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CONVERGENT X-RAY IMAGING DEVICE AND METHOD

CROSS-REFERENCE TO RELATED APPLICATIONS

{0061} This application claims the benefit of U.S. Provisional Patent
Application No, 62/539,457 titled "High-Contrast, Convergent X-Ray
Imaging with Laser-Compton Sources,” filed July 31, 2017,

STATEMENT AS TO RIGHTS TQ INVENTIONS MADE UNDER
FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT

o002} The United States Government has rights in this invention
pursuant to Contract No. DE-ACSZ-07NAZ7344 between the United States
Department of Energy and Lawrence Livermore National Security, LLC, for

the operation of Lawrence Livermore National Laboratory.

BACKGROUND

Field

10003} The present technology relates to x-ray imaging, and more
specifically, it relates to techniques for producing high-contrast, x-ray and/or
gamma-ray radiographic images having minimal contributions from object-

dependent background radiation.
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Description of Other Art

{0004} In conventional x-ray radiography, a shadowgraph of a desired
object is created by placing the object to be imaged between a quasi-point
source of x-rays and a 2-dimensional detector system, e.g., an x-ray film, an x-
ray CCD camera, a scintillator or a camera. FIG. 1 illustrates conventional
point projection X-ray imaging with a rotating anode bremsstrahlung source.
The resolution of the radiograph is set by the spatial extent of the x-ray source
and the geometrical magnification of the arrangement. Since the first
discovery of x-rays by Wilhelm Roentgen in 1896, medical x-ray imaging has
been conducted in this manner. In Roentgen's case, the x-ray source was
based on bremsstrahlung radiation produced by an energetic electron beam
10 impinging upon a metal target 12. Bremsstrahlung sources produce
polychromatic x~rays into all directions. In practical applications, the source
emission is limited to a cone of radiation by placement of metal
baffles/ collimators 14 around the x-ray tube. Radiographs/shadowgraphs
are created by ballistic x-rays with sufficient energy to penetrate the object 16.
Constituents, e.g., features 18, within the object that have higher attenuation
form dark regions on the detector 20. Low energy x-rays that are not of
sufficient energy to penetrate the object are absorbed by the object and in
medical applications form the majority of the unwanted dose received by the
patient. Not all photons with sufficient energy to penetrate the object travel a
ballistic path and contribute to the image 22. In fact, in medical procedures,
the majority of photons incident at the detector plane (sometimes greater than
90%) are photons whose paths have been modified by Compton scattering
within the object. These scattered photons when incident upon the detector
reduce the contrast and resolution of the image, i.e., they blur the image.

{0005} Various schemes have beeti developed by the medical community
with which to mitigate image degradation due to scattered radiation, the
most common of which are angled grid plates of high atomic weight material,

e.g., lead, placed in close proximity to the detector system. The angle of the
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grid materials is set to match the natural divergence of the bremsstrahlung
source, i.e., to be parallel to the path of ballistic photons traveling from the
source to the detector. This method while somewhat effective in reducing
blur due to scattered radiation, also reduces the number of ballistic photons
arriving at the detector, limits resolution, increases the dose required for the
image, and adds to the complexity of the overall imaging system.

{0006} In other x-ray imaging applications, the object to be imaged by an
external x-ray source may also produce radiation that impinges upon the
detector system which then reduces the contrast and quality of the irnage.
One example is the imaging of shocked materials that have been illuminated
by high-energy lasers. The laser-irradiated material in this case can produce
high-energy electrons that in turn produce thermal and line x-ray radiation
within the object. This object-generated source of background x-ray radiation
will also be incident upon the detector system along with any ballistic x-rays
from the backlighting source. To create a useful image, the radiographic x-ray
source must have sufficient flux to overcome this natural background. Similar
issues can arise when imaging strongly radioactive materials such as spent
nuclear fuel assemblies. FIG. 2 illustrates conventional point projection X ‘ray
imaging of a radiating object or object producing X-ray scatter 24. Note the
difference between the recorded image 26 of FIG. 2 and the recorded imaged
22 of FIG. 1. Commmion elements in FIGs. 1 and 2 are labeled with the same

reference numbers.

SUMMARY
{0007] Disclosed herein is highncontrast; convergent x-ray imaging with
laser-compton sources. The present technology includes a method by which
high-contrast, x-ray and/or gamma-ray radiographic images may be
produced with minimal contributions from object-dependent background
radiation. The technology utilizes the low divergence, quasi-monoenergetic,

x-ray or gamma-ray output from a laser-Compton source in combination with
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x-ray optical technologies to produce a converging x-ray or gamma-ray beam
with which to produce a high-contrast, shadowgraph of a specific object. The
object to be imaged is placed within the path of the converging beam between
the x-ray optical assembly and the focus of the x-ray beam produced by that
assembly. The beam is then passed through an optically thick pinhole located
at the focus of the beamn. The diameter in this pinhole is designed to be of
order that of the x-ray or gamma-ray focal spot. In this way, all scattered
radiation and/ or self-emission from the object that does not pass through the
pinhole is rejected and does not impinge upon the detector system.
Downstream of the pinhole, the inverted shadowgraph of the object is then
recorded by an appropriate 2D detector array. Depending upon the specifics
of the geometry, the magnitude of background radiation arriving at the
detector system from this invention may be reduced by many orders of
magnitude relative to that of conventional x-ray point projection imaging. It
should be noted that a prerequisite for this architecture is an x-ray or gamma-
ray source that is compatible with existing x-ray optics which in general
require quasi-collimated and quasi-monoenergetic input to perform
optimally.

{0008] Applications of this invention include but are not limited to
radiography of objects with significant self-emission, e.g., laser-plasmas,
radioactive materials, line emission from x-ray or gamma-ray excited
constituents within the object etc., as well as objects for which x-ray or
gamma-ray illumination produces significant scattered radiation, e.g.,

medical radiography, industrial radiography etc.

BRIEF DESCRIPTION OF THE DRAWINGS

{0009} Fig. 1 illustrates conventional point projection X-ray imaging with a
rotating anode Bremsstrahlung source.
0010} Fig. 2 illustrates conventional point projection X "ray imaging of a

radiating object or object producing X-ray scatter.
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[6011] Fig. 3 shows convergent imaging of an object whose spatial extent
is small compared to the transverse dimension of the convergent x-ray beam.
[0012] Fig. 4 illustrates convergent imaging of a large object where a full
2D image is obtained by scanning the object relative to the x-ray beam axis.
{0013} Fig. b illustrates an angle correlated laser::Compton spectrum.
{0014] Fig. 6 is an image of compound refractive x-ray optics produced by

lithography in 5ilicon.

DETAILED DESCRIPTION

§0015] In the present technology, the output beam from a laser-Compton
x~ray source is manipulated with x-ray optics to form a focus at a fixed
distance from the laser-electron interaction point at which the laser-Compton
x-rays are produced. The object to be imaged is placed between the laser-
electron interaction point and the laser-Compton beam focus formed by the x-
ray optics. A pinhole is placed at the point of the laser-Compton beam focus.
Fig. 3 shows convergent imaging of an object whose spatial extent is small
compared to the transverse dimension of the convergent x-ray beam. The
pinhole is constructed from highly attenuating materials and is configured to
have sufficient thickness so as to block any x-ray radiation not passing
through the pinhole. The laser-Compton x-ray radiation that passes through
the pinhole is collected by a conventional, 2-dimensional, x-ray detector
system, e.g., x-ray film, an x-ray CCD. There are two imaging configurations
for this arrangemetit. In the first, the object is small compared to the beam
diameter at the location at which it is placed. In this case an inverted
shadowgraph of the full object is created at the detector array shown in Fig. 3.
In the second, the object is large compared to the laser-Compton beam
diameter at the location at which it is placed. In this case, a complete image of
the object is obtained by scanning the entire object and beam relative to each
other with the beam direction and pinhole location fixed with respect to one

another. Fig. 4 illustrates convergent imaging of a large object where a full 2D
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image is obtained by scanning the object relative to the x-ray beam axis. In
both cases, scattered radiation and/ or self-emission from the object are
blocked from reaching the detector array and a high-quality, high-contrast
radiograph is produced.

{0016] More specifically, the exemplary embodiment of FIG. 3 shows a
quasi-mono-energetic, laser Compton x-ray beam 30 focused by a compound
refractive x-ray lens 32 to a focal point 34. The beam 30 propagates through
focal point 34 to the detector 36. Element 38 comprises a pinhole 39 co-located
with focal point 34. The material and thickness of element 38 must be
sufficient to prevent passage of the beam except through the pinhole
aperture. In one embodiment, the element is made of lead, or other highly
attenuating material and has a thickness of greater than 10 micrometers. An
object 40 is placed between the lens 32 and the focal point 34 of beam 30. This
figure shows a feature 42 within object 40. Feature 42 is small compared to the
transverse dimension of beam 30, i.e., the beam entirely covers feature 42. The
figure shows a distance 44 from lens to object, a distance 46 from object to
pinhole and a distarice 48 that has been set for a desired magnification. X-ray
self-emission/x-ray scatter 50 are produced when the beam propagates
through the object. Only the portion of scatter 50 that passes through the
pinhole will propagate onto the detector. This system produces a high
contrast recorded image 52.

[0017} The exemplary embodiment of FIG. 4 can be utilized when the
feature to be imaged is large relative to the transverse dimension of the x-ray
beam. Certain elements of this embodiment can be identical to those of FIG. 3,
and like references numbers are used for those elements, however, this
embodiment includes an object 60 with a feature 62 that is larger than the
transverse dimension of the beam 30, To obtain an image of the entire feature
62, the object can be scanned (moved) relative to the x-ray beam. A complete
image of the object is obtained by scanning the entire object and beam relative

to each other with the beam direction and pinhole location fixed with respect
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to one another. The arrow 64 signifies movement of the object in one direction
relative to the beam and the arrow 66 signifies movement in the orthogonal
direction to that of arrow 64. The image 68 is recoded at one position in the x-
y scan of the object relative to the x-ray beam axis.

{0018} This invention relies on the physical properties of laser-Compton x-
ray sources and on x-ray optical systems matched to these sources. Laser-
Compton scattering (sometimes confusingly referred to as inverse Comipton
scattering) is the process in which an energetic laser pulse is scattered off of a
short duration, bunch of relativistic electrons. This process has been
recognized as a convenient method for production of short duration bursts of
quasi-mono-energetic, x-ray radiation. When interacting with the electrons,
the incident laser light induces a transverse motion on the electrons. The
radiation from this motion when observed in the rest frame of the laboratory
appears to be a forwardly directed, Doppler upshifted beam of high-energy
photons. For head on collisions, the full spectrum of the laser-Compton
source extends from zero to four times gamma squared times the energy of
the incident laser, where gamma is the normalized energy of the electron
beam, i.e., gamma = 1 when electron energy = 511 keV. The highest energy of
the laser-Compton source may be tuned, by changing the energy of the
electron bunch and/or the energy of the laser photons. Beams of high-energy
radiation ranging from few keV to > MeV have been produced by this process
and used for a wide range of applications.

[0019] The spectrum of the radiated laser-Compton light is highly angle-
correlated about the propagation direction of the electron beam with highest
energy photons emitted only in the forward direction and the angle of lower
energy photons relative to the propagation axis determined by the
conservation of energy and momentum. Fig. 5 illustrates an angle correlated
lasers Compton spectrum. Photons from an energetic laser pulse 70 collide
with relativistic electrons 72 to produce laser-Compton emission beam 74. In

the transverse dimension of the bearm 74, the highest energy laser-Compton
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photons are located in the central part 74" of the beam and the lower energy
laser-Compton photons are located on the outer part 74" of the beam. The
photon energy of the beam can be characterized as a continuum where the
highest energy photons are along the central axis of the beam and the photon
energy falls off with distance orthogonal to the central axis. With an
appropriately designed aperture, such as aperture 76, placed in the path of
the laser-Compton beam, one may create a quasi-mono-energetic x-ray or
gamma-ray beam whose bandwidth (AE/E) is 10%. Simulations indicate that
on-axis bandwidths of order 0.1% can be obtained from properly designed
laser-Compton systems.

[0020] The output radiation from Laser-Compton x-ray sources is also
highly collimated especially in comparison with that from conventional,
bremsstrahlung, rotating-anode x-ray sources. The cone angle of emission for
the half-bandwidth spectrum of a laser-Compton source is approximately 1
on gamma which is typically a few milli-radians or less. The cone angle for
narrowest bandwidth, on-axis portion of the spectrum may be of order 10's of
micro-radians for appropriately designed systems. Typical rotating anode
sources have beam divergences set by collimators of ~500 milli-radians.

[0021] The high degree of collimation and quasi-mono-energetic character
of laser-Compton x-ray sources is enabling to beam manipulation with a
variety of x-ray optical technologies including but not limited to: compound
refractive optics, capillary x-ray optics, x-ray zone plates, grazing incidence
metal x-ray optics and grazing incidence rulti-layer-coated x-ray optics. The
exact choice of optic will depend upon the energy of the x-rays desired for a
particular imaging task. For the sake of providing an example, we will
consider a laser-Compton beam with peak, on-axis, x-ray energy of 100 keV
that is manipulated for convergent imaging and noise reduction by a
compound refractive x-ray optic.

[0022] In the x-ray region of the electro-rnagnetic spectrum, the index of

refraction of all materials is less than unity and differs from unity by only a
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small amount. For this reason, positive, refractive x-ray lenses have the shape
of negative lenses in the visible portion of the spectrum, i.e., they are thinnest
on axis and become thicker as one moves away from the optical axis. Because
the index of materials is close to unity in the x-ray regime, a single x-ray
refractive optic with a diameter matched to that of the laser-Compton beam
would have very little optical power and thus very little influence on the
natural divergence of the laser-Compton x-ray beam. See FIG. 6. Compound
refractive x-ray optics, however, produce optical power by passing the x-ray
beam along an optical axis (e.g., See FIG. 6, optical axis 80) through a series of
refractive elements (e.g., See FIG. 6, single lens 82 and series of lenses 84). The
sum of many weak lenses can produce sufficient optical power to collimate
and/ or focus a laser-Compton x-ray beam. Compound refractive x-ray optics
have been developed, demonstrated, and utilized with synchrotron light
sources to manipulate quasi-mono-energetic, synchrotron x-ray beams.
Compound x-ray optics may be formed lithographically in solid wafer
materials such as silicon or may be created by the stacking of coined metal
discs each of which having a roughly parabolic shape. FIG. 6 is an image of
compound refractive x-ray optics produced by lithography in Silicon. In the
lithographic case, a one-dimensional focusing element is created in the
material wafer and two-dimensional beam manipulation is produced by
passing the full beam through two sets of optics oriented at 90 degrees with
respect to one another. The quasi-mono-energetic nature of the laser-
Cormpton source is well matched to compound optics whose transverse
spatial profile is roughly parabolic.

[0023] For a given laser-Compton source with specific x-ray energy and
source size, a compound x-ray refractive optic can be designed to either
collimate the output and produce beams of a few 100 microns to a few
millimeters in diameter or may be designed to focus the laser-Compton beam
to a small spot. The size of the focal spot that can be produced will depend

upon the focal length of the compound x-ray optic and the divergence

9.
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properties of the laser-Compton x-ray beam thatin turn depends upon the
initial spot size of the laser and electron interaction of the laser-Compton
source. Focused beams of a few microns are practical and focused beams of
less than a micron are feasible,

[0024] As discussed above, the converging x-ray beam produced by the
combination of an appropriate laser-Compion x-ray source and x-ray optic
may be used to create high~contrast, "background-free" images of an object in
two ways.

[0025] In the first instance, the object is small compared to the beam
diameter at the location at which the object is placed. See FIG. 3. The shadow
of the object is produced in the converging beam. This is opposite to the
conventional situation in which the x-ray shadow is produced in the
diverging beam emanating from a bremsstrahlung source, As illustrated in
FIG. 3, an inverted shadow of the object is produced at the detector after the
beam passes through its focus. Unwanted scatter or self-emission from the
object is prevented from reaching the detector by placement of an optically
thick pinhole at the position of the x-ray focus. The practical limitations of
this mode of operation are the size of the x-ray optical assembly used to focus
the laser-Compton beam and any spatial constraints that may exist due to the
distance required for the laser~Compton beam to diverge to an appropriate
size and distance required for the x-ray optic to focus the beam. Typically,
these constraints limit the object size to millimeters or less. One practical
medical application would be precision imaging of micron-scale capillary
structures in angiographic procedures. The degree to which unwanted scatter
from the object may be reduced from the image depends upon the distance
from the object to the pinhole, For the example illustrated in FIG. 3, at least 10
orders of magnitude reduction in wide-angle background is achievable.
Given that typical whole body medical imaging produces roughly 10
scattered photons for every ballistic, image-carrying photon, elimination of

background in this manner can enable significant improvement in image

210~
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quality and/ or reduction in dose to the patient, It should be noted that this
mode of imaging is not practical with conventional rotating anode-based
bremsstrahlung x-ray sources as the natural divergence of the source severely
limits the number of photons incident upon the x-ray optics and the wide
bandwidth of the source would not be focused to a single spot due to
chromatic variation of the refractive index within the compound refractive
optic.

[0026] In the second mode of operation, the object is large compared to the
beam diameter at the location at which the object is placed. See FIG. 4. The
shadow of only a portion of the object is produced in the converging beam
and thus the object and beam must be scanned relative to one another in
order to produce a full image of the object. However, for each location within .
the scan, the same reduction in scattered radiation impinging upon the
detector is achievable as in the previous example and again provides a
significant imnprovement in signal to noise at the detector.

{0027} It should be noted that in both cases mentioned above, the laser-
Compton beamn is attenuated by absorption and scatter losses in the x-ray
optic material. For some compound x-ray optics, these losses may be up to
90% of the incident beam flux. However, unlike the use of grid plates for
scatter reduction in conventional imaging, this attenuation occurs before the
object is illuminated and thus does not require increased exposure to the
patient to improve image contrast, For a given number of desired ballistic,
image-forming photons at the detector, the convergent imaging geometry of
this invernition will expose the patient to a lower dose and for a given signal to
noise at the detector (where noise is dominated by scattered radiation), the
required dose to the patient may be orders of magnitude lower.

[0028] It should be further noted that the principles described above are
also true if the object produces self-emission at energies similar to the
illuminating laser-Compton x-ray beam. The same configurations and

techniques described in this invention can be used to block self-emission from

11~
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the object from impinging upon the imaging detector. Precision imaging of
radioactively hot materials, laser-excited materials etc., becomes viable with
this invention.

100291 The following are some exemplary variations of laser-Compton
convergent imaging technique described above.

{0030] 1. The laser-Compton beam is first collimated with an appropriate
x-~ray optic and then focused with a second optic through a background-
removing pinhole. The object is placed in either the collimated beain or the
converging beam before the pinhole. Referring to FIGs. 3 and 4, compound
refractive x-ray lens 32 can be replaced with a combination of optics 32°
comprising (i) an x~ray optic, or compound optics, configured to collimate
beam 30 and (ii) an x-ray optic, or compound optics, configured to focus the
collimated beam through the pinhole of element 38. In one alternate
configuration, object 40 with feature 42 can be located between the
collimating optic(s) and the focusing optic(s) of optics 327,

f0031] 2. The laser-Compton beam is tuned to just above specific inner-
shell, jonization threshold of a particular atomic species within the object to
enhance contrast in the image and/ or enable elemental material identification
within the object.

{0032} 3. The laser-Compton beam is tuned to a nuclear resonance
fluorescence transition to enhance contrast and/ or enable isotopic material
identification within the object.

{0033] 4. The detector system is gated to be on only during the arrival of
the ballistic image-forming photons further discriminating against
background and scattered radiation. Accordingly, detector system 36 of FIGs.
3 and 4 can be replaced with a gated detector system 36’

{0034] 5. The x-ray optic 32 or 32’ used to collimate and/or focus the laser-
Compton beain is designed so as to have a spatially varying structure such
that lower energy, higher angle, laser-Compton photons incident upon the

optic are focused to the same spot and same spot size as higher energy, on

~12~
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axis, laser-Compton photons. That is, the chromatic aberrations of the optic
are matched to the spectral-angle dependency of the laser-Compton source.

[0035] 6. The pinhole element 38 used for rejection of background is
composed of a thick plate of highly absorbing material into which a conical
hole 39 is made that matches the convergence and/or divergence of the laser-
Compton beam at and around the focus.

{0036} 7. The laser-Compton beam is focused by optic 32 or 32" in only one
dimension and allowed to diverge in accordance with the physics of the laser-
Compton process in the other dimension. The pinhole 39 in this case is a slit
matching the focal size of the beam in the focusing dimension. This mode
enables line scanning of the object.

[0037} 8. The laser-Compton beam is focused by two, one-dimensional,
compound x-ray optics 32 or 32" oriented at 90 degrees with respect to one
another and that focus to different locations. One of these is used to create a
fan beam and the other to produce a line focus at which a slit is placed to
reduce background radiation. This mode enables line scanning of the object.

[0038] 9. The laser-Compton beam is shaped by lens 32 or 32° such that the
beam is collimated in one dimension by a one-dimensional, compound x-ray
optic and then focused in the other dimension by another one-dimensional x-
ray optic oriented at 90 degrees with respect to the first. At the focus of the
second optic, a slit is placed to reduce background radiation. This mode
reduces the alignment issues of the background rejection device.

{0039] 10. The laser-Conipton beam in 7) is tuned as described in 2) or 3)
to increase contrast and/ or enable material identification within the object.

{0040] 11. The laser-Compton beam in 8) is tuned as described in 2) or 3)
to increase contrast and/or enable material identification within the object.

{0041} 12. The laser-Compton beam in 9) is tuned as described in 2) or 3)
to increase contrast and/ or enable material identification within the object.

{0042} All elements, parts and steps described herein are preferably included. Tt

is to be understoed that any of these elements, parts and steps may be replaced

~13-
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by other elements, parts and steps or deleted altogether as will be obvious to
those skilled in the art.
[0043] Broadly, this writing discloses at least the following: Techniques are
provided for the production of high-contrast, x-ray and/or gamma-ray
radiographic images. The images have minimal contributions from object-
dependent background radiation. The invention utilizes the low divergence,
quasi-monoenergetic, x-ray or gamma-ray output from a laser-Compton source
in combination with x-ray optical technologies to produce a converging x-ray
or gamma-ray beam with which to produce a high-contrast, shadowgraph of a
specific object. The object to be imaged is placed within the path of the
converging beam between the x-ray optical assembly and the focus of the x-ray
beam produced by that assembly. The beam is then passed through an optically
thick pinhole located at the focus of the beam. Downstream of the pinhole, the
inverted shadowgraph of the object is then recorded by an appropriate 2D
detector array.
{0044} Concepts:
{0045} This writing also presents at least the following concepts:
1. A method, comprising;
providing an x-ray or gamma-ray output beany;
directing said output beam through at least one x-ray and/or
gamma-ray optic to produce a converging beam directed toward a focal
point;
positioning an object within the path of said output beam or said
converging beam to produce an altered beam;
providing an aperture héving an opening located at the focal
position of said altered beam, wherein at least a portion of said altered beam
passes through said opening to produce a diverging beam; and

detecting said diverging beam.

14~
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2, The method of concepts 1 and 3-32, wherein said output beam is
a quasi-monoenergetic, X-ray or gamma-ray output beam provided from a
laser-Compton source.

3. The method of concepts 1, 2 and 4-32, wherein said at least one x-
ray and/or gamma-ray optic comprises at least one refractive x-ray lens.

4. The method of concepts 1-3 and 5-32, wherein said at least one x-
ray and/or gamma-ray optic comprises at least one compound x-ray optic.

5. The method of concepts 1-4, 6 and 8-32 wherein said object is
positioned within the path of said converging beam.

6. The method of concepts 1-5 and 8-32, wherein said at least one x-
ray and/or gamma-ray optic comprises at least orie collimating optic followed
by at least one focusing optic, wherein said output beam is first collimated by
said at least one collimating optic and then focused by said at least one
focusing optic to produce said converging beam.

7. The method of concept 6, wherein said object is positioned
between said at least one collimating optic and said at least one focusing
optic.

8. The method of concepts 1-7 and 9-32, wherein said object
comprises a feature of interest that is smaller than the transverse dimension of
said converging beam such that said converging beam completely covers said
feature of interest.

9. The method of concepts 1-8 and 14-32, wherein said object
comprises a feature of interest that is larger than the transverse dimension of
said converging beam such that said converging beam does not completely
cover said feature of interest.

10. The method of concept 9, further comprising scanning said
object relative to the position of said converging beam.

11. The method of concept 10, wherein the step of detecting said
diverging beam comprises collecting a plurality of images of said diverging

beam during the step of scanning said object.
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12. The method of concept 11, wherein said plurality of images
altogether provide a complete image of said feature of interest.

13. The method of concept 9, wherein a complete image of said
feature of interest is obtained by scanning said object and beam relative to
each other with the location of said converging beam and the location of said
opening fixed with respect to one another.

14. The method of concepts 1-13 and 15-32, wherein said aperture
comprises a material that is highly attenuating to x-rays or gamina rays.

15. The method of concepts 1-14 and 16-32 wherein said opening
comprises a shape selected from the group consisting of a pinhole and a slit.

16. The method of concepts 1-15 and 18-32, wherein said opening
comprises a conical hole.

17. The method of concept 16, wherein said conical hole matches
the convergence and/or divergence of the laser-Compton beam at and
around the focus.

18. The method of concepts 1-17 and 19-32, wherein said opening
comprises a diameter that is of the order of the x-ray or gamma-ray focal spot
at said opening.

19. The method of concept 1-18 and 20-32, wherein all scattered
radiation and/or self-emission from said object that does not pass through
said opening is rejected and is not detected.

20. The method of concepts 1-19 and 21-32, wherein said aperture is
constructed from highly attenuating materials and is configured to have
sufficient thickness so as to block any x-rays ot gamina rays not passing
through said opening,

21. The method of concepts 1-20 and 22-32, wherein the step of
detecting said diverging beam is carried out with a 2-dimensional, x-ray
detector system.

22. The method of concepts 1-21 and 23-32, further comprising

tuning said output beam to just above a specific inner-shell, ionization
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threshold of a particular atomic species within said object to enhance contrast
in the image and/or enable elemental material identification within the object.

23. The method of concepts 1-22 and 24-32, further comprising
tuning said output beam to a nuclear resonance fluorescence transition of a
particular atomic species within said object to enhance contrast and/or enable
isotopic material identification within said object.

24, The method of concepts 1-23 and 25-32, wherein the step of
detecting said diverging beam is carried out with a gated detector system, the
method further comprising gating said detector system so that it is on only
during the arrival of ballistic image-forming photons of said diverging beam,
thereby further discriminating against background and scattered radiation.

25. The method of concept 2, wherein said at least one x-ray and/or
gamma-ray optic comprises a spatially varying structure such that lower
energy, higher angle, laser-Compton photons of said output beam that are
incident upon said at least one x-ray and/or gamma-ray optic are focused to
the same spot and same spot size as higher energy, on axis, laser-Compton
photons of said output beam.

26. The method of concept 2, wherein chromatic aberrations of at
least one x-ray and/or gamma-ray optic are matched to the spectral-angle
dependency of said laser~-Compton source.

27. The method of concept 2, wherein said at least one x-ray and/or
gamma-ray optic directs said output beam to a focus at said focal point in
only one dimension and allows said output beam to diverge in accordance
with the physics of the laser-Compton process in the other dimension and
wherein said opening is a slit matching the focal size of said output beam in
the focusing dimension.

28. The method of concept 27, further comprising tuning said
output beam to increase contrast and/or enable material identification within

said object.
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29, The method of concept 2, wherein said at least one x-ray and/or
gamma-ray optic comprises two, one-dimensional, compound x-ray optics
oriented at 90 degrees with respect to one another and that focus to different
locations, wherein one of these a fan beam of one dimension of said output
beam and the other produces a line focus of said output beam, wherein a slit
is placed at said line focus to reduce background radiation.

30. The method of concept 29, further comprising tuning said
output beain to increase contrast and/or enable material identification within
said object.

31. The method of concept 2, wherein said at least one x-ray and/or
gamma-ray optic comprises a first one~-dimensional, compound x-ray optic
and a second one-dimensional, compound x-ray optic oriented at 90 degrees
with respect to said first one-dimensional, compound x-ray optic, wherein
said the output beam is collimated in one dimension by said first one-
dimensional, compound x-ray optic and then focused in the other dimension
by said second one-dimensional x-ray optic, wherein a slit is placed at said
focal point to reduce background radiation.

32. The method of concept 31, further comprising tuning said
output beam to increase contrast and/or enable material identification within
said object.

33. An apparatus, comprising;

a source for providing an x-ray or gamma-ray output beam;

at least one x-ray and/or gamma-ray optic to produce, from said
output beam, a converging beam directed toward a focal point, wherein an
object positioned within the path of said output beam or said converging
beam will result in an altered beam;

an aperture having an opening located at the focal position of said
altered beam, wherein at least a portion of said altered beam will pass
through said opening to produce a diverging beam; and

a detector positioned for detecting said diverging beam.

18-
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34. The apparatus of concepts 33 and 35-56, wherein said source is a
laser-Compton source and wherein said output beam is a quasi-
monoenergetic, x-ray or gamma-ray output beam provided from said laser-
Compton source.

35, The apparatus of concepts 33, 34 and 36-56, wherein said at least
one x-ray and/or gamma-ray optic comprises at least one refractive x-ray
lens.

36. The apparatus of concepts 33-35 and 37-56, wherein said at least
one x-ray and/or gamma-ray optic comprises at least one compound x-ray
optic.

37. The apparatus of concepts 33-36 and 38-56, wherein said at least
one x-ray and/or gamma-ray optic comprises at least one collimating optic
followed by at least one focusing optic, wherein said output beam will be first
collimated by said at least one collimating optic and then focused by said at
least one focusing optic to produce said converging beam,

38, The apparatus of concepts 33-37 and 39-56, further comprising
means for scanning said object relative to the position of said converging
beam.

39. The apparatus of concepts 33-38 and 40-56, wherein said
aperture comprises a material that is highly attenuating to x-rays or gamma
rays.

40. The apparatus of concept 33-39 and 41-56, wherein said epening
comprises a shape selected from the group consisting of a pinhole and a slit.

41. The apparatus of concepts 33-40 and 43-56, wherein said
opening comprises a conical hole.

42. The apparatus of concept 41, wherein said conical hole matches
the convergence and/or divergence of the laser-Compton beam at and

around the focus.

~19-~
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43. The apparatus of concepts 33-42 and 44-56, wherein said
opening comprises a diameter that is of the order of the x-ray or gamma-ray
focal spot at said opening,.

44. The apparatus of concepts 33-43 and 45-56, wherein said
aperture is constructed from highly attenuating materials and is configured to
have sufficient thickness so as to block any x-rays or gamma rays not passing
through said opening,

45, The apparatus of concepts 33-44 and 46-56, wherein said
detector comprises a 2-dimensional, x-ray detector system.

46. The apparatus of concepts 33-45 and 47-56, further comprising
means for tuning said output beam to just above a specific inner-shell,
ionization threshold of a particular atomic species within said object to
enhance contrast in the image and/or enable elemental material identification
within the object.

47. The apparatus of concepts 33-46 and 48-56, further comprising
means for tuning said output beam to a nuclear resonance fluorescence
transition of a particular atomic species within said object to enhance contrast
and/or enable isotopic material identification within said object.

48. The apparatus of concepts 33-47 and 49-56, wherein said
detector comprises a gated detector system configured for gating said
detector system so that it is on only during the arrival of ballistic image-
forming photons of said diverging beam, thereby further discriminating
against background and scattered radiation.

49. The apparatus of concept 34, wherein said at least one x-ray
and/or gammia-ray optic comprises a spatially varying structure such that
lower energy, higher angle, laser-Compton photons of said output beam that
are incident upon said at least one x-ray and/or gamma-ray optic are focused
to the same spot and same spot size as higher energy, on axis, laser-Compton

photons of said output beam.
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50. The apparatus of concept 34, further comprising means for
matching chromatic aberrations of at least one x-ray and /or gamma-ray optic
to the spectral-angle dependency of said laser-Compton source.

51, The apparatus of concept 34, wherein said at least one x-ray
and/or gamma-ray optic is configured to direct said output beam to a focus
at'said focal point in only one dimension and allow said output beam to
diverge in accordance with the physics of the laser-Compton process in the
other dimension and wherein said opening is a slit matching the focal size of
said output bearmn in the focusing dimension.

52. The apparatus of concept 51, further comprising means for

- tuning said output beam to increase contrast and/ or enable material
identification within said object.

53. The apparatus of concept 34, wherein said at least one x-ray
and/or gamma-ray optic comprises two, one-dimensional, compound x-ray
optics oriented at 90 degrees with respect to one another and that focus to
different locations, wherein one of these produces a fan beam of one
dimension of said output beam and the other produces a line focus of said
output beam, wherein a slit is placed at said line focus to reduce background
radiation.

54. The apparatus of concept 53, further comprising means for
tuning said output beam to increase contrast and/ or enable material
identification within said object.

55. The apparatus of concept 34, wherein said at least one x-ray
and/or gamma-ray optic comprises a first one-dimensional, compound x-ray
optic and a second one-dimensional, compound x-ray optic oriented at 90
degrees with respect to said first one-dimensional, compound x-ray optic,
wherein said the output beam is collimated in one dimension by said first
one-dimensional, compound x-ray optic and then focused in the other
dimension by said second one-dimensional x-ray optic, wherein a slit is

placed at said focal point to reduce background radiation.
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56. The apparatus of concept 55, further comprising means for
tuning said output beam to increase contrast and/ or enable material
identification within said object.

57. A method for producing high-contrast, x-ray and/or gamma-
ray radiographic images having minimal contributions from object-
dependent background radiation, comprising:

providing a low divergernce, quasi-monoenergetic, x-ray or gamma-
ray output from a laser-Compton source;

utilizing x-ray and/or gamma-ray optics to produce, from said
output, a converging or collimated x-ray or gamma-ray beam;

positioning an object within the path of said beam to produce an
output beamy;

providing a pinhole with its aperture located at the focal position of
said output beam, to produce an apertured beam; and

recording an image of said apertured beam.

58. An apparatus for producing high-contrast, x-ray and/or
gamma-ray radiographic images having minimal contributions from object-
dependent background radiation, comprising:

a laser-Compton source for providing a low divergence, quasi-
monoenergetic, X-ray ot gamma-ray output;

x-ray and/or gamma-ray optics for producing, from said output, a
converging or collimated x-ray or gamma-ray beam;

a pinhole with its aperture located at the focal position of said
converging or collimated x-ray or gamma-ray beam to produce an apertured
beamy; and

means for recording an image of said apertured beam.

[0046] The foregoing description of the invention has been presented for
purposes of illustration and description and is not intended to be exhaustive
or to limit the invention to the precise form disclosed. Many modifications

and variations are possible in light of the above teaching. The embodiments
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disclosed were meant only to explain the principles of the invention and its
practical application to thereby enable others skilled in the art to best use the
invention in various embodiments and with various modifications suited to
the particular use contemplated. The scope of the invention is to be defined

by the following claims.



We claim

1. A method, comprising;:

providing an x-ray or gamma-ray output beam;

directing said output beam through at least one x-ray or gamma-ray optic to produce a
converging beam directed toward a focal point;

positioning an object within a path of said output beam or said converging beam to
produce an altered beam directed toward the focal point;

providing an element having an opening located at the focal point of said altered beam,
wherein at least a portion of said altered beam passes through said opening and said focal
point to produce a diverging beam; and

with a detector, detecting an inverted shadowgraph in said diverging beam and

recording said inverted shadowgraph of said object.

2. The method of claim 1, wherein said output beam is a quasi- monoenergetic, x-ray or

gamma-ray output beam provided from a laser- Compton source.

3. The method of claim 2, wherein said at least one x-ray or gamma-ray optic comprises
a spatially varying structure such that relatively lower energy, higher angle, laser-
Compton photons of said output beam that are incident upon said at least one x-ray or
gamma-ray optic are focused to the same spot and same spot size as relatively higher

energy, on axis, laser-Compton photons of said output beam.

4. The method of claim 2, wherein chromatic aberrations of at least one x-ray or gamma-

ray optic are matched to a spectral-angle dependency of said laser-Compton source.

5. The method of claim 2, wherein said at least one x-ray or gamma-ray optic directs said
output beam to a focus at said focal point in only one dimension and allows said output
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beam to diverge in accordance with physics of a laser-Compton process in an other
dimension and wherein said opening is a slit matching the focal size of said output beam

in the one dimension.

6. The method of claim 5, further comprising tuning said output beam to increase contrast

or enable material identification within said object.

7. The method of claim 2, wherein said at least one x-ray or gamma-ray optic comprises
two, one-dimensional, compound x-ray optics oriented at 90 degrees with respect to one
another and that focus to different locations, wherein one of these produces a fan beam
of one dimension of said output beam and the other produces a line focus of said output

beam, wherein a slit is placed at said line focus to reduce background radiation.

8. The method of daim 7, further comprising tuning said output beam to increase contrast

or enable material identification within said object.

9. The method of claim 2, wherein said at least one x-ray or gamma-ray optic comprises
a first one-dimensional, compound x-ray optic and a second one-dimensional, compound
x-ray optic oriented at 90 degrees with respect to said first one-dimensional, compound
x-ray optic, wherein said the output beam is collimated in one dimension by said first
one-dimensional, compound x-ray optic and then focused in the other dimension by said
second one-dimensional x-ray optic, wherein a slit is placed at said focal point to reduce

background radiation.

10. The method of claim 9, further comprising tuning said output beam to increase

contrast or enable material identification within said object.
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11. The method of claim 1, wherein said at least one x-ray or gamma-ray optic comprises

at least one refractive x-ray lens.

12. The method of claim 1, wherein said at least one x-ray or gamma-ray optic comprises

at least one compound x-ray optic.

13. The method of claim 1, wherein said at least one x-ray or gamma-ray optic comprises
at least one collimating optic followed by at least one focusing optic, wherein said output
beam is first collimated by said at least one collimating optic and then focused by said at

least one focusing optic to produce said converging beam.

14. The method of claim 13, wherein said object is positioned between said at least one

collimating optic and said at least one focusing optic.

15. The method of claim 1, wherein the step of positioning the object comprises:

positioning the object within the path of said converging beam, wherein said object
comprises a feature of interest that is smaller than a transverse dimension of said
converging beam such that said converging beam completely covers said feature of

interest.

16. The method of claim 1, wherein the step of positioning the object comprises:

positioning the object within the path of said converging beam, wherein said object
comprises a feature of interest that is larger than a transverse dimension of said
converging beam such that said converging beam does not completely cover said feature

of interest.
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17. The method of claim 16, further comprising scanning said object relative to the

position of said converging beam:.

18. The method of claim 17, wherein the step of detecting said diverging beam comprises
collecting a plurality of shadowgraphs of said diverging beam during the step of

scanning said object.

19. The method of claim 18, wherein said plurality of shadowgraphs altogether provide

a complete shadowgraph of said feature of interest.

20. The method of claim 16, wherein a complete or substantially complete shadowgraph
of said feature of interest is obtained by scanning said object and converging beam
relative to each other with the location of said converging beam and the location of said

opening fixed with respect to one another.

21. The method of claim I, wherein said element comprises a material that is attenuating

to x-rays or gamimna rays.

22. The method of claim 1, wherein said opening comprises a shape selected from the

group consisting of a pinhole and a slit.

23. The method of claim 1, wherein said opening comprises a conical hole.

24. The method of claim 23, wherein said conical hole matches the convergence or

divergence of the output beam at and around the focal point.
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25. The method of claim 1, wherein said opening comprises a diameter that is of an order

of an x-ray or gamma-ray focal spot at said opening.

26. The method of claim 25, wherein the step of positioning the object comprises
producing scattered radiation or self-emission from said object, wherein all scattered
radiation or self-emission from said object that does not pass through said opening is

rejected and is not detected.

27. The method of claim 1, wherein said element is constructed from attenuating
materials and is configured to have sufficient thickness so as to block any x-rays or

gamma rays not passing through said opening.

28. The method of claim 1, wherein the step of detecting said diverging beam is carried

out with a 2-dimensional, x-ray detector system.

29. The method of claim 1, further comprising tuning said output beam to above a specific

inner-shell, ionization threshold of a particular atomic species within said object.

30. The method of claim 1, further comprising tuning said output beam to a nuclear

resonance fluorescence transition of a particular atomic species within said object.

31. The method of claim 1, wherein the step of detecting said diverging beam is carried
out with a gated detector system, the method further comprising gating said detector
system so that it is responsive to ballistic shadowgraph-forming photons of said
diverging beam only during an arrival of same at said detector system, thereby further

discriminating against background and scattered radiation.
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32. The method of claim 1, wherein the step of positioning the object within the path of
said output beam or said converging beam comprises: producing a shadow of the object

in the altered beam.

33. The method of claim 1, wherein the at least one x-ray or gamma-ray optic is formed

lithographically in silicon.

34. The method of claim 1, further including recording said diverging beam.

35. An apparatus, comprising:

a source for providing an x-ray or gamma-ray output beam; at least one X-ray or gamina-
ray optic to produce, from said output beam, a converging beam directed toward a focal
point, wherein an object positioned within a path of said output beam or said converging
beam results in an altered beam directed toward the focal point;

an element having an opening located at the focal point of said altered beam, wherein at
least a portion of said altered beam passes through said opening and said focal point to
produce a diverging beam; and

a detector positioned for detecting an inverted shadowgraph of said object in said

diverging beam and recording said inverted shadowgraph of said object.

36. The apparatus of claim 35, wherein said source is a laser-Compton source and wherein
said output beam is a quasi-monoenergetic, x-ray or gamma-ray output beam provided

from said laser-Compton source.

37. The apparatus of claim 36, wherein said at least one x-ray or gamma-ray optic
comprises a spatially varying structure such that relatively lower energy, higher angle,
laser-Compton photons of said output beam that are incident upon said at least one x-ray
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or gamma-ray optic are focused to the same spot and same spot size as relatively higher

energy, on axis, laser-Compton photons of said output beam.

38. The apparatus of claim 36, further comprising means for matching chromatic
aberrations of at least one x-ray or gamma-ray optic to a spectral-angle dependency of

said laser-Compton source.

39. The apparatus of claim 36, wherein said at least one x-ray or gamma-ray optic is
configured to direct said output beam to a focus at said focal point in only one dimension
and allow said output beam to diverge in accordance with physics of a laser-Compton
process in an other dimension and wherein said opening is a slit matching the focal size

of said output beam in the one dimension.

40. The apparatus of claim 39, further comprising means for tuning said output beam to

increase contrast or enable material identification within said object.

41. The apparatus of claim 36, wherein said at least one x-ray or gamma-ray optic
comprises two, one-dimensional, compound x-ray optics oriented at 90 degrees with
respect to one another and that focus to different locations, wherein one of these produces
a fan beam of one dimension of said output beam and the other produces a line focus of
said output beam, wherein a slit is placed at said line focus to reduce background

radiation.
42. The apparatus of claim 41, further comprising means for tuning said output beam to

increase contrast or enable material identification within said object.
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43. The apparatus of claim 36, wherein said at least one x-ray or gamma-ray optic
comprises a first one-dimensional, compound x-ray optic and a second one-dimensional,
compound x-ray optic oriented at 90 degrees with respect to said first one-dimensional,
compound x-ray optic, wherein said the output beam is collimated in one dimension by
said first one-dimensional, compound x-ray optic and then focused in the other
dimension by said second one-dimensional x-ray optic, wherein a slit is placed at said

focal point to reduce background radiation.

44. The apparatus of claim 43, further comprising means for tuning said output beam to

increase contrast or enable material identification within said object.

45. The apparatus of claim 35, wherein said at least one x-ray or gamma-ray optic

comprises at least one refractive x-ray lens.

46. The apparatus of claim 35, wherein said at least one x-ray or gamma-ray optic

comprises at least one compound x-ray optic.

47. The apparatus of claim 35, wherein said at least one x-ray or gamma-ray optic
comprises at least one collimating optic followed by at least one focusing optic, wherein
said output beam is first collimated by said at least one collimating optic and then focused

by said at least one focusing optic to produce said converging beam.

48. The apparatus of claim 35, further comprising means for scanning said object relative

to the position of said converging beam.

49. The apparatus of claim 35, wherein said element comprises a material that is
attenuating to x-rays or gamma rays.

31

Date Regue/Date Received 2023-01-20



50. The apparatus of claim 35, wherein said opening comprises a shape selected from the

group consisting of a pinhole and a slit.

51. The apparatus of claim 35, wherein said opening comprises a conical hole.,

52. The apparatus of claim 51, wherein said conical hole matches the convergence or

divergence of the output beam at and around the focal point.

53. The apparatus of claim 35, wherein said opening comprises a diameter that is of an

order of an x-ray or gamma-ray focal spot at said opening,.

54. The apparatus of claim 35, wherein said element is constructed from highly
attenuating materials and is configured to have sufficient thickness so as to block any x-

rays or gamma rays not passing through said opening.

55. The apparatus of claim 35, wherein said detector comprises a 2-dimensional, x-ray

detector system.

56. The apparatus of claim 35, further comprising means for tuning said output beam to
above a specific inner-shell, ionization threshold of a particular atomic species within said
object to enhance contrast in the shadowgraph or enable elemental material identification

within the object.

57. The apparatus of claim 35, further comprising means for tuning said output beam to
a nuclear resonance fluorescence transition of a particular atomic species within said
object to enhance contrast or enable isotopic material identification within said object.
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58. The apparatus of claim 35, wherein said detector comprises a gated detector system
configured for gating said detector system so that it is responsive only during an arrival
of ballistic shadowgraph-forming photons of said diverging beam, thereby further

discriminating against background and scattered radiation.

59. The apparatus of claim 35, wherein a shadow of the object is in the altered beam.

60. The apparatus of claim 35, wherein the at least one x-ray or gamma-ray optic is formed

lithographically in silicon.
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