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X-ray dark-field contrast tomography can provide important supplementary information inside a sam-
ple to the conventional absorption tomography. Recently, the X-ray speckle based technique has been
proposed to provide qualitative two-dimensional dark-field imaging with a simple experimental
arrangement. In this letter, we deduce a relationship between the second moment of scattering angle
distribution and cross-correlation degradation of speckle and establish a quantitative basis of X-ray
dark-field tomography using single directional speckle scanning technique. In addition, the phase
contrast images can be simultaneously retrieved permitting tomographic reconstruction, which
yields enhanced contrast in weakly absorbing materials. Such complementary tomography technique
can allow systematic investigation of complex samples containing both soft and hard materials.
© 2016 Author(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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X-ray Computed Tomography (CT) allows visualizing
the internal structure of a sample, and distinctive features
can be clearly seen from absorption contrast if the elemental
composition and density vary significantly. In combination
with the absorption imaging, X-ray dark-field imaging can
reveal subtle details and provide complementary scattering
information from the samples. In addition, X-ray phase-contrast
CT is superior to absorption CT in terms of higher sensitivity
and possible lower radiation dose especially for weakly
absorbing samples such as tumors in soft tissues. Over the
past two decades, there has been a revolution in X-ray imag-
ing, various X-ray dark-field, and phase imaging techniques,
such as analyzer-, propagation-, and grating-based, and edge-
illumination techniques, have been developed.'™ Fascinating
achievements have been made to extend the phase and/or
dark-field contrast imaging techniques from radiography to
tomography.”'* For example, X-ray phase and dark-field
CT has been used for in-depth study of breast, lung, brain,
and even concrete.'>'® Meanwhile, significant progress has
been made to further improve the spatial resolution and
reduce the delivered radiation dose of these techniques.'®>!
Nevertheless, the stringent requirements for the precision
optics, mechanical stability, and X-ray beam conditions still
limit the widespread and practical application of most exist-
ing techniques. Even though the propagation-based method
does not require any specific optics, requirements on parame-
ters such as spatial coherence, detector resolution, and the
distance from the detector to sample are quite demanding.22
In contrast, a new type of X-ray imaging technique based on
the near-field speckle can circumvent these limitations by
simply shining X-ray through a piece of filter membrane or
abrasive paper.”>?* The phase tomography has been demon-
strated with a speckle tracking technique;*> however, for the
existing speckle based approaches, the dark-field signal
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cannot be directly used for quantitative tomographic recon-
struction since it is not expressible as line integrals.”” In
addition, the spatial resolution of existing speckle tracking
technique is relatively poor since it is limited to the speckle
subset size (over ten pixels around a given pixel).>**
Although efforts have been made to improve the spatial reso-
lution by applying 2D raster scans,?® it is too time consum-
ing.”” To overcome such drawbacks, an advanced X-ray
speckle scanning technique has been recently developed by
scanning an abrasive paper transverse to the beam along a
single direction.”® In order to perform the X-ray dark-field
tomography by using conventional CT reconstruction algo-
rithms, the dark-field signal for each projection has to fulfill
line integrals. X-ray dark-field imaging, based on small-
angle scattering of X-rays, reflects broadening of the ray and
can be quantitatively evaluated in terms of second moment
of scattering angle distribution.'***~*" In this paper, we show
how the second moment of scattering angle distribution can
be related to the cross-correlation degradation of speckle and
present quantitative 3D tomographic reconstruction of dark-
field and phase signals. Importantly, the spatial resolution for
X-ray dark-field and phase CT has improved from previous
tens of pixels down to a single pixel size.

We first describe how to retrieve the phase shift and
dark-field signal for each projection before carrying out the
quantitative 3D reconstruction. For the single directional
speckle scanning technique, a stack of reference speckle
images is first collected with sample out of the beam by
scanning the abrasive paper with a fixed step size p perpen-
dicular to the X-rays. The same procedure is repeated to col-
lect the sample speckle images for each projection, once the
sample is inserted into the beam. In order to derive quantita-
tive relations, let f(n, p) and g(1, p) be the extracted speckle
signal in the absence and presence of the sample at detector
pixel ({,m). As illustrated in Fig. 1, 7 is scan steps of the single
scanning process (horizontal) and p is orthogonal to the scan
direction (vertical). For each projection, the cross-correlation

© Author(s) 2016. @
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coefficient y between these two signals at detector pixel
(I,m) with global translation (7, p,) is given by following
expression:

Zf 10) 8 (

Dropping the pixel subscripts to aid clarity, Eq. (1) can be
rewritten in terms of Fourier components as”’

PMo , 4Po
7(Mo> Po) Zf (P,9)8" (P q)exp {12“<ﬁ+w>}7 2

7(Mo» Po),; —Ho, P — Po)z,m- (D

where (p, q) are Fourier space variables, M and N are the ma-
trix size along 1 and p directions; (*) denotes complex conju-
gation; the operator ~ denotes the Fourier transform. If the
field correlation function is taken as incoherent illumination,®
the speckle intensity pattern g(#, p) in the presence of the sam-
ple can be considered as convolution of f (1, p) and the scatter-
ing angle distribution function h(1y, p,v,,0,,0y,0,) and
written as follows:

g(n, p) =f(n, p) * h(n, p, 04,09, 75, 75). 3)

Here, (v,,v,) is the displacement between two speckle pat-
terns f(n, p) and g(1, p) and a%, 012, represent second moment
of scattering angle distribution along these respective direc-
tions. The second moment of a scattering angle distribution
reﬂects the broadening of the ray, and it can be defined as

" P jAHz (AOs)dAOs with Alg representing the scatter-
ing angle. With the small angle approximation, the scattering
angle distribution function can be written in terms of
Gaussian distribution and expressed as

/’l(l/], P55, Vp, 0y, O'p)
L m=uy z_i A )
20’% L3 20’,2) L3 ’

where L3 represent the distance between the sample and the
detector, and A is the intensity scale factor related to the

=Aexp

Piezo Stage

Detector L

FIG. 1. Schematic representation of the experiment setup (not to scale). For
each projection, a stack of speckle images is recorded using an X-ray detec-
tor by scanning abrasive paper transversely (along x direction) to the X-ray
beam. For each pixel (/,m) of the detector, the speckle patterns without/with
sample f(n, p)/g(n, p) are obtained as function of 1 (scan steps) and p
(orthogonal to the scan direction). From those speckle patterns, the differen-
tial phase and dark-field signals are retrieved.
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transmission of the sample. Now, using convolution theorem
of Fourier transform,*? Eq. (3) can be expressed as follows:

2(p.q) = Af (P q)exp [—2n2L32 (6%192 + Gﬁqz)]

qYp
xexp[ z2n(M + N)] (&)

Taking Eq. (5) into account, Eq. (2) can be rewritten as
Y(Mos Po) =A Z exp {—2n2L32 ((fﬁp2 + af,cf)]
pq

i P[P0 00— )]
©)

The maximum in the cross-correlation map would be at the
point where two speckle images are best aligned with 17, = v,
and p, = v,, and it can be written as

V(09 0)™ =AY | (p, q)I exp [27°Ls’ (030" + 0,0°)]
X
74 2
~Alf (po, qo)|” exp [-21°Ls* (o, p5 + 045)],
)
where frequencies py and ¢ correspond to the maximum of

the power spectrum |f (po, go)|*, and they are related to the
average speckle size ¢, which is defined as

¢ =2n/po = K21/ qo. (8)

Here, « is related to asymmetrical nature of speckles in two
different directions. Using normalized cross-correlation, the
scaling factor Alf (po, go)|” will be unity and thus (v, v,)™
can be simplified as

—8n*L3* (02 + kP o>
Uy, 0, )" & ex ' !
V(Vys Vp) T R EXp 22

-8 4L 2.2
exp<%>. ©)

°

¢’ is the effective second moment of scattering angle distri-
bution.?® It may be noted that directional information can
still be obtained from the same data set by analyzing the
speckle pattern between the nearby pixels along the scan
direction.”® The dark-field signal D, defined in terms of the
second moment of the scattering angle distribution,*® can be
written as follows:
=2

b
D=c¢*~_—F—
87‘E4L32

Iny vy, up)ma". (10)

Eq. (10) quantitatively describes the relation between second
moment of the scattering angle distribution and degradation
of parameter y;;:*. The speckle displacement (v,,v,) can be
retrieved by evaluating shifts in maximum of the cross-
correlation map. For 1D scanning case, the first derivative of
the sample’s phase shift @ along two orthogonal directions
can then be calculated using the following relation:**>*
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where p and P are the scanning step size and detector’s pixel
size, respectively, and 4 is the wavelength. Here, T is the ge-
ometrical magnification I' = (Ly + L, + L3)/L;. Ly and L,
represent the distances between the source, abrasive paper,
and sample. The sample’s integrated phase shift @ can be
calculated from above phase gradient, and can be related as
line integral of the refractive index decrement 6. Meanwhile,
the second moment of the scattering angle distribution ¢°
can be expressed as integral of the linear scattering coeffi-
cient ¢, which is a material dependent variable describing the
scattering parameter per unit length.'* Hence, the phase shift
and dark-field signal can be written as

2n
() :TJ(S(z)dZ 1
02 = [e(z)dz = f—pn(z)as(z) dz

20 ’

where p, is the sample density, og is the scattering cross-
section, and o is the angular beam-broadening.? Since both
® and ¢ fulfill the line integral criteria, three-dimensional
(3D) quantitative X-ray phase and dark-field computed to-
mography using conventional reconstruction methods
become feasible. Therefore, both refractive index decrement
0 and linear scattering coefficient ¢ can be quantitatively
reconstructed simultaneously.'*?*** It should be noted that
the above deduction is valid for both 1D and 2D speckle
scanning approach. Since it is too time consuming to per-
form 2D raster scan, we only validated the proposed method
using 1D scanning data for tomography.

(a) (b)

5.0(prad) -5.0 0.0

-5.0 0.0

5.0(urad)-20.0 0.0
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As shown in Fig. 1, the experimental setup involves the
sample, an X-ray area detector and a piece of abrasive paper.
The experiment was performed on the Test beamline B16 at
Diamond Light Source.” A monochromatic beam produced by
a double crystal monochromator at an X-ray energy of 15keV
was used. The samples were mounted on a vertical axis rotation
stage, which was located at a distance of L; = 47 m from the
source. A sheet of silicon carbide abrasive paper (P3000) was
mounted L, = 0.20 m downstream of the sample. The distance
between the abrasive paper and the detector was set to the max-
imum mechanically achievable length of L3 = 1.09 m in order
to improve the sensitivity. The speckle pattern was recorded
with an X-ray camera, which was based on a PCO 4000 CCD
detector coupled with three microscope objectives. For the data
presented in Figs. 2 and 4, a 10x microscope objective was
selected with the effective pixel size of 1.8 um x 1.8 um with
2 x 2 binning, and the resolution is approximately 3.6 um. In
order to increase the field of view, a 4x microscope objective
was used for the data shown in Fig. 3, and the effective pixel
size is 9 um x 9 um with 4 x 4 binning. For each projection, a
stack of 40 speckle images was taken as abrasive paper was
scanned along single direction (horizontally) using a piezo
stage. The scanning step size was u = 1.8 um, and the expo-
sure time for each image was 2 s.

First, we present the multimodal radiograph images of a
fish eyeball (sprat) to show the advantage of the 1D speckle
scanning technique compared with the conventional speckle
tracking technique. Fig. 2 shows results for the X-ray horizon-
tal and vertical wavefront gradients, dark-field, and phase
images for the fish eyeball analyzed with the two techniques.
To trace the speckle displacement at each pixel position for the
speckle tracking technique, the subset with 20 x 20 surround-
ing pixels was chosen as a tradeoff between the spatial resolu-
tion and tracking accuracy. As shown in Figs. 2(a) and 2(b),

2.0 (urad?)

20.0(rad) 0.0 1.0

FIG. 2. (a) Vertical and (b) horizontal wavefront gradients, (c) phase-contrast, (d) dark-field images of a fish eyeball (sprat) obtained with the speckle tracking
technique. (e)—(h) are the counterpart images obtained with the single direction speckle scanning technique. The scale bar at the bottom right corner of each

image is 1 mm long.
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artefacts arise for the areas where the wavefront gradients
change abruptly. The quality of phase image in Fig. 2(c) is
deteriorated due to the poor spatial resolution. In contrast, high
quality images with significantly improved spatial resolution
was retrieved by using the speckle scanning technique
described in the previous paragraph, and all the fine features of
the fish eyeball can be easily resolved (Figs. 2(e)-2(g)).
Similarly, subtle details can be distinctly observed in dark-field
image in Fig. 2(h) compared to the one in Fig. 2(d), and the
dark-field image provides important complementary informa-
tion to the absorption and phase images. Thus, two major
drawbacks, namely, poor spatial resolution and unwanted arte-
facts, can be avoided; as a result, high angular sensitivity can
be easily achieved by use of the 1D scanning approach.**

We have carried out further experiments on a simple
phantom consisting of tubes and rods to demonstrate the
improved high spatial resolution of the tomographic images.
A set of 360 projection images with orientation angles ranging
from 0° to 180° were collected. The reconstructed phase shift
image is generally described as line integral of the refractive
index decrement, and it can be directly used in tomography
reconstruction using conventional reconstruction algorithm.

g (x102m1)

Appl. Phys. Lett. 108, 124102 (2016)

3 (x107)

FIG. 3. Reconstructed phase contrast
axial slices from tomographic recon-
struction of tube and rod phantom using
(a) speckle tracking and (b) single
direction speckle scanning technique.
The scale bar at the bottom right corner
is 1 mm long.

However, the reconstructed phase errors contain low fre-
quency noises and artefacts, which will propagate to the
reconstructed volume if the conventional back projection tech-
nique is used. To avoid this, the Hilbert filter algorithm was
used to reconstruct the refractive index decrement using the
horizontal differential phase images.” The dark-field image
corresponds to the line integral of scattering power,*” and the
Ram-Lak filter was used for dark-field reconstruction.'

Fig. 3 shows one reconstructed phase slice of the tube
and rod phantom using the above two techniques obtained
by scanning the abrasive paper along horizontal direction
only. The phantom is composed of a Polyetheretherketone
(PEEK) tube, a Polymethylmethacrylate (PMMA) rod, a
Polytetrafluoroethylene (PTFE) tube, a PTFE rod, and a
Polyimide (PI) tube. It is important to note that the thin PI
tube can be clearly resolved only in Fig. 3(b) reconstructed
using the speckle scanning approach even though the wall
thickness is only 23 um, while it is difficult to resolve it using
the speckle tracking technique. Moreover, the speckle scanning
technique produces better reconstruction quality as can been
seen from Fig. 3(b). As demonstrated in Fig. 2, such improve-
ment can be attributed to the higher angular sensitivity and

8 (x10°7)
120

10

FIG. 4. Dark-field (a) and phase con-
trast (b) axial slices and 3D rendering of

0 dark-field (c) and phase (d) tomographic
reconstruction of tube and wood phan-
tom using single direction speckle scan-
ning approach. The scale bar in the
bottom left corner is 1 mm long.
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reduced artefact of phase gradients. The quantitative values for
X-ray refractive index decrement (9) was determined by posi-
tioning the peak of histogram of the surrounding material
(for this case air) to its literature value (9, = 1.15 X 1079).36
The retrieved 6 values for PTFE and PMMA are 1.95 x 10~°
(+0.01) and 1.19 x 10~%(=0.02), respectively, and they are in
good agreement with their theoretically calculated values.
However, the  value of PEEK is 0.98 x 10~° (+0.02), which
is slightly smaller than the ideal case.

To verify the above theoretical deduction for quantita-
tive dark-field tomography, we also investigated another
phantom composed of PEEK and PTFE tubes, and a piece of
wood. The reconstructed axial slice of dark-field and phase
is shown in Figs. 4(a) and 4(b), respectively. The soft materi-
als, such as PEEK and PTFE, show substantial enhanced
contrast in the phase slice, while they can hardly be seen in
the corresponding dark-field map. It may be noted that the
edges of the tubes show a strong dark-field signal because of
the second-order differential phase-contrast.”” As expected,
a significant scattering power is clearly observed due to the
porous nature of wood. Thanks to the high resolution offered
by the proposed tomographic technique, the subtle details of
the scattering power distribution are clearly seen in the 3D
rendering of dark-field tomographic reconstruction of wood
(Fig. 4(c)). In contrast to the dark-field signal, there is a clear
difference in contrast between PEEK, PTFE tubes, and wood
in the phase tomographic map (Fig. 4(d)). If one looks more
closely, the features on the edge of the PTFE tube can be
clearly observed. This study demonstrates that distinct and
supplementary information can be obtained from phase-
contrast and dark-field contrast tomographic images, which
are produced simultaneously by the proposed technique.

We have demonstrated the advantage of the single direc-
tional speckle scanning technique compared to the speckle
tracking technique by imaging a fish eyeball and two phan-
toms representative of biological and materials science appli-
cations, respectively. In particular, a quantitative theoretical
basis for dark-field has been established, and the single direc-
tional speckle scanning technique has been extended to gener-
ate high resolution dark-field CT images. In addition, the data
acquisition time can also be reduced if the experiments are
carried out on high brilliance undulator beamlines and by
using high efficiency X-ray cameras. Since complementary in-
formation can be obtained from dark-field and phase signal,
the proposed technique will be potentially useful for compre-
hensive study of internal structure or micro-cracks and defects
within the volume of a material. Importantly, no extra dose is
delivered since both signals are extracted simultaneously from
a single data set. Furthermore, due to a simple experimental
setup and moderate requirement on X-ray beam quality, the
proposed speckle based phase and dark-field CT technique is
expected to find widespread application in both biomedical
imaging and non-destructive materials testing.

This work was carried out with the support of Diamond
Light Source, Ltd. UK. The authors are grateful to Mark
Basham and Robert Atwood for using Diamond tomography
software, and Ian Pape and Vo Nghia for their technical
assistance during the experiments.
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