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ABSTRACT 

 

 

 X-ray Diffraction Studies of Amorphous Materials  

Joseph J. Palma, Jr. 

Doctor of Philosophy 

Temple University, 2013 

Doctoral Advisory Committee Chair: Dr. Charles Martoff  

 

 

This thesis presents a study on two types of X-ray diffraction methodologies applied to 

the characterization of amorphous materials. The purpose of this study was to assess the 

feasibility of measuring the diffractive spectrum of amorphous materials by Energy-

Dispersive X-ray Diffraction (EDXRD) utilizing Cadmium Zinc Telluride detectors.  The 

total scattering intensity (coherent plus incoherent scatter) spectra precisely measured by 

high-energy Wide-Angle X-ray Scattering (WAXS) were compared to the EDXRD 

spectra to determine the level of agreement between the two techniques.  The EDXRD 

spectra were constructed by applying a spectra fusing technique which combined the 

EDXRD spectra collected at different scattering angles rendering a continuous total 

scattering spectrum.  The spectra fusing technique extended the momentum transfer range 

of the observed scattered spectrum beyond the limitations of the X-ray source and CZT 

detection efficiencies.  Agreement between the WAXS and fused EDXRD spectra was 

achieved.    
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In addition, this thesis presents the atomic pair correlation functions and 

coordination numbers of the first coordination shell for four hydrogen peroxide solutions 

of varying mass concentrations using Empirical Potential Structural Refinement (EPSR).  

The results are compared to the state-of-the art ad initio quantum mechanical charge field 

molecular dynamics (QMCF MD) model of the hydrogen peroxide in solution to support 

the modelôs predictions on why hydrogen peroxide is stable in water.  The EPSR results 

using the coherent scattering intensity calculated from the WAXS data set predicts a 

hydration shell of 6.4 molecules of water surrounding hydrogen peroxide.  The results 

also indicate that hydrogen peroxide is more likely to behave as a proton donor than 

acceptor. These findings are in agreement with QMCF MD model of aqueous hydrogen 

peroxide. 
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CHAPTER 1  
 

INTRODUCTION  

 

 Technical advances in semiconductor radiation detectors have enabled researchers 

to apply Energy-Dispersive X-ray Diffraction (EDXRD) to the fields of health and 

security.  In the field of biomedical research and diagnostic radiography, the material 

specificity of the EDXRD spectrum has been used to differentiate between cancerous and 

benign cells as well as enhancing the image contrast of digital X-ray radiographs [1, 2, 3, 

4].  In the field of security, EDXRD has been utilized in the detection of explosives and 

illicit drugs hidden within packages and luggage [5, 6, 7, 8, 9, 10, 11].  Much of the 

EDXRD research conducted within the security realm in the past 20 years had focused on 

identifying unknown substances by classifying the diffraction peaks against a library of 

known standards, i.e. phase identification.  The EDXRD-based explosive detection 

systems are currently commercially available and are functional security elements at 

airports outside of the United States [12].   

 In August of 2006, the British authorities prevented a terrorist plot attempting to 

destroy passenger airplanes with liquid explosives concealed in soft drink bottles.  In 

response to this event the Transportation Security Administration (TSA) established the 

ñ3-1-1ò rule which regulates the amount of liquids a passenger can carry through 

screening checkpoints.  The ñ3-1-1ò rule is frequently misunderstood by passengers 

resulting in costly delays at checkpoints.  It is also regarded by many passengers as an 
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inconvenience as the quantities of benign items like toiletries and medicines are greatly 

regulated [13].  However, liquid explosives are a serious threat to airline travelers and 

could remain a threat for many years to come.  Any significant changes to the  

ñ3-1-1ò rule will require new technology that is specific to this liquid threat.  The TSA 

announced the need for a reliable method to detect liquid and amorphous bulk explosives, 

as well as other dangerous substances like flammables and concentrated acids and bases. 

EDXRD research within the past six years has focused on the characterization of the total 

scattered X-ray spectrum of amorphous materials [14].  

  

The motivation for this research was to assist in the development of an EDXRD 

spectrometer for material characterization research of liquid and gel-like explosives and 

other benign amorphous materials.  The research was supported by the Department of 

Homeland Securityôs Transportation Security Laboratory (TSL) and most of the 

experimentation was conducted within the walls of the Bulk Detection Laboratory (BDL) 

at the TSL.  The purpose of this study was to assess the feasibility of a custom built 

EDXRD spectrometer which utilized Cadmium Zinc Telluride (CZT) semiconductor 

detectors for yielding spectra that are characteristic to the expected total scattering 

intensity spectrum of the investigated amorphous material.  This study focused on an 

acute sample set of materials that are of interest to aviation security.  The sample material 

list is presented in Table 1-1. 
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Table 1-1 Sample Material List (includes a few innocuous materials)  

Substance 

#2 Diesel 

Acetone 

Ethanol 

Ethanol-Water Solution (40% abv.) 

Honey 

Hydrogen Peroxide Solutions (10%, 20%. 30%. 40% m/m) 

Methyl Ethyl Ketone (MEK) 

Nitromethane 

Peanut Butter (2 phase system) 

Water 

 

This thesis will present a systematic study of the sample materials utilizing both 

Angular-Dispersive X-ray Diffraction (ADXRD) and EDXRD methodologies.  The 

ADXRD experiments were conducted at the Advanced Photon Source (APS) at Argonne 

National Laboratory (ANL). High-energy Wide-Angle X-ray Scattering (WAXS) was the 

ADXRD methodology used to collect baseline spectra for assessing the quality of 

EDXRD results.  In this thesis calculations of the pair correlation functions and 

coordination numbers for hydrogen peroxide solutions obtained using Empirical Potential 

Structure Refinement (EPSR) are presented.  The results are compared to a modern 

computer model.  This research will also extend an EDXRD spectra fusing technique that 

combines the spectra collected at multiple scattering angles to yield a continuous 

scattered spectrum with an extended range.  

 The material presented in this thesis is broken down into six additional chapters.  

Chapter 2 covers the theoretical aspects of X-ray interactions with matter pertaining to 

the X-ray energy range applied in the experiments conducted in this thesis.  This chapter 
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will also review the analytical methodology applied to diffraction data for extracting 

structural functions.  A basic review of EDXRD instrumentation is also provided. In 

Chapter 3, the WAXS spectra acquisition activity and results are presented in detail.  

Structural functions are extracted from the observed data and, for most samples 

investigated, the extracted radial peak locations of the microscopic pair correlation 

functions are compared to values found in literature.  Chapter 4 will present the results of 

the Empirical Potential Structural Refinement (EPSR) of hydrogen peroxide solutions.  

The results are compared to the predictions obtained from a ñstate-of-the-artò ad initio 

computer simulation called quantum mechanical charge field molecular dynamics.  

Chapter 5 reviews the custom EDXRD spectrometer built to perform this study.  Chapter 

6 focuses on experimental results obtained from the EDXRD spectrometer.  This section 

will provide technical details on the data collection methodology and the data analysis 

techniques used to merge the total X-ray scattered spectra collected at discrete angles to 

form one continuous spectrum with an extended momentum transfer axis. Chapter 7 

gives the conclusive remarks for the experiments conducted in this study.                  
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CHAPTER 2  
 

X-RAY SCATTERING AND EDXRD 

INSTRUMENTATION  

 

This chapter reviews the theoretical aspects of X-ray interactions with matter 

within the energy range (10 keV to 150 keV) used in the X-ray scattering experiments.  

The chapter will also review the theoretical approach to X-ray diffraction by amorphous 

substances first introduced by Debye and Menke and by Zernicke and Prins [15, 16, 17, 

18].  This chapter will also include description of a typical EDXRD spectrometer.   

 

2.1 X-ray Interaction s with Matter  

 

In principle photons of moderate energy will interact with the orbital electrons of 

atoms in one of the three following ways:  

¶ Elastic scattering, 

¶ Inelastic scattering (Compton scattering and Resonance Raman Scattering), 

¶ Photoelectric Absorption. 

Elastic scatting is an interaction where the energy of the incident photon is conserved 

after scattering, and only the direction of the photon changes.  For inelastic scattering a 

fraction of the photon energy is transferred to the atom after which, depending on the 

amount of energy transferred, the atom will either ionize, losing an electron (the 

Compton Effect), or the energy transfer will excite the atom to a higher energy state, but 

not ionize the atom (Raman Effect).  The X-ray energies typically used in X-ray 
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diffraction (XRD) are far from resonance so the prevalent inelastic process is typically 

Compton scattering.  Photoelectric absorption is a process where the photon is 

completely absorbed by the atom and a photoelectron is ejected, followed by photon 

emission.  

 

2.1.1 Elastic Scattering  

 

Thompson scattering is the scattering of electromagnetic radiation by point 

particles.  For free electrons, the Thompson differential cross section can be expressed as  

 

Ὠ„

Ὠɱ
ὶȿὩǶȢὩǶȿ (2.1) 

 

where ὩǶ and ὩǶ are the polarization directions of the scattered and incident 

electromagnetic wave, respectively, and ὶ is the Lorentz classical radius of the electron 

with charge Ὡ and mass ά (ὶ Ὡ άὧϳ  = 2.818 x 10
-15

 m) [17,18].  For unpolarized 

incident X-rays, Eq. (2.1) can be averaged over all possible polarizations to yield  

 

Ὠ„

Ὠɱ
ὶ ρ ÃÏÓς— (2.2) 

 

where ς— is the scattering angle. Eq. 2.2 shows that the scatter intensity of an electron has 

a maximum when ς—  0° and a minimum in the antiparallel direction, i.e. when ς—

 180°.   
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  Eq. 2.2 can be extended to atomic systems as long as the frequency of the incident 

radiation is large compared to the characteristic atomic frequencies.  Each point scatter in 

the electron cloud is independent and adds coherently to the scattered amplitude.  Using 

the Born approximation, the atomic form factor (or scattering intensity) can be 

determined by the Fourier transform of the electron point density ”► 

 

Ὢ▲ ”►Ὡ▲Ͻ►Ὠὶ (2.3) 

 

where ► is the radius vector, ▲ is called the scattering vector (▲ ▓ ▓ ) and is the 

difference between the scattered and incident wavenumbers [19,20].  

The scattering vector is the momentum transferred to the atomic system in terms 

of wavenumber units (units of inverse wavelength).  The magnitude of the scattering 

vector is  

 

ή  
τ“

‗
ÓÉÎ— (2.4) 

 

were ‗ is the wavelength of the scattered radiation.  Eq 2.4 is often expressed in EDXRD 

literature as ὼ  ήτ“ϳ .  This alternative expression will be used in this text when 

discussing both EDXRD and ADXRD results.  

Using Eq 2.3 and 2.2, the differential cross section for elastic scattering by an 

atom can be expressed as  
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Ὠ„

Ὠɱ
 
Ὠ„

Ὠɱ
ȿὪ▲ȿ (2.5) 

 

Eq. 2.5 can be calculated using standard tables. Using the wave approach, the elastic 

scattering interaction from a collection of atoms with some prescribed spatial ordering 

will yield a diffraction pattern, as the scattered electromagnetic waves will be in phase 

with identical frequencies.  

 

2.1.2 Inelastic Scattering (Compton Scattering) 

 

Within the energy range used in this thesis the resonance Raman scattering cross 

section was ignored as Compton scattering is the major contributor to the incoherent 

scattering intensity.  Compton scattering is the ionization of atoms arising from 

interaction between photons and bound electrons.  The scattered photon is of lower 

energy as a portion of the initial, incident energy is transferred to the atom.  The phase 

information is lost in this interaction, thus Compton scattering is a type of incoherent 

scattering.  The differential cross section for incoherent scatter by an atom can be written 

as the product of the incoherent scattering function approximation (ISFA), Ὓή, and the 

Klein-Nishina differential cross section, , 

 

Ὠ„

Ὠɱ

Ὠ„

Ὠɱ
ὛήȢ (2.6) 

 

The Klein-Nishina differential cross section for a free electron is defined in terms of the 

scattering angle and angular frequency and can be written as ,‫  
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Ὠ„

Ὠɱ
 
ὶ

ς

‫

‫

‫

‫

‫

‫
ÓÉÎς—Ȣ (2.7) 

 

The ratio of the scattered to incident frequencies is defined as  

 

‫

‫
 

ρ

ρ
ᴐ‫
άὧ

ρ ÃÏÓς—
 (2.8) 

 

where ᴐ is the reduced Planckôs constant and  άὧ is the electron rest energy [21].  

 Eq. 2.7 and 2.8 assumes that the electron is free.  This is a valid approximation as 

long as the incident photon energy is much larger than the electron binding energy.  The 

Compton Effect is suppressed at small momentum transfers, i.e. at the low incident 

photon energies or small scattering angles.  

   

2.1.3 Photoelectric Effect  

 

Photoelectric absorption is the process whereby electrons are ejected from a 

substance due to the complete absorption of the incident photon.  The kinetic energy 

imparted to the electrons is given by  

 

Ὁ ᴐ‫ ‰ (2.9) 

 

where ‰ is the electron binding energy [22].   
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Following the ejected electrons, characteristic X-rays are emitted due to a cascade 

of electrons filling the lower vacant shell.  It is also possible, though not particularly 

common, that the vacant shell is filled by the capture of a free electron.  The energy of 

the emitted photon will be equal to the energy difference between the binding energies of 

the initial and final shells.  The energy of the emitted X-rays is characteristic to the type 

of atom. It is also possible for the emitted photon to eject an additional electron out of an 

upper, lower energy shell. These electrons are called Auger electrons.  

 

2.2 Total Scattering Cross Section  

The differential cross section per electron per unit solid angle for total scattering by 

a mono-molecular liquid can be expressed in general terms as  

 

Ὠ„

Ὠɱ

ὔ”

ὓ

Ὠ„

Ὠɱ
Ὂ ὼ  

Ὠ„

Ὠɱ
Ὓ ὼ  (2.10) 

 

where  ὔ  is the Avogadro number, ” is mass density, and ɥ is the molecular weight 

[23].  Ὓ ὼ is the molecular ISFA and can be calculated using the independent atomic 

model (IAM) [23, 24, 25, 26].  The incoherent scattered intensities of each atom are 

summed together according to the following equation 

 

Ὓ ὼ  ὲὛὼ (2.11) 
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where ὲ is the atomic abundance for the Ὥ  element,  Ὂ ὼ is the square of the 

molecular form factor which contains information about the molecular structure and 

partial correlation relationships with other neighboring molecules.  Further details about 

the coherent scattered intensity for molecules will be presented in the next section. 

 

2.3 Coherent Scattering by a Collection of Free Atoms       

 

The diffraction peaks of liquids are generally less in magnitude and broader in 

width when compared to sharp Bragg reflections of crystals.  This is due to the fact that 

amorphous materials do not have long-range order.  However, interference effects 

between the short-ranged, neighboring atoms will occur, thus resulting in a spectrum that 

is not consisted with IAM predictions.  Using the conventional spherical approximation, 

the atomic form factor will be independent of the direction of the scattering vector so the 

scattered coherent intensity for a collection of ὔ atoms can be expressed as  

 

Ὅή  ὪὩ▲ẗ► ὪὩ ▲ẗ►  Ὢ ὪὪὩ▲ẗ►  (2.12) 

 

where ►  ► ► is the vector distance between the atom Ὦ and atom Ὧ [17].  The 

first term in Eq. 2.12 on the right hand side is the self-scattering intensity of the atom and 

will follow the intensity profile predicted by IAM.  The second term on the right hand 

side provides the interference of the different atoms and is called the distinct-scattering 

term.  For isotropic mediums, all relative orientations are equally probable, thus the 

average orientation yields the Debye equation for scattering 
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Ὅή  Ὢ ὪὪ
ÓÉÎήὶ

ήὶ
Ȣ (2.13) 

  

For atomic liquids that contain different types of atoms, 2.13 can be rewritten in 

terms of pair correlation functions [17].  The pair correlation functions, ” ὶ, predict 

the number density of some atom Ŭ relative to some atom ɓ at some radial distance away 

from a thermally average atom ɓ. Eq 2.13 can be readdressed, where ὔ  is the 

number of atom types in the liquid, 

 

Ὅή

ὔ

ὔ

ὔ
ȿὪȿ

ὔ

ὔ
ὪὪᶻ ” ὶ

ÓÉÎήὶ

ήὶ
ὨὶȢ (2.14) 

 

Now by subtracting and adding the average number density of ɓ to Eq. 2.14 and dropping 

the very small angle scattering portion of the overall intensity, Eq 2.14 can be rewritten 

using a new term which reflects the Fourier transform of the electron charge density for 

the Ŭ-ɓ correlation in the substance, or in other words, the partial static structure 

factor Ὄ ,  

 

Ὅή

ὔ

ὔ

ὔ
ȿὪȿ

ὔ

ὔ
ὪὪᶻὌ ή (2.15) 

 

where 
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Ὄ ήḳτ“ ὶ ” ὶ ”
ÓÉÎήὶ

ήὶ
Ὠὶ ρχȢ (2.16) 

 

 

This quantity can be derived directly from experimental data if the liquid is monatomic, 

otherwise the knowledge of the composition of the liquid is required to determine the 

partial static structure factors.  The partial pair correlation functions are calculated by first 

inverting the Fourier transform in Eq. 2.16, then dividing everything by the average 

number density of ɓ.  This produces the pair correlation function, 

 

Ὣ ὶ ρ  
ρ

ς“ὶ
ήὌ ήÓÉÎήὶὨήȢ (2.17) 

   

The preceding analysis did not account for correlations between molecular 

orientations, nor did it address non-spherical charge distributions.  Extending this 

approach is actually quite complicated and would likely be impossible without the 

insertion of some sophisticated model predicting the liquid structure.  For a molecular 

liquid consisting of a single type of molecule with a non-spherical charge distribution, the 

coherent scattered intensity can be written as  

 

Ὅή  ộὊ ▲ȟⱶỚ ộ” Ὂ ▲ȟπὊ ▲ȟⱶὫ►ȟⱶὩ▲ẗ►ὨὶὨ‪Ớ (2.18) 

 

where ⱶ represents the Euler angles,  Ὣ►ȟⱶ  is the molecular pair correlation function 

and ” is the bulk density of the liquid [27].  In the case where macroscopic isotropy of 
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sample density and orientation independence of molecular pairs are assumed, Eq. 2.18 

can be rewritten as,  

 

Ὅή  ộὊ ήỚ ộὊ ήỚ τ“ὶ”Ὣὶ
ÓÉÎήὶ

ήὶ
Ὠὶ (2.19) 

 

Narten and Levy ([25]) had demonstrated that if the molecular charge distribution can be 

assumed spherical, then  ộὊ ήỚ ộὊ ήỚ when using the free atom approximation, 

thus the molecular static structure function can be calculated from the measured 

diffraction data using 

 

Ὄ ή  
Ὅή ộὊ ήỚ

ộὊ ήỚ
 
Ὅή

ộὊ ήỚ
ρ (2.20) 

 

where the average molecular scattering amplitude is defined as 

 

ộὊ ήỚ Ὢή
ÓÉÎήὶ

ήὶ
 Ȣ  (2.21) 

 

2.4 Energy Dispersive X-ray Diffraction  

 

Both ADXRD and EDXRD measurements were performed on the sample material 

set.  Technical aspects of the ADXRD instrument will be reviewed in Chapter 3, whereas 

a review of a typical EDXRD spectrometer setup will be presented in the forthcoming 

section.  Additional details specific to the custom EDXRD spectrometer used for data 

collection be provided in Chapter 5.    
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2.4.1 Typical EDXRD Instrumental Setup 

 

The setup for a typical in-laboratory EDXRD spectrometer is rather straight 

forward. A simple schematic of the basic setup is displayed in Figure 2.1.    

 

 

Figure 2.1 .  Basic EDXRD instrumental setup 

 

The primary components of the instrument include the X-ray tube, the beam shaper and 

primary collimator, the sample material, a collimator for the detector, and an energy 

resolving X-ray detector.  Bulk inspection of the sample volume is typically conducted in 

transmission.  The scattered spectrum is measured using semiconducting detectors. In this 

thesis Cadmium Zinc Telluride detectors were used, however high-purity germanium is 

commonly used for systems that inspect crystalline substances because of its superior 

energy resolution.  

EDXRD measures the energy spectrum of white (polychromatic) X-rays 

diffracted through a fixed scattering angle.  The energy spectrum, called a total scattering 
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or EDXRD spectrum, plots the number of X-rays detected as a function of energy.  The 

scattered X-ray spectrum is measured by the energy resolving detector where the 

measured signals are processed using standard Nuclear Instrumentation Module (NIM) 

electronics (shaping amplifiers and multi-channel analyzers [MCA]).  The MCA converts 

the pulse height from the shaping amplifier to some value of energy via a scale 

calibration, which is performed prior to data collection.  A histogram of photon counts 

per energy bin is developed during the course of the collection.  If the X-ray fluence is 

high, the collection time period can be short when compared to ADXRD collection times.   

 

2.4.2 Peak Resolution 

Due to the non-zero Bragg window effect created from the slit width of the 

detector collimator, the peak widths of EDXRD spectra will be larger when compared to 

widths obtained from conventional ADXRD techniques.  This broadening effect is due to 

the small range of angles accepted by the collimator.  Reducing the slit width of the 

collimator will increase the peak resolution of the instrument but the collection time will 

also increase.   

Figure 2.2  displays the Si111 diffraction for powdered silicon measured by both 

ADXRD and EDXRD instrumentation.  
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Figure 2.2.  The ADXRD and EDXRD spectrum of the Si111 diffraction peak both as 

function momentum transfer (ὼ).  The ADXRD spectrum is a solid black line, the 

EDXRD spectrum collected using HPGe is displayed using the solid black line with 

squares, the EDXRD spectrum collected using CZT is shown with the solid black line 

with the open circles.  

 

The solid black line in the figure is the ADXRD profile for the diffraction peak. The 

ADXRD measurement was obtained using a Bragg-Brentano diffractometer configured 

in the reflection mode.  The EDXRD measurements were acquired at two different times 

using two different detector types (HPGe, open squares, CZT, open circles) to also show 

the broadening effect imposed by type of semiconductor used in the detector.  Both 

EDXRD measurements were collected in the transmission mode.  

The ADXRD profile of the silicon peak does exhibit a smaller Full-Width-At-

Half-Maximum (FWHM).  The FWHM of the EDXRD spectrum measured using HPGe 

was approximately 96% wider than the ADXRD spectrum while the spectrum captured 

using CZT was 98% wider.  A fraction of the broadening of the peak FWHM is caused 

by hole-tailing effects of the semiconductors, however the major influence is the 
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collimator slit width.  Comparing the FWHM of the two EDXRD peaks, the CZT peak is 

approximately 44% wider than HPGe, demonstrating the degradation of energy 

resolution due to increased hole-tailing effects.  Since the diffraction spectra of 

amorphous materials do not exhibit a series of closely spaced Bragg peaks, but rather a 

single broad peak typically, the peak resolution is not a major factor in the experiments.   
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CHAPTER 3  
 

WIDE -ANGLE SCATTERING  OF LI QUIDS 

 

 

3.1 Introduction  

 

In Chapter 1 it was stated that a set of reference profiles are needed to determine 

the degree accuracy obtainable from the EDXRD spectrometer.  To establish a basis for 

further analysis, a representative set of sample materials was taken to APS where high-

energy WAXS measurements were performed. In this chapter a description of the WAXS 

diffractometer setup, the experimental acquisition method, the data reduction and 

corrections routines, and results and provided.  

 

3.2 Experimental Setup 

 

 

3.2.1 High Energy WAXS Diffractometer  

WAXS is a commonly used X-ray scattering experimental technique used for 

determining intermolecular structure of amorphous materials.  WAXS is an ADXRD 

technique where the scattered intensity is collected as a function of scattering angle (2ɗ). 

The angular range of a typical WAXS spectrum is between the scattering angles of 5º to 

120º; however the maximum and minimum values do vary in literature.  

High-energy WAXS is a state-of-art structural determination technique that utilizes a 

near-monochromatic source of X-rays with energies greater than 100 keV [28, 29].  In the 

past twenty years, large laboratories like ANL/APS have added or modified existing 

synchrotron beamlines to perform high-energy WAXS measurements.  The two main 
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advantages for using high-energy X-ray over conventional X-ray tube-based 

measurements are the higher momentum transfer values obtainable.  This provides 

improved spatial resolution and, if the sample volumes are smaller than 1 mm
3
, the 

multiple scattering and sample self-attenuation effects are very minor if not negligible in 

some cases.    

The high-energy WAXS measurements were conducted at the APS 11-ID-C 

beamline.  The beamline X-rays are generated by a downstream undulator which, prior to 

reaching the test chamber, pass through a Si(311) Laue monochrometer which creates an 

X-ray beam with an a mean energy of 115 keV (l = 0.1078 Å) and beam resolution of 

(DE/E) of 5 x 10
-3

.  The photon flux at 115 keV was reported to be 1 x 10
11 

photons/sec. 

The spot size of the incident beam is reduced by a series of collimators to 0.1 x 0.1 mm
2
. 

Figure 3.1 displays the multi-stage collimation system.   

 

 

Figure 3.1. The multi-staged X-ray beam collimation system at 11-ID-C 
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The scan geometry of the diffractometer was in the transmission mode which is 

depicted in Figure 3.2.  The scattered X-rays are collected by a Perkin-Elmer 1621 AN3 

amorphous silicon area detector set to a predetermined sample-to-detector distance
1
 of 

349.8870 mm for this set of experiments.  A lead beam stop was installed between the 

collimation system and area detector and was used to prevent the transmitted beam from 

damaging the detector.  

 

Figure 3.2. A simple schematic of the high energy WAXS diffractometer 

 

 

3.2.2 Sample Set, Container Types and Sample Preparation  

 

 Table 3-1 lists the sample materials brought to APS with the corresponding 

concentration or grade, and bulk density. 

 

 

 

 

                                                 
1
 The area detector consisted of a 2048 pixel square matrix with a square pixel pitch of 200 mm.  
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Table 3-1. WAXS Sample Set 

Substance Concentration or Grade Density (g/cm
3
) 

Acetone Ó 99.9% Capillary GC Grade 0.790 

Diesel Fuel #2 Fuel Oil 0.832 

Ethanol 200 Proof Anhydrous 0.789 

Aqueous Ethanol Solution 50% (v/v %) 0.951 

Honey Fancy Grade A 1.443 

Hydrogen Peroxide 10%, 20%, 30%, & 40% See Table 3-2 

Methyl Ethyl Ketone ACS Grade 0.805 

Nitromethane Ó 95% ACS Reagent Grade 1.137 

Peanut Butter (Creamy) - 1.091 

Water DI water 1.000 

 

 

All materials except for the hydrogen peroxide solutions were purchased and the bottled 

concentrations were used.  The hydrogen peroxide solutions were prepared by TSL 

chemists by diluting a 70% stock solution.  The concentrations of the hydrogen peroxide 

solutions were verified by titration and refractive index (RI) measurements performed by 

the TSL chemist.  The measured mass fractions of H2O2 in solution are provided in Table 

3-2 with the corresponding bulk densities of the solutions.   

Table 3-2. Mass Fraction (gH2O2/gsolution) of Hydrogen Peroxide in Solution and Calculated 

Densities (g/ml) 

 

Target Mass Fraction Titration Results RI Results Density(g/ml) 

0.1000 0.1003 0.0989 1.0342 

0.2000 0.2022 0.1986 1.0718 

0.3000 0.2981 0.2983 1.1088 

0.4000 0.3966 0.3930 1.1470 

 

 Sample materials were transported to APS by a common carrier in 50 ml Nalgene 

polyethylene bottles. The bottles for the hydrogen peroxide solutions were passivated 

using a 70% hydrogen peroxide solution prior to filling.  Small volumes of the sample 

materials were transferred to either a quartz or polyamide capillary tube using a syringe.  
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The peanut butter and honey samples were injected into the polyamide tubes. The inside 

diameter for both capillary types was 1.0 mm and both had a wall thickness of 0.01 mm.  

     

3.2.3 Test Procedure 

The test procedure for collecting the data was broken down into six general steps: 

1. Instrument alignment  

2. Detector gain correction  

3. Registration of the sample stage 

4. Calibration of the scattering angle scale 

5. Background X-ray scattering measurements of the instrument with no sample 

loaded, and an empty sample container (i.e. the quartz and polyimide capillary 

tubes).  

6. Collection of WAXS patterns    

Steps 1 and 2 were performed by the beamline scientists prior to the scheduled start time 

of the measurements.  

Prior to making the measurements the sample materials, which were prepared in 

capillary tubes, were inserted into an aluminum mounting fixture.  The fixture, displayed 

in Figure 3.3, was designed to house multiple sample materials, which enable the ability 

to scan multiple samples without the need to individually align each sample provided the 

sample translation stage was calibrated.    
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Figure 3.3. Sample fixture and area detector 

    

The registration of the sample fixture with respect to the incident X-ray beam was 

performed.  This was done by first fastening the sample fixture onto the instrumentôs 

translation stage as depicted in Figure 3.3.  The beam-stop was removed and replaced by 

a solid-state detector.  As the samples, positioned in the fixture, translated across the 

incident X-ray beam, the solid-state detector measured the transmitted intensity.  The 

minima in measured intensity as a function of position of the translation stage indicated 

the position of the samples relative to the center line of the optical axis of the system.   

Sample registration was conducted for each sample material.  After completing 

the registration procedure, the solid state detector was removed, and the beam-stop was 

put back into position in front of the area detector.   

The next step was to calibrate the scattering angle.  The calibration procedure 

typically requires a WAXS pattern of some crystalline reference material.  For these 
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experiments a 1 mm diameter rod of Ceria (Ce2O) located in the center of the sample 

fixture was used as the reference.  The grayscale intensity image of the diffraction pattern 

of Ceria as imaged by the area detector is displayed in Figure 3.4.    

 

 

Figure 3.4. The grayscale image of the 2-dimensional diffraction pattern of Ceria (Ce2O), 

imaged on the area detector at ambient conditions 

 

The acquisition parameters used to capture this image will be described in the next 

paragraph.  The scattering angle scale calibration was performed using the computer 

software called FIT2D [30,31].  To perform the scattering angle scale calibration this 

software requires the following inputs:  

1. The wavelength of the incident X-rays (ɚ = 0.107980 ¡)  

2. The sample-to-detector distance (SDD = 349.8870 mm)  

3. The pixel locations of the first diffraction ring 
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FIT2D will then calculate the scattering angles using this input and the stored Miller 

indices for Ceria.  

Twenty-five images in total were collected for each sample material. Images of the 

empty sample containers and of the instrument by itself were collected as well.  Each 

image was a summation of 20 one-second exposures.  This acquisition method prevented 

the area detector from saturating but also provided high photon counts.  The total number 

of photon detector counts for each one-dimensional diffraction pattern ranged from 10
3
 to 

10
5
 photons.  The total acquisition time for each sample was approximately 30 minutes.  

The detector dark signal was also measured by collecting the detector response with the 

X-ray beam shutter closed.  This image was collected at the beginning of each individual 

set of scans. 

  

3.3 Corrections and Data Reduction 

 

The measured two-dimensional data were reduced to one-dimensional diffraction 

patterns and then corrected for multiple effects.  Following the corrections the scattered 

intensity scale was converted from detector photon counts to electron units (e.u.).  This 

section will review the data reduction and spectra correction procedure.  The 

methodology described below was adapted from Warrenôs text book on X-ray diffraction 

[17].  The corrections applied to the one-dimensional X-ray patterns are as follows:  

1. Subtracting background photon counts due to X-rays scattering from the 

instrument, air, and container, Ὅ , 

2. Incident X-ray beam polarization, P, 

3. Multiple scattering, M. 
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4. Sample self-absorption, A, 

5. Compton scattering, Ὅ . 

The algorithmic approach for correcting for the above effects can be expressed 

mathematically as: 

 

Ὅ ὑᶻ Ὅ Ὅ  ὓᶻὍ Ὅ Ⱦὖὃ Ὅ  (3.1) 

 

where K is the normalization factor for converting the intensity scale to electron units.  

An set of algorithms were developed using MATLAB® to calculate the coherent 

scattering form factors, static structure functions, and molecular pair distribution 

functions [32].  The MATLAB algorithms are provided in Appendix A.  This section will 

provide the details on the data reduction process, the corrections that were applied to the 

1-dimensional data, and the method applied to calculate the coherent scatter intensity, the 

static structure factor, and the microscopic pair correlation function.  

 

3.3.1 Converting the 2-Dimensional Diffraction Pattern to a 1-Dimensional Pattern 

 

In addition to calibrating the scattering angle scale, FIT2D will also transform the 

two-dimensional image data into one-dimensional diffraction patterns.  The program uses 

an algorithm which, through an interpolation scheme, integrates the rings in the images 

around a polar axis to render a one-dimensional diffraction pattern.  The transformed one-

dimensional diffraction pattern for Ceria is shown in Figure 3.5. 
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Figure 3.5. The 1-dimensional diffraction pattern for Ceria at ambient conditions 

     

3.3.2 Instrument Background and Empty Container Subtraction 

 

Since the WAXS measurements were acquired in transmission mode, background 

contributions arising from the sample container and the instrument have to be subtracted 

from the measurements.  The background contributions can be estimated and removed by 

measuring the scattered spectrum produced by both an empty sample container and the 

empty apparatus then subtracting portions of the reduced (1-dimensional) background 

intensities from the reduced raw sample spectrum.  The algorithm for subtracting the 

background contributions applied in this study is expressed mathematically as 

 

Ὅ Ὅ ὥὍ Ȣ ὦ  ὥὍ Ȣ ὦ   (3.2) 

 



29 

 

where Ὅ Ȣ and Ὅ Ȣ are the empty sample container and empty apparatus intensities, 

respectively,  and ὥ, ὦ, ὥ, and ὦ are multiplicative and additive coefficients used to 

adjust the intensities.  Eq. 3.2 assumes that the background contributions add linearly to 

the measured intensity spectrum of the sample material. Eq. 3.2 also assumes that the 

empty instrumental volume and empty sample container are macroscopically 

homogenous.        

 

3.3.3 Multiple Scattering 

 

The Warren-Mozzi approach for correcting the measured spectrum for multiple 

scattering effects was used [33].  The multiple scattering corrections to the measured 

intensity was a nonlinear function of scattering angle with a maximum secondary-to-

primary intensity ratio of less than 3% for all sample materials.  The multiple scattering 

contributions to the overall intensity was expected to be minor because of the high energy 

X-rays of the incident beam.  Regardless of the incident X-ray energy it is customary to 

approximate the intensity of higher-order scattering from the double scattering intensity.  

Since the WAXS measurements were conducted in transmission mode, the Dwiggins-

Park modification to the Warren-Mozzi algorithm was used because the original 

algorithm was developed for reflection geometries only [34].  

The general equation for calculating the primary scattering intensity, ὨὍ, at 

volume element Ὠὠ can be written as 

 

ὨὍ  ὐς— ὲὖὃὨὠ                                                                                                        (3.3) 

 



30 

 

where  Ὅ is the primary beam intensity, Ὡ is the charge on an electron, ά is the mass of 

an electron, ὧ is the speed of light in vacuum,  Ὑ is the radius of the capillary tube,  ὐς— 

is the first-order scattering intensity, ς— is the scattering angle, and ὲ is the number of 

structural units per unit volume (i.e. the number density).  The single-scattered 

polarization factor ὖ can be expressed as 

 

ὖ . (3.4) 

 

The single-scattered sample self-absorption factor ὃ can be calculated using 

 

ὃ ÅØÐ ‘ὸ  (3.5) 

                                                                                                                                      

 

where ‘ is the linear attenuation coefficient of the substance, and ὸ is the distance 

traversed by the incident and scatter photon in the sample volume.  The incident and 

scattered photon paths in the sample volume, ὊὋ and ὋὌ respectively, are depicted in 

Figure 3.6 for the single-scattering case.   
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Figure 3.6. The path traversed by a photon scattered once in the sample volume 

 

As depicted in Figure 3.6 the total distance traversed by the photon is  

 

ὸ ὊὋ ὋὌȢ (3.6) 

 

For the double-scattering case, the incident beam scattered at Ὠὠ at a scattering 

angle ς— is then scattered a second time at Ὠὠ with a scattering angle of ς— prior to 

exiting the sample volume.  The double scattering interaction is depicted in Figure 3.7.  
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Figure 3.7. The path traversed by a photon scattered twice in the sample volume 

 

Here the second-scattering intensity can be calculated using 

 

ὨὍ  
Ὅ

ὋὈ

Ὡ

ά ὧ
ὐς— ὲὨὠ

Ὡ

ά ὧὙ
ὐς— ὲὨὠ ὖὃ  

(3.7) 

 

where ὋὈ is the distance between Ὠὠ and Ὠὠ.  The double-scattering polarization factor 

is calculated using   

 

ὖ  ὧέίς— ὧέίς— ὧέίς—ὧέίς— ὧέίς— ςϳ  (3.8) 

 

and the double-scattering absorption coefficient is calculated using  

 

ὃ ÅØÐ ‘ὸ  (3.9) 
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where the path length is equal to 

 

ὸ ὊὋ ὋὈ ὈὉ. (3.10) 

 

The Warren-Mozzi method for calculating the ratio of the secondary scatter 

intensity over the primary scatter intensity,  is to first approximate the first-order 

scattering intensity by  

 

ὐᴂÓÉÎ
ς—

ς
ὄ ή

ρ ή

ρ ὺ ÓÉÎ
ς—
ς

 

(3.11) 

 

where ή and ὺ are fit parameters,  ὄ  Вὤ, and Z is the atomic number.  Eq. 3.11 

provides a very simple equation to integrate when calculating Eq. 3.3 and Eq. 3.7.  Figure 

3.8 displays Eq. 3.11 with varying ή and ὺ parameters but holding ὄ at unity.     
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Figure 3.8. The total scattering approximation, Eq. 3-11, is plotted as a function of the 

scattering angle at different values of ὺ and ή with ὄ set to one. 

    

The secondary to primary scattered intensity ratio is expressed as   

 

Ὅ

Ὅ
 
ὄὗὺȟήȟς—ȟ‘ὸ

ὐς—Вὃ‘
 

(3.12) 

 

where ὗ is the integral of Eq. 3.3 divided by portions of Eq. 3.7 with respect to the input 

parameters ὺȟήȟς—ȟ‘ὸ, ὃ the atomic weight of each element of the structural unit, and 

‘  is the mass attenuation coefficient for each element.   The calculation of ὗ is very 

straightforward, however, it is very lengthy and will not be reproduced here.  The 

solutions for ὗ for both the transmission and reflection modes can be found in a paper 

authored by Dwiggins and Parks [34].  Figure 3.9 displays the secondary-to-primary 

scattered intensity ratio (
Ὅ
Ὅ) for water as a function of scattering angle calculated using 
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Eq. 3.12.  At a scattering angle of 18º the algorithm yields a secondary-to-primary 

scattering intensity of approximately 3%.   

 

 

Figure 3.9.  The secondary-to-primary scattering ratio for water as a function of 

scattering angle 

 

3.3.4 X-ray Polarization Correction  

 

Partial polarization of scattered by atoms will have an effect on the measured 

scattered intensity as a function of scattering angle.  Angular dependence of the 

polarization correction factor can be expressed as  

 

ὖ
ρ ὰ ÃÏÓς—

ρ ὰ
 

(3.13) 

 

where ὰ accounts for the degree of polarization of the incident X-rays.  For this set of 

experiments it was suggested by the APS beamline scientists to set ὰ = 0.05.  This 
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material independent correction accounted for the slight vertical component of the 

incident X-ray beam [17].  Figure 3.10 displays the polarization correction factor as a 

function of scattering with ὰ = 0.05.  The minimum correction factor has a value of 

0.9525 which occurs at 90º.     

    

 

Figure 3.10.  Polarization correction factor plotted as a function of scattering angle 

 

 

3.3.5 Absorption Correction 

 

As the incident and scattered beams travel through the sample volume they are 

attenuated. In general, the attenuation of the beams will follow the Beer-Lambert law 

 

)  )Å  (3.14) 

 

where ) and ) are the attenuated and the incident beam intensities, respectively, ʈ% is 

the linear attenuation coefficient as a function of photon energy, and ὸ is the path length 

traversed by the beams.  The sample self-absorption, flat slab approximation was 
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implemented in the correction algorithm.  The angular-dependent correction factor is 

calculated using   

 

ὃ ὸ ÅØÐ ÃÏÓ—ϳ .  (3.15) 

 

 

The linear attenuation coefficients were calculated using tables provided by Hubbell and 

Seltzer [35, 36].  The absorption correction factor relative to the absorption at 

transmission (2ɗ = 0º) is displayed in Figure 3.11 as function of scattering angle for a 

range of ʈÔ.  The angular dependence of the absorption correction factor is minimal for 

the angular range and sample materials used in this study. 

 

 

Figure 3.11.  Absorption correction factor as a function of scattering 
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3.3.6 Atomic Scattering Amplitude and Incoherent Scattered Amplitude 

Parameterization 

 

Parameterized equations for the atomic scattering amplitude (or atomic form 

factors) and the incoherent scattered amplitude as a function of  ÓÉÎ — were used in the 

data reduction process.  The parameterized equation for the atomic scattering amplitude 

can be calculated in electron units using a linear combination of five Gaussians plus a 

constant term, 

 

Ὢὼ  ύÅØÐώὼ ὧ (3.16) 

 

where  ὼ  ÓÉÎ — and ύ, ώ, and ὧ are coefficients that were calculated by Waasmaier 

and Kirfel [37]. Eq. 3.16 is valid for the full range of ὼ between 0.0 and 6.0 Å
-1

.  The 

parameterized equation for the Compton scattering intensity is very similar to Eq. 3.16 in 

form but without the constant term,  

 

Ὅ ὼ ὨÅØÐ Ὣὼ   (3.17) 

 

where  Ὠ and Ὣ are coefficients that were determined by Balyuzi [38].  The accuracy for 

Eq. 3.17 is good for ὼ ρȢυ ᴠ .  The Compton scattering intensity for polyatomic 

systems can be calculated by modifying Eq. 3.17, 
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Ὅ ὯὨÅØÐ Ὣὼ  
(3.18) 

 

 

where Ὧ is the number fraction for the ὲ-th element 

The ñselfò term in the coherent molecular form factor is then calculated using 

 

ộὊὼ Ớ  ὯὪὼ  
(3.19) 

 

This expression assumes a spherical charge distribution surrounding the molecule, i.e. 

IAM  or the free-gas model.  It was shown by Narten and Levy that the ñselfò and 

ñdistinctò portions of the coherent molecular form factor can be expressed as the product 

of the intensity as predicted by the IAM (Eq. 3.19) and a function that quantifies the 

constructive inference effects between atomic species,  

 

Ὂ ộὊὼ Ớ •ὼ (3.20) 

 

where •ὼ represents the interference in the static structure factor and is often called the 

molecular interference function [27].   

The total scattering intensity, coherent scattering intensity, and the incoherent 

scattering intensity for water as a function of ὼ is shown in Figure 3.12.  The coherent 

intensities were calculated by the MATLAB script using Eq. 3.18 and Eq. 3.19.  The total 

scattering is the sum of the Compton and coherent scattering. 



40 

 

 

 

Figure 3.12.  Calculated Isotropic X-ray Scattering for Water Derived From Eq. 3.18 and 

Eq. 3.19   

 

 

3.3.7 Spectrum Normalization  

 

The measured scattered X-ray intensity is in terms of detector counts and should be 

normalized to a scale that has physical meaning.  The one-dimensional WAXS profiles 

were normalized to electron units (e.u.) using the method developed by Krogh-Moe and 

Norman [39, 40].  Here the normalization factor + is determined by the following 

equation  

 

ὑ  
᷿ ộὊὼ Ớ Ὅ ὼ Ὠὼ

᷿ Ὅ Ὠὼ
 (3.21) 
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where Ὅ  is the measured X-ray spectrum corrected for background, multiple 

scattering, polarization, and absorption, ὼ  is the middle ὼ value in the one-

dimensional diffraction pattern, and  ὼ  is the maximum ὼ value.   

 

3.3.8 Correcting for Compton Scatter and Calculating the Coherent Profile 

 

As shown in Eq. 3.1, the coherent molecular form factor for amorphous materials 

is calculated by subtracting the Compton scatter intensity from the normalized spectrum 

previously corrected for the effects discussed in the previous sections.  The analysis 

routine calculates the Compton intensity using Eq. 3.17.  Figure 3.13 displays both 

Compton and total scattering intensity for the water sample.  Note, the spectra are plotted 

as function of the magnitude of the scattering vector, often called momentum transfer, 

(ή τ“ὼ). 

  

 

Figure 3.14.  The Total and Compton Scattering Spectra for Water 
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3.3.9 Calculating the Static Structure and Atomic Pair Distribution Functions 

 

The MATLAB analysis routine also calculates the static structure factor and the 

microscopic pair correlation function.  The static structure factor is calculated from the 

coherent molecular form factor by subtracting the  ñselfò scattering contributions then 

dividing by what is typically called the spherical component of the ñselfò scattering, 

 

Ὓὼ  
 ộ Ớ

ộỚ
 + 1 (3.22) 

 

where ộὊỚ is calculated using 

  

ộὊỚ  ὯὪὼ  (3.23) 

 

The analysis script utilizes Eq. 3.16 for calculating the atomic form factors in Eq. 3.23.  

The pair correlation function is the microscopic pair density, ”ὶ, divided by the average 

number density, ”, and is calculated by performing a sine Fourier transform on the static 

structure function; however, the abscissa is converted to momentum transfer (ή τ“ὼ) 

prior to performing the transform: 

 

Ὣὶ  
”ὶ

”
 ρ

ρ

ς“”ὶ
ήὛή ρ-ÑÓÉÎήὶὨή (3.24) 
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where ὶ is the radial distance from a thermally averaged atom or molecule and ὓή is 

the Lorch window function [41].  The Lorch window function was used to remove the 

truncation ripples due to cut off imposed by the maximum ή obtainable in the 

measurement.  The Lorch window function is defined mathematically as,  

 

ὓ ή  
ÓÉÎ
“ή
ή
“ή
ή

 (3.25) 

 

where 
 
 is the Nyquist limit on the real space resolution of Eq. 3.24 [42]. 

  

3.3.10 Error Propagation  

The measured scattered intensity is subjected to statistical fluctuations that are well 

defined by the Poisson distribution.  The standard deviation for the measured intensity at 

each angle would then be equivalent to the square root of the total number of photon 

counts.  By using the standard method for error propagation of linearly independent 

variables, the standard deviation for  Ὅ  and Ὓὼ were calculated using the following 

equations:  

 

„  
ὑρ ὓ

ὖὃ
Ὅ ὥὍ Ȣ ὦὍ Ȣ (3.26) 

„  
„

ộὪỚ
 (3.27) 

 

where ὥ and ὦ are the background correction coefficients used in Eq. 3.2.  
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3.4 Results and Discussion  

 

The coherent molecular form factor (in e.u.) and static structure factor with 

respective standard deviations are tabulated in Appendix C as a function of ὼ (nm
-1

) for 

all sample materials listed in Table 3-1.  Table 3-3 and Table 3-4 present the input 

parameters used in the analysis routine.  Table 3-3  provides the bulk density and the 

coefficients used to scale the background contributions.  Table 3-4 provides the elemental 

input data in moles. 

Table 3-3.  Analysis Routine Input (I) 

Material  ⱬ╫◊■▓ (g/cm
3
) ╪  (cnts.) ╫ (cnts.) ╪  (cnts.) ╫ (cnts.) 

Acetone 0.7625 0.97 8000 0.00 0 

Butanone 0.8050 0.92 6000 0.15 6000 

Diesel 0.8320 0.80 12000 0.30 12000 

Ethanol 0.7893 0.80 0 0.18 0 

Ethanol/Water 0.9512 0.68 800 0.25 800 

Honey 1.4200 0.60 2000 0.20 2000 

10% HP 1.0434 0.73 7000 0.20 7000 

20% HP 1.0886 0.60 7000 0.20 7000 

30% HP 1.1337 0.68 7000 0.20 7000 

40% HP 1.1789 0.65 6000 0.20 6000 

Nitromethane 1.1371 0.66 5000 0.20 5000 

Peanut Butter 1.0905 0.60 2000 0.30 2000 

Water 0.9982 0.61 10000 0.32 10000 
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Table 3-4.  Analysis Routine Input (II): Elemental Data (in moles) 

Material  H C N O 

Acetone 6.000 3.000 - 1.000 

Butanone 8.000 4.000 - 1.000 

Diesel
*
 14.000 7.000 - - 

Ethanol 6.000 2.000 - 1.000 

Ethanol/Water 3.744 0.291 - 1.291 

Honey
*
 6.568 2.831 - 3.525 

10% HP 2.106 - - 1.106 

20% HP 2.212 - - 1.121 

30% HP 2.318 - - 1.318 

40% HP 2.424 - - 1.424 

Nitromethane 3.000 1.000 1.000 2.000 

Peanut Butter
*
 9.290 4.929 0.300 1.519 

Water 2.000 - - 1.000 
   * measured at TSL 

The elemental components for the diesel, honey, and peanut butter samples were 

determined by elemental combustion and oxygen pyrolysis analysis.  The analysis was 

performed by a TSL scientist.  The elemental components for the remaining sample 

materials listed in Table 3-4 were determined by the molecular formulas provided on the 

respective Material Safety Data Sheets (MSDS).   

The anomalous scattering intensity was not used to calculate the coherent 

molecular form factors because the absorption edges were well below the energy of the 

incident X-rays (115 keV).  Table 3-5 displays the K shell emission energies for the 

components listed in Table 3-4.  It should be noted that elements heavier than oxygen are 

present in the peanut butter and possibly the diesel and honey samples, however the 

elemental analysis indicated that the weight percentages of the heavier elements were 

<0.2 %.        
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Table 3-5.  X-ray K Shell Emission [43] 

Element KŬ1 (eV) 

H - 

C 277.0 

N 392.4 

O 524.9 

 

 The next sections will compare the physical aspects of the sample materials 

derived from the reduced one-dimensional XRD patterns to what is found in literature.  

The purpose is to validate the WAXS measurements for EDXRD research. 

 

3.4.1 Water 

 

Figure 3.15 displays the two-dimensional diffraction pattern for water at two 

different perspectives to show that the scattered intensity is concentrated at small 

scattering angles.   

 

 

Figure 3.15. The 2-dimensional grayscale image of the diffraction pattern of water shown 

in two perspectives: at an angle (left), from the top (right) .   
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The size for both images was reduced by 30% from its original 2048 x 2048 pixel size to 

show the detail concentrated at the center.  The concentric halos that circle the shadow of 

the beam-stop are a result of scattering from the water, the environment (or instrument), 

and the quartz capillary tube.  The isotropic distribution of spatial orientation of the 

molecules is responsible for the radial symmetry in Figure 3.15.  The corresponding 

uncorrected, one-dimensional diffraction pattern of water is displayed in Figure 3.16 with 

the instrument background and the empty quartz capillary tube.  The intensity modifiers 

listed in Table 3-3 are applied to the background spectra depicted in the figure.    

 

Figure 3.16. The WAXS profile for water (uncorrected), the quartz capillary tube, and the 

empty instrument at ambient conditions 

 

The coherent molecular form factor for water is presented in Figure 3.17 as function of ὼ. 

Figure 3.17 also shows the measurements made by Narten and Levy at Oak Ridge 
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National Laboratory (ORNL) [27]. Narten and Levyôs diffraction pattern of water is often 

cited in literature as a standard reference to compare results across different 

diffractometers [44, 45, 46].  The root-mean-square error (RMSE) between the two 

diffraction patterns was 0.70 e.u.  The FWHM of the diffraction peak is approximately 

1.9 % wider than Narten and Levy.  

 

 

Figure 3.17.  The coherent molecular form factor for water 

 

 

 The static structure function for water derived using the IAM approach is shown 

in Figure 3.18. The double maximum in Ὓὼ centered at approximately 2.0 nm
-1

 deviates 

from the spherical approximation and is a result of the short-ranged intermolecular 

interactions of the nearest neighbors.  The short ranged order of neighboring water 

molecules arises from the polarization of charge in the water molecule.    
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Figure 3.18.  IAM derived static structure factor of water at 23ºC at atmospheric pressure. 

 

 

 The microscopic pair correlation function for the water sample is displayed in 

Figure 3.19.   

 

Figure 3.19.  Pair correlation function of water derived from Ὓὼ 
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The maxima of the two sharp peaks in the pair correlation function are consistent with 

Nartenôs and Levyôs results [27].  The peak maximum at 0.84 Å is the intra-molecular O-

H pair correlation.  The peak maximum at 2.84 Å is the O-O inter-molecular correlation.  

The two local maxima centered at 4.59 Å and 6.73 Å correspond to the second and third 

O-O coordination shells.  

 

3.4.2 Ethanol and Ethanol/Water 

 

The raw two-dimensional diffraction pattern for pure ethanol (a.) and the ethanol-

water solution (b.) are shown in Figure 3.20.  The image size was reduced to match the 

15.8º maximum scattering angle applied in the one-dimensional.  

 

Figure 3.20.  WAXS two-dimensional diffraction patterns for pure ethanol (a.) and the 

ethanol-water solution (b.) 

 

The ethanol sample exhibits a very intense halo of scattered X-ray intensity in between 

the scattering angles of 1.0º to 2.0º.  Another intense halo appears in between the range of 

0.6º and 1.0º.  With the addition of water, as shown in Figure 3.20b, the halo that was 
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nearest to the shadow of the beam stop is not detected, while the intensity of the second 

characteristic halo of ethanol appears to be more diffuse with a wider band.  The broad 

shoulder that appears in the one-dimensional coherent profile of water (Figure 3.17) is 

also present in the two-dimensional diffraction pattern of the ethanol solution.   

   The coherent scattering form factors for ethanol (a.) and the ethanol-water (b.) 

solution are displayed in Figure 3.21.  The inner-diffraction peak, first observed in the 

two-dimensional pattern, is observed in the one-dimensional profile near 0.6 nm
-1

.  This 

particular peak is characteristic of all alcohols and has been observed by other groups 

[47, 48, 49, 50, 51].    

 

 

Figure 3.21.  The one-dimensional coherent scattering profile for pure ethanol (a.) and the 

50% abv. ethanol-water solution   

 

The peak position on the ὼ scale of the second ethanol diffraction peak is located near 1.2 

nm
-1

.  The coherent profile for the ethanol-water solution has a single peak by 1.4 nm
-1

 

and has a strong resemblance to the coherent profile of water (Figure 3.17).     
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The analyses of the pair correlation functions are consistent with the results 

published in literature [47, 52].  Figure 3.22 displays the microscopic pair correlation 

functions for the ethanol-water solution (top), pure ethanol (middle), and water (bottom) 

as a reference to show that the pair correlation function of the ethanol solution has direct 

similarities to both the pure ethanol and water.     

  

 

Figure 3.22.  The microscopic pair correlation functions of ethanol-water (top), ethanol 

(middle), and water (bottom) ; for presentation purposes the pair distribution functions 

are shifted arbitrarly up in the vertical dimension to separate the curves 

 

The pair correlation function for ethanol has two distinctive peaks at 0.9 and 1.5 

Å. The first peak at 0.9 Å arises from intra-molecular O-H interactions.  The second 

peak, located near 1.5 Å, is the convolution of two peaks that are due to the intra-

molecular interactions of C-C and C-O.  The peak near 2.5 Å is the convolution of the 

unbounded C - - O (2.5 Å) and the unbounded OH - - OH (2.8 Å) interactions [47].  The 

local maximum that is approximately centered at 4.6 Å is attributed to nearest and 

second-nearest interaction of ethanol chain clusters [52].   
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The distribution of peaks in the pair correlation function of the ethanol-water 

solution could be approximated as being derived from a linear combination of the 

individual molecular components.  The O-H intra-molecular peak at 0.9 Å would include 

interactions for both water and ethanol.  The C-C and C-O interaction peaks of ethanol 

are also present in the ethanol-water pair correlation function at 2.5 Å.  The 2.8 Å peak is 

the intermolecular interaction between ethanol-ethanol, ethanol-water, and water-water.  

The broad peak centered at 4.5 Å is due to first and second neighbor correlation of 

ethanol chain clusters and the second-neighbor interactions of the tetrahedral structure of 

water [52].       

 

3.4.3 Hydrocarbons  

 

Images for the two-dimensional diffraction patterns of the hydrocarbon sample set 

are shown in Figure 3.23: acetone (a.), butanone (b.), diesel (c.), and nitromethane.  
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Figure 3.23.  The uncorrected two-dimensional diffraction patterns of acetone (a.), 

butanone (MEK) (b.), diesel (heptane) (c.), and nitromethane (d.)  

 

All four hydrocarbon samples have a characteristic halo of high scattered intensity 

approximately centered at 1.4º with each sample displaying a variable halo band width.  

Each sample also exhibits differences in the dimensions of the concentric halos at larger 

scattering angles.  Figure 3.24  displays the coherent profile of the four samples.     
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Figure 3.24.  The coherent scattering profiles for acetone (a.), butanone (MEK) (b.), 

diesel (c.), and nitromethane (d.) 

 

The momentum transfer value of the maximum intensity changes with respect to the 

molecular size of the substance.  Table 3-6 provides the peak location of the most intense 

peak in the coherent profile and relates these measurements to the number of carbon 

atoms in each substance.       

Table 3-6.  Number of Carbon Atoms and Peak Location of the Hydrocarbon Sample Set 

Number of Carbons Substance Peak Location (nm
-1

) 

1 Nitromethane (d.) 1.25 

3 Acetone (a.) 1.14 

4 Butanone (b.) 1.09 

7 Diesel (c.) 1.03 

 

This limited set of organic substances does confirm that the location of the diffraction 

peak decreases in ὼ with increasing molecular size, an effect that is commonly seen in the 

diffraction patterns of organic liquids [53].  
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Figure 3.25.  The microscopic pair correlation functions for acetone, butanone, diesel, 

and nitromethane; for presentation purposes the pair distribution functions for MEK, 

diesel, and nitromethane are shifted arbitrarly up in the vertical dimension to separate the 

curves 

 

The pair correlation functions are displayed in Figure 3.25. The intra-molecular 

peaks in the nitromethane correlation function reside at 1.49, 2.32, 1.22, and 2.17 Å for 

the C-N, C-O, N-O, and O-O bounded interactions, respectively [54].  The peak 

resolution for the nitromethane pair correlation function does not reveal all four peaks 

individually as neighboring peaks are convolved.  The resolution of the pair correlation 

function is determined by the maximum momentum transfer value applied in the sine 

Fourier transform of the static structure function.  The maximum momentum transfer 

values used for every sample material was 12.7 nm
-1

 which, according to Figure 3.25, is 

not suitable to resolve all of the intra-molecular correlations in nitromethane, 

demonstrating that further modeling of the molecular structure is required.  

This lack of peak resolution could also be an artifact due to overlap of the electron 

cloud distributions, in which case neutron diffraction may be a more suitable 

experimental approach for resolving the individual four peaks.  However the pair 

correlation function for nitromethane agrees very well with X-ray scattering 
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measurements made by another research group [54].  The pair correlation function 

obtained by this group is depicted in Figure 3.26.   

 

 

Figure 3.26.  The pair correlation function for nitromethane obtained by Megyes et al. 

The circles are experimental values and the lines are values obtained from a molecular 

dynamics simulation [29].  

 

 The distance between the principle peak locations of acetone and MEK 

(butanone), shown in Figure 3.24, is approximately 0.05 nm
-1

.  This close proximity in 

peak location reflects the similarity in chemical composition of the two ketones.  Acetone 

is simplest of all ketones with the chemical formula (CH3)2CO while MEK has the same 

basic ketone formula but replaces one methyl for an ethylene group.  The chemical 

formula for MEK is CH3C(O)CH2CH3.  This again demonstrates that the principle peak 

location for organic substances is, in part, determined by the size of the molecule [53].  

The peak locations in the pair distribution functions correlate to the intra-molecular C-C 

interaction for both MEK and acetone, which are centered at 1.55 and 2.57 Å.  The intra-
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molecular C-O interaction appears at 1.22 Å. The C-O and 1.55 Å C-C peaks are 

completely overlapped.  The peak-widths of the MEK C-C interaction are smaller likely 

due to the added ethylene group.    

 The diffraction pattern for the diesel sample clearly exhibits three diffraction 

peaks centered at 1.01, 2.33 and 4.31 nm
-1
.  The pair correlation function shows the 

characteristic intra-molecular C-C peaks at 1.55 and 2.57 Å [53].  There is also an 

unidentified correlation peak located at approximately 2.00 Å.   

 

3.4.4 Hydrogen Peroxide Solutions 

 

The two-dimensional diffraction patterns for the hydrogen peroxide (HP) solutions 

are shown in Figure 3.27.  These figures indicate that as the mass percentage of HP in 

solution is increase as the width of the bright halo, approximately is centered at 1.98 nm
-

1
, decreases.  The radial centers of the halo appear to remain fixed in place at 1.98 nm

-1
.      
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Figure 3.27.  The uncorrected two-dimensional diffraction patterns for the hydrogen 

peroxide (HP) solutions: 10% HP (a.), 20% HP (b.), 30% HP (c.), and 40% HP (d.) 

 

This observation obviously indicates that the shape of the primary diffraction peak of 

water changes with increasing HP concentration while the peak location changes very 

little.  This effect is clearly displayed in Figure 3.28 where the coherent spectra of the 

water and the four solutions of HP are plotted together as a function of ὼ.  Here the range 

of ὼ is limited to a maximum of 6 nm
-1

 so that the principle diffraction peak is clearly 

displayed.  In addition, as the concentration of HP increases the characteristic shoulder in 

the water spectrum, measured at ambient conditions, diminishes.   
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Figure 3.28.  The coherent profiles of the hydrogen peroxide solutions and water.  
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Figure 3.29.  The microscopic pair correlation function for hydrogen peroxide solutions 

and water. For clarity, successive curves are displaced by +1 unit along the vertical scale.    

 

The pair correlation functions for the each of the four HP solutions and for water are 

displayed in Figure 3.29. For clarity, successive curves are displaced by +1 unit along the 

vertical scale.  The intra-molecular correlation peak for the O-H interaction, centered at 

0.9 Å, (as seen for water in Figure 3.19), is also present for the HP solutions.  The peak 

intensity and width does not appear to diminish as a function of increasing HP 

concentration.  This is expected because hydrogen peroxide has two H-O bonds.  The 

intermolecular O-O correlation peak at 2.84 Å for water does appear to diminish as a 

function of HP concentration.  The intra-molecular O-O interaction of water, located at 

1.40 Å, does appear in the pair distribution functions of HP solutions.   
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3.4.5 Peanut Butter  

 

Peanut butter is a complex 2 phase system (comprising of crystalline and 

amorphous components) composed of many different types of organic and inorganic 

substances.  Oils and proteins make up approximately 60% of the total composition [55].  

The oil component typically consists of hydrogenated vegetable oil (0 to 6% by weight) 

and peanut oil.  Peanut butter may also contain many types of fatty acids, like oleic, 

linoleic, and palmitic acids [55, 56].  The mineral composition includes sodium, 

phosphorous, calcium, iron, and many other minute amounts of other elements [55].  

Sugars such as sucrose and fructose are typically added during the manufacturing process 

to sweeten the flavor.  

The two-dimensional diffraction pattern of creamy Jiff® peanut butter is displayed 

in Figure 3.30.  

 

 

Figure 3.30.  Two-dimensional diffraction pattern of Jiff® creamy peanut butter  
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The diffracted intensity of the halos is notably more attenuated than the other sample 

materials due to the higher density.  The bright spots in 2-dimensional diffraction pattern 

(Figure 3.30) are the Bragg reflections from the crystalline materials present in the 

substance.  The reduced one-dimensional diffraction pattern is shown in Figure 3.31.   

 

 

Figure 3.31.  Reduced one-dimensional diffraction pattern of creamy peanut butter 

 

The amorphous component is responsible for the largest peak in the spectrum, while the 

narrower and less intense peaks are Bragg reflections from NaCl and sucrose crystals. 

Figure 3.32 overlays the diffraction patterns for sucrose (solid blue lines) and NaCl (solid 

red lines) over the peanut butter sample.  Markers are also used in the figure to aid in 

determining the location of the sucrose and NaCl peaks.  NaCl peaks are distinguished by 

the red crosses while sucrose peaks are indicated by open blue circles.  The NaCl peaks 

are stronger than the sucrose peaks in the reduced pattern of the peanut butter.  
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Figure 3.32.  One-dimensional diffraction pattern of peanut butter: peanut butter (solid black line), sucrose (solid blue lines and blue 

dots), and NaCl (solid red lines and red crosses) 
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Figure 3.33.  The static structure factor of peanut butter 

 

 

Figure 3.34.  The pair correlation function of peanut butter 

 

The static structure factor and microscopic pair correlation function for peanut butter are 

shown in Figure 3.33 and Figure 3.34, respectively.  There are seven distinct peaks in the 

pair correlation function approximately centered at 0.9, 1.4, 2.5, 2.9, 3.9, and 4.9.  

Interaction distance determination for the intra- and inter-molecular spatial correlations is 

not possible without performing further compositional and structural studies of the 
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substance.  Using the correlation distances determined from the other previously 

discussed sample materials, and assuming that the amorphous component of the peanut 

butter is the primary component rendering the pair correlation function, as the Bragg 

reflections appear to be averaged out as a result of the applied transformation algorithm, 

the peaks centered at 0.9, 1.4, and 2.5 Å are possibly intra-molecular correlations of the 

O-H, O-O, C-C and C-O interactions.  There also appears to be a minor peak centered at 

2.9 Å, indicating a O-O inter-molecular interaction.  However, as already stated 

previously, further analysis outside the scope of this study is required as the peanut butter 

is made up of many different types of organic and inorganic substances.  

 

3.4.6 Honey 

 

The chemistry of honey can be described as a supersaturated sugar mixed with 

various amounts of different sugar types and varying amounts of other substances like 

amino acids.  The chemical composition varies depending on the species of flower as 

well as the geographical location of the beehive from which the honey is taken. Table 3-7 

provides the average chemical composition of honey produced in the United States 

derived from 490 samples [57].  
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Table 3-7.  Chemical Composition of U.S. Honey [57] 

Component Average (%) Range 

Water 17.2 12.2-22.9 

Fructose 38.4 30.9-44.3 

Glucose 30.4 22.9-40.7 

Sucrose 1.3 0.2-7.6 

Other disaccharides 7.3 2.7-16.0 

Higher sugars 1.4 0.1-3.8 

Gluconic acid 0.57 0.17-1.17 

Other acids 0.43 0.13-0.92 

Lactones 0.14 0.0-0.37 

Minerals 0.17 0.02-1.03 

Nitrogen 0.04 0.0-0.13 

 

 

Like the previous peanut butter sample, additional characterization by other 

experimental techniques and theoretical modeling are both required for determining 

which intra- and inter-molecular atomic pairs are responsible for the peaks in the 

microscopic pair correlation function.  This is also beyond the scope of this study.  The 

two-dimensional diffraction pattern, the reduced one-dimensional diffraction pattern, the 

static structure factor, and the microscopic pair correlation function for honey are 

presented in Figure 3.35, Figure 3.36, Figure 3.37, and Figure 3.38, respectively.    
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Figure 3.35.  The two-dimensional diffraction pattern for honey 

 

Figure 3.36.  The reduced one-dimensional diffraction pattern for honey 
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Figure 3.37.  The static structure factor for honey 

 

 

 

 

Figure 3.38.  The pair correlation function for honey 

 

The principle peak location of the diffraction spectrum of honey has the smallest ὼ value 

of the WAXS sample material set, centered at 0.96 nm
-1

.  The diffraction spectrum also 

has the widest FWHM measurement of the whole set, at 1.7 nm
-1
.  The pair correlation 

function, shown in Figure 3.38, has correlation peaks 0.9, 1.4, 2.4, 2.9, 3.7, 4.3, and 4.9 
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Å. Similar to the analysis of the pair correlation function of the peanut butter sample, the 

peaks centered at 0.9, 1.4, and 2.5 Å are possibly intra-molecular correlations of the O-H, 

O-O, C-C and C-O interactions.  The peak at 2.9 Å could indicate an O- -O intra-

molecular interaction.  Further characterization and structural modeling of honey is 

needed to verify the pair correlations specified as well as for the peaks found at radial 

distances greater than 2.9 Å.  

 

3.5 Conclusion  

 

The WAXS measurements of the coherent spectra and microscopic pair correlation 

functions for a limited sample material set of amorphous substances were obtained with 

the purpose to provide baseline data for the multi-angle EDXRD analysis.  A comparative 

analysis of the obtained coherent molecular form factor for deionized water at 24 ºC to 

the Narten-Levy standard yielded a 0.7 e.u. RMSE between the momentum transfer 

values of 0.6 to 14.0 nm
-1

.  A 1.9% broadening of the FHWM of the principle diffraction 

peak that was observed was attributed to instrumental differences.  Atomic pair 

correlations of the intra- and inter-molecular distances agree very well with the Narten-

Levy reference standard.  Atomic pair correlation distances for the hydrocarbon and 

ethanol sample material set agreed well with observations obtained from results 

published by other groups.  The coherent form factors and pair correlation functions for 

the liquid hydrogen peroxide, creamy peanut butter, and honey were presented but a 

comparison to known values in literature was not provided as data was not found in 

literature.  Molecular dynamic computer-based simulations of the water and hydrogen 

peroxide system do exist and a thorough analysis of the pair correlation functions of the 
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solutions as function of mass percentage of hydrogen peroxide will be discussed in the 

next chapter [58, 59, 60, 61] 
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CHAPTER 4  
 

EMPIRICAL  POTENTIAL STRUCTURE 

REFINEMENT  

 

 

4.1 Introduction  

Hydrogen peroxide is very simple peroxide which is constructed of two hydroxide 

ions (OH
-
) held together by a single covalent bond between the two central oxygen 

atoms.  This simple peroxide has many important applications in the biological [62, 63, 

64, 65], chemical [66, 67, 68], and environmental fields [69, 70, 71, 72] and due to its 

high level of reactivity, it is also a primary component used in rocket propellants and 

explosives [73, 74].   

Due to its high level of recent interest, pure hydrogen peroxide and hydrogen 

peroxide-water complexes has been the subject of many experimental and theoretical 

studies in literature in determining the molecular structure, internal rotational properties, 

and chemical properties.  A summary of the studies can be found in Chun-Yang Yuôs and 

Zhong-Zhi Yangôs paper which studies the molecular dynamics of the cyclic hydrogen 

bonding networks of hydrogen peroxide-water complexes via the (ABEEM/MM) [60].  

The review of the experimental studies indicated that very few studies examining the 

hydrogen peroxide-water complexes by experimental XRD exist in literature.  This 

dissertation provides the first analysis of liquid structure obtained by experimental high-

energy WAXS [75, 76, 77]. 
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This chapter discusses the atomic pair correlation functions of hydrogen peroxide 

solutions derived from WAXS data using a Reversed Monte Carlo (RMC) computational 

method known as Empirical Potential Structure Refinement (EPSR).  Coordination 

numbers calculated from the pair coorelation functions provide experimentally derived  

evidence of the number of hydrogen bonds predicted from a quantum chemistry ad initio 

computational model called quantum mechanical charge field molecular dynamics 

(QMCF MD) developed by S. Moin et. al. [59].   

The following discussion does not provide direct support in validating EDXRD 

spectra but it does, however, provide an opportunity to compare results determined from 

a completely simulated system to the results obtained from an experimentally-driven 

RMC method.  The discussion will be broken down into three major sections: a 

discussion on the results obtained from the QMCF MD simulation, a technical discussion 

on EPSR, and a final section discussing the results on solute-solvent hydrogen bonding 

derived from the WAXS measurements.    

 

4.2 Quantum Mechanical Charge Field Molecular Dynamics 

QMCF MD is a hybrid of the advanced quantum mechanical and molecular 

dynamics methodologies utilized in the field of quantum chemistry for investigating 

dynamics and structure of aqueous solutions.  The hybridization enables pseudo-realistic 

quantum mechanical description of a solute particle in solution by using molecular 

mechanics to describe interactions in the second and third solvent shells.  QMCF MD 

formalism splits the simulation into a core quantum mechanical (QM) region and the 

layer molecular mechanics (MM) region.  The QM region is centered on the solvent 
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molecule with radius of 5 ï 6 Å.  Within the QM region quantum mechanics are used to 

simulate the solute-solvent interactions.  The MM region is defined outside of the core 

region where only the solvent molecules exist.  Here the solvent-solvent interactions are 

simulated by Coulombic, non-Coulombic, and force-field potentials.  Solvent-solute 

interactions that extend outside of the QM region are simulated using Columbic 

interactions. 

In the paper published by Moin et. al., the QMCF MD simulation was applied to a 

single hydrogen peroxide molecule in an aqueous environment [59].  Analysis of the 

radial distribution functions from the center of each atom in the hydrogen peroxide 

molecule predicts that both molecules will exhibit hydrogen bond donor and acceptor 

properties.  However, as shown in Figure 4.1, hydrogen atoms (A/B) in hydrogen 

peroxide are likely to be a strong proton donor.  Figure 4.1 displays the probability 

distribution as a function of hydrogen bonding water ligand coordination numbers, which 

are forming hydrogen bonds with each oxygen atom (A/B) (a) and hydrogen atom (A/B) 

(b) of hydrogen peroxide.  
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Figure 4.1.  Coordination number distributions of water ligands forming hydrogen bonds 

with (a) each oxygen atom and (b) with each hydrogen atom of hydrogen peroxide.  The 

figure was obtained directly from [59].    

 

The results also indicated that the hydration shell consists of approximately 6 water 

molecules surrounding a single central hydrogen peroxide molecule. The calculated 

probability distribution for the water ligand coordination number surrounding one central 

hydrogen peroxide molecule is displayed in Figure 4.2.       
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Figure 4.2.  The probability distribution of the coordination number of water ligands 

surrounding a single central hydrogen peroxide molecule.  This figure was extracted 

directly from the reference [59].  

 

The paper also showed that the calculated angular distribution functions between the 

hydrogen peroxide atoms and water ligands are highly peaked in between the angles of 

165º and 180º for both the O -- Hwater-Owater  (a) and O-H --Owater (b) angles, as shown in  

Figure 4.3. 
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Figure 4.3.  The normalized angular distribution functions for angles between hydrogen 

peroxide and water molecules.  The figure was taken directly from [59]. 

 

 The results obtained from the QMCF MD simulation can be verified from the 

atomic pair correlation functions calculated from the bulk static structure factors obtained 

from the WAXS measurements of the hydrogen peroxide solutions.  However a structural 

refinement method optimized for the long-ranged randomness of amorphous substances 

is required for determining the atomic partial structure factors prior to calculating the 
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radial distribution functions.  EPSR is a ñstate-of-the-artò method that determines pair 

correlation functions from diffraction data by minimizing the error in simulated (or 

inverted) and calculated partial structure factors.  EPSR is analogous to the Rietveld 

refinement technique often used in crystallographic data.  

4.3 EPSR 

EPSR is a Monte Carlo-based simulation technique that uses experimentally 

measured diffraction data for developing structural models of amorphous substances [78, 

79, 80, 81].  The simulation refines the pair interaction potentials from some assumed 

start point by minimizing the error between the simulated and experimentally calculated 

structure factors.  There are three primary benefits resulting from the simulationôs output: 

(1) the pair correlation functions are derived from the model and not from the direct 

Fourier transform of the measured structure factors, (2) the method provides positive 

insight on whether the diffraction data can model a real distribution of atoms and 

molecules, and (3) 3-dimensional spatial and orientation correlation functions can be 

measured from the simulated model.  

The three main components to the simulation are the experimental data, a Monte 

Carlo simulation, and physical constraints which include the number density and 

molecular structure of the substance.  The primary output is a 3-dimensional structural 

model which can then be further analyzed to obtain information such as the pair 

distribution functions, the angular distribution functions, and coordination numbers.  

EPSR attempts to provide an ergodic simulation where the time-averaged structure of the 

liquid is an ensemble of finite structural realizations.  The simulation is not sensitive to 
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initial configurations and avoids frozen configurations by efficiently sampling large 

volumes of the phase space.   

 Prior to initiating EPSR, input parameters are required for creating the molecular 

ensemble.  The input parameters include the intermolecular structure of the components 

in the liquid, the number densities, the number of molecules, and the dimension of the 

simulation box.  The simulatorôs setup routine will generate a set of initial atomic 

coordinates within a simulation box using the input parameters.  Figure 4.4  displays an 

example of a simulation box constructed to perform the 40% hydrogen peroxide structure 

refinement.     

 

 

Figure 4.4.  EPSR Simulation Box 
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 The second set of inputs required prior to running EPSR simulations are the 

definitions for the interaction potential energy functions which model the forces between 

the atoms and molecules.  The intramolecular energy is modeled using a harmonic 

potential, which can be expressed as 

 

Ὗ ὅ
ὶ Ὠ

ςύ
 (4.1) 

 

where ὶ  is the actual separation between atoms ‌ and ‍ in molecule Ὥ,  Ὠ  is the 

average distance between atoms, and ύ  is the width.  The factor ὅ is the vibrational 

temperature which is calculated from the difference between the simulated and measured 

structure factor at large values of momentum transfer.  The algorithm assumes that zero-

point disorder is not significantly driven by temperature, so ὅ does not change when the 

temperature changes.  The width, or broadening function is defined with respect to the 

effective mass of the atomic pairs ‘ ,  

 

ύ
Ὠ

‘
 (4.2) 

 

where the effective mass is defined as 

 

‘
ὓ ὓ

ὓ ὓ
 (4.3) 
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The atomic mass ὓ  and ὓ  are in atomic mass units.  Refinement of the Debye-Waller 

factors for each intramolecular distance is avoided due to computational complexity, so 

the inertia defined in the broadening function is used as an alternative.  The 

intermolecular (reference) potential energy for atomic pairs is defined as the linear sum 

of the commonly used Lennard-Jones 12-6 potential and the potential energy from the 

effective Coulomb charges, 

 

Ὗ ὶ  τ‭
„

ὶ

„

ὶ

ήή

τ“‭ὶ
 (4.5) 

 

where the indexes Ὥ and Ὦ represent the different atomic pairs and ‌ and ‍ represent the 

atomic types, ή is the charge of the atom type, ‭ is the vacuum permittivity, ὶ is the 

radial distance between atomic pairs,  „ is the range parameter, and ‭ is the well depth.  

The Lorentz-Berthelot mixing rules are used for calculating „  and ‭ , 

 

„
ρ

ς
„ „  (4.6) 

 

‭ ‭‭Ȣ (4.7) 

  

After defining the input parameters the Monte Carlo simulation calculates the 

initial equilibrated intermolecular structural model.  The overall translational motion of a 

molecule or the rotation of various groups attached to the molecule is driven by the 

standard Monte Carlo scheme.  Subsequent positions are conditionally determined by the 
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current position of the object plus the product of the predefined step size and a random 

number in the range of -1 to 1 for each dimension of motion.  The acceptance criterion 

for each move is dependent on the change of the total potential energy of the simulation 

box. If the total energy of the system has decreased the move is accepted.  If the energy 

of the box increases then a second deviation is drawn between the range of 0 and 1 and 

compared to the usual Boltzmann thermal factor Ὡ .  If the deviation is less than the 

Boltzmann factor the move is accepted, otherwise it is rejected.  

 When calculating the long range intermolecular interactions, the derivative of the 

reference potential is truncated by a smoothly decaying function.  This is done to reduce 

the overall computation time.  The truncation function has two separate forms for the 

non-Coulomb and Coulomb portions of the reference potential (Eq. 4.5).  For the non-

Coulomb portion, the truncation function can be expressed as 

 

Ὕὶ

ừ
Ử
Ừ

Ử
ứ

ρȟ                                                      ὶ  ὶ  

πȢυ ρ ÃÏÓ“
ὶ ὶ

ὶ ὶ
ȟ  ὶ ὶ  ὶ

πȟ                                                     ὶ  ὶ

   (4.8) 

 

 where  ὶ  is the radial value where the truncation function drops below 1 and ὶ  

is the point where the function is zero.  The simulation sets ὶ  to 9.0 Å and  ὶ  to 

12.0 Å, however these values could be modified if required.  For the Coulomb part the 

truncation function can be written as   
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where  ɡὶ ὶ is the Heaviside function.   

 Once the energy of the model reaches a stable minimum the empirical potential 

refinement algorithm can begin.  The algorithm will first extract the partial structure 

factors from the model and then calculate the difference between the model (Ὓ ή) and 

measurement (Ὓ ή).  This difference, when small, is the momentum space 

representation of the empirical potential in terms of the pair-wise potentials of the mean 

force, which can be expressed as, 

 

Ὗ ή  Ὓ ή  Ὓ ή (4.10) 

 

EPSR does not directly perform the inverse Fourier transform to Eq. 4.10.  Instead, the 

algorithm will equate the difference to a series expansion of the Fourier transformed 

Poisson functions and then back calculate the series expansion coefficients to determine 

the real-space representation of the empirical potential energy. Eq. 4.10 can be rewritten 

as  

 

Ὗ ή  ὄὖ ήȟ„ (4.11) 
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where  ὄ are the series expansion coefficients and ὖ ήȟ„ is the Fourier transform of 

the Poisson function.  The Poisson function and its 3-dimensional Fourier transform are 

expressed, respectively, as  

 

ὴ ὶȟ„  
ρ

τ“„ ὲ ςȦ

ὶ

„
Ὡὼὴ

ὶ

„
 (4.12) 

ὖ ήȟ„  
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ή„ ÓÉÎὲ‖
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 (4.13) 

 

where  „ is a predefined width,  ὲ πȟρȟςȟȣ , and ‖ ÓÉÎή„.  The empirical 

potential is added to the reference potential and the Monte Carlo simulation of the 

molecular motion proceeds once again until the energy of the configuration is minimized 

and a new empirical potential is calculated.  The reference potential, for each iteration Ὦ, 

can be expressed in terms of the running sum of the empirical potential, 

 

Ὗ  Ὗ Ὗ  (4.14) 

 

The routine repeats many times until one of the two following conditions is met: 

1. the expansion coefficients ὄ are very small such that the empirical potential does 

not change in subsequent iterations 

2. A predefined limit of the reference potential is reached. 
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At this point the program ceases to update the reference potential and the user has the 

option to collect ensemble averages.  The EPSR simulation algorithm is summarized in 

the flow diagram displayed in Figure 4.5.  
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Figure 4.5.  EPSR flow diagram 
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4.4 EPSR Setup and Parameters  

 

Site-to-site pair correlation functions were calculated for water and the four 

hydrogen peroxide solutions using EPSR.  Static structure factors calculated from the 

WAXS measurements of the five sample materials reported in the previous chapter were 

used as the reference point in the refinement process.  The input parameters for the 

simulation box and the vibrational coefficient for molecular bonds are listed in Table 4-1.  

 

Table 4-1.  EPSR Simulation Parameters 

Number of Molecules  1000 

Box Dimension (Cube) 310.62 Å 

Temperature  300 K 

Vibrational Coefficient (C/2)  65 K 

 

The intramolecular structure for both molecules is provided in Table 4-2.  The oxygen 

and hydrogen components for water are labeled OW and HW, respectively, while the 

H2O2 components are labeled OH and HH. 

Table 4-2.  Intramolecular Bond Parameters [59] 

Bond Parameters Value 

OW-HW bond distance  0.9572 Å 

HW-OW-HW bond angle  104.52
o
 

OH-OH bond distance  1.466 Å 

HH-OH bond distance  0.9700 Å 

HH-OH-OH bond angle  100
o
 

HH-OH-OH-HH dihedral angle  105.4
o
 

 

The mass fraction of H2O2 in solution and the density for each sample material are 

provided in Table 4-3.   
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Table 4-3.  Mass Fraction of H2O2 and Sample Mass Density 

Substance Mass Fraction Mass Density (g/ml) 

Water 1.00 1.002 

HP10 0.2004 1.0342 

HP20 0.2982 1.0718 

HP30 0.2982 1.1088 

HP40 0.3984 1.147 

 

The static structure factors were recalculated using modified atomic form factors 

(MAFF). MAFF were used to account for charge transfer between the intramolecular 

oxygen and hydrogen atoms for both molecules.  The MAFF can be defined as     

  

Ὢ ή ρ ‌ϽÅØÐ
ή

ς‏
Ὢή (4.15) 

 

where Ŭ is the effective amount of charge, ὗ, transferred due to the influence of 

neighboring atoms normalized by the IAM atomic form factor at ή  π,  ‌  , 

and ‏ is the electron delocalization (width) parameter [82, 83].  The static structure 

factors for the hydrogen peroxide solutions and water recalculated using Eq. 4.15 are 

displayed in Figure 4.6.    
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Figure 4.6.  Static structure factors for the hydrogen peroxide solution and water 

calculated using MAFF  

 

The input parameters for the Lennard-Jones intermolecular potential and the MAFF are 

given in Table 4-3 for hydrogen (H) and oxygen (O).   

 

Table 4-4.  Input Parameters for the Lennard-Jones 

Potential and Modified Atomic Scatting Form Factors 

Element Ⱡ(kJ/mol) Ɑ(Å) ╠▄ ♪ ♯B 

H 0 0 -0.48 0.48 2.2  

O 0.6364 3.1506 0.12 0.12 2.2  

 

 

4.5 Results and Discussion 

 

For each sample material, between 4000 and 4500 ensemble averages were collected 

upon reaching a stable structural equilibrium.  The entire process was clocked at 

approximately 13 hours for each material.  After collecting the ensemble averages the 

static structure factors, pair correlation functions, and angular distribution functions were 

calculated for each pair interaction.  Coordinate numbers for the first coordination shell 
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were calculated from the pair correlation functions for each atomic pair.  The orientation 

correlation function for water was calculated using the spherical harmonic expansion 

method [84].  The orientation correlation functions for hydrogen peroxide were not 

calculated because the spherical harmonic approach requires mirror plane symmetry on 

the molecule; hydrogen peroxide does not exhibit mirror plane symmetry.  

 To validate the procedure, structural properties and residuals between the 

structural model and measurements of water were calculated and analyzed.  The site-site 

static structure factors calculated from the structural model are shown in Figure 4.7 as a 

function of ὼ.  The curves fitted from the model are shown as solid lines while the 

residuals are represented by open circles.     

         

 

Figure 4.7.  Site-site static structure factors for the water: the static structure factors are 

represented by a solid line while the residual error between the measurement and the 

model is represented by open circles 

 

 

The simulated structural model exhibits reasonable agreement with the measurements.  

The residual error for each of the three atomic pairs (H-H, O-H, and O-O) appears to 
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decrease with increasing ὼ.  The error at ὼ values less than 4 nm
-1
 is rather small (~10

-2
) 

for the H-H and O-H pairs, but is an order of magnitude larger for the O-O pair 

interaction.  The error is likely systematic in origin and obviously not accounted for in the 

data correction process.  When ὼ is approximately 4 nm
-1

, the overall gradient of the 

residual error for all three pairs approaches zero while the error oscillates with amplitude 

of approximately 10
-4

.  The final crystallographic residual factor, or R-factor, for the 

simulated model was 0.05.  The R-factor is defined mathematically as  

 

Ὑ
ВȿὛ ȿ ȿὛ ȿ

ВȿὛ ȿ
 (4.16) 

 

where   Ὓ  is the measured structure factor and Ὓ  is the structure factor calculated 

from the model.  The R-factor metric is used in crystallography for determining the 

quality of the model.  The R-Factor as a function of iteration number is plotted in Figure 

4.8.  This figure shows that the simulation of water converged within 200 iterations of the 

empirical potential refinement loop.   



92 

 

 

Figure 4.8.  R-Factor as a function of iteration number for the water simulation  

 

 Atomic pair correlation functions were calculated directly from the model and 

were not derived from the sine Fourier transform of the structure factor.  As mentioned 

earlier, this eliminates the noise from transform artifacts due to truncating the argument 

of the transform.  Figure 4.9 displays the pair correlation function for three atomic pairs 

of water calculated from the structured model.  This plot differs in magnitude to the 

previous plots of pair correlation function as the functions are normalized against the 

number density of the pair.          
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Figure 4.9.  Atomic pair correlation functions for water calculated from the EPSR 

simulation  

 

The hydrogen-hydrogen pair correlation function has two peaks arising at interaction 

distances of 2.4 Å and 3.8 Å.  The oxygen-hydrogen pair correlation reveals three 

interactions distances at 1.8 Å, and 3.3 Å . The 1.8 Å interaction distance was determined 

to be related to the hydrogen bonding between neighboring water molecules in the first 

coordination shell [23, 84].  The covalent and hydrogen bonding of hydrogen atoms to a 

central oxygen atom yields the tetrahedral structure of liquid water.  The 1.8 Å peak also 

agrees in central position with the microscopic pair correlation function of water shown 

in the previous chapter in Figure 3.19.  The oxygen-oxygen pair correlation function has 

three peaks centered at radial distances of 2.8 Å, 4.5 Å, and 6.8 Å.  The oxygen-oxygen 

pair correlation function also indicates that the oxygen-oxygen pair interaction is 

responsible for the distinguishing peaks in the microscopic pair distribution function. 

 Coordination numbers and probabilities were calculated for the first coordination 

shell for each pair interaction.  The coordination number and standard deviation (in 
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parentheses) for each interaction are provided in Table 4-5 with the radial limits used in 

the calculation.   

 

Table 4-5.  Coordination Numbers for the Atomic Pair 

Interactions of Water and Ambient Conditions 

Interaction  r min(Å) r max(Å) Coordination Number 

O ï O 1.00 3.40 5 (1) 

O ï H 1.00 2.40 1.7 (0.7) 

H ï H 1.00 3.00 5 (1) 

 

 

The structural refinement predicts oxygen-oxygen (O-O) coordination of 5 which 

is higher than the expected tetrahedral number of 4 but still consistent with expected 

structure and within the range of results found in the literature [23, 84, 85].  The 

probability distribution for O-O coordination numbers of the first shell is shown in Figure 

4.10.  The distribution hints that the coordination number is between 4.5 and 5 for 

ambient water.  
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Figure 4.10.  The probability distribution for the oxygen-oxygen coordination number in 

the first coordination shell  

 

The intramolecular O-H pair correlation was coordination number 1.7 which is consistent 

with the tetrahedral structure of liquid water.  The O-H interaction fluctuates between 

proton donor and acceptor interactions, forming and breaking bonds in the 

subfemtosecond time scale, thus Figure 4.11 shows the time-averaged measurement of 

the oxygen-hydrogen coordination number probability distribution.  The distribution 

shows that the thermally averaged structure of ambient water is tetrahedral.     
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Figure 4.11.  The oxygen-hydrogen pair coordination number probability distribution 

 

 

Finally, the 3-dimensional spatial orientation function for liquid water calculated from the 

structured model is shown in Figure 4.12.  The tetrahedral structure is clearly evident 

from the spatial locations of the isosurfaces calculated from the correlation function.  The 

rendering of the water molecule shown in the figure provides the orientation of the 

central molecule, but the geometrical sizes of the molecule with respect to the radial 

distances of the isosurfaces are not to scale [84, 85].     
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Figure 4.12.  Isosurfaces of the spatial density function of water at ambient conditions.  
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Figure 4.13.  The static structure factors for the four hydrogen peroxide solutions (solid 

line) and the error between the measurement and model (open circles) both plotted as a 

function of momentum transfer (ή).  The static structure factors were calculated using the 

modified atomic form factors.   

 

 The static structure factors for the hydrogen peroxide solutions (solid lines) 

calculated by the ESPR simulation model are shown in Figure 4.13.  The factors were 

calculated using MAFF (Eq. 4.15).  The MAFF parameters are shown in  

Table 4-4.  The vertical axis of each of the four structure factors is shifted by one unit for 

visual clarity only.  The residual error (open circles) between the measurement and model 

is also displayed in Figure 4.13 for each measurement.  The error of the structure factor 

diminishes as a function of increasing t mass concentration of hydrogen peroxide.  This is 

most apparent when ή < 6 Å
-1

 and in between ή values of 8 and 10 Å
-1

.  

 The atomic pair correlation functions for the hydrogen peroxide solutions, derived 

from the EPSR, are shown in Figure 4.14 through Figure 4.23.  The pair correlations for 

solvent (water) are displayed in Figure 4.14, Figure 4.15, and Figure 4.16 for the oxygen-

oxygen (OW-OW), oxygen-hydrogen (OW-HW), and hydrogen-hydrogen (HW-HW) 
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atomic pairs respectively.  The pairs correlation functions for the solute (hydrogen 

peroxide) are displayed in Figure 4.17, Figure 4.18, and Figure 4.19 for the hydrogen-

hydrogen (HH-HH), hydrogen-oxygen (HH-OH), and oxygen-oxygen (OH-OH) atomic 

pairs, respectively.  Finally, the pair correlations between atoms of water and atoms of 

hydrogen peroxide are shown in Figure 4.20, Figure 4.21, Figure 4.22, and Figure 4.23 

for the HH-OW, HH-HW, OH-OW, and OH-HW atomic pairs respectively.     

 

 

 

Figure 4.14.  The atomic pair correlation functions for the oxygen-oxygen pair of water 

(OW-OW) as a function of radial distance and mass concentration of hydrogen peroxide.  

 

 

The peak location (2.8 Å) of the first coordination shell of the OW-OW pair correlation 

function (Figure 4.14) was not affected by the increasing mass concentration of hydrogen 
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peroxide and is consistent with the peak location  for oxygen-oxygen (Ὣ ὶ) correlation 

function of pure water (Figure 4.9)).  However there is a notable augmentation of 

oxygen-oxygen interactions between the first and second coordination shell (in between 

radial values of 3 and 4 Å).  

 

 

Figure 4.15.  The atomic pair correlation functions for the oxygen-hydrogen pair of water 

(OW-HW) as a function of radial distance and mass concentration of hydrogen peroxide. 

 

 

Consistent with the OW-OW interaction, the shape of the OW-HW pair correlation does 

not greatly deviate from that of pure water however the values of the pair probabilities do 

change slightly as a function of changing solute concentration.  

    



101 

 

 

Figure 4.16.  The atomic pair correlation functions for the hydrogen-hydrogen pair of 

water (HW-HW) as a function of radial distance and mass concentration of hydrogen 

peroxide. 

 

The HW-HW pair correlation functions exhibit the same behavior as the previous atomic 

pair correlations.  For this particular interaction there appears to be a change in structure 

between the first and second coordination shell with increasing solution concentration as 

seen by the change in the minima at 2.5 and 3.5 Å.     
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Figure 4.17.  The atomic pair correlation functions for the hydrogen-hydrogen pair of 

water (HH-HH) as a function of radial distance and mass concentration of hydrogen 

peroxide. 

 

 

The EPSR calculation of the HH-HH pair correlation function, displayed in Figure 4.17, 

is subject to a higher degree of noise, possibly due to the relative sparseness of the solute 

in solution.  At the low hydrogen peroxide concentrations, the pair correlation function 

deviates away from unity indicating a possible minimum solute concentration limitation 

with the structural refinement methodology.  The peak location for the first coordination 

shell is centered approximately at 2.8 Å.  The peak location for the second coordination 

shell was 5.8 Å.   
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Figure 4.18.  The atomic pair correlation functions for the hydrogen-oxygen pair of 

hydrogen peroxide (HH-OH) as a function of radial distance and mass concentration of 

hydrogen peroxide. 

 

Similar to Figure 4.17, the HH-OH pair correlation function in Figure 4.18 diverges 

somewhat at the low mass concentrations (HP10 and HP20).  The first coordination shell 

of the HH-OH interaction distance is approximately 1.9 Å.  In addition, a series of pair 

interactions appear to occur in between radial values of 3.5 and 5.2 Å diffusing the peak 

shape of pair correlation function in this radial region.  A final broad peak is centrally 

located at approximately 6.1 Å.     
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Figure 4.19.  The atomic pair correlation functions for the oxygen-oxygen pair of 

hydrogen peroxide (OH-OH) as a function of radial distance and mass concentration of 

hydrogen peroxide. 

 

The OH-OH pair correlation in Figure 4.19 is subjected to a higher degree of variation.  

The pair correlation function has two peaks: the first peak is located at 2.8 Å and the 

second peak (for HP40) is located at 5.6 Å.  
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Figure 4.20.  The atomic pair correlation functions for the hydrogen-oxygen pair of 

hydrogen peroxide and water (HH-OW) as a function of radial distance and mass 

concentration of hydrogen peroxide. 

 

The intramolecular atomic pair correlation functions between water and hydrogen 

peroxide do not exhibit the normalization faults at the low solute concentration as seen in 

the intramolecular hydrogen peroxide pair correlation functions.  In addition, the noise in 

the point-to-point variation is reduced due to the higher number of observations (i.e. the 

higher concentration of water).  Figure 4.20 displays atomic pair correlation for the HH-

OW interaction for hydrogen peroxide and water.  There is a solute concentration 

dependence of the pair correlation function which is mostly visible at the peaks in the 

distribution.  There are two significant peaks located at 1.7 and 3.6 Å.  The peak at 1.7 Å 

is the thermally averaged hydrogen bond distanced between the hydrogen atoms of 

hydrogen peroxide and the oxygen atoms of water.  For this case the water oxygen atoms 
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are proton acceptors while the hydrogen peroxide is the proton (the hydrogen atom) 

donor.     

  

 

Figure 4.21.  The atomic pair correlation functions for the hydrogen-hydrogen pair of 

hydrogen peroxide and water (HH-HW) as a function of radial distance and mass 

concentration of hydrogen peroxide. 

 

The HH-HW pair correlation function is displayed in Figure 4.21.  A slight dependence 

on solute concentration variation is visible at radial values less than 5.5 Å.  There are two 

peak maxima centered at 2.5 and 4.0 Å.    
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Figure 4.22.  The atomic pair correlation functions for the oxygen-oxygen pair of 

hydrogen peroxide and water (OH-OW) as a function of radial distance and mass 

concentration of hydrogen peroxide. 

 

The OH-OW pair interaction displayed in Figure 4.22 is essentially the molecular pair 

interaction between the hydrogen peroxide and the surrounding hydration (water ligand) 

shell.  A small variation in pair correlation as a function of mass concentration 

dependence is evident in the plot, most notably at the peak maximum centered at 2.9 Å 

and minimum at 3.9 Å.  Small amplitude oscillations of the pair correlation function 

about unity appear after radial value 4.0 Å.  
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Figure 4.23.  The atomic pair correlation functions for the oxygen-hydrogen pair of 

hydrogen peroxide and water (OH-HW) as a function of radial distance and mass 

concentration of hydrogen peroxide. 

 

OH-HW pair interactions are displayed in Figure 4.23. Slight variation of the pair 

correlation function due to variations of the solute mass concentration are visible at radial 

values less than 5.0 Å.  There two maxima centered at 2.0 and 3.4 Å.  The asymmetry in 

peak shape of the maximum located at 3.4 Å is likely a result of multiple intramolecular 

interactions convolved yielding the extended shoulder that drops out at approximately 4.2 

Å.  The hydrogen bond distance between the oxygen atoms of hydrogen peroxide and the 

hydrogen atoms of water is evidenced by the central peak location of the first peak 

maximum of the pair correlation function, at 2.0 Å.  In this particular case of hydrogen 

bonding, water is the proton donor and the oxygen atoms of hydrogen peroxide are the 

proton acceptors.      
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 Coordination numbers for the nearest pair interactions calculated for each atomic 

pair are provided in Table 4-6.  The table also provides the minimum and maximum 

radial values used in the calculation and the standard deviation of the coordination 

number in parentheses.  The water ligand coordination number distribution (OH-OW) for 

each mass concentration is provided in Figure 4.24.    

 

          

Table 4-6.  First Shell Coordination Numbers for the Hydrogen Peroxide Solutions 

   
Coordination Number  

Interactions r min(Å) r max(Å) HP10 HP20 HP30 HP40 

OH - OW 1.0 4.05 7 (1) 7 (2) 6 (2) 6 (2) 

OH - HW 1.0 2.5 1.4 (0.8) 1.4 (0.8) 1.2 (0.9) 1.2 (0.8) 

OW - OW 1.0 3.4 4 (1) 4 (1) 4 (1) 4 (1) 

HH - HW 1.0 3.2 6 (1) 5 (2) 5 (2) 5 (2) 

HH - OW 0.5 2.4 0.9 (0.4) 0.8 (0.4) 0.8 (0.4) 0.7 (0.5) 

HH - OH 0.5 2.6 0.1 (0.4) 0.2 (0.6) 0.3 (0.7) 0.4 (0.7) 

HH - HH 1.0 3.5 0.5 (0.8) 1 (1) 1 (1) 1 (1)  

HW - HW 1.0 3.0 5 (2) 4 (2) 4 (2) 4 (2) 

OW - HW 1.0 2.4 1.5 (0.7) 1.4 (0.7) 1.3 (0.8) 1.2 (0.8) 

OH - OH 1.0 3.3 0.3 (0.7) 0.5 (0.7) 0.7 (0.8) 1.1 (0.8) 

 

 

 

 

 

 



110 

 

 

Figure 4.24.  Coordination number distribution of water molecules surrounding a central 

hydrogen peroxide molecule 

 

As indicated by the histograms displayed in Figure 4.24 as the mass concentration 

increases 20 to 30 % the centroid of the coordination number distribution shifts to lower 

values.  This is a direct result of the decreasing presence of water ligands in the first 

coordination shell.  For all four solute concentrations the distribution of water ligands 

ranges from 2 to 11 with mean values of 6 to 7.  

These results concur with Moin et. al. published results.  In that study of 

hydrogen peroxide stability in solution by computer simulation, the stability of hydrogen 

peroxide was attributed to the surrounding water ligands of the first coordination shell 

where temporary hydrogen bonds are formed and broken within the femtosecond time 
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scale.  There are two distinct types of hydrogen bonds that occur between the hydrogen 

peroxide and water.  Relative to the solute, hydrogen bonds between the OH and HW are 

proton acceptors while bonds between OW and HH are proton donors.  Figure 4.25 

displays the probability distribution for the number of OH-OW hydrogen bonds in 

solution as a function of mass concentration of the solute at ambient conditions.      

 

 

Figure 4.25. The OH-HW coordination number distribution.   Number of hydrogen bonds 

forming between molecular water and the oxygen atoms of hydrogen peroxide (proton 

acceptor).  

 

The probability of finding one hydrogen bond formed when a hydrogen peroxide 

molecule behaves as the proton acceptor is greater than 40%.  The likelihood of finding 

two OH-HW bonds is under 40% with decreasing probability with increasing mass 
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concentration. Figure 4.26 displays the HH-OW proton donor interaction probabilities for 

hydrogen peroxide in solution.   

 

 

Figure 4.26.  The HH-OW coordination number distribution.   Number of hydrogen 

bonds forming between molecular water and the hydrogen atoms of hydrogen peroxide 

(proton donor).  

 

The charts show that there is a strong likelihood of finding one hydrogen bond when the 

hydrogen atoms of hydrogen peroxide behave as a proton donor to the surrounding water 

ligands.  The probability of finding this interaction decreases as the mass concentration of 

the hydrogen peroxide increases.  This may suggest that the thermal stability of the 

solution decreases due to the depopulation of water ligands in the first coordination shell.  



113 

 

As pointed out by Moin, the results indicate that four of the six surrounding molecules 

are hydrogen-bonded to water molecules.      

 The geometry of the hydrogen-bonded molecules can be described by the angular 

distribution functions.  Figure 4.27 and Figure 4.28 display the distribution angles created 

by the OH--HW-OW and OH-HH--OW arrangements, respectively, in the simulation 

box.   

 

Figure 4.27.  The angular distribution functions of the oxygen atoms of hydrogen 

peroxide and the oxygen and hydrogen atoms of water, OH--OW-HW.  
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Figure 4.28.  The angular distribution functions for the directly bonded oxygen and 

hydrogen atoms of hydrogen peroxide and the oxygen atom of water, OH-HH-OW.  

 

All eight histograms indicate that the bonding angle for both hydrogen bonding types are 

likely near 180
o
 with one exception occurring for the OH--HW-OW angular distribution 

at a the solute mass concentration of 40% (the histogram titled HP40) where the 

distribution appears to be converging to a slightly smaller angle.  Analyses of the 

probabilities show that the OH-HH--OW arrangements occur more frequently.  The 

results agree with the predictions made from the QMCF MM model.    
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4.6 Conclusion  

 

Structural refinement of the WAXS measurements of hydrogen peroxide solutions at 

ambient conditions using EPSR yielded structural parameters that are in agreement with 

the predictions obtained from the QMCF MM simulations of Moin et al.  Using the pair 

correlation functions derived from the EPSR structural model, the WAXS measurements 

predict 6.5 molecules of water on average in the hydration shell that surrounds one 

hydrogen peroxide molecule.  The model also predicts that the stability of hydrogen 

peroxide in solution is due to a greater likelihood that hydrogen peroxide will act as the 

proton donor in the hydrogen bonds formed between the neighboring water molecules.  

This was determined by comparing the hydrogen bonding probabilities in Figure 4.25 and 

Figure 4.26 and also by comparing the angular probabilities of the bonds displayed in 

Figure 4.27 and Figure 4.28.  In both cases the OH--HW pair interaction has higher 

probability across the four solute mass concentrations.  These results provide direct 

measurements of the structure of the ambient liquid state in support of the QMCF MM 

calculations as well as providing another successful case where EPSR provides a 

plausible model from diffraction data. 
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CHAPTER 5  

EDXRD SPECTROMETER  

 

5.1 Introduction  

 

This chapter will discuss technical aspects of the EDXRD spectrometer that was 

installed inside an X-ray enclosure normally used to house X-ray micro-Computed 

Tomography (CT) instrumentation.  This chapter will also present the initial EDXRD 

spectra of the sample materials.    

 

5.2 Experimental Apparatus 

 

The EDXRD spectrometer was assembled inside a fairly large X-ray cabinet that was 

routinely utilized for X-ray CT characterization research.  The primary pieces of 

equipment inside the cabinet that were utilized by the EDXRD experiments included an 

optical table, a high energy (320 kV) X-ray tube, and a 2-dimensional area detector.  All 

three items were crucial to the instrumentôs alignment and to the experimentôs success.  

However, installation of the EDXRD spectrometer inside the cabinet was only permitted 

provided that three conditions were satisfied: 1) the CT-related instrumentation must not 

be displaced during the installation and operation of the spectrometer; 2) the EDXRD 

spectrometer must be readily disassembled to provide quick access to the CT 

instrumentation; and 3) the reinstallation of the spectrometer must be repeatable to 

minimize systematic error in the measurements.  The spectrometer met all three 

requirements.   
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Figure 5.1. EDXRD Spectrometer Layout 

 

 The schematic of the EDXRD spectrometer is displayed in Figure 5.1.  Using the 

figure as a reference and proceeding from right to left along the optical axis of the 

instrument, the first component shown is the X-ray tube.  The tube was held at 

approximately 30.5 cm away from the optical table and suspended 152.4 cm above the 

floor by a specialized X-ray tube rack.  Mounted to the tube covering the X-ray port was 

a 2.5 cm thick sheet of lead with a 2.5 cm x 0.3 cm collimation hole that was punched 

directly in the center.  This lead sheet was the systemôs aperture reducing the X-ray beam 

size and blocking most of the X-rays emerging from the tube.  Mounted to the exterior 

face of the lead sheet was a beam-shaper centered with respect to the center of the 

aperture.  The hole of the beam-shaper had an effective circular diameter of 1.0 mm 

resulting in an elliptically shaped beam.  Proceeding to the left, along the optical axis, the 

next component is the sample stage.  The sample stage was mounted directly to the 

optical table where its center was positioned 74.71 cm away from the focal spot of the X-

ray tube.  The sample stage had two functions: 1) it held the sample material in place 

within the path of the incident X-ray beam and 2) it served as the goniometerôs center of 

rotation.  Attached to the post of the sample stage were two rods which could freely 
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rotate about the center of the sample stage. The opposite ends of the rods guided the 

angular position of the CZT detectors.  The sample-to-detector distance was 120.35 cm.  

The two CZT detectors and beam stop were elevated in the path of the diffracted and 

transmitted beams, respectively, by a bench.  The bench was not mounted directly to the 

optical table and could move freely; however, the position of the bench was controlled to 

maintain a repeatable position with respect to fixed reference points.  The width of the 

bench was 94.0 cm providing a maximum scattering angle of 14º.  Geometrical 

specifications of the instrument are summarized in Table 5-1.  Additional technical 

details of the components will be provided in the next sections.   

 

Table 5-1. Geometrical Specifications 

Parameter  Value 

Focal Spot-to-Sample Distance 74.71 cm 

Sample-to-Detector Distance 120.35 cm 

Maximum Scattering Angle (2ɗ) ~14º 

Beam Shaper Collimator Diameter 1.0 mm 
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5.2.1 The Aperture and Beam Profile 

The dimensions of the aperture and beam-shaper are shown in Figure 5.2.      

 

 

 

Figure 5.2.  Schematic of the Aperture and Pinhole  

 

The aperture was punched into a ıò thick Pb slab.  The cross sectional area of the slab 

was large enough to completely cover the X-ray port.  A set of three clamps were used to 

affix the aperture to the flange of the X-ray tube port.  Taped to the surface of the Pb slab 

was a W-Cu alloy slab with a 1.00 mm diameter pin-hole used to shape the beam.  The 

beam-shaper was 1/8ò thick. 

 Alignment of the aperture and pinhole with respect to the sample was achieved by 

acquiring digital radiographic images of an X-ray pin phantom.  The location of the area 

detector was directly above the back edge of the optical bench where the detector 

horizontal axis was centered with respect to the optical axis.  The horizontal edge of the 

detector was parallel to the optical table top.  The x-y plane of the area detector was in 

parallel with the face of the beam shaper.  The pin phantom was positioned at the center 
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of the sample secured by screwing it into an optical spindle which was also fastened into 

the stage mount.  The vertical height of the beam was centered onto a spherical bead 

located at the tip of the pin phantom.  A digital radiographic image of the pin phantom as 

casted through the beam shaper is shown in Figure 5.3. The vertical position of the beam 

is not aligned in this image.       

 

 

Figure 5.3.  X-ray pin phantom as seen through the beam shaper  

 

 The beam spot was elliptical in shape with the major axis in the vertical 

dimension and the minor axis in the horizontal dimension of the image plane of the area 

detector.  The eccentricity of the beam was on average 0.52.  The vertical and horizontal 

beam intensity profiles of the spot, Figure 5.4, can be well approximated by Gaussian 

functions.    
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Figure 5.4.  The beam profile: (top left) the intensity distribution as function of pixel 

number in the vertical dimension; (top right) the intensity profile of the X-ray beam 

projected onto the area detector; (bottom left) the centroid positions, distribution widths, 

and amplitude of the beam; (bottom right) the intensity distribution as function of pixel 

number in the horizontal dimension    

 

A 3-dimensional display of the X-ray beam intensity projected onto the detector is shown 

in Figure 5.5 where the pixel pitch of the detector was used to convert the pixels to length 
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in millimeters. The intensity scale of the profile is arbitrary, as the intensity was 

normalized against its maximum intensity value to show the intensity percentage was a 

function of the area covered of the spot.  

 

 

Figure 5.5.  The beam intensity profile as function of spatial length (mm) 

 

 

 

 Images of the beam spot were collected at the beginning of each day to track the 

position and shape of the beam spot as function of time to ensure day-to-day scan 

consistency of the measurements.  The centroid position and horizontal (X) and vertical 

(Y) FWHM of the spot projected onto the area detector were measured.  Table 5-2 

provides the averaged measurement with standard deviation, in parentheses, of the 

measurements.    
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Table 5-2.  The Centroid Position and FWHMs of the Beam Profile  

Spot Parameter Value 

Xmid  680.9 (0.8) pixel 

FWHMx  76.3 (0.3) pixel 

Ymid  950.3 (1.8) pixel 

FWHMy  89.2 (0.5) pixel 

Eccentricity 0.52 (0.01) 

 

 

The standard deviation for three of the four measurements of the spot are less than one 

pixel, however the vertical centroid position has a slightly larger  standard deviation of 2 

pixels suggesting that the Pb aperture was slightly sliding downward during the nine days 

of data collection.  The percent change in the vertical position of the beam spot as 

function of time in terms of days relative to the first measurements is plotted in Figure 

5.6.  The overall downward shift of the vertical position of the aperture assembly was 0.8 

mm.  This shift did not affect the measurements as the height between the bottom edge of 

the beam and the top face of the sample stage was large enough that this vertical shift did 

not induce a measureable change in the background spectra.  
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Figure 5.6.  The percent change in the vertical centroid position as a function of the 

consecutive day of the experiment relative to the vertical position on day one    

 

 

 

5.2.2 X-ray Tube  

 

The Yxlon Y.TU 320 bipolar metal-ceramic X-ray tube used in the experiments 

was the source of X-rays.  The anode was made from tungsten. Table 5-3 lists the 

specifications of the X-ray tube.   

 

Table 5-3.  X-ray Tube Specifications [86] 

Maximum Tube Voltage  320 kV 

Focal Spot Size 0.4 mm / 1.0 mm 

Maximum Power (small / large focus) 0.8 kW / 1.8 kW  

Inherent Filtration  3.00 mm Be + 0.5 mm Cu  
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The maximum applied voltage was 80 kV limited by the detection efficiency of CZT 

dropping off at energies greater than 80 keV.  In addition, this voltage setting reduced the 

added error in the spectrum when normalizing the scattered spectrum of the sample 

against the incident source spectrum of the beam.  

Figure 5.7 displays the measured intensity (in detector counts) of the incident 

beam energy spectrum measured by CZT.  Additional detector collimation was used to 

reduce the beam intensity when acquiring this measurement.  In addition to the 

collimator, the X-ray tube current was reduced until the detection dead-time of the 

electronics was below 2.00%.  

 

 

Figure 5.7.  X-ray spectrum of the beam measured using CZT detectors    

 

The beam energy spectrum displays three notable features.  The first feature is the small 

tungsten KŬ line at approximately 59.00 keV which is consistent with the anode material.  

The second feature is the low energy tailing due to internal scattering and partial 

absorption of photons within the detector.  The third feature consists of the Cadmium 
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(Cd) and Telluride (Te) KŬ lines which give rise to the two, barely discernible broad 

peaks at approximately 23.00 and 27.00 keV, respectively.  The effective (or mean) 

energy of the incident beam spectrum was 38.4 kV.  

 

5.2.3 Sample Stage and Goniometer  

 

The sample stage of the EDXRD spectrometer was designed to both hold the 

sample material in a repeatable position within the path of the incident beam and to act as 

the fulcrum of the dual-angle goniometer.  A schematic illustration showing the 

scattering trajectories of the experiments is displayed on the left in Figure 5.8. This figure 

depicts two detectors simultaneously collecting the scattered spectrum from a substance 

which is positioned at the intersection of the three rays shown in the figure.   

 

 

Figure 5.8. Scattering Diagram (left) and Sketch of the Sample Stage (right) 

 

The image on the right is a sketch of the sample stage designed for the multi-angle 

EDXRD experiments.  The base of the sample stage was mounted onto the optical table 

using standard fasteners.  A column that was 61.0 cm tall was attached to the base and 

was used to elevate the sample stage.  A standard 7.6 cm tall optical mount was used to 
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hold the sample and serve as the fulcrum of rotation.  Two sets of plastic rings with inside 

diameters were machined such that the rings could freely rotate around the vertical shaft 

of the optical mount.  The rings were stacked on top of each other. Attached to each ring 

were square rods of steel that were approximately 120 cm long.  The steel rods were used 

to determine the scattering angles and to align the detector with respect to the scattering 

vectors.    

 The alignment rods were used to guide the angular positions of the CZT detectors.  

The intended scattering angles were first determined by measuring the angle between the 

optical axis of the instrument and the alignment rods as shown in Figure 5.8.  The 

intended scattering angles are the angles made between the rays that originate from the 

center of the circle, pointing towards the detectors, and the optical axis of the instrument, 

which is represented by the dashed line that bisects the circle.  A protractor with a 

resolution of 0.1º was used to initially determine the angular position of the alignment 

rods and detectors.  The scattering angles were fine-tuned by collecting the EDXRD 

spectrum of a powdered silicon standard and measuring the positions of the Bragg peaks.  

If the position of the peaks did not match the intended scattering angle, the angular 

positions of the alignment rods and detectors were adjusted and the measurement with the 

silicon standard was repeated until the desired scattering angles were achieved.   

 

5.2.4 Detector Housing Assembly  

 

The detector housings were designed to align the detector and detector collimators 

and, in addition, to shield the detectors from any unwanted X-rays.  The outer housings 

were fabricated using a common Ĳò copper pipe tee as the outer housing.  The materials 
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used to construct the anti-scatter rejection parts of the housing were made of Copper 

(Cu), Lead (Pb), and Tungsten (W).  The cross sectional view of the detector housing is 

displayed in Figure 5.9.     

 

Figure 5.9.  Cross Sectional View of the Detector Housing Assembly 

 

The detector collimation consisted of two parts: the aft collimator and the detector 

receiving slit.  The aft-collimator was machined to have an outside diameter that was 

slightly smaller than the inside diameter of the pipe tee.  The aft collimator was made 

from Pb.  The acceptance window of the collimator was 3 mm wide by 20 mm tall.  The 

length of the collimator was 88.9 mm.  The aft collimator removed any off-axis scatter. 

Positioned directly behind the aft collimator were two Pb diaphragms which shielded the 

front face of the detector from radiation that was not blocked by the aft collimator.  

Directly behind the Pb diaphragms sat the W-Cu alloy detector collimator which 

narrowed the width of the detector window down to 1.0 mm.  The purpose for using both 

collimator types was to minimize the broadening of the measured scattered spectrum by 

maintaining a high degree of angular resolution.   

Positioned after the detector collimator, a Cu diaphragm sat flush in between the 

front surface of the detector and the back surface of the Pb diaphragm.  Similar to the Pb 
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diaphragms, the Cu diaphragm shielded the front face of the detector from extraneous 

scattering.  The sides of the detectors were first wrapped in masking tape then in Pb 

strips.  The tape was used to protect the detector from Pb deposits. The Pb strips shielded 

the detector from X-rays that could potentially transmit through the sides of the Cu tee.  

Finally, the rear of the detector assembly was wrapped with Cu sheets to block X-rays 

that backscatter off the area detector and any other objects positioned behind the CZT 

detectors.  To minimized signal interference due to the Cu touching the wire connectors 

or other conducting components of the assembly, the surfaces of the Cu sheets were 

covered in a nonconductive tape 

 

5.2.5 Detection Electronics  

The EDXRD spectra were measured using an eV Microelectronics
2
 planar CZT 

detector, with a detector crystal cross sectional area of 16 mm
2
 and crystal thickness of 2 

mm.  The detector was slipped inside the detector housing assembly that was described in 

the previous section.  A semi-Gaussian pulse shaping was applied to the measured signal 

using a Canberra 2026 shaping amplifier.  The energy spectrum of the scattered X-rays 

was digitally recorded with 16k resolution using the Ortec ASPEC-927 MCA. The MCA 

interfaced with data collection computers with Maestro MCA emulation software.  The 

Maestro software converted the channel number to photon energy (keV) by calibrating 

the conversion scale using the measured ɔ-ray energy spectrum of 
57

Co.  The nominal 

detector dead time in the scattering configuration was under 0.2%.  The detection 

electronics and scan parameters are summarized in Table 5-4 and Table 5-5, respectively. 

                                                 
2
  Formerly eV Products, currently known as EI Detection & Imaging Systems, a division of Endicott 

Interconnect Technologies, Inc. 
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Table 5-4. Detection Electronics 

Component Manufacturer  and Model 

CZT Detector eV Microelectronics 

Detector Bias Voltage Supply Tennelec T-953A 

Shaping Amplifier Canberra 2026 

MCA Ortec ASPEC 927 

MCA Software Ortec Maestro MCA 

 

Table 5-5.  Parameters for the Detector Bias Supply and Shaping Amplifier 

Parameter Detector 1 Detector 2 

Detector Bias Voltage 300 VDC 300VDC 

Shaping Time 0.5 µs 0.5 µs 

Shaping Mode Gaussian Gaussian 

Amplifier Coarse Gain (dB) 1000 1000 

Amplifier Fine Gain 7.77 7.20 

 

 

5.2.6 CZT Detectors  

 

CZT has several physical properties that make it very advantageous for use in X-

ray and ɔ-ray spectroscopy.  The physical properties important to the detection and 

energy discrimination of X-rays are summarized in Table 5-6 for both Ge and CZT [87].  

 

Table 5-6. Important physical properties of Ge and CZT detectors [87] 

Semi-

conductor 

Density 

(g/cm
3
) 

Atomic 

Number 

Band-gap 

energy 

(eV) 

Ionization 

potential (eV) 

Intrinsic 

Resolution (eV) at 

100 keV 

(HP)Ge 5.33 32 0.67 2.9 450 

CZT 5.81 30, 48, 52 1.6 4.6 620 

 

The chemical composition of CZT is Cd1-xZnxTe, where x typically ranges from 

0.1 to 0.2.  CZT detectors have a high quantum efficiency (or detector efficiency) for 
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photon energies greater than 3 keV and below 180 keV. This is because of the high 

density and the high atomic numbers of Cd and Te [88].  The interaction probability as a 

function of photon energy for a 2 mm planar CZT is shown in Figure 5.10. 

 

 

Figure 5.10. The interaction probability for AmpTekôs 2 mm planer CZT detector [89] 

 

In the energy range of interest for this research, CZT detectors would operate at optimal 

detection performance as the photoelectric absorption interaction probability is much 

higher than the Compton interaction.  The wide band-gap energy of CZT leads to very 

high resistivity (~10
10

 ɋcm) which is why these detectors work at room-temperature. The 

high resistivity also leads to a low leakage current allowing for the better detection of low 

energy X-rays when compared to CdTe detectors [88].  The high resistivity also allows a 

low bias voltage (~300 Vdc). 

 The primary drawback for using CZT is the energy dependent degradation of the 

measured energy spectra because of poor hole mobility.  As the energy of impinging 

photons increases the interaction depth also increases which yields poorer hole collection 

because of defects in the crystal.  This energy dependent spectral degradation causes 
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nonsymmetrical full-energy peaks with a low energy tail. This effect coupled with the 

intrinsic energy resolution of the material will broaden the measured peaks. A 

comparison between CZT and Ge is shown in Figure 5.11.  Here the 
57

Co spectrum of a 

button source was measured at two separate occasions for each detector type. 

 

 

Figure 5.11. A comparison between the energy spectrum (between 110 keV and 140 keV) 

of 
57

Co measured using CZT and Ge 

 

Generally the energy resolution is quantified by measuring the FWHM of a peak of 

known energy from a common radioactive source of ɔ-rays.  In this particular case, the 

FWHM of the 122.1 keV peak of 
57

Co was used.  The FWHM of the energy peak 

measured by the Ge detector was 2.8 keV while the CZT detector measured 5.5 keV.  

The energy resolution of the CZT (at 122 keV) is broadened by a factor of 2 when 

compared to the Ge detector.   
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 The FWHM of the 122.1 keV peak was measured multiple times on different days 

for both CZT detectors.  The average FWHM for detector 1 was 5.0 ± 0.2 keV and was 

5.2 ± 0.3 keV for detector 2.    

 

5.2.7 Initial Measurements of the EDXRD Spectra 

 

This section will demonstrate that semiconductor CZT detectors provide suitable 

energy resolution for measuring the diffraction spectra of liquids up to the minimum 

momentum transfer value of 4.5 nm
-1

.  

The EDXRD spectra were acquired at two scattering angles: 5.5º (detector 1) and 

12.25º (detector 2).  The peak potential of the source was 80 kVp.  The spectra were 

collected with a total integration time of 30 minutes to obtain sufficient counting 

statistics.  Background measurements of the spectrometer and the empty sample container 

were performed as well.  The measured sample was corrected for background 

contributions and was normalized against the source spectrum.  The measurements were 

not corrected for self-absorption or multiple scattering, because of the small sample size, 

which was 1.0 cm in diameter [4].  The diffraction patterns were also not corrected for 

Compton scatter.  The EDXRD patterns are the total scattered X-ray intensity from the 

sample as a function of photon energy.  The EDXRD patterns were smoothed using a 

quadratic Savitzky-Golay filter [90]. 

Figure 5.12 displays the EDXRD spectra of the hydrocarbon sample set collected 

at 5.5
o
, using detector 1, and compares the EDXRD spectra to the WAXS spectra.   
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Figure 5.12. The EDXRD and WAXS spectra of the hydrocarbon sample materials 

collected at a scattering angle of 5.5
o
 

 

The intensities were scaled to the WAXS data, then normalized to unity for comparison 

purposes only.  The diffraction peaks of the EDXRD spectra agree very well with the 

WAXS data in terms of peak location and width.  The energy resolution of the CZT 

detector did not severely impact the peak width of the hydrocarbon sample set.  Figure 

5.13 displays the EDXRD spectra of water and the HP solutions measured at the 5.5
o
 

scattering angle.  The ADXRD version of this plot can be seen in Figure 3.28.   
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Figure 5.13.  The EDXRD spectra of water and the HP solutions collected at a scattering 

angle of 5.5
o
   

 

The characteristic shoulder of the diffraction spectrum of water is observed in the 

EDXRD pattern between the momentum transfer values of 2.0 and 2.25 nm
-1

.  This 

shoulder gradually disappears as the mass concentration of HP is increased which 

concurs with the WAXS observations (Figure 3.28) of HP. 

Figure 5.14 displays the EDXRD spectra of water collected at two angles: 5.5º 

and 12.25º.  A preliminary least-squares regression algorithm was employed to scale the 

intensities of the individual spectra to the WAXS spectrum.  The dashed spectrum is the 

WAXS measurement.  Further details regarding the least-squares scaling algorithm will 

be discussed in Chapter 6.      
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Figure 5.14.  The EDXRD profile of water captured at two scattering angles: 5.5º (blue) 

and 12.25º (red). The scattered intensities of the EDXRD spectra were scaled to the 

WAXS spectrum of water (black) using a least-squares scaling algorithm.   

 

The intensities of the EDXRD spectra in the region exhibiting the shoulder did not scale 

well against WAXS data (black).  This suggested that the 5.5
o
 spectrum (blue) should be 

corrected for sample self-absorption.  The 12.25
o
 scattered spectrum (red) however agree 

very well to the WAXS model.  
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Figure 5.15.  The diffraction spectra of diesel measured at two scattering angles (5.5º and 

12.25º) and scaled to the WAXS spectra using a least-squares regression algorithm.  

 

Similar to Figure 5.14, Figure 5.15 presents the EDXRD profiles of diesel scaled to the 

WAXS diffraction data.  The diesel diffraction peak in the 5.5
o
 EDXRD (blue) spectrum 

is slightly wider than the WAXS spectrum (black).  The 12.25
o
 EDXRD peak (red), 

centered at a momentum transfer value of 2.4 nm
-1

 appears to scale well against the 

WAXS spectrum of diesel, expect for a divergence that occurs at 4.4 nm
-1

.  This 

divergence is likely due to the nonlinear variation of the incident X-ray source.    

 

5.3 Summary  

In this chapter technical aspects of the custom EDXRD spectrometer were discussed.  

Incident X-ray source requirements or scattering angle considerations for characterizing 

the sample materials were no discussed in this chapter.  Both items will be addressed in 

the next chapter.  Preliminary scans of the samples were presented to show that energy 
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resolution of the CZT detectors is suitable for measuring the EDXRD spectra of the 

liquids.  The results of the prototype spectra fusing algorithm used to extend EDXRD 

spectra to a larger momentum transfer axis were also presented.  A refined algorithm will 

be presented in the next chapter.  
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CHAPTER 6  
 

MULTI -ANGLE EDXRD OF L IQUIDS 

 

6.1 Introduction  

 

In this chapter the results obtained from the custom EDXRD spectrometer described 

in the previous chapter are presented.  The EDXRD spectra for each sample material 

were measured at four separate angles and then combined to form one continuous 

EDXRD spectrum extending the momentum transfer range beyond the energy limitations 

imposed by the CZT detectors.  Algorithms that combined locally weighted scatter plot 

smoothing and weighted least-squares scaling were used to facilitate fusing of the 

individual EDXRD spectra.  Multiple scans at each scattering angle were acquired 

providing scan-to-scan variation of the EDXRD spectra fusing technique.  The analytical 

approach is an extension of the spectra fusing methodology presented by B.W. King and 

P.C. Johns for EDXRD data [91].  

The information in this chapter will be presented in the following order. First, a 

description of Kingôs and Johnôs spectra fusing method will be provided.  The following 

section will discuss the experimental design.  This includes a discussion on the incident 

source spectrum selection, scattering angle determination, and a brief review of the data 

acquisition procedure.  A description of the data analysis routine includes the corrections 

that were applied to the data and the EDXRD spectra fusing algorithm.  The chapter ends 

with a discussion of the results and conclusion.      
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6.1.1 Previous EDXRD Research Using Multiple Angles 

 

The approach for constructing EDXRD spectra by combining the individual spectra 

collected at discrete scattering angles was first published by King and John.  In that 

paper, the EDXRD spectra of the investigated materials were collected at seven different 

scattering angles.  For each sample material, the individual EDXRD spectra were 

combined and the resulting spectra were compared to gold-standard spectra of the 

respective materials.  Their results for water (a) and for polyethylene (b) are shown in 

Figure 6.1.    

 

 

Figure 6.1. The combined EDXRD results for water (a) and for polyethylene (b) obtained 

by King and Johns.  The spectra are compared to gold standard XRD data [91]. 
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The EDXRD spectrum for water was defined from 0.5 - 9.0 nm
-1

 by assembling together 

the seven individual scans.  The average absolute value of the relative difference for 

water when compared to the Narten and Levy reference was 0.101 [27].  For the 

polyethylene sample the computed difference was 0.198 when compared to the 

Kosanetzky et al. reference spectrum [92].  The momentum transfer domain for the fused 

polyethylene diffraction spectrum was 0.5 - 4.25 nm
-1

.      

 The individual EDXRD spectra were collected using a custom EDXRD 

diffractometer that utilized a series of carefully positioned apertures to create the 

scattering angles, as opposed to using a goniometer.  The incident X-ray source spectrum 

was generated by a conventional rotating tungsten anode X-ray tube.  The peak source 

voltage was set to 121 kV.  The scattered spectra were collected using HPGe 

semiconductor planar detector.  Each spectrum was corrected for background scattering, 

sample self-absorption, and incident source weighting.  The combined spectra were 

generated by first converting the abscissa of the spectra from the scattered photon energy 

to momentum transfer and then overlaying the EDXRD spectra.  The intensities of the 

overlapping regions were averaged.  A … test was conducted at each data point to 

remove outliers prior to calculating the mean intensity.   

 

6.2 Experimental Method and Analytical Approach 

 

This section presents the experimental setup and parameters, test procedure for 

acquiring EDXRD spectra, data correction and de-noising procedure, and the algorithm 

used to combine the spectra.   
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6.2.1 Scattering Angle and Incident X-ray Source Potential Considerations  

 

According to Table 6-1, which displays the peak positions extracted from the 

WAXS data set, the peak positions of the principle diffraction peak for water and the four 

aqueous solutions of hydrogen peroxide occur at the highest momentum transfer values 

(1.6 ï1.7 nm
-1

) .  

Table 6-1.  Principle Diffraction Peak Locations from the WAXS Data Set 

Substance Diffraction  Peak Location (nm
-1

) 

Acetone 1.14 

Diesel 1.03 

Ethanol 1.23 

50% Aqueous Ethanol (abv.) 1.40 

10% HP 1.60 

20% HP 1.62 

30% HP 1.65 

40% HP 1.65 

Honey 0.96 

Nitromethane 1.25 

Peanut Butter 1.09 

Water 1.60 

 

Another common aspect of principle diffraction peak spectra of the aqueous solutions is 

that the peak width extends out to a momentum transfer value of 3.1 nm
-1

.  The 

diffraction patterns for aforementioned aqueous liquids and the 50% (abv) aqueous 

solution of ethanol are displayed in Figure 6.2.  The dashed vertical line in the figure 

indicates the minimum acceptable momentum transfer value for characterizing the 

diffraction peaks of water and the other five aqueous solutions.  
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Figure 6.2. The diffraction patterns for water, four aqueous solutions of hydrogen 

peroxide, and a 50% aqueous solution of ethanol (abv).   

 

Since water is the smallest molecule of all of the common liquids at room temperature, 

the minimal acceptable momentum transfer value of the spectrometer should be near 3.1 

nm
-1

 [13].  This will insure proper characterization of the diffraction peak for all common 

liquids.  Liquids and amorphous gels that contain molecules that are larger than water 

will exhibit a diffraction peak at momentum transfers less than 3.1 nm
-1

, as seen in Table 

6-1.      

Since EDXRD utilizes a polychromatic X-ray source, the scattering angle of the 

diffractometer and the peak energy of the incident X-ray spectrum will define the 

momentum transfer range of the diffraction spectrum.  If the minimal momentum transfer 

(ὼ ) and the peak incident X-ray energy (Ὁ  are predetermined, then an optimal 










































































































































































































