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Owing to its extreme sensitivity, quantitative mapping of elemental distributions
Keywords: X-ray fluorescence; scanning X-ray via X-ray fluorescence microscopy (XFM) has become a key microanalytical
diffraction microscopy; ptychography. technique. The recent realisation of scanning X-ray diffraction microscopy
(SXDM) meanwhile provides an avenue for quantitative super-resolved ultra-
structural visualization. The similarity of their experimental geometries
indicates excellent prospects for simultaneous acquisition. Here, in both step-
and fly-scanning modes, robust, simultaneous XFM-SXDM is demonstrated.
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1. Introduction

X-ray fluorescence microscopy (XFM) provides exquisite
sensitivity allowing measurement of trace-elemental distribu-
tions at a resolution determined by the incident probe size (De
Samber et al., 2010; Jones et al., 2015; Hare et al., 2015; Fahrni,
2007). By scanning the sample with respect to the probe, XFM
can generate quantitative two-dimensional elemental maps,
offering insights into sample structure and function which are
unobtainable via any other means. The Maia detector system
(Siddons et al., 2014) at the XFM beamline at the Australian
Synchrotron (Paterson et al, 2011) allows rapid imaging
of large samples, largely due to the specific experimental
geometry, the large detector solid angle, and close integration
of scanning and fluorescence data channels (Kirkham et al.,
2010). The high efficiency of X-ray fluorescence detection
allows for samples to be imaged quickly ‘on-the-fly’, important
for covering large sample areas (Jones et al., 2015).

Using the same scanning geometry as XFM, but collecting
the transmitted coherent diffraction signal from overlapping
regions of the sample, a super-resolution quantitative image
may be iteratively recovered. This method is generally
referred to as ‘ptychography’ (Rodenburg et al., 2007), and
when the sample sits within the focal plane of a lens or other
focusing device the technique is described as scanning X-ray
diffraction microscopy (SXDM) (Thibault et al, 2008). In
addition to providing a quantitative image of the sample, the
illumination function can also be reconstructed (Thibault et
© 2016 International Union of Crystallography al., 2009), allowing simultaneous characterization of both
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sample and probe. Furthermore, it has recently been demon-
strated that effects such as partial coherence of the incident
illumination (Chen et al, 2012), sample vibrations or posi-
tional inaccuracies (Thibault & Menzel, 2013; Clark et al.,
2014a) can be accounted for through use of modal decom-
position for the propagation of the diffracting wavefield.
Recently, SXDM has also been demonstrated in fly-scanning
mode (Clark et al., 2014b; Huang et al., 2015; Pelz et al., 2014;
Deng et al., 2015a), allowing data collection times comparable
with the fast-scanning Maia detector system.

As XFM and SXDM share similar experimental conditions
and provide complementary quantitative information, it is
natural that they are combined in a single simultaneous
measurement (Schropp et al., 2010; Deng et al., 2015b). When
combined, SXDM provides ultrastructural context for the
elemental imaging (Vine et al, 2012; Deng et al., 2015c).
However, when the X-ray fluorescence detector is placed at
90° to the incident beam (Deng et al., 2015c¢), the sample is
usually rotated to allow efficient escape of fluorescent
photons. For some samples, this rotation can result in the
‘smearing’ of high-aspect features in one or both images
(Schropp et al., 2010). This effect can be eliminated where
fluorescence data are collected with the sample at normal
incidence to the beam, such as the Maia detector (Siddons et
al.,2014) and the low-energy fluorescence detection scheme at
TwinMic (Gianoncelli et al., 2009). In this paper we report on
the first simultaneous XFM-SXDM experiments at the XFM
beamline at the Australian Synchrotron implemented in both
step- and fly-scanning modes. We describe the integration of
SXDM data collection with event-mode XFM data acquisi-
tion, allowing seamless data handling for robust and efficient
SXDM image reconstruction and paving the way to routine
simultaneous SXDM and XFM data collection at the
Australian Synchrotron.

2. Method

X-rays with an incident energy of 10 keV were focused to
a spot of approximately 2.5 um FWHM with a Kirkpatrick—
Baez (KB) mirror pair (see Fig. 1la). A 100 pm pinhole
prevented unwanted mirror scatter from reaching the focal
plane. An in-vacuum undulator (IVU) defines the vertical
source position, while a horizontal secondary source aperture
(SSA-H) defines the horizontal source position at 4.5 m
upstream of the focus. A horizontal focusing mirror midway
between the IVU and SSA-H re-images the horizontal source
to the SSA-H, with white-beam slits 17 m upstream of the
SSA-H set to 1.1 mm x 0.2 mm (horizontal x vertical). To
provide a spatially coherent beam at the focus, the SSA-H was
set to 2.5 um, with the full vertical beam accepted from the
IVU delivering approximately 4 x 10’ photonss™' to the
sample with four spatially coherent modes in the ideal case.
Diffraction data were collected using an EIGER X 1M
detector with 75 um square pixels, placed 3.67 m downstream
of the focus, with a He-filled flight tube used to reduce air
scatter and absorption between the sample and EIGER
detector. Fluorescence data were collected simultaneously

Figure 1

Simplified schematic of the experimental arrangement for simultaneous
collection of SXDM and XFM data (a). An in-vacuum undulator (IVU)
and horizontal secondary-source aperture (SSA-H) define the vertical
and horizontal source positions. A KB mirror pair is used to create a
2.5 pm focus, while a 100 pm pinhole (PH) 5 cm upstream of the focus,
combined with the aperture through the Maia detector, remove parasitic
scatter from upstream optics. The EIGER 1M detector was placed 3.67 m
downstream of the focus with a He-filled flight tube (not shown) installed
between the specimen and the EIGER detector to reduce air scatter. All
distances are relative to the focus in metres. For simplicity, some upstream
optics are not shown and the figure is not to scale. Step- and fly-scan
trajectories are shown in (b) and (c), respectively, with the points in (b)
representing the sampling locations and the boxes in (c¢) representing the
extended trajectories over which diffraction data were acquired.

using a 384-element Maia (Revision C) detector (Siddons et
al., 2014) placed in its usual backscatter geometry.

The object imaged in this work was scanned in the focal
plane of the KB mirrors with 100 nm encoded stages in both
the horizontal and vertical directions. We used a Siemens star
test pattern comprising 450 nm of electro-deposited Au
patterned using electron beam lithography (EBL). Before lift-
off of the EBL resist, a continuous 60 nm film of Cr was
formed through physical vapour deposition. After lift-off of
the EBL resist, only the Cr deposited onto the Au regions
remains, resulting in a layered Au—Cr pattern. The pattern was
manufactured on a 100 nm-thick silicon nitride film residing
on a silicon substrate. Afterwards, a back-etching of Si was
performed to expose the free-standing silicon nitride film with
Au-Cr features. At 10 keV, the expected phase change due to
this thickness of material is approximately equal to 0.73 rad,
dominated by the Au layer. The Cr layer was used to provide
ready access to fluorescence images at energies down to
5.9 keV.

Data were collected in two different modes of acquisition:
‘step scan’ and ‘fly scan’. In step-scan mode, the specimen was
translated in a raster scan as shown in Fig. 1(b) with a sampling
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interval equal to 500 nm in both the horizontal and vertical
directions, with a software-triggered exposure time equal to
22.5 ms per frame. An additional 220 ms settling time per step
was included to minimize the effects of residual stage motion.
As the sample shutter remains open, the Maia detector
acquired data for a total of around 242.5 ms per position.
Accordingly, the total XFM imaging time was 2.8 h while the
SXDM imaging time was approximately 8.7 min with respec-
tive imaging doses of 7.2 x 10° and 7.4 x 10* Gy. In step-scan
mode, the image was collected at a mean rate of 0.64 umz s
including settling time.

In fly-scan mode the specimen was translated continually in
the horizontal direction at a velocity of 20 um s~ '. The scan-
ning points traced out a serpentine trajectory as shown in
Fig. 1(c). The Maia detector system was configured to generate
hardware pixel triggers for every 400 nm of sample movement,
which both delineated the fluorescence image pixels and
triggered the EIGER detector to acquire diffraction data.
With each received trigger, the EIGER detector acquired a
10 ms exposure, corresponding to 200 nm of sample move-
ment, with no diffraction data collected over the remaining
10 ms/200 nm. This 10 ms ‘dead-time’ between data acquisi-
tion removed the possibility of residual stage motion (such as
vibration or velocity inconsistencies) re-triggering the EIGER
detector, which we discuss in more detail below. The total scan
time was approximately 12 min. Dead-time (between SXDM
exposures) and end-of-line overheads result in an SXDM
imaging time of approximately 4.6 min. In this case, the
respective imaging doses for the XFM and ptychography
datasets were 9.3 x 10* and 4.6 x 10* Gy. In fly-scan mode,
data were collected at a rate of 6.7 um?s™' an order of
magnitude faster than step scanning.

SXDM requires exacting knowledge of the sampling loca-
tion of all diffraction data particularly when the reconstruction
engine does not include position refinement. This becomes
problematic when additional or missed camera triggers are
generated and not taken into account, especially for datasets
of ~10° diffraction frames. Depending on the triggering
architecture, non-ideal behaviour, including residual motion
in the specimen stage, can result in the generation of either
additional or missed camera triggers at each location,
depending on the exact cause. In our case, end-of-line posi-
tioner settling often resulted in multiple camera triggers. This
problem can be managed either by exact and careful control of
the camera triggering or by careful accounting of the acquired
frames. In this experiment, we chose the latter approach,
accounting for all the acquired frames by recording an
acquisition-in-progress (AIP) trigger from the EIGER
detector into the event-mode data stream. Using the EIGER
detector system, every AIP trigger corresponded to a single
diffraction frame, i.e. no data were lost. The total number of
diffraction frames recorded was never in disagreement with
the number of AIP signals recorded, showing excellent
performance of both detector systems. For typical XFM
imaging, all photon events are associated with their respective
pixels. However, in this case we seek instead to determine the
measurement coordinates of an ordered series of diffraction

frames. The AIP event data stream was parsed post-acquisi-
tion to extract the required coordinates allowing us to process
extremely irregular diffraction data without the need to
inspect the individual diffraction frames. Although this point
may seem trivial, full knowledge of the coordinates of each
diffraction frame allows reliable and automatic reconstruction
of images from SXDM data and is the key to the robust
deployment of this measurement.

Diffraction frames were cropped to 128 x 128 pixels around
the beam axis, and reconstructed using the ePIE algorithm
(Maiden & Rodenburg, 2009) with a reconstructed SXDM
pixel size equal to 47.4 nm. The entire set of diffraction frames
(23184 and 27377 frames for the step scan and fly scan,
respectively) was reconstructed on a single node of a cluster
using two GPUs (NVIDIA M2070) on the Multi-modal
Australian ScienceS Imaging and Visualization Environment
(MASSIVE) (Goscinski et al., 2014) using a data separation
and recombination scheme (Nashed et al., 2014); the recon-
struction was run for 500 iterations with ten orthogonal probe
modes, initialized as a Gaussian with 2.5 ym FWHM. The first
probe mode was updated for each iteration from the tenth
iteration, with all other modes updating from the 20th itera-
tion with the complete reconstruction taking less than 3 h. A
persistent phase gradient was corrected with a rolling-ball
background subtraction with a radius of 4000 pixels in Fiji
(Schindelin et al., 2012). Fluorescence data were analysed
using the dynamic analysis method in GeoPIXE (Ryan &
Jamieson, 1993).

3. Results

The results of simultaneous SXDM-XFM imaging in both
step- and fly-scan modes are presented in Figs. 2 and 3. Fig. 2
shows the SXDM reconstructed phase of the test object (a)
alongside the fluorescent maps for Cr (b) and Au (c) for the
step scan. From this comparison the increased resolution
afforded by SXDM is immediately apparent: in the fluorescent
maps the 0.5 um bars are only resolved at their outer edge
(where they approach 1 pm), while the SXDM images clearly
show the entire 100 nm bar (Figs. 2d and 3d). Figs. 2(d)-2(f)
show magnified views of the areas indicated in Fig. 2(a). Fig. 3
shows corresponding results for fly-scan data collection, again
highlighting the dramatically increased resolution offered
through SXDM. In this case, the rapid data acquisition
without settling time leads to far fewer fluorescent photons
being collected (less than 10% of the total imaging time),
resulting in poorer quality elemental maps. Comparison
between Figs. 2(a) and 3(a) shows excellent agreement
between the SXDM results in the two data collection modes,
despite using less than 50% of the SXDM imaging time in fly-
scan mode.

Further comparison of the SXDM data collection modes is
presented in Fig. 4. Here we see excellent agreement between
both step (a) and fly (b) scans, with both modes comparing
favourably with a scanning electron microscope (SEM) image
of the test pattern (¢). Both SXDM data collection modes
resolve the inner end of the 100 nm bars (red arrows), which in
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Phase (rad)

Figure 2

SXDM (a) and XFM maps for Cr (b) and Au (c¢) of the test pattern in
step-scan mode, with zoomed regions in (d)—(f) taken from the box in (a).
The increased resolution in the SXDM image is clear, with fine features
clearly resolved that are not visible in the fluorescent images. A region of
increased Cr fluorescence where the fabrication process failed to remove
part of the patterned Cr film is visible in (e), highlighted with the dotted
circle. The scale bar in (a) is equal to 10 pm.

the SEM image are hidden behind a layer of Cr that remained
after fabrication [white dashed circle in Fig. 2(e), and red
dashed circle in Fig. 4(c)], obscuring the innermost bars. We
note that this layer of Cr is not visible in the ptychography
reconstructions. With an expected phase change of 0.04 rad, it
is beyond our sensitivity limit for this measurement; however,
it is easily visible in the fluorescent images in Figs. 2(e) and
3(e), highlighting the complementarity
of the two imaging modalities.

Line profiles across two bars of the
pattern [position indicated in Fig. 4(a)]
for the step (solid) and fly (dashed)
scans are shown in Fig. 5(a). The profiles
confirm the qualitative similarities
between the results presented in Fig. 4,
with the step scan showing slightly
better agreement with the expected
phase change of 0.73 rad. To assess the
spatial resolution, the derivative of the
line profiles was taken, and the full
width at half-maximum (FWHM) for
each slope calculated using Gaussian
fitting. To determine the resolution, we
averaged the FWHM for the four slopes
present in the line, obtaining an

Figure 4

beneath.

Phase (rad)

Figure 3

SXDM (a) and XFM maps for Cr (b) and Au (c) of the test pattern in fly-
scan mode, with zoomed regions in (d)-(f) taken from the box in (a).
Once again, we see the increased resolution in the SXDM image;
however, as the total scan time is an order of magnitude faster, fewer
fluorescent photons were detected, resulting in poorer fluorescent maps.
The scale bar in (@) is equal to 10 pm.

experimental estimate of the resolution of 102 nm and 110 nm
for the step and fly scans, respectively (Fig. 5b), potentially
limited by an encoder resolution of 100 nm. The difference
between step- and fly-scan resolution is likely due to the
increased SXDM imaging time for the step scan resulting in a
larger number of photons being collected (higher imaging
dose), but may also be due to deviations in the assumed transit
across the specimen in fly-scan mode, eliminated in step-scan

Phase (rad)

Magnified view of the reconstructed phase of the transmission function resulting from (a) step and
(b) fly scans, with a comparison with an SEM (c) of the specimen, taken from the box in Fig. 2(d).
We can clearly see the inner end of the 100 nm bar (arrows). The circle in (c) highlights the 60 nm
layer of Cr which remained after manufacture; however, the SXDM images clearly resolve the Au
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Line profiles () comparing the step and fly scans (solid and dashed line in
each case) at the position indicated by the line in Fig. 4(a). Both profiles
are in good agreement. The derivative of the line profiles and the
Gaussian-fitted FWHM of the four steps are shown in (b). We obtain an
estimate of the resolution from the mean of the four FWHM at 102 nm
and 110 nm for the step and fly scans, respectively.

mode by the long settling time. Typically a measure of the
power spectrum density is used for resolution quantification.
In this case, however, we find that the power spectrum does
not show noise levels exceeding the signal and therefore an
assessment of the resolution cannot be obtained through these
methods. This is expected as the resolution obtained from line
profiles [Fig. 5(a) and 5(b)] corresponds to only two real-space
resolution elements.

The reconstructed probe function is shown in Fig. 6, with
the first three modes, together with the total probe intensity
shown in Figs. 6(a)-6(b) and Figs. 6(c)-6(d) for the step (Fig. 2)
and fly (Fig. 3) scans, respectively. Comparison between the
total probe intensity for the step and fly scans [Figs. 6(b) and
6(d)] shows the effects of probe broadening in the fly scan
(Deng et al., 2015a), although in this case the effect is minor as
the transit per exposure was 200 nm (less than 10% of the
probe width). The relative power distribution between the
probe modes is relatively even as seen in Fig. 5(e), with
significant power in the tenth probe mode. It is important to
compare and contrast this behaviour with that reported in the
literature. While in the present case we did not explore the
effects of sampling density, Pelz et al. (2014) report that this
can lead to a similar power distribution as that observed here.
However, Pelz et al. (2014) also reported that sparse sampling
density has a detrimental effect on fly-scan image quality while

step-scan image quality remains high. Comparing the power
distribution in the probe modes from Pelz et al. (2014) with
ours, we find that in contrast to Pelz et al. (2014) ours is similar
for both step- and fly-scan modes (Fig. 5¢) with similarly high
image quality (Figs. 2 and 3) obtained from each scan mode.
This suggests that sparse sampling is not likely to be the cause
of the even power distribution in the present case. In addition,
analysis of the static fringe visibility indicates that the spatial
coherence length is comparable with the probe diameter and
therefore unlikely to cause the even probe power distribution;
indeed a total of four spatially coherent probe modes are
present in the ideal case. Analysis of the beam intensity
delivered to the sample during the scan showed that the
intensity varied by less than 0.05% over the course of the
scans, and therefore is unlikely to result in the power distri-
bution of the probe modes observed.

This process of elimination leads us to conclude that the
gradual decrease in the power within the modes observed here
is likely due to residual stage motion. The addition of a fixed
vibration pattern in the sample has been shown to reduce
the power in the first mode by approximately 50%, while
increasing the relative power in higher-order probe modes
(Clark et al., 2014a). However, unlike the fixed vibrations
described by Clark et al. (2014a), in our case we have much
greater variability in our motion, which is constrained only to
within 100 nm. We believe it is the variability of the sample
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Figure 6 Mode Number

The first three probe modes and the total probe intensity for the step (a)—
(b) and fly (c)-(d) scans, respectively. Phase and magnitude are encoded
as hue and brightness as depicted in the colour wheel in (e). The scale bar
in (¢)-3 is equal to 1 pm. The probe in the fly scan is broadened compared
with the step scan by the distance traversed during each exposure as
expected (Deng et al., 2015a). The distribution of probe power across all
ten modes is shown in (e) for step (solid) and fly (dashed) scans.
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motion, which manifests as a decoherence of the imaging
system (Thibault & Menzel, 2013), that gives rise to the
broader power distribution across probe modes in the present
case. It may be expected that reconstruction quality should
increase by including additional probe modes; however, line
profile analysis of the reconstructions using 50 probe modes
show no measurable improvement in either the resolution
or contrast (see Fig. S1 of the supporting information),
suggesting that our relatively unknown motion kernel is the
limiting factor in our reconstruction quality. We anticipate
that, as the motion kernel of the specimen becomes more
accurately known through improved stage control, this motion
will no longer limit our reconstruction quality and the addition
of further probe modes will improve our results with fewer
probe modes required to fully describe the system.

4. Discussion and conclusions

We have demonstrated simultaneous X-ray fluorescence and
scanning X-ray diffraction microscopy in both step- and fly-
scan modes at the XFM beamline at the Australian Synchro-
tron. The results obtained for step and fly scanning are in
excellent agreement, with the reduced overheads from fly
scanning offering significant efficiency gains in data collection
with only minor resolution penalties. Incorporating the AIP
signal into the event-mode data stream allowed the SXDM
data to be robustly and automatically organized, providing
efficient analysis of large datasets. With this method of SXDM
data collection and organization we anticipate acquisition of
diffraction data in ‘free-run’ mode, where no triggers are sent
to the camera, but rather it is allowed to acquire at its
optimum rate, with the AIP signal recorded into the event-
mode data stream. This mode of operation will allow the
fluorescence and diffraction data acquisition times to be
decoupled from each other, with each collected at the
optimum rate for their respective detectors and analysis
methods. Furthermore, such operation relaxes requirements
for ‘perfect’” stage motion, with imperfect stage motion
potentially beneficial, providing the variability in diffraction
data positions required to break the uniformity of the Carte-
sian scan grid, thus avoiding ‘raster grid pathology’ (Thibault
et al., 2009). While this demonstration used an EIGER X 1M
detector, future measurements will be performed using the
PIXIRAD-1 detector (Bellazzini et al., 2013) with 512 x 476
55 pm hexagonal pixels.

As the two images are simultaneously collected with
common experimental parameters, information can be shared
between the two techniques (Vine et al., 2012; Deng et al.,
2015b). We anticipate that future work in this area will lead to
additional significant improvements, such as incorporating the
complex transmission function obtained from SXDM directly
into the calculation of the expected fluorescent yield on a per
XFM pixel basis, reducing the need for a priori knowledge of
the sample composition.

The geometry of the Maia detector allows large objects to
be placed at normal incidence to the beam, eliminating the
smearing of high-aspect features observed when some samples

are mounted at an angle to the beam (Schropp et al., 2010).
This arrangement has been shown to be advantageous for
large objects in XFM measurements (Jones et al., 2015), and,
when combined with efficient fly scanning and robust
diffraction data organization through event-mode data
acquisition, allows for large samples to be imaged without
compromising either data acquisition modes. Using this
geometry combined with the fast rate of data collection opens
the door to investigating entire small animals such as
C. elegans or undertaking population studies on many
samples, rather than single specimens typically imaged
through ptychography. Furthermore, we anticipate under-
taking dynamic studies on materials specimens with time
resolution of the order of minutes.

A planned upgrade to 20 nm encoders on the vertical and
horizontal stages will reduce real-space positioning errors. It is
anticipated that this upgrade will not only allow for resolution
improvements but also that fewer probe modes will be
required to fully describe the system. The present results were
collected with a secondary source size an order of magnitude
smaller than typical operation to improve the spatial coher-
ence and ensure that the EIGER detector is within the limit of
its dynamic range. To increase the incident flux on the sample
without saturating the detector, we plan to implement a semi-
transparent beamstop (Wilke et al., 2013) and incorporate the
influence of the reduced coherence under these conditions
into the reconstruction algorithms (Chen et al., 2012; Thibault
& Menzel, 2013). Alternatively, diffraction-limited storage
rings would provide an increased incident coherent flux
without the need for partial coherence algorithms (de Jonge et
al., 2014). With these changes, we will obtain higher statistics
in the fluorescent images in fly-scan mode and allow high-
resolution SXDM data to be collected at a rate that is
compatible with state-of-the-art fly-scan fluorescence data
collection using the Maia detector, enabling these two
complimentary techniques to be applied simultaneously
without compromise to either.
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