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1 | INTRODUCTION

3D characterization of materials is indispensable in many
fields such as geology, materials science, or archeology

[1-3]

Abstract

We present a new approach to 3-dimensional chemical imaging based on X-
ray computed micro tomography (CT), which enables the analysis of the inter-
nal elemental chemistry. The method uses a conventional laboratory-based CT
scanner equipped with a semiconductor detector (CdTe). Based on the X-ray
absorption spectra, elements in a sample can be distinguished by their specific
K-edge energy. The capabilities and performance of this new approach are
illustrated with different experiments, i.e. single pure element particle mea-
surements, element differentiation in mixtures, and mineral differentiation in
a natural rock sample. The results show that the method can distinguish ele-
ments with K-edges in the range of 20 to 160 keV, this corresponds to an ele-
ment range from Ag to U. Furthermore, the spectral information allows a
distinction between materials, which show little variation in contrast in the
reconstructed CT image.
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The most common method for 3D investigations is X-
ray computed micro tomography (CT) that has been used
for many years in medical science, security, industrial
inspection or geology ">l In CT, X-ray absorption

. Nevertheless, most methods are limited to 2D,
which implies the loss of information. Techniques such
as scanning electron microscopy (SEM), electron probe
microanalysis (EPMA) or transmission electron micros-
copy (TEM) are commonly used in numerous application
[4-11 " However, usually, the investigated features of a
sample are 3-dimensional, thus a complete characteriza-
tion would only be possible using a 3D technique.

images (radiographs) from different angles of the sample
are recorded during the scan, which are then computation-
ally reconstructed as a voxelized 3D image. The intensity of
each voxel depends on the attenuation coefficient of the
sample at a particular point. This intensity can be calcu-
lated using the Lambert-Beer's law (Equation 1). Mathe-
matically, it describes the attenuation of X-rays in the
sample and therefore the transmitted intensity I 12°:
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I, is the incident beam intensity and u(s) is the linear
attenuation coefficient along the X-ray path s (201 Here, u
determines the intensity value for each point in a sample.
This value depends on parameters such as material den-
sity p, atomic number of elements Z, and X-ray energy
E 1721 Usually, the values of p and Z are unknown in a
CT scan, making a material identification not possible.
However, based on the attenuation contrast, that is, using
the greyscale values in the reconstructed CT image, mate-
rials can be distinguished 22223,

There have been different approaches to measure
chemical data in 3D by combining CT with other analyti-
cal methods. One combination is 2D automated mineral-
ogy techniques with CT. The focus of this method is the
calibration of the CT data based on the 2D mineralogical
information **!, This combination is accurate and min-
erals can be classified though, it is time-consuming and
needs two different analytical techniques. Another
approach is X-ray absorption spectroscopy, which
exploits changes in absorption edges (e.g., K-edges),
sharp discontinuities in the absorption spectra. These
sharp edges appear as an abrupt increase from weak to
strong absorption in the spectrum and occur at energies
of an electronic transition of an atom meaning that this
method is element-specific [*!1. Based on the position of
the absorption edge in the spectrum, one can determine
different elements in the sample. One 3D method making
use of this phenomenon is dual-energy CT 2°-%%], Dual-
energy CT uses two sequential CT scans of a sample with
different incident X-ray energies below and above K-
edges of chemical elements in investigated materials, this
allows a decomposition of materials containing different
chemical elements *7*°], Dual-energy CT is a useful
addition to conventional CT and it is commonly used in
medical and biological research [27*!1, Nevertheless, dual-
energy CT is time-consuming and has its limitations with
chemically complex samples that contain several ele-
ments with K-edges in the same measured energy range.

Besides conventional CT scanners with a polychro-
matic X-ray tube, there are different techniques for a 3D
chemical imaging based on monochromatic synchrotron
radiation, such as absorption-edge tomography, which
uses X-rays tuned to specific absorption edges 3%,
Additionally, 3D chemical information can also be com-
plemented by X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure
(EXAFS), techniques sensitive to atomic environments of
elements **3°  Alternately, there are synchrotron
methods using X-ray fluorescence for 3D chemical imag-
ing 1“4 X.ray fluorescence in 3D has a higher

sensitivity, at the cost of a slower scanning process, com-
pared to the techniques mentioned above. All these
methods using monochromatic synchrotron radiation
provide high-resolution data and can even give additional
information about oxidation states of elements or the
coordination environment in the sample *°!. However,
access to synchrotron facilities is much more limited than
laboratory-based instruments.

Other 3D techniques use focused ion beams (FIB)
instead of X-rays such as time-of-flight secondary ion
mass spectrometry (FIB TOF-SIMS) and FIB-SEM [42743],
FIB-based techniques provide high spatial and depth res-
olutions but are destructive due to the high intensity of
the ion beam. Moreover, only small volumes can be
scanned compared to other 3D techniques such as
CT. Another destructive high-resolution method for a 3D
material characterization is atom probe tomography
where the sample is evaporated from a small tip and sin-
gle atoms are detected [4°],

As an alternative, a laboratory-based spectral X-ray
micro-computed tomography (Sp-CT) is a promising
approach as a 3D material identification method. Sp-CT
uses a multi-pixel photon-counting detector (PCD) such
as cadmium telluride (CdTe) or cadmium zinc telluride
(CdZnTe) in combination with a conventional CT scan-
ner to image a sample and detect its transmitted poly-
chromatic X-ray spectrum [47-531 Based on the position of
elemental K-edges on recorded spectra chemically differ-
ent particles can be identified inside a sample from a sin-
gle CT scan %3l This method based on 3D multi-pixel
PCDs usually requires long measurement times. In this
paper, we present Sp-CT with a 2D line detector, which
decreases the acquisition time and allows performing fast
scans without preparation of the sample.

In this paper, we describe the general principle of Sp-
CT and the instrument including the photon-counting
detector that we used. We present first results with a
focus on 3D chemical characterization of geological sam-
ples and show the potential of this method in different
fields of application.

2 | PRINCIPLE OF SPECTRAL-CT

Various processes occur in the interaction between X-
rays and matter, for example, scattering, diffraction,
absorption '?!1. The linear attenuation (Equation (1)) is
the main phenomenon that gives contrast differences in
phases. The attenuation is caused by four major pro-
cesses: incoherent or Compton scattering, coherent scat-
tering, photoelectric effect, and pair production 221, At
low energies (50-100 keV) the photoelectric effect domi-
nates the attenuation while at higher energies
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(5-10 MeV) Compton scattering is dominant. Pair pro-
duction is only relevant for very high energies !>,
For most laboratory CT setups, the main contribution to
X-ray attenuation is the photoelectric effect, which can

roughly be expressed by (Equation 2) 21!,

n
T constant~ﬁ (2)

Here the exponent n varies between 4 and 5, meaning
that the photoelectric effect increases steeply with the
atomic number (Z). On the other hand, it decreases with
increasing photon energy (E).

When the X-rays are attenuated by the sample, the
spectrum of the primary X-rays emitted from the source
is changed (Figure 1). Therefore, the spectrum of the X-
rays transmitted through the sample contains informa-
tion about the sample composition. Interpretation of
the spectra resulted from an interaction of X-rays with
a sample is the basis of Sp-CT. These spectra show dif-
ferent features such as abrupt changes in the transmis-
sion, which can be explained by absorption edges of
certain elements. These sharp edges appear as transi-
tions from weak to strong absorption, which is reversed
in the transmission spectrum, that is, at an absorption
edge the transmission decreases as a result of the
increasing absorption. The absorption edges occur at
energies of an electronic transition where the incoming
X-ray photons correspond to the binding energy of the
electron(s) in a particular electronic shell (K, L, M, etc.)
of a specific atom. Thus, the technique is element spe-
cific, that is, one can determine different elements in
the sample based on the energy position of the absorp-

tion edge 1?!!,
1000
< 100
S
10
20 70 120
Energy in keV
>
Emitted X-rays
FIGURE 1

)
=
< 09
g
» 0.8
o
g o7
©
£ 0.6
S
Z 05
20 70 120

SPECTROMETRY— YV LEY-L 2

The spectrum on which Sp-CT relies is detected by a
PCD. To explain the difference between a conventional
CT detector and a PCD the following section summarizes
the operation of both detectors. A conventional CT detec-
tor consists of a scintillator crystal (e.g., CsI), which con-
verts the incoming X-rays into visible light. Optical
sensors such as CCD (charge-coupled device) or CMOS
(complementary metal-oxide-semiconductor) detect and
transform the visible light into an electronic signal. The
signal is proportional to the total energy of all photons
deposited within the readout time, thus information
about individual photons is lost (energy integrating detec-
tor) [>*. This method of detection is also called indirect
because X-rays are transformed into light before the
detection. In contrast, a PCD uses a semiconductor crys-
tal such as CdTe, CdZnTe, Se or Si that directly converts
the incoming X-ray photon into an electric charge. There-
fore, it is also called direct detection !°°!. The detector
consists of a single semiconductor crystal, two electrodes,
and the readout electronics or application-specific inte-
grated circuit (ASIC) (Figure 2). The cathode is a mono-
lithic electrode and covers the whole semiconductor
while the anode is pixelated and evenly distributed on
the other side of the crystal [*°!. A bias voltage is applied
between the two electrodes. The pixelated anode is con-
nected to the ASIC by bump bonds which usually con-
sists of In or Pb/Sn *°. For a larger detector area,
multiple of these modules with separate semiconductor
crystals can be placed next to each other. If an X-ray pho-
ton hits the detector it generates electron-hole-pairs in
the semiconductor and the applied voltage causes a sepa-
ration of these charge carriers to the contacts (Figure 2).
The readout electronics further process and amplify the
signal. They wusually consist of a charge-sensitive

Energy in keV
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Schematic principle of the Sp-CT with the initial spectrum of the X-rays as they are emitted by the Xray tube (left); the two

visible peaks represent the tungsten K-o and K-p from the tungsten target in the Xray tube; The right spectrum shows the partially

transmitted spectrum after the X-rays passed the sample (in this case a gold particle); the strong decrease in the transmission around 80 keV

is the Au K-edge
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preamplifier, a pulse shaper, and multiple pairs of voltage
pulse height comparator and digital counter 1591 The
charge-sensitive preamplifier converts the incoming tran-
sient current into a charge. The pulse shaper not only
shapes the signal but also amplifies the signal and
reduces the noise produced by the preamplifier. The volt-
age pulse height comparator sets different energy thresh-
olds to determine which pulse is processed further. It can
be set individually for each pixel to compensate for differ-
ent variations in the electronics [50]. In the end, the sig-
nal consists of a single voltage pulse, which is
proportional to the energy of each individual detected X-
ray photon.

Figure 3 shows the raw data from single radiographs,
which were measured with a photon-counting line detec-
tor (TESCAN PolyDet). The y-direction of the radio-
graphs represents the energy separated into different bins
and the x-direction gives spatial information. In the flat
field radiograph with no sample, numerous dark vertical
lines are caused by the structure and the readout elec-
tronics of the detector. Another visible feature is the
bright horizontal band, which extends across the entire
radiograph. This represents the tungsten K-o fluores-
cence at 59.3 keV (NIST X-Ray Transition Energies Data-
base; °7)). The W K-p fluorescence at 67.2 keV is also
noticeable, but with less intensity (NIST X-Ray Transition
Energies Database; [57]). The sample, in this case, a gold
particle appears as a shadow in the image and after the

FIGURE 2 Schematic operation of
a photon-counting detector with a CdTe
crystal; the X-rays produce electron-hole
pairs, which are separated to the
contacts due to the applied voltage in
the CdTe crystal; the readout electronics
further process and amplify the signal

CdTe crystal E

normalization of both images, it is better visible. The nor-
malization eliminates all features that do not originate
from the sample. With this normalized radiograph, the
spectrum of the sample can be extracted as seen in
Figure 3. The strong decrease around 80 keV can be
explained by the Au K-edge. In this case, the signal drops
because the radiograph displays the transmission of the
sample that decreases at the K-edge. At this particular
energy, the sample is transmitting less x-rays due to the
increased absorption at the Au K-edge.

To get a full scan with many radiographs from differ-
ent angles, the sample needs to be rotated. The recon-
struction of all radiographs measured with the line
detector results in a two-dimensional image of the sam-
ple. The reconstruction contains 128 slices through the
sample, one for each energy bin (see Section 3), showing
not only the 2D spatial structure but also the spectral
information (Figure 4). To scan a large 3D volume several
2D scans need to be stacked to get the 3-dimensional and
spectral information.

In an ideal detector, each X-ray photon would interact
and produce a pulse with a voltage that represents its
energy. However, in the case of real detectors, there are
physical and technical limitations that affect our spectrum.
Some photons do not interact at all with the detector and
pass through. Some scatter from the detector itself or the
shielding and produce secondary effects that lower the ini-
tial signal 1581 The interaction physics between photons
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FIGURE 3 Radiographs and spectrum measured with a photon-counting detector (PCD); top left: flat field without a sample, the
vertical lines are caused by the readout electronics and the bright horizontal line represents the tungsten fluorescence from the X-ray tube;
top right: radiograph with a sample visible as a shadow with the unnormalized spectrum on the right side; bottom left: normalized
radiograph with the sample; bottom right: transmission spectrum of the sample (gold) with the K-edge around 80 keV

.
.
o
.

‘.,
.

16000

2D plane for spectral CT 14000

12000

Reconstructed grey value

10000

8000
20 70 120

Energy in keV

FIGURE 4 Schematic principle of a full 360° scan of a sample with the line detector; the result is a stack of 128 images of the 2D slice
of the sample for each energy bin; based on this image stack the spectrum can be extracted

and the detector substrate also leads to an incomplete col- example, electronic noise or pulse pile-up 24! All these
lection of photon energy, for example, charge sharing artifacts are common in different types of detectors and
[50.53.59.601 ‘Finally, the electronic readout is distorted by, for ~ must be considered when interpreting the spectrum.
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In a CdTe detector, Cd and Te are excited by the inci-
dent X-rays and produce specific X-rays. This affects all
electron transitions (K, L) but the effect of K radiation is
the strongest. Both Cd and Te produce K-a and K-f peaks
in the measured spectral range. Table 1 shows their char-
acteristic X-ray energies. When the primary X-rays hit
the detector, they can produce secondary X-rays with the
specific energies of Cd or Te. When this specific X-ray
radiation leaves the detector without further interaction,
then this portion of energy can no longer be detected and
an escape peak with a precisely defined lower energy is
formed (Figure 5) [21:6263],

Pulse pile-up is another known possible artifact, which
describes a case of two X-ray photons hitting the detector
within the readout time. This results in the detection of just
one event and an artificial signal that consists of two
summed X-ray photons ?'#>°!J, Therefore the counts are
artificially increased at twice the energy, especially when E
represents a peak value (Figure 5). Especially low to inter-
mediate energies are dominated by electronic noise. How-
ever, the low energy threshold of the detector blocks out
the dark noise and eliminates most of these artifacts.
Charge sharing is a phenomenon that occurs in every
pixelated detector and is reported for CdTe detectors too
164651 After an X-ray photon produced a charge cloud, this
drifts towards the electrode and spreads laterally. Because
the pixels are electrically separated by the bonds and not

TABLE 1
(data from NIST X-Ray Transition Energies Database

Characteristic X-ray energies for Cd and Te, in keV
[57])

physically in the semiconductor crystal this charge cloud
can spread over different neighboring pixels resulting in a
sharing of induced current signals by multiple neighboring
pixels. This reduces the measured signal in the specific
pixel and contributes to a lower energy and lateral resolu-

tion [50:53:59:60]

3 | METHODS

All scans presented in this study were performed with
the TESCAN CoreTOM (Gent, Belgium and Freiberg,
Germany). Apart from the standard imaging detector, the
CoreTOM is equipped with an additional photon-
counting line sensor, the TESCAN PolyDet, which can
automatically slide in front of the standard detector. The
PolyDet is a CdTe X-ray detector with a sensor width of
307 mm (Figure 6). The direct detection sensor has an
energy range from 20 up to 160 keV and can discriminate
up to 128 energy bins (Table 2). In particular, the K-edge
of elements from Ag up to U can be detected with this
detector.

Samples with different complexities were investi-
gated: particles of pure metals (Pb, W, Au, and Sn), parti-
cle mixtures embedded in a low absorbing matrix and
metal-bearing natural rocks (Table 3). The metal particles
have been attached to a graphite stick using superglue for
the Sp-CT measurements. For the mixtures, <400 pm
quartz grains (SiO,), were mixed as a low absorbing
matrix mineral with the metal particles of interest, and
the epoxy resin was used to solidify the mixture in a
cylindrical plastic container with a diameter of 1 cm. The
natural rock sample is a quarter of a drilling core of a
gold-bearing rock from the Massawa orogenic gold
deposit in Senegal. The sample contains a quartz vein

K-o, K-, K'ﬁl K- ﬁz
Cd 23.17 22.98 26.09 26.06
Te 27.47 27.20 30.99 30.94
Photo peak
[%]
= Escape
3 peak
o
Electronic Pile-up
noise 1
D~ /\

FIGURE 5
of the spectral response of a CdTe

Schematic illustration

Energy in keV

detector for a photo peak with important
detector artifacts
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FIGURE 6 The TESCAN PolyDet
CdTe X-ray detector next to the 2,800

X 2,800 pixel detector; for a spectral
measurement, the PolyDet can be
moved into the beam path in front of the

TESCAN PolyDet

other detector detector

TABLE 2 General specifications of the TESCAN PolyDet

398 X 236 X 76 mm
Cadmium telluride (CdTe)

Dimensions (W x H x D)
Radiation sensor

Number of pixels 384

307 mm

20-160 keV

9.1 keV FWHM at 96 keV

Sensor width
Energy range

Energy resolution

TABLE 3 Summary of investigated particle material with the
formula, density, and particle size (data from Refs. [66, 67])

Sample Formula  Density Size
Lead-particles Pb 11.34 g/cm’® 150 pm
Tungsten-particles W 19.25 g/cm® 50250 pm
Gold-particles Au 19.30 g/cm® 250 pm
Tin-particles Sn 5.77 g/cm® Ca. 500 pm

with stibnite (Sb,S;) and other sulfides, and moderate
pyrite (FeS,)-arsenopyrite (FeAsS) selvages (e8],

The measurement conditions were adapted to the
respective samples and a detailed list is attached in
Table Al (Appendix). The voltage was usually set
between 50 and 160 keV and the power between 10 and
100 W. Not only single radiographs but also 360° tomo-
graphic acquisition with 600 projection were performed
using the line detector. Before each scan, a radiograph
without a sample (flat field) was measured to normalize

SPECTROMETRY— YV LEY-L

Conventional CT
detector

the images later. The duration of each Sp-CT scan was
about 20 minutes. The radiographs were reconstructed
using the spectral reconstruction module in Acquila
reconstruction by Tescan (version 1.14) with a fan beam
reconstruction, a ring filter, and a bad pixel correction
(spot filter).

4 | RESULTS

In the results section, we first describe the polychromatic
spectrum of the X-ray tube detected by the PCD. Further-
more, we present the results of the pure element particle
measurements and the particle mixture embedded in a
low absorbing matrix. In the end, we show the results of
mineral differentiation in the rock sample.

4.1 | Polychromatic X-ray tube spectrum
Figure 7 shows the unfiltered polychromatic spectra of
the X-ray tube recorded with a different maximum
energy. The maximum energy of the tube in the individ-
ual scans is increasing starting at 40 keV and ending at
160 keV in steps of 20 keV with a power of 10 W. The
spectra with a maximum energy above 80 keV show the
characteristic tungsten K-o fluorescence at 59.3 keV cau-
sed by the tungsten target of the tube (NIST X-Ray Tran-
sition Energies Database; [*”1). This normally distinct and
sharp fluorescence peak is broadened by the PCDs energy
response, which has an energy resolution of 9.1 keV
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FIGURE 7 Polychromatic
—160 keV
Y spectrum of the X-ray tube measured
120 keV with the TESCAN PolyDet with different
—100 keV maximum energies; the maximum
80 keV energy of the tube is increasing starting
60 keV at 40 keV and ending at 160 keV in steps

—40 keV of 20 keV with a power of 10 W and
without a filter; the tungsten K-a
fluorescence at 59.3 keV is visible in all
scans with a maximum energy above

80 keV and K-p fluorescence at 67.2 keV
appears as a small peak in all scans with

a maximum energy above 100 keV (data

from NIST X-Ray Transition Energies

20 40 60 80 100 120

Energy in keV

FWHM at 96 keV. The less intense peak from W K-
fluorescence at 67.2 keV is only visible in the spectra with
a maximum tube energy between 100 and 160 keV (NIST
X-Ray Transition Energies Database; [*’)). The W K-p
peak appears on the right shoulder of the W K-a peak.
Furthermore, the different spectra do not reach zero
counts at their particular highest energy. There is a small
shift towards higher energies in all spectra, which can be
explained by several pulse pile-up events.

4.2 | Single particles

Different pure metal particles were investigated in this
study to compare the measured and theoretical spectra
and the position of the K-edges. Figure 8 shows two spec-
tra measured on gold and lead particles, and the first
derivative of the measured spectra and theoretical spectra
corresponding to Au and Pb (data from the NIST Stan-
dard Reference Database 66, [°°!). The first derivative is a
good tool to compare the K-edge with its theoretical posi-
tions as the edge forms a distinct peak.

As is seen from the spectra the detector is capable of
resolving the K-edges of particular elements in the spec-
tral range. The measured spectra have differences com-
pared to the theoretical spectra. One major difference is
in the low energy range between 20 and ca. 60 keV, in
which the measured spectrum shows lower intensities.
Furthermore, there is a small peak around 60 keV in
both spectra, which is also visible in the first derivative.
This is probably an artifact from the tungsten K-a fluores-
cence. The K-edges of both elements are visible and their
energy position corresponds to theoretical values.
Widened-edge peaks on measured spectra are broader
compared to theoretical spectra due to the energy resolu-
tion of the PCD as can be seen in Figure 7 for the

140 160 Database; [57])

tungsten fluorescence lines. The lead K-edge peak occurs
at 90.3 keV, which is 2.3 keV higher than the theoretical
position (88.0 keV; NIST X-Ray Transition Energies Data-
base; 1*7)). A possible reason for this shift could be a
detector artifact such as charge sharing. The gold K-edge
peak occurs at 81.4 keV, which is 0.7 keV higher than a
theoretical value (80.7 keV; NIST X-Ray Transition Ener-
gies Database; °7)). It fits well with the theory and it is in
the range of the measurement uncertainty, which is rela-
tively high compared to the lead value. This could be
explained by the peak on the right shoulder in the first
derivative, which makes it difficult to fit (Figure 8b).
Figure 8c and d shows the spectra measured on a
pure tin particle and their first derivatives. This is a good
example of a K-edge in the lower energy range, with the
K-edge of tin at 29.2 keV (NIST X-Ray Transition Ener-
gies Database; [571Y, The two spectra represent different
measurement conditions one with 160 keV and 10 W
(high energy) and the other with 50 keV and 10 W (low
energy). The spectra differ in the calculated attenuation,
with the low energy measurement showing a higher
attenuation. The signal at the tin K-edge is also different
and the low energy measurement shows a steeper slope.
The spectrum of the low energy measurement reaches
zero at around 75 keV. However, the maximum energy of
the tube is 50 keV. This effect cannot be explained by pri-
mary X-ray photons from the tube because it does not
emit any X-ray photons with more than 50 keV. It is due
to detector artifacts and primarily caused by several pile-
up events in the flat field. Figure 8f shows the first deriva-
tive of the two spectra to compare the signal at the K-
edge. The low energy measurement shows a higher peak
at the K-edge and is better optimized for the Sn particle.
The single particle measurements show deviations
from theoretical values. Nevertheless, the position of K-
edges is determined within analytical feasibility. The
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FIGURE 8 Measured spectra of pure lead, gold, and tin particles, first derivatives of the measured spectra and theoretical spectra of Pb
and Au (data from the NIST Standard Reference Database 66, [69] and NIST X-Ray Transition Energies Database; [57]): (a) theoretical and
measured spectra of a lead particle with the first derivative of the measured spectrum and the theoretical position of the Pb K-edge

(88.0 keV); (b) theoretical and measured spectra of a gold particle with the first derivative of the measured spectrum and the theoretical
position of the Au K-edge (80.7 keV); (c) spectrum of a tin particle measured with 160 keV and 10 W and with 50 keV and 10 W (without
filter); (d) the first derivative of the Sn-spectrum measured with 160 keV and 10 W and with 50 keV and 10 W (without filter)

demonstrated method is conclusive regarding the identi-
fication of pure elemental particles based on the determi-
nation of elemental K-edges in the spectral region.
However, more detector and processing improvements
are necessary to remove spectral artifacts for achieving a
better quality of measured spectra.

4.3 | Particle mixtures

A more complex sample is used for material identifica-
tion in the presence of different elements. The sample
consists of gold, lead, and tungsten particles which were
mixed with quartz as a matrix material to simulate a
chemically complex rock (Table 3). This sample serves as
a comparison to the single particle measurements,
whereby the position of the respective edges should be
compared. Furthermore, the material identification of
both a conventional CT image and a Sp-CT image are
compared.

Figure 9a and b shows the reconstructed CT image of
the mixture in comparison to the reconstructed and
summed Sp-CT image (sum of all 128 energy bins). A
major difference between the two images is spatial reso-
lution. The voxel size of the scans differs from 11.5 pm of
the CT scan to 52.5 pm of the Sp-CT scan. The number of
pixels of the PCD limits the resolution of the Sp-CT
image and the individual particles appear blurry com-
pared to the conventional CT image.

The grey value histogram is typically used for a mate-
rial identification based on the reconstructed CT image
(Figure 9c). Individual peaks in the histogram are
assigned to the respective materials. In a perfect case,
each material would have its peak in the histogram on
which the reconstructed image can be segmented. How-
ever, the histogram in Figure 9 shows no or small peaks.
The double peak at a grey value of around 5,000 repre-
sents the air or resin in the sample and the matrix min-
eral, in this case, quartz. Even though the particles in the
sample have a different elemental composition and
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FIGURE 9 Reconstructed CT images, energy spectra and gray value histogram: a: reconstructed CT image (160 keV, 15 W, no filter); b:
reconstructed summed Sp-CT image (160 keV, 20 W, no filter); c: grey value of the CT scan image as a function of number of counts (grey
value histogram), y-axis in logarithmic scale; d: energy spectra of the different particles with the theoretical K-edge positions of Au, Pb and
W; e: five W spectra with the theoretical K-edge position; f: five Au spectra with the theoretical K-edge positions; g: five Pb spectra with the
theoretical K-edge positions (NIST X-Ray Transition Energies Database; [57])
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densities, the histogram shows no peaks on which the
particles can be separated. This can be explained by the
total number of voxels, whereby the individual particles
represent only a small amount in contrast to the matrix
and the air. Therefore, a material identification based on
a conventional CT scan is very difficult in that case.

With the Sp-CT scan, the spectra of the individual
particles can be analyzed to identify the particle chemis-
try. Figure 9d shows three different spectra from parti-
cles, which are marked in the reconstructed Sp-CT image
(Figure 9b). Even though the grey values of the marked
particles in the Sp-CT image are the same, the particle
spectra show different characteristics and different posi-
tions of K-edges in the measured spectral range. The Pb-
spectrum shows the lowest signal with the K-edge energy
position comparable with the theory (NIST X-Ray Transi-
tion Energies Database; °’)). The small particle size
results in an averaging with the surrounding pixels,
which can explain the low signal of the Pb particle (par-
tial volume effect; '®!). The spectra of gold and tungsten
show higher intensities and well visible K-edges. Energy
positions of both K-edges are close to the theoretical
values and it is easy to differentiate the Au and Pb parti-
cles based on their spectra. (NIST X-Ray Transition Ener-
gies Database; [*71).

Figure 9e, f, and g shows several spectra for each par-
ticle type in the sample. The intensities in all particle
types vary but the K-edge positions of the specific ele-
ments are comparable with the theory (NIST X-Ray Tran-
sition Energies Database; 571, Especially the energy
range from 20 to 60 keV shows variations in the calcu-
lated attenuation. This could be explained by artifacts
such as escape peaks. As mentioned above, since the par-
ticles have different sizes an averaging of the particle with
the matrix pixels can cause a variation in the spectral
intensity. Furthermore, the position of the particle in the
sample and surrounding particles can also influence the
overall intensity but not on the K-edge energy position.

Based on the different K-edge positions all particles in
the solid mixture can be identified because Sp-CT scan
gives information about the elements present in the indi-
vidual particles. In combination with the conventional
CT scan, additional high-resolution particle information
is accessible.

4.4 | Rock samples

For a real case scenario, a gold-bearing rock from the
Massawa deposit in Senegal was measured using CT
and Sp-CT to find gold grains in the sample. First, a con-
ventional CT scan was performed to identify areas of
high attenuating minerals, second, Sp-CT was used to

further chemically differentiate minerals. Figure 10a, b,
and c shows the two reconstructed Sp-CT scans from
different areas of the sample and the energy spectra of
different minerals. The spectra show different absorp-
tion edges, two of which correspond to the theoretical
position of the Au K-edge. The Au-spectra show the
highest calculated attenuation of all measured spectra.
They also display a small peak at around 40 keV, which
is not visible in the other spectra. This could be an arti-
fact, as it shows no characteristic of a K-edge. Another
spectrum includes K-edge, the position of which corre-
sponds to the theoretical K-edge of Pb. Notably, the Pb
spectrum shows a lower calculated attenuation than Au
spectra. Three spectra of less attenuating mineral grains,
possibly represented by sulfide minerals or silicates,
show the absence of an absorption edge, as they contain
no element with a K-edge in the measured spectral
range. The spectra of Au and Pb measured in the natu-
ral rock are similar to the spectra measured on single
particles of pure elements (Figure 8a and b) but their
calculated attenuation is lower. One reason for that is
the use of a 1 mm Cu filter for the rock samples scans. It
decreases the intensity of the X-rays especially at low
energies but does not affect the K-edge position.
Another reason for the lower calculated attenuation
could be a possible capturing of the surrounding matrix
or the amount of Au or Pb in a mineral. These factors,
which did not significantly limit measurements of single
particles of pure elements, can lead to a change in the
calculated attenuation of mineral grains in a natural
rock. However, the energy positions of K-edges cannot
be affected by these factors and minerals can be chemi-
cally differentiated based on the K-edge positions in
corresponding spectra. A more accurate identification of
the mineral composition would only be possible by
using additional techniques. Nonetheless, based on the
Sp-CT scanning gold-bearing minerals contained in an
ore sample can be distinguished without any sample
preparation. This approach can be used as a first analyti-
cal step to define regions of interest, and high-resolution
2D methods can be used afterwards to determine a more
precise chemical composition of minerals.

5 | OUTLOOK

Sp-CT is a relatively new method for 3-dimensional mate-
rial identification and offers a promising new potential.
We have shown that it is possible to distinguish between
K-edges in the respective spectral range used and to iden-
tify materials in mixed samples using the edge position
without any sample preparation. Sp-CT opens exciting
new possibilities for elemental and mineral analysis.
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(a) and (b) Reconstructed Sp-CT images (180 keV, 80 W) of two different planes in the natural rock sample (c) energy

spectra of different particles indicated in (a and b) with the corresponding colors and theoretical positions of the Pb and the Au K-edges;

note that the three spectra (red, yellow, and pink) possibly represented by sulfide minerals or silicates show no K-edge in the spectral range

(NIST X-Ray Transition Energies Database; [57])

With this technique, the 3-dimensional properties of par-
ticles can be measured and used for example in process
mineralogy simulations. At the moment such simulations
use 2D or bulk particle properties. With a combination of
CT with Sp-CT, the 3D properties and chemical informa-
tion of different particles can be extracted for an
improved simulation. The analyzed volume compared to
2D techniques is also larger and therefore more represen-
tative. This is a major improvement to current simula-
tions. Moreover, Sp-CT could potentially be used as an
alternative technique for a regular characterization of
ores and processed ores since more representative vol-
umes can be analyzed. Sp-CT can also serve as a primary
analytical method on which subsequent higher resolution
methods like SEM or EPMA can be based. A next step in
the development is the establishment of an automated
way of material identification using the spectrum and the
K-edge position. Furthermore, improvements on the
detector and the spectrum are necessary to optimize the
signal and to remove artifacts.
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TABLE A1l Scan settings for

Voxel size Filter
each scan

13.1 pm No filter
11.6 pm No filter
23.9 pm No filter
24.7 pm No filter
11.5 pm No filter
52.5 pm No filter
81.5 pm 1 mm cu
81.5 pm 1 mm cu
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