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Abstract. Beamline commissioning activities at the Sub-micron Resolution Spectroscopy Beamline, SRX, one of the 
project beamlines of the National Synchrotron Light Source II, began in December 2014. SRX is a hard x-ray micro-
probe beamline. The technical capabilities presented in this paper include scanning micro-fluorescence microscopy (µ-
XRF) and x-ray absorption near-edge structure (µ-XANES) spectroscopy. The high flux KBs station with sub-micron 
resolution in the step-scanning mode has been commissioned with results presented in this paper. Capabilities under 
commissioning/planning include XRF-XANES stack imaging, a high resolution station (sub-100 nm), x-ray fluorescence 
tomography, integration of Maia detector, and fly-scan mode. Early science commissioning results from SRX in the 
materials science field are presented in this paper. Topics being studied include nanoporous materials for energy 
conversion/storage, thin film materials for electronics, degradation of paint materials for art conservation, and grain 
boundary segregation in structural materials. On December 7th 2015, SRX officially became a user-operational beamline 
and started accepting general users. The users of interest are encouraged to contact the beamline staff and submit General 
User Proposals.  

1. INTRODUCTION 
 

The Sub-micron Resolution Spectroscopy (SRX) Beamline 1, located at 5ID of the National Synchrotron Light 
Source - II (NSLS-II), is one of the initial 7 project beamlines funded along with the construction of the storage ring 
of NSLS-II. It was designed to deliver state-of-the-art scanning spectroscopic microscopy capabilities, enabling 
micro-beam x-ray fluorescence microscopy (µ-XRF) and micro-beam x-ray absorption near-edge structure (µ-
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XANES) spectroscopy, for elemental and chemical specification, respectively. The high spatial resolution was 
achieved by two separate sets of Kirkpatrick-Baez (KB)  mirrors; thereby the achromatic nature enables a wide 
energy range (4.4-25 keV) of operation and absorption spectroscopic experiments. The design of the High-Flux KBs 
provides a sub-micron beam with high (~1012-1013) photon flux, while the High-Resolution KBs provide a sub-100 
nm beam with a  moderate (~1011) photon flux. 

The construction and installation of the photon-delivery part of the SRX beamline was officially completed in 
October 2014. The first beam at SRX was achieved on December 8th 2014, after which the beamline commissioning 
activities began. Although the beamline commissioning activities are still on-going, scientific commissioning, where 
beamline staff and collaborative users commission beamline capabilities by studying scientifically interesting 
samples (as supposed to ‘test-objects’),  has simultaneously been carried out. These activities at the SRX beamline 
cover a wide range of scientific fields, including environmental science, microbiology, geology, condensed matter 
physics, energy science, chemistry, and materials science.  

In this paper, the science commissioning activities at SRX in the field of materials science are presented. First, 
we used XRF microscopy to investigate elemental distribution and phase segregation in materials, as illustrated in 
the study of grain-boundary elemental segregation in structural materials, and in the study of nanoporous materials 
for energy storage and conversion applications, such as Li-air batteries and fuel cells. We not only visualize the 
spatial distribution of the elements, but the results quantitatively reveal spatial correlation. Second, we used a 
combination of XRF microscopy and µ-XANES to study of the heterogeneity of an element and its chemical form 
and/or oxidation states. These are shown by the study of ZnO thin films for electronics, by the study of solar-cell 
and humidity sensing applications, and by the study of Pb-soap formation in paintings.  

 

2. SRX BEAMLINE DESIGN AND CAPABILITIES 

The overall layout of the SRX optical scheme is shown in Figure 1. An in-vacuum undulator in a canted 
geometry is used as the source. The other location for undulator is reserved for a future branch, X-ray Fluorescence 
Nanoprobe (XFN) beamline. A set of front-end slits (vertical and horizontal) and a shutter are located upstream of 
the ratchet wall. Diamond filters with different thickness are used for reducing the heat load. A set of white-beam 
slits (vertical and horizontal) define the beam size delivered to the first optical component, the horizontally focusing 
mirror (HFM). The HFM is designed to deliver either a focusing beam onto the secondary source aperture or a 
collimating beam for better energy resolution. A set of horizontal pink beam slits is downstream of the HFM, after 
which the beam is delivered to the horizontally bouncing double crystal monochromator (HDCM). The liquid-
nitrogen-cooled HDCM is equipped with Si (111) and Si (311) crystals. After the secondary source aperture, the 
beam is then focused by a set of KB mirrors located in the end station. Two different sets of KB mirrors provide 
either sub-micron (high flux KBs) or sub-100 nm (high resolution KBs).       

 
 

Figure 1 – Layout of the Sub-micro Resolution X-ray Spectroscopy (SRX) Beamline 2 
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The fluorescence signal and the transmission signal can be measured by the energy dispersive fluorescence 
detector (Vortex, three-element silicon drift detector, Hitachi) and a photo-diode respectively. In a typical XRF 
microscopy measurement, the beam is focused onto the sample position, where the sample is then raster-scanned 
relative to the beam. At each position, the fluorescence spectra are collected by the fluorescence detector, which can 
later be analyzed to generate elemental maps. In a typical (µ-XANES) experiment, the incident x-ray energy is 
scanned across a specific element of interest, by stepping both the undulator gap and the Bragg angle of the HDCM. 
The focused beam from the KBs is kept on the same position on the sample during this energy scan process.  

 
 

 
 

Figure 2 – The key capabilities of SRX – x-ray fluorescence microscopy and x-ray absorption near edge structure 
spectroscopy. Focusing optics, two sets of KBs, deliver sub-micron or sub-100 nm beam onto the sample position.  

 

3. MATERIALS SCIENCE COMMISSIONING RESULTS AND DISCUSSION 

Elemental and chemical heterogeneities are of great importance in determining the properties and ultimately the 
functionalities in both structural and functional materials. XRF microscopy at SRX with the high-flux system has 
been utilized to resolve elemental distributions in samples representing different kinds of materials.  

3.1. X-ray Fluorescence Microscopy Study of Elemental Distribution 

Spatial variations in the concentration of alloying elements are an important contributor to premature failure in 
structural materials. 3 XRF microscopy is a powerful tool for investigating such elemental heterogeneity. Using the 
XRF microscopy capabilities at SRX beamline, spatially varying elemental enrichment and depletion was 
characterized in a heat-treated stainless steel sample, in collaboration with Texas A&M University and MIT, as 
shown in Figure 3. The sample is a 316 stainless steel that was sensitized by annealing at 700°C. The incident x-ray 
energy was 9 keV, above the K-edge of Fe and Cr. The sample was scanned with a scan step size of 1 µm, over a 
total area of 240 by 80 µm2. XRF spectra were collected from each scanned pixel.  The scan was conducted by 
combining a servo-motor rough scan stage (Aerotech) with a fine piezo scan stage (nPoint). First, the fine piezo 
stage was used to collect data from an area of 40 by 80 µm2, followed by a step of 40 µm by the rough scan stage. 
This process was repeated 6 times to create the overall map. The image quality of the stitched images shows the 
stability of the stages, optics and beam.  

Fluorescence spectrum fitting is performed using PyXRF 4, a newly developed X-ray fluorescence analysis 
package at NSLS-II. The summed XRF spectrum of all pixels were first fitted by the non-linear least squares method 
5 to determine the global parameters, such as global peak width, energy calibration values, and parameters related to 
the Compton and elastic scattering peaks, as shown in Figure 3(A). After obtaining the correct global parameters, 
the peak area of each element under the XRF spectrum of each single pixel was fitted using a non-negative least 
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squares method 6, as seen in Figure 3(B). The elemental maps of Fe and Cr, in this sample, were then created. The 
overlap view clearly shows elemental segregation of Cr, potentially as a result of heat treatment.   

 
Figure 3 – XRF spectra and maps of a heat-treated stainless steel sample. (A) XRF spectrum of sum of all pixels in one 
scan (40 x 80 µm2), (B) XRF spectrum from one single pixel and the fitted result, excluding the escape peaks, and (C) the 
overlay of Cr and Fe XRF maps, showing phase segregation potentially as a result of heat treatment  

 
XRF microscopy at SRX was also applied to study the chemical heterogeneity and residual elements in a 

nanoporous stainless steel (np-ss) 7, in collaboration with Tohoku University and Stony Brook University. As shown 
in Figure 4 (A), the morphology of a np-ss sample resembles a ‘nano-sponge’. This type of open-pore, bi-continuous 
material, fabricated by a metallic melt dealloying method 8, has great potential in energy storage/conversion and 
catalysis applications due to its novel chemical and physical properties 9.  Figure 4 (B) shows the Fe component of 
this sample, with a scanned region 40 by 40 µm2 with a 1 µm scan step size, and the zoom-in view on the right 
shows a sub-region of 20 by 20 µm2 with a 0.5 µm scan step size. The detailed view of the structure is improved in 
the 0.5 µm scan step, a nice demonstration of the resolution of the high-flux system at SRX. 
 

 
Figure 4 – Nanoporous stainless steel (np-ss) fabricated by metallic melt dealloying method. (A) A surface view by 
scanning electron microscopy of a np-ss, prepared by dealloying (Fe0.8Cr0.2)30Ni70 alloy precursor in 973 K Mg melt for 1 
minute, followed by etching with nitric acid. Its Fe distribution is imaged in (B), with a 40 by 40 µm2 scanned area with a 
1 µm scan step size. The zoom-in view at the right shows a region of 20 by 20 µm2 with  a 0.5 µm scan step size.  

 Two key findings from the XRF mapping are: 1) the discovery of the Ni residue in the np-ss sample, and 2) 
spatial heterogeneity of elemental concentrations in the stainless steel (Cr-Fe). As shown in the Figure 5 (A), in 
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addition to the expected Fe and Cr phase, a Ni phase is also present as a residual from the dealloying process, though 
with low concentration.  Moreover, the Cr and Fe phases present different spatial distributions, as highlighted in the 
circled regions. Besides visualizing the distribution of elements, the correlation of the spatial distributions can be 
quantified, as illustrated in Figure 5 (A). For instance, to study the correlation between the Fe and Cr in the sample, 
their corresponding XRF peak area for each pixel in the image is plotted against each other, as shown in the leftmost 
panel in Figure 5 (B). The negative slope of a linear fit of the scattered plot quantitatively shows that, where the 
sample has Fe enrichment, there might be Cr depletion. The XRF fitted data for each pixel, after analysis by PyXRF, 
were extracted by using the software package SMAK 10 for plotting. More details of this work can be found 
elsewhere. 11 

 
Figure 5 – (A) XRF maps and (B) elemental correlation plots, in nanoporous stainless steel sample, prepared by 
dealloying (Fe0.8Cr0.2)70Ni30  in 973 K Mg melt for 10 minutes. 

3.2. Combination of X-ray Fluorescence Microscopy and XANES measurements 

In addition to resolving the elemental distribution and quantifying correlations between elemental distributions, 
SRX is also capable of studying the chemistry of elements by use of absorption spectroscopy.  

In collaboration with Henkel Corporation, we investigated the degradation of ZnO thin film under heat-damp 
treatment. As shown in Figure 6 (A), the Zn distribution developed heterogeneity after being treated with 100% 
relatively humidity at 100°C, in particular in the Al-doped ZnO sample. However, the XANES spectra of ZnO thin 
films prepared under different conditions (ZnO, Al-doped ZnO, Gd-doped ZnO, with and without damp-heat 
treatment) are consistent. This consistency indicates that the evolution of ZnO is either morphological or location-
dependent, which will require XRF-XANES stack imaging for further investigation. Being able to conduct these µ-
XRF and µ-XANES measurements on thin film samples with thicknesses of 20 µm demonstrates the sensitivity of 
SRX capabilities. Detailed discussion on this work can be found in 12.  
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Figure 6 –50-nm ZnO thin film examined by XRF and XANES. (A) Al-doped ZnO thin film treated with 100% relative 
humidity at 100ºC, XRF shows that Zn heterogeneity was introduced by damp-heat treatment (B) XANES measurements 
show consistency for ZnO thin films prepared under different conditions (ZnO, Al-doped ZnO, Gd-doped ZnO, with and 
without damp-heat treatment).  

 
In collaboration with The Metropolitan Museum of Art and the University of Delaware, we are investigating the 

chemical and elemental distribution in paint films affected by Pb-soap formation, deterioration  that affects oil 
paintings containing Pb-based pigments. The process frequently results in the formation of aggregates containing 
lead carboxylates (soaps) ranging in size from a few to several hundred µm that may protrude through the paint 
surface, causing visible damage to works of art 13. To study the complex correlation among the elemental 
segregation, chemical states, and types of chemical compounds formed, we are utilizing sub-µm spatially resolved 
XRF imaging and XANES. A fresh paint sample containing the pigment PbSn yellow type I (Pb2SnO4) was 
examined by XRF as shown in Figure 7 (A), and it was observed that the Pb and Sn distributions positively 
correlated to each other. In Figure 7 (B), XANES spectra acquired in standard powers of pigments (PbO, Pb3O4, and 
PbSn yellow type I) and compounds associated with Pb-soap formation (Pb azelate and Pb palmitate) are shown. 
These two groups can be well-separated using the Pb L-edge XANES, nicely illustrating the potential of using 
XANES spectroscopy or even XRF-XANES stack imaging to study the Pb-soap formation process in samples.   

 
 
 

 
Figure 7 – XANES and XRF studies of Pb-soap formation in paint samples. (A) XRF map of a fresh PbSn 
yellow and linseed oil sample. (B) XANES spectra demonstrating that the technique is suitable for 
distinguishing Pb-containing pigments from Pb soaps (lead azelate and lead palmitate).  
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4. CONCLUSION AND OUTLOOK 

 
In this paper, we outline the recent science commissioning activities at SRX with four projects from materials 
science. Scientific results using µ-XRF mapping and µ-XANES spectroscopy with high-flux KBs systems (sub-
micron beam) to study nanoporous materials, thin films, lead soap formation, and structural materials are presented. 
Looking ahead, several commissioning activities are underway. Commissioning the high-resolution KBs with design 
parameters to deliver a 100-nm beam is the next major milestone. XRF-XANES stack imaging and X-ray 
fluorescence tomography will be commissioned to broaden the technical capabilities by enabling multi-dimensional 
imaging. Major instrumental commissioning activities will continue, including 1) implementing the Maia detector 14, 
2) implementing fly-scan of the sample scanning stage to shorten the time to collect a XRF scan, and 3) 
implementing fly-scan of undulator gap and HDCM to shorten the time-resolution of XANES. Future upgrades such 
as acquiring a 2D area detector will enable additional, critical capabilities of ptychography and micro-diffraction. 
Moreover, user projects with in operando and in situ experimental apparatus will also bring new insights to 
scientific fields such as energy storage/conversion and catalysis. 
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