
AIP Conference Proceedings 1764, 020003 (2016); https://doi.org/10.1063/1.4961131 1764, 020003

© 2016 Author(s).

High-energy X-ray focusing and high-
pressure pair distribution function
measurement
Cite as: AIP Conference Proceedings 1764, 020003 (2016); https://doi.org/10.1063/1.4961131
Published Online: 30 August 2016

Xinguo Hong, Lars Ehm, Zhong Zhong, Sanjit Ghose, Thomas S. Duffy, and Donald J. Weidner

ARTICLES YOU MAY BE INTERESTED IN

High-pressure pair distribution function (PDF) measurement using high-energy focused x-ray
beam
AIP Conference Proceedings 1741, 050003 (2016); https://doi.org/10.1063/1.4952923

Quantitative high-pressure pair distribution function analysis of nanocrystalline gold
Applied Physics Letters 86, 061910 (2005); https://doi.org/10.1063/1.1856691

The equation of state of the gold calibration standard
Journal of Applied Physics 55, 885 (1984); https://doi.org/10.1063/1.333139

https://images.scitation.org/redirect.spark?MID=176720&plid=1085724&setID=379066&channelID=0&CID=358604&banID=519893954&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=a9535e29d1c2cd1e986d12f7504a5dc481499373&location=
https://doi.org/10.1063/1.4961131
https://doi.org/10.1063/1.4961131
https://aip.scitation.org/author/Hong%2C+Xinguo
https://aip.scitation.org/author/Ehm%2C+Lars
https://aip.scitation.org/author/Zhong%2C+Zhong
https://aip.scitation.org/author/Ghose%2C+Sanjit
https://aip.scitation.org/author/Duffy%2C+Thomas+S
https://aip.scitation.org/author/Weidner%2C+Donald+J
https://doi.org/10.1063/1.4961131
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.4961131
https://aip.scitation.org/doi/10.1063/1.4952923
https://aip.scitation.org/doi/10.1063/1.4952923
https://doi.org/10.1063/1.4952923
https://aip.scitation.org/doi/10.1063/1.1856691
https://doi.org/10.1063/1.1856691
https://aip.scitation.org/doi/10.1063/1.333139
https://doi.org/10.1063/1.333139


High-energy X-ray focusing and high-pressure pair 
distribution function measurement  

Xinguo Hong1, a), Lars Ehm1,2, Zhong Zhong2, Sanjit Ghose2, Thomas S. Duffy3 
and Donald J. Weidner1  

1Mineral Physics Institute, Stony Brook University, Stony Brook, NY 11794, USA 
2Photon Sciences Directorate, Brookhaven National Laboratory, Upton, NY 1197, USA 

3Department of Geosciences, Princeton University, Princeton, NJ 08544, USA 
 

a)Corresponding author: xhong@bnl.gov; xinguo.hong@gmail.com 

Abstract. In this paper, we report recent progress in high-energy X-ray focusing by using Kirkpatrick-Baez (K–B) mirrors in 
combination with a sagittally bent Laue monochromator. This combination of optics provides a high flux X-ray beam, which 
can significantly reduce the data acquisition time for high-pressure pair distribution function (HP-PDF) measurements using 
the diamond anvil cell (DAC). Demonstration of the HP-PDF technique for the compression/relaxation of nanocrystalline 
platinum at high pressures is presented. 

Keywords: X-Ray focusing, X-Ray diffraction, pair distribution function (PDF), diamond anvil cell. 
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INTRODUCTION 

Development of X-ray micro-focusing techniques remains at the core of synchrotron radiation facility 
development due to its numerous applications. There have been intensive world-wide efforts to improve X-ray 
micro-focusing capabilities driven by the need to study small samples or local areas and achieve high spatial 
resolution and high flux. These advances are opening unprecedented research opportunities for investigating the 
microstructure, elemental distribution, and the chemical bonding state of advanced materials and biological 
samples1-6.  

It is known that high-energy X-ray diffraction in well suited for atomic pair distribution function (PDF) 
measurements, a powerful tool for studying crystalline, disordered and nano materials 7-13. Although there is 
increasing demand for high-energy X-ray microbeams in the fields of material sciences and high-pressure 
geosciences, obtaining a micro-sized high-energy X-ray beam is still a challenge. The PDF technique involves 
measuring both Bragg and diffuse scattering from a material up to high Q values (Q=4πsinθ/λ), e.g. 20—30Å-1, 
where θ is the diffraction angle and λ is the X-ray wavelength.  This method allows simultaneous probing of the 
local, intermediate and long-range structure in crystalline, amorphous or complex materials. However, as the optical 
refractive index, n, of most materials is close to unity in the X-ray range, focusing high-energy X-rays is challenging 
because the refractive index decrement, δ=1−n~10−6, is small and scales with the X-ray energy, E, as 1/E2. Total-
reflection K–B mirrors are widely used for micro-focusing in the hard X-ray region 4, 14, 15, due to the advantages of 
achromaticity, high efficiency, energy-tunability, and suitable working distances (~centimeters) 14, 16-18. The main 
disadvantage of K–B optics is the low angular acceptance at high X-ray energies, leading to collection of only a 
relatively small portion of a wide incident beam by the mirrors. Despite this disadvantage, successful efforts to focus 
high energy X-rays by this method have been reported14, 15. 
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 As Q increases, the intensity of X-ray total scattering decreases rapidly. The availability of well-focused, high 
flux X-rays has been a long standing issue for high-pressure PDF (HP-PDF) research using the diamond anvil cell 
(DAC). The quality of the weak diffraction peaks obtained at high Q range (10—20 Å-1) is crucial for conducting 
reliable PDF analysis and avoiding truncation errors arising from the Fourier transform. As a result, the data 
acquisition time for HP-PDF measurement currently takes from tens of minutes up to serval hours and is restricted 
to pressures usually below 10 GPa 19, 20.  

A double-Laue crystal monochromator (DLCM) has advantages of high angular acceptance, high photon flux 
and high thermal stability, making it well suited for use with a high-energy X-ray beam. The DLCM at the X17B3 
beamline, National Synchrotron Light Source (NSLS), Brookhaven National Laboratory, is used for high-energy 
DAC diffraction experiments 10, 20. However, acquiring PDFs when using a large unfocused beam in high-pressure 
DAC experiments results in low intensity and long data collection time, making PDF measurement at pressures 
much higher than 10 GPa largely unfeasible21. In this paper, we report recent progress in the development of high-
energy x-ray micro-focusing optics by combining a sagittally bent Laue crystal monchromator with Kirkpatrick-
Baez  X-ray focusing mirrors22 for high-pressure PDF research13, 23. Although the NSLS facility, which is a 2nd 
generation light source, is not operating anymore, the developed focusing method can be applied to PDF studies at 
NSLS-II and other synchrotron facilities.  

EXPERIMENT 

Pt nanoparticles (99.5%, < 50 nm mean particle size) were purchased from Sigma-Aldrich Co. High-pressure X-
ray total scattering experiments were carried out at beamline X17B3 of the National Synchrotron Light Source 
(NSLS), Brookhaven National Laboratory.  

The X17 beamline has a high-field superconducting wiggler with a critical energy of 22 keV. It provides high-
flux X-rays at photon energies up to 100 keV. The X-ray beam is first monochromatized and preliminarily focused 
by the Laue monochromator24, 25, and subsequently further focused by using a set of trapezoidal Kirkpatrick–Baez 
(K–B) mirrors 26. It has been reported that high-energy X-rays can be efficiently focused sagittally by a set of 
asymmetric Laue crystals in transmission24, 25. Here, we provide a short summary of the basic method. The DLCM 
consists of two bent Si(111) Laue crystals. Single-sided polished silicon (100) wafers, 0.5 mm thick, were cut to a 
rectangular shape in the [011] direction. A four-bar bender was used to produce the necessary sagittal and 
meridional bending for this application. The K–B system consists of two single-crystal silicon mirrors in tandem: a 
100-mm long vertical mirror and a 200-mm long horizontal mirror. A 400-Å layer of Pt, which is deposited on top 
and acts as the X-ray reflecting surface. Other experimental details can be found elsewhere22.  

The X-ray wavelength was measured to be 0.1877 Å (66.054 keV) using CeO2, Au and Si standards with a 
deviation of 1.9×10-4 using a diffraction-based calibration method 27. The high-pressure total X-ray scattering data 
were collected using a Perkin-Elmer flat panel detector (XRD 1261). To overcome the relatively high dark current 
of the Perkin-Elmer detector, typically 50—200 datasets of data/dark current spectra were collected with an 
exposure time of 5 s and then averaged for dark current reduction to improve the statistical accuracy at high Q. The 
total scattering function, S(Q), and the pair distribution function, g(r), were obtained using the program PDFgetX228. 
The high-pressure nano-platinum (n-Pt) data were fitted to the experimentally determined g(r) using the program 
PDFgui29.  

 

RESULTS AND DISCUSSION 

Figure 1a shows the schematic layout of the sagittally bent Laue crystals while Figure 1b shows the K–B mirrors 
micro-focusing system at the X17B3 station. The sagittally bent double Laue monochromator (DLCM) is located at 
the X17B1 hutch 29 m from the source, and has a rather long working distance of 10 m to the K–B mirrors. The 
DLCM provides a slightly demagnified image of the source at the X17B3 station which then served as a secondary 
source for the K–B mirror system. A slit placed in front of the K–B mirrors restricts the X-ray beam to the mirror 
acceptance aperture and defines the incident beamsize for further focusing.  
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(a) (b) 

FIGURE 1. (a) Schematic layout of the high-energy X-ray focusing optics by the sagittally bent Laue crystals; (b) K–B mirror 
setup at X17B3 station. 

Figure 2 shows an X-ray diffraction image of a single 5-s exposure for the high-pressure pair distribution 
function measurement of nano-Pt (n-Pt, 50 nm) at 12.5 GPa in a 4:1 methanol-ethanol pressure medium. The size of 
the focused X-ray beam is 15 x 15 µm2. It can be seen that except for some intense peaks arising from the diamond 
anvils, the diffraction image is relatively clean and has a good signal-to-noise ratio out to high Q values (Fig. 2b). 
No significant unwanted scattering, e.g. from the direct beam, is observed. The sample chamber of the DAC gasket 
was drilled to 100-µm diameter. This clean pattern (Fig. 2) indicates that HP-PDF measurements up to Mbar range 
should be feasible.  

(a) (b) 

FIGURE 2. X-ray diffraction image of single 5-s exposure for pair distribution function measurement of nano-Pt (50 nm) at 12.5 
GPa using a focused X-ray beam (66.054 keV). (a) Full image; (b) Expanded view of the region shown by the red box in (a). 

Figure 3 shows the results of pair distribution function measurement of n-Pt at 25 GPa in a neon pressure-
transmitting medium for a single 5-s exposure using the focused X-ray beam. The data were corrected for 
background scattering, self-absorption, and incoherent Compton scattering, and then normalized for incident flux, 
number of scatterers, and squared atomic form factor, to obtain the total scattering function, F(Q) (upper panel). 
Points represent PDF, g(r), of single 5-s exposure (Lower panel). The PDF fit residuum, Rw, with respect to the 
established structure from the literature (fit range 1 < r < 50 Å), is 0.145, being well below the acceptable value of 
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Rw=0.24. This example also confirms the feasibility of the proposed X-ray focusing approach of combining the 
Kirkpatrick-Baez (K–B) mirrors with the sagittally bent Laue crystal techniques for high energy X-ray focusing22.  
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FIGURE 3. Pair distribution function measurement of nano-Pt (50 nm) at 25 GPa using a focused X-ray beam (66.054 keV). 
(Upper panel) Reduced total scattering function F(Q) for single 5-s exposure. (Lower panel) Points represents PDF, g(r), of 
single exposure with Qmax = 21.5 Å-1 for the Fourier transform. Lines are the PDF fitting with a residual, Rw, of 0.145. The 

bottom difference curve is offset for clarity. 
 
For HP-PDF experiments, the availability of high flux X-rays is highly desirable. The success of HP-PDF for n-

Pt with a short exposure time (Fig. 2 and Fig. 3) demonstrates the possibility of studying dynamical 
compression/decompression/relaxation of materials in the DAC using the PDF technique. Figure 4 shows the 
evolution of the lattice parameter of n-Pt as a function of time after a compression step in a DAC experiment. The 
pressure values were measured using the ruby fluorescence technique 30 before and after the PDF data collection. It 
can be seen that the decrease of the lattice parameter, which corresponds to a small pressure increase (0.3 GPa), 
decays exponentially with time. This result indicates that a relaxation time of at least 15 min is required in high-
pressure DAC experiments for pressure stabilization. It is necessary to take into account the effect of DAC 
relaxation for a precise equation of state (EOS) determination of a material.  
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FIGURE 4. Real-time evolution of the lattice parameter of nano-Pt during a typical compression experiment at high pressure. 

CONCLUSION 

A high-energy, micro-focused X-ray beam can be obtained through a combination of a sagitally bent Laue 
Monochromator and Kirkpatrick-Baez mirrors.  This optics arrangement was implemented at X17B3 of the National 
Synchrotron Light Source. This system provides sufficient flux at high energies to allow rapid collection of pair 
distribution function data at high pressures in a diamond anvil cell.  The behavior of nano-platinum at high pressure 
and its relaxation behavior were explored as a demonstration of the technique. 
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