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X-RAY ABSORPTION MEASUREMENT SYSTEM

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This Patent Application claims priority to and the benefit of U.S. Provisional Patent

Application Nos. 62/008,856, filed June 6, 2014; 62/086,132, filed Dec. 1, 2014, and

62/117,062, filed Feb. 17, 2015, all of which are incorporated herein by reference in their
entirety. This application also claims priority to and claims the benefit of U.S. Application

Serial No. 14/636,994 filed March 3, 2015, which is hereby incorporated by reference in its
entirety.

FIELD

[0002} This present invention relates to a high brightness x-ray absorption
spectroscopy system or apparatus for the analysis of chemical/electronic states of element(s)
in materials using the x-ray absorption near-edge spectroscopy (XANES) technique, and for
the determination of the atomic coordination number and distance of clement(s) in materials

using extended x-ray fine absorption structure (EXFAS) technique.
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BACKGROUND -

[0003] X-ray absorption spectroscopy is a widely used technique to determine local
atomic structure and/or electronic structure of matter. X-ray absorption spectroscopy data
are obtained by measuring transmission and/or characteristic fluorescent x-rays of an element
in a material as a function of incident x-ray energy over an energy range with sufficiently
narrow energy band that corresponds to an absorption edge of an element of interest, at
which the incident x-ray photon has sufficient energy to excite core electron(s). The local
atomic structure and electronic structure of the material show resonances and exhibit
interference effects that affect the x-ray transmission as a function of the incident x-ray
energy, so, by measuring the x-ray transmission as a function of x-ray energy, information
about the local atomic structure and/or the electronic structure of the material can be
determined.

[0004] Absorption spectra near x-ray absorption edges are generally divided into
the “near edge” region, comprising the first 100 ¢V near an absorption edge, and the
“extended” region, up to 1000 eV higher. Near edge spectroscopy, generally referred to as
near edge x-ray absorption fine structure (NEXAFS) spectroscopy, or x-ray absorption near
edge spectroscopy (XANES), are the result of transitions of core electrons to low lying
unoccupied energy levels, and often has sharp resonance peaks. It is of use in understanding
the chemical environment, and in particular the oxidation state of the element involved.
Spectroscopy of the more extended energy region, generally referred to as extended x-ray
absorption fine structure (EXAFS), exhibits gentle oscillations of absorptivity with energy.
These arise from the interactions of the photoelectrons emitted with the surrounding atoms
within the structure. From the analysis of EXAFS spectra, distances between atoms can be
determined with high precision. The experimental analysis focusing on both spectral regions
has been referred to as x-ray absorption fine structure (XAFS).

[0005] FIG. 1 illustrates a conventional synchrotron XAFS measurement apparatus,
in which a synchrotron x-ray source P80 produces a beam of collimated x-rays P889
(typically collimated using an aperture or pinhole). The x-ray optical system associated with
the source P80 may also include beam stops, apertures, or other optical elements to shape the

x-ray beam P889 to have particular properties. The x-ray beam P889 is then reflected off two
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crystals P330A and P330B configured to form a monochromator P330 that produces a
monochromatic x-ray beam P889-2, which is then incident on a sample 240 to be measured.
The transmitted x-rays P889-X that pass through the sample 240 are then detected by a
detector P290, which will typically transmit its signals to signal processing electronics P292
that then are further processed by an analysis system P295, which often has a display P298 to
show data and results to the user. Motion controls for the double crystal monochromator
P330 (not shown) are typically provided so that adjustment of the angle relative to the x-ray
beam will select a particular narrow range of x-ray energies for transmission through the
monochromator P330.

[0006] FIG. 2 shows an illustration of XAFS results, in this case for a model iron
oxide (Fe;03) powder. Data are collected for x-rays with energy near the iron (Fe) K-edge
absorption at 7.112 keV. Near edge structure (XANES) is clearly visible, as are the higher
energy EXAFS variations from the standard absorption (denoted by w(E)). From these
variations, details of the chemical state and inter-atomic structure of the material may be
derived. [Data in FIG. 2 adapted from the PhD dissertation of Mauro Rovezzi, “Study of the
local order around magnetic impurities in semiconductors for spintronics.” Condensed
Matter, Université Joseph-Fourier - Grenoble 1, 2009. English. <tel-00442852>.]

[0007] Typically, an x-ray beam with an energy bandwidth of less than 1 eV is
required for XANES and less than 10 eV for EXAFS measurements. In electron
bombardment x-ray sources, the x-ray spectrum typically consists of a continuous spectrum
(known as Bremsstrahlung radiation) along with sharp characteristic x-ray fluorescence lines
of element(s) in the anode illuminated by the incident electron beam. For XFAS
measurement, Bremsstrahlung radiation is typically used. Because intensity oscillations in
EXAFS spectra are often less than 10% of the total absorption, and structural parameters can
be obtained only after a Fourier transform analysis of the data, highly accurate (0.1% or
better) absorption measurements are often required. Therefore, at least a million photon
counts are typically required at each energy datapoint.

[0008] To meet the narrow energy bandwidth required, a crystal monochromator
can be used. Several methods can be used to obtain the required energy bandwidth. One
method is to use a pair of flat crystals with appropriate reflection Miller index, such as silicon

Si (111), arranged to diffract an incident x-ray beam with a small convergence angle in the



WO 2015/187219 PCT/US2015/018553

dispersion plane (containing the incident and diffraction beam). The required small angular
convergence can be obtained for example using a pair of narrow slits separated by a
predetermined distance. Sometimes, only one slit is required if the source size in the
dispersion plane is small. This method offers several advantages: simple energy scanning by
scanning the x-ray beam incidence angle by rotating the monochromator, and a fairly wide
energy scanning range using a single crystal, often without need to move the source and the
sample in positions and angles, which can be important for many experiments, and results in
substantially simpler system and lower cost.

[0009] The small convergence angle means that this technique can be widely used
for experiments using synchrotron radiation sources, which have high brightness and are
highly directional. However, in a laboratory setting, where x-rays are generated in an electron
bombardment source, only a small fraction of the x-rays will be collected and used.
Consequently, the x-ray flux of a monochromatic x-ray beam obtained using this method
from a conventional electron bombardment x-ray source has simply been too low to allow
laboratory XAFS measurement.

[0010] To circumvent the low x-ray flux and thus low throughput problem, most
laboratory source based XAFS systems employ a single bent crystal monochromator in a
Rowland circle geometry. In such a system, the x-ray source, the bent crystal, and the slit in
front of the sample, are all located on the Rowland circle, with appropriate orientation.
Although using a bent crystal can increase the angular acceptance of x-rays generated by the
source, Rowland circle based x-ray spectrometers suffer the following drawbacks: difficulty
to obtain high x-ray energy resolution due to crystal strain induced by the bending, the
requirement of moving at least two of the three major components (source, crystal and
slit/sample) for energy scanning. In addition, a single bent crystal covers only a relatively
small energy range, so in practicc often a sct of bent crystals are required. The use of
Rowland circle based spectrometers may in part be motivated by the lack of x-ray sources of
small size with sufficient brightness, and the lack of x-ray optics for collecting x-rays
generated in the source with a large solid angle able to pfovide an x-ray beam with sufficient
angular collimation.

[0011] Another performance limiting factor of Rowland circle based

monochromator is high order harmonic contamination of the monochromatic x-ray beam
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because the bent crystal often reflects x-rays of energy equal to an integer multiple of the
desired x-ray energy. To circumvent this higher order harmonic contamination problem, low
energy electron beam excitation is often used. The use of low energy electrons directly leads
to a decrease of x-ray flux because x-ray production éfﬁciency of bremsstrahlung radiation in
an electron bombardment x-ray source is approximately proportional to the incident electron
energy.

[0012] The low performance of conventional laboratory-based x-ray absorption
spectroscopy systems has severally limited their utilization. X-ray absorption spectroscopy
measurements are currently carried out mostly at synchrotron radiation facilities, which offer
high throughput because of their large source brightness and usable x-ray flux over a wide
energy range. However, synchrotron radiation sources are large and expensive, often
occupying acres of land, and only available in a limited number of locations. As a
consequence, access per user group is typically finite and infrequent, particularly for
industrial users concerned about protecting intellectual property and/or difficulty justifying
imporfant but routine measurements in competition with academic research proposals for
lack of pure scientific merit. Other limitations include difficulty in transportation to
synchrotron radiation facilities of dcficate samples (e.g., fragile or sensitive to oxidization),
severe biological and radiological safety considerations, or in-situ experiments requiring
special instrumentation that may be unavailable.

{0013] XAFS techniques have many applications. In particular, EXAFS can
measure local interatomic distances in crystalline and non-crystalline materials. This is a
unique capability for non-crystalline materials, such as amorphous solids, solid solutions,
dopant and implant materials in semiconductor devices, catalysts, liquids, and organometallic
compounds. XANES is particularly useful in determining the oxidation states of the element
in its chemical environment. However, these techniques suffer from the lack of a high
brightness compact x-ray source that can be used in a laboratory or in the field. There is

therefore a need for such a high brightness, compact x-ray system for XAFS measurements.
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BRIEF SUMMARY

[0014] The present invention discloses an x-ray absorption spectroscopy syétem
comprising a compact x-ray source that provides a high brightness x-ray beam within a finite
angular range. This is achieved by using a source configuration that allows linear
accumulation of x-rays. The system also comprises an x-ray optical train that collects and
collimates the x-ray beam from the high brightness source, a monochromator comprising two
flat crystals (henceforth referred to as double crystal monochromator) that monochromatizes
the collimated x-ray beam and allows for scanning the x-ray energy, and an x-ray detector
that collects x-rays resulting from the interaction of the monochromatic x-ray with matter in a
sample for analysis. Optionally, it may also comprise a detector that monitors the intensity
of the monochromatic x-ray beam before its incidence on the sample (typically partially
transmissive and placed before the sample), and/or a second optical train that focuses the
monochromatic x-rays onto the sample.

[0015] The linear accumulation x-ray source compromises two or more sub-sources
of x-rays, with each sub-source having predetermined x-ray spectral characteristics, and with
the sub-sources separated physically from each other by predetermined spatial intervals and
aligned with each other along a predetermined axis to allow accumulation of x-rays to
increase brightness along that axis within a finite angular range. The x-ray sub-sources are
produced by electron bombardment of one or more targets comprising X-ray generating
materials. At least one of the targets comprises a substrate of low Z material (the first
material) with high thermal conductivity, and also an x-ray generating high Z material (the
second material) selected for its x-ray generating properties, such as spectral characteristic
and x-ray production efficiency, having at least one dimension less than 10 micrometers. In
some embodiments, the linear accumulation x-ray source is a line source to increase
throughput. In some preferred embodiments, the x-ray source position is scanned to increase
data collection throughput.

{0016] As part of the system, an x-ray optical train is configured to collect and
collimate or focus the x-rays from the high brightness source to produce a high flux
collimated x-ray beam over an energy range of interest. The x-ray optical train will typically

comprise at least one axially symmetric x-ray mirror optic with a reflecting surface profile
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selected from paraboloids and/or from type 1 Wolter optics, which is comprised of an
ellipsoid and a hyperboloid. The reflecting surface is typically glass, either uncoated or
coated with high mass density material or a multilayer coating. The reflecting surface
material should not contain elements with absorption edges in the x-ray energy range of
interest. The optical train may additionally include at least one pair of slits or
pinholes/apertures to collimate the angular convergence of the x-ray beam in one direction
for some embodiments.

[0017] A double crystal monochromator monochromatizes the collimated high flux
x-ray beam without changing the x-ray beam propagation direction using a none-dispersive
configuration, i.e. two identical crystals arranged in parallel. The crystal diffraction Miller
index is selected to obtain the energy resolution required. For XANES measurement, the
energy range to be scanned is typically within 50-100 eV of the absorption edge of the
element of interest with an x-ray energy bandwidth less than 1 eV. For EXAFS, an energy
scan of 500-1000 eV is typical, with an x-ray energy bandwidth less than 10 eV. The double
crystal monochromator will typically comprise a rotary stage with rotation axis that is
parallel to the crystal diffraction plane and perpendicular to the x-ray beam propagation
direction.

[0018] At least one detector receives x-rays from the sample in response to the
interaction of the incident x-ray beam with the sample, and produces signals indicative of
properties of the sample. The x-ray signals from the sample might include x-ray
transmission through the sample, and/or x-ray fluorescence of an element of interest as a
function of the x-ray energy of the incident x-ray beam. In some embodiments, an additional
optical train and/or monochromator may be placed before the detector to remove background
x-rays and improve signal to noise.

[0019] An electromechanical system will also typically be present to control the
source, the components of the optical train, the monochromator, the positioning the sample
with respect to the incident x-ray beam, and the detector. This system for electromechanical
control may be linked to a data analysis system that acquires data corresponding to the x-ray

signals, and performs calculations that determine the desired properties of the sample.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0020] FIG. 1 presents a schematic view of a prior art x-ray absorption fine structure (XAFS)
measurement system.

[0021] FIG. 2 illustrates a plot of representative x-ray absorption fine structure (XAFS)
spectrum for an iron oxide powder.

[0022] FIG. 3 schematically illustrates an XFAS system according to the invention.

[0023] FIG. 4 schematically illustrates a linear accumulation x-ray target comprising sub-
sources as used in some embodiments of the invention.

[0024] FIG. 5 schematically illustrates a linear accumulation x-ray target comprising a
monolithic x-ray generating region as used in some embodiments of the
invention.

[0025] FIG. 6 schematically illustrates a linear accumulation x-ray target as used in some
embodiments of the invention in which multiple sub-sources are embedded in
a substrate with a recessed shelf.

[0026] FIG. 7 schematically illustrates a cross section of a two-sided linear accumulation
x-ray source as used in some embodiments of the invention.

[0027] FIG. 8 schematically illustrates a cross section of a two-sided linear accumulation
x-ray source as used in some embodiments of the invention.

[0028] FIG. 9 schematically illustrates a linear accumulation x-ray source comprising optics
between sub-sources as used in some embodiments of the invention

[0029] FIG. 10 illustrates a cross section of a paraboloidal optical element.

[0030] FIG. 11 illustrates a cross section of a type I Wolter optical element.

[0031] FIG. 12 schematically illustrates a cross sectional view of an x-ray source and a
type 1 Wolter imaging optic as used in some embodiments of the invention.

[0032] FIG. 13 schematically illustrates a cross-section of a portion of an embodiment of the
invention having a double crystal monochromator.

[0033] FIG. 14 schematically illustrates a cross-section of a portion of an embodiment of the

invention having additional optical elements focus X-rays onto a sample.
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[0034] Note: The accompanying drawings, which are incorporated in and constitute a part of
the specification, illustrate exemplary embodiments, features, and aspects of
the invention and, together with the description, serve to explain the principles
of the invention. The drawings are not necessarily to scale; emphasis has

instead been placed upon illustrating the principles of the invention.

DETAILED DESCRIPTIONS OF EMBODIMENTS

X-ray Absorption Spectroscopy System.

[0035] FIG. 3 schematically illustrates an embodiment of the present invention for
an x-ray absorption spectroscopy system.

[0036] The x-ray generator 08 comprises a vacuum environment (typically 10° torr
or better) commonly maintained by a sealed vacuum chamber 20 or using active pumping,
and manufactured with sealed electrical leads 21 and 22 that pass from the negative and
positive terminals of a high voltage source 10 outside the vacuum chamber 20 to the various
elements inside the vacuum chamber 20. The x-ray source 80 will typically comprise mounts
30 which secure clements of the x-ray generator 08 such as the vacuum chamber 20 to a
housing 50, and the housing 50 may additionally comprise shielding material, such as lead, to
prevent x-rays from being radiated by the source apparatus 80 in unwanted directions. Inside
the vacuum chamber 20, an emitter 11 connected through the lead 21 to the negative terminal
of a high voltage source 10, which serves as a cathode and generates a beam of electrons 111,
often by running a current through a filament. Any number of prior art techniques for
electron t;eam generation may be used for the embodiments of the invention disclosed herein.

[0037] A target 1100 comprising a target substrate 1000 and regions of x-ray
generating material (shown in FIG. 3 as a set of embedded microstructures 700) 1s
electrically connected to the opposite high voltage lead 22 and target support 32 to be at
ground or positive voltage relative to the electron emitter 11, thus serving as an anode. The
electrons 111 accelerate towards the target 1100 and collide with it at high energy, with the
energy of the electrons determined by the magnitude of the accelerating voltage. The

collision of the electrons 111 into the target 1100 induces several effects, including the
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generation of x-rays 888, some of which exit the vacuum chamber 20 and are transmitted
through a window 40 that is transparent to x-rays.

[0038] The target 1100, as will be further described below, is configured to have
multiple sub-sources of x-rays generated from points that are generally aligned with each
other such that they produce x-rays that may have linear accumulation, leading to higher
brightness. Microstructured targets such as those that may be used in embodiments of the
invention disclosed herein have been described in detail in the co-pending US Patent
Application entitled STRUCTURED TARGETS FOR X-RAY GENERATION (US Patent
Application 14/465,816, filed Aug. 21, 2014), which, along with the provisional Applications
incorporated therein and to which it claims benefit, is hereby incorporated by reference in its
entirety. Furthermore, sources using these targets that have a linear accumulation of x-ray
sources as are described more fully in the co-pending U.S. Patent Application entitled
X-RAY SOURCES USING LINEAR ACCUMULATION by the inventors of the present
invention (U.S. Patent Application 14/490,672 filed Scpt. 19, 2014), which, along with the
provisional Applications incorporated therein and to which it claims benefit, is also hereby
incorporated by reference in is entirety. Any of the target and source designs and
configurations disclosed in the above referenced co-pending Applications may be considered
as alternative components and designs in any or all of the embodiments of the x-ray
absorption spectroscopy systems according to the invention disclosed herein.

[0039] In some embodiments of the invention, there may also be an electron control
mechanism 70 such as an electrostatic lens system or other system of electron optics that is
controlled and coordinated with the electron dose and voltage provided by the emitter 11 by a
controller 10-1 through a lead 27. The electron beam 111 may therefore be scanned, focused,
de-focused, or otherwise directed onto a target 1100 comprising one or more microstructures
700 fabricated to be in close thermal contact with the substrate 1000. In addition to providing
one or more electron beam(s) with predetermined properties (e.g. electron energy, current,
and focal spot size), such a control mechanism 70 may also direct the respective electron
beams to its desired position on one or more x-ray target(s) to generate x-rays at the positions
of sub-sources along a predetermined direction.

[0040] The system will typically comprise an optical train 840 to collect the x-rays

from the source and create an x-ray beam 889 with predetermined angular properties. The
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system will typically also comprise a monochromator 330 to take the x-ray beam 889 and
select certain wavelengths to form a monochromatic beam 889-2 and direct it towards the
sample 240 to be investigated. The combined x-ray source apparatus 80, optical train 840 and
monochromator 330 may be considered together as an x-ray illuminator 800. In some
embodiments, the monochromator 330 may be optionally followed with an additional optical
train that focuses the x-ray beam upon the sample.

[0041] The sample 240 is typically held in a mount 244, which may have motion
controls for x-y-and z translation, as well as rotation about these axes as well. These motion
controls may be managed by a controller 246, which may also have input into the x-y-z and
rotation controls of the optical train 840 and/or the monochromator 330. The data collection
system may comprise an x-ray detector or spectrometer 2900 to collect the transmitted x-rays
2889. The system may also comprise an additional x-ray filter 277 or other component with
predetermined spectral properties that may pass the transmitted x-rays 2889 while blocking
any x-ray fluorescence 2888 that may be generated in the sample 240. The system may also
comprise an additional x-ray detector or spectrometer 2000-F to collect fluorescence x-rays
2888.

[0042] The fluorescence detector may be of any type that is energy-resolving,
including wavelength dispersive spectrometer types, energy dispersive detectors, or
microcalorimeters. Shown in the figure is an energy dispersive type detector with a pinhole,
such as a silicon drift detector with a through-hole for the incident beam. Such a
configuration allows a large solid angle of collection. However, other embodiments may be
envisioned in which a fluorescence-type detector without a through-hole is offset at an angle
relative to the sample, either before or after the sample. Depending on the measurement
technique being employed, the detector 2900 and/or spectrometer 2900-F may comprise x-
ray optical elements and sensors designed to discriminate between x-ray energies.

[0043] For XAFS measurement, x-ray absorbance as a function of x-ray energy is
obtained by scanning the x-ray energy over a predetermined energy range. The x-ray
absorbance is obtained by normalizing the intensity of the x-ray beam passing through the
sample 240 to the incident x-ray beam 888 intensity. In some embodiments, an additional
detector may be used to directly measure the intensity of the incident x-ray beam 888. This

incident intensity detector may be an independent, partially transmissive detector placed in
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after the monochromator 330 or front of the sample 240, or may be incorporated as part of
the monochromator 330 as well. Alternatively, the incident x-ray beam 888 intensity as a
function of x-ray energy may also be determined using the detector 2900 by removing the
sample from the x-ray beam path. In some embodiments, an x-ray spectrometer 2900-F may
record x-ray fluorescence signals, and is used together with or instead of the x-ray detector
2900. The x-ray absorption spectroscopy apparatus may additionally comprise slit(s) to
eliminate or reduce unwanted x-rays (such as x-rays scattered outside the collimated x-ray
beam) to reach the sample.

[0044] For XAFS measurement, the x-ray flux F of the monochromatic x-ray beam
incident on the sample using an embodiment of the present invention illustrated in FIG. 3 is
given by:

F =nBsS;1S: 40; AO; AE/E [Eqn. 1]
where B, is the x-ray beam brightness at the sample (defined as number of x-rays per unit
area and per unit solid angle illuminating the sample and per 0.1% relative spectral
bandwidth), n is the optical system efficiency for relaying x-rays from the source to the
sample, S; is the source size in the energy dispersion plane (the plane containing the incident
and diffracted x-ray beam of the double crystal monochromator) and S; is the source size in
the out-plane that is perpendicular to the dispersion plane and the x-ray beam axis, A6, and
AB; are the x-ray beam angular divergence angle in the scattering direction and the out-plane
directions, respectively, and AE/E is the relative spectral bandwidth required for a
measurement.

[0045] The x-ray beam brightness B, at the sample is typically smaller than the x-
ray source brightness (B) because the inherent low focusing efficiency and aberrations of the
x-ray optical train lead to blurring and therefore an increase in the effective x-ray source size.
B, and B are approximately related by:

B =B El—il%; [Egn. 2]
where § is the full width half maximum (FWHM) of the point spread function of the x-ray
optical train, assuming that the optical property of the optical train between the source and
the sample is axially symmetric and the optical train is configured to collimate x-rays from

the source.
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[0046] The x-ray energy bandwidth AE passing through a double crystal

monochromator is approximately given by

AE = E cot(0) AG, [Eqn. 3]
where E is the x-ray energy of the monochromatic x-ray beam after the double crystal
monochromator 130, and cot(@) the cotangent of the Bragg angle (the angle between the
incident x-ray beam and the crystal Bragg plane).

[0047] Various embodiments of the present invention are designed to obtain a large
flux F with a bright lincar accumulation x-ray source, a high performance x-ray optical train
comprising an x-ray mirror optic with a small point spread function and a large solid angle of
collection of x-rays gencrated by the source, a double crystal monochromator providing a
large value of the product of its diffraction efficiency and cot(6) A6;, while achieving a

desired energy bandwidth AE.

X-ray Source.

[0048] Various embodiments of the linear accumulation x-ray source comprise a
plurality of x-ray sub-sources, and may comprisc at lcast one target comprising a substrate
(the first material) of low Z material with high thermal conductivity, such as diamond or
beryllium, and an x-ray generating material (the second material), such as copper, '
molybdenum, or tungsten, sclected for x-ray generating property, such as spectral
characteristic and x-ray production efficiency, and having at least one dimension less than 10
micrometers. In some embodiments, the thermal conductivity of the targets is mainly
dete}mined by the thermal conductivity of the substrate material, which allows the use of
x-ray generating materials with lower thermal conductivity otherwise not suitable as x-ray
target materials in a contiguous single material target employed in prior art, such as
germanium and lead, consequently allowing more options for materials to be used to produce
characteristic x-ray lines.

[0049] FIG. 4 schematically illustrates an embodiment of a portion of a linear
accumulation x-ray source as may be used in some embodiments of the present invention that
provides high x-ray brightness. In this source, six discrete microstructures 2701, 2702, 2703,
2704, 2705, 2706 comprising x-tay generating materials selected for x-ray generating

properties are embedded or buried in a substrate 2000 and configured at or near a recessed
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edge 2003 of the substrate 2000 by a shelf 2002, where the material of the substrate is of low
average atomic number, high thermal conductivity and high melting point. The x-ray
generating microstructures 2701, 2702, 2703, 2704, 2705, 2706 are arranged in a linear array
along a predetermined axis 3000, and emit x-rays 2888-D when bombarded with electrons
111. Along the direction within a divergence angle 1 of the axis 3000, x-rays generated in
the six sub-sources accumulate and appear to be generated from a single sub-source. The
angle range is approximately limited to smaller value of D and W divided by the total length
of the x-ray generating region 6*(.2 -+d).

[0050] The thickness of the bar D (along the surface normal of the target) is
selected to be between one-third and two-thirds of the depth of the incident electron
penetrating into the substrate for optimal thermal performance, but it can be bigger or
smaller. The chosen value determines the source size along that direction. Its selection also
depends on the accelerating voltage, since the penetration of the electron beam increases with
energy. The width of the bar  is selected to obtain a desired source size in the
corresponding direction. Though W = 1.5 D is illustrated in FIG. 4, it could also be
substantially smaller or larger, depending on the size of the source spot desired.

[0051] InFIG. 4, each of the discrete microstructures 2701, 2702, 2703, 2704,
2705, 2706 are shown to have equal length £ along the axis 3000. The total length of all the

six discrete microstructures, 6 £, will commonly be set to be ~2L, where L is the x-ray linear

attenuation length of the materials of the discrete microstructures for the x-ray energy of
interest, but a value of 0.5L to 4L may be selected. The thickness of the substrate material

between two adjacent discrete microstructures is preferably of a value between 0.5 £t0 3 4,

optimized by considering the relative thermal conductivity and mass density of the materials
of the substrate and the discrete microstructures, the x-ray linear attenuation length of the
substrate at the x-ray energy of interest, and the desired divergence angle 1.

[0052] In one embodiment of the linear accumulation source of the present
invention, the incident electron beam uniformly illuminates the area of the substrate
containing the discrete microstructures. In this case, because the electron energy deposition
rate in a material is proportional to the mass density, the ratio of the energy deposited in the
substrate between two adjacent discrete microstructures and in the discrete microstructures is

approximately equal to the ratio of their mass densities. Another preferred embodiment of
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the invention is that the incident electron beam is spatially modulated so that a large fraction
of it is incident on the discrete microstructures. This makes efficient use of the incident
electron energy for x-ray production and reduces the electron energy deposition in the
substrate and improves thermal dissipation of the discrete microstructures.

[0053]  Each of the discrete microstructures has five faces transferring heat into the
substrate, increasing the heat transfer away from the discrete microstructures 2701-2706 and
into the substrate. As illustrated, five of six faces of the microstructure are in close thermal
contact with the substrate, but adequate heat transfer is expected to occur is half or more of
the surface area of the microstructure is in close thermal contact with the substrate. As

illustrated, the separation between the sub-bars is a distance d =, although larger or smaller

dimensions may also be used, as discussed above.

[0054] The distance between the edge of the shelf and the edge of the x-ray
generating material p as illustrated is p = W, but may be selected to be any value, from flush
with the edge 2003 (p=0) to as much as 5 mm, depending on the x-ray reabsorption
properties of the substrate material for the x-ray energy of interest, the relative thermal
properties of the materials of the substrate and the discrete microstructures, and the amount
of heat expected to be generated when bombarded with electrons. For example, in some
embodiments, it may be generally preferred that the x-ray transmission through the distance p
is greater than 50%. X-rays that are generated are collected from the side of the anode, most
preferably at near-zero take-off angles (defined as the angle between the x-ray beam axis and
the anode surface).

[0055] Although the discrete microstructures shown in FIG. 4 are in the shape of
rectangular bar and have equal size, other any number of shapes and sizes can be used to
achieve high x-ray source brightness using the linear accumulation design principle from
plural of sub-sources and the use of the discrete microstructures embedded or buried ina
substrate to improve the thermal dissipation property of the x-ray generating material of each
sub-source, such as cubes, rectangular blocks, regular prisms, right rectangular prisms,
trapezoidal prisms, spheres, ovoids, barrel shaped objects, cylinders, triangular prisms,
pyramids, tetrahedra, or other particularly designed shapes, including those with surface
textures or structures that enhance surface area, to best generate x-rays of high brightness and

that also efficiently disperse heat. Furthermore, the x-ray generating material in each of the
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sub-sources may not be of single uniform material but comprise additional finer structures of
x-ray generating material.

[0056] FIG. 5 schematically illustrates an embodiment of the present invention
comprising a single microstructure 2700 instead of the discrete microstructures of FIG. 4. In
this illustration, the width W and depth D into the substrate of the microstructure 2700 are the

same as in FIG. 4, while the accumulated length L of the microstructure 2700 is equal to 6.2,

In other words, the volume of the x-ray generating material in FIGs. 4 and 5 are the same,
and similar volume of x-rays may be produced by similar excitation by an electron beam 111.
Similar design considerations on D, W, L, and p for FIG. 4 apply here.

[0057] InFIG. 6, a variation of the source target 1100-R as used in some
cmbodiments of the invention is shown, comprising a two-dimensional array of
microstructures 700-R embedded in a substrate 1000-R. This functions on a similar principle
to the one-dimensional array of microstructures shown in FIG. 4. Each of the microstructures
700-R acts as a sub-source of x-rays when bombarded by an electron beam 111. The
microstructures 700-R as shown are arranged near the edge 1003-R of a recessed shelf 1002-
R formed in the substrate 1000-R. The combination of the high thermal conductivity of the
substrate and the small dimension of the discrete microstructures allows heat to be efficiently
drawn out of the x-ray generating material, and in turn allows bombardment of the discrete
microstructures with higher electron density and/or higher energy electrons, leading to
greater x-ray brightness and flux, especially along take-off angles near zero degrees.

[0058] It should also be noted here that, when the word “discrete microstructure™ is
used herein, it is specifically referring to microstructures comprising x-ray generating
material, preferably with at least one dimension smaller than 100 pm. Likewise, it should be
noted that, although the word “discrete microstructure” is used, x-ray generating structures
with at least one dimension smaller than 1 micron, or even as small as nano-scale dimensions
(i.e. greater than 10 nm) may also be described by the word “discrete microstructures” as
used herein as long as the properties are consistent with the geometric factors for sub-source
size and pitches set forth in the various embodiments.

[0059] 1t should also be noted that here that, when the word “sub-source” is used it
may refer to a single discrete microstructure of x-ray generating material, or an ensemble of

smaller microstructures of x-ray generating materials, illuminated by a single electron beam.



WO 2015/187219 PCT/US2015/018553

[0060] The x-ray generating material used in the target should have good thermal
properties, such as a high melting point and high thermal conductivity, in order to allow
higher electron power loading on the source to increase x-ray production. The x-ray
generating material should additionally be selected for good x-ray production properties,
which includes x-ray production efficiency (proportional to its atomic number) and in some
cases, it may be desirable to produce a specific spectra of interest, such as a characteristic x-
ray spectral line. For example, targets are often fabricated using tungsten, with an atomic
number Z=74, due to its efficient x-ray production and its high thermal conductivity.

[0061] FIG. 7 schematically illustrates an embodiment of the linear accumulation x-
ray source employed in various x-ray source embodiments of the present invention that
comprises two sub-sources with targets sharing a common substrate 2230. The substrate may
be a first material of low atomic number, low mass density, high thermal conductivity and
high melting point, aligned to increase linear accumulation of x-rays along an axis 3001
connecting the two sub-sources. In this embodiment, the source will have two electron
beams 1231 and 1232 that are controlled to bombard the respective x-ray generating
malerials 2231 and 2232 coated on the common substrate 2230 and generate x-rays 831 and
832, respectively.

[0062] The x-ray generating materials are sufficiently thick for efficient generation
of x-rays of desired spectra but sufficiently thin for high transmission of the desired x-rays.
The underlying principle is that the electron penetration depth is typically much smaller than
the x-ray linear attenuation length, especially for higher energy x-rays. The thickness of the
x-ray generating materials 2231 ad 2232 is typically selected to be less than or comparable to
the depth of the incident electron beam penetrating into the x-ray generating materials 2231
and 2232, a larger value may be used. If the bombardment occurs at an angle to the surface
normal, as illustrated, the angle of incidence can also affect the selection of the coating
thickness. Although the tilt of the targets 2203 and 2204 relative to the electron beams 1231,
1232 and 1222 is shown as ~45°, any angle from 0° to 90° that allows x-rays to be generated
may be used.

[0063] The material of the common substrate 2230 is typically selected from a
material of low Z material with high thermal conductivity, such as diamond, diamond like

material, and beryllium, and silicon carbide. The thickness of the common substrate is
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selected to have high x-ray transmission for the x-ray energy of interest, often greater than
50%. The distance between the two sub-sources is generally greater than the incident
electron beam size.

[0064] It is possible that one or more of the anodes of the sub-sources has a very
thin substrate or even zero thickness in the impact region of the electron beam(s). It is
typical that the anodes (with or without the substrate) of the sub-sources are supported on a
support frame with an opening reasonably larger than the incident electron beam or x-ray
source size. The support frame will typically have high thermal conductivity and may be
cooled using techniques well known to those skilled in the art. In some embodiments, the
frame will be cooled to a temperature of minus 90 centigrade when the substrate or the frame
is made of diamond to make use of the increased thermal conductivity of diamond with
decreasing temperature.

[0065] Though the x-ray sub-sources 2231 and 2232 in FIG. 7 are shown as
extended targets comprising a layer of single material, in other embodiments at least one of
the single material layer target may be replaced with a region comprising a plurality of
discrete microstructures of x-ray generating materials embedded or buried in the common
substrate 2230, such as those illustrated in FIG 8. In this figure, each of the discrete
microstructures in the sets of microstructures 2151 and 2152 acts a x-ray sub-source,
generating x-rays 851 and 852, respectively, when illuminated by electron beam 1251 and
1252, respectively. When aligned with each other along axes 3002-3005, these also produce a
higher brightness x-ray beam with an extended beam profile that operates on the same
principle the source as illustrated in FIG. 7.

[0066] FIG. 9 schematically illustrates yet another embodiment of a linear
accumulation x-ray source employed in various embodiments of the present invention that
compriscs a plurality of targets 2801, 2802, and 2803 with x-ray generating material
fabricated on both sides of the respective substrates and aligned along a predetermined axis.
Imaging optics (2821 or 2831) collects and images x-rays from one sub-source, for example,
2883, to another sub-source, for example, 2882, on a different substrate so that x-rays from
the two sub-sources appear to originate from a single sub-source at 2882 when viewed along
the axis. Aligning multiple sources of x-ray generation in this manner can achieve linear

accumulation of x-rays and higher brightness. As shown, each of the sub-sources has an
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clectron beam (1181, 1182, 1183, 1184, 1185, and 1186) corresponding to a target containing
an x-ray generating material (2881, 2882, 2883, 2884, 2885, 28806, respectively). The x-ray
target may be a layer of the x-ray generating material deposited on its respective substrate, as
was illustrated in FIG. 7, or comprise a plurality of the discrete microstructures fabricated in
close thermal contact with (such as embedded in or buried in) with its respective substrate, as
is illustrated in FIG. 8.

[0067] To preserve the brightness of the sub-sources, the x-ray imaging optic that
collects the generated x-rays may have a point spread function less than the effective source
size of the two sub-sources, the smaller one if two sub-sources have different source sizes.
The focusing efficiency of the x-ray imaging optic 2831 and/or 2832 may be designed to be
greater than 50%. The surface profiles of these x-ray mirrors that collect the x-rays generated
by one sub-source and relay them to the next sub-source may be designed such that the
x-rays with the desired x-ray energy incident on the x-ray mirror surface at a grazing angle
smaller than or equal to the critical angle for total reflection of the mirror surface material at
the desired x-ray energy. The mirror surface material may be glass, or coated cither with a
high mass density material to increase the critical angle for total reflection to collect more
x-rays from the linear accumulation x-ray source. It is important that the material of the
reflecting surface doesn’t contain elements with x-ray absorption edges in the x-ray spectra
of interest for a given measurement. Typical mirrors that collect and focus x-rays may
surfaces corresponding to ellipsoids, although other surface configurations or optical designs
that collect and focus x-rays, such as those using combinations of Wolter optics or those
using polycapillary optics, will be known to those skilled in the art.

[0068] FIG. 9 shows six x-ray sub-sources with targets fabricated on three separate
substrates with every two sub-sources sharing a common substrate, and each illuminated by a
corresponding electron beam, but any number of regions of x-ray generating material can be
aligned in this manner to produce a high brightness x-ray source with linear accumulation.
This linear accumulation method can be repeated multiple times to obtain higher source
brightness along the axis of alignment. The x-ray targets including the substrate and x-ray
generating materials in at least one direction along the axis are selected to have high x-ray

transmission, preferably greater than 50%, for the x-ray energy of interest.
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[0069] It is possible that one or more of the anodes of the sub-sources has a very
thin substrate or even zero thickness in the impact region of the electron beam(s). In some
embodiments, the anodes (with or without the substrate) of the sub-sources are supported on
a support frame with an opening reasonably larger than the incident electron beam or x-ray
source size. The support frame may have high thermal conductivity and may be cooled using
techniques known to those skilled in the art. It is preferred to cool the frame to a temperature
down to minus 90° centigrade when the substrate or the frame is made of diamond to make
use of the increased thermal conductivity of diamond with decreasing temperature.

[0070] The selection of the materials of the linear accumulation source target used
in some embodiments is such that the substrate (the first material) is of low Z material with
high thermal conductivity, such as diamond or beryllium, and the material of the sub-sources
(the second material) are selected for x-ray generating properties such as spectral
characteristics and x-ray production efficiency and may include (but are not limited to)
copper, molybdenum, and tungsten. In some embodiments, the thermal conductivity of the
targets is mainly determined by the thermal conductivity of the substrate material, which
allows the use of x-ray generating materials with lower thermal conductivity otherwise not
suitable as x-ray target materials, such as germanium and lead, in conventional contiguous
single material targets, consequently allowing a greater number of elements available to
produce characteristic x-ray lines.

[0071] Systems are generally designed such that the all materials in the x-ray beam
path from the source to the sample, including the x-ray generating material and the substrate
material, should contain no or negligible amounts of clements that absorb x-rays in the
spectral region of interest, especially for EXAFS measurement. Multiple x-ray generating
materials made may be selected to cover a predetermined x-ray energy range.

[0072] The anode targets as shown in FIGs. 1 through 9 may be cooled using
methods known in the art, such as water cooling, thermoelectric cooling, and/or heat pipes,
which may also be employed to increase the thermal performance of the anode and thus the
brightness of the x-ray source.

[0073] Any number of prior art techniques for generating electron beams may be
used for the embodiments of the linear attenuation x-ray source disclosed herein. Some of the

known techniques used for electron beam generation include heating a filament for
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thermionic emission, Schottky emission (a combination of heating and field emission),
emitters comprising nanostructures such as carbon nanotubes), and by use of ferroelectric
materials. [For more on electron emission options for electron beam generation, see
Shigehiko Yamamoto, “Fundamental physics of vacuum electron sources”, Reports on
Progress in Physics vol. 69, pp. 181232 (2006)]. It is preferred that the size of the electron
beam is optimized according to the x-ray source size desired.

[0074] In some embodiments of the invention, there may also be electron optical
systems that in addition to providing electron beam(s) with predetermined property (electron
energy, current, and focal spot size), can control and direct the respective electron beams to

their desired positions on the respective x-ray targets.

X-ray Optical Train.

[0075] Various embodiments of the x-ray absorption spectroscopy system comprise
an x-ray optical train to collect a portion of x-rays from the linear accumulation x-ray source
and subsequently spectrally filter, collimate or focus the x-rays to produce an x-ray beam to
be incident on the sample to be analyzed. It should be noted that in the variations of optical
trains illustrated as cross-sections in the following figures that the optics may be axially
symmetric and also have either an absorbing beam stop, slit, or aperture that absorbs x-rays
that are not reflected. However, other designs of x-ray optical trains may be known to those
skilled in the art.

[0076] Optical trains such as thosc that may be used in embodiments of the
invention disclosed herein have been described in detail in the co-pending US Patent
Application entitled X-RAY ILLUMINATORS WITH HIGH FLUX AND HIGH FLUX
DENSITY (US Patent Application 14/544,191, filed Dec. 5, 2014), which, along with the
provisional Applications incorporated therein and to which it claims benefit, is hereby
incorporated by reference in its entirety.

[0077] To improve the numerical aperture of the optical elements of the optical
train, some embodiments of the invention may use coatings on the reflective surface. These
coatings are preferably high density materials (greater than 2.5 g/cm’) such as platinum,
iridium, or gold and typically around a few angstroms to a few nanometers in thickness. Such

high density coatings provide a larger critical angle for reflection, enabling the collection of
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more x-rays. Alternatively, multilayer coatings that reflect x-rays using alternating periodic
layers of two or more materials which provide constructive interference in reflection for
certain wavelengths. The reflection efficiency depends on the wavelength and angle of
incidence of the x-rays, and the thickness of the alternating layers, so this has limited use as a
broadband reflector, but may be used if specific wavelengths are desired. Combinations that
may be used for multilayer reflectors are tungsten/carbon (W/C), tungsten/tungsten silicide
(W/WSi2), molybdenum/silicon (Mo/Si), nickel/carbon (Ni/C), chromium/scandium (Cr/Sc),
and lanthanum/boron carbide (La/B4C), and tantalum/silicon (Ta/S8i), among others. The
surface may also be a compound coating comprising an alloy or mixture of several materials.

[0078] In some embodiments, the optics may furthermore be nested (concentric
within each other) to allow greater collection of x-rays, as is typical with the non-axial
symmetric mirrors used commonly in x-ray astronomy.

[0079] FIGs. 10 and 11 schematically illustrate variations of optical train
components to produce a collimated high brightness x-ray beam. FIG. 10 illustrates a cross-
section of an x-ray mirror 3020 of which the interior reflecting surface corresponds to a
portion of a paraboloid 3010. It will be generally configured so that its focus 3050 will be
positioned with the center of the linear accumulation x-ray source, and that its axis is aligned
along the axis of the linear accumulation x-ray source, such as was illustrated by the axis
3000 in FIG. 4. The x-ray mirror 3020 collects x-rays from the source and generates a
collimated x-ray beam. As the source will not be a perfect point source, the angular
convergence of the collimated beam is approximately equal to the apparent linear
accumulation x-ray sourcc divided by the distance between the source and the entrance of the
x-ray mirror 3020.

[0080] The surface profile of the x-ray mirror may be designed such that the x-rays
with the desired x-ray energy incident on the x-ray mirror surface at a grazing angle smaller
than or equal to the critical angle for total reflection of the mirror surface material at the
desired x-ray energy. The mirror surface material may be glass, or coated either with a high
mass density material to increase the critical angle for total reflection to collect more x-rays
from the linear accumulation x-ray source. The mirror surface may also be coated with a

multilayer of appropriate material composition, d-spacing gradient, and appropriate d-
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spacing gradient along the optical axis, to increase solid angle of x-ray collection from the
linear accumulation x-ray source and obtain an x-ray beam with narrow spectra.

[0081] FIG. 11 schematically illustrates a cross-section of another optical train that
may be used in embodiments of the presentation invention to produce a collimated high
brightness x-ray beam. The optical train in this example comprises a type 1 Wolter reflecting
optic having a first component 3040 corresponding to an ellipsoid and a second component
3040 corresponding to a hyperboloid. Both componénts are aligned to be co-axial, and with
one of the foci of the ellipse F,; corresponding to one of the foci of the hyperbola F;.

[0082] In embodiments of the invention, the type I Wolter mirror is typically
configured such that the focus Fj; will be positioned at the center of the linear accumulation
x-ray source and its optical axis is aligned to correspond to the axis of the linear
accumulation x-ray source, such as was illustrated by the axis 3000 in FIG. 4. Similar to the
parabolic optic of FIG. 10, it is preferred that the angular convergence of the collimated
beam in the scattering plane is smaller than the critical angle of the sample.

[0083] The slopes and surface profiles of the x-ray optics are designed such that the
x-rays with the desired x-ray energy are incident on the x-ray mirror surface at a grazing
angles that are smaller than or equal to the critical angle of the mirror surface material for
total at the desired x-ray energy. The surface material of one or both mirror components may
be glass, or coated either with a high mass density material to increase the critical angle for
total reflection, which is proportional to the square root of the density of the material. The
mirror surface may also be coated with a multilayer of appropriate material composition, d-
spacing gradient, and appropriate d-spacing gradient along the optical axis, to increase solid
angle of x-ray collection from the linear accumulation x-ray source and obtain an x-ray beam
with narrow spectra. Compared with the single paraboloid mirror illustrated in FI1G. 10, the
type | Wolter mirror illustrated in FIG. 11 can have up to 4X the solid angle of collection of
x-rays from the linear accumulation x-ray source, resulting in a collimated x-ray beam with a
larger x-ray flux.

[0084] The x-ray optical train may further comprise a spectral filtering component
to narrow the energy spectra of the collimated x-ray known in the prior art, such as a thin foil
spectral filter. Additionally, it may also compromise aperture(s) or slit(s) to obtain a desired

beam shape and size, as will be known by those skilled in the art.
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[0085] In addition to collimating optics, variations of optics for the optical train of
embodiments may also use focusing optics. It should be noted that, like the collimating
optics, all optical mirror surface materials may be glass, or coated either with a high mass
density material. The mirror surface may also be coated with a multilayer of appropriate
material composition, d-spacing gradient, and appropriate d-spacing gradient along the
optical axis, to increase solid angle of x-ray collection from the linear accumulation x-ray
source and