Color ptychography with a hyperspectral X-ray camera
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ABSTRACT

A possible improvement on a new method of single acquisition hyperspectral (spectroscopic) ptychographic
imaging, making use of a hyperspectral X-ray camera, is presented. Synchrotron undulator tapering is used to
broaden the energy distribution of the X-ray beam to a suitable level. The combination of a coherent imaging
method such as ptychography with spectroscopy poses difficulties in experimental setup design regarding probe
size. The final goal of the experiment, a K-edge subtraction, is not achieved, but the technique is nevertheless
promising. We discuss the problems and their possible solutions.
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1. INTRODUCTION
1.1 Ptychography

Ptychography is a diffractive imaging method that uses many overlapping adjacent coherently illuminated sample
areas to iteratively reconstruct a complex image of both the object and the illuminating probe. The modulus of
the object corresponds to its attenuating properties and the phase to the electron density of the sample. Pty-
chography and conventional Coherent Diffraction Imaging (CDI) are theoretically diffraction limited. Compared
to conventional CDI, it allows imaging of extended samples. Similar to CDI, it requires a coherent illumination
that is usually only available at synchrotron facilities.

1.2 Hyperspectral ptychography

Multi-spectral ptychography has been demonstrated before by scanning a sample area for each desired wave-
length separately and combining the different reconstructions to feature an energy dimension.! Our group has
furthermore successfully demonstrated a method that uses a hyperspectral detector to capture a hyperspectral
dataset of diffraction patterns (diffractograms) in a single ptychographic acquisition.? The present article focuses
on an improvement on this same method via undulator tapering (see section 2). It also investigates a different
sample.

Conceptually the hyperspectral detection capabilities move the longitudinal aspect of the coherence require-
ments from the experimental domain to the post-processing domain. These relaxed experimental requirements
have the potential to bring ptychography from synchrotron facilities to small laboratory setups, which has re-
cently been demonstrated for the first time.> The data described in this article was however acquired at a
synchrotron, where more precise control over the radiation spectrum is possible.

In addition to the relaxing of experimental requirements, the extra energy dimension creates an opportunity
for single acquisition elemental mapping by edge subtraction, which is what this article focuses on. A caveat
that comes with hyperspectral detectors is that because they measure the total energy incident per pixel per
sampling interval, they can only function properly in conditions of relatively low flux (compared to the detector
temporal and spatial sampling), where photon pile-up events are unlikely. In our case the flux of a polychromatic
source should not exceed approximately 5 photons per pixel per second. This requirement naturally increases
the necessary exposure time.
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2. METHODS
2.1 Setup

The described experiment was carried out at the Diamond Light Source I-13 beamline, at the branch line for
X-ray Imaging and Coherence that is specialized in reciprocal space imaging such as ptychography.* Because
the energy resolution of the hyperspectral detector is significantly larger than the bandwidth of the undulator
harmonics (respectively approximately 140 eV versus 27 eV), for the purpose of this experiment the undulator
was tapered. Tapering refers to the introduction of an angle between the two (usually parallel) sides of the
undulator, which broadens the spectral width of the outgoing radiation. By centering an undulator harmonic
over an absorption edge and increasing the spectral width using tapering, the spectrum can be optimized for
edge subtraction using our hyperspectral detector.

The experimental setup is shown in figure 1. To provide a suitable probe size, the incoming X-ray beam is
focused using a diffractive Fresnel Zone Plate (FZP). The center of the X-ray beam is blocked by a Central Stop
(CS) to make better use of the low dynamic range of the detector and to reject the zero order diffraction. This
blocking is later corrected for in the reconstruction algorithm by ‘floating’ the unilluminated pixels.® All higher
order diffraction is rejected using an Order Sorting Aperture (OSA).

A difficulty arises: because the FZP focal length is wavelength-dependent, the probe size at the sample
stage inherits a strong wavelength dependency as well. Conventional CDI requires a probe size that is inversely
proportional to the angular detector pixel pitch. A probe size that satisfies this CDI criterion at a certain central
energy, will not do so anymore at an energy that is too high or too low. When a probe is too small, the resulting
lack of overlap at the sample stage renders a data set unreconstructable at that energy. Probes that are too wide
may in principle be solved in ptychography to some extent in the reconstruction stage via upsampling, albeit at
a computational expense.ﬁ’7

However, at very high or low energies, the probe will be too large at the OSA plane and the OSA will clip it,
deteriorating the probe by diffracting from the edges and breaking the lateral coherence. As a consequence, the
range of photon energies for which diffractograms can be meaningfully captured in a single acquisition is limited.

With this setup an attempt has been made to perform a K-edge subtraction on a zeolite particle containing
Bromine (K-edge 13.474 keV).

2.2 SLcam

The hyperspectral detector used to capture the diffraction patterns is the SLcam.®? It has a frame rate of 400 Hz
and a functional X-ray sensitive area of 12.7 mm? distributed over 264x264 pixels of 48 pm? each. Employing a
450 pm depleted Silicon layer, it functions like a charge coupled device, collecting and measuring electron charge
clouds generated by absorbed photons during each sampling interval.

2.3 Reconstruction

Ptychographic reconstruction is done using the PtyREX Python package!? based on the iterative ePIE algo-
rithm.'* Oversized probes are accommodated using upsampling.” A spectral bandwidth is selected from the
energy data cubes (diffractograms with an energy dimension) output by the detector, defining a balance between
photon statistics and longitudinal coherence. All photon events within this bandwidth are summed together to
form one set of diffractograms that is subsequently fed into PtyREX to create a reconstruction.

3. RESULTS

Figure 2 shows reconstructions of the Bromine sample. One is done with an energy below the K-edge with a
selected spectral bandwidth of 60 eV. After repeated attempts at reconstructing we were not able to obtain
a higher energy reconstruction that is sufficiently artifact free to perform a meaningful edge subtraction. The
reconstruction at the top row is done exactly centered at the K-edge (spectral bandwidth 50 eV) to see whether
an artifact free reconstruction would converge at this limit, to no avail. This might be related to instabilities in
the sample during acquisition, creating inconsistencies in the recorded reciprocal space dataset and preventing
the reconstruction algorithm to converge. However, the problem is most certainly exacerbated by the probe size
limitations described earlier. Future experiments will therefore benefit from achromatic focusing methods.
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Figure 1. Experimental setup. CS: Central Stop, OSA: Order Sorting Aperture, FZP: Fresnel Zone Plate.
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Figure 2. Top row: reconstruction at 13.47 keV, exactly at the Br K-edge energy. Bottom row: reconstructions at 13.33
keV, below the Br K-edge energy. The modulus image in the top row is governed by artifacts and any reconstruction at
an even higher energy would therefore not be suitable for edge subtraction.
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