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ABSTRACT
Significant efforts are currently ongoing in X-ray imaging to provide 
multimodal imaging systems, targeting better sensitivity and spe
cificity for both biomedical or non-destructive testing applications. 
Knowing the elemental composition of specific structures, such as 
breast microcalcifications in mammography, would help to differ
entiate malign and benign tumours. Standard X-ray Phase Contrast 
Imaging techniques provide only qualitative information on ele
ments with similar absorption properties. However, their chemical 
composition can be determined from the measurement of the 
phase as it is directly related to the optical index of elemental 
materials. We will show new experimental results obtained with 
an X-ray phase imaging system based on a Hartmann mask. Early 
data treatment succeeded in retrieving both the real and imaginary 
parts of the refractive index. The system demonstrates the capabil
ity to discriminate materials based on elemental composition.
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1. Introduction

X-ray imaging is an essential tool for non-invasive analysis of various samples, both for 
biomedical diagnosis and non-destructive testing (NDT) applications. X-ray imaging is 
commonly performed in two or three dimensions (2D or 3D), where the second option 
offers more detailed information on the sample.

When absorption properties are very similar between two parts of the same sample, it 
becomes difficult to distinguish them using X-ray absorption imaging. This problem 
arises also when using high energy X-rays that make the sample transparent. X-ray phase 
imaging is a possible solution as it favours the phase over the amplitude contribution. 
Indeed, whatever the photon energy is, a sample always modifies the phase of an incident 
wave. This beam’s phase shift caused by the sample can be either measured directly using 
an X-ray phase imaging system or can be transformed with a phase-contrast X-ray 
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imaging system into variations in intensity that are then recorded by the detector. In the 
latter case, intrinsically, the phase and the intensity are then merged in a single char
acteristic requiring advanced data treatment [1].

There are three kinds of techniques related to phase or phase-contrast imaging. 
Although they might look close to each other, they have fundamental differences. They 
are reviewed in [2–5]. Below we give a short overview of the different techniques.

1.1 Interferometry

In interferometry, the incoming beam is separated into two beamlets. One will serve as a 
reference and the second (the probe beam) will go through the object. The two beams 
then interfere in the detector to create fringes corresponding to the phase shift caused by 
the sample. In 1965, Bonse and Hart [6] developed the first X-ray interferometer and thus 
the first X-ray phase imaging technique.

The full list of interferometers is too long to be given here, we may cite some of them 
like the crystal-based interferometers [6,7], the phase-shifting point-diffraction interfe
rometers [8], the Michelson interferometers [9], the Talbot interferometers [10], Talbot- 
Lau interferometers [11,12] and so on.

1.2 Deflectometry

In deflectometry, one measures the deflection undergone by the beam passing through an 
object, in other words, the local wave vectors. By integration of the deflections, one 
obtains the phase map (modulo 2π). Here are some examples of X-ray deflectometers: 
Moiré [13], Hartmann [14–17], Shack-Hartmann [18–20]. The most recent deflectome
try technique uses a pattern of speckles produced by a diffracting plate placed after the 
sample. Deflection induced by the sample leads to a displacement of the speckle pattern 
that can be directly used to measure the local phase shift [21,22].

1.3 Phase-contrast imaging

Phase-contrast imaging has been invented in order to increase the contrast of images of 
samples having low variation of absorption. It is based on transforming the deflection 
induced by the variation of index of refraction into variation of intensity in the recorded 
image. These techniques do not directly measure the deflection.

Several methods have been applied like 1) Schlieren that consists in blocking unde
flected rays with a knife-edge [23], 2) free-propagation [2,24] where deflected rays 
superimposed with straight rays producing a peak of intensity and consequently a 
neighbour drop of intensity, 3) edge illumination [25–27] or coded aperture [28,29] 
consisting in placing an array of blockers near a pixelated detector to stop straight rays, 4) 
analyser-based imaging [30,31] which is another evolution of Schlieren that takes benefit 
of the narrow angular acceptance of diffraction crystal (so-called rocking-curve) to 
enhance the contrast of the images.

In the proceedings of the ICT 2020 [32] we showed an X-ray phase imaging system 
based on the use of a Hartmann mask and its relevant data treatment algorithm. The 
system provides absorption, deflection and phase images with a single acquisition. Here, 

2 O. DE LA ROCHEFOUCAULD ET AL.



we present results showing the ability of our X-ray phase-imaging system at differentiat
ing materials with slightly different chemical compositions. The capabilities of 
Hartmann-based X-ray phase imaging (HXPI) based on the technology of Hartmann 
X-ray wavefront sensors open new opportunities in non-destructive testing (NDT) and 
in particular in finding pollutants in food, concrete, or any material. We first validated 
our approach using synchrotron light, the next step being to transpose it to table-top 
sources, widely used for NDT.

2. Principle of Hartmann-based X-ray phase imaging and element 
differentiation

2.1 Interaction of X-rays with matter

The interaction of X-rays with matter, in the absence of scattering, can be fully described 
through the complex refractive index of the medium. For X-rays, it is common to write 
the complex refractive index, n, of any multi-element material as: 

n ¼ 1 � δ þ iβ (1) 

with 

δ ¼
reλ2

2π

X

i
ni

af i
1 λð Þ (2) 

β ¼
reλ2

2π

X

i
ni

af i
2 λð Þ (3) 

and with re the classical electron radius, λ the X-ray wavelength, ni
a the density of 

atoms of the species ‘i’. f i
1 and f i

2 are the tabulated atomic scattering factors for the ‘i’ 
atoms.

Assuming straight propagation of X-rays inside a homogeneous medium of thickness 
d (no scattering and negligible refraction), the electric field at the exit of the medium is 
given by E ¼ Eoexp i 2π

λ nd
� �

which can be rewritten, using Equation (1) as: 

E ¼ Eo expði
2π
λ

dÞ expð� iϕÞ exp ð�
2π
λ

βdÞ (4) 

with Eo the electric field at the entrance of the medium and ϕ the phase:  

ϕ ¼
2π
λ

δd (5) 

The first exponential is a complex number, independent of the chemical composition 
of the medium. It is equivalent to the transmission of air measured over the same 
thickness, d, of the medium, air having a refractive index approximated to unity. The 
second exponential term in Equation (4) is a pure imaginary number that modifies the X- 
rays phase, while the third exponential term is a pure real number thus impacting the 
intensity of X-rays. At this step, it is worth remembering the classical Beer-Lambert law 
considers only the variation of X-ray intensities recorded before (I0) and after (I) 
propagating inside the medium of thickness d: 
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I ¼ I0e� μd (6) 

with µ the linear absorption coefficient.
Since I ¼ jjEjj2, it becomes simple to link µ to β through: 

μ ¼
4πβ

λ
(7) 

To differentiate chemical elements using X-ray phase imaging, it is interesting to 
observe that in Equations (2) and (3), δ and β depend on the chemical composition of the 
material through fi

1, fi
2 and ni

a. The system is not closed since there are three variables for 
two equations. However, our current purpose is not to extract fi

1, fi
2 and ni

a from 
measurements but only to differentiate elements and in particular to detect pollutants. 
Therefore, the medium under consideration can no longer be considered as homoge
neous. Since δ and β have transverse spatial variations they can be written as δ(x;y) and 
β(x;y).

Indeed, from the measured phase (ϕ) and transmission (I/I0) of X-rays through a 
sample, we can get the direct and independent measurement of δ(x;y) and β(x;y) using 
Equations (5), (6) and (7). This procedure will allow us to detect the presence of pollutant 
and will provide valuable information for chemical differentiation.

2.2. Principle of Hartmann X-ray phase imaging (HXPI)

In this section, we will show that HXPI is perfectly suited to measure independently δ and 
β and thus to differentiate chemical elements. It is a robust apparatus consisting of a hole 
array (also called mask) and a pixelated detector [15,33,34]. When an incident beam goes 
through the mask up to the detector, it projects the image of the mask onto the detector 
(Figure 1).

Figure 1. Schematic representation of the Hartmann X-ray imaging system: the Hartmann mask is 
placed in the beam path after the sample, between the source and the detector. L is the distance from 
the mask to the detector. The dotted lines show the X-ray paths without sample and the solid lines 
when the sample is inserted, thus deflecting the rays.
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We acquire a reference image without sample and an image with the sample. Each hole 
in the Hartmann mask generates a bright spot on the camera. As illustrated Figure 2, the 
shift of the measured spots with the sample (white spots) compared to the reference 
image without sample (black spots) is proportional to the deflection generated by the 
sample.

The vertical and horizontal shifts, xi;j and yi;j, respectively, are linked to the local 
derivatives of the phase ϕ(x;y) by: 

δϕ
δx
¼

Δxi;j

L
(8) 

δϕ
δy
¼

Δyi;j

L
(9) 

with L the distance mask to the detector and i and j the row and column indexes, 
respectively.

For each hole, the difference between the two positions (with and without sample) 
gives the slope of the local phase through Equations (8), (9). This step generates two maps 
of the horizontal (x axis) and vertical (y axis) deflections of the incident beam after the 
sample. By integrating these two deflection maps, the phase induced by the sample is 
obtained. Finally, the ratio between the detector counts integrated over each spot with 
and without sample gives the local transmission. We thus obtained a fourth map 
displaying the sample transmission.

It is worth noting that in X-rays, the typical deflection value reaches few 10s of µrad or 
even smaller. Since it is important to keep the total length of the imaging system under a 
reasonable size (below or around 0.5 m), the required accuracy in finding the centroid of 

Figure 2. Drawing of the Hartmann X-ray phase imaging system, showing an incident wavefront 
traveling along the z-axis illuminating an aperture array and the spots generated on the detector and 
the displacement of a single spot from the reference location on the detector.
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each spot is challenging and requires sophisticated data treatment. There are numerous 
algorithms to detect centroids, as detailed in these theses [35,36]. This issue is at the heart 
of Imagine Optic software and remains a vivid field of improvement.

From two acquisitions (with and without sample) with the Hartmann-based X-ray 
imaging system, both transmission and phase maps of the sample are obtained simulta
neously and independently. Knowing the sample thickness and using Equations (5) and 
(7), the transmission map might be easily transformed into µ(x;y) and β(x;y), while δ(x;y) 
can be extracted from the phase map.

3. Demonstration of the chemical differentiation with a Hartmann-based X- 
ray phase imaging system

3.1 Context of the experiments

Our goal was to test the ability of HXPI system to distinguish samples of different 
chemical compositions from their δ and β. At the same time, we measured the phase 
and the transmission of different samples with similar chemical compositions, and then 
we retrieved δ and β. As presented in Equations (2) and (3), δ and β vary with the X-ray 
wavelength. However, table-top X-ray sources emit over very large spectra (bremsstrah
lung) mixed with K or L emission lines. At a first glance, using such sources would lead to 
averaging δ and β over orders of magnitude, making such measurements worthless. 
Synchrotrons are the reference X-ray source for metrology since the spectrum is perfectly 
known and very stable as is their X-ray flux. Therefore, to validate our approach, we 
conducted a first experiment using a monochromatic beam at the ESRF synchrotron 
(section 3.2). We then increased the complexity of the experiment one step further by 
using a white beam with reduced bandwidth at the Elettra synchrotron (section 3.3).

For both experiments, we used a compact HXPI system developed by Imagine Optic 
(Figure 3). The system is ~50 cm in length, and has a clear aperture of about 3 mm in 
diameter. The Hartmann mask contains about 130 × 130 holes, i.e. measurement points. 
The spatial resolution of a HPXI system is given by the distance between two holes of the 

Figure 3. Picture of the experimental set-up installed at SYRMEP beamline of ELETTRA synchrotron 
illustrating the relative positions of the Hartmann X-ray imaging system and the sample rotation stage 
compared to the direction of the X-ray beam.

6 O. DE LA ROCHEFOUCAULD ET AL.



mask. In a cone beam configuration, one can adjust the distance between the sample and 
the mask to get better spatial resolution but with the tradeoff of reducing the field of view. 
A full description of the HXPI system can be found in [32,33].

For both experiments, we tested the same samples composed of small spheres 
(Figure 4) made of high-purity silicon (Si), silicon oxide (SiO2), alumina (Al2O3) and 
soda lime glass (Si70O172Na30Ca10MgB2Al2). These spheres have been chosen since 
their chemical composition and average atomic numbers <Z> are close to each other: 
14 for Si, 10 for SiO2 and Al2O3 and for 10.2 for soda lime. The diameters of the 
spheres were of 480 µm for Si, 500 µm for Al2O3, 350 µm for SiO2 and 700 µm for 
soda lime. Table 1 assembles the theoretical β and δ values of the spheres at different 
energies to illustrate the similarity of their composition.

3.2 Monochromatic measurements at ESRF

The monochromatic experiment has been performed on the BM05 beamline of European 
Synchrotron Radiation Facility (ESRF, France) at three different energies: 10 keV, 12 keV 
and 14 keV in a parallel beam configuration.

Figure 4. Scheme displaying the position of the eight spheres of different chemical compositions: 
yellow for SiO2, black for Si, green for Al2O3 and red for soda lime glass.

Table 1. Theoretical values of β and δ at 10, 12, 14, 16 and 22 keV for the different spheres calculated 
from the Center for X-Ray Optics website [37].

Theoretical values Si Al2O3 SiO2 Soda lime

δ 10 keV 4.89 x10−6 8.15 x10−6 4.58 x10−6 4.6 x10−6

12 keV 3.35 x10−6 5.6 x10−6 3.16 x10−6 3.14 x10−6

14 keV 2.46 x10−6 4.11 x10−6 2.32 x10−6 2.31 x10−6

16 keV 1.89 x10−6 3.15 x10−6 1.78 x10−6 1.77 x10−6

22 keV 9.95 x10−7 1.66 x10−6 9.4 x10−7 9.35 x10−7

β 10 keV 7.38 x10−8 6.18 x10−8 3.91 x10−8 4.71 x10−8

12 keV 3.53 x10−8 2.94 x10−8 1.86 x10−8 2.26 x10−8

14 keV 1.92 x10−8 1.59 x10−8 1.01 x10−8 1.23 x10−8

16 keV 1.14 x10−8 9.45 x10−9 6.01 x10−9 7.34 x10−9

22 keV 3.29 x10−9 2.73 x10−9 1.73 x10−9 2.12 x10−9
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From the images with and without sample, four maps (transmission, horizontal and 
vertical deflections, and the phase) could be measured. Deflections are expressed in 
radian and phase in nm, which corresponds to the differential optical path due to the 
X-ray passing through the object compared to the reference image (i.e. phase multiplied 
by the wavelength/2π). The images acquired at 12 keV are shown in Figure 5. It is difficult 
to differentiate Si (black) and Al2O3 (green) spheres from the transmission map, while 
they present a different phase signal: phase of the Al2O3 spheres is darker (higher) than 
for Si.

From the values of Table 1, it means that our system does not allow us to differentiate 
elements with a variation of β of 0.59 × 10−8 but we can differentiate δ of 2.25 × 10−6. 
Transmission and phase maps of both Al2O3 (green) and soda lime (red) spheres are very 
similar at 12 keV. Our system is not able to separate them. On the contrary, Si (black) and 
SiO2 (yellow) look different on the transmission map (the difference in β is 1.67 × 10−8), 
with lower transmission for Si than SiO2 (higher β for Si and SiO2) while more similar on 
the phase (small difference in δ of 0.19 × 10− 6). These first results are purely qualitative.

SiO2 and soda lime have similar δ at 12 keV (3.16 and 3.14 × 10−6), but the phase of the 
soda lime is higher, as this sphere is larger (Figure 5). This effect is also visible where there 
is the superposition of the two SiO2 spheres: the thickness is greater; the phase image is 
darker. Comparing contrast on the phase and transmission maps is not enough to 
differentiate elements of different sizes.

Using the HPXI system we can calculate the transmission and phase maps. Knowing 
the sphere thickness, it is possible, using Equation (5-7), to measure experimentally β and 
δ for the different spheres at the different energies (10, 12 and 14 keV). Results have been 
reported in the graphs in Figure 6. The experimental results (red dots) were compared 
with the tabulated index of refraction for compound materials available online on the 
Center for X-Ray Optics website [37] (blue crosses). They fit well with less than 10% 
error.

It is worth noting that the δ for Si and SiO2 at these energies are very similar 
(difference of 0.3 × 10−6 at 10 keV, 0.2 × 10−6 at 12 keV and 0.14 × 10−6 at 14 keV), 
making it impossible to differentiate them on the basis of delta knowledge alone. On the 
other hand, the β values are sufficiently different (difference of 3.47 × 10−8 at 10 keV, 1.67 
× 10−8 at 12 keV and 0.91 × 10−8 at 14 keV). Our ability to independantely calculate both 
δ and β at a few energies allows us to distinguish Si from SiO2.

Figure 5. False color maps of the transmission, horizontal and vertical deflection, and phase measured 
at 12 keV for the set of 8 spheres: yellow for SiO2, black for Si, green for Al2O3 and red for soda lime 
glass.
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Another example is given by the value of β for SiO2 (3.91 × 10−8) and Al2O3 (6.18 × 
10−8) that are easily differentiable at 10 keV but become much closer at 14 keV (SiO2: 1.01 
× 10− 8; Al2O3:1.59 × 10−8) making their separation more challenging. However, the 
values of δ at 14 keV are quite different for SiO2 (2.32 × 10−6) and Al2O3 (4.11 × 10−6): 
difference of 1.79 × 10−6. The knowledge of both δ and β at a few energies allows us to 
confirm the initial guess based on β values at 10 keV.

These examples show that the ability to directly and independently measure δ and β 
on a single acquisition with the HXPI is a key advantage for chemical differentiation.

3.3 Polychromatic measurements at Elettra synchrotron

In order to mimic table-top sources, we measured the real and imaginary parts of the 
index of refraction of the same samples but using standard ‘pink-beam’ [38–40]. The 
experiment has been performed at the SYRMEP beamline of the ELETTRA synchrotron 
(Italy). The HXPI system was set at about 20 cm from the sample (Figure 3). The parallel 
X-ray beam covered the full sensor aperture.

The X-ray spectrum available at SYRMEP beamline expends over a very large set of 
energies from a few keV up to 50 keV. In order to reduce the spectral width, we placed a 
set of specially designed filters before the sample. A 2 mm beryllium filter is permanently 
installed on the beamline as a window between vacuum and air and had to be taken into 
account in the filter calculation. We present results obtained with four different home
made filters defined by their central energy (and bandwidth): ~16 keV +/1 keV, 17.6 keV 
± 0.6 keV, 20.5 keV ± 3.2 keV and 22.6 keV ± 3.2 keV.

The images acquired for the same sample described in Figure 4 are shown in Figure 7: 
the transmission (Figure 7(a)), the deflections in the X and Y directions (Figure 7(b–c) 
respectively) and the reconstructed phase (Figure 7(d)). Results were obtained for two 
different incident spectra: one centred around 16 keV (upper row in Figure 7) and the 
second one at 22 keV (lower row in Figure 7).

Figure 6. Comparison of experimental values (red dot) of δ versus theoretical ones (crosses) for Si (A), 
SiO2 (B), Al2O3 (C) and soda lime (D) and β for Si (E), SiO2 (F), Al2O3 (G) and soda lime (H). The vertical 
error bars have not been displayed since they are of few per cent and would not be visible.
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Figure 7. Transmission, horizontal deflections, vertical deflections and phase reconstruction. The 
upper row corresponds to a mean energy of 16 keV, while the bottom row corresponds to 22 keV. 
The color code is used to differentiate the 4 kinds of spheres: soda lime in red, Al2O3 in green, Si in 
black and SiO2 in yellow.

Figure 8. Variation of δ (top row) and β (bottom row) for Si (a and e), SiO2 (b and f), Al2O3 (c and g) and 
soda lime (d and h) versus X-ray energies. Theoretical values are displayed with blue crosses fitted 
together to show the trend. Experimental values are shown as red dots with red bars giving the 
spectral width of the individual filter used. The experimental points are placed at the mean energy of 
each filter.
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As the energy increases, the photon-noise increases and all the spheres start to be 
transparent to X-rays resulting in a reduced contrast: from 0.5 at 16kV to 0.19 at 22 keV 
for the soda lime, from 0.48 to 0.18 for Si, from 0.55 to 0.2 for Al2O3 and from 0.2 to 0.04 
for the SiO2 spheres, using the classical formula (Imax – Imin)/(Imax + Imin).

At 22 keV, it is difficult to differentiate the soda lime (red), Al2O3 (green) and silicon 
(black) spheres from the absorption map, as the β values are all within 1.56 × 10−9, while 
we can easily differentiate the Al2O3 (green) from the silicon (black) spheres on the phase 
map (all the δ values are within 7.25× 10−7).

Figure 8 displays the measurements as well as theoretical values of δ (a to d) and β (e to 
h) for pure Si (a and e), SiO2 (b and f), Al2O3 (c and g) and soda lime (d and h) for four 
different spectral ranges corresponding to four homemade filters. In general, the experi
mental values (red dots) agree well with theoretical ones (blue crosses), demonstrating 
efficiency for chemical discrimination of the reduction of spectral width using a combi
nation of broad band X-ray source (few keV) and homemade filter.

4. Conclusion

In this article, we have shown our ability to distinguish known elements of different 
chemical composition using Hartmann X-ray phase imaging. This device has the key 
ability to measure in 2D, directly and on a single acquisition the absorption, the X-ray 
horizontal and vertical deflections and the phase. The method has been validated first on 
a monochromatic beam, then on a polychromatic X-ray beam with a spectrum of few 
keV, both on a synchrotron facilities. The use of special filters was necessary to ensure a 
reliable measurement while using polychromatic X-rays that correspond to the emission 
of a table-top X-ray source. Measurements of β and δ at a few energies are needed to 
ensure a high degree of confidence. The next step will be to reproduce this experiment on 
a tabletop X-ray source and to show our ability to differentiate truly unknown materials 
using a tabletop experiment. Although this work shows promising results for chemical 
differentiation, several improvements have to be made in order to retrieve the exact 
chemical composition of unknown specimens.
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