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Kurzfassung

Diese Dissertation befasst sich mit der Entwicklung eines numerischen Mod-

ells zur Simulation der komplexen physikalischen Phänomene, die während der

Xenon-Ionen-Bestrahlung von verschiedenen Materialien im niedrigen keV Bere-

ich auftreten. Es wurden Titan, Graphit, Quarz und Siliziumkarbid untersucht,

welche Materialien sind, die häufig in elektrischen Triebwerken von Satelliten

verwendet werden. Das Modell koppelt die Molekulardynamik (MD) mit dem Zwei-

Temperaturen-Modell (TTM) und ermöglicht so die zeitliche Auflösung atomarer und

elektronischer Subsysteme auf ihren jeweiligen charakteristischen Längen- und

Zeitskalen. Die zwei primären Ziele dieser Forschung können wie folgt zusam-

mengefasst werden: Erstens erlaubt das Modell eine detaillierte Analyse der

theoretisch vorhergesagten thermischen Spitzen und Kollisionskaskaden, die für

lokales Schmelzen und die Ausstoßung von Atomen von der bestrahlten Oberfläche

verantwortlich sind. Zweitens zielt die Studie darauf ab, die Lücke zwischen

theoretischen Vorhersagen und praktischen Anwendungen zu schließen, indem

Sputteringraten und Ionenimplantationstiefen vorhergesagt werden können, die

für die Entwicklung und Optimierung von Triebwerkskomponenten, die einer

Xenon-induzierten Erosion ausgesetzt sind, entscheidend sind. Diese Berech-

nungsergebnisse werden mit experimentellen Daten verglichen sowie gegen beste-

hende Softwaretools, insbesondere TRIM, abgeglichen. Die Ergebnisse liefern

ein Verständnis der zugrunde liegenden physikalischen Phänomene und zeigen

eine gute bis exzellente Übereinstimmung mit experimentellen Messungen, was

die Fähigkeiten der numerischen Modellierung zur Bereitstellung hochwertiger

und zuverlässiger Vorhersagen für die Erosion und Langlebigkeit elektrischer

Triebwerke demonstriert.





Abstract

This thesis presents the development of a numerical model designed to simulate

the complex physical phenomena taking place during xenon ion irradiation on

materials commonly used in electric thrusters, namely titanium, graphite, quartz,

and silicon carbide. The model couples the molecular dynamics (MD) technique

with the two-temperature model (TTM), enabling the temporal resolution of atomic

and electronic subsystems on their respective characteristic length and time scales.

The primary objectives of this research are twofold. Firstly, the model allows for the

detailed analysis of the theoretically predicted thermal spike and collision cascade

phenomena, which are responsible for local melting and the ejection of atoms from

the irradiated target surface. Secondly, the study aims to bridge the gap between

theoretical predictions and practical applications by evaluating sputter yields and

ion implantation depths, crucial for the development and optimization of thruster

components subjected to xenon-induced erosion. The obtained computational results

are compared with experimental data and benchmarked against existing software

tools, namely TRIM. The findings provide a comprehensive understanding of the

underlying physics and demonstrate good to excellent agreement with experimental

measurements, advancing the capability of numerical modeling to deliver high-

quality and reliable predictions for the erosion and lifetime of electric thrusters.
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With the explosive growth of SpaceX’s global Starlink fleet, electric satellite

propulsion (EP) has become the most widely used propulsion technique for attitude

control of satellites operating in orbit as well as for orbit raising and specific orbit

insertion maneuvers [1]. One of the most important quantities in astrodynamics

governing orbital maneuvers is the total change of velocity Δ𝑢, sometimes referred

to as Delta–v, given by the expression

Δ𝑢 = 𝑢𝑒 ln (𝑚0𝑚𝑑
) 𝑢𝑒 = 𝐼sp ⋅ 𝑔0 . (1.1)

In Eq. 1.1, 𝑢𝑒 is the exhaust velocity, 𝑚0 the vehicle’s initial mass before the orbital

maneuver, 𝑚𝑑 the vehicle’s dry mass after the maneuver, 𝐼sp the engine’s specific

impulse, and 𝑔0 the standard gravity, respectively. Every orbital maneuver can

be characterized by the required amount of Δ𝑢. Eq. 1.1 was initially derived by

Tsiolkovsky [2] in 1903 and has fundamentally shaped the research, design, and

engineering of rockets ever since. The “tyranny” of Eq. 1.1, as some like to describe it,

lies in the fact that the more Δ𝑢 one likes to achieve, the more propellant is required.

Because of this circumstance, most of a rocket’s initial mass is propellant and not

the actual payload. This has lead to the concept of staging, where burnt out, empty

1
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stages are seperated after they have consumed their fuel. A different way to approach

this dilemma is to maximize the exhaust velocity of the engine and therefore it’s

𝐼sp. However, conventional chemical engines used for launching payloads into space

are severely limited by their ability to attain large exit velocities of their propellant.

The maximum exit velocity of 4400 m s−1 is achieved by burning liquid hydrogen

(LH2) with liquid oxygen (LOX), corresponding to a specific impulse of 450 s.

This lead to the development of electrical engines, which accelerate ions in order

to produce thrust. The kinetic energy and therefore exhaust velocity of the ions is

proportional to the accelerating potential described by the relation

𝐸𝑘 = 𝑚𝑢2 = 𝑒𝜙 , (1.2)

where 𝑚, 𝑒 and 𝜙 denote the ion’s mass, the elementary charge of 1.6 × 10−19 C

and the electrostatic potential, respectively. Applying acceleration potentials of

just few hundreds of volts already allows exhaust velocities many times that of

the most efficient chemical engines. Thus, electric engines exhibit several advan-

tages over classical in-orbit propulsion methods such as chemically propelled (CP)

thrusters, including:

• Higher specific impulse, 𝐼EP
sp = (5 – 20) ⋅ 𝐼CP

sp

• Power for operating the thruster can be accessed from solar arrays

• Lower total mass of propellant required due to higher 𝐼sp for the same Δ𝑢
• Propellant is usually an inert gas, thus no chemically reacting and hypergol

propellants are required

• Allowing for extremely precise thrust in the µN regime

However, the essential shortcoming compared to CP is the much lower total

thrust

𝑇 = 𝑚̇𝑢𝑒 (1.3)

produced by EP. In Eq. (1.3), 𝑚̇ and 𝑢𝑒 denote the propellant mass flow and exit

velocity, respectively. While 𝑢𝑒 of EP devices is much higher, which is the reason for

their high specific impulse, the total mass flow is considerably lower and usually

measured in standard cubic centimetre per minute (SCCM) compared to kg/s of

CP thrusters. Consequently, operating times of EP thrusters are required to be

much longer for achieving the same delta-v1. Nonetheless, both the academic and

industrial sectors work closely together and invest considerable effort to overcome

1A measure of how much impulse per mass unit of a spacecraft is required to achieve a desired
orbital maneuver.
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this disadvantage. As a result, the most powerful EP thrusters in production may

achieve thrusts up to ≈ 2 N (AEPS, [3]). In fact, the primary in-orbit propulsion

technique utilized for NASA’s Deep Space Gateway (DSG, launch of first sections

no-earlier than 2025) are Hall effect thrusters (HETs), which can generate up to

0.6 N of thrust at 13 kW operating power [4].

Since first attempts of using electrothermal thrusters in the early 1960s [5], a

wide range of EP systems has been developed. After initial attempts to test ion

engines in space proved to be difficult [6], first successes in using the new technology

for attitude control were reported by Cybulski et al. [7]. Since then, three main

branches of EP thrusters have been established:

1. Electrostatic engines:

• Gridded (radio-frequency) ion thruster (RIT)

• Hall-effect thruster2 (HET)

2. Electromagnetic engines:

• (Pulsed) plasma thruster (PPT)

• Magnetoplasmadynamic thruster (MPD)

3. Electrothermal engines:

• Arcjet thruster

• Resistojet thruster

• Microwave thruster

A schematic of the working principle of an electrostatic thruster is illustrated

in Figure 1.1. The propellant, usually xenon, is fed from a high-pressure reservoir

through a valve to the ionization chamber. The neutral gas is then ionized in

the chamber, for instance by a radio-frequency generating coil wrapped around it.

Ions are extracted from the chamber by means of an extraction and acceleration

mechanism such as an electrostatically charged grid. To avoid satellite charge-up

and excessive beam divergence, the space charge is compensated (SCC) by injecting

electrons into the exhaust plume. The velocity at which the ions exit the extraction

system is in the range of tens of thousands of m/s. Despite the high exit velocity, EP

allows for precise attitude adjustment maneuvers by reducing the already low mass

2Due to the presence of strong permanent magnets in HETs, they are sometimes categorized as
electromagnetic engines.
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maintaining the features of currently used materials such as boron nitride [14, 15].

However, understanding the physical phenomena occurring within HET discharge

channels and the plasma sputtering process remains a challenging task. The erosion

process for RIT grids is better understood and improvements have already been

implemented by adding a third neutrally charged grid behind the accel grid, reducing

the pit and groove erosion of the accel grid. Additionally, optimized materials, such

as graphite, have been successfully implemented to decrease the total sputter yield.

Nonetheless, detailed understanding of the various processes and interactions

taking place on the atomic length and time scale are subject to discussions, in

particular the timeframes and effects of the thermal spike and collision cascade

initiated after the ion impact. Sparse research has been published on the topic

of numerical modelling of EP materials subjected to ion bombardment. For this

reason, the present work is concerned with a comprehensive molecular dynamics

(MD) study of the most commonly used propellant, xenon, impacting commonly

used EP materials, specifically of HETs and RITs.

The primary objectives are twofold, with the first one to give insight on the

thermal spike model and atomic scale collision cascade after the impacting ion has

entered the surface with a specific impact energy and angle. Secondly, the actual

sputter yields shall be predicted and compared to experimental data, bridging the

gap to practical applications in the real world.

1.2 Problem statement

In detail, the objective of this work is to develop an atomic-scale numerical model for

the simulation of xenon ion impacts on three typically employed thruster materials;

namely titanium, graphite, quartz as well as one experimental material, silicon

carbide. Modeling of the thermal spike and collision cascade with the resulting

ejection of atoms and molecules shall give insight into the process of plasma

sputtering, change of local material properties near the surface, and sputtering

yields. Moreover, parametrized impact conditions are investigated with variations

of the ion impact energy and angle.

Most of the literature on numerical work in this area, as outlined in the following

section, employs the so-called primary knock-on atom technique (PKA). Here, the

entire kinetic energy of the impacting ion is assumed to be transferred to the PKA,

which initializes the collision cascade, therefore ignoring the entire subsquent

interactions between the ion and target atoms. For high energy cases, this impact

energy is assumed to be entirely transferred a region of the electronic subsystem,
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which then interacts and relaxes due to interactions with the lattice through

the electron–phonon coupling. Compared to these approaches, the simulations

performed in the present study capture the full atomic interactions. This includes

hybrid potentials entailing the interactions between the target atoms themselves

and between the impacting ion and the target atoms. Furthermore, the ion is

allowed to interact with the electronic subsystem of the target and is randomly

launched onto the target, ensuring a statistically more realistic approach compared

to a complete transfer of momentum to one single PKA.

To summarize, the TTM-MD technique is employed, coupled with with spe-

cialized considerations applied for the interatomic potentials, numerical boundary

conditions, and electron-phonon coupling in order to accurately capture the physical

phenomena of plasma sputtering.

1.3 Literature review

Because there is limited amounts of research available specifically on TTM–MD

simulations of EP plasma sputtering, this literature review includes publications

from diverse fields where similar analyses were performed.

It is important to recognize that researchers can only model specific aspects of

a complete thruster system numerically due to the complex interactions between

various physical phenomena, each with different sensitivities, time, and length

scales. This limitation similarly applies to experimental studies, where the focus is

typically confined to the measurement of particular parameters, for instance the

sputtering yield or electron number density. Given the ab-initio nature of molecular

dynamics (MD) simulations, it is essential to carefully select and detail initial

conditions. These conditions must be derived from high-resolution simulations

of the plasma system and require a thorough review of the existing literature

on near-wall plasma behavior and material properties, as the main parameters

apart from the material properties governing the sputter process are the ion’s

impact angle and velocity. Building on this foundation, fully-kinetic Particle-in-

Cell (PIC)6 plasma simulations are necessary, since they can resolve the electron

sheath near the wall and accurately represent the non-equilibrium kinetic energy

distributions of electrons. Over the past three decades, various advanced models

have been put forward to enhance the physical realism of these simulations. These

enhancements include the incorporation of detailed unstructured grids for thruster

6In classical PIC, electrons are assumed to be isothermal and the plasma in (electrostatic)
equilibrium according to the Boltzmann relation.
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geometries, secondary electron emission (SEE) from wall surfaces, single- and

double-ionization events, CEX, MEX processes, as well as Direct Simulation Monte

Carlo (DSMC) collision models.

One of the first 2-D axisymmetric simulations of ion thruster grid erosion

were reported by Bond and Latham [16] and Peng et al. [17]. Ira et al. [18]

published among the earliest results using the nowadays de-facto standard code

CEX2D developed by NASA’s Jet Propulsion Laboratory (JPL) for RITs. Farnell et al.

[19] present results of their general-purpose RIT 3-D code ffx, including geometrical

erosion and life time predictions of grids. A modified version of CEX2D was used

by Wirz, Anderson, and Katz [20] to validate the code for RIT lifetime prediction,

using the data from the NSTAR thruster. A review of codes and tools developed in the

1990s and 2000s is given by Kalentev et al. [21]. Parametric studies on RIT grids

such as the electron backstreaming problem and eroded grid influence on thruster

performance were carried out by Emhoff and Boyd [22]. In a landmark paper by

Wirz, Anderson, Goebel, et al. [23], the drastic improvements by mounting a third

decel grid on electron backstreaming and grid erosion of the accel grid are discussed.

In the recent decade, however, the focus of published literature on EP erosion seems

to have gravitated towards HET, which will be described in the following paragraph.

Comprehensive studies on HETs that are focused on discharce channel erosion

employ PIC with either Monte-Carlo Collisions (MCC) or DSMC for the plasma and

semi-analytical erosion yield models. One of such were carried out by Cheng [24],

illustrating excellent agreement with experimental data up to 1500 h of operation.

Comparable results were obtained by Koizumi et al. [25] for operating times up to

2000 h, employing a similar approach. Cho et al. [26] put forward one of the first

publications performing simulations with a fully-kinetic PIC-DSMC code. They

were able to obtain small deviations from measured thruster performance and

implemented a simplified erosion model. Cao et al. [27] exercised extensive numerical

analyses of pre-ionization effects on discharge channel erosion, demonstrating

that high pre-ionization ratios increase the ion incidence angle. A long-life low

erosion HET was developed by Giannetti et al. [28], targeting thrusters with

anisotropic magnetic field topologies. Modeling plasma and discharge channel

plasma-wall micro-structure interaction numerically using the ray-tracing method

was thoroughly analyzed by Schinder et al. [29], thus providing among the earliest

insight on atomic sputtering in HET discharge channels. Recent advancements

include a study by Passet et al. [30], where they coupled the HYPICFLU2 code to a

sputtering model particularly tuned to Xe-BN-Si02 interaction. They conclude that

sputtering might also occur due to thermal spikes produced by heavy ion irradiation,
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resulting in local evaporation of the lattice. Furthermore, it is assumed that the

wall temperature itself may have a larger influence on yields of eroded material

than is commonly presumed. They refer the reader to the thermal spike model7

suggested by Parida et al. [31] for HET based on their experiments, originally

proposed by Dessauer [32], and modified by Toulemonde et al. [33]. Finally, Jenkins

[34] summarize the activities of erosion modeling of the XR-5 thruster in their

institution, giving insights on the advancements and methods used in the industry

for predicting HET discharge channel erosion. Due to their higher erosion rates

compared to RITs, HETs are still an area of active research for numerical modeling.

Industrially speaking, plasma sputtering has become an important process

for manufacturing hard disk drives [35], semiconductor manufacturing [36, 37],

thin-film transistors [38–40], and scanning electron microscopy (SEM) [41, 42].

This complex process has attracted researchers to extend or adapt the classical

MD technique, resulting in sophisticated interatomic potentials, direct electron,

and additional force field models. Kim, Lee, et al. [43] reported one of the first

molecular dynamics (MD) simulations of plasma sputtering while Prskalo et al. [44]

investigated sputtering using Ar+ ions with energies ranging from 20 – 1000 eV.

Temperature effects on self-sputtering yields were studied by Metspalu et al. [45] for

a range of ion impact energies and alternative approaches such as the Monte-Carlo

(MC) method presented by Ono et al. [46]. Neyts and Brault [47] and Brault [48]

published elaborate studies on multiscale MD simulations of plasma sputtering,

and a follow-up paper [49] provided an even more detailed picture of the theory. Ahn

et al. [50] give a thorough analysis of interatomic potentials when modeling inert gas

impingment of He, Ne, and Xe. One of the first works on MD simulations modeling

the irradiation of graphite by fast neutrons in nuclear reactors was performed by

Christie [51] and a in a follow-up publication, Christie et al. [52] emphasized on

the lack of a thermal spike region in graphite, leading to lower sputter yields but

permanent point defects. A TTM-MD model was developed by Phillips et al. [53] for

the simulation of the insulator quartz, and they conclude that the rather simple

description of the electronic subsystem in non-metallic compounds is still able to

substantially improve the simulations compared to “bare” MD simulations.

Ions with atomic mass greater than C and kinetic energy above the MeV range

are referred to as swift heavy ions (SHI), with electronic stopping8 power dominating

7The TSM concept is built on the assumption that a small region of the discharge channel wall
evaporates due to ion irradiation locally energizing (i.e., temperature increasing) the surrounding
atoms, also by means of electronic stopping.

8Due to inelastic collisions with electrons and subsequent transfer of kinetic energy, the impacting
ion loses energy with each collision within the collision cascade.
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over nuclear stopping [54]. In this scenario, electronic stopping can be analytically

described by the formula of Bethe [55], but has to be modified for impact energies

below 100 keV [56]. MD simulations of these cases inherit similarities of plasma

sputtering, but require additional models to account for electronic stopping. In-

terestingly enough, with increasing energy, the electronic stopping decreases and

the penetration depth becomes larger. Rymzhanov et al. [57] and Abdullaev et al.

[58] published articles on numerical analyses of damage inducing SHI using MD

simulation, while Lang et al. [59] reviews advances of modelling SHI irradiation of

silica. A shortcoming should be addressed in this review, since most of the mentioned

numerical studies employ one of two types of simplifications for instantiating the ion

impact. Both have in common that they completely omit the presence of the ion in

order to avoid complicated hybrid interatomic potentials describing the interaction

between the target atoms themselves and additionally between the ion and the

target atoms. The first approach is to initiate one or multiple primary knock-on

atoms (PKAs) based on the kinetic energy of the impacting ion. The second one is

often used in very high energy cascades with impacting energies in the MeV regime.

Here, a specific (uniformly distributed, cylidrical) electron temperature profile is set

at 𝑡 = 0, assuming that the fast ion only interacts with the electronic subsystem,

releasing its entire energy into it. The present study includes the impacting ion,

the electronic subsystem, and the hybrid interaction potentials mentioned before.

The cornerstone providing reference data for sputter yields are sophisticated

experiments carried out by researchers and engineers working on EP thrusters,

fusion reactors, and ion-matter interaction related fields. For titanium, the detailed

study from Tartz, Heyn, Bundesmann, Zimmermann, et al. [60] was taken advantage

of, providing invaluable data for all the investigated impact energies and angles

analyzed in the present study. Nakano et al. [61] provided similar datasets for

graphite. The low keV irradiation range of xenon ions on quartz is not a well studied

regime, however, some data for certain angle-energy combinations could be found,

including the work from Tartz, Heyn, Bundesmann, and Neumann [62], Nenadović

et al. [63], and Yalin et al. [64]. The same is true for silicon carbide, where only

the estimated data from Ecke et al. [65] could be used as a reference. Detailed

reviews of sputtering studies are given by Yim [66] and Polk [67], focusing on xenon

irradiation of thruster compounds.

Finally, the work of Ziegler et al. [68] should be mentioned, who provide the

freely available software TRIM–2013, which is used as a reference for comparison

of the sputter yield and penetration depth with the MC method. After reviewing

the literature on EP erosion, plasma sputtering, and SHI, it is evident that the
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topic of the present study is situated in a dynamic and vibrant research area.

Ongoing advancements and findings from theoretical, semi-analytical and exper-

imental publications presented in this literature review will greatly add to the

outcomes of this thesis.
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Keep your eyes on the stars, but remember to keep your

feet on the ground.

— T. Roosevelt

2
Theory of ion beam sputtering
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Surfaces subjected to ion irradiation undergo a cascade of energetic displacement

on the atomic scale. A schematic of this process is shown in Figure 2.1, outlining the

kinetic energy of the impacting ion, prompting various aftereffects. The stopping

of ions in matter depends on various different factors and is still not conclusively

understood due to the local electronic excitation, ionization, and material specific

melting or evaporation occurring inside the lattice near the surface [33].

In addition to the type of ion and substrate material, the sputtering process and

developed models describing the occurring phenomena are significantly influenced

by the kinetic energy of the impacting ion. The impact energies encountered by

surfaces exposed to ion irradiation in HETs and RITs are located in the regime of few

hundreds of eV up to 2 keV, depending on the operating acceleration potential [70].

2.1 Temporal evolution of the sputtering process

Based on the spatial coordinates and impact angle of the ion, a collision with the

target occurs within the first few layers of atoms, initially with a single atom referred

to as primary knock-on atom (PKA). During the first 10 fs of the primary knock-on

19
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the impacting ion continues to collide with other atoms through elastic collisions.

Within this timeframe, electronic bombardment of surrounding atoms results in

the so-called electronic thermal spike and primary lattice atoms start to collide

with other atoms, initiating the formation of energetic phonons1 that lead to an

atomic thermal spike. The latter have the potential to eject lattice atoms if the

transferred collision energy is above the threshold displacement energy (TDE). The

peak temperature is reached within the first picoseconds after initial collision of the

ion with the PKA. Due to the investigated impact energies ranging up to only 1.5 keV,

the electronic thermal spike is expected to not be as pronounced as the atomic thermal

spike. Depending on the target material, the ion comes to rest within the first few

picoseconds after the PKA event, osing all it’s kinetic energy through inelastic

collisions within the target. The electronic subsystem continues to interact with the

lattice through electron-phonon coupling. Energetic phonons transport the locally

high kinetic energy of individual atoms outwards through the target accompanied

by a shockwave and rapid heating of the affected lattice region well beyond the

melting or sublitemperature, as well as cooling of the electronic subsystem through

electronic friction with atoms, until both systems have reached thermal equilibrium.

Sigmund [71] emphasizes that knock-on sputtering, which is the primary sput-

tering mechanism of metals in the low keV regime, can be categorized into three

different knock-on sputtering types:

1. Single-knock-on: Results in the ejection of secondary atoms close to the

target surface without sufficient energy to initiate cascades of sputtered atoms.

2. Linear cascade: Recoil atoms receive enough energy to procude a linear

cascade of knock-on atoms that might be ejected, however, collisions with the

affected lattice volume remain sparse.

3. Spike regime: Atoms in the affected lattice volume are subject to thermal

excitation, producing a high temperature zone with melting, gasification, and

randomly ejected atoms.

Assigning a certain knock-on sputtering type before carrying out simulations or

experiments is complicated by the dependency of the ion-target combination. Thus, it

has to be asserted that the employed numerical models and experimental equipment

are capable of capturing these different phenomena when analyzing these scenarios.

1Excited lattice interactions through random (vibrational) interaction.
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2.2 Two-temperature model

In order to describe the interactions between the electronic and the atomic subsytem

as well as their respective temporal temperature, the TTM model was developed by

S.I. Anisimov [72]. Since its introduction, further source terms and improvements

have been incorporated to account for various additional effects, which will be

discussed in the chapter illustrating the employed methodology, 3. The TTM model

is built upon the assumption that a thermal non-equilibrium is rapidly established

as soon as high specific energy inputs excite the system of valence electrons due to

the markedly different inertia between the lattice atoms and electrons. A necessary

presumption is that the valence electrons feature relatively free movement within

the lattice and can be regarded as an electron gas. In most scenarios, such as

ultrafast laser or SHI ion irradiation, the electronic subsystem heats up to initially

much higher temperatures than the lattice subsystem. Thermal relaxation between

the two systems takes place through interaction between electrons and lattice atoms

until an eventual equilibrium temperature is reached. The two governing equations

of the TTM model are written as:

𝐶𝑒
𝜕𝑇𝑒𝜕𝑡 = ∇ (𝜅𝑒∇𝑇𝑒) − 𝑔𝑝 (𝑇𝑒 − 𝑇𝑙) + 𝑆(x, 𝑡) , (2.1)

𝐶𝑙
𝜕𝑇𝑙𝜕𝑡 = ∇ (𝜅𝑙∇𝑇𝑙) + 𝑔𝑝 (𝑇𝑒 − 𝑇𝑙) , (2.2)

where 𝐶 is the heat capacity, 𝑇 is the temperature, 𝑔𝑝 is the electron-phonon coupling

factor, 𝜅 is the thermal conductivity, and 𝑆(x, 𝑡) a source term. The subscripts 𝑒
and 𝑙 denote electronic and lattice quantities, respectively. Eqns. (2.1)(2.2) can be

regarded as heat diffusion equations, describing the temporal and spatial transport

of heat based on initial conditions. In ultrafast laser and SHI applications it is

common practice to include a (spatially and temporally varying) source term 𝑆(x, 𝑡)
in Eq. (2.1) to account for processes that only excite the electronic subsystem due

to femtosecond laser exposure or collision cross sections of MeV ions indicating

that in this particular energy regime, collisions and thus energy transfers are

occurring mainly with electrons.

2.3 Nuclear and electronic stopping

As described earlier, the impacting ion interacts with both the lattice and the

electronic subsystem. With increasing kinetic energy of the ion, the fraction of

inelastic collision events with the electrons increase, significantly altering the
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is the 𝑖−th atomic number, 𝜑 is the screening function, and 𝑟𝑠 is the screening

radius. The screening radius and screening function account for shell electrons

screening the atomic nuclei from each other. Biersack and Ziegler [75] developed

the following expressions for 𝑟𝑠 and 𝜑, respectively:

𝑟𝑠 = 𝑟0 (𝑍0.23
1 + 𝑍0.23

2 )−1 , (2.5)

𝜑(𝑥) = 0.1818𝑒−3.2𝑥 + 0.51−0.9423𝑥 + 0.2802𝑒−0.4023𝑥 + 0.02817𝑒−0.2016𝑥 . (2.6)

In Eq. (2.6), 𝑟0 denotes the Bohr atomic radius (𝑟0 = 53 pm) and 𝑥 = 𝑟𝑖𝑗/𝑟𝑠.

The determination of an analytical model describing friction with the electrons

throughout a wide range of energy regimes proved difficult, since collisions and

state changes of the ion are much more frequent than interactions with nuclei [56].

A popular model describing high energy electronic stopping is the model proposed

by Bethe [55]. It is applicable to charged particles with 𝐸𝑘 > 100 keV and describes

the electronic stopping force as a function of the mean excitation energy 𝐼 as

𝐹𝑠(𝐼) = 4𝜋𝑛𝑒𝑧2

𝑚𝑒𝑐2𝛽2 ( 𝑒2

4𝜋𝜖0
)2 ⋅ [ln ( 2𝑚𝑒𝑐2𝛽2

𝐼(1 − 𝛽2)) − 𝛽2]

𝑛𝑒 = 𝑁𝐴𝑍𝜌𝑀𝐴𝑀𝑢
𝛽 = 𝑣𝑐

(2.7)

where 𝑚𝑒, 𝑐, 𝑛𝑒, 𝑣, 𝐴, and 𝑀𝑢 denote the substrate electron mass, the speed of

light, the substrate electron number density, the impacting particle velocity, the

substrate atomic weight, and molar mass constant respectively. An example of

the electronic stopping force calculated by the Bethe model is shown in Figure 2.3

(left), which predicts a drastic decrease of 𝐹𝑒
𝑠 < 100 keV, which was proven incorrect

by several measurements [76, 77]. Therefore, corrections must be applied below

this threshold ion energy.

The mean excitation energy can be roughly defined as

𝐼 = Γ ⋅ 𝑍 Γ = const. = 10 eV . (2.8)

However, experimental measurements by Deasy [78] showed nonlinear dependency

on the atomic number, which is illustrated in Figure 2.3 (right).
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Experience without theory is blind, but theory without

experience is mere intellectual play.

— I. Kant
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This chapter provides an overview of the simulated irradiation cases, the em-

ployed computational methods, and the customizations that were implemented

into existing software. Furthermore, the mathematical and physical models, and

computing techniques that build the foundation of the individual codes are outlined.

The goal is to give the reader a comprehensive overview of the underlying methods

and how the results of this thesis were produced.

3.1 Irradiation cases

Since xenon remains the most widely used propellant for EP today, the considered

impacting ion is a singly-charged Xe+ ion. In typical EP operation, Xe+ ions account

for more than 95 % of the ionized propellant [79], with traces of doubly-charged
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unfavourable for usage in these thrusters. Still, fundamental analysis of SiC can

benefit the development of new compounds that combine the features of other

materials with lower SEE yields such as BN (borosil).

The most important parameters which are the impact energy and the impact

angle of the xenon ion were discretized by 5 and 4 values, respectively. For example,

the minimum and maximum investigated values of the impact angle are 0 and 70 deg,

and the chosen values between those are 30, 45, and 60 deg. The same approach was

applied to the impact energy where the closest values based on the availability of

experimental data were chosen. An overview of the parameters and their individual

values due to discretization and imporant properties is outlined in Table 3.1.

Table 3.1 Overview of parameter properties.

Parameter 𝑁param Values Notes

Material 4 [Ti; C; SiO2] Commonly used mate-
rials in RIT grids and
HET discharge channels

Impact angle 𝛽 5 [0; 30; 45; 60; 70] deg 0° corresponds to nor-
mal surface impact

Impact energy 𝐸𝑘 4 [0.2; 0.6; 1.0; 1.4] keV Corresponds to a
range of velocities1

27 – 61 km/s
Impact location 𝑥𝑙 5 Randomized impact Due to channeling ef-

fects and perfect crys-
talline structures of ini-
tial MD configurations,
unrealistic penetration
depths may be predicted

The parameters corresponding to the quantities listed in Table 3.1 is given in

Figure 3.2. Here, the impact location 𝑥𝑙 is the (randomized) variation of axial 𝑥− and

𝑦− displacement from where the impacting ion is launched from. This procedure

is important in order to avoid effects of channeling due to unrealistically perfect

alignment of crystalline structures3 relative to the ion’s trajectory. For each impact

scenario (i.e., target material, impact energy, and angle) 5 randomized simulations

were carried out, where the launch position in 𝑥− and 𝑦− vector components were

randomly varied. The distance between the ion and the surface of the target were

kept constant at Δ𝑧 = 10 Å.

2Calculated from: 𝐸𝑘 = 1
2

𝑚𝑢2 ↔ 𝑢 = √2𝐸𝑘/(𝑀/𝑁𝐴)
3A further improvement is realized through initializiation of the MD structure using randomized

crystals; for further details see Figure 3.11.
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atoms. The temporal evolution of the particle ensemble is performed using Newton’s

second law of motion:

F𝑖 = 𝑚𝑖
𝜕2x𝑖(𝑡)

𝜕𝑡2 , (3.1)

where F, x𝑖, and 𝑡 denote the force, spatial coordinate of the 𝑖−th atom, and time.

To advance the simulation in time, i.e., to compute the next position x𝑖 of the 𝑖−the

atom using a discrete time step Δ𝑡, the previously mentioned fourth order accurate

method proposed by Verlet [82] can be employed and reads as

x
𝑡𝑛+Δ𝑡
𝑖 ≡ x𝑛+1

𝑖 = 2 ⋅ x𝑛
𝑖 − x𝑛−1

𝑖 + F𝑛
𝑖𝑚𝑖

Δ𝑡2 . (3.2)

In Eq. (3.2), the superscripts 𝑛−1, 𝑛, and 𝑛+1 indicate the previous, current, and

next time step, respectively. Before any actual changes to the atomic ensemble are

initiated through ion impacts, it is crucial to establish physically reasonable initial

conditions of the ensemble. This step is referred to as equilibriation where at the

beginning of the simulation a Maxwellian temperature distribution is applied to the

ensembe through a randomized discrete sampling on individual atoms. This leads to

unphysical contact forces present in the ensemble, which must be relaxed to ensure

that the initial configuration is representative of the real behavior of the analyzed

system. In order to accomplish this, an equilibriation procedure is performed

to achieve a desired macroscpoic temperature by means of a specific thermostat4

(usually the nvt ensemble) coupled to the ensemble. When several hundreds of

thousands or more atoms are simulated, simple initial configurations might not be

representative due to random and chaotic structures of real materials. This includes

for instance polycrystalline grains in metals or honeycomb lattices in graphite.

In TTM-MD the TTM equations presented in Eqns. (2.1)(2.2) are coupled to the

MD governing equation of motion as expressed in Eq. (3.1). The employed model

used in this thesis is based on the TTM-MD model proposed by Duffy and Rutherford

[86], which employs a Langevin-type equation of motion including a friction and

electronic blast pressure term, given by the following governing equation:

𝑚𝑖
du𝑖
d𝑡⏟

Motion

= F𝑖(𝑡)⏟
Potential

− 𝛾𝑖u𝑖⏟
Friction

+ ∇𝑃𝑒𝑁𝑖⏟
Electron pressure

. (3.3)

4Thermostatting is the process of adjusting the macroscopic temperature of the ensemble by
(randomly) altering the translational kinetic energy of individual atoms to fit a desired Maxwellian
distribution. Usually, a damping factor and time period are specified in order to minimize the
introduction of artificial, unphysical errors into the system. The nvt thermostat enforces conservation
of the number of atoms, fixed volume of the simulation domain – both quantities rely on periodic
boundary conditions in all spatial directions – and a desired temperature of the ensemble. The
damping parameter governs how aggressively the kinetic energy of atoms are adapted each time
step.
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theory (DFT), density of states (DOS) or Monte-Carlo (MC) techniques. One of the

standard works providing electron temperature dependent coupling parameters

𝑔𝑝(𝑇𝑒) for a variety of metals was published by Lin et al. [89]. In their publication,

they also provided electron temperature dependent values for the heat capacity 𝐶𝑒,

which determines the maximum temperature that the ion impact may produce.

The electronic stopping parameter 𝑔𝑠 can be found for different materials using

the SRIM tables provided by Ziegler et al. [68]. The cutoff value below which only

electron-phonon coupling is considered can be determined from the cohesive energy5.

In the works by Duffy and Rutherford [86] and Zhurkin and Kolesnikov [90], a value

of twice the cohesive energy of the respective material, for instance 𝐸0(Fe) = 2⋅𝐸𝑐 =
8.6 eV, was employed. This corresponds to a cutoff translational velocity for iron of

𝐸0 = 12𝑚𝑖𝑢2
0 ↔ 𝑢0 = √ 2𝐸𝑐𝑀𝑖/𝑁𝐴

≈ 5000 m s−1 (3.9)

below which effects of electronic stopping are assumed negligible. The remaining

parameter in Eq. (2.1) is the electronic thermal conductivity 𝜅𝑒 and governs the

spatial transport of heat throughout the electronic subsystem. There are several

models available depending on the analyzed scenario with the most simple approach

assuming 𝜅𝑒 = ∞ due to ballistic electrons6 [92, 93], as the electronic timescale

of heat conduction is much smaller than the timescale of atomic heat conduction

𝜏𝜅𝑒
≪ 𝜏𝜅𝑙

. However, this assumption is only valid for thin slabs with a thickness

of few tens of nanometers and zero-dimensional (0D) analysis, where the Courant-

Friedrichs-Lewy (CFL) condition [94] does not apply. The second approach is to

assume 𝜅𝑒 = const., which is valid for scenarios where the variations of 𝑇𝑒 are minor

in the system. Finally, when the case involves the existence of large local temperature

differences in the order of at least few eV, an electron temperature dependent model

should be utilized. A common model is the one suggested by Drude [95], which

relates 𝜅𝑒 to 𝐶𝑒, the Fermi velocity 𝑢𝐹 and the electron relaxation time 𝜏𝑒 as

𝜅𝑒 = 13𝑢2
𝐹𝐶𝑒𝜏𝑒 𝑢𝐹 = 𝑝𝐹𝑚𝑒

𝑝𝐹 = √2𝑚𝑒𝐸𝐹 , (3.10)

where 𝐸𝐹 is the Fermi energy. An alternative suitable for individual materials, if

available, is to employ semi-empirical fits, which are capable of improving predictions

at high electron temperatures [96, 97].

5The per-atom energy required to separate a lattice of atoms into free, neutral atoms.
6Ballistic electron heat transport refers to unrestricted transport of heat by unhindered,

fast-moving electrons when their temperature is considerably higher than one of the atoms. The
effect was first published by Landauer [91] to describe the unrestricted flow of charges in mesoscopic
circuits.
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3.3 Interatomic potentials

The most important quantity governing the interaction between individual atoms is

the interatomic potential. The development of pair-wise and multibody potentials

– recently also with the help of artificial intelligence (AI) – is a vibrant area of

research since MD simulations have become a widely used tool that is nowadays

extensively applied even in industrial projects.

The objective is to reproduce specific material properties by analytically and/or

empirically fitting coefficients to the underlying potential terms. One of the ear-

liest and most widely used type of potentials is the Lennard-Jones (LJ) potential

introduced by Jones and Chapman [98], defined in 12–6 form as

𝑉LJ(𝑟) = 4𝜖 [(𝜎𝑟 )12 − (𝜎𝑟 )6] , (3.11)

with 𝜖 and 𝜎 denoting the local minimum of potential energy and distance where

𝑉(𝑟) = 0, respectively. Despite its simplicity, the LJ potential is capable of

accurately predicting the behavior of (real) fluids throughout a wide range of

pressures and temperatures [99–101]. It performs optimally when the constituent

atoms exhibit symmetric, spherical shape and interactions can be considered in a soft

repulsive-attractive fashion. The LJ potential cannot accurately model the atomic

interactions if valence electrons or many-body interactions play an important role

such as in crystalline elements (metals, graphite, etc.) or complex molecules [102].

In 1984, the foundation for the most popular group of potentials for metals

and alloys was laid out by Daw and Baskes [103], who published their embedded

atom method (EAM) based on DFT analysis. It builds upon the work of Finnis

and Sinclair [104] (second moment bond theory), where a derivation of interatomic

forces in metals is added based on potential energy or more specifically the electron

density surrounding the individual atoms. The assumption is that these atoms are

embedded into an gas of electrons, and the embedding energy can be expressed as

𝐸emb
𝑖 = 𝜉𝑖 (𝜌𝑒

𝑖 ) . (3.12)

In Eq. (3.12), 𝜉𝑖 and 𝜌𝑒
𝑖 are the embedding function and electron density of the 𝑖-th

atom, respectively. 𝜉𝑖 essentially governs the amount of required energy to embed

an atom into the electron gas. The electron density is given by the expression

𝜌𝑒
𝑖 = 𝑁∑

𝑗≠𝑖
𝜌𝑒

𝑗 (𝑟𝑖𝑗) (3.13)
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and in order to avoid unphysical properties of the total embedding energy ∑𝑖 𝑈emb
𝑖 ,

Eq. (3.12) must be extended with a potential describing pair-wise interaction of

atoms [105], given as

𝜙(𝑟𝑖𝑗) = 12 ∑
𝑖

∑
𝑗

𝑟𝑖𝑗 , (3.14)

yielding

𝐸emb
tot = ∑

𝑖
𝜉𝑖 (𝜌𝑒

𝑖 ) + 12 ∑
𝑖

∑
𝑗

𝜙(𝑟𝑖𝑗) (3.15)

when adding Eq. (3.14) to Eq. (3.12). Since in the EAM a spherically averaged,

symmetric distribution of electron gas around nuclei is assumed [106], the poten-

tial yields good results for atoms exhibiting a similar shape such as copper. For

angularly bonded atoms such as aluminum or metals loaded under strong shear,

the assumption breaks down [107] and additional approaches must be implemented

to account for locally varying electron densities. This lead to the development of the

modified embedded atom method (MEAM) by Baskes [108] in 1987. In this version,

the original EAM model was tailored with a modified pair potential

𝜙(𝑟𝑖𝑗) = 2𝑧 {𝐸emb
𝑖 (𝑟𝑖𝑗) − 𝜉𝑖 [𝜌0

𝑖 (𝑟𝑖𝑗)]} . (3.16)

In Eq. (3.16), 𝑧 is the number of adjacent neighboring atoms and 𝜌0 is the background

electron density for a reference structure (fcc, bcc, hdp, or diamond). The atom-wise

energy of a specific reference structure is given by

𝐸𝑟
𝑖 = −𝐸𝑐 (1 + 𝑎∗) 𝑒−𝑎∗

(3.17)

where 𝐸𝑐 is the cohesive energy and 𝑎∗ includes a term for empirical quantities

such as the bulk modulus and nearest-neighbor distance. A detailed overview of the

mathematical framework of the MEAM is given by Baskes [109], where he clarifies

that MEAM is an entirely empirical modification of the EAM aimed at including

angular effects of asymmetric electron gas density distributions.

Another group of potentials are reactive empirical bond order (REBO) potentials.

They are dedicated to producing force fields of carbon-based materials such as

hydrocarbons, fullerenes, graphite, or graphene and were originally introduced

by Tersoff [110] in 1988. Another significant milestone were the additional terms

devised by Brenner [111] for improving the model for hydrocarbon compounds

where close-distance reactions play an important role through addition of a LJ

term. Finally, Stuart, Tutein, et al. [112] proposed the adaptive intermolecular
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reactive bond order (AIREBO) potential that includes an additional bond order

term that also considers torsion.

The governing equation for potential energy in the AIREBO equation is given

by the expression

𝐸AIREBO
𝑡𝑜𝑡 = 12 ∑

𝑖
∑

𝑗

⎡⎢⎣𝐸REBO
𝑖𝑗 + 𝐸LJ

𝑖𝑗 + ∑
𝑘

∑
𝑙

𝐸tors
𝑖𝑗𝑘𝑙

⎤⎥⎦ (3.18)

where 𝐸LJ
𝑖𝑗 is the usual long-range van der Waals interaction given in Eq. (3.11)

and 𝐸REBO
𝑖𝑗 incorporates the attractive and repulsive components based on the

bond order 𝑏𝑖𝑗, given by

𝐸REBO
𝑖𝑗 = 𝑏𝑖𝑗𝑉att

𝑖𝑗 (𝑟𝑖𝑗) + 𝑉rep
𝑖𝑗 . (3.19)

Building on the work of Brenner [111], the intrinsic long-range bond-order potential

(LCBOP) for carbon, specifically suited for modeling carbon systems and graphi-

tization was proposed by Los and Fasolino [113], based on bond order potentials

from tight binding models (TBBOPs). The underlying problem, as described by

Los and Fasolino [113], is long range interactions playing an important role in

carbon systems, compared to similar systems such as in silicon. This is why

mechanical properties predicted by REBO-type potentials deviate from experimental

measurements. Moreover, they outline that even the improved AIREBO potential

with an internal switching function fails to correctly describe interplanar repulsion

as encounterd between graphene layers and present in graphite, yielding unrealistic

structural defects. To overcome these shortcomings, Los and Fasolino [113] proposed

to not include long-range interactions only for the nearest neighbors, while the short-

range interactions are empirically fitted to predict correct binding and mechanical

properties. For a detailed physical description of the mathematical framework, the

reader is referred to the original publication [113].

Until now, only single element potentials (Ti–Ti, C–C) have been described.

The modeling of multi-element systems such as encountered in silicon carbide and

quartz requires additional considerations. In the present study, Vashishta-type

potentials were found to perform best for both of these multi-element materials.

Vashishta, Kalia, Rino, et al. [114] proposed a two-body/three-body potential for SiO2

where the two-body part accounts for steric repulsion, charge transfer manifesting

itself through Coulomb-type interactions, and charge-dipole interactions due to the

large electronegativity of oxygen. The three-body covalent part includes angle and
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distance dependent functions to describe the three-body interactions of O–Si –O

and Si– O – Si. The basic form of their twofold potential is given by the expression

𝑉vash = ∑
1≥𝑖<𝑗≥𝑁

𝑉2(r𝑖𝑗) + ∑
1≥𝑖≥𝑗≥𝑘≥𝑁

𝑉3(r𝑖𝑗, r𝑗𝑘, r𝑖𝑘) . (3.20)

The two-body potential can be written as

𝑉2 = 𝐻𝑖𝑗

r
𝜂𝑖𝑗⏟

steric repulsion

+ 𝑍𝑖𝑍𝑗
r⏟

Coulomb interactions

− 0.5 (𝛼𝑖𝑍2
𝑗 + 𝛼𝑗𝑍2

𝑖 )
r4 𝑒−r/r4𝑠⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

charge-dipole interaction

, (3.21)

where 𝐻𝑖𝑗 and 𝜂𝑖𝑗 are the strength and exponent of steric repulsion, respectively, 𝛼𝑖

is the 𝑖−th ion’s polarizability, and r4𝑠 the decay length of polarizability. Three-body

interactions are governed by the equation

𝑉3 = 𝐵𝑖𝑗𝑘𝑓 (r𝑖𝑗, r𝑖𝑘) ⋅ 𝑝 (𝜃𝑗𝑖𝑘, 𝜃𝑗𝑖𝑘) , (3.22)

with 𝐵𝑖𝑗𝑘, 𝑓 (r𝑖𝑗, r𝑖𝑘), and 𝑝 (𝜃𝑗𝑖𝑘, 𝜃𝑗𝑖𝑘) denoting the three-body interaction strength,

bond stretching strength, and bond bending strength, respectively. The success of

the Vashishta potential for SiO2 lead to the development of a similar potential for

SiC with modifications to the two-body and three-body parts of Eq. (3.22), taking

advantage of the works of Keating [115] and Stillinger and Weber [116] for angle-

dependent bonds. For details, the reader is referred to the publication of Vashishta,

Kalia, Nakano, et al. [117].

3.4 Computational details

This section provides a comprehensive overview of the essential procedures in-

volved in the simulation process, including the setup, execution, and subsequent

postprocessing. Specific employed software tools are discussed along with detailed

visualizations and descriptions of the initial and boundary conditions. A critical

aspect of this study was the establishment of realistic initial conditions for the impact

simulations. Utilizing an idealized atomic configuration as the target ensemble

would have resulted in unphysical outcomes, underlining the importance of accurate

initial condition modeling in ensuring the validity of the simulation results.
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3.4.1 Simulation framework

The main three steps of the simulations performed in this work can be structured into

1. Preprocessing: Setup of the simulations.

2. Solving: Running the simulations.

3. Postprocessing: Evaluation of the produced data.

Preprocessing encompasses the drafting of input scripts (based on a validated

template and parameters outlined in sec. 3.1). This is mainly performed with the

versatile scripting language Python, allowing complex string and file input/output

operations. In some cases involving direct interaction with the computing cluster,

the Linux-native scripting language bash is used, as the cluster operates using slurm.

The utilized TTM-MD tool was LAMMPS [118], which is one of the most widely

used open source software for running MD simulations due to its vast availability

of additional packages, object-oriented programming implemented in C++, and

performance. Specifically, the ttm/mod implementation from the ttm package is

used, which is based on the publications of Duffy and Rutherford [86], Chen et al.

[119], and Pisarev and Starikov [120]. The requirement of time steps much smaller

than commonly utilized ones in MD in the realm of ≈ 1 × 10−15 s as well as the

necessary size of the atomic box with the aim to minimize pressure reflections at

the periodic boundaries makes the use of a high-performance computing facility

vital. For this thesis, access to the HSuper cluster7 owned by the Universität der

Bundeswehr Hamburg was kindly granted, allowing simulations to be performed

on up to 128 nodes × 72 cores/node = 9216 cores.

After the parametric simulations were performed, the large amount of produced

data was prepared for postprocessing. Conveniently, LAMMPS allows the native

export of data using the vtk library [122], which can be read in by the parallel-

computing capable software ParaView [123]. Furthermore, all operations in Par-

aView can be recorded as script operations using Python, which makes parametric

postprocessing convenient and fast.

3.4.2 Numerical details

Thermostatting

Since the simulation domain is small from a macroscopic perspective (Δ𝑥𝑖 < 0.1 µm),

some special boundary conditions need to be applied to the ensemble. Generally

7At the time of installation in June 2022, HSuper was located at place 339 in the TOP500 list
[121].





3. Methodology 41

at the speed of sound. This circumstance can lead to unphysical results if the shock

wave is not dissipated sufficiently before it reaches atoms in the vicinity of a periodic

boundary condition, because the reinjection of energetic atoms on the opposite side

would eventually lead to a compression of the bulk material. In experiments, the

dimensions of the target are at least several magnitudes greater than in simulations,

allowing for enough time and space to dissipate the shock wave. Numerically, this

may be achieved in two different ways.

The first is the introduction of a spring-damper system to each side of the

bulk material, where the spring constant 𝐾 and damping parameter 𝑏 must be

obtained from the material properties. This method is often used in continuum

finite element method (FEM) applications, where beams of spring-dampers act

as artificial dissipating media. However, attaching a chunk or individual atoms

with one or more springs on the one hand introduces unphysical forces to the

system and on the other hand leads to small errors in each time step, as in reality

atoms translate and rotate freely.

For this reason the second way is chosen, involving another ensemble of atoms

surrounding the inner target atoms. An illustration of this setup is portrayed

in Figure 3.5. The surrounding ensemble (2) is held at a constant pressure and

temperature (npt ensemble with 1 bar and 300 K), allowing heat and pressure to be

dissipated smoothly. In order to avoid atoms crossing periodic boundary conditions, a

third ensemble is placed around the dissipative ensemble (2). In the ghost ensemble

(3), atoms are not allowed to move but may interact with the dissipative ensemble (2)

through the pair-wise potential. It must be noted that this procedure still requires

the target domain to be sufficiently large, considering that slight amounts of kinetic

energy are lost at the interface between the target ensemble (1) and dissipative

ensemble (2), if 𝐸(1)
𝑘 > 𝐸(2)

𝑘 .

Potentials

The main factors governing the selection of potentials were the reproducibility of

thermal and mechanical properties of the materials. For Ti the MEAM potential

published by Hennig et al. [125] was employed, which was developed with the

focus on pressure-temperature phase transitions of titanium, ideally suited for

application in the present study. In order to verify the potential, a numerical study

of a 20 × 20 × 20𝑎0 Ti sample was performed (𝑎0 denotes the lattice constant). The

temperature was set at 2400 K comparing the pair correlation function 𝑔(𝑟) with

experimental data obtained by Wang, Yang, et al. [124]. The filtered, linearized

verification results are shown in Figure 3.6, indicating excellent agreement with the
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Interaction Potential Notes

Xe – O ZBL Based on Biersack and Ziegler [75],𝑍1 = 54, 𝑍2 = 8, 𝑟𝑖 = 0.5, 𝑟𝑜 = 1.0
Since nuclear stopping is governed by Coulombic-type interactions during the

collision cascade (see sec. 2.3), the ZBL potential described by Eq. (2.6) is employed

for modeling the interaction between the impacting Xe+ ion and the target atoms.

LAMMPS allows the use of multiple potentials using the hybrid command. The ZBL

potential was used to describe Coulomb type interactions between the impact ion and

the target atoms, while the potential validated and employed in the equilibriation

simulation was used for interactions between the target atoms. A summary of the

interaction models is given in Table 3.2.

Electronic properties

A difficult part of this thesis proved to be the acquisition of electronic properties for

graphite, quartz, and silicon carbide. These materials have not attracted ultrafast

laser ablation or warm dense matter (WDM) research, which are the driving force

of determining these properties and lay the foundations for similar work.

For graphene, some data could be found in the literature and its thermal

properties may be conveyed to graphite as demonstrated by Hone [126], since

the prevailing temperatures are above 100 K. In an experiment carried out by

White et al. [127], laser-accelerated protons were focused on graphite to heat it close

to the melting point. X-ray diffraction (XRD) was employed in order to obtain a

(constant) electron-phonon parameter 𝑔𝑝 using relative Bragg scattering intensities.

They obtained a range of 5.4 × 1015 – 6.6 × 1015 W m−3 K−1 with an estimated 5 %

error range of scattering measurements. Thus, a constant 𝑔𝑝 of 6 × 1015 W m−3 K−1

was used for the TTM-MD simulations of graphite, since no electron temperature

dependent data was available at the time of writing.

In a recently carried out study by Xibraku et al. [128], a temperature dependent

heat capacity at constant volume was derived using DFT. They aimed at developing

a new interatomic potential for carbon that includes effects of variable 𝑇𝑒. A plot of

of their results for 𝐶C
𝑒 (𝑇𝑒) is given in Figure 3.7. The data was fit to the required

LAMMPS input polynomial expression [120] of the form

𝐶𝑒 (𝑇𝑒) = 𝐶0 + (𝑎0 + 𝑎1𝑇𝑒 + 𝑎2𝑇2
𝑒 + 𝑎3𝑇3

𝑒 + 𝑎4𝑇4
𝑒 ) ⋅ 𝑒−(𝑏𝑇𝑒)2 . (3.23)

For Ti, the electron temperature dependent coupling parameter and heat capac-

ity obtained from the simulations of Lin et al. [89] were used, which are outlined
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robustly advancing Eq. (2.1) in time based on the local specific heat, because 𝜌𝑒

and 𝜅𝑒 are assumed constant. An overview of the values utilized for 𝜅𝑒 for each

investigated material is given in Table 3.3.

Table 3.3 Overview of material-wise employed values for 𝜅𝑒

Material Value, W m−1 K−1 Reference Notes

Ti 22 [132] Data used to simulate
femtosecond laser ablation.

C 101 [133] DFT derived data.
SiO2 0.011 [53, 131] SiO2 acts as an (electronic)

insulator.
SiC 0 [129] SiC is a semiconductor,

hence 𝜅𝑒 = 0.

The final parameters required for the TTM-MD simulations are related to elec-

tronic stopping. It was shown by Lindhard and Scharff [134], that at energies below

several tens of keV, electronic stopping is proportional to the impacting ion energy:

𝛿𝐸el𝛿𝑥 = 𝜉√𝐸𝑖 . (3.26)

In Eq. (3.26), 𝜉 indicates the constant of proportionality, from which the electronic

stopping parameter 𝛾𝑠 (see Eq. (3.6)) may be determined as [86]

𝛾𝑠 = 𝜉√12𝑚𝑖 . (3.27)

𝜉 can be calculated from the software SRIM [68], a Monte-Carlo based collection of

codes that are capable of calculating various important quantities when (fast) ions

penetrate matter and for each impacting energy, 𝜉 must be computed with SRIM.

Next, a threshold energy for atoms inside active voxels must be defined that gov-

erns if electronic stopping is active or not. Duffy and Rutherford [86] recommended

2 × 𝐸𝑐 (see sec. 3.2), which gives a value of 6300 m s−1 for Ti. Any atoms moving

faster than this velocity will experience friction with the electronic subsystem and

lose kinetic energy, while 𝑇𝑒 increases in the respective voxel.

3.4.3 Deriving macroscopic and structural properties

Analyzing individual atoms can only give data afflicted with high statistical noise due

to the nature of atomic scale physics. In order to draw a comprehensive picture of the

macrophysics, it is necessary to define quantities that are capable of reproducibility.
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The solution output deliveres the following quantities every 25 time steps, i.e., 5 fs:

• Xe+ atom spatial coordinates and velocity

• TTM target atoms spatial coordinates, velocity, and PTM type (see Figure 3.10)

• Electron voxel temperature

• Background grid temperature and velocity

The total simulation time is 3 ps = 10 000 timesteps, enough time for the

impacting ion to traverse through the target and come to rest. During this time,

the collision cascade should produce fast secondary, tertiary, etc. atoms through

momentum exchange. The upper 𝑧−boundary of the simulation domain is located in

a way that during the solution time, the escaping atoms from the bulk material have

enough time to reach this boundary plane. They are then trapped and considered

sputtered atoms, sufficiently far away to not interact through the potential with the

target atoms anymore. Since multiple simulations are carried out for one angle-

energy combination, an average yield may then be calculated for each combination

based on the mean number of trapped atoms.

The simulated bulk sample is approximately 10 nm wide in each spatial direction

(see Figure 3.5). To give an example of the transport of information through the

target, we consider a Ti case. The time a pressure or temperature wave requires

to reach the penultimate nvt ensemble is

𝑡 = Δ𝑥𝑎Ti
= 0.5 ⋅ 100 × 10−9 m6100 m s−1 ≈ 8.2 ps , (3.32)

where 𝑎 is the material specific speed of sound [142]. The simulation time of 2 ps is

well below the time of the pressure wave reaching the penultimate nvt ensemble

but long enough for the thermal spike to reach its maximum. As a result, the region

affected by the irradiation starts to relax and cool down after the thermal spike

while the pressure waves continue to spread through the target.

3.5 Synopsis

This chapter presents an overview of the manner in which a connection is made

between the theoretical descriptions outlined in Chap. 2 and the numerical models

utilized in this thesis. Moreover, a comprehensive review is provided of the selection

of models utilized in this thesis with respect to the electronic and atomic subsystems.

The reader is introduced to the actual setup used for running the simulations

including the software, customizations, and choice of temporal and spatial resolution.
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Finally, the combination of the inherently different TTM (continuum PDE based)

and MD (ab-initio discret) models is demonstrated, as well as the approach for

analyzing the vast parameter space in realistic timeframes.

In order to capture both the electronic and nuclear stopping described by the

TTM and MD models, respectively, the coupled TTM-MD method was applied.

The TTM model serves as the approach capable of characterizing the electronic

stopping of the impacting ion and fast target atoms affected by the initial collision

cascade as well as the dissipation of thermal energy from excited electrons to the

ions through the electron-phonon coupling parameter. On the other hand, the

MD method serves as the model capturing the nuclear stopping and interatomic

interactions by the collision cascade, especially after electronic stopping becomes

negligible and the target is purely governed by thermal interactions and relaxation

of the hot collision cascade zone. Conversely to most research data available in

the literature, the full electronic and atomic interaction is simulated including

the ion-target, target-target, and electronic subsystem interactions by using the

TTM-MD technique and hybrid potentials. These potentials are realized by coupling

together high-resolution potentials available for each respective material with the

ZBL potential for close-range highly repulsive interactions which occur between

the ion and PKA and subsequent fast primary and secondary atoms affected by

the initial collision cascade.



56



Scepticism is as much the result of knowledge, as

knowledge is of scepticism.

— Homer, The Iliad
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In this chapter, the postprocessed results of the simulations are presented

and critically discussed. Furthermore, comparisons with experimental and other

computationally derived data are made. For each material, principal analyses of the

underlying physical processes of the collision cascade that were obtained from the

TTM-MD simulations, are presented. In this section, atomic trajectories as well as

continuum data (i.e., temperature) obtained from the background voxels are used to

analyse the collision cascade temporally. The PTM method serves as a crucial tool

to support the identification of local melting, phase transitions, and atoms being

extracted from their local lattice structure. The principal analysis is carried out for

the highest impact energy case at both normal (𝛽 = 0 deg) and maximum incidence
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(𝛽 = 70 deg). It is demonstrated that despite the highly statistical nature of ab-

initio MD simulations, the application of an appropriate potential, knowledge of

electronic properties and a well-defined initial configuration (in particular for crystal

dominated atomic structures), it is possible to gain a fundamental understanding

of the evolution of the collision cascade, the electronic temperature, the lattice

temperature, and bulk structure affected by the impact through the PTM algorithm.

In the subsequent parameter study section the present analyses are connected

to real-world applications through predictions of numerical values of significant

engineering quantities. These are the ion penetration depth and the sputter yield,

which can be compared to other methods such as SRIM-2013 and experimental

data available in the literature. In order to establish well defined results for

the sputtering yield the average number of bulk atoms escaping the upper MD

boundary were determined, based on the performed runs for a single case. In

these sections dedicated to parameter studies, all impact energies and angles

are taken into account.

4.1 Titanium

4.1.1 Principal analysis

The first analyzed case in this section was that of maximum energy and normal

incidence, corresponding to 𝐸 = 1400 eV and 𝛽 = 0 deg. In Figure 4.1, results

of time-dependent ion velocity and penetration depth are illustrated for the five

cases with randomized impact positions. Note that in the lower plot, the ion launch

location is 2 Å above the target, while the grey area delineates the bulk atom region.

Clearly, the importance of carrying out multiple runs with randomized initial ion

locations is underlined, since a clear outlier is visible where the artificial channeling

effect occurred (run 1). The other runs exhibited trends similar to one another, with

the majority of inelastic momentum exchange collisions occurring during the initial

0.25 ps and their respective penetration depth values close to the final one. Unique

high energy collision events manifest themselves as a huge decrease in velocity, for

example run 3 (orange line) at 0.05 ps, run 4 (red line) at 0.15 ps and run 1 (blue

line) at 0.3 ps. Taking the mean of all cases, indicated by the black dashed line,

reveals a quasi exponential decay of both the ion velocity and penetration depth. In

all cases, the ion comes to rest after about 0.6 ps at an average penetration depth of

48 Å with slight changes to the implanted location afterwards due to Ti atoms that

were thermally excited through the collision cascade interacting with the ion.
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Snapshots of atomic trajectories the first 360 fs of the collision cascade are shown

in Figure 4.5. The pathlines are filtered to only show trajectories which are longer

than 2 Å and are colored by their velocity magnitude, logarithmically scaled from

0.1 – 50 km s−1. The dashed yellow line denotes the upper surface boundary of the

initial MD supercell. The first collision of the ion with the PKA occurs at 15 fs, which

experiences a drastic velocity decrease of 5 km s−1, visible in the snapshot at 60 fs,

where the PKA is launched throughout the bulk material to subsequently collide

with several secondary and tertiary atoms (see 𝑡 = 120 fs onwards). Further, it can

be observed how the ion experiences a second and third collision (Δ𝑧 ≈ 35 Å) losing

another 10 km s−1 of velocity during these processes. At 120 fs, the collision cascade

can be considered initiated, while at 𝑡 = 180 fs two Ti atoms are ejected with high

velocity outwards from the target material (see annotation), crossing the initial

yellow upper surface boundary. However, the kinetic energy of the second atom

(close to 𝑥 = 0) is not sufficient to overcome the attractive potential energy of the

surrounding bulk atoms and subsequently returns to the target (see 𝑡 = 300 – 360 fs).

This is not the case for the first escaping, more energetic atom which is capable to

overcome the attraction and crosses the upper MD 𝑧−domain boundary condition

and can be considered a sputtered atom.

The second step in carrying out principal analyses was the case of maximum

impact energy at 70 deg impact angle. In this scenario, the PKA and secondary

collision events play an even bigger role, since their location and kinetic energy

vectors are the major quantities influencing how many atoms will be sputtered in

total. In Figure 4.6, two 3D views at 𝑡 = 0 and 𝑡 = 2 ps after impact are shown,

similar to Figure 4.2. In this particular case (run 3), 4 atoms were sputtered and a

clear region of blue, non-hcp atoms is visible. Furthermore, compared to the normal

incidence case the ion implantation location has shifted drastically upwards with

the ion residing very close to the surface boundary after it has come to rest. Actually,

the non-hcp liquid region is located behind the implantation location, indicating

that the highest lattice temperature region is produced within the vicinity of the

first collisions in the 70 deg case. In the first few hundreds of femtoseconds, atoms

are forced out of their local hcp structure due to their kinetic energy absorbed from

collisions with the impacting ion and primaries. Since these events take place

in a very small region around the ion trajectory through the bulk, one cannot

regard this conversion as a process related to Maxwellian type temperature but to

individual atoms with enough kinetic energy to overcome the attractive forces of the

surrounding hcp lattice. This process continues until enough collisions occurred with

neibouring atoms in order for the highly non-equilibrium temperature distribution
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vector after collision with the ion or primary atoms points into the target, the

collision cascade commences from there and becomes less intense the more the

ion penetrates the target. In this run, the ion traveled an axial distance of 95 Å

and was able to penetrate the target up to 14 Å.

Finally, three-dimensional volume rendering contours of the atomic voxel tem-

perature are outlined in Figure 4.11 with the continuous colormap scaled from blue:

350 K to red: 𝑇melt = 1941 K. At 𝑡 = 0.2 ps, during the maximum of the thermal

spike, a small zone of extremely energetic atoms is present and sharply defined

considering that the contours evolve almost discontinously from red to blue. At

𝑡 = 0.5 ps, the impacting ion has already completed most of its total penetration

depth and released its kinetic energy to the target atoms. The collision cascade is

initiated and the most energetic atoms are able to penetrate the target themselves

by few tens of Å indicated by the red voxel zones around the ion. At 𝑡 = 1.0 ps

these atoms have traversed the target outwards from their initial knock-on with the

surrounding zone affected by the ion already being in a state of relaxation where the

voxel temperatures start falling below the melting temperature. At 𝑡 = 1.5 ps the

energetic atoms have slowed down and the initially very hot regions commence with

equilibriation by lattice heat conduction and electron-phonon coupling (which takes

long compared to other metals due to titanium’s low thermal conductivity). Finally,

At 𝑡 = 2.5 ps all voxels are below the melting temperature. No more individually hot

voxels – apart from the impacting zone – are visible and the supercell tends towards

thermal equilibrium by slow transport of heat away from the impacting zone.

4.1.2 Parameter study

The theoretical analysis carried out in the previous section laid the foundation for

understanding the physical processes governing the dissipation of kinetic energy

in the target, specifically the transition from the thermal spike to the collision

cascade the first 200 – 500 fs after the PKA is initiated. These analyses are of

interest from a theoretical standpoint, however, designers and engineers of EP

thrusters and new material compounds are mostly interested in the sputter yield

and penetration depth of ions in order to improve life times of EP thrusters. This

section is intended to fulfill the aforementioned engineering interests, as well as to

establish a connection between fundamentally theoretical analysis and practical

applications in the real world. The reader is reminded that the methodology for

obtaining sputter yields is described in sec. 3.4.5.

A conclusive figure containing all investigated angles and energies with corre-

sponding yields and penetration depths is given in Figure 4.12. Each row represents
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a specific ion impact energy, and the 𝑥−axes indicate variations of the impact angle.

The left column outlines plots of the yield while the right column denotes the

penetration depth. Error bars were determined by taking the average deviation

from the average of all runs of a case according to

𝜖 (𝜙) = Δ𝜙
𝜙 , 𝜙 ∈ {𝑌, |𝑧|} . (4.1)

Since the TTM–MD simulations were carried out 5 times per case, the error bar

at 𝐸 = 1400 eV and 𝛽 = 70 deg results from the 5 simulations giving a yield

and (mean) error of:

𝑌 = 𝑌1 + 𝑌2 + 𝑌3 + 𝑌4 + 𝑌55
= 3 + 4 + 3 + 6 + 45 = 4.0 ,

𝜖(𝑌) = Δ𝑌1 + Δ𝑌2 + Δ𝑌3 + Δ𝑌4 + Δ𝑌55
= |4 − 3| + |4 − 4| + |4 − 3| + |4 − 6| + |4 − 4|5 = 0.8 .

Available experimental data, in this case by Tartz, Heyn, Bundesmann, Zim-

mermann, et al. [60], is highlighted by the blue, triangle-marked graph along with

results obtained from TRIM–2013 [68] using MC cascade simulations of 1000 ion

impacts per case, which is highlighted by the pink dashed graph.

In general, it can be observed that the TTM–MD calculated yields are in good

agreement with the experimental data. This agreement is characterized by small

deviation of the simulated mean values from the experimental data and the fact that

the experimental data remains within the error bars throughout all simulations in

contrast to the TRIM–2013 calculated results, which feature underpredictions of the

experimental yield data for 𝛽 < 60 deg and overpredictions for 𝛽 > 60 deg. Moreover,

the TTM–MD simulation better matches the experimental data especially for high

energy domain where using TRIM–2013 results in underpredictions becoming more

severe for higher impact energies.

Experimental data of singular ion implantation or penetration depths in the

realm of few tens of Å after keV irradiation could not be found, since the research

of (xenon) ion implantation depths is mostly focused on MeV irradiation due to

practicality reasons [143–145]. Thus, for comparisons with penetration depths, one

relies on the results determined from comparisons with TRIM–2013 calculations,
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portrayed in the right column. The TTM–MD results show a clear trend of predicting

deeper penetration depths at small angles, while smaller penetration depths are

generally predicted for 𝛽 > 50 deg. This observation corresponds well to the

trends observed for the yield, where TRIM–2013 underestimates 𝑌 towards normal

incidence and overestimates 𝑌 for large values of 𝛽. These differences in the

predictions may be explained by the detailed resolution of interatomic interactions

governed by hybrid potentials, i.e., Coulomb type close-range interactions between

the ion and the target atoms, and the MEAM potential between the target atoms

themselves as utilized in this thesis. The detailed description of interatomic

forces is not employed in TRIM–2013, rather a semi-analytical approach based

on the MC method. Compared to the ab-initio method employed in this thesis, the

computational cost is smaller and is able to produce a good estimate for titanium,

as the trend for the penetration depth is mostly captured and the TRIM–2013 data

largely enclosed by the error bars from the TTM–MD simulations.

4.2 Graphite

In this section, results of the TTM–MD simulations of graphitic carbon, commonly

used in RIT grids, are presented.

4.2.1 Principal analysis

Comparative plots of the ion velocity and penetration depth with respect to time

at maximum energy and normal and 70 deg incidence are outlined in Figure 4.13.

In contrast to the temporal evolution of the titanium case, two major differences

are observed. Firstly, the variance of both the ion velocity and penetration depth

evolution from the mean (dashed black graph) is much smaller as well as no clear

outlier is visible. Secondly, the nuclear stopping power is significantly stronger due

to the strong bonds between the hexagonal carbon rings. After already 0.4 ps, the ion

has dissipated more than 90 % of its kinetic energy and has reached the maximum

penetration depth. From there, the ion reaches the inter–layer bouncing phase,

where it bounces back and forth between the graphene layers. In both the normal

incidence and 70 deg case, the ion’s velocity linearly decreases for the following 2 ps

until it comes to rest and only moves with thermal velocity through interaction

with the surrounding carbon atoms. In the 𝛽 = 70 deg case, the bouncing phase

is reached already twice as early at 0.2 ps, and an increased velocity variance in

the first 0.2 ps as a consequence of the ion colliding between the graphene layers

due to the relative angle of the trajectory vector with the layer planes, is observed.
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3× as many voxels achieve melting temperature in the same timeframe of 0.2 ps,

followed by an exponential decay taking 0.8 ps. Nonetheless, the final value of 300

non-graphene atoms remains the same after 1 ps compared to normal incidence.

A closeup of the atomic trajectory the first 1 ps after the ion is launched onto

the target is given in Figure 4.17. In the left column, a bird’s eye view looking

from +𝑧 towards −𝑧 direction onto the surface of the target is outlined and in the

right column a sideview looking from −𝑦 into +𝑦 direction is shown, with atoms

colored by their PTM identified structure. At 𝑡 = 0.1 ps, the ion traversed the

first layer and 2 atoms are ejected directly from the surface layer into the vacuum.

Here, fast knockon atoms are launched into their surroundings and produce more

non-graphene lattice atoms in the following timeframe. The ion is about to cross

the second graphene layer and a deflection wave traveling towards the downside

through the target around 30 Å behind the PKA is observable. At 0.4 ps, it has

reached the inter-layer collision phase, where it has not enough energy to traverse

the fourth graphene layer and force individual atoms out of their graphene lattice,

but bounces back and forth between the third and fourth layer. The deflection wave

has reached a depth of 20 Å and surface atoms (layer 1) that were of non-graphene

lattice type partly start to bind back into the graphene lattice behind the deflection

wave through thermal relaxation, which is also visible in the velocity contours

becoming weaker following 𝑡 > 0.4 ps.

Christie et al. [52] argue that keV radiation damage feedback in graphite is

different from metals and oxides due to a lack of a thermal spike and point defects

invoked by individual sublimation of C atoms. Although a minor thermal spike is

visible in the current study, the sublimation and point defects process can also be

reproduced. One of the approaches that Christie et al. [52] employed to characterize

the relaxation process of the PKA atom4 was the time-dependent number of atoms

with a kinetic energy above 1 eV. They obtained a value of ≈ 0.3 ps and corresponds

well with the results of the present study where at normal incidedence and 𝐸
Xe

+ =
1 keV a relaxation time of 0.28 ps for the impacting ion was found. As will be seen

in the parameter study (see sec. 4.2.2), Christie et al. [52] additionally determined a

PKA range very similar to the ion penetration depth identified in this thesis.

4.2.2 Parameter study

Results of the yield and penetration depth parameter study are illustrated in

Figure 4.19. Experimentally obtained data of sputter yields were found in the

4The existence of the impacting neutron was not taking into account in their study, rather the
entire kinetic energy was assumed to be transferred to the PKA.
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𝐸 = 1400 eV, TRIM–2013 overpredicts the yield by a factor of 2. The TTM–MD

results for 𝐸 = 200 eV predict that no atoms are sputtered up to 𝛽 = 60 deg, hence

the error bars are all equal to zero. For 𝛽 = [0, 70] deg, 1 out of 5 simulations

produced an atom leaving the upper simulation domain, therefore the mean yield is

0.2. Throughout the entire angle range the shape of the penetration depth curve

versus angle is similar to the one of TRIM–2013, however, the actual values disagree

up to a factor of 3. With higher impact energies, these differences become smaller.

For instance, at 𝐸 = 200 eV and normal incidence TTM–MD predicts |𝑧| = 9 Å and

TRIM–2013 predicts |𝑧| = 30 Å while at 1400 eV TTM–MD predicts |𝑧| = 44 Å and

TRIM–2013 predicts |𝑧| = 53 Å. This phenomenon can be attributed to the capacity

of MD to model the complex carbon-carbon bond interactions, which are crucial

for accurate representation in particular in the low impact energy regimes. At

elevated impact energies, these bonds are more easily broken, leading to atom-atom

interactions that can be assumed of predominantly repulsive Coulomb type fashion

as described by the ZBL model. The accurate description of interatomic forces

employed in the present MD simulations are underlined by the excellent agreement

with the sputter yield experimental data from Nakano et al. [61], particularly at

an impact energy of 600 eV. At higher impact energies, the trend is closely followed

by the TTM–MD predicted data, but the yield is underpredicted by an average of

15 %. Nevertheless, the graphs of the experimental dataset remain well within

the error bars of the predicted data.

In the study conducted by Christie et al. [52], the MD technique was employed

to simulate displacement cascades induced by keV neutron irradiation in graphite.

The cascade initiation involved launching a randomly selected PKA of graphite

towards the center of the supercell. From a series of up to 20 simulations, the mean

ranges of the PKA were determined. Their research explored an irradiation energy

range comparable to that investigated in the present study. A comparative analysis

of their PKA energy range (100 – 1500 eV) with the data obtained in this study is

presented in Figure 4.20. Notably, the error bars in the data by Christie et al. [52]

results are, on average, twice as large as those in the present study. However, the

predicted mean values of the PKA range show excellent agreement between the two

studies. This agreement is further supported by the fact that both studies identified

similar point defects and local sublimation effects, thereby providing a high level

of confidence in the values reported in the current parameter study.
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sec. 4.1.1). Secondly, the low thermal conductivity of quartz 𝜆 = 1.3 W m−1 K−1

resulting in the lattice not being able to transport heat away from the impact affected

zones. In the initial 0.5 ps, a multitude of maxima in the mean lattice temperature,

denoted by 𝑇𝑖 are evident in both plots, indicating rapid local heating after which the

supercell itself slowly heats up to 450 K compared to the mean electronic supercell

temperature reaching 650 K. Similar to the graphite case, the energy required

for breaking bonds between Si–O and O–O atomic pairs is so large that already

1 ps after impact, the maximum atomic voxel temperature falls below the melting

temperature and after 3 ps the maximum voxel temperature is just ≈ 800 K. Both

max(𝑇𝑖) and max(𝑇𝑒) exhibit exponential decay in similar fashion to the titanium

case (see Figure 4.3). although featuring considerably elevated degrees of variance.

The maxima in the right plot of Figure 4.22 after 𝑡 = 1.0 ps are fast sputtered atoms

traversing atomic voxels from yields reaching up to 15 atoms per case.

Aerial perspectives of the temporal evolution of atomic velocity and ion trajectory

length of the first 1.0 ps after the ion is launched at 𝛽 = 70 deg is illustrated in

Figure 4.23. The plots increase in visual density since the trajectory pathlines

of thermal atoms in the bulk also slowly increase in length. The 𝑥− and 𝑦−axis

are the axial and radial directions, respectively, while the ±𝑧−axes point in and

out of the screen, respectively. At 𝑡 = 50 fs, the ion has experienced 3 collisions

with target atoms after having traveled 15 Å. The velocity vectors of the PKAs all

point into the target as they initiate the collision cascade, which can be observed

at 𝑡 = 0.1 ps and the ion continues to travel through the target closely below the

surface undergoing further collisions. In the following snapshot, the ion encounters

a collision at Δ𝑥 = 30 Å which results in its velocity vector pointing in +𝑧 direction.

At 𝑡 = 0.4 ps, the straight trajectory of two sputtered atoms can be seen as well

as that of the ion, which has left the target and thus is no longer subjected to

collisions. An interesting detail can be observed in the vicinity of the initial impact

zone, where a Si and an O atom are sputtered. Rather than proceeding along a

straight line, these atoms exhibit a behavior akin to orbital motion, driven by their

mutual attraction. This phenomenon can be observed a second time at 𝑡 = 1.0 ps,

in close proximity to the ion’s trajectory.

4.3.2 Parameter study

The results of the parameter study carried out for quartz are shown in Figure 4.24.

Acquisition of experimental data for the (total) sputter yield proved to be challenging.

The most elaborate dataset that could be found was published by Nenadović et al.

[63], however, some adaptions were required since they employed argon ions for
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irradiation. Their lowest energy case was 𝐸
Ar

+ = 3 keV and they investigated impact

angles up to 𝛽 = 70 deg. Assuming that collisions between the xenon ion and the

target atoms are governed by Coulomb type collisions one can assume that results

using a heavier ion can be extrapolated based on the proportional dependence of

the ion’s kinetic energy on the mass:

Υ = 𝑀
Ar

+

𝑀
Xe

+
= 40131 = 0.31 . (4.2)

Thus, the 3 keV case may be extrapolated to an impact energy of 1.4 keV by

means of the following expression

𝑌Xe
+

1.4 keV
= 𝑌Ar

+

3 keV ⋅ Υ ⋅ 1.4 keV3 keV
. (4.3)

The blue, circle-marked plot in Figure 4.24 is the result of applying Eq. (4.3)

and exhibits a high degree of correlation with the results obtained from the TRIM–

2013 calculated yield values up to 𝛽 = 50 deg. Two additional datasets were

identified, including the normal incidence yields for 𝐸 = [200, 600] eV by Tartz,

Heyn, Bundesmann, and Neumann [62] as well as angle-dependent yields for

the same energies by Yalin et al. [64]. The overall agreement of the TTM–MD

simulations with the experimental and TRIM–2013 calculated data shows increased

variance in comparison to the two previously investigated materials. While the

agreement of both yield and penetration depth at 𝐸 = 200 eV is satisfactory, the

TTM–MD data features a considerable degree of deviation at 𝐸 = 600 eV. Here,

at lower impact angles both TRIM–2013 and TTM–MD predict a yield between

𝑌(0 – 45 deg) ≈ 0.8 – 2.2 atoms/ion and the experimental data was obtained as

𝑌 ≈ 2.5 – 5.0 atoms/ion in the same angular range. It should be noted that the

authors Yalin et al. [64] and Tartz, Heyn, Bundesmann, and Neumann [62] utilized

the differential sputter yield in mm3 C−1 in their analysis. The total sputter yield

(atoms/ion) of these publications presented in the plots in Figure 4.24 was calculated

based on the number of Si and O atoms in quartz per mm3, assuming a charge of

the impacting ion of 1.6 × 10−19 C/ion. Surprisingly, the agreement of TTM–MD and

TRIM–2013 data matches excellently even for the high-energy cases up to 𝛽 = 65 deg.

In the 𝐸 = 1400 eV case, the extrapolated experimental data from Nenadović et

al. [63] remains well within all error bars of the simulations, thereby supporting

the validity of the assumptions outlined (see Eq. (4.3)). Furthermore, the different

results obtained for lower energy impacts indicate the difficulty of determining

sputter yields experimentally as well as consistenly being able to results due to

the different types of quartz (𝛼−, 𝛽−, and amorphous SiO2).
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The results of the penetration depth from both TRIM–2013 and TTM–MD

demonstrate a strong correlation up to an energy of 𝐸 = 600 eV. At higher energies,

TTM–MD indicates that the penetration depth is significantly greater at normal

incidence of (80 ± 20) Å, which can be attributed to the channeling effects observed

in the principal analysis section, which TRIM–2013 is unable to resolve. This

effect may also be a contributing factor to sputter yields due to the crystalline

orientation in close proximity to the surface of the target which would explain the

visible variations in sputter yields at lower impact energies. At higher impact angles,

TTM–MD suggests a lower penetration depth. It is unlikely for grains to be exactly

oriented parallel to the high angle of impacts very close to the surface, resulting

in the ion colliding with more atoms and thus traversing the target not as deep as

when crystalline channels are aligned with the ion’s trajectory.

4.4 Silicon carbide

This section presents the results of the analysis of silicon carbide (SiC), the final

material investigated in this thesis. Silicon carbide is widely utilized in surface

treatments of high-performance components within the aerospace and automotive

industries due to its exceptional mechanical properties. Despite its less favorable

electrical characteristics, SiC holds potential to enhance the durability and lifespan

of compounds currently in use.

4.4.1 Principal analysis

The temporal evolution plots of the ion velocity and penetration depth for the highest

impact energy case (𝐸 = 1400 eV) are shown in Figure 4.25. For the case of SiC, a

logarithmic time-scale was selected for the convenience of the reader, given that the

variations in velocity and depth between the runs are minimal at normal incidence.

The ion relaxation time at normal incidence is 0.8 ps at a mean penetration

depth of |𝑧| = 48 Å. The high density of Si and C coupled with their strong bonds

leads to a minor mean variance from the mean velicty and penetration depth. The

ion undergoes, on average, 5 collisions in the first 0.1 ps, which subsequently result

in a reduction in velocity of approximately 50 % relative to its initial value. It

is noteworthy that the depth of penetration initially increases at a gradual rate,

followed by a more pronounced acceleration after 𝑡 = 0.1 ps until 𝑡 = 0.5 ps. Rapid

collision events yield a nearly exact exponential decay in velocity over the timeframe

of 0.1 ps < 𝑡 < 0.7 ps. With the exception of run 4 (red graph), the data indicate

that the implantation depth and velocity of the ion become thermally Maxwellian
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plots of the lower row, wherein the number of voxels exceeding the decomposition

temperature is more than twofold greater in the case of 𝛽 = 70 deg compared

to the grey graphs of PTM = 0 atoms, which exhibit a high degree of similarity

of max (𝑁PTM=0) = 900, 800, respectively. Again, this finding implies that local

decomposition is not a consequence of high temperature, but due to local disclocation,

even after the first 0.5 ps after which the thermal spike is completed. In the bottom

right plot of Figure 4.26, the number of voxels with 𝑇 > 𝑇melt decays while the

number of atoms forced out of their dcub or dhex structure steadily increases. Though

less apparent, the same trend is visible in the normal impact case (bottom left plot).

A visual representation of the maximum energy and normal incidence scenario

atomic trajectories filtered by the total trajectory length |x| > 2 Å with a correspond-

ing plot of 𝑁PTM=0 on the right is outlined in Figure 4.27. The thermal spike at

𝑡 = 0.1 – 0.2 ps is shown in the first two snapshots. Since only few atoms are visible,

the trajectory length of most atoms forced out of their dcub and dhex lattice structure

(max (𝑁PTM=0) = 900 is smaller than 2 Å, indicating that the thermal spike is able

to locally enforce a small movement of individual atoms out of their lattice structure.

After the thermal spike has culminated at 𝑡 = 0.2 ps, the number of 𝑁PTM=0 atoms

decreases as the collision cascade is initiated. This process generates an outward

pressure that enables some atoms to “jump” back into the lattice as the interatomic

distances are locally increased. This phenomenon can be observed in the snapshots

of 𝑡 = 0.4 ps and 𝑡 = 0.8 ps. Subsequently, at time 𝑡 = 1 ps, the catastrophic collision

cascade commences, accompanied by a renewed increase in the number of 𝑁PTM=0

atoms, although with a diminished gradient. At 𝑡 = 1.5 ps, most of the trajectory

lengths in the region affected by the irradiation surpassed |x| > 2 Å. It is observed

how the ion is able to create a decomposed zone of SiC with a maximum radius

of 20 Å and depth of 40 Å, since most of the atoms visible in the last snapshot are

of orange or red color, surrounding the ensemble visible at 𝑡 = 0.8 ps where most

of the shown trajectories are of blue color.

4.4.2 Parameter study

Results of the parameter study for silicon carbide are shown in Figure 4.28. In

this case, the only experimental data found for SiC subjected to Xe+ irradiation

in the range of the present work is the data published by Ecke et al. [65]. They

irradiated Si and SiC targets with Xe+ ions between 0.5 – 5 keV at an impact angle

5In the case of silicon carbide, the melting temperature should be seen as the temperature at
which the compound decomposes into its constituents silicon, which becomes liquid, and carbon,
which solidifies if the temperature remains below 3923 K.
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with the results from TRIM–2013 shown in the current section, they obtained

very good agreement with the experimental data using an earlier version of TRIM,

demonstrating that the TRIM–2013 calculated data serves as an excellent reference

for comparison with the TTM–MD simulation. Throughout all investigated impact

energies and angles, good overall agreement of 𝑌 and |𝑧| with both TRIM–2013 and

the data from Ecke et al. [65] is achieved. Not only can the trends be accurately

reproduced, but also the absolute values predicted by TTM–MD deviate on average

less than 10 % from both datasets. The maximum yield of 𝑌 = 6.4 atoms/ion occurs

at maximum impact energy and 70 deg incidence. In the case of SiC it was observed

that the mean deviation of sputtered atoms from the mean yield according to Eq. (4.1)

is quite large at 𝜖 = 30 %. A possible explanation could be the way the Vashishta,

Kalia, Nakano, et al. [117] interatomic potential works, since it not only accounts

for the relative position between the individual atoms within the cutoff radius,

but also their angular rotation. When the impact angle becomes large, the exact

orientation of the PKAs that are impacted by the ion may play an important role.

The hypothesis is corroborated by the observation that the mean deviation exhibits

a notable decline for smaller impact angles, wherein the main component of the

impact vector is oriented downwards in −𝑧 direction.

A correlation is observed between the trend of the number of sputtered atoms

and the penetration depth. With the exception of the highest analyzed impact angles,

the sputter yield is generally overpredicted compared to the data from TRIM–2013.

This circumstance correlates to the penetration depth, since TTM–MD predicts

a deeper implamantation depth after the ion has come to rest in comparison the

TRIM–2013, visible in the right column of Figure 4.28. Despite the impact energy of

the lowest energy case is 7× lower than the highest energy case, the penetration is

just 2× lower at normal incidence. Taking into account Figure 4.25 and Figure 4.26,

it becomes clear that the collisions during the first 0.5 ps are responsible for the

steepest velocity gradient where the ion is decelerated the most. In comparison to

graphite, silicon carbide exhibits an approximately 4× higher yield, corresponding

to another correlation found which relies on the number of PTM = 0 atoms. At the

maximum of the thermal spike, graphite features 𝑁C
PTM=0 = 500 atoms compared

to 𝑁SiC
PTM=0 = 900 atoms. It seems to be an important property governing the yield

due to how many atoms are not inside their original lattice structure during the

thermal spike and less inert to incoming forces. However, this observation must

be taken with care, as titanium has 𝑁Ti
PTM=0 = 3800 atoms at a yield of 2× lower

than SiC. It is therefore important to compare lattice structures of the similar

types, since titanium mostly consists of hcp and bcc atoms, graphite of graphene,

and silicon carbide of dcub and dhex atoms.
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4.5 Synopsis

The results presented in this section demonstrate the ability of the TTM-MD model

coupled with hybrid potentials to enable fundamental analysis of the physical

phenomena taking place during keV ion sputtering. The thermal spike in both

the electronic and atomic subsystems can be captured on the fs level, the collision

cascade initiated by spread and relaxation of the thermal spike in the ps time span,

and finally the full stopping and implantation of the ion are reproduced. The major

advancement in this thesis is that the setup can also be used to accurately predict

atomic sputtering yields of thruster materials, as the parameter studies for each

material revealed. The main requirements are:

1. Knowledge of ion impact angle and energy.

2. Accurate target atom potential optimized for reproducing mechanical and

thermal properties.

3. Knowledge of electronic properties of the target material.

The results presented in this section showed good to excellent agreement with

the available experimental data. On the other hand, the agreement with TRIM–

2013 featured a large variance especially for high impact angles and materials that

are governed by complex interatomic interactions and where the lattice orientations

play an important role such as in graphite, quartz or silicon carbide. Apart from

the practical standpoint of predicting yield data the present study could verify

observations that other publications predicted, most notably the results of graphite

from Christie et al. [52].
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If one thinks, one must reach conclusions. Conclusions

are not always pleasant.

— H. Keller

5
Conclusion

This thesis addressed the topic of erosion modeling on the atomic length- and

time-scale using TTM-MD, with a particular focus on erosion induced by xenon

ion irradiation of materials used in RITs and HETs. The materials included

titanium, graphite, quartz, and silicon carbide. The primary objective was to

establish a numerical framework capable of capturing the trajectories of atoms in

an ab initio type fashion. This allows for the temporal tracking of the evolution of

macroscopic properties such as the temperature, and microscopic quantities, such

as the individual kinetic energy or the PTM identified structure of individual atom.

The application of this framework enables the acquisition of results pertinent to

both physicists and engineers. For the former, this includes the characterization of

the thermal spike, the collision cascade, and the lattice and electronic temperatures.

For the latter, it encompasses the impact energy and angle-dependent sputter

yield and implantation depth of the impacting xenon ion. This framework was

constructed upon three fundamental mathematical models. First, this is the

molecular dynamics simulation technique which enabled the calculation of the

interaction between individual atoms in a time-resolved manner. The choice of

interatomic potential governing interatomic forces, i.e., attraction and repulsion,

and the correct utilization of numerical details, e.g., the time step and non-reflecting

boundary conditions, largely determined the outcome. Secondly, the TTM model

describes the interaction between the atomic and electronic subsystems, which was

of particular importance when both subsystems are far from thermal equilibrium

and is typically the case due to the rapid relaxation time of electrons. However, in

instances of strong thermal non-equilibrium, such as those resulting from laser
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or ion irradiation, an exchange of energy occurs due to atoms moving at a velocity

exceeding the material-dependent binding energy. This results in friction with

electrons or hot electrons interacting with lattice phonons. Thirdly, the ZBL model

enabled the computation of interatomic forces in repulsion-dominated Coulomb-type

collision regimes, which typically occur in cases involving fast ions or neutrons. The

model’s key advantage, apart from its proven precision over decades, particularly

for high-energy collisions, is its simplicity: it requires only the atomic masses

and atomic numbers from the collision partners as inputs, making it relatively

straightforward to use.

The actual computations were carried out employing the massively parallel code

LAMMPS, which already includes a TTM-MD package for simulation of thermal

non-equilibrium cases. An adaptive electron voxel algorithm has been developed

and implemented into LAMMPS, capable of activating or deactivating electronic

voxels based on a threshold number of atoms inside a respective voxel, since they

carry electrons with them. Other utilized software included the parallel-capable

postprocessing tool ParaView for visualization and initial data preparation, as well

as Python for the actual large scale analyses. Some postprocessing could already

be done in LAMMPS itself during runtime, most notably the PTM package for

identifying atomic crystal structures or atoms in non-lattice structure.

An underestimated aspect of this thesis was the equilibration step, which was

essential for establishing well-defined and realistic initial conditions for the impact

simulations, particularly for materials with specific lattice structures. The damping

parameters for the ghost and penultimate atom ensembles surrounding the TTM-

MD ensemble required careful calibration. This was crucial to prevent the reflection

of pressure waves while simultaneously avoiding excessive cooling of the TTM-MD

ensemble at their contact interfaces. This balance was necessary because the nvt

thermostat was applied to the first two ensembles, while the microcanonical nve

thermostat governed the latter. Selecting appropriate interatomic potentials was a

particularly challenging task, demanding extensive testing in both the equilibration

and impact scenarios. This was especially true for materials like graphite, quartz,

and silicon carbide, where achieving the correct lattice structures was critical to

accurately reflect known material properties. Some potentials performed well

during equilibration but either overestimated or underestimated the yield during

impact simulations, necessitating a preliminary parameter study of the interatomic

potentials. Another significant challenge was obtaining electronic properties for

non-metallic materials such as graphite, quartz, and silicon carbide. Most of the

data available for the TTM model came from studies on ultrafast laser-matter

interactions, which are predominantly focused on metals.
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The TTM-MD simulations demonstrated strong agreement with experimental

data, with the notable exception of the quartz case, where the direct applicability of

the experimental findings to the present study remains uncertain. Deviations from

TRIM-calculated data were generally minor at lower impact angles and energies,

with more pronounced discrepancies emerging at maximum impact angles. This

observation underlined the importance of accurately resolving atomic and electronic

interactions—details that the interaction model used in TRIM fails to capture ade-

quately. The best alignment between TTM-MD, TRIM, and experimental results was

observed in the case of silicon carbide. In contrast, for graphite, TRIM significantly

overestimated both yield and penetration depth, while TTM-MD results closely

matched experimental observations. For titanium, TRIM tended to underpredict

both quantities at lower impact angles, though agreement improved at higher angles.

Across all conditions studied, the TTM-MD simulations successfully predicted not

only the trends observed in the experimental data but also the absolute yield

values. This thesis highlights the applicability of graphite for thruster components

subjected to high-energy ion impacts, with TTM-MD predicting yields of 0.7 and 1.4

at normal and 70 deg incidence, respectively, at the highest analyzed impact energy

of 1400 eV. In comparison, TRIM predicted significantly higher yields of 2.9 and 4.8.

The thermal spike and collision cascade models described in the literature were

accurately reproduced in these simulations, both in terms of their temporal evolution

and their effects on the impact zone, locally and globally, within the supercell.

During the first few hundred femtoseconds, the thermal spike initiated by the

impacting ion causes the displacement of atoms, either directly affected by the ion

or the resulting primary knock-on atoms, leading to local melting, sublimation,

or decomposition of the impact zone. Simultaneously, the ion loses most of its

kinetic energy, demonstrating that the first 0 – 30 Å are the most affected by the

ion, although the total penetration depth may extend to around 100 Å, depending

on the impact angle. It was observed that the collision cascade does not commence

until after the thermal spike subsides and some atoms have returned to their

lattice positions. The cascade is driven by thermally excited atoms colliding with

their neighboring atoms, propagating until the energy dissipates into the bulk

material. In most cases, the highest number of PTM = 0 type atoms were found after

a few picoseconds, following a linear increase from a local minimum of liquid-

state atoms post-cascade.

A long-standing debate in the literature is whether the thermal spike or the

collision cascade is primarily responsible for sputtering. In this thesis, the thermal

spike was clearly identified as the dominant mechanism. The majority of atoms
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ejected from the target and ultimately escaping the upper boundary condition

were launched within the first 0.5 ps, a time frame preceding the onset of the

collision cascade.

The significance of the current study is manyfold. The principal analysis carried

out for each material gives detailed insight into the physical phenomena taking

place, and a rich set of output data was generated, from which the quantities

of interest were postprocessed. The de-facto standard code for sputtering and

stopping simulations of ions is TRIM–2013. It has the benefit of requiring low

computational resources, but, as could be seen in the results section, for highly

lattice dependend materials such as graphite, the yield and penetration results

deviated by more then multiple hundreds of percent, revealing the requirement of

a more sophisticated numerical approach to resolve this issue, which was one of

the objectives of the present study. Furthermore, as could be seen for the case of

quartz and silicon carbide, experimental data may not always be at hand, especially

when developing new compounds. In fact, another benefit from utilizing the TTM–

MD framework implemented in this thesis is of financial and of practical nature.

Devising, setting up, carrying out, measuring, and postprocessing of experiments

is a costly and time-consuming activity, in particular of complex problems such as

sputter yield measurements. Though TTM–MD can of course not entirely replace

experiments in this area, it can be a strong supportive tool for understanding,

designing, improving, and virtually testing materials of interest under arbitrary

impact conditions, given that a validated interatomic potential is employed and

the electronic properties of the material are known.

A typical use-case of the TTM–MD framework is the generation of datasets

of angle-energy based impact yields for new or optimized material compounds in

EP thrusters subjected to ion irradiation. Nowadays, it is possible to accurately

model the plasma wall interactions in thrusters in 3D using PIC-DSMC, from which

time-averaged surface impact properties can be obtained (see Figure 3.1). Using

the TTM–MD produced datasets may be employed to erode virtually the thruster’s

walls and predict erosion and thus the lifetime of the thruster when closing this loop

back to the PIC-DSMC simulations mentioned before. To give another example for

a use-case, consider a fusion reactor with a sophisticated surface compound in order

to withstand the extreme heat from the fusion plasma. These walls experience fast

particle irradiation during the fusion process and therefore erode over time, making

TTM–MD an attractive tool to help understand the particle-wall interaction and how

the particle implantation might affect the physical properties of the chamber walls.

It should be noted that the methods and models used in this thesis are far

from perfect and still require a tremendous amount of input data. In particular,



5. Conclusion 103

users must be aware of choosing an appropriate interatomic potential, find the

electron temperature dependent electronic properties in the literature and correctly

convert them into the units that most MD codes use. The statistical nature of MD

makes multiple runs indispendable, from which mean values for each scenario can be

derived, in this case the yield and penetration depth. The community of both MD and

TTM simulation is very vibrant and teams of researchers around the globe work hard

on improving these techniques and their coupling, hence the present study can by no

means be considered “finished work”. Further validation loops of other materials is

necessary as well as more runs per case to reduce the size of the errorbars presented

in the parameter study sections. Still, a building block for bridging the gap between

theoretical physics and practical engineering could be laid down, allowing future

research in the area of irradiation problems to benefit from this thesis.
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A.1 LAMMPS input files

Listing A.1 LAMMPS input file for equilibriation.

1 # This LAMMPS input script simulates:

2 #

3 # Equilibriation of a titanium sample

4 #

5 # ------------------------------

6 #

7 # Written by

8 # Maximilian Maigler

9

10 # ---------- Units and boundary conditions ----------

11 units metal

12 boundary p p p

13 atom_style atomic

14

15 # ---------- I/O ----------

16 variable t_heat equal 20
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17 variable t_melt equal 10

18 variable t_cool equal 1000

19 variable t_relax equal 20

20 variable t_nve equal 20

21 variable thermofreq equal 500

22 variable dump_freq equal 500

23

24 # ---------- Temperature definitions ----------

25 variable T_m equal 2000

26 variable T_init equal 1

27 variable T_melt equal 1.2*${T_m}

28 variable T_fin equal 350

29 variable p equal 1 # bar

30

31 # ---------- Physical properties ----------

32 variable a equal 3.15 # Lattice constant

33 variable RMSD equal 0.1

34

35 # ---------- Total extent of atom regions ----------

36 # TTM atoms

37 variable Nx equal 15

38 variable Ny equal ${Nx}

39 variable Nz equal ${Nx}

40

41 # Correction factors in y and z due to hcp lattice

42 variable ycorr equal 1.115

43 variable zcorr equal 1.255

44 variable Nx_hcp equal 2*${Nx}

45 variable Ny_hcp equal ${ycorr }*${Ny}

46 variable Nz_hcp equal 2*${zcorr }*${Nz}

47

48 # ---------- Thermostat related ----------

49 variable dt equal 0.001

50 variable Np_damp equal 1000

51 variable NT_damp equal 200

52 variable p_damp equal ${dt}*${Np_damp}

53 variable T_damp equal ${dt}*${NT_damp}

54

55 # ---------- Calculations ----------

56 variable Nt_heat equal floor(${t_heat }/${dt})

57 variable Nt_melt equal floor(${t_melt }/${dt})

58 variable Nt_cool equal floor(${t_cool }/${dt})

59 variable Nt_relax equal floor(${t_relax }/${dt})

60 variable Nt_nve equal floor(${t_nve }/${dt})

61
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62 # ---------- Regions ----------

63 lattice custom 2.93093 a1 0.5 -0.866025 0 a2 0.5

0.866025 0 a3 0 0 1.596 basis 0.333333 0.666666 0.25 basis

0.666666 0.333333 0.75

64 region domain block -${Nx_hcp} ${Nx_hcp} -${Ny_hcp} ${

Ny_hcp} -${Nz_hcp} 0 units lattice

65 create_box 1 domain

66

67 # ---------- Define atoms ----------

68 create_atoms 1 region domain

69 mass 1 47.867 # Ti

70

71 # ---------- Potential ----------

72 pair_style meam/sw/spline

73 pair_coeff * * ../ potentials/Hennig2008/Ti.meam.sw.spline

Ti

74

75 # ---------- Neighbor settings ----------

76 neighbor 2.0 bin

77 neigh_modify every 1 delay 0 check yes

78

79 # ---------- Define PTM settings (default structures , RMSD

threshold of 0.1) -------------------

80 compute ptm all ptm/atom default ${RMSD} all

81 dump dump_all all vtk ${dump_freq} res/dumps/base_ *.

vtu id type x y z vx vy vz c_ptm [1] type

82

83 thermo ${thermofreq}

84

85 # ---------- Minimization ----------

86 # fix 1 all box/relax aniso 0

87 minimize 0 0 1000 1000

88

89 # ------ Initialize temperature and force ------

90 velocity all create ${T_init} 123456 rot yes mom yes dist

gaussian

91

92

93 # reset_timestep 0

94 timestep ${dt}

95

96 # ------ 1. Heat to melting temperature ------

97 fix 1 all npt temp ${T_init} ${T_melt} ${T_damp} iso

${p} ${p} ${p_damp}

98 run ${Nt_heat}
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99 # ------ 2. Keep molten ------

100 unfix 1

101 fix 1 all nve

102 run ${Nt_nve}

103 unfix 1

104 fix 1 all npt temp ${T_melt} ${T_melt} ${T_damp} iso

${p} ${p} ${p_damp}

105 run ${Nt_melt}

106 unfix 1

107 fix 1 all nve

108 run ${Nt_nve}

109 # ------ 3. Cool to final temperature ------

110 unfix 1

111 fix 1 all npt temp ${T_melt} ${T_fin} ${T_damp} iso $

{p} ${p} ${p_damp}

112 run ${Nt_cool}

113 unfix 1

114 fix 1 all nve

115 run ${Nt_nve}

116 # ------ 4. Keep at final temperature ------

117 unfix 1

118 fix 1 all npt temp ${T_fin} ${T_fin} ${T_damp} iso ${

p} ${p} ${p_damp}

119 run ${Nt_relax}

120 unfix 1

121 fix 1 all nve

122 run ${Nt_nve}

123

124 # ------ Unfix everything ------

125 unfix 1

126

127 write_data restart.base.data.Ti
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Listing A.2 LAMMPS input file for two-temperature molecular-dynamics of
xenon impact onto equilibriated target. Normal incidence and
1.4 keV impact energy

1 # This LAMMPS input script simulates:

2 #

3 # Impact of Xe onto a equil. Ti sample

4 #

5 # ------------------------------

6 #

7 # Written by

8 # Maximilian Maigler

9

10 # ---------- Units and boundary conditions ----------

11 units metal

12 boundary p p p

13 atom_style atomic

14

15 # ---------- Read restart ----------

16 read_data ../ base/restart.base.data.Ti

17

18 # ---------- Include base and ttm case variables ----------

19 include ../ base/in.vars

20

21 # ---------- Domain dimensions ----------

22 variable domain_zlo_multi equal 0.1

23 variable domain_zhi_multi equal 0.2

24

25 lattice custom 2.93093 a1 0.5 -0.866025 0 a2 0.5

0.866025 0 a3 0 0 1.596 basis 0.333333 0.666666 0.25 basis

0.666666 0.333333 0.75

26

27 # ---------- Prepare regions ----------

28 # TTM thermostat (NVE)

29 variable ttm_multi equal 0.75

30 variable Nxt equal ${Nx_hcp }*${ttm_multi}

31 variable Nyt equal ${Ny_hcp }*${ttm_multi}

32 variable Nzt_lo equal ${Nz_hcp }*${ttm_multi}

33 variable Nzt_hi equal 1.1*${Nz_hcp}

34 region ttm_region block -${Nxt} ${Nxt} -${Nyt} ${Nyt} -

${Nzt_lo} ${Nzt_hi} units lattice

35 # Penultimate thermostat (reflectionless pressure -absorbing)

36 variable penu_multi equal 0.2

37 variable Nxp equal ${Nx_hcp }*${penu_multi }+${Nxt}

38 variable Nyp equal ${Ny_hcp }*${penu_multi }+${Nyt}

39 variable Nzp_lo equal ${Nz_hcp }*${penu_multi }+${Nzt_lo}
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40 variable Nzp_hi equal 1.1*${Nz_hcp}

41 region penu_region block -${Nxp} ${Nxp} -${Nyp} ${Nyp}

-${Nzp_lo} ${Nzp_hi} units lattice

42 # Output region

43 variable out_multi equal 0.4

44 variable Nyo equal ${Ny_hcp }*${out_multi}

45 variable Nzo_lo equal ${Nz_hcp }*${out_multi}

46 variable Nzo_hi equal 1.1*${Nz_hcp}

47 region out_region block -${Nxt} ${Nxt} -${Nyo} ${Nyo} -

${Nzo_lo} ${Nzo_hi} units lattice

48

49 # ---------- Non reflective group temperatures ----------

50 group Temp_ghost equal 350

51 group Temp_penu equal 350

52

53 # ---------- Prepare Groups ----------

54 group ttm_group region ttm_region

55 group penu_group_tmp region penu_region

56 group ghost_group subtract all penu_group_tmp

57 group penu_group subtract all ttm_group

ghost_group

58 group out_group region out_region

59

60 # ---------- Grid cells ----------

61 variable Nxgrid equal 25

62 variable Nygrid equal ${Nxgrid}

63 variable Nzgrid equal floor (1.1*${Nxgrid })

64

65 # ---------- Initial velocity ----------

66 variable ux_SI equal 0.0

67 variable uy_SI equal 0.0

68 variable uz_SI equal 45400

69 variable ux equal ${ux_SI }*1e-2

70 variable uy equal ${uy_SI }*1e-2

71 variable uz equal -${uz_SI }*1e-2

72

73 # ---------- Define Xe atom ----------

74 create_atoms 2 single 0 0.0 2.0 units box

75 group xe_group type 2

76 group ttm_all union ttm_group xe_group

77

78 # ---------- Potential ----------

79 pair_style hybrid/overlay meam/sw/spline zbl 0.2 1.333

80 pair_coeff * * meam/sw/spline ../ potentials/Hennig2008/Ti.

meam.sw.spline Ti Ti
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81 pair_coeff 1 1 zbl 22.0 22.0

82 pair_coeff 1 2 zbl 22.0 54.0

83

84 # ---------- Neighbor settings ----------

85 neighbor 2.0 bin

86 neigh_modify every 1 delay 0 check yes

87

88 # ---------- Initialize PKA and freeze ghost atoms ----------

89 velocity xe_group set ${ux} ${uy} ${uz} sum no units

box

90 #velocity ghost_group zero linear

91 #velocity ghost_group zero angular

92

93 # ---------- Thermostats ----------

94 fix 1 ghost_group nvt temp ${Temp_ghost} ${

Temp_ghost} 0.05

95 fix 2 penu_group nvt temp ${Temp_penu} ${Temp_penu}

0.05

96 fix 3 ttm_group nve

97 fix 4 xe_group nve

98 fix 5 ttm_all ttm/mod 342785 ttmInputFile.txt &

99 ${Nxgrid} ${Nygrid} ${Nzgrid} set 350 outfile

100 res/Te/Te.out

100

101 # ---------- Calculate averages -------------------

102 fix ave all ave/grid 1 10 10 ${Nxgrid} ${Nygrid} ${

Nzgrid} temp vx vy vz

103

104 # ---------- Computes -------------------

105 compute ptm all ptm/atom default 0.1 all

106 compute cmpgrid all property/grid ${Nxgrid} ${Nygrid}

${Nzgrid} xc yc zc

107 compute outTemp out_group temp

108 compute ttmTemp ttm_group temp

109 compute penuTemp penu_group temp

110 compute ghostTemp ghost_group temp

111

112 # ---------- Export pos , vel and forces -------------

113 dump dmpxe xe_group vtk 10 res/dumps/Xe_*.vtp

id type x y z vx vy vz type id

114 dump dmpttm out_group vtk 10 res/dumps/out_*.vtk

id type x y z vx vy vz type c_ptm [1] id

115 dump dmpGridTemp all grid/vtk 10 res/dumps/grid_Temp_

*.vtr f_ave:grid:data [1]

116 dump dmpGridVel all grid/vtk 10 res/dumps/grid_Vel_
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*.vtr f_ave:grid:data [2] f_ave:grid:data [3] f_ave:grid:

data [4]

117

118 # ---------- Run -------------

119 timestep 0.0002

120 thermo_style custom step ${step}*${timestep} c_outTemp [0]

c_ttmTemp [0] c_penuTemp [0] c_ghostTemp [0]

121 thermo 10

122 run 10000

A.2 Data availability statement

The entire set of input files and generated raw data are available upon reasonable re-

quest.
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