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HIGH DQE IMAGING DEVICE

RELATED APPLICATION DATA
[0001] This application claims priority to and the benefit of U.S. Patent Application
No. 14/874,238, filed on October 2, 2015.
FIELD
[0002] The field of the application relates to imaging devices, and more
particularly to medical imaging devices.
BACKGROUND
[0003] Imaging devices, such as an x-ray imager, have been used for diagnostic
and treatment purposes. One type of x-ray imager is a diagnostic imager configured
to operate with a diagnostic radiation source. Another type of x-ray imager is a high
DQE detector that is configured for use with a treatment radiation source. An x-ray
imager may also be configured for use with both diagnostic radiation beam and
treatment radiation beam.
[0004] Creating a high DQE detector for portal imaging presents a significant
technical challenge. One approach uses thick pixilated scintillator arrays that are
coupled to an electronic portal imaging device (EPID). Incoming x-ray photons
deposit energy into the scintillators which then produce optical photons via
luminescence. These optical photons, which originate with random polarizations and
direction vectors after the luminescence events, are transported throughout the
scintillator during which time they can be reflected, refracted and scattered.
Eventually, many photons will cross the boundary between the scintillator and the
EPID to be absorbed by the EPID’s photodiodes and converted into electrical current

for readout and digitization. Despite the promise of the technology, performance
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may be inadequate and a significant manufacturing cost lies in the process of cutting
the crystalline scintillators into parallelepipeds and gluing reflective septa between
them in order to reduce optical cross talk.

[0005] Also, in some cases, an x-ray imager (e.g., a diagnostic x-ray imager or a
portal imager) may comprise a scintillator coupled to a photodiode array. X-ray
photons deposit energy into the scintillator thereby producing optical photons with
random direction and polarization vectors. A percentage of these optical photons will
cross the scintillator-photodiode boundary and deposit energy. The photodiodes
convert optical photons into electron-hole pairs. After a sufficient amount of charge
is collected, signals are read out and digitized to form an image. To achieve a
sufficiently high spatial resolution, optical blurring is desired to be minimized. This
implies that the photodiode signals associated with a given x-ray photon should be
localized in close lateral proximity to where that x-ray photon interacted with the
scintillator. A common means of achieving this goal is through the use of pixelated
geometries that confine optical photons using reflective septa. Unfortunately, this
approach suffers from high manufacturing costs and may not be practical for
incorporating into large-area imagers. As similarly discussed, the process of cutting
the crystalline scintillators (e.g. Csl, CdWO4, BGO) into parallelepipeds, gluing
reflective septa between them, and then assembling the pixels into a complete array,
may be very expensive. Another disadvantage of the pixelated geometry is the loss
of fill factor (and associated quantum efficiency) due to the finite thickness of the
septa.

[0006] Applicant of the subject application determines that it may be desirable to

have new imaging devices which (1) have improved frequency-dependent detective
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quantum efficiency (DQE(f)), (2) do not require scintillator to be pixelated, (3) are

less costly to manufacture, or (4) combination of the foregoing.
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SUMMARY
[0007] An imaging device includes: a scintillator layer; and an array of photodiode
elements; wherein the scintillator layer is configured to receive radiation that has
passed through the array of photodiode elements.
[0008] Optionally, the scintillator layer is configured to generate optical photons in
response to the received radiation, and the photodiode elements are configured to
generate electrical signals in response to the optical photons.
[0009] Optionally, the imaging device further includes a glass substrate, wherein
the array of detector elements is secured to the glass substrate, wherein the glass
substrate has a first side and an opposite second side, the first side being closer to a
radiation source than the second side.
[0010] Optionally, the array of detector elements is located closer to the first side
of the glass substrate than the second side.
[0011] Optionally, the array of detector elements is located closer to the second
side of the glass substrate than the first side.
[0012] Optionally, the imaging device further includes a layer of focusing
elements located between the array of photodiode elements and the scintillator layer.
[0013] Optionally, the layer of focusing elements comprises a fiber optic array.
[0014] Optionally, one or more sides of the scintillator layer are beveled.
[00156] Optionally, the layer of focusing elements comprises a brightness
enhancement film (BEF).
[0016] Optionally, the imaging device further includes an additional scintillator
layer, wherein the array of photodiode elements is located between the scintillator

layer and the additional scintillator layer.
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[0017] Optionally, the scintillator layer comprises an array of scintillator elements,
and at least two of the scintillator elements are separated by an air gap.

[0018] Optionally, the air gap extends from a first side of the scintillator layer to a
second side of the scintillator layer.

[0019] Optionally, the at least two of the scintillator elements are separated by an
additional air gap, wherein the air gap extends from a first side of the scintillator
layer, and the additional air gap extends from a second side of the scintillator layer.
[0020] Optionally, the scintillator layer comprises an array of scintillator elements,
and at least two of the scintillator elements are separated by a wall that is configured
to reflect photons. The wall may be a metal wall, a specular reflector, a diffuse
reflector, a device with a variation in index of refraction to induce total internal
reflection, or any combination thereof.

[0021] Optionally, the wall has a photon-reflectivity that varies through a thickness
of the scintillator layer.

[0022] Optionally, the scintillator layer comprises a first scintillator portion with a
first index of refraction, and a second scintillator portion with a second index of
refraction that is different from the first index of refraction.

[0023] Optionally, the imaging device further includes an additional scintillator
layer having a plurality of scintillator elements, wherein the scintillator layer has a
first plane and the additional scintillator layer has a second plane, and the scintillator
layer and the additional scintillator layer are arranged next to each other so that the
first plane and the second plane form a non-zero angle relative to each other.

[0024] Optionally, the photodiode elements are arranged in a flat plane, and

wherein the imaging device further comprises fiber optics coupling the respective
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scintillator elements in the scintillator layer and in the additional scintillator layer to
the respective photodiode elements.

[0025] Optionally, the scintillator layer is non-pixelated.

[0026] Optionally, the imaging device further includes an optical grid coupled to
the scintillator layer.

[0027] Optionally, the optical grid comprises a one-dimensional grid.

[0028] Optionally, the optical grid comprises a two-dimensional grid.

[0029] Optionally, the optical grid comprises reflecting walls or a device with a
variation in index of refraction for internal reflection.

[0030] Optionally, the optical grid comprises metalized mylar.

[0031] Optionally, the optical grid comprises a material that has an optical
reflecting property.

[0032] Optionally, the imaging device further includes a plate coupled to the
scintillator layer.

[0033] An imaging device includes: a scintillator layer having a plurality of
scintillator elements configured to convert radiation into photons; and an array of
photodiode elements configured to receive photons from the scintillator layer, and
generate electrical signals in response to the received photons; wherein at least two
of the scintillator elements are separated by an air gap. In some cases, the air gap
may provide a change in the index of refraction for internal reflection.

[0034] Optionally, the air gap extends from a first side of the scintillator layer to a
second side of the scintillator layer.

[0035] Optionally, the at least two of the scintillator elements are separated by an
additional air gap, wherein the air gap extends from a first side of the scintillator

layer, and the additional air gap extends from a second side of the scintillator layer.
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[0036] Optionally, the scintillator layer comprises a first scintillator portion with a
first index of refraction, and a second scintillator portion with a second index of
refraction that is different from the first index of refraction.

[0037] Optionally, the imaging device further includes a layer of focusing
element(s) located between the array of photodiode elements and the scintillator
layer.

[0038] Optionally, the layer of focusing element(s) comprises a fiber optic array.
[0039] Optionally, the layer of focusing element(s) comprises a brightness
enhancement film (BEF).

[0040] Optionally, the scintillator layer is configured to receive radiation that has
passed through the array of photodiode elements.

[0041] Optionally, the scintillator layer is configured to receive radiation before the
array of photodiode elements.

[0042] Optionally, the imaging device further includes an additional scintillator
layer having a plurality of scintillator elements, wherein the scintillator layer has a
first plane and the additional scintillator layer has a second plane, and the scintillator
layer and the additional scintillator layer are arranged next to each other so that the
first plane and the second plane form a non-zero angle relative to each other.
[0043] Optionally, the photodiode elements are arranged in a flat plane, and
wherein the imaging device further comprises fiber optics coupling the respective
scintillator elements in the scintillator layer and in the additional scintillator layer to
the respective photodiode elements.

[0044] Optionally, the imaging device further includes a plate coupled to the

scintillator layer.
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[0045] An imaging device includes: a first scintillator layer having a plurality of
scintillator elements arranged in a first plane; and a second scintillator layer having a
plurality of scintillator elements arranged in a second plane; wherein the first
scintillator layer and the second scintillator layer are arranged next to each other and
form a non-zero angle relative to each other.

[0046] Optionally, the imaging device further includes an array of photodiode
elements coupled to the first scintillator layer and the second scintillator layer.
[0047] Optionally, the first scintillator layer and the second scintillator layer are
configured to receive radiation that has passed through the array of photodiode
elements.

[0048] Optionally, the first scintillator layer and the second scintillator layer are
configured to receive radiation before the array of photodiode elements.

[0049] Optionally, the photodiode elements are arranged in a flat plane.

[0060] Optionally, the imaging device further includes fiber optics coupling the
respective scintillator elements in the first scintillator layer and in the second
scintillator layer to the respective photodiode elements.

[00561] Optionally, the first scintillator layer is non-pixelated.

[00562] Optionally, the imaging device further includes an optical grid coupled to
the first scintillator layer.

[0063] Optionally, the optical grid comprises a one-dimensional grid.

[0064] Optionally, the optical grid comprises a two-dimensional grid.

[0065] Optionally, the optical grid comprises reflecting walls or a device with a
variation in index of refraction for internal reflection.

[0066] Optionally, the optical grid comprises metalized mylar. The optical grid

may be any optical reflector that can induce the transport of light.
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[0067] Optionally, the imaging device further includes an attenuating material
located between the first scintillator layer and the second scintillator layer.

[0068] Optionally, at least two of the scintillator elements in the first scintillator
layer are separated by an air gap.

[0069] Optionally, at least two of the scintillator elements in the first scintillator
layer are separated by a wall that is configured to reflect photons. The wall may be a
metal wall, a specular reflector, a diffuse reflector, or any combination thereof.

[0060] Optionally, the wall has a photon-reflectivity that varies through a thickness
of the scintillator layer.

[0061] An imaging device includes: a non-pixelated scintillator layer configured to
receive radiation and generate photons in response to the radiation; an array of
photodiode elements configured to generate electrical signals in response to the
photons; and an optical grid located between the non-pixelated scintillator layer and
the array of photodiode elements.

[0062] Optionally, the optical grid comprises a one-dimensional grid.

[0063] Optionally, the optical grid comprises a two-dimensional grid.

[0064] Optionally, the optical grid comprises reflecting walls or a device with a
variation in index of refraction for internal reflection.

[0065] Optionally, the optical grid comprises metalized mylar.

[0066] Optionally, the scintillator layer is configured to receive radiation that has
passed through the array of photodiode elements.

[0067] Optionally, the scintillator layer is configured to receive radiation before the
array of photodiode elements.

[0068] Optionally, the imaging device further includes an additional non-pixelated

scintillator layer, and an additional optical grid, wherein the additional non-pixelated
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scintillator layer and the additional optical grid are located between the optical grid
and the array of photodiode elements.

[0069] Optionally, the optical grid and the additional optical grid have different
respective grid pitches.

[0070] Optionally, the scintillator layer has a first index of refraction, and the
optical grid has a second index of refraction that is less than the first index of
refraction.

[0071] Optionally, the imaging device further includes an additional scintillator
layer, wherein the array of photodiode elements is located between the scintillator
layer and the additional scintillator layer.

[0072] An imaging device includes: a first scintillator layer; an array of photodiode
elements; and a first optical filter coupled between the first scintillator layer and the
array of photodiode elements, the first optical filter having a plurality of filter openings
for passage of light there through; wherein a spacing between two of the filter
openings that are adjacent to each other is different from a spacing between two of
the photodiode elements that are adjacent to each other.

[0073] Optionally, the first optical filter comprises a rear projection foil.

[0074] Optionally, the first optical filter comprises a prism structure.

[0075] Optionally, the first optical filter comprises a plurality of optical fibers.
[0076] Optionally, at least one of the optical fibers is located in one of the filter
openings.

[0077] Optionally, the imaging device further includes a second optical filter
located between the first optical filter and the array of photodiode elements.

[0078] Optionally, the imaging device further includes a substrate, wherein the

first optical filter is coupled to a first side of the substrate, and the second optical filter
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is coupled to a second side of the substrate, the second side of the substrate being
opposite from the first side of the substrate.

[0079] Optionally, the imaging device further includes a second scintillator layer;
wherein the second scintillator layer is configured to receive radiation from a
radiation source, and generate light in response to the radiation for detection by a
first side of the array; and wherein the first scintillator layer is configured to receive
radiation exited from the second scintillator layer, and generate light in response to
the radiation exited from the second scintillator layer for detection by a second side
of the array that is opposite from the first side of the array.

[0080] An imaging device includes: an array of photodiode elements; a capillary
array having a plurality of capillaries, the capillary array located in an operative
position with respect to the array of photodiode elements; and scintillator blocks
located in respective capillaries; wherein the scintillator blocks comprise a first
scintillator block and a second scintillator block, and wherein the capillary array has a
wall between the first and second scintillator blocks for preventing light generated in
the first scintillator block from reaching the second scintillator block.

[0081] Optionally, a spacing between two of the capillaries that are adjacent to
each other is different from a spacing between two of the photodiode elements that
are adjacent to each other.

[0082] Optionally, a spacing between two of the capillaries that are adjacent to
each other is equal to a spacing between two of the photodiode elements that are
adjacent to each other.

[0083] An imaging device includes: a scintillating layer configured to generate

light in response to radiation; and a detector coupled to the scintillating layer,
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wherein the detector is configured to generate electrical signals in response to the
light; wherein the scintillating layer comprises an oxyhalide material.

[0084] Optionally, the oxyhalide material is in a form of glass.

[0085] Optionally, the scintillating layer comprises a slab made from the oxyhalide
material.

[0086] Optionally, the imaging device further includes a grid disposed between
the scintillating layer and the detector.

[0087] Optionally, the scintillating layer comprises a grid having grid walls, and
the oxyhalide material is disposed between two of the grid walls.

[0088] Other and further aspects and features will be evident from reading the

following detailed description.

DESCRIPTION OF THE DRAWINGS
[0089] The drawings illustrate the design and utility of embodiments, in which
similar elements are referred to by common reference numerals. These drawings
are not necessarily drawn to scale. In order to better appreciate how the above-
recited and other advantages and objects are obtained, a more particular description
of the embodiments will be rendered, which are illustrated in the accompanying
drawings. These drawings depict only exemplary embodiments and are not
therefore to be considered limiting in the scope of the claims.
[0090] FIG. 1 illustrates a radiation system having an imaging device in
accordance with some embodiments.
[0091] FIG. 2A illustrates an imaging device in accordance with some
embodiments where radiation passed through the amorphous silicon (A-Si) glass

before the scintillator.
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[0092] FIG. 2B illustrates an imaging device in accordance with some
embodiments where radiation passed through the amorphous silicon glass before
the scintillator.

[0093] FIG. 2C illustrates an imaging device in accordance with some
embodiments where radiation passed through the amorphous silicon glass before
the scintillator.

[0094] FIG. 2D illustrates an imaging device in accordance with some
embodiments.

[0095] FIG. 3A shows a Monte Carlo simulation of a Bremsstrahlung spectrum
produced by 2.5 MeV electrons impacting a transmission copper target.

[0096] FIG. 3B shows Monte Carlo simulations results, illustrating detector
response to a mono-energetic source.

[0097] FIG. 3C illustrates optical Swank factors plotted as a function of wall
reflectivity.

[0098] FIG. 4A illustrates average energy deposition depth for different mono-
energetic photons directed into a 40 mm thick Csl crystal.

[0099] FIGS. 4B-4E show results from Monte Carlo simulations for radiative
transport in the forward and reverse geometry as well the pulse height spectrum for
the forward and reverse geometry.

[0100] FIG. 5 illustrates improvement in optical Swank factor offered by reverse
geometry for different crystal materials and different crystal thicknesses.

[0101] FIG. 6A illustrates an imaging device in accordance with some
embodiments.

[0102] FIG. 6B illustrates an imaging device in accordance with some

embodiments.
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[0103] FIG. 6C illustrates an imaging device in accordance with some
embodiments.

[0104] FIG. 7 illustrates MTF and DQE as a function of spatial frequency,
demonstrating an improvement in DQE for the reverse geometry.

[0105] FIG. 8A illustrates how spatial resolution of an imager is affected by
parallax.

[0106] FIG. 8B illustrates an imaging device that reduces an effect of parallax.
[0107] FIG. 8C illustrates an imaging device in accordance with some
embodiments that reduces the effect of parallax.

[0108] FIG. 8D illustrates a scintillator array having beveled sides.

[0109] FIG 8E illustrates multiple scintillator arrays with beveled sides, particularly
showing the scintillator arrays aligned with each other and coupled to the fiber optic
plates.

[0110] FIG. 8F illustrates another imaging device that reduces the effect of
parallax.

[0111] FIG. 8G illustrates another imaging device that reduces the effect of
parallax.

[0112] FIG. 9 illustrates an imaging device having a non-pixelated scintillator
layer and an optical grid.

[0113] FIG. 10 illustrates an imaging device having two non-pixelated scintillator
layers and two optical grids.

[0114] FIG. 11 illustrates the nature of optical blurring mechanism for two cases.
[01156] FIG. 12 shows that grid shadowing leads to a triangular distribution of

detected photons.
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[0116] FIG. 13 shows reduction in intensity of photons crossing an x-axis as x
increases due to geometrical factors.

[0117] FIG. 14 shows light sources contributing to a signal.

[0118] FIG. 15 shows point-spread functions for various parameters, and Fourier
transform of PSF plotted along with the MTF.

[0119] FIG. 16 shows agreement between full Monte Carlo simulation and the
combined radiative transport simulation plus optical model.

[0120] FIG. 17 illustrates increase in an effective aspect ratio of a grid based on
n1 and n2.

[0121] FIG. 18 shows how index of refraction of a capillary material can impact
MTF.

[0122] FIG. 19 shows that the price for increased MTF is reduced optical fluence.
[0123] FIG. 20 shows MTF and DQE as a function of electronic noise and imager
dose.

[0124] FIG. 21A illustrates another imaging device.

[0125] FIG. 21B illustrates an example of a capillary array.

[0126] FIG. 22 illustrates another imaging device.

[0127] FIG. 23 illustrates another imaging device.

[0128] FIG. 24 illustrates another imaging device.

[0129] FIG. 25 illustrates another imaging device.

[0130] FIG. 26 illustrates another imaging device.

[0131] FIG. 27 illustrates another imaging device.

[0132] FIG. 28 illustrates another imaging device.

15
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DETAILED DESCRIPTION
[0133] Various embodiments are described hereinafter with reference to the
figures. It should be noted that the figures are not drawn to scale and that elements
of similar structures or functions are represented by like reference numerals
throughout the figures. It should also be noted that the figures are only intended to
facilitate the description of the embodiments. They are not intended as an
exhaustive description of the invention or as a limitation on the scope of the
invention. In addition, an illustrated embodiment needs not have all the aspects or
advantages shown. An aspect or an advantage described in conjunction with a
particular embodiment is not necessarily limited to that embodiment and can be
practiced in any other embodiments even if not so illustrated, or if not so explicitly
described.
[0134] FIG. 1 illustrates a radiation treatment system 10. The system 10 includes
an arm gantry 12, a patient support 14 for supporting a patient 20, and a control
system 18 for controlling an operation of the gantry 12 and delivery of radiation. The
system 10 also includes a radiation source 22 that projects a beam 26 of radiation
towards the patient 20 while the patient 20 is supported on support 14, and a
collimator system 24 for changing a cross sectional shape of the radiation beam 26.
The radiation source 22 may be configured to generate a cone beam, a fan beam, or
other types of radiation beams in different embodiments. Also, in other
embodiments, the source 22 may be configured to generate proton beam as a form
of radiation for treatment purpose. Also, in other embodiments, the system 10 may
have other form and/or configuration. For example, in other embodiments, instead of

an arm gantry 12, the system 10 may have a ring gantry 12.
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[0135] In the illustrated embodiments, the radiation source 22 is a treatment
radiation source for providing treatment energy. In other embodiments, in addition to
being a treatment radiation source, the radiation source 22 can also be a diagnostic
radiation source for providing diagnostic energy for imaging purposes. In such cases,
the system 10 will include an imager, such as the imager 80, located at an operative
position relative to the source 22 (e.g., under the support 14). In further
embodiments, the radiation source 22 may be a treatment radiation source for
providing treatment energy, wherein the treatment energy may be used to obtain
images. In such cases, in order to obtain imaging using treatment energies, the
imager 80 is configured to generate images in response to radiation having
treatment energies (e.g., MV imager). Also, in some embodiments, the imager 80
may be a portal imager configured to perform portal imaging. In some embodiments,
the treatment energy is generally those energies of 160 kilo-electron-volts (keV) or
greater, and more typically 1 mega-electron-volts (MeV) or greater, and diagnostic
energy is generally those energies below the high energy range, and more typically
below 160 keV. In other embodiments, the treatment energy and the diagnostic
energy can have other energy levels, and refer to energies that are used for
treatment and diagnostic purposes, respectively. In some embodiments, the
radiation source 22 is able to generate X-ray radiation at a plurality of photon energy
levels. For example, the accelerator may have an energy range from 1MV to 20 MV,
producing an x-ray having a range from 10kV to 160 kV. In other cases, the energy
may have a range anywhere between approximately 10 keV and approximately 20
MeV. In further embodiments, the radiation source 22 can be a diagnostic radiation
source. In such cases, the system 10 may be a diagnostic system with one or more

moving parts. In the illustrated embodiments, the radiation source 22 is carried by
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the arm gantry 12. Alternatively, the radiation source 22 may be located within a bore
(e.g., coupled to a ring gantry).

[0136] In the illustrated embodiments, the control system 18 includes a
processing unit 54, such as a processor, coupled to a control 40. The control system
18 may also include a monitor 56 for displaying data and an input device 58, such as
a keyboard or a mouse, for inputting data. The operation of the radiation source 22
and the gantry 12 are controlled by the control 40, which provides power and timing
signals to the radiation source 22, and controls a rotational speed and position of the
gantry 12, based on signals received from the processing unit 54. Although the
control 40 is shown as a separate component from the gantry 12 and the processing
unit 54, in alternative embodiments, the control 40 can be a part of the gantry 12 or
the processing unit 54.

[0137] In some embodiments, the system 10 may be a treatment system
configured to deliver treatment radiation beam towards the patient 20 at different
gantry angles. During a treatment procedure, the source 22 rotates around the
patient 20 and delivers treatment radiation beam from different gantry angles
towards the patient 20. While the source 22 is at different gantry angles, the
collimator 24 is operated to change the shape of the beam to correspond with a
shape of the target tissue structure. For example, the collimator 24 may be operated
so that the shape of the beam is similar to a cross sectional shape of the target
tissue structure. In another example, the collimator 24 may be operated so that
different portions of the target tissue structure receive different amount of radiation
(as in an IMRT procedure).

[0138] Imaging device with reverse geometry
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[0139] The imager 80 may have different configurations in different embodiments.
FIG. 2A illustrates an imaging device 200 in accordance with some embodiments.
The imaging device 200 may be used to implement the imager 80 in some
embodiments. The imaging device 200 includes a scintillator layer 202 and an array
204 of photodiode elements 206. In this specification, the term “photodiode element”
refers to one or more electrical circuit element(s) on a detector pixel that are
associated with converting photon energy into electrical signals. This can include,
but is not limited to, photodiode(s), switching transistor(s), amplification transistor(s),
direct conversion, or a combination thereof. The scintillator layer 202 is configured
to receive radiation and generate photons in response to the radiation. The
photodiode elements 206 are configured to generate electrical signals in response to
the photons provided from the scintillator layer 202. The electrical signals are then
read out and digitized to form an image. In the illustrated embodiments, the imaging
device 200 also includes a glass substrate 210, and the photodiode elements 206
are coupled to the glass substrate 210. The photodiode elements 206 may be
completely embedded in the glass substrate 210. Alternatively, the photodiode
elements 206 may be partially embedded in the glass substrate 210. Also, in other
embodiments, the photodiode elements 206 may be secured to a surface of the
glass substrate 210.

[0140] In the illustrated embodiments, the glass substrate 210 has a first side
212, and an opposite second side 214, and the photodiode elements 206 are located
closer to the second side 214 than the first side 212. This configuration is
advantageous because the photodiode elements 206 are in close proximity to the
scintillator layer 202, so that photons leaving the scintillator layer 202 can be

immediately received by the photodiode elements 206. The advantage comes from
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the fact that radiation is entering from the reverse direction with respect to the typical
imaging scenario as described below..

[0141] In the illustrated embodiments, the scintillator layer 202 has a plurality of
scintillator elements. Thus, the scintillator layer 202 is pixelated. In some
embodiments, the scintillator elements may be separated by septa, which are
located between adjacent scintillator elements. The septa may be comprised of
plastic material(s), paint(s), or film(s) of one or more dielectric layers such as
Vikuiti™ that offers specular reflection, Lambertian reflection, or change in index of
refraction or any combination thereof In some cases, metalized (e.g., aluminized)
mylar may be used to implement the septa. In other embodiments, septa may be
disposed between adjacent scintillator elements. The septa may offer specular
reflection. The fill factor is defined as the total scintillating area divided by the total
area of the imaging array. Reducing the thickness of the septa will increase the fill
factor of the imaging array. The septa may be deposited onto the sides of the slabs
(from microns to nanometers of thickness) to increase the fill factor in some
embodiments. Also, in some embodiments, the reflectivity of the septa between
adjacent scintillator elements may be graduated, so that the septa are more
reflective on one side towards the photodiode elements. In further embodiments,
isolation may be tailored to reduce noise aliasing. In still further embodiments, air
septa may be disposed between adjacent scintillator elements. Air septa, change in
index of refraction for isolating scintillator elements, will be discussed in further detail
below. Also, in other embodiments, the scintillator layer 202 may be non-pixelated.
In such cases, the scintillator material is continuous across the plane of the imaging

device, and there are no scintillator elements that are isolated or confined by
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reflective septa (wall) or air septa. Septa-less detectors will be described in further
detail below.

[0142] During use of the imaging device 200, the imaging device 200 is
positioned so that the first side 212 of the glass substrate 210 receives radiation from
the radiation source 22 before the second side 214. The radiation passes through
the glass substrate 210 including the photodiode elements 206, and reaches the
scintillator layer 202. The scintillator layer 202 receives the radiation and generates
photons in response to the received radiation. The photons from the scintillator layer
202 travel backward towards the direction of the radiation, and reach the respective
photodiode elements 206. The photodiode elements 206 generate electrical signals
(imaging signals) in response to the photons detected by the respective photodiode
elements 206. The imaging signals may be transmitted to a device, such as a
processor for imaging, and/or to a medium for storage.

[0143] In other embodiments, the photodiode elements 206 may be located
closer to the first side 212 than the second side 214 (FIG. 2B). In this configuration,
a photon from a certain one of the scintillator elements may travel at a certain angle
so that the photon is not received by the photodiode element 206 that corresponds
(e.g., aligned) with the scintillator element, but is instead received by an adjacent
photodiode element 206. Thus, the resulting image may be relatively more blurry
compared to an image generated by the device of FIG. 2A.

[0144] In some embodiments, the clarity of the image from the device of FIG. 2B
may be improved using focusing elements that direct photons from the scintillator
elements to their respective photodiode elements 206. For example, as shown in
FIG. 2C, in some embodiments, the imaging device 200 may optionally further

include a layer of focusing elements 220 between the scintillator layer 202 and the
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array 204 of photodiode elements 206. The focusing elements 220 are configured to
direct photons from the scintillator layer 202 to respective photodiode elements 206.
By means of non-limiting examples, the focusing elements 220 may be implemented
using fiber optics, a thin film such as Vikuiti™ Brightness Enhancement Film (BEF),
or any optical device that is capable of channeling optical rays (e.g., using Fresnel
refraction and/or reflection).

[0145] In some embodiments, the imaging device 200 may optionally further
include an additional scintillator layer. For example, as shown in FIG. 2D, the
imaging device 200 may optionally include an additional scintillator layer 230,
wherein the photodiode elements 206 are located between the scintillator layer 202
and the additional scintillator layer 230. The scintillator layers 202, 230 may be
selectively chosen to fit the required imaging tasks. For example, the top scintillator
layer 230 may be copper and Lanex™, while the bottom scintillator layer 202 may be
CdWOQy, Csl, or BGO. Although the additional scintillator layer 230 is illustrated with
reference to the device of FIG. 2D, it should be noted that the additional scintillator
layer 230 may be incorporated in one or more of the embodiments of the imaging
device 200 described herein. For example, in some embodiments, the imaging
device 200 of FIG. 2A may optionally include the additional scintillator layer 230, like
that shown in FIG. 2D.

[0146] The above embodiments illustrate a reverse geometry, which is
advantageous because it reduces Swank noise and increases the number of
photons that are detected by the photodiode elements.

[0147] Swank noise is a limiting factor in the performance of energy-integrating
detectors, such as those for portal imaging. The Swank factor, which may range in

value from 0.0 to 1.0, is a measure of how close the DQE of the imager could be to
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the ideal case of photon counting, with each photon given the same weight. Swank
noise may be caused by the different signal amplitudes given by different x-ray
photons that constitute a beam spectrum. Because higher energy photons produce
larger signals than lower energy photons, the resulting noise may be higher than
what would result if 1-bit photon-counting were employed.

[0148] The zero-frequency detective quantum efficiency DQE(0) may be given by
the total Swank factor multiplied by the zero-frequency quantum detective efficiency
(QDE(0)): DQE(0) = QDE(0) * Swank Factor. The Swank factor may be calculated
from a received pulse height spectrum using the following relation: Swank Factor =
M12/ (MO X M2), where MO, M1, and M2 are the zero, first, and second moments of
the pulse height spectrum respectively. The total Swank factor for an indirect
energy-integrating detector comprises three components: 1) a beam Swank factor,
2) a radiative Swank factor, and 3) an optical Swank factor.

[0149] FIG. 3A shows a Monte Carlo simulation of a Bremsstrahlung spectrum
produced by 2.5 MeV photons impacting a transmission copper target. The
spectrum has been hardened through 20 cm of water. This spectrum has an
inherent Swank factor of 0.68, which means that even if a perfect energy-integrating
detector were employed, the DQE(O) could be no higher than 0.68.

[01560] DQE may be further degraded by radiative and optical Swank factors.
FIG. 3B shows the pulse height spectrum produced by a 2.5 MeV monoenergetic x-
ray beam directed into a 4 cm thick Csl scintillator. The pulse height spectrum
reflects deposited energy in the crystal. The result shows that for this set of
conditions, the radiative Swank factor is 0.84 yielding a combined beam and

radiative Swank factor of 0.57.

23



WO 2017/059086 PCT/US2016/054472

[0161] The optical Swank factor depends on the light transport properties through
the scintillator structure. In the case of perfectly reflective septa and no light
absorption in the crystals, the optical Swank factor is 1.0, and hence, no further
Swank-related SNR degradations are incurred beyond those due to the beam and
radiative deposition processes. Optical photons may either be absorbed by or
transmitted through the septa walls (walls between the imaging elements), and
scattered, or absorbed by the crystal. These processes may significantly reduce the
Swank factors as illustrated in FIG. 3C, which shows Monte Carlo simulations of
DQE(0) as a function of septa wall reflectivity. For these simulations, a 4 cm thick
Csl array with 1 mm pixel pitch was used, and septa wall reflection was assumed to
be specular. Any optical photons that were not reflected were assumed to be
completely absorbed by the septa walls. As shown in the figure, there is a dramatic
drop in SNR once the reflectivity reaches a value below 95%.

[0162] The results shown in FIGS. 3A-3C indicate that to minimize, or at least
reduce, Swank noise, it may be desirable to use specular (mirror) reflectors around
each scintillator element with high optical reflectivities, and to use polished rather
than ground surfaces. It should be noted that results using Lambertian reflection are
not shown, but may be significantly worse. Choosing between a specular and
Lambertian reflector depends on the application. For example, Lambertian reflectors
are more appropriate with lower height to area aspect ratios. In practice, it may be
difficult to find cost-effective reflectors that have a reflectivity above 95%.
Accordingly, other means to increase the Swank factor may be desirable.

[0163] To eliminate Swank noise, all x-ray photons constituting the spectrum
should yield the same electronic signal independent of their energies. It has been

discovered that the reverse geometry of the imaging device (such as the
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embodiments shown in FIGS. 2A-2D) enables the energy-integrating detector to
behave more in such manner. In the forward (i.e., standard) geometry, the
scintillator layer is situated between the x-ray beam and the photodiode array which
converts optical photons to electrical signals. In the reverse geometry, the x-ray
beam passes through the photodiode array (which may be low attenuating) before
interacting with the scintillator layer. It has been discovered that many more optical
photons from the scintillator layer reach the photodiode array using the reverse
geometry than using the forward geometry.

[0154] More importantly, , the reverse geometry has the effect of making
received signal from a low energy gamma photon to be on par with the received
signal from a higher energy gamma. This equalizing effect results from the fact that
the higher energy gamma photon, which produces more optical photons, is
deposited further away from the photodiode than the lower energy gamma photon
which produces less optical photons. Thus, by the time the optical photons from the
higher energy gamma reach the photodiode, a sufficient number have been
absorbed by the septa walls to make the final received signal to be on par with the
received signal from the low energy gamma (whose optical photons did not have to
travel so far to reach the photodiode array).

[0165] FIG. 4A shows the average energy deposition depth for different mono-
energetic photons directed into a 40 mm thick Csl crystal as determined by Monte
Carlo simulations. As shown in the figure, the lower energy photons are deposited
closer to the entrance side of the scintillator. FIGS. 4B-4E show the results from
Monte Carlo simulations using a 2.5MeV (maximum energy) polychromatic beam, a
Csl crystal array of 40mm height and a 0.8mm pixel pitch. The septa has a 90%

specular reflectivity. These figures illustrate how the forward and reverse geometries
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affect the pulse-height spectra, and ensuing Swank factors differently. The Swank
factor may be determined from the shape of the pulse-height spectrum and is a
measure of the extra noise (beyond quantum noise) that is added to the received
signal due to the response of an energy-integrating detector. The Swank factor may
range from 0-1.0, with a value of 1 indicating no extra noise is added. A value of 0.5
means the DQE is reduced by half from what it would be if a perfect “photon-
counting” detector were used. The Swank factor may be a function of the
polychromaticity of the x-ray beam (beam spectrum) and of the scintillator response.
[0166] FIG4A shows the radiative pulse-height spectrum (PHS) produced in the
forward geometry. Here only energy deposited in the scintillator is tallied and the
PHS has a general shape similar to the beam spectrum (FIG 3A). The radiative
PHS shown in FIG4C is very similar to the PHS in FIG 4B as would be expected
since optical transport has not been considered. FIG 4D shows the PHS that is
produced by the received signal in the photodiode array after optical transport is
considered. The PHS has narrowed considerably towards the left part of the plot and
the resulting Swank factor has been reduced to 0.181. Using the reverse geometry
the PHS has a more favorable shape and the Swank factor is increased up to 0.287,
thereby significantly improving the DQE(0).

[0167] The Monte Carlo simulations shown in FIG. 4E demonstrate that the
reverse geometry significantly reduces the sensitivity of the optical Swank factor
(lopt) to septa performance particularly for the 2.5 MeV spectrum. Notably, there is a
maximum lopt for a reflectivity of 95%, thus supporting the concept that the reverse
geometry undoes some of the Swank effects inherent in the beam spectrum.

[0168] FIG. 5 shows the improvement in DQE(f) offered by the reverse geometry

calculated using Monte Carlo simulations for both CdWO4 and Csl over a range of
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crystal thicknesses. It should be noted that the imaging device 200 is not limited by
the examples of these materials, and that the imaging device 200 may include other
scintillating materials in other embodiments.

[0159] Air septa separating scintillator elements

[0160] In one or more embodiments described herein, the manufacturing costs of
the imaging device 200 may be significantly reduced if material septa (e.g., white
plastic, metalize mylar, Vikuiti™) that are placed between scintillator elements are
not required. FIG. 6A illustrates an embodiment of the imaging device 200, in which
pixels 600 in the scintillator layer 202 are separated by air 602. The “air septa” 602
reduce optical crosstalk by internal reflection. The air septa 602 may be created
using different techniques, such as by laser milling. In the embodiments of FIG. 6A,
the air septa are milled through the entire thickness of the scintillator layer 202. The
individual pixels 600 are attached to a plate 610. The plate 610 may be absorptive in
some embodiments. In other embodiments, the plate 610 may be reflective. In
further embodiments, the plate 610 may be both optically absorptive and reflective.
[0161] In other embodiments, as shown in FIG. 6B, the air gap 602 between two
scintillator elements 600 may be achieved by milling from a top and milling from a
bottom, thereby reducing the required aspect ratio of the milling beam. As shown in
the figure, between two scintillator elements 600 there may be a top air gap 602a
achieved by milling from a top side of the scintillator layer 202, and a bottom air gap
602b achieved by milling from a bottom side of the scintillator layer 202. The air
gaps 602a, 602b may not aligned like that shown in the figure, or may be aligned.
The two air gaps 602a, 602b between two adjacent scintillator elements 600 may be
offset like that shown in FIG. 6B, or they may align with each other to form a

continuous gap like that shown in FIG. 6A.
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[0162] In further embodiments, the scintillator layer 202 may include two sub-
scintillator layers 202a, 202b with different respective indices of refraction, which are
combined to reduce optical blurring (FIG. 6C). If the index of refraction n2 for the
second scintillator layer 202b is larger than index of refraction n1 for the first
scintillator layer 202a, then internal reflection will cause some off-angle rays that are
produced in the scintillator layer 202b to be reflected at the boundary of the layers
202a, 202b to then be absorbed by the plate 610.

[0163] FIG. 7 shows Monte Carlo simulation results for the imaging device 200 of
FIG. 6A that has air septa (with width = 0.15 mm) separating scintillator pixels 600.
The simulation was performed assuming the imaging device 200 has a 10 mm think
CdWO4, the source producing a 2.5 MeV beam, and pixel pitch of the imaging
device 200 being 1.176 mm. The simulation results indicate that the reverse
geometry is preferred over the forward geometry, and that air septa produce
satisfactory spatial resolution.

[0164] It should be noted that although the embodiments of the imaging device
200 of FIGS. 6A-6C are illustrated as having the photodiode elements 206 being
located closer to the second side 214 of the glass substrate 210 than the first side
212, in other embodiments, the imaging devices 200 of FIGS. 6A-6C may have the
photodiode elements 206 being located closer to the first side 212 than the second
side 214, like that shown in the embodiments of FIG. 2B. Also, in other
embodiments, the imaging devices 200 of FIGS. 6A-6C may have a layer of focusing
elements 220, like that shown in the embodiments of FIG. 2C. In further
embodiments, the imaging devices 200 of FIGS. 6A-6C may have an additional
scintillator layer, like the scintillator layer 230 shown in the embodiments of FIG. 2D.

Also, in other embodiments, the imaging devices 200 shown in FIGS. 2A-2D may
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have air septa between scintillator elements in the scintillator layer 202, like the air
septa configuration shown in any of FIGS. 6A-6C.

[0165] Also, in other embodiments, the air septa configuration shown in the
embodiments of FIGS. 6A-6C may be implemented in an imaging device that has a
forward geometry, instead of the reverse geometry shown.

[0166] Parallax reduction

[0167] In some cases, as the scintillator thickness increases, the central x-ray of
the cone-beam may pass through just one pixel while the peripheral x-rays may pass
through multiple pixels. As a result, the resolution of the imaging device may be
degraded the farther the rays are from the central beam. This concept is illustrated
in FIG. 8A. To address this problem, the imaging device may have multiple blocks of
scintillator layers that are tilted to face towards the radiation source 22. For
example, as shown in FIG. 8B, the imaging device 800 may have multiple scintillator
layers 802a-802d, each of which having a plurality of scintillator elements 810.
Adjacent scintillator layers (e.g., 802a and 802b) are arranged in respective planes
(e.g., first plane and second plane). The adjacent scintillator layers (e.g., 802a and
802b) are arranged next to each other and form a non-zero angle relative to each
other. In some embodiments, each of the scintillator layers 802 is oriented so that a
normal that is perpendicular to the plane of the scintillator layer 802 points towards
the radiation source 22. As shown in the figure, the imaging device 800 further
includes fiber optic arrays 820a-820d for the respective scintillator layers 802a-802d.
Each fiber optic array 820 includes multiple fiber optics that are configured to couple
lights from the scintillator elements 810 to the imager array (photodiode elements)
830. In the illustrated embodiments, the imager array 830 is arranged on a flat (i.e.,

rectilinear) plane, and the fiber optics in the fiber optic arrays 820a-820d extend
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perpendicular out of the plane of the imager array 830 to reach the scintillator layers
802a-802d. Since the scintillator layers 802a-802d are oriented at different angles,
the fiber optics have different lengths. In other embodiments, the imager array may
be curved or may have multiple angles that correspond with the boundaries of the
adjacent scintillator arrays 802. In some embodiments, each fiber optic will transmit
light to the imager array 830 with no loss of spatial registration as the fiber pitch is
small with respect to both the scintillator pixel pitch as well as the imager array 830.
[0168] In the embodiments of FIG. 8B, gaps between the scintillator layers 802
will occur since the blocks of scintillator layers 802 are tilted with respect to each
other. This area will be sensitive to the x-rays hitting the edge scintillator pixels.
This problem may be reduced if the gap area is filled with a material 850 with similar
attenuating properties as the pixilated scintillator material, like that shown in FIG. 8C.
The attenuating material 850 may extend below the scintillator layers 802, and may
for example, reach the imager array 830. In other embodiments, the attenuating
material 850 may not extend below the scintillator layers 802.

[0169] Another method of reducing the gaps is to bevel the sides of the scintillator
arrays 802 as illustrated in FIG. 8D. As shown in FIG. 8E, the arrays will be well
aligned to each other with minimum gaps once coupled to the fiber optic plates 820.
The beveling may be implemented on all four sides in some embodiments.

[0170] FIG. 8F shows another imaging device that has the capability of reducing
the effect of parallax. As shown in the imaging device has multiple blocks of
scintillators arranged in a side-by-side configuration. The center block of scintillator
forms a perpendicular angle with respect to a plane of the imaging device. For the
blocks directly next to the center block, the scintillators form a non-90° angle with

respect to the plane of the imaging device. As the blocks are further away from the
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center block, the angle formed by the respective scintillators relative to the imaging
device. Such configuration is advantageous in that the blocks of the scintillator form
a rectilinear flat plane at the bottom (which allows the blocks to be coupled to a plane
of another component of the imaging device), while allowing the scintillator angles
(e.g., orientation of the scintillators) to be progressively increased as the scintillators
are further away from the center of the imaging device. In the illustrated
embodiments, the scintillators in each block are oriented in the same angle. In other
embodiments, the scintillators in each block may be oriented at different respective
angles (e.g., with the scintillator further away from the center of the imaging device
forming a higher angle relative to the plane of the imaging device). For example, the
scintillator in the middle may form 90° relative to the plane of the imaging device, and
the scintillator next to it may form 92° relative to the plane of the imaging device, etc.
In further embodiments, instead of having blocks of scintillators, the imaging device
may have multiple scintillators that are formed or coupled together without them
being in “block” configuration.

[0171] FIG. 8G shows another imaging device that has the capability of reducing
the effect of parallax. The imaging device is similar to that shown in FIG. 8F, except
that the top of the scintillators also form a rectilinear flat surface. As shown in FIG.
8G, the imaging device has multiple blocks of scintillators arranged in a side-by-side
configuration. The center block of scintillator forms a perpendicular angle with
respect to a plane of the imaging device. For the blocks directly next to the center
block, the scintillators form a non-90° angle with respect to the plane of the imaging
device. As the blocks are further away from the center block, the angle formed by
the respective scintillators relative to the imaging device. Such configuration is

advantageous in that the blocks of the scintillator form a rectilinear flat plane at the
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bottom (which allows the blocks to be coupled to a plane of another component of
the imaging device), while allowing the scintillator angles (e.g., orientation of the
scintillators) to be progressively increased as the scintillators are further away from
the center of the imaging device. In the illustrated embodiments, the scintillators in
each block are oriented in the same angle. In other embodiments, the scintillators in
each block may be oriented at different respective angles (e.g., with the scintillator
further away from the center of the imaging device forming a higher angle relative to
the plane of the imaging device). For example, the scintillator in the middle may
form 90° relative to the plane of the imaging device, and the scintillator next to it may
form 92° relative to the plane of the imaging device, etc. In further embodiments,
instead of having blocks of scintillators, the imaging device may have multiple
scintillators that are formed or coupled together without them being in “block”
configuration.

[0172] In the illustrated embodiments, the scintillator layers 802a-802d are
configured to receive radiation before the array of photodiode elements 830, as in a
forward geometry. In other embodiments, the scintillator layers may be configured to
receive radiation that has passed through the array of photodiode elements 830, as
in a reverse geometry like that shown in the embodiments of FIGS. 2A-2D, and 6A-
6C. For example, in other embodiments, the scintillator layer 202 shown in FIGS.
2A-2D and 6A-6C may be implemented using a plurality of blocks of scintillator
layers (like those shown in the embodiments of FIGS. 8B, 8C, and 8E). The
scintillator layers may be tilted so that they all face towards the radiation source 22.
The scintillator layers in the imaging device 200 may be coupled optically to the
photodiode elements 206 using fiber optics.

[0173] Septa-less detector and Optical grid

32



WO 2017/059086 PCT/US2016/054472

[0174] In one or more embodiments described herein, the scintillator layer of the
imaging device may be non-pixelated. In such cases, the imaging device may
further include an optical grid. FIG. 9 illustrates an imaging device 200 having a
scintillator layer 202, an array of photodiode elements 206, and an optical grid 280
disposed between the scintillator layer 202 and the array of photodiode elements
206. In the illustrated embodiments, the scintillator layer 202 is non-pixelated, so
that the scintillator material extends continuously across a plane of the imaging
device 200. The sidewalls of the optical grid 280 may be opaque and may be non-
reflective, so that the only photons to reach the photodiode array are those whose
direction vectors are nominally normal to the scintillator-photodiode boundary. Such
configuration allows spatial resolution (MTF) to be preserved and optically blurring to
be minimized, or at least reduced. In some cases, the spatial resolution of an imager
may be indicated / represented by the modulation transfer function (MTF), which is
the absolute value of the Fourier transform of the Point Spread Function (PSF). The
optical grid 280 may be completely absorbing, or may be partially reflective of
photons at steep angles to channel those to the photodiode plate. The optical grid
280 may be constructed from any number of materials, including but not limited to,
fiber optic plates, capillary plates, etched silicon wafers, etched plastic and metal
grids.

[0175] In the illustrated embodiments, the optical grid 280 is a two-dimensional
grid. In other embodiments, the array may be made from slabs with reflecting walls
and the optical grid may be one-dimensional. In one implementation, the optical grid
may be accomplished by stacked plates. The reflecting septa (e.g., the wall(s)

between the scintillator elements) may be composed of metalized (e.g., aluminized)
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mylar or other polymer to increase the fill factor. The reflecting septa may be any
material that has an optically reflective property.

[0176] Also, in some embodiments, a plate (like the plate 610 in FIG. 6A-6C) may
be provided. The plate may be optically absorptive, optically reflective, or both. For
example, in some embodiments, the plate may be composed of a retro-reflector to
increase the detected signal.

[0177] Also, in some embodiments, the scintillator layer 202 may be implemented
using multiple sub-scintillator layers 202a, 202b that are stacked together with
respective optical grids 280a, 280b, like that shown in FIG. 10. Such configuration
allows the optical grid pitch to be decreased to increase the detected signal.

[0178] It should be noted that the optical grid described herein is not limited to
being used with an imaging device with non-pixelated scintillator layer, and that the
optical grid may also be used with imaging devices with pixelated scintillator layer(s),
such as the imaging devices 200 described with reference to FIGS. 2A-2D and 6A-
6C.

[0179] Use of the optical grid 280 may cause a significant reduction in the total
number of optical photons that are detected. Thus, the imaging process may become
susceptible to panel-related electronic noise sources which, in turn, may reduce
DQE(f). In some cases (e.g. MV portal imaging) the number of optical photons that
are generated may be sufficiently high to still permit the use of the optical grid 280
with conventional amorphous silicon flat panel technology. In other cases, the
electronic noise floor of the imager may need to be reduced using such
semiconductor technologies such as CMOS or GZO for the readout arrays. In the
following sections, an analysis of electronic noise and design configurations are

discussed that permit the detection of more optical photons yet still reduce the
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manufacturing costs of the array. In particular, in the following sections, design
considerations for the optical grid, including (A) spatial resolution and optical grid
parameters and (B) optical photon fluence, are discussed.

[0180] A. Spatial resolution and optical grid parameters

[0181] The following discussion assumes that the optical grid is rectilinear and
that the resulting optically-induced point-spread function (PSF) is separable in x and
y. For convenience, a square grid such that PSF(x) = PSF(y), is assumed. However,
it should be noted that the optical grid is not limited to having a rectilinear
configuration, and may have other configurations (e.g., a curvilinear configuration, a
step configuration, etc.) in other embodiments.
[0182] The aspect ratio of the grid « primarily determines the spatial resolution of
the proposed detector. « is defined as the grid height hy divided by the grid width
Wy, a = hy/wy
[0183] FIG. 11 illustrates the nature of the optical blurring mechanism for two
cases. As shown, input gamma photons y4 and y» interact at positions O4 and O,
which are at different depths relative to the bottom of the scintillator (i.e. the side in
contact with the optical grid).
[0184] Assuming perfectly opaque and non-reflective grid walls, the detected
optical photons that originate at a point O, are spread by an amount Ax,; at the
photodiode plane:

&gy = B + &§E;§§¥
where h,¢ is the height of the optical point source relative to the bottom of the
scintillator 202; hy is the grid height, and Ax,q is the photodiode pixel pitch.
[0185] Similarly, for the second source
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[0186] As is evident, blurring is inversely proportional to the grid’s aspect ratio,
and is more significant the further the optical source is removed from the grid 280.
[0187] The model shown above is overly simplified since, in actuality, optical
spreading is not uniform across the widths &x,; and &xz;. As shown in FIG. 12, for a
point source, grid shadowing leads to a triangular distribution of detected photons
t(x) that takes the form:

t(x) = 1 —a |x|/h, for |x| <= hla,

=0 for|x|>0.

[0188] In addition to the triangular distribution resulting from grid wall shadowing,
the intensity of light also falls off as the distance from the source increases due to
the geometrical effects of projecting the beam onto the x-axis (FIG. 14). This
relationship can be determined by evaluating the density of rays crossing the x-axis
as a function of h and x, as is best understood when mapped to cylindrical
coordinates(r, 0).
[0189] As shown in FIG. 13, photons traversing the line d/ = r db traverse a
greater length dx = dl/ cos(0) along the x-axis to reach the photodiode array. Hence,
signal intensity drops off as cos(6)/r.

[0190] Multiplying the triangular blurring mechanism {(x) by the cos(6)/r intensity

blurs the optical PSF (ps) resulting from a single source at height (0,h) is

P UG VNPV Bq 1
v

Using the relations,

—

O =

e

.
o

Equation 1 can be rewritten as
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)2 (x, h) = (1 _ ?lxvlz) a ; ‘v’|x| <hla Eq.2
xt+r

Equation 2 gives the individual point-spread function (ps) resulting from a single
source at position h. The total PSF for a slab (FIG. 14) is then determined by
integrating Eq. 2 starting at position h = ax to h = hs where hsis the top of the
scintillator relative to the position of the optical grid 280. The starting point may be at
position h = ax, which is the minimum height that produces a detectable
(unshadowed) optical ray at position x for a given grid aspect ratio.

[0191] The total PSF is thus given by:

PSF(x)= hf[A(h)(l —af/ h)hj dh Eq.3

x2+h?

where A(h) represents the source intensity at position h.

[0192] For illustrative purposes, it is assumed that the deposited energy from
gamma photons is uniformly distributed along h (i.e. A(h) = 1). This is not completely
unreasonable for high energy (MV) x-rays given their significant penetration depth. It
is further assumed that there is no reflection from the top of the scintillator

[0193] The solution to above integral (Eq. 3) with A(h) = 1 will heretofore be

referred to as PSFopt1.

PSF,

optl

(x)=cctan ' (|x|/ hs) + %m(x2 +hs®)—atan '(1/a) - %m(x2 (1+a?))

Eq. 4

[0194] The MTF is the absolute value of the Fourier transform of the PSF, which

is may be easily evaluated numerically.
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[0195] PSF,ptr can be further simplified since, in all practical cases, o >1, and
consequently h? >> x* allowing one to approximate each individual point-spread

function as follows:

(1- afsl/n)

h

p.(x)

1K

Eq. 5

which results in a total PSF given by:

PSF(5)= I[A(h)l a|x|/h)} " Eq. 6

opt2

For the case of A(h) = 1, the integral of Eq. 6 yields PSFqp.

PSE,(x)= a||+ln(h) 1-In(a |x) Eq 7
opt2 h q

S

[0196] Alternatively, the MTF can be approximated directly by assuming a simple
triangular distribution in the spatial domain without the cos(6)/r weighting. One may
integrate the Fourier transform (sinc?) of the triangular distribution over the scintillator

depth.

sin (”hf j
P () = | ———% 2 Eq.8
) (ﬂhfj
2a
This integral also can be analytically solved:
i

ﬂhmeI nt(—— f)+cos(—) 1
MTchZ(f)_ 2a Eq 0

.\’
%)

[0197] In the spatial domain, there are now two analytical means of calculating

the PSF (PSFopt1, PSFop2) @and, in the frequency domain, one means of calculating

MTF analytically (MTFsinc2). Finally, the blurring effects of the finite grid spacing wy

38



WO 2017/059086 PCT/US2016/054472

may also be accounted for. This blurring can be modeled as a convolution of the

optical PSF with a RECT function characterizing the grid spacing.

Eq. 10
PSF,,,(x)=PSF,,(x)® H(x/ wg)
Alternatively, via the Fourier convolution theorem, the optical MTF may be multiplied
by a sinc function whose form is similarly dependent on the grid spacing.
MTFgrid (f) = MTFOpt (f). Sll’lC(ng) Eq 11

[0198] Equations 4,7 and 9 were evaluated for the case of a scintillator thickness
of 10 mm (hs = 10), an aspect ratio o = 8, a grid spacing wy = 0.2 mm, and a lamella
width wy= 0 .02 mm (note w; does not affect the PSF/MTF shape, but does affect the
fill factor of the grid, and hence the number of optical photons that are detected as
shown below). The results of Equations 4 and 7 were convolved with a RECT
function (Eq. 10) to account for the finite grid spacing wg, and the result of Equation 9
was multiplied by a sinc function (Eq 11) to account for the finite grid width.

[0199] As shown in FIG. 15, PSFyu» matches PSF,¢1 for the conditions modeled.
The equivalence shows that the small angle approximation is valid, and that the
integral for PSFq2 (EQ. 6), which offers more flexibility when A(h) does not equal 1
(for example, A(h) is an exponential function), is preferred. Calculation of the MTF
directly using EqQ. 9 also yields a quite accurate result A(h)=1.

[0200] The accuracy of the analytical grid models was evaluated via comparisons
with Monte Carlo simulations using the following parameters: scintillator= Csl, height
= 10mm, grid aspect ratio = 9, grid spacing =0 .2mm, and photodiode pixel size =

0.392mm.
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[0201] To generate the total MTF with the analytical model, a Monte Carlo
simulation may first be performed using just radiative (no optical) transport to
generate the MTF agiative, Which is multiplied by the analytical grid model MTFgyig
multiplied by the MTF associated with the EPID pixel size MTFpixer. MTFpixer is simply

a sinc function.

MTE, (f)=MTE o, SMTE,,, e MTE

adiative pixel

[0202] MTF:: was compared with a full Monte Carlo simulation, which included
both radiative and optical transport As shown in FIG. 16, good agreement is
obtained between the Full Monte Carlo simulation and the combined radiative
transport simulation plus optical model.

[0203] A further design consideration relates to the indices of refraction of the
optical grid capillary material (e.g. air) and the scintillator material (e.g. Csl).
According to Snell’s Law, if the scintillator index of refraction (n4) is greater than the

capillary material index of refraction (n,), the effective aspect ratio of the grid « is

increased in the following manner (FIG. 17):

e L.
& 124 § Fia
& ¥Ry

[0204] FIG. 18 shows how the index of refraction of the capillary material can
impact spatial resolution (MTF).

[0205] B. Optical photon fluence

[0206] The loss of photons may be readily calculated by evaluating the area cast
by the optical source onto the photodiode array.
[0207] For a source originating at height h, the ShadowArea is given by

= & oy

e o SERS NN e o SR
Sadovidres = § 2 Yl fa= §*‘-§ sd
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when assuming a 2-D separable triangular distribution function f(x) as described
above.

[0208] The DetectedPhotonFraction may be defined as the ratio of the
ShadowArea to the area of the spherical surface defined by the radius h multiplied

by the fill factor F:

8 &

X § oWy % 3
. - ) $ 3 — : Sevmre S B = e W
SfecisdPhatonroction = F ~-Sodowdreg el = § x . T
Wy F s o

[0209] The loss of optical photons may be significant. For example, for a grid
with an 80% fill factor and an aspect ratio of 5:1, only 0.25% of the original optical
photons that were produced are detected. The implications of the large quantum
sink on electronic noise floor requirements for the configuration proposed as shown
in FIG. 10 was analyzed.

[0210] Several simulations of DQE(f) were performed using GEANT4. The NPS
was first calculated assuming no electronic noise sources and a given
detector/optical grid geometry. The NPS was then adjusted according to assumed
fluence and electronic noise magnitudes.

[0211] The following parameters may be used:

E = Radiation exposure to the detector (uGy).

Fluence = Incident fluence (gamma/mm?), which may be calculated
from E and the spectrum.

NoiseRMS.= RMS electronic noise per detector pixel, which is unique
to the hardware used. The electronic noise power spectrum NPS, may be assumed
to be white and uncorrelated with other noise sources.

[0212] For a quasi-ideal detector (i.e. no electronic noise), the zero-frequency
detective quantum efficiency, DQEQ, is obtained from the Swank formula and the

qguantum efficiency (QE):
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HE
HT-H0

o]

where MO, M1 and M2 are respectively the zeroth, first and second moments of the
simulated pulse height spectrum.

[0213] Correspondingly, the zero-frequency value of the quasi-ideal noise power
spectrum NPS,(0) is the reciprocal of DQE4(0).

[0214] For a given input fluence, the quasi-ideal SNR? in the pixel domain is
related to a quantity “noise-equivalent gammas per pixel’, which is defined as:
where PixelPitchMM is the photodiode array pixel pitch (mm).

[02156] To convert NoiseEquivalentGammasPerPixel to units that can be
compared to the electronic noise floor, we need to compute the size of the received
signal by first tallying the number of optical photons received per pixel:
SetivaiPhintoePerP el = & - §F - Fuence - PheelPinidyyes

Here, M1 (the first moment of the pulse height spectrum) is the average number of
detected optical photons per detected gamma.

[0216] Given that the quasi-ideal detector SNR for each pixel is equal to the

GNeveperslentFenwaePeriiss  then if we assume that one optical photon generates
1 electron-hole pair, the quasi-ideal zero-frequency readout noise Faisef¥E, is given

by

SalaslN 5 = OptioniFictenaFePioe tq\¢£§‘“a“;‘.\7\a§r§h\§,s;aﬂtaﬁa\mmrmﬁ‘wﬂxa;
[0217] The above provides the fundamental information necessary to determine,
for a given dose, the magnitude of the electronic noise power spectrum NPS,

relative to the magnitude of quasi-ideal detector noise power spectrum NPS; :
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where the electronic noise is assumed to be white, and is thus constant as a function
of spatial frequency.

[0218] As shown by the above equation, the more optical photons that are
received and converted into the electron hole pairs, the lower the electronic NPS
relative to the quasi-ideal NPS.

[0219] The total NPS is given by

[0220] Hence, the effect of the electronic noise is to boost the total NPS by a
constant amount across all frequency values.

[0221] As shown in FIG. 19, for a given scintillator 202 and optical grid 280, the
optical yield is affected by the grid capillary core material (air vs. glass), as well as
the top reflector material. The figure shows simulated pulse height spectra fora 2.5
MV beam and a 10 mm Csl slab with an 8:1 optical grid aspect ratio (which is the
same data as for FIG. 18). The most counts are received with a top reflector and a
glass capillary core. However, as shown in FIG. 18, the spatial resolution MTF is
reduced in these cases. Notably, the “Glass capillary / no top reflector” MTT is the
same as the “Air Capillary / Vik Top Reflector” case, implying the former yields
almost twice as many counts, which may be preferred.

[0222] Spatial resolution and DQE may also be associated with electronic noise
and imager dose. FIG. 20 shows spatial resolution MTF and DQE as functions of
electronic noise and imager dose.

[0223] It should be noted that the configuration of the imaging device is not
limited to the examples described previously, and that the imaging device may have
other configurations in other embodiments. For example, in other embodiments,

scintillator material may be incorporated into the optical grid. FIG. 21A shows an
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imaging device 200 having a capillary array 900 with a plurality of capillaries 902
(e.g., openings, channels, etc.), a scintillator layer 202, and photo diode array 204.
The capillary array 900 itself is shown in FIG. 21B. The scintillator materials of the
scintillator layer 202 is placed (e.g., in form of scintillator blocks) inside the capillaries
such that walls of the capillary array 900 separate and isolate individual scintillator
material that is within each capillary 902. The capillary array 900 functions as an
optical grid, and is configured to prevent light from a scintillator material in one
capillary 902 to pass to an adjacent capillary 902. As shown in FIG. 21A, the
capillary array 900 with scintillator materials (scintillator blocks) is at an operative
position with respect to the photo diode array 204. In the illustrated example, the
capillary array 900 is located above the photo diode array 204. In another example,
the capillary array 900 may be located below the photo diode array 204. The pitch of
the capillary array 900 may be in an order of the pixel pitch of the underlying photo
diode array 204. In some cases, the pitch of the capillary array 900 may be smaller
than that of the photo diode array 204. Making the capillary array pitch different from
that of the photo diode array removes the requirement to precisely register the
capillary array 900 to the photo diode array 204. Precisely aligning the capillary
array 900 and the photo diode array 204 may be a difficult and expensive
manufacturing process, which may be avoided by making the two pitches different.
[0224] In other cases, the pitch of the capillary array 900 may be equal to that of
the photo diode array 204. For example, by integrating the manufacturing of the
capillary array 900 into a TFT manufacturing process, the capillary array 900 can be
exactly aligned to the pixel structure.

[0225] In the above example, each capillary 902 in the capillary array 900 has a

circular cross section. In other examples, the cross section of each capillary 902
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may have a square, a rectangular, an elliptical, a triangular, a honeycomb, or any of
other shapes.

[0226] During use, x-ray radiation reaches the scintillator layer 202 of the imaging
device 200. The scintillator materials in the capillaries of the capillary array 900
generate light in response to the x-ray radiation. In each capillary 902, the
generated light travels towards one of the photodiode element in the photo diode
array 204. In particular, some light (i.e., the “on-angle” light) that is not blocked by
the walls of the capillary array 900 will travel towards and reach a photodiode
element. Other light (i.e., the “off-angle” light) may be blocked by the walls of the
capillary array 900, which prevent the light from reaching an adjacent capillary 902.
From an imaging content perspective, only light rays that reach the photo diode array
204 at a substantially orthogonal angle (e.g., 90° + 25°, and more preferably 90° +
15°, and even more preferably 90° £ 10°, and even more preferably 90° + 5°) relative
to the plane of the photo diode array 204 are of interest. Light rays entering at other
angles are generated by events that do not belong to that particular pixel. By
providing the capillary array 900 that is only transparent to light rays substantially
orthogonal to the plane of the photo diode array 204, only the events that are directly
above a particular photodiode element contribute to the signal. This results in
reduction of blurring effect.

[0227] The above configuration of the imaging device 200 is advantageous
because it improves image quality. In some cases, the imaging device 200 may be
configured (e.g., by having a thicker scintillator) to provide MeV imaging. In such
cases, the capillary array reduces the blurring artifact associated with the use of
thicker scintillator layer. In other embodiments, the imaging device 200 may be

configured to provide other energy level of imaging, such as keV imaging.
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[0228] In other embodiments, the capillary array may not have any scintillator
materials therein. In such cases, the capillary array may function as a light angle
filter. FIG. 22 shows an imaging device 200 having a scintillator layer 202, a
capillary array 900 that functions as an optical filter (e.g., a light angle filter), and a
photo diode array 204. The imaging device 200 is the same as that in FIG. 21A,
except that the material in the scintillator layer 202 is not integrated in the capillaries
902 of the capillary array 900. As shown in FIG. 22, the capillary array 900 functions
as an optical filter, and is coupled between the scintillator layer 202 and the photo
diode layer 204. The capillary array 900 includes capillaries that function as filter
openings for allowing passage of light therethrough. In some cases, the filter
openings contain air. In other cases, each filter opening may include glass, lens,
plastics, optical fiber(s), etc., for transmitting light through the filter opening, thereby
allowing light to pass through the filter opening.

[0229] During use, x-ray radiation reaches the scintillator layer 202 of the imaging
device 200. The scintillator layer 202 generates light in response to the x-ray
radiation. The generated light enters from one side of the capillary array 900. Some
of the light (i.e., the “on-angle” light) that is not blocked by the walls of the capillary
array 900 will exit the other side of the capillary array 900 and will travel towards and
reach a photodiode element. The remaining light (i.e., the “off-angle” light) may be
blocked by the walls of the capillary array 900, which prevent the light from reaching
an adjacent capillary 902. From an imaging content perspective, only light rays that
reach the photo diode array 204 at a substantially orthogonal angle (e.g., 90° + 25°,
and more preferably 90° £ 15°, and even more preferably 90° + 10°, and even more
preferably 90° £ 5°) relative to the plane of the photo diode array 204 are of interest.

Light rays entering at other angles are generated by events that do not belong to that
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particular pixel. In some cases, the thickness of the capillary array 900 may be
configured to provide certain desired light filtering efficiency. For example, thinner
capillary array 900 may provide less de-blurring effect, while thicker capillary array
900 may provide more de-blurring effect. By providing the capillary array 900 that is
only transparent to light rays substantially orthogonal to the plane of the photo diode
array 204, only the events that are directly above a particular photodiode element
contribute to the signal. This results in reduction of blurring effect.

[0230] In further embodiments, the imaging device 200 may include multiple
optical filters. FIG. 23 illustrates another imaging device 200. The imaging device
200 includes a scintillator layer 202, a first optical filter 950a, a second optical filter
950b, and a photo diode array 204. As shown in the figure, the optical filters 950a,
950b are coupled between the scintillator layer 202 and the photo diode layer 204.
As shown in the figure, the pitch of the optical filters 950a, 950b is different from the
pitch of the photodiode elements in the photo diode array 204. The pitch of the
optical filters 950a, 950b is smaller than the pitch of the photodiode elements in the
photo diode array 204. Making the optical filter pitch different from that of the photo
diode array removes the requirement to precisely register the optical filters 950a,
950b to the photo diode array 204.

[0231] In other embodiments, the pitch of the optical filter elements may be equal
to the pitch of the photodiode elements in the photo diode array 204. For example,
by integrating the manufacturing of the optical filter(s) into a TFT manufacturing
process, the optical filter(s) can be exactly aligned to the pixel structure.

[0232] In some embodiments, the openings in the respective optical filters 950a,
950b, and the distance between the two optical filters 950a, 950b may be chosen to

let enough light through while filtering the incident light rays as uniform as possible,
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independent of the location they are generated at. In some cases, the size of each
opening in the first optical filter 950a may be different from the size of each opening
in the second optical filter 950b. In other cases, the size of each opening in the first
optical filter 950a may be the same as the size of each opening in the second optical
filter 950b. Also, in some embodiments, the spacing between adjacent openings in
the first filter 950a may be different from the spacing between adjacent openings in
the second filter 950b. In other embodiments, the spacing between adjacent
openings in the first filter 950a may be the same as the spacing between adjacent
openings in the second filter 950b.

[0233] In some cases, the second optical filter 950b may be manufactured
directly on top of the photo diode array 204.

[0234] Also, in some embodiments, the first optical filter 950a may be coupled to
a first side of a glass, and the second optical filter 950b may be coupled to a second
side of the glass that is opposite from the first side. This way, the spacing between
the first optical filter 950a and the second optical filter 950b equals to the thickness
of the glass.

[0235] During use, x-ray radiation reaches the scintillator layer 202 of the imaging
device 200. The scintillator layer 202 generates light in response to the x-ray
radiation. The generated light enters from one side of the first optical filter 950a.
Some of the light (i.e., the “on-angle” light) that is travelling at a substantially
orthogonal angle relative to the plane of the first optical filter 950a will exit the other
side of the first optical filter 950a. Such “on-angle” light will enter from one side of
the second optical filter 950b, and will exit the other side of the second optical filter
950b. The light will then travel towards and reach a photodiode element. Some of

the remaining light (i.e., the “off-angle” light) may be blocked by the first optical filter
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950a, which prevents the light from reaching the photo diode array 204. Other
remaining light that is not blocked by the first optical filter 950b will be blocked by the
second optical filter 950b, which prevents the light from reaching the photo diode
array 204. Thus, the optical filters 950a, 950b function as light angle filters. From an
imaging content perspective, only light rays that reach the optical filter 950a/950b at
a substantially orthogonal angle (e.g., 90° + 25°, and more preferably 90° + 15°, and
even more preferably 90° + 10°, and even more preferably 90° + 5°) relative to the
plane of the optical filter 950a/950b are of interest. Light rays entering at other
angles are generated by events that do not belong to that particular pixel. By
providing the optical filters 950a, 950b that, in combination, are only transparent to
light rays substantially orthogonal to the plane of the optical filter 950a/950b, only the
events that are directly above a particular photodiode element contribute to the
signal. This results in reduction of blurring effect.

[0236] In other embodiments, the imaging device 200 may include other
component(s) that functions as optical filter for filtering light at certain angles. FIG.
24 shows another imaging device 200 that includes a scintillator layer 202, an optical
filter 950 that is implemented using rear projection foils, and a photo diode array 204.
The optical filter 950 is coupled between the scintillator layer 202 and the photo
diode array 204. As shown in the figure, the pitch of the optical filter elements is
different from the pitch of the photodiode elements in the photo diode array 204. The
pitch of the optical filter elements is smaller than the pitch of the photodiode
elements in the photo diode array 204. Making the optical filter pitch different from
that of the photo diode array removes the requirement to precisely register the

optical filter 950 to the photo diode array 204. Precisely aligning the optical filter 950
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and the photo diode array 204 may be a difficult and expensive manufacturing
process, which may be avoided by making the two pitches different.

[0237] In other embodiments, the pitch of the optical filter elements may be equal
to the pitch of the photodiode elements in the photo diode array 204. For example,
by integrating the manufacturing of the optical filter 950 into a TFT manufacturing
process, the optical filter 950 can be exactly aligned to the pixel structure.

[0238] During use, x-ray radiation reaches the scintillator layer 202 of the imaging
device 200. The scintillator layer 202 generates light in response to the x-ray
radiation. The generated light enters from one side of the optical filter 950. Some of
the light (i.e., the “on-angle” light) that is travelling at a substantially orthogonal
angle relative to the plane of the optical filter 950 will exit the other side of the optical
filter 950 and will travel towards and reach a photodiode element. The remaining
light (i.e., the “off-angle” light) may be absorbed and/or reflected by the optical filter
950, which prevents the light from reaching the photo diode array 204. Thus, the
optical filter 950 functions as a light angle filter. From an imaging content
perspective, only light rays that reach the optical filter 950 at a substantially
orthogonal angle (e.g., 90° £ 25° and more preferably 90° + 15°, and even more
preferably 90° £ 10°, and even more preferably 90° + 5°) relative to the plane of the
optical filter 950 are of interest. Light rays entering at other angles are generated by
events that do not belong to that particular pixel. By providing the optical filter 950
that is only transparent to light rays substantially orthogonal to the plane of the
optical filter 950, only the events that are directly above a particular photodiode
element contribute to the signal. This results in reduction of blurring effect.

[0239] FIG. 25 shows another imaging device 200 that includes a scintillator layer

202, an optical filter 950 that is implemented using prism structure, and a photo
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diode array 204. The prism structure in the optical filter 950 utilizes refraction and
reflection to filter light at certain angles. In particular, the prism structure refracts
light within a viewing cone towards the photo diode array 204. Light outside this
cone angle is reflected back. The optical filter 950 is coupled between the scintillator
layer 202 and the photo diode array 204. As shown in the figure, the pitch of the
optical filter elements is different from the pitch of the photodiode elements in the
photo diode array 204. The pitch of the optical filter elements is smaller than the
pitch of the photodiode elements in the photo diode array 204. Making the optical
filter pitch different from that of the photo diode array removes the requirement to
precisely register the optical filter 950 to the photo diode array 204. Precisely
aligning the optical filter 950 and the photo diode array 204 may be a difficult and
expensive manufacturing process, which may be avoided by making the two pitches
different.

[0240] In other embodiments, the pitch of the optical filter elements may be equal
to the pitch of the photodiode elements in the photo diode array 204. For example,
by integrating the manufacturing of the capillary array 900 into a TFT manufacturing
process, the capillary array 900 can be exactly aligned to the pixel structure.

[0241] During use, x-ray radiation reaches the scintillator layer 202 of the imaging
device 200. The scintillator layer 202 generates light in response to the x-ray
radiation. The generated light enters from one side of the optical filter 950. Some of
the light (i.e., the “on-angle” light) that is travelling at a substantially orthogonal
angle relative to the plane of the optical filter 950 will exit the other side of the optical
filter 950 and will travel towards and reach a photodiode element. The remaining
light (i.e., the “off-angle” light) may be reflected away by the prism structure in the

optical filter 950, which prevents the light from reaching the photo diode array 204.
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In some cases, the reflected light may be recycled until it exits the prism structure at
the proper angle. Thus, the optical filter 950 functions as a light angle filter. From an
imaging content perspective, only light rays that reach the optical filter 950 at a
substantially orthogonal angle (e.g., 90° £ 25°, and more preferably 90° + 15°, and
even more preferably 90° + 10°, and even more preferably 90° + 5°) relative to the
plane of the optical filter 950 are of interest. Light rays entering at other angles are
generated by events that do not belong to that particular pixel. By providing the
optical filter 950 that is only transparent to light rays substantially orthogonal to the
plane of the optical filter 950, only the events that are directly above a particular
photodiode element contribute to the signal. This results in reduction of blurring
effect.

[0242] In still further embodiments, the optical filter between the scintillator layer
202 and the photo diode array 204 may be implemented using a group of small fiber
optic segments that are glued together to form an array of small light pipes. The
number of fiber optic segments may be in the order of thousands, hundreds of
thousands, or millions. In some cases, the aperture and the index of refraction of
such light pipes may be configured to define the angle of light filtering.

[0243] FIG. 26 shows another imaging device 200 in accordance with other
embodiments. The imaging device 200 includes a first scintillator layer 202a, a
photo diode array 204 having a plurality of photodiode elements, a glass substrate
960, an optical filter 950, and a second scintillator layer 202b. As shown in the
figure, the optical filter 950 is coupled between the glass substrate 960 and the
second scintillator layer 202b. The optical filter 950 is configured to allow “on-angle”
light generated by the second scintillator 202b to be transmitted towards the photo

diode array 204, while blocking the “off-angle” light.
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[0244] In the illustrated embodiments, the material in the second scintillator layer
202b is not integrated in the capillaries of the optical filter 950. In other
embodiments, the material in the second scintillator layer 202b may be integrated in
the capillaries of the optical filter 950 (like that described with reference to FIG. 21A).
Also, in the illustrated embodiments of FIG. 26, the imaging device 200 has one
optical filter 950. In other embodiments, the imaging device 200 may include a
second optical filter (like that described with reference to FIG. 23).

[0245] Furthermore, in other embodiments, the imaging device 200 may include
one or more additional optical filter for filtering light generated from the first
scintillator layer 202a. The additional optical filter(s) may be coupled between the
first scintillator layer 202a and the photo diode array 204. In the cases in which there
are two additional optical filters between the first scintillator layer 202a and the photo
diode array 204, they may have the configuration like that shown in FIG. 23.

[0246] In other embodiments, instead of the optical filter 950, the imaging device
200 may include a transparent metal (e.g., ITO) coupled between the glass substrate
and the second scintillator layer 202b.

[0247] It should be noted that the term “first scintillator layer” and the term
“second scintillator layer’ need not refer to the top scintillator layer and the bottom
scintillator layer, respectively. For example, in other cases, the first scintillator layer
may refer to the bottom scintillator layer, and the second scintillator layer may refer
to the top scintillator layer.

[0248] Returning to FIG. 26, during use, x-ray radiation reaches the first
scintillator layer 202a of the imaging device 200. The first scintillator layer 202a
generates light in response to the x-ray radiation. The generated light then exits the

first scintillator layer 202a and reaches the photo diode array 204 where electrical
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signals are generated in response to the detected light. Some of the radiation will go
through the photo diode array, the glass substrate, and the optical filter 950 to reach
the second scintillator layer 202b. The second scintillator layer 202b generates light
in response to this x-ray radiation. The light from the second scintillator layer 202b
then enters the optical filter 950 from the bottom side of the optical filter 950, and is
filtered by the optical filter 950. Some of the light (i.e., the “on-angle” light) that is not
blocked by the walls of the optical filter 950 will exit the other side of the optical filter
950 and will travel towards and reach a photodiode element at the photo diode array
204. The remaining light (i.e., the “off-angle” light) may be blocked by the walls of
the optical filter 950, which prevent the light from reaching the photo diode array 204.
From an imaging content perspective, only light rays that reach the photo diode array
204 at a substantially orthogonal angle (e.g., 90° + 25°, and more preferably 90° +
15°, and even more preferably 90° £ 10°, and even more preferably 90° + 5°) relative
to the plane of the photo diode array 204 are of interest. Light rays entering at other
angles are generated by events that do not belong to that particular pixel. By
providing the optical filter 950 that is only transparent to light rays substantially
orthogonal to the plane of the photo diode array 204, only the events that are directly
above a particular photodiode element contribute to the signal. This results in
reduction of blurring effect. As shown in the figure, the filtered light from the optical
filter 950 reaches the photo diode array 204, which generates signals in response to
the light from the second scintillator array 202b. Thus, the photo diode array 204 is
configured to detect light from a first (top) side and also from a second (bottom) side
that is opposite from the first side. This configuration is advantageous because it

allows the photo diode array 204 to receive additional light resulted from radiation
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that has passed through the photo diode array 204 initially (i.e., radiation that would
otherwise be un-useable).

[0249] In any of the embodiments described herein, angle filtering may be
achieved by selecting an index of refraction of the involved materials, such that only
light impinging the optical filter from the desired angle range passes through.

[0250] Also, in any of the embodiments described herein, the optical filtering
feature may be used for imagers based on direct conversion techniques.

[0251] FIG. 27 illustrates another imaging device 300. The imaging device 300
includes a grid 302 defining a plurality of voids that are filled with oxyhalide material
304 (e.g., oxyhalide glass). Such device provides small independent pixels
assembled in a two dimensional array. The spatial resolution of such device comes
from the discontinuity in the light path from pixel to pixel. The grid 302 may be made
from metal, plastic, ceramic, or any of other materials that is appropriate for
separating the oxyhalide material 304. The pixelated oxyhalide material 304 may be
achieved using different techniques. In some embodiments, a slab of the oxyhalide
material may be sliced into desired pixel size. In other embodiments, the oxyhalide
material may be casted into a mold having a desired pixel size. In further
embodiments, the oxyhalide material may be drawn into long fibers which are then
cut to desired length. The grid 302 with the oxyhalide material 304 may be placed in
operative position relative to a detector, such as a flat panel imager (located
underneath the grid 302), which is not shown. In the illustrated embodiments, the
grid 302 with the oxyhalide material 304 is coupled to the detector. In some
embodiments, the grid 302 with the oxyalide material 304 may be considered to be

parts of a scintillating layer.
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[0252] During use, the oxyhalide materials 304 in at least some of the voids in the
grid 302 receive radiation, and generate light in response to the received radiation.
Light emitted by scintillating events within the oxyhalide material 304 is directed by
the wall of the grid 302 towards the flat panel imager. The directed light then
reaches the detector, which generates electrical signals in response to light received
by the detector.

[0253] In other embodiments, instead of having the oxyhalide material 304 in
separate pixelated form, the imaging device 300 may have a slab of oxyhalide
material (e.g., oxyhalide glass). FIG. 28 illustrates another imaging device 300 that
includes a slab of oxyhalide material 350, an optical grid 352 aligned with the
oxyhalide material 350, and detector (e.g., a flat panel imager) 354 aligned with the
optical grid 352. Thus, the optical grid 352 is coupled between the slab of oxyhalide
material 350 and the detector 354. In some embodiments, the optical grid 352 may
be an array of fiber-optics. In other embodiments, the optical grid 352 may be a
plate with holes spaced at a desired pitch to achieve a desired spatial resolution.
[0254] During use, the slab of oxyhalide material 350 receives radiation, and
generates light in response to the received radiation. Light emitted by scintillating
events within the oxyhalide glass is collimated by the optical grid 352. The
collimated light then reaches the detector 354, which generates electrical signals in
response to light received by the detector 354.

[0265] The embodiments described with reference to FIGS. 27-28 are
advantageous over use of thick single crystal arrays. In particular, the use of
oxyhalide material in the imaging device is less expensive to implement than that of
single crystal arrays, and also provides sufficient dose efficiency compared to that

achieved using thick single crystal arrays. The use of oxyhalide material is also
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advantageous over imaging devices that use phosphor screens, or x-ray sensitive
film, because the oxyhalide material provides higher efficiency compared to imaging
devices that use phosphor screens and x-ray sensitive film, resulting in less dose
delivered during imaging.

[0256] The features described with reference to FIGS. 27-28 may be
implemented for the imaging devices described in FIGS. 2A-2D, 6A-6C, 8A-8D, 9,
10, 17, 21A-21B, and 22-26. For example, the scintillator layer in any of these
figures may be implemented using oxyhalide material like the block of oxyhalide
material described with reference to FIG. 28. Alternatively, the scintillator layer in
any of the above figures may be implemented using a grid with oxyhalide material
between walls of the grid, like that described with reference to FIG. 27.

[0257] It should be noted that the embodiments of the imaging device described
herein are not limited to portal imagers, and that any of the embodiments of the
imaging device (such as any of the embodiments of FIGS. 2A-2D, 6A-6C, 8B-8E, 9,
10, 21-26) described herein may be used with diagnostic radiation beam.

[0258] In the above embodiments, various features have been described with
reference to medical imaging. In other embodiments, any or all of the features
described herein may be implemented for security application. For example, in
some embodiments, any of the imagers described herein may be employed for cargo
screening.

[0259] Although particular embodiments have been shown and described, it will
be understood that it is not intended to limit the claimed inventions to the preferred
embodiments, and it will be obvious to those skilled in the art that various changes
and modifications may be made without department from the spirit and scope of the

claimed inventions. The specification and drawings are, accordingly, to be regarded
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in an illustrative rather than restrictive sense. The claimed inventions are intended to

cover alternatives, modifications, and equivalents.
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CLAIMS

1. An imaging device, comprising:
a scintillator layer; and
an array of photodiode elements;
wherein the scintillator layer is configured to receive radiation after it has

passed through the array of photodiode elements.

2. The imaging device of claim 1, wherein the scintillator layer is configured to
generate optical photons in response to the received radiation, and the photodiode
elements are configured to generate electrical signals in response to the optical

photons.

3. The imaging device of claim 1, further comprising a glass substrate, wherein
the array of detector elements is secured to the glass substrate, wherein the glass
substrate has a first side and an opposite second side, the first side being closer to a

radiation source than the second side.

4. The imaging device of claim 3, wherein the array of detector elements is

located closer to the first side of the glass substrate than the second side.

. The imaging device of claim 3, wherein the array of detector elements is

located closer to the second side of the glass substrate than the first side.
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6. The imaging device of claim 1, further comprising a layer of focusing elements

located between the array of photodiode elements and the scintillator layer.

7. The imaging device of claim 6, wherein the layer of focusing elements

comprises a fiber optic array.

8. The imaging device of claim 7, wherein one or more sides of the scintillator

layer are beveled.

9. The imaging device of claim 6, wherein the layer of focusing elements

comprises a brightness enhancement film (BEF).

10.  The imaging device of claim 1, further comprising an additional scintillator
layer, wherein the array of photodiode elements is located between the scintillator

layer and the additional scintillator layer.

11.  The imaging device of claim 1, wherein the scintillator layer comprises an
array of scintillator elements, and at least two of the scintillator elements are

separated by an air gap.

12. The imaging device of claim 11, wherein the air gap extends from a first side

of the scintillator layer to a second side of the scintillator layer.

13.  The imaging device of claim 11, wherein the at least two of the scintillator

elements are separated by an additional air gap, wherein the air gap extends from a
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first side of the scintillator layer, and the additional air gap extends from a second

side of the scintillator layer.

14.  The imaging device of claim 1, wherein the scintillator layer comprises an
array of scintillator elements, and at least two of the scintillator elements are

separated by a wall that is configured to reflect photons.

15.  The imaging device of claim 14, wherein the wall has a photon-reflectivity that

varies through a thickness of the scintillator layer.

16. The imaging device of claim 1, wherein the scintillator layer comprises a first
scintillator portion with a first index of refraction, and a second scintillator portion with

a second index of refraction that is different from the first index of refraction.

17.  The imaging device of claim 1, further comprising an additional scintillator
layer having a plurality of scintillator elements, wherein the scintillator layer has a
first plane and the additional scintillator layer has a second plane, and the scintillator
layer and the additional scintillator layer are arranged next to each other so that the

first plane and the second plane form a non-zero angle relative to each other.

18.  The imaging device of claim 17, wherein the photodiode elements are
arranged in a flat plane, and wherein the imaging device further comprises fiber
optics coupling the respective scintillator elements in the scintillator layer and in the

additional scintillator layer to the respective photodiode elements.
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19.  The imaging device of claim 1, wherein the scintillator layer is non-pixelated.

20.  The imaging device of claim 19, further comprising an optical grid coupled to

the scintillator layer.

21.  The imaging device of claim 20, wherein the optical grid comprises a one-

dimensional grid.

22.  The imaging device of claim 20, wherein the optical grid comprises a two-

dimensional grid.

23. The imaging device of claim 20, wherein the optical grid comprises reflecting

walls or a device with a variation in index of refraction for internal reflection.

24.  The imaging device of claim 20, wherein the optical grid comprises metalized

mylar.

25.  The imaging device of claim 1, further comprising a plate coupled to the

scintillator layer.

26.  Animaging device, comprising:

a scintillator layer having a plurality of scintillator elements configured to
convert radiation into photons; and

an array of photodiode elements configured to receive photons from the

scintillator layer, and generate electrical signals in response to the received photons;
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wherein at least two of the scintillator elements are separated by an air gap.

27.  The imaging device of claim 26, wherein the air gap extends from a first side

of the scintillator layer to a second side of the scintillator layer.

28. The imaging device of claim 26, wherein the at least two of the scintillator
elements are separated by an additional air gap, wherein the air gap extends from a
first side of the scintillator layer, and the additional air gap extends from a second

side of the scintillator layer.

29. The imaging device of claim 26, wherein the scintillator layer comprises a first
scintillator portion with a first index of refraction, and a second scintillator portion with

a second index of refraction that is different from the first index of refraction.

30.  The imaging device of claim 26, further comprising a layer of focusing

element(s) located between the array of photodiode elements and the scintillator

layer.

31.  The imaging device of claim 30, wherein the layer of focusing element(s)

comprises a fiber optic array.

32. The imaging device of claim 30, wherein the layer of focusing element(s)

comprises a brightness enhancement film (BEF).
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33.  The imaging device of claim 26, wherein the scintillator layer is configured to

receive radiation that has passed through the array of photodiode elements.

34.  The imaging device of claim 26, wherein the scintillator layer is configured to

receive radiation before the array of photodiode elements.

35. The imaging device of claim 26, further comprising an additional scintillator
layer having a plurality of scintillator elements, wherein the scintillator layer has a
first plane and the additional scintillator layer has a second plane, and the scintillator
layer and the additional scintillator layer are arranged next to each other so that the

first plane and the second plane form a non-zero angle relative to each other.

36. The imaging device of claim 35, wherein the photodiode elements are
arranged in a flat plane, and wherein the imaging device further comprises fiber
optics coupling the respective scintillator elements in the scintillator layer and in the

additional scintillator layer to the respective photodiode elements.

37.  The imaging device of claim 26, further comprising a plate coupled to the

scintillator layer.

38.  Animaging device, comprising:

a first scintillator layer having a plurality of scintillator elements arranged in a
first plane; and

a second scintillator layer having a plurality of scintillator elements arranged in

a second plane;
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wherein the first scintillator layer and the second scintillator layer are arranged

next to each other and form a non-zero angle relative to each other.

39. The imaging device of claim 38, further comprising an array of photodiode

elements coupled to the first scintillator layer and the second scintillator layer.

40. The imaging device of claim 39, wherein the first scintillator layer and the
second scintillator layer are configured to receive radiation that has passed through

the array of photodiode elements.

41.  The imaging device of claim 39, wherein the first scintillator layer and the
second scintillator layer are configured to receive radiation before the array of

photodiode elements.

42.  The imaging device of claim 39, wherein the photodiode elements are

arranged in a flat plane.

43.  The imaging device of claim 42, further comprising fiber optics coupling the

respective scintillator elements in the first scintillator layer and in the second

scintillator layer to the respective photodiode elements.

44,  The imaging device of claim 38, wherein the first scintillator layer is non-

pixelated.
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45.  The imaging device of claim 44, further comprising an optical grid coupled to

the first scintillator layer.

46. The imaging device of claim 45, wherein the optical grid comprises a one-

dimensional grid.

47.  The imaging device of claim 45, wherein the optical grid comprises a two-

dimensional grid.

48.  The imaging device of claim 45, wherein the optical grid comprises reflecting

walls or a device with a variation in index of refraction for internal reflection.

49.  The imaging device of claim 45, wherein the optical grid comprises metalized

mylar.

50.  The imaging device of claim 38, further comprising an attenuating material

located between the first scintillator layer and the second scintillator layer.

51.  The imaging device of claim 38, wherein at least two of the scintillator

elements in the first scintillator layer are separated by an air gap.

52.  The imaging device of claim 38, wherein at least two of the scintillator

elements in the first scintillator layer are separated by a wall that is configured to

reflect photons.
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53.  The imaging device of claim 52, wherein the wall has a photon-reflectivity that

varies through a thickness of the scintillator layer.

54.  Animaging device, comprising:

a non-pixelated scintillator layer configured to receive radiation and generate
photons in response to the radiation;

an array of photodiode elements configured to generate electrical signals in
response to the photons; and

an optical grid located between the non-pixelated scintillator layer and the

array of photodiode elements.

55.  The imaging device of claim 54, wherein the optical grid comprises a one-

dimensional grid.

56.  The imaging device of claim 54, wherein the optical grid comprises a two-

dimensional grid.

57.  The imaging device of claim 54, wherein the optical grid comprises reflecting

walls or a device with a variation in index of refraction for internal reflection.

58.  The imaging device of claim 54, wherein the optical grid comprises metalized

mylar.

59.  The imaging device of claim 54, wherein the scintillator layer is configured to

receive radiation that has passed through the array of photodiode elements.

67



WO 2017/059086 PCT/US2016/054472

60. The imaging device of claim 54, wherein the scintillator layer is configured to

receive radiation before the array of photodiode elements.

61. The imaging device of claim 54, further comprising an additional non-pixelated
scintillator layer, and an additional optical grid, wherein the additional non-pixelated
scintillator layer and the additional optical grid are located between the optical grid

and the array of photodiode elements.

62. The imaging device of claim 61, wherein the optical grid and the additional

optical grid have different respective grid pitches.

63. The imaging device of claim 54, wherein the scintillator layer has a first index
of refraction, and the optical grid has a second index of refraction that is less than

the first index of refraction.

64. The imaging device of claim 54, further comprising an additional scintillator
layer, wherein the array of photodiode elements is located between the scintillator

layer and the additional scintillator layer.

65.  Animaging device comprising:

a first scintillator layer;

an array of photodiode elements; and
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a first optical filter coupled between the first scintillator layer and the array of
photodiode elements, the first optical filter having a plurality of filter openings for
passage of light therethrough;

wherein a spacing between two of the filter openings that are adjacent to each
other is different from a spacing between two of the photodiode elements that are

adjacent to each other.

66. The imaging device of claim 65, wherein the first optical filter comprises a rear

projection foil.

67. The imaging device of claim 65, wherein the first optical filter comprises a

prism structure.

68. The imaging device of claim 65, wherein the first optical filter comprises a

plurality of optical fibers.

69. The imaging device of claim 68, wherein at least one of the optical fibers is

located in one of the filter openings.

70.  The imaging device of claim 65, further comprising a second optical filter

located between the first optical filter and the array of photodiode elements.

71.  The imaging device of claim 70, further comprising a substrate, wherein the

first optical filter is coupled to a first side of the substrate, and the second optical filter
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is coupled to a second side of the substrate, the second side of the substrate being

opposite from the first side of the substrate.

72.  The imaging device of claim 65, further comprising a second scintillator layer,
wherein the second scintillator layer is configured to receive radiation from a
radiation source, and generate light in response to the radiation for detection by a
first side of the array; and
wherein the first scintillator layer is configured to receive radiation exited from
the second scintillator layer, and generate light in response to the radiation exited
from the second scintillator layer for detection by a second side of the array that is

opposite from the first side of the array.

73.  Animaging device comprising:

an array of photodiode elements;

a capillary array having a plurality of capillaries, the capillary array located in
an operative position with respect to the array of photodiode elements; and

scintillator blocks located in respective capillaries;

wherein the scintillator blocks comprise a first scintillator block and a second
scintillator block, and wherein the capillary array has a wall between the first and
second scintillator blocks for preventing light generated in the first scintillator block

from reaching the second scintillator block.

74.  The imaging device of claim 73, wherein a spacing between two of the
capillaries that are adjacent to each other is different from a spacing between two of

the photodiode elements that are adjacent to each other.
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75.  The imaging device of claim 73, wherein a spacing between two of the
capillaries that are adjacent to each other is equal to a spacing between two of the

photodiode elements that are adjacent to each other.

76.  Animaging device, comprising:
a scintillating layer configured to generate light in response to radiation; and
a detector coupled to the scintillating layer, wherein the detector is configured
to generate electrical signals in response to the light;

wherein the scintillating layer comprises an oxyhalide material.

77.  The imaging device of claim 76, wherein the oxyhalide material is in a form of

glass.

78.  The imaging device of claim 76, wherein the scintillating layer comprises a

slab made from the oxyhalide material.

79.  The imaging device of claim 78, further comprising a grid disposed between

the scintillating layer and the detector.

80.  The imaging device of claim 76, wherein the scintillating layer comprises a

grid having grid walls, and the oxyhalide material is disposed between two of the grid

walls.
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Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. I:] Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. Il  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

See supplemental page

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. @ No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-25

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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INTERNATIONAL SEARCH REPORT International application No,

PCT/US2016/054472

Continued from Box No. Ill Observations where unity of invention is lacking

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group |, claims 1-25, drawn to an imaging device.

Group I, claims 26-37, drawn to an imaging device, comprising: a scintillator layer.

Group lll, claims 38-53, drawn to an imaging device, comprising: a first scintillator layer having a plurality of scintillator elements
arranged in a first plane.

Group IV, claims 54-64, drawn to an imaging device, comprising: a non-pixelated scintillator layer configured to receive radiation and
generate photons in response to the radiation.

Group V, claims 65-72, drawn to an imaging device comprising: a first scintillator layer; an array of photodiode elements; and a first
optical filter coupled between the first scintillator layer and the array of photodiode elements.

Group VI, claims 73-75, drawn to an imaging device comprising: an array of photodiode elements; a capillary array having a plurality of
capillaries.

Group VII, claims 76-80, drawn to an imaging device, comprising: a scintillating layer configured to generate light in response to
radiation.

The inventions listed as Groups I-VII do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons: the special technical feature of the Group
| invention: wherein the scintillator layer is configured to receive radiation after it has passed through the array of photodiode elements
as claimed therein is not present in the invention of Groups II-VIl. The special technical feature of the Group |l invention:  wherein at
least two of the scintillator elements are separated by an air gap as claimed therein is not present in the invention of Groups |, lII-VII.
The special technical feature of the Group Ill invention: wherein the first scintillator layer and the second scintillator layer are arranged
next to each other and form a non-zero angle relative to each other as claimed therein is not present in the invention of Groups |, I,
IV-VIl. The special technical feature of the Group |V invention: an optical grid located between the non-pixelated scintillator layer and
the array of photodiode elements as claimed therein is not present in the invention of Groups |, Il, lll or V-VII.  The special technical
feature of the Group V invention: a spacing between two of the filter openings that are adjacent to each other is different from a spacing
between two of the photodiode elements that are adjacent to each other as claimed therein is not present in the invention of
Groups -1V, VI-VIl. The special technical feature of the Group VI invention: wherein the scintillator blocks comprise a first scintillator
block and a second scintillator block, and wherein the capillary array has a wall between the first and second scintillator blocks for
preventing light generated in the first scintillator block from reaching the second scintiflator block as claimed therein is not present in the
invention of Groups |-V, VII. The special technical feature of the Group VIl invention: wherein the scintillating layer comprises an
oxyhalide material as claimed therein is not present in the invention of Groups I-VI.

Groups 1, I, Ill, IV, V, VI, and VIl lack unity of invention because even though the inventions of these groups require the technical feature
of a scintillator layer having a plurality of scintillator elements configured to convert radiation into photons, this technical feature is not a
special technical feature as it does not make a contribution over the prior art.

Specifically, US 2013/0256538 A1 (VOGTMEIER) 03 October 2013 (03.10.2013) teaches a scintillator layer having a plurality of
scintillator elements configured to convert radiation into photons (Abstract).

Since none of the special technical features of the Group |, {1, lll, IV, V, VI, or VIl inventions are found in more than one of the inventions,
unity of invention is lacking.
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