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PRELIMINARY TESTS FOR SPECKLE-BASED X-RAY 
PHASE-CONTRAST IMAGING: OPTIMIZATION

 Laura-Anamaria Nita1, Mihai Iovea2, Gabriel Suliman3, Alexandru Enciu4 and Marian Neagu5

This paper presents the optimization of a speckle-based X-ray phase-contrast

imaging setup. There are reported advances in techniques from the creation of a random
speckle pattern to its characterization; the process of choosing the most suitable diffuser

based on the patterns obtained using different types of phase-modulators; our experimen-

tal setup along with a discussion about its limitations and how to overcome them and
we describe the procedure we implemented for speckle characterization and information

retrieval from the acquired images. The obtained results are promising being comparable

with thoses previously reported in literature.

Keywords: X-ray phase-contrast imaging, X-ray speckle-based imaging

1. Introduction

X-ray phase-contrast imaging (XPCI) is a non-destructive technique that was de-
veloped to overcome the limitations inherent to the traditional methods based on X-ray
absorption[1]. In absorption-based X-ray imaging, especially in samples with limited com-
position variation like biological samples, the features that present similar densities are
indistinguishable. The phase-contrast imaging method is based on the fact that these fea-
tures will generally induce a much more varied shift on the phase of the X-ray wave as it
travels through the sample. By investigating the variations in the phase of the outgoing
X-ray we can obtain phase-contrast images, whose interpretation gives us complementary
information to the absorption images of the sample [2], [3]. XPCI techniques have demon-
strated their value through the years having been used in a wide range of domains from
biomedical investigations to pre-clinical and clinical imaging [4] - [14], material science [15]
- [18] and metrology.

The phase-contrast methods were first implemented for electromangentic waves in the
visible domain [19] and they were extended to the X-ray domain about 30 years later [20].
This development was made possible by the construction of large synchrotron facilities that
provided brilliant, coherent and monochromatic X-ray beams[20]. To farther improve the
availability of these methods, many efforts have been made to use them with polychromatic
and divergent stand-alone laboratory sources. [21], [22], [23].

The implementation of phase-contrast X-ray imaging is quite troublesome since it
implies the use of a parameter that is not directly measurable by any type of detector: the
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phase of the electromagnetic radiation. Several phase-sensitive imaging techniques have been
developed [4]: grating-interferometry [11], which requires expensive optical elements and
has low experimental setup flexibility [1]; propagation based imaging [2], which needs high-
resolution detectors and presents lower sensitivity to the phase-shift induced by the sample
[1]; X-ray speckle-based imaging, which has a simple and flexible experimental geometry, is
cost-effective compared to the other methods, and has relatively low spatial and temporal
coherence requirements [1], [24].

In this paper we are presenting the first results in implementing the X-ray speckle-
based imaging method at the laboratory of Accent PRO 2000 SRL. Section 2 decribes the
principle of the method, section 3 presents the details of our experimental implementation
and its optimization, while chapter 4 presents our data analysis procedure and our results.

2. Speckle-based phase-contrast imaging

In speckle-based X-ray imaging the plane electromagnetic wavefront is being trans-
formed when it passes through a diffuser. When viewed on an imaging detector the diffuser
induces the appearance of local intensity maxima named speckles, which replace an ideal
uniform intensity distribution. When an object is added in the path of the X-rays, these
speckles are changing position according to the refraction index of the object. In order to
extract the information about the object, the two images, one with object and one without
the object are being compared and the displacement of the speckles measured.

2.1. Speckle pattern characterization. The first aspect that needs to be addressed in
speckle-based X-ray imaging is the process of obtaining the speckle pattern. To create a
speckle pattern one needs a partially coherent X-ray beam illuminating an object consisting
of randomly distributed and negligibly absorbing features, called a diffuser. The diffuser
can be a piece of sandpaper, finely ground sand, glass or even biological filter membranes
with micrometer-sized pores [1]. As the beam impinges on the diffuser the X-ray wavefront
is distorted, as shown in figure 1. When viewed using an imaging detector, the randomly
distributed scatterers create both convergent and divergent zones which will result in the
creation of a random pattern of low and high intensity pixels that is named speckle pattern.

Figure 1. Representation of a parallel X-ray beam incident on a diffuser
thus modulating the wavefront of the beam and creating a random speckle
pattern.

Speckle-based imaging techniques are mostly used in the near-field regime, although
the speckles can also appear in the far-field one [25]. In this paper we will discuss only
the near-field regime. The near-field speckle-pattern can be described using the size of the
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speckles, which is dictated by the size of the distortions presented in the diffuser, and using
the visibility of the speckle pattern which is determined only by the shape of the wavefront,
both having a significant influence on the quality of the reconstructed images [26].

The speckle size is determined by the size of the scattering particles in the diffuser,
and, since these are of various sizes and are randomly distributed, we can only estimate an
average size of the speckles. This can be done with the help of a two-dimensional auto-
correlation of the speckle pattern, from which we consider the full width at half maximum
(FWHM) of the autocorrelation peak as a measure for the speckle size.

The visibility or contrast of the speckle pattern ([23], [27] - [29]) is defined as the ratio
between the standard deviation, σI , and the mean intensity value of the speckle pattern, I,
calculated in a small region of interest (in general with dimensions around 150 x 150 pixels):

v =
σI

I
(2.1)

While other definitions of the visibility are possible [21], [22], [28], this definition is
more suitable for our measurements because the outliers have a low impact on the result.
Other definitions, which make use of the maximum and minimum intensity values of the
speckle pattern, are sensitive to the fluctuations in pixel illumination between different
acquisitions yielding unreliable visibility values when the statistics is low.

2.2. Experimental setup. The experimental setup of speckle-based X-ray imaging is sur-
prisingly simple, intuitive and inexpensive. The arrangement consists of an X-ray source, a
diffuser, a sample to be analyzed and a detector. This setup can easily be applied to both
parallel and divergent beams [21], [23]. A schematic implementation of the arrangement is
shown in figure 2.

Figure 2. Schematic representation of an X-ray speckle-based imaging experiment.

The X-ray beam impinges on the diffuser (phase modulator) creating a random speckle
pattern, in the way that has already been discussed in the previous sub-chapter. This
image is called the reference interference pattern. When a sample is placed downstream
of the diffuser it modulates the initially recorded speckle pattern in position, intensity and
visibility. The position modulation manifests as a displacement of the speckles both in the
horizontal and vertical directions, caused by the refraction suffered by the X-rays that travel
through the sample. Consequently the speckles obtained from the rays that do not interfere
with the sample will have the same position as in the reference pattern. The intensity and
visibility modulations are due to the increased absorption caused by the sample, which in
turn will render as change in the mean intensity.

The displacement of speckles is described by a vector u = (ux, uy), where ux and uy
represent the displacement values in horizontal and vertical directions, respectively. The
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displacement u is directly linked to the refraction angle α = (αx, αy) through simple geom-
etry. This angle can be converted into the differential phase-shift (∂φ/∂x, ∂φ/∂x), where φ
reprezents the phase [30]:

∂φ

∂x
=

2π

λ
αx,

∂φ

∂y
=

2π

λ
αy (2.2)

where λ is the X-ray wavelength. The phase-shift of the wavefront is then obtained by
integrating the differential phase signals in the two orthogonal directions, which can be done
in different ways: Fourier-based methods [31] - [34], two-dimensional numerical integration
using least-squares minimization [35], [36], or matrix inversion [28].

Two more images can be retrieved from the images acquired with this experimental
arrangement:

• the transmission image T, given as the ratio between the measured local intensities
in the sample and reference interference pattern, is the equivalent of the traditional
absorption image. The difference is that it also contains edge-enhancement effects
specific for the near-field regime.

• the dark-field signal D, obtained as the ratio between the visibilities of the sample and
reference interference patterns, measures the local reduction in amplitude of the speckle
pattern.

3. Experimental implementation and data acquisition

3.1. Implementation of the experimental setup. The experiment was conducted using
a XWT-100-THE microfocus X-ray generator [37] having a maximum voltage of 160 kV, 1
mA and a 3µm focal spot. For the phase modulator we tested out different types of com-
mercial sandpaper with various granulations, lead powder and even granulated sugar. The
detection system was composed of a Hamamatsu C9100-23B camera [38], a CsI scintillator
and a mirror placed at 45 degrees between the previous two elements, as a means of record-
ing the image without exposing the camera sensor to direct radiation. A 3 mm thickness
lead screen protector was mounted around the camera to protect its sensitive elements. An
additional 30 mm diameter lead cylinder having a 35 mm height shields the lens of the
camera. An image of the detection system is presented in figure 3.

Figure 3. Image of the detection system composed of: (1) Aluminium
case; (2) Camera lens; (3) Lead protection screen; (4) Mirror; (5) Angular
adjustment mechanism; (6) CsI scintillator screen.
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The geometric arrangement of the setup is sketched in figure 4 (a) and a photo of it
is shown in 4 (b). The diffuser was placed at 56 cm from the x-ray source and 25 cm from
the detector plane, resulting in a 1.45 magnification of the diffuser features at the detector
plane. The sample was introduced in the arrangement at 11 cm downstream of the phase
modulator, leading to a magnification of approximately 1.16.

Figure 4. (a) Sketch of the geometric arrangement of the experimental
setup. (b) Laboratory photo of the experimental setup: (1) detection sys-
tem (Hamamatsu camera, CsI scintillator and 45 degree mirror); (2) guide
rails for supporting and moving the detector; (3) driver for stepper motor
operation; (4) vertical translation axis for positioning the sample and the
diffuser; (5) sample mount; (6) diffuser mount.

To have a reference point in the sample image and to help determine the resolution
of the camera we place two copper wires intersecting close to the sample, each of them
having a 0.2 mm diameter. These two wires can easily be seen as they provide enough
absorption (figure 5). Knowing the diameter of the copper wire and measuring thickness of
the “shadow” it left at the detector plane, we calculated the pixel size as the ratio between
these two values obtaining the best possible achievable resolution of roughly 2.5 µm.

Figure 5. Image of the speckle pattern with the cross-copper wires used
for determining the camera resolution.
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We measured the resolution of the scintillator by determining the LPM (line pairs per
mm) with the use of an indicator with values between 5 and 20. The obtained value was 20
LPM, which is also the maximum possible value for our indicator. This results in a 25 µm
resolution of the scintillator, which is ten times larger than what we could have achieved
with the camera. This resolution limitation induced by the scintillator, affects the quality
of the acquired images.

3.2. Data acquisition. The parameters at which the X-ray generator was operated were:
45 keV acceleration voltage and 100 µA beam current. Each image was obtained from
averaging 20 frames, each of them aquired with an exposure time of 5s.

We analyzed the quality of the speckle patterns obtained with all the phase modulators
mentioned above. Samples from the collected images are shown in figure 6, along with a
close-up of the pattern obtained with the lead powder, where the speckles are best visible.
The lead powder, which has a 40 to 70 microns grain size, was used as a phase-modulator
for the rest of the measurements. To induce a phase contrast, a small piece of leaf was used
as sample.

Figure 6. Speckle patterns acquired with different types of phase modula-
tors: (a) P40 sandpaper; (b) P80 sandpaper; (c) P280 sandpaper; (d) P600
sandpaper; (e) granulated sugar; (f) 40-70 microns sized lead powder along
with a zoomed in small Region of Interest.

4. Data analysis

Both the reference and sample images are usually corrected for the offset (the image
acquired without turning on the X-ray source, representing the noise). Because of the low
signal provided by the scintillator, we were unable to make this correction, as the values
measured for the offset image are very close to the values obtained when the source is
turned on. This results in statistical fluctuations which would introduce great errors if the
correction was made. To overcome this impediment, longer exposure times are needed for
every acquisition. Due to this fact, the analysis was performed on uncorrected images.

4.1. Speckle characterization. Speckle visibility and size are a measure of the capabil-
ities of the experimental setup. The speckle visibility was determined via equation 2.1 by
averaging the results obtained for multiple regions-of-interest (ROI) in the reference image.
The average speckle visibility has a value of v = (13.8 ± 1.6)%, which is comparable with
the visibilities obtained with similar setups presented in literature [24], [39].

The average speckle size was extracted from the two-dimensional autocorrelation of
the reference pattern by considering the full width at half maximum (FWHM) of the au-
tocorrelation peak [39]. This was obtained by profiling a line though the center of the 2D
autocorrelation image for both horizontal and vertical axes. The measured speckle size was
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approximately 1.3 pixels in both horizontal and vertical direction. These values are a little
lower than the general speckle size encountered in literature [24].

4.2. Displaced speckle identification. To identify the speckles that have been displaced
because of the different refraction index induce by the presence of the sample in the trajectory
of the X rays, we developed an algorithm which was ran as a macro in Image J [40], a java-
based image processing program. The algorithm has the following steps:

1. Set the threshold for the pixel values that are supposed to be speckles, which was chosen
by analyzing the histogram of the reference image, and a specific minimum size for the
speckles.

2. Search the reference image for “clusters” that have pixel values above the previously
set threshold and meet the specified minimum size.

3. Once a speckle is identified, make a window of 80 x 80 pixels around it.
4. Extract the same window (same size and position) from the sample image.
5. In the sample image, search for the previously identified speckle.
6. If found, calculate the displacement of the speckle between the reference window and

the sample window, in both directions.
7. Through simple geometry, determine the refraction angles for horizontal and vertical

directions, which are directly linked to the phase shift (equation 2.2).
Figures 7 and 8 present examples of such identified displaced speckles. In figure 7 the

displacement took place in both horizontal and vertical directions having values of 5 and 3
pixels, respectively. From this, knowing the distance between the sample and the detector,
we were able to calculate the refraction angles as:

αx =
ux
d
, αx =

uy
d

(4.1)

where d is the distance from the sample to the detector. For this example the calculated
refraction angles had values of 1.98 µrad for the horizontal displacement and 1.18 µrad for
the vertical displacement.

Figure 7. Displaced speckle illustrated in the reference image (a) and in
the sample image (b). The displacement in the horizontal and vertical
directions are represented as ux and uy, respectively.

From all the speckles that were found in the reference image, approximately 12% of
them were associated with a speckle at a different position in the sample image and thus
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Figure 8. Examples of displaced speckles. (a) horizontal displacement;
(b) horizontal and vertical displacement.

identified as a displaced speckle. This is in accordance with our experimental implementation
giving that the sample represents a small percentage of the field of view. The average values
of the displacements and the refraction angles, calculated in both directions, are presented
in table 1. The results obtained with this experimental setup are comparable with those
achieved in another experiment conducted with a similar setup [24].

Table 1. Average values of the displacement and the refraction angle as
obtained in the present work.

Horizontal
displacement

[pixels]

Vertical
displacement

[pixels]

Horizontal
refraction angle

[µrad]

Vertical
refraction angle

[µrad]
8.85 7.75 3.40 3.07

5. Conclusions

This paper presents an implementation of a phase-contrast method in the X-ray
regime. It describes the experimental setup, a discussion of the diffuser and the algorithm
that is used for analysing the experimental data. We characterize the speckles and, using a
simple object, we show that the algorithm is able to identify displaced speckles. From the
displacement values, both the horizontal and vertical refraction angles are measured. The
obtained values are comparable to the values previously reported in literature.

The experiment shows that the phase-contrast method can be used in our experimen-
tal setup and show promising results despite some identified weak points like the intensity
of the source, that has great impact on the statistics of the experiment and the choice of
scintilator that limits the resolution of the images. We show the first optimisation steps
in the choice of the diffuser type and material and we conclude that the best choice in our
experimental conditions is a diffuser made of lead microstructures. The experimental set-up
is implemented in the laboratory of Accent PRO 2000 SRL.
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