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Computed tomographic reconstruction based on x-ray refraction contrast
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Computed tomographic 共CT兲 reconstruction technique is widely used in many fields of research.
Commonly the CT-reconstruction is based on the x-ray absorption contrast. However, recently,
methods for generating other x-ray contrasts have been developed. One of them is the refraction
contrast which provides information on the deflection of the x-ray beam when penetrating through
the object. This contrast has certain advantages and allows us to observe details invisible in the
absorption images. Thus, CT based on the refraction contrast must have the same advantages.
However, it requires a new mathematical algorithm and software. This letter is dedicated to the
solution of the problem including theoretical consideration on the mathematical model which is the
basis for the computer modeling and experimental realization of the technique. Actual experimental
results together with the reconstructed images are presented and described. © 2005 American
Institute of Physics. 关DOI: 10.1063/1.1891305兴
The development of computed tomography 共CT兲 in the
early 1970’s 共Ref. 1兲 provided a powerful method for the
nondestructive observations. Since that many CT modifications were invented and developed by numerous groups of
researchers 共see Refs. 2–5 for example兲. X-ray CT is now
widely used in many field of science such as medical applications, material science, archaeology, and others. Most of
them are based on the convenient absorption contrast because it iseasy to achieve and the reconstruction algorithms
are well developed. However now other x-ray imaging contrasts are widely used 共see Refs. 5–10兲. Among them, the
so-called refraction contrast shows many advantages over the
absorption contrast.5,9–13 Although some attempts to make
CT-reconstructions based on the refraction contrast are
known,3 none of them showed faithful representation of the
object. So here we present the work which solves the problem.
When x-rays penetrate through an object, it deflects on
the boundaries and inner structure so that the final deflection
⌬␣ can be expressed as follows:
⌬␣ =

冕

兩 ⵜ ñ兩sin  ds,

angular positions of the object. Thus, the final equation for
the CT-reconstruction is
⌬␣共⌰,t兲ei⌰ =

冕

兩 ⵜ ñ兩eids.

共2兲

S

Here ⌰ is rotation angle of the object and t is axis perpendicular to the x-ray beam as depicted in Fig. 1. The schematics of the CT-setup is shown in Fig. 1.
The mathematical formalism for solving the equation is
similar to the one used for the absorption-based
CT-reconstruction.2 However Eq. 共2兲 has a complex numerical form, which means that the present algorithms and software for absorption-based CT cannot be used. Moreover, Eq.
共2兲 shows that the result the of reconstruction is the gradient
of the refraction field while most users require a more realistic representation of the object which is the refraction index
field itself rather than its gradient. For this purpose we developed a software which first reconstructs the vector field
ⵜñ from the deflection angle distribution ⌬␣共⌰ , t兲 and then
builds the scalar field ñ. The gradient-to-field transformation

共1兲

S

where ñ has a relation to the refraction index n as ñ = 1 − n, 
is angle between beam direction and gradient ⵜñ. The integration is performed over the x-ray path S which can be
approximated as a straight line taking into account the fact
that ñ 艋 10−5 in the x-ray region 共see Ref. 14 for more details兲. The CT-reconstruction requires collecting information
about the space distribution of deflection angles in different
a兲
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FIG. 1. Schematics of the experiment 共view from above兲. Here M and A are
monochromating and analyzing crystals, the object under investigation is the
black body between them. The rotation axis for the CT scanning over ⌰ is
perpendicular to the image plane.
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FIG. 2. Rocking curve of the analyzer. Series of images
for reconstruction are taken in points L and H of the
rocking curve. The reflectivity in both L and H points is
0.5.

共ⵜñ → ñ兲 is calculated accordingly to the property of the scalar field gradient
ñ共r0兲 =

冕

r0

ⵜ ñ共r兲dr,

共3兲

R

where the starting point of the integration R can be placed
anywhere on the boundary of the reconstructed image since
the refraction index is assumed to be 共ñ ⬅ 0兲 everywhere outside the object under investigation. In order todecrease the
computational error in actual calculations we used the average value of four integrals starting in 共0 , y 0兲, 共x0 , 0兲, 共T , y 0兲,
and 共x0 , T兲 关with T being the size of the reconstructed image
and the pair 共x0 , y 0兲 denoting the vector r0兴.
The problem of the experimental derivation of the function ⌬␣共⌰ , t兲 is not obvious and different techniques were
proposed by now.5,9–13 The most reliable of them is the diffraction enhanced imaging 共DEI兲 method presented in
1997.11 The schematics of the experiment, performed in accordance with the DEI method, is presented in Fig. 1. The
x-ray beam reflected from an asymmetrical monochromator
M, pass through the object and, after reflection from the
analyzer A, forms contrast which is acquired by CCDcamera. Photon energy used in experiment was 11.7 keV.
Both monochromator and analyzer used Si 共2 2 0兲 diffraction
type and were asymmetrically cut with 9.5°. At these conditions Bragg angle ⌰B = 16.0° and asymmetry factor b = 3.8.
The CCD-camera used had view area of 10.0共w兲
⫻ 7.5共h兲 mm with 1384⫻ 1032 pixels. The choice of the
asymmetrically cut crystals is not mandatory and was done
reasoning from the size of the object, view area of the CCDcamera and width of the rocking curve. All experiments were
performed at the vertical wiggler beamline BL14B, at the
Photon Factory, KEK, Japan. The rocking curve of the analyzer is shown in Fig. 2. In order to extract the refraction
angle data in accordance with the DEI, one needs to take two
pictures of the same object in two position of the analyzer. In
Fig. 2 these positions are denoted as L and H. The refraction
angle can be calculated according to Eq. 6共b兲 from Ref. 11.
However, the theoretical model used in Ref. 11 utilizes the
Taylor expansion of the rocking curve and therefore it is
suitable only in limited ranges. In our experiments we used a
slightly modified for the general case the DEI method was

used in our experiment. These modifications consider the
rocking curve of the analyzing crystal as is instead of its
Taylor approximation.15 The result of the refraction angle
extraction is shown in Fig. 3. The sample presented in these
figures is a fragment of the refill for the ball point pen deformed by fire. This sample was chosen because 共i兲 it has no
central symmetry, 共ii兲 absorption contrast is low at 11.7 keV,
共iii兲 it consists of different substances 共plastic body with ink
and air spaces inside兲. Figures 3共a兲 and 3共b兲 are original
pictures in L and H positions of the analyzer, respectively.
These images come with the corrected background 共i.e., image with sample is divided by the background image without
sample兲. The image in Fig. 3共c兲 shows extracted ⌬␣ proportional to the intensity of the gray scale with zero deflection
corresponding to the middle gray.
Accordingly to the description above the refractionbased reconstruction process consists of the following steps:

FIG. 3. Sample images taken in L 共a兲 and H 共b兲 positions of the analyzer
and extracted from them deflection angle distribution ⌬␣ 共c兲. Please note
that the images 共a兲 and 共b兲 are presented with suppressed background. In 共c兲
the dotted line shows slice which is presented in Fig. 4. All pictures have
2.6共w兲 ⫻ 7.0共h兲 mm in size 共the horizontal and vertical dimensions are of
different scale due to the asymmetric reflection form the analyzer兲.
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FIG. 5. Three-dimensional representation of the reconstructed object. The
fragment of the reconstructed object was cut out to show the inner structure
of the object. The ink can be easily distinguished due to its higher refractivity in comparison with the plastic body.

FIG. 4. Reconstructed 兩 ⵜ ñ兩 共a兲, 兩 ⵜ ñ兩sin  共b兲, and ñ 共c兲 in the slice marked
in Fig. 3 with the dotted line. Size of every picture is 2.6⫻ 2.6 mm.

共i兲 Taking set of images at different ⌰m = m⌬⌰ 共with m an
integer varying in ranges from 0 to M and ⌬⌰ = 180° / M兲 in
the L point of the rocking curve 关see Fig. 3共a兲兴. 共ii兲 Taking
the same set of images in the H point of the rocking curve
关see Fig. 3共b兲兴. 共iii兲 Extracting ⌬␣共⌰m , t兲 from the sets accordingly to the modified DEI method 关see Fig. 3共c兲 for extracted data兴. 共iv兲 CT-reconstruction on the base of Eq. 共2兲.
共v兲 Transformation of ⵜñ 共which is the result of the CTreconstruction兲 to more suitable ñ. Number of projections of
the object in experiment was M = 360 what gives ⌬⌰ = 0.5°.
Figure 4 shows reconstructed images of the slice marked in
Fig. 3共c兲 with the dotted line numbered 410. This slice
proves to be very interesting because it shows all three materials 共plastic body, ink, air inside兲 in the region where the
ink surface is curved by the surface tension. As it was mentioned above the reconstruction process output is the vector
field ⵜñ. It is shown in Figs. 4共a兲 and 4共b兲 as 兩 ⵜ ñ兩 and
兩 ⵜ ñ兩sin  correspondingly. Then the result of ⵜñ ⇒ ñ transformation is shown in Fig. 4共c兲. The 3D representation of the
object is displayed in Fig. 5. They are realistic representation
of the sample and all three substances are distinguishable in
contrast. Please note that the refraction index of the ink
proved to be larger than the one of the plastic body. This is
because black ink is made using carbon black and has inclusions of pigments, such as titanium dioxide. One can note
that the object on the reconstructed images has fuzzy edge. It

is the consequence of the x-ray optics limitations which appears mainly due to the Borrmann fan effect,16 source size
and the propagation-interference contrast.5 We expect that
the edge fuziness can be partially suppressed with the decrease of the object-to-detector distance 共in our experiments
it was 138 cm兲. One more artifact comes from ⵜñ → ñ transformation and can be recognized as the netlike contrast of the
pixel size in Fig. 4共c兲. It is possible to erase this unwanted
contrast but it takes one order longer computation time and
for most cases can be left as is since it does not distort the
image strongly.
Finally, we can state that the problem of CTreconstruction based on the refraction contrast was solved.
The theory presented here was the base for the programming
algorithm which was prepared and tested in experiments. Results of the reconstruction are shown and proven to be trustworthy.
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