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High-Z Solutions for Shielding and Radiopacity
INGER ANDREA LIEN HESBOL

Department of Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract

The biggest concern for future space exploration beyond low earth orbit, from a
radiation perspective is galactic cosmic radiation and solar particle events, due to
lack of satisfactory shielding options. This thesis explore the possibility to use high-
Z elements dissolved in water, as a possible shielding for space exploration. The idea
is to combining it with the currently used liquid cooling and ventilation garment, or
in future habitat design. The experiments were performed by irradiating samples
of Fricke solution, encased within the high-Z shielding solution through different
methods, and the dose was measured by Fricke dosimetry. The results for the used
concentrations indicates that it is not viable to combine the high-Z shielding solution
with the current liquid cooling and ventilation garment. However, it can be possible
to used when covering larger surfaces, which could be a possibility for future habitat
design, and further work on this topic.

Keywords: High-Z solution, Space, Spacesuit, Liquid Cooling and Ventilation Gar-
ment, Habitat, Fricke Dosimetry
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1

Introduction

On December 1972, Apollo 17 returned to the earth following a 12 day missions to the
Moon [2]. This mission was the last manned space mission to have gone beyond low
earth orbit (LEO). Today manned space missions are primary intra/extravehicular
activity (IEVA) related to the International Space Station (ISS) located in low earth
orbit.

When considering radiation shielding for future space exploration beyond LEQO, the
largest concerns is galactic cosmic radiation (GCR) and solar particle events (SPEs),
along with making sure astronauts are not exposed to more then yearly and career
radiation limits set by e.g. National Aeronautics and Space Administration (NASA)
[3]. Both space radiation and dose limits are discussed further later in this paper.
Such future plans for space missions beyond LEO involves new missions to the Moon,
but also Mars [4].

The thesis assignment was given by Theodora Retegan, Associate Professor, Chem-
istry and Chemical Engineering, Nuclear Chemistry/Industrial Materials Recycling
at Chalmers University of Technology. All experiments where preformed with re-
sources available at Nuclear Chemistry at Chalmers University of Technology. A
Gammacell 220 °°Co irradiation unit was used for irradiating samples, and a Lambda
25 UV/VIS spectrometer was used for analysing samples. The absorbed dose was
determined using Fricke dosimetry.

It explores the radiopacity potential of several high-Z elements dissolved in water,
for the potential use as radiation shielding for future space exploration beyond LEO.
The thought is that it could be combined with the currently used liquid cooling and
ventilation garments (LCVG) worn by astronauts under their space suits. Or in
combination with future habitat designs.

Within the field of medicine a substantial amount of studies has been conducted,
exploring several different solutions containing high-Z elements and their potential
use in especially computed tomography (CT) [5, 6, 7]. However, within the field
of space exploration the studies conducted utilizing different high-Z elements has
primary focused on structural shielding [8, 9, 10], while studies related to the space
suit and the LCVG focus on designs with different synthetic compounds and fibers,
or fundamentally different designs of the LCVG, but which still utilizes water [11, 12,
13]. Thus, not adding any significant insight to the purpose of this thesis. Therefore,
the focus has been the high-Z elements from the medical studies and the structural
shielding in space exploration.
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This thesis paper is divided into six chapters. Chapter 2 presents several studies
within the field of medicine and space exploration which utilizes high-Z elements.
Chapter 3 presents insightful theory related to space, dose and the utilized measuring
technique. Chapter 4 presents the conducted experimental work, while chapter 5
presents the results. Chapter 6 presents the final conclusion following the results in
chapter 5, and future possibilities.
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Background

2.1 Medicine

Within the field of medical applications, high-Z solutions are administered to pa-
tients undergoing imagining procedures. These solutions are commonly known as
contrast agents. Depending on the imaging technique, different features of the high-
7 element is utilized to enhance the image quality, providing valuable aid when
diagnosing patients.

2.1.1 Computed Tomography

In CT it is the different attenuation of x-rays in the various tissues that are utilized
[7]. The degree of x-ray attenuation is presented in equation (3.1), found under
chapter 3.1 Equations, where the photoelectric effect is the most prevalent factor
of the mass attenuation coefficient (1) [7]. This photoelectric effect is proportional
to the atomic number to the power of three (Z) [7]. Thus, high-Z solutions are
used as contrast agents to enhanced the image contrast, by amplifying the x-ray
attenuation, this results in an improved ability to differentiate between tissues of
similar density [5, 7]. This improvement is so valuable when diagnosing a patient,
that these contrast agents are used despite the concerns for toxicity risks [5].

These contrast agents are administered to the patient intravenously or orally, and
used when examining the vascular system or urinary and gastrointestinal tracks [5]
[6]. The examinations are conducted with x-ray tube potential in the range 80 to
140kV, increasing with the size of the patient [5, 6]. This x-ray tube potential range
results in a x-ray spectra from approximately 55 to over 110keV in mean energies,
depending on the filtration of the x-ray tube [6].

The commercially used contrast agents for CT contain either iodine or barium [5,
6]. However several experiments have been conducted, investigating other high-Z
solutions as options for CT contrast agent, due to undesired contrast reduction of
iodine based contrast agents at high x-ray tube potentials, as well as the desire to
lower the administered dose to patient.

Experiments preformed by FitzGerald et al. [5] explores several high-Z solutions as
alternative to iodine based contrast agent for intravascular C'T examinations, which
can be utilized at high x-rays tube potentials, consistent with average-size to large
adults, without the image contrast reduction. The experiments demonstrates that
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barium, gadolinium, ytterbium and tantalum do not exhibit the same image contrast
reduction as iodine. Of these, gadolinium based solution demonstrated the best
image contrast improvement, followed by tantalum based solution. However, there
are ongoing debates regarding whether gadolinium based solutions for a general CT
examination is safe for the patients, due to the high mass concentration in contrast
agents for CT. Thus, tantalum based solutions is the best overall option. With and
image contrast improvement of 60% compared to iodine based contrast agent, at
the highest x-ray tube potential.

Experiments and studies preformed by Nowak et al. [6] and Shilo et al. [7] explores
methods of reducing administered dose to patients, by using high-Z solutions. They
proceed with two different approaches. Nowak et al. [6] utilize the concept that
high-Z solutions yield a higher contrast-to-noise ratio (CNR) at doses equal to those
given by the commercial contrast agents. Thus, the administered dose can be de-
creased by using high-Z solutions to achieve the same CNR as the commercially used
contrast agent. The experiments demonstrates that high-Z solutions performance
varies with the x-ray tube potential and filter. Gadolinium based solution demon-
strates a dose reduction of 19-60% for children and lean patients, hafnium based
solution demonstrates a dose reduction 35-76% and 62-78% for average and obese
patients respectively, and gold based solutions demonstrates a dose reduction of
74-86% for strongly obese patients. Shilo et al. [7] utilize the concept that nanopar-
ticles (NPs) have a higher x-ray interaction cross section in the soft tissue. Thus,
should be favored in the absorption of x-rays, and decrease the administered dose
while increasing the image contrast. The studies demonstrate that gold, bismuth
and tantalum NPs based solutions are of interests. Of these, gold NPs is especially
interesting due to additional optical advantages, while bismuth and tantalum NPs
are more economically favorable options.

2.1.2 Magnetic Resonance Imaging

In MRI it is the magnetic properties of the tissues that are utilized, which is pre-
sented in equation (3.2), found under chapter 3.1 Equations [14]. Thus, MRI does
not utilize ionizing radiation, but is based on nuclear magnetic resonance (NMR). It
is based on the concept that NMR can be used to detect unhealthy tissues [14], due
to the different nuclear magnetic relaxation times of unhealthy and healthy tissues,
which can generate a natural image contrast [14]. Though, in some cases the natural
image contrast is not enough to differentiate between unhealthy and healthy tissues
[14]. In those cases a contrast agent can be used to further enhance the imaging
contrast in the area of interest [14].

The tissues in the human body is defined by the different relaxation times, T; and
Ty [14]. Thus, contrast agents can be classified as T; and Ty contrast agents, with
the purpose to reduce the Ty and Ty relaxation times of water protons [14, 15].
Since approximately 63% of the atoms in the human body is hydrogen atoms [14].
The purpose of T agents is to reduce the longitudinal proton relaxation time, which
is based on the transfer rate of excited energy from the proton to the surrounding
medium [14]. While the purpose of Ty agents is to reduce the transverse proton

4
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relaxation time, which is based on the out of phase rate between protons [14].

Commercial Ty agents are mainly gadolinium based, with the exception of one ap-
proved manganese based contrast agent [14, 15]. T, agents has a positive effect,
causing an increase in the MRI signal, giving a bright signal [14, 15]. While Ty
agents are iron oxide nanoparticles (IONP) bases contrast agents [14, 15]. Ty agents
have a negative effect, causing a decrease in the MRI signal, giving a dark signal
[14, 15]. Of these, iron based contrast agent is less toxic, while gadolinium based
contrast agents are more toxic, due to its ability to replace the calcium ions present
in the body [14, 15]. In addition to gadolinium not being stable for the pH of the
body, thus it can form gadolinium hydroxide crystal deposits which can block ves-
sels [14]. Currently gadolinium is administered as part of a complexes of chelates to
overcome these problems [14]. However experiments investigating other options to
mitigate the toxicity and stability issues has been conducted.

Experiments preformed by Zhang et al. [15] explores another method to toxicity
and stability issues with gadolinium based contrast agents. By coating gadolinium
with a layer of gold with the intent to provide air and water stability to gadolinium.
Their experiments demonstrates a clear chemical stability of gadolinium coated with
gold. However, the nanocrystals studied are not optimized and the relevance of some
mechanisms are not obvious in regards to the chemical stability.

2.2 Space Exploration

Within the field of space exploration, high-Z materials are used in solid structural
shielding, in order protect astronauts as well as electronics from the harmful ionizing
and particle radiation present in space.

2.2.1 Shielding

With regards to radiation shielding of spacecrafts or habitats, there are two different
building concepts [10]. An integrated concept where the most or all surfaces are
covered by the shielding material, and it is a part of the structure, or a spot shielding
concept, where only some parts of the surface is covered [10]. Also, there are two
different shield compositions concepts: it can be a composite-Z shield composed of
two layers of composite material with a layer with a high-Z material in between
[9, 10]. Or it can be a graded-Z shield composed of a outer layer of high-Z material
followed by layers of low-Z materials [8, 10].

High-Z materials are effective at stopping electrons and absorbing ~-rays, but less
effective at stopping protons [8, 9, 10]. However low-Z materials are effective at
stopping protons [8, 9, 10]. Thus it is of interest to construct multi layered shield-
ing for space traveling of both low- and high-Z materials, i.e. composite-Z and
graded-Z shielding. [9]. The commonly considered high-Z materials is gadolinium,
tantalum and tungsten based materials, due to their different favorable character-
istics [10]. Gadolinium has the larger neutron absorption cross section, and can be

5
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utilized in situations were a large amount of secondary neutrons are present [10].
While tantalum and tungsten has better electron and photon attenuation, where of
tungsten is slightly better but of the three has the lesser neutron absorption cross
section [10]. Several experiments have been conducted to further investigating the
two composition concepts and the different high-Z materials, for use both within the
geosynchronous orbit (GSO) and beyond the high earth orbit (HEO), for future deep
space traveling, as well as weight reduction of the shielding and improved radiation
protection.

Experiments preformed by Atxaga et al. [9] and Klamm [9] explores shield compo-
sition concepts intended for use within GSO. Atxaga et al. [9] demonstrates that
a composite-Z shield of tantalum or tungsten has a weight saving of 25%, com-
pared to aluminium shield with the same radiation protection capacity for electron
dominated environments. Klamm [10] explores the shielding properties of layers of
a low-Z resin, high density polyethylene (HDPE) or polyphenolic, doped with mi-
croparticles of a high-Z material, tungsten, in layer configurations corresponding to
both shield configurations, replacing the layers of pure low- and high-Z materials.
The experiments demonstrates a composite-Z shield configuration preforms better
over all then a graded-Z shield configuration. It also demonstrates that a pheno-
lic resin is preferable in electron dominated environments, while HDPE in particle
dominated environments.

Other experiments were preformed by Atwell et al. [8] while different graded-Z
shielding configurations, under different space weather related conditions, GCR and
SPEs. The experiments demonstrated that a graded-Z shielding of tantalum or
tungsten with a inner layer of HDPE provided better radiation protection then a
aluminium shield against GCR. While just a layer of HDPE provided better radia-
tion protection then a graded-Z shield with high-7Z materials against SPEs.
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2.3 Elements of interest

Table (2.1) summarize the high-Z elements of interest utilized in the studied research

material.

Table 2.1: High-Z elements of interest.

Element Symbol 7Z  Use Reference
Todine I 53 CT 5] 6] [7]
Barium Ba 56 CT 5]
Gadolinium Gd 64 MRI, Space, Res. [5] [6] [14] [10]
Holmium Ho 67 Res. 6]

Ytterbium  Yb 70 Res. 5] [6]
Hafnium Hf 72  Res. 6]

Tantalum  Ta 73 Space, Res. 5] [7] [8] [9] [10]
Tungsten W 74 Space, Res. 6] [8] [9] [10]
Osmium Os 76 Res. (6]

Gold Au 79 Res. [5] [6] [7] [15]
Bismuth Bi 83 Res. 5] [6] [7]
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Theory

3.1 Equations

The intensity of the transmitted rays radiation (/) is given by (3.1):

[ = Iye "™ (3.1)
where (/p) is the intensity of the incident rays or radiation,(u) is the attenuation
coefficient of an absorbing medium and () is its thickness [7].

The magnetization (M) of a medium is given by (3.2):

M =xH (3.2)
where () is the magnetic susceptibility of the medium, which is its ability to be
magnetized by a magnetic field (H) [14].

The absorbed dose (D) is given by (3.3):

A

D= 1 GFe (3.3)

where A is the change in absorbance, () is the molar extinction coefficient, (1) is the
cuvette path length , (p) is the density of the solution and (G(Fe*")) is the yield of
iron(III) [16].

The yield of iron(ITI) (G(Fe*T)) is given by (3.3):
G(Fe*t) = 2G(H,0,) + 3[G(e,,) + G(eH) + G(eHO,)] + G(eOH) (3.4)

where G(H30), G(eg,), G(eH), G(eHO,), and G(eOH) is given for acidic solution
[16].

The activity (A) is given by (3.5):
A= Age™ (3.5)

where Ay is the activity at start time, \ is the decay constant of an isotope and t is
the time passed [17].
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3.2 Space radiation

Space radiation is unlike the radiation experienced on earth [18]. It is primarily
made up of GCR, SPEs and the energetic protons and electrons in the Van Allen
radiation belts surrounding the earth [18, 19]. Of these SPEs and GCR are of most
concern for space exploration beyond LEO [19]. The large infrequent SPEs poses as
radiation risk due to unpredictability, while steady low-dose GCR is a risk due to
the lack of satisfactory shielding [3, 18, 19].

Space radiation is associated with the behaviour of the Sun and especially the solar
activities , for example such as the 11 year solar cycle, the 27 days solar rotation
and the sub-seconds eruptions [18, 20]. During the solar cycle there are periods of
solar minimum and solar maximum, presented in figure (3.1), where the amount
of sunspots are less during solar minimum then during solar maximum [3]. The
intensity of GCR is higher during solar minimum, and lower during solar maximum
[3, 18]. During solar maximum large ejections of plasma following eruptions on the
sun surface is more frequent [3]. These are also known as Coronal Mass Ejections
(CMEs) and are more frequent, which causes the SPEs [3].

Figure 3.1: Number of average sunspot per month [3].

300

200 — |
100 vl g’% iy ok ﬂ.,u‘ mﬂ‘,
| Pl | _ \ . i I
0 "IM’MWJ‘W'N “n\%w WNLM M‘"\.J‘ %'WIMAJLJIIM “"\-- )M*"M'M%\ mﬂv’M “AM; Jl'll‘l‘.wf'F
1750 1760 1770 1780 1790 153(;0 1810 1820 1830 1840 1850
— e ate

300

200 —

r | H‘W[i
100 A b r L M" JJ W
-. e # a TR T I
0 W L\"-JJJ‘ } WMJN . v‘]“-‘m,x‘wmwwr WM.J’ALJ&' w!r'u..‘ y‘”l f'*%f N l(t'"mm,u* M-w’ﬂ
1850 1860 1870 1880 1890 1[?(%0 1910 1920 1930 1940 1950
ate
300 . . . .

o
200 — L\h
- |
>y JJ o M M rﬂ‘u"m
0 ai 0 wd Mg S
1950 1960 1970 1980 1990 2[?%0 2010 2020 2030 2040 2050
ate

[T

3.3 Dose

On a radiation protection basis, an astronaut is essentially considered the same as
a radiation worker [21]. The radiation protection program for space travels follows
the same as low as reasonably achievable (ALARA) principle as radiation protection
programs for all work with ionizing radiation, e.g. Nuclear Chemistry at Chalmers
University of Technology [21, 22]. In addition to the ALARA principle, dose assess-
ment and management are prevailing factors when planing space missions, as well as

10
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designing equipment and living quarters [21]. Figure (3.2) shows a simplified model
for dose assessment scheme used for LEO [21].

However, despite the same approach to radiation protection for astronauts as for
radiation workers, the yearly limit is not the same [3]. The limits set by NASA is at
500mSv for their astronauts in contrast to 20mSv for radiation workers in Sweden
[3, 22]. However, the type for radiation is different, and space radiation is not
equivalent to the radiation exposed on the Earth [3, 18]. 1mSv of space radiation
can be approximated to receiving three chest x-rays on the Earth [3]. Furthermore,
NASA operates with career exposure limits for their astronauts, presented in table
(3.1) [3]. The limits are lower for young astronauts, due to the presumption that
being exposed to large amounts of radiation at a young age can cause a higher health
risks later in life [3]. These limits can be compared to radiation doses from previous
missions, as well as predicted dose for a mission to Mash, presented in table (3.2)

3].

Figure 3.2: Simplified dose assessment to estimate received dose from LEO mis-
sions [21].

Environmental
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Spacecraft
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Factors Measurements
<

Dose Records o Personal record

Table 3.1: Career exposure limits in mSv, by age and gender, by NASA [3].

Age Male Female
Radiation dose X-ray equivalent Radiation dose X-ray equivalent
[mSv] (mSv]

25 1500 4500 1000 3000

35 2500 7500 1750 5250

45 3250 9750 2500 7500

55 4000 12000 3000 9000

11
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Table 3.2: Received and predicted radiation doses, by NASA [3].

Mission Duration Radiation dose X-ray equivalent
[days] [mSv]

Space Shuttle Mission 41-C 8 5.59 17

Apollo 14 9 11.4 35

Skylab 4 87 178 534

ISS Mission 183 160 480

Mars Mission 1096 1200 3600

3.4 Spacesuit

The spacesuits used by astronauts are divided into three categories. Intravehicular
activity (IVA) suits, extravehicular activity (EVA) suits and the combined IEVA
suits [23]. The space agencies are currently exclusively using separate IVA and EVA
suits, though the first suits to be used for EVA was IEVA suits [23]. The spacesuits
protects the astronauts during space exploration missions, especially during EVA
[11, 23]. The suite shall protect against the space environment and its ionizing
radiation, which of the latter is related to health risk concerns [11, 23].

3.4.1 Intravehicular activity suit

The IVA suit is also know as the rescue suit, and is worn during stays in space
vehicles, i.e. during launch, travel and entry [23]. Tt is a lighter and thinner suit,
design to accommodate conditions arising during launch and entry, e.g. vibrations,
as well as providing a comfort to the astronaut [23]. Its purpose is to keep the
astronauts safe in case of malfunctions or emergency situation in space vehicles [23].
Thus, it has basic survival systems, e.g. emergency oxygen tank, flotation systems,
liquid cooling garments (LCG), parachute and several other features [23].

3.4.2 Extravehicular activity suit

The EVA suit enables astronaut to exit space vehicles and preform tasks in space
[23]. Tt may differ slightly depending on the task intended to preform while in
the suit, but is has some general requirements, e.g. to protect against radiation,
temperatures, travelling particles, and several other features [23]. The suit consist
of separate parts, of which the major ones are the upper torso which includes the the
hard upper torso (HUT) and arm assembly, EVA gloves, lower torso assembly (LTA)
and helmet, and also the primary life support subsystem (PLSS), communications

carrier assembly (CCA) and the LCVG [11, 24].
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3.4.3 Liquid cooling and ventilation garment

The space suites are designed to be insulating to protect the astronauts against the
high and low temperatures occurring in the space environment [23]. The tempera-
ture inside the suit will stabilize around the astronauts body temperature, commonly
37°C', because of the insulating abilities [23]. This is already a unfavorable temper-
ature for activity [23]. In addition, as the astronaut is in activity more body heat is
generated, and the temperature inside the suite increases [23]. The body will start
sweating to cool of the body, and humidity will build-up within the suit, ultimately
causing the astronaut to overheat or become dehydrated [23].

The LCG and LCVG is designed to regulate the temperature within the suit [23].
They are both skintight suits of nylon with a cotton mesh or of spandex, for LCG
plastic tubes are weaved through the mesh, while for LCVG the plastic tubes are
thread through sewed tracks [23, 24]. The astronauts body heat is then lead away by
circulating water through the plastic tubes [23, 24]. With the LCVG the ventilation
system 1is integrated in the skintight suits, primary made for ease for donning the
EVA suit [23].

3.5 Dosimetry

Fricke dosimetry, is a measuring technique which can be used in the range 1-500
Gy [17]. The principle of the technique is to determine the iron(I1T) content formed
by irradiation of a Fricke solution [17]. This is done by measuring the change in
absorbance at 303nm spectrophotometrically, and using equation (3.3), found under
chapter 3.1 Equations [17, 25]. The irradiation causes the oxidation from iron(II) in
the Fricke solution to iron(III), according to the following reaction scheme [17].

Caq T H" — He
Heo+0Oy — 0HO,
eHO, + Fe*t — Fe*t + HOy
HO; + H" — Hy0,
Hy0y + Fe*™ — Fe’t + OH™ + eOH
eOH + Fe*t — Fe3t + OH™

Ferrous-cupric dosimetry is a modification of Fricke dosimetry [16]. The solution
contains copper in addition to iron, which extends the upper limit to the measurable
dose range to approximately 5kGy [16]. This limit can be further extended by
increasing the concentration of iron and copper [16].
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Methods

The conditions for these experiments is that the water in the LCVG would be
changed with the high-Z solutions. Thus, the high-z solutions should still function
as a cooling liquid in addition to demonstrate shielding qualities. However, only the
shielding properties are measured in these experiments. To mimic the water tubing
in the LCVG a plastic tube was coiled up to fit around a 20ml glass vial, seen in
figure (4.1), under chapter 4.2 High-Z solutions. A further detailed list of chemical
and equipment can be found in appendix A.

4.1 Compounds

Table (2.1) was utilized to decide which high-Z elements to further investigate, and
table (4.1) summarize the decision making process. The properties that was under
consideration was if there were water solubility compounds, and the compounds
health hazard rating by the European hazard symbols. This information was re-
trieved from American elements [26].

Firstly the elements currently used for structural shielding and research of said
shielding was considered, e.i. gadolinium, tantalum and tungsten. Of these tantalum
and tungsten was discarded due to their health hazard ratings, while gadolinium was
selected in the form of gadolinium(III) chloride, GdCl3. Thereafter, gold, ytterbium
and bismuth was considered due to their use in several of the reference material. Of
these gold was discharged to it being a expensive option and bismuth due to few
water soluble options, while ytterbium was selected in the form of ytterbium(III)
chloride, YbCl3. Lastly barium was considered due to the current use in CT, but
disregarded due to few water soluble options. Thus, cerium was considered and
selected in the form of cerium(III) chloride, C'eCl3;. To have one element between
each decimal range, Z=50-59, 60-69. 70-79, for a wide range of elements. Lead was
chosen to use as a sort of reference, in the form of lead(Il) nitrate. Since this is
a reoccurring element used in structural shielding in laboratories, thus the health
hazard rating is disregarded in this case.
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Table 4.1: Element decision, summary [26]

Element Symbol 7Z  Selected Note

Barium Ba 56 X Few water soluble options
Cerium Ce 58 CeCls

Gadolinium Gd 64 GdCl

Ytterbium  Yb 70 YbCls

Tantalum Ta 73 X Health hazard rating
Tungsten W 74 X Health hazard rating
Gold Au 79 X Expensive

Lead Pb 82 Pb(NOg)Q

Bismuth Bi 83 X Few water soluble options

4.2 High-Z solutions

The high-Z solutions were prepared by dissolving the previously mentioned com-
pounds in Milli-Q water. 25ml solution was prepared for the experiments using a
self made plastic coil. While for he experiments using a jacketed beaker, 50ml solu-
tion was prepared. The salts were measured up according to table (4.2) and (4.3)
and added to separate 50ml plastic vials. The vials were filled up to 25ml or 50ml
with Milli-Q water, and then shaken until the salt was fully dissolved.

The self made plastic coil, seen in figure (4.1), was filled with 20ml high-Z solution
using a plastic syringe, from the prepared 25ml high-Z solution. The syringe was
used to ensure no air bubbles in the coil also some of the solution is flushed through
the coil to wash out possible residuals. To clog the coil, cut offs from 1ml plastic
bulb pipettes was pushed into each end. At the bottom end, Lubriseal Stopckock
Grease was used to ensure no leakage, and for the top end two holes in the plastic
bulb pipette ensure no over pressure in the coil.

Figure 4.1: Photo of the self made plastic coil.
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The outer chamber of the jacketed beaker, seen in figure (4.2), was filled with 40ml
high-Z solution using a plastic syringe, from the prepared 50ml high-Z solution. The
syringe was used due to more convenient handling when filling the outer chamber.
To clog the jacketed beaker a plastic cap and Parafilm was used. At the bottom end,
the plastic cap was pressed into places, Parafilm is wrapped around it to ensure no
leakage, and for the top end Parafilm was used to cover the hole allowing expansion
due to possible over pressure. Also a plastic lid was loosely placed over the inner
chamber of the jacketed beaker.

Figure 4.2: Photo of the jacketed beaker.

After use the self made plastic coil and syringe was rinsed with Milli-Q water twice.
While the jacketed beaker was rinsed like regular laboratory glassware, with a final

rinse of Milli-Q water.

Table 4.2: 25ml high-Z solution.

Element Symbol 7  Salt Conc. element Amount for 0.0251
[8/1] lg]

Cerium Ce 58 CeCls ¢ TH,O 10 0.6648
Gadolinium Gd 64 GdClz e 6H,O 10 0 5909
Ytterbium  Yb 70 YbCls e 6H,O 10 0.5598
Lead Pb 82 Pb(NOj3)y 10 0.3996
Cerium Ce 58 CeCl; @ TH,O 20 1.3296
Gadolinium Gd 64 GdCl; e 6H,O 20 1.1818
Ytterbium  Yb 70 YbCl; @ 6H,O 20 1.1196
Lead Pb 82 Pb(NO3)y 20 0.7992
Lead Pb 82 Pb(NOs3)y 30 1.1988
Lead Pb 82 Pb(NOj3)y 300 11.9884
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Table 4.3: 50ml high-Z solution.

Element Symbol Z  Salt Conc. element Amount for 0.0501
[g/1] [g]
Lead Pb 82 Pb(NO3)y 300 23.9768

4.3 Dosimetry

A fresh batch of the dosimetry solutions were made for each measurement. The
Ferrous-cupric solutions was always made in batches of 100ml and only used with
the self made plastic coil. While the Fricke solution was made in batches of 50ml
used with the jacketed beaker, and 100ml used with the self made plastic coil.

Five 20ml glass vials was filled with 15ml dosimetry solution for all the experiments
preformed with the self made plastic coil . While for other experiments only using
glass vial, a various number of glass vials was filled with 10ml dosimetry solution.
The inner chamber was filled with 15ml dosimetry solution for the all the experi-
ments preformed with the jacketed beaker, and also one 20ml glass vial filled with
15ml dosimetry solution. Between the experiments the glass vials were washed like
regular laboratory glassware and dried over night, for reuse.

4.3.1 Ferrous-cupric solution

Iron(II) sulfate- and copper(II) sulfate salts were measured up according to table
(4.4), and added to a 100ml volumetric flask. Thereafter, the volumetric flask was
filled up to 100ml with 0,005M sulfuric acid. The flask was shaken until the slats
were fully dissolved.

Table 4.4: 100ml Ferrous-cupric solution.

Salt Molar mass Concentration Amount for 0.11
[g/mol] [g/1] [g]

FeSO, 0 TH,O  278.02 0.001 0.0278

CuSO, e 5H,0 249.69 0.010 0.2497

4.3.2 Fricke solution

Ammonium iron(II) sulfate- and sodium chloride salts were measure up according
to table (4.5) and (4.6), and added to a 50ml or 100ml volumetric flask. Thereafter,
the volumetric flask was filled up to 50ml or 100ml with 0,4M sulfuric acid. The
flask was shaken until the salts were fully dissolved.
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Table 4.5: 50ml Fricke solution.

Salt Molar mass Concentration Amount for 0.11
[g/mol] [mol/1] [g]

Fe(NH,)2(SO0,)2 @ 6H,O  392.14 0.001 0.0196

NaCl 58.44 0.001 0.0029

Table 4.6: 100ml Fricke solution.

Salt Molar mass Concentration Amount for 0.11
[g/mol] [mol/1] [g]

Fe(NHy)2(50,), e 6H,O  392.14 0.001 0.0392

NaCl 58.44 0.001 0.0058

4.4 Irradiation

The irradiation of the samples were preformed in a Gammacell 220 loaded with a
C'o% source, a 900TBq source loaded in 2010. Several different experimental config-
urations were used, and they are illustrated in figure (4.3-4.7). These illustrations
are not to scale. The reoccurring larger lighter gray circle illustrates the irradiation
chamber, and the smaller darkest gray circle illustrates the glass vials. The lids were
left slightly open to ensure no over pressure in the glass vials.

Figure (4.3) was the configuration used for estimating the dose using Ferrous-cupric
dosimetry, for this configuration one sample was periodically removed with one
minute interval. Effectively meaning that one sample was irradiated for one minute,
one for two minutes, one for three minutes, one for four minutes, and one for five
minutes.

Figure 4.3: Ferrous-cupric dosimetry, dose estimation, configuration of samples in
Gammacell 220.
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Figure (4.4) was the configuration used for estimating the dose using Fricke dosime-
try, for this configuration the samples was placed into the gammacell three one by
one. These samples was irradiated for even time intervals within five minutes. Ef-
fectively meaning that one sample was irradiated for one minute and 40 seconds,
one for three minutes and 20 seconds, and one for five minutes.

Figure 4.4: Fricke dosimetry, dose estimation,configuration of sample in Gamma-
cell 220.

Figure (4.5) was the configuration used with the self made plastic coil. The yellow
figure illustrates the self made plastic coil, for this configuration the four samples
was placed into the gammacell one by one, within the plastic coil. These samples
was irradiated for even time intervals within five minutes. Effectively meaning that
one sample was irradiated for one minute and 15 seconds, one for two minuets and
30 seconds, one for three minutes and 45 seconds, and one for five minutes.

Figure 4.5: Self made plastic coil configuration of sample in Gammacell 220.
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Figure (4.6) was the configuration used with the jacketed beaker. The blue figure
illustrates the jacketed beaker, for this configuration the jacketed beaker was irra-
diated for two samples. These samples was irradiated for even time intervals within
five minutes. Effectively meaning that one sample was irradiated for two minutes
and 20 seconds, and one for five minutes. Between the two samples the dosimetry
solutions was changed and the inner chamber washed.

Figure 4.6: Jacketed beaker configuration of sample in Gammacell 220.

Figure (4.7) was the configuration used with solid lead. The darker figure illustrates
the solid lead shield, for this configuration the three samples was placed into to the
gammacell one by one, within the solid lead shield. These samples was irradiated
for even time intervals within five minutes. Effectively meaning that one sample was
irradiated for one minute and 40 seconds, one for three minutes and 20 seconds, and
one for five minutes.

Figure 4.7: Solid lead shield configuration of sample in Gammacell 220.
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4.5 UV /VIS spectrometer

After the irradiation, a Lambda 25 UV /VIS spectrometer was used to measure the
absorption in the samples. The samples was shaken or stirred. A suitable amount of
sample were taken form the lower half of the sample, and transferred into a 10mm
square quarts cuvette. A suitable amount, means that the cuvette need to contain
enough solutions to cover the measuring window of the machine. Prior to placing
the filled cuvettes in the machine for measurements, the outer surface was wiped off
with a sheet of Kleenex, to ensure no interference from dirt to the spectrum. The
quarts cuvettes were rinsed with ethanol between each measurement for reuse.
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Results

All the results are presented as linear fit function (y), estimated form a scatter plot
of the experimental data. Included is also the linear fit coefficient (R?), to indicate
how close the function fit the experimental data presented.

In all graphs the measured dose in the Gammacell 220, is presented by a black line.
In the experiment using the Ferrous-Cupric solution the dose was measured to be
higher then the in experiments using the Fricke solution. This will be discussed
further in chapter 6 Conclusion.

All the results from the self made plastic coil experiments are related to the dose
measured when filled with Milli-Q water, since this mimics the current LCVG. While
the results from the jacketed beaker are related to the dose in the Gammacell 220.

The graphs display the lower values obtained from the measurements, to relate to the
previously mentioned yearly limit for astronauts. As a reminder the yearly limit for
astronauts is 500mSv, which relates to 0.5Gy. However, the received and predicted
dose for several space mission are significant lower then this.
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5. Results

5.1 Ferrous-Cupric Dosimetry

5.1.1 Self Made Plastic Coil

Figure (5.1) and table (5.1) present the results for a solution containing cerium.
It appears to have some shielding qualities. The solution with 10g/1 high-Z ele-
ment demonstrate more shielding then Milli-QQ water, the dose is decreased. While
the solution with 20g/1 demonstrates less shielding then Milli-Q water, the dose is
increased.

Figure 5.1: Cerium shield solution.
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Table 5.1: Additional information to figure (5.1)

Colour Name Linear fit (y) Linear fit (R?)

Black  Dose 58222 x x 0.9924
Blue Milli-Q  4879.7 x x 0.9979
Red 10g/1 Ce 4685.4 x z 0.9965
Yellow 20g/l Ce 5064.8 x x 0.9973
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Figure (5.2) and table (5.2) present the results for a solution containing gadolinium.
Similar to the result for a solution containing cerium, it appears to have some
shielding qualities. Again, the solution with 10g/1 high-Z element demonstrates
more shielding then Milli-QQ water, the dose is decreased, though with a smaller
margin. While the solution with 20g/l demonstrates less shielding then Milli-Q)
water, the dose is increased, also with a smaller margin.

Figure 5.2: Gadolinium shield solution.
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Table 5.2: Additional information to figure (5.2)

Colour Name Linear fit (y) Linear fit (R?)

Black  Dose 5822.2 X x 0.9924
Blue Milli-Q 4879.7 X x 0.9979
Red 10g/1 Gd 4812.2 x x 0.9993
Yellow 20g/1 Gd 4992.1 x x 0.9997
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Figure (5.3) and table (5.3) present the results for a solution containing ytterbium.
Unlike the results for solution containing cerium and gadolinium, it appears to
have no shielding qualities. Both the solution with 10g/l and 20g/1 high-Z element
demonstrate less shielding then Milli-QQ water, the dose is increased.

Figure 5.3: Ytterbium shield solution.
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Table 5.3: Additional information to figure (5.3)

Colour Name Linear fit (y) Linear fit (R?)

Black  Dose 5822.2 x x 0.9924
Blue Milli-Q 4879.7 X x 0.9979
Red 10g/1 Yb 5112.0 x x 0.9988
Yellow 20g/1 Yb 5153.7 x « 0.9963
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Figure (5.4) and table (5.4) present the results for a solution containing lead. Similar
to the results for solutions containing cerium, gadolinium and ytterbium, it appears
to have some shielding qualities. However, the solution with 10g/1 high-Z element
demonstrates less shielding then Milli-Q water, the dose is increased. With a smaller
margin, then the solution with 20g/1 high-Z element demonstrates more shielding
then Milli-Q water, the dose is decreased.

Figure 5.4: Lead shield solution.
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Table 5.4: Additional information to figure (5.4)

Time [h]

Colour Name Linear fit (y) Linear fit (R?)
Black  Dose 5822.2 X x 0.9924
Blue Milli-Q 4879.7 x x 0.9979
Red 10g/1 Pb  5150.7 x x 0.9964
Yellow 20g/l Pb 47504 X x 0.9982
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5.2 Fricke Dosimetry

5.2.1 Self Made Plastic Coil

Figure (5.5) and table (5.5) present the results for a solution containing lead. It
appears no shielding qualities. The solution with 10g/1, 20g/1, 30g/1 and 300g/1
high-7Z element demonstrates less shielding then Milli-Q) water.

Figure 5.5: Lead shield solution.
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Table 5.5: Additional information to figure (5.5)

Colour Name Linear fit (y) Linear fit (R?)

Black  Dose 4815.4 x x 0.9995
Blue Milli-Q 4749.6 x z 0.9992
Red 10g/1 Pb  4824.8 x z 0.9993
Yellow 20g/1 Pb  4799.5 x « 0.9995
Purple 30g/l Pb  4853.6 X x 0.9996
Green 300g/l Pb 4830.3 x z 0.9995
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5.2.2 Jacketed Beaker

Figure (5.6) and table (5.6) present the results for a solution containing lead. It
appears to have shielding qualities. The solution with 300g/1 high-Z element in
a approximately 0.5cm wide space demonstrates more shielding then Milli-Q) wa-
ter, the dose is decreased. While Milli-QQ water demonstrates only slightly more
shielding the dose in the Gammacell 220, the dose is decreased. Furthermore, in
this experimental set up, the solution with 300g/1 high-Z element demonstrates the
most shielding compared to all the other results.

Figure 5.6: Lead shield solution.
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Table 5.6: Additional information to figure (5.6)

Colour Name Linear fit (y) Linear fit (R?)
Black  Dose 48154 x x 0.9995
Blue Milli-Q 4802.1 x x 0.9998
Red 300g/1 Pb  4695.6 x x 0.9989
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5.2.3 Solid Lead

Figure (5.7 and table (5.7) present the results for a 1.5cm solid lead shield. As
expected, the solid lead shield demonstrate shielding. With a significantly larger
margin then any of the high-Z solution.

Figure 5.7: Solid lead shield.
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Table 5.7: Additional information to figure (5.7)

Colour Name Linear fit (y) Linear fit (R*)

Black Dose 48154 x z 0.9995
Blue 1.5cm 21102 x 0.9997
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Figure (5.8) and table (5.8) presents estimated calculations using equation (3.1) for
a 0.5cm, 1.0cm and 1.5c¢m solid lead shield. Similar to the results for a 1.5c¢m solid
lead shield, the estimated calculations demonstrate shielding. Furthermore, that
0.5cm solid lead also demonstrate a shielding with significantly larger margin then
any of the high-Z elements.

Figure 5.8: Solid lead shield.
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Table 5.8: Additional information to figure (5.8)

Colour Name Linear fit (y) Linear fit (R?)
Black Dose 48154 x x 0.9995
Blue 0.5cm  3657.6 X x 0.9996
Red 1.0cm 27782 x x 0.9996
Yellow 1.5cm 2110.2 x x 0.9997

1.8

%1073
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Conclusion

It should be pointed out that cerium(IIl)- gadolinium(III)- and ytterbium (III)
chloride are all categorized as irritants according to the European hazard system
[26]. Thus, it can be argued that non of them is a viable option to use in space
exploration to begin with. Because astronauts most likely would require treatments
if coming in contact with these solutions. However, they have been examined as
potential contrast agents, which would ultimately be introduced to the human body.
Thus, the experiments were conducted to establish the shielding potential.

Regarding the measured dose in the Gammacell 220, the dose measured with Ferrous-
Cupric dosimetry is approximately 1kGy/h higher then measured Fricke dosimetry,
as briefly mentioned previously. This could possibly be due to the different experi-
mental setup used, for the dose measured with the Ferrous-cupric dosimetry all the
samples was in the Gammacell 220 at the same time. Resulting in the vials having
slightly different positions within the irradiation chamber. Appendix B contains
measurements preformed by Ivan Kajan in connection with his PhD thesis, were
it can be observed that the sample position within the irradiation chamber affects
the measured dose. This can explain the discrepancy between the dose measured
with Ferrous-Cupric dosimetry and Fricke dosimetry. Thus, the dose measured with
Fricke dosimetry is believed to be the correct dose, due to this experimental set up
being closer to the other experimental set ups, with one sample at the time in the
middle of the irradiation chamber. Also, the dose measured with Fricke dosime-
try correspond with the estimated present-day dose from previously preformed dose
measurements, also based on Ivan Kajans measurements, found under Appendix B.
Further backing this up as the correct measurement for present-day dose.

In regard to the experiments using Ferrous-Cupric dosimetry and the self made
plastic coil. The results for 10g/1 and 20g/1 elemental concentration of shielding
solution are not clear, there is no defined trend in dose reduction. The different high-
Z elements and concentrations increase or decrease the dose in comparison to Milli-Q
water. Compared to the yearly limit for astronauts this margin is approximately
<40mSv which is a good margin in the case of decrease. However, compared to the
received and predicted doses for space missions, which are significantly lower, this
margin is proportionally lower. Thus, the decrease is much lower and less noticeable
or significant.

The reason for first using Ferrous-Cupric dosimetry was based on recommenda-
tions due to previous conducted experiment for the Gammacell 220. However, from
these experiments the estimated linear fit is closer to the data points with Fricke
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dosimetry. Thus, it can be reasoned that for absorbed doses lower then the 500Gy
limit using Ferrous-cupric dosimetry is less accurate than Fricke dosimetry. Since
Fricke provides a better linearity. Thus, further focus is on the results from Fricke
dosimetry.

In regard to the experiments using Fricke dosimetry, these experiments were only
done for lead due to the availability of lead(II) nitrate. The results for the self made
plastic coil are similar to the results from the Ferrous-Cupric dosimetry but with
a smaller margin. Also for 30g/1 and 300g/l elemental concentration of shielding
solution. Compared to the yearly limit for astronauts this margin is approximately
<10mSv, which is significantly smaller then the results from Ferrous-Cupric dosime-
try. Also, for the jacketed beaker experiments was only done for a 300g/1 elemental
concentration of shielding solution. Compared to the yearly limit for astronauts
decreases the dose with approximately <20mSv., which again will be proportionally
lower for the received and predicted doses for space missions.

The final conclusion is based on the results from Fricke dosimetry. The self made
plastic coil experiments, simulating the tubing in a LCVG, utilizing a lead shielding
solution do not provide a significant dose reduction compared to previously men-
tioned received and predicted doses for space missions. Thus, it is not relevant to
change out the water in the current design of LCVG to a high-Z solution. However,
the jacketed beaker experiments, a larger surface covered with a lead shielding so-
lution do provide a slight dose reduction. Thus, it can be relevant to consider this
for future alternative designs of the LCVG, or for future habitat designs.

Although these experiments have not demonstrated the most desired outcome, there
is still some possibilities to explore further. This would be to expand on the exper-
iments using the jacketed beaker, with the larger surfaces covered with high-Z so-
lution. Suggestions would be to run experiments with wider space for the shielding
solution, so the layer of shielding solution is thicker. Another suggestion is to run
experiments using other high-7 salts with a higher solubility constant, enabling the
possibility for a higher elemental concentration then 300g/1. These suggestions were
not explored due to time, and resources.
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A

List of Chemicals, Equipment and
Software

A.1 Chemicals

List of chemicals used:
o Cerium(III) chloride heptahydrate, CeCl; ® TH,O
» Copper(II) sulfate pentahydrate, CuSO, e 5H50
« Gadolinium(III) chloride hexahydrate, GdCl3 @ 6 H,O
o Iron(II) sulfate heptahydrate, F'eSO, e 7TH,O
o Lead(II) nitrate, Pb(NOs)s
o Lubriseal Stopckock Grease
o Milli-Q water, H,O
e Sodium chloride, NaC'l
e Sulfuric acid, Hy,SO,
o Ytterbium(III) chloride hexahydrate, YbCl3; @ 6 H,O

A.2 Equipment

List of equipment used:
o 1ml plastic bulb pipette
e 100ml volumetric flask
e 1000ml volumetric flask
o 2ml plastic bulb pipette
e 20ml glass vials
e 200ml glass beaker
o 5ml pipette tips
o 50ml plastic vials
o 50ml glass beaker
e 50ml volumetric flask
o Gammacell 220
o Jacketed beaker
« Lambda 25 UV/VIS spectrometer
o Large plastic measuring tray
o Metal measuring spoon
o Mettler Toledo 5ml pipette
o Mettler Toledo level balances



List of Chemicals, Equipment and Software

Plastic beakers with lids

e 10mm Quarts cuvettes

Self made plastic coil

Small plastic measuring tray

A.3 Software

List of software used:
« MATLAB ® 9.5.0.944444 (R2018b)
o Microsoft ® Visio ® 2016 MSO (16.0.10730.20264) 32-bit
o Microsoft ® Excel ® 2013 (15.0.5127.1000) MSO (15.0.5127.1000) 32-bit
e PerkinElmer UV WinLab ® 2002-2012 6.3.1.0748
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B

Previous dosimetry measurement

Figure (B.1) and (B.2) presents the results from dosimetry measurements preformed
19.04.2012 by Ivan Kajan, in connection with his PhD thesis, Transport and Con-
tainment Chemistry of Ruthenium under Severe Accident Conditions in a Nuclear
Power Plant.

Figure B.1: Results from measurements preformed by Ivan Kajan 19.04.2012.
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Figure B.2: Results from measurements preformed by Ivan Kajan 19.04.2012.
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Previous dosimetry measurement

The present day dose is estimated by using equation (3.5), found under chapter
3.1 Equations, and by relating absorbed dose to activity. Present day for these
calculations was set to 19.04.2019, which was a few days prior to the first experiment.
o Center of the cell
— Middle D ~ 5205Gy
o Bottom of the cell
— Middle D ~ 4969Gy
— Left D ~ 5972Gy
— Right D ~ 6153Gy

IV
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