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ABSTRACT

X-ray Grating Talbot Interferometery (XGTI) is already routinely usadgluantitative phase contrast imaging of soft
tissue samples. XGTI can be realized using various measurement techdapegjing on the X-ray source used, the
required spatial resolution and the speed of acquisition. The phase-steppdugemesnt technique, which is commonly
used for XGTI data acquisition, needs multiple acquisitionsafaingle projection. For fast imaging the Moiré
technique, a singlskot method, is often preferred. Howevérrequires two gratings which increases the dose on the
sample. We have therefore examined the Spatial Harmonic Imaging (SHI) texhwvhich is low-dose and single-shot,
using the 113-2 Diamond-Manchester Beamline at Diamond Light SoDic®8)( The DLS 113-2 beamline is equipped
with a Double Crystal Monochromator (DCM) and a Multi-Layer Monoclatmm (MLM) to deliver monochromatic
beam, which work at the energy bandwidtdg/F) of 10* and 1@, respectively. However, the disadvantage of using
these monochromators, especially for fast imaging, is loss of Xuaylflhas already been shown that XGTI can work
with an energy bandwidti€/E) of 10% Our aim is to develop a single phase grating interferometer withby@akn
from an undulator source, with X-ray mirror optics and multgtisorption filters, to obtain maximum possible flux with
sufficient coherence and monochromaticity. We demonstrate performanteptinized beamline parameters for a
photon energy of 15 keV with some example image reconstructions.

Keywords. X-ray grating interferometer, Phase-contrast imaging, Spatial Harmoragirlgy Tomography, Fast
imaging, Pink-beam

1. INTRODUCTION

XGTI is a phase-contrast imaging technique that can provide three imafgastanodes from a single interferogram.
Besides standard absorption contrast, it provides differential phase cobf&t Combination of these two contrast
modes is very useful when the sample has multiple phasesxdmple highly absorbing components combined with
slightly absorbing or purely phase-sensitive mateti&l§he third contrast mode that we can obtain from XGTI is the
Small Angle X-ray Scattering (SAXS) contrast which manifests itself as reédigiility of the interference pattern due
to presence of the samplé gives access to spatial information below the pixel size of the detector.e Qttiér phaes
contrast imaging techniques, XGTI asquantitative phase-imaging techniduand the requirements on the temporal
resolution are moderate. It has been shown that grating interferometry oaalibed with an energy spread of about + 2
keV >

XGTI has been used with variety of X-ray sources. An X-ray tulice was usedn combination with three
transmission gratings to demonstrate XGTI for the first fimater it was performed with liquid-metal-jet source
and recently with micro computed tomography system phoenix nanotoh{®niversal Systems, US). Synchrotrons
are used for fast XGThB monochromator (eg. MLM or DCM) has the limitation of lower flux etieough it gives the
highest contrast images. Using synchrotron white beam from a wigmlece, Momose et al. have shown that high-
speed X-ray phase imaging is possiblEne other aspect of building an XGTI for fast imaging is the suement
technique. A proof of principle experiment was first reported by Takedh®etlamonstrating phase-stepping XGTI
with a single phase gratinglthough this reduces the total acquisition time, multiple images péeqgbian are still
required. A recent report, quantitatively comparing this type imjles grating XGTI with the double grating,
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demonstrates that even though the cont@sbise ratio is lower for single grating XGTI, the spatial resolution is
twofold better!® To observe processoccurring ata few tens of millisecond time-frames it is desirable to have an even
quicker data measurement technique. Therefore, we have explored the ig®agoé single harmonic peak from a
synchrotron undulator X-ray source by filtering the pink befomfast or dynamic imaging. In conjunction with the
filtered X-ray pink beam, we also used the single gratingt&ttiniqué:'%'%to speed up the data acquisition. The XGTI
system described below can reconstruct data using only a single intenferag can therefore be used for dynamic
imaging. However, the drawback is that spatial resolution is limited simcdiaimonic images extracted from the
Fourier transform of the interferogram are band limited

2. EXPERIMENTAL SETUP

In this section, we describe the fundamental principles of grating intedéznnts operating conditions, and additional
settings we used for generatingthe filtered pink X-ray beam, inclukdéindata processing techniques.

2.1 X-ray grating Talbot interferometer

XGTI works on the principle of the Talbot efféttvhich is a near-field diffraction phenomenon. A plane wave incident
on a periodic structure, such as phase or absorption grating, arepatpwnstream goreplicates the structure at a
periodic distance fronit. These periodic positions where there is revival of the grating structure I Talbot
distances or fractional Talbot distanceg)(é phase gratingvith = or 7/2 phase-shifting structures are usually preferred
since they create a rectangular pattern aitteximum visibility. For a 1D 7/2 phase-shifting grating, @ is given by

2
dy=—b_ (1)
2n°

forn=1,3,5..., 7 =1, where p is thgeriod of the grating, and A the X-ray wavelength. Typically, the interference

pattern period is of a few microns in size. A detector placed at this maxuisibility position can be used to collect the

interferograms. Since we do not have a second grating, we need #ohigh spatial resolution detector system to

resolve the grating structure of the interferogram. Processingitéréerograms, measured with and without sample in
the beam, produces three different contrast modes of the grating inteefero There are different types of

measurement and data analysis techniques that are available, builwatiap was for fast/dynamic imaging, hence we
used the SHI techniqua brief description of the latter is provided in Section 2.3.

2.2 Filtered X-ray beam (pink beam)

The 113 beamline at DLS is located on one of the long straight secfitims storage ring with a mini-beta layout giving
space for tw branchlines113-2 Imaging and 113- Coherenc¥. Since we are using an undulator source, there are
periodic peaks in the flux versus energy curve. These peaks chifted by changing the magnetic field by altering
the Insertion Device (ID) gap. Therefore, by changing the ID gagaweyet one of the harmonics to peak at a particular
energy. In addition, we can use the X-ray reflecting mirror to attenuatefptiré spectrum. Fig. 1 in Referent®
shows an example of this setup for 15 keV. Here the X-ray beam fine undulator source passes through the
attenuating filters and is then reflected by a silicon mirror to obtain agspeak at 15 keV. We have carbon filters to
absorb very low X-ray energies and aluminum filters which attenuate/¥up to approximately 15 keV. In addition,
we have yittrium filter which has K-edge at 17 keV to suppress all endoyies than 15 keV. At an ID gap of
approximately 11.09 mm, one of the harmonics has a peak atat8ukeV and all the other harmonics are suppressed
due to the combination of filters and the Si reflective mirror. The dasheditdushows the effective filter transmission,
whereas the dashed violet line shows the mirror reflectivity. The soliduae represents the effective spectrum
arising from the combination of filters, mirror reflectivity and ID gap sestiriche undulator spectrum and the X-ray
spectrum with filters were generated using the Spectra sotfarestandalone application for calculating various
characteristics of synchrotron radiation.

2.3 The Spatial Harmonic I maging (SHI) technique

Principles of the SHI technique were detailed elsewh&té sowe restrict ourselves to presentinga brief account of the
technique In SHI technique, a high resolution detector system is used at a fracfmbak distance to measure the
interferograms directlyto resolve the grating structure. A sample placed in the beam attermmate®fracts the
interferogram which is proportional to the product of the transneittani the object with the grating patt€rnFourier
transform of a given projection image (which gives a convolutioth@fsample spectrum with that of the grating grid



structure), we have one primary peak centered at the spatial frequigieyand at least two harmonic peaks adjacent to
the primary peak. An inverse Fourier transformadfand-pass-limited image of the primary peak produces an image
which is sensitive to only transmitted amplitude. This can be useddolata the attenuation image. A band-pass-
limited image of the %t harmonic peak is a complex conjugate image, which implies that thesgmrs#ive to both an
amplitude anda phase signal. Since amplitude of ttéharmonic represents the reduction of the total amplitude from
scattering, comparing the amplitude of the primary atidhdrmonics gives the dark-field (DK) contrast image. The
argument of this complex conjugate image provides the DPCimage.oOthe most valuable aspects of the SHI
technique for fast imaging is that we can get all three contrast modalitiesfsingle interferogram, albeit at the cost of
reduced spatial resolutioh

3. EXPERIMENT

Our experiment was performed at the 113-2 beamline ImagingcBliaa at DLS,using filtered pink X-ray beam, with
energy centered around 15 keV and a spread~@ keV producedrbm a combination o Si mirror and X-ray filters.
We used the following X-ray filts: carbon (1.3 mm), aluminum (1.8 mm) and yittriuB® (um). The ID gap was set to
11.09mm to produce an undulator harmonic peak at that energy as described in 8ttioA 1D phase grating of
4.785 pm nominal period was used, which give8m2 phase shift at 15 keV. The detector was placedlat cm from
the phase grating, corresponding to tHefractional Talbot distance. cB.edge 5.5 (PCO AG, Germany) camera was
used witha 4x objective lensTaking into account the magnification created by the objective and the optigabeents

of the detector system (giving 8x total magnification), the effective siaesiofyle pixel of the detector was 0.81 x 0.81
pm. The visibility of the interferograms measured with a 4x magiién objective was 14.6 £ 0.5 %.

4. RESULTSAND DISCUSSION

The main objective of the study was to demonstrate theftikered pink beam to perform grating interferometeayd
most importantly for fast imaging. A filtered pink beam provides ali6e20 times more flux than the normal double
crystal monochromator beamt 113-2, the pink beam mode is stable which is essential for dynaqpézimentsasany
beam movement or instability is not easy to distinguish frompEamovement when a sample fills the whole field of
view of the detector systerit some X-ray energies, the filtered pink beam flux is comparable to thtaedILM.
Results from a static sample measured in this beam mode are shiherfollowing section. In section 4.3 below, we
elucidate the application of this system to fast imaging, in this case &nthsolvent crystallization of the amino acid
glycine.

4.1 Filtered pink beam static XGT| experiment

Initially, we conductd an experiment with a static sample to evaluate the performance of teensys silicified
Precambrian limestone sample from NW Canada was chosen for this evallEtofh shows the reconstructed images
from this sample.




Figure 1. Three different contrast modalities of grating interferometegémof a silicified Precambrian limestone rock
sample. (a) Linear attenuation coefficient, (b) DPC, (c) DK signal prayiilditional information. The images also show a
stable background signal.

Fig 1(a) shows the linear attenuation coefficient calculated from the tismiemimage showing a flat background
signal. The X-ray mirror that deflects the beam is horizontally refleciagny stability issue with the mirror would
manifest as smearing of the interference pattern. We did not perform any exelostasurement of the stability, but
over the course of measuring 2000 images we observed the ernedgrattern was stableig. 1(b) and 1(c) stw the
DPC and DK images respectively. These images show a crack, as indicatedrbpgm oval shape on the DPC and
DK images, which is not clearly evident in the attenuation image. Cleady,DfARC and DK image contain
moreinformation including - but not limited to - the crack indicatedhgyorange ovathe various features pointed out
by the red arrow mark are not visible in Fig 1(a)

The DPC image has high contrast, suggesting that beam transverancehsisufficient to reconstruct the imagdse
gray scale bar un®x in Fig 1c is the usual measure for describing the dark-field signait eeptesents the normalized
visibility of the sample image with with respect to background enAg indicated by the gray scale values outside of
the sample area in the DK image, the normalized amplitude is maximdiegting very low scattering in this area and
minimum around the edges where the most scattering od¢oies that the images in Fig.viiere obtained without any
filters being applied for smoothing. In the future, we plan toycamt a more thorough tedb compare these results
with this sample in a monochromatic beam condition.

4.2 Filtered pink beam dynamic XGTI experiment

Crystallization is an important process for manufacturing acrosstibke chemical and pharmaceutical industry sector
Traditional industrial crystallizers are fixed batch vessels, which presentiattimits to scale-up (and scale-down)
processes and the implementation of product and process vari&@mmtiuous crystallization is seen as a possible
route forward to overcome these challenges.

Anti-Solvent
APl . mthe . API
Solution . Solution
Mixing X-ray flaw
- imaging direction

o

Outlet




Figure 2. (a) Schematic of the flow crystallizer. (b,c,d) Recocistiuimages from a single interferogram from XGTI

dynamic measurement of the crystallization process. (b) The attaniratige shows the two fluids mixing at the entrance
of the inner tube. (c) The DPC image shows wrapping at the mixing, indicating higher contrast of this region. (d) The
DK contrast shows all the interfaces much clearly.

The aim of this work was to improve the understanding of the physioe¢gses taking place during the early stades
a continuous crystallization process producing organic crystals &digquid solution. The dynamic nature of this
process requires fast imaging. We have carried out an XGTI experisiag a concentric mixing flow crystallizer with
an outer Kapton tube for X-ray transparency. The studies were cartied an anti-solvent crystallization of glycine
Figure 2(a) showsa schematic of the setup. Flows of glycine solution, an amino,d@83 g glycine in 1 kg of water)
ard methanol (the anti-solvent) were combined. The solution was putinedih the outer tube and anti-solvent was
pumped through the concentric inner tube.

As described in the experiment section, the grating was pladeetween the sample and the detector at a fractional
Talbot distance. The images were acquired with a 0.5 s exposuraiting,a total acquisition time of 90 dn total,
178images were acquiredrigs 2(b-d) show the reconstructed images from a single acquisition.afféreuation image
shows the formation of a mixing zone (green circle) where tle filam the inner tube mixes with fluid from the outer
tube. In the attenuation image (Fig 2(b)), the contrast of theldrdntmed right next to this mixing zone is very similar
to that of the mixing zone, while the DPC image has very high contrast as iddigadewrapped) mixing zone. The
DPC image after reconstruction was unwrappedHowever, the nixing area was not fully unwrapped, indicating
high level of contrast. Nevertheless, the most important aspect of these igegudtsthey provide spatiotemporally-
resolved insight into the mixing process. The DK image,Fig 2(d), shiosvdifferent interfaces very clearly.

Figure 3 Time-lapse montage of images of the anti-solvent crystallization ofngly The crystallization beg with the
formation of a mixing zone (at 16 s), followed by phaseas#jon (at 30 s) and nucleation (58 s). Finally, by 75 save
crystal growth, which happedat the mixing zone.

Fig. 3 shows how XGI demonstrated for the first time a spatially resobaddime visualization of the processes taking
place in the mixing zone of a concentfliow anti-solvent crystallizer. At 0 s, we observed the flow of smitrent from

the inner tubing and solution from the outer tubing forming #erfece. At 16 s we clearlya® the mixing zone of
solution, where we predict the crystallization takes plac&0 s we were able to see phase separation in solute/solvent
systems. By 58 s we were able to visualize crystal nucleation and fycigstal growth. We were able to detect these



unknown processes using the concentric device. This has opened upitarg ewute to studying various active
pharmaceutical ingredients (API) and their behavior during mixing antatiization. Future work includes modifying
the setup as well as taking images faster, to be able to visualize detailed infoahatiborystal nucleation and growth.

These experiments were focused on fast 2D imaging; the natural ertengicapplyto tomography. We believe that it
should in principle be possible to build a 3D image from a tomographic dassetth other types of grating
interferometer

5. CONCLUSIONS

We have demonstrated the operation of a filtered pink beam singlg %nating Talbot Interferometer, using a
Precambrian limestone rock sample and anti-solvent crystallization. From the iteisuevident that different contrast
modes provide complementary information about the object. The filténkdbpamis stable with good intensity for
dynamic experiment$-or imaging nucleation and the initial stages of crystal growth, DK contrbssissuited Future
work will include testing different filtered pink beam energies, improtimgintensity of the beam and demonstrating
tomographic reconstruction
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