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The wall was built of jasper, while the city was pure gold, like clear glass. The foundations of the 

wall of the city were adorned with every kind of jewel. The first was jasper, the second sapphire, 

the third agate, the fourth emerald, the fifth onyx, the sixth carnelian, the seventh chrysolite, the 

eighth beryl, the ninth topaz, the tenth chrysoprase, the eleventh jacinth, the twelfth amethyst. 

And the twelve gates were twelve pearls, each of the gates made of a single pearl, and the street 

of the city was pure gold, like transparent glass. Rev. 21:18-21
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Abstract 

Niobium is the current industry standard for modern superconducting radiofrequency 

cavities in particle accelerators, but technology has pushed these cavities to niobium’s fundamental 

limits. Future progress rests on improved growth procedures for existing materials and the 

development of new materials, and a complete, detailed, atomic-scale characterization of the 

niobium surfaces used in accelerators is a prerequisite for this progress. Towards this end, this 

thesis contains a set of experiments that employ helium atom scattering to describe the (3 × 1)-O 

reconstruction of the Nb(100) surface. 

Elastic helium diffraction from the (3 × 1)-O Nb(100) surface is used to characterize the 

structure of the surface over a wide range of high temperatures. High-resolution helium diffraction 

and line-shape analysis, confirmed by Auger electron spectroscopy, reveal that the (3 × 1)-O 

reconstruction is stable up to at least 1130 K. The atomic-scale surface structure, composition, and 

coherence do not change up to this temperature, which exceeds the temperature at which niobium 

is held during typical tin nucleation procedures. 

Inelastic helium time-of-flight measurements are used to map out the phonon band 

structure of the Nb(100) oxide and determine the nature of the surface’s vibrational dynamics and 

force constants. Density-functional theory calculations correspond with measured phonon 

dispersions and elucidate the atomic displacement patterns for each measured phonon resonance. 

The difference between the calculated bare and oxidized Nb(100) surfaces show that the oxide 

disperses electron-phonon coupling strengths to higher energies and significantly increases force 

constants at the surface, potentially affecting surface superconductivity and superconducting 

radiofrequency cavity behavior. 
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Chapter 1 

Introduction 

 Surface science, the study of the interface of two phases, has led to the revolution of many 

day-to-day life processes. For example, semiconductor and biomedical devices, fuels, 

heterogeneous catalysis technology, and adhesives all owe their development to a molecular-level 

understanding of surfaces.1 The atomic and electronic structures at a surface differ significantly 

from bulk: symmetry is broken and each atom on the surface has fewer nearest neighbors than a 

corresponding atom in the bulk of the material.2 This leads to higher chemical reactivities, opening 

the door for the development of new materials and new uses for old materials.1 Technological 

advances, however, come about through a foundation of information that at first can seem to be 

“in the weeds” of fundamental physics. While building technology and improving lives is one goal 

of science, the pursuit of knowledge for the sake of knowledge itself is a worthy endeavor. The 

two go hand-in-hand: many major advances have come through a scientist’s curiosity about the 

intricate workings of the physical world. Describing the basic structure of a crystalline surface 

both paves the way for future practical discoveries and deepens our understanding of nature. 

One of the most successful methods of analyzing a solid surface involves the vacuum-solid 

interface: by isolating a surface in vacuum, techniques can be used to probe directly the surface’s 

chemical composition, structure, and dynamics. The vacuum allows electrons, X-rays, or other 

particles to travel to, interact with, and leave a clean surface without interference from ambient 

gas molecules.3 Many important techniques have been developed that take advantage of this 

interface, including low-energy electron diffraction (LEED), Auger electron spectroscopy (AES), 

scanning tunneling microscopy (STM), and atomic force microscopy (AFM). One such technique, 
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supersonic atomic and molecular beam scattering, originated with crossed-beam experiments.3 

Many gas-phase reactions were characterized successfully through the interaction of multiple 

supersonic beams, and this led to improvements in supersonic beam technology. Directing beams 

at solid surfaces introduced a new surface-sensitive technique: while other probes, such as 

neutrons, electrons, and X-rays, have similar velocity profiles and can be used to study crystal 

lattices, helium atoms are neutral and reflect off the electron density above the surface.2 Helium 

atom scattering (HAS) is reproducible, non-destructive, strictly surface sensitive, and adjustable—

beam energy can be controlled simply through nozzle temperature.4 

This thesis uses HAS to understand and characterize a niobium oxide. As the current 

material of choice for superconducting radiofrequency (SRF) cavities in particle accelerators, 

niobium has pushed accelerator technology to higher efficiencies and higher fields.5 Accelerators 

are used in a wide range of applications, from high-energy particle physics to medical imaging 

devices.6 Future progress in SRF technology rests on the development of new materials and cavity 

treatment processes, which requires an in-depth, atomic-scale characterization of niobium and 

niobium oxide. Helium scattering provides a unique method by which the niobium oxide surface 

can be explored over a wide range of temperatures. 

Chapter 2 details the theory and experimental capabilities needed for HAS. A brief 

introduction to crystal theory, surface phonons, and atomic beam scattering is given. The vacuum 

instrument used for the succeeding experiments is described in detail, as well as data analysis 

techniques, crystal preparation procedures, and typical experimental parameters. 

Once He scattering is understood and defined, it can be used to address technologically 

relevant surface science questions. In Chapter 3, the adaptability of HAS is used to characterize 

the (3 × 1)-O reconstruction of the Nb(100) surface at high temperatures. While some surface 
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science techniques, such as STM, are unable to measure surface structures at high temperatures 

due to atomic movements, elastic He scattering can be used over a wide range of surface 

temperatures. Here it is found that the (3 × 1)-O Nb(100) surface is stable up to temperatures of at 

least 1130 K. One promising candidate to replace Nb in particle accelerators is Nb3Sn; current 

fabrication processes include Sn deposition on Nb, with nucleation occurring at surface 

temperatures within the range measured here.7 A thorough understanding of the Sn alloying 

process starts with a thorough understanding of the Nb oxide surface, and the stability of the  

(3 × 1)-O Nb(100) surface up to temperatures of at least 1130 K carries implications for Nb SRF 

cavities. 

The surface sensitivity of He scattering gives it a unique ability to probe surface phonons: 

the de Broglie wavelength of a typical He beam is on the same order of magnitude as crystal lattice 

constants, and beam energies are similar to surface phonon energies.8 Chapter 4 continues the 

characterization of the (3 × 1)-O Nb(100) surface, but with inelastic scattering measurements that 

are verified by density-functional theory (DFT). The surface Brillouin zone is mapped out with 

inelastic HAS and compared with DFT calculations of both the bare Nb(100) surface and the 

(3 × 1)-O Nb(100) surface. Results show the importance of the oxide to surface dynamics and 

bonding, highlighting the need for role of the oxide to be included in any study of Nb SRF cavities. 
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Chapter 2 

Theoretical Background and Experimental Methods 

Helium atom scattering (HAS) uses fundamental surface science, scattering theory, and 

ultra-high vacuum (UHV) techniques to study and characterize surface structure and dynamics. 

This chapter contains a review of these essential concepts, a detailed description of the scattering 

apparatus used for the succeeding experiments, and an explanation of data analysis techniques. 

The review begins with crystalline surfaces and phonons before tracing the progression from basic 

crystal theory to HAS measurement techniques. Next the UHV instrument, with its three primary 

regions—beamline, scattering chamber, and rotatable detector—is explained in detail and 

connected to the scattering theory it demonstrates. Lastly, the equations necessary for interpreting 

HAS data are explained. 

 

2.1 Crystals, Surfaces, and Phonons 

  An ideal crystal lattice can be described by a unit cell that is repeated and stacked to fill a 

three-dimensional space. From a defined origin, each point 𝑟 in the crystal is the same as the point 

𝑟′,9 

 𝑟′ = 𝑟 + 𝑛1 ∙ 𝑎⃗ + 𝑛2 ∙ 𝑏⃗⃗ + 𝑛3 ∙ 𝑐, (2.1) 

where 𝑛1, 𝑛2, and 𝑛3 are integers and (𝑎⃗, 𝑏⃗⃗, 𝑐) are the unit cell vectors. An ideal surface is made 

by taking a planar cut through the crystal and is denoted by the Miller indices of that bulk plane. 

The surface can be described by only two unit cell vectors: 

 𝑟′ = 𝑟 + 𝑛1 ∙ 𝑎⃗ + 𝑛2 ∙ 𝑏⃗⃗. (2.2) 
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While many different crystal and surface configurations exist, this thesis will focus on the body-

centered cubic (BCC) structure seen in Nb and, more specifically, on the Nb(100) surface. Here, 

|𝑎⃗| = |𝑏⃗⃗| and the angle between the two vectors is 𝛾 = 90°.9 

 To understand diffraction experiments, it is useful to convert a lattice into reciprocal space. 

The two-dimensional reciprocal surface lattice vectors, 𝑎⃗∗ and 𝑏⃗⃗∗, can be defined in terms of the 

real-space vectors 𝑎⃗ and 𝑏⃗⃗ by10 

 𝑎⃗∗ = 2𝜋
𝑏⃗⃗×𝑛⃗⃗

𝑎⃗⃗∙(𝑏⃗⃗×𝑛⃗⃗)
,  𝑏⃗⃗∗ = 2𝜋

𝑛⃗⃗×𝑎⃗⃗

𝑎⃗⃗∙(𝑏⃗⃗×𝑛⃗⃗)
, (2.3) 

where 𝑛⃗⃗ is the surface-normal unit vector. Any point in the reciprocal lattice, then, can be obtained 

through the translation vector 

 𝐺⃗ℎ𝑘  = ℎ𝑎⃗∗ + 𝑘𝑏⃗⃗∗, (2.4) 

where ℎ and 𝑘 are integers known as Miller indices.9 As will be seen with HAS, diffraction peaks 

are designated by Miller indices, as are crystallographic faces, e.g. Nb(100).9 

 An important region in reciprocal space is the Brillouin zone (BZ). The first BZ can be 

constructed by drawing lines from a reciprocal lattice point that is defined arbitrarily as the origin, 

(00), to the nearest neighboring reciprocal lattice points. Perpendicular lines drawn at the 

midpoints of each of these lines form an enclosed area: the smallest area that contains the origin is 

the first BZ.10 All lattice vibrations or diffraction peaks from a surface can be linked to an 

analogous vibration or peak within the first surface Brillouin zone (SBZ).9,11 By convention, the 

center of the first SBZ is labeled as Γ̅, with other high symmetry points labeled as X̅, M̅, etc. Bulk 

BZ edges are labeled in a similar manner, but without bars.2 

The simplest description of a crystal vibration, or phonon, starts with a one-dimensional 

chain of atoms of mass 𝑀 separated by the lattice spacing 𝑎, as seen in Figure 2.1. Assuming the  
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Figure 2.1: Representation of a one-dimensional chain of atoms of mass 𝑀 connected by springs 

with force constants 𝐶. 

 

force between any two adjacent atoms can be described as a spring with force constant 𝐶, the force, 

𝐹𝑠, acting on atom 𝑠 can be written in terms of the displacements, 𝑢:9 

 𝐹𝑠 = 𝐶(𝑢𝑠+1 − 𝑢𝑠) + 𝐶(𝑢𝑠−1 − 𝑢𝑠). (2.5) 

As described in solid state physics textbooks, the solution to the time-dependent equation of 

motion for the atomic displacements is a traveling wave. The dispersion relation, showing how the 

frequency of the wave, 𝜔, behaves as a function of the wavevector, 𝐾, is9,11 

 𝜔 = (
4𝐶

𝑀
)

1

2
|sin

1

2
𝐾𝑎|. (2.6) 

 For three-dimensional crystals with multiple atoms per unit cell, the dispersion relation 

becomes much more complicated, with multiple solutions available for 𝜔. Each solution becomes 

a branch within the phonon dispersion plot of phonon energy vs. phonon wavevector, 𝑞⃗ =

(𝑞𝑥, 𝑞𝑦, 𝑞𝑧). In general, at each value of 𝑞⃗ there are 3𝑛 branches for a crystal with 𝑛 atoms per unit 

cell.11 Three branches are acoustic, with the atoms moving coherently, while the remaining 

3𝑛 − 3 branches are optical, with each atom moving out-of-phase with its neighbor.11 Acoustic 

phonons can be categorized further into longitudinal (L) phonons, where atomic displacement is 

along the direction of wave propagation, and transverse (T) phonons, where atomic displacement 

is perpendicular to the direction of wave propagation. 

 When a crystal is cut along a symmetry axis to form a surface, the termination of the bulk 

at the surface perturbs the system. The phonons at the surface can be divided into two types: bulk 
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phonons that are projected onto the two-dimensional surface, and surface-localized phonons that 

are created by the perturbation.2 

First, consider the bulk phonons projected onto the surface. Within a three-dimensional 

crystal, discrete phonons in a dispersion plot are identified by their three-dimensional wavevector, 

𝑞⃗. Once a surface is formed, these phonons are projected onto two dimensions, with two-

dimensional wavevector 𝑄⃗⃗ = (𝑞𝑥, 𝑞𝑦). Each wavevector parallel to the surface, 𝑄⃗⃗, is associated 

with many wavevectors normal to the surface, 𝑞𝑧, where 𝑞⃗ = (𝑄⃗⃗, 𝑞𝑧). Each bulk phonon branch 

creates as many phonon branches on the two-dimensional surface as there are possible values of 

𝑞𝑧; for a theoretical calculation using the slab method where the slab has 𝑁 layers, there are 𝑁 

values of 𝑞𝑧. Similar to how a three-dimensional sphere projected onto a two-dimensional plane 

becomes a circle, the three-dimensional bulk phonons projected onto a two-dimensional surface 

collapse and form a band. For a crystal with 𝑛 atoms per unit cell, there are 3𝑛 degrees of freedom 

and 3𝑛 surface-projected bands in the two-dimensional phonon dispersion spectrum. Using the 

slab method, this creates 𝜈 = 3𝑛𝑁 total modes in the two-dimensional representation for each 

value of 𝑄⃗⃗.2 𝜈 increases as the number of layers in the slab increases, making the surface-projected 

bulk bands denser. The frequency distribution for all bands is known as the 𝑄⃗⃗-selected phonon 

density of states (DOS). 

Second, consider the phonons localized on the surface. When a surface is formed, a layer 

of bonds is broken, modifying the force constant matrix. In 1896, Lord Rayleigh proposed a 

theorem saying that a surface-localized perturbation would generate surface-localized phonon 

modes.2 These modes separate from the surface-projected bulk band; typically, they can be found 

below the bulk band. The lowest energy acoustic mode is named the Rayleigh wave. 
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These surface modes can be acoustic or optical, and their displacement amplitudes decay 

exponentially to zero with increasing distance from the surface. Each mode can be categorized by 

the direction of its displacement. As mentioned before, acoustic phonons can be either longitudinal 

(L) or transverse (T). At the surface, transverse phonons can be categorized further into either 

shear-vertical (SV), where polarization is out-of-plane, or shear-horizontal (SH), where 

polarization is in-plane. Rayleigh waves are elliptically polarized with a quasi-SV nature.2 

There also can be overlap between surface-localized modes and surface-projected bulk 

bands. When polarizations are not orthogonal to bulk modes this causes mixing, and when 

polarizations are orthogonal to bulk modes this causes pseudo-surface modes. Mixed modes have 

displacements that are large at the surface but do not decay to zero within the bulk of the crystal, 

while pseudo-surface modes are localized at the surface but can occur only along a symmetry axis.2 

 

2.2 Supersonic Helium Beams 

 The first He atom diffraction experiments were reported in 1930, when Estermann and 

Stern diffracted effusive He from LiF and NaCl surfaces.12 These experiments made at least two 

significant contributions to surface science. Coming directly on the heels of de Broglie’s 1929 

Nobel Prize in Physics for the wavelike nature of particles, Estermann’s and Stern’s He diffraction 

peaks confirmed that de Broglie was correct to extend his theory from electrons to all matter. 

Additionally, Estermann and Stern introduced a powerful new technique that could study surfaces 

without causing any damage, and indeed, without touching the surface at all. 

 He atom beams are low-energy, neutral, and chemically inert. Supersonic He beams 

typically range in energy from 10 meV (𝜆 ~ 1.4 Å) to 85 meV (𝜆 ~ 0.5 Å); these de Broglie 

wavelengths are within the order of magnitude of crystal lattice parameters, allowing He atoms to 
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characterize surface structure.8 He atoms in this energy range do not penetrate the surface electron 

density: the classical turning point is about 1–3 Å away from the centers of the surface atoms or 

molecules. This results in a probe that is similar to neutrons or X-rays, but that is highly surface-

sensitive and suitable for insulators, conductors, and semiconductors.8 The most effective He 

beams are supersonic. Supersonic beams are more intense and have much narrower velocity 

distributions (Δ𝑣/𝑣 ≤ 1%) than effusive sources, allowing for precise control over scattering 

kinematics and high-resolution determination of surface structure and dynamics.3 

 Generation of a supersonic He beam starts with a high-pressure source of gas that enters a 

vacuum through a nozzle of diameter 𝐷. If the mean free path of the atoms in the source is 𝜆0, a 

nozzle diameter of 𝐷 ≫ 𝜆0 ensures that the atoms collide with each other many times during the 

expansion process.13 With a high backing-pressure, 𝑃0, on the source side of the nozzle and a low 

background pressure, 𝑃𝑏, on the vacuum side of the nozzle, the resulting gas flow in the vacuum 

can be considered as an adiabatic, isentropic expansion. Since He is small and monoatomic, it acts 

as an ideal gas with a constant heat capacity ratio 𝛾 = 𝐶𝑝/𝐶𝑣, where 𝐶𝑝 and 𝐶𝑣 are the specific 

heat capacities at constant pressure and volume, respectively (𝛾 = 5/3 for He). An adiabatic 

expansion requires that the sum of the beam’s enthalpy and kinetic energy along a streamline is 

conserved, which limits the beam velocity (𝑣𝑚𝑎𝑥) and kinetic energy (𝐸𝐵) to3 

 𝑣𝑚𝑎𝑥 = √
2𝑘𝐵𝑇0

𝑚
(

𝛾

𝛾−1
) and 𝐸𝐵 = (

𝛾

𝛾−1
) 𝑘𝐵𝑇0, (2.7) 

where 𝑚 is the mass of a He atom, 𝑘𝐵 is Boltzmann’s constant, and 𝑇0 is the nozzle stagnation 

temperature. The Mach number, 𝑀, of an expansion is defined as the ratio of the average speed of 

the expanding gas, 𝑣, to the local speed of sound of the gas, 𝑣𝑏. Using properties of ideal gases 

and assuming an internal beam temperature of 𝑇, 𝑀 can be written as 
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 𝑀 =
𝑣

𝑣𝑏
= √

𝑚𝑣2

𝛾𝑘𝐵𝑇
. (2.8) 

As 𝑀 increases, 𝑇 decreases and narrows the internal velocity distribution. The atomic flow 

becomes supersonic when 𝑀 > 1; in terms of pressure, this requires that3 

 
𝑃0

𝑃𝑏
≥ [

1

2
(𝛾 + 1)]

𝛾

𝛾−1
. (2.9) 

The higher the Mach number, the higher the quality of the beam. Excellent supersonic He 

beams have Mach numbers of over 200, which requires a high collisional frequency in the nozzle 

before expansion into the vacuum chamber. The frequency of collisions is governed by the product 

𝑃0𝐷, while He beam flux leaving the nozzle is proportional to 𝑃0𝐷2.8 The sensitivity of beam flux 

to nozzle diameter requires that the vacuum chamber have high-throughput pumping. To maintain 

reasonable pumping speeds, high-quality beams use high source pressures and small nozzles 

(𝐷 ~ 15 μm), while low background pressures are achieved via differential pumping. 

After passing through the nozzle, the beam expands into vacuum until it reaches free 

molecular flow, where almost no collisions occur. A conical skimmer strategically placed in this 

region minimizes shock waves and collimates the beam into He atoms traveling with 

approximately the same translational energy. The energy of the beam is controlled by the beam’s 

nozzle temperature.3 

According to de Broglie’s theory, He atoms traveling with momentum 𝑝, mass 𝑚, velocity 

𝑣, and energy 𝐸 may be treated as a wave, with wavelength, 𝜆, 14 

 𝜆 =
ℎ

𝑝
=

ℎ

𝑚𝑣
=

ℎ

√2𝑚𝐸
, (2.10) 

where ℎ is Planck’s constant. The wavevector, 𝑘⃗⃗𝑖, of a beam is related to its wavelength via 𝑘𝑖 = 

2π/𝜆; using the beam energy after expansion given in Equation 2.7 with 𝑇𝑁 representing beam 
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temperature, the incident energy, 𝐸𝑖, and velocity, 𝑣, of a beam striking a surface can be expressed 

as: 

 𝐸𝑖 =
1

2
𝑚𝑣2 =

ℏ2

2𝑚
𝑘𝑖

2 =
5

2
𝑘𝐵𝑇𝑁; (2.11) 

 𝑣 = √
5𝑘𝐵𝑇𝑁

𝑚
. (2.12) 

 

2.3 Helium Atom Scattering 

 A He atom can scatter from a crystal in one of two ways: either it scatters elastically, where 

no energy is exchanged with the surface, or it scatters inelastically, where energy is exchanged 

with the surface. These two scattering processes create the two major categories of HAS 

experiments. Diffraction experiments use elastic scattering to characterize surface structure, while 

time-of-flight (TOF) experiments use inelastic scattering to characterize surface vibrations and 

dynamics. Both experimental techniques and the data analysis methods used for each are described 

below. 

 

2.3.1 Elastic Scattering and Diffraction Analysis 

 During an elastic scattering event, the incident and final energies of the He atom are equal: 

𝐸𝑖 = 𝐸𝑓. If the surface is crystalline with a periodic structure, the Laue equations dictate that the 

change in momentum between the final, 𝑘⃗⃗𝑓, and incident, 𝑘⃗⃗𝑖, beams must equal a reciprocal lattice 

vector, 𝑔⃗:8 

 Δ𝑘⃗⃗ = 𝑔⃗ ⇒ 𝑘⃗⃗𝑓 = 𝑘⃗⃗𝑖 + 𝑔⃗. (2.13) 

Usual convention puts the surface in the 𝑥– 𝑦 plane with surface normal along the 𝑧-axis. 
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Figure 2.2: Illustration of a He atom scattering elastically from the (3 × 1)-O Nb(100) surface. 

Scattering wavevector components are defined in (a); (b) shows the positions of measured 

diffraction peaks relative to specular (black) for forward (yellow) and backward (purple) 

scattering. 

 

Wavevector components parallel to the surface are labeled with capital letters, e.g. 𝑘⃗⃗𝑖 = (𝐾⃗⃗⃗𝑖, 𝑘𝑖𝑧). 

In-plane diffraction, where the He atom diffracts in the plane defined by the 𝑧-axis and the incident 

wavevector, is illustrated in Figure 2.2. The Laue equation for in-plane diffraction becomes:8 

 Δ𝐾⃗⃗⃗ = 𝐾⃗⃗⃗𝑓 − 𝐾⃗⃗⃗𝑖 = 𝐺⃗ℎ𝑘, (2.14) 

where 𝐺⃗ℎ𝑘 is the sum of reciprocal surface lattice vectors with Miller indices ℎ and 𝑘, as in 

Equation 2.4. Using the angles and wavevector components defined in Figure 2.2(a), the parallel 

momentum transfer Δ𝐾 can be written: 

 Δ𝐾 = 𝐾𝑓 − 𝐾𝑖 = 𝑘𝑖(sin 𝜃𝑓 − sin 𝜃𝑖) = 𝐺ℎ𝑘. (2.15) 

He diffraction peaks occur when this relation is satisfied, and peaks are labeled with the Miller 

indices corresponding to their respective reciprocal surface lattice vectors, (ℎ𝑘). Diffraction can 

occur on both angular sides of specular, as seen in Figure 2.2(b). Forward scattering occurs when 

𝜃𝑓 > 𝜃𝑖 and results in positive values of Δ𝐾; backward scattering occurs when 𝜃𝑓 < 𝜃𝑖 and results 
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in negative values of Δ𝐾. An illustration of the relative positions of measured He diffraction peaks 

is shown in the inset of Figure 2.2(b). 

 For the diffraction experiments described herein, a pre-collision chopper is set to a square-

wave pattern (50% duty cycle). Scattered signal is collected during the open channel while 

background signal is collected during the closed channel, and a triggering slot on the chopper sets 

a start time for the He beam. Using the known total flight path from the chopper to the post-

collisional detector, 𝐿𝐶𝐷, elastic travel time 𝑡0, and beam temperature 𝑇𝑁, Equations 2.11 and 2.12 

can be rearranged to determine the incident wavevector of a beam: 

 𝑘𝑖 =
𝑚𝐿𝐶𝐷

ℏ𝑡0
; (2.16) 

 𝑡0 = √
𝑚𝐿𝐶𝐷

2

5𝑘𝐵𝑇𝑁
. (2.17) 

 HAS is very sensitive to surface disorder, and indeed the specular peak, where 𝜃𝑖 = 𝜃𝑓, 

can be used to determine the average domain size of a particular crystal.15 The domain size 

broadening, Δ𝜃𝑤, is a convolution of the measured full-width-half-maximum (FWHM) of the 

specular peak, Δ𝜃𝑒𝑥𝑝, and the instrument function broadening, Δ𝜃𝑖𝑛𝑠𝑡: 

 Δ𝜃𝑤
2 = Δ𝜃𝑒𝑥𝑝

2 − Δ𝜃𝑖𝑛𝑠𝑡
2 . (2.18) 

The crystal’s coherence length, 𝑙𝑐, or average domain size, can be found through Δ𝜃𝑤 according 

to the relation15,16 

 𝑙𝑐 =
5.54

Δ𝜃𝑤𝑘𝑖 cos 𝜃𝑓
. (2.19) 

 

2.3.2 Inelastic Scattering and Time-of-Flight Analysis 

For an inelastic scattering event, the He atom exchanges energy with the surface. This 
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energy exchange occurs through the creation or annihilation of a phonon, and the conservation of 

energy becomes: 

 Δ𝐸 = 𝐸𝑓   − 𝐸𝑖 = ℏ𝜔, (2.20) 

where 𝐸𝑓 and 𝐸𝑖 are again the final and initial energies of the He atom, respectively, and ℏ𝜔 is 

the energy of a phonon with frequency 𝜔. By using Equation 2.11, this becomes 

 Δ𝐸 =
ℏ2

2𝑚
𝑘𝑓

2 −
ℏ2

2𝑚
𝑘𝑖

2 = ℏ𝜔. (2.21) 

For inelastic scattering, 𝑘𝑖 ≠ 𝑘𝑓, so the parallel momentum exchange in Equation 2.15 becomes: 

 Δ𝐾 = 𝐾𝑓 − 𝐾𝑖 = 𝑘𝑓 sin 𝜃𝑓 − 𝑘𝑖 sin 𝜃𝑖 = 𝐺ℎ𝑘 + 𝑄, (2.22) 

where 𝑄 is the wavevector for the phonon being created or annihilated. Combining Equations 2.21 

and 2.22 gives what is known as the scan curve,8 

 Δ𝐸 =
ℏ2

2𝑚
[

(𝑘𝑖 sin 𝜃𝑖+ΔK)2

sin2𝜃𝑓
− 𝑘𝑖

2], (2.23) 

which defines all possible observable phonon energies and exchanged parallel momentum for a 

given set of He scattering conditions. 

 Phonons can be characterized with TOF experiments, which are based on the simple 

definition of speed and measure scattered intensity per unit of flight time. The speed, 𝑣, of an atom 

is determined by the distance traveled, 𝐿, and the time the atom takes to travel that distance, 𝑡, 

while the atom’s kinetic energy, 𝐸, can be written in terms of its speed: 

 𝑣 =
𝐿

𝑡
 and 𝐸 =

1

2
𝑚𝑣2. (2.24) 

For a He atom scattering from a crystal, there are two different speeds to be considered. There is 

the speed of the atom before it hits the crystal and the speed of the atom after it hits the crystal. 

Timing is determined by a pre-collisional chopper. The chopper can be set either to a single-slit 

modulation mode (1% duty-cycle) or a pseudo-random cross-correlation mode (50% duty-cycle), 
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which allows for a much higher signal-to-noise ratio.17 The speed of the atom before scattering 

can be written in terms of the time, 𝑡𝐶𝑆, the atom takes to travel the distance 𝐿𝐶𝑆 from the chopper 

to the sample, while the speed of the atom after scattering can be written in terms of the time, 𝑡𝑆𝐷, 

the atom takes to travel the distance, 𝐿𝑆𝐷, from the sample to the detector. During a TOF 

experiment, the known variables are the distances and the total time taken to travel from the 

chopper to the detector: 𝑡𝐶𝐷 = 𝑡𝐶𝑆 + 𝑡𝑆𝐷. The measured arrival times of elastically and inelastically 

scattered He will differ because of differing sample-to-detector times, 𝑡𝑆𝐷. The total flight time of 

an elastically scattered atom, 𝑡0, can be used to determine the initial energy of an inelastically 

scattered atom and provides a method to determine the time it takes that inelastically scattered 

atom to travel from the sample to the detector: 

 𝑡𝑆𝐷 = 𝑡𝐶𝐷 −
𝐿𝐶𝑆

𝐿𝐶𝐷
𝑡0. (2.25) 

 The change in energy of an inelastically scattered atom, and hence the energy of the created 

or annihilated phonon, is found by using Equations 2.20, 2.24, and 2.25, where 𝑡𝑜𝑏𝑠 = 𝑡𝑆𝐷 for that 

atom. Since 𝑡𝐶𝑆 is the same for both the elastically and inelastically scattered atoms, the energy of 

the phonon is:18 

 ℏ𝜔 = Δ𝐸 = 𝐸𝑓 − 𝐸𝑖 =
1

2
(𝑣𝑓

2 − 𝑣𝑖
2) =

1

2
𝑚 [

𝐿𝑆𝐷
2

(𝑡𝑜𝑏𝑠−
𝐿𝐶𝑆
𝐿𝐶𝐷

𝑡0)
2 −

𝐿𝐶𝐷
2

𝑡0
2 ], (2.26) 

and the momentum of the phonon can be found using Equation 2.22, where 

 𝑘𝑓 =
𝑚𝐿𝑆𝐷

ℏ(𝑡𝑜𝑏𝑠− 
𝐿𝐶𝑆
𝐿𝐶𝐷

𝑡0)
. (2.27) 

TOF intensity is recorded as a function of time. Since the transformation from the time 

domain to the energy domain in Equation 2.26 is nonlinear, the relative amplitudes of inelastic 

peaks change significantly during the transformation, while the area under a given peak is kept 
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constant. The Jacobian of the transformation describes the intensity scaling of this nonlinear 

relationship. If the distribution of intensities measured by the TOF is 𝑓(𝑡𝑜𝑏𝑠) and the distribution 

as a function of energy exchange is 𝑓(Δ𝐸), then the number of detector particles, 𝑑𝑁—the area 

under the curve—is conserved, and18 

 𝑑𝑁 = 𝑓(𝑡𝑜𝑏𝑠)𝑑𝑡𝑜𝑏𝑠 = 𝑓(Δ𝐸)𝑑(Δ𝐸). (2.28) 

Since 

 𝑑𝑣 = −
𝐿𝑆𝐷

𝑡𝑜𝑏𝑠
2 𝑑𝑡𝑜𝑏𝑠, (2.29) 

then 

 𝑑(Δ𝐸) = 𝑚𝑣𝑑𝑣 = 𝑚
𝐿𝑆𝐷

2

𝑡𝑜𝑏𝑠
3 𝑑𝑡𝑜𝑏𝑠 (2.30) 

and the Jacobian becomes: 

 
𝑑𝑡𝑜𝑏𝑠

𝑑(Δ𝐸)
=

𝑡𝑜𝑏𝑠
3

𝑚𝐿𝑆𝐷
2 . (2.31) 

However, the detector used for this thesis is sensitive to number density, not particle flux. As will 

be seen, He atoms are ionized by electron bombardment before striking the detector. Since particles 

moving slowly have a greater ionization cross-section than particles moving quickly, ionization 

efficiency is inversely proportional to final particle velocity, 𝑣𝑓, and the corrected scaling factor 

can be found: 

 𝑓(Δ𝐸) =
𝑡𝑜𝑏𝑠

3

𝑚𝐿𝑆𝐷
2 𝑣𝑓𝑓(𝑡) = (

𝑡𝑜𝑏𝑠
2

𝑚𝐿𝑆𝐷
) 𝑓(𝑡𝑜𝑏𝑠). (2.32) 

 

2.4 Experimental Apparatus and Parameters 

 This section details the apparatus used for HAS experiments. After a brief overview of 

UHV conditions, the three main components of the HAS instrument are explained in detail: the  
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Figure 2.3: Schematic of the He atom scattering apparatus, with instrumentation used in this 

thesis identified. The collimating apertures are labeled in red. 

 

atomic beamline, the scattering chamber, and the rotatable detector. This is followed by a 

description of the crystal preparation method and experimental parameters used in the succeeding 

chapters. A schematic of the HAS instrument is shown in Figure 2.3. 

 

2.4.1 Ultra-High Vacuum  

 An instrument under UHV is a prerequisite for the He scattering experiments described in 

the following chapters. UHV, where the pressure is at or below 10-9 Torr, is necessary for two 

primary reasons. First, it greatly diminishes the number of collisions an atom experiences when  
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Degree of Vacuum 
Pressure 

(Torr) 

Gas Density 

(molecules/m3) 

Mean Free 

Path (m) 

Time/ML 

(s) 

Atmospheric 760 2 × 1025 7 × 10-8 10-9 

Low 1 3 × 1022 5 × 10-5 10-6 

Medium 10-3 3 × 1019 5 × 10-2 10-3 

High 10-6 3 × 1016 50 1 

Ultra-High 10-10 3 × 1012 5 × 105 104 

Table 2.1: Approximate pressure, gas density, mean free path, and time required to form a 

monolayer for each vacuum regime, spanning from atmospheric to ultra-high. 

 

traveling through a chamber, allowing a beam of atoms to reach a scattering target without being 

deflected by nearby gas-phase atoms. The mean free path of an atom, 𝜆, depends on the background 

pressure, 𝑃, temperature, 𝑇, and scattering cross section, 𝜎: 

 𝜆 =
𝑘𝐵𝑇

√2𝑃𝜎
. (2.33) 

An increase in gas temperature or a decrease in pressure will increase 𝜆: the lower the vacuum 

pressure, the fewer the number of atoms deflected either before or after scattering from the sample. 

In UHV, 𝜆 ~ 105 m. The second reason for UHV conditions during scattering experiments is 

surface cleanliness. Even in the cleanest vacuum chamber, there always will be trace contaminants 

that can adsorb to the scattering surface. HAS is extremely surface sensitive; any adsorbate will 

reduce scattered signal and impede experimental reproducibility. The rate at which a monolayer 

of adsorbates will form on a sample depends on the pressure. For pressures on the order of 10-10 

Torr, a monolayer will form in about 104 seconds. Table 2.1 shows the approximate gas densities, 

mean free paths, and times needed to form monolayers for a range of pressures. The experiments 

described in the following chapters were taken at elevated surface temperatures (𝑇𝑆 > 300 K). This 

caused the scattering chamber walls to heat up and release adhered gas molecules, which in turn 
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increased the background pressure of the chamber. To reduce this effect, the chamber was baked 

at ~370 K for multiple days before crystal preparation and scattering experiments. 

 

2.4.2 Atomic Beamline  

 The beamline is composed of three differentially pumped regions: the source region and 

the first and second differential stages. Ultra-high purity He gas is controlled by a single-stage gas 

regulator (Airgas, Y11-N198K), with backing pressures between 300–1200 psi. He enters the 

source region through 15 μm Mo circular pinhole (SPI) that sits at the end of a custom-built 

elkonite (Cu-W alloy) nozzle. The nozzle is wrapped around the second stage of a closed-cycle He 

refrigerator (Advanced Research Systems, DE-202A), which enables temperature control of the 

He beam. The temperature of the nozzle is measured by a Si diode (Lakeshore Cryotronics, DT-

470-SD-13-3S); a resistive ribbon heater (Advanced Research Systems, 36 Ω) wraps around the 

nozzle and is run by a PID controller (Lakeshore Cryotronics, Model 325). The entire nozzle 

manifold is wrapped in Mylar superinsulation to limit thermal loss due to radiative heating. The 

PID controller holds the nozzle within ±0.1 K of operating temperatures, 𝑇𝑁, between 50 K and 

400 K, which correspond to He beam energies, 𝐸𝑖, between 11 meV and 86 meV. The high backing 

pressures used for a supersonic beam create a very large atomic flux in the source chamber. This 

requires high pumping speeds and large throughputs, which is accomplished by an 8000 L/s 

diffusion oil pump (Varian, VHS-400) backed by a 750 m3/h roots blower (Pfeiffer, WKP 500AM) 

in series with a 70 m3/h rotary vane pump (Pfeiffer, Duo65MC). The source chamber has a base 

pressure of 1 × 10-7 Torr that increases to the order of 1 × 10-4 Torr when a He beam is flowing. 

The beam exits the source chamber and enters the first differential stage through a conical, 

Ni skimmer (Beam Dynamics, Model 2), which has a diameter of 0.5 mm and sits approximately 
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1 cm away from the end of the nozzle. The skimmer collimates the expanded beam by selecting 

only its centerline, and its position is optimized to minimize shock waves. The first differential 

stage is pumped by a 700 L/s diffusion oil pump (Edwards, Diffstak 160) backed by a 70 m3/h 

rotary vane pump (Pfeiffer, Duo65MC), and it houses a chopper wheel used to modulate the beam 

and start the timing for TOF measurements. The chopper is a 15 cm-diameter wheel mounted on 

a linear feedthrough (Huntington, VF-108), by which the wheel’s vertical position can be adjusted, 

modifying the point of intersection of the beam axis and the chopper. Three different modulation 

patterns can be used, each at a specific radius from the center of the chopper. A square-wave 

pattern (50% duty-cycle) is used for diffraction experiments, while TOF experiments use either 

the single-shot (1% duty-cycle) or cross-correlation (50% duty-cycle) patterns. Single-shot has 

four trigger slots per revolution and allows for high-resolution TOF measurements, while cross-

correlation has a pseudorandom, 511-bit pattern of openings that greatly increases signal-to-noise 

ratios of TOF measurements, while approximately halving the resolution compared to single-shot. 

The chopper is spun by a motor (Globe Motors, 75A1003-2) that is attached to the wheel with 

high-vacuum bearings (Barden Precision Bearings, SR4SSTA5). The motor is powered by AC 

voltage from a function generator (Stanford Research Systems, DS335) that is amplified by a 

stereo amplifier (Bogen, GS150), resulting in chopper wheel speeds of 7–200 Hz. TOF timing is 

initiated by a light pulse from an LED source that passes through triggering slots in the chopper 

and is sensed by a photon detector, after which it is converted into a TTL pulse and triggers the 

multichannel scaler (MCS) and successive counting electronics described in Section 2.4.4. 

The beam enters the second differential stage through the first collimating aperture of the 

instrument, labeled Aperture 1 in Figure 2.3—a complete list of aperture dimensions and 

placements are given in Table 2.2. This stage is pumped by a 135 L/s diffusion pump (Edwards,   
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Aperture Aperture Size Distance from Chopper 

Nozzle 15 m -13.81 cm 

Skimmer 0.5 mm -12.81 cm 

Chopper Variable 0 

Aperture 1 0.89 mm 2.66 cm 

Aperture 2 1.93 mm 22.35 cm 

Sample ~4 mm 49.96 cm 

Aperture 3 4.45 mm 76.88 cm 

Aperture 4 5.56 mm 95.88 cm 

Aperture 5 5.79 mm 103.36 cm 

Ionizer 

Entrance Plate 
6.35 mm 105.97 cm 

Filament N/A 107.01 cm 

Table 2.2: HAS instrument aperture sizes and distances from the chopper; aperture names 

correspond with labels in Figure 2.3. 

 

Diffstak 63) backed by the same rotary vane pump used for the first differential stage. After passing 

through all three beamline regions, the He beam finally enters the scattering chamber through a 

second aperture and a manual gate valve (Aperture 2 in Figure 2.3). The first two apertures 

collimate the incident beam to a 0.22° angular spread that results in an approximately 4 mm 

diameter beam spot size on the crystal. 

 

2.4.3 Scattering Chamber  

 The scattering chamber is a UHV bell jar with a differentially pumped, rotatable lid. The 

sample is mounted on a manipulator that rotates with the lid and can be positioned for low energy 

electron diffraction (LEED), Auger electron spectroscopy (AES) and crystal sputtering, or He 

scattering experiments. Vacuum conditions are maintained primarily by a 2400 L/s diffusion pump 
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(Varian, VHS-6) backed by a 24 m3/h rotary vane pump (Pfeiffer, Duo20M), with a 10 in right-

angle, pneumatic solenoid valve separating the vacuum chamber from these pumps. Above the 

diffusion oil pump and separating it from the right-angle valve is a baffle system cooled by a Freon 

refrigerator (Polycold, PCT-200). Additionally, there is a 60 L/s ion pump (Perkin-Elmer, 

2106035), within the bell jar on the high-vacuum side of the right-angle valve, that maintains 

vacuum conditions if the right-angle valve closes. The ion pump has filaments for titanium 

sublimation pumping to lower the base chamber pressure. The valve is interlocked with the 

scattering chamber pressure; diffusion pump temperature, waterline flow, and power; foreline 

pressure; and baffle temperature—the valve will close if any setpoint is tripped, protecting the 

chamber from potential exposure to the foreline or pump oil. The sample cooling system, discussed 

later, further improves vacuum conditions through cryopumping. 

 The lid of the bell jar rests on three concentric, MoS2-coated Teflon spring seals (St. 

Gobain) that form two separate pumping regions: the inner lid and the outer lid. The inner lid is 

closest to the bell jar and is pumped by a 10 L/s ion pump (Gamma, TiTan); the outer lid is pumped 

by a 12 m3/h rotary vane pump (Pfeiffer, Duo10M). After the chamber is vented, the inner lid first 

is brought to rough vacuum (~10-5 Torr) by a sorption pump before the ion pump is turned on. 

 The Nb(100) crystal, described later, is mounted on a six-axis manipulator (Vacuum 

Generators, HPT2) that precisely controls translation along the 𝑥-, 𝑦-, and 𝑧-axes, rotation in the 

polar (𝜃) and azimuthal (𝜙) directions, and tilt (𝜒) orientation. The manipulator is offset 5 cm from 

the center of the lid and, for a specific lid position, aligns with the geometric scattering center of 

the instrument. The crystal can be cooled to temperatures of ~230 K by a closed-cycle He 

refrigerator (Advanced Research Systems, DE-202P). The second stage of the refrigerator 

connects to an OFHC Cu bar, which is attached to a Cu braid with a sapphire/In joint. The braid 
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Figure 2.4: (a) Schematic of crystal mounting system viewed from the side; (b) head-on picture 

of Nb(100) crystal installed on the mount. 

 

connects to an OFHC Cu plate behind the crystal. In order to reach the extreme high temperatures 

needed to prepare Nb, a new heating and crystal mounting system was designed and built; it is 

illustrated in Figure 2.4(a) and shown in Figure 2.4(b). The crystal is mounted on a Mo plate with 

Mo clips and screws which originally were part of a commercial mount (Vacuum Generators). The 

Cu and Mo plates are attached to the manipulator via stainless-steel threaded rods that pass through 

alumina (Al2O3) bushings, for both thermal and electrical separation. The crystal is heated by an 

electron-beam (e-beam) system that uses a 1%-thoriated W filament, made from coiled 0.25 mm 

diameter wire fixed to threaded Mo rods with Mo nuts (Kimball Physics). These rods are run 

through the Cu plate and attached to Cu leads. Alumina bushings separate the rods from the Cu 

plate and allow one end of the filament to float electrically while the other end is grounded. 

Filament current is controlled with a 0–10 A power supply (BK Precision, 1687B) that is attached 

to a vacuum feedthrough that connects to the Cu leads. For an e-beam heating system to work, the 

crystal must be at a positive voltage relative to the filament, so electrons emitted from the filament 
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are drawn towards and strike the crystal. A hole was drilled through the Mo plate immediately 

behind the crystal, giving the filament line-of-sight access to the back of the crystal. 

The Mo plate is separated from the stainless-steel mounting rods by alumina bushings, 

which allow the plate and crystal to float electrically. A 0.5 mm, Cu-Mn-Ni alloy bias wire (Alfa 

Aesar) is attached to the bottom of the Mo plate with stainless-steel screws and nuts and runs to a 

BNC feedthrough in the bell jar lid, which connects to a 0–600 V power supply (Sorensen, XG 

600-1.4) and provides the necessary voltage difference between the filament and crystal. During 

experiments, the crystal temperature is monitored by a type-K thermocouple (Omega Engineering) 

attached to the bottom of the Mo plate, near the bias wire, with stainless-steel screws and nuts. The 

leads for the filament, bias wire, and thermocouple are threaded through alumina beads to insure 

physical and electrical separation. 

Since the Mo plate is floating electrically at 0–600 V from ground, the voltage difference 

across the thermocouple leads is converted first by a signal conditioner (Automation Direct, FC-

T1) before it is sent to a PID controller (Eurotherm, 2404). The temperature gradient between the 

center of the crystal and the thermocouple is moderate at crystal temperatures below ~700 K, but 

becomes extreme when the crystal is above 1400 K. The temperature of the thermocouple was 

calibrated to the crystal for temperatures at or below 1400 K by rotating the lid of the bell jar until 

the crystal was visible through a window, and then using a pyrometer (Advanced Energy, 

LumaSense IGA 140, MB25L, 350–2500°C) to compare the temperature of the crystal measured 

by the pyrometer to that measured by the thermocouple. During crystal preparation, when 

temperatures are above 1400 K, the temperature is monitored by the pyrometer and controlled by 

the crystal bias voltage, which is attached to the same Eurotherm PID controller and stable within 

±1–5 K, depending on the temperature used. In this configuration, the filament current is 
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controlled manually and varied between 0–6 A. During experiments, the crystal temperature is 

monitored by the calibrated thermocouple and controlled by the filament current attached to the 

Eurotherm controller, while the crystal bias is controlled manually and varied between 0–600 V. 

When controlled through the thermocouple, crystal temperatures are stable within ±1 K. A 

custom-made LabVIEWTM (National Instruments, LabVIEWTM 2015) software program is used 

to interface with the Eurotherm controller. 

Crystal preparation is made possible by traditional surface analysis equipment that is 

mounted in the bell jar and accessed by rotating the bell jar lid. Crystal structure and azimuthal 

orientation are confirmed by a reverse-view low-energy electron diffraction (LEED) using an 

integral electron gun (Princeton Research Instruments, RV-8-120). Surface quality and 

composition is analyzed by Auger electron spectroscopy (AES), with an offset electron gun (Phi, 

04-015) and a double-pass cylindrical mirror precision electron energy analyzer (Phi, 15-255). 

Crystal cleaning is facilitated by a sputter gun (Phi, 04-191) positioned near the AES analyzer, 

which sputters the crystal with ions when the chamber is back-filled with Ne gas through a UHV 

leak valve (Duniway, 9069). Chamber partial pressures are monitored with a residual gas analyzer 

(RGA) (Extrel, RGA300M). 

 During He scattering experiments, a He beam enters the scattering chamber from the 

beamline. It then reflects off the crystal and passes into the detector. The scattering chamber is 

separated from the detector by a custom-built UHV bellows and a hand-operated gate valve. 

Pressure is monitored by an ion gauge (Varian, UHV-24) and reaches base values of 3 × 10-10 Torr 

after the chamber has been baked. 
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2.4.4 Rotatable Detector  

 The He atom enters the first stage of the detector’s differential pumping through a 

collimating aperture (Aperture 3 in Figure 2.3). This region is connected to a 135 L/s diffusion oil 

pump (Edwards, Diffstak 63)—backed by a 12 m3/h rotary vane pump (Pfeiffer, Duo10M) 

common to the entire detector—by a pneumatic gate valve and liquid N2-filled baffle trapping 

system. Additionally, there is a UHV leak valve (Varian, 951-5106) installed in this region that is 

useful for calibration and troubleshooting the detector. After passing through Aperture 4 (Figure 

2.3), the scattered He atom enters the second stage of differential pumping, which houses the 

ionizer and Aperture 5 (Figure 2.3). This stage is pumped by a 200 L/s turbo pump (Pfeiffer, TPU-

170) backed by a 135 L/s diffusion oil pump (Edwards, Diffstak 63) and the rotary vane pump. 

The third stage of the detector contains the quadrupole and is pumped by a 280 L/s diffusion oil 

pump (Edwards, Diffstak 100) backed by the rotary vane pump, which is connected to the vacuum 

region by a pneumatic gate valve and liquid N2-filled trap. The gate valves in both the first and 

third stages of the detector are kept closed unless scattering experiments are in progress; when 

these valves are closed, vacuum is maintained by the turbo pump in the ionizer region. The base 

pressure of the detector after it has been baked, as measured by an ion gauge (Varian, UHV-24) in 

the ionizer region, reaches 1 × 10-10 Torr when both gate valves are open. 

The detection system consists of an axial ionizer (Extrel, 041-1), ion optics, a quadrupole 

mass spectrometer (QMS) rod assembly (Extrel, 7-324-9), and an off-axis channeltron electron 

multiplier (Photonis, 4816). He is ionized by electron bombardment from a hot, 0.005” diameter, 

1%-thoriated W filament with typical emission currents of 11 mA. Electrons are focused on the 

He beam path by a grid biased relative to the ionizer plate; typical settings for the grid and other 

optics, optimized for He ions, are listed in Table 2.3. He ions are extracted, accelerated, and  
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Detector Parameter Setting 

Ionizer 11 mA 

Ion Energy 57 V 

Electron Energy 191 V 

Extractor 12 V 

Lens 1 15 V 

Lens 2 16 V 

ELFS Plate 137 V 

Electron Multiplier 2900 V 

Table 2.3: Operating currents and voltages for the ionizer, ion optics, and QMS. 

 

focused into the quadrupole entrance by two electrostatic lenses. Radiofrequency and DC voltages 

are applied across the quadrupole rods—which filter incident atoms based on mass-to-charge 

ratios—by a power supply (Extrel, QPS50) that interfaces with LabVIEWTM software through a 

USB data acquisition (DAQ) device (National Instruments, USB-6001). The filtered He ions are 

detected by the electron multiplier, which converts the ions into pulses that are between 5–15 mV 

in height and approximately 5 ns wide. These pulses are sent through a 200× fast preamplifier 

(Ortec, VT120A) before traversing a cable to the counting electronics. The pulses then pass 

through an amplifier and discriminator (Phillips Scientific, 771 quad bipolar amplifier with six-

channel discriminator), which removes unwanted background signal and converts the raw pulses 

to NIM pulses that are 1.6 V tall and 50 ns wide. A custom-built multichannel scalar converts the 

NIM pulses to TTL and counts the TTL pulses; it is timed by a custom-built CAMAC. The 

CAMAC is triggered by the chopper and controlled by LabVIEWTM software through a GPIB 

interface (LeCroy 8901A). 
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 The entire detector sits on a turntable that rotates through a manual- or computer-controlled 

motor and gear assembly. The angular range of the detector is 38° and is decoupled from the polar 

angle of the sample manipulator: the detector can be scanned across a wide range of final scattering 

angles for each incident scattering angle. LabVIEWTM software is used to interface with the motor 

through an optical encoder and an up-down counter, and the detector rotates with 0.1° precision. 

The overall angular resolution of the instrument, from the chopper to the multiplier, is FWHM = 

0.45°, while the total flight path is approximately 1 m. 

 

 2.4.5 Crystal Preparation and Typical Experimental Parameters  

The 10 mm diameter, 2 mm thick Nb(100) crystal was purchased from Surface Preparation 

Laboratory (Netherlands, 99.99% purity, ~0.1 cut accuracy). As determined by AES, primary 

initial crystal contaminates were C, B, and S. To remove these contaminates, the crystal was 

repeatedly annealed at and flashed to ~1900 K, with 500 eV Ne+ used to sputter impurities from 

the surface (𝑃𝑁e ~ 5.5 × 10-5 Torr, 3 μA maximum emission). Cycles of annealing, flashing, and 

sputtering were conducted until the crystal could be annealed at 1800 K for at least 2 hours without 

impurities rising to the surface. Surface order was checked with LEED; an example LEED 

spectrum is shown in Figure 2.5. As will be reported in the next chapter, Nb(100) forms a (3 × 1)-

O superlattice structure, which is visible in the LEED spectrum along both directions due to 90°-

rotated domains. 

 Diffraction scans in Chapters 3 and 4 were obtained by sweeping the detector arm while 

keeping the incident angle and energy fixed. The detector was stopped every 0.2° for data 

collection, which typically lasted for 5 seconds at each angle. The square-wave chopping pattern 

resulted in open and closed (background) signal channels; diffraction scans display the summed  
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Figure 2.5: Example LEED spectrum of the (3 × 1)-O Nb(100) surface. 

 

intensity from the open channel with the background channel intensity subtracted out. The incident 

scattering angle, 𝜃𝑖, is the average of the detector angle, 𝜃𝑑𝑒𝑡, at specular and the instrument’s 

included angle, 𝜃𝑖𝑛𝑐, which depends on the lateral alignment of the detector (𝜃𝑖𝑛𝑐 = 54.3° for these 

experiments). The final angle, 𝜃𝑓, is determined through the relationship: 𝜃𝑓 = 𝜃𝑑𝑒𝑡 − 𝜃𝑖 + 𝜃𝑖𝑛𝑐. 

Each scan initially is recorded as a function of scattered intensity vs. 𝜃𝑑𝑒𝑡, which can be converted 

to scattered intensity vs. Δ𝐾 through Equation 2.15, where 𝑘𝑖 is determined by an elastic TOF 

spectrum and Equation 2.16. 

 TOF spectra were taken with either the single-shot or cross-correlation chopper modes. For 

single-shot experiments, the chopper wheel rotated at 200 Hz with 4 μs channel times, while for 

cross-correlation experiments, the chopper wheel rotated at approximately 196 Hz with 10 μs 

channel times. The length of each scan was dependent on the intensity levels seen at the given 

incident and final conditions. Typically, spectra were saved every 20–60 min and added until the 

desired signal-to-noise ratio was obtained. The arrival times of elastic peaks were used to 
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determine the incident beam energy. Inelastic peak times were converted to phonon energies and 

wavevectors through Equations 2.26-27. 
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Chapter 3 

Persistence of the Nb(100) Surface Oxide Reconstruction 

at Elevated Temperatures 

 Helium atom scattering and Auger electron spectroscopy (AES) are used to characterize 

the (3 × 1)-O reconstruction of the Nb(100) surface at elevated temperatures. Persistent helium 

diffraction peaks and specular lineshape analysis indicate that the oxide structure persists, 

apparently unchanged, until surface temperatures of at least 1130 K. In a complementary 

experiment, AES oxygen to niobium ratios for the Nb(100) oxide show little to no change when 

the surface temperature is varied from 300 K to 1150 K. These data inform future development of 

superconducting radio frequency (SRF) cavities. In particular, these findings demonstrate the 

important role that persistent niobium oxides will play in the optimization of thin film growth 

strategies and coating procedures for Nb3Sn and other next-generation SRF superconducting alloy 

materials. 

 

3.1 Introduction 

Niobium has become the material of choice for modern superconducting radio frequency 

(SRF) cavities in particle accelerators. Its low surface resistance (𝑅𝑆), high critical temperature 

(𝑇𝐶), and relatively high cavity quality (𝑄) factor at large fields all have contributed to its 

successful utilization in SRF cavities.7,19–21 In addition, pure Nb is relatively soft and ductile, which 

allows it to be formed and welded into the cavity geometries required to optimize 𝑄 factors and 

accelerating gradients.19 Extensive research has been performed on these cavities and enables them 

to operate close to the fundamental limits of Nb.5,7,21–25 Future progress, then, rests on the 
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development of new materials: one of the most promising options is Nb3Sn. Theoretical and 

experimental advances show that Nb3Sn cavities could yield higher 𝑄 factors with larger 

accelerating gradients at higher operational temperatures than traditional Nb cavities,26–31 

improving performance while also greatly reducing the cost of infrastructure and cryogens.  

Unlike Nb, there are substantial issues associated with making cavities from Nb3Sn.7 While 

its brittle nature and poor thermal conductivity prevent it from being fashioned into a cavity 

directly, thin Nb3Sn coatings formed on Nb cavities have shown promising results.7,32 This process 

typically involves coating an existing Nb cavity with Sn and then annealing at high temperatures 

to form the Nb3Sn thin film at or near the surface.5,33 Research into the microscopic formation of 

these thin films is necessary for the advancement of SRF technology. 

One complication present in the growth of Nb3Sn thin films is the role of Nb’s native oxide 

layer. Nb is highly reactive to O and its surface usually is covered by one of many possible oxide 

structures, both in air and in vacuum.34,35 The O exposures required to reach these different oxide 

structures, as well as the structures themselves, have been well characterized.34–38 Generally, a 

thick, insulating Nb2O5 layer dominates the surface in air, while thin, ordered (𝑛 × 1)-O domains 

(“ladders”) form readily on a Nb(100) surface after high-temperature annealing in vacuum.36,39–41 

As a refractory metal, Nb has a high melting temperature of 2741 K.42 The O in Nb starts to desorb 

as NbO and NbO2
43,44 above 1900 K34 in ultra-high vacuum (UHV), and it is not until Nb is heated 

above 2500 K that pure, clean, O-free Nb is seen.34,43–47 The extreme temperatures needed to 

remove O mean that the Nb SRF cavities are coated in an oxide layer, and that the Sn deposited to 

form Nb3Sn is deposited on one of many Nb oxides. The growth morphology of Nb3Sn on Nb is 

dependent on the interaction of Sn with the oxide layer. Thus, a complete, temperature-dependent, 

microscopic understanding of the Nb oxide surface is critical to the development of consistent, 
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well-formed Nb3Sn thin films. Such an understanding will allow for the development of alloy 

growth procedures with improved overall quality, homogeneity, and stoichiometry, enhancing 

critical operational SRF characteristics in high fields. 

A key, missing factor in the literature is the nature of the Nb oxide surface at elevated 

temperatures. Up until now, studies have been limited to analyses at or below room temperature: 

thermal history and desorption temperatures are known, but the structure and stoichiometry at high 

temperatures has not been elaborated. In Nb3Sn SRF cavity fabrication processes, the Nb surface 

temperature is elevated during Sn nucleation, annealing, and degassing.5,7,33 An understanding of 

the Nb oxide surface at elevated temperatures will guide current and new routes for improved 

Nb3Sn cavity production. To our knowledge, this combined helium atom scattering (HAS) and 

Auger electron spectroscopy (AES) study represents the first investigation of the Nb(100) oxide 

ladder structures at elevated temperatures, and it is one of the few in-situ studies of metal oxide 

structures at high temperatures. 

HAS is a unique, nondestructive, surface-sensitive technique that elucidates surface 

structure and dynamics.8 The He atoms are neutral probes that scatter off the electron cloud a few 

angstroms away from the surface: the surface is not damaged in any way.3,4,18 HAS is particularly 

suited for examining surface structure at elevated temperatures. Unlike in typical low-energy 

electron diffraction (LEED), where electron bombardment heating presents experimental 

challenges, the neutral He probe is not affected by the high voltages required for electron 

bombardment. Scanning tunneling microscopy (STM) also becomes very difficult at extremely 

high sample temperatures, due to atomic thermal fluctuations and instrument instability.48 Debye-

Waller attenuation of scattered He does become increasingly more important at elevated surface 

temperatures,4 but if the crystal is sufficiently reflective, diffracted He signal can be seen above 
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the diffuse scattering background and the surface structure obtained. 

 

3.2 Experimental 

3.2.1 Helium Atom Scattering—Methods and Sample Preparation 

The surface structure of Nb(100) was characterized with a UHV HAS apparatus that has 

high momentum and energy resolution. The apparatus is described elsewhere and in Chapter 2 of 

this thesis.49 We prepared the Nb(100) crystal, obtained from Surface Preparation Laboratory 

(Netherlands, 99.99% purity, ~0.1 cut accuracy), according to the procedure detailed in Chapter 

2, which included annealing, flashing, and sputtering. Flashes to 1300 K were performed before 

experiments to remove any trace adsorbates from the crystal surface. For these experiments, the 

incident He beam was held at 21 meV (𝑘𝑖 = 6.3 Å-1 and 𝑇𝑛 = 96.7 K) so that the specular, first-

order primitive, and (3 × 1)-O superlattice diffraction peaks could be observed in the same angular 

distribution. 

 

3.2.2 Auger Electron Spectroscopy—Methods and Sample Preparation 

 AES measurements of Nb(100) from Surface Preparation Laboratory (Netherlands, 

99.99% purity, ~0.1 cut accuracy) were performed in a UHV experimental system composed of 

a scanning tunneling microscopy chamber (UHV VT–STM, RHK Technology) and a preparation 

chamber equipped with AES capabilities, as previously described.39 The Nb(100) crystal was 

cleaned via repeated cycles of Ar+ ion sputtering and electron bombardment annealing at a sample 

temperature (𝑇𝑆) of approximately 2100 K, as measured using a Mikron Infrared (MG-140) 

pyrometer. Surface cleanliness was confirmed by AES and STM analyses, which showed the 

characteristic (3 × 1)-O superlattice with no surface contaminants.36,39,50 
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Figure 3.1: Representative diffraction spectrum for He on (3 × 1)-O Nb(100) along the <100> 

symmetry axis as a function of parallel momentum exchange. 

 

3.3 Results and Discussion 

3.3.1 Helium Diffraction 

After preparation in vacuum, the Nb(100) surface reconstructs into a (3 × 1)-O ladder 

structure, as observed elsewhere.39 Figure 3.1 shows an angular distribution of He back-scattered 

from the (3 × 1)-O Nb(100) surface along the <100>, ΓX azimuthal direction. The diffraction 

spectrum was taken at a surface temperature of 360 K with an incident angle of 𝜃𝑖 = 34.6. The 

reproducibility of the surface was confirmed through repeated scans at 𝑇𝑆 = 360 K after flashing 

the crystal to 1300 K. Three diffraction peaks are resolved clearly: a zeroth-order specular peak 

(𝜃𝑖 = 𝜃𝑓) at Δ𝐾 = 0 Å-1, a first-order, (01) diffraction peak at Δ𝐾 = -2.0 Å-1 (𝜃𝑓 = 14.2), and a 

(3 × 1)-O superlattice, (0
4

3
) diffraction peak at Δ𝐾 = -2.7 Å-1 (𝜃𝑓 = 8.5). These elastic diffraction 

peaks arise when the requirements for Bragg diffraction are satisfied, such that 
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Figure 3.2: Representative diffraction spectrum for He on (3 × 1)-O Nb(100) along the <110> 

symmetry axis as a function of parallel momentum exchange. 

 

 ∆𝐾 = 𝑘𝑖(sin 𝜃𝑖  − sin 𝜃𝑓) = 𝐺𝑚𝑛, (3.1) 

where Δ𝐾 is the change in the surface-parallel component of the He wavevector 𝑘𝑖; 𝜃𝑖 and 𝜃𝑓, 

respectively, are the initial and final scattering angles relative to the surface normal; and 𝐺𝑚𝑛 is a 

linear combination of surface reciprocal lattice vectors. From the first-order, (01) diffraction peak, 

the Nb-Nb lattice spacing was determined to be 3.08 ± 0.01 Å, which corresponds favorably to 

surface lattice constants found through LEED measurements.36 The diffraction peak at Δ𝐾 = -2.7 

Å-1 was identified as (3 × 1)-O superlattice peak, since its Δ𝐾 value is approximately 
4

3
 times that 

of the (01), primitive peak. This also aligns with previous LEED studies that show the (3 × 1)-O 

superlattice structure.36 The intensities of both the (01) and  (0
4

3
) peaks are far greater than that 

of the specular peak, which is in contrast to HAS from the bare Nb(100) surface and suggests an 

increase in surface corrugation as a result of the ladder structure.47,51 
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Figure 3.3: Width analysis of a specular (𝜃𝑖 = 𝜃𝑓) He diffraction peak on (3 × 1)-O Nb(100) 

along the <110> symmetry axis, plotted vs. final scattered angle (𝜃𝑓). The solid red line is a 

Gaussian fit to the coherent elastic peak, the dashed red line is a Gaussian fit to the diffuse elastic 

and multiphonon background, and the solid black line is the overall fit to the data (black crosses). 

The narrow, coherent elastic peak (solid red line) has a FWHM of 0.54 ± 0.01. 

 

The angular distribution of the <110>, ΓM azimuthal direction was determined and is 

shown in Figure 3.2 at 𝑇𝑆 = 360 K. In this direction, the specular peak is far more intense than in 

the <100> direction, indicating less surface corrugation. The small, secondary specular peak can 

be attributed to surface faceting from the anneal process and was ignored in analysis.47 The peak 

at Δ𝐾 = -2.7 Å-1 corresponds to the (11)  diffraction peak. 

The high intensity of the specular peak in the <110> direction allowed us to analyze the 

peak lineshape with minimal contributions from the diffuse elastic and multiphonon background 

seen in the <100> direction. The He beam strikes the surface with a 4 mm spot size, averaging 

over many atomically flat terraces. The average width of these terraces has been shown to be 
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Figure 3.4: Decay of diffraction spectra for He on (3 × 1)-O Nb(100) along the <100> symmetry 

axis as a function of surface temperature, plotted vs. parallel momentum exchange. 

 

approximately equal to the coherence length, 𝑙𝑐.15,52 The specular peak broadening from the 

average domain size, Δ𝜃𝑤, can be found through a deconvolution of the measured specular peak 

full width half maximum (FWHM), Δ𝜃𝑒𝑥𝑝 and the instrument function broadening, Δ𝜃𝑖𝑛𝑠𝑡: 

 ∆𝜃𝑤
2 = ∆𝜃𝑒𝑥𝑝

2 − ∆𝜃𝑖𝑛𝑠𝑡
2 . (3.2) 

The coherence length then can be determined through the equation,52 

 𝑙𝑐 =
5.54

∆𝜃𝑤𝑘𝑖 cos(𝜃𝑓)
. (3.3) 

Figure 3.3 shows the fitting function used to determine the width of the specular peak. The 

normalized peak was fit with one sharp Gaussian function for the coherent elastic signal and one 

broad Gaussian for the diffuse elastic and multiphonon background signal.53 With an overall 

instrument resolution of 0.45 and a measured specular FWHM of 0.54 ± 0.01, the average 
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Figure 3.5: Decay of diffraction spectra for He on (3 × 1)-O Nb(100) along the <110> symmetry 

axis as a function of surface temperature, plotted vs. parallel momentum exchange. 

 

domain size was found to be 210 ± 10 Å. 

 Diffraction spectra in the <100> direction, as a function of increasing temperature, are 

shown in Figure 3.4. Surface stability at each temperature was determined by immediately 

repeating each scan; the identical scans indicated that the surface structure was unchanging. While 

the specular peak is enveloped by the background at around 1053 K, the (01) and  (0
4

3
) diffraction 

peaks are visible up to at least 1130 K. At 1170 K, the peak intensities are lower than the detected 

background. 

Temperature dependent spectra in the <110> direction are shown in Figure 3.5. Spectra 

were recorded as a function of increasing temperature, except for the spectrum taken at 550 K, 

which was taken after a 1900 K flash. The specular intensities at five different surface temperatures 
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Figure 3.6: FWHM of Gaussian fits to the coherent elastic portion of specular (𝜃𝑖 = 𝜃𝑓) He 

diffraction peaks on (3 × 1)-O Nb(100) along the <110> symmetry axis, plotted vs. surface 

temperature. All peaks were fit with two Gaussians, as illustrated in Figure 3.3. 

 

were fit in a manner similar to that shown in Figure 3.3, and the FWHM of each coherent elastic 

peak is shown in Figure 3.6. HAS lineshapes are very sensitive to surface disorder;4,51 any O 

dissolution or disorder caused by the elevated temperatures would increase dramatically the width 

of the specular peak. Instead, the width stays nearly constant as a function of surface temperature 

up to 1210 K, as seen in Figure 3.6. This, in addition to the existence of the superlattice diffraction 

peak in Figure 3.4 at 1130 K, indicate that the (3 × 1)-O superlattice remains unchanged on the 

Nb(100) surface up to at least 1130 K, and presumably up to at least 1210 K. 

 

3.3.2 Auger Electron Spectroscopy 

 A second Nb(100) single crystal was prepared in a separate UHV experimental system, 

which resulted in the (3 × 1)-O superlattice structure.39,54 In order to determine the concentration  
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Figure 3.7: O/Nb AES ratios taken at 𝑇𝑠  between 300 K and 1150 K.  There is no significant 

decrease in O content on Nb(100) below 1200 K. 

 

of surface O on Nb(100) at elevated temperatures, a ratio of the peak-to-peak intensities of the 

principle O and Nb peaks were obtained at 519 eV and 169 eV, respectively,55 for 𝑇𝑆 ranging from 

300 K to 1150 K. The O/Nb ratios displayed in Figure 3.7, plotted as a function of 𝑇𝑆, quantitatively 

describe the surface composition at elevated surface temperatures; the displayed error bars account 

for varying near-surface and surface oxide contributions. 

 Across the entire temperature range studied in this work, the O/Nb ratio is stable, providing 

evidence for a constant surface O concentration up to 1150 K. The near surface does not lose O 

from the thermal annealing,39 even though the subsurface O content may vary due to the cleaning 

procedure and the amount of O in the bulk, as seen by slight fluctuations in the O/Nb ratio at 𝑇𝑆 = 

300 K. The average measured Auger peak intensities did not change as a function of primary beam 

exposure time, indicating that the AES experiments did not modify the surface elemental 

composition over the course of data collection. Furthermore, the Nb(100) surface was analyzed by 

in-situ, room temperature STM following the AES measurements. The STM work confirmed that 
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the surface remained covered by the characteristic (3 × 1)-O superlattice and that the sample was 

not damaged by the high temperature AES measurements. Residual gas analyzer spectra indicated 

that the oxide did not desorb within the studied temperature range, so any observed reduction in 

the O/Nb ratio would be a result of O dissolution into the bulk crystal. However, based on the AES 

O/Nb ratios detailed in Figure 3.7, there is no evidence of appreciable O dissolution below 1200 

K. This AES analysis confirms the HAS measurements that show no appreciable O dissolution or 

disorder within the 𝑇𝑆 range studied. 

 

3.4 Conclusion 

 He atom scattering and Auger electron spectroscopy provide evidence for the continued 

existence of a (3 × 1)-O ladder structure on the Nb(100) surface until at least 1130 K and, to our 

knowledge, this work is the first investigation of the Nb oxide surface at elevated temperatures. 

He diffraction peaks from the oxide structure were persistent until 1130 K, and the specular peak 

lineshapes indicated little to no surface disorder up to 1210 K. The constant AES O to Nb peak 

ratios of Nb(100) also indicated that O did not leave the surface either through dissolution or 

evaporation until above at least 1200 K, consistent with previous studies.34,36 The unvaried oxide 

reconstruction at the investigated high temperatures informs future SRF cavity research and 

development. The next-generation method of coating Nb cavities with a thin film of Nb3Sn 

involves an initial nucleation step where the surface is held at about 770 K,7 below the 1130 K 

temperature measured here. Our research shows that Sn is nucleating on an oxide, not on bare Nb. 

This further illuminates the role of O in the Sn deposition and cavity optimization processes. The 

oxide structure above 1130 K, including at approximately 1375 K7 where the Sn-coated cavities 

are annealed, is still unknown, and would bring similarly interesting information to the discussion 
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on SRF cavity production. Additional unanswered questions include Sn mobility and long-term 

stability, the mechanisms and kinetics for Sn incorporation into the Nb substrate, and the 

development of Nb3Sn alloy materials with lower defect concentrations and higher chemical and 

spatial uniformity. These questions need to be addressed to realize the SRF community’s ambitious 

goal to successfully implement this promising alloy in next-generation accelerator applications. 
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Chapter 4 

A Combined Helium Atom Scattering and Density-Functional 

Theory Study of the Nb(100) Surface Oxide Reconstruction: 

Vibrational Dynamics and Phonon Band Structures 

Helium atom scattering (HAS) and density-functional theory (DFT) are used to 

characterize the phonon band structure of the (3 × 1)-O surface reconstruction of Nb(100). 

Innovative DFT calculations comparing surface phonons of bare Nb(100) to those of the oxide 

surface show increased resonances for the oxide, especially at higher energies. Calculated 

dispersion curves align well with experimental results and yield atomic displacements to 

characterize polarizations. Inelastic helium time-of-flight measurements show phonons with 

mixed longitudinal and shear-vertical displacements along both the <100>, ΓX and <110>, ΓM 

symmetry axes over the entire first surface Brillouin zone. Force constants calculated for bulk Nb, 

Nb(100), and the (3 × 1)-O Nb(100) reconstruction indicate much stronger responses from the 

oxide surface, particularly for the top few layers of niobium and oxygen atoms. Many of the 

strengthened bonds at the surface create the characteristic ladder structure, which passivates and 

stabilizes the surface. These results represent, to our knowledge, the first phonon dispersion data 

for the oxide surface and the first ab initio calculation of the oxide’s surface phonons. This study 

supplies critical information for the further development of advanced materials for 

superconducting radiofrequency cavities. 
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4.1 Introduction 

Particle accelerators are used in a wide range of disciplines, including high-energy particle 

physics, chemistry, free-electron laser (FEL) science, and materials science, as well as in medical 

and industrial applications.6,24 High-energy accelerators propagate large, radiofrequency (RF) 

electromagnetic fields within superconducting RF (SRF) cavities to generate and control beams of 

charged particles.56 These RF fields, however, only penetrate through the first ~100 nm of the 

cavity surface: SRF cavity performance is controlled by the chemistry and quality of the surface.21 

To lower RF surface resistance (𝑅𝑠), minimize power loss, and optimize performance, the surface 

preparation of the SRF cavity must be designed and implemented carefully. 

Oxidized Nb surfaces are the current industry standard for SRF cavities. Nb has the highest 

critical temperature of elemental superconductors (𝑇𝑐 = 9.3 K) and has low RF surface resistance 

at operating temperatures of about 2 K.7,19,25,57 Additionally, Nb is thermally conductive and 

malleable; it can be cooled effectively and formed into SRF cavity shapes.19,58 High-energy 

particle accelerator facilities, such as those at Fermi National Accelerator Lab and the European 

Council for Nuclear Research (CERN), require a large series of SRF cavities to produce intense 

and accelerated beams—these series are up to tens of km in length.58–60 Due to their extreme size 

and an operational temperature below He’s boiling point (4.2 K), the accelerators require 

extremely costly cryocooling systems, maintenance facilities, and staff.7,61 Further developments 

in cavity surface preparation techniques, and even new surface materials, are needed to improve 

accelerator performance, raise operating temperatures, and lower operational costs.5,7,24 

Nb has a strong affinity for O. When exposed to air, Nb’s surface forms an oxide layer that 

may be altered by temperature treatments but will return persistently, implying that Nb 

components in accelerators are covered by an oxide layer.34,35 Due to the penetration depth of RF 
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fields, changes in the oxide significantly affect the chemistry of SRF cavity treatments and 

resulting cavity performance.21 To gain a thorough and accurate understanding of the interfacial 

mechanisms driving the performance and development of SRF cavities, we first must investigate 

the chemistry, structure, and dynamics of oxidized Nb surfaces. The structures of the oxides 

formed on Nb(100), Nb(110), Nb(111), and polycrystalline Nb have been well characterized, 

especially at low temperatures.35,36,38–41,43,54,62–65 Very recently, He atom scattering (HAS) and 

Auger electron spectroscopy (AES) were used to characterize the evolution of the oxide surface at 

elevated temperatures, showing that the (3 × 1)-O reconstruction of the Nb(100) surface is stable 

up to at least 1130 K.66 However, to our knowledge, oxide surface dynamics have not yet been 

reported. The (3 × 1)-O Nb(100) surface provides an ideal system to begin investigating the 

chemistry of Nb oxide surfaces, and this study of the surface’s phonon band structure provides 

information needed to refine current and develop new SRF cavity treatments. 

Atomic and molecular beam scattering have been used to investigate the structure and 

vibrational dynamics of surfaces since the 1920’s.67 Supersonic He beams are suited to study 

surfaces due to their lack of penetration into the bulk, inertness, and unusually narrow velocity 

distributions.3,8,18,68 He atoms’ momentum and energy are well matched to those of surface 

phonons, giving HAS a unique ability to measure and resolve low-energy phonon modes.3,4,8,18,68,69 

These modes, particularly the Rayleigh mode, are sensitive to changes in surface interatomic forces 

and bonding.2 In previous studies, the phonon dispersions of bulk Nb and the bare Nb(100) surface 

were studied with neutron and He atom scattering, respectively, as well as fit to lattice dynamical 

calculations.47,70,71 Neutron scattering revealed unusual phonon anomalies for bulk Nb modes 

along high-symmetry directions.47,70–73 These phonon dispersion curves were best fit by a model 

which includes electronic degrees of freedom, indicating that the anomalies are caused by electron-
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phonon coupling.47 Additionally, Kohn anomalies along low-symmetry directions also point to 

electron-phonon interactions.72,73 The previous HAS study of Nb(100) surface modes shows no 

such anomalies, but measurements were confined to the first half of the Brillouin zone (BZ) due 

to experimental limitations. Furthermore,  the discrepancy between the force-constant model used 

and the experimental data prompted the authors to conclude that a first-principles theoretical 

approach would be needed to describe the surface accurately.47 

Unlike for insulators, the interaction between scattered He atoms and the conduction 

electrons in a metal must play a large role in any successful theoretical model. The He-surface 

potential is softened relative to that of ionic crystals, while energy exchange with surface phonons 

is mediated by surface electrons.2 Density-functional theory (DFT) is a first-principles approach 

that can create a lattice-dynamical model that includes the role of free electrons in interatomic 

forces.2 By reframing the quantum many-body problem into an auxiliary system of independent 

electrons interacting in an effective potential, while treating the atomic nuclei classically, 

calculating the dynamical matrix and surface phonon dispersions for the (3 × 1)-O reconstruction 

of the Nb(100) surface becomes feasible.74 In addition, DFT can provide ab initio estimates to 

quantify the extent of the electron-phonon interaction for a given phonon mode, which correlates 

directly with the intensity of inelastically scattered He for that phonon.2 

This combined HAS and DFT study investigates the phonon band structure of the (3 × 1)-

O Nb(100) reconstruction, in addition to the band structures of bulk Nb and the bare Nb(100) 

surface. The first-principles description of the surface phonon dispersion curves makes clear how 

the oxide affects phonon polarizations and interatomic forces, and it contributes to a fundamental, 

chemical understanding of the crystalline and polycrystalline oxidized Nb surfaces. This study 

provides needed atomic-scale information to the wider SRF community and aids the development 
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of materials for Nb SRF cavities. 

 

4.2 Experimental 

4.2.1 Helium Atom Scattering 

We performed measurements with a UHV HAS apparatus that provided high angular and 

energy resolution. A thorough overview of the instrument is included in Chapter 2, Section 2.4 

and reported in detail elsewhere.49 Elastic diffraction data was taken with a beam modulated by 

the chopper in a square-wave pattern, with a 50% duty-cycle. Angular distributions were obtained 

by rotating the detector at 0.2° increments while holding the incident angle and energy fixed, with 

an overall instrument angular resolution of 0.45°. We collected elastic and inelastic time-of-flight 

(TOF) spectra by chopping the beam with either a 50% duty-cycle for cross-correlation analysis 

or with a single-slit, 1% duty-cycle pattern.17 TOF spectra often were taken multiple times under 

identical conditions and added to form composite spectra with increased signal-to-noise. 

The Nb(100) crystal (Surface Preparation Laboratory, Netherlands, 99.99% purity, ∼0.1° 

cut accuracy) was cleaned according to the procedure in Section 2.4.5 until only Nb and O were 

present on the surface, as confirmed by AES, and until the surface was smooth enough for high-

intensity He diffraction. During data collection, the Nb sample periodically was flashed to about 

1200 K to eliminate unwanted surface adsorbates. 

 

4.2.2 Density-Functional Theory 

 We calculated electron and phonon properties of Nb and NbO with DFT using the open-

source plane-wave software JDFTx.75,76 The electronic states for the outer electrons of Nb 

(4p65s24d3) and O (2s22p4) were calculated by treating exchange and correlation effects with the 



49 
 

PBE-sol functional and applying the corresponding ultrasoft pseudopotentials parametrized for the 

functional.77,78 All DFT calculations presented in this paper employ an electronic cutoff energy of 

20 hartree, with a 200 hartree charge density cutoff. Electronic properties for bulk BCC Nb were 

calculated by sampling 183 𝑘-points in the Brillouin zone and solving for 15 bands, with electron 

occupancies corresponding to a Fermi function at an effective electron temperature of 5 mH. With 

these parameters, we calculated the lattice constant of Nb to be 3.27 Å, in excellent agreement 

with the experimental measurement of 3.29 Å.39 The surface calculations for cubic Nb(100) and 

(3 × 1)-O Nb(100) sampled 12 × 12 × 1 and 3 × 9 × 1 𝑘-points in the respective Brillouin zones, 

and electronic occupancies for both systems were calculated using an effective electron 

temperature of 20 mH. A 10-layer slab was used to calculate the properties of Nb(100) and an 

asymmetric 8-layer slab was used for (3 × 1)-O Nb(100), with the oxide on one surface and bare 

Nb(100) on the opposite surface. Using this asymmetric cell, we tested the bare Nb surface of the 

(3 × 1)-O Nb(100) system against the bare 10-layer Nb(100) slab to ensure that relevant properties 

converged. To model the experimental oxide surface, whose structure is dominated by a 3 × 1 

motif, we introduced surface lattice vectors that are 3 × 1 lattice constants across and allowed the 

surface vectors of the slab to relax. The surface lattice vectors of the 8 layer (3 × 1)-O Nb(100) 

slab relaxed between the lattice constants of bulk Nb (3.29 Å) and NbO (2.99 Å); specifically, to 

values of 3.21 Å and 3.14 Å for the threefold and onefold vectors, respectively.54 The resulting 

phonon frequencies of the (3 × 1)-O Nb(100) slab are real-valued, ensuring that our finite system 

is dynamically stable. To accommodate the minor differences between the DFT and experimental 

lattice vectors, the reciprocal space plots reported in this paper that compare theory to experiment 

reference the Brillouin zone in lattice units. 
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We calculated phonon properties using the finite-difference supercell method, perturbing 

atoms by ~0.4–0.5 𝑎0 to calculate the real space interatomic force constant matrix directly.79 

Adequate supercell sizes were 6 × 6 × 6 for bulk BCC niobium, 3 × 3 × 1 for cubic Nb(100), and 

1 × 3 × 1 for (3 × 1)-O Nb(100). Properties of the coupled electron-phonon systems required fine 

𝑘-space samples for accurate calculations of the scattering integrals; we calculated phonon 

linewidths by transforming into a maximally localized Wannier function (MLWF) basis to sample 

the Brillouin zone with the Monte Carlo method.80 

 

4.3 Theoretical Background 

Nb is a conventional superconductor.57 Its properties can be described reasonably well 

within the Bardeen-Cooper-Schrieffer (BCS) theory of superconductivity, and its electrons 

condense into Cooper pairs via the electron-phonon coupling (EPC) mechanism.81 Theoretical 

predictions are improved by applying the higher order Eliashberg theory within a DFT framework 

to calculate EPC explicitly.79,82,83 By transforming into an MLWF basis, we calculate directly how 

electrons couple to various lattice distortions to extract the quantities relevant in predicting 

inelastic He-scattering rates.84 Specifically, we employ perturbation theory and calculate the 

overlap of the perturbing electron-ion potential between the unperturbed electronic states in order 

to calculate explicitly the electron-phonon matrix elements within DFT:85 

 𝑔
𝑛𝒌, 𝑛′𝒌+𝒒

𝒒𝜈
= (

ℏ

2𝑀𝜔𝒒𝜈
)

1

2
⟨𝜓𝑛′,𝒌+𝒒 |

𝑑𝑉𝑒−𝑖

𝑑𝑢𝒒𝜈
∙ 𝜖𝒒̂𝜈| 𝜓𝒒𝜈⟩, (4.1) 

where 𝑢𝒒𝜈 and 𝜔𝒒𝜈 are the atomic displacements and frequencies, respectively, for the phonon 

mode 𝜈 with crystal momentum 𝒒 and polarization vector 𝜖𝒒̂𝜈, and 𝑀 is the ion mass. 
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The above matrix elements connect to inelastic He-scattering rates through the phonon 

linewidths and the dimensionless EPC constants. Specifically, the phonon linewidths, or 

equivalently, the inverse phonon lifetimes, are defined as:86 

 𝛾𝒒𝜈 = 2𝜋𝜔𝒒𝜈 ∑ ∫
𝑑3𝑘

(2𝜋)3 |𝑔
𝑛𝒌,𝑛′𝒌+𝒒

𝒒𝜈
|

2

𝛿(𝑒𝒒,𝑛 − 𝑒𝐹)𝛿(𝑒𝒌+𝒒,𝑛′ − 𝑒𝐹)𝑛,𝑛′ . (4.2) 

These linewidths then determine the dimensionless EPC constants, 

 𝜆𝒒𝜈 =
𝛾𝒒𝜈

𝜋ℏ𝑁(𝑒𝐹)𝜔𝒒𝜈
2 , (4.3) 

where 𝑁(𝑒𝐹) denotes the electronic density of states at the Fermi level. 

Finally, to estimate HAS signal intensities, we follow the theoretical frame of Benedek et 

al. and estimate the inelastic scattering probability to be proportional to 𝜆𝒒𝜈, but instead of using 

an approximate analytic form for the surface electron-phonon matrix elements, we calculate the 

matrix elements ab initio directly in an MLWF basis using DFT.87–91 In order to better probe the 

surface-specific phonon characteristics measured by HAS, we project the mode-selected EPC 

constants onto the 𝑧-displacements of the corresponding phonon polarization vector, while 

including the exponential decay of the He wave functions into the material, and define the surface-

projected EPC constants as: 

 𝜆̅𝑸𝜈 ∝ ∑ |𝑒𝛼=𝑧(𝑸𝜈)|2
𝑸𝜈,𝜅 𝜆𝑸𝜈𝑒𝑥𝑝(−𝛽𝑧𝜅)𝛿(𝐸 − ℏ𝜔𝑸𝜈). (4.4) 

Here, 𝜅 labels the atoms, 𝑧 represents the atoms’ distance beneath the surface, 𝛽 is the He decay 

softness parameter, and 𝐸 is the energy transfer of the He atom. The above expression is written 

as a proportionality because here we do not include factors, such as additional matrix elements, 

that are considered to be energy- and wavevector-independent.87–90 Following standard distorted-

wave Born approximations of atom-surface potentials, we estimate the softness parameter, 𝛽, for 

Nb(100) to be ~2.1 Å-1, which falls within the typical range expected for metals.2,92 
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Figure 4.1: Representative He atom diffraction spectra for the (3 × 1)-O Nb(100) surface along 

the (a) <100> and (b) <110> symmetry axes. The specular (00) peak is visible in both 

directions, while the oxide structure can be seen in (a) along the <100> axis, with fractional peak 

notation corresponding to the (3 × 1)-O structure. The <110> axis in (b) shows the underlying 

(11) Nb(100) lattice peak. 

 

4.4 Results and Discussion 

He diffraction scans from the (3 × 1)-O Nb(100) surface are shown in Figure 4.1. Figure 

4.1(a) is a representative angular scan along the <100>, ΓX azimuthal direction, while Figure 

4.1(b) is a scan along the <110>, ΓM direction. We took both scans with a cold He beam (𝐸𝑖 = 21 

meV) and slightly elevated surface temperatures (𝑇𝑆 = 360 K and 410 K for Figures 4.1(a) and 

4.1(b), respectively). The scan in Figure 4.1(a) was taken at an incident angle of  𝜃𝑖 = 34.8°; we 

confirmed surface reproducibility by taking repeated diffraction scans at 𝑇𝑆 = 360 K after flashing 

the crystal to 1200 K. The specular peak (𝜃𝑖 = 𝜃𝑓) at Δ𝐾 = 0 is approximately 2.6 times more 

intense than the next largest, first-order (01) diffraction peak at Δ𝐾 = -1.9 Å-1 (𝜃𝑓 = 15.8°). When 
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compared with a scan of bare Nb(100), the larger first- to zeroth-order peak intensity ratio indicates 

that the oxide structure has a higher surface corrugation.4 Each peak occurs when the Bragg 

equation holds true; that is, when 

 ∆𝐾 = 𝑘𝑖(sin 𝜃𝑖  − sin 𝜃𝑓) = 𝐺𝑚𝑛, (4.5) 

where the surface-parallel component of the He wavevector 𝑘𝑖 changes by Δ𝐾; the initial and final 

scattering angles, relative to surface normal, are 𝜃𝑖 and 𝜃𝑓, respectively; and 𝐺𝑚𝑛 is a linear 

combination of reciprocal surface lattice vectors. 

Three additional diffraction peaks are visible in the angular scan of the <100>, ΓX 

azimuthal direction, all of which correspond to the (3 × 1)-O ladder structure. The (0
1

3
) peak, at 

Δ𝐾 = -0.6 Å-1 (𝜃𝑓 = 28.7°), is approximately one-third of the way between the (00) and (01) 

peaks. Similarly, the (0
2

3
) peak (Δ𝐾 = -1.2 Å-1, 𝜃𝑓 = 22.0°) is two-thirds of the way between the 

primary peaks, while the (0
4

3
) peak (Δ𝐾 = -2.4 Å-1, 𝜃𝑓 = 10.8°) is past the (01) peak by one-third 

of that distance. The visibility of all three superlattice peaks shows the excellent surface order of 

the sample and the minimal scattered He background intensity measured by the detector. 

The angular scan in Figure 4.1(b) was taken at an incident angle of 𝜃𝑖 = 35.1° in the <110>, 

ΓM direction. Since the (3 × 1)-O reconstruction does not affect atomic spacing along this 

azimuthal direction, only primary lattice diffraction peaks are seen. The specular peak at Δ𝐾 = 0 

is much larger than the first-order, (11) diffraction peak (Δ𝐾 = -2.7 Å-1, 𝜃𝑓 = 8.9°), indicating 

that the surface is corrugated slightly less along this axis than along the ΓX axis.4 

For inelastic, in-plane scattering, the conservation of energy and crystal momentum 

dictates possible scattering angles and energies. For a given beam with incident energy 𝐸𝑖,  
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Figure 4.2: Representative cross-correlation TOF spectra for the (3 × 1)-O Nb(100) surface along 

the <100> symmetry axis, under different incident and final conditions. Data in (a) were taken 

with a 16 meV incident He beam, while data in (b) were taken with a 21 meV incident beam. 

Phonon peaks are designated by black arrows, with insets showing representative scan curves for 

each spectrum. Black dots indicate phonon peak positions; ∆𝐸 is the energy gained or lost by the 

He beam. 

 

wavevector 𝑘𝑖, and angle 𝜃𝑖, possible final conditions (angle 𝜃𝑓, wavevector 𝑘𝑓, and energy 𝐸𝑓) 

must satisfy the equation, 

 ∆𝐾 = 𝑘𝑓 sin 𝜃𝑓 − 𝑘𝑖 sin 𝜃𝑖 = 𝐺𝑚𝑛 + 𝑄, (4.6) 

where 𝐺𝑚𝑛 again is a linear combination of reciprocal surface lattice vectors and 𝑄 is the two-

dimensional wavevector for a phonon with energy ℏ𝜔. By substituting relevant energies 

(Equation 4.7) and rearranging, the scan curve indicating accessible phonons can be extracted 

(Equation 4.8): 

 ∆𝐸 = 𝐸𝑓 − 𝐸𝑖 =
ℏ2𝑘𝑓

2

2𝑚
−

ℏ2𝑘𝑖
2

2𝑚
= ℏ𝜔(𝑄); (4.7) 
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Figure 4.3: Representative cross-correlation TOF spectra for the (3 × 1)-O Nb(100) surface along 

the <110> symmetry axis. Data in (a) were taken with a 10 meV incident He beam, while data in 

(b) were taken with a 21 meV incident beam. Phonon peaks are designated by black arrows; 

insets show representative scan curves for each spectrum with black dots indicating phonon peak 

positions. ∆𝐸 is the energy gained or lost by the He beam. 

 

 
∆𝐸

𝐸𝑖
=

(sin 𝜃𝑖 −
∆𝐾

𝑘𝑖
)

2

sin2 𝜃𝑓
− 1. (4.8) 

Systematically varying incident beam energy and angle while capturing TOF spectra moves the 

scan curve across the surface Brillouin zone (SBZ) and maps out surface phonon resonances. 

 Figure 4.2 shows examples of cross-correlation TOF spectra measured along the <100>, 

ΓX axis. Each spectrum was taken under specific incident and final conditions that maximized 

intensity and resolution. We explored various surface temperatures, with 𝑇𝑆 = 670 K yielding the 

best results: for this axis, all spectra were taken with cross-correlation chopping at 𝑇𝑆 = 670 K. 

Figure 4.2(a) and Figure 4.2(b) were taken with incident energies 𝐸𝑖 = 16 meV and 21 meV and 

angles 𝜃𝑖 = 27.2° and 34.7°, respectively. The dominant peak in each spectrum is elastic, where  
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Figure 4.4: Extended dispersion plots along the (a) <100> and (b) <110> symmetry axes, with 

corresponding scan curves and He scattering conditions. Each black dot represents the center of a 

phonon peak from a TOF spectrum, while scan curves are shown as solid or dashed lines. These 

values are as measured by the He beam, where ∆𝐸 indicates energy gained or lost by the He 

beam. 
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𝐸𝑖 = 𝐸𝑓, and was used to calculate incident beam energy. Subsidiary peaks—indicated by black 

arrows—are phonon modes, with peaks to the left of elastic corresponding to surface phonon 

annihilation (the He beam gains energy), and peaks to the right corresponding to surface phonon 

creation (the He beam loses energy). We identified the position of the top of each peak by fitting 

a given spectrum with multiple Gaussian functions and extracting the function centers. That time 

then was correlated with a specific Δ𝐸 and Δ𝐾 for the He beam and plotted, along with the 

corresponding scan curve, in Figure 4.2’s insets. 

Figure 4.3 shows similar TOF spectra but taken along the <110>, ΓM axis. Along this axis, 

we held the surface temperature at either 𝑇𝑆 = 300 K or 410 K, depending on the scan. Additionally, 

a few phonon modes identified in this direction were measured using a single-shot chopping 

pattern for increased resolution, though Figure 4.3 contains cross-correlation data. Figure 4.3(a) 

was taken with 𝑇𝑆 = 410 K, 𝐸𝑖 = 10 meV, and 𝜃𝑖 = 21.1°, while 𝑇𝑆 = 300 K, 𝐸𝑖 = 21 meV, and 

𝜃𝑖 = 27.2° for Figure 4.3(b). Phonons are identified with black arrows and we obtained peak 

positions in the same manner as for Figure 4.2. Phonon positions in the SBZ with corresponding 

scan curves are shown in the figure insets. 

All measured phonon peak positions are shown as black dots in Figure 4.4, with Figure 

4.4(a) showing data taken along the ΓX axis and Figure 4.4(b) along the ΓM axis. As in Figures 4.2 

and 4.3, these extended SBZs are as measured by the He beam, with Δ𝐸 indicating energy gained 

or lost by the beam. The scan curve for each TOF spectrum is shown as a solid or dashed line and 

is labeled according to the incident and final scattering conditions. Multiple phonon resonances 

are seen in both axes and will be discussed below with DFT results. 

Figure 4.5(a) shows the DFT-calculated phonon modes of bulk Nb along the BCC Brillouin 

zone symmetry directions. These reproduce previously calculated and measured results,  
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Figure 4.5: (a) Bulk phonon dispersions calculated for Nb along high-symmetry paths of 

the BCC Brillouin zone, where each mode’s EPC strength is indicated by its brightness level and 

brighter colors correspond to stronger coupling. Surface phonons along symmetry directions Γ̅X̅ 

and Γ̅M̅ for (b) cubic Nb(100) and for (c) (3 × 1)-folded Nb(100). Black lines represent phonon 

dispersions calculated for an effective 130-layer slab of Nb(100). The colormaps display the 

surface phonon density of states projected onto the top layer of atoms, and surface resonances are 

labeled for the shear-vertical (SV), shear-horizontal (SH), or longitudinal (L) in (b). The (3 × 1)-

folded Nb(100) colormap in (c) displays only the SV mode to demonstrate the BZ folding 

process more clearly. 

 

confirming the accuracy of the method used.47 Phonon anomalies seen by the change in slope of 

the bottom-most resonances along the ΓH and ΓN directions are observed, as are dips in the higher 

resonance along ΓH and lower resonance along HP, and a resonance crossing near H along ΓH.47,71 

The bulk phonon modes are colored by their respective EPC constant strengths, 𝜆𝒒𝜈: by taking 

advantage of the MLWF basis, we are able to track the EPC of bulk Nb throughout the Brillouin 
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zone. The strongest coupling is seen near the Γ point for all resonances, which corresponds with 

lower phonon energies. 

Next, we identified both surface-projected bulk phonon modes and surface modes for an 

effective 130-layer slab of Nb(100) by beginning with a 10-layer slab and inserting 120 bulk layers 

into its dynamical matrix. These results are shown in Figure 4.5(b) along symmetry directions Γ̅X̅  

and Γ̅M̅ and are overlaid with a colormap of the top-layer surface phonon density of states (DOS). 

By examining the atomic displacements associated with the surface phonon modes, we identify 

polarizations and find that the longitudinal (L) and shear-horizontal (SH) modes dip below the 

shear-vertical (SV) mode and the bulk-projected band along both symmetry directions. The highest 

surface DOS is seen in the L+SH mode near M̅. In Figure 4.5(c), we folded the effective 130-layer 

slab of cubic Nb(100) to represent a (3 × 1)-folded BZ equivalent to the BZ of (3 × 1)-O Nb(100). 

The folded BZ displays more apparent resonances at a given wavevector, both surface-projected 

bulk and strictly surface, as a result of the folding. For example, what once were acoustic modes 

can now, after folding, appear as optical modes. This process is illustrated in Figure 5(c): 

considering only the top-layer SV projected DOS for clarity, the DOS now disperses to higher 

phonon energies at shorter wavevectors. Accordingly, surface modes are folded to near the middle 

of the surface-projected bulk band, and the SV mode in particular is translated to about 10 meV at 

the Γ̅-point. 

Figure 4.6 shows the results from our calculated EPC strengths for bulk Nb projected on 

the SBZ, along with the coupling strengths for the bare Nb(100) and (3 × 1)-O Nb(100) surfaces. 

Values of surface EPC strengths are projected onto exponentially weighted 𝑧-displacements (see 

Equation 4.4), as these are what can be seen most readily with HAS. The first BZ for both the bare 

and (3 × 1)-O surfaces are folded to correspond with the ladder structure and allow for direct  
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Figure 4.6: Surface EPC strengths along SBZ symmetry directions Γ̅X̅ (left column) and Γ̅M̅ 

(right column), projected from bulk Nb (top row) onto the SBZ and projected onto the 

exponentially weighted 𝑧-displacements using Equation 4.4 for (middle row) the bare Nb(100) 

surface and (bottom row) the (3 × 1)-O Nb(100) surface. Coupling strengths are indicated by 

brightness level, with brighter colors corresponding to stronger coupling. 
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comparison. The EPC for the Nb(100) surface is pronounced near the Γ̅-point at low energies and 

near 11 meV, higher than it is for bulk Nb projected on the SBZ. Multiple resonances are seen 

along both directions for Nb(100), though most of the EPC strength is concentrated below 16 meV. 

The electron-phonon interaction strength becomes much more dispersed for the oxide 

surface, with multiple new resonances appearing at higher phonon energies due to the addition of 

the less massive O atoms. The resonances at Γ̅, approximately 11 meV for Nb(100), move higher, 

to about 13 meV, and lose significant relative strength for the oxide. The resonance at 7 meV 

appears more intense for the oxide, as are the lowest resonances along both symmetry directions. 

High-energy, optical modes also appear in the oxide, most notably near 28 meV. However, the 

strongest couplings for the bare Nb(100) and oxide surfaces are seen in approximately the same 

locations: in the acoustic modes near the Γ̅ point for 0–3 meV; near the X̅ point near 5 meV; and 

near 0.5 π/a along the Γ̅M̅ around 7 meV. 

When a He atom scatters from a metal, it scatters from the surface electron density. The 

creation or annihilation of surface phonons occurs through these electrons, intrinsically linking 

HAS with EPC strengths.2 In Figure 4.7, HAS phonon data are overlaid with the calculated 

dispersion plot for (3 × 1)-O Nb(100), where experimental data points are shown as white dots and 

EPC strength is indicated by brightness. Excellent agreement is seen between the experimental 

and theoretical results and demonstrates the importance of electron-phonon interactions in 

resonances visible with inelastic He scattering. The density of measured points is a convolution of 

experimental conditions and available phonon modes—where phonons were more easily resolved, 

more phonons were measured. The highest density of measured points, near X̅ and 6 meV and near 

0.25 π/𝑎 along Γ̅M̅ and 3 meV, corresponds with stronger EPC calculated by DFT. Along the Γ̅X̅ 

direction two modes can be seen with HAS, though their distinction is blurred at higher energies  
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Figure 4.7: Phonons for the (3 × 1)-O Nb(100) surface measured with HAS (white dots), 

overlaid on DFT-calculated surface EPC strengths projected onto 𝑧-displacements, using 

Equation 4.4. Coupling strengths are indicated by brightness level, with brighter colors 

corresponding to stronger coupling. HAS data and theoretical predictions along Γ̅M̅ were 

translated back into the first BZ of cubic Nb(100), while the data along Γ̅X̅ was folded back to 

the (3 × 1)-folded BZ of the ladder structure. 

 

by the folding of the first BZ. The lowest mode is the Raleigh mode while the upper is longitudinal, 

but as will be seen in Figure 4.8, towards the zone boundary there is a hybridization and mixing 

of SV and L displacements which blurs this distinction, a common feature of metal surfaces.93 

There also are two modes measured with HAS along the Γ̅M̅ direction, with the lower mode 

again being the Rayleigh mode. By comparing the EPC strengths for Nb(100) and (3 × 1)-O 

Nb(100) in Figure 4.6, we attribute the upper measured mode primarily to the addition of the oxide 

on the surface. This corresponds with the trend seen in Figure 4.6, where the oxide disperses EPC,  
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Figure 4.8: Top layer densities of states projected onto the SV or L displacements of the surface 

atoms of (3 × 1)-O Nb(100); from top to bottom: L displacements from layer one (L1) and from 

layer two (L2), and SV displacements from layers one and two (SV1+SV2), where layer one 

refers to the crest of the oxide and layer two denotes the planarly intact layer beneath the crest. 

Each white circle marks an HAS event (repeated from Figure 4.7). (b) Atomic displacements of 

the Nb atoms (larger teal circles) and O atoms (smaller magenta circles) for (3 × 1)-O Nb(100) 

calculated with DFT corresponding to the two boxed modes highlighted in (a). The 

displacements in the (upper) violet box correspond to the mode along Γ̅X̅ at 6.8 meV and the 

displacements in the (lower) orange box correspond to the mode along Γ̅M̅ at 9.3 meV. The 

arrows in (b) indicate directions of the atomic displacements and their relative magnitudes, 

viewing (left) down along surface normal and viewing (right) along the surface with the surface 

normal pointing up. The vertical dashed lines in (b) coincide with the troughs in the ladder 

structure. 

 

and hence inelastic He-scattering intensity, to higher energies. An anomalous feature can be seen 

in the lowest longitudinal mode along Γ̅M̅, indicating a lattice instability which often is 
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accompanied by a symmetry breaking, and may be related to the oxide reconstruction but requires 

further analysis.94 

Figure 4.8(a) shows the top layer DOS projected onto the SV or L displacements of               

(3 × 1)-O Nb(100) surface atoms. This allows us to assign the polarizations to the modes measured 

by HAS. Along Γ̅X̅, the lowest measured mode, or the Raleigh mode, is almost entirely SV, while 

the higher modes are mixed L and SV. Along Γ̅M̅, both measured modes appear mixed, though the 

higher mode is primarily L due to second-layer atoms (L2), while the lower mode mixes L1, L2, 

and SV1+SV2. The high-energy optical mode across the entire SBZ is seen to be almost entirely 

L due to the top layer of atoms—from the crests of the (3 × 1)-O Nb(100) ladder structure. This 

mode has the highest DOS for L1, has very little dispersion, and is near the top of the bulk-

projected band seen in Figure 4.5(c). 

Two specific phonons measured by HAS are examined in Figure 4.8(b): one along Γ̅X̅ 

(upper violet box) and one along Γ̅M̅ (lower orange box). Figure 4.8(b) shows the atomic 

displacement directions and magnitudes with arrows corresponding to O (smaller magenta circles) 

or Nb (larger teal circles) atoms, viewed along surface normal and viewed head-on with surface 

normal pointing up. For both phonons, the O atoms are much more active than the Nb. The phonon 

in the violet box is primarily L in the first layer of atoms, as indicated both by Figure 4.8(a) and 

by the direction of the arrows in Figure 4.8(b). The resonance in the orange box is a hybridization 

of L and SV, involving L displacements in the second layer of atoms and SV in both the first and 

second layers. 

Figure 4.9 shows the pairwise interatomic force constants for bulk Nb, Nb(100), and 

(3 × 1)-O Nb(100). The addition of the oxide to the surface causes a significant increase in force 

constants, even between Nb atoms. The highest force recorded was the force a Nb atom feels on  
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Figure 4.9: (a) Pairwise interatomic force constants in bulk Nb, Nb(100), and (3 × 1)-O Nb(100) 

all plotted on the same scale as a function of distance between the two atoms, with 𝑅 = 0 

corresponding to the force an atom feels on itself when perturbed. All interatomic force constants 

in bulk Nb and Nb(100) involve only Nb-Nb interactions (black circles), while (3 × 1)-O 

Nb(100) includes additional force constants between Nb-O (blue circles) and O-O (red circles). 

Noteworthy interatomic force constants in (3 × 1)-O Nb(100) are marked with distinct symbol 

shapes in (a) and then depicted in the crystal structures in either (b) a side view with surface 

normal pointing up or in (c) a top down view with surface normal pointing out of the page. In (b) 

and (c), Nb atoms are colored as larger blue circles and O as smaller magenta circles, and the 

black and gray arrows correspond to the atomic perturbation and responding forces, respectively. 

 

itself when perturbed along the surface, which is labeled by a black, five-pointed star and 

illustrated in Figure 4.9(c). This force is almost twice the highest force seen for the bare Nb(100) 

surface, indicating that the oxide stabilizes the surface. Another notable feature is the Nb-Nb force 

increase caused by the oxide, which is labeled by the black, four-pointed star at approximately 𝑅 

= 2.6 Å. This is the surface-parallel force on one of the Nb atoms in the crest of the (3 × 1)-O 

Nb(100) ladder structure when another atom in the crest is disturbed along the surface-normal 

direction, as seen in Figure 4.9(b). A surface-parallel perturbation of a Nb atom within the crest 
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causes a relatively high response in a neighboring Nb atom 3.1 Å away, also in the surface-parallel 

direction (black triangle in Figure 4.9(c)). Most of the force constants that involve O atoms, shown 

by the red and black markers in Figure 4.9(a), are higher than the Nb-Nb force constants in bulk 

Nb and the bare Nb(100) surface. This feature occurs most prominently when Nb and O are near 

neighbors, separated by about 𝑅 = 2.1 Å (the blue five-pointed star in Figure 4.9(b) and the blue 

triangle in Figure 4.9(c)). 

Our work shows that the (3 × 1)-O superlattice structure significantly modifies the forces 

of bulk Nb and the unreconstructed, bare Nb(100) surface. The strong bonds introduced by the 

(3 × 1)-O superlattice make up the characteristic ladder crests and strongly oppose surface-normal 

and surface-parallel perturbations. This result explains the high-energy phonon resonances in the 

dispersion plot shown in Figure 4.7 and stabilizes the Nb surface, leading to Nb’s strong affinity 

for O.34,35 Additionally, the strengthened Nb-Nb bonds indicate a heightened Nb diffusion barrier 

at the surface.95 The (3 × 1)-O structure could inhibit nucleation and alloying at the surface, raising 

surface melting temperatures and the alloying temperatures of relevant SRF materials such as 

Sn.96–98 

Recent work by Farber et al. characterizes Sn adsorption and diffusion behavior on the      

(3 × 1)-O Nb(100) surface reconstruction.99 Their results reveal that defects do not alter 

significantly either Sn adsorption or diffusion: these processes likely are dictated by the (3 × 1)-O 

superlattice structure. Our results support this interpretation of their data by indicating that the 

ladder crest features are strongly bonded and thus resistant to perturbation. Our results also explain 

their observed adsorption sites and preferential diffusion along the troughs of the ladder structure. 

An atomic-scale, theoretical characterization of the (3 × 1)-O Nb(100) surface alloying with Sn 

has not been completed. However, our results suggest that the ladder troughs are susceptible sites 
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for reactivity or alteration, while the ladder crests are strongly stabilizing and provide a barrier to 

treatments and corresponding reactions. Further atomic-scale studies of alloying on these surfaces 

will provide a more detailed picture. 

 

4.5 Conclusion 

We used HAS and DFT to map the surface phonon dispersions of the (3 × 1)-O Nb(100) 

reconstruction. A comparison between calculated resonances of the bare Nb(100) surface and the 

oxide surface show a large increase in phonon modes for the oxide, especially at higher energies. 

We explicitly calculated the electron-phonon interaction strengths at the surface and compared the 

results with inelastic He TOF data. The excellent agreement seen between experiment and theory 

allows us to identify the measured surface modes. The primary modes measured with HAS are 

caused largely by longitudinal and shear-vertical displacements of the top two layers of O and Nb 

atoms on the (3 × 1)-O surface, and these modes also display meaningful electron-phonon 

interaction strengths. DFT analysis of the force constants at the surface show significant increases 

in bonding forces between Nb atoms, as well as strong Nb-O and O-O bonds. These data further 

expound what is known about the oxide surface and will inform the development of new SRF 

cavity treatments by elucidating the dynamics of the oxide surface. While this collaborative work 

begins to reveal how the (3 × 1)-O superlattice structure alters EPC at the Nb(100) surface, it is 

only a piece of the picture. Beyond the differences in phonon resonances shown above, the 

significant modification of interatomic interactions could in turn affect surface superconductivity 

and SRF cavity behavior. Future experimental and theoretical studies investigating the EPC of 

these surfaces are currently underway. 
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Chapter 5 

Conclusions and Future Directions 

 In this thesis, a combination of helium atom scattering (HAS) and complementary density-

functional theory (DFT) was used to characterize the (3 × 1)-O Nb(100) surface reconstruction. 

Chapter 3 makes use of elastic helium scattering to monitor surface stability as a function of 

surface temperature, while inelastic helium scattering and DFT are used in Chapter 4 to explore 

the surface’s phonon band structure and force constants. Both chapters contribute needed 

information about the oxide surface that can be used to improve existing tin deposition procedures 

for superconducting radiofrequency (SRF) cavities, while also paving the way for the development 

of other niobium-alloy materials. To further delve into the intricacies of the (3 × 1)-O Nb(100) 

surface, future HAS studies could include measuring the electron-phonon coupling (EPC) of the 

surface, as well as using quasielastic helium scattering to track diffusion across the surface. 

Monitoring the surface’s EPC constant while introducing nitrogen, hydrogen, or additional oxygen 

would relate surface order and composition to SRF cavity performance, while surface diffusion of 

these gases would provide more information for SRF material fabrication.  

 

5.1 Conclusions 

 Using a newly developed crystal mount, electron-beam heater, and detector-computer 

interface system, we cleaned and analyzed a Nb(100) crystal. The characteristic (3 × 1)-O ladder 

structure formed on the surface with an average domain size of 210 ± 10 Å, as determined by the 

width of measured specular peaks. We observe both primitive and superlattice diffraction peaks 

along the <100>, ΓX azimuthal direction, while only primitive peaks are seen along <110>, ΓM. 
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By taking repeated diffraction scans, we tracked the stability of the surface through a wide 

temperature range. The superlattice peaks remain visible up to at least 1130 K, above which they 

are swallowed by increasing background signal. This does not necessarily mean that the 

superlattice disorders above this temperature. Instead, it implies that other methods are needed to 

determine stability above 1130 K. Specular peak analysis along the <110>, ΓM direction shows 

little to no change in peak width through 1210 K, which is confirmed by Auger electron 

spectroscopy. Given these results, we can conclude confidently that the (3 × 1)-O Nb(100) surface 

is stable up to at least 1130 K, and presumably through at least 1210 K. 

 We then turned our attention to surface dynamics. Using He time-of-flight (TOF) 

measurements, we determined the energies and wavevectors of single phonons across the surface 

Brillouin zone, along both the ΓX and ΓM directions. Complementary DFT calculations confirmed 

peak locations and provided addition details pertaining to the phonon resonances. HAS revealed 

two resonances along each direction. Along ΓX, the upper mode measured is hybridized 

longitudinal (L) and shear-vertical (SV), while the lower mode is almost entirely SV. Along ΓM, 

both the upper and lower modes measured are mixed L and SV. The higher mode primarily 

involves the atoms in the second layer from the surface, while the lower includes the first- and 

second-layer atoms. In addition to assigning polarizations to measured resonances, DFT 

calculations also show that the less-massive oxygen atoms move more than the niobium atoms and 

create high-energy optical phonon modes. Pairwise interatomic force constants calculated with 

DFT reiterate the effect of the oxygen on the niobium surface: oxygen strengthens the bonds at the 

surface, passivating and stabilizing it. 

 Through all of this, the oxygen is shown to play an important role in the structure, stability, 

and dynamics of the (3 × 1)-O Nb(100) surface. Its stabilizing effect could limit diffusion across 
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the surface and alter the way in which tin, or other metals, can adsorb on and eventually alloy with 

the niobium. This should inform existing and new procedures for the creation of niobium-alloy 

materials for SRF cavities. 

 

5.2 Future Directions 

 There are many exciting future directions for HAS and the (3 × 1)-O Nb(100) surface. 

Recent theory work has revealed a direct connection between elastic helium scattering intensity 

and EPC constants,90 which builds on past work showing a correlation between EPC strength and 

inelastic helium scattering intensity.89 Helium scattering involves an exchange of energy with 

surface phonons that is mediated by free electrons, giving it an intrinsic ability to measure EPC 

strength. Manson et al. showed that the EPC constant, 𝜆, is directly proportional to the Debye-

Waller (DW) exponent.90 The DW exponent, in turn, is a measure of how much an increase in 

surface temperature attenuates elastic helium scattering signal, and it is determined by analyzing 

the intensity decay of a diffraction peak over a range of temperatures. This connection between 

the DW factor and EPC constants has been used to explore various surfaces, from metallic 

overlayers to topological insulators and two-dimensional materials.100–102 However, to our 

knowledge, HAS has yet to be used to determine the EPC constants of niobium and niobium alloys. 

 With the crystal preparation techniques learned and explained in Chapter 2, diffraction 

intensity from the (3 × 1)-O Nb(100) surface could become high enough to compare specular 

intensities accurately, without interference from background. The DW factor then could be 

determined, and the surface’s EPC constant obtained. This technique can be used with a variety of 

surface conditions and alterations. Leaking nitrogen, hydrogen, or oxygen into the chamber before 

scattering would cause surface adsorbates, overlayers, and disorder; the EPC constants of these 
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surfaces would inform the SRF community of the impact surface disorder has on a SRF cavity’s 

superconducting properties and performance. 

 Surface diffusion is another interesting property that HAS can explore. When an atom or 

molecule diffuses across a surface, it creates a moving target for the helium atom. This causes 

slight variations in the helium atom’s velocity as it scatters from the surface.103 Since most 

diffusion happens on a timescale amenable to the resolution of HAS instruments, TOF 

measurements will pick up these variations through a broadening of the specular peak. This 

broadening, once instrument resolution is accounted for, can be used to characterize the type and 

extent of surface diffusion: this technique is called quasielastic helium atom scattering (QHAS). 

The relationship between energy broadening and surface momentum transfer indicates whether 

diffusion occurs continuously or through jumps. While experimental results can be rather difficult 

to interpret since the broadening can be small, a combination of QHAS and molecular dynamics 

simulations would reveal the full picture.103 

 Going forward, QHAS can be used to determine how oxygen diffuses across the (3 × 1)-O 

Nb(100) surface at elevated temperatures, as well as how additional adsorbed oxygen diffuses. 

Another interesting experiment would be to evaporate a very small amount of tin onto the (3 × 1)-

O Nb(100) surface and use QHAS to characterize the initial diffusion that occurs during tin 

deposition procedures. 

 And finally, as niobium-tin alloying techniques continue to improve and the creation 

single-crystal Nb3Sn samples becomes feasible, all of the powerful techniques available to HAS 

can be used to explore this surface thoroughly. Elastic scattering can monitor surface structure and 

stability; inelastic scattering can determine phonon band structures; DW experiments can look at 

EPC constants; and QHAS can track the diffusion of atoms and molecules across the surface. This 
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will reveal further how physical processes occur in nature while also impacting the construction 

and performance of SRF cavities and accelerators. 
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Appendix A 

Rapid Laser-Induced Temperature Jump Decomposition of the Nerve Agent 

Simulant Diisopropyl Methylphosphonate under Atmospheric Conditions 

This appendix presents work done in collaboration with members of the Sibener group at 

The University of Chicago: it examines the destruction of the nerve agent simulant diisopropyl 

methylphosphonate (DIMP) by laser heating under atmospheric conditions. My role in this project 

was to construct the instrument used to perform the experiments. In summary, the instrument 

consists of an atmospheric chamber in which the DIMP, on a graphite substrate, was ablated by a 

Nd:YAG laser. A capillary leads from the atmospheric chamber to a vacuum chamber containing 

a quadrupole mass spectrometer (QMS). The atmospheric chamber can be filled with N2 through 

a leak valve, creating an O2-deprived environment. A detailed description of the instrument is 

included in Section A.2 in a modified version of the published manuscript for this project. 

 

Abstract 

We present work detailing the destruction of the nerve agent simulant DIMP via rapid laser 

heating under atmospheric conditions. Following Nd:YAG laser ablation of liquid DIMP deposited 

on a graphite substrate, both parent and product fragments are transmitted via capillary from an 

atmospheric chamber to a vacuum chamber containing a high-resolution mass spectrometer (MS). 

This allows for real-time measurements of product distributions under a variety of temperature and 

atmospheric conditions. Ex-situ Fourier transform infrared (FTIR) spectroscopy analysis of the 

same chamber contents provides complementary information about product identities and 

fragmentation pathways. Results demonstrate that product distributions depend on heating rate, 
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surface temperature, and atmospheric oxygen content. In the destruction of DIMP, the relative 

production of alkene products depends significantly on laser power: smaller products are relatively 

more abundant at higher ablation temperatures. We also show that in the absence of atmospheric 

oxygen, the concentration of oxygenated products decreases sharply relative to alkene and alkane 

products. This suggests that under high-temperature conditions, atmospheric oxygen is 

incorporated directly into the products of the fragmented simulant. This project significantly 

extends our understanding of the fundamental chemistry of these dangerous compounds under 

atmospheric and rapidly changing thermal conditions. The results have critical implications for the 

development of effective chemical warfare agent decontamination and destruction strategies.   

 

A.1 Introduction 

Due to the threat chemical warfare agents (CWAs) pose to the global community, there is 

considerable interest in detecting, destroying existing stockpiles of, and decontaminating areas 

affected by these compounds.104,105 Current large-scale destruction techniques include 

incineration106 and neutralization by base hydrolysis, but these strategies come with additional 

challenges regarding safe transport and toxic byproducts.107 Therefore, it remains necessary to 

continue developing new strategies and understanding the exact chemistry of agents’ destruction 

in both vapor and condensed phases. Of particular interest are the extremely dangerous 

organophosphonate nerve agents soman and sarin.108 Sarin, for example, has a high estimated 

toxicity of 35 mg min m-3 in humans via vapor inhalation.109 Even beyond these dangerous 

compounds, many less toxic organophosphonates have found widespread industrial use as 

plasticizers, flame retardants, fire-resistant fluids and lubricants, and pesticides.110,111 

Consequently, it is important to characterize environmental impacts and remediation strategies for  
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Figure A.1: The chemical structures of the nerve agent sarin (red) and the simulant DIMP (black) 

differ only in the replacement of fluorine with an additional O and isopropyl group. 

 

organophosphonate contaminants more broadly. This study adds to our fundamental understanding 

of the primary chemical kinetics and physical processes occurring when these compounds are 

exposed to rapid heating under atmospheric conditions. 

This appendix presents a detailed investigation of the laser-induced, high temperature rapid 

heating destruction of the nerve agent simulant DIMP (Figure A.1).112–114 DIMP was selected from 

among the class of organophosphonate simulants for two reasons. First, DIMP shares key 

structural similarities with the nerve agent sarin, which is a compound of particular interest due in 

part to its use in urban terror attacks in Japan and its exposure to US troops abroad.107,112 Second, 

it has been shown in a number of pyrolytic and thermal studies that a significant 

organophosphonate destruction channel yields substituted and unsubstituted carbon products 

resulting from the alkoxy moiety.114–121 This gaseous product array is easily detectible and 

differentiable via mass spectrometry and FTIR analyses, which enables a robust investigation of 

the impact of laser heating rate, surface temperature, and atmospheric pressure on simulant 

destruction. 

In addition to experimental and theoretical work on the thermal decomposition and 

combustion of these compounds,114,115,120,122,123 this work is an extension of previous studies 

examining oxidative124,125 and laser destruction126 of adsorbed chemical nerve agent simulants 

under UHV conditions. The oxidative destruction of DIMP and dimethyl methylphosphonate 



76 
 

(DMMP) progress at similar rates and yield O- and carbonyl-containing oligomeric product 

species.124,125 Laser desorption and destruction studies of a number of sarin simulants (DIMP, 

DMMP, and diethyl ethylphosphonate) demonstrated lower temperature thresholds for the 

destruction of simulants with relatively larger phosphonate side chains.126 On the basis of these 

results, we expect that the majority of gas phase products in this study will include a variety of 

one, two, and three-C products generated from the DIMP isopropyl group, with possible 

incorporation of atmospheric O. 

 Using a unique atmospheric pressure ablation chamber, rapid laser heating of 1011 K s-1, 

and in-situ mass spectrometry, the experiments in this appendix probe the reaction products in the 

prompt destruction of DIMP under atmospheric and, for the first time, O-depleted atmospheric 

conditions. In addition to identifying product branching ratios as a function of laser power, the 

manipulation of O content allows us to elucidate the mechanistic role of O in simulant destruction. 

This basic understanding is critical for practical decontamination strategies that involve, for 

example, flame incineration, as these conditions often lead to significant O depletion in the local 

environment.127 

 In the laser-induced thermal destruction of DIMP, we demonstrate that the resulting 

product distribution is dependent on both surface-temperature rise and atmospheric O composition. 

More specifically, the relative production of small alkene products depends on laser power: the 

relative yield of smaller substituted products is higher when the sample is ablated with higher laser 

powers. Likewise, under O-depleted conditions, the relative amount of oxygenated products 

decreases sharply relative to alkene and alkane products. This suggests that under extreme high-

temperature conditions, atmospheric O is incorporated directly into the products of the fragmented 

simulant. Such findings are relevant directly to producing novel chemical warfare agent mitigation 
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Figure A.2: Laser ablation experiments were conducted in a joint atmospheric and high vacuum 

apparatus. A Nd:YAG laser was used to ablate DIMP simulant films in an atmospheric chamber; 

gaseous products were transported via capillary (green) to a high-vacuum chamber containing a 

QMS for analysis. 

 

strategies and maintaining national security. 

 

A.2 Experimental 

 All experiments in this appendix were conducted in a newly constructed atmospheric-mass 

spectrometry apparatus, shown in Figure A.2. Additional measurements were collected via ex-situ 

FTIR analysis. In short, a QMS (UTI 100) occupies a high-vacuum chamber reaching base 

pressures of 10-9 Torr, pumped by a 90 L/s turbo pump (Leybold, Turbovac 90 i) backed by a 24 

m3/h rotary vein pump (Pfeiffer, Duo20M). The QMS is controlled through LabVIEWTM software 

(National Instruments, LabVIEWTM 2015). This chamber samples, via a 20 cm fused silica 

capillary with a 25 μm inner diameter, the gaseous products produced in a small, adjacent 

atmospheric chamber used for laser ablation trials. A second identical inlet capillary in the 

atmospheric chamber ensures that atmospheric pressure is maintained during experimental 

sampling. The volume of the atmospheric sampling chamber is small (approximately 40 cm3), 

which enables rapid diffusion of vapor products; changes in chamber contents are detected by the 
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MS within 300 ms. We do note that the capillary is not heated, so there is a possibility for vapor 

condensation of DIMP or associated products during transport. Gas phase products, however, are 

expected to thermalize rapidly in the atmospheric chamber, so we do not expect condensation in 

the capillary to be a major pathway. The large pressure differential between the two chambers also 

ensures consistent gas flow through the capillary, and repeated use of the same capillary showed 

no blockage, indicating that condensation was not happening on a large scale. 

 In order to prepare DIMP samples for ablation, we routinely purged the atmospheric 

chamber and re-opened to atmosphere between trials. The substrate for all experiments was a 

highly ordered pyrolytic graphite crystal (HOPG, Bruker). In addition to purging the chamber, we 

exfoliated the HOPG surface between trials to ensure reproducible surface quality and 

composition. To begin each experiment, we deposited 10 μL of DIMP (Alfa Aesar) on the HOPG 

surface and sealed the chamber. A background mass scan was then collected; final product analysis 

was performed on the background-subtracted spectra collected following ablation. 

We ablated DIMP films with a Nd:YAG laser (Quanta-Ray, GCR 130) producing near-IR 

photons at 1064 nm. To estimate the surface temperature on the HOPG substrate induced by the 

laser pulse, the following calculation was carried out for one-dimensional heat flow into a semi-

infinite slab of material (transverse propagation of the beam is large compared to the depth of heat 

conduction into the film). Assuming that the optical absorption coefficient of HOPG is large (on 

the order of 104–106 cm-1),128–131 the surface temperature of the HOPG surface at time 𝑡 can be 

calculated as:132 

 𝑇(0, 𝑡) =
2𝐹0

𝐾
(

𝜅𝑡

𝜋
)

1/2

. (A.1) 

In Equation A.1, 𝐹0 is the absorbed incident flux from the laser; 𝐾 is the thermal conductivity and 

𝜅 is the thermal diffusivity of HOPG, reported as 290 W m-1 K-1 and 0.000165 m2 s, respectively.133 
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In practice, we first measure the total pulsed laser power with a calorimeter (Scientech, Model 38-

0101). This output is converted to pulse energy by incorporating the pulse frequency (20 Hz) and 

scaling to the duration of individual pulses (8 ns): pulse energies in this study range from 0.103 J 

to 0.244 J. We further scale the total flux to the reflection coefficient of HOPG (reported as 0.21 

at 300 K).128 With this model, peak laser powers raise the crystal temperature to approximately 

2830 ± 110 K at a heating rate of 3.2 × 1011 K s-1. The error cited for temperature is a standard 

propagation including error from the calorimeter measurement, pulse width, and HOPG reflection 

coefficient. We note that simulant films were ablated for 2 minutes at 20 Hz in order to generate 

sufficient product signal for analysis. However, product signals (propene at 𝑚/𝑧 = 41, for 

example) were detected for single pulse ablations, and thermocouple measurements of the HOPG 

crystal show a steady-state temperature rise of only approximately 350 K from the extended 

ablation. We therefore assume that the modest temperature rise caused by extended ablation is 

negligible compared to the high temperature rise during each individual pulse. 

 Mass spectra analyses involved a series of steps illustrated with representative data in 

Figure A.3. To begin, background spectra were subtracted from post-ablation spectra (Figure 

A.3(a)). Next, the MALDIquant R package was used for data smoothing (using a 7-point Savitzky- 

Golay-filter, Figure A.3(b)) and peak detection.134,135 In order to deconvolve the spectra into 

individual product contributions, it first was necessary to build a library of fragmentation patterns 

for the proposed products. To this end, mass spectra were collected for propene (Sigma Aldrich), 

acetone (Fisher Scientific), and isopropyl alcohol (IPA, Fisher Scientific). The spectra for 

additional products, ethylene and acetylene, were obtained from reference data from the National 

Institute of Standards and Technology (NIST).136 Once this library was complete, the relative 

product contributions for the ablated spectra were determined using a least-squares analysis 



80 
 

 

Figure A.3: Representative analysis of ablated DIMP mass spectra. First, background spectra are 

subtracted from post-ablation spectra (a). These background-subtracted spectra are smoothed 

(red, (b)) and peaks are detected (black bars, (c)). A least-squares procedure is used to determine 

relative product yields and reproduce the ablated spectra (red bars, (c)). 

 

 (Figure A.3(c)). We note that though present in the background-subtracted spectra, large peaks 

associated with atmospheric gases like N2, O2, Ar, etc., were excluded from this deconvolution 

procedure due to the difficulty of separating trace product signals from atmospheric contributions. 

The omission of 𝑚/𝑧 = 27 and 28 in particular made it difficult to distinguish ethylene and 

acetylene. Therefore, all discussions herein will group these two-C products together. 

 In addition to mass spectrometry, a second modular chamber was used for concurrent ex-

situ FTIR analysis of ablated products. To begin these experiments, we purged a 150 cm3 IR cell 

with ZnSe windows to approximately 25 mTorr. We then connected this chamber via leak valve 

to an analogous atmospheric chamber for simulant ablation.  Following the ablation procedure, the 

valve was opened, allowing the evolved gaseous products to escape into the purged chamber. The 

contents of the unheated chamber were analyzed using an infrared spectrophotometer (Thermo 

Fisher, Nicolet iS50) and a liquid-nitrogen-cooled MCT/A detector. We averaged all such FTIR 

spectra over 200 scans at 4 cm-1 resolution; peak fitting analysis utilized Gaussian peaks atop cubic 

baselines. 
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A.3 Results and Discussion 

A.3.1 FTIR Product Analysis 

 Previous investigations into the thermal destruction of DIMP consistently have identified 

a number of products, including propene, IPA, and ethylene. These studies include destruction via 

pyrolysis, combustion, exposure to a corona discharge, dissociative adsorption, laser ablation, and 

so on.104,114,115,137–139 While this provides a reasonable set of products to look for, the work in this 

appendix represents the first direct study of rapid laser heating (on the order of 1011 K s-1) of 

adsorbed liquid DIMP under atmospheric pressure and O-depleted conditions. It therefore is 

necessary to establish firmly the full range of products before attempting to assess branching ratios; 

this was done using ex-situ FTIR. Representative spectra of ablated DIMP in Figure A.4 show 

clear evidence of propene, ethylene, acetylene, as well as contributions from unreacted DIMP or 

other partially decomposed organophosphonate fragments such as isopropyl methylphosphonate 

(IMP). In addition to the prominent phosphonate P-O-C stretching modes at 995 and 1020 cm-1, 

we observe significant signal intensity from propene’s =CH2 wagging mode (912 cm-1) and the 

bending modes of acetylene and ethylene (730 cm-1 and 949 cm-1, respectively). All peaks 

referenced herein are consistent with those reported for the corresponding molecules in the gas 

phase.113,136,140–145 CO also is observed, but this is difficult to assign uniquely to either DIMP or 

HOPG ablation. Additionally, other small product peaks are observed in the spectra beyond those 

highlighted in Figure A.4, but we were not able to clearly establish their identities using FTIR 

alone. 

In both FTIR and the following MS analyses, we note that the scope of our experiment did 

not include direct quantification of condensed-phase products, or of parent molecules remaining 

on the HOPG substrate or in the atmospheric chamber. Similar to other studies, however, our gas- 
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Figure A.4: A representative FTIR spectrum of DIMP ablated to approximately 2720 K, showing 

clear evidence of residual DIMP as well as acetylene, propene, and ethylene products. 

 

phase product analysis suggests that it is primarily phosphorus-containing products that remain 

following thermal destruction.114,146 In addition to unreacted DIMP, these products likely include 

IMP and methylphosphonic acid (MPA). 

 As laser power (and thereby HOPG surface temperature) is increased, an interesting trend 

emerges in the relative distribution of products. When spectra are normalized to the height of the 

propene peak, there is a corresponding relative increase in the height of ethylene (Figure A.5(a)). 

If the relative areas of these two peaks are plotted as a function of HOPG surface temperature 

(Figure A.5(b)), it becomes clear that as the ablation temperature increases, ethylene production 

increases relative to propene. The same trend is observed for relative propene and acetylene 

production. Without precise absorption cross-sections for these compounds, it is difficult to 

quantify the absolute amount of each product formed. It is clear, however, that higher temperatures 

lead to a higher yield of smaller substituted C products. 
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Figure A.5: Relative production of ethylene and propene as a function of laser ablation power. 

FTIR spectra normalized to propene height (a) demonstrate increases in relative ethylene 

production as surface ablation temperature increases. Baseline and other product peaks have 

been subtracted for clarity. The relative integrated areas of the associated peaks (b) show that this 

trend is observed throughout the temperature range explored in this study (error bars represent 

the standard deviation of at least three trials at each ablation temperature). 

 

A.3.2 Effects of Varying Surface Temperature 

 The results described in the preceding section were replicated easily with in-situ mass 

spectrometry. However, it is important to note that the mass spectra data reveal some additional 

minor products unidentified in the FTIR data. FTIR spectra provided no conclusive evidence of 

oxygenated ablation products, despite their suggested presence in other pyrolytic and thermal 

decomposition studies of DIMP.115,137,138 Background subtracted mass spectra of ablated DIMP, 

however, show clear increases in 𝑚/𝑧 = 43 and 𝑚/𝑧 = 45 (acetone and IPA, respectively). The 
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Figure A.6: Reproduced representative mass spectra (a) from a least-squares fit of the data 

(normalized to the propene signal at 𝑚/𝑧 = 41) show an increase in low molecular weight 

products (ethylene and acetylene) as laser power is increased. This also can be seen in the 

normalized relative intensities of propene and acetylene/ethylene (𝑚/𝑧 = 26) averaged across all 

trials (b). Ablation surface temperatures are 1440 K (blue), 2140 K (green), and 2830 K (red). 

The dotted line is drawn to guide the eye. 

 

yield of both of these products consistently is small relative to propene and ethylene/acetylene, so 

their absence in FTIR spectra may simply be due to a lack of sensitivity. Therefore, mass spectra 

are deconvoluted into contributions from four observed products: propene, ethylene/acetylene, 

acetone, and IPA. Figure A.6 shows the least-squares fit for the data collected in three 

representative trials at different ablation powers. When the data are normalized to the propene 

signal (𝑚/𝑧 = 41), there is a clear corresponding relative increase in the amount of the smaller 

acetylene and ethylene products. In other words, these results again suggest that peak surface 

temperatures impact the extent of bond cleavage and identity of destruction products. 

 

A.3.3 Effects of Varying Atmospheric Oxygen 

 In order to probe the role of atmospheric O in DIMP destruction, we performed a series 

of experiments with variable partial pressures of O. Following simulant deposition, the sampling 
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Figure A.7: Reproduced representative mass spectra (a) from a least-squares fit of the data 

(normalized to propene signal at 𝑚/𝑧 = 41) show a sharp decrease in oxygenated products as 

available O decreases. This also can be seen in the normalized relative intensities of propene, 

IPA (𝑚/𝑧 = 45), and acetone (𝑚/𝑧 = 43) averaged across all trials (b). Recorded O pressures in 

the QMS chamber were 1 × 10-6 Torr under atmospheric ablation conditions (red), 2 × 10-7 Torr 

under low O conditions (green), and 3 × 10-9 Torr under O-depleted conditions (blue). The dotted 

line is drawn to guide the eye. 

 

chamber was purged carefully with N2 until a desired O pressure was reached (as measured with 

the QMS). The chamber, however, was still maintained at atmospheric pressure. After ablation at 

the highest laser powers, the results in Figure A.7 show that the presence of oxygenated products 

plummets nearly to zero when atmospheric O is reduced. Signals associated with both acetone 

(𝑚/𝑧 = 43) and IPA (𝑚/𝑧 = 45) decrease sharply relative to propene (𝑚/𝑧 = 41). This 

observation is of critical importance: it demonstrates clearly that atmospheric O is incorporated 

directly into the fragmenting DIMP molecule. 

 

A.3.4 Mechanism of Destruction 

 The effects of varying both ablation surface temperature and atmospheric composition are 

summarized in Table A.1. Each entry represents the average of at least three similar trials. In brief, 
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Chamber Conditions Relative Product Contributions 

Oxygen (Torr) 
Surface 

Temp (K) 
IPA Acetone Propene Ethylene/Acetylene 

(1 ± 0.1) × 10-6 2830 ± 110 0.2 ± 0.05 0.1 ± 0.06 1 ± 0.16 1.2 ± 0.18 

(1 ± 0.1) × 10-6 2140 ± 86 0.2 ± 0.03 0.1 ± 0.12 1 ± 0.04 1.2 ± 0.16 

(1 ± 0.1) × 10-6 1440 ± 64 0.1 ± 0.08 0.4 ± 0.13 1 ± 0.13 0.5 ± 0.06 

(1 ± 0.1) × 10-6 2830 ± 110 0.2 ± 0.05 0.1 ± 0.06 1 ± 0.16 1.2 ± 0.18 

(2 ± 1.7) × 10-7 2830 ± 110 0 ± 0.03 0.1 ± 0.08 1 ± 0.27 4.2 ± 0.86 

(3 ± 0.4) × 10-9 2830 ± 110 0 ± 0.0 0 ± 0.0 1 ± 0.3 7 ± 1.49 

Table A.1: Summary of all DIMP ablation experiments performed, normalized to propene 

production. As surface temperature is increased, the relative ratio of ethylene and acetylene to 

propene increases. As available O is decreased, the relative production of IPA and acetone 

decreases. 

 

we observe that higher ablation temperatures lead to an increase in the relative production of 

shorter chain substituted products (ethylene/acetylene vs. propene). Additionally, a reduction in 

available atmospheric O leads to a decrease in the relative production of oxygenated products 

(acetone and IPA vs. propene). These results inform the following discussion of the mechanisms 

underlying the thermal destruction of condensed-phase DIMP. 

 To begin, it has been proposed experimentally and theoretically that the primary pyrolytic 

destruction step for DIMP and other similar molecules is a unimolecular decomposition to IMP 

and propene via a six-membered ring transition state.114,147–149 Moreover, propene production has 

been observed under a variety of high temperature conditions, beginning with temperatures as low 

as 700 K, which is lower than the ablation range studied here.114,126 In vacuum studies, propene is 

also produced as a result of dissociative adsorption of DIMP.116,139 Essentially, many studies agree 

that a major step in DIMP destruction involves the formation of propene. On the other hand, few 

studies have identified direct mechanisms that yield smaller substituted products from DIMP’s 

initial dissociation (and indeed no single initial bond scission is enough to yield a two-C product 
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from DIMP directly). Instead, it is likely that the smaller products (ethylene, acetylene, methane, 

etc.) are produced as secondary destruction products of propene.150,151 The results of this work 

present evidence that propene likely is one of the first products, and that higher ablation 

temperatures increase the relative extent of further fragmentation. 

 The results of the O study add interesting detail to the existing mechanistic picture. Zegers 

and Fisher proposed a two-step pyrolysis mechanism for DIMP, beginning with the unimolecular 

decomposition that yields propene. The second step involves transfer of a H from the phosphorous 

hydroxyl group to the O of the isopropoxy group, yielding IPA and methyl 

dioxophosphorane.114,115 Our observations suggest, however, that this intermolecular step may not 

be the primary mechanism for IPA formation at these high-temperature, fast-heating, and 

condensed-phase conditions. Instead, atmospheric O2 or radicals formed from thermal dissociation 

may abstract hydrogens or break bonds in the DIMP molecule directly. For example, if an alkyl 

radical forms upon scission of the P-O-C bond, atmospheric O2 can add readily to generate an 

alkoxy radical. This species, in turn, is expected to react or decompose to form both the observed 

acetone and IPA.152–154 The direct incorporation of O from the atmosphere in this proposed 

mechanism would account for the observed dependence on O pressure in the ablation chamber in 

the production of oxygenated products. 

  

A.4 Conclusion 

 Building on work investigating pyrolysis, dissociative adsorption, and laser ablation of 

chemical warfare agents and their simulants, this study presents a comprehensive look at rapid 

thermal ablation of condensed DIMP, a simulant of sarin, under atmospheric pressure conditions. 

Decomposition products observed include propene, ethylene, acetylene, IPA, and acetone, which 
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are well in line with existing literature on thermal destruction of organophosphonates. Product 

distributions varied significantly when both laser power (HOPG surface temperature) and O 

content were altered: higher ablation powers led to higher temperatures, which increased the extent 

of secondary fragmentation in alkene and alkyne products observed. Lower O partial pressures led 

to a sharp decrease in oxygenated products, suggesting that a dominating mechanism in this system 

involves direct incorporation of atmospheric O2 into product fragments. 

Though sarin, unlike DIMP, includes a fluorine substituent on the central phosphorus atom, 

there is reason to believe that the results highlighted here have direct relevance for sarin’s thermal 

destruction. Experimental work with simulants and nerve agents has shown significant correlation 

between bond frequency and desorption energies, suggesting that simulants like DIMP are indeed 

appropriate for modeling the chemistry of toxic agents.112 Perhaps more importantly, pyrolytic 

simulations of sarin have confirmed that thermal destruction begins with the same six-center 

intermediate that leads to propene elimination.115 Therefore, we expect that the chemistry observed 

in these temperature-jump experiments is relatively generalizable to sarin and other large 

organophosphonates. 

In addition to validating the applicability of these results on live nerve agents, extensions 

of this work may include tracking the destruction temperature thresholds and product distributions 

for additional simulants and simulant mixtures, as well as the impact of incorporating less 

absorptive or reactive substrates. In general, this work continues to shed light on the basic 

mechanisms of organophosphonate thermal destruction, related to those encountered under high 

temperature rapid heating blast conditions. These results are critical for the accurate modeling of 

environmental persistence and the implementation of mitigation strategies for chemical warfare 

agents and other organophosphonate pesticides.  
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Appendix B 

Raw Data 

The following appendix contains the raw data for all figures used in this thesis. The naming 

system is as follows: ‘B’, followed by the chapter where the data is used in a figure (i.e. ‘3’), 

followed by a period and then the number of the raw-data figure in the order it appears in the 

appendix (i.e. ‘.1’ for the first, ‘.2’ for the second, etc.). This number does not necessarily 

correspond with the number of the associated figure in the thesis. 

The thesis figure in which the raw data is used is listed in the appendix figure’s caption. 
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Figure B3.1: He diffraction scan from the (3 × 1)-O Nb(100) surface along the ΓX axis, used to 

create Figure 3.1. 

Experiment file: Figure B3.1.pxp 

Raw data file: 021720_03 
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Figure B3.2: He diffraction scan from the (3 × 1)-O Nb(100) surface along the ΓM axis, used to 

create Figure 3.2. 

Experiment file: Figure B3.2.pxp 

Raw data file: 021820_03 
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Figure B3.3: He diffraction scan from the (3 × 1)-O Nb(100) surface along the ΓX axis, used to 

create Figure 3.3. The FWHM was used as a point in Figure 3.6; Gaussian fits were found as 

described in Chapter 3. 

Experiment file: Figure B3.3.pxp 

Raw data file: 021820_03 
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Figure B3.4: He diffraction scans from the (3 × 1)-O Nb(100) surface along the ΓX axis, used to 

create Figure 3.4. 

Experiment file: Figure B3.4.pxp 

Raw data files: 021720_03, 021720_05, 021720_07, 021720_09, 021720_12, 021720_14, and 

021720_16 
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Figure B3.5: He diffraction scans from the (3 × 1)-O Nb(100) surface along the ΓM axis, used to 

create Figure 3.5. 

Experiment file: Figure B3.5.pxp 

Raw data files: 021820_03, 021820_04, 021820_05, 021820_06, and 021820_09 
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Figure B3.6: He diffraction scan from the (3 × 1)-O Nb(100) surface along the ΓX axis. The FWHM 

is used as a point in Figure 3.6; Gaussian fits were found as described in Chapter 3. 

Experiment file: Figures B3.6-B3.9.pxp 

Raw data file: 021821_09 
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Figure B3.7: He diffraction scan from the (3 × 1)-O Nb(100) surface along the ΓX axis. The FWHM 

is used as a point in Figure 3.6; Gaussian fits were found as described in Chapter 3. 

Experiment file: Figures B3.6-B3.9.pxp 

Raw data file: 021821_04 
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Figure B3.8: He diffraction scan from the (3 × 1)-O Nb(100) surface along the ΓX axis. The FWHM 

is used as a point in Figure 3.6; Gaussian fits were found as described in Chapter 3. 

Experiment file: Figures B3.6-B3.9.pxp 

Raw data file: 021821_05 
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Figure B3.9: He diffraction scan from the (3 × 1)-O Nb(100) surface along the ΓX axis. The FWHM 

is used as a point in Figure 3.6; Gaussian fits were found as described in Chapter 3. 

Experiment file: Figures B3.6-B3.9.pxp 

Raw data file: 021821_06 
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Figure B4.1: He diffraction scan from the (3 × 1)-O Nb(100) surface along the ΓX axis, used to 

create Figure 4.1(a) 

Experiment file: Figures B4.1-B4.2.pxp 

Raw data file: 100920_07 
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Figure B4.2: He diffraction scan from the (3 × 1)-O Nb(100) surface along the ΓX axis, used to 

create Figure 4.1(b) 

Experiment file: Figures B4.1-B4.2.pxp 

Raw data file: 080620_13 
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Figure B4.3: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓX 

axis; used to create Figure 4.2(a) and contributes two data points to Figures 4.4(a), 4.7, and 4.8(a). 

Cross-correlation spectrum taken with 𝑇𝑆 = 670 K, 𝐸𝑖 = 16 meV, 𝜃𝑖 = 27.2°, and 𝜃𝑓 = 38.1°. 

Experiment file: Figures B4.3-B4.6.pxp 

Raw data file: 120120_03 

 

 

Figure B4.4: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓX 

axis; used to create Figure 4.2(a) and contributes two data points to Figures 4.4(a), 4.7, and 4.8(a). 

Cross-correlation spectrum taken with 𝑇𝑆 = 670 K, 𝐸𝑖 = 16 meV, 𝜃𝑖 = 27.2°, and 𝜃𝑓 = 42.1°. 

Experiment file: Figures B4.3-B4.6.pxp 

Raw data file: 120120_04  
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Figure B4.5: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓX 

axis; used to create Figure 4.2(b) and contributes three data points to Figures 4.4(a), 4.7, and 4.8(a). 

Two cross-correlation spectra taken with 𝑇𝑆 = 670 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 34.7°, and 𝜃𝑓 = 23.6° and 

then added. 

Experiment file: Figures B4.3-B4.6.pxp 

Raw data files: 111820_02 and 111820_03 

 

 

Figure B4.6: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓX 

axis; used to create Figure 4.2(b) and contributes three data points to Figures 4.4(a), 4.7, and 4.8(a). 

Two cross-correlation spectra taken with 𝑇𝑆 = 670 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 34.7°, and 𝜃𝑓 = 24.6° and 

then added. 

Experiment file: Figures B4.3-B4.6.pxp 

Raw data files: 111820_04 and 111820_05 
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Figure B4.7: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; used to create Figure 4.3(a) and contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). 

Cross-correlation spectrum taken with 𝑇𝑆 = 410 K, 𝐸𝑖 = 10 meV, 𝜃𝑖 = 21.1°, and 𝜃𝑓 = 25.2°. 

Experiment file: Figures B4.7-B4.13.pxp 

Raw data file: 081420_06 

 

 

Figure B4.8: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; used to create Figure 4.3(a) and contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). 

Cross-correlation spectrum taken with 𝑇𝑆 = 410 K, 𝐸𝑖 = 10 meV, 𝜃𝑖 = 21.1°, and 𝜃𝑓 = 27.2°. 

Experiment file: Figures B4.7-B4.13.pxp 

Raw data file: 081420_07 
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Figure B4.9: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; used to create Figure 4.3(a) and contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). 

Cross-correlation spectrum taken with 𝑇𝑆 = 410 K, 𝐸𝑖 = 10 meV, 𝜃𝑖 = 21.1°, and 𝜃𝑓 = 29.2°. 

Experiment file: Figures B4.7-B4.13.pxp 

Raw data file: 081420_07 

 

 

Figure B4.10: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; used to create Figure 4.3(b) and contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). 

Cross-correlation spectrum taken with 𝑇𝑆 = 300 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.2°, and 𝜃𝑓 = 19.1°. 

Experiment file: Figures B4.7-B4.13.pxp 

Raw data file: 090320_04 
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Figure B4.11: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; used to create Figure 4.3(b) and contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). 

Cross-correlation spectrum taken with 𝑇𝑆 = 300 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.2°, and 𝜃𝑓 = 20.1°. 

Experiment file: Figures B4.7-B4.13.pxp 

Raw data file: 090320_05 

 

 

Figure B4.12: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; used to create Figure 4.3(b) and contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). 

Cross-correlation spectrum taken with 𝑇𝑆 = 300 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.2°, and 𝜃𝑓 = 22.1°. 

Experiment file: Figures B4.7-B4.13.pxp 

Raw data file: 090320_06 
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Figure B4.13: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; used to create Figure 4.3(b) and contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). 

Cross-correlation spectrum taken with 𝑇𝑆 = 300 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.2°, and 𝜃𝑓 = 23.1°. 

Experiment file: Figures B4.7-B4.13.pxp 

Raw data file: 090320_07 

 

 

Figure B4.14: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓX 

axis; contributes two data points to Figures 4.4(a), 4.7, and 4.8(a). Cross-correlation spectrum 

taken with 𝑇𝑆 = 670 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.4°, and 𝜃𝑓 = 36.9°. 

Experiment file: Figures B4.14-B4.34.pxp 

Raw data file: 102820_04 
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Figure B4.15: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓX 

axis; contributes one data point to Figures 4.4(a), 4.7, and 4.8(a). Cross-correlation spectrum taken 

with 𝑇𝑆 = 670 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.4°, and 𝜃𝑓 = 31.9°. 

Experiment file: Figures B4.14-B4.34.pxp 

Raw data file: 102820_05 

 

 

Figure B4.16: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓX 

axis; contributes two data points to Figures 4.4(a), 4.7, and 4.8(a). Cross-correlation spectrum 

taken with 𝑇𝑆 = 670 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.4°, and 𝜃𝑓 = 33.9°. 

Experiment file: Figures B4.14-B4.34.pxp 

Raw data file: 102820_06 
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Figure B4.17: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓX 

axis; contributes one data point to Figures 4.4(a), 4.7, and 4.8(a). Cross-correlation spectrum taken 

with 𝑇𝑆 = 670 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.4°, and 𝜃𝑓 = 29.9°. 

Experiment file: Figures B4.14-B4.34.pxp 

Raw data file: 102820_07 

 

 

Figure B4.18: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓX 

axis; contributes one data point to Figures 4.4(a), 4.7, and 4.8(a). Cross-correlation spectrum taken 

with 𝑇𝑆 = 670 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.2°, and 𝜃𝑓 = 37.1°. 

Experiment file: Figures B4.14-B4.34.pxp 

Raw data file: 102920_02 
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Figure B4.19: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓX 

axis; contributes one data point to Figures 4.4(a), 4.7, and 4.8(a). Cross-correlation spectrum taken 

with 𝑇𝑆 = 670 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.2°, and 𝜃𝑓 = 34.1°. 

Experiment file: Figures B4.14-B4.34.pxp 

Raw data file: 102920_03 

 

 

Figure B4.20: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓX 

axis; contributes two data points to Figures 4.4(a), 4.7, and 4.8(a). Cross-correlation spectrum 

taken with 𝑇𝑆 = 670 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.2°, and 𝜃𝑓 = 39.1°. 

Experiment file: Figures B4.14-B4.34.pxp 

Raw data file: 102920_05 
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Figure B4.21: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓX 

axis; contributes two data points to Figures 4.4(a), 4.7, and 4.8(a). Cross-correlation spectrum 

taken with 𝑇𝑆 = 670 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.2°, and 𝜃𝑓 = 41.1°. 

Experiment file: Figures B4.14-B4.34.pxp 

Raw data file: 102920_06 

 

 

Figure B4.22: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓX 

axis; contributes two data points to Figures 4.4(a), 4.7, and 4.8(a). Cross-correlation spectrum 

taken with 𝑇𝑆 = 670 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.2°, and 𝜃𝑓 = 43.1°. 

Experiment file: Figures B4.14-B4.34.pxp 

Raw data file: 102920_07 
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Figure B4.23: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓX 

axis; contributes one data point to Figures 4.4(a), 4.7, and 4.8(a). Cross-correlation spectrum taken 

with 𝑇𝑆 = 670 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.2°, and 𝜃𝑓 = 45.1°. 

Experiment file: Figures B4.14-B4.34.pxp 

Raw data file: 102920_08 

 

 

Figure B4.24: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓX 

axis; contributes three data points to Figures 4.4(a), 4.7, and 4.8(a). Three cross-correlation spectra 

taken with 𝑇𝑆 = 670 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 34.8°, and 𝜃𝑓 = 22.5° and then added. 

Experiment file: Figures B4.14-B4.34.pxp 

Raw data files: 111320_02, 111320_03, and 111320_05 
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Figure B4.25: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓX 

axis; contributes three data points to Figures 4.4(a), 4.7, and 4.8(a). Three cross-correlation spectra 

taken with 𝑇𝑆 = 670 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 34.7°, and 𝜃𝑓 = 21.7° and then added. 

Experiment file: Figures B4.14-B4.34.pxp 

Raw data files: 111620_05, 111620_06, and 111620_07 

 

 

Figure B4.26: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓX 

axis; contributes three data points to Figures 4.4(a), 4.7, and 4.8(a). Five cross-correlation spectra 

taken with 𝑇𝑆 = 670 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 34.7°, and 𝜃𝑓 = 18.6° and then added. 

Experiment file: Figures B4.14-B4.34.pxp 

Raw data files: 111920_02, 111920_03, 111920_04, 111920_05, and 111920_06 
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Figure B4.27: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓX 

axis; contributes two data points to Figures 4.4(a), 4.7, and 4.8(a). Cross-correlation spectrum 

taken with 𝑇𝑆 = 670 K, 𝐸𝑖 = 16 meV, 𝜃𝑖 = 34.6°, and 𝜃𝑓 = 22.7°. 

Experiment file: Figures B4.14-B4.34.pxp 

Raw data file: 112020_02 

 

 

Figure B4.28: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓX 

axis; contributes two data points to Figures 4.4(a), 4.7, and 4.8(a). Two cross-correlation spectra 

taken with 𝑇𝑆 = 670 K, 𝐸𝑖 = 16 meV, 𝜃𝑖 = 34.7°, and 𝜃𝑓 = 23.7° and then added. 

Experiment file: Figures B4.14-B4.34.pxp 

Raw data files: 112020_03 and 112020_04 
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Figure B4.29: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓX 

axis; contributes three data points to Figures 4.4(a), 4.7, and 4.8(a). Three cross-correlation spectra 

taken with 𝑇𝑆 = 670 K, 𝐸𝑖 = 17 meV, 𝜃𝑖 = 34.6°, and 𝜃𝑓 = 19.7° and then added. 

Experiment file: Figures B4.14-B4.34.pxp 

Raw data files: 112320_02, 112320_03, and 112320_04 

 

 

Figure B4.30: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓX 

axis; contributes one data point to Figures 4.4(a), 4.7, and 4.8(a). Two cross-correlation spectra 

taken with 𝑇𝑆 = 670 K, 𝐸𝑖 = 17 meV, 𝜃𝑖 = 34.6°, and 𝜃𝑓 = 18.7° and then added. 

Experiment file: Figures B4.14-B4.34.pxp 

Raw data files: 112320_05 and 112320_06 
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Figure B4.31: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓX 

axis; contributes one data point to Figures 4.4(a), 4.7, and 4.8(a). Three cross-correlation spectra 

taken with 𝑇𝑆 = 670 K, 𝐸𝑖 = 16 meV, 𝜃𝑖 = 34.6°, and 𝜃𝑓 = 17.7° and then added. 

Experiment file: Figures B4.14-B4.34.pxp 

Raw data files: 112420_02, 112420_03, and 112420_04 

 

 

Figure B4.32: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓX 

axis; contributes one data point to Figures 4.4(a), 4.7, and 4.8(a). Two cross-correlation spectra 

taken with 𝑇𝑆 = 670 K, 𝐸𝑖 = 16 meV, 𝜃𝑖 = 34.6°, and 𝜃𝑓 = 16.7° and then added. 

Experiment file: Figures B4.14-B4.34.pxp 

Raw data files: 112420_05 and 112420_06 
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Figure B4.33: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓX 

axis; contributes one data point to Figures 4.4(a), 4.7, and 4.8(a). Cross-correlation spectrum taken 

with 𝑇𝑆 = 670 K, 𝐸𝑖 = 16 meV, 𝜃𝑖 = 20.6°, and 𝜃𝑓 = 33.7°. 

Experiment file: Figures B4.14-B4.34.pxp 

Raw data file: 120220_03 

 

 

Figure B4.34: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓX 

axis; contributes one data point to Figures 4.4(a), 4.7, and 4.8(a). Cross-correlation spectrum taken 

with 𝑇𝑆 = 670 K, 𝐸𝑖 = 16 meV, 𝜃𝑖 = 20.6°, and 𝜃𝑓 = 35.7°. 

Experiment file: Figures B4.14-B4.34.pxp 

Raw data file: 120220_05 
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Figure B4.35: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). Three cross-correlation spectra 

taken with 𝑇𝑆 = 300 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.2°, and 𝜃𝑓 = 13.1° and then added. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data files: 082820_14, 082820_15, and 082820_16 

 

 

Figure B4.36: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). Three cross-correlation spectra 

taken with 𝑇𝑆 = 300 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.2°, and 𝜃𝑓 = 13.1° and then added. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data files: 082820_17, 082820_18, and 082820_19 
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Figure B4.37: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). Cross-correlation spectrum taken 

with 𝑇𝑆 = 300 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.2°, and 𝜃𝑓 = 15.1°. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data file: 090220_07 

 

 

Figure B4.38: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). Cross-correlation spectrum taken 

with 𝑇𝑆 = 300 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.2°, and 𝜃𝑓 = 16.1°. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data file: 090220_08 
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Figure B4.39: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). Cross-correlation spectrum taken 

with 𝑇𝑆 = 300 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.2°, and 𝜃𝑓 = 17.1°. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data file: 090220_09 

 

 

Figure B4.40: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). Cross-correlation spectrum taken 

with 𝑇𝑆 = 300 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.2°, and 𝜃𝑓 = 18.1°. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data file: 090220_10 
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Figure B4.41: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). Two cross-correlation spectra 

taken with 𝑇𝑆 = 300 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.1°, and 𝜃𝑓 = 15.2° and then added. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data files: 082620_06 and 082620_07 

 

 

Figure B4.42: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). Three single-shot spectra taken 

with 𝑇𝑆 = 300 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.2°, and 𝜃𝑓 = 24.1° and then added. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data files: 082720_18, 082720_19, and 082720_20 
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Figure B4.43: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). Three single-shot spectra taken 

with 𝑇𝑆 = 300 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.1°, and 𝜃𝑓 = 32.2° and then added. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data files: 082220_04, 082220_05, and 082220_06 

 

 

Figure B4.44: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). Three cross-correlation spectra 

taken with 𝑇𝑆 = 300 K, 𝐸𝑖 = 10 meV, 𝜃𝑖 = 27.3°, and 𝜃𝑓 = 34.0° and then added. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data files: 082120_04, 082120_05, and 082120_06 
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Figure B4.45: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). Cross-correlation spectrum taken 

with 𝑇𝑆 = 300 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.1°, and 𝜃𝑓 = 32.2°. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data file: 082120_18 

 

 

Figure B4.46: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes two data points to Figures 4.4(b), 4.7, and 4.8(a). Cross-correlation spectrum 

taken with 𝑇𝑆 = 300 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.1°, and 𝜃𝑓 = 47.2°. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data file: 082120_19 
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Figure B4.47: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). Cross-correlation spectrum taken 

with 𝑇𝑆 = 410 K, 𝐸𝑖 = 10 meV, 𝜃𝑖 = 27.2°, and 𝜃𝑓 = 20.4°. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data file: 082020_05 

 

 

Figure B4.48: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). Three cross-correlation spectra 

taken with 𝑇𝑆 = 410 K, 𝐸𝑖 = 10 meV, 𝜃𝑖 = 27.2°, and 𝜃𝑓 = 31.1° and then added. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data files: 082020_08, 082020_09, and 082020_10 
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Figure B4.49: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). Four cross-correlation spectra 

taken with 𝑇𝑆 = 410 K, 𝐸𝑖 = 10 meV, 𝜃𝑖 = 27.2°, and 𝜃𝑓 = 34.1° and then added. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data files: 082020_11, 082020_12, 082020_13, and 082020_14 

 

 

Figure B4.50: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). Cross-correlation spectrum taken 

with 𝑇𝑆 = 410 K, 𝐸𝑖 = 15 meV, 𝜃𝑖 = 20.7°, and 𝜃𝑓 = 48.6°. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data file: 081920_09 
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Figure B4.51: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). Cross-correlation spectrum taken 

with 𝑇𝑆 = 410 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 20.7°, and 𝜃𝑓 = 24.6°. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data file: 080720_06 

 

 

Figure B4.52: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). Cross-correlation spectrum taken 

with 𝑇𝑆 = 410 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 20.7°, and 𝜃𝑓 = 26.6°. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data file: 080720_07 
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Figure B4.53: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes two data points to Figures 4.4(b), 4.7, and 4.8(a). Cross-correlation spectrum 

taken with 𝑇𝑆 = 410 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 20.7°, and 𝜃𝑓 = 28.6°. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data file: 080720_08 

 

 

Figure B4.54: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). Cross-correlation spectrum taken 

with 𝑇𝑆 = 410 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 20.7°, and 𝜃𝑓 = 30.6°. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data file: 080720_09 
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Figure B4.55: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes two data points to Figures 4.4(b), 4.7, and 4.8(a). Cross-correlation spectrum 

taken with 𝑇𝑆 = 410 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 20.7°, and 𝜃𝑓 = 32.6°. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data file: 080720_10 

 

 

Figure B4.56: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes two data points to Figures 4.4(b), 4.7, and 4.8(a). Cross-correlation spectrum 

taken with 𝑇𝑆 = 410 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 20.7°, and 𝜃𝑓 = 34.6°. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data file: 080720_11 
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Figure B4.57: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). Cross-correlation spectrum taken 

with 𝑇𝑆 = 410 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 20.7°, and 𝜃𝑓 = 36.6°. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data file: 080720_12 

 

 

Figure B4.58: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). Cross-correlation spectrum taken 

with 𝑇𝑆 = 410 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 20.7°, and 𝜃𝑓 = 38.6°. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data file: 080720_13 
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Figure B4.59: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes two data points to Figures 4.4(b), 4.7, and 4.8(a). Six cross-correlation spectra 

taken with 𝑇𝑆 = 410 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 20.7°, and 𝜃𝑓 = 30.6°. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data files: 081320_12, 081320_13, 081320_14, 081320_15, 081320_16, and 081320_17 

 

 

Figure B4.60: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). Cross-correlation spectrum taken 

with 𝑇𝑆 = 300 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.2°, and 𝜃𝑓 = 13.6°. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data file: 091120_05 
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Figure B4.61: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). Cross-correlation spectrum taken 

with 𝑇𝑆 = 300 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.2°, and 𝜃𝑓 = 14.1°. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data file: 091120_07 

 

 

Figure B4.62: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). Cross-correlation spectrum taken 

with 𝑇𝑆 = 300 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.2°, and 𝜃𝑓 = 14.6°. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data file: 091120_08 
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Figure B4.63: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). Cross-correlation spectrum taken 

with 𝑇𝑆 = 300 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.1°, and 𝜃𝑓 = 16.2°. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data file: 091620_06 

 

 

Figure B4.64: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). Cross-correlation spectrum taken 

with 𝑇𝑆 = 300 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.1°, and 𝜃𝑓 = 17.2°. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data file: 091620_07 
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Figure B4.65: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). Cross-correlation spectrum taken 

with 𝑇𝑆 = 300 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.1°, and 𝜃𝑓 = 16.7°. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data file: 091620_08 

 

 

Figure B4.66: Raw He inelastic time-of-flight from the (3 × 1)-O Nb(100) surface along the ΓM 

axis; contributes one data point to Figures 4.4(b), 4.7, and 4.8(a). Cross-correlation spectrum taken 

with 𝑇𝑆 = 300 K, 𝐸𝑖 = 21 meV, 𝜃𝑖 = 27.1°, and 𝜃𝑓 = 15.7°. 

Experiment file: Figures B4.35-B4.66.pxp 

Raw data file: 091620_09  
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Filename 
𝑬𝒊 

(meV) 

𝒌𝒊 

(Å-1) 
𝜽𝒊 (°) 𝜽𝒇 (°) 

𝒕𝟎 

(μs) 

𝒕𝒐𝒃𝒔 

(μs) 

𝒌𝒇 

(Å-1) 

𝚫𝑲 

(Å-1) 

𝚫𝑬 

(meV) 

102820_07 21 6.3 27.4 29.9 1063 1104 5.9 0.0 -2.7 

102820_05 21 6.3 27.4 31.9 1064 1120 5.8 0.1 -3.6 

102820_06 21 6.3 27.4 33.9 1064 963 7.7 1.4 10.0 

102820_06 21 6.3 27.4 33.9 1064 1142 5.6 0.2 -4.8 

102920_02 21 6.3 27.2 37.1 1064 1159 5.4 0.4 -5.6 

102920_05 21 6.3 27.2 39.1 1064 998 7.2 1.6 5.9 

102920_05 21 6.3 27.2 39.1 1064 1108 5.9 0.8 -2.9 

102920_05 21 6.3 27.2 39.1 1064 1179 5.3 0.4 -6.5 

102820_04 21 6.3 27.4 36.9 1064 972 7.6 1.6 8.9 

102820_04 21 6.3 27.4 36.9 1064 1168 5.4 0.3 -6.0 

102920_03 21 6.3 27.2 34.1 1064 964 7.7 1.4 9.9 

102920_06 21 6.3 27.2 41.1 1064 1009 7.0 1.7 4.7 

102920_06 21 6.3 27.2 41.1 1064 1203 5.1 0.4 -7.4 

111820_02_03 21 6.3 34.7 23.6 1064 972 7.6 -0.6 8.9 

111820_02_03 21 6.3 34.7 23.6 1064 1027 6.8 -0.9 3.1 

111820_02_03 21 6.3 34.7 23.6 1064 1195 5.1 -1.5 -7.1 

111820_04_05 21 6.3 34.7 24.6 1065 972 7.6 -0.5 8.9 

111820_04_05 21 6.3 34.7 24.6 1065 1031 6.7 -0.8 2.7 

111820_04_05 21 6.3 34.7 24.6 1065 1195 5.2 -1.5 -7.1 

102920_07 21 6.3 27.2 43.1 1065 1025 6.8 1.8 3.3 

102920_07 21 6.3 27.2 43.1 1065 1233 4.9 0.4 -8.5 

111920_02_03_04

_05_06 
21 6.3 34.7 18.6 1065 936 8.2 -1.0 14.2 

111920_02_03_04

_05_06 
21 6.3 34.7 18.6 1065 972 7.6 -1.2 9.0 

111920_02_03_04

_05_06 
21 6.3 34.7 18.6 1065 1114 5.8 -1.7 -3.2 

102920_08 21 6.3 27.2 45.1 1065 1250 4.8 0.5 -9.0 

111320_02_03_05 21 6.3 34.8 22.5 1065 964 7.7 -0.7 10.0 

111320_02_03_05 21 6.3 34.8 22.5 1065 1022 6.9 -1.0 3.6 

111320_02_03_05 21 6.3 34.8 22.5 1065 1176 5.3 -1.6 -6.3 

111620_05_06_07 21 6.3 34.7 21.6 1066 959 7.8 -0.7 10.9 

111620_05_06_07 21 6.3 34.7 21.6 1066 1005 7.1 -1.0 5.3 

111620_05_06_07 21 6.3 34.7 21.6 1066 1165 5.4 -1.6 -5.7 

Table B4.1: Filenames, He scattering conditions, and phonon data for TOF spectra taken along 

the ΓX axis. 
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Filename 
𝑬𝒊 

(meV) 
𝒌𝒊 

(Å-1) 
𝜽𝒊 (°) 𝜽𝒇 (°) 

𝒕𝟎 

(μs) 
𝒕𝒐𝒃𝒔 

(μs) 

𝒌𝒇 

(Å-1) 

𝚫𝑲 

(Å-1) 
𝚫𝑬 

(meV) 

112320_05_06 17 5.7 34.6 18.7 1192 1282 5.0 -1.6 -3.9 

112320_02_03_04 17 5.7 34.6 19.7 1192 1041 7.4 -0.7 12.0 

112320_02_03_04 17 5.7 34.6 19.7 1192 1098 6.6 -1.0 6.3 

112320_02_03_04 17 5.7 34.6 19.7 1192 1309 4.8 -1.6 -4.8 

112420_05_06 16 5.6 34.6 16.7 1200 1254 5.2 -1.7 -2.4 

112420_02_03_04 16 5.6 34.6 17.7 1201 1275 5.0 -1.7 -3.3 

120120_03 16 5.6 27.2 38.1 1201 1106 6.6 1.5 6.2 

120120_03 16 5.6 27.2 38.1 1201 1336 4.6 0.3 -5.2 

112020_03_04 16 5.6 34.6 23.7 1202 1091 6.8 -0.5 7.6 

112020_03_04 16 5.6 34.6 23.7 1202 1162 6.0 -0.8 2.3 

120220_03 16 5.6 20.6 33.7 1202 1116 6.5 1.6 5.5 

120220_05 16 5.6 20.6 35.7 1202 1128 6.3 1.7 4.6 

120120_04 16 5.6 27.2 42.1 1202 1137 6.2 1.6 3.9 

120120_04 16 5.6 27.2 42.1 1202 1381 4.4 0.4 -6.4 

112020_02 16 5.6 34.6 22.7 1202 1081 6.9 -0.5 8.5 

112020_02 16 5.6 34.6 22.7 1202 1146 6.2 -0.8 3.3 

Table B4.1 (continued): Filenames, He scattering conditions, and phonon data for TOF spectra 

taken along the Γ𝑋 axis. 
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Filename 
𝑬𝒊 

(meV) 

𝒌𝒊 

(Å-1) 
𝜽𝒊 (°) 𝜽𝒇 (°) 

𝒕𝟎 

(μs) 

𝒕𝒐𝒃𝒔 

(μs) 

𝒌𝒇 

(Å-1) 

𝚫𝑲 

(Å-1) 

𝚫𝑬 

(meV) 

081320_12_13_14 

_15_16_17 
21 6.3 20.7 30.6 1066 927 8.4 2.0 15.6 

081320_12_13_14 

_15_16_17 
21 6.3 20.7 30.6 1066 1173 5.3 0.5 -6.1 

080720_06 21 6.3 20.7 24.6 1067 1111 5.9 0.2 -2.9 

080720_07 21 6.3 20.7 26.6 1067 1133 5.7 0.3 -4.1 

080720_08 21 6.3 20.7 28.6 1067 922 8.5 1.8 16.8 

080720_08 21 6.3 20.7 28.6 1067 1156 5.5 0.4 -5.3 

080720_09 21 6.3 20.7 30.6 1067 1176 5.3 0.5 -6.1 

080720_11 21 6.3 20.7 34.6 1067 952 7.9 2.3 12.0 

080720_11 21 6.3 20.7 34.6 1067 1229 4.9 0.6 -8.2 

080720_10 21 6.3 20.7 32.6 1067 942 8.1 2.1 13.5 

080720_10 21 6.3 20.7 32.6 1067 1204 5.1 0.5 -7.3 

082120_18 21 6.3 27.1 32.2 1067 1114 5.8 0.2 -3.0 

080720_13 21 6.3 20.7 38.6 1068 970 7.6 2.5 9.5 

090320_07 21 6.3 27.2 23.1 1068 1026 6.8 -0.2 3.4 

090320_04 21 6.3 27.2 19.1 1068 989 7.3 -0.5 7.2 

090320_05 21 6.3 27.2 20.1 1068 998 7.2 -0.4 6.2 

080720_12 21 6.3 20.7 36.6 1068 962 7.8 2.4 10.6 

082620_06_07 21 6.3 27.1 15.2 1068 949 8.0 -0.8 12.5 

090320_06 21 6.3 27.2 22.1 1068 1017 6.9 -0.3 4.3 

090220_10 21 6.3 27.2 18.1 1068 979 7.5 -0.6 8.4 

082720_18_19_20 21 6.3 27.2 24.1 1068 1037 6.7 -0.2 2.5 

091120_07 21 6.3 27.2 14.1 1068 949 8.0 -0.9 12.5 

090220_07 21 6.3 27.2 15.1 1068 949 8.0 -0.8 12.5 

082820_14_15_16 21 6.3 27.2 13.1 1068 948 8.0 -1.1 12.7 

082820_17_18_19 21 6.3 27.2 14.1 1068 945 8.1 -0.9 13.1 

082120_19 21 6.3 27.1 47.2 1068 983 7.4 2.6 8.0 

082120_19 21 6.3 27.1 47.2 1068 1249 4.8 0.6 -8.8 

090220_08 21 6.3 27.2 16.1 1068 962 7.8 -0.7 10.6 

090220_09 21 6.3 27.2 17.1 1068 967 7.7 -0.6 10.0 

091620_06 21 6.3 27.1 16.2 1069 955 7.9 -0.7 11.6 

091620_08 21 6.3 27.1 16.7 1069 968 7.7 -0.7 9.9 

091620_07 21 6.3 27.1 17.2 1069 977 7.5 -0.7 8.7 

Table B4.2: Filenames, He scattering conditions, and phonon data for TOF spectra taken along 

the ΓM axis. 
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Filename 
𝑬𝒊 

(meV) 

𝒌𝒊 

(Å-1) 
𝜽𝒊 (°) 𝜽𝒇 (°) 

𝒕𝟎 

(μs) 

𝒕𝒐𝒃𝒔 

(μs) 

𝒌𝒇 

(Å-1) 

𝚫𝑲 

(Å-1) 

𝚫𝑬 

(meV) 

082220_04_05_06 21 6.3 27.1 32.2 1069 1112 5.9 0.2 -2.9 

091620_09 21 6.3 27.1 15.7 1069 958 7.8 -0.8 11.2 

091120_05 21 6.3 27.2 13.6 1069 950 8.0 -1.0 12.4 

091120_08 21 6.3 27.2 14.6 1069 958 7.8 -0.9 11.2 

081920_09 15 5.4 20.7 48.6 1247 1157 6.3 2.8 5.2 

081420_08 10 4.3 21.1 29.2 1569 1723 3.6 0.2 -2.8 

081420_06 10 4.3 21.1 25.2 1570 1644 3.9 0.1 -1.5 

081420_07 10 4.3 21.1 27.2 1570 1688 3.8 0.2 -2.2 

082020_05 10 4.3 27.2 20.4 1571 1456 5.0 -0.2 3.3 

082020_08_09_10 10 4.3 27.2 31.1 1571 1629 4.0 0.1 -1.2 

082020_11_12_13 

_14 
10 4.3 27.2 34.1 1572 1682 3.8 0.2 -2.1 

082120_04_05_06 10 4.3 27.3 34.0 1577 1685 3.8 0.2 -2.0 

Table B4.2 (continued): Filenames, He scattering conditions, and phonon data for TOF spectra 

taken along the ΓM axis. 
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Appendix C 

Copyright Attribution 

Chapter 3 is an adapted version of the article, McMillan, A. A.; Graham, J. D.; Willson, S. A.; 

Farber, R. G.; Thompson, C. J.; Sibener, S. J. Persistence of the Nb(100) Surface Oxide 

Reconstruction at Elevated Temperatures. Superconductor Science and Technology 2020, 33, 

105012, before peer review or editing, as submitted by A. A. McMillan to Superconductor Science 

and Technology. IOP Publishing Ltd is not responsible for any errors or omissions in this version 

of the manuscript or any version derived from it. The Version of Record is available online at 

https://iopscience.iop.org/article/10.1088/1361-6668/abaec0.66 

 

Chapter 4 is a modified version of an article submitted for publication to The Journal of Chemical 

Physics. 

 

Appendix A is adapted with permission from Thompson, R. S.; Brann, M. R.; Purdy, E. H.; 

Graham, J. D.; McMillan, A. A.; Sibener, S. J. Rapid Laser-Induced Temperature Jump 

Decomposition of the Nerve Agent Simulant Diisopropyl Methylphosphonate under Atmospheric 

Conditions. The Journal of Physical Chemistry C 2019, 123, 21564–21570. Copyright 2019 

American Chemical Society.155 
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