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Abstract

Here we describe a dual detector system for high-energy x-ray, simultaneous, small and
wide-angle x-ray scattering (SAXS and WAXS), designed to extract extended-range pair
distribution functions (ER-PDF) for disordered materials. The hardware and software provides
continuous reciprocal space coverage over atomic to nanometer length-scales. Details of the
varying resolution, splicing of data and normalization on an absolute scale are outlined. In
addition, the combination of SAXS and WAXS theory is considered with a view to enabling a
direct Fourier transformation of the structure factor spanning multiple length-scales into real
space. Important distinctions between the ER-PDF and the pair distance distribution function
(PDDF) representations are demonstrated. It is shown that when the SAXS intensity in the
structure factor, S(Q), is similar to the WAXS intensity, the contributions to the ER-PDF are
minimal. However, when the SAXS S(Q) intensities are substantially stronger than the WAXS,
the ER-PDF can provide important structural information on the local, intermediate and
nanometer length-scales. Notably, the ER-PDF method provides direct information on particle
sizes and their density distributions, overcoming the limitations of PDDF analysis for densely

packed systems.



1. Introduction

Simultaneous high-energy small and wide-angle x-ray scattering (SAXS and WAXS)
instrumentation and methods are described with a view to performing Extended Range
(atomic) Pair Distribution Function (ER-PDF) measurements out to a few hundred Angstroms.
High energy x-rays (>50 keV) provide a bulk probe of the sample structure, especially in
extreme environments, rather than a near-surface measurement more typical of grazing
incidence SAXS. While the goal of making continuous momentum transfer Q coverage
measurements from small to wide angles for PDF has previously been realized in a time-of-
flight neutron instrument™?, to our knowledge there has only been one report on an extended
range x-ray PDF measurement”. Although more conventional SAXS-WAXS techniques have been
implemented using lower-energy x-rays, these are typically analyzed in reciprocal space®®. A
pre-requisite of combining SAXS and WAXS methods for PDF analysis, is that there is no gap in
Q-space between the small and wide-angle ranges, which would lead to missing data in the
direct Sine Fourier transformation of the measured structure factor into real space. Extracting
extended range PDF’s as described in this work is important for the investigation of the order
and disorder in materials up to length scales of a few tens of nanometers, which is not readily

accessible using standard crystallographic techniques.

The primary motivation for this work is the structural investigation of heterogeneous
disordered materials, which are commonly encountered in, for example; crystallization from

1112 and in

the liquid state®, the formation of glasses, amorphous materials*®, nanomaterials,
liquid crystal formation in pharmaceuticals13 among others. The pair distribution function
obtained from WAXS measurements is an essential tool in studying atomic structural order and
disorder through the direct Sine Fourier transform of the total structure factor into real space.
A recent review of the applications of this technique using high-energy x-ray diffraction to
attain high-quality, high-resolution data has been given by Benmore™. Equally, the application
of SAXS is widespread in investigating the size and shape of groups of atoms or molecules
covering a vast range of length-scales, including the nanoscale, and density fluctuations in soft

15,1
matter etc. 18,



We provide a brief review of SAXS and PDF theory which points towards ways of
bridging the two techniques and a rationale for the optimum representations in real space. This
brings into focus considerations of resolution and normalization procedures. Moreover, we
address the question of when it is worthwhile to extract an ER-PDF and when structural
information can be more readily observed in reciprocal space. The instrumentation and
software comprises of permanently mounted SAXS and WAXS detectors that enables
simultaneous SAXS-WAXS measurements over a wide and continuous Q-range and temporal

resolution on sub-second timescales.

2. Theoretical considerations

Wide angle measurements contain both Bragg and diffuse scattering, representative of
both long- and short-range order respectively, and are associated with (the electron clouds
surrounding) atoms, their connectivity and spatial arrangements. For atomic pair distribution
functions, the maximum Q value, Quay, defines the structural resolution in real space. The best
real-space resolution is obtained without using a window function (effectively a step window
function that is unity up to Qnax and zero beyond) which yields a FWHM”, Arstep = 3.791/Qemax-
Therefore, a large value of Quna is important for determining accurate bond lengths and local
structural arrangements. The use of high x-ray energies > 50 keV is essential for accessing high
momentum transfers and achieving the highest resolution in real space. Conversely, to measure
ordering on longer length-scales it is necessary to access low Q-values, whereby Q= 2m/r
provides information on density fluctuations up to a distance r in real space. Porod's law
addresses scattering in the intermediate region where momentum transfers are small, typically
Q < 0.1A™, compared to usual Bragg diffraction, but are larger than the Guinier region typically

associated with information on the size and shape of particles.

This raises the important issue of how far out in real space a standard PDF experiment,

measured over a typical WAXS Q-range, can provide meaningful structural information. Salmon



1.8 have shown that for a PDF measurement on glass with Qmin ~ 0.5 A (corresponding to

eta
r ~ 21m/0.5=12.6 A) real space oscillations can still be observed beyond 60 A, where the
correlation length, 2rn/AQ, is governed by the FWHM (AQ) of the principal peak. For systems
that have no significant SAXS signal this is a perfectly reasonable result since the low-Q region
contributes very little to the Fourier transform from reciprocal to real space®. However, for

systems that have nanoscale density fluctuations the effect of Qui, on the PDF can be

significant12 and these are the cases considered here.

For a material comprising an arrangement of mesoscopic particles the small angle
scattering signal in the Porod region can be understood in terms of correlations between
different interfaces. For random inter-particle correlations the scattering in this region is
dominated by the local surface roughness, such that the differential scattering cross section for
homogenous particles with smooth interfaces follows a power law known as Porod’s law e.g. ™.
For the limiting case, in the tail of the SAXS curve for Q - r >10, the scattered electron intensity,

1(Q), can be written as,
. d -
limge 57 = 1(Q) = 2718pI?5, Q™" (1)

where Sy is the surface area of the particles per unit volume of irradiated sample Vp, and the

scattering contrast between the scattering particles ps, and their surroundings pn, is given by,

|Ap2| = |ps - pml2 = rez(f>2- (2)

r. is the scattering length of a single electron given by the Thompson radius. <f>? is the mean

square atomic form factor (used to describe the electron cloud distribution) where,

() = [Zicifi (@) and, similarly (%) = T cif? (@), (3)

Here i (or j) represent different atomic species in a material of n species. Rougher surfaces will



have Q-exponents smaller than 4. In addition to extracting the Porod exponent, p < 4, at low Q-
values the shape of particles can be described as a particle form factor. In conventional SAXS
experiments the particle form factor, P(Q), can sometimes be expressed as an analytical
function and fitted to the measured x-ray intensity. The scattered intensity also contains
information on inter-particle interactions, described by a particle structure factor, Sp(Q), that

tends to unity at high-ng.

1(Q) = (N/V)VE|ApI?P(Q)Sp(Q) (4)
where N/V is the number density of particles.

An important aspect in determining the particle shape for dilute systems is the
extraction of the pair distance distribution function (PDDF), P(r), which is expressed by the

Fourier transform15 21

P() = s o Q1@ 522 dQ (5)

27r2V |Ap|% 70

This function starts at zero and shows a distribution of distances arising from correlations
within the particle and returns to zero at the largest particle diameter. However, there are
serious difficulties using this approximation for hollow or composite particles or densely packed

systems.

As mentioned previously, at the atomic level the Fourier transform of [(Q) contains
information on the shape of the electron cloud surrounding the nucleus. Using the independent

atom approximation, <f> is generally assumed to be spherically symmetric in PDF analysis, such

that the pseudo-nuclear WAXS structure factor, S(Q) can be extracted through'?*%

’

1ldo _ I(Q)
Ndﬂ N

= (S — 11 +(f?) (6)



where N is the number of atoms. The measured S(Q) is most commonly expressed using the
Faber-Ziman formalism®* as the sum of the X-ray weighted element specific partial structure

factors S;(Q),

Yij Ciiji(Q)fj(Q)[Sij(Q)—1])

s@-1=( -z

(7)

The inversion of the WAXS total structure factor S(Q) to the atomic differential pair distribution

function, D(r), is obtained using the Hannon-Howells-Soper nomenclature?2>?°,

2 (Q .
D(r) == [, Q[S(Q) — 1]sin(Qr) dQ. (8)
min
D(r) is a convenient representation to use for extended range PDF measurements because it
removes the bulk density contribution and emphasizes the larger-r part of the transform

compared to the standard representation of the atomic pair distribution function, G(r),
D(r) = 4mpor[G(r) — 1] (9)

where pp is the atomic number density in atoms/A®. We note that po commonly used in PDF
literature has a different meaning to psand pn, used in SAXS literature to describe the scattering

density and contrast.

Here, we merge the SAXS and WAXS signals at the differential cross section, 1(Q), level
and convert to the atom-atom function D(r) using equations (6) through (8). In practice the
contribution of intense SAXS signals in $(Q), originating from P(Q) or Sp(Q), can create Fourier
transform artifacts in the real space D(r) function® and remains an inherent problem. This is
because the rapidly rising Porod signals are abruptly truncated at Q=Qy,, transforming into a

long wavelength oscillation in real space. In addition, the separation of the real space



contribution of the particle form factor from the structural component describing the pair

interactions can often be problematic for complex geometries.

3. Hardware and layout

Here we describe high energy x-ray instrumentation designed to enable simultaneous
SAXS and WAXS detector measurements, with a continuous Q coverage over the nominal range
~0.03 to ~ 20 At and an overlap of 4Q ~ 1.5 A, using monochromatic x-rays in the range 60-
80 keV. The wide overlap range between the SAXS and WAXS datasets means that both will
cover the region of the so-called first sharp diffraction peak often observed in glasses and
amorphous materials with intermediate range order®’, the layer spacing in clays and cements?®,
features in scattering from biomaterials®® and inter-nanoparticle interactions?. The goal here is
to allow a combination and normalization of the small and wide-angle data to enable a detailed
interpretation of the results in both reciprocal and real space. A schematic diagram and
photographs of the simultaneous SAXS-WAXS set-up in the 6-ID-D station at the Advanced

Photon Source are shown in figure 1.

Beamline 6-ID-D provides monochromatic x-rays over an energy range from 50-130 keV
(wavelengths from ~0.248-0.095 A). Typically, 60 keV x-rays provide sufficient penetrating
power to probe the bulk structure of the sample and a large Q range with extension into the
Porod regime. Length scales from 27t/Qmax ~ 0.3 to 27t/Qmin ~ 200 A are accessed, with wider
ranges accessible using larger detector separation distance, at the expense of Q-space overlap.
The incoming monochromatic high-energy beam is collimated by 3 pairs of slit blades and a
pinhole. The first slit package close to where the beam enters the hutch is used to define the
beam size and shape. The third downstream optic placed close to the sample is a pinhole in a
0.5mm thick tungsten foil, followed by a clean-up slit just in front of the sample. Careful
alignment of all the optics is required to ensure slit scatter is not present in either the SAXS or

WAXS signal. This is especially important for high-energy x-ray total scattering PDF



measurements where precise background subtraction and instrumental corrections are

essential®® for placing the data on an absolute scale.

The instrument is built around the use of two Dexela 2315-MAM (mammography)
detectors, one each in the SAXS and WAXS positions. This WAXS detector was chosen primarily
because the x-ray sensor area is located only 2.75 mm from one edge of the detector housing,
allowing significant angular overlap between detectors permanently mounted at the SAXS and
WAXS positions. The detectors have a high resolution Csl scintillator with an active area of
230mm x 145mm and square 74.8 um pixels. The SAXS detector type was chosen to be the
same as the WAXS detector to have identical detector characteristics i.e. the same detector
efficiencies to aid in the merging procedure, and for simplifying the simultaneous data
acquisition needed for the time resolved measurements. The standard MAM detector provides
26 frames per second. An important consideration is the non-linear response of the CMQOS
detector over the dynamic range of the detector. To investigate this for high energy x-rays, the
measured count rate is shown as a function of incident flux in figure 2. Although for most of the
samples studied the scattered intensities were comparable in both the SAXS and the WAXS
detectors (e.g. see figure 3), the variation within a single detector can vary by a few orders of
magnitude. The detector non-linearity is most pronounced at low count rates, and this is
particularly relevant at high Q-values e.g. the atomic form factor leads to a decrease by an
order of magnitude in the measured WAXS signal from SiO,. To investigate the effect of non-
linear detector response on S(Q) we have compared the WAXS signal from SBA-15 measured
using the Dexela 2315-MAM detector, to the WAXS signal from glassy SiO, measured using a
single-photon counting Pilatus 2M CdTe detector. The results show that despite the non-

linearity there are only minor effects on the normalization or distortion of S(Q).

Flat field measurements of the Dexela 2315 MAM detectors were performed at 100keV
using W and Pb samples with the detectors positioned at two different distances, at an angle of
90 degrees to the incident beam. The x-ray intensities were processed using Fit2D* by

removing smoothly varying geometrical effects and flat field maps were created using imageJ*>.



Both the W and Pb samples measured at different distances yielded the same results.
Horizontal and vertical streaks and lines from manufacture were completely removed in the
subsequent analysis of the SAXS-WAXS data, however slight differences in adjacent panels were
observed to vary over second timescales and could not be removed. At the current time this
variation in low-level noise (within the specifications of the detector) is the limiting factor for
the high-Q limit, Quax, in the WAXS detector for weakly scattering samples. The tube between
the SAXS and WAXS detectors was evacuated to a pressure of ~10 Torr and a 2mm diameter
chamfered tungsten beamstop positioned touching the deformed thin downstream kapton
window. If the beamstop was further downstream a substantial increase in background from

the window was observed in the SAXS detector.

4. Data acquisition and software

QXRD is an application designed to control the readout of amorphous silicon flat panel
x-ray detectors made by Perkin ElImer and Varex>. The software acts as a bridge between the
dynamic link library provided by Perkin EImer and the APS beamline data acquisition software
spec34. It also provides a convenient GUI interface to the detector. Dark images are recorded at
least every 20-30 minutes during routine operation to avoid any effects from electronic drift

caused by temperature or other fluctuations.

The dual SAXS-WAXS system described here simultaneously records images from both
detectors to provide information on atomistic through mesoscopic length-scales. This is
particularly useful for performing time-resolved measurements during phase transitions and
chemical reactions etc. Fast measurements require that three conditions are met in the
execution of the experiments: (i) sufficient x-ray flux to achieve adequate signal to noise in the
data, (ii) adequate detector response to acquire the data with time resolution needed to
observe the transition, and (iii) adequate control of the process to synchronize the data. Data
collection can be synchronized with external equipment via a trigger signal. Previous examples

of this feature for WAXS have already been reported®>>°.
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5. Data Analysis

The WAXS detector signal was calibrated using NIST standard CeO, and the SAXS
detector calibrated using silver behenate to determine the precise sample to detector distances
together with detector orientation angles. Both data sets were analyzed using the Fit2D
software®! and corrected for polarization, rotation and tilt. The program PDFgetXZ11 was used
to correct the WAXS sample signal for background, oblique incidence, absorption and detector
efficiency effects® for all but one of the data sets presented here. GudrunX®’ was used for an
equivalent analysis of the ZIF-62 glass. The oblique incidence correction accounts for the
increase in measured intensity due to the longer effective thickness of the scintillator at oblique
angles, while a parallax effect results a shift in peak position due to high-energy photons
traversing several pixels before being detected. The oblique incidence correction is calculated
and fixed in the analysis (see Skinner et al.®). The parallax issue is a minor effect and Marlton et
al.*® have shown the magnitude of the parallax on the PDF is ~0.15% for 103keV x-rays at a
sample to detector distance of 351mm. The effect in our experiments are expected to be less
since we are using incident energies ranging from 60-80keV. Both effects are most apparent at
large angles and are not used as adjustable parameters in the SAXS/WAXS overlap region.
However, applying the correct transmission factor prior to subtracting the background was
found to be important in obtaining good agreement between SAXS and WAXS in the overlap
region, where signal-to-background ratio is typically at its lowest (figure 3). PDFgetX2 also
normalizes to the sample self-scattering and the background corrected SAXS intensity was

subsequently normalized to the WAXS data in the Q-space overlap region.

5.1 Combining SAXS-WAXS data

The SAXS-WAXS data are merged to provide a continuous SAXS-WAXS signal covering
the entire measured Q-range. The choice of splicing-point in the overlap region between SAXS
and WAXS data sets depended entirely on the sample scattering, but was typically determined

by the quality of the SAXS data which often became noisy for Q = 1 A due to the 1/R% inverse
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square law fall off in intensity. The different Q-space resolutions of the SAXS and WAXS signals
means that any sharp features in the overlap region are better resolved in the SAXS signal, and
the WAXS data should be discarded wherever the resolution results in disagreement. If only
broad, smooth, features exist in the overlap region, the better statistics associated with the
WAXS signal can be utilized. The relative measured resolutions of the SAXS and WAXS detector

set ups are shown in figure 4 based on the FWHM of the calibration standards.

The SAXS resolution given by AQ is found to be essentially constant and is governed by
the pixel size, the source-to-sample and the sample-to-detector distances, with the FWHM of
the peaks ~6 times narrower than those in the WAXS. The WAXS resolution is governed by the
same factors at low Q (S 5A™), but at high-Q the larger scattering angles and the shorter
sample-to-detector distance leads to significant geometric effects (i.e. oblique incidence,
assuming a cos>(20) dependence) when using a flat plate detector perpendicular to the

incoming beam?®%*

. The disparity in SAXS/WAXS resolution presents an issue similar to that of
combining data from different resolution detectors in time of flight neutron PDF
measurements® and is especially problematic if there is no agreement in the detector overlap
region. However, for most disordered materials the scattered x-ray intensity results in only a
few broad peaks at low-Q, if any, and the instrument design outlined has left an ample overlap

region between detectors to find a suitable splicing point, e.g. see figures 5 and 6.

5.2 Absolute normalization

SAXS and WAXS are conventionally normalized onto absolute intensity scales in
different ways. The absolute calibration of small angle scattering data is usually carried out in
terms of the differential cross section per unit volume per solid angle*® and has units of cm™.
Although uncalibrated data can provide meaningful information, absolute normalization can
provide quantitative parameters such as the particle number density. Glassy carbon is
commonly used as a SAXS intensity calibration standard** because of its homogeneous
microstructure and durability, although there is some variability between samples. Conversely,

WAXS data is normalized to the self-scattering based on the composition weighted atomic form

12



factor(s) <f>> and Compton scattering at high-Q, typically in the region >10 A™, in terms of
electron units. A comparison of the same glassy carbon sample measured on a dedicated SAXS
instrument and the SAXS-WAXS instrumentation described in this paper is shown in figure 6.
Merging the SAXS-WAXS data and placing it on an absolute scale yields an extended atomic

structure factor, S(Q).

5.3 Fourier Transformation

If we consider equation (8) it can be seen that D(r) is obtained by integrating Q(S(Q) —
1)sinQr between finite values of Qi and Qmex. The minimum Q-value, Quin, is determined by
the observable absorption of the SAXS signal by the tungsten beamstop. The maximum Q-value,
Qmax, IS chosen as the highest possible Q-point where the observed oscillations in S(Q) equal to
unity (preferably located at a node at Q > 15 A™ to ensure reasonable r-space resolution and
minimize spurious ripples from convolution with a sinc-function, arising from Fourier
transforming the effective Qmax step function ) The resulting combined SAXS-WAXS structure
factors are binned on two different linear scales either side of the splicing point and require a
non-linear discrete Fourier transform, which is performed using a Fast Fourier Transform
algorithm in MATLAB using custom developed software to obtain the extended range pair

distribution function, D(r).

As previously discussed, for atomic pair distribution functions the maximum Q value,
Qmax, defines the structural resolution in real space. The issue with using a step modification
function in the direct Fourier transform of scattering data is the appearance of large, sinc-
function, termination ripples either side of peaks in the pair-distribution function. In 1969
Lorch® developed a modification function M(Q,A(r)), and which goes to zero above Quay, to
suppress these truncation oscillations in real space and yielding a FWHM resolution
Ar =5.437/Quax -’ Recently other modification functions with varying degrees of broadening

have also been investigated*’. Here we used a modification function of the type previously

13



reported by Skinner et al. for water*® based on that suggested by Soper and Barney*’, where a=

2.8 and b=0.5A. So equation (8) becomes,

D(r) = 2 [ 9[s(Q) — 11M(Q,A(r)) dQ (10)

7 Qmin
where,
M(Q,a(r) = 20,
A(r) = 7—[1 - exp(=[r — al/b)] (11)

6. Benchmark samples

For many diffraction experiments the combination of SAXS and WAXS reciprocal space
data in itself is extremely useful in determining the salient structural features as well as their
variation as a function of a thermodynamic parameter such as temperature, pressure or solute
concentration or time etc. However, the primary goal here was to investigate the real space
manifestation of including the SAXS data in the ER-PDF. Towards this end, a range of samples
representative of different types of materials with varying low-Q structural signatures were
selected and measured. These included liquid crystals, metal-organic-framework glasses,

powdered nano-materials and mesoporous materials.

6.1 Case 1: Nano-materials

The first set of benchmark samples considered were nano-materials that exhibited a
continuous rise in SAXS intensity to values substantially larger than the WAXS signal, see figure
7(a). For nano-crystalline diamond with a particle size of <100A (Sigma-Aldrich, based on TEM)
and a density of 3.5 gcm™, the S(Q) displays broadened Bragg peaks and a sharp rise in the
Porod region®. The associated D(r) in figure 8 shows strong oscillatory behavior with the ER-

PDF showing the first minimum in D(r) at 961 A corresponding to the average particle size.

14



Similarly, the largest particle diameter obtained from P(r) was found to be 114 A. Aluminium
oxide nanopowder has a 130 A primary particle size (Sigma-Aldrich, based on TEM). The D(r)
indicates the particle size is slightly larger at 145+1 A, while P(r) yields a much larger value of

185 A.

Furthermore, the conventional WAXS PDF peaks describing the local atom-atom
interactions are superimposed on an intense broad peak, which reflects the substantial
deviation in local atomic density due to increased number of atom-atom interactions within the
core structure of the nanoparticles. The positions of these broad maxima in D(r) are
significantly smaller than those observed in the corresponding P(r) functions; 20.5 A compared
to 38.4 A for nano-diamond and 32.9 A compared to 64.7 A for nano-alumina. This is attributed
to the effect of inter-particle interactions on accurately extracting the PDDF from densely

packed system™®.

6.2 Case 2: Mesoporous silicas

Secondly, we consider materials with strong peaks in the SAXS regime, figure 7(b).
Amorphous mesoporous silicas SBA-15 and MCM-41 (Sigma-Aldrich) consist of hexagonal arrays
of cylindrical pores with different sizes”’. The local structure and WAXS signal is dominated by
the tetrahedral bonding arrangement of Si by O, characterized by the Si-O, O-O and Si-Si
distances. The SAXS region is dominated by the interplanar 100 reflection and smaller 110 and
200 reflections arising from the hexagonally ordered arrangement of cylindrical pores. The D(r)
were obtained using nominal densities of ~0.34 gcm'3 and found to be dominated by the
periodicity arising from the most intense 100 reflection at Q=0.159 A" (MCM-41) and Q=0.0676
A (SBA-15) corresponding to periodicities of 40A and 93A respectively i.e. from maximum to

maximum in D(r), figure 9.

The high-r oscillations corresponding to the interplanar reflections in MCM-41 are in

good agreement with those obtained using neutron diffraction® (see figure 9) and qualitatively
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similar to those published by Kohara et al.’. The low-r differences between the x-ray data
obtained in this study and the neutron data’ can be attributed to the different partial atom-
atom weighting factors. The larger pore sizes associated with SBA-15 (compared to MCM-41)

show much larger density fluctuations as indicated by the stronger 100 reflection.

6.3 Case 3: Low intensity SAXS features

It is clear from equation 7 that the factor of Q in the Fourier transform significantly
reduces intensities at the lowest Q-values, rendering relatively small SAXS features obscure in
the ER-PDF™. To investigate when ER-PDF measurements are useful (and when they are not)
we also performed extended-range PDF measurements on samples with relatively low SAXS
signals. The measured S(Q)’s for itraconazole and ZIF-62 glasses are shown in figure 10(a). Their

corresponding real space ER-PDF curves are shown in figure 10(b).

Itraconazole is a rod-like molecule that can exist in different mesophases that are
distinct from its crystal structure. Upon quenching from the melt to room temperature a liquid
crystalline lamellar phase can form, within the otherwise long-range disordered glass,
characterized by two small but very sharp peaks in the SAXS region®. The corresponding D(r)
obtained using a density of 1.27 gcm'3 is essentially flat for distances >30A. The zeolitic
imidazolate framework ZIF-62 is an example of a metal-organic framework (MOF) and
represents a family of materials where the structural topology and mechanical properties can
be chemically tuned. It has recently been shown that ZIF-62 can be melt-quenched to form a
glass*®. Our measurements show SAXS intensity, indicating that some of the porosity inherent
to the crystalline phase is retained in the melt and glass. Notably, measurements at different
points on the glass gave rise to slightly different SAXS intensities, indicating inhomogeneity of
the pore distribution even on the 100s of microns scale (the x-ray beam size was 300 um
square). This could imply that the porosity depends upon the thermobaric history of the melt
prior to and during quenching. The ER-PDF obtained using a density = 1.6 gcm’3 again shows

little structure for r>20A. Both this example, and that of glassy itraconazole therefore show no
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long-range structure in their D(r), and the ER-PDF is essentially the same as the standard PDF

obtained using only WAXS data.

These examples demonstrate that as a rule of thumb the SAXS S(Q) needs to be an order
of magnitude stronger than the WAXS S(Q) to show a significant contribution in the ER-PDF. Of
course, there will be exceptions to this ‘rule’ as the details of the Fourier transform will depend

on the precise location of the SAXS features compared to the WAXS structure factor.

7. Summary and future directions

This paper describes instrumentation aimed at performing simultaneous high-energy
SAXS/WAXS measurements with continuous Q-range coverage, that enables the interrogation
of structure from the atomic to the meso-scale through the extraction of extended range pair
distribution functions. Although the real space representation contains the same information as
the reciprocal space SAXS-WAXS data, it does present some advantages; namely both the local
atom-atom correlations and the size and shape of the nanometer-range density distributions
are more easily identified. This is particularly useful for characterizing inhomogeneous systems,
nanoparticles and mesoporous materials. For systems with strong SAXS signals that are at least
an order of magnitude larger than the WAXS signal, ER-PDF is a useful tool in gaining real-space
insight into complex systems that can be directly compared to a 3-dimensional atomic scale
model. The measured ER-PDFs do not however yield much useful information for systems with
weak SAXS signals i.e. where SAXS features are similar in magnitude to the WAXS signal. Most
importantly, the ER-PDF is useful for studying concentrated solutions and densely packed
nanoparticle systems, where inter-particle interactions affect the SAXS signal used in extracting
the geometry of a particle using the pair distance distribution function approach. To investigate
this effect further work is in progress to compare the ER-PDF and PDDF for different

concentrations of colloidal silica spheres in aqueous solution.
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It is anticipated that future versions of this high-energy x-ray technique will be aimed at
extending the low-Q limit to include structures on longer length scales. This could be achieved
by the use of smaller beams/beam-stops or longer sample-to-detector distances. The latter may
require the splicing of spectra from several Q-ranges and careful consideration of overlap
ranges and inter-normalization procedures to maintain the data on an absolute scale. Potential
applications of the emerging ER-PDF technique include investigation of phase separation and
crystallization in glasses and liquids, phase selection in crystallization of both organic and
inorganic materials, and helping to understand the early stages of cluster formation in
metastable systems. Ongoing work is optimizing the implementation of the dual-detector
system and refining the data handling and analysis methods. The experimental set-up is
designed to operate with a wide variety of sample environments including aerodynamic and
acoustic levitators, host stages, capillaries and controlled humidity cells. With upgrades in
synchrotron performance, beam quality and x-ray flux density, the ability to make time resolved
(sub-second) in-situ ER-PDF measurements on bulk materials is now a realistic future research

direction.
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Figure captions

Figure 1. Top. Schematic layout of a typical high-energy simultaneous SAXS-WAXS set up. (A) x-
ray beam conditioning optics; (B) sample and sample environment; (C) Dexela 2315-MAM
detectors; (D) evacuated tube with Kapton windows; (E) chamfered tungsten beamstop on
carbon fiber rod which is positioned up against the curved downstream kapton window using
an adjustable stage ; (F) a 3 mm offset at edge of detector active area. Photographs from left to
right: Downstream SAXS detector positioned behind beamstop (top). Large section of
evacuated tube with kapton windows. WAXS detector with upstream window of evacuated

tube in background.

Figure 2. Count rate as a function of incident flux for the Dexela 2315-MAM detector measured
using 60 keV x-rays, showing non-linear behavior at low count rates. The insert shows the effect
on the total structure factor, where the WAXS S(Q) for SBA-15 measured using the Dexela 2315-
MAM detector (blue line) is compared to the WAXS S(Q) for glassy SiO, measured using a

single-photon counting Pilatus 2M CdTe detector (black circles).

Figure 3. The measured x-ray intensity for glassy carbon (black line) and the background from

air scattering (blue dotted line) in the SAXS and WAXS detectors. The minimum useable Q-
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values are marked as dashed lines; Q/¥2*5is defined by the distance from the beam to the

nearest active detector pixels and Q;/1%5is determined by the start of the attenuation of the

signal by the beamstop.

Figure 4. The measured resolution function (FWHM, AQ) based on the calibration standards
CeO, (WAXS, neglecting strain effects) and Ag-Behenate (SAXS) using sample-to-detector
distances of 28cm and 228.8cm and an incident wavelength of 0.154552A.The circles represent
the measured FWHM of calibrant peaks best-fitted with Gaussian functions and the lines

represent fits based on expected geometrical effects.

Figure 5. The overlap region in Q-space between the SAXS and WAXS detectors shown for the

case of ordered mesoporous amorphous silica MCM-41.

Figure 6. The SAXS differential cross section for glassy carbon measured on beamline 9-ID (blue
circles) compared to the same sample measured on beamline 6-ID-D (black line) using the SAXS-
WAXS set-up described here. The insert shows the glassy carbon normalized to the self-
scattering at high-Q. The conversion factor between the SAXS differential cross section in cm™

and the WAXS in electron units for this sample was NpVe2r.2/N = 0.005 cm™.

Figure 7. Extended x-ray structure factors for (a) nano-Diamond (solid line) and nano-Alumina
(blue dotted line), offset for clarity and (b) amorphous mesoporous silicas SBA-15 (solid line)

and MCM-41 (blue dashed line).

Figure 8. Top: The SAXS-WAXS extended range x-ray pair distribution functions of (a) nano-
Alumina and (b) nano-Diamond (solid lines) compared to the conventional PDF analysis using
WAXS data only (dotted lines, note this curve for nano-alumina has been scaled by x10).
Bottom: The PDDF for (a) nano-Alumina (solid line) and (b) nano-Diamond (blue dashed line).

The maxima are marked by dotted vertical lines.
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Figure 9. The extended range x-ray pair distribution functions, D(r), for amorphous mesoporous
silicas SBA-15 and MCM-41 (solid black curves). In the lower part of the figure the x-ray MCM-
41 is compared to the published neutron pair distribution function for MCM-41 silica from

Bowron et al." (blue dotted line, scaled for clarity).

Figure 10. (a) Extended x-ray structure factors for amorphous itraconazole and ZIF-62 glass
(with the corresponding SAXS intensities shown in the insert) and (b) the corresponding
extended range pair distribution functions. The solid lines include the entire Q-range and the

dotted lines only the WAXS signal. The curves are offset for clarity.
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