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Description

[0001] A portion of the disclosure of this patent docu-
ment contains material that is subject to copyright pro-
tection. The copyright owner has no objection to the fac-
simile reproduction by anyone of the patent document or
the patent disclosure, as it appears in the Patent and
Trademark Office patent file or records, but otherwise
reserves all copyright rights whatsoever.

RELATED APPLICATIONS

[0002] This application claims priority to U.S. Patent
Application No. 13/768,689, filed on February 15, 2013.

BACKGROUND OF THE INVENTION

[0003] High resolution x-ray imaging systems, also
known as X-ray imaging microscopes ("XRM"), provide
high-resolution/high magnification, non-destructive im-
aging of internal structures in samples for a variety of
industrial and research applications, such as materials
science, clinical research, and failure analysis to list a
few examples. XRMs provide the ability to visualize fea-
tures in samples without the need to cut and slice the
samples. XRMs are part of the field of x-ray microscopy.
[0004] XRMs are often used to perform computed to-
mography ("CT") scans of samples. CT scanning is the
process of generating three dimensional tomographic
volumes of the samples from a series of projections at
different angles. XRMs often present these tomographic
volumes in two-dimensional, cross-sectional images or
"slices" of the three dimensional tomographic volume da-
ta set. The tomographic volumes are generated from the
projection data using software reconstruction algorithms
based on back-projection and other image processing
techniques toreveal and analyze features within the sam-
ples.

[0005] Operators select scanning parameters, such as
x-ray energy value, exposure time, and filter settings, and
direct the XRM to perform a CT scanning "run." For each
run, the operator or an automatic loader installs the sam-
ple between an x-ray source and an x-ray detector sys-
tem, and exposes the sample to a beam of x-rays. The
XRM rotates the sample in the x-ray beam, and its de-
tector system detects the x-rays that are transmitted
through and modulated by the sample at each rotation
angle.

[0006] During a run, the sample absorbs or scatters
some of the x-rays before passing through to the x-ray
detector system. The x-ray detector system receives the
attenuated photon flux of x-rays that pass through and
are spatially modulated by the sample. The detector sys-
tem creates an image representation, in pixels, of the x-
ray photons that react with the detector system. X-ray
absorption increases with sample density and thickness,
and is also generally higher for elements within the sam-
ple that have a higher atomic number ("Z") in the periodic
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table.

[0007] Operators use standard operating procedures
and best known methods ("BKM") for the selection of the
optimum "run" conditions. BKMs are written instructions
for workflows that are written instructions for workflows
that help the operator determine the optimum x-ray
source voltage settings, beam pre-filter and detector set-
tings associated with a particular sample. The resulting
three-dimensional image representation of the sample
after processing is also known as a reconstructed tom-
ographic volume data set.

[0008] Operators typically operate an XRM using soft-
ware control. For each scanning run, also known as a
single energy scan, operators set the scanning parame-
ters. Scanning parameters include variables such as the
x-ray source voltage setting, exposure time, and source
filter settings.

[0009] A related technology of XRM is x-ray fluores-
cence ("XRF") microscopy. XRF microscopy utilizes x-
rays differently than does XRM. Operators use the sec-
ondary x-ray energy emission associated with XRF, or
fluorescence, to uniquely identify individual atomic ele-
ments ("Z") within the sample.

[0010] InXRM,the contrastmechanism for attenuation
in the sample has two principal components in the x-ray
energy range of interest called the photoelectric absorp-
tion component and the Compton scattering component.
In the photoelectric absorption process, an x-ray is ab-
sorbed completely by a bound electron of an atom and
ejects this electron from the atom. In the Compton scat-
tering process, the incident x-ray loses part of its energy
and gets redirected by scattering off an electron. The
effects of both components contribute to the image in an
XRM arising from attenuation of the illuminating x-ray
beam.

[0011] The relative strength of the photoelectric ab-
sorption and Compton scattering processes is a strong
function of incident x-ray energy and the atomic number
Z of the atom that interacts with the x-ray. The absorption
due to the photoelectric effect generally dominates at
lower energies and decays in strength inversely with the
fourth power of the x-ray energy. The absorption due to
the Compton scattering effect becomes dominant at high-
er energies and has a much slower decay with x-ray en-
ergy (inversely with first power of energy).

[0012] The transition point between photoelectric and
Compton scattering absorption is referred to as the
"knee," where the absorption changes from decaying in-
versely with the fourth power of the energy to the first
power. This knee is a characteristic of the atomic number
Z of the atom and increases with increasing Z.

SUMMARY OF THE INVENTION

[0013] The change in x-ray absorption of a sample is
a function of x-ray energy and atomic number. Samples
containing materials with different atomic numbers will
exhibit different absorption characteristics when subject-
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ed to x-rays at different energies. As a result, measure-
ments of a sample taken at two distinct x-ray energies
permit the separation of the sample’s absorption charac-
teristics, or x-ray attenuation, into its basic components.
This type of measurementis known as "dual energy" (DE)
scanning.

[0014] Operators typically perform more than one scan
of asample using different scanning parameters to reveal
more information about the sample using the dual energy
scanning principle. One limitation of current XRMs and
their associated imaging methods is that there is no con-
venient way to combine and analyze the data after cre-
ating the reconstructed volume data sets for the energies
for the sample.

[0015] The presentinvention provides a multi energy,
such as dual-energy, x-ray imaging system data acqui-
sition and image reconstruction system and method for
combining separate reconstructed volumes taken at mul-
tiple energies and allowing the operator to manipulate
and optimize the image contrast of a sample using the
effects of DE. Operators use the system and method to
achieve superior image quality and contrast over current
XRM data acquisition and image reconstruction systems
and methods, and to generate contrast based on the
atomic number Z of the constituents of the sample.
[0016] Using the DE x-ray imaging system and its as-
sociated user interface applications, an operator per-
forms a low energy ("LE") and high energy ("HE") x-ray
scan of the same or overlapping volume of interest of the
sample. The system creates a separate low-energy re-
constructed tomographic volume data set from the set of
low-energy projections and a separate high-energy tom-
ographic volume data set from the set of high-energy
projections.

[0017] The system subsequently performs a registra-
tion, zooming, and scaling step of the two separately re-
constructed tomographic volumes to adjust for imperfec-
tions in the spatial stretch and relative position of the low-
energy and high-energy tomographic datasets. This en-
sures the correlation of voxels in both datasets.

[0018] Accordingto principles of the presentinvention,
the operator then selects a desired slice of the tomo-
graphic volume that shows the features in which the op-
erator is interested. The operator then optimizes the im-
age contrast of the combined (mixed) dual energy image
of the selected slice using a two-dimensional histogram
tool, for example.

[0019] The two-dimensional histogram tool plots the
intensity of pixels of the low energy slice against the in-
tensity of pixels of the high energy slice. The intensity in
the two dimensional histogram represents the number of
voxels that fall into the corresponding histogram bin. The
intensity is visualized by user-selectable color-maps that
aid in the visibility and interpretation of the histogram.
[0020] In this histogram tool, the user interactively se-
lects one point within the two-dimensional histogram.
This selected point is also known as the pivot point. With
the aid of the histogram tool, the operator manipulates
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the slope of a line through the pivot point in the histogram
to determine the mixing parameters for low-energy and
high-energy scans. In general, the pivot point does not
affect the ratio of the low-energy and high-energy scans,
but just the scaling of the output composite or synthetic
slice. The slope of the line in the 2-D histogram deter-
mines the mixing ratio of LE and HE slices (i.e. the coef-
ficients that are used to combine the LE and HE data).
The pivot point determines an offset value. l.e.: synthetic
intensity value = x * LE value + (1-x) * HE value + offset.
Slope determines x and the pivot point determines offset.
[0021] After optimizing the contrast for one single slice
in this manner, the same mixing operation associated
with optimizing the contrast of the selected slice is applied
to all slices in the low-energy and high-energy tomo-
graphic data sets. This creates a combined (mixed) vol-
ume data set from the LE and HE volume data sets with
optimized image contrast throughout.

[0022] In addition to optimizing image contrast for fea-
tures within a sample, usage of dual-energy can result
in faster total acquisition and reconstruction time than
that obtained by standard absorption techniques for cer-
tain samples.

[0023] In general, according to one aspect, the inven-
tion features a data acquisition and image reconstruction
method for an x-ray imaging system. The method com-
prises performing a low-energy scan of a sample with an
x-ray beam generated from an x-ray source using low-
energy x-ray settings, performing a high-energy scan of
the sample with an x-ray beam generated from an x-ray
source using high-energy x-ray settings , generating a
low-energy reconstructed tomographic volume data set
from the low-energy scan, generating a high-energy re-
constructed tomographic volume data set from the high-
energy scan, registering, and preferably zooming and
scaling the low-energy and high-energy tomographic da-
ta sets, rendering slice views from the low-energy and
high-energy reconstructed tomographic volume data
sets, and combining the low-energy and high-energy da-
ta.

[0024] Inembodiments, the data acquisitionandimage
reconstruction method operates within an objective lens-
based x-ray imaging system and a projection-based x-
ray imaging system in different implementations. Low-
energy and high-energy data acquisitions may be per-
formed using different x-ray detectors, x-ray lenses,
sources, targets, or source filters.

[0025] In general, according to another aspect, the in-
vention features a multi, such as dual, energy contrast
tuning tool executing on a computer system of an x-ray
imaging system, comprising: a low-energy window for
displaying low-energy slices from a low-energy recon-
structed tomographic volume data set, a high-energy
window for displaying high-energy slices from a high-en-
ergy reconstructed tomographic volume data set, a slice
selection window having a two-dimensional slice selec-
tion interactive graphic for selecting slices from the sam-
ple, a two-dimensional histogram showing voxel densi-
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ties of low-energy versus high-energy pixel intensity val-
ues, a pivot point and line slope selection tool within the
two-dimensional histogram tool, and a results window
that displays synthetic (mixed) slices generated by com-
bining the low-energy reconstructed tomographic volume
data set and the high-energy reconstructed tomographic
volume data setaccording to the pivot pointand line slope
selected in the two-dimensional histogram tool.

[0026] In embodiments, an operator utilizes user inter-
face applications on a computer system to interact with
and control the XRM imaging system and its compo-
nents, and to perform the data acquisition, image recon-
struction, and contrast optimization of a sample. Typical-
ly, the computer system has a suite of applications, such
as a Scoutand Scan data acquisition application to select
scanning parameters and create LE and HE tomographic
volume data sets of a sample, and a DE Contrast Tuning
Tool application to create a DE contrast-optimized vol-
ume data set from selected LE and HE tomographic vol-
ume data sets of the sample. The user interface applica-
tions display onto a display device attached to the com-
puter system.

[0027] In general, according to another aspect, the in-
vention features a data acquisition andimage reconstruc-
tion method for an x-ray imaging system, the method
comprising: loading a sample on a sample holder of the
x-ray imaging system, performing a low-energy scan by
rotating the sample in a low energy x-ray beam from an
x-ray source system of the x-ray imaging system, per-
forming a high-energy scan by rotating the sample in a
high energy x-ray beam from the x-ray source system,
generating a low-energy reconstructed tomographic vol-
ume data set from the low-energy scan in a computer
system, generating a high-energy reconstructed tomo-
graphic volume data set from the high-energy scan in the
computer system, and rendering slice views from the low-
energy and high-energy reconstructed tomographic vol-
ume data sets on a display device of the computer sys-
tem.

[0028] It is another aspect to provide optimum single
scan parameters from information associated with the
DE contrast-optimized volume data set to best approxi-
mate the operator-selected settings for the DE contrast-
optimized volume data set. In this way, an operator can
run subsequent single-energy scans that provide im-
proved contrast and image quality as compared to vol-
ume data sets created from current single-energy scan-
ning methods.

[0029] Itis yet a further object of the present invention
to provide a DE XRM data acquisition and reconstruction
system and related method that provides elemental iden-
tification between elements or compounds similar to x-
ray fluorescence ("XRF") microscopy in a sample given
a priori knowledge of basic sample constituents. If oper-
ators have prior knowledge of a limited range of com-
pounds present in the sample, the x-ray pixel intensity
patterns in the histogram reveal differences between el-
ements, and also provide the ability to distinguish micro-
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porosity from chemical composition. For this purpose,
specialized source filters utilizing specific K-edge ab-
sorption characteristics are used.

[0030] Itis another aspect to calculate the atomic mo-
larity and effective atomic number of elements within the
sample from the histogram. In this way, the micro-poros-
ity of the sample can be estimated by calculating the
atomic molarity for an associated effective atomic
number.

[0031] The above and other features of the invention
including various novel details of construction and com-
binations of parts, and other advantages, will now be
more particularly described with reference to the accom-
panying drawings and pointed out in the claims. It will be
understood that the particular method and device em-
bodying the invention are shown by way of illustration
and not as a limitation of the invention. The principles
and features of this invention may be employed in various
and numerous embodiments without departing from the
scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0032] Inthe accompanying drawings, reference char-
acters refer to the same parts throughout the different
views. The drawings are not necessarily to scale; em-
phasis has instead been placed upon illustrating the prin-
ciples of the invention. Of the drawings:

Fig. 1 is a schematic diagram of a lens-based x-ray
imaging system according to an embodiment of the
present invention;

Fig. 2 is a schematic diagram of a projection-based
x-ray imaging system according to another embod-
iment of the present invention;

Figs. 3A, 3B and 3C are scale top, front and side
views of the filter changer mechanism as employed
in the systems of Fig. 1 and Fig. 2, that includes a
fine adjustment control mechanism for improved fil-
ter wheel stability and placement accuracy;

Fig. 4 is a typical x-ray absorption versus x-ray en-
ergy curve for low-Z elements such as Calcium (Z =
20) that provides a rationale for utilizing dual-energy
x-ray imaging of a sample to isolate properties within
the sample;

Fig. 5 illustrates the graphic user interface of a dual
energy contrast tuning tool application, displaying
exemplary optimized contrast information associat-
ed with a sample containing one atomic element;

Fig. 6ais a magnified view ofthe dual energy contrast
tuningtool in Fig. 5, showing details of the low energy
window and the high energy window;
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Fig. 6bis amagnified view of the dual energy contrast
tuning tool in Fig. 5, showing details of the slice se-
lection window and the histogram window;

Fig. 6¢cis amagnified view of the dual energy contrast
tuning tool in Fig. 5, showing details of the results
window and the log window during optimal single
scan parameter selection;

Figs. 7a-7c illustrate the graphical user interface of
the dual energy contrast tuning tool, displaying ex-
emplary optimized contrast information associated
with a sample containing Platinum and Lead, with
selected contrast optimization angles of 153 de-
grees, 137 degrees, and 115 degrees, respectfully;

Fig. 7dillustrates the dual energy hover tool 770 with-
in the context of the dual energy contrast tuning tool
134;

Fig. 8 schematically shows an exemplary histogram
of high-energy x-ray absorption versus low-energy
x-ray absorption for a sample having two elements;

Fig. 9 is a flow diagram showing a method for data
acquisition and image reconstruction for an x-ray im-
aging system according to principles of the present
invention;

Fig. 10a is a flow diagram showing detail for steps
within the flow chart of Fig. 9;

Fig. 10b is a flow diagram displaying a method for
calculating optimum single scan parameters accord-
ing to principles of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EM-
BODIMENTS

[0033] Fig. 1 is a schematic diagram of a lens-based
x-ray imaging system 100 ("lens-based system").
[0034] Thelens-basedsystem 100hasanx-ray source
system 102 that generates an x-ray beam 103, a filter
changer mechanism 106 with a filter wheel 104 for filter-
ing the x-ray beam 103, and a rotation stage 110 with
sample holder 112 for holding the sample 114. A con-
denser 108 placed between the x-ray source system 102
and the sample 114 focuses the x-ray beam 103 onto
the sample 114.

[0035] The lens-based system 100 also has a detector
system 118, and an objective lens 116 placed between
the sample 114 and the detector system 118. When the
sample 114 is exposed to the x-ray beam 103, the sample
114 absorbs and transmits x-ray photons associated with
the x-ray beam 103. The x-ray photons transmitted
through the sample form an attenuated x-ray beam 105,
which the objective lens 116 images onto the detector
system 118.
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[0036] The detector system 118 creates animage rep-
resentation, in pixels, of the x-ray photons from the at-
tenuated x-ray beam 105 that interact with the detector
system 118.

[0037] The image formed at the detector system 118
is also known as an x-ray projection, or an x-ray projection
image.

[0038] The lens-based system 100 also has a compu-
ter system 124 that includes an image processor 120, a
controller 122, and user interface applications 126. A dis-
play device 136 connected to the computer system 124
displays information and graphical user interfaces from
the userinterface applications 126. The computer system
124 loads information from, and saves information to, a
database 150 connected to the computer system 124.
The controller 122 has a controller interface 130 that al-
lows an operator to control and manage components in
the lens-based system 100 under software control via
the computer system 124.

[0039] Operators utilize the user interface applications
126 to configure and manage components in the lens-
based system 100 via the controller 122. User interface
applications 126 include a scout and scan application
132 and a dual energy contrast tuning tool 134. The con-
troller 122 controls components that have a controller
interface 130. Components which have a controller in-
terface 130 include the image processor 120, the detec-
tor system 118, the rotation stage 110, the x-ray source
system 102, and the filter changer mechanism 106, in
one implementation.

[0040] For selection of scanning parameters, the op-
erator typically uses the scout and scan application 132
to configure an x-ray voltage setting and exposure time
on the x-ray source system 102, and a filter setting of the
filter wheel 104 of the filter changer mechanism 106. The
operator also selects other settings such as the field of
view of the x-ray beam 103 incident upon the sample
114, the number of x-ray projection images or slices to
create for the sample 114, and the angles to rotate the
rotation stage 110 for rotating the sample 114 in the x-
ray beam 103.

[0041] Inthe multi-energy x-ray imaging of the sample
114, the operator performs at least a low-energy scan
and a high-energy scan of the sample 114. The operator
chooses scanning parameters associated with known x-
ray absorption coefficients for compounds in the sample
114 for the low-energy and high-energy scans.

[0042] Operators utilize anumber of techniques to gen-
erate the high and low energy x-ray beams for the two
scans. In one example, the x-ray source system 102 gen-
erates the low-energy x-ray beam using a low energy x-
ray source and generates the high-energy x-ray beam
using a high energy x-ray source. In another example,
the x-ray source system generates the low-energy x-ray
beam using a low energy setting for an x-ray source and
generates the high-energy x-ray beam using a high en-
ergy setting of the x-ray source system. In other examples
the filters are used so that the x-ray source system gen-
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erates the low-energy x-ray beam using a low energy
filter for an x-ray source and generates the high-energy
x-ray beam using a high energy filter of the x-ray source.
In still a further example, different x-ray source anode
targets are used so that the x-ray source system gener-
ates the low-energy x-ray beam using alow energy anode
target for an x-ray source and generates the high-energy
x-ray beam using a high energy anode target of the x-
ray source. Finally, the x-ray source system can generate
the low-energy x-ray beam using a low energy exposure
time for an x-ray source and generate the high-energy
x-ray beam using a high energy exposure of the x-ray
source. In general, the low-energy exposure times and
high-energy exposure times are different from each other
and are chosen to produce datasets with sufficient signal-
to-noise ratio.

[0043] Some settings, such as the scanning parame-
ters and the number of projections for each scan, can
vary between the low-energy and high-energy scans.
Certain settings, however, such as the field of view and
the start and end angles, must be identical or at least
overlapping for the low-energy and high-energy scans.
These settings are helpful for subsequent alignment and
registration of the low-energy and high -energy recon-
structed tomographic data sets created by their respec-
tive scans. This is a requirement for the image optimiza-
tion method 900 of Fig. 9, discussed in the detailed de-
scription associated with Fig. 9 appearing later in this
document.

[0044] The scout and scan application 132 has one or
more dual energy templates 133. The scout and scan
application 132 provides different dual energy templates
133 depending on the types of the sample 114. The dual
energy templates 133 provide the same settings between
the low-energy and high-energy scans required by the
image optimization method 900 of Fig. 9, while allowing
the operator to choose scanning parameters and other
settings specific to the low-energy and high-energy
scans.

[0045] Using the dual energy templates 133, the oper-
ator defines the same field of view and the same start
and end angles for the low-energy and high-energy
scans. The operator then defines the scanning parame-
ters associated with the low-energy and high-energy
scans, and defines other settings that can vary between
the scans, such as the number of projections. The dual
energy templates 133 then provide the configuration to
perform the low-energy and high-energy scans of the
sample 114.

[0046] During a scan, the image processor 120 re-
ceives and processes each projection from the detector
system 118. The scout and scan application 132 saves
the projections from the image processor 120 to later
generate a reconstructed tomographic volume data set
of the sample 114. The computer system 124 saves the
tomographic data sets from each scan, and their asso-
ciated scanning parameters and settings, to local storage
on the computer system 124, or to the database 150.
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The computer system saves a low-energy tomographic
volume data set 152 for the low-energy scan, and a high-
energy tomographic volume data set 154 for the high-
energy scan, to local storage or to the database 150 after
their calculation.

[0047] The operator uses the dual energy contrast tun-
ing tool 134 for optimizing the image contrast of the sam-
ple 114. Using the dual energy contrast tuning tool 134,
the operator loads the low-energy tomographic volume
data set 152 and high-energy tomographic volume data
set 154. The operator then selects a slice within the da-
tasets, and selects information for optimizing the image
contrast of the selected slice. The operator then applies
this information to optimize theimage contrastand create
a combined or synthetic volume data set 156.

[0048] Because the combined volume data set 156
contains slices with optimized image contrast, the com-
bined volume data set 156 is also referred to as an opti-
mized combined volume data set.

[0049] Once the operator has created the combined
volume data set 156, the operator optionally uses use
the dual energy contrast tuning tool 134 to calculate op-
timum single-scan parameters 158 from the scanning pa-
rameters associated with the creation of the combined
volume data set 156. This is especially useful if the op-
erator intends to perform runs against several samples
to produce the same approximate contrast results. In this
way, the operator can apply the optimum single-scan pa-
rameters 158 to the lens-based system 100 to perform
a subsequent single-energy scan of the same sample
114, or of a new sample with similar elemental compo-
sition.

[0050] The calculation of optimal single-scan parame-
ters is discussed in more detail in in the detailed descrip-
tion associated with method 938 in Fig. 10B, appearing
later in this document.

[0051] Fig. 2 is a schematic diagram of a projection-
based x-ray imaging system 200 ("projection-based sys-
tem") according to another embodiment of the present
invention. The projection-based system 200 is similar in
structure to the lens-based system 100 and has nearly
identical behavior but is typically lower performance in
terms of magnification levels.

[0052] The projection-based system 200 eliminates
the condenser 108 and objective lens 116 of the lens-
based system 100. Otherwise, the projection-based sys-
tem 200 has the same components as the lens-based
system 100, and operators utilize the projection-based
system 200 and its components in an identical fashion
to the lens-based system 100 for creating x-ray projec-
tions and reconstructed tomographic volume data sets
of the sample 114.

[0053] The projection-based system 200 does not rely
on lenses to create a magnified transmission image of
the sample 114. Instead it creates a magnified point pro-
jection image of the sample 114 by utilizing a small x-ray
source spot of the x-ray source 102 projected on the de-
tector system 118. The magnification is achieved by po-
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sitioning the sample 114 close to the x-ray source 102,
in which case the resolution of the projection based sys-
tem 200 is limited by the spot size of the x-ray source. A
magnified projection image of the sample 114 is formed
on the detector system 118 with a magnification that is
equal to the ratio of the source-to-sample distance 202
and the source-to-detector distance 204. Another way to
achieve high resolution in the projection-based system
200 is to employ a very high resolution detector system
118 and to position the sample 114 close to the detector,
in which case the resolution of the x-ray image is limited
by the resolution of the detector system 114.

[0054] For adjusting the magnification of the image,
the operator utilizes the user interface applications 124
on the computer system 124 to adjust the source-to-sam-
ple distance 202 and the source-to-detector distance
204. The operator adjusts these distances, and achieves
the desired magnification, by moving the rotation stage
100 via the controller 122. The x-ray detector system 118
also provides the ability to adjust the field of view on the
sample by changing the pixel size within the x-ray detec-
tor system 118, according to some implementations.
[0055] Fig. 3A is a scale top view of a filter changer
mechanism 106 as employed in the lens-based system
100 in in Fig. 1 and the projection-based system 200 in
Fig. 2. Filter changer mechanism 106 has a filter wheel
104 that holds filters in each of the circular ports 104-1
arrayed around the periphery of the wheel.

[0056] Figs. 3B and Fig. 3C are scale front and side
views of the filter changer mechanism 10. The filter
changer mechanism 106 features a fine adjustment con-
trol mechanism 302 for improved stability and placement
accuracy of the filter wheel 104.

[0057] The filter wheel 104 has the ports 104-1 that
typically include filters for filtering the x-ray beam 103.
Operators select different filters under software control
using the user interface applications 126 and the control-
ler 122 of the computer system 124 in Fig. 1 and Fig. 2.
[0058] In response to operator selection of a filter as-
sociated with an aperture 104-1, the controller 122 sig-
nals the filter changer mechanism 106 to rotate the filter
wheel 104 to the aperture 104-1 in response to the se-
lection. When the lens-based system 100 in in Fig. 1 and
the projection-based system 200 in Fig. 2 transmit the x-
ray beam 103, the x-ray beam 103 passes through the
filter associated with the selected aperture 104-1.
[0059] It should be noted that in Figs 1 and 2, the filter
changer mechanism 106 is shown between the source
102 and sample 114. Inother examples, the filter changer
mechanism 106 is located between the sample 114 and
detector system 118.

[0060] Fig. 4 is a typical x-ray absorption versus x-ray
energy plot 400 ("absorption plot") for low-Z elements
such as Calcium (Z = 20) that provides a rationale for
utilizing dual-energy x-ray imaging of a sample to isolate
properties within the sample. Both axes are plotted using
a logarithmic scale. Dual-energy x-ray imaging of a sam-
ple utilizes the crossover in absorption and scattering
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behavior whena sample 114 is irradiated with low-energy
and high-energy x-rays.

[0061] Low-Z elements typically include Hydrogen
(H=1) to Iron (Fe=26), and high-Z elements are elements
whose atomic numbers are larger than Iron. With respect
to dual-energy x-ray imaging, low-Z elements have dif-
ferent absorption plots 400 than high-Z elements.
[0062] The absorption plots 400 of low-Z elements
have a LE absorption section 480 and a HE absorption
section 482, separated by a knee or inflection point 484.
The LE absorption section 480 is associated with applied
x-ray energy in the LE scan range 486, and the HE ab-
sorption section 482 is associated with applied x-ray en-
ergy in the HE scan range 488.

[0063] Foragivenx-rayenergyand elementwith atom-
ic number Z, the LE absorption section 480 scales in-
versely with Z*4 over the LE scan range 486, and the HE
absorption section 482 scales inversely linearly with Z
over the HE scan range 488. The x-ray absorption in the
LE absorption section 480 is typically attributable to ab-
sorption associated with the photoelectric effect, where-
as the x-ray absorption in the HE absorption section 482
is typically attributable to Compton scattering.

[0064] For all Z, the x-ray energy associated with the
knee 484 of their absorption plots 400 increases with
increasing Z. The absorption plots 400 for high-Z ele-
ments have a less-discernible knee to that of low-Z ele-
ments. Their LE scan ranges 486 and HE scan ranges
488 increase with increasing Z, and K-edge absorption
transitions become more of a factor. However, the DE x-
ray imaging techniques also apply to high-Z elements,
such as Gold and lodine, by using scanning parameters
and filters specific to each element that limit or utilize the
effect of K-edges in their absorption plots 400.

[0065] Fig. 5illustratesthe graphical userinterface 500
from the dual energy contrast tuning tool 134, displaying
exemplary optimized contrast information associated
with a sample. The dual energy contrast tuning tool 134
has a high energy window 404 for selection and display
of a slice from a high-energy tomographic volume data
set 154 of a sample, and a low energy window 406 for
selection and display of a slice from a low-energy tomo-
graphic volume data set 152 of the same sample. The
high-energy tomographic volume data set 154 and the
low-energy tomographic volume data set 152 were gen-
erated using the x-ray imaging systems in Fig. 1 and Fig.
2.

[0066] The high energy window 404 has a high energy
tomographic volume data set selector 430, and the low
energy window 406 has a low energy tomographic vol-
ume data set selector 434. The operator uses the high
energy tomographic volume data set selector 430 to open
a file browser dialog for selection of a high energy tom-
ographic volume data set 154 on the computer system
124 or on the database 156. The operator uses the low
energy tomographic volume data set selector 434 to open
a file browser dialog for selection of a low energy tomo-
graphic volume data set 152 on the computer system
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124 or on the database 156.

[0067] The dual energy contrast tuning tool 134 also
has a slice selection window 408, a 2-D histogram win-
dow 410, a results window 412 that displays a synthetic
or optimized slice image 460, and a log window 414. The
slice selection window 408 has an interactive graphic 423
for displaying an operator-selected slice from the low en-
ergy tomographic volume data set 152 and the high en-
ergy tomographic volume data set 154. The interactive
graphic 423 has a slice selection display 421. The slice
selection window 408 has a slice selector slider bar 420,
and a slice number indicator 418.

[0068] The 2-D histogram window 410 includes a 2-D
histogram 429 showing voxel or pixel intensities resulting
from the plot of the pixel intensities for the LE slice 431
versus the pixel intensities of the HE slice 432. An oper-
ator uses the 2-D histogram window 410 to interactively
determine the mixing parameters of the LE slice 432 and
HE slice 431.

[0069] The operator interactively determines the mix-
ing parameters of the LE slice 432 and HE slice 431 by
selecting a pivot point 427 and angle within the 2-D his-
togram 429. In response to the selection of the pivot point
427 and angle 424, the 2-D histogram window 410 draws
the slope of a line 714 through the pivot point 427 at the
angle within the 2-D histogram 429.

[0070] In general, the pivot point does not affect the
ratio of the low-energy and high-energy scans, but just
the scaling of the output composite or synthetic slice. The
slope of the line in the 2-D histogram 429 determines the
mixing ratio of LE and HE slices (i.e. the coefficients that
are used to combine the LE and HE data). The pivot point
427 determines an offset value. l.e.: synthetic intensity
value = x * LE value + (1-x) * HE value + offset. Slope
determines x and the pivot point determines offset.
[0071] The operator chooses the angle via an angle
selector slider bar 422, and an angle number indicator
424 reflects the value of the angle selected in degrees.
The pivot point 427 is selected by clicking on a point
within the 2-D histogram. The shown brightness or inten-
sity in the 2-D histogram 429 is a measure of the number
of voxels in the slice with given pixel intensity of the LE
slice 432 versus HE slice 431 pixel intensities. The 2-D
histogram intensity is displayed with user selectable color
maps that determine the colors representing different in-
tensities.

[0072] The 2-D histogram densities are scaled loga-
rithmically to make sure even single pixels can be seen
as points on the 2-D histogram 429 to ensure that data
that corresponds to small features on the slice is still vis-
ible. The operator uses the distribution of pixels on the
2-D histogram as a starting guide to select the pivot and
angle of the line 714. The results window 412 displays a
synthetic slice 460 computed through settings of the line
714 in the 2-D histogram window 410. The log window
414 displays log information 415 associated with the op-
erations of the dual energy contrast tuning tool 134.
[0073] Once the operator has selected the high energy
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tomographic volume data set 154 and the low-energy
tomographic volume data set 152, the computer system
124 auto-aligns, registers, and scales the high energy
tomographic volume data set 154 and the low-energy
tomographic volume data set 152 with each other, and
in magnification, in response to the selections.

[0074] The operator then uses the slice selection win-
dow 408 to select a slice within the high energy tomo-
graphic volume data set 154 and the low-energy tomo-
graphic volume data set 152. Using the slice selector
slider bar 420, with the aid of the interactive graphic 423,
the operator selects a slice, and the slice selection display
421 of the interactive graphic provides a visual indicator
of the selected slice relative to the total number of slices
available. The slice number indicator 418 also displays
the slice number of the selected slice.

[0075] The selected slice is an abstraction or device
used by the dual energy contrast tuning tool 134 to select
a common slice within the high energy tomographic vol-
ume data set 154 and the low-energy tomographic vol-
ume data set 152. The computer system 124 uses the
information associated with the selected slice to compute
the 2-D histogram 429 of high-energy pixel intensity ver-
sus low-energy pixel intensity values for the selected
slice. The points displayed on the 2-D histogram 429 form
visually-distinct clusters of pixel densities associated with
elements in the sample for the selected slice. Then, the
operator selects a pivot point of interest and angle within
the histogram, and the computer system 124 computes
the synthetic slice image 460 using the information as-
sociated with the point and angle selections. This is dis-
cussed in more detail in in the detailed description asso-
ciated with the exemplary histogram 800 in Fig. 8, ap-
pearing later in this document.

[0076] When the operator has selected a slice in the
slice selection window 408, the high energy window 404
displays a high-energy ("HE") slice 431 from the high-
energy tomographic volume data set 154 associated with
the slice selection, and the low energy window 406 dis-
plays a low-energy ("LE") slice 432 of the low-energy
tomographic volume data set 152 associated with the
slice selection. The computer system 124 automatically
creates the histogram 429, and the 2-D histogram win-
dow 410 displays the histogram 429, in response to the
slice selection.

[0077] The 2-D histogram window 410 has an angle
selection slider bar 422, and an angle number indicator
424. When the 2-D histogram window 410 displays the
histogram 429, the operator selects a point of interest,
or pivot point 427 within the histogram 429 for image
contrast optimization of the selected slice. When the op-
erator has selected the point of interest 427, the angle
selection slider bar 422 becomes operable. Using the
angle selection slider bar 422, the operator selects an
angle within the histogram 429, and the angle number
indicator 424 displays the angle, in degrees, in response
to the angle selection.

[0078] The computer system 124 draws a ratio calcu-
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lation line 714 through the operator-selected point of in-
terest 427 and angle in the histogram 429. The ratio cal-
culation line 714 is a visual aid to the operator to display
the ratio between the high-energy pixel intensity versus
the low-energy pixel intensity information that the com-
puter system 124 will use from the 2-D histogram 429
when optimizing the selected slice. The results window
412 displays the synthetic slice 460 that the computer
system 124 calculates in response to the operator-se-
lected point of interest427 and angle in the 2-D histogram
429.

[0079] In a continuous fashion, whenever the operator
selects a different slice in the slice selection window 408,
the high energy window 404 updates the display of the
high-energy slice 431, and the low energy window 406
updates the display of the low-energy slice 432, in re-
sponse to the slice selection. In a similar fashion, the
computer system 124 computes a new histogram 429
for the selected slice, and the 2-D histogram window 410
displays the 2-D histogram 429, and the results window
412 displays a synthetic slice 460 in response to the op-
erator-selected point of interest 427 and angle in the 2-
D histogram 429.

[0080] The synthetic slice 460 is a contrast-optimized
slice. Once the operator is satisfied with the synthetic
slice 460, the operator selects the save button 463 to
apply the image contrast information associated with the
synthetic slice 460 to all slices in the high energy tomo-
graphic volume data set 154 and the low-energy tomo-
graphic volume data set 152, creating a new, combined
tomographic volume data set. Because the combined
volume data set is generated using contrast information
associated with the synthetic slice 460, the combined
volume data set is also known as an optimized combined
tomographic volume data set 156. The computer system
124 saves the optimized combined tomographic volume
data set 156 to local storage, or to the database 156.
[0081] Fig. 6a is a magnified view 600 of the dual en-
ergy contrast tuning tool in Fig. 5, showing details of the
low energy window 406 and the high energy window 404.
The high energy window 404 also has a high energy
filename indicator 490 that displays the filename associ-
ated with the selected high energy tomographic volume
data set 154. The high energy window 404 also displays
high-energy scanning parameters 502 overlaid upon the
high energy slice 431.

[0082] The low energy window 406 also has a low en-
ergy filename indicator 492 that displays the filename
associated with the selected low energy tomographic vol-
ume data set 152. The low energy window 406 also dis-
plays high-energy scanning parameters 504 overlaid up-
on the low energy slice 432.

[0083] Fig. 6b is a magnified view 620 of the dual en-
ergy contrast tuning tool 134 in Fig. 5, showing details of
the slice selection window 408 and the histogram window
410. The slice selection window 408 also has slice se-
lection buttons 417-1 and 417-2 that increment and dec-
rement, respectively, the slice selection. The number of
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the selected slice displayed on the slice number indicator
418 updates in response to the selection, the slice se-
lection display 421 of the interactive graphic 423 updates
in response to the selection, and the slice selection slider
bar 420 updates in response to the selection.

[0084] The histogram window 410 also has angle se-
lector buttons 428-2 and 428-1 that increment and dec-
rement, respectively, the selected angle in the histogram
429. The angle displayed on the angle number indicator
424 updates in response to the selection, and the angle
selection slider bar 422 updates in response to the se-
lection.

[0085] The histogramwindow 410 also haszoomin/out
buttons 425 for magnifying portions of the histogram 429
displayed in the histogram window 410. This allows the
operator to visualize individual points within the histo-
gram 429 for selection of the point of interest 427.
[0086] Fig. 6¢ is a magnified view 660 of the dual en-
ergy contrast tuning tool 134 in Fig. 5, showing details of
the results window and the log window during optimal
single scan parameter selection. After the operator cre-
ates the synthetic slice 460, the results window displays
the synthetic slice associated with the optimization ac-
tions the operator performs within the histogram 429 in
the histogram window 410. In addition, the results win-
dow 460 enables the user to select an optimized point
562 on the synthetic slice 460. Using the information as-
sociated with the optimized point 562, the computer sys-
tem 124 creates optimum single-scanning parameters
that the operator can apply to the same sample, or to a
new sample with similar elemental composition.

[0087] When the operator selects the optimized point
562 on the synthetic slice 460, the dual energy contrast
tuning tool 134 enables selection of a create optimum
single scan parameters button 452. The computer sys-
tem creates optimum single scanning parameters asso-
ciated with the optimized point 562 in response to the
selection. The computer computes the scan settings for
the optimum single scan to approximate the contrast in
the optimized point 562 as well as possible. This is ac-
complished by comparing transmission values through
the optimized point 562 in the LE and HE data sets and
picking the optimized single scan values from a look up
table.

[0088] The dual energy contrast tuning tool 134 also
has an annotation palette 560 for performing statistical
operations, and zooming in/out of a selected window.
The log window also has a log button 561 for enabling
the display of log information 415 in the log window 414.
The dual energy contrast tuning tool 134 also has an exit
button 496 for exiting the dual energy contrast tuning tool
134.

[0089] Fig. 7a-7c illustrate the dual energy contrast
tuning tool 134, displaying exemplary optimized contrast
information associated with a sample containing Plati-
num and Lead, with selected contrast optimization angles
of 153 degrees, 137 degrees, and 115 degrees, respect-
fully. The figures illustrate the separation of lead from
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platinum in a calibration sample through selection of the
correct pivot point 427 and angle. The contrast informa-
tion of the synthetic slice 460 changes in response to the
selection, with the different particles changing from black
to white. In the figures, angle number indicator 424-2 is
a magnified version of angle number indicator 424-1 for
improved visibility. The computer system 124 draws the
ratio calculation line 714 through the selected point of
interest or pivot point 427 and selected angle.

[0090] Fig. 7dillustrates the dual energy hovertool 770
within the context of the dual energy contrast tuning tool
134. The dual energy hover tool 770 provides real-time
correlation between the images shown in the LE window
404, the HE window 406, the results window 412 and the
2-D histogram window 410.

[0091] When the operator uses a pointing device such
as a mouse and hovers over a pixel or voxel in the LE
slice 432 or HE slice 431 or synthetic slice 460, the point
corresponding to this voxel in the 2-D histogram is high-
lighted. This interactive feature allows the operator to lo-
cate where different constituents of the sample are lo-
cated on the 2-D histogram 429.

[0092] In one example, pointer icon 780 points to the
location where the operator directs a pointing device hov-
er operation. The location is a point in the HE slice 431.
A selection of a point during a mouse hover eventis also
known as an indication. In response to the indication, the
dual energy hover tool 770 calculates and highlights the
LE slice associated points 782-1, the 2-D histogram as-
sociated point 782-2, and the synthetic slice associated
point 782-3.

[0093] In another example, the operator indicates a
pointin the 2-D histogram 429 corresponding to one com-
bination of LE and HE voxel intensities. In response to
the indication, all voxels in the LE slice 432, the HE slice
431 and the synthetic slice 460 that have the correspond-
ing LE and HE intensities will be highlighted. This allows
the operator to localize different constituents from the 2-
D histogram 429 in the image data.

[0094] Fig. 8 schematically illustrates an exemplary 2-
D histogram 429 of high-energy x-ray absorption versus
low-energy x-ray pixel intensities fora sample 114 having
two constituents with different effective atomic number
Z in addition to air. The 2-D histogram 429 displays in-
formation associated with three visually-distinct clusters
of pixel intensities associated with x-ray absorption of
three materials: an air pixel intensity cluster 706, a low-
Z element pixel intensity cluster 702, and a high-Z ele-
ment pixel intensity cluster 704.

[0095] The operator selects a pivot point427 and angle
within the 2-D histogram 429, and the computer system
124 draws the ratio calculation line 714 through the pivot
point 427 and angle selection indicated by the angle
number indicator 424. The ratio calculation line 714 pro-
vides the ratio of high-energy to low-energy pixel intensity
for the computer system 124 to use when creating the
synthetic slice 460 for the operator-selected slice in the
slice selection window 408. The operator uses the pivot
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point 427 and angle selection to isolate properties in the
sample 114.

[0096] In the example, the operator wishes to provide
separation between a low-Z element associated with the
low-Z pixel intensity cluster 702, and a high-Z element
associated with the high-Z element pixel intensity cluster
704. Each point on the pixel intensity clusters is a voxel
712.

[0097] The color of the points on the 2-D histogram
429 is a measure of how many voxels are in this bin (i.e.
which voxels have the same LE and the same HE x-ray
pixel intensity values). The 2-D histogram window 410
uses an offset logarithmic scale when displaying the 2-
D histogram 429 to make sure even single pixels show
up in the 2-D histogram 429 as recognizable points.
[0098] The computer system 124 calculates the syn-
thetic slice 460 from the pivot point 427 and angle selec-
tion within the 2-D histogram 429. Specifically, the com-
puter system 124 iterates over all voxels 712 in the 2-D
histogram 429, and calculates voxel offset 716, or dis-
tance between the voxel 712 and the ratio calculation
line 714 in the 2-D histogram 429, for each voxel 712.
[0099] The voxel offset 716 is counted positive if the
voxel 712 lies on one side of the ratio calculation line
714, and negative if the voxel 712 lies on the opposite
side of the ratio calculation line 714. From the set of voxel
offsets 716, the computer system 124 creates the syn-
thetic slice 460.

[0100] When the computer system 124 saves the syn-
thetic slice 460, the computer system 124 also saves
other related information, including the 2-D histogram
429, a binary mask image containing 0 and 1 values,
where 0 and 1 represent the separation of voxels from
the line (on side or the other), a registered LE image
multiplied with the binary mask, a registered HE image
multiplied with the binary mask, and the high energy to-
mographic volume data set 154 and the low-energy to-
mographic volume data set 152.

[0101] These additional datasets are also known as
associated tomographic data sets, because they are as-
sociated with the creation of and manipulation upon the
optimized combined tomographic volume data set 156.
An operator uses these additional datasets in subse-
quentimage analysis to, in one example, isolate one ma-
terial from the optimized combined tomographic volume
data set 156.

[0102] Fig. 9 is a flow diagram showing a method 900
for data acquisition and image reconstruction for an x-
ray imaging system ("x-ray imaging system") according
to principles of the present invention.

[0103] According to step 902, the operator determines
the x-ray tomography settings for low-energy ("LE") scan
and ("HE") high-energy scan based on estimated com-
position of the sample. In step 910, the operator selects
a filter and/or exposure time for LE scan and specifies
the LE voltage setting on x-ray source system. In step
912, the operator acquires a tomographic data set (pro-
jections) at LE settings for volume of interest of the sam-
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ple. In step 914, the x-ray imaging system generates the
LE tomographic volume data set from the LE projections.
[0104] In a similar fashion, the operator utilizes the x-
ray imaging system to perform a high-energy scan of the
same sample. In step 915, the operator selects a filter
and/or exposure time for HE scan and specify HE voltage
setting on the x-ray source system. In step 916, the x-
ray imaging system acquires the tomographic data set
(projections) at HE settings for same volume of interest
of the sample as that selected for LE settings. In step
918, the x-ray imaging system generates the HE tomo-
graphic volume data set from the HE projections. In step
919, the operator saves the HE and LE tomographic vol-
ume data sets.

[0105] For the previous steps, the operator either per-
forms the HE and LE scans separately, or uses the scout
and scan application to perform the scans sequentially.
[0106] In step 920, the operator opens the dual energy
contrast tuning tool, and in step 922 loads the LE and
HE tomographic volume data sets. In step 923, the com-
puter system aligns and registers the LE and HD tomo-
graphic volume data sets with each other and in magni-
fication to achieve pixel-by-pixel registration.

[0107] In step 924, the operator selects a slice within
the LE and HE tomographic volume data sets. In step
926, the computer system creates and displays a histo-
gram of HE x-ray pixel intensity values vs LE x-ray pixel
intensity values based on the selected slice.

[0108] In step 928, the operator selects a pivot point
and angle on the histogram to calculate ratio of HE to LE
to use, and create a synthetic slice. In step 930, the op-
erator views the synthetic slice, and in step 932, if the
desired image contrast has been achieved, the operator
proceeds to step 934 to apply angle and pivot point to all
slices in LE and HD tomographic volume datasets and
saves the optimized combined tomographic volume data
set 156. Otherwise, the operator repeats step 930 and
step 932 until the desired image contrast has been
achieved.

[0109] Once the desired image contrast has been
achieved in step 934, the operator selects a point on the
synthetic slice for information associated with its image
contrast optimization, and computes optimal single-scan
parameters and performs an optimal scan in step 938.
[0110] Fig. 10a is a flow diagram showing detail for
step 902 within the flow chart of Fig. 9, for determining
the x-ray tomography settings for low-energy ("LE") scan
and ("HE") high-energy scan based on estimated sample
composition. In step 904, the operator selects the appro-
priate dual-energy template associated with the sample
on the Scout and Scan application. In step 906, the op-
erator position and sizes the Field of View ("FOV") of the
x-ray beam incident upon the sample to identical values
for LE and HE scans. In step 908, the operator selects
the number of projections and angles for LE and HE
scans.

[0111] Fig. 10b is a flow diagram showing detail for
step 938 within the flow chart of Fig. 9, for calculating
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optimum single scan parameters according to principles
of the present invention. In step 940, the computer sys-
tem determines the x-ray tomography settings for opti-
mum single-scan settings based on estimated sample
composition and acquisition settings of the HE and LE
scans. In step 942, the operator verifies the filter, expo-
sure time, and optimum voltage settings for the optimum
single scan. In step 944, the x-ray imaging system ac-
quires the tomographic data set (projections) at optimum
single-scan settings for the volume of interest of the sam-
ple. In step 946, x-ray imaging system generates an op-
timum single-scan tomographic volume data set from the
optimum single-scan projections.

[0112] While this invention has been particularly
shown and described with references to preferred em-
bodiments thereof, it will be understood by those skilled
in the art that various changes in form and details may
be made therein without departing from the scope of the
invention encompassed by the appended claims.

Claims
1. An x-ray imaging system, comprising:

an x-ray source system for generating a high
energy x-ray beam and a low energy x-ray
beam;

a sample holder for rotating a sample in the high
energy x-ray beam and the low energy x-ray
beam from the x-ray source system to perform
a low-energy scan and a high-energy scan of
the sample;

a detector system for detecting the high energy
x-ray beam and the low energy x-ray beam after
transmission through the sample to generate
projection data;

a computer system generating a low-energy re-
constructed tomographic volume data set from
the low-energy scan and generating a high-en-
ergy reconstructed tomographic volume data
set from the high-energy scan in the computer
system from the projection data, and rendering
slice views from the low-energy and high-energy
reconstructed tomographic volume data sets
and presenting a mathematically combined syn-
thetic slice

characterized in that the computer system
presents a slice selection means from the low-
energy and high-energy reconstructed tomo-
graphic volume data sets; and

renders a low-energy slice view from the low-
energy reconstructed tomographic volume data
set and a high-energy slice view from the high-
energy reconstructed tomographic volume data
set for the same region of the sample, in re-
sponse to user selection of a slice view within
slice selection means.
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creates atwo-dimensional histogram of high-en-
ergy x-ray pixel intensity values versus low-en-
ergy x-ray pixel intensity values based on the
selected slice in which intensity of points on the
histogram is associated with the count of voxels
with the low-energy and high-energy pixel inten-
sity values respectively pixel intensity; and
displays the histogram.

The x-ray imaging system of claim 1, wherein the
computer system aligns and registers the low-ener-
gy and the high-energy reconstructed tomographic
volume data sets with each other in three spatial di-
mensions and/or in magnification.

The x-ray imaging system of claim 1 or claim 2,
wherein the two-dimensional histogram uses an off-
set logarithmic scale to assure that even single vox-
els display as recognizable points.

The x-ray imaging system of Claim 1, wherein the
computer system:

creates the synthetic slice for the selected slice
through selection of pivot point and angle within
the two-dimensional histogram, wherein the piv-
ot point and angle specify the scaling and ratio
of high-energy to low-energy pixel intensity val-
ues in the two-dimensional histogram;

applies parameters used to generate the syn-
thetic slice for the selected slice to the high-en-
ergy reconstructed tomographic volume data
set and the low-energy reconstructed tomo-
graphic volume data set to create an optimized
combined tomographic volume data set; and
saves the optimized combined tomographic vol-
ume data set.

The x-ray imaging system of claim 4, wherein the
computer system computes optimum single scan ac-
quisition settings based on the optimized combined
tomographic volume data set.

The x-ray imaging system of claim 5, wherein the
computer system:

enables selection of a point on the optimized
combined tomographic volume data set to ob-
tain its associated scan settings; and

utilizes the scan settings to perform an optimized
scan of the sample or a new sample and gen-
erates a reconstructed tomographic volume da-
ta set for that sample.

The x-ray imaging system of one of claims 1 to 6,
wherein the computer system identifies specific ma-
terial constituents in the sample when there is a priori
knowledge of basic sample constituents; and where-
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in the computer system calculates the atomic molar-
ity of elements within the sample from the histogram.

The x-ray imaging system of Claim 7, wherein the
computer system estimates micro-porosity of the
sample by calculating the atomic molarity for an as-
sociated effective atomic number.

A dual energy contrast tuning tool for use with x-ray
tomographic data executing on a computer system,
comprising:

a low-energy window for displaying low-energy
slices from a low-energy reconstructed tomo-
graphic volume data set captured with an x-ray
imaging system;

a high-energy window for displaying high-ener-
gy slices from a high-energy reconstructed to-
mographic volume data set captured with an x-
ray imaging system;

a slice selection means for selecting slices from
the sample; and

a results window that displays synthetic slices
generated by combining the low-energy recon-
structed tomographic volume data set and the
high-energy reconstructed tomographic volume
data set for a selected slice;

a two-dimensional histogram tool showing pixel
density as a function of low-energy and high-
energy pixel intensity values and enabling se-
lection of a pivot point and line slope parameters
that are used to generate the synthetic slices
from the low-energy reconstructed tomographic
volume data set and the high-energy recon-
structed tomographic volume data set.

10. The dual energy contrast tuning tool of claim 9,

1.

wherein the low-energy window displays the low-en-
ergy slice from the low-energy reconstructed tomo-
graphic volume data set, and the high-energy win-
dow displays the high-energy slice from the high-
energy reconstructed tomographic volume data set,
in response to user selection of a slice within the a
two-dimensional slice selection graphic.

The dual energy contrast tuning tool of claim 9 or 10,
wherein the histogram tool includes:

an angle selector means for angle selection
within the histogram;

an angle indicator that displays the angle asso-
ciated with the angle selection; and

zoom in/out means for providing magnification
of the histogram.

12. The dual energy contrast tuning tool to one of claims

9 to 11, wherein the dual energy contrast tuning tool
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saves an optimized combined tomographic vol-
ume data set into a local storage or a database.

The dual energy contrast tuning tool to one of claims
9 to 12, wherein the histogram tool utilizes an offset
logarithmic scale to assure that single pixels show
up in the histogram as recognizable points.

The dual energy contrast tuning tool to one of claims
9 to 13, wherein the dual energy contrast tuning tool
computes optimum single scan settings.

The dual energy contrast tuning tool to one of claims
9to 14, wherein the dual energy contrast tuning tool :

enables selection of a point on the optimized
combined tomographic volume data set to ob-
tain its associated scan settings; and

utilizes the scan settings to perform an optimized
scan of the sample or a new sample and gen-
erates a reconstructed tomographic volume da-
ta set for that sample.

The dual energy contrast tuning tool to one of claims
9to 15, wherein the dual energy contrast tuning tool:

calculates the atomic molarity and effective
atomic number of elements within the sample
from the histogram.

The dual energy contrast tuning tool of claim 16,
wherein the dual-energy contrast tuning tool esti-
mates micro-porosity of the sample by calculating
the atomic molarity for an associated effective atomic
number.

The dual energy contrast tuning tool of one of the
claims 9 to 17, further comprising a correlation tool
that in response to an operator indicating a position
in one of the windows, same positions are indicated
in other windows.

The dual energy contrast tuning tool of claim 18,
wherein the correlation tool indicates a correspond-
ing voxel in the histogram tool.

A data acquisition and image reconstruction method
for an x-ray imaging system, the method comprising:

loading a low-energy reconstructed tomograph-
ic volume data set from the low-energy scan
from an X-ray imaging system or from a data-
base;

loading a high-energy reconstructed tomo-
graphic volume data set from the high-energy
scan from an X-ray imaging system or from a
database;

rendering slice views from the low-energy and
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high-energy reconstructed tomographic volume
data sets;

selecting a slice from the slice views by a user;
inresponse to user selection of the slice display-
ing slice views from the low-energy reconstruct-
ed tomographic volume data set and the high-
energy reconstructed tomographic volume data
set for the same region of the sample;

creating a two-dimensional histogram of high-
energy x-ray pixel intensity values versus low-
energy x-ray pixel intensity values based on the
selected slice in which intensity of points on the
histogram associated with an irradiated point on
the sample, represented as pixels, is a measure
of how equal the low-energy and high-energy x-
ray pixel intensity values are for the irradiated
point on the sample;

displaying the histogram tool;

selecting of a pivot point and an angle within the
histogram by a user, wherein the pivot pointand
angle specify the ratio of high-energy to low-en-
ergy pixel intensity values in the histogram;
applying selected pivot point and angle to gen-
erate an optimized image for the selected slice
to the high-energy reconstructed tomographic
volume data and the low-energy reconstructed
tomographic volume data set.

The method of claim 20, further comprising:

creating an optimized combined tomographic
volume data set.

The method of claim 20 or 21, the method further
comprising:

loading a sample on a sample holder of the x-
ray imaging system;

performing a low-energy scan by rotating the
sample in a low energy x-ray beam from an x-
ray source system of the x-ray imaging system;
performing a high-energy scan by rotating the
sample in a high energy x-ray beam from the x-
ray imaging system;

The method of one of claims 18 to 22, further com-
prising aligning and registering the low-energy and
the high-energy tomographic volume data sets with
eachotherinthree spatial dimensions and/orin mag-
nification.

The method of one of claims 18 to 23, wherein dis-
playing the histogram comprises utilizing an offset
logarithmic scale in the histogram to assure that sin-
gle pixels show up in the histogram as recognizable
points.

The method of one of claims 22 to 24, further com-
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prising computing optimum single scan settings.

The method in claim 25, wherein computing the op-
timum single scan settings comprises:

selecting a point on an optimized combined to-
mographic volume data set to obtain its associ-
ated scan settings; and

using the scan settings to perform an optimized
scan of the sample or a new sample and gen-
erating a reconstructed tomographic volume da-
ta set for that sample.

The method of one of claims 20 to 26, further com-
prising identifying specific material constituents in
the sample when there is a priori knowledge of basic
sample constituents by calculating the atomic mo-
larity and effective atomic number of elements s with-
in the sample from the histogram.

The method of Claim 27, further comprising estimat-
ing micro-porosity from the specific material constit-
uents in the sample.

Patentanspriiche

1.

Réntgenbildgebungssystem, das Folgendes um-
fasst:

ein Réntgenquellensystem zum Erzeugen eines
hochenergetischen Rontgenstrahls und eines
niederenergetischen Réntgenstrahls;

einen Probenhalter zum Drehen einer Probe in
dem hochenergetischen R&ntgenstrahl und
dem niederenergetischen Roéntgenstrahl des
Réntgenquellensystems, um einen Niederener-
gie-Scan und einen Hochenergie-Scan der Pro-
be durchzufiihren;

ein Detektorsystem zum Detektieren des hoch-
energetischen Rontgenstrahls und des niedere-
nergetischen Réntgenstrahls nach einer Trans-
mission durch die Probe, um Projektionsdaten
Zu erzeugen;

ein Computersystem, das aus den Projektions-
daten einen rekonstruierten tomografischen
Niederenergie-Volumendatensatz aus der Nie-
derenergie-Scan erzeugt und einen rekonstru-
ierten tomografischen Hochenergie-Volumen-
datensatz aus der Hochenergie-Scan erzeugt
und das Schnittbilder aus dem rekonstruierten
tomografischen Niederenergie- und dem Hoch-
energie-Volumendatensatz rendert und ein ma-
thematisch kombiniertes synthetisches Schnitt-
bild prasentiert,

dadurch gekennzeichnet, dass das Compu-
tersystem

ein Schnittbildauswahimittel von dem Niedere-
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nergie- und dem Hochenergie-Datensatz derre-
konstruierten tomografischen Volumen prasen-
tiert; und

als Reaktion auf eine Benutzerauswahl eines
Schnittbildes innerhalb des Schnittbildauswahl-
mittels ein Niederenergie-Schnittbild von dem
Niederenergie-Datensatz und ein Hochenergie-
Schnittbild von dem Hochenergie-Datensatz fir
dasselbe Gebiet der Probe rendert;

ein zweidimensionales Histogramm von Hoch-
energie-Rontgenpixelintensitatswerten gegen
Niederenergie-Rontgenpixelintensitatswerte
basierend auf dem ausgewahlten Schnittbild er-
zeugt, in welchem eine Intensitat von Punkten
in dem Histogramm der Anzahl an Voxeln mit
den Niederenergie- und Hochenergie-Pixelin-
tensitatswerten einer jeweiligen Pixelintensitat
zugeordnet ist; und

das Histogramm anzeigt.

Réntgenbildgebungssystem nach Anspruch 1, wo-
bei das Computersystem die rekonstruierten tomo-
grafischen Niederenergie- und die Hochenergie-Vo-
lumendatensétze in drei rdumlichen Dimensionen
und/oder in einer VergroRerung miteinander aus-
richtet und registriert.

Réntgenbildgebungssystem nach Anspruch 1 oder
2, wobei das zweidimensionale Histogramm eine
versetzte logarithmische Skala verwendet, um si-
cherzustellen, dass selbst einzelne Voxel als er-
kennbare Punkte angezeigt werden.

Réntgenbildgebungssystem nach Anspruch 1, wo-
bei das Computersystem:

das synthetische Schnittbild fiir das ausgewahl-
te Schnittbild durch Auswahlen eines Drehpunk-
tesund eines Winkels innerhalb des zweidimen-
sionalen Histogramms erzeugt, wobei der Dreh-
punkt und der Winkel die Skalierung und das
Verhaltnis von Hochenergie- zu Niederenergie-
Pixelintensitatswerten in dem zweidimensiona-
len Histogramm spezifizieren;

dieselben Parameter auf den rekonstruierten to-
mografischen Hochenergie-Volumendatensatz
und den rekonstruierten tomografischen Nie-
derenergie-Volumendatensatz anwendet, die
zum Erzeugen des synthetischen Schnittbildes
fir das ausgewahlte Schnittbild verwendet wur-
den, um einen optimierten kombinierten tomo-
grafischen Volumendatensatz zu erzeugen; und
den optimierten kombinierten tomografischen
Volumendatensatz des tomografischen Volu-
mens abspeichert.

5. Ro&ntgenbildgebungssystem nach Anspruch 4, wo-

bei das Computersystem optimale Einzel-Scan-Ein-
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stellungen basierend auf dem optimierten kombi-
nierten tomografischen Volumendatensatz des be-
rechnet.

Réntgenbildgebungssystem nach Anspruch 5, wo-
bei das Computersystem:

eine Auswahl eines Punktes in dem optimierten
kombinierten tomografischen Volumendaten-
satz ermdglicht, um seine zugeordneten Scan-
Einstellungen zu erhalten; und

die Scan-Einstellungen benutzt, um einen opti-
mierten Scan der Probe oder einer neuen Probe
durchzufiihren, und einen rekonstruierten tomo-
grafischen Volumendatensatz fiir diese Probe
erzeugt.

Réntgenbildgebungssystem nach einem der An-
spriche 1 bis 6, wobei das Computersystem spezi-
elle Materialbestandteile in der Probe identifiziert,
wenn ein A-Priori-Wissen von grundlegenden Pro-
benbestandteilen vorhanden ist; und wobei das
Computersystem die Atommolaritat von Elementen
innerhalb der Probe aus dem Histogramm berech-
net.

Réntgenbildgebungssystem nach Anspruch 7, wo-
bei das Computersystem eine Mikroporositat der
Probe durch Berechnen der Atommolaritat fir eine
zugeordnete effektive Atomzahl abschatzt.

Doppelenergie-Kontrastabstimmungswerkzeug zur
Verwendung mittomografischen Réntgendaten, das
aufeinem Computersystem ausgefiihrt wird und das
Folgendes umfasst:

ein Niederenergie-Fenster zum Anzeigen von
Niederenergie-Schnittbildern eines rekonstru-
ierten tomografischen Niederenergie-Volumen-
datensatzes, der mit einem R&ntgenbildge-
bungssystem aufgenommen wurde;

ein Hochenergie-Fenster zum Anzeigen von
Hochenergie-Schnittbildern eines rekonstruier-
ten tomografischen Hochenergie-Volumenda-
tensatzes, der mit einem Roéntgenbildgebungs-
system aufgenommen wurde;

ein Schnittbildauswahlmittel zum Auswahlen
von Schnittbildern aus der Probe; und

ein Ergebnisfenster, das synthetische Schnitt-
bilder anzeigt, die durch Kombinieren des Nie-
derenergie-Volumendatensatzes und des re-
konstruierten tomografischen Hochenergie-Vo-
lumendatensatzes flr ein ausgewahltes
Schnittbild erzeugt wurde;

ein Zweidimensionales-Histogramm-Werk-
zeug, das eine Pixeldichte als Funktion von Nie-
derenergie- und Hochenergie-Pixelintensitats-
werten anzeigt und eine Auswahl eines Dreh-
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punktes und eines Geradensteigungsparame-
ters ermdglicht, die verwendet werden, um die
synthetischen Schnittbilder aus dem rekonstru-
ierten tomografischen Niederenergie-Volumen-
datensatz und dem rekonstruierten tomografi-
schen Hochenergie-Volumendatensatz zu er-
zeugen.

Doppelenergie-Kontrastabstimmungswerkzeug
nach Anspruch 9, wobei als Reaktion auf eine Be-
nutzerauswahl eines Schnittbildes innerhalb der
zweidimensionalen Schnittbild-Auswahlgrafik das
Niederenergie-Fenster die Niederenergie-Schnitt-
bild von dem rekonstruierten tomografischen Nie-
derenergie-Volumendatensatz anzeigt und das
Hochenergie-Fenster die Hochenergie-Schnittbild
des rekonstruierten tomografischen Hochenergie-
Volumendatensatzes anzeigt.

Doppelenergie-Kontrastabstimmungswerkzeug
nach Anspruch 9 oder 10, wobei das Histogramm-
werkzeug Folgendes beinhaltet:

ein Winkelauswahlmittel fir eine Winkelaus-
wahl innerhalb des Histogramms;

einen Winkelanzeiger, der den der Winkelaus-
wahl zugeordneten Winkel anzeigt; und

ein Mittel zum Herein-/Herauszoomen zur Be-
reitstellung einer VergrofRerung des Histo-
gramms.

Doppelenergie-Kontrastabstimmungswerkzeug
nach einem der Anspriiche 9 bis 11, wobei das Dop-
pelenergie-Kontrastabstimmungswerkzeug einen
optimierten kombinierten tomografischen Volumen-
datensatz in einem lokalen Speicher oder einer Da-
tenbank abspeichert.

Doppelenergie-Kontrastabstimmungswerkzeug
nach einem der Anspriiche 9 bis 12, wobei das His-
togrammwerkzeug eine versetzte logarithmische
Skala verwendet, um sicherzustellen, dass einzelne
Pixel in dem Histogramm als erkennbare Punkte er-
scheinen.

Doppelenergie-Kontrastabstimmungswerkzeug
nach einem der Anspriiche 9 bis 13, wobei das Dop-
pelenergie-Kontrast-abstimmungswerkzeug  opti-
male Einzel-Scan-Einstellungen berechnet.

Doppelenergie-Kontrastabstimmungswerkzeug
nach einem der Anspriiche 9 bis 14, wobei das Dop-
pelenergie-Kontrast-abstimmungswerkzeug:

eine Auswahl eines Punktes in dem optimierten
kombinierten tomografischen Volumendaten-
satz ermdglicht, um seine zugeordneten Scan-
Einstellungen zu erhalten; und
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die Scan-Einstellungen benutzt, um einen opti-
mierte Scan der Probe oder einer neuen Probe
durchzufiihren, und einen Datensatz fir ein re-
konstruiertes tomografisches Volumen fir diese
Probe erzeugt.

Doppelenergie-Kontrastabstimmungswerkzeug
nach einem der Anspriiche 9 bis 15, wobei das Dop-
pelenergie-Kontrastabstimmungswerkzeug die
Atommolaritat und effektive Atomzahl von Elemen-
ten innerhalb der Probe aus dem Histogramm be-
rechnet.

Doppelenergie-Kontrastabstimmungswerkzeug
nach Anspruch 16, wobei das Doppelenergie-Kon-
trastabstimmungswerkzeug eine Mikroporositat der
Probe durch Berechnen der Atommolaritat fir eine
zugeordnete effektive Atomzahl abschatzt.

Doppelenergie-Kontrastabstimmungswerkzeug
nach einem der Anspriiche 9 bis 17, das ferner ein
Korrelationswerkzeug umfasst, das als Reaktion
darauf, dass ein Bediener eine Position in einem der
Fenster auswabhlt, die gleichen Positionen in ande-
ren Fenstern anzeigt.

Doppelenergie-Kontrastabstimmungswerkzeug
nach Anspruch 18, wobei das Korrelationswerkzeug
ein entsprechendes Voxel in dem Histogrammwerk-
zeug anzeigt.

Datenerfassungs-und-Bildrekonstruktions-Verfah-
ren flr ein Réntgenbildgebungssystem, wobei das
Verfahren Folgendes umfasst:

Laden eines rekonstruierten tomografischen
Niederenergie-Volumendatensatzes von einem
Niederenergie-Scan aus einem Réntgenbildge-
bungssystem oder aus einer Datenbank;
Laden eines rekonstruierten tomografischen
Hochenergie-Volumendatensatzes eines von
einem Hochenergie-Scan aus einem Rdntgen-
bildgebungssystem oder aus einer Datenbank;
Rendern von Schnittbildansichten aus dem re-
konstruierten tomografischen Niederenergie-
und dem rekonstruierten tomografischen Hoch-
energie-Volumendatensatz;

Auswahlen eines Schnittbildes aus den Schnitt-
bildansichten durch einen Benutzer;

als Reaktion auf eine Benutzerauswahl eines
Schnittbildes Anzeigen von Schnittbildansich-
ten des rekonstruierten tomografischen Nieder-
energie-Volumendatensatzes und des rekonst-
ruierten tomografischen Hochenergie- Volu-
mendatensatzes flir dasselbe Gebiet der Probe;
Erzeugen eines zweidimensionalen Histo-
gramms von Hochenergie-Réntgenpixelintensi-
tatswerten gegen Niederenergie-Rontgenpi-
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xelintensitatswerten basierend auf dem ausge-
wahlten Schnittbild, in welchem eine Intensitat
von Punkten in dem Histogramm, die einem be-
strahlten Punkt in der Probe, der als Pixel repra-
sentiert wird, zugeordnet ist, ein MaR dafr ist,
wie gleich die Niederenergie- und die Hochen-
ergie-Rontgenpixelintensitatswerte fir den be-
strahlten Punkt in der Probe sind;

Anzeigen des Histogrammwerkzeuges;
Auswahlen eines Schwenkpunktes und eines
Winkels innerhalb des Histogramms durch ei-
nen Benutzer, wobei der Schwenkpunkt und der
Winkel das Verhaltnis von Hochenergie- zu Nie-
derenergie-Pixelintensitatswerten in dem Histo-
gramm spezifizieren;

Anwenden des ausgewahlten Schwenkpunktes
und Winkels auf den rekonstruierten tomografi-
schen Hochenergie-Volumendatensatz und
den rekonstruierten tomografischen Niederen-
ergie-Volumendatensatz, um ein optimiertes
Bild fur das ausgewahlte Schnittbild zu erzeu-
gen.

Verfahren nach Anspruch 20, das ferner Folgendes
umfasst:

Erzeugen eines optimierten kombinierten Da-
tensatzes eines tomografischen Volumens.

Verfahrennach Anspruch 20 oder 21, wobeidas Ver-
fahren ferner Folgendes umfasst:

Laden einer Probe auf einen Probenhalter des
Réntgenbildgebungssystems;

Durchfiihren eines Niederenergie-Scans durch
DrehenderProbein einem niederenergetischen
Réntgenstrahl eines Réntgenquellensystems
des Rontgenbildgebungssystems;
Durchfiihren eines Hochenergie-Scans durch
Drehen der Probe in einem hochenergetischen
Réntgenstrahl von dem Rdntgenbildgebungs-
system.

Verfahren nach einem der Anspriiche 18 bis 22, das
ferner Ausrichten und Registrieren des tomografi-
schen Niederenergie- und Hochenergie-Volumen-
datensatzes miteinander in drei rdumlichen Dimen-
sionen und/oder in einer VergréRerung umfasst.

Verfahren nach einem der Anspriiche 18 bis 23, wo-
bei Anzeigen des Histogramms Benutzen einer ver-
setzten logarithmischen Skala in dem Histogramm
umfasst, um sicherzustellen, dass einzelne Pixel in
dem Histogramm als erkennbare Punkte erschei-
nen.

Verfahren nach einem der Anspriiche 22 bis 24, das
ferner Berechnen optimaler Einzel-Scan-Einstellun-
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gen umfasst.

Verfahren nach Anspruch 25, wobei Berechnen der
optimalen Einzel-Scan-Einstellungen Folgendes
umfasst:

Auswahlen eines Punktes in einem optimierten
kombinierten tomografischen Volumendaten-
satz, um seine zugeordneten Scan-Einstellun-
gen zu erhalten; und

Verwenden der Scan-Einstellungen, um einen
optimierten Scan der Probe oder einer neuen
Probe durchzufiihren, und Erzeugen eines re-
konstruierten tomografischen Volumendaten-
satzes flir diese Probe.

Verfahren nach einem der Anspriiche 20 bis 26, das
ferner Identifizieren spezieller Materialbestandteile
in der Probe umfasst, wenn ein A-Priori-Wissen von
grundlegenden Probenbestandteilen vorhanden ist,
indem die Atommolaritat und effektive Atomzahl von
Elementen innerhalb der Probe aus dem Histo-
gramm berechnet wird.

Verfahren nach Anspruch 27, das ferner Abschatzen
einer Mikroporositat von den speziellen Materialbe-
standteilen in der Probe umfasst.

Revendications

1.

Systeme d’imagerie a rayons X, comprenant :

un systéme de source de rayons X pour générer
un faisceau de rayons X de haute énergie et un
faisceau de rayons X de faible énergie ;

un porte-échantillon pour faire tourner un échan-
tillon dans le faisceau de rayons X de haute
énergie etle faisceau de rayons X de faible éner-
gie provenant du systéme de source de rayons
X pour effectuer une numérisation de faible
énergie et une numérisation de haute énergie
de I'échantillon ;

un systéme de détection pour détecter le fais-
ceau derayons X de haute énergie etle faisceau
de rayons X de faible énergie aprés transmis-
sion a travers I'échantillon pour générer des
données de projection ;

un systéme informatique générant un ensemble
de données de volume tomographique recons-
truit de faible énergie a partir de la numérisation
de faible énergie et générant un ensemble de
données de volume tomographique reconstruit
de haute énergie a partir de la numérisation de
haute énergie dans le systéme informatique a
partir des données de projection, et rendant des
vues en tranches a partir des ensembles de don-
nées de volume tomographique reconstruits de
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faible énergie et de haute énergie, et présentant
une tranche synthétique mathématiquement
combinée,

caractérisé en ce que le systéme informatique
présente des moyens de sélection de tranche a
partir des ensembles de données de volume to-
mographique reconstruits de faible énergie et
de haute énergie ; et

rend une vue en tranche defaible énergie a partir
de I'ensemble de données de volume tomogra-
phique reconstruit de faible énergie et d’'une vue
en tranche de haute énergie a partir de 'ensem-
ble de données de volume tomographique re-
construit de haute énergie pour la méme région
de I'échantillon, en réponse a la sélection par
I'utilisateur d’'une vue en tranche dans les
moyens de sélection de tranche,

crée un histogramme bidimensionnel de valeurs
d’intensités de pixels de rayons X de haute éner-
gie par rapport a des valeurs d’'intensités de
pixels de rayons X de faible énergie, sur la base
de la tranche sélectionnée, ou l'intensité des
points sur I'histogramme est associée au nom-
bre de voxels avec les valeurs d’intensités de
pixels de haute énergie et de faible énergie, res-
pectivement avec l'intensité des pixels ; et
affiche I'histogramme.

Systeme d’imagerie a rayons X selon la revendica-
tion 1, dans lequel le systéme informatique aligne et
enregistre les ensembles de données de volume to-
mographique reconstruits de faible énergie et de
haute énergie les uns avec les autres dans trois di-
mensions spatiales et/ou a 'agrandissement.

Systeme d’imagerie a rayons X selon la revendica-
tion 1 ou larevendication 2, dans lequel I'histogram-
me bidimensionnel utilise une échelle logarithmique
a décalage pour garantir que des voxels individuels
uniformes apparaissent sous la forme de points re-
connaissables.

Systeme d’imagerie a rayons X selon la revendica-
tion 1, dans lequel le systéme informatique :

crée la tranche de synthése pour la tranche sé-
lectionnée via la sélection d’un point de pivot et
d’un angle dans I'histogramme bidimensionnel,
ou le point de pivot et I'angle spécifient la mise
a I'échelle et le rapport des valeurs d’intensités
de pixels de haute énergie sur les valeurs d’in-
tensités de pixels de faible énergie dans I'histo-
gramme bidimensionnel ;

applique des parameétres utilisés pour générer
la tranche de synthése pour la tranche sélec-
tionnée a 'ensemble de données de volume to-
mographique reconstruit de haute énergie et a
I'ensemble de données de volume tomographi-
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que reconstruit de faible énergie pour créer un
ensemble de données de volume tomographi-
que combiné optimisé ; et

sauvegarde I'ensemble de données de volume
tomographique combiné optimisé.

Systeme d’imagerie a rayons X selon la revendica-
tion 4, dans lequel le systeme informatique calcule
des parametres optimaux d’acquisition par numéri-
sation simple sur la base de 'ensemble de données
de volume tomographique combiné optimisé.

Systeme d’imagerie a rayons X selon la revendica-
tion 5, dans lequel le systéme informatique :

permet de sélectionner un point sur 'ensemble
de données de volume tomographique combiné
optimisé pour obtenir ses paramétres de numé-
risation associés ; et

utilise les paramétres de numérisation pour ef-
fectuer une numérisation optimisée de I'échan-
tillon ou d’'un nouvel échantillon, et génére un
ensemble de données de volume tomographi-
que reconstruit pour cet échantillon.

Systeme d’imagerie a rayons X selon 'une des re-
vendications 1 a 6, dans lequel le systeme informa-
tique identifie des constituants matériels spécifiques
dans I'’échantillon lorsqu’il existe une connaissance
a priori des constituants de base de 1"échantillon ;
etou le systeme informatique calcule la molarité ato-
mique des éléments au sein de I'échantillon a partir
de I'histogramme.

Systeme d’imagerie a rayons X selon la revendica-
tion 7, dans lequel le systeme informatique estime
la microporosité de I'échantillon en calculant la mo-
larité atomique pour un numéro atomique effectif as-
socié.

Outil de réglage de contraste a double énergie, des-
tiné a étre utilisé avec des données tomographiques
a rayons X, exécuté sur un systéme informatique,
comprenant :

une fenétre faible énergie pour afficher des tran-
ches de faible énergie a partir d'un ensemble de
données de volume tomographique reconstruit
de faible énergie capturé avec un systéme
d’'imagerie a rayons X ;

une fenétre haute énergie pour afficher des tran-
ches de haute énergie a partir d'un ensemble
de données de volume tomographique recons-
truit de haute énergie capturé avec un systéeme
d’'imagerie a rayons X ;

des moyens de sélection de tranche pour sélec-
tionner des tranches depuis I'échantillon ; et
une fenétre de résultats qui affiche les tranches
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de synthése générées en combinant'ensemble
de données de volume tomographique recons-
truit de faible énergie et 'ensemble de données
de volume tomographique reconstruit de haute
énergie pour une tranche sélectionnée ;

un outil d’histogramme bidimensionnel mon-
trantla densité des pixels en fonction de valeurs
d’intensités de pixels de faible énergie et de hau-
te énergie et permettant de sélectionner un point
de pivot et des parametres de pente de ligne qui
sont utilisés pour générer les tranches de syn-
thése a partir de 'ensemble de données de vo-
lume tomographique reconstruit de faible éner-
gie et de I'ensemble de données de volume to-
mographique reconstruit de haute énergie.

Outil de réglage de contraste a double énergie selon
larevendication 9, dans lequel la fenétre faible éner-
gie affiche la tranche faible énergie a partir de I'en-
semble de données de volume tomographique re-
construitde faible énergie etlafenétre haute énergie
affiche la tranche haute énergie a partir de I'ensem-
ble de données de volume tomographique recons-
truit de haute énergie, en réponse a une sélection
par l'utilisateur d’'une tranche dans le graphique de
sélection de tranche a deux dimensions.

Outil de réglage de contraste a double énergie selon
larevendication 9 oularevendication 10, danslequel
I'outil d’histogramme comprend :

des moyens de sélection d’angle pour sélection-
ner un angle dans I'histogramme ;

un indicateur d’angle qui affiche I'angle associé
a la sélection d’angle ; et

des moyens de zoom avant/arriére pour fournir
un agrandissement de I'histogramme.

Outil de réglage de contraste a double énergie selon
I'une des revendications 9 a 11, dans lequel I'outil
de réglage de contraste a double énergie sauvegar-
de un ensemble de données de volume tomographi-
que combiné optimisé dans un stockage local ouune
base de données.

Outil de réglage de contraste a double énergie selon
I'une des revendications 9 a 12, dans lequel I'outil
d’histogramme utilise une échelle logarithmique a
décalage pour garantir que des pixels individuels ap-
paraissent dans I'histogramme sous la forme de
points reconnaissables.

Outil de réglage de contraste a double énergie selon
I'une des revendications 9 a 13, dans lequel I'outil
de réglage de contraste a double énergie calcule
des paramétres optimums de numérisation simple.

Outil de réglage de contraste a double énergie selon
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I'une des revendications 9 a 14, dans lequel I'outil
de réglage de contraste a double énergie :

permet de sélectionner un point sur 'ensemble
de données de volume tomographique combiné
optimisé pour obtenir ses paramétres de numé-
risation associés ; et

utilise les paramétres de numérisation pour ef-
fectuer une numérisation optimisée de I'échan-
tillon ou d’'un nouvel échantillon, et génére un
ensemble de données de volume tomographi-
que reconstruit pour cet échantillon.

Outil de réglage de contraste a double énergie selon
I'une des revendications 9 a 15, dans lequel I'outil
de réglage de contraste a double énergie :

calcule la molarité atomique et le numéro ato-
mique effectif des éléments a l'intérieur de
I'échantillon a partir de I'histogramme.

Outil de réglage de contraste a double énergie selon
la revendication 16, dans lequel I'outil de réglage de
contraste a double énergie estime la microporosité
de I'échantillon en calculant la molarité atomique
pour un numéro atomique effectif associé.

Outil de réglage de contraste a double énergie selon
'une des revendications 9a 17, comprenantenoutre
un outil de corrélation qui fait en sorte que, en ré-
ponse a un opérateur indiquant une position dans
I'une des fenétres, les mémes positions sont indi-
quées dans d’autres fenétres.

Outil de réglage de contraste a double énergie selon
la revendication 18, ou I'outil de corrélation indique
un voxel correspondant dans I'outil d’histogramme.

Procédé d’acquisition de données et de reconstruc-
tion d’'image pour un systéme d’imagerie a rayons
X, le procédé comprenant les étapes suivantes :

charger un ensemble de données de volume to-
mographique reconstruit de faible énergie a par-
tir de la numérisation a faible énergie provenant
d'un systéeme d’imagerie a rayons X ou d’'une
base de données ;

charger un ensemble de données de volume to-
mographique reconstruit de haute énergie a par-
tir de la numérisation a haute énergie provenant
d'un systeme d’imagerie a rayons X ou d’une
base de données ;

rendre des vues en tranches a partir des ensem-
bles de données de volume tomographique re-
construits de faible énergie etde haute énergie ;
sélectionner une tranche a partir des vues en
tranches, par un utilisateur ;

en réponse a la sélection par l'utilisateur de la
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tranche, afficher des vues en tranches a partir
de I'ensemble de données de volume tomogra-
phique reconstruit de faible énergie et de I'en-
semble de données de volume tomographique
reconstruit de haute énergie pour la méme ré-
gion de I'échantillon ;

créer un histogramme bidimensionnel de va-
leurs d’intensités de pixels de rayons X de haute
énergie par rapport aux valeurs d’intensités de
pixels de rayons X de faible énergie sur la base
de la tranche sélectionnée, ou l'intensité des
points sur I'histogramme associés a un point ir-
radié sur I'échantillon, représentés sous la for-
me de pixels, est une mesure du degré d’égalité
des valeurs d’intensité de pixels de rayons X de
faible énergie et de haute énergie pour le point
irradié sur I'’échantillon ;

afficher I'outil d’histogramme ;

sélectionner un point de pivot et un angle dans
I’histogramme, par un utilisateur, ou le point de
pivot et 'angle spécifient le rapport des valeurs
d’intensités de pixels de haute énergie sur les
valeurs d’intensités de pixels de faible énergie
dans I'histogramme ;

appliquer le pointde pivot et I'angle sélectionnés
pour générer une image optimisée pour la tran-
che sélectionnée pour 'ensemble de données
de volume tomographique reconstruit de haute
énergie et 'ensemble de données de volume
tomographie reconstruit de faible énergie re-
construit.

21. Procédé selon la revendication 20, comprenant en

outre I'étape suivants :

créer un ensemble de données de volume to-
mographique combiné optimisé.

22. Procédé selon la revendication 20 ou la revendica-

tion 21, le procédé comprenant en outre les étapes
suivantes :

charger un échantillon sur un porte-échantillon
du systéme d’imagerie a rayons X ;

effectuer une numérisation a faible énergie en
faisant tourner I'’échantillon dans un faisceau de
rayons X de faible énergie provenant d’un sys-
teme de source de rayons X du systéme d’ima-
gerie a rayons X ;

effectuer une numérisation a haute énergie en
faisant tourner I'’échantillon dans un faisceau de
rayons X de haute énergie provenant d’un sys-
teme de source de rayons X du systéme d’ima-
gerie a rayons X.

23. Procédé selon I'une des revendications 18 a 22,

comprenant en outre d’aligner et d’enregistrer les
ensembles de données de volume tomographique
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de faible énergie et de haute énergie les uns avec
les autres dans trois dimensions spatiales et/ou a
'agrandissement.

Procédé selon I'une des revendications 18 a 23,
dans lequel afficher I'histogramme comprend d'uti-
liser une échelle logarithmique a décalage pour ga-
rantir que des voxels individuels apparaissent dans
I’histogramme sous la forme de points reconnaissa-
bles.

Procédé selon I'une des revendications 22 a 24,
comprenant en outre de calculer des paramétres op-
timums de numérisation simple.

Procédé selon la revendication 25, dans lequel cal-
culer les parameétres optimums de numérisation sim-
ple comprend les étapes suivantes :

sélectionner un point sur un ensemble de don-
nées de volume tomographique combiné opti-
misé pour obtenir ses paramétres de numérisa-
tion associés ; et

utiliser les paramétres de numérisation pour ef-
fectuer une numérisation optimisée de I'échan-
tillon ou d’un nouvel échantillon et générer un
ensemble de données de volume tomographi-
que reconstruit pour cet échantillon.

Procédé selon I'une des revendications 20 a 26,
comprenant en outre d’identifier des constituants
matériels spécifiques dans I'échantillon lorsqu’il
existe une connaissance a priori des constituants de
base de I'échantillon en calculant la molarité atomi-
que et le numéro atomique effectif des éléments au
sein de I'échantillon a partir de I'histogramme.

Procédé selon la revendication 27, comprenant en
outre d’estimer la microporosité a partir des consti-
tuants matériels spécifiques dans I'échantillon.
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