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X-RAY BACK SCATTERING FOR INSPECTION OF PART

FIELD
This disclosure relates generally to the non-destre inspection of parts, and
more particularly to inspection of parts using y¥-beckscatter apparatuses, systems, and

methods.

BACKGROUND

Some inspection techniques, such as non-destruetieg, foreign object
detection, non-line-of-site examination, etc., amgployed when destruction of a part to
be inspected is not desirable. Certain x-ray inspedcechniques provide a penetrating
scan or examination of a part. Such x-ray inspadgchniques are used in a variety of
applications, such as homeland security, oil argdngi@ing and refining, pipeline
inspection, transportation, automotive, aerospaagine, mining, shipping, and storage,
among others.

Some inspection techniques utilize the detectiox-@ys that pass through a part
from one side of the part to the opposite siddefgart. However, in other inspection
techniques, such as x-ray backscattering technigoes-rays reflected back from the
part (e.g., backscattered x-rays) are detectedhemdused to produce images or an
analysis of the part. The pattern and intensitthefbackscattered x-rays depends upon
the materials and organization of the part. Acaaytyi, the pattern and intensity of the
backscattered x-rays can be used to generate ge jwaich is relied upon to determine
a quality, characteristic, or flaw of the part.

Traditionally, the quality of the image generatgdkkray backscattering
techniques corresponds with the power density@kthays at the location where the x-
rays impact the part to be inspected. For exanmidaer power densities generally lead

to higher image quality. However, according to aamional techniques, an increase in
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the power density of x-rays at the point of impaith a part usually corresponds with an
increase in potentially undesirable effects, siehraincrease in heat generation, energy
consumption, weight, and component and operatistscamong others.
SUMMARY

The subject matter of the present application lea leveloped in response to
the present state of the art, and in particularggponse to the shortcomings of traditional
x-ray backscatter devices, that have not yet belndolved by currently available
techniques. Accordingly, the subject matter ofghesent application has been developed
to provide a backscatter device, and associategrapses, systems, and methods, with a
zone plate, that overcomes at least some of theeathscussed shortcomings of prior art
techniques.

Disclosed herein is an x-ray backscatter appafatuson-destructive inspection
of a part. The apparatus includes an x-ray emnattera zone plate. The x-ray emitter
includes an x-ray shield, a vacuum tube, a cathaadéan anode. The x-ray shield has an
emission aperture. The vacuum tube is within tmayxshield. The cathode is enclosed
within the vacuum tube and is selectively operablgenerate an electron emission. The
anode is enclosed within the vacuum tube and |daatative to the cathode to receive
the electron emission and convert the electrongarisrom the cathode to a hard x-ray
stream. In one embodiment, an x-ray stream is défas a hard x-ray stream if the x-rays
of the stream have an energy level greater thadk&\1. In another embodiment, the x-
ray stream is a hard x-ray stream if it has angnkavel above 50keV. In a further
embodiment, the x-ray stream is a hard x-ray strié#ne x-rays of the stream have an
energy level between approximately 60keV and apprately 80keV. In other
embodiments, the hard x-ray stream includes xnay#ng an energy level greater than
80keV. The anode is located relative to the emmsaerture to direct at least a portion
of the hard x-ray stream through the emission aperiThe zone plate is external to the

x-ray shield and located relative to the emissiparaure. The zone plate receives the
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portion of the hard x-ray stream from the emissipearture of the x-ray shield and
focuses the portion of the hard x-ray stream rexkeivom the emission aperture into a
focused hard x-ray stream. The preceding subjettemaf this paragraph characterizes
example 1 of the present disclosure.

The zone plate includes a plurality of Fresnel zofide preceding subject matter
of this paragraph characterizes example 2 of tasgmt disclosure, wherein example 2
also includes the subject matter according to exarhpabove.

At least one of the plurality of Fresnel zoneshef rone plate has at least one
radius corresponding to a focal length of the zolage. The preceding subject matter of
this paragraph characterizes example 3 of the preksclosure, wherein example 3 also
includes the subject matter according to any orexafmples 1 or 2, above.

The zone plate is made, at least partially, of @amanotubes. The preceding
subject matter of this paragraph characterizes pbaof the present disclosure,
wherein example 4 also includes the subject matteording to any one of examples 1-3,
above.

The zone plate is made, at least partially, of .|&dd preceding subject matter of
this paragraph characterizes example 5 of the preksclosure, wherein example 5 also
includes the subject matter according to any orexamples 1-4, above.

The zone plate comprises a surface plating. Theepreg subject matter of this
paragraph characterizes example 6 of the presstibdure, wherein example 6 also
includes the subject matter according to any orexamples 1-5, above.

The surface plating is gold. The preceding subjeater of this paragraph
characterizes example 7 of the present disclosurerein example 7 also includes the
subject matter according to any one of examplesdbéve.

The hard x-ray stream has an energy level betweproaimately 60keV and
approximately 80keV. The preceding subject matténis paragraph characterizes

example 8 of the present disclosure, wherein exa®llso includes the subject matter
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according to any one of examples 1-7, above.Alsolosed herein is an x-ray
backscatter system for non-destructive inspectfanmart. The system includes a base,
an x-ray emitter, an inspection filter, and a zplste. The x-ray emitter is coupled to the
base. The inspection filter is movable couplecheoliase and selectively operable to
receive a hard w-ray emission from the x-ray emdtel pass at least a portion of the
hard x-ray emission through a filter aperture ia itispection filter to a selectable
location on the part. The zone plate is interpdssd/ieen the x-ray emitter and the
inspection filter. The zone plate receives the hardy emission from the x-ray emitter
and modifies a beam pattern of the hard x-ray eariggceived from the x-ray emitter.
The preceding subject matter of this paragraphaci@rizes example 9 of the present
disclosure.The system further includes a detedopled to the base and selectively
operable to detect hard x-rays backscattered fhenpart. The preceding subject matter
of this paragraph characterizes example 10 of teegnt disclosure, wherein example 10
also includes the subject matter according to exa®@pabove.

The zone plate is moveable relative to the x-raittento further modify the
beam pattern of the hard x-ray emission receivexh fihe x-ray emitter. The preceding
subject matter of this paragraph characterizes pbafrl of the present disclosure,
wherein example 11 also includes the subject matteording to any one of examples 9
or 10, above.

The x-ray emitter and the zone plate are adjustaidgive to the base to modify
an emission direction relative to the base. Theequimg subject matter of this paragraph
characterizes example 12 of the present disclosdrerein example 12 also includes the
subject matter according to any one of example§,&hove.

The base includes a mobility system operable toentbe base relative to the
part. The preceding subject matter of this paragc@aracterizes example 13 of the
present disclosure, wherein example 13 also ingltitle subject matter according to any

one of examples 9-12, above.
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The mobility system includes at least one of a Wree&read, a skid, a track, a
roller, a cable, a pulley, a motor, a slide, afbating. The preceding subject matter of
this paragraph characterizes example 14 of theeptessclosure, wherein example 14
also includes the subject matter according to areyad examples 9-13, above.

The system further includes a control unit to colrdrposition of the zone plate
relative to the x-ray emitter or relative to thepection filter. The preceding subject
matter of this paragraph characterizes example ffteqresent disclosure, wherein
example 15 also includes the subject matter aaegrtdi any one of examples 9-14,
above.

The inspection filter includes a rotatable ringhnat plurality of apertures. At least
one of the plurality of apertures is different framother of the plurality of apertures. The
preceding subject matter of this paragraph chaiiaeteexample 16 of the present
disclosure, wherein example 16 also includes tigesimatter according to any one of
examples 9-15, above.

Also disclosed herein is a method of non-destredtigpection of a part by x-ray
backscatter. The method includes receiving a haad/»>emission from an x-ray emitter
at a zone plate. The method also includes focubki@dpard x-ray emission into a focused
hard x-ray stream with the zone plate. The methsal iacludes directing at least a
portion of the focused hard x-ray stream with theezplate through a first filter aperture
of an inspection filter and onto a first portiontbé part. The preceding subject matter of
this paragraph characterizes example 17 of theeptessclosure.

The method further includes adjust an orientatibtne inspection filter relative
to the zone plate such that the focused hard straam is directed through a second
filter aperture of the inspection filter and onteexcond portion of the part. The second
filter aperture is different from the first filtaperture. The preceding subject matter of
this paragraph characterizes example 18 of theeptessclosure, wherein example 18

also includes the subject matter according to eXxarmp, above.
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Focusing the hard x-ray emission includes focu#iireghard x-ray emission by
between approximately 30% and approximately 40%. @receding subject matter of
this paragraph characterizes example 19 of theptelsclosure, wherein example 19
also includes the subject matter according to areyad examples 17 and 18, above.

The portion of the focused hard x-ray stream da@c¢hrough the first filter
aperture constitutes between approximately 60%sppdoximately 70% of the hard x-
ray emission from the x-ray emitter. The precedingject matter of this paragraph
characterizes example 20 of the present disclosdrerein example 20 also includes the
subject matter according to any one of example$d, &bove.

The described features, structures, advantage&rastearacteristics of the
subject matter of the present disclosure may bebawed in any suitable manner in one
or more embodiments and/or implementations. Ifdihewing description, numerous
specific details are provided to impart a thorougherstanding of embodiments of the
subject matter of the present disclosure. Oneeskih the relevant art will recognize that
the subject matter of the present disclosure magydeticed without one or more of the
specific features, details, components, materdeld/or methods of a particular
embodiment or implementation. In other instancddijteonal features and advantages
may be recognized in certain embodiments and/oleimentations that may not be
present in all embodiments or implementations.Harrtin some instances, well-known
structures, materials, or operations are not shmveescribed in detail to avoid
obscuring aspects of the subject matter of thegpitedisclosure. The features and
advantages of the subject matter of the preseadidisre will become more fully
apparent from the following description and appehclaims, or may be learned by the
practice of the subject matter as set forth hefina

BRIEF DESCRIPTION OF THE DRAWINGS
In order that the advantages of the subject mattgr be more readily understood,

a more particular description of the subject mditesfly described above will be
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rendered by reference to specific embodimentsat@itiustrated in the appended
drawings. Understanding that these drawings depilgt typical embodiments of the
subject matter and are not therefore to be coresidier be limiting of its scope, the
subject matter will be described and explained adtitional specificity and detail
through the use of the drawings, in which:

Figure 1A is a schematic view of an x-ray backseatpparatus, according to one
or more embodiments of the present disclosure;

Figure 1B is a schematic view of an x-ray emittiethe x-ray backscatter
apparatus of Figure 1A, according to one or morbaaiment of the present disclosure;

Figure 2A is a schematic cross-sectional side \@éan x-ray backscatter
apparatus, according to one or more embodimeriteegiresent disclosure;

Figure 2B is a schematic cross-sectional side aean x-ray emitter of the x-ray
backscatter apparatus of Figure 2A, according em@mmore embodiments of the present
disclosure;

Figure 2C is a schematic side view of the x-raykbaatter apparatus of Figure
2A, according to one or more embodiments of thegmedisclosure;

Figure 3 is a schematic side view of an x-ray bea#er system, according to one
or more embodiments of the present disclosure;

Figure 4 is a perspective view and a cross-sedtgida view of a zone plate,
according to one or more embodiments of the predisokosure;

Figure 5 is a scanning electron microscope micqayi a zone plate, according
to one or more embodiments of the present disapsund

Figure 6 is a schematic flow diagram of a methodarf-destructive inspection of
a part by x-ray backscatter, according to one arenemnbodiments of the present

disclosure.
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DETAILED DESCRIPTION

Reference throughout this specification to “one ednment,” “an embodiment,”
or similar language means that a particular feastracture, or characteristic described
in connection with the embodiment is included ifeasst one embodiment of the present
disclosure. Appearances of the phrases “in one dimtamt,” “in an embodiment,” and
similar language throughout this specification nayt, do not necessarily, all refer to the
same embodiment. Similarly, the use of the ternpfementation” means an
implementation having a particular feature, streetor characteristic described in
connection with one or more embodiments of thegedisclosure, however, absent an
express correlation to indicate otherwise, an imgletation may be associated with one
or more embodiments.

Referring to Figure 1A, an x-ray backscatter apjpard0 is shown. The x-ray
backscatter apparatus 10 includes an x-ray endig@o produce an incident x-ray
emission 14, an inspection filter 16, with a pluyabf filter apertures 18 to produce a
filtered x-ray emission 20, and a base 22.

The x-ray emitter 12 is coupled to the base 22.xXFheey emitter 12 generates the
incident x-ray emission 14 and projects the incideray emission 14 onto the inspection
filter 16 proximate a filter aperture 18. Only arfpon (i.e., the filtered x-ray emission 20)
of the incident x-ray emission 14 passes througHitter aperture 18. The filtered x-ray
emission 20 is then used to inspect a part or a#rget. As shown in the depicted
embodiment, the filtered x-ray emission 20 is atreély small percentage of the incident
x-ray emission 14 generated by the x-ray emitterAk2such, the power density of the
filtered x-ray emission 20, which is the power dgnef the x-rays impacting the part
and available for inspection of the part, is lésmntthe power density of the incident x-
ray emission 14. Accordingly, in some cases, thprtg of the incident x-ray emission
14 generated by the x-ray emitter 12 is lost airtepection filter 16. To compensate for

the loss of power density, in some cases, the >emaijter 12 generates an incident x-ray
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emission 14 with a power density that is much gnetitan is required at the part, which
contributes to reduced efficiency.

Figure 1B illustrates an x-ray emitter 12 of theay-backscatter apparatus 10 of
Figure 1A. The x-ray emitter 12 includes an x-rhiekl 24. Moreover, the x-ray shield
24 includes an emission aperture 26. The x-ray&Ri# with the exception of the
emission aperture 26, encloses a vacuum tube 28vatuum tube 28 encloses a cathode
30 and an anode 32. The cathode 30 and anode 82rarected to a voltage supply via
leads 40. The cathode 30 is further connecteditaraent supply line 42 and is
selectively operable to generate an electron eamdbiat is received at the anode 32. The
anode 32 receives the electron emission, fromahtieode 30, and generates a hard x-ray
stream. The hard x-ray stream is directed towdrd®mission aperture 26 of the x-ray
shield 24. A portion of the hard x-ray stream frtima anode 32 passes through the
emission aperture 26 while a separate portionehtrd x-ray stream is blocked by the
x-ray shield 24. The portion of the hard x-ray atnethat passes through the emission
aperture 26 is the incident x-ray emission 14.

In the illustrated representation, the anode 3P@fx-ray emitter 12 is a rotating
anode. However, in other representations, theaBadf the x-ray emitter 12 does not
rotate. The anode 32 can be a tungsten anode cotagpéerotor 34. The rotor 34 is
supported by a rotor support 36 and can be coupléte rotor support 36 with bearings
or other structures that facilitate relative raiatbetween the rotor 34 and the rotor
support 36. The rotor 34 is driven by a motor 38négnetic field created by applying an
electrical signal to the motor 38 applies a fo#he rotor 34 to turn the rotor 34 and the
anode 32.

In the illustrated embodiment, the incident x-rayigsion 14 then reaches the
inspection filter 16 as described in associatediféigd A. Due to the relatively unfocused
nature of the incident x-ray emission 14 and thatirely small size of the filter aperture

18, only a portion of the incident x-ray emissighttat reaches the inspection filter 16
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passes through the filter aperture 18. In otheld@athe portion of the incident x-ray
emission 14 that passes through the filter apeft8r@.e., the filtered x-ray emission 20)
is small relative to the incident x-ray emissionalb#l even smaller compared to the x-
rays generated by the anode 32 before exitingrttiesgon aperture 26.

Figure 2A is a schematic cross-sectional view ok-&ay backscatter apparatus
100. The x-ray backscatter apparatus 100 incluekgsifes analogous to features of the x-
ray backscatter apparatus 10 of Figure 1A, wké iumbers referring to like features.
However, the x-ray backscatter apparatus 100 afrEigA provides advantages over the
x-ray backscatter apparatus 10 of Figure 1A. Farmgle, the x-ray backscatter
apparatus 100 includes a zone plate 102 interposteeen the x-ray emitter 12 and the
filter aperture 18 of the inspection filter 16. @eally, the zone plate 102 receives the
incident x-ray emission 14 from the x-ray emitt@rdind focuses the incident x-ray
emission 14 into a focused x-ray emission 104.fdhased x-ray emission 104 is
directed, by the zone plate 102, toward the fdigerture 18 of the inspection filter 16. A
portion of the focused x-ray emission 104 passesith the filter aperture 18 to define
the filtered x-ray emission 20. By first focusirgetincident x-ray emission 14 into a
focused x-ray emission 104, before passing thrahgliilter aperture 18 of the
inspection filter 16, a higher amount or concemtravf x-rays, and thus a higher power
density of x-rays, passes through the filter aperfi8 and impacts the part to be
inspected. Accordingly, the portion of the incideriay emission 14 converted into the
filtered x-ray emission 20 is greater with the y-bmckscatter apparatus 100, because of
the zone plate 102, than with the x-ray backscattparatus 10.

Therefore, to achieve the same power density ofilteeed x-ray emission 20,
the x-ray backscatter apparatus 100 can generateident x-ray emission 14 with a
lower energy density compared with the x-ray baatec apparatus 10, which promotes
certain advantages. For example, the x-ray badiescgiparatus 100 promotes one or

more of a wider area of x-ray imaging, a largeldfigf view, a larger inspection angle, an
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improved image resolution, an improved image shespna reduced number of required
transverse scans, a dynamic and instantaneousfigldw, a reduced image distortion, a
reduced pin-cushion effect at imaging cornersdaced power supply requirement, a
reduced cooling requirement, a reduced system Wwegieduced system size, an
improved portability, an improved viability for adader range of testing situations, and
an improved component life compared with the x{ragkscatter apparatus 10.

As used herein, the focused x-ray emission 104 in@yde any x-ray emission
or stream in which at least a portion of the x-ralythe focused x-ray emission 104 are
modified by the zone plate 102 to be less divergigen the x-rays of the incident x-ray
emission 14 from the x-ray emitter 12. The focusedy emission 104 may also include
any x-ray stream in which a portion of the x-rayshe focused x-ray emission 104 are
modified to a convergent mode from a divergent mwogée zone plate 102. The zone
plate 102 may also modify the received x-rays feodivergent mode to a collimated
mode. In some examples, the zone plate 102 maivesite incident x-ray emission 14
in a mode that is at least partially convergent famther focus the x-rays to greater
convergence. Alternatively, the zone plate 102 neagive the incident x-ray emission
14 in a divergent mode and focus the incident xemrayssion 14 into a less divergent
state.

In some examples, the zone plate 102 may provitledes approximately 20%
and approximately 40% focus of the received x-rddare specifically, the zone plate
102 may provide approximately 30% focus. Other atfitbents of the zone plate 102
may focus more or less than the examples giveneabowsome embodiments, the zone
plate 102 may focus the incident x-ray emissiorsufficient to pass between
approximately 60% and approximately 70% of thedeat x-ray emission 14 through the
filter aperture 18 as the focused x-ray emissiof 10

In some implementations, the zone plate 102 mawdxde wholly or partially of

lead. In some embodiments, the density of the &Hadvs for a greater effect of the zone
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plate 102 on the incident x-ray emission 14. In s@mbodiments, the zone plate 102
may include carbon nanotubes. Carbon nanotubeshfefits in weight reduction,
thermal conduction and cooling, and strength. Tdrezplate 102 may also include a
surface treatment. The surface treatment may ieghlating, doping, hardening, coating,
or some other chemical, mechanical, or thermatrreat.

The zone plate 102 may be positioned to receiveesmmall of the incident x-ray
emission 14 from the x-ray emitter 12. In the iltaged embodiment, the zone plate 102
is shown in a horizontal orientation. However, toae plate 102 may be oriented at a
zero or non-zero orientation from horizontal. Imgembodiments, the zone plate 102
may be oriented at a zero or non-zero angle relativthe x-ray emitter 12, relative to the
filter aperture 18, relative to the base 22, catreé to some other physical or construct
point of reference on or outside of the x-ray baeki®r apparatus 100. In some
embodiments, the position and orientation of theezolate 102 is adjustable. The
adjustability of the zone plate 102 is facilitateda frame or other mounting structure
(not shown) to which the zone plate 102 is coupledther embodiments, the zone plate
102 is coupled to a cooling system to cool the zgate 102 through conduction,
convection, or radiation.

While the illustrated embodiment depicts the zolaepl 02 as located outside of
the x-ray emitter 12, in other embodiments, theezolate 102 is incorporated into the x-
ray emitter 12 as a unified portion of the x-rayitéen 12. In an alternative embodiment,
multiple zone plates 102 are coupled to the inspediiter 16 to correspond with each
filter aperture 18 individually or so that each egilate 102 corresponds to multiple filter
apertures 18 on the inspection filter 16.

Referring to Figure 2B, the zone plate 102 of FégRA is shown relative to the x-
ray emitter 12 of Figure 1B. In the illustrated esdbment, the zone plate 102 is located
relative to the emission aperture 26 of the x-namtter 12. In this arrangement, the zone

plate 102 receives at least a portion of the indicteray emission 14 passing through the
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emission aperture 26. In some embodiments, the lae 102 is coaxial with the
emission aperture 26 or is oriented at some othglealn an alternative embodiment, the
zone plate 102 is coaxial with the filter aperti® In the illustrated embodiment, the
zone plate 102 is shown between the x-ray emiearid the inspection filter 16. In
some embodiments, the zone plate 102 is positioloser to the x-ray emitter 12 or
closer to the inspection filter 16. In other emboelnts, the zone plate 102 is positioned
equidistant from the x-ray emitter 12 and the icspa filter 16. In some
implementations, the position of the zone plate isG&justable relative to at least one of
the x-ray emitter 12 and the inspection filter l6some embodiments, the zone plate
102 rotates to direct the focused x-ray emissiorithQ#e filter aperture 18 as the
inspection filter 16 is translated or rotated lgkato the x-ray emitter 12.

Figure 2C is a schematic side view of the x-raykbaatter apparatus 100 of
Figure 2A. The illustrated embodiment includes dieties 106 coupled to the base 22.
The detectors 106 are positioned to receive battksed x-rays from a part during
inspection. Two detectors 106 are shown. In soteeretive embodiments, the x-ray
backscatter apparatus 100 includes fewer or marretio detectors 106. For example,
the x-ray backscatter apparatus 100 may includegiesdetector 106 positioned in front
of an outer edge of the inspection filter 16 stoalse near an impact point of the x-rays at
a part. Alternatively, the x-ray backscatter appad 00 includes three or more detectors
106 to collect additional backscattered x-rays &kena more complete and clear image
of the part. In an exemplary embodiment, the detect06 are shielded from x-rays that
are reflected or refracted from the x-ray emitt2ythe zone plate 102, the inspection
filter 16, and/or the filter apertures 18. In omeb®diment, the detectors 106 are fixed
while in other embodiments, the detectors 106 dpestable relative to the base 22 in
order to improve the detection of backscatteredys;to reduce image noise from non-

backscattered x-rays, or accommodate an inspeatiostraint. In an additional
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embodiment, once an optimal position of the detsd@®6 is determined, the detectors
106 may be fixed relative to the base 22.

In the depicted implementation, the zone platei$0@cated between the x-ray
emitter 12 and an inner surface of the inspeciiter fL6. The zone plate 102 remains in
place as the inspection filter 16 rotates arourdxthay emitter 12. The inspection filter
16 position is controlled by a motor 108 coupledht® inspection filter 16. As described
above, some embodiments include multiple zone pHIR coupled to the inspection
filter 16 at different points along the inside bétinspection filter 16. The placement of
each of the multiple zone plates 102 correspondisetdocation of one or more of the
filter apertures 18.

In the depicted embodiment, the filter aperturesrE8placed at consistent
intervals along a perimeter of the inspection ffilté with each filter aperture 18 at a
different distance from the edge of the inspectiber 16. In some embodiments, the
filter apertures 18 are uniform while in other eminoents, the filter apertures 18 vary by
location, spatial frequency, size, shape, geometagerial (or lack thereof), or other
characteristics. In some implementations, the e 102 is positioned based on the
characteristics of the filter aperture 18 positmi@ receive the focused x-ray emission
from the zone plate 102. In other implementatiding,zone plate 102 is fixed but
configured to produce a focused x-ray emission@afit for each of the filter apertures
18.

Figure 3 illustrates a schematic view of an x-ragkscatter system 109. In the
depicted implementation, the x-ray backscatteresgst09 is positioned to inspect a part
110. In particular, the x-ray emitter 12 generatesncident x-ray emission 14 which is
received by the zone plate 102. The zone plateridfifies a beam pattern of the
incident x-ray emission 14 to generate the focusemly emission 104. The focused x-ray
emission 104 impinges on the inspection filter Lémproximately the filter aperture 18.

The filter aperture 18 filters the focused x-rayigsion 104 to pass a portion of the
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focused x-ray emission 104. In some embodimengsfiltered x-ray emission 20 has a
particular pattern or characteristic applied byfther aperture 18 at the part 110 to
facilitate inspection. The filtered x-ray emissi@d that passes through the filter aperture
18 reaches the part 110 and some x-rays are baiekscbtowards the detector 106.
Some of the backscattered x-rays 112 are detegtételdetector 106. A signal, which
corresponds with the detected backscattered xIrd¥sis sent from the detector 106 to a
control system 114. In some implementations, tkpewtion filter 16 may be rotated so
that a different portion of the part 110 received backscatters the x-rays. Additional
signals are generated at the detector 106 andcs#m control system 114.

In some embodiments, the control system 114 intéshe signals to generate an
image or other inspection results. In some embodiisp¢he control system 114 also
provides signals to control the generation of xsray the x-ray emitter 12, movement of
the inspection filter 16, movement of the basedlative to the part 110, movement of
the zone plate 102, control of a cooling systemawer source, or monitoring of a
system or individual component state via sensomdlwer devices. The control system
114 includes a connection 116 to the x-ray backscaystem 109. The connection 116
may be a wired or wireless connection. In the dedianplementation, the control
system 114 is separate from the x-ray backscatsters 109. Alternatively, the control
system 114 is coupled to the base 22 or othenntsgrated into the x-ray backscatter
system 109.

Figure 4 shows a perspective view and a crossesedtside view of a zone plate
102. In the illustrated embodiment, the zone pl&2 has a focal lengthGiven a
particular focal lengtlifor a system (distance from the zone plate 10Rddilter
aperture 18 or part 110 of Figure 3), a radiusattaristic of the zone plate 102 may be
determined. In some embodiments, the zone platent&les a surface treatment 119.

The surface treatment 119 may include plating, miphardening, coating, or some other
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chemical, mechanical, or thermal treatment. Inexample, the surface treatment 119
includes a gold plating.

Similarly, in the case of a Fresnel zone plate 102 radii, and corresponding
spacing, of the plurality of Fresnel zones 12thm Eresnel zone plate 102 may be
determined. In some implementations, the focaltlehgorresponds with the focal point
F of each of the plurality of Fresnel zones 120other implementations, the Fresnel
zones 120 may be configured to have different feeradthsf or focal points F to
facilitate inspection at a range of depths withiaat.

Figure 5 is a scanning electron microscope micqag00 of a zone plate 102.
The micrograph 200 illustrates the plurality of $frel zones 120. The micrograph 200
depicts a 25nm section of the outmost portion nbrae plate 102. In this example, the
diameter of the zone plate 102 is 63mm with 628&ieezones 120 and gold plating over
lead. In other examples, the zone plate 102 mdydedewer or more Fresnel zones, a
greater or lesser diameter, and other or no platiatprials or surface treatments.

Referring to Figure 6, a method 300 of non-desivadhspection of a part by x-
ray backscatter is shown. The method 300 includesiving a hard x-ray emission from
an x-ray emitter at a zone plate, at 302. Additiignghe method 300 includes focusing
the hard x-ray emission into a focused hard x-raisgion with the zone plate, at 304.
The method 300 further includes, directing at l@agbrtion of the focused hard x-ray
emission with the zone plate through a first filgerture of an inspection filter and onto
a first portion of the part, at 306.

In the above description, certain terms may be gset as "up,” "down,"

”

"upper,” "lower," "horizontal," "vertical," "left,"right," “over,” “under” and the like.
These terms are used, where applicable, to preade clarity of description when
dealing with relative relationships. But, thesertemare not intended to imply absolute
relationships, positions, and/or orientations. &ample, with respect to an object, an

"upper" surface can become a "lower" surface sirbglyurning the object over.
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Nevertheless, it is still the same object. Furtlter,terms “including,” “comprising,”
“having,” and variations thereof mean “including lmot limited to” unless expressly
specified otherwise. An enumerated listing of itedoes not imply that any or all of the
items are mutually exclusive and/or mutually inclas unless expressly specified

” o

otherwise. The terms “a,” “an,” and “the” also nefe “one or more” unless expressly
specified otherwise. Further, the term “pluralibgn be defined as “at least two.”

Additionally, instances in this specification wheme element is “coupled” to
another element can include direct and indirecpting. Direct coupling can be defined
as one element coupled to and in some contactamibther element. Indirect coupling
can be defined as coupling between two elementmrdbtect contact with each other,
but having one or more additional elements betwieercoupled elements. Further, as
used herein, securing one element to another eteraaninclude direct securing and
indirect securing. Additionally, as used hereirdjé@ent” does not necessarily denote
contact. For example, one element can be adjacether element without being in
contact with that element.

As used herein, the phrase “at least one of,” wisad with a list of items, means
different combinations of one or more of the listietins may be used and only one of the
items in the list may be needed. The item may paricular object, thing, or category.

In other words, “at least one of” means any contimneof items or number of items may
be used from the list, but not all of the itemsha list may be required. For example, “at
least one of item A, item B, and item C” may me@mi A; item A and item B; item B;
item A, item B, and item C; or item B and item € .sbme cases, “at least one of item A,
item B, and item C” may mean, for example, withlomitation, two of item A, one of
item B, and ten of item C; four of item B and seweéitem C; or some other suitable
combination.

Unless otherwise indicated, the terms "first,” tse," etc. are used herein merely

as labels, and are not intended to impose ordaaitional, or hierarchical requirements
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on the items to which these terms refer. Moreoweference to, e.g., a “second” item
does not require or preclude the existence of, &.irst” or lower-numbered item,
and/or, e.g., a “third” or higher-numbered item.

As used herein, a system, apparatus, structureleaglement, component, or
hardware “configured to” perform a specified fupatis indeed capable of performing
the specified function without any alteration, etthan merely having potential to
perform the specified function after further mocifiion. In other words, the system,
apparatus, structure, article, element, compomeritardware “configured to” perform a
specified function is specifically selected, creéaienplemented, utilized, programmed,
and/or designed for the purpose of performing treesied function. As used herein,
“configured to” denotes existing characteristicaaystem, apparatus, structure, article,
element, component, or hardware which enablesysdters, apparatus, structure, article,
element, component, or hardware to perform theipedunction without further
modification. For purposes of this disclosure, stey, apparatus, structure, article,
element, component, or hardware described as beamfigured to” perform a particular
function may additionally or alternatively be deked as being “adapted to” and/or as

being “operative to” perform that function.

Further, the disclosure comprises embodiments dowpto the following
clauses:

Clause 1. An x-ray backscatter apparatus for n@trgetive inspection of a part, the
apparatus comprising:
an x-ray emitter, comprising:
an x-ray shield, comprising an emission aperture;
a vacuum tube within the x-ray shield;
a cathode enclosed within the vacuum tube andtsadfc

operable to generate an electron emission; and
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an anode, enclosed within the vacuum tube andddaatative to

the cathode, to receive the electron emission andest the electron

emission from the cathode to a hard x-ray emissiad,located relative to

the emission aperture to direct at least a podidhe hard x-ray emission

through the emission aperture; and

a zone plate, external to the x-ray shield andtézteelative to the emission

aperture, to receive the portion of the hard xemayssion from the emission aperture of
the x-ray shield and to focus the portion of thedharay emission received from the

emission aperture into a focused hard x-ray emmissio

Clause 2. The apparatus according to Clause 1 eivhétre zone plate comprises a

plurality of Fresnel zones.
Clause 3. The apparatus according to Clause 2 eivhat least one of the plurality
of Fresnel zones of the zone plate has at leastamiiies corresponding to a focal length

of the zone plate.

Clause 4. The apparatus according to Clause 1 givhétre zone plate is made, at

least partially, of carbon nanotubes.

Clause 5. The apparatus according to Clause 1 givhétre zone plate is made, at

least partially, of lead.

Clause 6. The apparatus according to Clause 1 givhire zone plate comprises a

surface treatment.
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Clause 7. The apparatus according to Clause 6 eivhéite surface treatment is a

gold plating.

Clause 8. The apparatus according to Clause 1 eivhéire hard x-ray stream has an

energy level between approximately 60keV and apprately 80keV.

Clause 9. An x-ray backscatter system for non-deswe inspection of a part, the
system comprising:
a base;
an x-ray emitter coupled to the base;
an inspection filter movably coupled to the base selectively operable
to receive a hard x-ray emission from the x-rayteanand pass at least a portion
of the hard x-ray emission through a filter apertur the inspection filter to a
selectable location on the part; and
a zone plate, interposed between the x-ray enaittdrthe inspection filter,
to receive the hard x-ray emission from the x-nayter and modify a beam

pattern of the hard x-ray emission received froenthray emitter.

Clause 10. The system according to Clause 9, fucthmprising a detector coupled

to the base and selectively operable to detectiaags backscattered from the part.

Clause 11. The system according to Clause 9, whéreizone plate is moveable

relative to the x-ray emitter to further modify theam pattern of the hard x-ray emission

received from the x-ray emitter.
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Clause 12. The system according to Clause 9, whéreix-ray emitter and the zone
plate are adjustable relative to the base to madifgmission direction relative to the

base.

Clause 13. The system according to Clause 9, wh#reibase comprises a mobility

system operable to move the base relative to ttte pa

Clause 14. The system according to Clause 13, whtre mobility system
comprises at least one of a group, the group domgisf a wheel, a tread, a skid, a track,

a roller, a cable, a pulley, a magnet, a motolide sand a bearing.

Clause 15. The system according to Clause 9, fuctbraprising a control unit to
control a position of the zone plate relative te ®ray emitter or relative to the

inspection filter.

Clause 16. The system according to Clause 9, whéreiinspection filter comprises
a rotatable ring with a plurality of apertures, wdig at least one of the plurality of

apertures is different from another of the pluyadit apertures.

Clause 17. A method of non-destructive inspectioa part by x-ray backscatter, the
method comprising:
receiving a hard x-ray emission from an x-ray &mniat a zone plate;
focusing the hard x-ray emission into a focusad karay emission with
the zone plate; and
directing at least a portion of the focused hardykemission with the
zone plate through a first filter aperture of aspiection filter and onto a first

portion of the part.
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Clause 18. The method according to Clause 17,dugbmprising adjusting an
orientation of the inspection filter relative tethone plate such that the focused hard x-
ray emission is directed through a second filterape of the inspection filter and onto a
second portion of the part, wherein the seconerfdperture is different from the first

filter aperture.

Clause 19. The method according to Clause 17, whiyeusing the hard x-ray
emission comprises focusing the hard x-ray emisisjobetween approximately 30% and

approximately 40%.

Clause 20. The method according to Clause 17, whtre portion of the focused
hard x-ray emission directed through the firsefilaperture constitutes between
approximately 60% and approximately 70% of the hardy emission from the x-ray
emitter.

The present subject matter may be embodied in sffeific forms without
departing from its spirit or essential charactersstThe described embodiments are to be
considered in all respects only as illustrative aatrestrictive. All changes which come
within the meaning and range of equivalency ofdlaéms are to be embraced within

their scope.
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What is claimed is:

1. An x-ray backscatter apparatus for non-destre@bspection of a part, the
apparatus comprising:
an x-ray emitter, comprising:
an x-ray shield, comprising an emission aperture;
a vacuum tube within the x-ray shield;
a cathode enclosed within the vacuum tube andtsedfc
operable to generate an electron emission; and
an anode, enclosed within the vacuum tube andddaatative to
the cathode, to receive the electron emission andest the electron
emission from the cathode to a hard x-ray emissiad,located relative to
the emission aperture to direct at least a podidhe hard x-ray emission
through the emission aperture; and
a zone plate, external to the x-ray shield andtésteelative to the emission
aperture, to receive the portion of the hard xemyssion from the emission aperture of
the x-ray shield and to focus the portion of thedharay emission received from the

emission aperture into a focused hard x-ray emssio

2. The apparatus according to claim 1, whereirztne plate comprises a

plurality of Fresnel zones.

3. The apparatus according to any of claims 1 tetrein at least one of

the plurality of Fresnel zones of the zone plate dtdeast one radius corresponding to a

focal length of the zone plate.
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4. The apparatus according to any of claims 1 tetferein the zone plate is

made, at least partially, of carbon nanotubes.

5. The apparatus according to any of claims 1 teherein the zone plate is

made, at least partially, of lead.

6. The apparatus according to any of claims 1 tetterein the zone plate

comprises a surface treatment.

7. The apparatus according to claim 6, whereirstivéace treatment is a
gold plating.
8. The apparatus according to any of claims 1, teterein the hard x-ray

stream has an energy level between approximatédg\6@nd approximately 80keV.

9. An x-ray backscatter system for non-destrudatigpection of a part, the
system comprising:

a base;

an x-ray emitter coupled to the base;

an inspection filter movably coupled to the base selectively operable
to receive a hard x-ray emission from the x-rayteanand pass at least a portion
of the hard x-ray emission through a filter apertur the inspection filter to a
selectable location on the part; and

a zone plate, interposed between the x-ray enaittdrthe inspection filter,
to receive the hard x-ray emission from the x-naytter and modify a beam

pattern of the hard x-ray emission received froethray emitter.
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10. The system according to claim 9, further cosmpg a detector coupled to

the base and selectively operable to detect haayxbackscattered from the part.

11. The system according to any of claim 9 towliierein the zone plate is
moveable relative to the x-ray emitter to furtheydifly the beam pattern of the hard x-

ray emission received from the x-ray emitter.

12. The system according to any of claim 9 towllierein the x-ray emitter
and the zone plate are adjustable relative to &se bo modify an emission direction

relative to the base.

13. The system according to any of claims 9 tondt#grein the base comprises

a mobility system operable to move the base redd@twvhe part.

14. The system according to any of claims 9 toMrein the mobility
system comprises at least one of a group, the grongisting of a wheel, a tread, a skid,

a track, a roller, a cable, a pulley, a magnetptoma slide, and a bearing.

15. The system according to any of claims 9 tadfddher comprising a
control unit to control a position of the zone plaglative to the x-ray emitter or relative

to the inspection filter.

16. The system according to any of claim 9 tovltagrein the inspection filter

comprises a rotatable ring with a plurality of apegs, wherein at least one of the

plurality of apertures is different from anothertioé plurality of apertures.
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17. A method of non-destructive inspection of & pg x-ray backscatter, the
method comprising:
receiving a hard x-ray emission from an x-ray &mniat a zone plate;
focusing the hard x-ray emission into a focused karay emission with
the zone plate; and
directing at least a portion of the focused hardykemission with the
zone plate through a first filter aperture of aspiection filter and onto a first

portion of the part.

18. The method according to claim 17, further cosmpg adjusting an
orientation of the inspection filter relative taethone plate such that the focused hard x-
ray emission is directed through a second filterape of the inspection filter and onto a
second portion of the part, wherein the seconerfdperture is different from the first

filter aperture.

19. The method according to any of claims 17 tonlt&erein focusing the
hard x-ray emission comprises focusing the harayxemission by between

approximately 30% and approximately 40%.

20. The method according to any of claims 17 towli8erein the portion of
the focused hard x-ray emission directed througHitit filter aperture constitutes
between approximately 60% and approximately 70%h@hard x-ray emission from the

X-ray emitter.
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