuitive UI(User Interface) design system to display the important values of the
simulation.

Unity development is split up into “scenes” — separate zones where you can
compile each part of an application, improving performance. For this simulation, we have
two scenes: one to set the parameters for the simulation, and one to present the results of

said parameters in action.
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o .
.

* Parameter Selection * «

Radiation Type
Gamma

100kg
Radiation Speed Subject SA
Fast

70
Wall Material Simulation Speed
Water Ente ber

Start

Exit

Image of the Front End s starting screen.

The starting scene allows the user to modify the parameters of the simulation
through a set of dropdown boxes, sliders, and text inputs. With these tools, the user can
customize the radiation type, barrier material, radiation speed, and even the physical
properties of the subject such as mass or surface area. Note that the selection screen only
accounts for results that break through at least one of the radiation barriers—radiation
types that are too weak are not included since the results will always be zero. As a bonus,
the speed of the simulation can be changed to run simulations more efficiently since most
of the timesteps in the radiation section are less than one attosecond (107'® of a second) by

default. Once the parameters are set, the application can be run to view results.

Time Elapsed: 7.025008E-08 seconds Total Grays Absorbed: 0.004 Gy

Barrier Type: Water Unblocked Radiation Type 1: Photon ARS and CRI
Radiation Type: Gamma Unblocked Radiation Type 2: Electron

Radiation Speed: Fast Total Energy Absorbed: 0.000KeV ﬁzi:zf;‘:s{:z’;:;ﬁ;:‘e:
Radiation Blocked: 0.00% Total Unblocked Energy: 772.747KeV ;

Cutaneous Radiation Injury:
No noticeable symptoms

Total Sieverts Absorbed: 0.004 Sv

Cancers

i L]
® =0 @
- B @ ®e

Overall Health:
No cancer risk

Back to Settings

Image of the Front End s simulation screen.
Upon loading the second scene, the settings selected on the starting screen are fed

into the cancer section of the project, which uses those settings to generate the outcomes
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of the simulation. The outputs from the radiation portion are shown on the top panel
along with the simulation parameters, and the output from the cancer portion is displayed
on the side panel. Through this organization, the Ul easily communicates the more
important project outputs and makes it easier to log the results once the simulation is
complete.

The scene also takes steps to ensure that the simulation has proper visuals to
correspond with the data shown, adjusting the color of the radiation particles based on the
radiation emitted in the data, along with the emission rate of each radiation type based on
how much energy makes it through the barrier. The color of the barrier is also adjusted to
indicate the barrier material. Combined with the format of the UI, we have a user-friendly

way to present the data we generate.

The Results:
Barrier Effectiveness:

Every type of radiation penetrated the kapton barrier, proving it to be the weakest
barrier tested (Refer to Appendix A for raw data). Gamma particles penetrated all the
provided barriers with varying success. Lead demonstrated the most resistance to gamma
radiation, followed by aluminum, concrete, water, and kapton. For every instance of
gamma radiation, the majority of the remaining particles were beta particles (electrons).
This results from the photoelectric effect, in which the bombarding gamma particles
knock an electron off of its orbital on the barrier. Gamma radiation, therefore, has a
higher health consequence from resulting beta particles than it does with resulting gamma
particles.

The beta particles and slow protons are slow enough that they do not have a
documented cross-section. Consequently, we assume the bombarding particle is absorbed

and does not make it past the barrier.

Subject Longevity:
Gamma was the most destructive radiation type by far. Although it had a low
LET, gamma rays had significantly more overall energy and particles getting through the

barrier. Gamma radiation caused every type of cancer due to its piercing quality and
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ended the simulation in approximately 5 milliseconds using fast particles, at which point
the subject had received a lethal dose. When the particles moved slowly, the subject
reached a lethal dose of approximately 2.8 seconds with most barriers. Only lead shielded
the subject effectively for 21 seconds. The simulation ended with a 53% chance for
digestive cancer at maximum and a low of 1.7% chance for skin cancer. An exception to
this rule was using lead shielding, which resulted in the lowest probability of digestive
system cancers at a 26.4% chance.

Carbon 1on radiation was blocked entirely by every barrier except kapton. With
fast-moving radiation the subject received a lethal dose in .65 seconds, having absorbed
2.5 grays and 50 sieverts. The subject received an 88% chance of stomach cancer at
maximum and a 2.8% chance of skin cancer at minimum. When the radiation was slow,
however, the simulation lasted for 18.5 minutes and ended when the subject had absorbed
14.25 grays and 50 sieverts of radiation.

Similarly to carbon, neon ion radiation couldn’t pierce any radiation barrier
except kapton. At high particle speed, the subject reached a lethal dose in .4 seconds,
with similar statistics to carbon. At low particle speeds, however, the subject could
survive for two full days before reaching a lethal dose with 2.5 grays and 50 sieverts of
radiation absorbed.

Proton radiation could not get through any radiation barrier except for kapton, and
only at high speeds. The subject lasted for two minutes in this scenario before reaching a
dosage of 16 grays or 50 sieverts. This type of radiation only made it through to the
skeletal system, with a 35.5% chance of getting skeletal cancer and a 2.8% chance of

getting skin-related cancers (Refer to Appendix B for raw data).

The Conclusion:

The radiation portion proved that Gamma radiation was the most dangerous form of
bombardment for an interplanetary traveler because of its ability to penetrate all of the barriers.
Even though only a fraction of the solar wind is gamma particles, it is the most likely to affect a
passenger because of its high wavelength penetrability. Beta particles, even though they didn't
penetrate the shield, expose the subject through the photoelectric effect from the gamma rays.

Because the gamma rays penetrate every one of our shields at the given thickness, beta particles
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are guaranteed to generate alongside gamma radiation. After gamma and beta particles, the
subject would be at the highest risk of being exposed to heavy ions such as carbon, magnesium,
and neon. Any other shield than kapton will protect the passenger from this radiation and
bombarding protons.

The most efficient barrier was lead, followed by aluminum, concrete, water, and kapton.
Lead, even though it did not successfully block gamma particles, did prove to be the most
effective. Kapton was the least efficient at stopping radiation despite its frequent use in NASA
spacecraft [19]. However, when considering cost, kapton is the most cost-effective barrier of the
materials we experimented with with the exception of water, and lead is the least cost-effective
along with concrete [20][21]. There are also other factors to take into account, such as ease of
application to space shuttles and the possibility of increasing the layers of the barrier to
accommodate the inefficiency of the barriers when blocking certain particles.

Overall, gamma radiation caused the most damage since it had so much total energy
compared to the other radiation types. On the other hand, subjects exposed to slow-moving neon
radiation survived the longest. However, proton radiation did the least tissue damage, as the
subject was only exposed to radiation that could not pass the skeletal system. More efficient
gamma protection is clearly needed, since not only is it incredibly lethal if somebody is exposed
to it, but it also proves difficult to block; the only material capable of protecting the subject for
more than two seconds was lead. More research should be done on heavy ions like carbon and
neon as well since they contribute greatly to the chance that an individual will get cancer if
exposed.

Over the course of this project, our most significant achievement was the radiation
bombardment simulation in Geant. This segment of code required the most overall setup and
learning how the library worked before we could use it, and served as the foundation for every
other part of the project with the results it generated (See Appendix C for a link to our code
repository).

The Recommendations:
There is significant room for expanding the current scope of this project. During the early
stages of the development process, we ended up settling on a fixed list of materials and radiation

types. By expanding this list, we can improve how comprehensive our final results are.
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Additionally, our Front End could be transformed into a smartphone app to both spread
information and be more easily accessible to people who want to learn more about radiation
shielding and dosimetry.

During our presentations in February, we received some good suggestions from the
interviewers concerning how we could expand our scope. This included the idea to elaborate
more on how the barriers themselves would hold up over time, as prolonged radiation exposure
would eventually break down the efficiency of each barrier. The second recommendation we got
was to look into how dosimetry might also apply to how radiation affects technology in space,
like satellites or space stations, to see how long these components would last with different

protective measures taken.

The Acknowledgements:

We would like to thank our mentor Mario Serna for helping significantly with setting up
and teaching us how to use the Geant4 code library. Without him, this project would have taken a
lot more time to get up and running. Additionally, we have Regina Hunter to thank for reviewing
this paper and making sure that we submitted our best work. Finally, we would like to thank the
Supercomputing Staff for a wonderful year of coding. Our team had a couple of rocky points
with getting set up and scheduling the interviews for days when our team was available, but the
Supercomputing Staff always responded quickly to our requests. While there may not be another

year of the Supercomputing Challenge, this year was a great sendoff to a wonderful competition.



Page 16

Works Cited

[1] Rask, Jon. “Space Faring: The Radiation Challenge.” NASA,
https://www.nasa.gov/wp-content/uploads/2009/07/284275main_radiation_hs_mod3.pdf?
emrc=f9d9bd. Accessed 1 April 2024.

[2] “About Geant4.” CERN, https://geant4.web.cern.ch/. Accessed 30 March 2024.

[3]“Rutherford model | Definition, Description, Image, & Facts.” Britannica, 13 March 2024,
https://www.britannica.com/science/Rutherford-model. Accessed 31 March 2024.

[4] Gomez, Oscar Miyamoto. “Speak physics: What is a cross section?” Symmetry Magazine, 24
October 2017,
https://www.symmetrymagazine.org/article/speak-physics-what-is-a-cross-section?langua
ge content entity=und. Accessed 30 March 2024.

[5] “Inverse Square Law - Statement, Formula and Applications.” BYJU'S,
https://byjus.com/physics/inverse-square-law/. Accessed 30 March 2024.

[6] Towa State University. “Radiation Safety.” Nondestructive Evaluation NDE Engineering :
Radiation Safety,
https://www.nde-ed.org/NDEEngineering/RadiationSafety/theory/Measures.xhtml.
Accessed 2 April 2024.

[7]1“PHY 5210 W15 Lecture 29.” High Energy Physics at Wayne State,
http://hep.physics.wayne.edu/~harr/courses/5210/w15/lecture29.htm. Accessed 3 April
2024.

[8]“Real Time Solar Wind | NOAA / NWS Space Weather Prediction Center.” Space Weather
Prediction Center, https://www.swpc.noaa.gov/products/real-time-solar-wind. Accessed

30 March 2024.



Page 17

[9]“Kinetic energy.” Kinetic energy,
https://labs.phys.utk.edu/mbreinig/phys221core/modules/m4/kinetic%20energy.html.
Accessed 30 March 2024.

[10] Centers for Disease Control and Prevention. “Acute Radiation Syndrome | CDC.” Centers
for Disease Control and Prevention,
https://www.cdc.gov/nceh/radiation/emergencies/ars.htm. Accessed 2 April 2024.

[11] Centers for Disease Control and Prevention. “Cutaneous Radiation Injury (CRI) | CDC.”
Centers for Disease Control and Prevention,
https://www.cdc.gov/nceh/radiation/emergencies/cri.htm. Accessed 2 April 2024.

[12] United States Nuclear Regulatory Commission. “§ 20.1004 Units Of Radiation Dose. |
NRC.gov.” Nuclear Regulatory Commission,
https://www.nrc.gov/reading-rm/doc-collections/cfr/part020/part020-1004.html.
Accessed 2 April 2024.

[13] Haschek, Wanda M., et al., editors. Haschek and Rousseaux's Handbook of Toxicologic
Pathology. Elsevier Science, 2013. Accessed 2 April 2024.

[14] Connor, Nick. “What is Linear no-threshold model - Definition.” Radiation Dosimetry, 14
December 2019,
https://www.radiation-dosimetry.org/what-is-linear-no-threshold-model-definition/.
Accessed 2 April 2024.

[15] Massachusetts Institute of Technology. “Absorbed Dose.” DSpace@MIT,
https://dspace.mit.edu/bitstream/handle/1721.1/104092/22-01-fall-2006/contents/lecture-

notes/absorbed dose.pdf. Accessed 2 April 2024.



Page 18

[16] University of Alabama. Radiation Safety Initial Training Sessions (RS102) — Module 2:
Radiation Safety Calculations,
https://www.uab.edu/ehs/images/docs/rad/CourseMaterialMod2RS102.pdf. Accessed 2
April 2024.

[17] Rolston, Nick. Human Plutonium Injection Experiments, 16 March 2015,
http://large.stanford.edu/courses/2015/ph241/rolston2/. Accessed 3 April 2024.

[18] Wikipedia. “Effective dose (radiation).” Wikipedia,
https://en.wikipedia.org/wiki/Effective dose (radiation). Accessed 2 April 2024.

[19] “Kapton® Returns to the Moon.” DuPont,
https://www.dupont.com/blogs/kapton-returns-to-the-moon.html. Accessed 2 April 2024.

[20] “Kapton Film - Dupont KAPTON® Polyimide Film - Order Online.” Professional Plastics,
https://www.professionalplastics.com/KAPTONFILMPOLYIMIDE. Accessed 2 April
2024.

[21] “Lead Price.” Daily Metal Price, https://www.dailymetalprice.com/lead.html. Accessed 2
April 2024.

Centers for Disease Control and Prevention. “Health Effects of Radiation: Health Effects Depend
on the Dose.” Centers for Disease Control and Prevention, 7 December 2015,
https://www.cdc.gov/nceh/radiation/dose.html. Accessed 2 April 2024.

Charles Sturt University. “How much ionising radiation is dangerous? - Research.” CSU
Research,
https://research.csu.edu.au/integrity-ethics-compliance/radiation/forms-templates-profor

mas/radiation-life/ionising/how-much. Accessed 2 April 2024.



Page 19

Cleveland Clinic. “Tumor: What Is It, Types, Symptoms, Treatment & Prevention.” Cleveland
Clinic, 10 May 2021, https://my.clevelandclinic.org/health/diseases/21881-tumor.
Accessed 2 April 2024.

County of Monmouth. RADIATION HEALTH BASICS.pdf,
https://www.co.monmouth.nj.us/documents/118/RADIATION%20HEALTH%20BASICS
.pdf. Accessed 2 April 2024.

Ferrari, Chiara, et al. “Sievert or Gray: Dose Quantities and Protection Levels in Emergency
Exposure.” NCBI, 8 February 2023,
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9959072/. Accessed 2 April 2024.

“GEARS i#4H | Geant4 Example Application with Rich features yet Small footprint.”
physino.xyz, https://physino.xyz/gears/. Accessed 30 March 2024.

Gilbert, Ethel S. “Ionizing Radiation and Cancer Risks: What Have We Learned From
Epidemiology?” NCBI, https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2859619/.
Accessed 2 April 2024.

Hansen, Steven. “Concrete Calculator and Cost Estimator.” Costimates.com, 9 February 2024,
https://www.costimates.com/cost-calculators/concrete-calculator/. Accessed 2 April 2024.

Minow, Joseph 1. “Solar Wind as a Space Radiation Environment.” YouTube: Home, 9 November
2017,
https://ntrs.nasa.gov/api/citations/20210000006/downloads/Minow Materials%20-%204
3rd COSPAR Final.pdf. Accessed 30 March 2024.

National Cancer Institute. “A to Z List of Cancer Types.” National Cancer Institute,

https://www.cancer.gov/types. Accessed 2 April 2024.



Page 20

“Protecting Yourself from Radiation | US EPA.” Environmental Protection Agency, 24 January
2024, https://www.epa.gov/radiation/protecting-yourself-radiation. Accessed 30 March
2024.

“Real Time Solar Wind | NOAA / NWS Space Weather Prediction Center.” Space Weather
Prediction Center, https://www.swpc.noaa.gov/products/real-time-solar-wind. Accessed

30 March 2024.



Appendix A: Results of Radiation Bombardment
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Aluminum | Water Concrete Kapton Pb
Alpha fast |0 0 0 0 0
Alpha slow |0 0 0 0 0
Gamma 100,000 100,000 100,000 100,000 100,000
fast
Gamma 97524 99815 97998 100,000 6278
slow
Beta fast NCS NCS NCS NCS NCS
Beta slow NCS NCS NCS NCS NCS
Carbon fast | 0 0 0 84496 0
Carbon 0 0 0 155 0
slow
Magnesium | 0 0 0 82701 0
fast
Magnesium |0 0 0 0 0
slow
Neon fast 0 0 0 82844 0
Neon slow 0 0 0 1 0
Proton fast |0 0 0 265 0
Proton slow | NCS NCS NCS NCS NCS

Number of particles remaining after bombardment

*NCS = No Cross Section
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Gray and Sievert]
% chance of cancer
Rad Type Barrier Type Rad Speed Survival Time |Cancer Types | (Highest and lowest) [levels
0.000495 All types of 53% digestive,
Gamma Water Fast seconds cancer 1.7% skin 30sv, 30gy
All types of 53% digestive,
Gamma Water Slow 2.734 seconds  |cancer 1.7% skin 30sv, 30gy
0.000495 All types of 53% digestive,
Gamma Aluminum Fast seconds cancer 1.7% skin 30sv, 30gy
All types of 53% digestive,
Gamma Aluminum Slow 2.799 seconds  |cancer 1.7% skin 30sv, 30gy
0.000496 All types of 53% digestive,
Gamma Concrete Fast seconds cancer 1.7% skin 30sv, 30gy
All types of 53% digestive,
Gamma Concrete Slow 2.783 seconds  |cancer 1.7% skin 30sv, 30gy
0.000496 All types of 53% digestive,
Gamma Lead Fast seconds cancer 1.7% skin 30sv, 30gy
All types of 26% digestive,
Gamma Lead Slow 21.894 seconds |cancer 1.7% skin 30sv, 30gy
0.000496 All types of 53% digestive,
Gamma Kapton Fast seconds cancer 1.7% skin 30sv, 30gy
All 53% digestive,
Gamma Kapton Slow 2.726 seconds  [types of cancer |1.7% skin 30sv, 30gy
All types of 88% digestive,
Carbon Kapton Fast 0.646 seconds  |cancer 2.8% skin 50sv, 2.5 gy
All types of 88% digestive,
Carbon Kapton Slow 1155.67 seconds |cancer 2.8% skin 50sv, 14.25 gy
All types of 88% digestive,
Neon Kapton Fast 0.388 seconds  |cancer 2.8% skin 50sv,2.5 gy
169205.4 All types of 88% digestive,
Neon Kapton Slow seconds cancer 2.8% skin 50 sv,2.5 gy
114.9204 skin, bone 35.8% bone,
Proton Kapton Fast seconds cancer 2.8% skin 50sv, 16 gy

Results from the Cancer Effects Portion. Note that only situations in which the subject is exposed

to some degree of radiation are on this list.
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Appendix C: Link to Code Repository

https://gith m/H nlin Team42-2023-2024


https://github.com/HadwynLink/SCCTeam42-2023-2024

