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DIFFRACTION ENHANCED IMAGING
METHOD USING A LINE X-RAY SOURCE

This work was supported in part by U.S. Army Medical
Research and Material Command grant DAMD 17-99-1-
9217 and State of Illinois Higher Education Cooperative
Agreement.

FIELD OF THE INVENTION

This invention relates to a method for detecting an image
of an object, such as one mass internal with respect to
another mass wherein the one mass has an absorption
content, refraction content, and/or density content different
from the other mass. The method of this invention measures
the intensity of an x-ray beam, such as an area x-ray beam,
as it emits from an object, preferably as a function of angle,
and derives an enhanced image from the measured intensity.

BACKGROUND OF THE INVENTION

X-ray imaging has been used in the medical field and for
radiology in general, such as non-destructive testing and
x-ray computed tomography. Conventional radiography sys-
tems use x-ray absorption to distinguish differences between
different materials, such as normal and abnormal human
tissues.

Conventional x-ray radiography measures the projected
x-ray attenuation, or absorption, of an object. Attenuation
differences within the object provide contrast of embedded
features that can be displayed as an image. For example,
cancerous tissues generally appear in conventional radiog-
raphy because these tissues are more dense than the sur-
rounding non-cancerous tissues. The best absorption con-
trast is generally obtained at x-ray energies where the
absorption is high. Conventional radiography is typically
performed using lower x-ray energy in higher doses to allow
greater absorption and, thus, better contrast and images. In
general, as the x-ray energy level increases and the x-ray
dose used decreases, the quality of the conventional radi-
ography image lessens.

Diffraction Enhanced Imaging (DEI), for example, as
disclosed in U.S. Pat. No. 5,987,095, issued to Chapman et
al., and U.S. Pat. No. 6,577,708, issued to Chapman et al.,
is an x-ray radiographic technique that derives contrast from
x-ray refraction and scatter rejection (extinction) in addition
to the absorption of conventional radiography. DEI can be
used to detect, analyze, combine and visualize the refraction,
absorption and scattering effects upon an image of an object.
DEI is particularly useful for relatively thick and thus highly
absorbing materials. Compared to the absorption contrast of
conventional radiography, the additional contrast mecha-
nisms, refraction and scatter, of DEI allow visualization of
more features of the object.

DEI can use highly collimated x-rays prepared by x-ray
diffraction from monochromator crystals. These collimated
x-rays are of single x-ray energy, practically monochro-
matic, and are used as the x-ray beam to image an object.
Once this x-ray beam passes through the object, a crystal
analyzer is introduced. If the crystal analyzer is rotated about
an axis, for example, the axis perpendicular to the plane
shown in FIG. 1, the crystal will rotate through a Bragg
condition for diffraction and the diffracted intensity will
trace out a profile that is called a rocking curve. The profile
will be roughly triangular and will have peak intensity close
to that of the beam intensity striking the analyzer crystal.
The width of the profile is typically a few microradians
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wide, for example 3.6 microradians within a full width of
half maximum (FWHM) at 18 keV using a silicon (3, 3, 3)
reflection. The character of the images obtained change
depending on the setting of the analyzer crystal. To extract
refraction information, the analyzer is typically set to the
half intensity points on low and high angle sides of the
rocking curve. At least two intensity images are obtained by
a detector at different angled positions, for example, one at
each of the low and high angle sides of the rocking curve,
of the crystal analyzer. The intensity images are mathemati-
cally combined to obtain enhanced images, such as a refrac-
tion angle image.

Current DEI methods are typically performed using a
synchrotron x-ray source and an object scanning system that
moves the object through the collimated x-ray beam. There
is a need for an imaging method that provides an area image
without an object scanning system. There is a need for a DEI
imaging method that can utilize conventional x-ray sources,
and, more particularly, relatively higher x-ray tube power
than generally used with conventional x-ray radiography to
reduce imaging time.

SUMMARY OF THE INVENTION

It is one object of this invention to provide a method for
detecting an image of an object and using the image to
determine differences in the composition of matter and/or
structural arrangement of the object.

It is another object of this invention to provide a method
for detecting an image of an object using a line x-ray source.

It is yet another object of this invention to provide a
method for detecting an area image of an object using an
area x-ray beam.

The above and other objects of this invention are accom-
plished with a method that irradiates an x-ray beam, such as
a mono-energetic beam, through an object and directs a
transmitted beam, which is emitted from the object, at an
angle of incidence upon a crystal analyzer. A diffracted beam
emitted from the crystal analyzer is used to detect an
intensity image of the object. Intensity images are detected
at least at two positions of the crystal analyzer, and then the
images are mathematically combined to derive an enhanced
image of the object.

The method of this invention is a DEI method in that the
method uses highly collimated x-rays prepared by x-ray
diffraction from monochromator crystals. These collimated
x-rays are of single x-ray energy, practically monochro-
matic, and are used as the beam to image an object. In the
method of one embodiment of this invention, the collimated
x-rays originate from a line x-ray source and are prepared by
a set of non-matching crystals of a crystal monochromator to
form an x-ray area beam. Once this area beam passes
through the object, another crystal is introduced. This crystal
is called the crystal analyzer. If this crystal analyzer is
rotated about an axis, the crystal will rotate through the
Bragg condition for diffraction and the diffracted intensity
will trace out a profile that is called the rocking curve. The
profile will be roughly triangular and will have peak inten-
sity close to that of the beam intensity striking the analyzer
crystal. The width of the profile is typically a few microra-
dians wide. The character of the images obtained changes
depending on the setting of the analyzer crystal. To extract
refraction information, the analyzer is typically set to the
half intensity points on the low and high angle sides of the
rocking curve. For optimal scatter rejection sensitivity, the
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analyzer is typically set to the peak of the rocking curve. To
image the rejected scatter, the analyzer is typically set in the
wings of the rocking curve.

The imaging method according to this invention allows a
line x-ray source to be used in DEI methods. Using a line
x-ray source allows for area images to be obtained, thereby
avoiding the more complicated scanning system, and the
associated moving parts, currently used with typical DEI
methods. A line x-ray source also allows a relatively higher
x-ray tube power, as compared to conventional radiography,
to be used, thereby reducing the imaging time and x-ray
exposure. The method according to this invention works
with either a Laue type crystal analyzer, which is a trans-
mission type analyzer, or a Bragg type crystal analyzer,
which is a reflection type analyzer.

BRIEF DESCRIPTION OF THE DRAWINGS

The above-mentioned and other features and objects of
this invention will be better understood from the following
detailed description of preferred embodiments taken in
conjunction with the drawings.

FIG. 1 is a schematic diagram of a crystal analyzer system
including a Bragg type crystal analyzer, according to one
preferred embodiment of this invention.

FIG. 2 is a representative DuMond Diagram of a silicon
(3,3,3) crystal reflection over a Bragg angle range of 0 to 90
degrees.

FIG. 3 is a representative DuMond Diagram of two
non-matching crystal reflections, including an enlarged view
of'the overlap area. More particularly, the DuMond Diagram
of FIG. 3 shows the overlap of dispersion curves of a silicon
(4,0,0) crystal and a silicon (3,3,3) crystal.

FIG. 4 is another enlarged view of the overlap area of the
dispersion curves shown in FIG. 3.

FIG. 5 is a representative DuMond Diagram of three
non-matching crystal reflections, including an enlarged view
of'the overlap area. More particularly, the DuMond Diagram
of FIG. 5 shows the overlap of dispersion curves of a silicon
(4,0,0) crystal, a silicon (3,3,3) crystal, and a germanium
(3,3,3) crystal.

DETAILED DESCRIPTION OF THE
PRESENTLY PREFERRED EMBODIMENTS

The imaging method of his invention is a type of Dit-
fraction Enhanced Imaging (DEI). The imaging method of
this invention is different from other DEI methods, such as,
for example, the x-ray imaging method disclosed in U.S.
Pat. No. 5,987,095 issued to Chapman et al. and/or in U.S.
Pat. No. 6,577,708 issued to Chapman et al., the entire
disclosures of which are incorporated into this specification
by reference, in that this imaging method uses a line x-ray
source and non-matching monochromator crystals to pre-
pare an x-ray imaging area beam for obtaining an area image
of an object. The non-matching crystals of the crystal
monochromator allow the use of a line x-ray source.

FIG. 1 shows a schematic diagram of analyzer system 10,
according to one preferred embodiment of this invention.
The analyzer system 10 includes a crystal analyzer 12. The
crystal analyzer 12 represents a Bragg type crystal analyzer.
As will be appreciated by those skilled in the art following
the teachings herein provided, a Laue type analyzer can also
be used in the method of this invention for analysis pur-
poses.

The analyzer system and imaging method of this inven-
tion use an x-ray beam generated from an x-ray source, or
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target, to detect an image of an object. In the embodiment of
the invention shown in FIG. 1, the x-ray source is a line
x-ray source 16. The line x-ray source 16 generates x-ray
beam 18. In one embodiment of this invention the line x-ray
source includes molybdenum. Using a line x-ray source in
the imaging method of this invention to prepare an area
beam for imaging the object allows for use of generally
higher x-ray tube power, as compared to conventional x-ray
radiography, and reduced imaging time. According to one
preferred embodiment of this invention, x-ray beam 18 has
an energy level in a range of approximately 10 keV to
approximately 100 keV, and desirably approximately 16 keV
to approximately 40 keV.

The x-ray beam 18 is diffracted by a crystal monochro-
mator 20 before transmitting through an object 30. The
crystal monochromator 20 includes non-matching mono-
chromator crystals 22 and 24. As shown in FIG. 1, the x-ray
beam 18 is first diffracted by a first monochromator crystal
22 toward a second monochromator crystal 24. The x-ray
beam 18 is diffracted by the second monochromator crystal
24 toward the object 30. The monochromator crystals 22 and
24 are non-matching in that the first monochromator crystal
22 is different from the second monochromator crystal 24 in
at least one of lattice spacing or crystal type. In the analyzer
system 10, the x-rays emitted from the line x-ray source 16
are diffracted by the crystal monochromator 20 and colli-
mated to within the rocking curve width of the second
monochromator crystal 24. The x-rays of the x-ray beam 18
diverge in the vertical plane, giving rise to the area beam
emitted through the object 30.

The use of a line x-ray source in combination with the
non-matching crystals 22 and 24 of the crystal monochro-
mator 20 provides particular benefits over the typical DEI
methods practiced using a synchrotron x-ray source. The
method of this invention forms an x-ray area beam that
provides an area beam of the object 30, thereby increasing
the stability of the analyzer system 10 and eliminating the
moving parts of current scanning systems. The line x-ray
source allows relatively higher x-ray power to be used with
conventional x-ray tubes. In addition, the mismatched crys-
tal monochromator of this invention can eliminate unwanted
x-ray photon energies from the x-ray imaging beam.

The x-ray beam 18 is transmitted through the object 30.
A transmitted x-ray beam 32 that emits from the object 30
is directed at an angle of incidence upon the crystal analyzer
12. The crystal analyzer 12 is preferably positioned between
the object 30 and a detector 34. The crystal analyzer 12 is
preferably fixed spatially with respect to the transmitted
x-ray beam 32, and oriented to diffract the transmitted x-ray
beam 32 onto the detector 34. Fine angular control of crystal
analyzer 30 can be accomplished with a stepper motor
driven translation stage pushing on a relatively long rod
which is mechanically connected to an axle onto which the
crystal analyzer 12 is attached. The fine angular control may
result in a resolution limit of approximately 1 microradian.
Such fine tuning can position the crystal analyzer 12 at
various positions within the rocking curve of the crystal
analyzer 12.

In one embodiment of the invention, an enhanced image
of'the object 30 is derived by combining at least two images
of the object 30 detected at different angular position of the
crystal analyzer 12. A first image of the object 30 is detected
from a diffracted beam 36 emitted from the crystal analyzer
12 at a first angular position of the crystal analyzer 12. A
second image of the object 30 from a diffracted beam 36
emitted from the crystal analyzer at a second angular posi-
tion of the crystal analyzer 12.
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The first and second angular positions of the crystal
analyzer 12 are desirably within a rocking curve of the
crystal analyzer 12. The rocking curve of the crystal ana-
lyzer 12 is the sensitivity function of the analyzer system 10
and is characterized by the x-ray output as a function of the
angular position of analyzer system 10 when no object is
present in x-ray beam 18, as prepared by the monochromator
20. In one embodiment of the invention, the first image of
the object 30 is detected at a low rocking curve angle setting
of'the crystal analyzer 12 and the second image of the object
30 is detected at a high rocking curve angle setting of the
crystal analyzer 12. The first and second images are desir-
ably exposed on a detector capable of producing a digitized
image. The exposed first and second images can be digitized
and mathematically combined to form the enhanced image.
The method of this invention can be used to form any
enhanced image that other DEI methods can produce. In one
embodiment of the invention the enhanced image is an
absolute absorption image or a refraction image.

Any suitable detector known to those skilled in the art can
be used to detect an image of object 30. In one preferred
embodiment according to this invention, an area image of
the object 30 is detected with an image plate which com-
prises a photo-stimulable phosphor image plate typically
used for radiology, such as FUJI Medical Systems high
resolution HRS and standard resolution STS image plates.
An image recorded on the image plate can be digitized,
stored and displayed, for example by a FUJI Medical
Systems AC3 reader and workstation or by any other suit-
able digital conversion means known to those skilled in the
art. A suitable spatial resolution of images can be 0.1x0.1
mm?®. The digitized images can then be mathematically
combined to form the enhanced image of this invention.

In one embodiment of the invention, a first image (I;) of
the object 30 is detected at a low rocking curve angle setting
of the crystal analyzer 12 and a second image (I) of the
object 30 is detected at a high rocking curve angle setting of
the crystal analyzer 12. Both the first and second images 1,
and I, have a similar absorption content, but a sensitivity to
refraction effects is reversed between both images I, and I,.
A sensitivity to refraction occurs because crystal analyzer 12
has a relatively steep intensity versus angle dependence. The
first and second images are desirably images exposed on a
detector capable of producing a digitized image. The
exposed first and second images can be digitized and math-
ematically combined to form the enhanced image.

The first image I, and the second image I, acquired with
either a Bragg type or a Laue type crystal analyzer 12,
represent independent measurements of the combined
absorption and refraction properties of the object 30. It
should be noted that there is a distinction between refraction
and scattering. Refraction occurs from long range spatial
variations in a density and/or thickness of a material. In one
preferred embodiment according to this invention, a range of
refraction angles used in experimentation was less than
approximately 1 microradian. Scattering occurs when a
material is structured on a length scale smaller than the
resolution of the detector (typically some 10’s of microns),
down to length scales comparable to the wavelength of the
x-rays. Any ordered arrangement within the object 30 that
scatters x-rays with an angle greater than a few microradians
will likely be rejected by the crystal analyzer 12. Thus, any
scattering due to order in the material of the object 30 will
reduce a diffracted intensity and will appear in the image as
an apparent absorption. Such effect allows for image con-
trast based on scattering by, as well as absorption of, the
material of the object 30.
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The arrangement of the analyzer system 10 according to
this invention allows a sensitivity to refraction effects along
a direction in which the crystal analyzer 12 diffracts the
transmitted beam 32. Such direction represents a scan direc-
tion which was used in experimental measurements accord-
ing to one preferred embodiment of the method of this
invention. Thus, according to one preferred embodiment of
this invention, analyzer system 10 is sensitive to refraction
effects in such direction. If such direction is arbitrarily
chosen to be the z direction, then an angle of x-rays deviated
by the object 30 in the z direction is denoted by d,. Such
small deviation angles tend to redirect x-rays transmitted
through the crystal analyzer 12 and also tend to modulate an
intensity diffracted by the Bragg type crystal analyzer 12,
according to the rocking curve value. If the crystal analyzer
12 is set for one-half of the maximum intensity, then small
deviation angles will modulate the intensity above and
below the half intensity values. The sensitivity to small
deviation angles can be determined by a local slope of the
rocking curve. The intensity I recorded in the image is the
combination of such two effects, as shown below in Equa-
tion 1.

oR Equation 1
I=1r(R+ Eéz)

The intensity 1 is the diffracted beam intensity recorded on
detector 34. The intensity I, is the intensity which is trans-
mitted through the object 30. If imaged alone, the intensity
1 would be the normal absorption image of the object 30.
The reflectivity R of the crystal analyzer 12 was set at
approximately 0.5 for the one-half intensity point, according
to experimentation conducted. The gradient term dR/40 is
the local slope of the rocking curve at a set position of the
crystal analyzer 12, and is used to determine an intensity
modulation created by refraction of the x-rays along the z
direction in the object 30.

When the same object 30 is imaged at two angular settings
of the crystal analyzer 12, for example, on each side of the
rocking curve, Equations 2 and 3 are used to determine an
intensity which is preferably recorded on each pixel of the
detector 34 for each image acquired.

Equation 2

Equation 3

Intensities 1; and I, correspond to low rocking curve
angle and high rocking angle image pixel values, respec-
tively. Equations 2 and 3 can be solved for the normal
absorption image I, and the refraction angle image d, as
shown in Equations 4 and 5.

oR oR E ion 4
. IL(E)H _ IH(E)L quation
oR oR
*l5g), ),
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-continued
= IRy — Iy Ry, Equation 5
- O6R SR
1), 1(5),

Equations 4 and 5 are used to compute and combine the
low rocking curve angle image and the high rocking curve
angle image into refraction and absorption images. While
the method of this invention can use an area x-ray beam to
create an area image on the detector 34, the algorithm is
preferably applied to the pixilated detector image on a
pixel-by-pixel basis on raw data images which are aligned so
that each pixel in each image is from a same region in
imaged object 30.

The absorption image provided by the method of this
invention differs from a normal transmitted image according
to conventional radiography technology, which does not use
a crystal analyzer, in that the absorption image contains
nearly no scatter from imaged object 30, primarily due to
extremely tight conditions imposed by a Bragg type scat-
tering condition. Any rays which are deviated by even a few
microradians from a direct path and/or which are deviated in
energy by a few electron volts, such as AE/BEZ107*, will not
be diffracted by crystal analyzer 12. Such arrangement will
remove relatively small angle scattering and other forms of
coherent scattering, and will also remove Compton scatter-
ing. Both types of scattering mechanisms contribute to loss
of contrast in imaging. Thus, diffracted beam images are
almost completely scatter-free.

The method according to this invention can be conducted
with either a Bragg type crystal analyzer or a Laue type
crystal analyzer. A Bragg type system uses reflection geom-
etry to obtain refraction and absorption images in a near
absence of coherent and inelastic scattering. Reflection
geometry of the Bragg type system provides a single dif-
fracted beam image at a single setting of crystal analyzer 12.
An image produced with a Bragg system provides a refrac-
tion angle image of object 30 and a nearly scatter-free
absorption image of object 30.

When using a Laue type system, transmission geometry is
used to obtain refraction and absorption images in a similar
manner as with a Bragg system. However, the Laue system
has two main differences over the Bragg system. First, in a
Laue system a forward diffracted beam is emitted from the
crystal analyzer, in addition to a diffracted beam. The
forward diffracted beam produces an image which contains
some of the scatter rejected by the diffracted beam image.
Information contained within the forward diffracted beam
image can be used to detect and image scatter resulting from
the transmitted x-ray beam passing through the object.
Second, the intensity of the image downstream of the crystal
analyzer in a Laue system is not as intensity efficient as in
a Bragg system. When the crystal analyzer has an optimal
crystal thickness, the diffracted beam is approximately 10%
of the beam intensity that it is when striking an entrance side
of the crystal analyzer. The efficiency of a Bragg system is
approximately 50% or greater than the entrance beam inten-
sity. U.S. Pat. No. 5,987,095 issued to Chapman et al., and
herein fully incorporated by reference, further discloses the
use of Laue crystals in DEI methods.

The use of non-matching monochromator crystals in the
imaging method of this invention allows for use of a line
x-ray source. Using a line x-ray source in the imaging
method of this invention provides an area x-ray beam that
allows area images to be acquired without a scanning system
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as is presently used with synchrotron based DEI methods. In
addition, the line x-ray source allows for use of higher power
conventional x-ray tubes as the x-ray source, which can
result in reduced imaging time.

In one embodiment of this invention, the non-matching
first and second monochromator crystals 22 and 24 differ
from each other in at least one of crystal type or crystal
lattice spacing. Crystals that differ in “type” differ in the
chemical makeup of the crystal, i.e., the chemical element
that forms the crystal. For example, a silicon (3,3,3) crystal
and a silicon (4,0,0) crystal are of the same crystal type but
have different crystal lattice spacings, while a silicon (3,3,3)
crystal and a germanium (3,3,3) crystal are different in
crystal type and have identical, or at least substantially
identical, crystal lattice spacings.

In one particularly preferred embodiment of this inven-
tion, the first and second monochromator crystals 22 and 24
are non-matching and the second crystal 24 desirably
matches, i.e., is the same crystal type and has the same
crystal lattice spacing as, the crystal analyzer 12. In such an
embodiment, the first crystal 22 acts as a pre-monochroma-
tor, which in conjunction with the crystal 24, serves to
eliminate the propagation of undesirable x-ray energies that
can fulfill the Bragg requirement and blur the final image. In
one presently preferred embodiment of the invention, the
first monochromator crystal 22 is constructed of germanium
with (3,3,3) lattice planes and the second monochromator
crystal 24 and the crystal analyzer 12 are constructed of
silicon with (3,3,3) lattice planes.

In another embodiment of the invention, the first mono-
chromator crystal 22 includes a first lattice spacing that is
different from a second lattice spacing of the second mono-
chromator crystal 24. As discussed in more detail below with
reference to FIGS. 3-5, the range of x-ray wavelength that is
accepted by the crystal monochromator 20 is an important
parameter for a line x-ray source, as the emission x-rays
have a limited range of wavelengths. Therefore, non-match-
ing crystal lattice spacings that may be used in the two
crystal monochromator system are generally limited. In one
embodiment of the invention, a crystal monochromator
including two non-matching monochromator crystals is
formed by starting with two crystals identical in type and
lattice spacing, such as two silicon (3,3,3) crystal, and
heating one of the monochromator crystals to alter the lattice
spacing. By heating one of two identical crystals, the mis-
match, or difference, between the lattice spacing of the
heated crystal and the non-heated crystal can be controlled
and be made relatively small to provide the desired wave-
length acceptance from the line x-ray source.

The imaging method and the analyzer system of this
invention have two aspects that limit the x-ray flux due to the
non-matching pair of monochromator crystals. The first flux
limiting aspect is a transverse acceptance angle limitation.
The traverse acceptance angle (a) can be defined in terms of
the Bragg angles (0, and 6,) of the two non-matching
monochromator crystals, the difference between the two
Bragg angles (A8) and the width of acceptance of the two
crystals (80) by Equation 6.

50 Equation 6

a=2sin”! L = 2sin”! ﬂ —_
2cosf; 2sinAfcosf; 1 + d8cotAd

The transverse angle can be made large if the difference
between the two Bragg angles (A0) is small and the accep-
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tance angle (80) is large. An estimate of the transverse
acceptance angle (a) that may occur with a non-matching
monochromator crystal system can be obtained by assuming
that the acceptance angle (80) is the Darwin width (w,) of
the first or second monochromator crystal. Assuming for this
estimation, for reason of simplicity, that both Darwin widths
are approximately the same and that the two Bragg angles
are close together, then:

Equation 7
a ~2sin”! ﬂ @ and !
2sinAfcosf; 1 + wpcotAd |
wp Equation 8
a =~ 2sin’! - , and
2sinAf
wp Equation 9
a=x2 | —.
2A6

Applying Equation 9 to a crystal monochromator including
a germanium (3,3,3) crystal and a silicon (3,3,3) crystal,
wherein the Darwin width of the germanium crystal is
~6x10 radians and the difference (A6) between the crystals
is about 1 degree, at 18 keV the estimated transverse angle
is about 0.05 radians, or about 2.5 degrees (corresponding to
a full width of 0.1 radians or 5 degrees). This estimate
matches that found with a laboratory DEI analyzer system in
which the useable field of view in the transverse dimension
from a line source x-ray has been found to be about 50 mm
at a distance from the line x-ray source of about 500 mm.
This observed transverse beam size corresponded to a full
width of 0.1 radians as expected.

The second flux limiting aspect is a wavelength band-
width limitation. When two monochromator crystals are
non-matching, the energy acceptance of the crystal pair may
be limited due to dispersion effects. The dispersion, or
wavelength versus the diffraction angle, of a crystal is given
by Equation 10, the Bragg equation, that relates the x-ray
wavelength A to the lattice spacing for the diffraction d and
the Bragg angle 8 measured from the lattice planes.

A=2d sin 6 Equation 10
This relationship can be shown in a DuMond diagram, such
as the representative DuMond diagram shown in FIG. 2.
FIG. 2 shows a representative DuMond diagram of a silicon
(3,3,3) reflection over a Bragg angle from 0 to 90 degrees.
The inset of FIG. 2 shows an enlarged region that represents
the reflectivity over an angular range.

The DuMond diagram allows a closer inspection of the
dispersion curve on a scale that allows the intrinsic angular
width, or wavelength or energy widths, to be observed. For
a perfect crystal, this intrinsic width is the Darwin width.
FIG. 3 shows a DuMond diagram of non-matching crystals.
The first crystal is the silicon (3,3,3) crystal shown in FIG.
2 and the second crystal is a silicon (4,0,0) crystal. The
DuMond diagram of FIG. 3 includes the second crystal as a
second dispersion line. The silicon (4,0,0) crystal dispersion
curve overlaps the silicon (3,3,3) crystal dispersion curve at
the K, emission line energy of 17.4793 keV but do not
overlap at the K ,, emission line energy of 17.3743 keV. The
magnified DuMond diagram shows the overlap of the two
dispersion curves in more detail. The overlap region repre-
sents the section of wavelength and angle that will be passed
by the tow crystal system.
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FIG. 4 shows the section of the DuMond diagram where
overlap occurs for dispersion curves 1 and 2. As shown in
FIG. 4, the relative slope between the two DuMond plots and
the widths of reflections (w,, w,) determine the region of
overlap, or overlap area. The local slope of each dispersion
curve is given Equation 11, which is a derivative of Equation
10.

di deosd Equation 11
g = 2deos

As Equation 11 represents the local slope of the dispersion
curve, Equation 11 will equate to the tangent of the local
angle of the dispersion curve with respect to the angle axis
(tan y). The overlap area of a two non-matching crystal
system is proportional to the throughput of the two crystals
at the wavelength range of overlap.

The range of wavelength that is accepted is an important
parameter for a line x-ray source, as the emission x-rays
have a limited range of wavelengths. As seen in FIG. 4, there
are four wavelength ranges: 1) a range of full overlap (Ak);
2) a range of partial overlap (Ah,); 3) a range of overlap
corresponding to the first crystal (Ak,); and 4) a range of
overlap corresponding to the second crystal (Ah,). The
wavelength range corresponding to the segment lengths x;
and x, is determined by:

siny; siny, Equation 12

sinAy

Adyp = w2 = lixawy2;

where I'; ., is a dispersion slope mismatch parameter defined
as:

2d,dycosb) costy
drcosby — djcosh;

Equation 13
Fixe =

Using the wavelength range for the segment length, the full
and partial overlap wavelength ranges can be found as:

AhFAM=AM=T 5 (0,-0y) Equation 14

and

Ah,=Ado+AM =T, o(Wr+0y) Equation 15

As an example of this overlap, consider the silicon (3,3,3)
crystal and the silicon (4,0,0) crystal of FIG. 3 at the
molybdenum K, line at 17.4793 keV. For these two reflec-
tions, the dispersion slope mismatch is I';,.,=0.794 nanom-
eters/radian. The Darwin width (w,) of the silicon (3,3,3)
crystal is 2.9x1079 radians and the Darwin width (o, ) of the
silicon (4,0,0) crystal is 6.2x107° radians. Applying Equa-
tions 14 and 15, AL=2.7x107° and A},,=7.2x107°.

It is clear that the overlap wavelength is small and,
considering Equations 13-15, that the overlap is increased
by making the lattice spacing mismatch between the two
crystals as small as possible. However, the mismatch must
be large enough to allow the full energy band of the desired
x-ray emission line to be accepted by the two crystals. As
will be appreciated by one skilled in the art following the
teachings herein provided, these factors can limit the lattice
spacings that may be used in the two crystal monochromator
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system. Two possible options for non-matching monochro-
mator crystals for use in the method of this invention
include: 1) using two different crystal types, such as a silicon
crystal and a germanium crystal, having identical, or at least
substantially similar, lattice spacings; and 2) altering the
lattice spacing of one of two crystals of the same type and
having the same lattice spacing.

FIG. 5 shows a DuMond diagram including the dispersion
curves of the silicon crystals of FIG. 3 and a dispersion curve
of'a germanium (3,3,3) crystal at the same molybdenum K,
wavelengths as shown in FIG. 3. The dispersion curve of the
germanium (3,3,3) crystal is closer to the dispersion curve of
the silicon (3,3,3) crystal than the silicon (4,0,0) crystal. For
the germanium (3,3,3) crystal and the silicon (3,3,3) crystal,
the dispersion slope mismatch parameter is I'},,=4.37
nanometers/radian. The Darwin width (w,) of the silicon
(3,3,3) crystal is 2.9x107° radians and the Darwin width (w,)
of the germanium (3,3,3) crystal is 6.0x107° radians. Apply-
ing Equations 14 and 15, A)»f:2.7><10"6 and Akp:7.2><10"6.

In one embodiment of the invention, the lattice spacing of
one of two crystals of the same type and having the same
lattice spacing is altered by a temperature change. For
example, a silicon (3,3,3) crystal at room temperature (~25°
C.) has a lattice spacing of 0.105 nanometers. To ensure that
the adjacent K, emission line is rejected, A, should be
equal to the wavelength difference between the K, and the
K, x-ray emission lines, or Ak, ,. Specifically the require-
ment is:

Adgjp = Equation 16

2d, d{ cosf; cosd]

SALAICOSTICOSL oy _ BT
djcosf] — dycost, el —e™)

BT, \_
Fixalw; — e wy) =

The primed values are the result of lattice expansion or
compression due to temperature. Assuming that d,'=d,(1+
€AT), where € the thermal expansion coefficient, the rela-
tionship between a lattice expansion and the Bragg angle
needs to be determined to evaluate the dispersion mismatch
parameter. From the Bragg relation:

A 3 Equation 17
2_d1 =sinfy,

then:

A Equation 18
costydfy = - dd, duatien
1

and therefore:

Ady AT
2d}cosh;

Equation 19

d6, =
or:

0; =6, +db) = 6; —eATcotb). Equation 20

The dispersion mismatch parameter can thus be reduced to:

cosf) + eAT cosf| + AT cotf sinf;
eATcost| + eATcotd sinf;

1+ 2eAT
= 2d cosf; AT

Equation 21

[ = 2djcost;
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-continued
dcost,
T AT

Therefore, assuming the temperature term (e757) is close to
unity, as is typically the case for a hard lattice such as silicon
or germanium, the overall partial mismatch is:

dcost,
eAT

Equation 22

Ma]—Z =2 w].

Solving for the temperature change to separate the lines:

dcost,
PO

Equation 23
AT =2

The 300K coeflicient of thermal linear expansion is
4.86x10 K™, the wavelength difference between the K,
and K, emission lines for molybdenum is 0.004 nanom-
eters, and the Darwin width of a silicon (3.3,3) crystal is
2.9x10 radians. Thus, 292 K is the calculated temperature
difference between the two silicon (3,3,3) crystals needed to
separate the dispersion curves of the two silicon (3,3,3)
crystals. This temperature difference is relatively high, but
accessible.

Thus the method of this invention is a DEI method that
incorporates a line x-ray source and non-matching mono-
chromator crystals. The method of this invention provides an
x-ray area beam that provides an area image of an object
without a scanning system. The crystal monochromator of
this invention eliminates unwanted x-ray photons from the
imaging area beam and allows the use of a line x-ray source,
thereby allowing use of convention x-ray tubes having
relatively higher power than in conventional x-ray radiog-
raphy. The higher power x-ray area beam of this invention
can reduce the object imaging time and thus can reduce the
x-ray exposure to the object.

While the embodiments of the invention described herein
are presently preferred, various modifications and improve-
ments can be made without departing from the spirit and
scope of the invention. The scope of the invention is
indicated by the appended claims, and all changes that fall
within the meaning and range of equivalents are intended to
be embraced therein.

What is claimed is:
1. A method for detecting an image of an object with an
x-ray beam, the method comprising:

diffracting the x-ray beam using non-matching monochro-
mator crystals, the non-matching monochromator crys-
tals including a first monochromator crystal and a
second monochromator crystal, the first monochroma-
tor crystal being different from the second monochro-
mator crystal in at least one of lattice spacing or crystal
type;

transmitting the x-ray beam from the non-matching
monochromator crystals through the object;

directing the transmitted x-ray beam at an angle of
incidence upon a crystal analyzer;

detecting a first image of the object from a diffracted beam
emitted from the crystal analyzer at a first angular
position of the crystal analyzer;
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detecting a second image of the object from a diffracted
beam emitted from the crystal analyzer at a second
angular position of the crystal analyzer; and

combining the first and second images to derive an
enhanced image.

2. The method according to claim 1, wherein the x-ray
beam is diffracted by the first monochromator crystal and the
second monochromator crystal before transmitting through
the object.

3. The method according to claim 1, wherein the first
monochromator crystal is constructed of germanium with
(3,3,3) lattice planes and the second monochromator crystal
is constructed of silicon with (3,3,3) lattice planes.

4. The method according to claim 1, wherein the first
monochromator crystal includes a first lattice spacing that is
different from a second lattice spacing of the second mono-
chromator crystal.

5. The method according to claim 4, wherein the first and
second monochromator crystals are the same crystal type
and additionally comprising heating one of the first and
second monochromator crystals.

6. The method according to claim 1, wherein the x-ray
beam is generated by a line x-ray source.

7. The method according to claim 1, wherein the first and
second angular positions of the crystal analyzer are within a
rocking curve of the crystal analyzer.

8. The method of claim 7, additionally comprising:

detecting the first image of the object at a low rocking

curve angle setting of the crystal analyzer; and
detecting the second image of the object at a high rocking
curve angle setting of the crystal analyzer.

9. The method according to claim 1, wherein the first
image and the second image are exposed on a detector
capable of producing a digitized image.

10. The method according to claim 9, wherein the exposed
first image and the exposed second image are digitized.

11. The method according to claim 10, wherein the
digitized images are mathematically combined to form the
enhanced image.

12. The method according to claim 1, wherein the
enhanced image is one of a refraction image and an absolute
absorption image.
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13. The method according to claim 1, wherein the crystal
analyzer is one of a Bragg type analyzer and a Laue type
analyzer.

14. The method according to claim 1, wherein the x-ray
beam has an energy level in a range of approximately 16 keV
to approximately 40 keV.

15. A method for detecting an image of an object, wherein
an x-ray beam is generated, the method comprising:

generating an x-ray beam from a line x-ray source;

diffracting the x-ray beam using non-matching monochro-
mator crystals to produce an area x-ray beam, the
non-matching monochromator crystals including a first
monochromator crystal and a second monochromator
crystal, the first monochromator crystal being different
from the second monochromator crystal in at least one
of lattice spacing or crystal type;

transmitting the area x-ray beam through the object and

emitting from the object a transmitted beam;
directing the transmitted beam at an angle of incidence
upon a crystal analyzer;

detecting a first area image of the object from a diffracted

beam emitted from the crystal analyzer at a low rocking
curve angle setting of the crystal analyzer;

detecting a second area image of the object from a

diffracted beam emitted from the crystal analyzer at a
high rocking curve angle setting of the crystal analyzer;
and

combining the first area image and the second area image

to derive an enhanced area image.

16. The method according to claim 15, wherein the first
monochromator crystal is constructed of germanium with
(3,3,3) lattice planes and the second monochromator crystal
is constructed of silicon with (3,3,3) lattice planes.

17. The method according to claim 15, wherein the first
monochromator crystal includes a first lattice spacing that is
different from a second lattice spacing of the second mono-
chromator crystal.



