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(57) Abstract: An x-ray imaging system may include an x-ray gen-
erator, one or more radiation detectors, a rotary stage, a linear
translation stage, a motion control system, and a data acquisition
system. The rotary stage has an axis of rotation arranged perpen-
dicular to an axis of an x-ray beam emitted by the x-ray generator.
The linear translation stage may be configured to move the rotary
stage linearly along an axis aligned with the axis of rotation of the
rotary stage. The motion control system may synchronize rotation-
al motion of the rotary stage and linear motion of the linear transla-
tion stage. The data acquisition system may comprise processors
configured to receive user input parameters. The processors may
configure, based at least in part on the user input parameters, the x-
ray imaging system to acquire radiographs. The processors may
generate a three-dimensional image from the radiographs.
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HELICAL COMPUTED TOMOGRAPHY

8061} This application claims the benefit of U.S. Provisional Patent Application No.
61/808.,424, filed April 4, 2013, the entire content of which 1s incorporated herein by

reference.

TECHNICAL FIELD

[80682] This disclosure relates to computed tomography.

BACKGROUND

[9683] X-ray computed tomography (CT) 1s a procedure that uses computer-processed x-
rays to produce tornographic images of an object. A tomographic image of an object s an
tmage of a conceptually two-dimensional “slice” of the object. A computing device may
use the tomographic images of the object to generaie a 3-dimeunsional image of the object.
X-ray CT may be used for industrial purposes to conduct non-destructive evahation of

objects.

SUMMARY

13804} In general, this disclosure describes an x-ray imaging system for helical (i.e.,
spiral} computed tomography (CT). The x-ray imaging system includes an x-ray
generator, one or more radiation detectors, a rotary stage, a Hocar translation stage, a
motion control system, and a data acquisition system. The x-ray generator may ¢mit a
fan-shaped or cone-~shaped x~ray beam. The rotary stage has an axis of rotation arvanged
substantially perpendicular to an axis of the x-ray beam. The lincar translation stage is
configured to move the rotary stage linearly along an axis aligned with the axis of rotation
of the rotary stage. The motion control system synchronizes rotational motion of the
rotary stage and hincar motion of the lincar translation stage such that 4 point on a sample
supported by the rotary stage traces out a spiral or helical pattern. Thus, the rotatory stage
niay move lincarly along an axis while rotating around the same axis. The data
acquisition system includes one or wore processors configured to receive user nput
parameters. Based at least in part on the user input parameters, the one or more
processors configure the x~-ray imaging system to acquire radiographs. The one or more

processors generate a three-dimensional image based at least in part on the radiographs.
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188657 In one example, this disclosure describes an x-ray imaging system comprising: an
R-ray generator; one or more radiation detectors; 4 rotary stage having an axis of rotation
arranged perpendicular to an axis of an x-ray beam emitted by the x-ray generator; a
finear translation stage having an axis of movement arranged along the axis of rotation of
the rotary stage; a ruotion confrol systern that synchronizes rotational motion of the rotary
stage and lincar motion of the lincar translation stage such that a point on a sample
supported by the rotary stage traces out a spiral or helical patiern; and a data acquisition
systemi comprising one or more processors configured to: receive user input parameters;
contigure, based at least in part on the user input parameters, the x~-ray imaging system to
acquire radiographs; and generate a three-dimensional image based at least in part on the
radiographs.

10806] In another example, this disclosure describes a method comprising: receiving user
mput paramcters; configuring, based at loast in part on the user input parameters, an X-ray
tmaging system to acquire radiographs, the x-ray imaging system comprising: an x-ray
generator; one or more radiation detectors; a rotary stage having an axis of rotation
arranged perpendicalar to an axis of an x-ray beam ernitted by the x-ray generator; a
fincar translation stage having an axis of movement arranged along the axis of rotation of
the rotary stage; and a motion control system that synchronizes rotational motion of the
rotary stage and lincar motion of the linear translation stage such that a point on a sample
supported by the rotary stage traces out a spiral or helical patiermn; and generating a three-
dimensional image based at least in part on the radiographs.

[9867] In another cxample, this disclosure describes @ non-transitory computer-readable
data storage medium having instructions stored thereon that, when executed, cause a
computing systern to: receive user input parameters; configure, based at least in part on
the user input parameters, an X-ray imaging system to acquire radiographs, the x-ray
imaging systenm comprising: an x-ray generator; one or more radiation detectors; a rotary
stage having an axis of rotation arranged perpendicular to an axis of an x-ray beam
emitted by the x-ray generator; a linear transiation stage having an axis of movement
arranged along the axis of rotation of the rotary stage; and a motion control system that
synchronizes rotational motion of the rotary stage and lincar motion of the lincar
translation stage such that a point on a sample supported by the rotary stage traces out a
spiral or helical pattern; and generate a three-dimensional image based at least in part on

the radiographs.
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[8808] The details of one or more examples are set forth in the accompanying drawings
and the description below. Other features, objects, and advantages will be apparent trora

the description, drawings, and from the claims.

BRIEF DESCRIPTION OF DRAWINGS

[68G9] FIG. 1 is a system diagram with both schematic elements and block element,
tlustrating an example instruracntal sctup in accordance with one or more examples of
this disclosure.

10818} FIG 2 is a block diagram dlustrating an example lens-coupled high-resolution x-
ray detector, in accordance with one or more techniques of this disclosure.

[0811] FIG 3A1s a diagram illustrating an cxample system parameter setup nterface, in
accordance with one or more techniguoes of this disclosure.

16012} FIG 3B is a diagram illustrating an example conventional {i.e., non-spiral})
computed tomography (CT) scan setup interface, in accordance with one or more
techniques of this disclosure.

[8613] FIG. 3C is g diagram illustrating another example conventional (i.¢., non-spiral}
CT scan setup interface, in accordance with one or more techniques of this disclosure.
0614} FIG 3D 1s g diagram tlustrating an example spiral CT scan setup nterface, in
accordance with one or more techniques of this disclosure.

[0815] FIG 3E 15 a diagram llustrating another example spiral CT scan sctup interface, in
accordance with one or more techniques of this disclosure.

10816} FIG 3F is a diagram dlustrating an example image preview interface, in
accordance with one or more techuiques of this disclosure.

[6817] FIG. 4A is a diagram illustrating a volume rendering of an example 3-dimensional
structure obtained using spiral-CT.

[8018] FIG. 4B is a diagram illustrating a first cxample cross-sectional image of the 3-
dimensional structure of FIG. 4A.

[0619] FIG. 4C 1s a diagram illustrating a second example cross-sectional image of the 3-
dimensional structure of FIG. 4A.

16928] FIG. 4D 1s a diagram illustrating a third example cross-sectional image of the 3~
dimensional structure of FIG. 4A.

10621} FIG. 4E s a diagram illusirating an example cross~-sectional image of the 3-

dimensional structure of FIG. 4A.
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188221 FIG. S s a conceptual illustration of a weighted back-projection functional
construction, in accordance with one or more techniques of this disclosure,
[0623] FIG 6 is a flowchart dlustrating an example operation of an industrial CT system,

in accordance with one or roore techniques of this disclosure.

DETAILED DESCRIPTION

[0824] X-ray computed tomography (CT) 15 a commonly used technique of non-
tnvasively or non-destructively obtaining three-dimensional structures in medical imaging
and industrial non-destructive evaluation (NDE). The technigues of this disclosure
provide for an apparatus for obtaining the three-dimensional (3D} structure of objects
{c.g. clongated objects) using an x-ray CT technique. The techniques of this disclosure
also provide for justrumentation, a user control wecharmism, and software algorithms of
the apparatus. The apparatus may be used for NDE of naturally-occurring objects such as
rock core samples, as well as mamufactured components and systerns. The apparatus may
comprise an x-ray source, a radiation detector, and a rotary stage. The rotary stage may
rotate sarnples so that radiographs can be obtamed at differcnt viewing angles. The x-ray
source, the radiation detector, and the rotatory stage may cach be mounted on linear
positioning stages to place the x-ray source, the radiation detector, and the rotary stage in
different geometric configurations. In one example configuration described in this
disclosure, the systern may provide a resolution ranging from 0.5 micrometers to 100
micTometers.

[0025] FIG. 1 1s a system diagram with both schematic clements and block elements
illustrating av exarple instrumental setup, 1 accordance with one or more examples of
this disclosure. As shown in the example of FIG. 1, an industrial CT system 10 may
comprise an x-ray source 12, a radiation detector 14, and a computing system 22.
Although not shown in the example of FIG. 1, industrial CT system 10 may comprise one
or more radiation detectors in addition to radiation detector 14,

166261 A sample may be mounted on a rotary stage 16. Example types of samples
mclude machinery, rock cores, or other types of objects. In typical examples, an axis of
rotation 17 of rotary stage 16 is perpendicular to the x-ray beam axis 19 {i.¢., an axis of an
x-ray bearn 18 cmitted by x-ray gencrator 12). Accordingly, mdustrial CT system 10 may
acquire radiographs at different projection angles as the sample is rotated n x-ray beam

1&. In the cxample of FIG. 1, x-ray beam 18 is cone-shaped. In other examples, x-ray



WO 2014/165455 PCT/US2014/032422

beam 18 is fan-shaped. In some examples, x-ray source 12 may provide x-rays with an
energy range of 20 keV to 600 keV.
16627} Furthermore, industrial CT system 10 may include a vertical stage 20 that may
move vertically. Rotary stage 16 is roounted or otherwise coupled to vertical stage 20
such that rotary stage 16 moves vertically when vertical stage 20 roves vertically. The
motion of vertical stage 20 may be synchronized with the rotational motion of rotary
stage 16 such that a poiot on a sample supported by rotary stage 16 and/or vertical stage
20 traces out a spiral or helical pattern. In other examples, rotational stage 16 may be
woved Hnearly 1o other divections. For instance, indusirial CT system 10 may mchude a
stage that moves rotary stage 16 in a direction other than vertical. Accordingly, this
disclosure may refer to vertical stage 20 as “lincar translation stage 20.” In this way,
industrial CT system 10 may comprise a linear translation stage having an axis of
movement arranged along the axis of rotation of rotary stage 16. Movement of hinear
transiation stage 20 along the axis of rotation 17 of rotary stage 16 results in movement of
rotary stage 16 {as well as any sample mounted on rotary stage 16) along the axis of
rotation 17 of rotary stage 16.
[0828] Radiation detector 14 may comprise a flat panel x-ray detector (FPD) as shown in
the example of FIG. 1. In other examples, radiation detector 14 may coroprise a lens-
coupled scintillation detector, a linear diode array (LD A), or another type of device that
detects radiation. Thus, ndustrial CT systern 10 may comprise one or more radiation
detectors including at least one oft a flat-pane] radiation detector, a lens-coupled high-
csolution x-ray detector, and a lincar diode array radiation detector,
189298] Farthermore, in the example of FIG. 1, industrial CT system 10 comprises a
computing systern 22, Computing system 22 may corprise one or more computing
devices, such as personal computers, laptop computers, server computers, mainframe
computers, special-purpose computers, and so on. In some examples, computing system
22 may be located rewotely from other components of industrial CT system 10, For
instance, computing system 22 may, from the perspective of users of the other
components of industrial CT systern 10, exist in “the cloud.”
[0838] Computing system 22 may tmplement a motion control systemn 24 and a
computer-controlled data acquisition systern 26. Motion control systera 24 may
synchronize rotational motion of rotary stage 16 and hinear motion of linear transiation
stage 20. 1o other examples, motion countrol system 24 may be tmplemented separately

form data acquisition system 24,
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18831} Data acquisition system 26 may receive input parameters from one or more users.
In some examples, data acquisition systern 26 may receive indications {¢.g., from mput
devices, such as keyboards, touchscreens, ete., or remote computing device) of user tnput
of the mput pararacters. Data acquisition systern 26 may configure, based at east in part
on the user input pararoeters, the x-ray imaging syster to acquire radiographs.
Furthermore, data acquisition system 26 may acquire radiographs from radiation detector
14 {and/or other radiation detectors of industrial CT systern 10), digitally record the
radiographs, and process the radiographs. For instance, data acquisition system 26 may
generate a three~-dimensional image based at least in part on the radiographs. In this way,
data acquisition system 26 may acquire radiographs, digitally record the radiographs, and
reconstruct a 3-dirnensional image from the radiographs.

10632} In an example CT cycle, a sample under test may be rotated across a range of 180
degrees with radiographs acquired at specific intervals, The radiographs may then be
mathematically assembled into 3D volume data representing the 3D structure of the
sample under test. A disadvantage of this type of configuration may be the limited field
of view, as only portions of the saraple exposed to the x-ray beam cone can be examiuned.
Hence, with clongated samples, only a partial velume can be imaged during cach €T
cycle. v order to image the complete sample, a series of multiple CT cycles roust be
performed independently on different portions of the sample, and the resulting series of
3D images must then be stitched numerically to obtain an image of the full structure.
[6633] The techniques of this disclosure may overcome this limitation with the use of a
motorized linear stage with s rootion axis parallel to the saraple’s long axis. During a
CT scan, the linear stage (e.g., linear translation stage 203} may continnously move the
entire sample across the x-ray beam cone {¢.g., x-ray beam 18) in a synchronized fashion
to the rotation motion of rotary stage 16. With this additional motion, a point on the
sample may effectively trace out a spiral or helical pattern. Hence, this approach may be
referred to herein as spival CT or helical T, Usiong this technigue, an clongated sample
can be scanned in a single cycle without the need of user intervention or additional
numerical stitching. The techniques of this disclosure way present significant advantages
over the conventional technique for a wide range of applications.

[6834] The techniques of this disclosure may apply primarily to industrial CT systems
focusing on high-resohution applications. Industrial CT system 10 may include a number
of novel clemaents. For example, industrial CT system 10 may inchude a novel

instrumentation design, including novel detector designs incorporating detectors for a
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wide range of resolution and field of view combinations. In another example, indusirial
CT system 10 may use novel nomerical algorithins for processing the radiographs and
furthermore reconstructing a 3I¥ image from the radiographs.

[6835] A FPD may comprise  layer of scintillation matenal, such as Cesturn Todide,
fabricated on an amorphous silicon on a glass detector array. The sciontilator layer may
absorb x-rays and may emit visible light photons that are, in turn, detected by a solid state
detector. Pixel sizes of radiation detector 14 may range from tens to hundreds of
micrometers. For instance, radiation detector 14 may include a FPD with a pixel size
ranging from 25 roicrometers to 300 micrometers.

18836] FPDs are currently the most commonly used detectors in industrial C'T systems in
a volumctric CT setup. FPDs generally provide 10-100 micrometer resolution in most
applications, and ficlds of view from 10 mim to 400 mm. This design may be well-suited
for objects with coarse features such as printed circuit boards and machined or cast
components. Higher resolution can be achieved with the use of a lens-coupled detector
system that uses lenses with various magnifications to achieve 0.5 micrometer to 10
micrometer resolution and 1 mm to 50 vom fields of view. This design may be well suited
for objects with fine feature sizes such as integrated circuit components or cellular
structures 1 biological systems. At the opposite size range, hugh-energy x-rays of greate
than 300 keV may be used to penctrate large objects such as complete assembled machine
systerns. o these applications, LDA detectors are often used to reduce coutrast reduction
from scattered radiation.

188371 FIG. 2 is a block diagram illustrating an exarople lens-coupled high-resolution x-
ray detector 50, in accordance with one or more techniques of this disclosure. Radiation
detector 14 of industrial CT system 10 may include lens-coupled high-resohution x-ray
detector 58. Lens-coupled x-ray detector S8 may use an additional optical lens 52 to relay
emitted visible light 54 to a detector 56, such as charge-coupled device (CCD) or
complementary metal-oxide-semiconductor (CMOS) detector as shown in the example of
FIG. 2. A scintillator layer of radiation detector 14 may emit visible light 54 when the
scintillator layer absorbs x-rays emitted by x-ray generator 12 or other x-ray source.
[6838] Leons 52 may provide magnification in the range of 0.5x to 100x, thus making the
cttective pixel size of lens-coupled x-ray detector 50 between 0.1 to 20 rucrometers. In
some examples, lens-coupled x-ray detector 50 has a pixel size of 0.1 micrometers to 10
micromcters. In the exaraple of FIG. 2, a murror 58 dirccts visible light 54 from lens 52

to detector 56. Furthermore, in the example of FIG. 2, lens 52 is mounted in a rotary
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turret 60 that includes one or more additional lenses, such as lens 62, Turret 60 may be
rotated or otherwise reconfigured such that emitied visible light 54 passes through lens 62
instead of lens 52. Lens 52 and lens 62 may have different focal lengths and hence may
be used to achieve different resolutions and/or ficlds of view. For instance, lens 52 may
be a wide-field lens and lens 62 may be a high-resolution lens.

188391 To further mitigate the field of view and resohution limitations of cach detector
techoology (1.¢., FPD techuology, lens-coupled high-resoluotion x-ray detector
technology, and LDA technology), industrial C7 system 10 of this disclosure may
combine two or more of these three types of detector techuologies. For example,
industrial CT system 10 may comprise a combined FDP and lens-coupled detector system
to produce a multi-scale imaging system capable of both system-scale NDE with
complete assemblies as well as detailed examination at a sub-micrometer scale. For
mstance, industrial CT system 10 may coraprise a lens-coupled high-resolution detector
with a pixel size in a range of 0.1 micrometers to 10 micrometers, and a flat-panel
detector with a pixel size ranging from 25 micrometers to 300 micrometers. In this
exarople, industrial CT systern 10 may include a mechanical mechanism to switch
between at least the lens-coupled high-resolution x-ray detector and the flat-panel
detector. The use of spiral-CT may further provide extended scanning length with this
resolution and field of view combination for elongated gbjects, such as full rock core
samples or missiles.

[0648] FIGS. 3A-3F are diagrams illustrating example user control interfaces for spiral-
CT, in accordance with one or more techniques of this disclosure. In particular, FIG 3A
is a diagram tlhustrating an example system parameter setup interface 100, FIG 3Bisa
diagrar illustrating an example conventional (1.¢., norn-spiraly CT scan setup interface
15¢. FIG. 3C 1s a diagram ilustrating another example conventional (i.c., non-spiral} CT
scan setup interface, in accordance with one or more techniques of this disclosure. FIG
3D 18 a diagram illustrating an exarple spiral CT scao setap interface 200, FIG. 3E s a
diagram illustrating another example spiral CT scan setup interface, in accordance with
one or more techniques of this disclosure. FIG. 3F is a diagraro illustrating an example
image preview interface 250. Particularly, image preview interface 250 illustrates an
cmulation environment.

18841} System parameter setup interface 100 of FIG. 3A includes user interface (Ul
elements for controlling industrial CT systern 10. The U clements of industrial CT

systemy 10 may enable data acquisition system 26 to receive user input of parameters
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common 1o both spiral CT and non-spiral CT. For instance, system parameter setup
intertace 100 mncludes a UT clement 102 for controlling table rotation (i.c., rotary stage
16), a Ul clement 104 for controliing a position of an x-ray source (e.g., x-ray generator
12}, a Ul clement 106 for controlling a position of radiation detector 14, a Ul clement 108
for controlling a table magnification {¢.g., a position of rotary stage 16 relative to x-ray
generator 12 and radiation detector 14}, and a Ul clement 110 for controlling a
magnification level of radiation detector 14, Furthermore, system parameter setup
mterface 100 includes a set of Ul elements 112 for controlling whether motion axis that
are unused during a CT scan should be disabled, e.g. 108 and 110. The home Ul element
within system parameter setup interface 100 may drive the table rotation to a fixed
reference position. The reset Ul clernent within systern parameter setup interface 100 sets
the current table rotation angle to zero.

[6842] Conventional CT scan setup interface 150 of FIG. 3B may melude UT elements for
configuring industrial CT system 18 to perform a non-spiral U1 scan. For example,
conventional CT scan sctup interface 150 may include a field 152 for entry of the number
of projections to be captured during a CT scan. Conventional CT scan setup mterface 150
may alse include a Ul element to skip frames (projections) to synchronize a desired x-ray
detector acquisition rate with a table rotation rate that mitigates motion blur. A number of
frames may be averaged together into a single projection to reduce noise using the “fr.
average” Ul element. Furthermore, conventional CT scan setup interface 150 may
inchude a button 154 to initiate a CT scan and another button 156 to initiate a calibration
process for industrial CT gystem 10, In addition, conventional CT scan setup interface
150 includes a dropdown box 138 to control the bit depth of pixels of radiographs
acquired i the CT scan. Conventional CT scan sctup interface 150 also mcludes a
textbox 160 for entry of a degree range through which rotary stage 16 rotates during the
CT scan. The degree range may be greater than or equal to 0. In some instances, the
degree range may be greater than 360 degrees. Furthermore, conventional CT scan setup
interface 150 includes a textbox 162 for entry of a number from data acquisition system
28 starts nurmbering radiographs acquired during the CT scan. The numberiog of the
radiographs may be used for subsequent reference to individual radiographs acquired
during the CT scan. Conventional CT scan sctup mnterface 150 may also provide Ul
clements to acquire (snap) a screenshot at the current position of the imaging system or

record a series of screenshots (video) of the imaging window over a peried of time,
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188431 As indicated above, FIG. 3C is a diagram tllustrating another example
conventional (i.e., non-spiraly CT scan sctup mterface 170, in accordance with one or
more techniques of this disclosure. The helical scan setup interface within FIG. 3C may
be displayed by selecting the checkbox 172, labeled “VorteX.)” The user may enter the
range of hnear travel in the “scan height” input field. The type of scan may be selected
using & “scan setup”’ drop down clement 176. Options in the scan setup drop down
element 176 may include fast, roedivm, or precise, which reflect a scan duration-to-
quality tradeoff. The scan setup sclection may combine with the scan height t©
automatically choose other scan-dependent pararociers. When a user cuoters the scan
beight and setup, data acquisition system 28 may receive indications of user input of the
scanning pararmeiers.

10644] Data acquisition system 28 may output scan setup interface 200 of FIG. 3D for
display in response to receiving an indication of user input to select a helical scan
checkbox 134 and/or an advanced checkbox 156 in conventional CT scan setup interface
150 or checkbox 172 and/or an advanced checkbox 178 in conventional CT scan setup
interface 170, o accordance with one or more techniques of this disclosure, the user way
enter a small number of scanning parameters, such as a scan range of the lincar stage {(i.e.,
finear scan range) and optionally the range of lincar travel through each spiral revolution
and the number of revolutions, in the advanced menu. The Hinecar scan range parameter is
indicated as “part height” in the example of FIG. 3D, When a user cuters the scanving
parameters, data acquisition system 28 may receive indications of user input of the
scanming parametors.

18845] Computing system 22 may execute a data acquisition control program to
autornatically optimize key image acquisition parameters {such as total number of
projection, angular spacing, the relative rate of linear and rotation motion) based on these
user inputs and other geometric parameters such as the x-ray source spot size, detector
pixel size, magnification, etc. The image acquisition parameters may also be referred to
herein as “data acquisition parameters.” This optimization may be performed with a set
of proprictary mathematical algorithros that, for exarople, calculate the necessary number
of projections to prevent under-sampling artefacts and accommmodate the user’s time
budget for acquisition.

188461 In this way, the computing device may use one or more algorithms to determine,
based at Icast in part on the linear scan range, onc or more additional data acquisition

parameters and may configure, based at least in part on the one or more additional data

10
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acquisition parameters, the x-ray imaging system to acquire the radiographs. Inoune
exarupic, data acquisition systern 26 may accept user input pararmeters, the user input
parameters consisting of a linear scan range and duration-to-quality scan setup only. In
this exaraple, data acquisition systern 26 uses algorithrus to determine additional data
acquisition parameters, such as the number of projectious, frames to skip, helical pitch
and number of revolutions.

106847} As the spiral CT tnput is wmore complex and some key input parameters may be
fess intuitive than conventional CT setups, having such an optinization system to reduce
the user’s effort roay be helpful to making this technique practical, particularly for a
multi-scale x~ray imaging system spanning a wide resolution and field of view range.
0048} For instance, 1 the example of FIG. 3D, data acquisttion system 28 may receive
an indication of user input of a part height in field 202, The part height may indicate a
height (or length) of a part (¢.g., saraplc) under test. In response, data acquisition system
28 may calculate, based at least in part on the part height, other values shown in spiral CT
scan setup interface 200, such as a helical pitch, a number of helical sets, a number of
revolutions per set, a number of projections per revolution, height differeuce per
projection, angle difference per projection, a set scale indicating the filtered weight to
apply per helical set, total beight difference n the CT scan, total nurber of degrees
rotated in the CT scan, the total number of revolutions of the sample during the CT scan,
and the total nuraber of projections {e.g., radiographs) acquired during the CT scan. Data
acquuisition system 2& may receive indications of user input of the helical set height and a
nurmnber of revolutions during the CT scan and may cause data acquisition syster 28 to
update its parameter calculations. A helical set comprises a number of consecutive
revolutions in the helix whose projected radiographs have, for example,30% overlap
vertically. The helical set height is the vertical extent of a helical set. When a user enters
the scanning parameters, data acquisition system 28 may receive indications of user input
of the scauning parameters. Diata acquisttion system 28 may use values entered in
conventional CT scan setup interface 150 in addition to values entered in spiral CT scan
setap nterface 200 to calculate the scan summary pararoeters shown in FIG, 3D, Inthis
way, the user does not need to mamually calculate or input these parameters; rather the
scan surnrary paramcters are computed, such as total projections from the scan height
and height per projection.

10849} As indicated above, FIG 3E 1s a diagram illustrating another example spiral CT

scan setup interface 230, in accordance with one or more techniques of this disclosure.
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Spiral U7 scan setup interface 230 is similar in some respects to spiral C7T scan setup
interface 200 of FIG 3D, but includes a number of different features.

[6658] Data acquisition system 28 may output scan setup interface 200 of FIG 3E for
display in response to receiving an indication of user input to select a helical scan
advanced checkbox 166 in couventional CT scan setup interface 158 or checkbox 172
and/or an advanced checkbox 178 in conventional CT scan setup interface 170, In
accordance with one or roore techniques of this disclosure, the user may coter a swall
number of scanning parameters, such as a scan range of the lincar stage (i.c., lincar scan
rauge), a helical set height 236, and a number of revolutions 238, 1o the advanced dialog.
The linear scan range parameter is indicated as a “‘scan height” element 232 in the
exampic of FIG. 3E.

10651} In the example of FIG. 3E, data acquisition systern 28 may calculate, based at
icast 1n part on the scan height, helical pitch, helical set height, and/or number of
revoiutions, a number of helical sets, a number of revolutions per set, a number of
projections per revelution, a height difference per projection, an angle difference per
projection, a total height difference in the CT scan, a total namber of degrees rotated in
the CT scan, a total number of revolutions of the sample during the CT scan, and a total
nurnber of projections {e.g., radiographs) acquired during the CT scan.

[0052] FIGS. 4A-4E illustrate example images of a test structure scanned using a spiral-
CT technique and a conventional CT technigue, in accordance with one ot more
techniques of this disclosure. Using a FPD detector, the data was acquired using the
parameters optimized with an algorithrn as deseribed above. The conventional CT image
shows only a small region of the entire structure. In order to obtain the complete
structure, 4 nurnber of such scans may be performed and numerically stitched in post-
processing. In contrast, the spiral-CT image was acquired in a single cycle. The spiral-
CT data also shows better contrast and resolution with fewer artifacts than conventional
CT.

053] FIG. 4A is a diagram iliustrating a volume rendering of an example 3-dimensional
structare obtained using spiral-CT. FIG. 4B is a diagram Ulusirating a first exarople
cross-sectional image of the 3-dimensional structure of FIG. 4A. FIG. 4C is a diagram
thustrating a second cxample cross-scctional image of the 3-diracnsional structure of FIG.
4A. FIG. 4D 1s a diagram lustrating a third example cross-sectional image of the 3-

dimeunsional structure of FIG. 4A. In other words, the 3D structure obtained using spiral-
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CT is shown 1o FIG. 4A as a volume rendering, and its cross-sectional images are shown
in FIGS. 4B, 4C, and 4D along the three axes,

[6654] FIG. 4E s a diagram tllustrating an example cross-sectional image of the 3-
dimensional structure of FIG. 4A. Tn other words, for coraparison, the result from
conventional volumetric CT is shown in FIG. 4E. The artifacts in conventional CT
tmages are most prominent at the top and bottom of reconstruction area shown in FIG. 4E
where the froages are exposed to x-rays at high cone angles. Such artifacts may be
particularly conumon for structures containing primarily flat structures aligned
perpendicular to the rotation axis. Whereas these exposure angles are fixed during a
conventional CT scan, they may vary in a spiral scan sequence as linear translation stage
20 translates. As a consequence, the influence of these high-angle artifacts can be
reduced or eliminated by filtering projection radiographs. Accordingly, one or more
processors of data acquisition systern 26 (FIG. 1) may be configured to perform digital
filtering calculations with acquired radiographs to reduce artifacts associated with
particular cone angles {¢.g., high cone angles) of the x-ray beam. Scveral possible filters
can be used depending ou the sample type.

[6655] For example, one or more processors of data acquisition systern 26 may be
contfigured to perform digital filtering calculations including a Gaussian-type digital filter
with acquired radiographs. In other words, data acquisition system 26 may use a
Gaussian-type digital filter to filter cach of the radiographs. In this example, a weighted
back-projection filtering function such as a Gaussian-type function
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example of FIG 5. Thus, FIG 5 1s a conceptual illustration of a weighted back-projection
functional construction, in accordance with one or more techniques of this disclosure.
[6656] In another example, data acquisition system 26 may use a step function digital
filter to filter cach of the acquired radiographs. A step function may make sharp cut offs
at specific angles. Thus, one or more processors of data acquisition system 26 may be
configured to perform digital filtering calculations including a step function digital filter.
[0657] FIG. 6 18 a flowchart dlusirating an example operation of an ndustrial CT syster,
in accordance with one or more techniques of this disclosure. The example operation of

FIG. 6 1s explained with reference to the exaraple system of FIG. 1. However, the
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technique shown in FIG. 6 is not necessarily limited to use in the system of FIG. 1 and
may be used in other systems.

[0658] In the example of FIG. 6, a data acquisition system {e.g., data acquisition system
26) may receive user input pararmeters (300}, In other words, the data acquisition system
way receive an fudication of user input of the user wmput pararocters. In some examples,
the data acquisition systern may receive user input of a lincar scan range. The linear scan
range may be a range of hnear wotion of a linear translation stage (¢.g., lincar trauvslation
stage 203, Furthermore, in this example, the data acquisition system may use one or more
algorithms to determine, based at least in part on the hinear scan range, one or roore
additional data acquisition parameters.

[0859] The data acquisition systern may configure, based at least in part on the user input
parameters, an X~-ray imaging system (e.g., industrial T system 10} to acquire
radiographs (302). As described elsewhere in this disclosure, an x-ray imaging system
may comprise an x-ray generator (e.g., X-ray generator 12), one or more radiation
detectors (e.g., radiation detector 14}, a rotary stage (¢.g., rotary stage 16) having an axis
of rotation arvanged perpendicular to an axis of x-ray bear emitied by the x-ray
generator, and a lincar translation stage having an axis arranged along the axis of rotation
of the rotary stage. Furthermore, the x-ray fmaging system roay comprise a rootion
control system {(e.g., motion control system 24) that synchronizes rotational motion of the
rotary stage and linear motion of the lincar translation stage. The data acquisition system
may generate a three-dimensional image based at least in part on the radiographs (304).
[0868] The following paragraphs provide further examples of this disclosure.

188617 Example 1. An x-ray imaging system comprising: an xX-ray generator; one or
more radiation detectors; a rotary stage having an axis of rotation arranged substantially
perpendicular to an axis of an x-ray beam emitted by the x-ray generator; a linear
translation stage having an axis arranged along the axis of rotation of the rotary stage; a
motion control system that synchronizes rotational motion of the rotary stage and linear
motion of the linear translation stage; and a data acquisition system comprising one or
more processors configured to: receive user 1nput parameters; configure, based at least in
part on the user input parameters, the x-ray imaging system to acquire radiographs; and
generate a three-dimensional image based at least in part on the radiographs.

188621 Example 2. The x-ray imaging system of example 1, wherein the one or more

radiation detectors include a flat-panel radiation detector.
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[8863] Example 3. The x-ray imaging system of examples 1 or 2, wherein the one or
more processors of the data acquisition systern are further configured to perform digital
filtering calculations with the radiographs.

[0864] Example 4. The x-ray imaging systoem of cxample 3, wherein the digital filter
calculations inclade a Gaussian-type digital filter,

[8065] Example 5. The x-ray imaging system of example 3 or 4, wherein the digital
filter calculations include a step function digital filter.

[0866] Example 6. The x-ray imaging system of any of examples 1-5, wherein the x-
ray generator provides x-rays with an energy range of 20 keV to 600 keV.

188671 Example 7. The x-ray imaging system of any of examples 1-6, wherein the one
or more radiation detectors include a lens-coupled high-resolution x-ray detector,

[0668] Example 8. The x-ray imaging system of example 7, wherein the lens-coupled
high-resohution x-ray detector has a pixel size in a range of 0.1 micrometers to 10
micTometers.

[8069] Example . The x-ray imaging system of example &, wherein the one or more
radiation detectors include a flat-panel detector with a pixel size rangiong from 25
micrometers to 300 micrometers.

108761 Example 10, The x-ray imaging system of examples 7 or X, wherein the one or
more radiation detectors include a flat-panel detector and the x-ray imaging system
further coraprises a raechanical macchanism to switch between at least the lens-coupled
high-resohution x-ray detector and the flat-panel detector.

[6871] Example 11, The x-ray imaging systom of any of exaraples 1-10, wherein the
one or more radiation detectors inclhude a linear diode array type radiation detector.
10672} Exarnple 12, The x-ray imaging systern of any of examples 1-11, wherein the
user input parameters consist of a linear scan range and the one or more processors of the
data acquisition system are configured to: use one or more aigorithms to determine, based
at feast in part on the lincar scan range, one or more additional data acquisition
parameters; and configure, based at least in part on the one or more additional data
acquisition parameters, the X-ray imaging system to acquire the radiographs.

[6673] Example 13, The method of example 12, wherein the one or more algorithms to
determine the additional data acquisition parameters include one or more embedded
algorithms.

10874} Exarnple 14.  The x-ray imaging systern of any of examples 1-13, wherein the

data acquusition system is computer-controlied.
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18875 Example 15, The x-ray imaging system of any of examples 1-14, wherein the
one or more processors of the data acquisition system are configured to digitally record
the radiographs.

[0876] Example 16, An x-ray imaging system configured according to any of examples
1-18.

[8077] Example 7. An x-ray imaging system according to any of technique disclosed
hereiu.

[0878] Example 18,  An x-ray imaging systcm comprising: an X-ray generator; one or
more radiation detectors fnclading flat-panel radiation detectors, lens-coupled high-
resolution x-ray detectors, and linear diode arrays; a rotary stage with an axis arranged
perpendicular to an x-ray beam axis; a lincar translation stage with an axas arranged along
the axis of the rotary stage; a motion control system configured to synchronize the motion
of rotary stage and the lincar translation stage; and a corputer-controlled data acquisition
system that accepts user input parameters, acquires radiographs, digitally records
radiographs, performs digital filtering calculations with the radiographs, and executes
computer code to reconstruct a three~dimensional image from the radiographs.

[6879] Example 19. The x-ray imaging system of example 18, wherein the x-ray
generator provides x-rays with encrgy range of 20 keV to 600 keV.

[3086] Example 20. The x-ray imaging system of examples 18 or 19, comprising a lens-
coupled high-resolution detector with a pixel size in a range of 0.1 micrometers to 10
micrometers,

[0881] Example 21.  The x-ray imaging system of any of exaraples 18-20, comprising a
tinear diode array type radiation detector.

0082} Exarmnple 22.  The x-ray imaging systern of any of examples 18-21, comprising a
jens-coupled high-resolution detector with a pixel size in a range of .1 micrometers to 10
micrometers, and a flat-panel detector with a pixel size ranging from 25 micrometers to
360 micrometers, and a rocchanical maechanism to switch between the lens-coupled high-
resolution detector and the flat-panel detector.

10683} Example 23.  The x-ray imaging systers of any of examples 18-22, wherein the
user input parameters consists of a lincar scan range only and uses embedded algorithms
to determine additional data acquisition pararncters,

[8884] Example 24, The x-ray imaging system of any of examples 18-23, wherein a

Gaussian type digital filter 1s used to process cach radiograph.
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[8885] Example 25, The x-ray imaging system of any of examples 18-24, wherein a
step function digital filter 15 used to process cach radiograph.

[0886] Example 26,  An x-ray imaging system configured according to any of examples
18-25.

138871 The techniques of this disclosure may be imoplemented 1 a wide vartety of devices
or apparatuses. Various components, modules, or units are described in this disclosure to
eraphasize functional aspects of devices contfigured to perform the disclosed techniques,
but do not necessarily require realization by different hardware units. Rather, as
described above, various units may be combined 1o a bardware unit or provided by a
collection of interoperative hardware units, including one or more processors as described
above, in conjunction with suitable software and/or firraware.

10888} In one or more examples, particular functions described may be implemented in
hardware, software, firmware, or any combination theroof, If implemented in software,
the functions may be stored on or transmitted over, as one or more instructions or code, a
computer-readable medium and executed by a hardware-based processing unit.
Computer-readable roedia may include computer-readable storage media, which
corresponds to a tangible medium such as data storage media, or communication media
ncluding any medium that facilitates transfer of a coroputer program from one place to
another, ¢.2., according to a communication protocol. In this manner, computer-readable
media generally roay correspoud to (1) tangible computer-readable storage media which
is non-transitory or {23 a communication medium such as a signal or carrier wave. Data
storage media may be any available media that can be accessed by one or more coraputers
OF 0N OF MOTE Processors to retrieve instructions, code and/or data structures for
fmpiomentation of the techniques described in this disclosure. A coraputer program
product may inchide a computer-readable mediom.

[0889] By way of example, and not limitation, such computer-readable storage media can
comprise RAM, ROM, EEPROM, CD-ROM or other optical disk storage, magnetic disk
storage, or other magnetic storage devices, flash memory, or any other medium that can
be used to store desired prograra code in the form of instructions or data stractures and
that can be accessed by a computer. Also, any connection is properly termed a computer-
readable medium. For example, if instructions are transmitted from a website, server, or
other remote source using a coaxial cable, fiber optic cable, twisted pair, digital
subscriber ine (DSL), or wireless technologies such as infrared, radio, and microwave,

then the coaxial cable, fiber optic cable, twisted pair, DSL, or wireless technologies such
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as infrared, radio, and microwave are included in the definition of medium. It should be
understood, however, that computer-readable storage media and data storage media do
not include connections, carrier waves, signals, or other transient media, but are instead
directed to non-transient, tangible storage media. Dhsk and disc, as used herein, includes
compact disc (CD), laser dise, optical disc, digital versatile disc (DVD), floppy disk and
Blu-ray disc, where disks usually reproduce data magnetically, while discs reproduce data
optically with lasers. Combinations of the above should also be included within the scope
of computer-readable media.

[8898] Instructions may be executed by one or more processors, such 4s one or more
digttal signal processors (DSPs), general purpose microprocessors, application specific
iitegrated circuits {ASICs), ficld programroable logic arrays (FPGAS), or other equivalent
integrated or discrete logic circuitry. Accordingly, the term “processor,” as used herein
may refer to any of the foregoing structure or any other structure suitable for
implementation of the techniques described herein. In addition, in some aspects, the
functionality described herein may be provided within dedicated hardware and/or
software modules. Also, particular portions of the techoiques may be imaplemented in one
or more circuits or logic clements.

188911 Various examples have been described. These and other examples are within the

scope of the following claims.
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WHAT IS CLAIMED Is:

1. An X-ray imaging system comprising:
an x-ray generator;
one or more radiation detectors;
a rotary stage having an axis of rotation arranged perpendicular to an axis of an x-
ray beam emitted by the x~ray generator;
a linear translation stage having an axis of movement arranged along the axis of
rotation of the rotary stage;
a motion control system that synchronizes rotational motion of the rotary stage
and linear motion of the linear translation stage; and
a data acquisition system comprising one or more processors configured to:
reCeive user input parareters;
configure, based at least in part on the user input parameters, the x-ray
imaging system to acquire radiographs; and
generate a three-dimensional image based at least in part on the

radiographs.

2. The x-ray imaging system of claim 1, whercin the one or more processors of the
data acquisition system are further configured to perform digital filtering calculations
with the radiographs to reduce artifacts associated with particular cone angles of the x-ray

beam.

3. The x-ray imaging system of claim 2, wherein the digital filier calculations

inchide a Gaussian-type digital filter.

4. The x-ray imaging systera of claim 2 or 3, wherein the digital filter calenlations

include a step function digital filter.

5. The x-ray imaging system of any of claims 1-4, wherein the one or more radiation

detectors include a flat-pancl radiation detector.

6. The x-ray imaging system of any of clairus 1-5, wherein the x-ray generator

provides x~-rays with an energy range of 20 keV to 600 ke V.
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7. The x-ray imaging system of any of claims 1-6, wherein the one or more radiation

detectors inchude a lens-coupled high-resolution x-ray detector.

8. The x-ray timagiog system of claim 7, wheremn the lens-coupled high-resolution x-
ray detector has a pixel size in a range of 0.1 micrometers to 10 micrometers.

9. The x-ray imaging system of claim §, wherein the one or more radiation detectors
include a flat-panel detector with a pixel size ranging from 25 micrometers to 300
micTometers.

10.  The x-ray imaging system of claim 7, wherein the one or more radiation detectors
mclude a flat-panel detector, and the x-ray imaging systern further comprises a
mechanical mechanism to switch between at least the lens-coupled high-resolution x-ray

detector and the flat-panel detector.

11, The x-ray imaging system of any of claims 1-10, wherein the one or more

radiation detectors include a linear diode arvay type radiation detector.

12, The x-ray fmaging system of any of claims 1-11, wherein the user input
parameters inchude a linear scan range and the one or more processors of the data
acguisition system are configured to:

use one or more algorithms to determine, based at east in part on the linear scan
range, one or more additional data acquisition parameters; and

configure, based at least in part on the one or more additional data acquisition

parameters, the x-ray imaging system to acquire the radiographs.
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13, A method comprising:
receiving user input pararncters;
configuring, based at least in part on the user input parameters, an X-ray imaging
system to acquire radiographs, the x-ray imaging system comprising:
an x-ray generator;
one or more radiation detectors;
a rotary stage haviog an axis of rotation arranged perpendicular to an axis
of an x-ray beam emitted by the x-ray generator;
a linear translation stage baving an axis of movernent arranged along the
axis of rotation of the rotary stage; and
a motion control systern that synchronizes rotational rotion of the rotary
stage and linear motion of the linear transiation stage; and

generating a three-dimensional image based at least in part on the radiographs.

14, The method of claim 13, further comprising performing digital filtering
calculations with the radiographs to reduce artifacts associated with particular cone angles

of the x-ray beam.

15, The method of claim 14, wherein the digital filter calculations include a Gaussian-

type digital filter,

16, The method of clairas 14 or 13, wherein the digital filter calculations include a

step function digital filter.

7. The method of any of claims 13-16, wherein the x-ray generator provides x-rays
with an cnergy range of 20 keV to 600 keV.

~3
i
/

18, The method of any of claims 13-17, wherein the one or more radiation detectors

include a lens-coupled hugh-resolation x-ray detector.

19, The method of claim 18, wherein the lens-coupled high-resolution x-ray detector

bas a pixel size in a range of 0.1 micrometers to 10 micrometers.
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28. The method of claim 19, wherein the one or more radiation detectors include a

flat-pancl detector with 4 pixel size ranging from 25 raicrometers to 300 micrometers.

21. The method of claim 17, wherein the one or more radiation detectors include a
flat-panel detector and the x-ray imaging systern further coroprises a mechanical
mechanism to switch between at least the lens-coupled high-resolution x-ray detector and

the flat-panel detector.

22. The method of any of claims 13-21, wherein the one or more radiation detectors

include a linear diode array type radiation detector.

23. The method of any of claims 13-22, wherein the user input parameters inchude a
finear scan range, and the method further coraprises:

using one or more algorithms to determine, based at least in part on the linear scan
range, one or more additional data acquisition parameters; and

configuring, based at least in part on the one or more additional data acquisition

parameters, the x-ray imaging system to acquire the radiographs.

24. A non-transitory computer-readable data storage medinm having instructions
stored thereon that, when executed, cause a computing system to:
receive user input parameters;
contigure, based at least in part on the uscr input parameters, an x-ray HAZINgG
system to acquire radiographs, the X-ray imaging system comprising:
an x-ray generator;
one or more radiation detectors;
a rotary stage having an axis of rotation arranged perpendicular to an axis
of an x-ray beam emitied by the x-ray generator;
a lincar translation stage having an axis of movement arranged along the
axis of rotation of the rotary stage; and
a motion control system that synchronizes rotational motion of the rotary
stage and lincar motion of the lincar transiation stage such that a point on a sample
supported by the rotary stage traces out a spiral or helical pattern; and

generate a three-dimensional image based at least in part on the radiographs.
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