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ABSTRACT

Obtaining a successful nuclear fusion reaction is a really hard task. One of the factors
that we must consider is the high temperatures that the blanket that wraps up the plasma
can achieve. Due to this issue, the metals that are used acquire liquid properties, being
then a problem when contacting with the helium resulting from the nuclear fusion
reaction of tritium. This is due to the fact that helium bubbles are formed at the pressure
and temperature conditions that take place in these devices. These bubbles must be
studied as that they can compromise the efficiency of the breeding blanket, and thus the
efficiency of the reactor. For this purpose, two simulation methods will be used: Monte-
Carlo (MC) and Molecular Dynamics (MD). These bubbles were reproduced under
controlled conditions at a certain range of pressures, and the results were compared with
available experimental data.

I. INTRODUCTION relatively small quantities of initial
matter.

This reaction allows the stars like our
1.1. The nuclear fusion Sun to bright and produce thermal
energy, as well as other kind of
radiation, like UV radiation. In short
terms, it allows the stars to work. The
main reactions that take place inside of

The future energy demand is a primary
interest issue nowadays. The energetic
needing increases everyday and these
needs must be fulfilled progressively.
One of the fields that has the highest the stars are produced from the
projection while facing the future is the hydrogen fusion, from where helium is
one relying on the nuclear fusion produced. Besides, heavier elements can

energies. We can obtain large amounts be generated as the star runs out of
of energy from that source using hydrogen, which are then used to
enhance the fusion reactions, which

results in heavier elements.
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The nuclear fusion is highly complicate
to manage efficiently in controlled
conditions. Extreme pressures and
temperatures are needed to achieve
conditions that must be sustained during
the time needed till the reaction
becomes auto-sustainable. For this
purpose, we need to set a sufficiently
high temperature to allow the reactions
to take place and the necessary plasma
density to ensure a large probability for
the particles to collide. Also, these
conditions must be sustained for a
certain period of time to harvest the
necessary amount of energy to achieve
an effective energy gain. This is what
we call the Lawson’s criteria. This
concept establishes the conditions that
we need to achieve an effective reaction
using as variables the temperature (T),
the confinement time (t), and the
plasma density (n).

The ignition temperature is the
temperature at which the heating power
surpasses the power losses. This
temperature changes for some elements.
As an example, the ignition temperature
for the deuterium-tritium fusion reaction
is about T=4.8 keV.

Second, we have also the confinement
time. This concept aims for having the
plasma over the ignition temperature
during a certain time interval. This time
must be large enough so as to make the
reaction have a net income of energy,
superior that the one required to heat the
plasma.

Finally, the critical density of ions (n) is
the density at which the plasma

achieves a collision probability large
enough in order to achieve a net income
of energy in the reaction.

These last two concepts are expressed
using the Lawson criteria, as the
product of the density and the ignition
time. For the deuterium-tritium reaction,
this results in:

nt = 2-10%%s/cm3 (1)

We have three ways to confine plasma
to take place a nuclear fusion reaction:
inertial, magnetic and gravitational. For
the purpose of this studying, we focus
on the magnetic confinement because it
is the one that uses the ITER reactor.

The magnetic confinement uses intense
magnetic fields to confine the plasma
used in the nuclear reactor. No material
is able to resist the extreme
temperatures that take place at the
plasma, so magnetic fields are needed to
maintain the plasma in controlled
conditions. For that matter we have two
different reactors, the tokamak and the
stellarator (see Fig 1.1). In the
stellarators, all the magnetic field is
generated using electric currents applied
to helicoidal solenoids at the outside of
the plasma. However, if we apply an
external force (centripetal force or
gravity) in addition to the velocity
component that is parallel to the
magnetic field, it appears a concept
called drift velocity, which deviates the
particles inside the ring structure. This
critical issue is overcome adding a
poloidal component of the magnetic
field that compensates this deviation.

10




Universitat Politecnica de Catalunya

Departament de Fisica

Figure 1.1: Tokamak structure (left) and stellarator '

structure (right).

This is an issue that makes the
stellarators highly complex, but it is
easily overcome at the tokamaks. In
these structures, an electrical current is
applied across the plasma, generating a
poloidal component that maintains the
plasma confined.

To understand the process that we are
analyzing, it is necessary to know how a
fusion energy generation plant works
(see Fig. 1.2).

There are some element combinations
through which we can achieve an
efficient nuclear fusion reaction. The
most used is the one that corresponds to
deuterium and tritium in plasma. As
said previously, this plasma must be at
extremely high temperatures, even of
the order of millions of degrees, and at
pressures of the order of the GPa.

Obtaining deuterium is a relatively easy
task. With the proper enrichment it can
be obtained from the terrestrial surface
water. Obtaining tritium is way more
complicated. Its production in nature is
very rare, being the result of the
interaction of cosmic rays with the
atmosphere. However, this process

Heactor containment
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Figure 1.2: Scheme of a fusion power plant.

generates insignificant quantities of
tritium.

The human production of tritium is also
highly limited when we are talking
about storing it. Due to this problem,
tritium has to be produced inside the
reactor using neutron capture reactions
on lithium. The general equation of this
reaction is written as follows:

6,.,1 4 3
3Ll + on 2He + 1T +4,7MeV (2)

We can see that helium is a by-product
of this reaction. We will discuss this
issue later, because it is critical in the
problem that appears in the blanket of
the reactor.

The collect of energy is not very
different from the techniques employed
in other systems like thermal power
plants or fission power plants. The
generated power heats water, which is
then evaporated and goes towards a
turbine where there is an alternator that
spins propelled by this steam, producing
electric power. Then the steam is cooled
and condensed, returning to the circuit

11
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and evacuating the excess of heat to an
exterior focus to be reused again.

1.2. The ITER

The ITER (International Thermonuclear
Experimental Reactor) started in 1985
and is one of the most ambitious
scientific energy projects that we have
nowadays in course. It is expected to be
the first fusion reactor in the world to
produce net energy, being right now the
world record of energy production held
by the Joint European Torus (JET)
fusion reactor. This project will be
crucial in the development of the
industrial production of fusion-based
energy.

The main objective is to produce an
income of 500 MW of fusion power
from 50 MW of heating power. In other
words, it must produce ten times more
energy than it is used to start the nuclear
reaction.

The reactor uses the tokamak structure
and its principal components are:

Field coil system

This system is defined by a central
solenoid covered by toroidal field coils
(see Fig. 1.3). These coils induce a
magnetic field that maintains the plasma
partially confined. As we explained
before, a drift velocity then appears,
which is corrected applying an electrical
current across the plasma using a
poloidal field system (see Fig. 1.4) that
generates a new magnetic component,
due to the fact that the plasma is a
charged medium.

Vacuum vessel:

Hermetically closed and enveloping the
plasma, it is designed to be the first
barrier in front of the powerful
neutronic field, absorbing the neutron
thermal radiation and also the radiation
from the plasma, avoiding at the same
time the leakage of radioactive particles
(see Fig. 1.5).

Divertor:

His function is to catch the particles that
are formed from the plasma heating or
from the fusion reaction. It is placed at
the lower side of the reactor’s chamber.
It can collect neutral atoms or helium
atoms produced at the fusion reaction.
Using magnetic fields, these particles
are brought to the divertor due to their
higher mass compared to tritium and
deuterium. This component achieves
extremely high temperatures since it
receives a high amount of particles (see
Fig. 1.6).

Cryostat:

It envelops the reactor using thermal
insulators and liquid helium at a
temperature of 4 K to maintain the
superconductivity of the magnetic coils,
which are vital for achieving the high
magnetic fields that are needed to
confine the plasma. This system also
separates the coils from the hottest
components of the system (see Fig. 1.7).

Breeding blanket:

Its main function is to get an auto-
sustainable production of tritium. It also
recovers the energy from the high-
energy neutrons inside the reaction
chamber,  protecting  also  other
components from them. We will

12
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place where the reaction that we are

studying in this work takes place.

describe  this  component  more
accurately in the next section, as it is the

Figures 1.3 and 1.4: Toroidal field sys

Figures 1.5, 1.6 and 1.7: Respectively from upper left to right
and then to the bottom side, the vacuum vessel of the reactor, the
divertor, and the tokamak’s cryostat.

13
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1.3. The breeding blanket and
helium bubbles

The system is made by 440 blanket
modules that cover all the walls of the
vacuum vessel, protecting the magnets
and the steel structure from the high
thermal energy and high energy
neutrons emitted as a part of the fusion
reaction. These neutrons are slowed at
the blanket, converting its Kkinetic
energy onto thermal energy. Then, the
coolant water collects this energy,
producing steam that moves a turbine
and generates electrical energy.

The blanket (see Fig. 1.8-1.9) covers a
surface of 600 m2? and each module
measures 1x1.5 m. They consist of one
detachable first wall that faces directly
the plasma and collects the plasma heat
load, and a shield block that provides
protection against neutrons.

Then, in order to achieve the needed
tritium production for sustaining the
reaction (2), the breeding blanket
contains  lithium based materials.
Different materials can be used for this
purposes, but the most known ones are
the ceramics called Helium-Cooled
Pebble Beds(HCPB) or the Li-Pb alloys,
which can be cooled by water (Water-
Cooled Lithium Lead, WCLL) or
cooled Dby helium (Helium-Cooled
Lithium Lead, HCLL). But there is an
issue derived from the reaction seen at
equation (2). Due to the high
temperatures  achieved inside the
blanket, around 1000K, the lithium and
lead components are at a liquified state.
This, added to the low solubility of the

helium produced and to the high
pressures that can be achieved in fusion
conditions, makes the helium to
nucleate, forming bubbles that are an
issue for the efficient work of the
breeding blanket.

This last issue is the reason why this
work has been developed. Using
different simulation methods, a system
consisting of a small amount of helium
inside an environment of liquid lithium
has been simulated, studying the bubble
formation at different pressures and
analyzing their properties. These
include the radius as a function of the
pressure, or the critical pressure of
bubble formation. Diffusion values were
also extracted from the mean squared
displacement (MSD) of each atom and
their vibration modes using the power
spectral density (PSD).

Lithium is one of the materials that are
used at the breeding blanket. Other
materials like Pb should be used too to
run these simulations, but considering
that we had enough information to
design an effective model using a
Lennard-Jones potential, and also that
lithium is the simplest of all metals and
without enough experimental data from
Pb, simulations were made using this
material as the liquid medium.

Also, the results were compared with
experimental data in order to check if
the simulation methods used were
correctly  describing the relevant
physical processes taking place.

14
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Figure 1.8: Breeding blanket, highlighted in blue. VV is the
vacuum vessel, PLA is the plasma, TFC are the toroidal field
coils, OHC is the central solenoid and DIV is the divertor. It
can be seen that the breeding blanket is divided into
modules.
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1. METHODS

2.1. Monte-Carlo simulations

Monte-Carlo simulations are a class of
computational algorithms that are used
to stochastically explore the phase space
of a system and evaluate some of its
physical qualities of interest. Using this
method, mathematical operations that
could be highly complex to solve using
algebraic methods can be easily
estimated. It can also simulate random
actions, like the Brownian motion
particles in a gas.

For this purpose, one must generate
random numbers. Considering that
computers are deterministic machines,
one should use suitable algorithms that
generate pseudo-random sequences of
numbers that depend on an initial seed.
Depending on the expression employed,
the random number series can be larger
and better distributed, providing a better
ground for a simulation.

As we know it today, this method was
developed in 1940 at Los Alamos by
Stanislaw Ulam and John Von
Neumann, as part of the research
involved around the development of the
atomic bomb.

The name of this method comes from
the Monte-Carlo casino, one of the
biggest ones in the world at that
moment, due to the fact that the roulette
is considered to be a random number
generator.

The algorithm core of this method is the
Metropolis algorithm, which imple-
ments a Markov chain where every

value in a simulation step depends on
the previous one. Furthermore, the
Metropolis algorithm accepts or refuses
iteratively new configurations,
comparing their energy to the energy of
the previous ones.

In this way, from a system
configuration, a random movement of
one particle is generated, which leads to
a new configuration of the system. The
energies of the initial (E;) and the last
configuration (Ef) are computed and
compared. In this way:

If Ei>Er the movement is accepted.

If Ei<Er then movement is accepted
according to a Boltzmann probability
distribution:
E,—Ep
P ocexp[5—"] (3)
A random number is generated. If this
number is larger than the probability,
the step will be accepted, but if it is

smaller, the step will be rejected.

This method cannot represent the
physical evolution in time of a system.
This method is meant to describe and
sample the equilibrium state of a system
(for example the structure of a
molecule) but not for a system that
evolves during an interval of time.

In order to perform every step, the
energy at the current volume must me
calculated. Then, a new random volume
is generated, from which the energy is
also computed. Using then the
Metropolis algorithm, the new volume
is accepted or not, using for this task a
weight guided by the reference pressure.

In this work, the MC simulations have
been carried out using 100 millions of

16
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iterations. A pressure control was
established spanning the range from 0.1
GPa to 10 GPa. To reproduce the
conditions that take place inside the
blanket of the reactor, similar values of
pressure and temperature have been
used. Since the temperature of the
blanket can reach 1000 K, we have
considered a fixed temperature of 843
K, using pressures of 0.1, 0.2, 0.3, 0.4,
0.5, 1, 5 and 10 GPa and then within a
range of pressures between 0.1 and 0.2
GPa in order to study the critical
pressure point of the bubble formation.

The system is simulated using a box of
29 A initially and then changing its size
as a function of the pressure selected.

The system is simulated using 1000
particles, consisting on 960 lithium
atoms and 40 helium atoms.

From these simulations, the radial
distribution functions (RDF), the energy
and the pressure have been extracted
and used to analyze the results.

The RDF is related to the density of the
system and describes how it varies as a
function of the distance taking a
reference particle as the initial point. In
other words, it measures the amount of
particles that can be found at a distance
between r and r+dr from the initial
point. If one finds many particles of the
same species at short distances, that
could mean that nucleation of a bubble
is being produced.

The equation that defines this concept is
expressed as follows:
nr) _ n() (4)

aprridr  nig(r)

g(r) =

Where the average density of particles
is expressed as p=N/V, n(r) is the mean
number of particles that are at a distance

between r and r+dr, and n;;(r) is the
value of this number in an ideal gas.

We have computed the RDF for all three
interatomic interactions: He-He, Li-Li
and He-Li, using both MC and
Molecular Dynamics (MD).

2.2. Molecular dynamics
simulations

Introduced by Alder and Wainwright for
the study of hard-sphere interactions
[11], this model aims for the resolution
of the Newtonian equations of motion
over a time range divided in intervals.
The integration method used is the
Verlet-Leapfrog  algorithm,  which
conserves the energy of the system.

In the MC algorithm, unlike in MD, the
pressure is stabilized using a barostat,
keeping the temperature fixed at a given
value. For this matter we add a
thermostat.

The MD method allows us to implement
Berendsen’s barostat and thermostat
[12], [13]. This allows achieving what it
is called the NPT collectivity, where the
number of particles, the pressure and
the temperature of the system remains
constant. Since the temperature of the
system is obtained from the Kinetic
energy at the MD method and it changes
with time, we evaluate it from the
expression:

N
_ mv?;(t)
T(t) = Zizo—mp 5)

Where Ng=3N-3 is the number of
degrees of freedom of the system.

17
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This is explained as follows. For a set of
particles N moving in a 3-dimensional
space, the number of degrees of
freedom (DF) will be:

DF=3N—-k (6)

Where Kk is the number of constraints of
the system, 3 for our situation.

In the Berendsen’s thermostat one
multiplies equation (5) by a corrective
factor A, which is expressed as:

A=J1+f—;(TRTﬂ—1) 7

Furthermore, in the MD method, the
pressure is controlled by multiplying the
box length by a factor y that makes the
box to change its size. If we imagine
this system as a box filled with a certain
number of particles, by changing the
box’s dimensions we can control the
pressure of the system. This factor W is
expressed as follows:

u= 3\/[1 +f_;BP(P _PREF)] (8)

Where S, is the compressibility of the
system, At is the integration time step,
Tp and T, are free constants, P is the
pressure and Pggr iS the pressure at
which we want the system to stabilize.

The MD simulations using this method
were carried out using 60000 steps
considering a time interval of 2 fs
between consecutive time points. A
pressure scan was made in the range
from 0.1 to 10 GPa as it was done with
the Monte-Carlo method before.

All simulations were done at a fixed
temperature of 843 K.

On both methods the energies of the
system, the pressures and the radial
distribution functions were represented,
but in the MD simulations the spectra
was also tracked. This latter quantity is
obtained from the velocity
autocorrelation function (VAF). Mean
squared displacement (MSD) was also
computed, which  measures the
deviation of the position of a particle
with respect to a defined reference
position over time.

If we look follow the mathematical
trajectory of an atom in a liquid is, we
readily notice that it moves following a
series in a Markov chain.

If we set the example of an atom’s
displacement along a 1D axis,
considering that the atom has the same
possibilities of going forward or
backwards, the mean displacement will
always be 0. But, if we compute its
squared value, the displacement will be
always positive, thus allowing to obtain
a better idea of how far the atom has
travelled.

For that matter, the Mean Square
Distance (MSD) is defined as it follows:
MSD = (| (£) =T (0)|) (9)
When representing the values obtained
from this parameter, it first appears a
transient state, but at long term, it is
followed by a steady state. If we
measure the slope of the MSD as a
function of time for large times, which
will also be the limit of the MSD when
t—oo, we can obtain the diffusion
coefficient D of helium and lithium by

using the Einstein equation:

limMSD = 6Dt (10)

18
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The velocity autocorrelation function
(VAF) describes how the velocities
change as a function of time. It is
expressed as follows:

V(t) =< v(t) - v(0) > (11)
Where brackets indicate averages over
time intervals and over all particles in

the system. For an isotropic system, the
equation can be expressed as follows:
lim;_, V(t) = tll_}l‘gl) <v((t)-v(0) > =
<vz2>=0 (12)

Using the VAF obtained from the
simulations, we can obtain the power
spectrum, S(w), by taking its Fourier
transform.

The power spectrum detects the main
vibrational modes of a system,
including the values that are under 100
ps™, which are related to rotational and
translational modes. On the other hand,
vibration frequencies around and above

500 ps* are related to stretching and
bending vibrations.

2.3. Potential models

A pairwise Lennard-Jones potential was
used to model the atomic interactions
between He-He particles (see Fig. 2.1).
The Lennard-Jones has a parameter o
which is the value of the finite distance
at which the potential value is 0, and a
second parameter ¢ that defines the
maximum depth of the interaction.
Furthermore, it depends on rj, the
interatomic distance between particles i
and j. The LJ potential reads as follows:

Uy, = 46[(%,)12 - (%_)6] (13)

The first term inside the brackets
describes repulsion at short distances,

while the second one describes
attraction when the particles are far
apart from each other.

Pauli repulsion

Potential energy, V

Dipole-dipole attraction

Distance between atoms, r

Figure 2.1: Interatomic Lennard-Jones
potential.

When the two atoms are separated, the
most relevant part of the attraction that
takes part is the dipole-dipole
interaction. Once the particles approach,
they tend to move to a more stable
steady state, with the lowest possible
energy which implies that the inter-
particle distance is somewhere around
r.. Then, as both particles continue their
approximation, the energy starts rising
due to the Pauli repulsion.

This potential has been used to describe
the interaction between each pair of
particles, and therefore it has also been
used to evaluate the energy per particle.
In this way, one chooses a particle and
computes the interactions with all the
other atoms of the system. Then one
moves to the next particle and does the
same thing, but skipping the interaction
with the previous particle. This process
is repeated till all pairs of particles have
been measured. When done, this
provides a direct measurement of the
potential energy of the system.

In our simulations, three different
potentials have been used,
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corresponding to the Li-Li, He-He and
He-L.i interactions.

The Li-Li potential was modeled as
follows (the values of the parameters
are added in the appendix part):
V() =
:TOZ + a; exp(—a,r) cos(az(r —ay))
(14)
On the other hand, the He-Li interaction
can be modeled by a LJ potential, as it
will be explained below. For the He-He
potential, the expression is the same as
in equation (13).
The Li-He potential is also of the
Lennard-Jones type, but with mixed
parameters and cutoff at a given
distance (oxe—_i)-
For the Li-Li interaction, o and € were

extracted from Canales et.al. [1], set at
843 K.

At the simulations the potentials were
measured in Kelvins (K) and the
distances in Angstroms (A).

The parameters chosen for both
simulation methods were the next ones:

GHe-He:2,5560 A

OLi-Li— 2,5668 A
€He-He= -800 K & -1200 K
€Li-Li— -888 K

The Lorenz-Berthelot rules were used to
obtain the parameters for the He-Li
interaction. The o parameter s
calculated as:

OHe—Li — GHeTMLl (15)

Using a value of 2.5615 A, according to
the parameters chosen. In much the
same way, the € parameter is given by
the expression:

€Li-He = +/ €EHe—He€Li-Li (16)

With a numerical value that depends on
€ne-He. VWe have found:

-842 K if €qe-qe = -800 K
-1032 K if €pe-ne = -1200 K

1500

1000

500

Potential(K)
(=]

Lennard-Jones potential models

riAngstrom)

hehel200
—— ili
heligdo
helil200
heheB00

Figure 2.2: Lennard-Jones representation of potential models used.
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Figure 2.3: Lennard-Jones potential models used zoomed at their crossing zone.

The form of the potentials is reported in
Figs. 2.2. and 2.3. As it can be seen, the
He-Li interaction is weaker than the
interaction between particles of the
same atom. This means that the
formation of pairs of different species is
quite unlikely, unless special conditions
are met. This will lead to the formation
of bubbles of helium once we increase
the pressure, as it will be seen later.

This is what happens when we show the
He-He and Li-Li interactions at figure
2.2. Helium tends to interact with other
helium particles more easily than
lithium does with other lithium
particles, but only if we choose the -
1200 K potential for €. For the -800 K
model, the interaction is stronger on the
Li-Li model.

All this means that finding clusters or
helium bubbles is favoured if the
required conditions of pressure and
temperature are applied.

However, considering how weak the
interaction between helium and lithium
atoms is, if enough low temperatures
are applied to a He-Li mixture, clusters
can be generated. These structures will
be mostly composed by a lithium atom
surrounded by helium atoms. This
structure would consist, in theory, of a
lithium atom surrounded by a helium
bubble.

For example, Portos et.al. [2] showed
that  while  having  temperature
conditions near 0 K, He-Li clusters
could be formed.

However at the temperatures and
conditions at which we are working,
around 1000 K, and with a medium that
is mostly composed by lithium atoms,
these structures will not be possible, and
then the model of a helium bubble in a
lithium bath will prevail.
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He,Li
Cdv
V =-3287.05
' 3
R et = 5.2
2
Ryene =717
R, =3.61
Cluster structure and atom positions Cluster structure and atom positions -

Lo

Figures 2.4, 2.5 and 2.6: Upper left, He-Li cluster model described by Di Paola et.al. [10]; upper right,
simulated He-Li cluster model run by Portos et.al. [2] at 10 K; bottom part, simulated He-Li cluster
model using Matlab consisting of 4 helium atoms and 1 lithium atom at the center, forming a pyramid-
like structure. Even considering that the described model at figure 2.4 uses a +1 charged lithium, the
model also fits well with Portos et.al. [2] simulation. The model of the figure 2.6, even without
considering this charged atom, it still forms a clear pyramidal structure. This last model was simulated at
a temperature very close to 0 K, but computing all interaction potentials using equation (13).
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I11. RESULTS

3.1. MC and MD comparison

Pressure

First of all, it is necessary to know how
the pressure evolves during the
simulation. We must keep this value is
fixed using an external mechanism,
such that the pressure fluctuates around
this value. This is because the pressure

is not fixed as is the temperature, in the
MC method, so it will fluctuate even if
we are correcting as it was explained in
chapter Il. So, if everything goes as
expected, this value should always take
values that are close and move around
the pressure we have fixed in the
simulation. This is something that must
be checked as the simulation goes on,
and can be taken as a test to what we are
doing.

MC Pressure
1 GPa

1,6E+09
1,4E+09

1,2E+09
1E+09

=== MC 800

Pressure(Pa)

800000000
600000000
400000000

== MC 1200

200000000

0 T

0 5000000

10000000
MC steps

15000000 20000000

Figure 3.1: Evolution of the system's pressure at 1GPa for MC method at epsilon=-800 K and -1200 K

till 16 million MC steps.
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MD Pressure
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Figure 3.2: Evolution of the system's pressure at 1GPa for the MD method at epsilon=-800 K and -1200

K till 64 ps (32000 MD steps).

Figures 3.1 and 3.2 show the evolution
of the pressure along two different
simulations. As it can be seen, the
pressure really fluctuates around an
average value, which indicates that
everything is proceeding as expected.
After an initial transient time, pressures
for both potentials and methods grow to
the value that we have fixed externally,
in this case 1 GPa, and keep fluctuating
around this value.

As we can see, the different methods
make the fluctuations be different in
each case. The MC fluctuations are two
times larger than the MD ones.

By other part, the pressures stay
completely  unaltered for  both
potentials, meaning that the only visible
change is produced between the two

simulation methods. As we can see, MC
pressure fluctuations are larger than the
ones produced using MD. However,
these fluctuations are around the
designed pressure value.

Energy

After the pressures, we can proceed to
analyze the evolution of the energy of
the system.

The energy was computed at the
simulations by adding the contribution
of all pairs of particles to the potential
energy, plus the constant term
proportional to the temperature, which
corresponds to the classical expression
of the kinetic energy:

_ 3NKgT

Ex 5

(17)
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Where Kg is the Boltzmann constant, T
the temperature and N is the number of
atoms.

Being the total energy of the system
expressed as:

Eror = Epor + Ex  (18)

If everything goes as expected, the
system’s energy should start at high

values due to the fact that the initial
system is in a random configuration that
is energetically unfavorable. Then, it
should descend to lower values, as the
system is evolving to an energetically
favorable distribution which means that
the simulation is working exactly as we
expected it to work.

200

MC Energy
1 GPa

-200
-400

0000

-600

-800

== MC 800

Energy(K)

-1000
-1200 -
-1400
-1600

e VIC 1200

-1800

MC steps

Figure 3.3: Energy evolution of the system for the MC method and for epsilon=-800 K and -1200 K till

16 million MC steps.
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MD Energy
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-1500
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Figure 3.4: Energy evolution of the system for the MD method at epsilon=-800 K and -1200 K till 64 ps

(32000 MD steps).

As we see from figures 3.3 and 3.4, the
energy of the system tends to an
stationary value already at the very
beginning. This means that the system
indeed evolves to an energetically
favorable configuration, where it finds a
stable steady-state that fluctuates around
a determinate energy value. This value
corresponds to the less energetic
system’s configuration that has been
found, meaning that the system has
arrived to a stable configuration.

The final steady-state energy is very
similar in both methods. If the chosen ¢
is -1200 K, the final energy would be
lower than if € was -800 K.

Fluctuations in the MC method are
again higher than in the MD method, as
we saw previously with the pressure. If
we look then at their steady-state energy
values, we see that they are very similar,

specially when using the -1200 K
potential, although we can see that the
average values of the fluctuations of
MD and MC are closer than in the -800
K potential.

Radial distribution function

The radial distribution function (RDF)
sheds more light about the structural
properties of the system, and how
particles are distributed inside the box.

Figure 3.5 shows us the RDF of the Li-
Li interaction using both simulation
methods and both potentials of -800 K
and -1200 K. The results indicate that
both algorithms, MC and MD agree
perfectly and give almost the same
RDF. Moreover, both potentials agree
perfectly in this model, giving also the
same RDF.
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Radial distribution function of Li-Li
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Figure 3.5: RDF of Li-Li interaction including the experimental data from Canales et.al. [1]. All of these

RDF have been computed at 843 K.

The plot also shows an RDF model for
the Li-Li interaction obtained by
Canales et.al. [1] at the temperature of
843 K and 1 GPa. This model matches
very well with our simulation,
especially at the maxima and minima
positions, thus showing that the Li-Li
interactions are quite consistent with the
ones we use in our model, and that they
work well for this simulation.

The model proposed by Canales et.al.
[1] was in good agreement with
experimental data for the static structure
factor S(k) at 470 K. Considering that
our model for the Li-Li interaction is
the same, we will assume that it can
correctly model the structure of Li at
843 K, although to be sure we would
need experimental results at this
temperature, that are currently lacking.

For all these reasons, from now on we
focus mainly on the MC results and

work with the potential of -1200 K. It
should be pointed out that this potential
was designed to check if the helium
bubble could be stable at 0.1 GPa, but
as we could see later, that is not the
case. However, considering that the
energies computed were slightly lower
for this potential, as it was seen in
figures 3.3 and 3.4, and also that it
makes the system be more stable, we
decided to keep it in our analysis.

3.2. Study of the helium bubble
formation

Li-Li radial distribution functions

The RDFs of Li-Li, He-Li and He-He
interactions were obtained and analyzed
at different pressures in the range from
0.1 to 10 GPa. The computed pressures
were 0.1, 0.2, 0.5, 1, 5 and 10 GPa.
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Figures 3.6 and 3.7: RDF of Li-Li interaction for a range of pressures between 0.1 and 10 GPa. The
bottom plot shows the RDF of the Li-Li interaction for the range of pressures between 0.1 and 0.2 GPa.

Figures 3.6 and 3.7 show the RDF of
the Li-Li interaction at different
pressure ranges, from 0.1 to 10 GPa,
and in the more reduced interval that
goes from 0.1 GPa to 0.2 GPa. These
two intervals were properly divided in
intermediate pressures, which were 0.1,

0.2, 05, 1, 5 and 10 GPa, and 0.1,
0.125, 0.15, 0.175 and 0.2 GPa,
respectively. This allows us to have a
general view of how the system behaves
at small and large pressures and also to
see what is happening between 0.1 and
0.2 GPa. This is due to the fact that the
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critical bubble formation pressure seems
to be between these two values. The
latter interval is of most interest as the
critical bubble formation point seems to
lay inside it.

The RDF from these figures shows us
the lithium medium that surrounds the
helium bubble. It is proportional to the
number of lithium particles that are at a
distance between r and r+dr from the
initial point, as we explained before.

As it can be seen, there is an initial
ordering and a periodicity, but the
amount of particles that can be found as
the distance increases is reduced. This is
due to the ability of atoms to move in a
fluid in a dynamic way, and thus fluids
do not maintain a constant structure and
lose all this structure at long distances.

Considering then that we are using LJ
models here, the first peak will appear
at a distance similar to o, which
indicates the first coordination sphere of
the liquid. As long as the distance from
the reference particle increases, lower
peaks will appear at intervals of a
distance similar to o between them, till
the particles become independent one of
each other, returning the distribution to
the homogeneous value g(r)=1. Still, we
need then more information if we want
to know how helium bubbles are being
formed.

He-L.i radial distribution functions

As shown in figure 3.8, its shape is very
similar to the one that corresponds to a
gas. The main difference is that the RDF
of a gas is quite smooth, with peaks that
are either absent or of very low strength.

This is due to the repulsion that exists
between helium and lithium atoms, as it
was seen in figures 2.2 and 2.3, when
Lennard-Jones model was explained. As
it was seen, a huge difference between
the shape of the same atom potentials
(He-He and Li-Li) and the He-Li
potential appeared.

This changes at 1 GPa, when we can see
that the first peak is significantly larger
than the first peak seen at lower
pressures.

At 5 GPa, peaks are clearly defined,
which means that aggregates of helium
and lithium are clearly formed. Even
considering that these aggregations are
already formed at 1 GPa, they should be
better defined when the system pressure
reaches 5 GPa.

Looking at figure 3.9 we see what
happens between 0.1 and 0.2 GPa. We
see that at 0.1 GPa the RDF curve is
almost flat, only at the beginning it
shows a little depression, achieving the
bulk density as r tends to infinite.

When the pressure increases, we see
how the first peak decreases its
intensity, increasing the slope of the
curve. This is similar to the 0.5 GPa
case analyzed before, which shows a
curve that is similar to the 0.2 GPa one,
but with better defined peaks. The 0.5
GPa first peak also starts increasing,
forming later the sharp first peak of the
5 and 10 GPa curves.
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Figure 3.8: RDF of the He-L.i interaction for the range of pressures between 0.1 and 10 GPa.
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Figure 3.9: RDF of the He-L.i interaction for the range of pressures between 0.1 and 0.2 GPa.
He-He radial distribution functions bubbles are being formed. In the

following we want to check that they
are in fact formed, and find out at which
pressure starts their nucleation.

At this point we already have an idea of
the pressure values at which helium
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Figure 3.10: RDF of the He-He interaction at the pressure range from 0.1 to 10 GPa.

As can be seen by looking at figure
3.10, two clear peaks are being formed
from 0.5 GPa in advance, but we can
appreciate even a second peak at 0.2
GPa, although this peak is very flat.

The appearance of these peaks indicates
the formation of bubbles, as seen from a
largest peak at short distances. After it,
the following peaks tend to decrease
when r is increased, until they reach the
asymptotic value g(r) =1. If the system
was a solid, the peaks should be equal
or at least similar for large r, meaning
that a periodicity is sustained along the
medium. It is not the case for this
example. There are large peaks that are
neither periodic nor of equal intensity,
and this is because particles can move
in the medium, as opposed to what

happens in a solid, where atoms
oscillate around their equilibrium
positions.

We start to see then bubble formation at
0.2 GPa, but an acceptable stability of

these bubbles should be reached at 0.5
GPa, even considering that at 1 GPa the
bubble stabilization would reach a
better state, nearly the same than the
one that is reached at 5 GPa pressure.

When the pressure is increased to 10
GPa, then the peaks become sharper and
the density increases, meaning that the
bubble gets more and more compact if
pressure is raised.

Therefore, the critical pressure for
bubble formation should be under 0.2
GPa, since we do not find bubbles at
pressures as low as 0.1 GPa. For this
reason, a more detailed scan in range
from 0.1 to 0.2 GPa was done, using the
previously used values for the other
RDF simulation graphs.

According to figure 3.11, we have
indeed two peaks at 0.2 GPa, but it
seems that there is a small one at 0.175
GPa, together with a second very flat
peak.
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Figure 3.11: RDF of the He-He interaction at the pressure range from 0.1 to 0.2 GPa.

This means that there is bubble
formation at 0.175 GPa, but not at 0.15
GPa. We see a remarkable height
difference between both peaks, meaning
that if for some reason there is some
helium aggregation at 0.15 GPa, it is not
enough to form a bubble.

Then, for this reason we can conclude
that the bubble formation starts at some
value under 0.175 GPa, and reaches a

stable point at the value of 0.5 GPa,
even considering that at this value the
bubbles formed are still not good
compacted as the ones formed at 1 GPa.
However, these bubbles can reach much
better stability and compactness at
values of 5 and 10 GPa, specially at this
last value, where we can appreciate a
significant growth of the RDF value and
a sharper peak.

» -
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Al J

™,
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-

Figures 3.12 and 3.13: From left to right and from up to down, images from the helium nucleation at
pressures of 0.2 and 1 GPa, respectively.
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Figures 3.12 and 3.13 confirm all that.
If pressure is increased to 0.2 GPa, like
in figure 3.12 appears, we can see how
an aggregate is formed. However, it is
clearly seen that this aggregate does not
have a regular shape, which could
suggest that the aggregate is not stable
(by definition and with all forces acting
equally distributed around the bubble,
the less energetic configuration that
must be formed should be the sphere).
This matches with what was said
before, that even in the case when
aggregations are formed, they would be
still not stable, and also we can see that
they could be not even well defined
because the aggregation shape is
irregular, suggesting that these bubbles
could have less density and
compactness than it should have to
achieve stability.

This situation changes in figure 3.13, at
a pressure of 1 GPa. As we can see, the
aggregate has a more spherical and
compact shape, looking more stable.
Nevertheless, there are still particles
that are not joined with the bubble
formed. This is due to the periodic
boundary conditions. This matches also
with the figures seen before; bubbles
formed at 1 GPa are stable enough, but
if you increase its pressure, the stability
and compactness can grow much higher.

However, this relation of spherical
shape and stability should be confirmed
by performing more simulations and
comparing them.

The appearance of helium molecules at
the opposite side of the box is caused by
the boundary conditions set, which
means that these isolated atoms are in
fact part of the cluster.

Helium bubble radius

Using these results, we can analyze how
the bubble radius evolves as a function
of the pressure. For this purpose, we
may look at the first peak of the RDF of
the He-He interaction. The helium
bubble radius was found by subtracting
to the r value of the first RDF minimum
(rmax) the r value of the first point before
the first peak where the value of the
RDF starts to grow (rmin)-

Fmax-Tmin = Toubble (19)

Rmax

Rmin

T | T T T T T
Rmin Rnl'lax R

Figure 3.14: Criteria used for taking the values
of TImax and ryin.

We summarize the results found in the
following table:

Pressure (GPa) Radius (A)
0.2 1.934
0.5 1.812
1 1.847
5 1.629
10 1.320

Table 3.1: Bubble radius as a function of the
pressure.

At this point, it must be noticed that the
results for pressure values under the 0.2
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GPa pressure were discarded, as the
bubble was not yet formed or was not
consistent enough.

These results can also be represented in
a plot, seeing how the radius evolves as
a function of the pressure, and then try
to figure it out the behavior of the

bubbles if we increase the pressure. It
should be considered that large
pressures can change the bubble’s
radius evolution, especially if we are
working with extreme values, so these
results should be treated carefully and
consider that we only know how the
radius varies at this range of pressures.
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@® Helium radius

Lineal (Helium radius)

Bubble radius
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Figure 3.15: Radius evolution as a function of pressure at the range from 0.2 to 10 GPa.

As we can see in figure 3.15, the radius
decreases when the pressure rises. This
is totally logical and intuitive, as when
we increase the pressure, the helium
particles at the bubble are being more
compressed, thus  reducing  its
interatomic distances and also reducing
the mobility of the helium particles.

This evolution has a clear linear
tendency, being an easy task to
extrapolate to higher values if the
tendency remains unchanged,
something we do not really know.

3.3. Dynamics

Mean squared displacement

It is also interesting to study bubble
formation by looking at its dynamic
properties. The Molecular dynamics
algorithm gives us the possibility of
computing two interesting parameters:
the mean squared displacement and the
spectra of the system.

As we explained before, MSD measures
the deviation of the position of a
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particle with respect to a defined
reference position over time.

This parameter is especially important
due to the fact that it can be used to
compute the diffusion of the atoms in
the system for every pressure. This can
be achieved by means of looking at the
MSD evolution for long simulation
times, particularly at the last part of the
graph. For large simulation times, the
MSD evolution acquires a steady-state
form, similar to a beeline. This means
that for that part, the MSD evolves
linearly, and we can compute its slope.

The slope of this beeline is the limit of
the MSD at t—o0, while equation (10)
defines it as 6 times the diffusion of the
atom that we are looking at. In short, if
we have the slope of the steady-state of
the MSD as a function of time, we are
able to compute its diffusion coefficient
D using the Einstein’s equation.

For this reason, the MSD was computed
for lithium and helium using the -1200
K potential at a temperature of 843 K
and for pressures in the range from 0.1
to 10 GPa.
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Figures 3.16 and 3.17: At the upper part, lithium MSD at a range of pressures from 0.1
GPa to 10 GPa and at the bottom part lithium MSD at the steady-state at a range of

pressures from 0.1 GPa to 10 GPa.
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Figures 3.18 and 3.19: At the upper part, MSD of helium at a range of pressures from 0.1 GPa to 10 GPa
and at the bottom part helium MSD at the steady-state at a range of pressures from 0.1 GPa to 10 GPa.
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The slopes of all the steady-state
beelines were extracted and the before
mentioned method was applied, so
slopes were divided by 6 and then the
diffusion parameters for each pressure
and each atom were obtained in A%/ps.

The results must fulfill the constrain
that D should decrease as we increase
the pressure of the system because
particle movement is limited due to the
compression, so it is logical to find that
this behavior takes place.

We can also find how this coefficient
evolves in a graph with its evolution for
both lithium and helium atoms at the
range of pressures that goes from 0.1
GPato 10 GPa.

Pressure Dhe Dwi
(GPa) (A%/ps) | (A*/ps)
0.1 1.703 3.047
0.125 1.936 2.808
0.15 1.822 2.655
0.175 2.071 2.632
0.2 0.858 2.565
0.5 1.238 2.339
1 0.776 2.136

5 0.575 1.377

10 0.348 1.05

Table 3.2: Diffusion coefficient as a function of
the pressure.

Difussion coefficient evolution
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Figure 3.20: Evolution of the diffusion coefficient as a function of the pressure for a range from 0.1 to 10
GPa for He and Li atoms with their corresponding tendency lines equations.

As was expected, we see in figure 3.20,
that the diffusion coefficient decreases
as we increase the pressure, which it is a
good signal. This means that the system
behaves as it was expected. Also, we

can see how the diffusion coefficient of
lithium is larger than the diffusion
coefficient of helium at the same
pressure values.
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By looking at his evolution as a
function of the pressure, we see that
there is a clear logarithmic tendency,
from where we can extract the equations
of the diffusion coefficient evolution for
each atom. Another thing to notice is
that, for both atoms, the values for the
same pressure are different, while both
tendency lines have almost the same
form, which indicates that the evolution
is similar even considering that they are
different atoms.

We can compare these results with other
reported in the literature to see if they
fit.

For example, Canales et.al.[1] reported
a diffusion coefficient of 2,47 A%/ps at a
temperature of 843 K at 1 GPa, while
our result is 2,136 A?/ps at this pressure,
showing therefore a  reasonable
agreement.

Concerning helium, Nieto etal. [9]
obtained an experimental diffusion
coefficient of 45 A%/ps at 523 K and 1
GPa for a pumped system, i.e. in a
regime of flow, which is much larger

than our result of 0.77 A%/ps and 843 K.
This is due to different simulation
conditions, as we are simulating a
system at equilibrium, with no flow
given by external forces.

Power spectra

As explained before, power spectra (PS)
are obtained from the Fourier transform
of the velocity autocorrelation function.
It describes the main vibrational modes
of the system. In other words, it
indicates how the energy is distributed
along different frequencies. This allows
us to determine at which frequencies the
atoms tend to vibrate.

Depending at which frequency the atom
is vibrating, we can decide if that atom
is doing a translational movement, it is
bending, it is stretching or it is just
rotating. In general, rotations and
translations are related to low
frequencies, and bending and stretching
are related to high frequencies.

For this reason this property was
computed for lithium and helium at
different pressures, and then compared.
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Figures 3.21 and 3.22: Respectively, lithium and helium power spectral densities for a range or pressures

from 0.1 to 10 GPa.

As we can see in Fig. 3.21, the PS of
lithium decreases as we increase the
pressure. The peaks are also moved
towards higher frequencies, while also
getting wider. This means that when we
increase the system’s pressure, atoms
tend to vibrate over a wider range of
frequencies.

Similar thing happens with helium, as
we can see in Fig. 3.22. At lower
pressures the frequencies of vibration
are very low and all the energy is
concentrated in these frequencies. If we
increase the pressure the peaks start
decreasing and distributing along the
entire frequency spectrum. At pressures
of 5 GPa and 10 GPa, the power is
spreaded in the whole frequency axis till
200 ps?,  with a  maximum
approximately at 100 ps™. It is totally
different at 0.1 GPa, where the vibration
frequency is all concentrated around 2-3
ps™. Even considering that the energies

and the shape of the spectra are different
for both atoms, the behavior is the
same: if we increase the pressure, the
spectra gets wider and the maximum is
displaced to larger frequencies.

As we explained in chapter I,
vibrations around and above 500 ps*
are related to bending and stretching
modes, while vibrations under 100 ps™
correspond to translational and rota-
tional modes.

By looking at the plots, we can see that
the PS value of both atoms does not
increase in any frequency value around
500 ps™. This tendency continues for all
the pressures, meaning that both atoms
don’t perform bending or stretching
movements at any of the pressures
simulated.

This fits well with the results of our
simulation, due to the fact that we are
considering single atoms, so they can
only show rotational and translational
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modes. This is due to the fact that single
atoms don’t have that many degrees of
freedom.

Knowing this, the reason that makes the
atoms to vibrate at higher frequencies if

we increase the pressure of the system
can be the fact that sets of atoms are
being formed as we compress more and
more the system, causing the atoms to
vibrate in a wider range of frequencies.

S(w)
R e I - I -~ -

w(1/ps)

Lithium and Helium Spectra Comparison

10GPa, 843 K

— lithium
— helium

350

Figure 3.23: PSD of helium and lithium at 10 GPa.

Figure 3.23 compares us the PSD of
helium and lithium at the same pressure
of 10 GPa. This direct comparison
shows that the helium peak is wider
than the lithium peak, and is also more
displaced to larger frequencies, which
means that helium tends to vibrate at
larger frequencies than lithium.

IV.CONCLUSIONS

Helium bubbles are an issue for the
future usage of nuclear fusion reactors
and it is a problem that must be studied.
It is important to understand how these

helium bubbles nucleate and how to
avoid their presence in the reactors.

The MC and MD method can be used
for solving problems related to
nucleation bubbles, in particular the
problem that we are facing in this work.
Monte-Carlo is designed to describe
systems at equilibrium, although it does
not provide any information regarding
the time evolution of the system. For
that purpose MD is a better choice.

Even though the potential models used
here seem to work relatively well, there
are some issues that have not been
solved, especially when we try to find
its optimal parameters. This is partially
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due to the lack of experimental data
about helium while using the Lennard-
Jones model. Without experimental data
it is very hard to define a good
simulation model. For our case, the
potential parameter of the -1200 K
model worked well and simulations
demonstrated that it was a plausible
choice. In fact, the model fits well with
the radial  distribution  functions
obtained by Canales et.al. [1] at 1 GPa.

We have seen how helium bubbles
appear at some value between 0.175 and
0.2 GPa, which could be the signature
of a phase transition from mixed to
nucleated states, even though a passable
level of stability would be reached at
0.5 GPa. However, even considering
that there are bubbles formed at 0.5
GPa, they would not be able to reach a
good stability and compactness level till
the pressure value of 1 GPa. At this
pressure, bubbles  show  more
compactness and stability than the ones
formed at 0.5 GPa.

Furthermore, we have shown that
bubbles are more easily formed when
the pressure is increased, and the more
pressure we apply, the more stable it
remains, being the bubbles more
compacted and reducing its diameter.

This tendency is shown to depend
linearly for high enough pressures, from
0.2 GPa, although we have only
explored it up to 10 GPa. More studies
are required to decide whether this
linear behavior extends beyond that
point. It is clear that bubbles cannot
compress themselves forever. It should
exist one value, from which the bubble
radius will remain stationary, or it will

collapse under immense pressures, but
we do not know these limits.

The diffusion coefficient decays in a
logarithmic way for both lithium and
helium atoms when we increase their
pressure, which is logical considering
that the atoms are compressed and that
constrains their movement.

On the other hand, the helium diffusion
coefficients should be much larger than
that of lithium, according to
experimental reports, even considering
that the 1 GPa value for helium seems
to fit well with the experiments of
Canales et.al. [1].

The Power Spectra are consistent in our
simulations, showing that, due to the
fact that they are single atoms, they
vibrate at very low frequencies as they
only have rotational and translational
modes. This changes if we increase the
pressure, increasing their frequency
vibration and making the peaks wider,
being able to oscillate at larger
frequencies but never arriving to present
stretching and/or bending modes.

It should be interesting to better
understand bubble formation in this
system, as this may be a key issue when
building the ITER reactor. A
continuation of this work could be to
compute the surface tension of the
formed bubbles and to analyze how the
medium  properties, pressure and
temperature, can affect this result.

Furthermore, the breeding blanket of the
ITER consists of Pb-Li materials, and
thus it will be necessary to extend this
study replacing Li with Pb. This means
that experimental data about the LJ
potential for Pb must be experimentally
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collected prior to the simulation. All
thiscan help us to understand the
realistic system employed in the reactor,
and to devise procedures designed to

avoid undesired bubble formation. It is

still a wide and an unexplored field to
work with.
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APPENDICES
Parameter Value
ao 2.22125-107
a1 41828.9
az 1.20145
as 1.84959
as 5.03762

Table A.1: Values of the constants for the equation (14).
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