New Imaging Opportunities at the DIAMOND Beamline 113L
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ABSTRACT

The Diamond Beamline 113L is dedicated to micro- and nano- imaging, with two independently operating branchlines.
The imaging branch preforms imaging in real space, with In-line phase contrast imaging and grating interferometry at
micrometre resolution and full-field transmission microscopy up to 50nm spatial resolution. Highest spatial resolution is
achieved on the coherence branchline, where diffraction imaging methods such as Ptychography and Bragg-CDI are
performed. The article provides an update about the experimental capabilities at the beamline with an emphasis on the
rapidly evolving ptychography capabilities. The latter has evolved to an user-friendly method with non-expert users able
to explore their science without any specific a-priory knowledge.

Keywords: tomography, synchrotron radiation, nano-imaging, phase contrast, X-ray microscopy, ptychography, CDI

1. INTRODUCTION

Synchrotron radiation provides unique opportunities for high-resolution imaging and exploration of new science. The high
photon flux gives access for in-situ and in-operando studies with dedicated sample environments. High spatial resolution
data can be recorded with reasonable time scales. The high brilliance of the source and the coherence of the light are
explored for imaging in real and reciprocal space. The energy tuneability of the radiation gives access to chemical
information.

The Diamond beamline 113L addresses science on the micro- and nano- lengthscale for samples ranging from some tens
of microns to millimeter size. While micro-tomography is well established at the beamline and accessible for any
application, high-resolution experiments have made significant progress in the recent past. In particular the experiment for
ptychography is now available with a complete data pipeline for non-expert users. The emphasis is on the usability of the
instrument to a wide range of scientific applications and a large user community.

2. THE BEAMLINE

The 113 beamline is an imaging beamline located in one of the long straight sections of the Diamond 3 GeV electron
storage ring[1, 2]. The long straight section has been modified by the so-called ‘mini-beta’ layout, dividing the section in
two shorter units with smaller vertical electron beam. Each section operates independently an in-vacuum undulator with
ID gaps down to 5mm. The design provides about one order of magnitude increased photon flux at higher photon energies
compared to the unmodified layout. The horizontal beta function of the electron beam is shaped to form a (virtual) focus
downstream of the location of the insertion device (ID). For the coherence branch the focal spot size is about 200 um at a
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distance of 15 m from the ID. This location in the front end is accessible and a set of slits allows adjustment of the (virtual)
source size and therefore the lateral coherence length to the requirements in the experimental hutch at a distance over
200 m from the source. The first optics hutch hosts further slits for beam trimming, a container for filters with a large
variety of combinations. On the coherence branch a set of compound refractive lenses (CRLS) is used for changing the
beamsize in the external hutch. Each branch deflects the beam horizontally with mirrors, different stripes on these mirrors
define the cut-off energy at higher photon energies. The mirror on the imaging branchline is bendable to horizontally
collimate/focus the beam, the coherence branch mirror is plane and has an undercut to compensate for the heatload and to
preserve the surface flatness of about 150nrad. On the imaging branch a multilayer Laue monochromator (MLM) with
different multilayer systems is used, ranging from 1-5% bandpass. In the external building a double crystal monochromator
(DCM) with Si(111) crystals on the imaging branch and a four-bounce monochromator (QCM) in horizontal deflecting
mode are installed. All beamline components are water-cooled.

3. EXPERIMENTAL FACILITIES AT 113

3.1. The Diamond-Manchester Imaging branchline

The imaging branch covers the micron to 50nm resolution range. The micro-tomography setup provides micrometer
resolution, limited by the detector system which includes a visible light microscope optic. Tomographic scans can be
performed within seconds. The features of weakly absorbing samples can be enhanced with the In-line phase contrast
method, moving the detector up to two meters from the sample. Grating interferometry is currently implemented with the
same spatial resolution, but providing small-angle scattering and quantitative phase information [3-5]. Finally a full-field
microscope reaches 50nm resolution over about 100um field of view [6, 7]. The exposure time is down to some tens of
ms, similar to micro-tomography. For all methods broader energy bandwidth radiation is used typically, either with the so-
called pink-beam (In-line phase contrast and Grating Interferometry) or the multilayer monochromator (MLM).

3.2. The Coherence branchline

The coherence branch is designed for experiments with extended coherence requirements, primarily CDI and ptychography
(see figure 1) [8, 9]. A full ptychographic imaging pipeline is currently available for user operations, with the ongoing
development of multi-modal (XRF, XRD) and Bragg geometries. At the experimental station the lateral coherence length
in the vertical direction is of several hundred microns [10]. The horizontal coherence length can be adapted to match the
vertical coherence length with slits located in the front end. Under these conditions the focusing optics at the endstation
are fully coherently illuminated. The blazed Fresnel-Zone plates provide a minimal spot size of about 200nm. Larger beam
spots are typically generated either by defocusing the optics or using zone plates with larger focal length.

The sample stage consists of a 6-axis base stack, with (from bottom to top) a vertical lift stage, an x-z translation stage,
and x-z tilt stage, an air bearing rotation stage (about y) on top of which sits on a 2-axis scanning stage, with an x-z stepper
motor for alignment and an x-y-z piezo stage. The scanning stage is able to scan in any plane, either relative to, or
independent of the stages beneath -an important feature for both ptycho-tomography and Bragg ptychography. The piezo
stage has a range of 300 um in all three directions. The air bearing stage has a run-out of 50nm. The data is recorded either
in transmission or under Bragg conditions. The transmission detectors are supported on a linear rail of 3-14m and the
Bragg detectors are placed on a robot arm at a nominal distance of 3m and translates through a solid angle limited by 30°
in the vertical and horizontal directions [8, 9]. Because of the large flexibility and space available in the hutch, experimental
conditions can be varied to cover a large range of resolutions and sample sizes, a detector —sample distance typically
ranging from 3.5 to 14m with corresponding effective pixel size of 4 and 16nm respectively [11, 12].

Proc. of SPIE Vol. 11112 111120L-2



Ptychography

Bragg-CDI
Detector

Ptychography
Detector

Sample stage

Figure 1: Left: Scheme for experimental setup on coherence branch. Right: Image of experimental hutch. In foreground sample stage,
robot arm and detector for Bragg CDI. In the far background at the end of the hutch the ptychography detector is located.

3.2.1 Recording of data

The data is recorded with the in-house developed EXCALIBUR detector [13, 14], containing a 6x8 MediPix3 array with
100Hz recording speed in continuous mode and 1 kHz in burst mode. For fast recording an Eiger 500k detector is being
commissioned (more details below). The smaller version of the EXCALIBUR is the commercially available Merlin
detector, using a 2x2 MediPix3 array. The MediPix3 has a pixel size of 55um, and has an improved radiation hardness
compared to its predecessors.

Spectroscopic capabilities are added — but not currently implemented permanently - with the Vortex detector which can
be operated with a multi-element readout EXPRESS3 module.

We recently demonstrated the possibility of element specific ptychography from a single scan using the hyperspectral
SLcam detector (see figure 2) [15, 16]. The device is a pnCCD with 48um side length pixels in a 264x264 array. The signal

depth is 11 bit with an energy resolution of about 150eV. For the experiment the energy width of the undulator harmonic
was increased to permit the single scanning of data into the different energy channels of the SLcam.

Test sample: Ni-Cu grid

Ni grid

Single detector scan:

E_nergy channel No.

8.2 keV 8.5 keV
Below Ni-Edge Above Ni-Edge

Figure 2: Image series extracted from single ptychographic scan using energy selective SLcam hyper-spectral detector. Test sample
consists of a stacked copper and nickel grid, the latter can be identified by its absorption edge [16].
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3.2.2 Recording speed

Currently data is recorded in standard operation with some tens of Hz rate, with scanning area of 20 um?s. A typical 3-
D ptycho-tomographic scan requires ten hours of recording time, recording up to 1000 projection angles.

We have demonstrated that we are capable to reconstruct ptychographic data with 10 us exposure time using pink beam,

which leads to a possible recording speeds in excess of 10 kHz (see figure 3) [11]. Detector, stages and beamline controls
are currently upgraded to fully explore the opportunity of rapid scanning.

NN

Figure 3: Reconstructed data of Siemens star with short exposure times, left 1ms, right 100us. The latter proofs the feasibility of scanning
at 10kHz rate. The two circular indicator lines are positioned at spoke separations of 200 and 100nm [11].

The detector has been upgraded to an Eiger 500k with the capability of 9 kHz data acquisition rate at 4 bit image depth
and 3kHz in 12 bit mode. The rapid sample scanning is operated with software originally designed for serial
crystallography [17, 18] with low-level programming of the beamline’s PMAC controller and a user-friendly GUI
interface. For the future it is planned to succeed the software with the Diamond developed Malcolm/mapping architecture.
The recording at high-speed will occur in fly scan mode and is currently tested.
More recently we managed to increase the scanning speed in fly-scan mode to 20 um?s™* with an acquisition rate of 600Hz.
The in-house developed PtyREX ptychographic software handles the necessary adjustments for sample position and the
polychromaticity of the radiation spectrum (pink beam).

3.2.3 Beamline controls, data analyses and the PtyREX software package

For the 113 coherence branchline a GUI interfaced software package has been implemented to control the experiment
and to analyse the data (interface screenshot see figure 5). For reconstructing the ptychographic data the PtyREX
software package has been developed. The code is based on the ePie algorithm [19] aiming for iterative Ptychographic
Reconstruction for electrons and X-rays, as well as visible light. The software is modular and has a multitude of options
for reconstructing the data. The beam module can retrieve the probe under partial spatial coherence but also limited
temporal coherence, when multiple wavelengths are used for the experiment. In the scanning module the positions of the
scanning points can be corrected, which is essential when recording fly-scans [20]. Regarding the detector, the data is
scaled with the detector response function and data can be eventually up-sampled [21, 22]. Super-resolution depending
on the experimental conditions can be achieved. The program can be executed with any permutations of the modules.

Proc. of SPIE Vol. 11112 111120L-4



The python-written code is stored on GitHub and is available on request [23]. The beamline produces data in either tiff or
HDF format with a NeXus header file. Other reconstruction packages are also being available, such as PtyPy [24, 25].
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Figure 4: The controls and reconstruction software is fully integrated into the Diamond GDA/DAWN architecture and provides a
complete data recording and analyses chain [23].

4. SCIENCE COVERED

One example for multi-scale and multi-modal research is the investigation on fall-out particles collected from the
Fukushima reactor accident (see figure 5) [26]. The micro-tomographic data shows the formation of gas bubbles embedded
in a glassy structure. Both indicate that a sudden burst at high temperatures must have happened during the incident (glasses
form during sudden changes of exterior conditions). The co-location of chemical elements in the particle provides a
scenario for the fire following the burst and where and what caught fire. The element specific fluorescence information is
revealed by spectro-ptychographic mapping.

Figure 5: Example of multi-scale and multi-modal imaging; study of fall-out particle from Fukushima accident. Left: ptychographic
reconstruction of single projection. Right: 3D rendering of micro-tomogaphic data (upper left) and correlation of different elements
detected by fluorescence [26].

Other examples for multi-scale imaging at 113 are batteries research (charge cycles, electrode materials), biological and
bio-medical applications (brain research, study of insects, imaging of chromosomes) and materials sciences (crack
formation and propagation, material corrosion, dendritic crystal growth).
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5. SUMMARY

The Diamond beamline 113L is dedicated to multi-scale and multi-modal imaging. Two independently operating branches
cover the micro- and nano-lengthscale. The imaging branch offers In-line phase contrast imaging, Grating interferometry
and full-field microscopy covering the micron to 50nm. Ultimate resolution is achieved with Ptychography and Bragg-
CDI. In particular Ptychography is implemented now as a user-friendly experiment for non-experts, user-friendly Bragg-
CDl is to be developed secondly. We demonstrated the feasibility of recording data with 10 kHz rate and element-specific
recording in a single scan. The PtyREx software is used for data analyses and includes modules for position correction and
polychromaticity. The experiment has now evolved to a user-friendly package, suitable for non-expert scientists in
ptychography. We currently develop the science exploiting the instrumental capabilities offered by the beamline.
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