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Chapter 1: Introduction

Motivation

The human thirst for knowledge and discovery drives us to venture deeper into
the vast expanse of space, seeking to unravel the mysteries of our origin and destiny.
With the increasing accessibility and viability of deep space travel, there arises a
pressing need to optimize its efficiency and potential, in order to advance our quest for
greater understanding. Next generation space propulsion systems will seek to improve
performance significantly over the current technology. Currently, the two major
branches of in-space propulsion systems are chemical and electric with many other
advanced technologies in development that look to combine these approaches or even
implement completely new ways of producing power. A chemical propulsion system
produces power through chemical reactions that create and expand hot gas to produce
thrust. The state of the art for human space travel still resides in the chemical
propulsion realm due to its relatively high power generation and resulting faster
spacecraft speeds. The drawback is that these systems are extremely fuel inefficient
and are not currently suited for longer term missions. On the other hand, electric
propulsion (EP) systems are very propellant efficient but are power limited and are
typically designed for small, long-duration missions, like satellites. EP systems utilize
many different methods for thrust production, three of the major ones being

electrothermal, electrostatic, and electromagnetic.



These wide range of propulsion systems are typically compared using a few
common parameters. First, specific impulse, I, defined as the thrust per unit
propellant mass flow rate, is measurement of the propellant efficiency of the system.
It is reported in units of seconds and a higher I, value indicates better performance.
Chemical systems have I, figures in the low hundreds of seconds (200-450s), whereas
EP systems cover a larger range but can be as high as 9,000 seconds. Another important
performance parameter is thrust, F, which is most commonly measured in newtons (N).
Chemical systems can have over one million N of thrust while high-performance EP
systems produce five N at maximum. With constrained power levels, I, is traded for
higher F, so the jet power production of the system is equally important in system
classification. For ease of comparison, the specific mass, @, is one standard metric. It
is defined as the mass of the propulsion system divided by the jet power produced,

measured in kilograms per kilowatt (kg/kW) [1].

Steady improvements in EP systems continue to produce both higher /g, and
higher thrust values but still have one major drawback. Noble gases like argon, xenon,
and krypton are chosen as the propellants for their inert nature and high atomic weight,
which results in higher thrust production. Unfortunately, these elements are becoming
more and more scarce on Earth and, in turn, very expensive. Alternative advanced
propulsion systems, like nuclear, have the potential to operate on cheap, readily found
fuel and propellant, while producing significantly more power than current
technologies. Although never flown, NASA’s Jupiter Icy Moons Orbiter (JIMO) is

considered the state of the art in nuclear propulsion systems. The design utilizes a



fission nuclear electric propulsion system along with several ion engines citing an

estimated I, of 6800 seconds and specific mass of approximately 41 kg/kW [2][3].

Direct Drive Fusion Propulsion System

The Centrifugal Confinement Direct-Drive (C2D2) Fusion Propulsion system,
in development at the University of Maryland’s Space Power and Propulsion
Laboratory (SPPL), looks to improve the state of the art in power production as well as
specific impulse and thrust, using fuel and propellant that are readily available. In the
most basic form, the C2D2 Fusion Propulsion system consists of a nuclear fusion
reactor, an electricity direct energy converter (E-DEC), a thrust direct energy converter
(T-DEC), and a magnetic nozzle. Additional direct energy conversion components
may be necessary to capture energy from radiation and ensure positive power
generation, depending on the reactor fuel used. Figure 1.1 is a preliminary concept

design showing major sub-components for reference.

Alpha Bremsstrahlung /
E-DEC Neutron E-DEC T-DEC

m— — — Plume
/ I y . K/ Detachment

— Magnetic
——> B-Field — ThiGsE
E-Field Reactor
Chamber

Figure 1. 1: C2D2 propulsion system design concept [4]
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Inside the reactor is the fusion plasma, confined by a magnetic mirror and
centrifugal forces into a torus shape about the axial centerline of the system. The
magnetic mirror is created by two large high-temperature superconducting (HTS) coils
that form a poloidal magnetic field. In a stand-alone magnetic mirror, the charged
particles travel axially along the magnetic field lines. The density of the field lines is
highest at the magnets, so as the particles approach these ends, they experience a force
pushing back in the direction of the confinement area. Only particles with enough
energy and the right approach angle can escape the system. This area of escape is called
the loss cone. To reduce the number of particles that escape in this way, the C2D2
system also utilizes centrifugal confinement. Two electrodes are added to the reactor,
one at the center along the axis and the other outside the toroidal plasma, which creates
an electric field perpendicular to the magnetic field. The orientation of these fields
causes the charged particles to drift in the direction perpendicular to both fields. This
is commonly referred to as ExB drift. In this case, the drift is at supersonic velocities
in the azimuthal direction, spinning about the axis. With this additional force to
overcome, it is much harder for the charged particles to escape, even if within the loss
cone. However, some particles will still have the characteristics to escape either
towards the front or back of the reactor. If they exit toward the front, the particles enter
the E-DEC where the kinetic energy is captured to produce electricity to power the
reactor and other spacecraft components. If they exit toward the back, the T-DEC will
transfer the particle kinetic energy to the propellant, which leaves the system through

a magnetic nozzle and produces thrust.



The proposed E-DEC technology for implementation in the C2D2 system is
called the Standing Wave Direct Energy Converter (SWDEC). Its purpose is to convert
the kinetic energy from the alpha particles leaving the reactor upstream into electricity
that can be used elsewhere in the system. The first step of the sub-system is to separate
the electrons from the alpha particles. Once separated, the alpha particles have about
3 MeV of energy and are in an annular shape due to the geometry of the reactor plasma.
The particles then move through a series of ring electrodes that decelerate and separate
them into annular ring-shaped bunches. The electrodes are alternately connected to a
resonant circuit with an inductor where the energy is stored. Finally, at the end of the
rings the alpha particles will still have some remaining energy so there will likely be a

mechanism at this point to collect and utilize this excess.

Downstream of the reactor, the T-DEC converts the escaped alpha particle
energy into thrust. A higher mass propellant is injected into the T-DEC region and
mixes with the high-speed alpha particles. Energy transfer occurs every time there is a
collision between particles, slowing down the alphas and speeding up the propellant.
To ensure optimal energy transfer takes place, mixing is enabled by additional magnets
surrounding this region to control the plasma confinement time and, in turn, how fast
the particles leave the system axially. The propellant eventually exits the T-DEC
toward the magnetic nozzle with significantly more energy and thrust production
potential than before mixing. The T-DEC is critical because the alpha particles exiting
the reactor would result in an I, of about one million seconds if left to exit on their
own without mixing. This is extremely propellant efficient but would produce minimal

thrust, so some of this alpha energy needs to be transferred to higher mass particles
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before leaving the engine. This is also a mechanism for variable thrust, which is
necessary for longer distance missions and for quicker travel on relatively shorter

missions.

After the T-DEC, the warm plasma enters the magnetic nozzle where it is
accelerated axially along magnetic field lines toward the back of the engine by
electrostatic forces. Detachment of charged particles from the magnetic field lines is
still a very active field of study with some competing theories. At this point the ions
likely have enough momentum to detach, however, the electrons being much lighter
will not be able to jump field lines without interference by an external force, like
collisions. Additional research is needed into the magnetic nozzle design for this

system to ensure detachment and thrust production are possible.

One disadvantage of this system is the fact that fusion power generation is still
in the early stages of development, so experimental validation and full-scale prototypes
are likely decades away. Additionally, research to date focuses on larger scale devices
that are specifically designed for terrestrial applications. However, if realized, the
C2D2 Fusion Propulsion system would be a significant improvement over the current
state of the art. The performance goals for the system are multi-MW power generation,
an g, greater than 5000 seconds, thrust in the low hundreds of newtons, and lower
specific mass than current propulsion systems. Another advantage over current
systems 1is the fact that the propellant is readily found and cheap. Candidates for

propellant include water (H20), carbon dioxide (CO2), and methane (CH4), which are



easily storable, cheap, and can be found terrestrially as well as throughout the solar

system.

There are a few fuel options for the C2D2 system fusion reactor, and each has
its challenges. Depending on the fusion fuel, additional sub-systems at the boundary
of the reactor will have to be developed to convert energy from the radiation particles
produced in the fusion plasma to make them viable choices. These fusion fuels are

described in more detail in the next section.

The Radiation Problem

The earliest discoveries in radiation occurred at the beginning of the 19
century in the field of electromagnetic radiation. William Herschel discovered infrared
radiation in 1800, which was followed closely by Johann Wilhelm Ritter’s discovery
of ultraviolet rays in 1801. Almost a century later, in 1895, Wilhelm Rontgen
discovered and named X-rays. In the year following this breakthrough, an immense
amount of research was conducted in an effort to understand all aspects of X-rays. One
such researcher was Henri Becquerel who discovered radiation in 1896 while studying
the connection between visible light and x-ray emission. He happened to be conducting
his experiments with Uranium, which led to the discovery of radiation. Marie Curie,
Becquerel’s doctoral student at the time, found that only certain elements emitted X-
rays and named the characteristic radioactivity. Following this work, alpha, beta, and
gamma rays were identified in rapid succession by Ernest Rutherford from 1899 to

1903. Finally, in 1932, James Chadwick discovered the neutron and neutron radiation
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when he identified a highly-penetrating, non-charged radiation emitted during an

experiment with beryllium and alpha particles [5][6].

Since its discovery, neutron radiation understanding has continued to grow
along with the range of applications in both the medical and scientific fields. Neutron
activation, the phenomenon where a neutron is captured by an atom and forms a
different radioactive element, is the basis for neutron detectors and a major concern for
materials used in nuclear reactors. Like X-rays, neutrons are used heavily in material
science scattering and diffraction experiments to determine the crystal structure and
properties of condensed matter. In medicine, neutrons are primarily used to treat
cancer through radiotherapy and boron-neutron capture therapy (BNCT).
Radiotherapy, also called radiation therapy, utilizes a fast neutron beam to break up the
DNA of the cancerous cells and prevent replication and tumor growth. While
radiotherapy with photon or electron beams is more common, the fast neutron variation
has been proven more effective against certain types of cancers. BNCT is also used to
kill cancer cells, but in a more targeted way. Boron is combined with molecules that
are attracted to the tumor then injected into the body where the substance fills the tumor.
A thermal neutron energy beam is then shot into the tumor. Since boron has an
extremely high neutron absorption rate, it captures the incoming neutrons and emits
alpha radiation which kills the cancer cells. While neutron radiation has many practical
applications, the neutron radiation produced by the fusion reactor in the C2D2 system
is a dangerous and destructive component of the fusion process that must be addressed

in the design [7].



Despite the many useful applications that have been realized, ionizing radiation
is most often associated with health hazards. Many of the scientists involved in the
early discoveries of radiation were unaware of its effect on biological tissue and
eventually developed cancer from the prolonged exposure. From a health perspective,
neutrons form one of the more concerning types of radiation that can penetrate virtually
any material, even bodily tissue, and can actually induce radioactivity in some
materials. In a full spacecraft design these human considerations must be made,
especially if it will be crewed or is expected to return to Earth. But, for the purposes
of an early-stage propulsion system design, the radiation effect on materials is the more
important concern. Neutron radiation can be much more damaging than other types of
radiation, especially in a fusion reactor where the energy of each neutron is higher.
Dislocation of atoms, ionization, and transmutation to different nuclides are all possible
impacts on the microstructure of materials exposed to high energy neutrons. This poses

a serious threat to the performance and lifetime of reactor facing components.

Protection against neutron radiation is a challenge due to the absence of an
electric charge. Thick shielding, consisting of layers of different materials, to slow
down and absorb the neutrons is the current technique for all fields, including fusion
reactors in development. Unfortunately, due to the high atomic number elements
required in radiation shielding, the mass of reactor facing components can become very
high. This is okay for terrestrial applications, but spacecraft design is focused on

minimizing mass as much as possible.



There are four fuel types that are typically considered for fusion reactors, and
each has different advantages, disadvantages, and radiation concerns. They are
normally compared using the reaction cross section and corresponding particle energy
or temperature required. Figure 1.2 depicts the fusion cross sections as a function of

center-of-mass energy for reactions relevant to controlled fusion energy.

10 T I I

Fusion cross-section (barn)

1 10 100 1000 10,000
Centre-of-mass kinetic energy (keV)

Figure 1. 2: Fusion cross sections versus center-of-mass energy for fusion fuels [8]

The deuterium-tritium (D-T) reaction, given by (1.1), has the highest cross
section at the lowest energy of the four fuels, so it is initially the most attractive of the

options. However, it does come with some challenges. While deuterium (*H or D) is
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extremely abundant in the Earth’s oceans, tritium (*H or T) is rare and must be created

through other reactions, adding significant expense and complication.

D+T - *He(3.52 MeV) +n (14.06 MeV) (1.1)

Additionally, the neutron products in the reaction account for approximately 80
percent of the energy production and are more difficult to work with from an energy
conversion perspective [9]. These neutrons also pose a serious damage and activation
threat to all reactor facing components. For a D-T system, a sub-system to capture and
utilize the neutron energy would likely be added to the boundaries of the reactor. A
thick layer of propellant fluid will moderate the high energy neutrons through collisions

and in turn heat up.

D+ D - 3He(0.82 MeV) + n (2.45 MeV) (1.2)

D+ D - T(1.01 MeV) + p (3.02 MeV) (1.3)

A deuterium only fuel is the fusion of two deuterium atoms (D-D) with two
equally probable reactions, shown in (1.2) and (1.3). This option eliminates the tritium
scarcity issue but still produces high energy neutrons through D-T side reactions, so
the materials issue remains. The D-D cross-section is also much smaller than D-T and
produces less energetic products, meaning it has a lower power density at the same
energy or temperature [11]. The D-D curve in Figure 1.2 includes the cross sections of

all branches of the reaction.

D+ *He —» *He(3.67 MeV) + p (14.67 MeV) (1.4)
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Fusion of deuterium and helium-3 (D-He), given by reaction (1.4), replaces
one rare isotope, T, with another, *He. *He can be found terrestrially and on the moon
but in small quantities and is expensive to extract. D->He has a high cross section but
at significantly higher energy levels and lower power density than D-T. Like D-D, side
reactions still produce neutrons but at much lower quantities and energies than the D-

T fuel, significantly reducing the effect of neutron radiation on the lifetime of materials.

p+ B -3 *He (8.7 MeV) (1.5)

The final fuel option is a proton fused with boron-11 (p-!'B) as seen in reaction
(1.5). This reaction can have a relatively high cross-section but at much higher energies
and still lower than that of D-T. The main advantage to this fuel is that it is considered
aneutronic, and therefore all but eliminates the materials damage and activation issues.
It does, however, have significant power losses due to bremsstrahlung radiation,
creating the need to convert some of this energy to surpass the break-even point of
power production [10][11]. There is an energy conversion sub-system in early
development for this purpose that utilizes thermionic power generation in the C2D2

system.

While advanced options such as p-''B are being considered for the C2D2
propulsion system, most of the research to this point is based on D-T due to the
significant advantages it has over the other fuels. The major drawback of D-T, and D-
D to a lesser extent, is the large amount of high-energy neutron radiation produced and
the resulting effect on the lifetime of reactor facing components. Therefore, D-T and

D-D will be used in the analysis in this thesis.

12



Thesis Outline

Following the introduction, Chapter 2 discusses results from a literature review
on various topics within the field, including neutron shielding theory, shielding
evaluation techniques, current reactor shielding designs, and high-temperature
superconducting wires. Chapter 3 describes the Monte Carlo N-Particle (MCNP)
software that was used for the shielding model in this research, as well as the
capabilities and limitations of this design tool. It also details how the geometry of the
wire column and shield are modelled in MCNP. The neutron radiation source
considerations are discussed followed by the final neutron source model used in the
MCNP calculations. Finally, the results from the MCNP simulations for various
materials are presented and a lifetime versus required shielding thickness relationship
is established. Chapter 4 details the development of a full reactor model that uses the
MCNP results and basic reactor parameters as inputs to calculate the overall
dimensions of the reactor and estimate the mass of the required HTS neutron shielding.
A second iteration of the model was created to add complexity to the source modeling
and improve the shielding mass estimate. The model was run for a range of HTS
radiation limitations found in literature to generate a lifetime versus total shielding
mass relationship for both D-T and D-D fueled reactors. Chapter 5 compares the mass
results to the state of the art and closes with future work that can be done to advance

the shielding design and that of the C2D2 system.
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Contribution Overview

The contributions of this thesis to the state of the art are as follows:

A three-dimensional model of a high temperature superconducting (HTS) coil
cross-section for the Centrifugal Confinement Direct Drive Fusion Propulsion
system was developed using the Monte Carlo N-Particle software. Results for
various candidate shielding materials were presented and compared. The model
enables further study into the effect of neutron radiation as well as any charged
particle radiation on the HTS column. Additionally, thermal analysis can be

done with the model for use in the design of other sub-systems.

A model for determining the overall reactor geometry and total mass of the HTS
neutron shield for the C2D2 Fusion Propulsion system was created for D-T and
D-D fusion fuels. The first iteration of the model implements a point neutron
source and uniform shielding thickness. The second iteration includes a source
distribution and considers the distance between the shield and the source to
allow for varying thickness across the surface area of the shield. Results for a
design with a five-year lifetime were presented and compared for both fuel

types and model iterations.

Two trade-off relationships were established with the thickness and mass of the
HTS neutron shield. First, the relationship between the required thickness of
the shield and the lifetime of the HTS coils was determined. Second, a
relationship between the mass of the shield as calculated by the second iteration

model and lifetime of the HTS wire component was presented. This also
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ultimately relates to the lifetime of the overall system. These relationships will

enable adjustment of the propulsion system design to a specific mission.
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Chapter 2: Fusion Neutronics

Neutron Shielding Theory

The neutron is classified as a hadron particle, meaning it reacts strongly with
other particles as compared to leptons, like the electron. Free neutrons, or those outside
of a nucleus, are considered unstable as they have an average lifetime of 12 minutes
before they decay into a proton, electron, and antineutrino [12][13]. The neutrality of
the neutron prevents the effects of coulombic forces during interactions with other
particles and allows the particle to penetrate virtually any material. These interactions
typically occur physically with nuclei and therefore, at relatively close distance,

approximately one femtometer, where the nuclear force is dominant [14].

There is a standard notation used to describe these reactions which identifies
the target nuclei and products of the reaction of the form X(n,a)Y, where X is the target
nucleus, n is the incident neutron, a is the resulting free particle or particles, and Y is
the final form of the target nucleus. For example, '°B(n,p)’Be refers to the interaction
where a neutron, n, collides with a '°B target nucleus, is captured, and forces a proton
out of the nucleus, creating a °Be nuclide and free proton, p. Often, the notation is
shortened to exclude the heavy nuclei and, in this example, refer only to a general
interaction between a neutron and nucleus that produces a proton, (n,p). The range of
possible neutron interactions with nuclei by category are shown in Figure 2.1 and

explained in further detail below [15].
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Figure 2. 1: Possible neutron interactions with nuclei by category [14]

Neutron interactions can be divided into two categories, scattering and
absorption. In a scattering interaction, the target nucleus retains the original number of
protons and neutrons but there is an exchange of energy, and the neutron leaves the
reaction with a different speed and direction. During absorption, the incident neutron
is captured by the target nucleus resulting in a wide range of radiation types or fission

reactions.

Scattering interactions are characterized as either elastic or inelastic. During
elastic scattering energy and momentum are conserved, meaning that the total kinetic
energy and momentum of the neutron and nucleus are not changed as a result of the
reaction. These interactions are denoted as (n,n). Equation 2.1 is the expression for
the average energy loss of the incident neutron during an elastic collision considering
the full range of incident angles possible between the two bodies. The maximum
energy is transferred in a head on collision whereas no energy is transferred as a result
of a glancing interaction, therefore Equation 2.1 is simply half of the energy transfer of

a head on collision. Based on this expression, the energy loss is only dependent on the
17



kinetic energy of the incident neutron, £, and the atomic mass of the target nucleus, 4.
Ultimately, the energy transfer is most efficient when the target nucleus has the same

mass as the incident neutron as in the case of a proton or hydrogen atom [14].

2AE
(A+1)2

(AE) = 2.1)

Inelastic scattering, (n,n”), occurs when the target nucleus absorbs some of the
incident neutron’s energy and transitions into an exited state. The outgoing neutron
still changes direction and speed as in the elastic case, but the target nucleus eventually
emits radiation to return to its original energy state. Unlike with the elastic interactions,
there is no simple formula for determining the energy transfer associated with an
inelastic collision since it depends largely on the energy states within the target nucleus.
This process is described in Equation 2.2, where a neutron collides with a nucleus, 4X,
momentarily creates an unstable compound nucleus, 4*1X* which emits a lower
energy neutron, n’, and eventually de-excites to its original state by emitting high-

energy gamma rays, y. In Equation 2.2, Z refers to the number of protons and 4, is the

atomic mass number or total number of protons and neutrons [14].

n+4X > 4TIXr 54X +n' 54X +n' +y (2.2)

The possible absorption interactions are differentiated by the resulting particles
emitted from the target nucleus upon capture of the neutron. These include gammas
(v), charged particles like protons, alphas (a), and deuterons (d), as well as neutrons
and even fission products as shown in Figure 2.1. The (n,y) reaction, which produces

gamma radiation, is typically referred to as radiative capture. It is the most common
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absorption result, especially for heavy nuclei. Emission of a gamma is a relatively long
process on the nuclear time scale so the target nucleus must retain its nucleons long
enough for this process to take place. In heavy nuclei, the extra energy from the excited
state is shared among many more nucleons than in the case of light nuclei, which have
much fewer. This makes it much less likely that any one of the nucleons will have

enough energy to escape the nucleus before a gamma ray can be emitted [13].

Charged particle reactions are less common since they are typically
endothermic and require a certain energy threshold for the charged particle to overcome
the coulombic attraction, especially in heavy nuclei. However, there are some light
nuclei for which charged particle reactions are exothermic as in the '°B(n,a)’Li

reaction, which is widely used to absorb low energy neutrons in reactor shielding [13].

Neutron producing reactions like (n,2n) and (n,3n) occur in two stages. First,
an inelastic scattering event occurs, exciting the nucleus and producing a lower energy
incident neutron. Then, if the target nucleus is excited beyond the binding energy of
the ‘loosest’ or most weakly bound neutron, an additional neutron escapes the nucleus.
This is called multiplication since there are more free neutrons after the reaction takes
place. It requires higher energy incident neutrons to overcome the binding energy of

additional core neutrons [13].

Spontaneous fission is also considered a neutron producing reaction but only
occurs for higher mass nuclei, typically atomic number 92 and higher. These higher
mass nuclei have lower binding energies, so when they are split, as in a fission reaction,

the resulting smaller nuclei are more stable, producing significant amounts of energy
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and several high-energy free neutrons. These secondary neutron products are what
enables a fission chain reaction in some materials resulting in a massive energy release

as in a nuclear weapon, or when controlled, fission power generation [14].

Spallation is yet another absorption reaction that is not specifically identified in
Figure 2.1 due to the wide variation in products that is possible. It occurs when a high
energy neutron impacts a nucleus and fragments it into many smaller particles such as
protons, neutrons, alphas or lower atomic weight nuclei. Spallation is typically used
as a neutron source since the energy and density of neutron products can be easily

controlled by manipulating the incident particle beam [14].

The type of interaction that takes place between a neutron and incident nucleus
is directly dependent on the kinetic energy, Ex, of the incident neutron and the type of
nucleus. The incident neutrons are classified based on their kinetic energy range. These
ranges can vary based on the application or publication, so the classifications as defined

below was used for this thesis:

« Cold Neutrons (5 x 107 eV < E; < 0.025 eV)

» Thermal Neutrons (Ex = 0.025 eV)

* Epithermal Neutrons (0.025 eV < Ex <1 keV)
* Intermediate Neutrons (1 keV < Ex < 0.1 MeV)
* Fast Neutrons (0.1 MeV < E; <20 MeV)

* Relativistic Neutron (E£x > 20 MeV)

The concept of the cross-section is used to express the probability that a type of

interaction will occur when a neutron collides with a target. If a thin layer of material
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is bombarded by a beam of neutrons at a certain energy there are a few possible
outcomes for the neutrons: absorption into the material, change in speed and direction,
or pass through with no interaction. The probability of absorption is the number of
neutrons that do not emerge from the sample divided by the total number that
bombarded the sample. The cross-section is this probability divided by the density of
atoms in the incident material expressed as the number of target atoms per unit area in
this case. Cross sections are typically in the 107 to 102! cm? range, or on the order of
the cross-sectional area of a heavy atomic nucleus. For ease of use, cross sections are
typically reported in barns, where one barn is equal to 10>* cm?. Microscopic cross
sections refer to interactions between a neutron and a single nucleus and are used to
characterize the fundamentals of neutron interactions with matter. The symbol for
microscopic cross-section is g, which usually includes a subscript to denote the type of
interaction referenced. As an example, Equation 2.3 is the expression for the total
microscopic cross section, a;, of neutrons through a material where elastic scattering,

inelastic scattering, and two types of neutron capture are possible.

O = J(n,n) + U(Tl,n') + O'(n’y) + U(n,o() (23)

In general, as the incident neutron energy increases, the cross-section decreases,
however, the specific type of reaction that dominates for a certain neutron energy
differs for each element. There is no easy way to calculate cross sections for a given
situation, so tables of data have been collected and are continually updated using

software and experimental results as available [15].
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More practically, macroscopic cross sections, X, are used when conducting
calculations on bulk matter with measurable thickness. They are calculated using the
microscopic cross section and the atom density of the material. For materials with more
than one element the macroscopic cross section is simply the sum of the macroscopic
cross sections of the elements in the material. Equation 2.4 is the general form of the
equation for total macroscopic cross section, where p is the density of the compound,
Na is Avogadro’s number, #; is the number of atoms of element i in one molecule, and

M is the compound’s molecular weight.

X = pI\IZa (7110'1 + n,o, + n3o3 + ) (24)

As with the microscopic cross section, these can be defined for specific types
of interactions or as a total cross section indicating the probability of any interaction at

all and are specified using a subscript [15].

Another important concept in the neutron shielding field is neutron reflectors.
A neutron reflector is a material that is used to reflect or redirect neutrons back towards
a target. It is commonly used in nuclear fission reactors to increase the probability of
a neutron interacting with a fuel element or other material, thereby increasing the
efficiency of the reactor. In a fusion reactor, neutron reflectors can play a crucial role
in enhancing the efficiency of the fusion process and reducing the amount of neutron
radiation that reaches the HTS column. A neutron reflector can be placed around the
fusion reaction chamber to reflect the neutrons back into the plasma, increasing the

number of fusion reactions and improving the overall efficiency of the reactor [16].
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Neutron reflectors are typically made of materials with low atomic numbers,
high scattering cross sections, and low absorption cross sections, such as graphite,
beryllium, heavy water, and some metal hydrides. Graphite is relatively cheap and easy
to manufacture, making it a popular choice for use in nuclear reactors. Beryllium is
considered the most effective neutron reflector, but it is expensive and difficult to
handle, so it is not commonly used in nuclear reactors. Heavy water is an excellent
neutron reflector because it contains deuterium, which has a large neutron cross-
section. Heavy water is frequently used in pressurized heavy water reactors to enhance
neutron moderation and reduce neutron absorption. Metal hydrides, such as zirconium
hydride and titanium hydride, are also effective neutron reflectors because they contain
hydrogen, which has a large neutron scattering cross-section. They are regularly used
in research reactors and some nuclear power plants. Overall, the use of neutron
reflectors can reduce the neutron load on reactor components and potentially enhance
the performance of a fusion reactor, making them a key area of research in the

development of practical fusion power [16].

Shielding Principles

In a fusion reactor, the neutrons are born as fast neutrons at 14.1 MeV for D-T
and 2.45 MeV for D-D. They leave the plasma very quickly due to their neutrality, so
they generally maintain their original energy until they interact with the shield and slow
down through energy transfer. There are two types of neutron shielding mechanisms:

moderation and absorption. Generally, absorption is only possible for thermal neutrons
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so moderation, or energy reduction, may be required first depending on the energy of

the source neutrons.

High speed neutrons are the most difficult to shield against because absorption
cross sections decrease as the incident neutron energy increases. At fast neutron levels,
inelastic scattering dominates so materials with high scattering cross sections in this
energy regime are chosen for moderation. As shown in figure 2.2, tungsten, iron, lead
and copper are commonly used in the first layer of neutron shields since they have high
scattering cross sections, are readily available, and can be alloyed or incorporated into

compounds that enhance the durability and lifetime of the shield [17].
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Figure 2. 2: Multi-Layered shielding design [17]

Once the neutron energy drops below the inelastic threshold energy for the
material, elastic interactions will dominate. The exact threshold energy will depend on

the elements in the material but it is in the intermediate and epithermal range.
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Hydrogenous materials are the most effective moderators in this situation since these
interactions result in the highest average energy loss per collision for incident neutrons.
Materials such as water (H20), polyethylene (C2H4), and paraffins (CyH2n+2) with high
hydrogen densities are common choices for current shielding designs, but more
recently, metal hydrides like Mg(BH4), and TiH» that are known for their hydrogen
storage properties are also being investigated [18][19]. The total cross sections for
hydrogen and carbon up to 17 MeV is shown in Figure 2.3. The resonance region of
the carbon curve is due to the change in cross section in the exited states of carbon.
Hydrogen is more effective at energies closer to the epithermal range, whereas carbon
is more consistent throughout the full energy range so a combination material may

leverage the characteristics of both.
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Figure 2. 3: Total neutron interaction cross sections for hydrogen and carbon [20]
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Neutrons in the thermal energy range are primarily shielded through absorption.
Boron (B), cadmium (Cd), gadolinium (Gd), and lithium (L1) have the highest thermal
absorption cross sections excluding fissionable material. These values are shown in

table 2.1 along with other shielding elements for comparison.

. ,|Density | Thermal Capture

Material 3 .

(g/cm’) |Cross Section (barns)
H gas 0.33
°Li 0.534 937
B 2.3 3,843
'B 2.3 0.005
C 1.9 0.003
Cd 8.7 2,462
Gd 7.95 48 981
Pb 11.34 0.18

Table 2. 1: Thermal absorption cross sections for common shielding materials [15]

The '°B reaction produces the lowest number and lowest energy secondary
gammas compared to Cd and Gd so is more favorable for shielding in situations where
radiation effects on humans are a factor. Due to its high neutron cross section, lithium
is typically utilized as a tritium breeding blanket in D-T reactors as tritium is extremely

rare in the atmosphere and expensive to produce [15].

Finally, the last layer in most radiation shield designs is used to shield against
the secondary gammas produced in the neutron capture reactions throughout the
previous layers. High density and high atomic weight materials must be used for this.
The most commonly used materials are lead, tungsten, and bismuth due to their gamma

attenuation effectiveness and relatively low dose reaction products [21].

26



Shielding Evaluation Techniques

Due to the limited availability of realistic fusion neutron sources, a combination
of experimental data from other source types and computer simulations are currently
used to evaluate fusion shielding materials and designs. The limited experimental work
that has been done in the neutron irradiation damage field utilized fission reactors,
particle accelerators or spallation neutron sources which all have disadvantages
associated with them. Spallation neutron sources produce D-T neutrons but are not
able to replicate the neutron flux levels of a fusion reactor plasma. On the other hand,
fission reactors can produce the neutron flux required, but the neutron energy levels are
much lower than those produced in D-T fusion. Although these experimental
techniques cannot be used alone to evaluate fusion neutron irradiation, they are widely
used to calculate cross section tables and to study the microstructural changes in
materials caused by irradiation which can lead to significant material property changes
[11]. Most recently, heavy ion bombardment has been explored as a cheap alternative
to neutron sources in replicating the fusion radiation environment. Although ion
bombardment is much less expensive than neutron source experiments and can
accurately recreate the damage from neutron irradiation, it is unknown whether the

damage is caused by the same mechanisms [33].

The generalized neutron transport equation is based on conservation of the total
number of neutrons and includes many independent variables such as cross sections of
the materials, particle energies, and geometry of the system. It is not analytically
solvable, so numerical methods are relied on for these calculations. There are two

methods commonly used to solve the neutron transport equation: Monte Carlo and
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deterministic. The Monte Carlo method uses random sampling and probabilities to
produce numerical results. It can accommodate more complex geometries and uses the
continuous energy spectrum for neutron energies and cross sections. The deterministic
method discretizes the variables, so it converges on a solution more quickly than the
Monte Carlo method but tends to be less accurate since it is only practical for simple
geometries. Since fusion systems have a wide range of neutron energy levels and

complex geometries, Monte Carlo is most commonly used in these applications [11].

State of the Art in Reactor Shielding

This section will discuss the state of the art in fusion reactor shielding design
and some of the challenges facing current researchers. The development of effective
plasma facing materials (PFM) is one of the major barriers in the realization of a
functioning fusion reactor. PFMs are the first thing that the neutrons interact with after
leaving the plasma, so they have to withstand neutron energies up to 14.1 MeV which
result in defects and transmutation. PFMs are also exposed to the bulk plasma where
other particles may leak from confinement and impact the wall causing sputtering or
helium induced morphing of the material. Finally, the PFMs experience the highest
thermal loads in the reactor so they must have extremely high melting points and
resistance to cracks. Research has been conducted in all three of these areas separately
but very few studies consider the impact of these loads together. One that did
concluded that the results of plasma exposure negatively affected the material’s
resistance of thermal loads. Similarly, the material damage from neutron radiation

exposure impacted thermal loading characteristics as well. This is still a very active
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area of research, especially in the larger magnetic confinement experiments such as
JET, ITER, and DEMO. Materials under investigation for use as PFMs include
elements with high scattering cross sections for fast neutrons such as tungsten, iron,
beryllium, and copper. Some steel and beryllium compounds were found to be
inadequate for the high thermal loads and graphite and carbon fiber composites had
insufficient strength for application in the larger devices, but may be acceptable for

smaller reactors [23].

Another trend in current radiation shield designs is the super shield, where the
moderation and absorption materials are separated into layers. It is considered the best
way to shield against high energy neutron sources as in fusion reactors since the
incoming neutrons are in the same high-energy spectrum. The first layer consists of
moderating materials, followed by absorbers, and finally a gamma attenuating layer
[24]. Although the current state of the art shields discussed in the next section all
implement layered shields, one study suggested that the super shield configuration may
not be the most effective design. The study used a Monte Carlo code to calculate the
neutron fluences of multilayer shields and solid shields with different elemental
makeups for comparison [25]. The blended shields were made up of compound
materials that included both moderating and absorbing elements. While this study’s
conclusions indicate that the blended shield was more effective, it did not consider the
degradation of materials or the lifetime of the shield. They also used a varied energy
spectrum for incident neutrons in their calculations which may not translate well to a
situation with monoenergetic source neutrons. Although layering may be more

effective, the preliminary analysis presented in this thesis implemented one material
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throughout the shield thickness for simplicity. The data produced in the simulations
can be used in future work to optimize a layered design and compare the performance

to that of a blended material.

Neutron shield designs for fusion reactors differ significantly from those
already employed in fission reactors and neutron source facilities due to the high flux
of high energy particles involved. The most advanced fusion reactors to date are still
going through the design process to develop a neutron shield that meets all the safety
and performance design parameters. Tokamak reactors are the closest in concept to the
C2D2 system reactor and also happen to have the most advanced and well-published
shield designs in the field. Tokamaks use superconducting magnets for magnetic
confinement, but in contrast to the C2D2 design, many more magnets are used in
different orientations to produce three magnetic fields as detailed in Figure 2.4. The
inner poloidal field coils are expected to see the highest thermal and irradiation loading
due to their proximity to the plasma therefore, most tokamak shielding design studies

focus on this section.

The International Thermonuclear Experimental Reactor (ITER) is the largest of
this Tokamak class with plans to produce 500 MW of power upon completion. The
ITER project also includes smaller experimental reactors to test proposed components,
like materials and shielding before installation on the main ITER reactor. All of these
projects are plan to use a layered shield design since it is still considered the best way
to shield against high energy neutrons in a fusion reactor [25]. The layered design starts

with the first wall which is made of materials with low activation, high melting points,
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thermal conductivity, and resistance to sputtering from high energy neutrons. The
second layer is the breeding blanket for tritium, usually consisting of a lithium
compound, that also acts to slow the high-energy neutrons though scattering. The third
layer is typically called the neutron shield with a combination of neutron moderating
and neutron absorbing materials. In ITER for example, they are exploring a mixture of
steel and water for this layer. Finally, there is a bio-shield that is designed to reduce
the gamma radiation to safe levels for human exposure. These layers are also actively

cooled by a working fluid, He or H>O, which also aids in attenuation.

Inner poloidal field coils
(primary transformer circuit)

Poloidal magnetic field Outer poloidal field coils
(for plasma positioning and shaping)

Toroidal field coils

Resulting helical magnetic field

Toroidal magnetic field

Plasma electric current
(secondary transformer circuit)

Figure 2. 4: Tokamak chamber and magnetic profile [26]

One current tokamak fusion project with published shielding calculations is the
compact spherical tokamak, or ST40. It is a smaller-scale device than the ones
mentioned previously so the neutron radiation problem is similar to that in the C2D2
system. It also utilizes ReBCO HTS magnets unlike the larger projects that plan to use

LTS magnets. While the ST40 will have a breeding blanket, unlike the C2D2 system,
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it will likely only be implemented on the outer radius of the chamber and not in the
central solenoid shield. The central solenoid shielding design proposes a thin layer
(<0.2 m) of neutron reflecting material like Pb, followed by five layers of a tungsten
alloy (WB or WC) with cooling water in between each. Studies showed that the
reflecting layer in place of a breeding blanket on the central column still allowed for
production of enough tritium, and actually improved the breeding output in the outer

shield as well as the protection of the central solenoid [27][28].

High Temperature Superconducting Wires

High temperature superconductors are a relatively new development in the
history of superconductivity. Superconductivity was discovered in 1911 by Heike
Kamerlingh Onnes when he was researching the resistivity of metals at low
temperatures as there was still some debate at this time about what would happen as
the temperature approached absolute zero. After years of study and innovation in
cryogenic technology, Onnes was able to cool a mercury sample below 4.2 K where he
observed an abrupt drop in resistivity to near zero, calling the new material property
superconductivity. Onnes hoped that these materials could be used in magnet coils, but
it was discovered that the superconducting properties were quenched in the presence of
even a small magnetic field and that superconductors completely exclude magnetic
fields within them, a phenomenon called the Meissner effect. Over the next thirty
years, more superconducting materials were discovered and experimentation with

alloys took off. It was discovered that alloys allowed for some penetration of a
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magnetic field and could withstand higher strength fields than traditional single element
superconductors like mercury, lead, and tin. This experimentation with alloys lead to
the distinction between type one and type two superconductors; type one being those
that do not allow for penetrating magnetic fields and type two that do. Type two
superconductivity is much more common than type one and are those used in current

superconductor applications [29].

In a type two superconductor, the penetrating magnetic field is quantized into
tubes of non-superconducting material containing magnetic flux. Electric current
surrounds the tubes, also called vortices, and shields the superconducting material from
the magnet field lines inside. The electric current, however, creates a perpendicular
force on the vortices that can cause them to move around the material, increasing the
resistance and therefore decreasing the superconductivity. To achieve optimal
superconducting properties, the vortices must be as stable as possible, which led to the
concept of flux pinning. Impurities in a material or slight changes at grain boundaries
are the main techniques that create flux-pinning sites to hold the vortices in place. The
discovery that some superconductors can withstand high-strength penetrating magnetic
fields reignited the possibility of their use in magnetic coils. In this application, wires
made of superconducting material are coiled to form an electromagnet. Once cooled
to the critical temperature (T¢), the point where the material exhibits superconducting
properties, and charged, the magnet can operate almost indefinitely, barring other
disruptions to the system like quench. With virtually no losses due to heat and

extremely high current densities, superconducting magnets produce the strong
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magnetic fields necessary for a variety of applications that were not possible before,

including plasma confinement in fusion reactors [30].

It wasn’t until 1957 that John Bardeen, Leon Cooper, and John Robert
Schrieffer (BCS) published the first microscopic explanation for superconductivity
using quantum physics. The BCS theory is based on the idea that pairs of electrons,
called Cooper pairs, form at sufficiently low temperatures due to interactions with the
lattice vibrations, or phonons, of the material. Through more than five decades of alloy
research, progress in superconducting magnets was halted at a maximum transition
temperature of 23.2 K, above which the material was no longer superconducting. It
wasn’t until 1987, after a decade of research into oxygen containing compounds, that
high temperature superconductors (HTS) were created.  This was an extremely
important breakthrough since it opened up more cost effective methods for keeping the
material below T.. Low temperature superconductors (LTS) had such low T, that only
liquid helium was able to keep them at superconducting temperatures. The boiling
point of liquid nitrogen is 77 K, so any HTS with T. above that point could be cooled

by this cheaper and more readily available option [29].

The first superconducting magnets were made with LTS materials in the 1960s.
In the 1970s improvements in cable design enabled production of large-scale magnets
for fusion and particle accelerators. It also led to the development of the magnetic
resonance imaging (MRI) technique, which uses a high-strength magnetic field and
radio waves to create an image of organs within the human body. This was a significant

step forward in medical diagnostics since it does not use ionizing radiation like CT and
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PET scans, or x-rays, and produces images with better contrast. The MRI is still the
most common use for superconducting magnets today. Improvements in design and
manufacturing of superconducting wires through the 1980s and 1990s allowed
production of the longer wires needed for larger scientific projects like particle
accelerators and fusion reactors. CERN’s Large Hadron Collider (LHC) for example,
uses 1,232 superconducting magnets weighing 35 tonnes each. Along with most
current fusion reactor projects, ITER, under construction in France, plans to use

superconducting magnets for fusion plasma confinement [29].

All superconducting wires produced to this point are considered first generation
(1G). They are characterized by the form of the superconducting material within the
wire. In the case of 1G wires, the superconducting material is in small filament form
embedded in a copper matrix. Second generation (2G) superconductors emerged in the
early 2000s as an improvement over the 1G technology. In 2G wires, the
superconducting material is made in thin tapes (< 2 pm) sandwiched between layers of
other materials for damage and quench protection. 2G wires allow for easier
construction, larger currents in high magnetic field, and improved mechanical

properties that enable winding of the wires to form the magnet that fits the specific

application [31].
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Figure 2. 5: Layered cross section of ReBCO HTS tape from Superpower Inc. [32]

There are a few different methods of cabling that has been developed for HTS
wires to prevent quenching in practical applications like magnets for fusion reactors.
Each would add layers of various materials to the outside of the wire as in the design
in Figure 2.5. Since no specific wire type or cabling design has been chosen yet for the
C2D2 system, this thesis will model the HTS wire using only the HTS material’s
composition, ReBCO. The specifics of the chemical makeup and configuration of the

HTS material will be discussed in Chapter 3.

Irradiation damage to HTS materials can lead to loss in superconductivity,
which is critical for the operation of fusion reactors. Incident neutrons displace atoms
from their lattice sites through scattering interactions, and with enough energy, can
induce cascade displacement events. At low neutron fluences, these defects actually
improve the critical current density (/;), or maximum current density in a
superconductive state, of the wires due to the creation of flux pinning centers that

stabilize the penetrating magnetic vortices. At higher fluences, the defect density is
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increased, and the energy required to move the vortices is reduced, which as described
in the previous section, causes an increase in resistivity and loss of superconductivity.
However, translating this process into defined limitations has not been accomplished
yet due to technology gaps in a few areas. First, replicating the fusion neutron
environmental conditions in conjunction with the cryogenic conditions that the magnets
will be in is not currently possible. Also, there is a large variation in manufacturing
defects of unirradiated samples, making comparisons between defects in irradiated
samples very difficult. Finally, there is a gap in imaging technology capable of

visualizing the responsible point defects in a crystal structure [33].

Current irradiation limitations for HTS wires are estimates based on the
experimental work done using the available technologies including fission reactors,
neutron source devices, and more recently, heavy ion bombardment as discussed earlier
in the chapter. Studies to date indicate that maximum neutron irradiation limits
increase with decreased operating temperature and magnetic field, giving LTS designs
an advantage. For this thesis a neutron irradiation fluence limit of 2 x10%? n/m? for
energies greater than 0.1 MeV was used based on ReBCO HTS material operating at
77 K and 15 T [34]. It is agreed upon in the literature that neutrons below 0.1 MeV do
not cause defect cascades large enough to degrade the superconducting properties of
ReBCO materials, except for tapes with Gd [22][35]. Gd has the highest absorption
cross section for thermal neutrons of any element, so these tapes are significantly
affected by low energy neutrons and would have to include additional thermal neutron
shielding if chosen. Gamma radiation, while extremely hazardous to humans, has not

been shown to significantly affect the superconducting properties of HTS materials.
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As a preliminary design not intended to require human interaction with the irradiated

components, gamma irradiation was excluded from this analysis [22][36][37].
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Chapter 3: MCNP Materials Simulations

Monte Carlo N-Particle Software History

The Monte Carlo method was born from the Manhattan Project as there was a
desperate need to model neutron transport more quickly and accurately. There was no
way to solve the neutron transport equation analytically, so a series of estimates was
developed utilizing diffusion theory. The resulting equations were solved using
deterministic methods, where the original equation was discretized into a series of
algebraic equations and iterated until convergence. During the project, these
calculations were completed using the T-5 calculator group, which consisted of a group
of women, mostly the wives of the project’s scientists. They conducted segments of
the calculations by hand using their desk calculators and passed the results to each other
in a specific order to obtain the final result. This process was very time consuming and
prone to errors, so it was clear that further progress was needed to continue to improve
the nuclear program. It wasn’t until a year after the war ended, however, that Stanislaw
Ulam invented the Monte Carlo method while recovering from an illness and playing
a lot of solitaire. He wanted to find a way to determine the probability that a given
solitaire deal would result in a win. Ulam determined, after many attempts at

calculations, that using statistics was the simplest and most accurate method [38].

The concept of statistical sampling was not new, as there are publications on
probability theory from as early as the 16™ century, but a useful application did not

present itself until the invention of the first programmable computer in 1945, the
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Electronic Numeric Integrator and Computer (ENIAC). Ulam shared his statistical
sampling idea with fellow physicists from the Los Alamos National Laboratory
(LANL), Nicholas Metropolis and John von Neumann, when he realized that the same
principle could be applied to solve complex mathematical problems that were difficult
to solve analytically. They developed the first Monte Carlo code for the ENIAC in
1947, naming the method after the Monte Carlo Casino in Monaco, where Ulam's uncle
would gamble using a random number generator [38]. The first applications of the
Monte Carlo method were in physics and engineering, where it was used to model and
analyze nuclear reactions, particle physics, and fluid dynamics. In the 1950s and 1960s,
the method was also applied to finance and economics, where it was used to simulate

the behavior of markets and economic systems [39][40].

As computers became more sophisticated, so did the codes, and in the early
1960s, better computers and the standardization of programming languages such as
FORTRAN made it possible to develop more general codes. The first LANL general-
purpose Monte Carlo particle transport code was Monte Carlo Shielding, or MCS,
written in 1963. MCS was capable of treating an arbitrary three-dimensional
configuration of first and second-degree surfaces, and was used for neutron shielding
calculations for a time-independent geometry. Scientists who were not necessarily
experts in computers and Monte Carlo mathematical techniques could take advantage
of the Monte Carlo method for solving radiation transport problems by running the
MCS code to solve modest problems without having to do either the programming or
the mathematical analysis themselves. MCS was followed by Monte Carlo Neutron

(MCN), written in FORTRAN IV in 1972, which could solve neutron transport
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problems in a user-defined, three-dimensional geometry created using 24 surface types.
In 1977, MCN and other Los Alamos Monte Carlo transport codes were merged and
named MCNP (Monte Carlo N-Particle). Subsequent versions of MCNP were released
with new features and capabilities, including enhanced statistical analysis, distributed
processor multi-tasking for running in parallel on a cluster of scientific workstations,
new photon libraries, Evaluated Nuclear Data Files (ENDF)-6 data capabilities, color
X-Windows graphics, dynamic memory allocation, expanded criticality output,
periodic boundaries, plotting of particle tracks, improved tallies in repeated structures,

and more [38].

Today, MCNP is widely used in the nuclear industry, research institutions, and
universities for a variety of applications, including nuclear reactor design and safety
analysis, radiation shielding design, and medical physics. It is considered one of the
most advanced and powerful radiation transport codes available as the code and cross
sectional data tables are continuously updated. It is used in the development of
advanced fusion energy projects such as ITER and at the National Ignition Facility
(NIF) in the United States. At over 50 years old, there are many versions of MCNP,
but at the time of writing MCNP 6.3 is the most recent. All simulations in this thesis,
however, were conducted using the previous version, MCNP 6.2, which is the one
owned and licensed by the SPPL. MCNP 6.3 makes improvements to user input and
output options, but no significant changes in results are expected from running the

simulations in this chapter through the new version.
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MCNP Simulation Set-up

This section will detail the MCNP simulation set up including geometry of the
problem, materials specification, source definition, and the variance reduction
techniques used to obtain the results in this chapter. It will also briefly describe the
implementation of the Monte Carlo method and particle tracking process in MCNP.
Every aspect of the system to be simulated, including geometry, is specified in an input
file, which is read by the MCNP code during the simulation. In the context of MCNP,
a "card" is a line of text in the input file that specifies certain parameters or options for
the simulation. The term "card" is a carryover from the early days of computing, when
computer programs were often entered on punched cards that were then read by the
computer. Each card represented a specific instruction or piece of data. Although input
files for MCNP are now typically created and edited using text editors, the term "card"

has persisted as a convenient way to refer to a line of input in the simulation [41].

In MCNP, the geometry is defined by a set of surfaces and volumes. These are
used to describe the shape and location of the objects that make up the system being
simulated. To define a geometry in MCNP, the surface cards are defined first. Surfaces
are mathematical constructs that define the boundaries between different regions in the
geometry. They can be simple shapes such as planes, spheres, or cylinders, or they can
be complex shapes defined using mathematical expressions. Each surface is given a
unique ID number, which is used to identify it in the input file. Next, the cells are
specified. Cells are the volumes enclosed by surfaces, and are used to define the

regions of the geometry that contain different materials. Each cell is defined by a
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combination of surfaces and is also given a unique ID number. An example of the

geometry section of the input file is shown in Figure 3.1.

2 c >>>>> cell cards
3 100 0 -1 -4 imp:n=1 $ void left of shield (w/ source)
4 200 1000 -15.63 -1 4 -5 imp:n=1.4 $ tungsten carbide 0-5 cm
5 205 1000 -15.63 -1 5 -10 imp:n=1.2 $ tungsten carbide 5-10 cm
6 210 1000 -15.63 -1 10 -15 imp:n=1.7 $ tungsten carbide 10-15 cm
7 215 1000 -15.63 -1 15 =20 imp:n=2.7 $ tungsten carbide 15-20 cm
8 220 1000 -15.63 -1 20 =25 imp:n=5.1 $ tungsten carbide 20-25 cm
9 225 1000 -15.63 -1 25 =30 imp:n=10.4 3 tungsten carbide 25-30 cm
10 230 1000 -15.63 -1 30 -35 imp:n=22.8 S5 tungsten carbide 30-35 cm
11 235 1000 -15.63 -1 35 -40 imp:n=52.1 5 tungsten carbide 35-40 cm
12 240 1000 -15.63 -1 40 -45 imp:n=123.6 $ tungsten carbide 40-45 cm
13 245 1000 -15.63 -1 45 =50 imp:n=302.8 $ tungsten carbide 45-50 cm
14 250 1000 -15.63 -1 50 =55 imp:n=753.4 $ tungsten carbide 50-55 cm
15 255 1000 -15.63 -1 55 =60 imp:n=2018.1 $ tungsten carbide 55-60 cm
16 260 1000 -15.63 -1 60 -65 imp:n=4905.1 $ tungsten carbide 60-65 cm
17 265 1000 -15.63 -1 65 =70 imp:n=12284.2 $ tungsten carbide 65-70 cm
270 1000 -15.63 -1 70 =75 imp:n=37175.8 3 tungsten carbide 70-75 cm
275 1000 -15.63 -1 75 -80 imp:n=88292.6 $ tungsten carbide 75-80 cm
280 1000 -15.63 -1 80 -85 imp:n=235446.8 5 tungsten carbide 80-85 cm
285 1000 -15.63 -1 85 =90 imp:n=470893.7 $ tungsten carbide 85-90 cm
290 1000 -15.63 -1 90 -95 imp:n=1412681 $ tungsten carbide 90-95 cm
295 1000 -15.63 -1 95 imp:n=5000000 $ tungsten carbide 95-100 cm
999 0 1 imp:n=0 S rest of the world (void)
5
26 c >>>>> surface cards
1 rpp -105 100 -50 50 -50 50 $ problem bounding rectangular box
4 pX 0 $ plane at beginning of shield
5 X 5 $ plane at 5 cm thickness
10 Px 10 $ plane at 10 cm thickness
15 px 15 $ plane at 15 cm thickness
20 px 20 $ plane at 20 cm thickness
25 jo4 25 $ plane at 25 cm thickness
30 pX 30 $ plane at 30 cm thickness
35 pX 35 $ plane at 35 cm thickness
40 X 40 $ plane at 40 cm thickness
45 pX 45 $ plane at 45 cm thickness
50 X 50 $ plane at 50 cm thickness
55 Px 55 $ plane at 55 cm thickness
60 px 60 $ plane at 60 cm thickness
65 px 65 $ plane at 65 cm thickness
70 P 70 $ plane at 70 cm thickness
75 pX 75 $ plane at 75 cm thickness
80 X 80 $ plane at 80 cm thickness
5 85 pX 85 $ plane at 85 cm thickness
4 90 PX 90 $ plane at 90 cm thickness
47 95 X 95 $ plane at 95 cm thickness

Figure 3. 1: MCNP input file geometry section

Lines 3 through 24 define the cells, where column 1 is the ID number, column
2 specifies the material ID number as characterized later in the input file, and column
3 is the density of the material in g/cm®. Columns 4 through 6 define the boundaries
of'each cell based on the surfaces detailed in lines 27 through 47. Column 7 implements
a variance reduction technique that will be explained later in the chapter, and the last

column is a comments section that is ignored by MCNP. Below the cells, the surfaces
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cards are identified by their ID number in column 1, the type of surface in column 2,

followed by the location and dimensions, and the comments section.

All simulations in this chapter were conducted on a simple slab geometry for
the shield, focusing on the neutron radiation shielding performance of different
materials since the dimensions and geometry of the reactor are not yet defined. The
slab was defined as a series of parallel surfaces, denoted as “px” that are 100 by 100
centimeters, each five centimeters apart, resulting in a 100-centimeter-thick slab. The
slab was then surrounded by a rectangular parallelepiped, “rpp” in line 27, to enclose
the slab and create the five-centimeter-thick cells throughout the shield. This “rpp”
also focusses the simulation on just the rectangular volume inside, ignoring any particle

after it leaves the space.

Figure 3.2 is the MCNP rendering of the slab geometry as specified in the input
file. It is a cross-sectional view of the x-y plane where the neutron source originates
from the negative x-direction. The numbers in Figure 3.2 are the ID numbers of the
surface cards as defined in the input file, where the “rpp” is shown as a black rectangle
and labeled as 1 and the rest represent the distance in centimeters through the shield of
each parallel surface. The color indicates that a cell is filled with a material, whereas
white space indicates a void. Each cell can be filled with a different density or different
material all together, however, in this case, they are uniform throughout the shield.
Defining multiple surfaces and cells throughout the thickness of the shield allows for

data collection at each of these points which can be used to calculate attenuation
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performance for the material and determine a minimum required thickness for a given

flux limitation.
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Figure 3. 2: MCNP rendering of slab input geometry x-y cross section

Materials are specified using the material card as shown in Figure 3.3, which is
denoted by the letter "m" followed by a material ID number. The material number is a
positive integer that is used to reference the material in other parts of the input file. The
material card specifies the composition of the material using a combination of isotopic
and elemental data. In the example in Figure 3.3, tungsten carbide is defined as material
1000 using its constituent elements, natural tungsten with atomic number 74, and

carbon-12 with atomic number 6, along with the atomic fraction for each (1.0).
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51 c ### material specification

52 ml1l000 74000 1.0 6012 1.0 $ shield, tungsten carbide WC

Figure 3. 3: MCNP input file materials section

In MCNP, a source is defined by specifying the type, location, energy
distribution, and direction of the particles that will be injected into the simulation. The
source definition is included in the input file used to run the MCNP simulation. The
source type can be specified as a point, surface, or volume source, depending on the
problem being simulated, where a point source emits particles from a single location, a
surface source emits particles from a specified surface area, and a volume source emits
particles from a specified volume. The location of the source is defined using either
absolute or relative coordinates. Absolute coordinates specify the location in relation
to a global coordinate system, while relative coordinates specify the location in relation
to the geometry being simulated. The energy distribution of the particles in the source
can be defined as a monoenergetic or continuous distribution. The type of particle
emitted from the source can be neutrons, photons, electrons, or any of the other 34

particle types supported by MCNP [41][42].

Figure 3.4 is the MCNP plot of the D-T neutron source used in the materials
simulations in this chapter, overlayed on the slab geometry. It is a monoenergetic,
isotropic, point neutron source of strength 1.786 x 10'® neutrons per second, originating
on the x-axis, 30 centimeters from the first surface of the shield. For the D-D
simulations two changes to the source were made to ensure consistent reactor power
with the D-T model. The energy of the source neutrons was changed from 14.1 to 2.45

MeV, as are produced in the D-D fusion reaction, and the source strength was increased
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to 4.281 x 10'® to simulate 37% of the 5 MW total power output reactor, the same
power as the model for D-T. Since the D-D fusion has a side D-T reaction that produces
14.1 MeV neutrons and occurs with about 50% probability, the actual power caried by
the neutrons is 67% of the total. It is not possible to simulate this with one source so
only the 2.45 MeV reaction was considered at this stage in the neutron shielding

research.
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Figure 3. 4: x-y cross section flux of D-T neutron source strength 1.786 x 10'8 n/s

The 3-D geometry was divided into one cubic centimeter volumes using the
FMESH card in MCNP and the average flux calculated and plotted in units of neutrons
per square centimeter per second. The isotropic and monoenergetic nature of the source
was meant to simulate the real reactor plasma as accurately as possible, since the
expected toroidal volume and dimensions of the plasma are not yet defined for the

system. Additionally, the 30-centimeter distance is just a constant used to obtain
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attenuation data for various shielding materials. Manipulations to the data from these
simulations are done in Chapter 4 to apply it to an overall system design where the

source distance and distribution are considered.

Source biasing, specifically directional biasing, was used in the model to
improve the accuracy and run time of the simulation. Without it, less than half of the
total source particles interact with the shield, requiring more particles to obtain accurate
results which significantly increases the computer run time for each simulation.
Directional biasing is a variance reduction technique in MCNP that modifies the
direction of particles emitted from a source to bias them towards regions of the
geometry where important interactions occur, in this case, the slab face. For this model,
the source was biased four times in the direction of the shield where the solid angle
covered the entire face of the slab. The statistical weights of the particles traveling in
this cone-shaped region were reduced to ensure the source remained isotropic and at
the specified strength. Figure 3.5 shows the y-z view of the source flux at the first
surface of the shield. The variation in flux over the surface is a result of the point
radiation source impacting a non-spherical, slab face. This variation is not likely to be
the same as the real neutron source distribution but for the preliminary calculations in

this chapter the flux values are averaged over the entire surface [42].
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Figure 3. 5: y-z cross section flux of D-T neutron source strength 1.786 x 10'® n/s

Once the model is defined in the input file, it is run through the MCNP
command prompt. The code uses the Monte Carlo method to simulate the transport of
neutrons through a system, in which the neutrons undergo scattering and absorption
events. The tracking of a single neutron in MCNP involves a series of discrete steps
that occur as the neutron interacts with the materials and geometries in the system being
modeled. These steps are performed in a probabilistic manner using Monte Carlo
methods. Figure 3.6 shows some of the decision points and logic progression of the
Monte Carlo method, where g is a non-uniform random number distribution based on

a variety of input data, internal calculations, and cross sections.
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Figure 3. 6: Monte Carlo method logic diagram for one neutron history [43]

A source neutron is randomly generated from the source location with a specific
energy and direction. The neutron is then propagated through the system by moving it
a short distance along its trajectory, which is determined by its velocity and direction.
At each point along the trajectory, the probability of the neutron undergoing an
interaction, such as scattering or absorption, with the material it is passing through is

calculated based on the cross-section data for that material. The outcome of each
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interaction is determined randomly based on the probability distributions. If an
interaction occurs, the neutron's energy, direction, and location are updated according
to the interaction that occurred. For example, if the neutron is scattered, its direction
and energy may change, whereas if it is absorbed, it may be converted to a different
particle, such as a photon, or create new particles through fission. The neutron
continues to be tracked in this way, with interactions and updates occurring as it moves
through the system until it either leaves the system or its energy is below a certain

threshold, indicating that it is no longer significant [42].

A simplified tracking log of one neutron in MCNP is shown in Figure 3.7. In
this example, the incident neutron is scattered in event 1 and produces a photon that is
eventually absorbed in event 7. The scattered neutron continues in a different direction
and undergoes a fission reaction in event 2, where an additional neutron is produced as
well as a photon. One neutron is absorbed in event 3 and the other leaves the material
in event 4. The photon scatters once at event 5 and leaves the material in event 6. This
process repeats for the total number of histories specified in the input file and statistical
analysis is performed to estimate the average behavior of the neutrons in the system.
At the end of the simulation, the results are tallied to determine various quantities of

interest, such as the neutron flux or dose rate at specific locations in the system [42].
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Event Log

1. Neutron scatter,
photon production
2. Fission, photon
production Incident
Neutron capture Neutron

Neutron leakage
Photon scatter

Photon leakage

R

Photon capture
Void Fissionable Material

Figure 3. 7: Random history of one neutron in MCNP [42]

Variance reduction is a technique used in MCNP to reduce the statistical
uncertainty or variance in the results of a simulation. The technique involves modifying
the simulation process in various ways to increase the probability of particles
undergoing important interactions, while reducing the probability of particles
undergoing unimportant interactions. The purpose of variance reduction in MCNP is
to improve the efficiency and accuracy of the simulation by reducing the number of
particles required to achieve a given level of statistical uncertainty [42]. This is
particularly important in simulations involving thick shield geometries, where a large
number of particles may be required to obtain accurate results, especially farther along
in the shield when many of the neutrons have been absorbed or left the simulation
geometry. There are many methods of variance reduction in MCNP, but the two most

commonly used in shielding calculations are importance sampling and weight
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windows. Importance sampling alters the probability distribution of the particles in
order to increase the number of particles that contribute to the response of interest. This

is done by assigning importance values to each cell [44].

In the case of the simple slab geometry, each 5-centimeter-thick volume is
assigned a number of increasing value deeper into the shield. The example geometry
input in Figure 3.1 includes these importance values for each cell in column 7. When
a neutron enters a cell with higher importance, it splits into a number of new tracks
based on the ratio of the importance of the cell it entered to that of the cell it just left.
To maintain the accuracy of the simulation, the weight of each track is also reduced by
that amount. When a neutron enters a cell with a smaller importance value, it undergoes
a process called Russian roulette. The neutron will survive with a probability relative
to the ratio of the new cell importance to the previous cell importance. This technique
ensures that approximately the same number of tracks enter each cell and that the
statistical accuracy of the simulation is maintained throughout a deep shield.

Using weight windows or the automatic weight window generator (WWG) in
MCNP involves dividing the range of particle weights into a set of discrete intervals or
windows. Particles with weights falling within a particular window are tracked
normally, while particles with weights outside the window are either split or killed,
depending on their weight [44]. This process can be done automatically with the
WWG, however, manual initial estimates for each cell in the simulation are required
first to obtain accurate results from the WWG. Due to the simplicity of the geometry
in these simulations and the tedious nature of the WWG, the only variance reduction

technique used was importance sampling. A study conducted to compare the WWG
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and importance sampling concluded that the accuracy of the results was not

significantly different between the methods when using a simple geometry [45].

MCNP Materials Results

The output of an MCNP simulation typically consists of a large amount of
information, including statistical data about the particles that have been tracked through
the geometry, the cross-sectional data used, as well as information about the geometry
itself and the materials that comprise it. Particle tallies are specific outputs defined in
the input file that are of interest for a given simulation and are used to track various
properties of particles as they interact with the geometry. These tallies can provide
information about quantities such as energy deposition, neutron flux, and dose rates.
They can be used to analyze the performance of radiation shielding materials, to
optimize the design of nuclear reactors and other nuclear systems, and to evaluate the
effectiveness of radiation protection measures. The output typically includes the mean
value and variance of each tally, as well as statistical uncertainties and confidence

intervals.

Tallies can be thought of as virtual detectors that record the flux of neutrons or
other particles in specific regions of space, at specific angles and energies, and over
specific time intervals. Figure 3.8 is the tally specification used in the input file for the

D-T simulations in this chapter.
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c ### tally specificatiocon
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Figure 3. 8: MCNP input file materials section

Line 60 of the input specifies the “f2” tally for neutron flux at each surface ID
listed in the card. The f2 tally in MCNP calculates the neutron flux across a surface in
the geometry in neutrons/cm?/source particle. The flux tallies were then split into
energy ranges, or bins, based on the classification described in chapter 2: cold, thermal,
intermediate, fast, and relativistic with the upper limit of each bin listed in line 63 in
MeV. In line 62, the flux was further broken down into flux in the positive x direction
and flux in the negative x direction, which would indicate reflecting interactions. These
final tallies were then multiplied by the overall neutron source strength of the reactor
depending on the fuel choice, D-D or D-T. The multiplication factor for D-T was used
in the example above as specified in line 61 in neutrons/second. The multiplication

factor for the D-D simulations was 4.281 x 10'® neutrons/second.

As discussed in Chapter 2, there are different categories of neutron attenuating
materials: moderators, absorbers, and reflectors. MCNP simulations were run on
elements and compounds in each category as well as mixed materials that have both
moderating and absorbing elements in their chemical makeup. Each element or
material is either commonly used in neutron shielding or is currently under
consideration for use in a future shield design. All elements and materials were
modeled using the same setup described earlier in this chapter, where the only changes

to the input file were the material chemical makeup, the corresponding material density,
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and the importance values of each cell to maintain consistent statistical accuracy. In
reviewing these results it is important to remember that one of the main goals of
propulsion system design for space application is to minimize the overall mass. The
density of the materials included in this study vary significantly so the reported metrics
are on a per kilogram basis where appropriate. Unless otherwise stated, all flux values
reported in this analysis are for fast neutrons, or those greater than 0.1 MeV.
Additionally, aside from the reflectivity calculations, only the flux moving in the

positive x direction, or deeper into the shield, was included in the flux values.

Reflectors

First, the reflecting materials were analyzed to provide data on the most
efficient material with regard to mass at reflecting neutrons. Some current shield
design projects incorporate a thin reflecting layer at the beginning of the shield to
reduce the incoming flux through the rest of the shield. A reflecting layer was not
incorporated into the overall shield design in this thesis; however, the data may be

valuable in future iterations of the design.

It is difficult to measure the reflectivity of materials under fast neutron (>0.1
MeV) bombardment because the best reflectors have high inelastic scattering cross
sections, and, at higher energy levels, the neutron producing reactions tend to dominate
this cross section. So, although the material is reflecting a large percentage of the
incoming neutrons, it also produces additional neutrons through these interactions

within the material. To account for this, an estimate of the number of neutrons
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produced within the first five-centimeter thick cell of the shield was calculated using

the formulation in Figure 3.9 and Equation 3.1, where, @,,.,4 is the secondary neutron
flux created within the material through inelastic scattering, @,.r is the reflected

neutron flux from the first surface of the shield, ®,,; is the neutron flux into the
adjacent cell at the five centimeter surface, and @;,, is the incident neutron flux on the

first surface of the shield. @,.f, @y, and @, were flux tally outputs from the MCNP

simulation and all quantities are in units of particle flux [neutrons/cm?-s].
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Figure 3. 9: Neutron flux balance to estimate secondary neutron production

This is just an estimate to enable the reflectivity calculation and comparison
between materials since it does not take into account the neutrons leaving the shield in
the positive and negative y-directions or any neutrons that are reflected back from

subsequent cells deeper into the shield.

¢prod = (pref + Doyt — Pin (3.1

57



Using this value and the other flux outputs from MCNP, the total reflectivity
percentage for each material was calculated using Equation 3.2, where R, is the
reflectivity as a percentage.

R = [L] «100% (3.2)

¢in+¢prod

These results were then plotted in Figure 3.10 to compare this reflectivity across
the materials under consideration. Generally, the denser materials such as Pb and W
had higher reflectivity percentages, which makes sense. Intuitively, denser materials

should be better reflectors.
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Figure 3. 10: Neutron reflectivity for reflecting materials for D-T

However, there are some outliers to this trend when considering fusion neutron

energy levels and secondary neutron production as shown in Figure 3.11. With the
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wide range of densities in the materials, it is difficult to use this data to compare

performance as it applies to space systems applications.
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Figure 3. 11: Neutron reflectivity vs density for various reflecting materials for D-T

To solve this problem, the reflectivity, R was adjusted using Equation 3.3 to
represent a reflection percentage per kilogram, R,,,ss. The denominator, pAt, is the
total mass of the first cell in the shield, where p is the density of the material, A is the
cross-sectional area of the shield surface, or 100 by 100 centimeters in this case, and ¢

1s the thickness of the cell, five centimeters.

Rass = — (3.3)

This procedure was conducted for each material and plotted in Figure 3.12. As
expected, performance comparison across the materials changed significantly from the
previous calculation of overall reflectivity. The lower density materials like Be,

graphite (C), and Be>C, seem to be better suited for D-T fusion reactor application on
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a per mass basis, but the required thickness of the material to achieve the same
reflectivity performance would still have to be addressed. It is likely that the geometry
of a D-T system would not allow for a thicker reflecting layer on top of the neutron
shield. In that case a middle-density materials that include Zirconium (Zr), Titanium

(Ti), or Silicon (Si) should be considered.
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Figure 3. 12: Neutron reflectivity per unit mass for reflecting materials for D-T

For reference, Table 3.1 includes the density of all materials simulated in this

chapter in g/cm?.
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Material |Density (g/cm3)
Poly-B 0.94
HDPE 0.98
L water 1.00
Mg(BH,), 1.48
Be 1.85
Be,C 1.90
C 2.20
Si 2.33
Concrete 2.40
B,C 2.50
TiH, 3.76
Ti 4.50
TiC 4.93
ZrH, 5.56
Z15Si, 5.85
Zr 6.52
Steel 7.86
Pb 11.34
WC 15.63
\\ 17.90

Table 3. 1: Density of materials used in MCNP simulations

The same reflectivity analysis was conducted for a D-D fuel source, with the
initial reflectivity results shown in Figure 3.13. Even though there were more than two
times the number of neutrons impacting the shield, all of the materials were more
effective reflectors in the D-D simulations when compared to D-T. This is because the
energy of each incoming neutron for a D-D fuel is significantly lower than that of D-
T. Figure 3.13 indicates that the materials performed so similarly that it does not
provide a useful comparison to determine the best choice given a specific situation.
Therefore, as with D-T, the results were converted to reflectivity on a per mass basis

using the same conversion procedure outlined for D-T.
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Figure 3. 13: Neutron reflectivity for reflecting materials for D-D

As expected, the reflectivity performance changed considerably when mass was
included in the comparison in Figure 3.14. The same lighter materials that stood out in
the D-T results, Be, graphite, and Be,C, seem to be the best choice for D-D as well.
One advantage to D-D that will be discussed more in the next section is that it requires
much less shielding than D-T. This would leave more space between the HTS coils
and the plasma well to add a reflecting layer. Additionally, since the reflecting
materials are more effective against D-D neutrons, including a reflecting layer could
result in a more mass efficient shield overall. With a percentage of the incoming
neutrons reflected, and the incoming flux reduced, the rest of the shield has less energy

to absorb and can be thinner or made of a lighter material to minimize mass.
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Figure 3. 14: Neutron reflectivity per unit mass for reflecting materials for D-D

It is also possible that attenuating materials, although maybe not as reflective,
can reduce the neutron flux below the HTS limitation without a reflecting layer.
Especially when considering D-T, a shield made up of the most mass efficient
attenuating material may be a better design with regard to space and mass. The next
section investigates the attenuating properties of common neutron moderating and

absorbing materials to be used as the bulk of the neutron shield.

Attenuators
The same MCNP geometry and source model was used in the simulations for
the attenuator materials as was used for the reflectors. The desired result of the

attenuator analysis, however, was to determine the minimum shielding thickness
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required to ensure a given HTS coil lifetime. In all the following simulations the
assumed lifetime of the HTS was five years, a somewhat realistic figure for an
interplanetary space mission. This lifetime combined with the most conservative
fluence limit for the HTS found in literature, was translated into a limiting flux value
for the HTS, below which the coils would last for five years before radiation damage
impacted the superconducting properties. The shield thickness was determined by
where in the shield the neutron flux dropped below that value, 6.34 x 10° neutrons/cm?-
s. The size of the reactor is still assumed to be 5 MW total power output and the

geometry of the problem is the same as for the previous analysis.

Figure 3.15 is a log-scale plot of the fast neutron flux through the shield for ten
different shielding elements and materials. The lower limit of the y-axis is set to the
HTS flux limit for ease of thickness comparison. The point where each line crosses the
x-axis is the thickness of shielding required using that material to attenuate the neutron
flux below the HTS limit. For two of the materials, W and WC, there is a slight increase
in the neutron flux for the first five centimeters of the shield. This is due to the fact
that those materials have a high cross section for neutron multiplication at fusion energy
levels and are producing more neutrons than are leaving the system or being absorbed

in that portion of the shield.
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Figure 3. 15: Fast neutron flux through shield for attenuating materials for D-T

The cheaper and more common options, such as light water (L water), borated

polyethylene (Poly-B), and concrete would require the shield thickness to be higher

than the 100-centimeter boundary of this simulation. As discussed, these would be

great options for a terrestrial system with less constrained mass and size variables. The
extremely dense tungsten-based materials performed very well, as expected, with WB

performing the best over all materials simulated at a required thickness of 55

centimeters. Unfortunately, the density of this material makes it an unsuitable choice

for this system. As with the reflectors, a new metric that considers the density was

created to enable better comparison of the shield material options.

The new metric was calculated by multiplying the required thickness of the

shielding for a given material by the density of that material and the surface area of the
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slab (100 x 100 cm) to obtain the total mass per square meter of shielding surface area

in kg/m?. The results of this calculation are shown in Figure 3.16.
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Figure 3. 16: Mass per square meter surface area of shielding for D-T

High-density polyethylene (HDPE), Poly-B, TiH; and magnesium borohydride
(Mg(BHa4)2) have the lowest mass per square meter values of the other materials.
However, HDPE and Poly-B, while less dense than the others, would require 95 and
over 100 centimeters thickness respectively, to shield the HTS appropriately, while
Mg(BHa4)2 would only require 63 centimeters. TiHz only requires 71 centimeters but it
is still thicker than Mg(BH4), and over two times more dense. Of the tested elements

and materials, Mg(BH4)2 was the most efficient neutron attenuator by mass for D-T.
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These same materials were considered for the D-D fueled reactor as well, with
the only changes to the simulation being the neutron flux and energy to maintain the
same reactor output as the D-T model. The results of these simulations are in Figure

3.17, where the fast neutron flux through the shield is plotted for each material.
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Figure 3. 17: Fast neutron flux through shield for attenuating materials for D-D

As with the D-T results, 6.34 x 10° n/cm?-s is the fast flux limitation used to
determine the required shielding thickness. Where the flux lines cross the x-axis
indicates the point in the shield where the flux drops below this limiting value, and
therefore, the total thickness required. In this case, the tungsten materials did not
perform as well as in the D-T simulations. The compounds with the most hydrogen by
mass are the most effective moderators for D-D. This result is consistent with
neutronics theory concept that hydrogen is the best neutron moderating element. This

was not the finding for the D-T reactor because of the extremely high energy of the
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incoming neutrons. Denser materials like W and WC are more effective at moderating
the 14.1 MeV neutrons. In the D-D simulations, Mg(BHa)» performed the best at 25

centimeters thickness followed by TiH; at 33 centimeter and HDPE at 40 centimeters.

In order to choose the best material for the design, density and mass must be
taken into account. The results from Figure 3.17 were converted to a mass per square
meter shield surface area for comparison. The results of this calculation are shown in

Figure 3.18.
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Figure 3. 18: Mass per square meter surface area of shielding for D-D

Again, HDPE and Mg(BHa)> have the lowest mass per surface area of shielding

required. But HDPE, while less dense, requires 40 centimeters of thickness to
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effectively shield the coils. Based on this preliminary analysis of the MCNP
simulations, Mg(BHa4)> seems to be the best material for neutron attenuation in both D-

T and D-D systems.

Magnesium borohydride, or Mg(BH4)2, is one of the newest and most
promising neutron shielding materials in research. It is a white crystalline solid of
relatively low density that contains a very high percentage of hydrogen atoms by weight
at up to 18.4 percent. As discussed in Chapter 2, hydrogen is the best neutron
moderator, so the more hydrogen that can be stored stably in a material, the more
effective it will be as a neutron shield. However, compared to other shielding materials
under consideration, the thermal properties are not as desirable. The melting point of
Mg(BHa4): 1s approximately 650 K and its thermal conductivity is lower than most other
candidate shielding materials. Additionally, as a metal hydride, Mg(BH4)> can
dissociate at certain temperature and pressure combinations. If chosen as a shielding
material, additional analysis will need to be conducted on the thermal properties of this
material and the cooling mechanism required to keep the material within its limits. The

analysis in the next chapter is all based on a Mg(BH4)2 neutron shield [19].

Lifetime Relationship

The previous analysis was conducted based on the most conservative HTS
radiation fluence limitation found in the literature, 1 x 10'® neutrons/cm? and a lifetime
of five years. However, due to the significant variation in HTS limit values across the

available studies, it is worth considering how this variation affects the required
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shielding thickness for a given material and lifetime. Utilizing the MCNP flux data
discussed in this chapter for Mg(BHa4)», a shield thickness versus lifetime relationship
was established for both D-T and D-D. First, a series of flux limitations was calculated
using the fluence limit and lifetime of the HTS material. Then, the thickness required
for each new flux limitation was extrapolated from the MCNP data. The results are
shown in Figure 3.19 for the extremes of the HTS limitation spectrum and for lifetimes

of one day to ten years using D-T fuel.
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Figure 3. 19: Shield thickness vs HTS lifetime for Mg(BHa4), for D-T

The results show a logarithmic relationship, which is consistent with the results
of other similar studies [46]. There is also an average 9.3 centimeters difference in
thickness required for a given lifetime requirement between the most and least

conservative HTS limits reported in literature.
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Figure 3.20 is the thickness versus lifetime relationship for D-D fuel. The
average thickness difference is 3.3 centimeters, in this case, between the low and high
end of HTS radiation limits. These charts highlight the fact that there are significant
mass implications linked to the radiation limits of HTS materials. Until more concrete
data is produced from realistic fusion environments and more exact limitations for HTS
established, shielding thickness, mass and shape characteristics are only estimates. The
charts are still helpful, however, in preliminary design analysis, as they provide a range
of possible values and a means of comparison between fuels to help determine the

optimal design for the C2D2 system.
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Figure 3. 20: Shield thickness vs HTS lifetime for Mg(BH4) for D-D

The above MCNP simulations concluded that future iterations of the shield
design for D-D should consider a thin reflecting layer at the beginning of the shield to
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reduce the incoming flux through the rest of the shield since reflectors are more
effective against the lower energy D-D neutrons The denser materials such as Pb and
W had higher reflectivity percentages, but the lighter materials like Be, graphite (C),
and Be>C seemed to be better suited for D-T and D-D fusion reactor applications on a
per mass basis. The middle-density materials that include Zirconium (Zr), Titanium
(Ti), or Silicon (Si) should be considered when thicker reflecting layers are not feasible
based on the geometry of the reactor, as is expected with D-T. The required thickness
of the D-T shielding at more than 60 centimeters, makes it unlikely that a reflecting
layer will improve the mass efficiency of the shield enough to outperform a shield with
only attenuating material. From the attenuator results, Mg(BH4), emerged as the best
shielding material choice of the candidates for both reactor fuel types. The results
produced in this chapter were used in the next phase of shielding analysis, detailed in

Chapter 4, where the overall reactor dimensions and shielding geometry are optimized.
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Chapter 4: Full System Neutron Shield Design

Motivation and Previous Reactor Simulations

The motivation to design a new propulsion system is to make progress in the
field and improve the current state of the art. For propulsion systems, specific mass is
a good metric to use for comparison so major component mass estimates are crucial for
preliminary estimates of system performance as compared to the state of the art. The
HTS neutron shielding is expected to be one of the heaviest components of the C2D2
system, so an estimate of its mass is necessary to assess the feasibility of the system
design for different fuel choices. This chapter seeks to utilize the material data obtained
from MCNP in Chapter 3 to create a model that estimates the reactor dimensions and
mass of the neutron shielding required for given reactor parameters. The model
developed in this chapter provides these mass estimates for the HTS neutron shielding
for different fuels and HTS limitations for use when determining the optimal C2D2

system design characteristics and estimating the total mass of the propulsion system.

Ongoing research within the SPPL at UMD has produced a zero-dimensional
model for a D-T reactor plasma drawing on elements from the MCTrans++ particle
transportation software. Thousands of cases were simulated using this model, varying
each input parameter over a range of values to find those cases that would theoretically
produce net positive power. One of these net positive power cases was chosen for the
analysis in this chapter. This case simulated a D-T fusion plasma and assumed that

none of the neutron power was harnessed, meaning only energy from the charged
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particle species was used to power the reactor and produce thrust. The overall reactor
power produced was 5 MW with 4 MW from the neutron population and 240 kW of
jet power. To aid in reactor sizing estimates, the plasma well dimensions were
approximated to include the portion of the 1 m® plasma volume where the plasma
density was concentrated. The exact dimensions are pictured and described in the next
section. Other important output parameters from the simulation included the mirror

ratio at 1.45 and the magnetic field strength at the midplane of 10.1 T [47].

In this chapter, a model was created that took the 0-D simulation results as
inputs along with the specified shielding material and calculated the geometry of the
HTS coils, shape of the shielding cross section to avoid contact with the plasma, and
total mass of shielding required for the reactor. A couple of iterations of this model
were completed to estimate the full shielding design. The first was a simplistic model
where the source was the same strength and at the same distance from each point on
the exposed HTS cross section. The second iteration, with the goal of improving on
the first estimate, considered a varying shield thickness based on the distance from the

source as well as a source strength distribution along the z-axis.

First Iteration Model

Model Development

The foundation of the model was a series of relationships that define the

magnetic mirror and shielding geometry based on the inputs from the 0-D simulation

74



case. Equation 4.1 is the differential form of the Biot-Sarvart law for the on-axis field
of a current loop, B (z), where p,is the vacuum magnetic permeability, I is the current
in the loop, d L is the differential element of the current loop circumference, and 7 is the

vector from the center of the coil cross section at dl to the center point of the reactor
along the z-axis. Typically, when using the Biot-Savart law, the r vector can point to

any location on the z-axis, but in this formulation, it remains aimed at the center point.

= _ poldix?
dB = ‘jwz 4.1)

A schematic of this setup is shown in Figure 4.1, where the grey ring on the
right is the HTS coil cross section as seen from the midpoint of the reactor for

perspective.

O

Figure 4. 1: Biot Savart Law for circular current loop

The left side of the figure is the axial-radial cross section used to define the

Biot-Savart formulation for a circular current loop. The angle 6 is the angle between
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the z-axis and 7, and Ry, is the radius if the coil from the z-axis to the center of its cross-

sectional area. The magnetic field at a given point along the z-axis can be decomposed

into its axial and radial components, EZ and Er, respectively.

From Equation 4.1, the cross product is simply dl since dl and 7 are
perpendicular to each other at all points around the loop. The current, I, can be
separated into the product of the HTS fill percentage, y, the current density of the HTS
material, /, and the coil cross sectional area, TR, where R is the radius of the coil
cross section. The fill percentage is an estimate of the amount of coil cross-sectional
area is composed of HTS wire, and therefore, carries current. It is a way to take into
account the other components and cooling mechanisms that will take up space within
the coil volume since the actual sizes and shapes are still being designed. For the models
in this chapter, a 50% fill factor was chosen. The HTS current density was estimated
at 5 x 10% A/m?, which is based on conservative HTS performance characteristics at the

field strengths required in this model [48][49]. Integrating over dl around the entire
current loop circumference, the radial component of the magnetic field, Er, cancels out

so the only component of the field in is the axial direction, EZ. The relationships in

Equation 4.2 were established using trigonometry from the geometry in Figure 4.1.
dB, = dBsinf = dB ™ 42)

After these substitutions, Equation 4.3 is produced for the differential B-field

in the z-direction.
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Integrating Equation 4.3 and substituting for r using the Pythagorean theorem
results in the relationship in Equation 4.4 for the axial component of the B-field along

the axis of the current loop.

R%R?
B, = HoYJTRzsRy (4.4)

2(z2 +R§)%

This only accounts for one coil, however. A magnetic mirror is formed from

two circular current loops, a distance, d, apart on the z-axis, where the current flows in
the same direction and, in this case, at the same strength for both coils. Since the current
flow is in the same direction, the contribution to the B field from both coils is additive.
The result is Equation 4.5 for the total B field strength at a point along the z-axis as a

function of the distance from each of the two coils, z; and z,.

R2.R? 1 1
B(Z) — UoYJTREsRy - + (4.5)
2 =
(zf+R§)?  (z3+R})

3
2

The full cross-sectional configuration of the two-coil magnetic mirror system is
shown in Figure 4.2. The HTS coil cross sections are in green, where C; is the center
point of the cross-sectional area, and the plasma well is in red. In this figure, the plasma
well cross-section dimensions are also included as an estimate of where the plasma
density is high enough to cause significant damage to the shielding materials and other
components of the reactor. The points Q4, Q,, Q3, and Q,, are the outer corners of the

plasma well cross-section and inform an important constraint on the shielding geometry
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ensuring no plasma well contact with the shielding or coils. From the simulation data,
the plasma well for the chosen case has an inner radius, 7;, of 0.2 m, outer radius, 7,, of
0.5 m and a length, [, of 1.5 m, resulting in the approximate total plasma volume of 1

m’.

Figure 4. 2: Full view of reactor cross section geometry

Using the relationship in Equation 4.5, an expression for the field strength at

the coils, By,qy and at the midplane, B,,;, was established. At the coils, z; = 0 and
Z, = d, resulting in Equation 4.6. At the midplane, z; = z, = g , which produces the

expression in Equation 4.7.

_ UoYJmRZRE 1 1
Bmax - > +—

3 3
3 Ro

(4.6)
(d2+R?)
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One of the most basic parameters that defines a magnetic mirror is the mirror
ratio, R,,, as defined in Equation 4.8. It is also one of the outputs of the 0-D simulation
used for the analysis in this chapter.

R, = omax (4.8)

Bmin

Equation 4.9 defines R,, in terms of the unknown parameters used in the
previous equations by substituting Equations 4.6 and 4.7 into Equation 4.8.
r3 1 1
R, =— ——+ 23 (4.9)
(a2+R3)7 T
The previous equations define the field strength of the mirror as it relates to the
geometry of the system, but it is also important to introduce a relationship for the

overall geometry of the coils, as in Equation 4.10.

r2 = (%)2 + R2 (4.10)

Finally, as discussed previously, a constraint relationship is required to ensure
that the shielding does not contact the plasma well. Using the Pythagorean theorem,
Equation 4.11 is produced, where the thickness of the shielding, R,, and the radial

distance between the z-axis and the outer edge of the plasma well, 7, are known
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quantities. The coordinates for point Q3, as defined in figure 4.2 were also substituted

to keep the equation in terms of previously used variables.

Res 4R =[d =+ +Ro-n)? @)

2 2

Within Equations 4.7, 4.9, 4.10, and 4.11 there are only four unknowns: d, R,
r, and R.;. Therefore, these equations can be solved as a system to produce the
geometric parameters of the reactor and shielding. Due to the symmetry of the reactor
axially and radially, the remainder of the analysis focuses on the upper left coil cross

section.

In order to determine the required shielding cross-sectional area, line of sight
(LOS) lines were drawn between corners of the plasma, Q; and @3, and tangent points
on the edge of the coil cross section, P; and P,. These lines define the surface area of
the coil that is exposed to plasma, and therefore, neutron radiation. At this point in the
analysis, it was assumed that this is the only part of the coils that requires shielding. In
reality, it is likely that a thinner layer of radiation shielding will be required on the far
side of the coils to protect from cosmic radiation and other escaped particles from the
rest of the system. In order to calculate the coordinates of points P; and P,, a series of
trigonometric and vector relationships were used based on the configuration in Figure
4.3. Using the coordinates for Q4, Q3, and C;, and the Q, P; C; and Q5 P, C;triangles, the

P; and P, coordinates were determined.
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Z axis
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Figure 4. 3: LOS lines for neutron radiation for one coil cross section

Next, the outer arc of the shielding was defined from points P, to P;
counterclockwise as shown in Figure 4.4. For simplicity in this first iteration of
modelling, the outer arc was assumed to be a sector of a circle with center point, C;,
and radius equal to Rg + R g, shaded in blue in Figure 4.4. As with P; and P,, a series
of vector and trigonometric relationships from the P,P;C; and P;C; P, triangles were

used to calculate the coordinates of P, and Ps.
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Figure 4. 4: First iteration reactor model with shielding outer arc defined

With the outer arc and LOS lines defined, the cross-sectional area of the
required shielding was completely defined and shaded in blue in Figure 4.5. To
calculate the area and volume of the three-dimensional shielding structure, the
shielding cross-sectional area was discretized into smaller areas using a grid structure
similar to that shown in Figure 4.5. Each area was then multiplied by the by the
circumference of the circle created by the revolved area and then added together to
produce the total volume of the coil. The actual model was run with a 1000 by 1000
element grid for increased precision. Using this resulting volume and the density of
the selected shielding material, the total mass of the shield for both coils can be

calculated.

82



Midplane

Figure 4. 5: Neutron shield cross section discretization scheme

First Iteration Results

The procedure outlined above was coded and run in MATLAB to produce a
cross-sectional schematic of the reactor dimensions as in Figure 4.6 and a total mass
estimate for the coil neutron shielding. As before, the plasma well is shaded in red, the
shielding in blue, and the HTS coil in green. To reiterate, the inputs to the model from
the D-T simulation case discussed at the beginning of the chapter were R,,, = 1.45, B,nin
=10.1T,r,=0.5m, and [ = 1.5 m. For the current related inputs, a conservative HTS
current density based on ReBCO of 5 x 10® A/m? and a 50% fill factor were used.
Finally, a required shielding thickness, Rg = 64 cm of Mg(BHa4)> was used as calculated
from the MCNP simulation results for the most conservative HTS limit over a five-

year lifetime. The resulting total mass calculated by the model was 7880 kg for the
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two coils. This is likely an unacceptably high mass for one component of a 240-kW
class system. To have a comparable specific mass to the state-of-the-art JIMO design,
the total system would have to be less than 10,000 kg. This neutron shield leaves just
over 2,000 kg total for the rest of the components of the propulsion system. Other
important dimensions calculated were the distance between the coils, d = 2.3 m, the
radius of the coils, Ry = 1.2 m, and the radius of the coil cross section, R-s = 18 cm.

Considering these dimensions, the HTS magnets alone will exceed 2,000 kg.

14
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Z axis [m]

Figure 4. 6: First iteration D-T reactor schematic

This first iteration model was also run for a D-D plasma with a few changes to
the inputs. There were no 0-D simulations run for D-D plasmas so reactor input

parameters, R,,, Bpyin, and the plasma well dimensions were assumed to be the same
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as those for the chosen D-T case. In reality, this will likely not be the case since D-D
fusion occurs at higher temperatures and particle densities requiring different field
strengths. The current density and fill percentage also remained the same, but the
source strength was increased to 4.281 x 10'® neutrons per second to simulate a 5 MW
D-D reactor with 34% of the power produced in the neutrons. The required shielding
thickness, Rg, = 25 cm, as calculated in Chapter 3 for Mg(BH4)> for the most
conservative five-year lifetime HTS limit. The calculated reactor dimensions for the
D-D plasma are depicted in Figure 4.7, where the total HTS shielding mass required
was 2120 kg, distance between the coils was 1.7m, radius of the coils was 0.9 m, and

the radius of the coil cross section was 15.5 cm.

o
o
T

o
(o))
T

o
-

o
%]
T

radial dist [m]

(=]

o
M
T

0 0.5 1 15 2
z axis [m]

Figure 4. 7: First iteration D-D reactor schematic



This is a much more manageable mass estimate for the shielding, but it is
possible that the other components needed to support a D-D plasma will impact this
advantage. The dimensions of the D-D reactor are much smaller than those for D-T.
Even though the incoming neutron flux is higher for D-D, the 14.1 MeV D-T neutrons
require thicker shields to attenuate to the same flux limit. Ultimately, the thickness of

the shield is a major factor in determining the size of the reactor in this model.

Upon observation of the first iteration results some shortcomings emerged. The
thickness of the shielding is not uniform at each point along the arcs. It is actually
thicker than it needs to be towards the edges where the LOS lines are, resulting in a
higher shielding mass than may be required. In addition, a real fusion plasma is not a
point source and has a density distribution throughout its toroidal volume. Generally,
it is the densest axially at the midplane of the reactor and thins out along the z axis
toward the coils, further adding to the assumption that the required shield thickness at
the edges of the cross-section is much smaller than at the center. So, not only is the
strength of the neutron source varying, but the distance from the source to the shield is
also varies with z. Additionally, the shielding thickness specified for these calculations
was based on the MCNP simulation data that assumed a constant distance from the
source of 30 cm. In reality, the distance between the point source in this case varies
across the surface of the HTS coil. The limitations of the first shielding model and the
unfortunately high mass estimate results motivated a second iteration of the model with

some added complexity to represent the real reactor environment more accurately.
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Second Iteration Model

Source Distribution and Model Development

In the second model, the basic dimensions of the reactor were calculated in the
same way as the first, using Equations 4.7, 4.9, 4.10, and 4.11 to solve for four
unknowns, d, Ry, , and R.;. The LOS line origins moved from Q; and Q, to points
on the z-axis, Zy, and Zpq, as shown in Figure 4.8. This formulation does not
consider source contributions from the upper left and lower right corners of the plasma
well that are actually within the line of sight of the HTS coils in the real reactor.
However, as discussed previously, these regions are expected to have the weakest
source strength among the distribution, so this is an acceptable assumption at this point

in the design process.
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Figure 4. 8: Second iteration model LOS schematic
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The next step added the source distribution. The source was modelled as a line
source, however, the strength varied at each point along the z-axis from z,,,;;, t0 Z;n x>
the defined limits of the source within the distribution. The source was assumed to
follow a normal distribution since the actual distribution is unknown at this point in the
reactor design. However, an exponential reduction of the source strength is consistent
with models of the plasma confinement in a centrifugal mirror. The normalized
probability density function, f(z), for a normal distribution in Equation 4.12 is the
basis for the final source expression and establishes that the distribution is centered at

the midplane of the reactor, at d /2.

f@)=—7e (4.12)

To create an expression for the source at a given point along the z-axis as a
function of z, the probability density function was multiplied by the total source

strength, resulting in Equation 4.13, where S is the total neutron source strength.

d
S(2) = Spf(2) = 6372"_” eE<T> 4.13)

In this formulation, o, the standard deviation of the normal distribution, is the
only free parameter and determines the spread or dispersion of the density around the
mean. For this model, a conservative value of o equal to [/4, was chosen such that
95.6 percent of the total source strength was included in the distribution. This
configuration with the approximated normal distribution overlayed in orange is
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depicted in Figure 4.9. The inner arc, as labeled in the figure, is the section of the coil
cross-section from points P; to P, counterclockwise that is exposed to the source by

LOS.

Z axis
&< ==

Figure 4. 9: Second iteration model with source distribution overlay

Next, a method was developed to adjust the MCNP flux data to account for the
distance and source strength changes across the exposed section of the coils. There are
N number of points along the inner arc and also between z,,;, and z,,,,. Each point
along the inner arc has an associated point on the z-axis that defines the source strength
that it is exposed to. The required shielding thickness is calculated for each of these
pairs of points to create the overall cross section shape for the shield. Figure 4.10 is a
visual representation of this method where the lines between the LOS lines connect
points on the inner arc to the associated source point on the z axis. In the figure, only

a few pairs are shown, but for precision in the actual model N was equal to 1000. Each
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of these lines can be divided into the distance between the source point and the outer

surface of the shield, r; (2), and the required thickness of the shield or distance between

the outer arc and the inner arc, t(z).

Q4 Q3

Figure 4. 10: Second iteration model with source distribution overlay

The method starts with the inverse-square law for radiation in Equation 4.14,

where @, is the fast neutron flux on the first surface of the shield, and S(z) is the

source strength at a point on the z- axis.

D, = S(2)

1 4nr?

(4.14)

Farther into the shield, the flux is reduced through attenuation, and is denoted
as ®(t) which is a function of t, or the thickness of the shielding to that point. The

MCNP output data included the fast neutron flux, ®(t), at five-centimeter intervals
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through the thickness of the shield, so an attenuation relationship was established using
this data. The flux ratio ®(t)/®,, was chosen since this relationship should be the
same for a given material and total source strength regardless of the r; value used to
generate the flux data in MCNP. This assumption was confirmed using MCNP data
from simulations with several different r; distances and comparing the ®(t)/®,, ratio
using exponential decay trendline approximations. The decay approximations were
calculated for Mg(BH4)> MCNP data at 30, 45, 90 and 100 cm source distances with
negligible variation between them so the 30 cm equation was chosen for the model.
The trend line shown in Equation 4.15 is for a D-T plasma with a shield composed of
Mg(BHa4)2. A different trendline was estimated for D-D using the D-D MCNP data
from Chapter 3.

D(t)
Dy,

= 1.4 151t (4.15)
This flux ratio can also be defined as a function of the source strength, S(z),
using Equation 4.14 to produce Equation 4.16.

D(t) _ 4nrid(t)
o,  S(2)

(4.16)

1

The flux ratio expression in Equation 4.16 was substituted into Equation 4.15
and solved for t to get Equation 4.17. Additionally, @ was substituted for ®(t), where
@ is the target fast neutron flux, or the point where the flux is attenuated below the
HTS material limitation. This means that t in Equation 4.17 is the required thickness
of the shielding to enable a given HTS lifetime.
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1 1.45(2)
b= 151 In (4nr12<bT) (4.17)

There are still two unknowns in equation 4.17, r; and ¢, so another relationship
is required. Equation 4.18 was created using the geometric relationship between the
inner arc point and z-axis point, which are both known locations and the unknown
variables, r; and t. InnerArc, and InnerArc, are the axial and radial coordinates of

the inner arc point, and Source, is the z coordinate of the associated source point.

t + r, = /(InnerArc, — Source,)? + (InnerArc,)? (4.18)

Next, the inner arc coordinates and thickness were used to define the
coordinates of the outer arc points. Once both inner and outer arc points were defined,
the same discretization procedure for the cross-sectional area used in the first iteration
of the model was conducted to determine the total volume and mass of the shielding

for both coils.

Second Iteration Results

To easily analyze the model improvements implemented in the second iteration
model, and to allow for comparison between the mass estimates and shielding shape,
largely the same inputs were used as for the first iteration. The magnetic field
specifications and plasma well dimensions from the 0-D simulation, HTS current
density and fill percentage, source strengths for D-D and D-T, and the shielding
material, Mg(BHa)», all remained the same. The only difference in the input parameters
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for the second iteration model was the R value. For the first iteration there was a set
thickness required throughout the shield, but for the second iteration, the thickness
varied based on location along the coils cross section edge. To account for this, an
initial guess for Rg was used as an input, then updated until the outer arc of the shield
was no longer in contact with the plasma well. The resulting reactor configuration for

the D-T case is shown in Figure 4.11.
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Figure 4. 11: Second iteration D-T reactor schematic

The shape of the shield was trimmed significantly on the edges as compared
to the first iteration geometry to include only the minimum thickness required to
attenuate the neutrons to the HTS limit. Most of the trimming around the edges was
attributed to the source distribution, where the highest strength was in the middle.

There was also some impact however, based on the distance between the source and
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the shield, as the shield is slightly thicker on the right side than the left where the
source on the z-axis is farther away. For the schematic in Figure 4.11, the total
required shielding mass was calculated to be 4100 kg, with 2.1 m between the coils, a
1.1 m coil radius, and a 17 cm coil cross section radius. Each of the three reactor
dimensions is slightly smaller than in the first iteration D-T model, but most
importantly, the mass is almost halved (52%). This is promising news in spacecraft
propulsion design and indicates that the simple improvements to the model made a
significant difference in the results. Although this value represents almost half of the
allotted mass budget for the total system, it indicates that with further improvements
to the model and progress in neutron shielding materials research, a D-T system may

be possible.

As with the first iteration there was no D-D plasma data to provide the
required field parameters or plasma well dimensions, so they remained the same as
for D-T. The only parameters that changed were the trend line calculated from the D-
D MCNP neutron attenuation data and the total source strength to estimate a S MW
total output reactor. The second iteration model of the D-D plasma is depicted in
Figure 4.12, where the total HTS shielding mass required was 1160 kg, distance
between the coils was 1.6 m, radius of the coils was 0.8 m, and the radius of the coil

cross-section was 15 cm.
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Figure 4. 12: Second iteration D-D reactor schematic

Overall, the D-D reactor has a much thinner shield and the same edge trimming
characteristics as were observed in the D-T reactor results, producing a shield half as
massive as the first iteration D-D model, and a slightly smaller reactor configuration.
However as stated previously, there are many other considerations that should be made
when comparing D-D and D-T plasmas. This overall reactor model may still be useful
at future design cross-roads to determine if the higher temperatures required by D-D

are worth the significant reduction in shielding mass for the HTS coils.

The second iteration of the model was also used to analyze the relationship
between the lifetime of the HTS coils and the mass of the neutron shielding for a given

fuel type. Figure 4.13 was created by running the D-T MATLAB simulation for a range
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of HTS limitations associated with lifetimes from one week to ten years and using the
most conservative and least conservative fluence limits. As with the materials analysis
in Chapter 3, the relationship is logarithmic, but also varies substantially from the low
end to high end limit. The specific fluence limit for a given HTS wire can make as
much as a one tonne difference in the estimated mass of the shielding. For a ten-year
lifetime, that is 25 percent of the total shielding mass, which can have significant

performance and efficiency implications for a 240-kW class propulsion system.
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Figure 4. 13: HTS neutron shield mass for range of HTS lifetimes and limits for D-T

Similar analysis was conducted for the D-D reactor using the MATLAB
overall reactor model and plotted in Figure 4.13. As expected, the mass range is
smaller for D-D for a given lifetime, but it still varies up to 25 percent with fluence
limit. While these charts are just estimates, they can be used for quick reference
when a specific mission or HTS material limitation is chosen.
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Figure 4. 14: HTS neutron shield mass for range of HTS lifetimes and limits for D-D

It is important to note that the analysis in this paper does not address plasma
facing materials or the cooling mechanism required to maintain stable temperature
within the shielding material. These considerations will be discussed further in the next
chapter as future work. This analysis does indicate, however, that it may be feasible to
implement a D-T reactor in the design with somewhat large but still reasonable
dimensions. The neutron shielding mass estimates are preliminary and based on many
assumptions about the other components of the reactor and likely will change with
future improvements to the model to add complexity. A D-D reactor design, while
more desirable based on the neutronics analysis and mass results in this paper, has other
drawbacks that must be considered. For example, the engineering challenges
associated with maintaining a D-D plasma at higher temperatures than D-T may impact

the neutron shielding size and mass advantages. The models developed in Chapters 3
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and 4 can be easily altered and improved upon with updated parameters or new
shielding configurations and materials that emerge in research. Hopefully, they can
serve as useful tools to aid research into other aspects of the propulsion system as the

design progresses.
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Chapter 5: Conclusions and Future Work

Results and Comparison to the State of the Art

The development of fusion propulsion systems has the potential to revolutionize
space exploration and enable a wide range of new scientific and technological
advances. While there are significant technical and engineering challenges to
overcome, ongoing research and development efforts suggest that fusion propulsion
systems could become a practical reality in the future. One such engineering challenge
explored in this thesis is neutron radiation shielding. The absence of charge prevents
confinement and control of the extremely high-energy neutrons so they must be

attenuated by material barriers to preserve the lifetime of critical components.

Chapter 3 investigated the reflection and attenuation properties for various
elements and compound materials under consideration for use in neutron shields. A
series of materials simulations were conducted using MCNP to determine the best
candidate neutron shielding material for the C2D2 system. Both D-D and D-T plasmas
were considered for a reactor with 5 MW total output power. Mg(BH4)2 was the most
efficient neutron attenuating material for both D-D and D-T based on mass efficiency.
While this material is a promising shielding candidate in principle, it has only recently
been identified and additional research is needed to ensure it can handle the heat loads

from a fusion reactor.

The data produced in the Chapter 3 analysis was used in Chapter 4 to develop

a full system model of the HTS coils including their dimensions and configuration.
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With the neutron attenuation data, an estimate of the required neutron shield thickness
and shape was produced for both D-D and D-T plasma reactors for a five-year HTS
lifetime and the most conservative radiation limit. The model was also used to estimate
the mass of the neutron shield for both coils of the reactor for a range of HTS lifetimes

and neutron radiation limits for both D-D and D-T.

The goal of this research was to provide a preliminary estimate of the required
neutron shielding mass and dimensions for comparison to the state of the art and use in
development of other areas of the propulsion system design. Currently, the best state
of the art technology for comparison is the propulsion system developed for the JIMO
mission, which was proposed by NASA in the early 2000s and aimed to explore three
of Jupiter's icy moons, Europa, Ganymede, and Callisto. The JIMO design used a
nuclear-powered ion propulsion system and planned to study the moons' geology,
composition, and potential for supporting life, as well as to explore the feasibility of
using nuclear power and ion propulsion for deep space missions. Overall, the JIMO
mission represented a bold and innovative approach to deep space exploration, and it
paved the way for future missions that could use nuclear power and ion propulsion to
enable more ambitious and sustained exploration of our solar system and beyond. The
specific mass estimate for JIMO was 41 kg/kW jet power, so a 240kW C2D2 system,

like was analyzed in Chapter 4, would have to weigh less than 10,000 kg to compete.

From the lifetime shielding mass relationship established in Chapter 4, some
estimates for the mass allotted to the remaining subsystems can be calculated. For a

five-year D-T reactor and the least conservative HTS radiation limit, the neutron shield
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would have a mass of 3100 kg, leaving a little less than 7,000 kg for the rest of the
system. On the conservative end of the limitation spectrum, the shield would be 4,100
kg which would only allow less than 6,000 kg for other parts of the system. For the
same power, the D-D shield would have a mass somewhere between 950 and 1160 kg,
leaving a lot more mass for other components of the system. But there may be
additional subsystems or heavier components to heat, spin, and confine the D-D plasma

compared to a D-T reactor.

Future Work

Fusion power and the C2D2 system are still in the very early stages of the design
process so there are many areas of future work to explore. Even in the neutron shielding
realm, the source model can be improved in many different ways including the strength,
shape, and distribution. Additional thermal analysis is required to inform the shielding
material and cooling mechanisms required. Neutron radiation analysis will be needed
on other components of the system besides the HTS coils that may be exposed to the
plasma. There is also a need for further research on the radiation limits of HTS

materials to improve the accuracy of the shielding mass estimates.

The D-D results and analysis discussed in this paper were only meant for rough
comparison. Another step in the research process will be to more accurately represent
the D-D source in both MCNP and the overall geometry calculations. A D-D plasma
has two possible D-D reaction outcomes with one creating a 2.45 MeV neutron that

was modeled in this paper, and the other produces a tritium (T) particle. Since D-D
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fusion requires the plasma to be hotter than D-T, any T produced will almost
immediately fuse by way of a D-T reaction. These D-T side reactions generate 14.1
MeV neutrons which require much thicker shielding as reported in the results of this
thesis. In order to accurately account for the side reactions, two different sources can
be run simultaneously in MCNP, where one has 2.45 MeV neutrons and the other 14.1
MeV neutrons. Using this data and an adjusted source strength in neutrons per second
to represent 67% of the power, a more accurate attenuation relationship can be
generated for a given material for use in the overall reactor and shielding model from

Chapter 4.

Another improvement in the neutron source modelling would be to create a
more realistic source distribution. It is possible to create a toroidal source shape in
MCNP and define a distribution over the volume. A volume source acting on the
MCNP slab geometry will distribute the flux differently over the surface of the shield
as compared to the simple point or line source, resulting in potential updates to the
required shielding thickness for a given material. Additionally, research into more
detailed plasma simulations is being conducted at the UMD SPPL that may provide a
more accurate picture of the particle densities and distributions within the plasma
volume. Adjusting the normal distribution to one that more closely resembles the
actual plasma and implementing it into the new MCNP volume source would provide
more accurate materials data to use in the overall reactor model and shielding mass

estimate.
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One powerful MCNP tool that was only used briefly in this paper is heat load
calculation, which is often used for heat load analysis on reactor components and full
reactor schematics. The simulation considers the energy distribution of the neutrons
and their interactions with the shield material. The resulting data can be used to
determine the heat load on the shield, which is the amount of energy absorbed by the
shield material as a result of neutron interactions. By analyzing the heat load data,
researchers can optimize the materials and cooling mechanisms of the radiation shield

to improve its performance and reduce the risk of damage to the reactor components.

It is likely that any shielding material chosen will require a cooling mechanism
to remove heat from the shield and maintain a stable temperature to prevent material
failure. How much and what type of cooling will be dependent on the heat load on the
shield and the material itself. There are several cooling mechanisms that can be used
for fusion neutron shields. Water cooling is one of the most common cooling methods,
where water flows through the shield to transfer heat away. Water is circulated through
pipes that are in direct contact with the shield, absorbing heat and carrying it away to a
heat exchanger where it can be dissipated. Some fusion reactors use liquid metal, such
as liquid sodium or lithium, as a coolant for neutron shields. Liquid metal is a good
conductor of heat and can withstand high temperatures, making it an effective cooling
mechanism for shielding. In some cases, a gas such as helium or nitrogen may be used
as a coolant for neutron shields. Gas cooling is less effective than liquid cooling, but it
can still provide adequate cooling for some applications. Finally, some neutron shield
designs rely on passive cooling mechanisms, such as radiative cooling or natural

convection, to dissipate heat. These methods do not require any external power or
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coolant but will likely not be sufficient for the C2D2 system. The choice of cooling
mechanism will require further research since it depends on the specific material and
thickness of the neutron shield. Factors such as the temperature and power density of
the shield, as well as the availability of cooling resources, will all influence the

selection of a cooling method.

There are two main approaches to neutron shielding: layering and blended
materials. Layering involves using multiple layers of different materials to absorb and
reflect neutrons. The layers are designed to optimize the shielding properties of each
material, with high-density materials like lead and tungsten used for absorption, and
lower-density materials like polyethylene and water used for reflection. Layering
allows for greater flexibility in designing the shield and can result in a shield that is
thinner and lighter than a single-material shield. It may be best to incorporate the
cooling mechanism into a layered shield, where some of the layers include a working
fluid. Blended materials, on the other hand, involve mixing different materials together
to create a composite material that has optimized neutron shielding properties. The
materials used in blended shields are chosen based on their ability to absorb and reflect
neutrons, and the resulting composite material is designed to provide the best possible
shielding while minimizing the overall weight and thickness of the shield. Both
layering and blended materials have advantages and disadvantages. Layering allows
for greater flexibility in designing the shield but can be more complex and expensive
to manufacture. Blended materials are generally simpler and cheaper to manufacture
but may not provide as much flexibility in shielding design. As discussed earlier, many

current designs plan to implement the layered technique, but more research will need
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to be done to determine if it is optimal for the C2D2 system. Layered slab simulations

can be run in MCNP to compare to the blended and single material data from this thesis.

HTS radiation testing on various materials must be conducted to get more
accurate data to inform the HTS limitations. This analysis showed that the radiation
limits of the HTS material have a major impact on the required thickness of the shield,
where the range of values varied by 1,000 kg in some cases. More clarity on this topic
will require advances in the experimental methods used to calculate the limits. Since a
fusion environment cannot be recreated currently, any improvements that make it
closer to the real radiation environment will be helpful to hone the limits and inform

neutron shielding estimates.

Finally, as alluded to earlier, MCNP is often used for radiation analysis on an
entire reactor including subcomponents. For more detailed models, the built-in
geometry input for MCNP can be overly tedious, so other inputs like CAD are utilized.
MCNP has an add-on software package called Visual Editor that will allow CAD model
inputs to define the geometry within the MCNP simulation. As the design becomes
more advanced and detailed, a full CAD model of all reactor sub-components to
analyze neutron load on those areas for shielding requirements will be crucial to
identifying the areas of the reactor that are most affected by neutron radiation. This
includes any heat load analysis that is required for the reactor components, and

especially when considering the plasma facing materials.

Fusion space propulsion systems hold the promise of revolutionizing space

travel by providing a highly efficient and sustainable means of propulsion. They have
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the potential to provide much higher specific impulse and exhaust velocity than
conventional chemical rockets. This means that they can generate more thrust using
less propellant, which would allow spacecraft to travel farther and faster, and carry
more payload. They could also enable longer duration missions to distant locations
such as Mars, the outer planets, and beyond, greatly expanding our ability to explore
and study the solar system. The development of fusion propulsion systems could also
lead to advances in fundamental science and technology, such as materials science,
plasma physics, and power generation that could have far-reaching benefits beyond
space exploration. While fusion space propulsion systems hold great promise for
revolutionizing space travel, much more research and development is needed before

they can become a reality.
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