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Introduction

Over the last couple of decades, the synchrotron radiation research community has witnessed
tremendous advancement in the field of x-ray imaging and microscopy. Continuing enhancement of the
light sources’ brightness, advances in x-ray focusing optics, incorporation of precision instruments, and
development of innovative imaging techniques are some of the leading contributors for the rapid
progress. New imaging and microscopy beamlines, such as the ones at the National Synchrotron Light
Source Il (NSLS-II), a Department of Energy (DOE) Office of Science user facility located at DOE’s
Brookhaven National Laboratory, are capable of performing more sophisticated and complicated
measurements than ever before, either on their own or used together as a suite of tools. These
sophisticated and complex measurements exhibit attributes for multimodal, multidimensional, and
multiscale imaging. Recent popularity of these methods is strongly driven by the current trends in
materials characterizations, where researchers desire to map out hierarchical materials structure over a
large range of length scales, to understand structure-property correlation, to quantify materials
structures in 3D, and/or to perform operando or in situ experiments. It is important to emphasize that
“materials” under investigation are not only synthesized materials but also the natural materials. In this
article, we describe multimodal, multidimensional and multiscale x-ray imaging capabilities of the NSLS-
Il beamlines and how these methods are used to tackle complex scientific problems.

Why do we perform multimodal, multidimensional, and multiscale X-ray imaging?

We illustrate the need to perform multimodal, multidimensional and/or multiscale x-ray imaging with
two examples.

A battery has a hierarchical structure from the atomic length scale to the device level, which is on the
order of centimeter to meters depending on the specific type of battery [1]. At the smallest scale, a
typical cathode material in a lithium-ion battery is composed of primary particles that are tens to
hundreds of nanometers in size. The primary particles are aggregated into a secondary particle of
several micrometers in size. The cathode, consisting of a large number of secondary particles, is
assembled together with electrolyte, separator, anode and current collectors, to form a battery cell.
These cells are assembled into a battery pack for practical usage. At each length scale, different types of
failure can occur. For example, repeated cycling can cause significant strain, defects and even undesired
phase transformation in the crystalline lattice [2], and, can produce nano-scale cracks, ion intermixing,
phase separation, and structure instability at the solid electrolyte interface [3]. At the device level,
larger scale defects such as voids and microcracks can occur. Accurate quantification of the chemical



reactions and structural modification requires a suite of measurements that is sensitive to crystalline
defects, strain, and elemental, chemical and morphological distributions in 3D at multiple length scales.
Ideally, these measurements should be performed under in situ conditions.

Another example is the investigation of how a plant copes with the environment. The chemical
composition and physical properties of the plant, the soil and microoganisms in the soil, and the plant
root play a critical role in how the plant takes up both nutrients and environmental pollutants.
Understanding bioactivity, bioavailability, toxicity, and transportation mechanisms through the plant
root [4] requires imaging methods that can visualize morphology, elemental distribution, oxidation
states, and crystalline phases. In biological systems, metal concentrations tend to be very low, so the
imaging tools must have high detection sensitivity — better than a part-per-million. A biological system
like a plant has complicated hierarchical structure, which requires multiscale imaging capabilities with
appropriate resolutions and field of views (FOV).

How do we perform multimodal, multidimensional, and multiscale X-ray imaging?

Based on how an x-ray image is produced, we can define three types of x-ray imaging: full-field
microscopy, scanning microscopy, and coherent diffractive imaging. The current NSLS-Il beamlines
utilize both full-field and scanning microscopy imaging. So, we will focus here on these two methods. In
full-filed microscopy, a sample is illuminated by an incident beam, and a transmission image of the
sample is recorded with an area detector. Using an objective lens for magnification, a transmission x-ray
microscope (TXM), can achieve resolution in the few-tens of nanometer range [5]. Though phase
contrast imaging is possible, the dominant TXM application is based on absorption contrast. A primary
advantage of full-field imaging is the imaging speed. Thus, this technique is well-suited for 3D imaging.
Figure 1A illustrates a tomography measurement, where a series of projection images is collected as a
function of sample rotation angle, 6. Subsequently, the dataset is mathematically processed to retrieve
the 3D density distribution of the sample. By taking advantage of the dramatic change in the x-ray the
absorption coefficient across an absorption edge, elemental and chemical sensitivity can be achieved for
TXM imaging. A technique called TXM XANES (X-ray Absorption Near Edge Structure) is illustrated in
Figure 1B [6,7]. This method produces a XANES spectrum for each image pixel. An oxidation-state image
is produced by analyzing the spatially-resolved XANES spectra. By combining XANES and tomography, it
is possible to visualize oxidization states in 3D.

In scanning microscopy, a sample is scanned through a focused x-ray beam and signals from the sample
are recorded. X-ray images are produced using the recorded signals. The primary advantage of
scanning microscopy is that multiple signals can be recorded simultaneously, resulting in multimodal
imaging. X-ray fluorescence (XRF) is the most commonly used imaging contrast, which produces
elemental distribution images. Other signals can be recorded, producing absorption, differential phase-
contrast (DPC), and Bragg diffraction images, with the spatial resolution limited by the beam size. In
addition, ptychography in a transmission or Bragg channel can also be used to achieve a resolution
smaller than the beam size. Scanning microscopy allows incorporation of more exotic signals such as x-
ray beam-induced current/voltage [8,9] and Compton scattering [10]. A popular way of using a
microprobe is to produce elemental maps to identify regions of interest. Subsequently, XANES, EXAFS
(Extended X-ray Absorption Fine Structure) or powder diffraction measurements are performed over
these regions to quantify the oxidation states, short-range ordering or crystalline phases. In general,



scanning microscopes provide much higher detection sensitivity compared to full-field microscopes
because the collected signals are not overlapping with the direct beam intensity

Each of the mentioned scanning microscopy modalities can be extended to 3D, as illustrated
schematically in Figure 1C-F. However, 3D imaging via scanning microscopy is much slower and thus
usually limited to a small number of voxels (< 200 x 200 x 200). XRF tomography is performed by
collecting a series of 2D XRF images over a sample rotation angle as shown in Figure 1C. The same setup
can be used for performing the XANES imaging by collecting XRF signals as a function of the incidence
beam energy [11], as shown in Figure 1D. Since it takes a prohibitively long acquisition time, 3D XANES
imaging using scanning microscopy is extremely rare. Tomography measurements using DPC or
ptychography analysis are carried out by collecting 2D transmitted intensity patterns or zeroth order
diffraction patterns from the sample as a function of sample position and sample rotation. 3D diffraction
measurements are performed by collecting a 2D diffraction pattern at each sample position and beam
angle as shown in Figure 3F. The collected dataset can be analyzed using peak-fitting or centroid shift
analysis of the diffraction pattern [9]. Then, the parameters relevant to crystalline order such integrated
intensity, distortion of crystalline lattice or strain can be turned into images. Alternatively, 3D Bragg
ptychography can be used to image strain distribution over single crystalline grains [12] and achieve a
better resolution than the beam focus size.

Capabilities of the NSLS-Il Imaging Beamlines

Currently, the NSLS-II has five operating x-ray imaging beamlines (FXI, HXN, SRX, TES, and XFM) serving
broad user communities. The FXI Beamline is a full-field imaging beamline utilizing a TXM. The others
are scanning microscopy beamlines with varying spatial resolution and energy ranges. Additional
beamlines with imaging capabilities (HEX, CDI, SXN and ARI) beamlines, which will be forthcoming at
NSLS-1I, greatly complementing the existing instruments and broaden scientific applications. High-level
performance characteristics of the currently operating five imaging beamlines are summarized in Figure
2 and Table 1. Their imaging capabilities are described below.

The Full-field X-ray Imaging (FXI) Beamline offers a rapid nanoscale x-ray imaging capability using a TXM
in the energy range of 5-10 keV. The most unique capability of the FXI Beamline is its high imaging
speed. For most samples, with the current set of x-ray optics, exposure times of 20 to 50 ms produce
high-contrast 2D images with a 30 nm resolution and a 50 um x 42 um FOV consisting of 2560 (H) x 2160
(V) pixels. The FXI’'s TXM was designed and constructed in-house with instrument controls and data
acquisition/analysis pipeline [13,14]. FXI demonstrated a sub-one-minute tomography measurement
with a 38 um x 32 um FOV and a sub-50 nm 3D resolution, delivering a photon flux larger than 10* ph/s
to the TXM [6]. FXI has several in situ sample environment capabilities including electrochemical
controls for battery or electrochemical corrosion research and a high temperature furnace capable of
reaching 1000 C°.

The Hard X-ray Nanoprobe (HXN) Beamline is a scanning x-ray nanoprobe operating in the 6-20 keV
range. It provides a focused beam of ~10 to ~100 nm in size using a set of multilayer Laue lenses (MLLs)
or a Fresneal zoneplate [15]. HXN provides simultaneous multimodal imaging (2D or 3D) capabilities, via
fly-scanning, offering XRF, DPC, diffraction, and ptychography (transmission and Bragg) techniques with
streamlined measurement and analysis workflows. A nano XANES capability is currently under
development. HXN’s current maximum FOV is 30 um x 30 um limited by its piezo scanner.



Measurements over larger areas can be performed by “tiling” 2D images. A typical 2D scan uses 200 x
200 pixels with a dwell time of 20 to 50 ms/pixel. A typical XRF tomography measurement uses samples
narrower than 5 um and takes 10 to 20 hrs. HXN offers a sample heating capability up to ~500 °C for
general users.

The Submicron Resolution X-ray Spectroscopy (SRX) Beamline is a scanning x-ray microprobe, , offering
XRF imaging and spatially-resolved XANES over energy range of 4.5-20 keV. A beam focus size down to
~1 um is achieved by bendable Kirkpatrick-Baez (KB) mirrors. A typical image, via fly-scanning, uses
~300 x 300 pixels with ~50 ms dwell time with a FOV less than 1.5 x 1.5 mm.

SRX is being upgraded to a beamline with a spatial resolution down to 100 nm. Figure 3 shows the
newly installed nano-KB system, which was developed at NSLS-Il. The KB mirrors with sub-50 nrad slope
errors are inside a vacuum enclosure for protection and good thermal stability. New-generation
interferometers using a linear beam in conjunction with a metrology disc are implemented to correct
the circle of confusion from the rotation stage, which will be extremely useful for SRX’s future
tomography capability. Technical commissioning of the new nano-KB system will take about two
operation cycles, and the first user experiment will be carried out in late 2020 or early 2021.

The Tender Energy X-ray Absorption Spectroscopy (TES) Beamline is a tender-energy imaging and
spectroscopy beamline serving a broad user community. Capabilities of TES includes static and in situ
XRF imaging, and spatially resolved XANES and EXAFS, for characterization of complex heterogeneous
materials and systems [16]. TES is highly optimized for an energy range from 2.0 to 5.5 keV, with on-
going efforts to reach down to 1.2 keV. TES is one of a few beamlines capable of performing routine
spectromicroscopy at the phosphorous K-absorption -edge with sufficient measurement throughput.
Bendable KB mirrors are used to produce a user-tunable beam size of ~2 to 25 um.

The X-ray Fluorescence Microprobe (XFM) Beamline is a versatile and multimodal x-ray fluorescence
microscope designed for the characterization of elemental abundances and chemical speciation in
heterogeneous samples. XFM is optimized for spatially-resolved XANES and EXAFS in the 4 - 20 keV
range using a 3-pole wiggler source, and is capable of microdiffraction in a transmission geometry. XFM
also offers a polychromatic "pink beam" mode ideal for rapid 2D XRF imaging and 3D XRF tomography. It
employs a set of bendable microfocusing KB mirrors to achieve a user-tunable spot size from 2 to 10 um,
while maintaining a long working distance for physically large samples and custom in situ cells. XFM has
a fast fly-scanning capability with a travel range up to 100 mm, creating large XRF images with tens of
megapixels.

Additional beamlines with imaging capabilities will be available at NSLS-1l. The High Energy Engineering
X-ray Scattering (HEX) Beamline, expecting to commission in early 2022, will operate between 30 and
150 keV, providing a micron-scale full-field imaging capability with a large FOV up to 100 mm x 20 mm.
The Coherent Diffraction Imaging (CDI) Beamline will be highly optimized for coherent diffraction
imaging in both transmission and Bragg modes, achieving a spatial resolution down to 5 nm. The Soft X-
ray Nanoprobe (SXN) Beamline will operate between 250 eV to ~2500 eV, providing spectromicroscopy
and coherent imaging capability. The ARPES and RIXS Imaging (ARI) Beamline will combine angle
resolved photoemission (ARPES) and resonant inelastic x-ray scattering (RIXS) with nanometer-scale
imaging capabilities, operating at 40 eV to 1 keV. CDI, SXN, and ARI are expected to receive the first
light in 2024.



Science application of multimodal, multidimensional, and multiscale X-ray Imaging

Full-field imaging is well-suited for in situ and 3D structural investigation due to its excellent imaging
speed. We illustrate the TXM XANES capability by tracking the evolution of the internal nanostructure
and chemical reaction within secondary particles of the LiNixCo,AlO, (NCA) system. NCA is a layered Ni-
rich metal oxide material, which has been considered as a promising cathode material for lithium-ion
batteries for electric vehicles, due to high capacity and low cost. Figure 4A shows the oxidation state
map of a secondary particle after charged to 4.4 V. In pristine samples, the Ni atoms are in a +3 state
with Li fully incorporated into the crystalline lattice. When fully charged, the Li atoms are deintercalated
from the crystalline lattice, and the Ni atoms are expected to be in a +4 state. Although the expected
volume change due to charge/discharge is only about 8%, the particle exhibited considerable cracks
during its first cycling. Incomplete electrochemical reactions from +3 to +4 near the cracks suggest that
the observed non-uniformity in oxidation state may be attributed to side reactions on the fresh surfaces
exposed due to cracking. A total of 72 energy points were collected from 8.3 to 8.58 keV in less than 10
minutes. The data can be fitted with a linear combination of Ni** and Ni** reference spectra for each
pixel. Figure 4B illustrates the linear component fitting using the Ni*®> and Ni** references. The best fit
indicates that 33% is in the Ni*® state and 67% is in the Ni** state. The measurement can be extended to
3D, by performing 3D tomography at each energy. Figure 4C shows a 3D oxidation state map of several
LiNisMn3Co,0, particles after 72 cycles. The total data collection, consisting of 72 separate tomography
measurements at 72 discrete energies, amounted 150 Gbs and took less than 2 hours. To streamline
the data processing with a user-friendly interface, we developed a GUI-based open source package,
PyXAS [14], which provides image registration, spectral normalization, component spectral fitting, and
other additional image processing tools.

In comparison with a TXM, the scanning microscopes produce significantly more diverse imaging
modalities. Figure 5 show the multimodal imaging capability of the HXN Beamline. Figure 5A and B
show phase images of a LiNixCoyMn1.4,0, (NMC) cathode material, reconstructed using DPC and
ptychography analysis, respectively. The DPC image shows the morphology distribution with a spatial
resolution limited to the beam focus (~60 nm produced by a zoneplate). The ptychography image shows
a substantially better resolution, which is estimated to about 25 nm. Figures 5C-E show 3D elemental
distribution of Al, Co, and Ti from a TMA-LCO sample, which is a LiCoO; battery cathode material doped
with trace amount of Ti, Mg and Al (~0.1 wt% for each dopant). The doping concentrations are well-
below the TXM sensitivity. This experiment revealed that, in the LCO cathode samples exhibiting
enhanced cycling performance, Al and Mg atoms are uniformly incorporated into the LCO crystalline
lattice. On the other hand, Ti atoms are not fully incorporated into the crystalline lattice and are
segregated at grain boundaries. The observed modification of the microstructure is attributed to
stabilizing the surface oxygen at high voltages and promoting the cycling stability of LCO [17]. The HXN
beamline also offers the capability to perform XRF tomography using MLLs as focusing optics. Victor et.
al. performed an XRF tomography investigation on an E. coli cell, whose membrane protein was labelled
by Lanthanide-binding tags (LBTs) [18]. Figures 5G-J show how multimodal imaging is used to correlate
elemental distribution, photovoltaic response, lattice distortion, and strain over a single crystal grain
within a Cu(In, Ga)Se; or GIGS solar cell thin-film [11]. The local photovoltaic response was imaged by
mapping out the x-ray beam induced current (XBIC) generated by a nanobeam. This work demonstrated
an effective way to correlate local electronic response with compositional heterogeneity and distortion
of the crystalline lattice, significantly extending the range of multimodal x-ray imaging.
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In the next example, we describe how we use multimodal and multiscale imaging to tackle bio-
environmental research. The arsenic (As) hyperaccumulating fern species Pteris vittata is capable of
concentrating As in its aboveground biomass [19] and has been used for soil remediation
(phytoremediation). The mechanisms of As hyperaccumulation and hypertolerance for
phytoremediation have been the subject of intense research [20-22]. P. vittata has the ability to uptake
and translocate large amounts (weight percent) of As to its shoots. In the fronds, As is concentrated at
the tips and margins of the apical pinnae, with levels decreasing toward the basal pinnae [22,23]. Early
work suggested a tolerance mechanism involving intracellular compartmentalization in vacuoles of the
epidermal cells [21,22], a mechanism common in plants that hyperaccumulate other metals. Recent
evidence suggests exocellular localization of As in P. vittata and possible exudation onto the exterior
surface of the pinnae [24]. Work is ongoing to understand the exudation and implications for As
phytoremediation in wet climates where rainwater may leach As back to the soil.

P.vittata plugs were planted in soil spiked with 500 mg/kg potassium arsenate, and fronds were
harvested following four weeks of growth in contaminated soil. The XRF image in figure 6A, obtained at
XFM, shows the accumulation of As at tips and margins of a pinna. Spatially-resolved XANES showed
prevalence of reduced arsenic species in pinna. A 20pum-thick tissue section obtained in the tip region of
an adjacent pinna was imaged with 1-micron resolution at SRX. The XRF (Figure 6B) shows accumulation
of As around the cells near the abaxial and adaxial surfaces as well as co-localization of As with
potassium (K) and sulfur (S). At the incident energy required to image As in plants, the S signal is poor
and cannot resolve individual S species. Using the XRF and XANES capability at TES, we identified three
separate S species and produced a S speciation map at 10-um resolution as shown in Figure 6C. The S
speciation map shows considerable similarity in spatial distribution for As and S species. Spatial
association of As and S does not indicate a chemical association. Future work will include careful
investigation of a possible chemical association between As and S, which is a matter of debate in the
past literature since “strong” S ligands (e.g., phytochelatins) that are known to be involved in metal
tolerance in non-accumulator plants are thought not to be involved in tolerance mechanisms used by
hyperaccumulator plants [24].

Concluding Remarks

We have presented multimodal, multidimensional, and multiscale x-ray imaging capabilities at NSLS-II
along with a few scientific examples. The current scientific trend is to combine such measurements to
better understand complex problems. This trend is driving the development of more sophisticated data
management, visualization and analysis tools, that are critically needed in order to achieve the
underlying premise, “the whole is greater than the sum of its parts.”

Acknowledgement

We thank S. Hruszkewycs at Argonne National Laboratory and Y. Liu at Stanford Synchrotron Radiation
Lightsource for giving permission to use their data collected at NSLS-Il. This research used the FXI, HXN,
SRX, XFM, and TES Beamlines of the National Synchrotron Light Source Il (NSLS-Il), a U.S. Department of
Energy (DOE) Office of Science User Facility operated for the DOE Office of Science by Brookhaven
National Laboratory under Contract No. DE-SC0012704.

References



[1]J. Zhe et al., J. Power Sources 378 (28), 153-168 (2018)

[2] S. Sharifi-Asl et al., Advanced Energy Materials 9 (22), 190051 (2019)
[3] A. Armstrong et al., J. of Am. Chem. Soc. 128 (26), 8694-8698 (2006)
[4] J. Li et al., Environmental Science: Nano 6(1), 273—-285 (2019)

[5] M. Ge et al., Appl. Phys. Lett. 113 (8), 083109 (2018)

[6] G. J. Nelson, et al., Appl. Phys. Lett. 98, 173109 (2011).

[7] H. P. Yang et al., Advanced Functional Materials 29 (13), 1808825 (2019)
[8] A. Ulvestad et al., J. Synchrotron Rad. 26, 1316-1321(2019)

[9] I. Calvo-Almazan et al., IEEE J. Photovoltaics 9 (6) 1790-1799 (2019)
[10] E. Lombi et al., PloS ONE 6 (6) 20626 (2011)

[11] F. T. Ling et al., Sci. Reports 8, 13041 (2018)

[12] M. O. Hill et al., Nano Lett. 18, 811-819 (2018)

[13] D. Allan et al., Synchrotron Radiation News 32(3), 19-23 (2019)

[14] M. Ge et al., J. of Synchrotron Rad. 27, 567-575 (2020)

[15] H. Yan et al., Nano Futures, 2,011001 (2018)

[16] P. Northrup, J. Synchrotron Rad. 26, 2064-2074 (2019)

[17] ). Zhang et al., Nature Energy 4, 594-603 (2019)

[18] T. W. Victor, J. Am. Chem. Soc. 142, 2145-2149 (2020)

[19] L. Q. Ma et al., Nature 409, 579 (2001)

[20] E. Lombi et al., New Phytologist 156, 195-203 (2002)

[21] 1. J. Pickering et al., Environ. Sci. Technol. 40, 5010-5014 (2006)

[22] D. Vetterlein et al., Environmental Pollution 157(11), 3016-3024 (2009)
[23]Y. Sakai, Y. et al., Environmental Pollution 158(12), 3663-3669 (2010)
[24] T. Watanabe et al., Plant Cell Environ. 37(1), 45-53 (2014)

Table Caption

Table 1: Currently operating NSLS-1l Imaging beamlines. Resolution of 12 nm for the HXN is based on
the beam focus size. Using ptychography, sub-10 nm resolutions have been achieved. SRX is expected
to achieve a ~100 nm resolution in 2021. Presently SRX provides a 1 um resolution to general users.
Note the following beamline abbreviations: FXI (Full-field X-ray Imaging), HXN (Hard X-ray Nanoprobe),
SRX (Submicron-Resolution X-ray Spectroscopy), TES (Tender Energy X-ray Absorption Spectroscopy),
and XFM (X-ray Fluorescence Microprobe) Beamlines.



Figure Captions

Figure 1: Types of multidimensional imaging measurements. A)-B) are for the full-field microscopy and
A) TXM Absorption tomography. B) TXM XANES. A) and B) can be combined to obtain 3D oxidation
distribution. C-F) are for the scanning microscopy. C) XRF tomography D) XANES imaging. E) DPC or
ptychography tomography. F) Bragg diffraction imaging or 3D Bragg ptychography.

Figure 2: Nominal performance range of the currently operating NSLS-Il imaging beamlines. FXl is a full-
field microscopy beamline and the others are scanning microscopy beamlines. For HXN, spatial
resolution below 12 nm is achieved using ptychography.

Figure 3: Photographs of the newly installed nano-KB system at the SRX Beamline of NSLS-1I. A) UHV
enclosure for the nano-KB mirrors and the sample stages on a small granite support. B) Magnified view
around the sample. The focused beam exists through a 50 um-thick diamond window. Laser
interferometers and a metrology disc are designed to correct the circle of confusion for the sample
rotation stage.

Figure 4: TXM XANES imaging capability of the FXI Beamline at NSLS-1l. A) Ni oxidation image from a
LiNixCo,AlO2 (NCA) sample after the first charging to 4.4 V. The measurement took less than 10
minutes. B) XANES spectrum integrated over the white box in A), showing the linear component fits. C)
3D Ni oxidation map from the LiNisMns;Co,0; particles, showing the fraction Ni atoms in the +3 state.
Less than 2 hours were used to collect the entire data set, consisting of 72 separate tomography
measurements at 72 energies.

Figure 5: Examples of multimodal imaging at the HXN Beamline at NSLS-1I. A phase image of a
secondary battery particle analyzed by A) differential phase contrast imaging (DPC) and B) transmission
ptychography. The gray scale is in radian. The same dataset was used for obtaining A) and B). C)-E) XRF
tomography from TMA-LCO (LiCoO; doped with titanium (Ti), magnesium (Mg) and aluminum (Al)),
showing 3D distribution of Al, Co, and Ti, respectively. G)-J) simultaneously collected multimodal
imaging data from a single crystal grain within a Cu(In, Ga)Se; or GIGS solar cell thin-film, showing Ga
XRF, X-ray beam induced current (XBIC), lattice tilt, and strain images, respectively. Images C-E) are
taken from ref 17. Images G)-J) are from ref 8.

Figure 6: Bio-environmental research using multimodal and multiscale x-ray imaging. A) XRF image of
As (arsenic, red), K (potassium, green), and Ca (calcium, blue) in pinnae of P. vitatta frond measured at
XFM beamline showing localization of arsenic. B) XRF image of As (red), K (green), and S (sulfur, blue) in
tissue section (20 micron) of pinnae at location indicated by yellow dashed line, measured at SRX
beamline. At this incident energy, S signal is poor and cannot resolve individual S species. C) S speciation
map at TES beamline of adjacent pinnae showing distribution of 3 distinct S species.

Table 1



. imaging energy max. . . .
.Fov | h
beamlines method range resolution max. FO imaging modality tomography
FXI full-field 5-10 keV 20 nm 50 um | absorption Yes
fluorescence, differential phase
HXN scanning 6-20 keV 12 nm* 30 um contrast, diffraction, Yes
ptychography, and XANES
SRX scanning | 4.5-20keV | 100nm | ~1.5mm | uorescence, XANES, EXAFS, and In 2021
diffraction
TES scanning | 2.0-5.5 keV 5um ~3 mm fluorescence, XANES, and EXAFS No
. fluorescence, diffraction,
XFM scanning 4-20 keV 2 um ~100 mm Yes

absorption, XANES, and EXAFS
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Figure 6




