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Abstract: We report on asetup for differential x-ray phase-contrast imag-
ing and tomography, that measures the full 2D phase-gradient information.
The setup uses a simple one-dimensional x-ray grating interferometer,
in which the grating structures of the interferometer are oriented at a tilt
angle with respect to the sample rotation axis. In such a configuration,
the differential phase images from opposing tomography projections can
be combined to yield both components of the gradient vector. We show
how the refractive index distribution as well as its x, y, and z gradient
components can be reconstructed directly from the recorded projection data.
The method can equally well be applied at conventional x-ray tube sources,
to analyzer based x-ray imaging or neutron imaging. It is demonstrated
with measurements of an x-ray phantom and arat brain using synchrotron
radiation.

© 2011 Optical Society of America

OCI S codes: (110.7440) X-ray imaging; (340.7450) X-ray interferometry; (110.6955) Tomo-
graphic imaging; (110.3175) Interferometric imaging.
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1. Introduction

Hard x-ray phase-contrast imaging in combination with tomographic reconstruction is a pow-
erful tool for 3D investigations, especially of weakly absorbing biological specimens where it
can provide better contrast than absorption tomography [1,2]. The grating interferometer based
differential phase contrast (DPC) method has obtained increasing attention sinceitsinvention a
few years ago [3-5], asit is compatible with conventional x-ray tube sources[6, 7]. This opens
up wide-spread applications, for instance in medical imaging [8]. Grating interferometry has
also been applied to neutron phase contrast imaging and tomography [9].

The phase gradient is a two-dimensional vector, but the differential methods measure only
one of its components, that is, only a directiona derivative of the phase-shift projection .
Knowledge of the two-dimensional gradient vector is crucial, because it enables tomographic
reconstruction of the three-dimensional phase gradient vector field and more accurate recovery
of @ and its tomographic reconstruction, reducing low-frequency reconstruction artifacts and
phase clipping.

Two approaches to record the full gradient vector with a grating interferometer have been
reported. One is to rotate the sample or the entire interferometer around the optical axis [10],
though thisrequires an additional axisof rotation and istherefore hardly compatible with gantry
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Fig. 1. Scheme of phase-contrast tomography using a one-dimensional grating interferom-
eter. The sampleis mounted on arotation axis 6 to enable tomographic scans. Downstream
of the sample are the beam splitter phase grating G1, the absorbing analyzer grating G, and
an imaging detector (not shown here). (a) Conventional arrangement with the grating lines
parallel to the sample rotation axis and (b) tilted grating interferometer arrangement with
the grating structures tilted, here by an angle of & = 7/4. The normal ng to the grating
structures (gray arrows) points along the direction of the measured gradient component.

systems in medical tomography scanners. The other possibility is to use two-dimensional grat-
ing structures[11], which suffers from slow data acquisition asit requires phase stepping in two
dimensions or, when used in single-shot mode, only provides reduced spatial resolution[12,13].

Here, we present a simple arrangement that allows to measure the full two-dimensional gra-
dient vector using one-dimensional gratings with only a small modification to the conventional
grating interferometry setup. Further, we show how projections acquired with this configura-
tion can be used directly for tomographic reconstruction. Our arrangement avoids inconvenient
rotation of interferometer or sample around the beam axis and is well suited for gantry systems
in computed tomography (CT) scanners.

2. Gratinginterferometer and experimental setup

Figure 1(a) shows the conventional two-grating setup for DPC tomography at a synchrotron
beamline. The sample rotation axis used for tomographic scansis vertical, allowing for immer-
sion of the sample in aliquid environment. Using vertical grating structures, oriented parallel
to the sample rotation axis, the phase gradient component in the plane of rotation is recorded
by phase stepping, i.e. trandating one of the gratings in several steps over at least one grat-
ing period. This setup enables direct tomographic reconstruction of the refractive index decre-
ment [14].

In the tilted-grating setup shown in Fig. 1(b) the grating structures are tilted by an angle &
with respect to the sample rotation axis. The grating structures are no longer paralel to the
sample rotation axis. This enables measurements of the out-of-plane gradient component Jg @
aong anormal to the grating structures n: = (cos&,siné), indicated in Fig. 1 by gray arrows.

Thefull 2D gradient Vi,®(t,z 0) can be determined from the measurement of two opposing
projection images gy and gg . recorded at tomographic projection angles 6 and 6 + 7, respec-
tively. Although the directional derivatives in both projections are measured aong the same
direction n¢ in the fixed detector coordinate systemtz, they point into two linearly independent
directionsin the sample system (which isrotating around 2).
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Fig. 2. Projections of the x-ray phantom. (a,b) DPC projection pair go and g, recorded with
vertical gratings at tomographic projection angles 6 = 0 and 7 respectively. (c) flipped pro-
jection (gz)’, same data as (b) but flipped at the sample rotation axis. (d,e) DPC projection
pair recorded with tilted gratings at £ = /4 (45°). (f) projection data from (€) flipped at
the sample rotation axis. While (a) and (c) only provide the horizontal component of the
phase gradient, the projections recorded with tilted gratings (d) and () yield two linearly
independent components and thus the full 2D gradient vector. All images are displayed
with alinear gray scale with deflection anglesin the range of [—2.6,2.6] prad.

To demonstrate this, we imaged an x-ray phantom as schematically shown in Fig. 1 with
vertical grating lines and with the gratingstilted to & = /4 (45°).

All measurements were carried out at the Tomcat beamline (X02DA, described in Ref. [15])
of the Swiss Light Source (SLS) at a photon energy of 25keV (AE/E ~ 2%) selected with
a [W/Si]100 multilayer monochromator. The source-to-G1 distance was 25 m and the distance
between G1 and G2 was 0.12m, corresponding to the third fractional Talbot distance of the
phase grating. The phase grating G1 (xr shifting, period p; = 3.98 um) and the absorption
grating G2 (p2 = 2.00 pm) were made of silicon and silicon filled with electroplated gold
respectively [16]. The x-ray camera consisted of aluminescent screen (100 pm YAG:Ce) lens-
coupled (1:1 magnification, f-number 2.5, 150 mm focal length) to a CCD camera (PC0O2000).
The exposure time was 125 ms per image. We selected a 1529 x 413 pixel region of interest,
with an effective pixel size of 7.4 um, which is the factor limiting the spatial resolution of the
imaging system. The grating interferometer at the Tomcat beamline is described in more detail
elsawhere [17].

At each projection angle a phase-stepping scan was recorded by translating the grating G2 in
10 equidistant steps over two grating periods. All recorded phase-stepping images were dark-
and flat-field corrected and processed to obtain projections of the differential phase signal [5].

3. Phasegradient vector in projections

Differential phase contrast projection images of the x-ray phantom for the setup with vertica
and with tilted gratings are shown in Fig. 2. For each setup, the figure shows the projections go
and g, recorded at projection angles 6 = 0 and & respectively.

The DPC images go and g, are mirror images of each other, flipped at the sample rotation
axis (z axis), i.e. with reversed t direction and inverted sign of the gradient component along t
[Fig. 2(d,e)]. To overlay the measured directional derivatives, we have to flip the t-direction of
image g, to obtain theflipped image (g, )’ asshownin Fig. 2(f). Flipping the gradient projection
also changes the direction of the measured gradient, which becomes

g = ( Zoﬁff > = ( _;r?zé ) =Nz ¢. @
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Thus, the directional derivative in the flipped image (gz)’ [Fig. 2(f)] is measured along ng
withtheangle &' =n— & = %n (135°), perpendicular to the measurement go along ng with
¢ = 7 [45°, Fig. 2(d)].

The gradient vector in thetz coordinate systemis easily obtained from the gradient images go
and (gy)’, which are measurements of 9 ® and d,,_ ¢ ® respectively, by a coordinate transform

9o (9r) Qo+ (gn)

Thefactors 1/ cosé and 1/siné account for the tilt angle dependency of the sensitivity. Asthe
grating tilt angle & approaches %, the sensitivity and hence the measurement quality along z
increase. In the special case of a conventional setup with vertical gratings (£ = 0) for instance,
we measure the directional derivatives gp = do® = ;@ [Fig. 2(a)] and (gz)’ = (0, ®@) = —®
[Fig. 2(c)]. These differ only by sign and do not provide complementary information. The ided
tilt angle depends on the experimental conditions, using & = % and thus equal sensitivity along
both t and zisagood starting point.

From the two-dimensional projection gradient ¢, ® and d,®, integrated phase projections can
be obtained by means of existing algorithms [10, 18-20]. The integrated phase projections can
then be used for tomographic reconstruction of the refractive index decrement 6.

4. Tomographic reconstruction

In the setup with vertical gratings, tomographic reconstruction of the refractive index decrement
o fromthe recorded differential phase projections ge is performed using filtered back projection
with a modified frequency-filter kernel h(v') = (1/2xi) sgn(V') with sgn(V') the sign function
[14]. This reconstruction can be carried out for data from the tilted grating setup as well. No
modification is required, other than multiplication by a constant factor of 1/cosé accounting
for the modified sensitivity, which is the same factor as in the coordinate transform used to
obtain the gradient component along t [Eq. (2)]. The out-of-plane gradient components of each
of the mirror projection pairs cancel out, when reconstructing data recorded over 2w sample
rotation [21].

From the data recorded with the tilted grating setup, the gradient in z direction can be re-
constructed directly aswell. Thisis achieved by using the conventional filtered back projection
kernel k(V') = |V/|. In this case, the gradient components in the rotation plane cancel out.

With atilted grating interferometer, the complete three-dimensional phase gradient vector
field can be reconstructed. The reconstruction of the in-plane gradient components dxé and dyé
isdescribed elsewhere[22]. This opens up another way to obtain the refractive index decrement
reconstruction, based on integrating its reconstructed three-dimensional gradient vector field.

To demonstrate the tilted grating setup in tomography, scans of the phantom shown in Fig. 2
and a biological sample - a rat brain embedded in paraffin were recorded. The tomographic
scans were performed by rotating the sample over 360° in 720 (phantom, with 2 x 2 pixel
binning) and 1440 (rat brain) equiangular steps.

Figure 3(a) shows a reconstructed slice through the homogeneous PMMA cylinder at the
bottom of the projectionsin Fig. 2, while Fig. 3(d) shows adlice through the rat brain. The dif-
ference between two neighboring slices A8, as an approximation of the gradient in z direction
is shown in Fig. 3(b,e). The difference image A;0 of the phantom suffers from reconstruction
artifacts, such as dark rings as well as line artifacts due to phase clipping at the boundaries.
The latter are due to the large phase gradient between the sample and the surrounding air. Low-
frequency inhomogeneities within the sample and background are observed for both phantom
and rat brain. These occur due to vibrations of the monochromator and drift in the setup and
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Fig. 3. Tomographic phase reconstructions of x-ray phantom (top) and rat brain (bottom).
The phantom reconstruction shows a slice through the homogeneous PMMA rod. (a) and
(d) show the refractive index decrement &, averaged from two neighboring slices. (b) and
(e) show the z gradient cal culated from the difference of the two neighboring slices. (¢) and
(f) show the direct reconstruction of the z gradient, which uses the additional information
gained by tilting the gratings. All images are displayed with a linear gray scale with the
following ranges: (a) 6 = [~0.1,0.4]- 107, (b,c) Az8 = 3,6 = [~1.8,1.8]-103m~1, (d)
8 =3,4]-10"7 and (ef) Az6 = 3,6 = [-1.5,1.5]- 10 3m~1,

are amplified by the comparatively high weight given to low-frequency components by the
reconstruction filter kernel h(v/).

The gradient in z direction as reconstructed directly from the tilted grating data is shown
in Fig. 3(c,f). This reconstruction 9,6 is much cleaner and does not show the low-frequency
artifacts observed in the finite difference images. The line artifactsin Fig. 3(c) are also reduced.

Figure 4 shows sagittal slices of the rat brain. All components of the gradient have been re-
constructed [Fig. 4(a-c)]. The reconstruction of §(x,Y,z) based on the in-plane gradient data, as
availablein the conventional setup with vertical gratings shows strong horizontal stripe artifacts
[Fig. 4(d)]. A much cleaner reconstruction [Fig. 4(e)] can be obtained by using a suitable phase
integration algorithm as described i.e. in Ref. [20] to combine the reconstructed gradient 0
[Fig. 4(a)] with the gradient 9 5, [Fig. 4(c)], which becomes available in the tilted grating setup.

5. Conclusion

In conclusion, the presented grating-interferometer arrangement with tilted gratings allows the
phase gradient vector to be recorded in a simple manner from a pair of mirror projections. It re-
quiresrotation of the object around an axis perpendicular to the optical axisonly, which isread-
ily available in tomography setups. Hence, obtaining a second linearly independent gradient di-
rection is easy, in comparison to existing techniques, which perform a complicated rotation of
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Fig. 4. Tomographic phase reconstruction of sagittal slices of arat brain. On the |eft side
are the three components of the reconstructed gradient (a) dyé in horizontal direction, (b)
dyo perpendicular to the sagittal plane and () d,0 in vertical direction. (d) shows the re-
construction of § using only the gradient components in the tomographic rotation plane,
as available in a conventional interferometer setup with vertical gratings. The standard
deviation within the white square of constant & is 65 = 3.9-10~°. (€) shows the much
cleaner reconstruction of 6 obtained by combining the reconstructed gradient components
9«6 and 0,6. Here the standard deviation is 65 = 1.6- 10~°. All images are displayed with
alinear gray scale with the following ranges: (a-c) 96 = [—1.5,1.5]-103m~! and (d,e)
§=3,4-107".

interferometer or sample around the beam axis, or use more complex two-dimensional grating
interferometers. The obtained additional gradient information can be used for reconstructing
the three-dimensional phase gradient field and for improving phase integration and reconstruc-
tion. The arrangement is not limited to grating-based imaging and should also be applicable for
all other one-dimensional differential phase-contrast techniquesincluding diffraction-enhanced
and analyzer-based x-ray imaging.
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