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X-RAY IMAGING DEVICE PROVIDING 
ENHANCED SPATIAL RESOLUTION BY 

ENERGY ENCODING 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

CROSS REFERENCE TO RELATED 
APPLICATION 

BACKGROUND OF THE INVENTION 

The present invention relates to x-ray imaging devices for 
industrial and medical use and in particular to a device 
providing improved spatial resolution. 

The spatial resolution of an x-ray imaging machine deter­
mines the machine's ability to resolve small features in an 
imaged object, for example, cracks in a metal casting being 
inspected on an industrial x-ray machine, or the fine struc­
ture of bones in the ear of a human patient in medical 
imaging. 

Generally, the resolution of the x-ray imaging machine is 
limited by the size of the x-ray focal spot (an area over which 
x-rays can be considered to emanate) and the size of each 
detector element receiving the x-rays after they pass through 
the object being imaged. 

2 
a change in focal spot area or detector spacing, by encoding 
x-ray energy into spatial information providing spatial reso­
lution at a scale smaller than the detector element spacing. 
In one example, the invention may provide a filter with an 

5 energy dependent transmission that covers only a portion of 
each detector. Acquiring successive images with these modi­
fied detector elements, using different x-ray energies, allows 
the x-ray fluence received by the different portions of the 
detector to be isolated producing effective sub-pixel spacing 

10 resolution (where pixel is defined by the size of the detector 
element). 

More specifically, the present invention provides an x-ray 
imaging device having a multi-energy x-ray source provid­
ing first and second x-rays with different x-ray energies, the 

15 energies describing a distribution of energy ofx-ray photons 
of the first and second x-rays. A multi-element x-ray detector 
is positioned to receive the first and second x-rays from the 
multi-energy x-ray source after passage through an object to 
be imaged to provide an x-ray fluence output for each 

20 element. The invention further employs an x-ray energy 
filter positioned with respect to the x-ray energy source and 
the multi-element x-ray detector to provide a first and 
second different response to at least one of the received first 
and second x-rays at different first and second portions of 

25 each element. A controller communicates with the multi-
energy x-ray source and multi-element x-ray detector to: (a) 
acquire a first and second x-ray image of x-ray fluence 
outputs of each of the elements of the multi-element x-ray 
detector at the first and second energy; and to (b) process the 
first and second x-ray images to provide independent fluence 
measurements for the first and second portions of each 
element of the multi-element x-ray detector. 

It is thus a feature of at least one embodiment of the 

Focal spot size tends to be strongly linked to x-ray fluence 
(photons per unit time) and for this reason reductions in 30 

focal spot size are constrained by the offsetting increase in 
exposure times that are required to provide a sufficiently low 
noise image. The alternative of maintaining constant fluence 
with a smaller focal spot can lead to anode melting as 
increasing amounts of energy are concentrated in a smaller 
area. 

invention to provide finer spatial resolution from an x-ray 
35 detector by using a filter to encode x-ray energy into spatial 

information. The filter allows the invention to differentiate 
x-ray fluence received by different portions of the detector 
element. 

Much of the improvement in x-ray imaging resolution has 
been by decreasing the size of the detector elements. X-ray 
detectors used for early x-ray computed tomography (CT) 
machines had a detector size with approximately 3 mm 
spacing which has steadily decreased to a common spacing 
of 0.5 mm with a few examples of detector spacing as low 

The controller may output an image having multiple, 
40 independent pixels for each detector element 

as 0.25 mm. 

It is thus a feature of at least one embodiment of the 
invention to provide higher resolution images without the 
inefficiencies of masks or combs that fully block x-rays. The 
filter used by the present invention allows the detector Reduction of detector spacing below current levels is 

difficult for a number of reasons including a substantial 
reduction of"geometric efficiency" caused by increasing the 
proportion of the areas of detector "gutters" (representing 
material isolating the detectors from each other) compared 

45 elements to receive and measure x-rays over the entire active 
area of the element. 

to usable detector area. In addition, there are substantial 
manufacturing difficulties associated with smaller detector 50 

sizes including obtaining adequate yields of detector arrays 
with many more detector elements and the difficulty and cost 
of providing electrical interconnections to many more detec-
tor elements. 

One method of creating the benefit of smaller detector 55 

sizes without actually reducing the size of the detector 
elements places a mask or comb over the detector elements 
that block all but a small portion of the active detector 
imaging area. This approach provides higher resolution 
imaging but at the expense of wasting significant x-ray 60 

energy ( of particular concern in medical imaging were dose 
should be limited) and increased signal noise. 

The processing of the first and second x-ray images uses 
a change in fluence detected at given elements of the 
multi-element x-ray detector between different x-ray ener­
gies to deduce the relative proportion ofx-ray fluence being 
received at the first and second portions of each element. 

It is thus a feature of at least one embodiment of the 
invention to determine x-ray fluence in different filtered 
portions of a detector element using an evaluation of a 
difference in fluence with changes in energy. 

The multi-energy x-ray source may provide at least a first, 
second, third, and fourth different energy and the controller 
may acquire a first, second, third, and fourth x-ray image of 
x-ray fluence outputs of each of the elements of the multi­
element x-ray detector at the first, second, third, and fourth 
energy, respectively, to determine independent fluence mea-
surements for the first and second portions of each element 
of the multi-element x-ray detector. 

SUMMARY OF THE INVENTION 

The present invention provides a way of increasing the 
spatial resolution of an array of detector elements, without 

It is thus a feature of at least one embodiment of the 
65 invention to accommodate the imaging of soft tissue and the 

like where there are both Compton scattering and photo­
electric attenuation affects. By acquiring at least four 
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images, these additional unknown factors may be accounted 
for in extracting the first and second portions. 

The multi-element x-ray detector may provide elements 
distributed in two dimensions and the x-ray energy filter may 
create a first, second, third, and fourth different response to 5 

a received x-ray's fluence at corresponding first, second, 
third, and fourth portions of each element. In this case, the 
controller acquires a first, second, third, and fourth x-ray 
image ofx-ray fluence outputs of each of the elements of the 
multi-element x-ray detector at the first, second, third, and 10 

fourth energy; and processes the first, second, third, and 
fourth x-ray images to provide independent fluence mea­
surements for the first, second, third, and fourth portions of 
each element of the multi-element x-ray detector. 

15 
It is thus a feature of at least one embodiment of the 

invention to provide for increased spatial resolution in 
two-dimensional detector arrays. 

The multi-energy x-ray source may switchably provide 
the first and second x-rays at different times and/or may 20 

provide monochromatic or polychromatic x-rays. The x-rays 
provided by the multi-energy x-ray source may be either 
megavoltage or kilovoltage x-rays. The multi-element x-ray 
detector may be an energy discriminating detector that can 
distinguish between different x-ray energies or may provide 25 

no energy discrimination. Likewise the multi-element x-ray 
detector may be either a direct detector having a single 
electrode associated with each detector element or indirect 
detectors having a single photo sensor associated with each 
detector. 30 

It is thus a feature of at least one embodiment of the 
invention to provide a system that can be flexibly used with 
many different imaging architectures. 

The x-ray filter may be an absorbing material positioned 
between the multi-energy x-ray source and the object to be 35 

imaged to intercept only a portion of the x-rays received by 
each given element of the multi-element x-ray detector. 

4 
It is thus a feature of at least one embodiment of the 

invention to provide an arbitrary increase in spatial resolu­
tion not necessarily linked to a two-dimensional detector 
array but possibly along a single axis. 

In one embodiment, the multi-element x-ray detector may 
provide elements distributed only in a single dimension and 
the first and second portions of each element may be 
displaced with respect to the third and fourth portions of 
each element along the first axis substantially perpendicular 
to an axis of the x-rays and wherein the first and third 
portions are displaced with respect to the second and fourth 
portions along a second axis substantially perpendicular to 
the first axis and the axis of x-rays. 

It is thus a feature of at least one embodiment of the 
invention to allow increases in spatial resolution in two 
dimensions on a one-dimensional detector array used, for 
example, for helical or multislice scanning common to 
tomographic or projection slot scanning applications. 

The controller may further processes the first and second 
x-ray images to distinguish between first and second basis 
materials of the object to be imaged for each element of the 
multi-element x-ray detector. 

It is thus a feature of at least one embodiment of the 
invention to permit "spectral" or "dual energy" imaging 
simultaneously with a boosting of image resolution. 

These particular objects and advantages may apply to 
only some embodiments falling within the claims and thus 
do not define the scope of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a simplified perspective view of an industrial 
x-ray machine suitable for use with the present invention 
showing a fan beam of radiation received by a one-dimen­
sional detector array; 

FIG. 2 is a top plan fragmentary view of FIG. 1 showing 
a filter mask positioned on the detector array; It is thus a feature of at least one embodiment of the 

invention to permit filtration to be done near the x-ray source 
without modification of the detector and without completely 
blocking x-ray energy. 

FIG. 3 is a figure similar to that of FIG. 1 showing a 
40 multi-energy computed tomography machine suitable for 

practice of the present invention; 
FIG. 4 is a flowchart showing steps of processing the data 

collected from the devices in FIGS. 1 and 3; 
Alternatively or in addition, the x-ray filter may be an 

absorbing material placed between the object to be imaged 
and the multi-element x-ray detector and covering only a 
portion of each element of the multi-element x-ray detector. 

It is thus a feature of at least one embodiment of the 
invention to provide a simple filter design that can be affixed 

FIG. 5 is a block diagram of a first embodiment of a 
45 multi-energy x-ray source employing different anode cath­

ode voltages; 
FIG. 6 is a simplified representation of a second embodi­

ment of a multi-energy x-ray source employing a rotating 
filter wheel; 

FIG. 7 is a cross-section along a plane of radiation of a 
detector element in a first embodiment employing a filter 
mask; 

to current multi-element detectors, for example, in the 
manner currently used for detector masks or comb filters or 
the like. It is a further object of at least one embodiment to 50 

reduce blurring of the filter effect on the detector elements 
caused by proximity of the filter to the finite-sized x-ray 
focal spot from which x-rays emanate. FIG. 8 is a figure similar to FIG. 7 showing a second 

embodiment employing different filter converter materials 
55 instead of a mask; 

In one embodiment, the x-ray filter may provide the first 
and second different response by means of a first and second 
material converting x-ray energy to light energy positioned 
at different portions of each detector element. 

FIG. 9 is a figure similar to that of FIGS. 7 and 8 showing 
a stacked dual energy detector that may be used in the 
present invention; It is thus a feature of at least one embodiment of the 

invention to provide the necessary filter characteristics (fa­
voring some x-ray energies over others) through a selection 
of converter material rather than by a blocking ofx-rays, the 
former which may offer higher detection efficiencies to the 
extent that x-rays are not blocked. 

FIG. 10 is a perspective fragmentary view of a two-
60 dimensional x-ray detector employing filters dividing each 

detector element into four portions; 

The multi-element x-ray detector may provide a first, 
second, third, and fourth different response to a received 65 

x-ray's fluence at corresponding first, second, third, and 
fourth portions of each element. 

FIG. 11 is a figure similar to that of FIG. 2 showing an 
alternative filtering arrangement placing the filter near the 
x-ray source; 

FIG. 12 is a fragmentary view of an alternative embodi­
ment of the detector of FIG. 1 providing improved spatial 
resolution in two dimensions on a one-dimensional detector. 



US 11,071,506 Bl 
5 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

6 
this case, the imaged object 28 may remain stationary to 
obtain a standard projection image. The two-dimensional 
detector array may also be used for cone beam tomographic 
reconstruction by rotating the imaged object as before. 

Referring now also to FIG. 2, the fan beam of x-ray 
radiation 24 may have an angular extent 60 in the plane of 
the detector array 30 that may be divided into multiple rays 
62 being a fraction of that angular extent 60. Generally, the 
angular extent of the rays 62 will match an angle of the fan 

Referring now to FIG. 1, an x-ray imaging device 10 
suitable for use for industrial inspection of an imaged object 5 

28 may provide a multi-energy x-ray source 14, for example, 
providing an insert 16 of naturally radioactive materials 18a 
and 18b, such as Cesium-137 and Iridium-192. The naturally 
radioactive materials 18 may be accompanied by filters to 
produce essentially monochromatic x-ray energies. 10 beam of x-ray radiation 24 subtended by a single detector 

element 32. Each such ray 62 may be further divided into a 
left sub-ray 64a and a right sub-ray 64b (here represented by 
their centerlines) which in one embodiment divide each ray 
62 in half across the fan beam plane. One sub-ray 64a may 

The radioactive materials 18 in the insert 16 may be 
separated by shielding spacers to form a cylinder that can 
slide within a bore of a shielding block 20 to provide a 
switchable multi-energy x-ray source 14. By aligning par­
ticular ones of the materials 18 with an aperture 22 in one 
wall of the bore, a fan beam of x-ray radiation 24 may be 
formed providing either of two substantially monochromatic 
energies 25a and 25b, respectively, for example, 0.66 mil­
lion electron volts and 0.38 million electron volts. 

The fan beam ofx-ray radiation 24 may be positioned to 
illuminate a slice 26 of an imaged object 28 or to inspect 
interior features of the imaged object 28, for example, to 
inspect a casting 12 for cracks, voids or the like. X-rays of 
the fan beam 24, passing through the imaged object 28, are 
received by a one-dimensional detector array 30 (shown in 
exaggerated scale) comprised of multiple detector elements 
32 arrayed along a direction perpendicular to a central axis 

15 be received by a given detector element 32 after passing 
through a filter material 34 while the other sub-ray 64b may 
be received by the given detector element 32 directly. The 
filter material 34 provides an attenuation of specific energies 
of x-rays to desirably transmit different x-ray fluences 

20 having different attenuation profiles (attenuation is a func­
tion of energy) in different portions of the detector element 
32 and further depending on whether the radioactive mate­
rial 18a or 18b is being used. The filter material 34, for 
example, may be a thin sheet of material such as aluminum 

25 positioned over each given detector element 32 of the 
detector array 30 and positioned to intercept sub-ray 64a for 
the given detector element 32 while providing an opening to 
pass sub-ray 64b to the given detector element 32 without 
attenuation. 

36 of the fan beam, for example, at a constant radius around 
the aperture 22. Together the central axis 36 and the axis of 
the detector elements 32 define a fan beam plane along 30 

which the broadest extent of the fan beam ofx-ray radiation 
As positioned, the filter material 34 encodes spatial infor­

mation (whether the detected x-ray fluence is from sub-ray 
64a or 64b) into an energy of the incident x-rays allowing 
decoding of that spatial information by the controller 40. 

24 lies. More generally, the invention contemplates x-rays 
having other beam shapes, such as cone beams, and other 
detector shapes, such as flat detectors, as will be recognized 
by those of ordinary skill in the art from the following 35 

discussion. 

Referring also to FIG. 4, this decoding process may be 
performed by the controller 40 executing program 46. At a 
first process block 70 of the program 46, the controller 40 
acquires multiple images of the imaged object 28 at different 
energies. Each image will be a collection of fluence values 
from each element 32 taken during a common exposure 

In this embodiment, each of the detector elements 32 is 
partially covered by a filter material 34, as will be discussed 
below. For example, the filter material 34 may cover one half 
of the area of each detector element 32. 

Each of the detector elements 32 provides an independent 
fluence signal measuring the fluence ofx-rays received over 
an entire active area of the detector element 32. These 
fluence signals may be conducted over signal lines 38 to be 
received by a controller 40, for example, having one or more 
processors 42 communicating with computer memory 44 
holding a stored program 46. The stored program 46 will 
provide for a processing of fluence information from the 
signal lines 38 as will be discussed below. 

40 time. In the case of a tomographic scan using the x-ray 
imaging device 10 of FIG. 1, pairs of images may be taken 
at each given angle of the imaged object 28 with one image 
of the pair using radioactive material 18a and the other 
image of the pair using radioactive material 18b. These 

45 image pairs may be acquired either by switching between 
the radioactive materials 18 at each angular position of the 
imaged object 28 or by making successive rotations of the 
imaged object 28 switching between the radioactive mate­
rials 18 between the different rotations. 

The controller 40 may further communicate with the 50 

display 48 for outputting text and/or graphics (such as 
projection or tomographic images) and user input device 50, 

At process block 72, each of these imaging pairs is 
processed to decode additional spatial resolution from the 
energy information associated with each image of the pair. 
In this regard, the fluence signal from each detector element 
32 without filtration of the filter material 34 may be repre-

for example, a keyboard mouse or the like for providing 
control commands for controlling the execution of the stored 
program 46 on the controller 40. 55 sented by the equation: 

In one embodiment, a tomographic image may be 
acquired using the x-ray imaging device 10 of FIG. 1 by 
rotating the imaged object 28, for example, on a turntable 52 
with respect to the axis 36 and at various points in the 
rotation acquiring an image of the imaged object 28 con- 60 

sisting of contemporaneous fluence data from each of the 
detector elements 32. 

As will be discussed below, the x-ray imaging device 10 
may alternatively acquire a standard projection image of the 
imaged object 28 by using a cone beam ofx-rays (rather than 65 

the depicted fan beam of x-ray radiation 24) and a two­
dimensional detector array as will be discussed below. In 

where: 
S,J is the fluence detected at each element 32 for given 

x-ray energy spectrum i and a given detector sensitivity j; 
Q, is the energy spectrum incident onto the imaging object 

which will be different for each image of an image pair and 
for the case of a monochromatic beam will be a delta 
function at the monochromatic beam energy; 

w1 is the sensitivity of the imaging element 32 at the 
particular monochromatic energy defined by Qi and for the 
sensitivity denoted by j; 
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E is the energy which in the case of a monochromatic 
beam would be equal to the energy of the incident spectra 
Q,, and 

8 
machine may provide for a rotatable gantry 82 supporting 
the x-ray source 14 and detector array 30 about an opening 
84 sized to receive a patient 86 and patient support table 88, 
the latter of which may translate along an axis perpendicular 

5 to the fan beam axis 36 through the opening 84. As is 
understood in the art, the detector array 30 may be a 
one-dimensional detector array used with a fan beam or 
two-dimensional detector array that may be employed by a 
cone beam. 

Jdlµ(x,y,E) is a line integral along a given sub-ray 64 
defined by the position vector I being a function of the 
material of the imaged object 28 along that line (in an x-y 
plane perpendicular to the x-ray energy propagation) at the 
particular x-ray energy E which for a monochromatic spec­
trum Q, is equal to the monochromatic energy of Q,. This 
line integral represents the attenuation of the x-rays by the 10 

material of the imaged object 28. 
Referring again to FIG. 4, when imaging soft tissue 

typical in a CT medical scan, the steps taken to deduce 
spatial information at process block 72 are slightly more 
complicated because the attenuation of the x-rays will be 
significantly affected both by Compton scattering and by 

The fluence signals received by an element 32 having the 
filtration described above for two different energy levels Qi 
with a detector response co operated in a constant discrimi­
nation mode with an energy dependency will then be equal 
to: 

(2) 

15 photoelectric effects, these two attenuation mechanisms 
adding additional unknowns into the equations discussed 
above and requiring additional images to be acquired at 
additional different energies. Further, a dual energy CT x-ray 

(3) 20 

where FR, FL are the effective filtering for the left and right 
sub-rays 64a and 64b, that is the effect of the filter material 

system of this kind will typically produce a polychromatic 
x-ray beam. Under these circumstances, equation (1) 
becomes: 

(4) 34 in attenuating the x-rays and Q 1 and Q2 , the two different 
x-ray energies employed in collecting these images. 

When the imaged object 28 is a material such as metal and 
the imaging spectra f are high energy ( e.g., megavoltage 
range), the attenuation of the line integral will mostly be 
driven by Compton scattering. The line integrals over, Jd 

25 where F, Q, co are now more complex functions of energy 
(E) than in the monochromatic case discussed above and 
Em= is the maximum photon energy in the incident spectrum 
Q. The line integrals in the above equation ( 4) can be 
decomposed into: 

T µ(x,y,E) then each can be parameterized using just the 30 

Compton effect and equations (2) and (3) provide two 
equations with two unknowns (the line integrals for the right 
and left sub-rays 64, respectively). This allows the line 
integrals, or the intensities, to be separately determined for 
different sub-rays 64 of a single detector element 32 by 35 

simple algebraic manipulation. 
These separate line integrals can then be mapped to sub 

pixels in a resulting image, each subpixel providing an 
independent brightness value for different portions of a 
single detector element 32 which would normally map to a 40 

single image pixel. The result can be processed using image 
processing algorithms and may also be displayed as an 
image providing higher spatial resolution per process block 
78, this image providing twice the spatial resolution than 
would be expected from the detector spacing. Normally 45 

when a projection image is obtained in this manner, a 
two-dimensional detector array 30 will be employed, or a 
one-dimensional detector array such as is shown in FIG. 1 
will be scanned vertically to provide a two-dimensional 
projection image. 50 

If a tomographic image is being acquired, then after the 
decoding step of process block 72 for each image pair, 
multiple images at different angles about the imaged object 
28 are taken per process block 74. These images may then 

(5) 

(6) 

where: 
PE(E) is attenuation caused by the photoelectric effect as 

a function of energy of the polychromatic x-rays; and 
CE(E) is the attenuation caused by Compton scattering as 

a function of energy of the polychromatic x-rays. 
In this case there are four unknown values being the 

attenuation caused in the left sub-ray 64a by Compton 
scattering and photoelectric effect, respectively, and the 
attenuation caused in the right sub-ray 64b caused by 
Compton scattering and photoelectric effect. These 
unknowns can be numerically solved for using four inde­
pendent equations taken at four different energy levels as 
follows: 

~r 
S1~fl;=dEQ(E) 1W(E)[F(E/e-fd 1 µ(x,y,E)+F(E/e-fd 

7 µ(x,y,E)l 

S2~fl;=dEQ(E)2w(E)[F(E/e-fdzLµ(x,y,E)+F(E/e-fd 
7 µ(x,y,E)l 

(7) 

(8) 

(9) 

(10) 

where each of the signals S1 to S4 is acquired at different 
energies using the same detector response, typically, but not 

be reconstructed per process block 76 using standard tomo- 55 

graphic reconstruction algorithms such as filtered back pro­
jection. These reconstruction algorithms operate using the 
increased resolution decoded regions obtained as described 
above. At process block 78, the tomographic image rather 
than the projection image can be provided. 60 necessarily, ranging to different energy spectra defined by 

Di, Q2 , Q3 , and Q4 . The four unknowns may be resolved 
through these four independent equations by standard alge­
braic techniques. 

Referring now to FIG. 3, it will be appreciated that the 
invention may be advantageously applied to standard medi-
cal imaging, for example, using a dual energy CT machine 
capable of producing a first polychromatic energy spectrum 
80a and second energy spectrum 80b having different energy 65 

profiles, for example, using an x-ray tube as the x-ray source 
14. As is generally understood in the art, the x-ray CT 

Referring now to FIG. 5, the multiple x-ray energies 
necessary for processing of process block 72 for either 
industrial or medical imaging may include a standard x-ray 
tube 89, for example, having an anode and cathode accel-
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erating electrons against a target to produce Bremsstrahlung 
radiation to provide multiple levels of radiation energy 90 by 
adjusting the voltage across the cathode and anode using an 
adjustable voltage power supply 92 providing energy to the 
x-ray tube 89. A fan beam or cone beam of x-rays may be 5 

produced. 

S2~f l;=dEQ(E)w(EJ2 [F(Ef e-f dz Lµ(x,y,E)+F(Ef e-fd 
7 µ(x,y,E)l 

S 3~f o Em=dEQ(E)w(E) 3 [F(Ef e-f dz Lµ(x,y,E)+F(Ef e-fd 
7Rµ(x,Y,E)] 

S 4~f o Em=dEQ(E)w(E)4 [F(Ef e-f dz Lµ(x,y,E)+F(Ef e-fd 
7Rµ(x,Y,E)] 

(12) 

(13) 

Referring to FIG. 6, in an alternative embodiment, a 
polychromatic x-ray source of any kind may be intercepted 

(14) 

by a rotating filter wheel 94 having regions 96 with different 
filtration materials to provide for different spectra of poly- 10 

energetic x-ray radiation that may be used to acquire the 
images of different energies discussed herein. 

where the subscripts on w(E) denote a detection of x-ray 
photons in different particular energy bands. Solving of the 
simultaneous equations again yields values of the line inte-
grals or attenuation along sub-rays 64a and 64b. 

The same analysis can be used, for example, with a 
photon counting device that is sensitive to different ranges of 
photon energy. The invention further contemplates that 
when multiple images are acquired, a combination of varia-

Referring now to FIG. 7, the detector elements 32 may be 
either direct or indirect x-ray detectors, for example, pro-

15 
viding for a converter material 100 sensitive to x-rays 
separated by gutter material 102 into adjacent detector 
elements 32. The gutter material 102 may be reflective or 
blocking to prevent x-ray, light, or electron crosstalk 
between detector elements 32. Each detector element 32 is 20 

tions in x-ray energy from the x-ray source and energy 
detection discrimination may be used. For example, four 
unique measurements of S may be obtained using two 
different energy spectra Q 1 and Q 2 each using an energy 
discriminating detector w; with two energy thresholds j=l, associated with a sensor 104 sparming substantially the 

entirety of the converter material 100 of the detector element 
32. 

In the case of a direct detector, the converter material 100 
may, for example, be a semiconductor material receiving 
x-rays to produce electrons in whole pairs where the elec­
trons are collected by a sensor 104 which is an electrode. 
With an indirect detector, the converter material may be a 
scintillator or the like producing light when energized by the 
x-ray, the light being detected by a photo sensor operating as 
the sensor 104. In one embodiment, a portion (for example, 
half of the area) of the front face of the detector element 32 
facing the x-ray source 14 is covered with a thin filter 
material 34 to provide the necessary spatial encoding of 
energies per the analysis discussed above. 

2 resulting in measurements S1 •1 , S1 •2 , S2 •1 , and S2 •2 . 

It will be appreciated that portions of the various detector 
designs of FIGS. 7, 8, and 9 may be combined to similar 

25 effect, for example, replacing the filter material 34 in FIG. 9 
with two converter materials per FIG. 8. 

Referring now to FIG. 10, the present invention can be 
expanded to a two-dimensional detector array 30 having 
detector elements 32 arranged, for example, in rows and 

30 columns across the surface of the detector array 30 extend­
ing perpendicularly to the axis of propagation of the x-rays. 
Each detector element 32 may be divided into quadrants (as 
opposed to halves preferred in the previous embodiments) 
each quadrant assigned to have a different filtration, for 

35 example, no filtration, and three additional filtrations repre­
sented by different filter materials 34, for example, Alumi­
num, Iodine, and Gadolinium. Each of the above examples 
describing a fan beam can instead use this two-dimensional 

Referring now to FIG. 8 in an alternative embodiment, the 
filter may be provided by using two side by side different 
converter materials 102a and 102b having different sensi­
tivities to x-ray energies as a function of energy. This 
approach can be used with either indirect or direct detectors. 40 

detector array and an appropriate cone beam. 
Referring to FIG. 12, it will be appreciated that this filter 

Referring to FIG. 9, the invention also contemplates the 
possibility of an energy discriminating detector, either a 
single photon detector which can detect photon energies or, 
as shown, a stack detector having first and second converter 
materials 103a and 103 (or the identical converter material 
separated by a filters) arranged in series along the propaga­
tion direction of the x-rays. In this latter case, two different 
sensor panels 104a and 104b are used with respect to 
converter materials 103a and 103b to provide for two 
different signals along lines 108. Each of these different 
signals provides a different functional relationship between 
x-ray energy and the signal strength to provide energy 
discrimination. In one example, these two different signals 
may be combined by combiner 110 according to methods 
known in the art to produce a single signal that can be 
transmitted along signal lines 38 to provide both energy and 
fluence information. Again, a filter material 34 may be 
provided to encode a spatial position of received x-rays 
within the detector element 32 according to energy. On the 
other hand, using an energy discriminating detector means 
that the energy of the x-rays from the x-ray source 14 need 
not be varied. When the x-ray energy from the source 14 is 
held constant case, the analysis at process block 72 of FIG. 
4 may be varied slightly as follows: 

S 1 ~J oE;=dEQ(E)w(E) 1 [F(Ef e-fd z Lµ(x,y,E)+F(Efe-fd 
7 µ(x,y,E)l (11) 

arrangement providing multiple filters (more than two) to 
each detector element 32 can be applied to a single dimen­
sional detector array 30, for example, as previously dis­
cussed with respect to FIG. 1 or FIG. 3 to provide improved 

45 sampling resolution in two dimensions even for one-dimen­
sional arrays. This can be used to provide improved reso­
lution and helical, axial, step, or slot scanning of a volume 
using a one-dimensional detector. 

As informed by the above discussion, for imaging of 
50 materials that are dominated by Compton scattering, this 

two-dimensional array will require four different images at 
different energy levels to extract the attenuation of rays 
received by these four different areas of the quadrant. When 
the material being analyzed includes significant photoelec-

55 tric effect, eight different images at different energy levels 
will be required. More generally, when Compton scattering 
is the only interaction present, two measurements are 
required for one partition corresponding to two detector 
pixel portions. When photoelectric effects and Compton 

60 scattering must both be accounted for, measurements are 
required for one partition corresponding to two detector 
pixel portions. The number of independent measurements of 
S needed varies as a function ofN*n where N is the number 
of photon matter interactions present in significant amounts 

65 and n is the number of pixel portions. This holds true for 
diagnostic imaging, which has significant photoelectric 
effect and Compton scattering, with small contributions 
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from Rayleigh scattering that can be ignored, and the range 
below 1.022 MeV where Compton scattering is again domi­
nant as well as above 1.022 MeV when pair production and 
Compton scattering are important. 

Referring now to FIG. 11, it will be appreciated that the 5 

filter material 34, for example, shown in FIG. 1 may be 
positioned not on the detector array 30 but between the x-ray 
source 14 and the imaged object 28 to similar effect. For 
example, filter materials 34 may be positioned adjacent to 
the x-ray source 14 spaced along the plane of the fan beam 10 

by apertures to intercept only one of sub-rays 64a or 64b. 
This approach would be expected to produce somewhat 
more blurring at the detector caused by the closeness of the 
focal spot, the latter having a finite and significant size with 
respect to the extent of filter material 34 in the fan beam 15 

plane. It will be appreciated that this filter material may be 
implemented in a checkerboard pattern of filter material 34 
and apertures to provide filtration for a cone beam and 
two-dimensional detector array. The invention contemplates 
further that the x-ray source may be its own filter, controlling 20 

individual rays 64 to have different energy profiles, for 
example, with a steerable energy controlled beam, anode 
located filters, or the like. 

As informed by the above discussion, the solution for 
each sub ray inherently involves solving for the photon- 25 

matter contributions from each physical effect. This means 
the methods discussed here simultaneously allow for sub 
pixel resolution and determination of the contributions for 
each detector portion from the underlying photon-matter 
interactions. For those skilled in the art, solving for these 30 

basic photon-matter interactions is commonly referred to as 
"spectral imaging" or when two interactions are solved, 
"dual energy imaging" with many applications in national 
security screening and medical imaging. For example, using 
this method, one may simultaneously create an iodine and a 35 

water basis map at a higher spatial resolution resolving 
between two different basis materials. Other pairs of basis 
materials can be distinguished in this way. 

The term "different energies" as used herein refers gen­
erally to different distributions of x-ray energy at different 40 

energy levels and thus refers both to monochromatic x-rays 
having different monochromatic frequencies and polychro­
matic x-rays having the same or different frequency ranges 
but different shapes of fluence distribution. The terms "fil­
tered" and "filter" should be understood to include mecha- 45 

nisms that operate to change the relative energy sensitivity 
of different portions of a detector element and not limited to 
only the portion of the detector element having an added 
filter. Thus, a filter may provide both an unfiltered portion 
and a filtered portion. 

Certain terminology is used herein for purposes of refer­
ence only, and thus is not intended to be limiting. For 
example, terms such as "upper", "lower", "above", and 
"below" refer to directions in the drawings to which refer-

50 

12 
"an", "the" and "said" are intended to mean that there are 
one or more of such elements or features. The terms "com­
prising", "including" and "having" are intended to be inclu-
sive and mean that there may be additional elements or 
features other than those specifically noted. It is further to be 
understood that the method steps, processes, and operations 
described herein are not to be construed as necessarily 
requiring their performance in the particular order discussed 
or illustrated, unless specifically identified as an order of 
performance. It is also to be understood that additional or 
alternative steps may be employed. 

References to "controller" and "processor" should be 
understood to include one or more such devices that can 
communicate in a stand-alone and/or a distributed environ­
ment(s ), and can thus be configured to communicate via 
wired or wireless communications with other processors, 
where such one or more processor can be configured to 
operate on one or more processor-controlled devices that can 
be similar or different devices. Furthermore, references to 
memory, unless otherwise specified, can include one or more 
processor-readable and accessible memory elements and/or 
components that can be internal to the processor-controlled 
device, external to the processor-controlled device, and can 
be accessed via a wired or wireless network. 

It is specifically intended that the present invention not be 
limited to the embodiments and illustrations contained 
herein and the claims should be understood to include 
modified forms of those embodiments including portions of 
the embodiments and combinations of elements of different 
embodiments as come within the scope of the following 
claims. All of the publications described herein, including 
patents and non-patent publications, are hereby incorporated 
herein by reference in their entireties 

To aid the Patent Office and any readers of any patent 
issued on this application in interpreting the claims 
appended hereto, applicants wish to note that they do not 
intend any of the appended claims or claim elements to 
invoke 35 U.S.C. 112(f) unless the words "means for" or 
"step for" are explicitly used in the particular claim. 

What I claim is: 
1. An x-ray imaging device comprising: 
a multi-energy x-ray source providing first and second 

x-rays having different x-ray energies; 
a multi-element x-ray detector positioned to receive the 

first and second x-rays from the multi-energy x-ray 
source after passage through an object to be imaged to 
provide an x-ray fluence output for each element; 

an x-ray energy filter positioned with respect to the x-ray 
energy source and the multi-element x-ray detector to 
provide a first and second different response to at least 
one of the received first and second x-rays at different 
first and second portions of each element; and 

a controller communicating with the multi-energy x-ray 
source and multi-element x-ray detector to: 

(a) acquire a first and second x-ray image ofx-ray fluence 
outputs of each of the elements of the multi-element 
x-ray detector at the first and second energy; and 

(b) process the first and second x-ray images to provide 
independent fluence measurements for the first and 
second portions of each element of the multi-element 
x-ray detector. 

ence is made. Terms such as "front", "back", "rear", "bot- 55 

tom" and "side", describe the orientation of portions of the 
component within a consistent but arbitrary frame of refer­
ence, which is made clear by reference to the text and the 
associated drawings describing the component under dis­
cussion. Such terminology may include the words specifi- 60 

cally mentioned above, derivatives thereof, and words of 
similar import. Similarly, the terms "first", "second" and 
other such numerical terms referring to structures do not 
imply a sequence or order unless clearly indicated by the 
context. 

2. The x-ray imaging device of claim 1 wherein the 
controller further ( c) outputs an image having more than one 
independent pixel value for each given element of the 

65 multi-element x-ray detectors. 
When introducing elements or features of the present 

disclosure and the exemplary embodiments, the articles "a", 
3. The x-ray imaging device of claim 1 wherein the 

processing of the first and second x-ray images uses a 



US 11,071,506 Bl 
13 

difference in fluence detected at given elements of the 
multi-element x-ray detector between different energies to 
deduce a relative proportion ofx-ray fluence being received 
at the first and second portions of each element. 

4. The x-ray imaging device of claim 1 wherein the 5 

multi-energy x-ray source provides at least a first, second, 
third, and fourth different energy and wherein the controller 
acquires a first, second, third, and fourth x-ray image of 
x-ray fluence outputs of each of the elements of the multi­
element x-ray detector at the first, second, third, and fourth 10 

energy, respectively, to determine independent fluence mea­
surements for the first and second portions of each element 
of the multi-element x-ray detector. 

5. The x-ray imaging device of claim 1 wherein the 
multi-element x-ray detector provides elements distributed 
in two dimensions and wherein the x-ray energy filter 
provides a first, second, third, and fourth different response 
to_a received x-ray's fluence at corresponding first, second, 
thJrd, and fourth portions of each element and wherein the 
controller acquires a first, second, third, and fourth x-ray 
image ofx-ray fluence outputs of each of the elements of the 
multi-element x-ray detector at the first and second energy 
and processes the first, second, third, and fourth x-ray 
images to provide independent fluence measurements for the 
first, second, third, and fourth of each element of the 
multi-element x-ray detector. 

6. The x-ray imaging device of claim 1 wherein the 
multi-energy x-ray source switchably provides the first and 
second x-rays at different times. 

7. The x-ray imaging device of claim 6 wherein the x-ray 
source is polychromatic in the first and second energy to 
represent different functions relating multiple energies of 
x-rays to different fluences for those energies. 

15 

20 

25 

30 

8. The x-ray imaging device of claim 6 wherein the x-ray 35 
source is monochromatic and the first and second energy are 
different monochromatic x-ray energies. 

9. The x-ray imaging device of claim 1 wherein the 
multi-energy x-ray source is polychromatic and the multi­
element x-ray detector is an energy discriminating detector 40 
that can distinguish between different x-ray energies. 

10. The x-ray imaging device of claim 1 wherein the x-ray 
filter is an absorbing material placed between the object to 
be imaged and the multi-element x-ray detector and cover­
ing only a portion of each element of the multi-element x-ray 45 
detector. 

11._The x-ray imaging device of claim 1 wherein the x-ray 
filter 1s an absorbing material positioned between the multi­
energy x-ray source and the object to be imaged to intercept 
only a portion of the x-rays received by each given element 
of the multi-element x-ray detector. 

14 
12. The :'-ray imaging device of claim 1 wherein the x-ray 

filter provides the first and second different response by 
me3!1s of a first and second material converting x-ray energy 
to hght energy or electric signal positioned at different 
portions of each detector element. 

13. The x-ray imaging device of claim 1 wherein the x-ray 
output of each element of the multi-element x-ray detector 
provides a signal determined by a fluence ofx-rays received 
over substantially an entire area of the element. 

14. The x-ray imaging device of claim 1 wherein the x-ray 
filter provides a first, second, third, and fourth different 
response to a received x-ray's fluence at a corresponding 
first, second, third, and fourth portion of each element. 

15. The x-ray imaging device of claim 14 wherein the 
multi-element x-ray detector provides elements distributed 
in only a single dimension and the first and second portions 
of each element are displaced with respect to the third and 
fourth portions of each element along the first axis substan­
tially perpendicular to an axis of the x-rays and wherein the 
first and third portions are displaced with respect to the 
second and fourth portions along a second axis substantially 
perpendicular to the first axis and third axis of x-rays. 

16. The x-ray imaging device of claim 1 further including 
a support supporting the multi-element x-ray detector, the 
multi-energy x-ray source, and the x-ray energy filter with 
respect to the object to be imaged to allow acquisition of a 
tomographic projection set at various angles with respect to 
the object to be imaged and wherein the controller further: 

(c) acquires a first and second x-ray image of x-ray 
fluence outputs of each of the elements of the multi­
element x-ray detector at the first and second energy; 
and 

(d) processes the first and second x-ray images to provide 
independent fluence measurements for the first and 
second portions of each element of the multi-element 
x-ray detector. 

17. The x-ray imaging device of claim 1 wherein the 
x-rays are selected from the group consisting of megavolt­
age voltage and kilovoltage x-rays. 

18. The x-ray imaging device of claim 1 wherein the 
elements are selected from the group consisting of direct 
detectors having a single electrode associated with each 
detector element and indirect detectors having a single photo 
sensor associated with each detector. 

19. The x-ray imaging device of claim 1 wherein the 
controller further 

(c) processes the first and second x-ray images to distin­
guish between first and second basis materials of the 
object being imaged for each element of the multi­
element x-ray detector. 

* * * * * 


