
Journal of

Imaging

Article

Applications of Laboratory-Based Phase-Contrast
Imaging Using Speckle Tracking Technique towards
High Energy X-Rays

Tunhe Zhou 1,* ID , Fei Yang 2,†, Rolf Kaufmann 2 ID and Hongchang Wang 1

1 Diamond Light Source, Harwell Science and Innovation Campus, Didcot OX11 0DE, Oxfordshire, UK;
hongchang.wang@diamond.ac.uk

2 Empa, Swiss Federal Laboratories for Materials Science and Technology, 8600 Dübendorf, Switzerland;
fei.yang@excillum.com (F.Y.); rolf.kaufmann@empa.ch (R.K.)

* Correspondence: tunhe.zhou@diamond.ac.uk; Tel.: +44-1235-77-8017
† Now at Excillum AB, Torshamnsgatan 35, 164 40 Kista, Sweden.

Received: 15 March 2018; Accepted: 8 May 2018; Published: 11 May 2018
����������
�������

Abstract: The recently developed speckle-based technique is a promising candidate for
laboratory-based X-ray phase-contrast imaging due to its compatibility with polychromatic X-rays,
multi-modality and flexibility. Previously, successful implementations of the method on laboratory
systems have been shown mostly with energies less than 20 keV on samples with materials like soft
tissues or polymer. Higher energy X-rays are needed for penetrating materials with a higher atomic
number or that are thicker in size. A first demonstration using high energy X-rays was recently given.
Here, we present more potential application examples, i.e., a multi-contrast imaging of an IC chip and
a phase tomography of a mortar sample, at an average photon energy of 40 keV using a laboratory
X-ray tube. We believe the results demonstrate the applicability of this technique in a wide range of
fields for non-destructive examination in industry and material science.
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1. Introduction

High energy X-rays are used for many applications in non-destructive examinations in industry
or security for materials with high density or large thickness, because of their higher penetration ability.
Biomedical imaging, such as dental and chest radiography, or large animal imaging, is also a field
where high energy X-rays are applied. Research shows that even low-absorbing tissues, such as breast
tissue, with the aid of phase-contrast imaging technique, can be imaged by X-rays with higher energies,
providing the benefit of lower dose deposition [1].

X-ray phase-contrast imaging (XPCI) has drawn increasing attention as being complimentary or
an alternative to the conventional attenuation-contrast method. From the phase contrast, the electron
density of the material can be retrieved [2]. With the contrasts from both attenuation and phase, the
complex refractive index of a material can be obtained. This allows the effective atomic number to be
calculated and hence the quantitative characterization of the material [3]. Moreover, comparisons have
been done theoretically and experimentally for the two contrast mechanisms and have shown that the
phase contrast can provide higher signal-to-noise ratio for high spatial resolution imaging of materials
within certain energy ranges [4–6].

While the attenuation of the X-ray intensity can be measured directly with an X-ray detector, the
phase shift needs to be converted to a detectable signal and retrieved using post processing. Varieties
of XPCI techniques have been developed during recent decades [7,8]. Some of them have a high
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demand on the temporal coherence of X-ray beams, which are more practical for synchrotron sources,
such as crystal interferometry [9], and analyzer-based imaging, also known as diffraction-enhanced
imaging [10]. For XPCI to be practical and more accessible for medical imaging and industrial
non-destructive examination, laboratory sources are the preferred options. Several XPCI methods are
compatible with polychromatic X-rays, namely propagation-, grating-, speckle-based imaging and
edge illumination [11–14]. With the aid of monochromators, the analyzer-based technique has been
realized using laboratory sources [15]. Energy-sensitive detectors can potentially enhance the imaging
signal-to-noise ratio [16] and loosen a phase-contrast technique’s demand on monochromaticity of
a beam.

The speckle-based imaging (SBI) technique has been developed in recent years, starting at
synchrotron facilities [17,18]. SBI has then been implemented on a laboratory-based liquid-metal
jet source with an average X-ray energy less than 20 keV [13]. The imaged samples had materials
with a low atomic number, such as organic polymers. A first demonstration of implementing SBI
on high-energy X-ray laboratory source has been presented recently with an average energy over
100 keV [19]. For many XPCI methods, the challenge of being implemented to a high energy range
involves the fabrication of corresponding optics. For example, an absorption grating with an aspect
ratio of 143 was fabricated for the grating-based phase-contrast imaging technique for 100 keV [20].
The fabrication process can be both cost- and time-consuming. In comparison, steel wool was used
as a random wavefront mask for SBI [19]. No stringent requirement on optics allows SBI to be easily
and widely implemented. Here, we further investigate the applicability of SBI on commercially
available laboratory sources towards high energies of the multi-contrast modalities and phase-contrast
tomography. Tests from two samples are presented here: An integrated circuit (IC) chip and a cement
mortar specimen, as examples of potential applications.

2. Materials and Methods

The experiments were conducted at Empa’s Center for X-ray Analytics. The alignment is shown
in Figure 1a. The source was a Hamamatsu source in an EasyTom system from Rx Solutions (Rx
Solutions SAS, Chavanod, France), with a tungsten target operated at 80 kV with an emission current
of 74 µA. Estimated from a simulated spectrum [21], the average photon energy was about 40 keV.
The detector, located 1.03 m downstream of the source, was a CCD camera based on a scintillator
coupled by a fibre optic plate. The camera was binned 2 × 2 during experiments, resulting in a pixel
size of 18 µm. The camera sensor area is 36 × 24 mm2, meaning the numerical aperture of the imaging
system was about 35 mrad horizontally and 23 mrad vertically. The speckle pattern was generated by a
stack of three layers of sandpaper (P220) with an average grit size of 68 µm [22], as shown in Figure 1b.
Steel wool (Grade 0000) with an average fiber thickness of about 25 µm [23] packed to around 3 mm
thick was also tested as wavefront modulator and is shown in Figure 1c. The speckle pattern from steel
wool had higher visibility, but much higher absorption. If visibility is defined as the ratio of standard
deviation and mean intensity within a subset window V = σ/I, the average visibility of the speckle
pattern from sandpaper is about 5% and from steel wool 17%. A subset window of 50 × 50 pixel2

and an average over the image was used for calculation of visibility to provide better statistical data.
However, the mean intensity in the speckle image from the sandpaper is 8 times higher than the image
from the steel wool. Due to the limitations of the flux, the sandpaper was used for the experiments.
The samples were mounted on a rotational stage located 0.2 m downstream of the source. The diffuser
was mounted 7 cm away from the sample. The distances between each component in the alignment
are flexible, which is easy to implement in any laboratory, compared to other phase-contrast imaging
techniques, e.g., grating interferometry, which needs to match the grating periods and corresponding
Talbot distances. With longer effective propagation distance, the speckle visibility is higher. A longer
propagation distance also gives higher angular sensitivity, with the cost of lower flux density. A larger
magnification means a smaller field of view. Therefore, there are tradeoffs for any alignment geometry
and an optimization can only be discussed with a determined goal.
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Figure 1. (a) Illustration of the experimental alignment. X-ray image of (b) sandpaper and (c) steel
wool, and profiles from the dashed lines.

The principle of the speckle-tracking technique applied in the experiment is that the speckle
patterns generated by the sandpaper function as a wavefront marker. The distortion of the wavefront
can be retrieved by tracking the spatial change of the wavefront marker. Under the assumption
that the phase is not changing rapidly, a rigid shift (ux, uy) of the speckle pattern is approximated.
The wavefront refraction can hence be measured as (αx, αy) = p

z (ux, uy), where p is pixel size and
z is the propagation distance. Taking two speckle images with and without a sample in the beam,
the shift of the speckle pattern between the two images can be calculated pixel-wise by normalized
cross-correlation and then by polynomial fitting to achieve sub-pixel resolution [24]. The precision of
the algorithm is 0.001 pixel, meaning that the limit of spatial and angular resolution in this experimental
alignment are 18 nm and 24 nrad, respectively. The observable resolution critically depends on
the noise level in the result, which is largely determined by the photon noise and visibility of the
speckle pattern [25]. Under small angle assumption, the differential phase contrast is approximately
proportional to the refraction angle as

(
∂Φ
∂x , ∂Φ

∂y

)
= 2π

λ (αx, αy). The phase map can then be integrated
from the phase gradients in two directions. Simultaneously, the transmission image T can be achieved
by calculating the intensity change between the images; while the change of the visibility of the speckle
patterns can be defined as the dark-field images D =

σsamp

Isamp
/ σref

Iref
, providing information about the small

angle scattering of a sample [26].

3. Results

The first result presented here is the multi-contrast radiography of an IC chip. The image was
acquired with an exposure time of 5 min. The imaging processing uses a cross-correlation window
width of 27 pixels with hamming weighting. The choice of the subset window size is a tradeoff between
the spatial resolution and the noise level [25,27]. It is flexible, with a thumb of rule of being larger than
the speckle size. Figure 2 shows the results of the multi-contrast images with the refraction angle in
horizontal and vertical directions shown in Figure 2a,b, respectively; the phase shift in Figure 2c, the
dark-field image in Figure 2d and the transmission image in Figure 2e. Figure 2f,g are the marked areas
from the refraction angle Figure 2b and the vertical differential of the transmission image Figure 2e,
respectively. The differentiation is taken to have a more visually straightforward comparison with the
differential of the phase signal, as the derivative of a signal has the potential of higher sensitivity to
small structures. From Figure 2f, we can distinguish structures beneath the resistor, such as the example
indicated by the arrows in the figure, but in Figure 2e,g, there is not enough attenuation-contrast for
the structures. For a non-destructive examination of strong absorbing products, like in this example,
the speckle-based technique can realize multi-contrast imaging from a single data set and provide
complimentary information. Structures that cannot be identified from the conventional attenuation
signal can hence be examined from signals based on other modalities. The flexible experimental
arrangement and low-cost wavefront modulator can allow this technique to be easily implemented for
online quality control or production monitoring in laboratories or industry.
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Figure 2. The multimodal images of a chip retrieved from the speckle-based imaging method:
(a) refraction angle in horizontal and (b) in vertical direction, (c) phase shift (d) dark-field signal
and (e) transmission image. (f) shows the refraction angle in vertical direction of the zoomed region
in (b), and (g) is the transmission signal differentiated in vertical direction from the region of interest
from (e).

The second example is a tomography scan of a mortar specimen. Cement mortar is one of
the most commonly used construction materials. To understand the materials’ physical properties,
such as strength, permeability, etc., extensive knowledge of their microstructure and composition
is essential. Various imaging techniques have been applied to study the microstructure, such as
light microscopy, electron microscopy, etc. [28,29]. Being non-destructive, X-ray tomography has
the advantage of conserving the original state of the sample and removes the need for sophisticated
sample preparation [30,31]. Attenuation contrast works well between pores and groundmass, but
faces challenges distinguishing other components. XPCI has been applied on porous samples using
the grating-based technique at synchrotron facility and with a conventional X-ray tube [32,33].
High resolution phase-contrast tomography has been achieved using methods such as the Zernike
phase-contrast method and ptychography, at synchrotron sources [34,35]. A complex refractive index
was retrieved from the phase and absorption signal. With similarities in imaging technique to the
grating-based method, the speckle-based method has the potential for a similar achievement, with a
more cost-efficient and more flexible manner that, offers complimentary information for laboratory
non-invasive examinations.

The mortar specimen was casted following the mixing design as described below: 0.51
water-to-cement ratio by mass, 50% volumetric fraction of sand (0.3–0.4 mm average size and 1 mm
maximum size) and 19% volumetric fraction of cement CEM I 52.5 N (3.13 g/cm3 density and
3440 cm2/g Blaine fineness). After being cured for 91 days, a cylindrical mortar specimen was
cored out of the large specimen, while being flushed with deionized water. The sample was dried in
oven at 50 ◦C for 5 days, and then its lateral surface was covered with a 70-µm-thick polyimide film.
Before the scan, the sample was kept in a dried state.

The scan was taken with 1 min exposure time for each projection and 992 projections over
360◦. The width of the cross-correlation window was 33 pixels. Tomographic reconstruction of the
phase images was done with Feldkamp-Davis-Kress (FDK) algorithm [36] with ram filter in Octopus
software [37]. One reconstructed slice from phase data is shown in Figure 3a and the volume rendering
in Figure 3b. As marked in Figure 3, from the reconstruction result we can clearly identify the different
components in the sample. The brighter large particles are the sands, the brightest small particles
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are the unhydrated cement, the relative darker ground regions are the cement paste, and the darkest
regions are the pores. The difference of the components is also shown in the line profile that passes
through regions of cement paste, sand and cement, in the inset of Figure 3a. Some artefacts observed at
the outer part of the sample as bright edges were induced by the strong edge enhancements due to the
rapid phase change at the edge of the sample. It has been shown that these artefacts can be reduced by
using the images with sample in the beam instead of the flatfield image in the processing algorithm to
remove the edge enhancements [38]. The oscillation observed in the line profile in the cement paste
and sand are partially due to the uncorrected ring artifact and the pores that are unresolved by the
imaging system presented. The cement paste region, which has higher level gray value oscillation, in
particular contains the pores that have a size of nm to tens of µm, which are far below the resolution of
imaging system, but may shift the gray value. In addition, there might be unhydrated cement particles,
which are below the level of spatial resolution. Due to these artifacts, the result presented here may not
be highly quantitatively accurate, however it demonstrates the potential of applying the speckle-based
imaging on tomography on a laboratory source towards high energies with future improvement.

Figure 3. (a) Reconstructed tomographic slice of phase image of a mortar specimen. Inset shows
the intensity profile of the dashed line marked in the slice. (b) Volume rendering from the
reconstructed tomography.

Compared to previous study from Prade et al. [33], the source used in this study had over 10
times less power and effective pixel size that was about 30 times smaller. A longer exposure time was
therefore needed. As rapid developments occur in X-ray tube research, there are already microfocus
sources with higher power on market than the conventional tube used in Ref. [33], such as the metal-jet
source. With a more powerful source, a more efficient detector, and without the absorption of the
source and analyzer gratings as in the grating-based method, the speckle-based technique has the
potential to have comparable or even shorter exposure time than in Ref. [33]. The spatial resolution
for speckle tracking technique here is largely limited by the correlation window size but can be
largely improved by using extra stages to scan the wavefront modulator, e.g., in 1D, 2D raster or a
non-gird scheme [26,39,40]. The speckle size and visibility also affect the spatial resolution and noise
level [24,25], which can be adjusted by changing to different diffusers for other applications.

4. Conclusions

The speckle-based imaging has been implemented on a laboratory source with an average energy
of 40 keV. The results of the multi-contrast signal of a chip show structures which otherwise cannot be
seen by conventional attenuation-contrast imaging. A first demonstration of a tomography of a cement
mortar sample on a laboratory system using the speckle-based technique towards high energies has
been presented. It shows the applicability of the technique for volumetric reconstructing of porous and
composite materials. As the image quality can be further improved by utilizing a higher-power source,
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more efficient detector, scanning scheme, etc., the speckle-based technique shows potential to be widely
applied in the future for non-destructive imaging for industry and research in material science.
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