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X-RAY INTERFEROMETER

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] Thepresentapplication claims benefitunder 35 U.S.
C. §119(a)-(d) of Swiss Patent Application No. 1753/11 filed

on Oct. 28, 2011, the disclosure of which 1s incorporated
herein by reference 1n 1ts entirety.

TECHNICAL FIELD

[0002] Disclosed embodiments relate to imaging systems,
and to X-ray imaging systems, in particular.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] These and further features of the embodiments will
become more clearly understood in the light of the ensuing
description of embodiments thereot, given by way of example
only, with reference to the accompanying figures, wherein:
[0004] FIG. 1 1s a schematic illustration of a setup of an
X-ray interferometer, 1n accordance with an embodiment;
[0005] FIG. 2A shows a reference image ol an object
acquired by employing a substantially non-magnifying X-ray
interferometer;

[0006] FIG. 2B shows a magnified image of the object
acquired by employing an X-ray interferometer, 1n accor-
dance with an embodiment;

[0007] FIG. 3A shows a visibility map of the reference
image, 1n accordance with an embodiment;

[0008] FIG. 3B shows a visibility map of the magnified
image, 1n accordance with an embodiment;

[0009] FIG.4A schematically illustrates the phase contrast
signal intensity at selected positions of the non-magnified
image; and

[0010] FIG. 4B schematically illustrates the phase contrast
signal intensity at the same selected positions of the magni-
fied 1mage.

[0011] It wall be appreciated that for simplicity and clarity
of illustration, elements shown 1n the figures have not neces-
sarily been drawn to scale. For example, the dimensions of
some of the elements may be exaggerated relative to other
clements for clarity. Further, where considered appropnate,
reference numerals and/or letters may be repeated among the
figures to 1indicate 1dentical or analogous elements but may
not be referenced in the description for all figures.

DESCRIPTION OF THE RELATED ART

[0012] X-ray imaging 1s ol high importance in view of 1ts
numerous applications such as, for example, security screen-
ing, medical imaging, quality inspection and non-destructive
testing.

[0013] Conventional X-ray imaging 1s based on the detec-
tion of the matenal’s attenuation contrast of the object being
imaged. There 1s growing need for better resolution, accuracy,
and improved frame rate of the generated X-ray image
sequence. One method 1s X-ray phase contrast imaging which
provides increased imaging contrast for weakly absorbing
materials, as opposed to conventional X-ray imaging for
which the obtained image contrast may be insuificient for
practical applications. Weakly absorbing materials may
include, for example, biological tissue, polymers or fiber
composites.

[0014] The principle of X-ray phase contrast imaging 1is
based on detecting minute changes in the direction of propa-
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gation, which are caused by refraction of the X-rays passing
through a phase shifting object. Equivalent to refraction 1n the
visible light range, the change 1n direction 1s proportional to
the local gradient 1n phase shift. It should however be noted,
that the refractive power of matter for X-rays 1s many orders
of magnitude weaker than for light in the visible spectrum.
Retraction of X-rays may cause a deflection angle in the order
ol a few micro-radians. In X-ray phase contrast imaging 1t 1s
the material’s refraction index rather than the absorption
coellicient which 1s responsible for the 1mage contrast.

[0015] X-ray phase contrast imaging may for example be
based on the approach using a Talbot-Lau or the Talbot grat-
ing interferometer. A Talbot-Lau interferometer can be used
to retrieve quantitative phase images with polychromatic and
incoherent X-ray sources, such as X-ray tube sources. The
essential part of the interferometer includes two gratings
placed between the object and the image detector. The first
grating 1s positioned upstream to the second grating with
respect to the X-ray source. Consequently, the first grating 1s
positioned between the second grating and the X-ray source,
and the second grating 1s positioned between the image detec-
tor and the first grating. The phase grating 1s herein referred to
as “phase grating”’, and the second grating 1s herein referred to
as “absorption grating”. It should however be noted that the
term “phase grating” should by no means to be construed as
cifecting only a phase shift. Furthermore, the term “absorp-
tion grating” should by no means to be construed as only
elfecting absorption on incident radiation. Correspondingly,
the phase grating may, for example, absorb incident radiation,
whilst the absorption may, for example, effect phase shifting
on incident radiation.

[0016] These gratings act as an array of collimating slits
whose transmission properties strongly depend on the relative
position of the two gratings relative to each other and the
radiation angle of incidence on them. Since the angle of
incident depends on the refractive powers exhibited by the
object on the incident radiation, any local phase gradient
caused by the object causes a local change 1n intensity that
may be recorded by the detector.

[0017] X-rayphase contrastimaging using the principles of
a Talbot-Lau mterferometry can thus employ state-oi-the-art
X-ray equipment such as high power X-ray tube sources and
digital 1mage sensors as detectors. As a consequence, X-ray
phase conftrast imaging may be compatible with a variety of
X-ray 1maging applications such as scanming, tomography
(e.g., Computer-Tomography) and radiography. Documents
that related to iterferometry are discussed below.

[0018] Momose discloses 1n “Phase-sensitive imaging and
phase tomography using X-ray interferometers™, Optics
Express, Vol. 11, No. 19, 22 Sep. 2003, that 1t 1s a character-
1stic of the Talbot effect that one can observe the appearance
and disappearance of the image corresponding to the pattern
of the grating along the optical axis. Talbot interferometry
employs two gratings. One grating (G2) 1s placed at a position
where the pattern of the other grating (G1) 1s reproduced by
the Talbot effect. Moire fringes are generated by superposi-
tion 1f the two gratings are slightly inclined. The differential
phase caused by an object placed 1n front o1 G1 1s detected by
moire-fringe bending.

[0019] Pfeitfer, Weitkamp, Bunk and David disclose 1n
“Phase retrieval and differential phase-contrast imaging with
low-brilliance X-ray source”, Nature Physics, 26 Mar. 2006,
do1: 10.1038/nphys265, that the total exposure time of the
detector can be greatly reduced by using a more efficient
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detector, decreasing the distance between the source and the
object, and using standard rotating anode X-ray generators
with a power of a few kW.

[0020] Furopean Patent application No. EP2060909 to
Kottler et al., entitled “Interferometer device and method”
discloses an interferometer device comprising an electromag-
netic radiation source emitting radiation; a phase grating hav-
ing a first aspect ratio; an absorption grating having a second
aspect ratio; and a detector. The electromagnetic radiation
source, the phase grating, the absorption grating and the
detector are radiatively coupled with each other. The absorp-
tion grating 1s positioned between the detector and the phase
grating; the electromagnetic radiation source 1s positioned 1n
front of the source grating; and the phase grating 1s designed
such to cause on at least one wavelength of radiation passing
through the grating bars a phase shift ([Delta][Phi]) of less
than [p1] relative to radiation passing between the grating bars
with respect to the at least one wavelength.

[0021] International patent application no. WO9849546 to
I. F. Clauser, entitled “ultrahigh resolution interferometric
x-ray imaging’’ discloses a system that may operate 1n any of
the following three modes: “geometric-shadow mode”,
“amplitude-iterterometric mode”, and “phase-interferomet-
ric mode”. The two interferometric modes, in turn, are each a
multiplicity of discretely definable modes, and geometric-
shadow mode 1s a limiting case of one amplitude-intetero-
metric mode. Elimination of image blur by scatter 1s featured
by all three modes. Clauser discloses that the system also may
employ any of three methodologies—absorption contrast
imaging, refractive-index gradient contrast imaging, or ele-
ment-selective contrast imaging. The choice of mode
depends to some extent on the choice of methodology and/or
on the system’s application. Geometric-shadow mode 1s used
only for absorption contrast. Either of the interferometric
modes gives refractive-index contrast, and/or element-selec-
tive contrast. Additionally, the system can employ more than
two methodologies simultaneously, and can produce two
independent images simultaneously from a single x-ray expo-
sure, €. g. one that shows only refractive-index-gradient con-
trast and one that shows only absorption contrast.

[0022] J. C. Eliott and S. D. Dover disclose in “X-ray
microtomography”, Journal of Microscopy 126, 211-213,
1982, amicroscope system which 1s based on the principles of
computerized axial tomography for determining the distribu-
tion of the X-ray absorption coellicient 1n a slice from a solid

object without cutting sections. Furthermore, an application
1s disclosed to determine the distribution at a resolution of

about 15 um through a shell of about 0.5 mm diameter.

[0023] Engelhardt, Kottler, Bunk, David, Schroer, Bau-
mann, Schuster and Pteiffer disclose in “The fractional Talbot
celfect 1 differential x-ray phase-contrast 1maging {for
extended and polychromatic x-ray sources” simulations
explaining why an interferometer could be combined with
polychromatic laboratory x-ray sources and that the distance
between the phase and absorption grating of the interferom-
eter 1s not generally limited by the width of the photon energy
spectrum.

[0024] Engelhardt, Baumann, Schuster, Kottler, Pleiffer,
Bunk and David disclose 1n “High-resolution differential
phase contrast imaging using a magnilying projection geom-
etry with a microfocus x-ray source” i Applied Physics letter
90, 224101 (2007), that differential x-ray phase contrast

imaging using a grating interferometer in combination with a
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magnifying cone beam geometry using a conventional micro-
focus x-ray tube elfects a magnifying cone beam setup.

[0025] Donath, Chabior, Pieiffer, Bunk, Reznikova, Mohr,
Hempel, Popescu, Hoheisel, Schuster, Baumann and David
disclose 1n “Inverse geometry for grating-based x-ray phase-
contrast imaging”, Journal of Applied Physics 106, 054703
(2009), a setup for CT applications, where the object 1s posi-
tioned behind the phase grating.

[0026] In the above-mentioned phase contrast imaging
methods and/or systems, magnification may be achieved by
altering the position of the imaged object turther away from
the phase grating, 1.e., closer to the X-ray source. However,
moving the object away from phase grating towards x-ray
source may result 1n a decrease of phase contrast sensitivity
attainable by the employed phase contrast imaging system
and method.

[0027] Thedescription above 1s presented as a general over-
view of related art 1n this field and should not be construed as
an admission that any of the information 1t contains consti-
tutes prior art against the present patent application.

DESCRIPTION OF EMBODIMENTS

[0028] One of the objects of the disclosed embodiments
may be to provide an X-ray mterferometer that 1s operative to
image a object such that the transverse or linear dimensions of
the obtained 1image of the object are by multiplicative factor
M higher than the lateral or linear dimensions of the object
itself, at least to a value meeting the constraints imposed by
the spatial resolvability of X-ray interferometer. In other
words, the X-ray iterferometer and imaging method may be
operative to attain a multiplicative factor at least up to a value
for which the spatial resolvability of the phase contrast imag-
ing system 1s reached, 1.e., two adjacent dots can still be
rendered separately on the 1mage.

[0029] Furthermore, according to embodiments, the X-ray
interferometer may be operative such that for any of the
multiplicative value M, the required detection phase contrast
sensitivity 1s not negatively affected, e.g., for at least some
practical X-ray imaging applications.

[0030] This objectis achieved with an X-ray interferometer
that comprises an X-ray source, a phase grating, an absorp-
tion grating and a detector. The phase grating 1s positioned
between the X-ray source, and the absorption grating is posi-
tioned between the phase grating and the detector. The phase
grating, the absorption grating and the detector are located
downstream to the radiation direction of the X-ray source
such that they are optically coupled with each other, 1.e., they
are positioned in radially symmetrical alignment 1n respect of
a mutually shared optical axis. An objectto be imaged may be
positioned between the X-ray source and the phase grating
such that at least some of the radiation that can be emitted by
the X-ray source 1s incident onto the object.

[0031] According to embodiments, the detector 1s posi-
tioned at a distance from the absorption grating such to obtain
a detectable or measurable magnification of one or more
portions of the imaged object. The detector may thus for
example be positioned at a distance from the absorption grat-
ing such that, on the one hand, magnification i1s obtained
whilst the X-ray flux incident on the detector 1s still suificient
to be measurable by the detector. In addition, the distance
between the detector and the absorption grating may be cho-
sen such that the magnified portion of the object 1s still fully
resolvable by the detector.
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[0032] Itfollows from the above that the planar dimensions,
perpendicular to the optical axis, at least of the absorption
grating may be smaller than the planar dimensions, also per-
pendicular to the optical axis, of the detector’s sensor field.

[0033] Otherwise stated, the magnitude of at least some of
the imaginary lines drawn between the geometric origin of the
absorption grating to an edge point thereof, may be smaller
than the magnitude of the parallel, imaginary line(s) respec-
tively drawn between the geometric origin of the detector to
an edge point of the latter. The term “geometric origin™ as
used herein refers to the intersection point of the optical axis
with the corresponding optical element. Consequently, the
absorption grating may only partially extend over the sensor
field of the detector. Therefore, most or all of the X-ray
radiation that may emanate from the absorption grating may
be incident onto the detector’s sensor field. In embodiments,

the detector’s sensor field scales with the multiplicative factor
M

[0034] It suflices that the planar extensions of the absorp-
tion grating and/or of the detector may planarly extend or
have lateral dimensions perpendicular to the optical axis such
to cover or extend over all of the object’s cross-sectional
planes that are also perpendicular to the optical axis. How-
ever, these planar extensions do not need to cover the lateral
extensions of the entire detector, which can be significantly
larger than the object size 1n order to be operative to render an
image representing a magnification of the object. In embodi-
ments, at least most or all of the X-ray radiation emanating
from the object may be incident onto the phase grating and
propagates towards the absorption grating, and at least most
or all of the X-ray radiation emanating from the absorption
grating may be icident onto the detector’s sensor field.

[0035] A reduction in the required lateral dimension of the
gratings may in some embodiments be advantageous 1n terms
of their fabrication because the larger the grating, the more
difficult it 1s to obtain homogeneous diffraction characteris-
tics. Moreover, the handling, manipulation and alignment of
smaller gratings are less demanding than with comparably
larger area gratings. In view of the aforesaid, the costs for the
X-ray interferometer according to embodiments may be com-
parably reduced.

[0036] Considerning for example that the object size extends
in the x-direction and y-direction to a few centimetres like,
¢.g. about 20 cm, the corresponding lateral dimensions of the
absorption grating may thus planarly extend from, e.g., about
at least 20 cm to, e.g., up to about 25 cm. To remove any
semblance of doubt, 1t should be noted that the term “ema-
nating radiation”, as well as grammatical variations thereof
may also relate to or include radiation diffracted and/or
refracted from an X-ray source. Therefore, depending on the
desired multiplicative factor M of a portion of the object, the
required maximal width of the absorption grating may be
smaller than the maximal width of the detector by a factor of,
for example, about at least 1.5, about at least 2, about at least
2.5, about at least 3, or about at least 10.

[0037] Thus, according to embodiments of the ivention,
phase contrast images may be obtained that provide a mag-
nified image of at least a portion of the imaged object, wherein
the information shown by the magnified image may be resolv-
able by the detector, whilst the X-ray flux incident onto the
detector may remain substantially unchanged or even
increase. Furthermore, the planar extensions of the absorp-
tion grating may be smaller than the planar extensions of the
detector down to the planar extensions of the object 1n the x-y
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plane. A decrease in the planar extensions of the absorption
grating correspondingly may reduce the required investment
in materials and manufacturing time. Moreover, the complex-
ity of the production facility for the manufacturing of the
absorption may be reduced.

[0038] Objects that may be imaged by the X-ray interfer-
ometer 1n accordance with embodiments may include, for
example, any type of specimen, biological tissue (e.g., skin
tissue, muscle tissue, vascular tissue, organ tissue, cancerous
tissue), polymers, fibre composites, or any other material or
composition of materials having, e.g., a density that 1s lower
than that of osseous tissue of Vertebrates, e.g., having a den-
sity being about equal or less than about 1.56 g/cm”, less than
about 1.25 g/cm’, less than about 1.15 g/cm”, less than about
1.06 g/cm’, less than about 1 g/cm”, less than about 0.9 g/cm”,
or less than about 0.85 g/cm”. It should be noted that the latter
statement relating to density should by no means to be con-
strued as limiting. The X-ray interferometer may additionally
or alternatively also be operative to 1mage objects having a
density that may be equal or higher than that of osseous tissue
of Vertebrates. Correspondingly, the X-ray interferometer
may be operative to 1mage tissue having a density that 1s
higher than about 1.56 g/cm”.

[0039] The X-ray mnterferometer may be employed 1n vari-
ous applications, for example, in Computer-Tomography
(CT) for three-dimensional visualization mside objects with
resolutions down to the micrometer range or even below.
Applications include, for example, medical and/or industrial
applications and/or any other application that may require
imaging ol cross-sectional planes or slices of object. Medical
applications may include, for example, mammography.
Industrial applications may relate, for example, to non-de-
structive testing of material.

SUMMARY OF EMBODIMENTS

[0040] FEmbodiments arerelated to an X-ray interferometer
for imaging an object by irradiating the object with X-rays
emitted, e.g., by a point X-ray source at a given radiation
energy. The X-ray interferometer comprises a phase grating
for effecting 1n correspondence with the phase grating geom-
etry a phase shift to at least a part of X-ray incident onto the
phase grating; and an absorption grating for effecting in cor-
respondence with the absorption grating geometry absorption
to at least a part of X-ray incident onto the absorption grating.
[0041] In embodiments, the grating period of the phase
grating and/or of the grating period of the absorption grating
are dimensioned such that an X-ray detector for imaging the
object can be placed at a relatively large distance away from
the absorption grating such that for the given radiation energy,
the X-ray flux incident onto the detector 1s substantially non-
adversely affected.

[0042] In embodiments, the X-ray interferometer further
includes the detector for X-rays placed at a relatively large
distance away from the absorption grating.

[0043] In embodiments, the distance 1s selected such to
allow a detectable divergence of or eflect a corresponding
image magnification by the phase- and intensity-modulated
X-ray emanating from the absorption grating and incident
onto the detector.

[0044] In embodiments, the X-ray interferometer 1s a Tal-
bot or Talbot-Lau Interferometer.

[0045] In embodiments, the grating periods of the phase
grating and of the absorption grating are dimensioned such
the detector can be placed at a relatively large distance away
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from the absorption grating such that for the given radiation
energy the phase contrast sensitivity of the image o the object
detectable by the detector 1s substantially non-adversely
alfected, (e.g., remains substantially the same or may even
increase).

[0046] In embodiments, respective of a given radiation
energy, the grating periods of the absorption grating and the
phase grating are dimensioned such that placing the detector
at relatively large distance from the absorption grating results
in a corresponding increase in the attainable 1image magnifi-
cation of an object to be 1imaged while at the same time the
phase contrast sensitivity of an image of the object detectable
by the detector and/or the X-ray flux incident on the detector
1s substantially non-adversely affected (1.¢., remains substan-
tially the same or may even increase).

[0047] In embodiments, the grating periods of the phase
grating and of the absorption grating are dimensioned such
that the phase contrast sensitivity of the image of the object
detected by the detector of the X-ray interferometer 1s sub-
stantially not adversely atfected by placing the detector at a
relatively large distance away from the absorption grating.

[0048] In embodiments, the lateral extensions of the phase
grating, the absorption grating and the detector cover the
diverging field size respective of the X-ray emanating from
the object when being imaged.

[0049] In embodiments, during imaging, the grating peri-
ods of the phase and absorption grating can be dimensioned or
selected such that the distance between the object and the
phase grating can be selected to substantially equal zero.

[0050] In embodiments, the phase contrast sensitivity of an
image of the object remains substantially equal or increases,
compared to the phase contrast sensitivity of an 1image of at
least a part of the object when the distance between the
detector and the absorption grating substantially equals O.

[0051] Inembodiments, the lateral dimensions of the phase
grating, the absorption grating and the detector are such to
allow for selecting the distance between the detector and the
absorption grating to obtain a corresponding change 1n the
multiplicative factor between the lateral dimensions of the
image and the object 1tsell.

[0052] Inembodiments, the phase contrast sensitivity of the
image ranges from about 150 to about at least 300.

[0053] Inembodiments, wherein the obtainable magnifica-
tion ranges from greater than 1 to about at least 50.

[0054] Embodiments relate to a method for performing
phase contrast imaging by employing an X-ray interferom-
cter. In embodiments, the method comprises dimensioning
the grating period of the phase grating and of the absorption
grating such that a detector can be placed at a relatively large
distance away from the absorption grating, 1n a manner allow-
ing a detectable divergence of the phase- and intensity-modu-
lated X-ray from the absorption grating to the detector, and
such that for the given energy, the X-ray flux incident onto the

detector during imaging 1s substantially non-adversely
affected.

[0055] In embodiments, the method comprises positioning
the object at distance from the phase grating which substan-
tially equals zero.

DESCRIPTION OF EMBODIMENTS

[0056] Embodiments relate to providing an X-ray interfer-
ometer that enables providing an 1image of an object, wherein
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the lateral dimensions of the image are by a multiplicative
factor higher than the lateral dimensions of the object to be
imaged.

[0057] It should be noted that the term *“‘coherent” and
“monochromatic” as used herein as well as grammatical
variations thereof also may also encompass the meaning of
the term “substantially coherent” and “substantially mono-
chromatic”, respectively.

[0058] In many fields of potential applications such as 1n
industry or medicine higher X-ray energies are demanded 1n
order to provide suificient object transmission. Therefore, by
enabling interferometry with, e.g., X-rays emitted from the
X-ray source at mean energies of, for example, about at least
20 keV, about at least 40 keV, about at least 60 keV, or about
at least 80 keV, the type of materials and objects that can be
imaged enabling practical applications 1s largely increased.
[0059] It should be noted that the adjective “equal”™ as used
herein may also encompass the adjective “substantially
equal”.

[0060] It should be noted that although the embodiments
are described herein and exemplified with reference to an
X-ray interferometer that 1s based on the principles of a Tal-
bot-interferometer, this should by no means to be construed as
limiting. Consequently, embodiments may likewise be imple-
mented based on the principles of, e.g., a Talbot-Lau interfer-
ometer. Consequently, 1n accordance with an embodiment,
the X-ray interferometer may include three gratings, e.g., as
known 1n the art. In some embodiments, the X-ray interter-
ometer may optionally include a source grating, which may
be positioned between radiation source and phase grating. An
object to be imaged may be positioned between source grat-
ing and phase grating. Source grating may be operative, for
example, to cause radiation emitted by X-ray source to
become spatially coherent. The X-ray interferometer may
thus embody a Talbot-Lau interferometer.

[0061] Itshould be noted that the term “spatially coherent”,
as well as grammatical variations thereof, may also encom-
pass the meaning of the term “substantially spatially coher-
ent” or “at least approximately spatially coherent”.

[0062] Relerence 1s now made to FIG. 1, which 1s a sche-
matic illustration of an X-ray interferometer 100, in accor-
dance with an embodiment.

[0063] X-rayinterferometer 100 may include, for example,
an X-ray source 110, a phase grating 122, an absorption
grating 123, and a detector 140 that 1s operative to detect
radiation emitted by X-ray source 110.

[0064] Phase grating 122 1s positioned between X-ray
source 110 and absorption grating 123, and absorption grat-
ing 123 1s positioned between phase grating 122 and detector
140. Phase grating 122 may be manufactured from a phase
shifting and substantially non-absorbing material for X-ray
such as, for example, silicon. Absorption grating 123 may be
made from an X-ray absorbing material such as, for example,
gold.

[0065] X-ray source 110, phase grating 122, absorption
grating 123 and 140 are optically coupled with each other
such that radiation emanating from X-ray source 110 1s 1nci-
dent onto phase grating 122, absorption grating 123 and
detector 140 allowing the imaging of an object 130, which
may be positioned between X-ray source 110 and phase grat-
ing 123. In other words, X-ray source 110 1s operative to emit
radiation which may be incident onto phase grating 122 and
result in radiation that further propagates from phase grating
122 and 1s incident onto absorption grating 123. The radiation
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incident onto absorption grating 123 may subsequently result
in radiation that emanates from absorption grating 123 and 1s
incident onto detector 140.

[0066] Consequently, 1f the radiation emitted by X-ray
source 110 1s responsive to at least some differences 1n the
material of object 130 as well transmissive to the emitted
radiation, such differences may be recorded by detector 140,
as outlined herein below 1n greater detail.

[0067] X-raysource 110 may be embodied, for example, by
an electromagnetic (EM) radiation source that 1s operative to
emit a radiation beam having conical divergence geometry.
As a result, X-ray source 110 may provide the effect of a

projection magmfication M, which can for example be
defined as follows:

R (1)

wherein R—denotes the object size of object 130, and R’
denotes the size of the image of object 130 projected onto
detector 140. In accordance with embodiments, magnifica-
tion M 1s higher than 1 and may range, for example, from 1,
from about 1.1, or from about 1.5 to about at least 50.
[0068] It should be noted that the term *“‘conical” as used
herein, as well as grammatical vanations thereof, may also
encompass the meaning of the term “substantially conical” or
“at least approximately conical”. Furthermore, the term
“point source” as used herein, as well as grammatical varia-
tions thereol, may also encompass the meaning of the term
“substantially a point source” or “at least approximately a
point source”.

[0069] X-raysource 110 may be embodied, for example, by
a point source ol radiation such as, for example, a micro-focus
X-ray source, €.g., as known 1n the art. X-ray source 110 may
have an output of a W target and be operative to emit light
having a focal spot size ranging, for example, from about 0.1
to about at least 3000 um, when operated at tube voltage of,
e.g., 20 to 170 kV and at a tube current of, e.g., about 0.1 uA
to about at least 50,000 pA. The X-ray beam angle, measured
at the source, may range, for example, from about 35 to about
at least 120 degrees.

[0070] Grating period of phase grating 122 and absorption
grating 123 are herein denoted as P, ,, and P, .5, respectively.
[0071] A—denotes the wavelength of the X-ray emitted by
X-ray source 110.

[0072] n—denotes the fractional Talbot order
[0073] m—denotes the symmetry parameter
[0074] M-—denotes the multiplicative factor of the image

of an object by employing X-ray interferometer 100.

[0075] I—denotes the distance between X-ray source 110
and phase grating 122

[0076] d—denotes the distance between phase grating 122
and absorption grating 123;

[0077] d,,—denotes the distance between absorption grat-
ing 123 and detector 140,

[0078] (Q—denotes the maximal distance between phase
grating 122 and object 130 (which may be limited by X-ray
source 110 or a source grating (not shown)), and

[0079] d —denotes the distance between plane 115 which
1s perpendicular to the optical axis Z and which intersects
with the geometric centre of object 130. The said plane 115 1s
hereinafter referred to as “centre plane” 115.
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[0080] Forthediscussionthat follows, 1t 1s assumed that the
widths of phase grating 122 and absorption grating 123 1s
infinitely small or at least negligible with respect to the dis-
tances I, d and d, ,. It may further be assumed, that the position
of object 130 1s such that the distance between centre plane
115 and phase grating 122 1s infinitely small or at least neg-
ligible compared to the distances I, d and d, ,. It 1s be assumed
that the distance d 1s small compared to the distances Iand d, ,,
1.e., d<<d, , and d<<I. However, the above-outlined assump-
tions should not be construed as limiting and are thus not a
precondition for the operability of X-ray interferometer 100
as outlined herein.

[0081] To enable phase contrast imaging of object 130 with
X-ray interferometer 100, the following three constraints may
have to be met:

pi (2)

wherein D, denotes the fractional Talbot distance

I-D, (3)
- D,

d, =

wherein d, denotes the Talbot distance which 1s corrected for
divergence; and

q-p2_£+d (4)
P1 !

which defines the condition for beam divergence.

[0082] Followingequations 1, 2 and 3, the distances I and d
can, for example, be parameterised by the X-ray wavelength
A, e.g., as Tollows:

R pLp2 (3)
d = 8-A
= 4. P1 (6)
n-pP2— Pl
[0083] It should be noted that other mathematical terms

those outlined herein may be used to express the same physi-
cal conditions.

[0084] The parameter p 1n these equations reflects the sym-
metry of the interference pattern between the wavefronts
emanating from absorption grating 123. The symmetry
depends on the design of phase grating 122, as outlined herein
below. In case phase grating 122 1s designed such that 1t shifts
incident wavetront by, e.g., Ad=r then n=2. In case phase
grating 122 1s designed such that A®<w (for example m/2),
then n=1. According to these equations, for given grating
periods P,,, and P,,, of phase grating 122 and absorption
grating 123, respectively, the parameters I and d and therefore
the overall distance between X-ray source 110 and detector
140 may have to increase, linearly, with increasing X-ray
energy emitted by X-ray source 110, to meet the constraints
expressed 1in equations 1) to 3).
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[0085] According to some embodiments, multiplicative
factor M that may be effected by X-ray interferometer 100
may be expressed by the following mathematical term:

o K (7)
R
B dy +d +1
- I—ds
[0086] According to embodiments, X-ray interferometer

100 may be operative such that the ratio M, which 1s also the
multiplicative factor, of the size of the image of object 130 on
detector 140 to the size of the imaged object 130 1s at least
M>1. For example, altering the distance d, ,results 1n a cor-
responding change 1n the multiplicative factor M. Altering
d,, tod,,, wherein d, ,>d, ,,, results 1n an increase of the
multiplicative factor M and therefore 1n a lateral magnifica-
tion. Conversely, altering d, ., to d, ;,, results 1n a decrease in
of the multiplicative factor M and therefore 1n a reduction of
the lateral scale of the image or minification. In other words,
magnification 1s achieved at least by positioning detector 140
away Irom absorption grating 123 and farther downstream of
X-ray propagation beam path. Consequently, detector 140
may be physically decoupled from absorption grating 123.

[0087] According to embodiments, X-ray interferometer
100 may be operative such that by altering d, , a correspond-
ing change 1n the multiplicative factor M may be obtained
even 1f the distance d_ remains unchanged. Considering, for
example, d_has any value between 0to Q, achange of d, .from
d,, tod,,, wherem d,,.>d,, results in an increase of the

multiplicative factor M, which 1s retlected by an 1mage rep-
resenting a magnification of object 130.

[0088] Additionally or alternatively, a change 1n the multi-
plicative factor M may be obtained by altering d_, 1.e., by
changing the distance of object 130 relative to phase grating
122. For example, when altering d_from d_, to d_,, wherein
d ,<d.,, may result in an increase 1n the multiplicative factor,
and vice versa.

[0089] Insome embodiments, d,, may be selected up until
the maximum value for which X-ray interferometer 100 1s
operative to render two dots separately on an 1mage of object
130, 1.e., magnification M attains a value which 1s below what
1s sometimes dubbed “empty magnification”.

[0090]

[0091] The phase shift o (x,y) imposed on the wave field by
object 130 positioned 1n the beam path causes a refraction of
the beam in x-direction by the angle a, which is connected

with the differential phase shift od/axby

Phase Contrast or Angular Sensitivity [rad™'!"

B A 0D (8)
- 27 Ox

4

with the X-ray wavelength A and the beam propagation along,
the z-direction. The term “phase contrast or angular sensitiv-
ity” (S) as used herein may be defined as the ratio of phase-
shift A in the intensity oscillation of the phase scan (normal-
ized to 20) to the refraction angle a caused by object 130:
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1 Ay (9)
> = 2n o«
[0092] The measurement of phase contrast sensitivity

depends, at least partially, on the relative position of object
130 with respect to phase grating 122 and absorption grating
123 and increases the closer object 130 1s put behind phase
grating 122, and vice versa.

[0093] In some embodiments, the position of object 130
may thus be chosen to at least partially compensate for any
reduction in the phase contrast sensitivity of X-ray interfer-
ometer 100 that may otherwise occur due to choosing d, ,,
instead of d,,,, wherein d, ,>d, ,,. For example, object 130
may be placed before phase grating 123 1n a manner prevent-
ing negatively affecting the phase contrast sensitivity that
may occur due to alteration the position of object 130 from
d,, tod,,.

[0094] At least partial compensation for possible reduction
of phase contrast sensitivity may for example be achieved by
correspondingly placing object 130 closer to phase grating
122, 1.e., by altering d_ from d_, to d_,, wheremn d_,<d_,.
Additionally or alternatively, orientation of object 130 may
be chosen such that for a distance d_, the average distance of
all points of object 130 to phase grating 122 1s at least
approximately minimized.

[0095] At some instances, the phase contrast sensitivity for
d,~1 for X-ray mterferometer 100 as opposed to d,, =0 1n
substantially non-multiplicative or substantially non-magni-
tying X-ray interferometers may even increase. X-ray inter-
terometer 100 may for example be configured such to be
operative to obtain an 1mage ol object 130 with a phase
contrast sensitivity ranging, for example, from about 25 to
about at least 260. For example, the phase contrast sensitivity
attainable by X-ray interferometer 100 may be, for example,
about at least 25, about at least 50, about at least 120, about at
least 160, about at least 200 or about at least 260.

[0096] Assuming now, for example, d =0; or d =0; or
d <<d,, d.<<d and d_<<I, equation 6 can then be approxi-
mated as follows:

R A 10
oK o (9)
R /
_l+dM

[0097] Consequently, the degree of magnification can be
selectively adjusted without necessarily having to change the
parameters of phase grating 122 and absorption grating 123.
Otherwise stated, if d . =0; or d ~0; or d <<d, ,and d <<d and
d <<I, then for any d, ~0 the obtainable phase contrast sen-
sitivity 1s at least approximately or substantially maximized
compared to when ds<d,,, and a corresponding multiplica-
tion factor of M>1 enabling practical imaging applications
(e.g., M=2, =3, =5, or, e.g., M=10) may be obtainable with
X-ray mterferometer 100 without necessarily having to com-
promise on phase sensitivity. Correspondingly, the phase con-
trast sensitivity may attain a value which 1s at least approxi-
mately equal to the maximal phase contrast sensitivity that
may theoretically be obtainable by X-ray interferometer 100
in case object 130 had, theoretically, infinitely small width
(measured along optical Z-axis).
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[0098] Spatial Resolution

[0099] The achievable spatial resolvability by interferoms-
cter system 100 when imaging object 130 1s determined, for
example, by the spatial resolution of detector 140 and the
tocal spot size of X-ray source 110. Furthermore, the achiev-
able spatial resolvability may be limited by the grating period
of, e.g., phase grating 122. Once the wave front originating
from X-ray source 110 has passed phase grating 122, the
information on the local deflection effected on the wavelront
by phase grating 122 1s limited by or can not be resolved
beyond the grating period P,,,. Thus, a reduced grating
period P, ,, may allow for greater spatial resolvability of the
imaged object 130 by mterferometer 100, and vice versa.
More specifically, attainable magnification M may be
restricted to a value for which the spatial resolution 1n the
image plane (not shown) of phase grating 122 1s larger than
grating period P,,, of phase grating 122. The achievable
spatial resolvability of two adjacent dots may thus be, for
example, about 3 um or less.

[0100] Considerning distance X as the spatial resolution of
detector 140 (for example, the distance between two adjacent
pixels) leads to the following condition: M>X/P, ,,, 1.€., con-
sequence, grating period P, ,, must be smaller than X to be
able to attain M>1. As a ence 11 object 130 1s positioned as
close as possible to phase grating 122 such that d_ equals or at
least approximately equals 0, the spatial resolution 1s limited
to the phase grating period P,,,. It d >>0, the limitation of
spatial resolvability by phase grating 122 1s given by the
back-projected period of P, ,, onto object 130. The back pro-
jected period 1s hereinatter referredtoas “P,_ . 1~ - Ps_ .2 155
can be smaller than the grating period P,., and can be
expressed, for example, as follows:

Prpcr122=FP 105 ((I-d)II)

[0101] Therefore, 1f the application calls for a spatial reso-
lution that 1s better than (1.e. below that of) grating period
P,,,, the spatial resolution can be improved by moving object
130 away from phase grating 122 (d >0). However, increas-
ing d_ will be at the expense of the attainable phase contrast
sensitivity. The optimal configuration of phase contrast imag-
ing system 100 1s thus determined by the specific operation
requirement for a particular imaging application.

10102]

[0103] The requirement on suificient spatial coherence for
phase contrast imaging system 100 may have to be met. In
general, these requirements are fulfilled because the focal
spot size of X-ray tube sources typically used 1in micro CT
may be such to be substantially compatible with coherence
requirements for practical applications. The focal spot size
may for example range from about 0.1 um to about at least
3000 um, or range from about 0.1 um to about at least 50 um.
Furthermore, the magnmitude of grating periods P, ,, and P, ,
may range, for example, from about 0.05 um, about 1 um, or
about 1 um to, e.g., about 10 mm or higher.

[0104] Daistance d,, between absorption grating 123 and
detector 140 1s greater than O cm and can be up to afew meters
such as, for example, about atleast 1 mm, about at least 2 mm,
about at least 1 cm, about at least 2 cm, about at least 3 cm,
about at least S cm, about at least 6 cm, about at least 7 cm,
R
R

Spatial Coherence:

hout at least 8 cm, about at least 9 cm, about at least 10 cm,
hout at least 15 cm, about at least 20 cm, about at least 50 cm,
about at least 1 m, about at least 1.5 m or about atleast 2 m. In
some embodiments, X-ray interferometer 100 may be con-
figured such that the position of detector 140 and/or absorp-
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tion grating 123 are moveable relative to each other enabling
selectively setting distance d, ,1n a manner such that imaging
parameters (e.g., phase contrast sensitivity and/or spatial
resolution) for an object 130 to be 1imaged are met. In some
embodiments X-ray interferometer 100 may, for example,
include a support (not shown) on which detector 140 and/or
absorption grating 123 may be mounted for enabling selec-
tively setting, discretely or slidably, distance d, .

[0105] Additional reference 1s now made to FIG. 2A which
illustrates a reference 1image of object 130 acquired by sub-
stantially non-magnifying X-ray interferometer; to FIG. 2B,
which illustrates a magnified image of object 130 acquired by
X-ray imterferometer 100, in accordance with an embodi-
ment; to FIG. 3A, which illustrates a visibility map of the
reference 1mage, 1n accordance with an embodiment; and to
FIG. 3B, which illustrates a visibility of the magnified image,
in accordance with an embodiment.

[0106] Visibility of a Selected Area/Region of Interest of an
Image as a Figure of Merit for the Performance of X-ray
Interferometer 100:

[0107] With respect to phase contrast imaging, the visibil-
ity of an 1mage of object 130 may for example be defined as
the relative height between the maximum and minimum
intensity of the interference fringes. Accordingly, the mea-
sured visibility can be a figure of merit for the performance of
the respective X-ray interferometer.

[0108] Various techniques may be applied for determining
visibility. For example, a phase-stepping procedure may be
employed, wherein the visibility can be determined pixel-
wise and a map of the visibility over the entire field of view
can be obtained. Defects of the gratings cause specific spots

of poor visibility on these maps. Such spots, referenced 250,
can be identified 1n the visibility maps shown in FIGS. 3A and
3B.

[0109] The quality of the employed gratings determines the
visibility attainable by X-ray interferometer 100. The mean
value of the visibility over aregion of interest of an 1mage may
thus be a representative measure for the visibility of the entire
image generated by X-ray interferometer 100. The reason
therefor 1s as follows: a wave field downstream of absorption
grating 123 continues propagating and forms a first interfer-
ence pattern at a first period. However, the intensity measured
at the pixel of detector 140 1s mndependent of a particular
fringe pattern, since detector 140 measures the average inten-
sty over many periods of the fringes. This 1s true for any M>0
up to a value for which an increased number of details are
made visible on the obtained magnified image.

[0110] Influence of d,, on Visibility

[0111] X-ray mterferometer 100 may, 1 some embodi-
ments, be operative such that the visibility 1s substantially
independent or unaffected by an increase or decrease of the
distance denoted d,, between absorption grating 123 and
detector 140. In other words, the influence on the visibility by
increasing or decreasing d, .1s comparably negligible, as out-
lined herein below 1n greater detail. In particular, setting d_ >0
(e.g., to a distance of, for example, 1 mm to 3 m) as opposed
to where d, , substantially equals 0, has a negligible effect on
the visibility of the phase contrast images obtainable with
X-ray terferometer 100.

[0112] Both the substantially non-magmiying X-ray inter-
terometer as well as X-ray interferometer 100 which were

respectively employed for generating the images shown in
FIGS. 2A and 2B, are based on the Talbot-Lau interferometer
principle. However, as already mentioned herein above, this
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should by no means to be construed as limiting. To implement
the Talbot-Lau based interferometer, both the substantially
non-magnilying X-ray interferometer as well as X-ray inter-
terometer 100 employ X-ray source 110 which 1s assumed to
have the appropriate focal spot size. Furthermore, detector
140 of X-ray interferometer 100 1s operative to provide sui-
ficient spatial resolution so that the multiplicative factor M
may only be limited by the grating period P, ,,.

[0113] Inthe examples shown, phase contrast images were
acquired for object 130 that 1s embodied by three rods, each
one being made of a different material of plastic. The diam-
cters of each one of the three rods measure about 6 mm. Both
images show the same region of interest of the sensor field of
detector 140.

[0114] A region of interest (ROI) 201 A of a non-magnified
image 200A of object 130 1s magnified by X-ray interferoms-
cter 100 which results in a magnified image 200B.

[0115] ROI 202A schematically outlines a specific region
of non-magnified 1mage 200A for which the visibility is
determined. Correspondingly, ROI 202B schematically out-
lines the boundary of the region of interest of magnified
image 2008 for which average visibility 1s determined.
[0116] In both images 200A and 200B identical areas of
field of views of detector 140 are displayed. Further param-
cters of the imaging setup were as follows: I equals about 126
cm, d equals about 19.0 cm, P,,, equals about 2.6 um, and
D,-3 €quals about 3.0 um. The focal spot size of X-ray source
110 was about 1 mm. Clearly, second phase contrast image
200B which 1s taken with d, ,equalling about 70 cm shows the
rods magnified compared to the case where d, ,equals about O.
The attained magnification M equals about 1.48 with respect
to the image at d,, equals about 0.

[0117] Visibility measurements were performed with the
Talbot-Lau interferometer, because an X-ray tube source with
a focal spot size of about 1 mm~ was used. The source grating
that was used had a grating period of equals about 20 um.
Because of the size of the focal spot the spatial resolution may
not improve. However, the ettect of the distance d,, on the
visibility can be analysed appropnately. For the case exem-
plified hereinabove, the visibility of ROI 205 A and ROI 2058
equals about 0.205 and equals about 0.214, respectively.
Thus, second phase contrast image 200B maintains approxi-
mately the same visibility value despite magnification of
M>1.3.

[0118] Further reference 1s made to FIG. 4A, which sche-
matically 1llustrates the phase contrast signal intensity at
selected positions of non-magmified image 200A; and to FIG.
4B which schematically illustrates the phase contrast signal
intensity at the same selected positions of magnified image
200B.

[0119] The phase contrast signal intensity may for example
be determined for a particular row of matrix image data and
for all column values. Such a selection of 1image data 1s
schematically illustrated with dashed lines 204 A and 204B,
both of which have the same vertical position with respect to,
¢.g., absorption grating 123 or any other optical component of
X-ray terferometer 100. Correspondingly, dashed line
204 A represents a first set of 1image data, and dashed line
204B represents a second set of 1mage data for a selected
horizontal cross-section of non-magnified 1image 200A and
magnified image 2008, respectively. Dashed lines 204 A and
204B are at some instances heremafiter also referred to as first
image data set 204 A and second image data set 204B, respec-
tively. Both first image data set 204 A and second image data
set 2048 are selected at 1dentical positions of 1image matrix.
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[0120] As canreadily be seen from FIGS. 4A and 4B, apart
from the different level of noise, the respective phase contrast
signal intensity of first image data set 204 A 1s almost identical
to phase contrast signal intensity of second image data set
204B, despite the magnification by M equalling about 1.485.

[0121] In other words, the difference in the phase contrast
signal intensities for, e.g., M equalling about 1 and M equal-
ling about 1.485 1s negligibly small. It may follow from the
aforesaid that even for significant magnification by, for
example, about 150%, the phase contrast signal intensity of
the magnified 1mage remains substantially unchanged.

[0122] In FIGS. 4A and 4B, the horizontal axis X (position

coordinate denoted “X_, .../mm”), which represents a lateral
position along the field of view, was scaled such that the
profiles of the plastic rods match their thickness or width 1n
the 1mage plane (approx. 6 mm). The vertical axis, which
represents the amplitude of the differential phase contrast
signal, 1s non-scaled to the height of the plastics in the 1mage
plane.

[0123] Performance Comparison Regarding Magnification
M and Phase Contrast Sensitivity S

[0124] Tables 1 to 4 compare X-ray interferometer 100
conflgurations against conventional X-ray interferometers.
The parameters outlined herein regarding X-ray interferoms-
cter 100 are by no means to be construed as limiting and thus
do not limit the scope of what 1s disclosed herein.

[0125] For all setups exemplified below 1n the Tables 1 to 4
below, the following parameters may apply:

[0126] L, . equalling about 1.5 m, which denotes the
distance from the focal spot of X-ray source 110 to
sensor plane of detector 140,

[0127] Operating energy of the source substantially
equals about 20 keV, and

[0128]

[0129] Furthermore, for the conventional approach 1t 1s
assumed that the total length of the setup obeys L, =I+d.

[0130] The phase contrast sensitivity S, measured 1n [rad™
1], may be determined, for example, as outlined by T. Donath,
M. Chabior, F. Pfeittfer, 0. Bunk, E. Reznikova, J, Mohr, E,
Hempel, S, Popescu, M, Hoheisel, M, Schuster, J. Baumann,

and C. David, i “Inverse geometry for grating-based x-ray
phase-contrast imaging™, J. Appl. Phys. 106, 054703 (2009).

[0131] Inthe conventional X-ray mterferometers exempli-
fied herein below, the gratings are relatively close to detector
140, e.g. absorption grating 123 1s directly in front of detector
140. Therelfore, the grating area of absorption grating 123 1s
required to substantially cover the entire sensor field of detec-
tor 140, whereas for X-ray interferometer 100, the required
area of absorption grating 123 scales with the magnification
factor M when compared to the area of the field of view of
detector 140.

[0132] Inthe examples outlined below with respect to Table
1 and Table 2 it 1s assumed that the distance between the

gratings 1s identical (e.g., about 10 cm):;
TABLE 1

the Fractional Talbot order 1s n=4.

Comparison setup I (Maenification M equals about 3):

P55 Pios I d d, S
[um] [um] [em] [em] [em] d,,[em] [rad™]
Conventional 3.41 3.65 140.0 10.0 110 0 59
X-ray
interferometer
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TABLE 1-continued

Comparison setup I (Magnification M equals about 5):

P> Pioa I d d, S

[um]  [um] [em] [em] [em] da[em]  [rad”']
X-ray 3.0 396 30.0 10.0 0 110 = 253
interferometer (140 — 30)
100

TABLE 2
Comparison setup II - Magnification M equals about 10:

P> Pioa I d d, S

[um]  [um] [em] [em] [em] d,[em]  [rad”']
Conventional 341  3.65 140.0 10.0 125 0 29
X-ray
interferometer
X-ray 273 4,55  15.0 10.0 0 125 = 220
interferometer (150 -
100 15 - 10)
[0133] The grating periods P, ,, and P,,, are of the same

order ol magnitude for both the conventional X-ray interfer-
ometer and X-ray interferometer 100. However, the phase
contrast sensitivity 1s considerably higher for X-ray interfer-
ometer 100 than for the conventional X-ray interferometer by,
for example, a multiplicative factor ranging, for example,
from about 1.1 to about 10 or higher. An increase in the
multiplicative factor of the phase contrast sensitivity may be,
for example, about atleast 1.2, about atleast 1.3, about at least
1.5, about at least 2, about at least 1.5, about at least 3.5, about
at least 4, about at least 5, about at least 6, about at least 7,
about at least 7.5, about at least 8, about at least 9 or about at
least 10. Phase contrast sensitivities that may be attainable
with X-ray interferometer 100 may be for example, range
from about 150 to about at least 300 and, for example, attain
values of about at least 160, about at least 170, about at least
180, about at least 190 at about least at least 200, about at least
210, about at least 220, about at least 230, about at least 240,

about at least 250, about at least 260, about at least 270, about
at least 280 or about at least 290.

[0134] Referring now to Tables 3 and 4, grating period P ,,
was adjusted such that the sensitivity S becomes substantially
equal for both the conventional X-ray interferometer and
X-ray mterferometer 100. Furthermore, for X-ray interferom-
eter 100 parameter P, ,, was set as about 3 um, which may
then define the other parameters for X-ray interferometer 100.

TABL.

3

(L]

Comparison III - Magnification M equals about 3

Py Pros I d ds S
[um] [um] [em] [em] [em] di[em] [rad™']
Conventional X- 6.8 15.1 67.5 825 37.5 0 242
ray imterferometer
X-ray 3.0 3.96 30.0 10.0 0 110 242
interferometer
100
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TABL.

L1l

4

Comparison IV - Magnification M equals about 10

P12 Pioa I d das S
[um] [pum] [em] [em] dg[em] [em] [rad™]
Conventional X- 5.14  30.0 26.0 124.0 11 0 242
ray interferometer
X-ray 3.0 58 15.0 14.0 0 121 242
interferometer
100

As can readily be derived tfrom the data 1n Table 3 and Table
4, the attained phase contrast sensitivity 1s the same for M
equalling about 5 and M equalling about 10 for both the
conventional X-ray mterferometer and X-ray interferometer
100. Although for the conventional X-ray interferometer,
object 130 1s positioned such that d >0, substantially the same
phase contrast sensitivity 1s attained by X-ray interferometer
100, where object 130 1s positioned directly 1n front of phase
grating 122 (d, substantially equals 0). This i1s because the
grating periods P, ., and P, , ; of the conventional X-ray inter-
terometer are considerably larger than 1n X-ray interferom-
cter 100, which ofisets any loss in phase contrast sensitivity
which would otherwise occur for ds>0 and for d, , that sub-
stantially equals O.

[0135] Inembodiments, grating periods for P, ., and P, 1n
X-ray interferometer 100 may be substantially smaller than in
known phase grating imaging systems where d, ,equals about
0. Its width can therefore be smaller sized than those of
substantially non-magnifying X-ray interferometer. For
example, P,,, and P, ,, may be equal or less than about 6 um,
S5 um, 4 um, or 3 um, for d, ~0 and, optionally, when d_ 1s as
small as possible. As a consequence, X-ray interferometer
100 may be relatively compact 1n size. Moreover, since a
change 1n the multiplicative factor M may be attained by
altering d, . instead of d_, 1t 1s not required that X-ray interfer-
ometer 100 based on, e.g., Talbot grating interferometer, fea-
tures a large distance d between the gratings in order to
achieve the magnification. In embodiments, the distance
between phase grating 122 and absorption grating 123 in
X-ray mterferometer 100 may be less than half of the total
setup length L__..

[0136] Any of the above-outlined embodiments, examples
and implementations of X-ray interferometer 100 are appli-
cable 1n conjunction with dark-field X-ray imaging.

[0137] In terms of visible-light Fourier optics, dark-field
illumination removes the zeroth order (unscattered light)
from the diffraction pattern formed at the rear focal plane of
the objective lens for obtaining an image that 1s formed exclu-
stvely from higher-angle diffraction intensities scattered by
the specimen. Quite similarly, when employing, according to
embodiments, dark-field 1llumination with X-ray interferom-
cter 100, information about the scattering power of object 130
1s contained in the higher order of the intensity oscillation
respective of each pixel of detector 140. The intensity oscil-
lation 1s responsive to angle scattering 1n object 130 which
might occur as a consequence of micro-structuring of object
130. X-ray interterometer 100 can thus provide images rep-
resenting X-ray angle scattering that might be caused by
object 130. Microstructures may for example be attributed to
porosity of at least some of object 130.

[0138] Insome embodiments, phase contrast imaging sys-
tem may also provide a conventional X-ray attenuation
image.
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[0139] Inthe discussion unless otherwise stated, terms such
as “‘substantially”, “at least approximately” and “about”
modilying a condition or relationship characteristic of a fea-
ture or features of an embodiment of the invention, are under-
stood to mean that the condition or characteristic 1s defined to
within tolerances that are acceptable for operation of the
embodiment for an application for which it 1s intended.
[0140] It should be understood that an embodiment 1s an
example or implementation of embodiments. The various
appearances ol “one embodiment,” “an embodiment” or
“some embodiments” do not necessarily all refer to the same
embodiments.

[0141] Although various features may be described in the
context of a single embodiment, the features may also be
provided separately or 1in any suitable combination. Con-
versely, features may be described herein 1n the context of
separate embodiments for clarity, these features may also be
implemented 1n a single embodiment.

[0142] Reference in the specification to *“one embodi-
ment”, “an embodiment”, “some embodiments” or “other
embodiments” means that a particular feature, structure, or
characteristic described 1n connection with the embodiments
1s included 1n at least one embodiment, but not necessarily all
embodiments. It should be understood that the phraseology
and terminology employed herein 1s not to be construed as
limiting and 1s for descriptive purpose only.

[0143] The principles and uses of the teachings of the
embodiments may be better understood with reference to the
accompanying description, figures and examples. It should be
understood that the details set forth herein do not construe a
limitation to an application of the disclosed embodiments.
Furthermore, 1t should be understood that the embodiments
can be carried out or practiced 1n various ways and that the
system and/or method can be implemented with embodi-
ments other than the ones outlined in the description herein.

[0144] It should be understood that the terms “including”,
“comprising”’, “consisting”” and grammatical variants thereof
do not preclude the addition of one or more components,
features, steps, mtegers or groups thereof.

[0145] The meaning of “in” mcludes “in™ and “on”. The
term “based” on 1s not exclusive and provides for being based
on additional factors not described, unless otherwise 1ndi-
cated.

[0146] Ifthe specification or claims refer to “an additional”
clement, that does not preclude there being more than one of
the additional element.

[0147] It should be understood that where the claims or
specification refer to “a” or “an” element, such reference 1s
not to be construed as there being only one of that element.
[0148] It should be understood that where the specification
states that a component, feature, structure, or characteristic
“may”’, “might™, “can” or “could” be included, that particular
component, feature, structure, or characteristic 1s not required
to be included.

[0149] The term “method” and *“process” refers to man-
ners, means, techniques and procedures for accomplishing a
given task including, but 1s not limited to those manners,
means, techniques and procedures either known to, or readily
developed from known manners, means, techniques and pro-
cedures by practitioners of the art to which the disclosed

system and method belong.

[0150] The descriptions, examples, methods and materials
presented 1n the claims and the specification are not to be
construed as limiting but rather as illustrative only.
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[0151] The disclosed embodiments can be implemented 1n
the testing or practice with methods and materials equivalent
or similar to those described herein.

[0152] It should be noted that the discussion that values or
measures disclosed herein above should by no means to be
construed as limiting and are for exemplary purposes only.

[0153] Descriptions of embodiments in the present appli-
cation are provided by way of example and are not intended to
limit the scope of the embodiments. The described embodi-
ments comprise different features, not all of which are
required 1n all embodiments. Some embodiments utilize only
some o] the features or possible combinations of the features.
Variations of embodiments that are described, and embodi-
ments comprising different combinations of features noted in
the disclosure, will occur to persons of the art.

What 1s claimed 1s:

1. An X-ray interferometer for imaging an object by irra-
diating the object with X-ray emitted at a given radiation
energy from an X-ray source, comprising;:

a phase grating for phase-shifting X-ray emanating from
the object and which 1s incident onto the phase grating;
and

an absorption grating for intensity modulating the phase-
shifted X-ray;

wherein the grating period of at least one of the phase
grating and of the absorption grating are dimensioned
such that an X-ray detector for imaging the object can be
placed at a relatively large distance away from the
absorption grating such that for the given radiation
energy, the X-ray tlux incident onto the detector 1s sub-
stantially non-adversely affected.

2. The X-ray mterferometer according to claim 1, wherein
the grating period of the phase grating and the grating period
of the absorption grating are dimensioned such that the phase
contrast sensitivity of the image of the object detected by the
detector 1s non-adversely atlected.

3. The X-ray interferometer according to claim 1, imple-
mented as a Talbot-Lau interferometer.

4. The X-ray interferometer according to claim 1, imple-
mented as a Talbot interferometer.

5. The X-ray interferometer according to claim 1, operative
at a fractional Talbot order of n=4.

6. The X-ray mterferometer according to claim 1, wherein
the lateral extensions of the phase grating, the absorption
grating and the detector are dimensioned such to cover the
diverging field size respective of the X-ray emanating from
the 1maged object.

7. The X-ray interferometer according to claim 1, wherein,
during imaging, the distance between the object and the phase
grating substantially equals zero.

8. The X-ray mterferometer according to claim 1, wherein
the lateral dimensions of the phase grating and the absorption
grating are such to allow for selecting the distance between
the detector and the absorption grating to obtain, when 1mag-
ing the object, a corresponding change 1n the multiplicative
factor between the lateral dimensions of the image of the
object and the object 1tsell.

9. The X-ray interferometer according to claim 7, wherein
the multiplicative factor ranges from 1 to about at least S0.

10. The X-ray interferometer according to claim 1, wherein
the grating period of the phase grating 1s equal or less than
about 5 um.
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11. The X-ray interferometer according to claim 1, wherein
the grating period of the absorption grating 1s equal or less
than about 5 um.

12. The X-ray interferometer according to claim 1, wherein
the distance between the absorption grating and the detector
ranges from about 5 cm to about at least 2 meters.

13. The X-ray interferometer according to claim 1, wherein
the phase contrast sensitivity of the obtainable 1mage of the
object ranges from about 130 to about at least 300.

14. The X-ray interferometer according to claim 1, wherein
the gratings periods of the absorption and phase grating are
dimensioned such that distance between the phase grating
and absorption grating 1s small compared to the distance
between the detector and the absorption grating and the dis-
tance between the source and the phase grating.

15. The X-ray interferometer according to claim 1, wherein
the lateral extensions of the phase grating, the absorption
grating and the detector are dimensioned such to cover the
diverging field size respective of the X-ray emanating from
the imaged object and wherein, during imaging, the distance
between the object and the phase grating substantially equals
ZEro.

16. The X-ray interferometer according to claim 1, wherein
the phase contrast sensitivity of the obtainable 1mage of the
object ranges from about 150 to about at least 300, and
wherein the gratings periods of the absorption and phase
grating are dimensioned such that distance between the phase
grating and absorption grating 1s small compared to the dis-
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tance between the detector and the absorption grating and the
distance between the source and the phase grating.

17. The X-ray interferometer according to claim 1, wherein
the gratings periods of the absorption and phase grating are
dimensioned such that distance between the phase grating
and absorption grating 1s small compared to the distance
between the detector and the absorption grating and the dis-
tance between the source and the phase grating, and wherein,
during imaging, the distance between the object and the phase
grating substantially equals zero.

18. A method for performing phase contrast imaging by
employing an X-ray interferometer that 1s operative to irra-
diate an object with X-ray at a given radiation energy, the
X-ray interferometer comprising:

a phase grating for phase-shifting X-ray emanating from

the object and incident onto the phase grating; and

an absorption grating for intensity modulating the phase-

shifted X-ray;

the method comprising the following procedure:

placing an X-ray detector at a relatively large distance
away Irom the absorption grating.

19. The method according to claim 18, wherein the method
comprises positioning the object at distance from the phase
grating which substantially equals zero.

20. The method according to claim 18 comprising;:

dark-field illuminating the object for obtaining a dark-field

image thereof.
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