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(57) Abstract: The present teaching relates to methods, systems, and
apparatus for X-ray imaging with a detector capable of resolving
photon energy. In one example, an X-ray microscope is disclosed. The
X-ray microscope comprises an X-ray source and a detector. The X-ray
source is configured for irradiating X-ray to a sample. The detector is
configured for: detecting X-ray photons from the irradiated X-ray, de
termining energy of each of the detected X-ray photons, and generating
an image of the sample based on detected X-ray photons that have en
ergies in a predetermined range.

X-Ray Imaging with a Detector Capable of Resolving Photon Energy
Technical Field

[0001] The disclosure herein relates t o X-ray applications, particularly relates t o X-ray imaging
with a detector capable of resolving photon energy.
Background

[0002] X-ray has been used t o form an image of an object in medical and industrial applications.
In one application, an X-ray microscope is an instrument used t o produce enlarged images of

samples illuminated with X-rays. There are two main types of microscopes: full field
microscopes and scanning microscopes. In full field microscopes, the whole field of view is
imaged t o a detector plane at the same time. In scanning microscopes, the sample is
illuminated with a bright well focused spot scanning over the sample.

[0003] Fig. 1 schematically shows a conventional X-ray microscope with focusing optical
elements. As shown in Fig. 1, the conventional X-ray microscope includes an X-ray point source
101, a focusing optics 104, and a detector for the resulting X-ray image 103 of the sample 102.
In practice, the point source is not very small (>5 microns), and thus the resulting image is not

very sharp. Therefore, the focusing optics 104 is needed t o focus X-ray from the X-ray point
source 101 into a tiny virtual source 105. The focusing optics 104 may be a Fresnel zone plate.
The magnification of the set-up is the quotient L2/L1 with the distance source-sample LI and
the distance source-image L2.

[0004] Fresnel zone plate, like most refractive optics that can be used as the focusing optics
104, has chromatic aberration.

Therefore, focal lengths of the Fresnel zone plate are different

for X-rays with different wavelengths o r frequencies. To avoid chromatic aberration in X-ray

imaging, a conventional solution is t o use a microfocus X-ray source that is monochromatic.

A

monochromatic microfocus X-ray source may be produced with microfocus tubes. But this
requires a very efficient filter, which is difficult t o achieve for X-ray, where useful X-ray photons
may be lost.

[0005] X-ray computed tomography (CT) is another application of X-ray image, using X-rays t o
create cross-sections of an object that can be used t o recreate a virtual model, e.g. a threedimension (3D) mode, without destroying the original object. X-ray microtomography
micro-computed

or

tomography (micro-CT) is X-ray CT when the pixel sizes of the cross-sections

are usually in the micrometer range.

[0006] Fig. 2 schematically shows a conventional X-ray CT system. As shown in Fig. 2, the X-ray
CT system in Fig. 2 includes an X-ray source 201, a capillary condenser 202, an objective zone

plate 204, a phase plate 205, and a charge-coupled device (CCD) detector 206. The sample 203
is placed at the focal point of the X-ray. This system in Fig. 2 is capable of phase-contrast CT.

[0007] Since the capillary condenser 202 can condense X-rays of all wavelengths into a focal
point in the nanometer range, there is no need for a filter before the sample. However, an Xray CT system like this in Fig. 2 is bulky and expensive, and includes a very complicated optical
path.

Summary

[0008] Disclosed herein is an X-ray microscope, comprising: an X-ray source configured t o
irradiate a sample with X-ray ; and a detector configured to: detect X-ray photons from the
sample, determine energy of the detected X-ray photons, and generating an image of the
sample based o n the detected X-ray photons that have energies in a predetermined

range.

[0009] According t o an embodiment, the X-ray photons from the sample comprise X-ray
photons having energies in the predetermined range and X-ray photons having energies outside
the predetermined range.
[0010] According t o an embodiment, the X-ray microscope further comprises focusing optics
configured t o focus the X-ray from the X-ray source into a virtual point source before the
sample.

[0011] According t o an embodiment, the detector is further configured t o determine a number
of the detected X-ray photons that have energies in the predetermined range.
[0012] According t o an embodiment, the detector comprises an array of pixels; and the
detector is further configured t o determine a number of the detected X-ray photons that have
energies in the predetermined range, for each of the pixels.

[0013] According t o an embodiment, the detector is a semiconductor X-ray detector.
[0014] According t o an embodiment, the detector is further configured to: determine a first
number of X-ray photons that are detected by the detector and have energies in a first range;
and determine a second number of X-ray photons that are detected by the detector and have

energies in a second range.

[0015] According t o an embodiment, the detector is further configured t o generate a first
image of the sample based on the first number of X-ray photons and a second image of the

sample based o n the second number of X-ray photons.

[0016] Disclosed herein is an X-ray computed tomography (CT) system, comprising: an X-ray
source configured t o irradiate an object with X-ray; and a detector configured to: detect X-ray

photons from the object, determine energy of the detected X-ray photons, and reconstruct a

virtual model of the object based o n detected X-ray photons that have energies in a
predetermined range.
[0017] According t o an embodiment, the X-ray photons from the object comprise X-ray
photons having energies in the predetermined range and X-ray photons having energies outside
the predetermined range..
[0018] According t o an embodiment, the detector is further configured t o determine a number
of the detected X-ray photons that have energies in the predetermined range.
[0019] According t o an embodiment, the detector comprises an array of pixels; and the
detector is further configured t o determine a number of the detected X-ray photons that have
energies in the predetermined range, for each of the pixels.

[0020] According t o an embodiment, the detector is a semiconductor X-ray detector.
[0021] According t o an embodiment, the detector is further configured to: determine a first
number of X-ray photons that are detected by the detector and have energies in a first range;
and determine a second number of X-ray photons that are detected by the detector and have

energies in a second range.

[0022] According t o an embodiment, the detector is further configured t o reconstruct a virtual
model of the object based on the first number of X-ray photons and the second number of Xray photons.

[0023] Disclosed herein is a system comprising: an X-ray source configured t o irradiate an
object with X-ray; a condenser; and a detector configured t o determine energy of the detected
X-ray photons and determine energy of the detected X-ray photons, wherein the system is

configured for performing X-ray microtomography with respect t o the object.

[0024] According t o an embodiment, the system is configured t o recreate a virtual model of the
object or forming an image of the object by measuring energy of X-ray photons that are
irradiated by the X-ray source, affected by the object, and detected by the detector.
[0025] According t o an embodiment, the detector is further configured to: determine a first
number of X-ray photons that are detected by the detector and have energies in a first range;
and determine a second number of X-ray photons that are detected by the detector and have

energies in a second range.

[0026] According t o an embodiment, the X-ray source emits X-rays with a first spectral line and
a second spectral line; the X-ray with the first spectral line includes photons having energies in
the first range; and the X-ray with the second spectral line includes photons having energies in
the second range.
[0027] According t o an embodiment, the X-ray with the first spectral line forms a first focal
point by the condenser; the X-ray with the second spectral line forms a second focal point by
the condenser; and the object is placed between the first focal point and the second focal point,
when being irradiated by the X-rays.
[0028] Disclosed herein is a method, comprising: irradiating a sample with X-ray; detecting a
first plurality of X-ray photons from the sample, at a first distance from the sample; determining
energy of the first plurality of X-ray photons; and generating a first image of the sample based
on the first plurality of X-ray photons that have energies in a predetermined range.

[0029] According t o an embodiment, the first plurality of X-ray photons from the sample
comprise X-ray photons having energies in the predetermined range and X-ray photons having
energies outside the predetermined range.

[0030] According t o an embodiment, the method further comprises focusing the irradiated Xray from the X-ray source into a virtual X-ray point source before the sample.

[0031] According t o an embodiment, generating the image is performed by a detector
comprising a plurality of pixels and generating the image further comprises: determining a
plurality of numbers, a number of the first plurality of detected X-ray photons that have
energies in the predetermined range, for each of the pixels; and generating the image of the

sample based o n the number.

[0032] According t o an embodiment, the method further comprises determining a first number
of X-ray photons that are detected and have energies in a first range; and determining a second
number of X-ray photons that are detected and have energies in a second range.
[0033] According t o an embodiment, the method further comprises generating a first image of
the sample based o n the first number of X-ray photons and a second image of the sample based
on the second number of X-ray photons.

[0034] According t o an embodiment, the method further comprises detecting a second
plurality of X-ray photons from the sample, at a second distance from the sample; determining
energy of the second plurality of X-ray photons; and generating a second image of the sample
based o n the second plurality of X-ray photons that have energies in a predetermined range.

[0035] Disclosed herein is a method, comprising: irradiating an object with X-ray; detecting Xray photons from the object; determining energy of the detected X-ray photons; and

reconstructing a virtual model of the object based o n detected X-ray photons that have
energies in a predetermined range.

[0036] According t o an embodiment, the method further comprises determining a first number
of X-ray photons that are detected and have energies in a first range; and determining a second
number of X-ray photons that are detected and have energies in a second range.

[0037] According t o an embodiment, the reconstructing is based on the first number of X-ray
photons and the second number of X-ray photons.

Brief Description of the Drawings

[0038] Fig. 1 schematically shows a conventional X-ray microscope with focusing optical
elements;

[0039] Fig. 2 schematically shows a conventional X-ray CT system;
[0040] Fig. 3 schematically shows an X-ray microscope, according t o an embodiment of the
present teaching;

[0041] Fig. 4 schematically shows an X-ray CT system, according t o an embodiment of the
present teaching;

[0042] Fig. 5 schematically shows another X-ray CT system, according t o an embodiment of the
present teaching;

[0043] Fig. 6 schematically shows an X-ray micro-CT system, according t o an embodiment of
the present teaching;

[0044] Fig. 7A schematically shows a cross-sectional view of a detector, according t o an
embodiment of the present teaching;

[0045] Fig. 7 B schematically shows a detailed cross-sectional view of the detector, according t o
an embodiment of the present teaching;

[0046] Fig. 7C schematically shows an alternative detailed cross-sectional view of the detector,
according t o an embodiment

of the present teaching;

[0047] Fig. 7 D shows an exemplary top view of a portion of the detector, according t o an
embodiment

of the present teaching;

[0048] Fig. 8 shows component diagrams of an electronic system of a semiconductor X-ray
detector, according t o an embodiment

of the present teaching;

[0049] Fig. 9 schematically shows an X-ray imaging system capable of simultaneously
generating two images of an object, according t o an embodiment

of the present teaching;

[0050] Fig. 10A schematically shows a system suitable for phase-contrast X-ray imaging (PCI),
according t o an embodiment

of the present teaching;

[0051] Fig. 10B schematically shows another system suitable for PCI, according t o an
embodiment

of the present teaching;

[0052] Fig. 11 illustrates a method of using the X-ray microscope in Fig. 3 for phase-contrast Xray imaging (PCI), according t o an embodiment

of the present teaching;

[0053] Fig. 12 shows a flow chart of a method suitable for X-ray microscopy based o n a
detector capable of resolving photon energy, according t o an embodiment

of the present

teaching;

[0054] Fig. 13 shows a flow chart of a method suitable for X-ray CT based o n a detector capable
of resolving photon energy, according t o an embodiment

of the present teaching;

[0055] Fig. 14 shows a flow chart for a method suitable for detecting X-ray based o n a system
such as the electronic system 721 of Pixel 1 in Fig. 8, according t o an embodiment
present teaching;

of the

[0056] Fig. 15 schematically shows a system comprising an X-ray detector described herein,
suitable for performing X-ray radiography on human mouth, human chest, human abdomen,
diamond, plant, building material, etc., according t o an embodiment of the present teaching;
and

[0057] Fig. 16 schematically shows an X-ray computed tomography (X-ray CT) system
comprising an X-ray detector described herein, according t o an embodiment of the present
teaching.

Detailed Description
[0058] In the following detailed description, numerous specific details are set forth by way of
examples in order t o provide a thorough understanding of the relevant teachings. However, it
should be apparent t o those skilled in the art that the present teachings may be practiced
without such details. In other instances, well known methods, procedures, components,
and/or circuitry have been described at a relatively high-level, without detail, in order t o avoid
unnecessarily obscuring aspects of the present teachings.

[0059] In the present teaching, a detector capable of resolving photon energy is used in X-ray
imaging. In one embodiment, the detector can resolve energy of each photon absorbed by the
detector.

Based o n the resolved energy, the detector can determine wavelength and frequency

of the photon. The detector may count the number of photons of interest, e.g. photons having
wavelengths in a given range. As such, there is no need for a complicated monochromatic X-ray
source.

[0060] The detector in the present teaching may be a semiconductor X-ray detector that is
cheap t o produce and can simplify the optical path in X-ray imaging. For example, in a

microscope, the semiconductor X-ray detector can have a large surface (e.g. > 1 square
centimeter) for absorbing X-ray, due t o its low cost. As such, there is no need for complicated
optical devices between the sample and the detector.

[0061] When an X-ray photon is absorbed in a semiconductor layer of an X-ray detector having
an array of pixels, multiple charge carriers (e.g., electrons and holes) are generated and may be

swept under an electric field towards circuitry for measuring these charge carriers. According
t o an embodiment, when an X-ray photon is collected by a pixel, the detector may determine
energy of the X-ray photon based on a voltage detected from the pixel. For each pixel, the
detector can then determine the number of X-ray photons that are collected by the pixel and
have energies within a given range. By compiling the numbers together, the detector may
generate an image at a wavelength corresponding t o the energy range. Similarly, the detector
can simultaneously generate multiple images each of which corresponds t o a different X-ray

wavelength. The multiple images may be integrated t o generate a color image of the sample.
A "color" image as used in the context of X-ray imaging means an image containing information
obtained from X-ray of more than one wavelength.

[0062] Therefore, the detector in the present teaching can simplify the structure of an X-ray
imaging system (e.g. a microscope, a micro-CT system, etc.) and lower its cost, without losing its
imaging efficiency.

[0063] Fig. 3 schematically shows an X-ray microscope 300, according t o an embodiment of the
present teaching. The X-ray microscope 300 may include an X-ray source 301, a focusing optics
304, and a detector 303 for detecting the resulting X-ray image of the sample 302.

[0064] According t o an embodiment, the X-ray source 301 may be a microfocus X-ray source
with a size of 5 t o 20 µιτι . The focusing optics 304 may help t o focus the X-ray irradiated from
the X-ray source 301 into a focal point 305, which forms a tiny virtual source. According t o an
embodiment, the focal point 305 has a size of 1 t o 100 nm.

[0065] In one example, the focusing optics 304 may be a Fresnel zone plate. A Fresnel zone
plate, like most refractive optics that can be used as the focusing optics 304, has chromatic
aberration. Therefore, focal lengths of the Fresnel zone plate are different for X-rays with
different wavelengths or frequencies. In this case, the focal point 305 is determined with
respect t o X-rays with a predetermined wavelength o r a predetermined small range of
wavelengths.

[0066] In another example, the focusing optics 304 may be a focusing optics based o n multireflections. In this case, the focal point 305 is determined with respect t o X-rays with all
wavelengths of interest.

[0067] According t o an embodiment, the sample 302 may be a piece of life organ o r tissue, with
a thickness of 100 µιτι o r below. The sample 302 may be placed close t o the focal point 305,
either o n the side closer t o the detector 303 as shown in Fig. 3, or o n the side closer t o the Xray source 301. For single color imaging, the sample 302 may be placed between the focal
point 305 and the detector 303, t o achieve an upright and clear image of the sample ("single
color imaging" used in the present teachings means imaging based on X-rays of a wavelength or
a small range of wavelengths). Some pre-process of the sample 302 may be performed t o fix
the sample 302 and make sure that the structure of the sample 302 does not change under
irradiation of X-ray.

[0068] According t o an embodiment, the detector 303 may be a semicond uctor X-ray detector,
with a size of 10 t o 100 mm. For single color imaging, the detector 303 may detect photons
that have energies in a predetermined range of interest, even if the X-ray source 301 is not
monochromatic.

For exa mple, the detector 303 may only count the nu mber of X-ray photons

that are absorbed by the detector 303 and have energies E within a given range.
[0069] The energy E of a photon depends on ly o n its frequency (v) o r inversely, its wavelength
(λ ), based on the followi ng eq uation:
E= h v = h c/

,

where h represents the Planck constant; c represents the speed of light. Therefore, by selecting
the energy of X-rays for cou nting, the detector 303 selects the corresponding wavelength for
imaging.
[0070] According t o an embodiment, the detector 303 may determi ne energy of an absorbed Xray photon by measu ring a voltage of an electrode in the detector 303, caused by the absorbed
X-ray photon. In one example, the detector 303 can measu re the energy of the photon with a
measu rement error of less than 150 eV. The term "measure" or "measurement" as used herein

with respect t o voltage o r energy is not li mited t o ascertaining the exact va lue of the voltage o r
energy, but includes determini ng whether the val ue of the voltage o r energy fa lls within a given
range. Therefore, for each absorbed X-ray photon, based on the measured voltage, the

detector 303 can determine energy of the absorbed X-ray photon, and t h us determine its
wavelength . If the wavelength is within a predetermined ra nge of interest, the detector 303
w i ll increase the nu mber of interested photons by one. Otherwise, the detector 303 will ignore.

Th us, the present teaching does not need a complicated monochromatic X-ray sou rce that

irradiates only X-rays with a single wavelength or within a small ra nge of wavelengths.
[0071] For an X-ray detector having an array of pixels, the energy resolving and photon

counting may be performed at each pixel. According t o an embodiment, when an X-ray photon
is collected by a pixel, the detector 303 may determine energy of the X-ray photon based on a

voltage detected from the pixel. For each pixel, the detector 303 can then determine the
nu mber of X-ray photons that are collected by the pixel a nd have energies within a given range,

i.e. having wavelengths within a corresponding ra nge. For exa mple, over a period of time, pixel

i counted

n,

photons with wavelength λ , where i = 1 ... N, a nd N represents the number of pixels

of the detector 303. By compiling the nu mbers of photons at each pixel with wavelength λ , the
detector 303 may generate an image at wavelength λ . From the image, the effect (e.g.,
absorption, refraction, diffraction) o n X-ray by the sa mple 302 at wavelength λ can be derived .
[0072] Simila rly, the detector 303 ca n simu lta neously generate mu ltiple images each of which

corresponds t o a different X-ray wavelength. By selecting different energy ranges or different
voltage ranges, the detector 303 may form images at different X-ray wavelengths. Thus, the
detector 303 can generate a color image of the sample 302 based on the images at different Xray wavelengths.
[0073] According t o an embodiment, the focusing optics 304 may include the capillary

condenser 202. The capillary condenser 202 can condense X-rays of all wavelengths t o a single
focal point before irradiating the sample 302. After the sample 302 is irradiated by the X-rays,
the X-rays of different wavelengths can be differentiated by different absorption rates and/or
different refraction rates when passing through the sample 302. In this embodiment, the

detector 303 can derive refraction of X-rays at different wavelengths, e.g. by resolving energies
of the X-rays of different wavelengths o r different colors. With the derived refractions, the
detector 303 may obtain a true-color 3D-distribution

of the real part of the refractive index of

the object, e.g. based o n a reconstruction algorith m and phase-contrast X-ray imaging (PCI) (PCI
ca n be implemented

by taking two i mages at two different distances from the sa mple).

[0074] Based o n a magnification t arget for the result image, the system can select a distance
between the sa mple 302 and the detector 303 and a distance between the sample 302 and the
focal point 305. In one example, the distance between the sample 302 and the detector 303 is
in the 10 t o 100 cm range; and the distance between the sa mple 302 and the focal point 305 is
in the 100 µιτι t o 10 m m ra nge.

[0075] Fig. 4 schematica lly shows an X-ray CT system 400, according t o an embodiment of the
present teaching. The X-ray CT system 400 may be a cone bea m CT (CBCT) system, where the
X-rays used for CT are divergent a nd forming a cone. A CBCT system may be used in medical
imaging, e.g. in orthodontics.

[0076] As shown in Fig. 4, the 400 includes an X-ray beam source 401 that may irradiate a
conica l bea m 404 towards an object 402, which resu lts in an image detected by a detector 403.
In this example, the 401 and the 403 are physica lly connected, e.g. by two mechanica l arms,
such that the 401 a nd the 403 can rotate around a rotational axis 405. As such, the 400 may

obtain different images of the object, by rotating the 401 a nd the 403 around the object. Each
of the images is a projection image of the 402 at a particular degree of rotation.

The detector

403 may collect data from the projection i mages and reconstruct a 2D image o r 3 D model of
the 402. For example, the detector ca n prod uce what is termed a digital volume composed of

three-dimensional

voxels of anatomical data that can then be manipulated and visualized with

specialized software.

[0077] In one embodiment, the 401 may correspond t o the focal point 305 that is formed by
the 301 and the 304. In another embodiment, the 403 may resolve X-ray photon energy like
the 303.

[0078] Fig. 5 schematically shows another X-ray CT system 500, according t o an embodiment of
the present teaching. The X-ray CT system 500 may be a CBCT system similar t o the 400, except
that the 401 and the 403 are fixed and not necessarily physically connected, while an object
502 may be rotated during scanning. As such, the 500 may obtain different projection images
of the object 502, by rotating the 502 during scanning. As discussed before, the detector 403
may collect data from the projection images and reconstruct a 2D image or 3 D model of the
502. In one embodiment, the 401 may correspond t o the focal point 305 that is formed by the
301 and the 304. In another embodiment, the 403 may resolve X-ray photon energy like the
303.

[0079] Fig. 6 schematically shows an X-ray micro-CT system 600, according t o an embodiment
of the present teaching. The system 600 may include an X-ray source 601, the focusing optics
304, and a detector 603 for detecting the resulting X-ray image of the sample 602.

[0080] According t o an embodiment, the X-ray source 601 may be a microfocus X-ray source
like the 301; the 603 may resolve X-ray photon energy like the 303; and the focusing optics 304
(e.g. a Fresnel zone plate) may help t o focus the X-ray irradiated from the X-ray source 601 into

a focal point, which forms a tiny virtual source.

[0081] According t o an embodiment, the sample 602 may be a piece of hu man bone like a
tooth or a commercial prod uct like a dia mond. When the sample 602 is large, the sample 602
may be placed such that the region of interest of the sa mple 602 is centered in the field of view
for the beam.

[0082] In this exa mple, the sample 602 may rotate relative t o the X-ray sou rce 601 a nd the
bea m, such that the system 600 may scan the sa mple 602 from different angles, a nd obtain

different i mages of the object. The detector 603 may collect data from the images a nd
reconstruct a 2D image o r 3D model of the sample 602.

[0083] Fig. 7A schematica lly shows a cross-sectiona l view of a detector 700 that ca n be used in
the X-ray microscope 300, the X-ray CT system 400, the X-ray CT system 500, or the X-ray microCT system 600, according t o an embodiment

of the present teaching. One skilled in the art can

understand that the structu re of the detector 700 shown in Figs. 7A-7D is just for pu rpose of an
exemplary illustration, and a ny detector that can resolve energy of an X-ray photon may be
used in the X-ray microscope 300, the X-ray CT system 400, the X-ray CT system 500, and the X-

ray micro-CT system 600.

[0084] The detector 700 may be a semicond uctor X-ray detector including an X-ray absorption
layer 710 and an electronics layer 720 (e.g., an ASIC) for processing o r analyzing electrical
signals incident X-ray generates in the X-ray absorption layer 710. The X-ray absorption layer

710 may include a semicond uctor material such as, silicon, germa niu m, GaAs, CdTe, CdZnTe, o r
a combination thereof. The semicond uctor may have a high mass attenuation coefficient for
the X-ray energy of interest.

[0085] As shown in a detai led cross-sectiona l view of the detector 700 in Fig. 7B, accordi ng t o
an embodiment, the X-ray absorption layer 710 may include one or more diodes (e.g., p-i-n o r

p-n) formed by a first doped region 711, one o r more discrete regions 714 of a second doped
region 713. The second doped region 713 may be sepa rated from the first doped region 711 by
an optional the intrinsic region 712. The discrete portions 714 a re separated from one another

by the first doped region 711 or the intrinsic region 712. The first doped region 711 and the

second doped region 713 have opposite types of doping (e.g., region 711 is p-type and region
713 is n-type, o r region 711 is n-type and region 713 is p-type). In the exa mple in Fig. 7B, each
of the discrete regions 714 of the second doped region 713 forms a diode with the first doped
region 711 and the optional intri nsic region 712. Namely, in the exa mple in Fig. 7B, the X-ray
absorption layer 710 has a plu rality of diodes having the first doped region 711 as a shared
electrode. The first doped region 711 may also have discrete portions.

[0086] When an X-ray photon hits the X-ray absorption layer 710 including diodes, the X-ray
photon may be absorbed and generate one o r more charge ca rriers by a number of
mechanisms. The charge ca rriers may drift t o the electrodes of one of the diodes under an
electric field. The field may be an external electric field. The electrical contact 719B may
include discrete portions each of which is in electrica l contact with the discrete regions 714.

[0087] As shown in an alternative detailed cross-sectiona l view of the detector 700 in Fig. 7C,
accordi ng t o an embodiment, the X-ray absorption layer 710 may include a resistor of a
semiconductor material such as, silicon, germa niu m, GaAs, CdTe, CdZnTe, or a combination
thereof, but does not include a diode.

[0088] When an X-ray photon hits the X-ray absorption layer 710 including a resistor but not
diodes, it may be absorbed and generate one o r more cha rge carriers by a number of
mechanisms. The charge ca rriers may drift t o the electrica l contacts 119A and 119B under an
electric field. The electrical contact 719B includes discrete portions.

[0089] The electronics layer 720 may include an electronic system 721 suita ble for processing
or interpreting signa ls generated by X-ray photons incident o n the X-ray absorption layer 710.
The electronic system 721 may include an analog circuitry such as a filter network, amplifiers,
integrators, and comparators, o r a digita l ci rcuitry such as a microprocessors, a nd memory. The
electronic system 721 may include components shared by the pixels or components dedicated
t o a single pixel. For example, the electronic system 721 may incl ude an amplifier dedicated t o
each pixel and a microprocessor shared among all the pixels. The electronic system 721 may be

electrically con nected t o the pixels by vias 731. Space among the vias may be f illed with a filler
materia l 730, which may i ncrease the mechanical sta bility of the con nection of the electronics
layer 720 t o the X-ray absorption layer 710. Other bonding techniques are possi ble t o connect
the electronic system 721 t o the pixels without using vias.

[0090] Fig. 7 D shows an exempla ry top view of a portion of the semiconductor X-ray detector
700 with a 4-by-4 array of discrete regions 714/719B. Charge carriers generated by an X-ray
photon incident around the footprint of one of these discrete regions 714/719B are not
substantia lly sha red with another of these discrete regions 714/719B. The area 750 arou nd a
discrete region 714/419B in which substa ntially al l (more than 95%, more than 98% or more
tha n 99% of) charge carriers generated by an X-ray photon incident therein flow t o the discrete
region 714/419B is ca lled a pixel associated with that discrete region 714/419B. Namely, less

than 5%, less than 2% o r less than 1% of these charge carriers flow beyond the pixel, when the
X-ray photon hits inside the pixel. By measuring the rate of change of the voltage of each of the
discrete regions 714/719B, the number of X-ray photons absorbed (which relates t o the
incident X-ray intensity) and/or the energies thereof in the pixels associated with the discrete
regions 714/719B may be determined.

Thus, the spatial distribution (e.g., an image) of incident

X-ray intensity may be determined by individually measuring the rate of change of the voltage
of each one of an array of discrete regions 714/719B. The pixels may be organized in any
suitable array, such as, a square array, a triangular array and a honeycomb array. The pixels
may have any suitable shape, such as, circular, triangular, square, rectangular, and hexangular.
The pixels may be individually addressable.

[0091] Fig. 8 shows component diagrams of an electronic system 721 of a semiconductor X-ray
detector, according t o an embodiment of the present teaching. As shown in Fig. 8, the
electronic system 721 of Pixel 1 is configured for processing signals from an electrode of a diode
810 in Pixel 1 .

[0092] In this example, the electronic system 721 of Pixel 1 may include a capacitor module 819,
and a data processing module 830. As shown in Fig. 8, the capacitor module 819 is electrically
connected t o the electrode of the diode 810 or the electrical contact. The capacitor module
819 is configured t o collect charge carriers from the electrode. The capacitor module 819 can
include a capacitor in the feedback path of an amplifier.

The amplifier configured as such is

called a capacitive transimpedance amplifier (CTIA). CTIA has high dynamic range by keeping
the amplifier from saturating and improves the signal-to-noise ratio by limiting the bandwidth
in the signal path. Charge carriers from the electrode may accumulate o n the capacitor over a

period of time ("integration period"). After the integration period has expired, the capacitor
voltage is sampled and then reset by a reset switch 815. The capacitor module 819 can include
a capacitor directly connected t o the electrode.

[0093] The electronic system 721 in Fig. 6 may comprise the data processing module 830 that
may include downstream circuits for interpreting and processing signal from upstream of the
electronic system 721.

[0094] According t o an embodiment, the data processing module 830 includes a first voltage
comparator 831, a second voltage comparator 832, a counter 838, a voltmeter 834 and a
controller 836.

[0095] The first voltage comparator 831 is configured t o compare a voltage (e.g. a voltage of an
electrode of a diode 810) t o a first threshold. The diode may be a diode formed by the first
doped region 711, one of the discrete regions 714 of the second doped region 713, and the
optional intrinsic region 712. Alternatively, the first voltage comparator 831 is configured t o
compare the voltage of an electrical contact (e.g., a discrete portion of electrical contact 719B)
t o a first threshold. The first voltage comparator 831 may be configured t o monitor the voltage
directly, or calculate the voltage by integrating an electric current flowing through the diode o r
electrical contact over a period of time. The first voltage comparator 831 may be controllably
activated o r deactivated by the controller 836.

[0096] The first threshold may be 5-10%, 10%-20%, 20-30%, 30-40% or 40-50% of the
maximum voltage one incident X-ray photon may generate in the diode or the resistor. The
maximum voltage may depend o n the energy of the incident X-ray photon (i.e., the wavelength

of the incident X-ray), the material of the X-ray absorption layer 710, and other factors. For
example, the first threshold may be 50 mV, 100 mV, 150 mV, or 200 mV.
[0097] The second voltage comparator 832 is configured t o compare a voltage (e.g. a voltage of
an electrode of a diode 810) t o a second threshold. The second voltage comparator 832 may
be configured t o monitor the voltage directly, or calculate the voltage by integrating an electric

current flowing through the diode or the electrical contact over a period of time. The second
voltage comparator 832 may be controllably activate or deactivated by the controller 836. The
absolute value of the second threshold is greater than the absolute value of the first threshold.
As used herein, the term "absolute value" or "modulus" \x\ of a real number x is the non-

negative value of x without regard t o its sign. Namely, \x\ =

{ x if x ≥ 0
'
. The second

threshold may be 200%-300% of the first threshold. The second threshold may be at least 50%
of the maximum voltage one incident X-ray photon may generate in the diode or resistor. For
example, the second threshold may be 100 mV, 150 mV, 200 mV, 250 mV or 300 mV. The
second voltage comparator 832 and the first voltage comparator 310 may be the same

component. Namely, the system 721 may have one voltage comparator that can compare a
voltage with two different thresholds at different times.
[0098] The counter 838 is configured t o register a number of X-ray photons reaching a

corresponding diode or resistor. The counter 838 may be a software component (e.g., a
number stored in a computer memory) or a hardware component (e.g., a 4017 IC and a 7490
IC). In one embodiment, the counter 838 may register a number of X-ray photons that reach a

corresponding diode or resistor and meet a condition, e.g. having energies within a given range
or having wavelengths within a given range.

[0099] The controller 836 may be a hardware component such as a microcontroller and a
microprocessor. The controller 836 may be configured t o start a time delay from a time at
which the first voltage comparator 831 determines that the absolute value of the voltage
equals o r exceeds the absolute value of the first threshold (e.g., the absolute value of the
voltage increases from below the absolute value of the first threshold t o a value equal t o o r
above the absolute value of the first threshold). The absolute value is used here because the
voltage may be negative o r positive, depending on whether the voltage of the cathode o r the
anode of the diode o r which electrical contact is used. The controller 836 may be configured t o
keep deactivated the second voltage comparator 832, the counter 838 and any other circuits

the operation of the first voltage comparator 831 does not require, before the time at which
the first voltage comparator 831 determines that the absolute value of the voltage equals or
exceeds the absolute value of the first threshold. The time delay may expire before o r after the

voltage becomes stable, i.e., the rate of change of the voltage is substantially zero. The phrase
"the rate of change of the voltage is substantially zero" means that temporal change of the
voltage is less than 0.1%/ns. The phrase "the rate of change of the voltage is substantially no n
zero" means that temporal change of the voltage is at least 0.1%/ns.

[00100]

The controller 836 may be configured t o activate the second voltage comparator

during (including the beginning and the expiration) the time delay. In an embodiment, the
controller 836 is configured t o activate the second voltage comparator at the beginning of the
time delay.

[00101]

The controller 836 may be configured t o cause the number registered by the

counter 838 t o increase by one, if, during the time delay, the second voltage comparator 832

determines that the absolute va lue of the voltage equals or exceeds the absolute value of the
second t hreshold . In this case, the nu mber represents a q ua ntity of X-ray photons reaching the

detector.
[00102]

In one embodiment, the controller 836 may be configu red t o cause the number

registered by the counter 838 t o increase by one, if the X-ray photon reaching the detector
meets a condition, e.g. having energy within a given ra nge or havi ng a wavelength withi n a
given ra nge. The energy may be determined by measuring the voltage after stabilization of the
voltage. The control ler 836 may be configured t o cause the voltmeter 834 t o measu re the
voltage upon expiration of the time delay or after stabi lization of the voltage.
[00103]

After stabilization of the voltage or after the rate of cha nge of the voltage

becomes substantia lly zero, the voltage is proportional t o the a mou nt of cha rge carriers

generated by an X-ray photon, which relates t o the energy of the X-ray photon . The controller
836 may be configured t o determine the energy of the X-ray photon based o n voltage the

voltmeter 834 measu res. One way t o determi ne the energy is by bin ning the voltage. The
counter 838 may have a su b-counter for each bin. When the controller 836 determines that
the energy of the X-ray photon falls in a bin, the control ler 836 may cause the nu mber
registered in the su b-counter for that bin t o increase by one. Therefore, the system 721 may be
able t o resolve X-ray photon energies of each X-ray photon .
[00104]

The voltmeter 834 may feed the voltage it measures t o the controller 836 as an

analog or digital signal.
[00105]

The controller 836 may be configured t o connect the electrode t o an electrical

grou nd, so as t o reset the voltage a nd discha rge any charge ca rriers accu mulated on the

electrode. The controller 836 may connect the electrode t o the electrical ground by controlling
the reset switch 815. The switch may be a transistor such as a field-effect transistor (FET).

[00106]

Fig. 9 schematically shows an X-ray imaging system 900 (e.g. an X-ray microscope

or an X-ray CT system) capable of simultaneously generating two images of an object, according
t o an embodiment of the present teaching. The structure of the X-ray imaging system 900 may
be similar t o the structure of the X-ray microscope 300, except that the X-ray source 901 is a

microfocus X-ray source that can irradiate X-rays with at least two wavelengths simultaneously,
e.g. two K-alpha emission lines 901-1, 901-2 ("K-lines" hereinafter) irradiated from two types of

metals.

[00107]

According t o an embodiment, the X-ray source 901 may be a multilayer metal

source. The X-ray source 901 may include an X-ray tube with a target including multiple layers.
Each layer may include a metal from e.g. Sc, Ti, V, Cr, Mn, Fe, and Cu. Each layer may be as thin
as 100 nm t o 10 µιτι . The X-ray emitted by the X-ray source 901 may include different K-lines

corresponding t o different metals in the multilayer metal target. The energy difference
between any two of the K-lines is at least 200 eV, which is detectable by the detector disclosed
herein.

[00108]

According t o an embodiment, the two K-lines 901-1, 901-2 have an energy

difference of about 500 eV. As discussed above, the focusing optics 304 may be a Fresnel zone
plate that has different focal lengths for different K-lines with different wavelengths. Therefore,
after the two K-lines are condensed by the focusing optics 304, two focal points 905-1, 905-2
are formed respectively.

[00109]

According t o an embodi ment, the sample 302 may be placed between the two

focal points 905-1, 905-2 as shown in Fig. 9 .

[00110]
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[00111]

303 may generate an image of

This is a simple way t o enable color X-

imaging with a very low cost.
In a similar man ner, three o r more K-lines ca n be used by the X-ray source 901 t o

generate a color image of the sample 302.

[00112]
detector

A detector

capable of resolving photon energy, e.g. the semiconductor

700, may be used for phase-contrast

sensitive X-ray imaging).

A detector

X-ray

X-ray imaging (PCI) (a lso known as phase-

ca pa ble of resolvi ng photon energy may be less sensitive t o

a non-monochromic

source, especially for X-ray microscopy.

PCI

encompasses techniques that

form an image of an object at least partially using the phase shift (including the spatial
distribution

of the phase shift) of an X-ray beam caused by that object. One way t o obtain the

phase shift is transforming the phase into variations in intensity.

[00113]

PCI

can be combined with tomographic techniques t o obtain a 3D-distribution

of

the real part of the refractive index of the object. PCI is more sensitive t o density variations in
the object than conventional intensity-based X-ray imaging (e.g., radiography). PCI is especially
useful for imaging soft tissues.

[00114]

Fig. 10A schematically shows a system 1110 suitable for PCI, according t o an

embodiment of the present teaching.

In this embodiment,

the system 1110 comprises the

semiconductor X-ray detector 700 described herein. The semiconductor X-ray detector 700 is
configured t o move t o and capture images of an object 1102 exposed t o incident X-ray 1101 at
different distances from the object 1102. The images may not necessarily be captured
simultaneously.

The phase may be determined from the images, for example, using algorithms

based o n the linearization of the Fresnel diffraction integral. As can be understood by one

skilled in the art, the detector in the system 1110 may be any detector that can resolve photon
energy, which may not require monochromic light source.

[00115]
an embodiment

Fig. 10B schematically shows another system 1120 suitable for PCI, according t o

of the present teaching.

In this embodiment,

the system 1120 may include at

least two X-ray detectors 1121 and 1122. One o r both of the two X-ray detectors 1121, 1122 is
the semiconductor X-ray detector 700 described herein. The X-ray detectors 1121 and 1122
may be spaced apart by a spacer 1123. The spacer 1123 may have very little absorption of the

X-ray. For example, the spacer 1123 may have a very small mass attenuation coefficient (e.g.,
<10 cm g , <1 cm g , <0.1 cm g , o r <0.01 cm g ) . The mass attenuation coefficient of the
spacer 1123 may be uniform (e.g., variation between every two points in the spacer 1123 less
than 5%, less than 1% o r less than 0.1%). The spacer 1123 may cause the same amount of
changes t o the phase of X-ray passing through the spacer 1123. For example, the spacer 1123
may be a gas (e.g., air), a vacuum chamber, may comprise aluminum, beryllium, silicon, or a
combination thereof.

As can be understood by one skilled in the art, the detector in the system

1110 may be any detector that can resolve photon energy, which may not require
monochromic light source.

[00116]

The system 1120 can be used t o obtain the phase shift of incident X-ray 1101

caused by an object 1102 being imaged. The X-ray detectors 1121 and 1122 can capture two

images (i.e., intensity distributions) simultaneously.

Because of the X-ray detectors 1121 and

1122 are separated by the spacer 1123, the two images are different distances from the object

1102. The phase may be determined from the two images, for example, using algorithms based
on the linearization of the Fresnel diffraction integral.

[00117]

According t o an embodiment,

Fig. 11 illustrates a method of using the X-ray

microscope 300 in Fig. 3 for phase-contrast X-ray imaging (PCI), according t o an embodiment of
the present teaching. As shown in Fig. 11, the method includes two steps: Step 1 and Step 2 .
At Step 1, the X-ray source 301 irradiates X-ray t o form a first image of the sample 302 detected
by the detector 303, when the detector 303 is located at a first distance from the sample 302.
At Step 2, the X-ray source 301 irradiates X-ray again t o form a second image of the sample 302
detected by the detector 303, when the detector 303 is located at a second distance from the

sample 302. The phase shift may be determined from the two images, for example, using
algorithms based on the linearization of the Fresnel diffraction integral. When the detector 303
can resolve photon energy, the X-ray source 301 may be a non-monochromic source.

[00118]

According t o an embodiment, the sample 302 may be rotated for micro CT, e.g.

based o n a reconstruction algorithm as in cone-beam CT.

[00119]

Fig. 12 shows a flow chart of a method suitable for X-ray microscopy based o n a

detector capable of resolving photon energy, according t o an embodiment of the present
teaching. At 1202, irradiate X-ray t o a sample, e.g. by an X-ray source disclosed herein. At 1204,
detect X-ray photons from the irradiated X-ray, e.g. by a detector disclosed herein.

At 1208, X-

ray photons having energies in a given range are identified, e.g. by a detector capable of
resolving photon energy. The given range may be predetermined and of interest for X-ray
microscopy. At 1210, generate an image of the sample, e.g. based o n the identified X-ray
photons that have energies in the given range of interest.

[00120]

Fig. 13 shows a flow chart of a method suitable for X-ray CT based o n a detector

capable of resolving photon energy, according t o an embodiment of the present teaching. At
1302, irradiate X-ray t o an object, e.g. by an X-ray source disclosed herein. At 1304, detect X-

ray photons from the irradiated X-ray, e.g. by a detector disclosed herein.

At 1308, X-ray

photons having energies in a given range are identified, e.g. by a detector capable of resolving
photon energy. The given range may be predetermined and of interest for X-ray CT. An image
may be formed with X-ray photons with energies within the range. At 1310, reconstruct a
virtual model (e.g. a 3D model) of the object, e.g. based on the identified X-ray photons that
have energies in the given range of interest. For example, the virtual model may be

constructed from images obtained from multiple directions and under multiple orientations of
the sample, where each of the images is formed with X-ray photons with energies within the
range.

[00121]

Fig. 14 shows a flow chart for a method suitable for detecting X-ray in X-ray

imaging (e.g. X-ray CT or X-ray microscopy) based on a system such as the electronic system 721
of Pixel 1 in Fig. 8, according t o an embodiment of the present teaching. At 1402, detect an Xray photon collected by Pixel 1 . The detection can be based on an increase of a voltage of an
electrode, e.g. when the voltage starts t o increase or reaches the first threshold. The electrode
may be a diode or an electrical contact of a resistor exposed t o X-ray. At 1404, delay by a
predetermined period of time. The voltage is then measured at 1406.

[00122]

At 1409, it is determined based on the voltage whether the X-ray photon energy

is of interest t o the detector, e.g. by determining whether the X-ray photon energy is within

one or more predetermined ranges. For example, a predetermined range of photon energy
may be 8 t o 9 keV. If the X-ray photon energy is of interest t o the detector, the process moves
t o 1410, t o cause, e.g., using the controller 836, the number registered in the counter 838 t o
increase by one. The number here represents a quantity of X-ray photons that are collected by
the pixel and have energies within a predetermined range of interest. The process then goes
on t o 1412. Otherwise, if the X-ray photon energy is not of interest t o the detector, the process

moves t o 1412 directly.

[00123]

At 1412, reset the voltage t o an electrical ground, e.g., by connecting the

electrode of the diode or an electrical contact of a resistor t o an electrical ground.

[00124]

At 1413, it is determined whether it is t i me t o generate an image of the sample

in the X-ray imaging system. For example, an image of the sa mple may be generated after a

period of t ime, e.g. 1 second, 10 seconds, o r 1 minute. If it is time for imagi ng, the process
moves t o 1414, t o determine photon nu mbers for each interested wavelength that corresponds
t o a predetermined

range of photon energy. Otherwise, if it is not time for imaging, the

process may go back t o 1402.

[00125]

The process illustrated in Fig. 14 may be performed o n each pixel of a detector.

When it is time for imaging, the detector can compile the photon numbers for each interested
X-ray wavelength from all pixels t o form a single-color or m ulti-color image of the sample,
based o n a spatial distri bution of the X-ray intensity.

[00126]

Fig. 15 schematically shows a system comprisi ng the semiconductor X-ray

detector 700 described herein . The system comprises an X-ray source 1501. X-ray emitted
from the X-ray source 1501 penetrates an object 1510 (e.g., a hu man body part such as chest,
limb, abdomen), is atten uated by different degrees by the interna l structu res of the object 1510
(e.g., diamonds, trees, buildi ng material, bones, teeth, muscle, fat and orga ns, etc.), and is

projected t o the semiconductor X-ray detector 700. The semiconductor X-ray detector 700
forms an image by detecting the intensity distribution of the X-ray. The system may be used for
medical i magi ng such as chest X-ray radiogra phy, abdomina l X-ray radiography, dental X-ray
radiography, etc. The system may be used for ind ustrial CT, such as diamond defect detection,
sca nning a tree t o visua lize year periodicity a nd cell structure, scanning bui ldi ng material li ke

concrete after loading, etc. As can be understood by one skil led in the art, the detector in Fig.
15 may be any detector that ca n resolve photon energy.

[00127]

Fig. 16 schematically shows an X-ray computed tomogra phy (X-ray CT) system.

The X-ray CT system uses computer-processed X-rays t o prod uce tomogra phic images (vi rtua l

"slices") of specific areas of a scan ned object. The tomographic images may be used for
diagnostic and therapeutic pu rposes in va rious medical disciplines, or for flaw detection, failu re
analysis, metrology, assembly a nalysis a nd reverse engineering. The X-ray CT system comprises

the semicond uctor X-ray detector 700 described herei n and an X-ray source 1601. The
semiconductor X-ray detector 700 and the X-ray source 1601 may be configu red t o rotate
synchronously along one or more circular or spiral paths. As can be understood by one skil led
in the art, the detector in Fig. 16 may be any detector that ca n resolve photon energy.

[00128]

The semiconductor X-ray detector 700 described here may have other

applications such as in an X-ray telescope, X-ray mammography, ind ustrial X-ray defect
detection, X-ray microscopy o r microradiogra phy, X-ray casting inspection, X-ray no n
destructive testing, X-ray weld inspection, X-ray digita l subtraction angiography, etc. It may be
suitable t o use this semicond uctor X-ray detector 700 in place of a photogra phic plate, a
photographic film, a

PSP

plate, an X-ray image intensifier, a scintillator, or another

semiconductor X-ray detector.

[00129]

While various aspects and embodiments have been disclosed herein, other

aspects and embodiments wil l be apparent t o those skilled in the art. The various aspects and
embodi ments disclosed herei n are for purposes of il lustration a nd are not intended t o be
limiti ng, with the true scope a nd spirit being indicated by the following claims.

What is claimed is:
1.

An X-ray microscope, comprising:
an X-ray source configured t o irradiate a sample with X-ray ; and

a detector configured to:
detect X-ray photons from the sample,
determine energy of the detected X-ray photons, and
generating an image of the sample based o n the detected X-ray photons that
have energies in a predetermined range.
2.

The X-ray microscope of claim 1, wherein the X-ray photons from the sample comprise

X-ray photons having energies in the predetermined range and X-ray photons having energies

outside the predetermined range.
3.

The X-ray microscope of claim 1, further comprising focusing optics configured t o focus

the X-ray from the X-ray source into a virtual point source before the sample.
4.

The X-ray microscope of claim 1, wherein the detector is further configured t o

determine a number of the detected X-ray photons that have energies in the predetermined
range.
5.

The X-ray microscope of claim 1, wherein:

the detector comprises an array of pixels; and
the detector is further configured t o determine a number of the detected X-ray photons
that have energies in the predetermined range, for each of the pixels.
6.

The X-ray microscope of claim 1, wherein the detector is a semiconductor X-ray detector.

7.

The X-ray microscope of claim 1, wherein the detector is further configured to:

determine a first number of X-ray photons that are detected by the detector and have
energies in a first range; and

determine a second number of X-ray photons that are detected by the detector and
have energies in a second range.
8.

The X-ray microscope of claim 1, wherein the detector is further configured t o generate

a first image of the sample based on the first number of X-ray photons and a second image of
the sample based o n the second number of X-ray photons.
9.

An X-ray computed tomography (CT) system, comprising:
an X-ray source configured t o irradiate an object with X-ray; and

a detector configured to:
detect X-ray photons from the object,
determine energy of the detected X-ray photons, and
reconstruct a virtual model of the object based on detected X-ray photons that
have energies in a predetermined range.
10.

The X-ray CT system of claim 9, wherein the X-ray photons from the object comprise X-

ray photons having energies in the predetermined range and X-ray photons having energies

outside the predetermined range.
11.

The X-ray CT system of claim 9, wherein the detector is further configured t o determine

a number of the detected X-ray photons that have energies in the predetermined range.
12.

The X-ray CT system of claim 9, wherein:

the detector comprises an array of pixels; and

the detector is further configured t o determine a number of the detected X-ray photons
that have energies in the predetermined range, for each of the pixels.
13.

The X-ray CT system of claim 9, wherein the detector is a semiconductor X-ray detector.

14.

The X-ray CT system of claim 9, wherein the detector is further configured to:

determine a first number of X-ray photons that are detected by the detector and have
energies in a first range; and determine a second number of X-ray photons that are detected by

the detector and have energies in a second range.
15.

The X-ray CT system of claim 14, wherein the detector is further configured t o

reconstruct a virtual model of the object based o n the first number of X-ray photons and the
second number of X-ray photons.
16.

A system comprising:
an X-ray source configured t o irradiate an object with X-ray;

a condenser; and
a detector configured t o determine energy of the detected X-ray photons and
determine energy of the detected X-ray photons, wherein the system is configured for
performing X-ray microtomography with respect t o the object.
17.

The system of claim 16, wherein the system is configured t o recreate a virtual model of

the object or forming an image of the object by measuring energy of X-ray photons that are
irradiated by the X-ray source, affected by the object, and detected by the detector.
18.

The system of claim 16, wherein the detector is further configured to:

determine a first number of X-ray photons that are detected by the detector and have
energies in a first range; and

determine a second number of X-ray photons that are detected by the detector and
have energies in a second range.
19.

The system of claim 18, wherein:

the X-ray source emits X-rays with a first spectral line and a second spectral line;
the X-ray with the first spectral line includes photons having energies in the first range;
and

the X-ray with the second spectral line includes photons having energies in the second
range.
20.

The system of claim 19, wherein:

the X-ray with the first spectral line forms a first focal point by the condenser;
the X-ray with the second spectral line forms a second focal point by the condenser; and
the object is placed between the first focal point and the second focal point, when being
irradiated by the X-rays.
21.

A method, comprising:
irradiating a sample with X-ray;
detecting a first plurality of X-ray photons from the sample, at a first distance from the

sample;

determining energy of the first plurality of X-ray photons; and
generating a first image of the sample based o n the first plurality of X-ray photons that
have energies in a predetermined range.

22.

The method of claim 21, wherein the first plurality of X-ray photons from the sample

comprise X-ray photons having energies in the predetermined range and X-ray photons having
energies outside the predetermined range.
23.

The method of claim 21, further comprising focusing the irradiated X-ray from the X-ray

source into a virtual X-ray point source before the sample.
24.

The method of claim 21, wherein generating the image is performed by a detector

comprising a plurality of pixels and generating the image further comprises:
determining a number of the first plurality of X-ray photons that have energies in the
predetermined range, for each of the pixels; and
generating the image of the sample based on the number.
25.

The method of claim 21, further comprising:

determining a first number of X-ray photons that are detected and have energies in a
first range; and
determining a second number of X-ray photons that are detected and have energies in a
second range.
26.

The method of claim 25, further comprising generating a first image of the sample based

on the first number of X-ray photons and a second image of the sample based o n the second

number of X-ray photons.
27.

The method of claim 21, further comprising:

detecting a second plurality of X-ray photons from the sample, at a second distance
from the sample;
determining energy of the second plurality of X-ray photons; and

generating a second image of the sample based o n the second plurality of X-ray photons
that have energies in a predetermined range.
28.

A method, comprising:
irradiating an object with X-ray;
detecting X-ray photons from the object;
determining energy of the detected X-ray photons; and
reconstructing a virtual model of the object based o n detected X-ray photons that have

energies in a predetermined range.
29.

The method of claim 28, further comprising:

determining a first number of X-ray photons that are detected and have energies in a
first range; and
determining a second number of X-ray photons that are detected and have energies in a
second range.
30.

The method of claim 29, wherein the reconstructing is based on the first number of X-

ray photons and the second number of X-ray photons.
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