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Abstract
Spectral K-edge subtraction (SKES) is an imaging technique that takes advantage of the sharp
rise in the mass attenuation coefficient of specific elements within an object at their K-edge to
produce separate and quantifiable distributions of each element. In this paper, a high-sensitivity
and wide bandwidth SKES imaging system for computed tomography applications on
biological samples is presented. X-ray images are acquired using a wide and continuous energy
spectrum that encompasses the absorption edges of the target materials. System characterization
shows that high energy resolution (approximately 3× 10−3) and unprecedented large energy
bandwidth (around 15%) are achieved over a field-of-view of several centimeters. Imaging
results obtained on contrast elements relevant for biomedical applications, namely silver, iodine,
xenon, and barium, demonstrate the system sensitivity to concentrations down to 0.5 mgml−1.
The achievement of a large energy bandwidth allowed the simultaneous imaging of the K-edges
of iodine, xenon, and barium and provided an accurate concentration estimation and distinction
of co-localized contrast elements, leading the way for future simultaneous cardiovascular
(iodine), pulmonary (xenon), and gastrointestinal/inflammatory (barium) imaging applications.

Keywords: spectral x-ray imaging, spectral tomography, multiple K-edge,
energy dispersive Laue
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1. Introduction

Spectral x-ray imaging is an imaging method whose aim is
to obtain information about the chemical composition of an
object by exploiting the energy dependence of x-ray photon
attenuation in matter. This procedure requires the images
to be acquired at multiple (at least two) x-ray energies,
and it can discriminate among different materials/compounds
within an object providing quantitative and material-specific
maps (Vries et al 2014, Fredenberg 2018).

High-atomic-number contrast agents are being used in bio-
medical x-ray imaging applications to enhance the contrast of
otherwise scarcely visible target tissues or structures within
the body.When combined with spectral x-ray imaging, the use
of contrast elements greatly improves material differentiation
and quantification by exploiting the element absorption edges,
further increasing the visibility of details of interest (Panahifar
et al 2016, Panta et al 2018).

In the past decades, many spectral imaging techniques
employing x-rays have been introduced. Spectral scanners
used in medical applications typically use a ‘spectrum-based’
approach, where two images are acquired at two different
energy levels, either by producing two different x-ray spec-
tra during the acquisition (dual-energy), or by detecting dif-
ferent spectral components through a layered detector (Altman
and Carmi 2009, Fredenberg 2018). More recently, single-shot
‘detector-based’ spectral imaging has become a viable option,
due to the advent of pixellated hybrid detectors equipped with
high-Z sensors, where the incoming photons can be grouped
into two (or more) energy bins (Ballabriga et al 2016). The lat-
ter approach brings a major simplification in the imaging sys-
tem and an improvement in flexibility. Detector-based spectral
computed tomography (CT) scanners are now becoming com-
mercially available in hospitals (Rajendran et al 2022), while
several examples of integration of small-pixel (<100 µm)
spectral detectors withinmicro-CT systems have been recently
published (Badea et al 2019, Brun et al 2020, Brombal et al
2023).

In this context, an additional high-sensitivity large-
bandwidth spectral imaging method is the crystal-based spec-
tral K-edge subtraction (SKES) (Zhu et al 2014). SKES is a
synchrotron-based imaging technique that exploits the sharp
rise of the mass attenuation coefficient at the K-edge energy
of specific elements, either purposely inserted or naturally
present in the sample. SKES can be considered as an evolu-
tion of the KES imaging technique, where two images, taken
at energies above and below the target element K-edge, are
subtracted logarithmically (Rubenstein 1984, Thomlinson
et al 2018). Unlike KES, SKES involves the acquisition of
x-ray images on a continuous and spatially dispersed energy
spectrum containing the contrast medium K-edge energy (i.e.
K-edge bracketing). The spectrum, which will from now on be
referred to as energy bandwidth, is prepared from a polychro-
matic x-ray beam, produced by a synchrotron source, travers-
ing a cylindrically bent Laue (i.e. transmission-type) crystal
that acts as a monochromator (Qi et al 2021). Owing to the
curvature of the crystal, the diffracted beam is geometrically

focused onto a line and energetically dispersed in the diffrac-
tion plane, being collected by a 2D pixelated detector. The
diffracted energies are vertically mapped onto different pixel
rows along the diffraction plane. Consequently, the acquisition
is performed utilizing an energy bandwidth which comprises
tens to hundreds of energy bins, also opening up the possibil-
ity of imaging multiple K-edges simultaneously (Bassey et al
2016).

Crystal-based KES systems have been used in a number
of biomedical imaging applications (Thomlinson et al 2018),
e.g. in the field of coronary angiography (Bertrand et al 2005)
and lung imaging (Bayat et al 2001). Compared to KES, the
advent of SKES has the potential to improve results in terms
of sensitivity, but also to pave the way for new applications
making use, for instance, of multiple contrast agents to target
different anatomical or functional districts.

In the implementation of a SKES setup, both the diffrac-
ted spectrum bandwidth and the energy resolution are funda-
mental parameters defining the overall imaging performance.
When pursuing multiple K-edge imaging, the spectral band-
width ultimately determines the number and the type of con-
trast media that can be simultaneously imaged. Once the geo-
metrical and crystal parameters have been fixed, the spectral
bandwidth is found to be inversely proportional to the bend-
ing radius, whose lower bound (i.e. maximum bending) cor-
responds to the rupture of the crystal itself. On the other hand,
energy resolution measures the quality of the energetic spatial
dispersion, which in turn determines the blur of the detectedK-
edge along the energy axis. A large energy blurring negatively
affects the material decomposition as a relevant portion of the
field-of-view is occupied by edge-crossing energies (Samadi
et al 2016). Additionally, a poor energy resolution does not
allow the detection of subtle near-edge attenuation features,
thus preventing the implementation of near-edge spectroscopy
techniques such as EXAFS (Qi et al 2019). In general, the
energy resolution of a bent Laue crystal depends on several
parameters including the reflection type, the lattice d-spacing
variation across the crystal due to its curvature, beam diver-
gence, and the effect of the finite source size (Qi et al 2021).
Nonetheless, it has been demonstrated that by choosing asym-
metrically cut crystals matching a focusing criterion referred
to as magic condition (Martinson et al 2015, Qi et al 2021)
optimal energy resolution can be reached. The understanding
of the magic condition has paved the way for SKES, bringing
a significant reduction of edge-crossing energies (from around
30% to a few % of the field-of-view), and removing the need
for beam splitters (Samadi et al 2016).

In this context, the present work reports on a SKES ima-
ging setup featuring, to the best of the authors’ knowledge,
the largest energy bandwidth along the direction orthogonal to
the plane of the laminar beam reported so far coupled to a large
field of view (FOV) (several cm).

The spectral system is characterized in terms of both energy
bandwidth and resolution at energies corresponding to K-
edges of contrast media relevant for biomedical imaging,
namely silver, iodine, xenon, and barium. The capability
of performing simultaneous SKES tomographic imaging of
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iodine, xenon, and barium over a FOV of several centimeters
is being demonstrated for the first time. For each contrast ele-
ment, the quantitativeness and sensitivity of the system are
evaluated on tomographic images of test samples contain-
ing multiple contrast media dilutions. The experimental setup
was implemented at the SYRMEP beamline of the synchro-
tron facility Elettra (Trieste, Italy) in the context of the INFN
(National Institute of Nuclear Physics)research projects KISS
(K-edge Imaging at Synchrotron Sources) and SPHERE-X
(Spectral PHasE REtrieval x-ray imaging).

2. Materials and methods

2.1. Experimental setup

The imaging studywas performed at the SYRMEP beamline at
Elettra operated in the white-beam mode (Tromba et al 2010)
by using the setup shown in figure 1. The energy dispersion
of the beam was achieved by employing a 750 µm thick Si
wafer featuring a 3-degree asymmetrical cut with respect to
the selected (111) diffraction plane. The wafer was bent to a
radius of 0.5 m through a custom-designed two-bar bender,
shown in the inset of figure 1(b). The latter consists of two
frames: the first one is an aluminum block with a slotted aper-
ture (8mm× 80mm),machined along the bending direction to
the desired radius. On the curved surface, a 1 mm thick nylon
layer is attached to ensure a more homogeneous stress distri-
bution on the crystal. The second frame consists of an alu-
minum block featuring a wide aperture and two Teflon rods.
The crystal is positioned on the curved frame while the second
frame is placed on top and coupled to the first by using two
screws. The pressure applied from the rods causes the crystal
to bend, making it adhere to the curved surface. The bending
frame is positioned onto a 6 degrees-of-freedom hexapod posi-
tioning stage located at approximately 23 m downstream from
the bending magnet source. Samples are mounted on a dedic-
ated stage comprising a second hexapod, a vertical translator,
and a rotator enabling radiographic and tomographic imaging,
respectively. Samples are positioned at the focus, namely at
24.7 cm downstream of the crystal. Images were collectedwith
the PIXIRAD-8 CdTe photon-counting detector (Bellazzini
et al 2013, Delogu et al 2016), whose sensitive area is divided
into 8 modules, each of 30.7 × 24.8 mm, tiled up to a total
sensitive area of 246 × 24.8 mm. The 650 µm thick CdTe
sensor ensures high efficiency over a wide range of photon
energies, up to 100 keV. Detector pixels are arranged on a
hexagonal matrix with 60 µm pitch. The detector is positioned
at 80.5 cm from the crystal focus along the diffracted beam dir-
ection and mounted onto a manually adjustable tilt platform in
order for its sensitive area to be perpendicular to the beam.

2.2. Samples

To assess the system’s performance, multiple dedicated
samples were prepared. Each sample consisted of different sets
of plastic cuvettes, filled with a solution of water and a con-
trast element in different concentrations. The cuvettes were

arranged on a dedicated holder. Concentrations were selec-
ted ranging from values typically encountered in biomedical
imaging applications that make use of contrast media (≳10
mgml−1), down to extremely small values (<1 mgml−1), to
test the detectability limit of the system.

Four different sets of CT images were acquired, each using
a different sample:

i. A silver sample, consisting of seven cuvettes contain-
ing silver solutions with concentration 25.0 mgml−1,
10.0 mgml−1, 5.0 mgml−1, 2.5 mgml−1, 1.0 mgml−1,
0.5 mgml−1, 0.0 mgml−1 (water only).

ii. An iodine sample, consisting of seven cuvettes contain-
ing iodine solutions with concentration 25.0 mgml−1,
10.0 mgml−1, 5.0 mgml−1, 2.5 mgml−1, 1.0 mgml−1,
0.5 mgml−1, 0.0 mgml−1 (water only).

iii. A barium sample, consisting of seven cuvettes contain-
ing barium solutions with concentration 28.1 mgml−1,
11.2 mgml−1, 5.6 mgml−1, 1.1 mgml−1, 0.6 mgml−1,
0.0 mgml−1 (water only), and an empty cuvette
(0.0 mgml−1).

iv. A mixed sample, containing three contrast elements, i.e.
iodine, xenon, and barium, consisting of five cuvettes.
Three of these contained single contrast elements: iodine
with concentration 10.0 mgml−1, xenon gas with concen-
tration < 5.9 mgml−1 (value corresponding to the pure
xenon density at standard temperature and pressure), and
barium with concentration 11.2 mgml−1. Another cuvette
contained a mixture of one part iodine and two parts barium
resulting in a concentration of iodine of 3.3 mgml−1 and
barium of 7.5 mgml−1. The last cuvette contained a mix-
ture of two parts iodine and one part barium resulting in
a concentration of iodine of 6.7 mgml−1 and barium of
3.8 mgml−1.

The sample containing multiple contrast elements was used
to test the multiple K-edge decomposition capabilities of the
system, while barium and iodine mixtures were included to
assess the material decomposition in the case of spatially co-
localized contrast agents.

2.3. Image acquisition, reconstruction and decomposition

A CT scan was acquired for each sample, consisting of 1210
projections over 180◦ obtained with an exposure time of
200 ms per projection and a frame rate of 4.29 Hz. The sample
was scanned in continuous-rotation mode with an angular
speed 0.644degs−1, corresponding to a total scan time of
280 s.

A detector-specific pre-processing procedure, including
flat-field normalization, was applied to the projection images
before tomographic reconstruction through conventional
filtered back projection (Brombal et al 2018). For each dataset,
the number of reconstructed slices matches the number of illu-
minated pixel rows, each corresponding to a different energy.
The number of illuminated pixel rows is directly proportional
to the energy bandwidth achieved in each acquisition.
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Figure 1. Sketch (a) and photo (b) of the experimental setup for the image acquisition. After traversing the crystal, the vertically
energy-dispersed beam focuses on the sample and then diverges on the detector. The sample is positioned on the sample stage, at focus.

The SKES material decomposition algorithm was applied
to the reconstructed slices to produce the density maps of each
element of interest (Zhu et al 2014). The algorithm assumes an
x-ray beam separated into n energy levels and an object to scan
composed of m known different materials. Thus, the number
of transmitted photons Ni for the ith energy is, according to
Lambert–Beer’s law:

Ni = Ni0 exp

 m∑
j=1

− µ

ρ

∣∣∣∣i
j

ρjtj

 (1)

where Ni0 is the incident number of photons, µ
ρ |
i
j are the mass

attenuation coefficients relative to the ith energy and the jth
material, and tj, where j = 1, . . .,m, are the material thick-
nesses. Defining Si as follows:

Si =− ln

(
Ni

Ni0

)
(2)

the following matrix system can be obtained:

S
1

...
Sn

=


µ
ρ

∣∣∣1
1

· · · µ
ρ

∣∣∣1
m

...
...

µ
ρ

∣∣∣n
1

· · · µ
ρ

∣∣∣n
m


 ρ1t1

...
ρmtm

 . (3)

The mass attenuation coefficients in the matrix are known
and can be found in publicly available databases (Hubbell and
Seltzer 1996). Therefore, the matrix system is composed of n
equations andm unknowns, withm⩽ n: by inverting it through
a least squares minimization algorithm, for each chosenmater-
ial the ρ · t maps, in the case of planar radiography, or the ρ
maps, in the case of tomography, are obtained.

The algorithm can be applied to any set of chosen mater-
ials. In biomedical imaging applications, the most common
choice consists in the selection of water, of which soft tis-
sues are mostly composed of, and one or more contrast ele-
ments that typically target specific anatomical districts. This
approach was followed in this paper by selecting specific com-
binations of silver, iodine, xenon, and barium with water.

As it is clear from equation (3), the decomposition
algorithm requires the knowledge of themass attenuation coef-
ficient matrix, which was calculated using the Matlab function
PhotonAttenuation (Tuszynski 2023), directly accessing NIST
database (Hubbell and Seltzer 1996). In order to achieve a bet-
ter match between the measured intensity transitions at the K-
edge energy and the tabulated mass attenuation coefficient as
a function of energy, the latter was smoothed through convo-
lution with a Gaussian function whose full width at half max-
imum (FWHM) corresponded to the system’s energy resolu-
tion (see section 2.4.2). Finally, it should be remarked that, by
considering the system’s geometry (i.e. relative distances and
effective pixel size), the applied decomposition procedure is
inherently quantitative and does not require any density calib-
ration based on objects with known concentrations.

2.4. Energy characterization

2.4.1. Calibration. The decomposition described in the pre-
vious section requires the knowledge of the exact energy level
for each row of pixels, i.e. an energy calibration. Through
calibration, the correct mass attenuation coefficient values
can be inserted in the matrix in equation (3). An analyt-
ical method, requiring the knowledge of the geometry of the
crystal-detector system and the presence of a well-visible K-
edge transition within the FOV, was used to calibrate the
images. The energy-position information for every row of
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Table 1. Summary of energy resolution dE and energy bandwidth ∆E values for each scanned energy. The relative resolution dE/E and
relative bandwidth ∆E/E are indicated as well.

Contrast Element E (keV) eV/pixel dE (eV) dE/E (×10−3) ∆E (keV) ∆E/E (%)

Silver 25.5 10.6 56.4 ± 1.3 2.21± 0.05 3.44 ± 0.05 13.5
Iodine 33.2 18.0 109.6 ± 2.2 3.30± 0.07 4.98 ± 0.05 15.0
Xenon 34.6 19.9 125.0 ± 6.1 3.61± 0.07 5.45 ± 0.03 15.8
Barium 37.5 22.9 139.9 ± 3.6 3.73± 0.10 5.73 ± 0.05 15.3

pixels of the detector can be determined through the follow-
ing formula (Qi et al 2020):

Ei =
hc

2dhkl sin
(
θK + 1

2 tan
−1

(
yi−yK
dfd

)) (4)

where Ei is the energy at the ith pixel row of the detector, h
is the Planck constant, c is the speed of light, dhkl is the d-
spacing of the crystal, θK is the Bragg diffraction angle of the
x-rays at the K-edge energy, dfd is the focus-to-detector dis-
tance, yK is the vertical pixel location of the K-edge energy on
the detector and yi location of the ith pixel row. Given the K-
edge energy EK, the Bragg diffraction angle θK, that appears
in equation (4), is calculated as:

θK = asin

(
hc

2EKdhkl

)
. (5)

Hence, the knowledge of the geometrical parameters listed
above related to the acquisition system allows the recovery of
the energy information from each pixel row.

2.4.2. Resolution and bandwidth. Ideally, the intensity
transition at the K-edge energy is sharp, and has a width of
a few eV due to intrinsic lifetime broadening effects (Nicolas
and Miron 2012). In crystal-based spectral systems the energy
resolution is typically broader, hence the transition is detected
over a wider energy range. The energy resolution of the sys-
tem was measured by retrieving the intensity profile plot along
the energy (i.e. vertical) axis at a position corresponding to
the absorption edges. Energy resolutions for silver, iodine, and
barium, noted in table 1, were derived from the single-element
datasets, while the one of xenon was obtained from the mixed
sample dataset. Notably, despite the system being centered on
xenon’s K-edge energy, the energy resolutions calculated for
iodine and barium from the mixed sample dataset produced
compatible results. Each profile plot was fitted with the fol-
lowing erf function:

f(x) = a+ b · erf
(
x− c
d

)
(6)

where a, b, c, and d are the fit parameters, and the variable
x corresponds to energy (see figure 2, panels (a) and (b)).
By assuming a Gaussian energy blurring, the FWHM in pixel
units is computed as:

FWHM= 2
√
ln(2)d. (7)

The pixel equivalent in energy was calculated from the
energy calibration. By multiplying the energy pixel equivalent
and the FWHMestimated as in equation (7), the system’s abso-
lute (dE) and relative (dE/E) energy resolutions are evaluated.

The main parameters that affect the energy bandwidth are
the crystal bending radius and the Bragg angle. Both paramet-
ers are, as a first approximation, inversely proportional to the
bandwidth. While the bending radius remained fixed for all
measurements, the Bragg angle was adjusted depending on
the contrast element used, in order for the energy spectrum
to encompass its K-edge energy.

The Gaussian shape of the incident polychromatic synchro-
tron beam is maintained after diffracting through the crystal.
For this reason, the energy bandwidth∆E for all datasets was
measured via a Gaussian fit on the vertical profile plot extrac-
ted from the flat field images (see figure 2, panels (c) and (d)).
The full width at tenth maximum was chosen as a represent-
ative value of the largest portion of the beam, i.e. the largest
energy beamwidth that has sufficient flux for imaging pur-
poses. From previous considerations, the relative energy band-
width (∆E/E) is expected to be constant.

3. Results

The results are organized in two sections. In the first one, the
energy characterization of the system in terms of resolution
and bandwidth is reported. In the second section, imaging res-
ults and contrast media density quantification are outlined both
for single-contrast-element samples and for the mixed sample.

3.1. Energy resolution and bandwidth

Table 1 summarizes the measured values of energy resolution
and bandwidth. For the investigated energies, the energy res-
olution is found to be approximately linear with energy in the
range 25.5 to 37.5 keV, as shown in figure 3(right axis), and
corresponds to a relative energy resolution around 3× 10−3.

As predicted, the measured bandwidth scales with the
selected energy, as shown in figure 3(left axis), and corres-
ponds to a relative energy bandwidth of around 15%.

3.2. Contrast media quantification

Either a single-contrast element SKES decomposition or a
multiple-contrast element decomposition, according to (3),
was applied to the reconstructed slices, depending on the
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Figure 2. (a) Intensity transition at iodine K-edge energy along with the vertical profile used to measure the energy resolution. (b) Erf
function fit performed on the vertical profile plot extracted from (a). (c) Flat image of the vertically energy-dispersed beam centered at
Xenon K-edge energy (34.6 keV). The vertical profile used to measure the energy bandwidth is shown. (d) Gaussian fit performed on the
vertical profile plot extracted from (c), its FWTM was considered as the value of the energy bandwidth.

Figure 3. Plot of energy bandwidth and energy resolution as a
function of K-edge energy and their relative linear fits.

number of contrast elements contained in the sample. The res-
ulting density maps were used to obtain quantitative meas-
urements of the concentrations of the contrast elements. The
measurements were performed by selecting a circular region
of interest (ROI) inside each cuvette and by measuring its
mean intensity. The uncertainty associated with each density
measurement is its standard deviation inside the selected ROI.
It should be remarked that no calibration fit is used, and dens-
ity distributions derive uniquely from element decomposition
and from the knowledge of the reconstruction voxel size. All
images were obtained across a FOV of 5 cm.

3.2.1. Single-contrast element decomposition. The dens-
ity maps from all single-contrast element datasets, contain-
ing respectively silver, iodine, and barium, each diluted with
water, are shown in figure 4. As expected, water is clearly
visible inside all the non-empty cuvettes, in panels (a2)–(c2),
with no relevant intensity variation. The contrast elements can
be observed in decreasing intensity (i.e. decreasing concentra-
tion), in panels (a1)–(c1). The quantitative measurements of
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Figure 4. Silver (a1), iodine (b1) and barium (c1) SKES decomposition images and their relative water images (a2), (b2) and (c2). In the
density maps of the contrast elements, the decreasing concentrations in the cuvettes can be noticed (from brighter to darker).

Table 2. Expected and measured densities of silver, iodine, and barium inside the cuvettes. Measurements were made by selecting a ROI in
each cuvette and by measuring its average intensity. The uncertainty is determined by the standard deviation within the ROI.

Silver (mgml−1) Iodine (mgml−1) Barium (mgml−1)

Expected Measured Expected Measured Expected Measured

25.0 24.0 ± 0.2 25.0 24.8 ± 0.5 28.1 29.3 ± 0.8
10.0 9.6 ± 0.2 10.0 10.3 ± 0.4 11.2 12.1 ± 0.8
5.0 5.0 ± 0.4 5.0 5.2 ± 0.4 5.6 6.3 ± 0.8
2.5 2.2 ± 0.2 2.5 2.7 ± 0.4 1.1 1.4 ± 0.7
1.0 0.9 ± 0.2 1.0 1.3 ± 0.4 0.6 0.7 ± 0.8
0.5 0.4 ± 0.2 0.5 0.7 ± 0.5 0.0 −0.1 ± 0.7
0.0 −0.1 ± 0.2 0.0 0.3 ± 0.4 0.0 0.0 ± 0.7

the contrast element dilutions, measured from the decompos-
ition images, are reported in table 2.

In the case of silver, except for the highest concentration,
which is underestimated by about 4%, all the measurements
are compatible with the expected value within three standard
deviations. Within the error bars, the iodine dataset reveals
that the system allows good quantitative determination of all
the given material densities. The bariummeasurements appear
slightly systematically overestimated (the highest concentra-
tion of about 4%) compared to the nominal ones. Nevertheless,
the ratio between consecutive pairs of densities is approxim-
ately correct, so there is proportionality between expected and
measured densities. The overestimation is therefore possibly
due to an error in the nominal density of the stock solution,

which was used to prepare all the working solutions. The
root-mean-square-errors (RMSE) of the measured concentra-
tions with respect to the expected values are 0.45 mgml−1,
0.25 mgml−1, 0.73 mgml−1 for silver, iodine and barium,
respectively. Their relative RMSE (RRMSE) are 1.6%, 2.4%,
0.9%, respectively.

The negative density values reported in the table are a result
of the decomposition algorithm, which simply involves matrix
inversion without any constraints applied, and the presence of
noise in the images. Accordingly, values which ideally should
be zero fluctuate, hence they can also take negative values.
It is important to note that, in all datasets, even the smallest
concentration considered (0.5 mgml−1) is perceived by the
imaging system after decomposition. Moreover, it is worth
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Figure 5. Comparison between the expected densities and the measured densities for the three single-contrast-element datasets, and their
residuals. Each plotted error is the uncertainty associated to its measurement (corresponding to the standard deviation), as detailed in table 2.

noticing that decomposition is achieved with small image
noise, corresponding to density fluctuations in the order of
0.2 mgml−1, 0.4 mgml−1, 0.8 mgml−1 for silver, iodine, and
barium, respectively. The image noise increase at higher ener-
gies is primarily governed by the steep decrease in the photon
flux at higher energies due to the low critical energy (3.2 keV
for storage ring electron energy of 2.0 GeV) of the Elettra
synchrotron.

Figure 5 shows a comparison between the expected and
measured data for the three datasets described above, along
with their respective residuals. Except for the cuvette contain-
ing the highest silver concentration, the residual plots show
that the measurements are all compatible with the expected
densities within three standard deviations.

3.2.2. Multiple material decomposition. Owing to the
achievement of a large energy bandwidth (5.5 keV), simul-
taneous imaging of three K-edges (iodine at 33.2 keV, xenon
at 34.6 keV and barium at 37.5 keV) was accomplished. By
applying the multiple-material decomposition on the data-
set, four independent density maps are generated for iodine,
xenon, barium, and water, respectively, as shown in figure 6.

The measurements of the three contrast elements, reported
in table 3, are all in good agreement with the nominal values
considering the error bars. It should be noted that the density of
xenon (cuvette 5) is uncertain as the pressure of xenon inside
the cuvette was unknown. Nevertheless, since the cuvette was
filled at atmospheric pressure, the upper-density limit of xenon
is 5.6 mgml−1 (pure xenon).

The RMSE of the measured concentrations with respect to
the expected values are 0.24 mgml−1, 0.76 mgml−1 for iod-
ine and barium, respectively. Their RRMSE are 1.9%, 5.4%,
respectively.

Similarly to the single-contrast element decomposition, the
density measurements of barium in cuvettes 2, 3, and 4 are
slightly overestimated compared to the expected values. This
supports the idea that the concentration of the stock solution

was higher than expected. Additionally, iodine and barium
maps in panels (a) and (c) of figure 6 demonstrate that the
multi-material SKES allows for the correct quantitative recon-
struction of different co-localized contrast media.

In this dataset, the decomposition images are generally
noisier (average noise > 1 mgml−1) compared to the single-
contrast element ones (average noise < 1 mgml−1). This is
due to two reasons. Firstly, the larger number of unknowns
that appear in the matrix system equation (3) increases the
decomposition noise (Di Trapani et al 2022). Additionally,
noise is influenced by the effect of the gaussian-shaped ver-
tical intensity distribution of the beam coupled with its pecu-
liar vertical energy dispersion (see figure 2). With an energy
bandwidth of 5.5 keV, centered approximately at the energy
of the xenon K-edge, the iodine and the barium K-edges are
localized, respectively, in the leading and falling slope of
the vertical intensity distribution. In this region, the photon
flux is considerably lower and, subsequently, the associated
relative stochastic noise is higher compared to the central
region. Therefore, the noise in a specific material decomposi-
tion image increases when the material’s K-edge in the projec-
tions is located on the slopes of the intensity distribution of the
beam, corresponding to smaller photon fluxes. This explains
why the xenon images (whose K-edge is positioned on the
maximum of the Gaussian) feature the lowest noise, while
the location of the iodine and barium K-edges yields noisier
decomposition images. Nonetheless, the noise level is in all
cases below 2mgml−1, which can be regarded as a small value
considering typical contrast media concentrations in biomed-
ical applications.

Figure 7(a) shows a composite image where the con-
trast media are coded in RGB channels, displaying dens-
ities of iodine (red), xenon (green) and barium (blue),
respectively. Figure 7(b) graphically shows a compar-
ison between the expected and measured densities inside
each cuvette, following the cuvette order indicated in
figure 7(a).
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Figure 6. Iodine (a), xenon (b), barium (c), and water (d) density maps obtained through the multiple-material decomposition. The cuvettes
are numbered in the following order: (1) iodine 10.0 mgml−1, (2) and (3) mixtures of iodine and barium, (4) barium 11.2 mgml−1, (5)
Xenon.

Table 3. Expected and calculated densities of iodine, xenon, and barium inside the cuvettes. Measurements were made by selecting a ROI
in each cuvette and by measuring its average intensity. The uncertainty is determined by the standard deviation within the ROI. The
measurements are displayed following the numerical order indicated on panel (a) of figure 6.

Iodine (mgml−1) Xenon (mgml−1) Barium (mgml−1)

Cuvette No. Expected Measured Expected Measured Expected Measured

1 10.0 10.3 ± 1.7 0.0 0.0 ± 0.6 0.0 −0.2 ± 1.1
2 6.7 6.8 ± 1.9 0.0 0.0 ± 0.6 3.8 4.2 ± 1.1
3 3.3 3.6 ± 1.9 0.0 0.2 ± 0.6 7.5 8.5 ± 1.1
4 0.0 0.1 ± 1.8 0.0 0.2 ± 0.6 11.2 12.5 ± 1.2
5 0.0 0.2 ± 1.8 ⩽5.6 3.6 ± 0.5 0.0 0.0 ± 1.0
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Figure 7. (a) Composite image of iodine (red), xenon (green), and barium (blue) densities in three RGB channels. (b) Comparison between
the expected and measured densities inside the cuvettes. Each plotted error is the uncertainty associated to its measurement (corresponding
to the standard deviation), as detailed in table 2.

4. Discussion and conclusions

The novel SKES system implemented at the SYRMEP beam-
line at Elettra has been characterized in terms of its energy
resolution and energy bandwidth, and tested on biologically-
relevant contrast media. Large energy bandwidths (∼15%) at
relative energy resolutions of the order of 3× 10−3 have been
consistently achieved across energies ranging from 25 keV to
38 keV.

In general, both the energy bandwidth and the energy res-
olution are influenced by multiple crystal parameters, includ-
ing the reflection type, the curvature radius, and the thickness,
as well as various x-ray beam parameters, the most important
being the source divergence (Qi et al 2021).

In this framework, it is interesting to compare the results
herein presented with previous studies. Taking as a reference
the iodine K-edge, an energy resolution of 109.6 eV FWHM
and a bandwidth of 4.98 keV (see table 1) were obtained.
For comparison, the original work introducing the SKES by
Zhu et al (2014) reported a 3-times better energy resolution
(32.6 eV FWHM), but at the expense of a 9-times smaller
energy bandwidth (0.56 keV). These results were obtained by
employing the <311> reflection of a 600 µm thick Si crys-
tal curved to a 1 m bending radius. More recently, by using
the <111> reflection of a 600 µm thick crystal curved to 1 m
bending radius, Bassey et al (2016) reported an energy res-
olution of 48.8 eV FWHM and a wide bandwidth reaching
15.0 keV. This extreme bandwidth was reached by exploit-
ing the horizontal beam divergence (order of 10−3 rad), that
is one order of magnitude larger than the vertical divergence
(order of 10−4 rad) in the case of bending magnet sources.
This geometry implies that, at the focus position, the use-
ful beam dimension for imaging is determined by the smal-
ler vertical divergence, resulting in a FOV of ∼6 mm. A
FOV this small does not allow, for instance, to perform tomo-
graphic imaging of large samples (e.g. small animal studies).
Conversely, the ∼5 keV bandwidth reported in this work was
obtained across the vertical direction, exploiting the large-

divergence horizontal direction for imaging. This guarantees
a large FOV (50 mm in this work, but can reach 150 mm at the
SYRMEP beamline): to the best of the authors’ knowledge,
this is largest energy-bandwidth reported so far over a several-
centimeter FOV, making the system suitable for biomedical
imaging applications.

All single-contrast element decomposition images proved
to be quantitatively accurate, yielding sensitivity to very low
contrast element concentrations, down to 0.5 mgml−1. The
sensitivity of SKES in the case of a multiple-component
sample was also assessed. The results show that all contrast
elements inside the sample, namely iodine (33.2 keV), xenon
(34.6 keV), and barium (37.5 keV), were accurately resolved,
even when the elements were spatially co-localized. The lat-
ter paves the way for the application of multiple SKES to
achieve simultaneous quantitative imaging of different ana-
tomical districts or to enhance functional imaging (Ashton
et al 2015, Yeh et al 2017). Specifically, considering the sim-
ultaneous use of iodine, xenon, and barium, cardiovascular,
pulmonary (Giacomini et al 1998) and gastrointestinal/inflam-
matory (Dullin et al 2015) imaging applications with a single
scan can be envisaged on biological samples both ex-vivo and
in-vivo.

Further efforts will be devoted to enhance energy resolu-
tion, aiming towards large FOV x-ray absorption spectroscopy
applications. This will require the modification of crystal para-
meters including its thickness, reflection type, and bending
radius. Similar measurements based on dispersive bent crys-
tals have been previously conducted at different synchrotron
facilities (Matsushita and Phizackerley 1981, Katayama et al
2015), although they were limited by an energy bandwidth
below 1 keV. Additionally, contrast medium sensitivity at
levels encountered in molecular imaging (<100 µgml−1) will
be explored. This will involve the increase of the system effi-
ciency and the refinement of the decomposition algorithm. The
first will involve the optimization of the crystal’s parameters
based on the energy range of interest, while the second will
require the development of dedicated de-noising strategies.
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