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ABsTRACT: X-ray imaging techniques that distinguish radiation in different energy ranges offer the
advantage of material differentiation based on the material-specific properties of the object to be
examined. One possibility to obtain spectroscopic information is the K-edge approach utilizing
energy thresholds. A basic information about the photon energy is needed for this purpose.
The Medipix3RX is a photon-counting semiconductor detector which provides multiple energy
thresholds in a single recording and so an energy information. It offers up to eight independent
energy thresholds per pixel with high spatial and high energy resolution. In order to investigate the
possibility of material discrimination by X-ray imaging methods with Medipix3RX detectors, an
absorption phantom was fabricated and examined which consists of 8 different materials in various
thicknesses. For material separation the K-edge method was used, which exploits the abrupt rise
of photo absorption for energies above the ionization energy of electrons in the atomic K-shell.
After performing a threshold equalization and a threshold-energy calibration of the detector, X-ray
images were taken of the phantom. After evaluation, five of the eight materials of the phantom were
successfully separated and identified with the selected settings of the X-ray tube. These include
gadolinium and iodine, which are used as contrast agents in oncology. The most reliable material
discrimination was achieved for tungsten and gadolinium. Due to their high K-edge energy, they
had the greatest influence on the spectrum used. Elements with a low atomic number, however,
could be distinguished less confidently due to the low photo absorption in the energy spectrum used
and the resulting low effect on the change of the measured total intensity. This article describes the
experimental setup of the energy calibration and X-ray image analysis of a Medipix3RX detector
with a 1 mm CdTe sensor as well as the performance and evaluation of these and shows first
results in material identification with eight energy thresholds in spectroscopic single pixel mode
configuration.
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1 Introduction

Since the discovery of X-ray radiation by Wilhelm Conrad Roentgen in 1895, the detection of X-
rays has evolved into one of the most important diagnostic tools for non-destructive investigations.
Nowadays it is a common tool for medical applications as well as for material researchers, homeland
security and industrial purposes. The principle of X-ray detection has changed over the last years
from photographic plates to indirect detection via scintillators to direct photo detection with single
photon counting, semiconductor detector devices with high energy resolution and high spatial
resolution. Along with new detector types, new possibilities for X-ray-based applications occurred.
The detector device used in this work, the Medipix3RX detector (MPX3RX), provides the possibility
to distinguish between different levels of energy with up to eight independent energy thresholds [1].
This opens new possibilities for X-ray imaging; the differentiation between different energy ranges
and, therefore, spectroscopic X-ray imaging. This technology promises advantages in different
fields of interest like medicine, Homeland Security, the mining industry and for material science
in non-destructive material research. In this work the MPX3RX detector is used to discriminate
different materials utilizing the increase of absorption of photons above the ionization energies.
The aim of this work was the separation of various materials via the K-edge method with a single
energy-selective X-ray acquisition.

2 Materials and methods

2.1 K-edge method

The attenuation of X-rays by an absorber material is a composition of different interaction processes
and can be described by Beer-Lambert law. The attenuation is depending on the absorbing material



and the energy of the transmitted photon. Besides coherent and incoherent scattering of photons
the photo-absorption by ionization leads to an increase of attenuation. For X-ray photon energies
above the electron ionization energy of the specific element the absorption of photons increases
drastically. This distinct rise of absorption is visible in the transmission spectrum as a sharp edge
as shown in figure 1. The edge in the measured transmission spectrum is called K-edge, L-edge
and so on, depending on the corresponding atomic shell. These element specific absorption edges
can be used to identify the underlying material. A material identification or separation respectively,
related on the ionization of an electron from the K-shell of an atom is called K-edge method.
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Figure 1. Composition of total photon attenuation in copper by interaction processes. Data from [2].

2.2 Medipix3RX detector

The Medipix3RX detector is a pixelated, hybrid photon counting semiconductor detector device
with high spatial resolution and high energy resolution developed by the Medipix3 collaboration at
CERN [4]. It has an active area of 1.98 cm? and 256 x 256 pixels with a pixel pitch of 55 um. Every
single pixel has two independent energy thresholds. The Medipix3RX, offers the possibility of two
different modes of operation, fine pitch mode and spectroscopic mode which differs in hardware
configuration of the readout-chip to sensor connection. In fine pitch mode every pixel of the readout
chip is hardware-sided connected to the sensor material providing two energy thresholds per pixel
with a pixel pitch of 55um. In spectroscopic mode only one of four pixels of the readout chip is
bonded to the sensor material while the other three unbonded pixels provide their pixel electronics
as additional energy thresholds with independent counters to the bonded pixel. Together, the single
bonded and the three unbonded pixels form a super-pixel with eight energy thresholds and a pixel
pitch of 110 x 110um?. Therefore, every super pixel has a total of eight independent energy
thresholds with simultaneous bisection in spatial resolution [1]. The sensor used in this work was a
cadmium telluride (CdTe) sensor with 1 mm thickness. CdTe has for the required photon energies,



from 10keV to 90 keV, the highest absorption efficiency compared to Silicon or gallium arsenide
(GaAs) detectors with the same thicknesses as shown in figure 2.
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Figure 2. Absorption efficiency for semiconductor materials Si, GaAs, and CdTe for 1 mm sensor thicknesses.
Data from [3].

2.3 Absorption phantom

To investigate the possibility of material discrimination via energy selective X-ray imaging, an
absorption phantom was developed and produced, covering several fields of interest. The phantom
consists of eight different materials varying in horizontal direction. The thickness of each material
changes in vertical direction in three rows from 10 pum to 30 wm to 100 um. In the lower area
of the phantom, aluminum is applied in three different thicknesses to investigate the influence of
beam hardening on material differentiation. The chosen thicknesses are 1 mm, 3 mm and 10 mm.
The material thicknesses of the materials of interest behind the aluminum in the lower area of
the phantom is constant with 30 um at every layer of applied aluminum. In order to investigate
the possibility of separating different medical contrast agents in one acquisition, iodine as well as
gadolinium has been applied to the phantom. To create a solid iodine sample, an iodine based
contrast agent [5] has been dissolved in water in different concentrations. Various filter papers were
then soaked with these solutions. Once the water has vanished, the iodine has crystallized at the
fibers of the filter paper, forming solid iodine samples in different relative thicknesses. The 10 um



relative Gd sample has been created using the same method with an Gd-based contrast agent [6].
To investigate the limits of material separation, two elements with K-edges close to each other were
attached, namely zirconium and niobium which K-edge energies varying by just 1 keV. Furthermore,
polyethylene terephthalate (PET, C19HgO4) was applied as control field as an absorbing material
without K-edge in the investigated energy range. The absorption phantom was placed inside a 3D
printed support structure for better handling. Figure 3 (left) shows a schematic drawing of the
phantom, a photography of it is shown in the right part. The K-edge energies of the materials used
are listed in table 1.
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Figure 3. Structure of the absorption phantom. The materials are chosen in three different thicknesses
varying in vertical direction. Left: schematic drawing of the phantom to illustrate the structure. Right:
photography of the finished phantom without front layer of aluminum.

Table 1. Materials used in the phantom and corresponding K-edges (data from [2]).

Atomic
Element K-edge [keV]
Number /Z
aluminum 13 1.562
copper 29 8.993
zirconium 40 17.997
niobium 41 18.985
tin 50 29.211
iodine 53 33.168
gadolinium 64 50.207
tungsten 74 69.517
PET (C19HgOy4) | (6; 1;8) (0.283; 0.001; 0.532)

2.4 Experimental setup

For the spectroscopic X-ray imaging in this work, a micro CT setup was used. Inside a shielding
box, an X-ray tube was installed as well as a movable detector holder with the Medipix3RX-detector
and 1 mm CdTe sensor. The ability of precisely moving the detector allows to record objects



larger than the active area of the sensor, by recording several tiles of the object and stitching
these together afterwards. Between the detector and the X-ray tube the absorption phantom was
placed. The distance from detector to X-ray tube was 56 cm, the distance from absorption phantom
to detector was 11cm. As a result, the phantom was recorded magnified 1.2 times. As X-ray
source the Hamamatsu L.10101 X-ray tube with tungsten target was used. It provides 5 kV-100kV
acceleration voltage with anode currents from 1 uA to 200 uA. The output window of the tube
consists of 150 wm thick Beryllium.

The readout system is a combination of the FitPix [7] device for Medipix3RX and the Pixelman
readout software [8], both developed by the Institute of Experimental and Applied Physics (IEAP) [9]
to configure and readout the detector. Further information on the setup used can be found in [10].

2.5 Energy threshold calibration

In order to prepare the energy-selective radiographs, the differences of the energy thresholds per
pixels were adjusted and an overall energy to threshold calibration was performed. To equalize the
pixels, the noise floor method [8] was used. The Noise-Floor method is the fastest equalization tool
but offers less accurate energy resolution than other equalization methods [11].

To determine the threshold-value to energy relation, known emission lines of radioactive
sources and fluorescence photons from different elements were recorded over a certain range of
energy. Therefore, the detector was placed outside the beamline recording mainly secondary photons
emitted by the radiated materials caused by scatter and fluorescence processes. Every of the eight
energy thresholds was shifted stepwise from low threshold values to higher threshold values while
all events were recorded. The total events of all pixels per threshold were summed up to determine
the total count rates of every threshold for every threshold value. By calculating the derivation of
the total registered counts between each two threshold values, the measured X-ray spectrum could
be determined. Figure 4 shows exemplarily a zirconium fluorescence measurement acquired with
the first threshold (THO) of the detector. The resulting X-ray spectrum with the fluorescence peak
was fitted by a linear combination of a gaussian function and a straight line.

f T (x = x0)*
fx)= m-exp(—“m@)-xw—zxo +bx+c

Here, b is the slope of the straight line, w is the FWHM! of the Gaussian, x¢ is the center
position of the Gaussian and A is the amplitude.

The center position of the gaussian function of each element were used as calibration values
by comparing them to the recorded fluorescence energies. In total, the fluorescence peaks of six
different materials were recorded by every energy threshold. Additionally, the strongest gamma
photo peak of 152Eu (121.78 keV) and 2*' Am (59.54 keV) were used as calibration values. Because
the limited energy resolution of the Medipix3RX detector, the detector was not capable of separating
the K, emission line from the Kz emission line. This led to a wider photo peak in the recording. In
order to achieve a credible energy calibration, the center peak energies were weighted by multiplying
the photoenergies with the transition probability of the involved energy levels. The weighted energy
was then used as calibration value. In figure 5, the recorded center values of the fluorescence peaks

1Full Width Half Maximum.
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Figure 4. Exemplary fluorescence peak of zirconium recorded with MPX3RX threshold THO. On the left
side the total registered events per threshold is shown. On the right side the change of counts per energy is
pictured.

are plotted exemplarily for threshold THO over the corresponding energy values. By fitting the data
with a polynomial of second order, the relation between threshold value and corresponding energy
could be described. The energy threshold relations of the other energy thresholds have similar
shapes, which is why the representation of these has been omitted.

All measurements were performed in the super-high-gain mode of the Medipix3RX detector
to enable the highest energy resolution. This gain mode determines the capacity of the feedback
capacitors of the charge sensitive amplifier which is adjustable from 28 fF in the super-low-gain
mode down to 7fF in the super-high-gain mode [12]. The super-high-gain mode provides the
best energy resolution but provides linearity only up to Ske™ (= 22keV for CdTe) [1]. For higher
energies the Charge Sensitive Amplifier (CSA) is not in the linear range anymore. This, led to the
recorded parabolic energy-threshold relation exemplarily shown for threshold THO in figure 5.

2.6 Spectral image recording

The absorption phantom was acquired with an X-ray spectrum of 85 kVp maximum energy, shown
in figure 6, 60 uA tube current and 1.25 times magnification. All threshold images were corrected
with a flatfield image of the corresponding threshold to compensate sensor-related differences in
pixel count rates. Defective pixels were corrected with a nearest neighbor interpolation. The
phantom was recorded in three by four tiles merged afterwards into a total picture of the phantom.
The flatfield image of threshold THO is exemplarily shown in figure 7 left, the corrected recording
of THO is shown in figure 7 right.

The requirement for the recordings was to be at least 15000 recorded events in each pixel in each
threshold in order to achieve credible statistics. In the single pixel spectral mode of the detector the
counter depth of every single threshold is 12 Bit [1]. The counter values of each pair of thresholds
are stored in a 32 Bit shift register, which allows to store both data packages in a single output
number and, therefore, reduce the time used for the hardware-sided read out electronics. To reduce



300 -
%)
()
=]
©
>
© 200
<
Q,
= Intercept + B1*x* + B2*x"2
a T Equation Y P X X
sl
o Plot THO
UCJ Intercept -1,22 £ 1,47
100 B1 5,44 £ 0,08
B2 -0,02 + 7,32E-04
Residual Sum of Squares 1806,56
] >/ R-Square (COD) 0,9996
Adj. R-Square 0,9994
1 ' | ' I ! T T | T T T T T
0 20 40 60 80 100 120

Energy [keV]

Figure 5. Energy threshold to energy relation exemplarily shown for threshold THO. The recorded values
of the fluorescence peaks are approximated with a second order polynomial to describe the energy threshold
relation.

the number of files created, multiple recordings can be merged before the file is written. However,
this can result in defective data files if the counters of the built-in images exceed 16 Bits. At this
point, the shift register becomes overfilled and the data is corrupted. To prevent the shift-register
from overflowing, the maximum number of summed images is limited to 16 Bits of counts per pixel
and threshold. However, to achieve the required statistics, several integrated files must be written,
the counter values separated afterwards and the counter values of the individual thresholds of each
recording added subsequently. The final images were put together from 600 individual images per
tile, each with a recording time of 1.125 s, resulting in a total measurement time of (12 - 600 - 1.125)
seconds for all 12 tiles, i.e. 135 minutes. The recording time of the Flatfield image was chosen to
be the same. In addition to the shift register, the different counting rates of the energy thresholds
caused difficulties. The energy threshold TH7 which is exclusively sensitive to the highest energetic
photons of the incoming spectrum was set to the K-edge energy of tungsten at 69 keV. The recorded
intensity of the counter of this threshold was very low compared to the intensity of the counter of
the lowest energy threshold THO which was set to the K-edge energy of copper at 9 keV. As a result,
the decreasing registered signal intensity at the threshold TH7 had to be statistically corrected.
Furthermore, the intensity of an X-ray tube is not homogeneous over the whole energy range but a
distribution dependent on the target material used (figure 6). The absorption probability of photons
for every material with the sensor is varying relative to the incoming photon energy and the collected
charge for an incident photon varies between the energy thresholds.
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Figure 6. Simulated 85 kVp W-anode X-ray spectrum as used for recording of the phantom.
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Figure 7. Left: image of the total flatfield recording of THO. The image was created by joining 4 x 3 tiles
together which can be seen from the dark spot caused by the connection of the high voltage to the sensor.
Right: image of the total flatfield and nearest neighbor corrected phantom recorded at 85 kVp with THO.

In order to consider the influencing factors on the counting rates of the individual threshold
values, the 10 um PET area of the absorption phantom was left empty to directly record the



undisturbed X-ray spectrum. By normalizing the recordings on the registered counts in this empty
area, all disturbing effects that influence the different count rates were taken into account. The
raw images were later flatfield corrected and faulty pixels were corrected by a nearest neighbor
interpolation to improve image quality.

2.7 Evaluation and material discrimination

The normalized and corrected images of the respective energy thresholds were subtracted from
each other to create different energy windows (W,,,, = TH, — TH,|n < m). It was always
subtracted the higher energy threshold from the lower because the thresholds register all events
above the thresholds. The resulting intensity of every pixel for every energy window was then
compared between the energy windows. By a suitable subtraction of different energy windows
ReSumij = (Wam — Wijln < m;i < j), it was possible to separate individual materials based on the
intensities rate of change in the corresponding pixels.

Subtracting energy windows above the K-edge of a specific area (W;;) from an energy window
below the K-edge (W,,,,) results in a higher intensity in the pixels of the resulting image (Res;;ni;)
where the K-edge is located between the energy windows. The pixels with the highest remaining
count rates are the ones that had the greatest change in absorption and were separated from the
others by comparing the count rates with a count rate threshold. This threshold was composed of
a constant factor (a), the standard deviation of the count rate distribution of the entire resulting
image (0Rres) and the mean count rate of all pixels of the resulting image (meanges). All pixels with
a resulting count value higher than the threshold Iy, = meanges + a - ORres Were assigned to the
specific K-edge or material respectively in the corresponding energy window.

3 Results and discussion

By the comparison of various energy windows recorded in one measurement series, clear differences
in the absorption of different material areas could be observed and several materials could be
separated. The method described in section 2.7 was used to distinguish between the materials. The
constant factor a was chosen as 1.5. The pixels with resulting count values above the threshold
have been separated and colored for better viewing. The threshold values THO to TH7 were set on
the K-edges of the materials starting with THO on the K-edge of copper (8.99 keV) to TH7 on the
K-edge of tungsten (69.52keV). The resulting pictures are shown in figure 8 to 11. By merging all
colored images created this way, a total false color image of the phantom was created as shown in
figure 11 on the right-hand side. All recordings were made in one measurement at 85 kVp.

The best result in terms of material discrimination was achieved for the separation of tungsten
from the other materials as shown in figure 8 (right). Hereby, almost the whole column with
all different material thicknesses could be revealed. gadolinium (figure 8 left) was also well
distinguishable from the other materials. For iodine (figure 9 left) and tin (figure 9 right), the
separation was not possible across the whole column and only the 100 um areas and the 30 wm areas
could be associated with the appropriate material.

A distinction between zirconium (figure 10 left) and niobium (figure 10 right) was not possible.
The images of these two materials originating from the comparison of the energy windows had
almost indistinguishable results, although the distinction between Zr and Nb and materials with



Figure 8. Left: false color image of pixels identified as gadolinium (Wss—Wg7). Right: false color image of
pixels identified as tungsten (Wg7—Woe).

Figure 9. False color image of pixels identified as iodine (W,4—Wy3). Right: false color image of pixels
identified as tin (W34—Wye).

higher atomic numbers was successful. The reason that niobium and zirconium could not be
distinguished from each other was the limited energy resolution of the Medipix3RX because the
K-edges of Zr and Nb are only 1keV apart. The FWHM of the measured photopeak caused by the
fluorescence calibration measurements was 2.5 keV at 18 keV. That means that the energy thresholds
TH2 set at approximately 18 keV and TH3 set at approximately 19keV did overlap and prevent a
successful distinction of the materials.

Another reason why it was difficult to distinguish low atomic number elements and the areas
with low thicknesses was the influence of low photo absorption in these areas on the recorded total
spectrum.

The maximum energy of the X-ray spectrum used had to be above the K-edge of tungsten. This
led to a very small signal change due to photo absorption in the low Z materials compared to the total
spectrum which explains why copper (figure 11 left), niobium and zirconium could not be reliably
distinguished. The absorption in any of the 10 um thick areas was too small for a reliable material
discrimination as well (cf. figure 11 right). Furthermore, the influence of the applied aluminum
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Figure 10. Left: false color image of pixels identified as niobium (W3—Wy¢). Right: false color image of
pixels identified as zirconium (W1,—W ). Due to the limited energy resolution of the detector the materials
are not distinguishable.

filter in the lower area of the phantom on the total spectrum was very high compared to the influence
of the underlying 30 um thick materials. Therefore, it was not possible to distinguish here materials
other than tungsten for the used 85 kVp X-ray spectrum. For a discrimination of materials with low
atomic numbers, the energy spectrum must be shifted to a lower maximum energy. This increases
the influence of absorption on the total spectrum and therefore the SNR.

Figure 11. Left: false color image of identified copper pixels (Wo;—Wo4). Right: total false color image of
all colorized pixels.

4 Conclusion

The Medipix3RX offers with its eight different energy thresholds the possibility of targeted and
rapid material differentiation and even material identification in one single X-ray image by K-edge
method. By comparing the photo absorption of the materials in different energy ranges, it was
possible to separate different materials and assign them to a specific element. With the X-ray tube
spectrum created with 85 kVp maximum energy, the elements with a high Z-number, i.e. tungsten

—11 =



and gadolinium, could be clearly separated from the other materials. Tin and iodine could be
distinguished from the other materials in the area of the highest material thickness and gadolinium
and iodine could be distinguished reliably from each other. A material differentiation of zirconium
and niobium was not possible here due to the limited energy resolution of the detector and the
used high-kVp X-ray spectrum. For the same reason a material distinction of copper as well as the
areas of lowest material thickness could not be achieved. To distinguish elements with low atomic
numbers, the energy spectrum must be adjusted to lower energies.

In conclusion, it can be said that a material differentiation by the K-edge method with the
Medipix3RX is highly applicable under proper conditions. It must be ensured that the K-edges of
the elements are further apart energetically than the maximum energy resolution of the detector
in the specific energy range and the absorption by the materials must have enough influence
on the incident X-ray spectrum. In order to improve these results in future investigations, an
improvement of the threshold equalization is planned. This will be based on a monochromatic
radiation source. In addition, an object recognition algorithm will be implemented, and it will
be examined whether the result of material recognition can be further improved in comparison to
pixel wise differentiation. The object-based recognition may reduce falsification of the material
recognition by noise. Furthermore, the possibility of material identification will be investigated
under direct consideration of the energy-dependent absorption coefficients as an alternative approach
of material identification.

To make material differentiation practicable for most applications like medical imaging with
multiple contrast agents or material identification in non-destructive analysis (NDA), the active area
of the detector must be increased. This can be achieved by tiling several Medipix3RX detectors
next to each other to one large detector using edge-less sensors as shown by Jakubek et al. [13].
By use of this tiling technique, a 14 x 14 cm? detector was realized. In [13] Timepix chips have
been used, but the same way large area Medipix3RX based detectors can be built. As there is no
limit in scale-up of this method, this way large area detectors with 24 x 30 cm? can be set up as
demanded by mammography, medical imaging of extremities and NDA. For computed tomography
(CT) usually row detectors are used with a size of 3 x 45 cm?. Such row detectors can be built with
Medipix3RX chips as well. Due to the small pixel size of Medipix3RX detectors, the maximum flux
without pile-up is 3 - 108 photons/mm?/s. As the flux in a CT system is up to 10° photons/mm?/s,
an improvement of the Medipix3RX is necessary for its use in current CT systems.
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