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tool in medical diagnostics and materials science. For

biological tissue samples, polymers or fibre composites,
however, the use of conventional X-ray radiography is limited
due to their weak absorption. This is resolved at highly
brilliant X-ray synchrotron or micro-focus sources by using
phase-sensitive imaging methods to improve the contrast.
However, the requirements of the illuminating radiation mean
that hard-X-ray phase-sensitive imaging has until now been
impractical with more readily available X-ray sources, such as
X-ray tubes. In this letter, we report how a setup consisting
of three transmission gratings can efficiently yield quantitative
differential phase-contrast images with conventional X-ray
tubes. In contrast with existing techniques, the method requires
no spatial or temporal coherence, is mechanically robust, and can
be scaled up to large fields of view. Our method provides all the
benefits of contrast-enhanced phase-sensitive imaging, but is also
fully compatible with conventional absorption radiography. It is
applicable to X-ray medical imaging, industrial non-destructive
testing, and to other low-brilliance radiation, such as neutrons
or atoms.

In conventional X-ray imaging, contrast is obtained through
the differences in the absorption cross-section of the constituents
of the object. The technique vyields excellent results where
highly absorbing structures such as bones are embedded in
a matrix of relatively weakly absorbing material, for example
the surrounding tissue of the human body. However, in
cases where different forms of tissue with similar absorption
cross-sections are under investigation (for example, mammography
or angiography), the X-ray absorption contrast is relatively poor.
Consequently, differentiating pathologic from non-pathologic
tissue in an absorption radiograph obtained with a current
hospital-based X-ray system remains practically impossible for
certain tissue compositions.

To overcome these limitations, several methods to generate
radiographic contrast from the phase shift of X-rays passing
through the sample have been investigated®'®. They can be
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classified into interferometric methods™*, techniques using an
analyser’” and free-space propagation methods*"*. These methods
differ vastly in the nature of the signal recorded, the experimental
setup, and the requirements on the illuminating radiation. Because
of the use of crystal optics, interferometric and analyser-based
methods rely on a highly parallel and monochromatic X-ray
beam. The required spatial and temporal coherence lengths' are
given by & = A(Aa/a)™" and & = A(AE/E)™", where A is the
wavelength, A/« is the angular acceptance and AE/E is the
energy band pass of the crystal optics. With typical values of
Aa/a <107 and AE/E <107, they range in the order of & >
107° m and &, > 107% m. Propagation-based methods can overcome
the stringent requirements on the temporal coherence, and have
been demonstrated to work well with a broad energy spectrum'>'®
of AE/E >10% (§,~ 10~° m). However, they still require a typical
spatial coherence length of & > 10~ m, which is currently only
available from micro-focus X-ray sources (with correspondingly
low power) or synchrotrons. These constraints have, until now,
hindered the final breakthrough of phase-sensitive X-ray imaging
as a standard method for medical or industrial applications.

In this letter, we demonstrate how an alternative approach
using a grating-based differential phase-contrast (DPC) setup
can be efficiently used to retrieve quantitative phase images
with polychromatic X-ray sources of low brilliance. Similarly to
equivalent approaches in the visible light'®'” or soft X-ray range'?,
we recently showed that two gratings can be used for DPC imaging
using polychromatic X-rays from brilliant synchrotron sources'>?.

Here, we describe how the use of a third grating allows for
a successful adaptation of the method to X-ray sources of low
brilliance. Our setup consists of a source grating Gy, a phase grating
G, and an analyser absorption grating G, (Fig. 1a) with periods p,,
p1 and p,. The source grating, typically an absorbing mask with
transmitting slits, placed close to the X-ray tube anode, creates an
array of individually coherent, but mutually incoherent sources.
The ratio, y,, of the width of each line source to the period p,
should be small enough to provide sufficient spatial coherence for
the DPC image formation process. More precisely, for a distance

nature physics | VOL 2 | APRIL 2006 | www.nature.com/naturephysics

©2006 Nature Publishing Group



LETTERS

d between G, and G, corresponding to the first Talbot distance®
of d = p? /84, a coherence length of & = Al/y,p, > p, is required,
where [ is the distance between G, and G,. With a typical value of
a few micrometres for p,, the spatial coherence length required is
of the order of & > 107° m, similar to the requirements of existing
methods (see above). It is important to note, however, that a setup
with only two gratings (G, and G,) already requires, in principle,
no spatial coherence in the direction parallel to the grating lines, in
contrast with propagation-based methods*™".

As the source mask G, can contain a large number of individual
apertures, each creating a sufficiently coherent virtual line source,
standard X-ray generators with source sizes of more than a
square millimetre can be used efficiently. To ensure that each
line source produced by G, contributes constructively to the
image-formation process, the geometry of the setup should satisfy
the condition (Fig. 1b)

l
POZPZXQ.

It is important to note that the total source size w only
determines the final imaging resolution, which is given by
wd/l. The arrayed source thus decouples spatial resolution from
spatial coherence, and allows the use of X-ray illumination with
coherence lengths as small as & = Al/w ~ 10™® m in both
directions, if the corresponding spatial resolution wd/l can be
tolerated in the experiment. Finally, as a temporal coherence of
& >10"° m (AE/E > 10%) is sufficient’®, we deduce that the
method presented here requires the smallest minimum coherence
volume & x & x & for phase-sensitive imaging if compared with
existing techniques.

The DPC image-formation process achieved by the two
gratings G, and G, is similar to Schlieren imaging” and
diffraction-enhanced imaging®”. It essentially relies on the fact that
a phase object placed in the X-ray beam path causes slight refraction
of the beam transmitted through the object. The fundamental
idea of DPC imaging depends on locally detecting these angular
deviations (Fig. 1b). The angle, « is directly proportional to the
local gradient of the object’s phase shift, and can be quantified by*'

A 3D (x,y)
o=——"2"
27 0x

where x and y are the cartesian coordinates perpendicular to the
optical axis, @ (x,y) represents the phase shift of the wavefront,
and 21 is the wavelength of the radiation. For hard X-rays, with
A < 0.1 nm, the angle is relatively small, typically of the order of
a few microradians.

In our case, determination of the angle is achieved by the
arrangement formed by G, and G,. Most simply, it can be thought
of as a multi-collimator translating the angular deviations into
changes of the locally transmitted intensity, which can be detected
with a standard imaging detector. For weakly absorbing objects,
the detected intensity is a direct measure of the object’s local phase
gradient d @ (x, y) /dx. The total phase shift of the object can thus
be retrieved by a simple one-dimensional integration along x. As
described in more detail in refs 19,20, a higher precision of the
measurement can be achieved by splitting a single exposure into
a set of images taken for different positions of the grating G,. This
approach also allows the separation of the DPC signal from other
contributions, such as a non-negligible absorption of the object,
or an already inhomogeneous wavefront phase profile before the
object. Note that our method is fully compatible with conventional
absorption radiography, because it simultaneously yields separate
absorption and phase-contrast images, so that information is
available from both.

)
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Figure 1 Talbot-Lau-type hard-X-ray imaging interferometer. a, Principle: the
source grating (Gy) creates an array of individually coherent, but mutually incoherent
sources. A phase object in the beam path causes a slight refraction for each
coherent subset of X-rays, which is proportional to the local differential phase
gradient of the object. This small angular deviation results in changes of the locally
transmitted intensity through the combination of gratings G, and G,. A standard
X-ray imaging detector is used to record the final images. b, Scanning electron
micrographs of cross-sections through the gratings. The gratings are made from Si
wafers using standard photolithography techniques, and subsequent electroplating
to fill the grooves with gold (G, and G).

Figure 2 shows processed absorption, DPC and reconstructed
phase images of a reference sample containing spheres made
of polytetrafluoroethylene (PTFE) and polymethylmethacrylate
(PMMA). From the cross-section profiles (Fig. 2d), we deduce that
1940.6% (7.0£0.6%) of the incoming radiation is absorbed in the
centre of the PTFE (PMMA) sphere. By comparison with tabulated
literature values?, a mean energy of the effective X-ray spectrum
of Eppean ©22.41+1.2 keV (A~ 0.0553 nm) is deduced. To discuss
the results for the object’s phase shift (Fig. 2¢), we have to consider
the real part of the refractive index, which, for X-rays, is typically
expressed as n =1 —§. For a homogenous sphere with radius r, the
total phase shift through the centre of the sphere is @ = 4mwr§/A.
The experimentally observed maxima of the integrated phase shifts
are Pprpp = 54 21 and Ppypa = 32 £ 27 (Fig. 2f), from which
we obtain: Sprpg = 9.54£0.8 X 1077 and Spypp = 5.94+0.6 x 1077,
which is in agreement with the values in the literature?>. Note
that because our method provides a quantitative measure of the
absorption and integrated phase shift of the object in each pixel,
the results can be used for further quantitative analysis, such as
the reconstruction of a three-dimensional map of the real and
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Figure 2 X-ray images and section profiles of a test sample containing one PTFE and two PMMA spheres, retrieved from image data recorded with a standard
X-ray tube operated at 40 kV/25 mA. a, Conventional X-ray transmission image. b, DPC image d & /dx. ¢, Object phase shift & retrieved from d & /dx by integration. The
images are represented on a linear greyscale. d—f, Section profiles through the corresponding image data of the PTFE (red) and the PMMA sphere (blue).

~

Figure 3 X-ray images of a small fish retrieved from image data recorded with a standard X-ray tube operated at 40 kV/25 mA. a, Conventional X-ray transmission
image. b, Differential phase-contrast image. c—h, Two-times magnified and contrast-optimized parts of the transmission (c,e,g) and the differential phase-contrast image
(d,f,h): ¢,d, parts of the tail fin; ef, the region around the otoliths; g,h, the eye of the fish. All images are represented on a linear greyscale.
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imaginary part of the object’s refractive index using computerized
tomography algorithms.

Figure 3 shows the results of applying our method to a
biological object, a small fish (Paracheirodon axelrodi). The
conventional X-ray transmission image is shown in Fig. 3a, whereas
Fig. 3b contains a greyscale image of the corresponding DPC
signal. As both images were extracted from the same data set,
the total exposure time, and thus the dose delivered to the
sample was identical for the two cases. The field of view is
20 mm(vertical) x 7 mm (horizontal). As expected, the skeleton
of the fish and other highly absorbing structures, such as the
calcified ear stones (otoliths) are clearly visible in the conventional
radiograph (Fig. 3a,e). However, small differences in the density
of the soft tissue, for example, the different constituents of the
eye, are hardly visible in the conventional absorption image
(Fig. 3g). In the corresponding DPC image (Fig. 3h), they are
clearly visible. Likewise, the DPC image shown in Fig. 3f reveals
complementary details of the soft tissue structure surrounding the
otoliths, whereas only the highly absorbing structures are visible
in the corresponding transmission image (Fig. 3e). Finally, we
observe that, in particular, smaller structures with higher spatial
frequencies, for example, the fine structure of the tail fin, are better
represented in the DPC image (Fig. 3d) than in the corresponding
absorption radiograph (Fig. 3¢).

On the basis of these results, we conclude that the method
presented here represents a major step forward in radiography,
with standard X-ray tube sources that could provide all of
the information imparted by conventional radiography, with
additional information on soft tissue. This may prove to be of
clinical importance, particularly in the detection of soft tissue
pathologies. This hope is further supported by the fact that DPC
methods generally exhibit advantages in the imaging of tumour
masses, with relatively slow variations of the integrated phase
shift compared with other phase-contrast imaging methods, for
example, free-space propagation®. As the results were obtained
with a standard, cheap and commercially available X-ray tube
generator, we predict a widespread application of our method
in areas where phase imaging is desirable, but is currently
unavailable. For example, we believe that this method can readily be
implemented without major changes to currently existing medical
imaging systems, particularly in view of the ease of fabricating
large-area gratings using standard photolithography, the high
resistance of the method against mechanical instabilities, and the
possibility of using detectors with large pixels and a large field
of view (see Supplementary Information, Fig. S1). Furthermore,
because the DPC image formation is not intrinsically coupled to
the absorption of X-rays in the material, the radiation dose can
potentially be reduced by using higher X-ray energies. Finally,
these results open the way for phase-imaging experiments using
other forms of radiation, for which only sources of relatively
low brilliance currently exist, for example, beams of neutrons
or atoms™.

METHODS

The experiments were carried out on a Seifert ID 3000 sealed tube X-ray
generator operated at 40 kV/25 mA. We used a Mo line focus target FK 60-04,
with a focus size of 8 mm (horizontal) x 0.4 mm (vertical). Because of the
inclination of the target with respect to the optical axis of our setup of ~26°, the
effective source size in our setup was 0.8 mm (horizontal) x 0.4 mm(vertical).
The gratings were fabricated by a process involving photolithography, deep
etching into silicon® and, in the case of Gy and G, electroplating with gold.
They had periods of: pg = 127 um, p; = 3.938 um, and p, =2 um. We currently
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use typical opening fractions of y, = 0.2-0.4 (Gy), and structure heights of the
absorbing lines of ~100 um (Gy) and 10-15 um (G, ). To date, we can fabricate
suitable gratings with surface areas of up to 64 mm x 64 mm. The gratings were
placed with their lines perpendicular to the optical axis of the setup and parallel
to the vertical direction. The distances between the gratings were ] = 1.765 m
and d =27.8 mm. The detector was placed directly behind the last grating, G,.

The images were recorded using a 100-um-thick yttrium aluminium
garnet (YAG) fluorescence screen, with an optical lens system and a cooled
charge-coupled device (FLI IMG 1001) equipped with a Kodak chip of
1,024 x 1,024 pixels (pixel size: 24 pm x 24 um). The effective point-spread
function was mainly determined by the thickness of the fluorescence screen to
2230 um. The exposure time for a single raw image was 40 s. In total, 27 raw
images were recorded and processed to reduce the statistical and systematic
errors of the measurement'>?. Note that the total exposure time can be greatly
reduced by (1) using a more efficient detector, as our detection system only had
an estimated efficiency of ~1%, (2) decreasing the distance between the source
and the sample, and (3) using standard rotating anode X-ray generators with a
power of a few kW.

The PTFE sphere used in the experiment had a density of p =2.2 gcm™
and a radius of r = 0.8 mm. The corresponding values for the PMMA spheres
are: p=1.19gcm™ and r =0.75 mm.

3
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