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(57) ABSTRACT

A method is disclosed for producing projective and tomo-
graphic phase contrast images of an examination object, pref-
erably a patient, with the aid of an X-ray system, and a
corresponding X-ray system for carrying out this method. In
at least one embodiment of the method, X-ray optical grating
sets tuned to different energy ranges are used to determine
energy-dependent phase shifts upon penetration of an exami-
nation object, a difference value is formed from these energy-
dependent phase shifts, and tomographic or projective images
are produced therefrom.
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METHOD FOR PRODUCING PROJECTIVE
AND TOMOGRAPHIC PHASE CONTRAST
IMAGES WITH THE AID OF AN X-RAY
SYSTEM

PRIORITY STATEMENT

The present application hereby claims priority under 35
U.S.C. §119 on German patent application numbers DE 10
2006 004 976.4 filed Feb. 1, 2006, and DE 10 2006 015 356.1
filed Apr. 3, 2006, the entire contents of each of which is
hereby incorporated herein by reference.

FIELD

Embodiments of the invention generally relate to methods
for producing projective and tomographic phase contrast
images of an examination object, preferably a patient, with
the aid of an X-ray system; moreover, embodiments of the
invention also generally relate to corresponding X-ray sys-
tems for carrying out this method.

BACKGROUND

In general computer tomography, tomographic images of
an examination object, in particular of a patient, are taken
with the aid of absorption measurements of X-rays that pen-
etrate the examination object, a radiation source generally
being moved in the shape of a circle or spiral about the
examination object, and a detector, for the most part a multi-
row detector with a multiplicity of detector elements, mea-
suring the absorption of the radiation upon passage through
the examination object on the side opposite the radiation
source. For the purpose of tomographic imaging, tomo-
graphic slice images or volume data are reconstructed from
the measured absorption data of all the measured spatial rays.
Very fine absorption differences in objects can be displayed
with the aid of these computer tomography images, but zones
of similar chemical composition that naturally also have a
similar absorption behavior are displayed only with unsatis-
factory detail.

It is known, furthermore, that the effect of the phase shift
upon passage of a beam through an examination object is
substantially stronger than the absorption effect of the mate-
rial penetrated by the radiation. Such phase shifts are known
to be measured by the use of two interferometric gratings.
These interferometric measuring methods are referred to, for
example, in “X-ray phase imaging with a grating interferom-
eter, T. Weitkamp et al., Aug. 8,2005/Vol. 12, No. 16/OPTICS
EXPRESS”.

In the case of this method, an examination object is irradi-
ated by a coherent X-radiation and subsequently guided
through a pair of gratings, and the radiant intensity is mea-
sured directly after the second grating. The first grating pro-
duces an interference pattern that images a moiré pattern on to
the detector lying therebehind with the aid of the second
grating. If the second grating is slightly displaced, this like-
wise results in a displacement of the moiré pattern, that is to
say a change in the spatial intensity in the detector lying
therebehind, which can be determined relative to the dis-
placement of the second grating. If the change in intensity is
plotted for each detector element of this grating that is to say
for each beam, as a function of the displacement path of the
second grating, the phase shift of the respective beam can be
determined. The fact that this method requires a very small
radiation source is a problem, and therefore cannot be applied
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in practising computer tomography of relatively large
objects, since formation of the interference pattern requires a
coherent radiation.

In one possibility, the method shown in the abovenamed
document requires a radiation source with an extremely small
focus such that a sufficient degree of spatial coherence is
present in the radiation used. However, when such a small
focus is used there is then, in turn, an insufficient dose rate for
examining a relatively large object. However, there is also the
possibility of using a monochromatically coherent radiation,
for example, a synchrotron radiation, as radiation source, but
the construction of the CT system is thereby rendered very
expensive and so a widespread application is impossible.

This problem can be circumvented by arranging a first
absorption grating inside the focus/detector combination in
the beam path, directly following the focus. The alignment of
the grating lines is in this case parallel to the grating lines of
the interference grating following the examination object.

The slits of the first grating produce a field of individually
coherent beams that suffices for producing the interference
pattern known per se with the aid of the phase grating
arranged downstream of the object in the beam direction.

It is possible in this way to use radiation sources that have
dimensions corresponding to the normal X-ray tubes in CT
systems or transmitted light X-ray systems such that, for
example, it is now also possible to make well differentiated
soft part images in the field of general medical diagnostics
with the aid of X-ray machines.

However, it has emerged that, despite this described
improvement, it would be advantageous to obtain a further
improved differentiation of the structure of an examination
object, in particular of the soft structure of a patient.

SUMMARY

In at least one embodiment of the invention, the method of
phase contrast imaging in terms both of method and apparatus
is improved to the effect that the recorded results enable a
stronger differentiation of structures of similar chemical
makeup.

The inventors, in at least one embodiment, have realized
that it is possible to improve the differentiation of structures
of similar chemical makeup by measuring the phase shift of
X-ray beams on penetration of an object as a function of
different X-ray energies, by subsequently preparing differen-
tiating functions for differentiating the scanned tissue from
the measured phase shifts. Thus, the simplest possible way is
to form the difference between the phase shifts measured with
different energies: a quotient can be formed from the two
energy-dependent, measured phase shifts, or for each mea-
sured pixel or voxel of a projective or tomographic image a
type of normalized contrast index such as is described later
can be determined from these values. Instead of the phase
shift itself, it is also possible to use the absorption index n,
which is linearly related to the phase shift, and to form cor-
responding typical differentiation values.

Ifthis basic method is applied, for example, to a computer
tomography image, it is already possible to form these differ-
entiation values before the actual reconstruction such that the
projections that are later reconstructed therefore already com-
prise the differentiation values. However, it is also possible to
use the phase shifts and/or refractive indices for the recon-
struction of energy-dependent tomographic images and, once
the reconstruction is done, to take the individual image voxels
or pixels from sectional images of the same location in each
case, and not until then to form the differentiation values
therefrom.
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In accordance with the basic idea of at least one embodi-
ment of the invention, the inventors therefore propose, on the
one hand, a method for producing projective images, that is to
say transmitted-light X-ray images, on the basis of phase
contrast measurements, while on the other hand a method is
also proposed for producing tomographic images with the aid
of at least two phase contrast measurements with the use of
different energy ranges. The inventors, in at least one embodi-
ment, likewise propose corresponding X-ray systems for pro-
ducing the abovenamed projective images, and also X-ray
computer tomography systems for producing such images on
the basis of tomographic reconstructions.

It follows according to at least one embodiment of the
invention that the proposed method for producing projective
ortomographic images of an examination object, preferably a
patient, with the aid of an X-ray system by using spatial
recorded values together with a measurement of phase shifts
of an X-radiation penetrating the examination object com-
prises measuring the phase shift in an energy-specific fashion
with reference to at least two different energy ranges, and
forming recorded values as a function of the energy-specific
phase shift.

This renders it possible for even small differences in the
chemical makeup of the examined object to be detected with
the aid of a particularly sensitive “probe”. The selectivity ofat
least one embodiment of this method is particularly acute
when the energy ranges of the X-radiation that are used reach
beyond the absorption edges known per se with reference to
the material examined or tissue examined, that is to say when
the at least two energy ranges of the X-radiation that are used
lie on both sides of an edge with reference to the energy-
specific refractive index of the material examined.

Although at least one embodiment of the method is thus
also suitable in principle for measuring a multiplicity of dif-
ferent energy ranges, the chief proposal is, nevertheless, to
determine exactly two energy-specific phase shifts for exactly
two energy ranges.

The value

P(E]) - 9(E2)
P(ED) +9(E2)

can preferably be used as a function of the energy-specific
phase shifts, the variable ¢(E,) standing for a measured phase
shift in the energy range E .

Alternatively, the quotient

#(E])
P(E2)

or a difference value ¢(E1)-¢p(E2) can also be used for
example.

As already previously mentioned, it is also possible to
calculate in each case the energy-specific refractive index
from the measured energy-specific phase shifts, and to use
these values for the recorded values. The conversion of the
energy-specific refractive indices can be determined in accor-
dance with the relationship
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A represents the wavelength of the X-radiation of the energy
range considered, and v represents the extent of a voxel.

It may be pointed out in this context that the talk within the
scope of embodiments of this invention is mostly not of a
specific energy, but a specific energy range since, of course, it
is not the case that the given method of measurement deter-
mines the phase shift with reference to an energy of pinpoint
accuracy, but that what is involved here in practice is actually
energy ranges, that is to say an energy interval.

In accordance with the abovedescribed functions for the
energy-specific phase shifts, it is also possible to use corre-
sponding functions for the energy-specific refractive indices,
preferably via the function

n(ED) - n(E2)
n(ED +n(E2)

or the quotient

n(ED
nE2)

or simply the A-value n(E1)-n(E2).

With reference to the use of at least one embodiment of this
method for producing the tomographic X-ray phase contrast
images, it is further proposed to carry out at least the follow-
ing method steps:

the examination object is scanned with at least one focus/
detector system in a circular or spiral fashion, the detec-
tor system having a multiplicity of juxtaposed detector
elements that form at least one detector row, preferably
a number of detector rows,

arranged between the at least one focus and the at least one
detector for the purpose of measurement is a set of X-ray
optical gratings that is transirradiated by the X-radia-
tion,

a field of radiation sources with individually coherent
radiation being generated with the aid of at least one
source grating between the focus and examination
object,

the examination object being penetrated by the X-radia-
tion, and the X-radiation being subjected to a different
phase shift depending on the penetrated matter,

an interference pattern of the radiation of this energy range
being generated with the aid of a first phase grating tuned
to a first energy range (E1),

at least one further interference pattern of radiation of this
energy range being generated with the aid of at least one
second phase grating tuned to another energy range
(E2),

the radiation being guided to the detector through an ana-
lyzer grating, and the phase shift of each beam upon
passage through the examination object being deter-
mined by means of at least three intensity measurements
of the same spatial beam with in each case a differently
offset analyzer grating, and



US 7,646,843 B2

5

tomographic phase contrast data of the examination object
are reconstructed from the measured phase shifts of the
beams or refractive indices determined therefrom.

A dedicated focus/detector system respectively having a
grating set adapted in an energy-specific fashion can be used
for the measurements of the phase shifts wherein per energy
range, the focus/detector systems advantageously can be
arranged with an angular offset on a gantry.

However, there is also the possibility of making use for
each energy range solely of different phase gratings in the
same focus/detector system for the measurements of the
phase shifts. To this end, either it is possible for the different
phase gratings at different distances from the focus to be set
manually, or an apparatus can be provided, by which they can
be displaced laterally in the direction of the system axis or
else in a circumferential direction.

It is proposed, furthermore, that the energy of a peak in the
characteristic radiation of the anode material employed is
used for at least one energy range to which at least one
analyzer grating is tuned. For example, this can involve the
K., line and the K line of the anode material, preferably
tungsten as anode material.

However, there is also the possibility of generating the
X-radiation for at least two different energy ranges with the
aid of different anode materials.

If consideration is given to the method for producing pro-
jective phase contrast images, that is to say phase contrast
images in the case of which in order to form a projection
image use is made not of reconstruction methods, but solely
of'the phase shifts measured during the transirradiation of the
examination object, the inventors, in at least one embodiment,
particularly propose the application of the following features:

the examination object is transirradiated by a beam ema-

nating from the focus of an X-ray tube,

the received radiation intensity is measured with a detector,

there being arranged between the at least one X-ray tube
and the detector a set of X-ray opticagratings comprising
at least one source grating, at least two different phase
gratings alternately introduced into the beam path, and
an analyzer grating,

for each beam that lies in space between the focus and

detector and penetrates the examination object, the
phase shift of this beam upon penetrating the object is
determined by at least three intensity measurements
with the aid of an analyzer grating arranged in each case
with a different offset, and

for each beam the pixel values are calculated as a function

of the energy-specific phase shifts (¢(E1), ¢(E2)) from
the measured phase shifts for different energy ranges
(6(E1), ¢(E2)) of each beam.

It is also proposed here to make use for at least one energy
range in which the at least one analyzer grating is tuned of the
energy of a peak in the characteristic radiation of the anode
material employed. For example, it is also possible here to
employ the K, line and K, line of the anode material, pref-
erably made from tungsten, as anode material. Likewise, the
X-radiation for at least two different energy ranges can be
generated with the aid of different anode materials. It may be
pointed out in this context that it is not mandatory to use
different X-ray tubes in order to work with different anode
materials. For example, it is possible to design an anode, in
particular a rotary anode, such that there is a jump focus that
respectively jumps to different regions of the anode that are
occupied by different materials. Alternatively, it is also pos-
sible to use a rotary anode that is occupied in segments by
different anode materials such that, for example, the anode
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material respectively desired for generating the X-radiation is
used by means of an appropriate time control of the tube
current.

The inventors also propose, in accordance with at least one
embodiment of the method outlined above, at least one
embodiment of an X-ray CT system for producing tomo-
graphic phase contrast images that has at least one focus/
detector system arranged on a gantry or a C arc such that it can
rotate about an examination object, and a set of transirradi-
ated X-ray optical gratings between the focus and detector,
comprising at least one source grating, at least two phase
gratings that can be alternately moved into the beam path, and
an analyzer grating.

As an alternative thereto, there is also proposed an X-ray
CT system that has at least two focus/detector systems
arranged on a gantry or a C arc such that they can rotate about
an examination object, and for each focus/detector system, a
set of transirradiated X-ray optical gratings, dimensioned in
an energy-specific fashion, between the focus and detector,
comprising a source grating, a phase grating and an analyzer
grating.

It is to be noted in this case that the two abovenamed
variants can also be combined such that, for example, two
focus/detector systems arranged with an angular offset on a
gantry are respectively equipped with two or more different
grating sets, and there is thus a greater degree of variability in
the selection of the examined energy ranges used for measur-
ing the phase shift.

These inventive CT systems preferably have, in at least one
embodiment, an apparatus provided for the relative displace-
ment of the analyzer grating with reference to the phase
grating in a fashion perpendicular to the beam direction and
perpendicular to the longitudinal direction of the grating
lines.

In an additional variant, it can also be provided that at least
one further focus/detector system is arranged with an angular
offset on the gantry, which is free from X-ray optical gratings
and serves exclusively for absorption measurement.

According to atleast one embodiment of the invention, it s,
moreover, proposed that the grating arrangement of the inven-
tive X-ray CT systems satisfies the following geometric con-
ditions:

for the first grating set:

por X p2
=2Xx——
b Por+ P2
PoL = P2 4
I xdT 1 (p
d, = =4 where dj = zx[m S
TP
and for the second grating set:
» 2 Po2 X p2
12=
pPo2+ P2

- X 12
Po2 = P2 d_z’

bxds 1 2
2 % 27 where d5 = —X[ﬂ],

dr =
T h-4& 27 4,
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-continued
Ay
hyp =
12 n-1)

where:

p,=Grating period of the grating G,
p.,~Grating period of the grating G,
1 =Distance of the source grating G, from the phase grating

Gy, for the energy range E_,

d, =Distance of the phase grating G, , for the energy range E
from the analyzer grating G, in fan beam geometry,

d, =Distance of the phase grating G, for the energy range E
from the analyzer grating G, given parallel geometry,

A =Wavelength of the radiation in the energy range E,,

h, =Web height of the grating G, for the energy range E, in
the radiation direction, and

n=Refractive index of the grating material.

On the basis of the given grating arrangement, the latter can
satisfy the geometric condition 1,+d,=l,+d,, it then being
necessarily the case that the periods of the source gratings
used are different, that is to say p,,=po,. Alternatively, the
periods of the source gratings used can be selected to be
identical, that is to say p,; =Dy, it then being possible for the
grating arrangement to satisfy the geometric condition
1, +d, #1,+d,. In accordance with a further alternative, it is the
case both that the source grating can have a different period,
and that the distance between the source grating and analyzer
grating can be selected to be different.

Such an X-ray CT system of at least one embodiment can,
furthermore, have an arithmetic and control unit that contains
the program code that carries out the abovedescribed method
during operation.

Moreover, the scope of at least one embodiment of the
invention includes a storage medium of a CT system or for a
CT system that contains the abovenamed program code.

Furthermore, at least one embodiment of the invention
features a focus/detector system of an X-ray apparatus com-
prising at least:

a radiation source with a focus and an opposing planar

detector with a multiplicity of detector elements,

a set of transirradiated X-ray optical gratings of parallel
alignment that is arranged between the focus and detec-
tor and by means of which the phase shift of the radiation
upon penetration of the examination object can be mea-
sured in a beamwise resolved fashion, the grating set
having:

at least one source grating that is arranged between the at
least one focus and the examination object,

at least two phase gratings that can be arranged between the
examination object and the detector and be alternately
introduced into the beam path,

an analyzer grating that is arranged upstream of the detec-
tor, and

an apparatus for the relative displacement of the analyzer
grating with reference to the phase gratings in a fashion
perpendicular to the beam direction and perpendicular to
the longitudinal direction of the grating lines.

The inventors, in at least one embodiment, also corre-
spondingly propose an X-ray system including the previously
described focus/detector system, additional device(s), prefer-
ably an arithmetic logic unit, being provided for calculating
the phase shift from a number of intensity measurements of
the same beam with the aid of differently offset phase grat-
ings.
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It is also proposed, in at least one embodiment, for such an
X-ray system and/or a corresponding focus/detector system
that the gratings be arranged in accordance with the above
named geometric conditions.

Furthermore, there is also proposed an X-ray system for
producing projective images that contains an arithmetic and
control unit that contains program code that executes at least
one embodiment of the above described method during
operation.

Atleast one embodiment of the invention likewise includes
a storage medium of such an X-ray system or for such an
X-ray system, which contains corresponding stored program
code.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention is described in more detail below with ref-
erence to an example embodiment and with the aid of the
figures, only the features necessary for understanding the
invention being illustrated. The following reference symbols
are used in this case: 1: CT system; 2: first X-ray tube; 3: first
detector; 4: second X-ray tube; 5: second detector; 6: gantry
housing; 7: patient; 8: patient couch; 9: system axis; 10:
control and arithmetic unit; 11: memory; 12: schematic of an
embodiment of the inventive method; A: path A; B; path B;
D,, D,: detector; d,, d,: distance between phase grating and
analyzer grating; E1: first energy range; E2: second energy
range; E,: ith detector element; F,, F,: focus; G, Gg;, Gos:
source gratings; G, ;, G,,: phase gratings; G,, G,;, G,,: ana-
lyzer gratings; hy, h,, h;,, h,: height of the grating webs;
I(E,(x5)): measured intensity at the detector element E, with
a grating offset of x;; K, Kg: characteristic X-ray peaks; 1,
1,: distance between source grating and phase grating; P:
patient; po;, Pozs Piis P1as Po: period of the grating lines; Prg, :
programmes; S: system axis; X5: offset of the analyzer grat-
ing; w: extent of the focus; x, y, z: Cartesian coordinates;
u(¢p(E1), ¢(E2)): difterence functions of the phase shift of the
voxels of a CT image data record; ¢: phase shift; ¢(Ex): phase
shift of the radiation of energy Ex; A: wavelength of the X-ray
radiation considered.

In detail:

FIG. 1 shows a 3D schematic of a focus/detector system of
an X-ray CT;

FIG. 2 shows a longitudinal section through a focus/detec-
tor system, including an illustration of source gratings, phase
gratings and analyzer gratings and their grating structure;

FIG. 3 shows a longitudinal section through a focus/detec-
tor system of a CT, including phase grating, analyzer grating
and detector for displaying the interference phenomenon;

FIG. 4 shows the brems spectrum of a tungsten anode with
characteristic lines for different acceleration voltages and the
use of a hardening filter;

FIG. 5 shows a schematic sectional illustration of two
focus/detector systems, offset by 90°, of a CT with different
grating sets;

FIG. 6 shows a schematic sectional illustration of a split
focus/detector system of a CT with different grating sets;

FIG. 7 shows a schematic sectional illustration of another
split focus/detector system of a CT with different grating sets;
and

FIG. 8 shows a 3D illustration of an embodiment of an
inventive CT system.

DETAILED DESCRIPTION OF THE EXAMPLE
EMBODIMENTS

It will be understood that if an element or layer is referred

to as being “on”, connected to”, or “coupled to”

2 <

against”,
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another element or layer, then it can be directly on, against,
connected or coupled to the other element or layer, or inter-
vening elements or layers may be present. In contrast, if an
element is referred to as being “directly on”, “directly con-
nected to”, or “directly coupled to” another element or layer,
then there are no intervening elements or layers present. Like
numbers refer to like elements throughout. As used herein, the
term “and/or” includes any and all combinations of one or
more of the associated listed items.

Spatially relative terms, such as “beneath”, “below”,
“lower”, “above”, “upper”, and the like, may be used herein
for ease of description to describe one element or feature’s
relationship to another element(s) or feature(s) as illustrated
in the figures. It will be understood that the spatially relative
terms are intended to encompass different orientations of the
device in use or operation in addition to the orientation
depicted in the figures. For example, if the device in the
figures is turned over, elements described as “below” or
“beneath” other elements or features would then be oriented
“above” the other elements or features. Thus, term such as
“below” can encompass both an orientation of above and
below. The device may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein are interpreted accordingly.

Although the terms first, second, etc. may be used herein to
describe various elements, components, regions, layers and/
or sections, it should be understood that these elements, com-
ponents, regions, layers and/or sections should not be limited
by these terms. These terms are used only to distinguish one
element, component, region, layer, or section from another
region, layer, or section. Thus, a first element, component,
region, layer, or section discussed below could be termed a
second element, component, region, layer, or section without
departing from the teachings of the present invention.

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of the present invention. As used herein, the singular
forms “a”, “an”, and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise.
It will be further understood that the terms “includes” and/or
“including”, when used in this specification, specity the pres-
ence of stated features, integers, steps, operations, elements,
and/or components, but do not preclude the presence or addi-
tion of one or more other features, integers, steps, operations,
elements, components, and/or groups thereof.

In describing example embodiments illustrated in the
drawings, specific terminology is employed for the sake of
clarity. However, the disclosure of this patent specification is
not intended to be limited to the specific terminology so
selected and it is to be understood that each specific element
includes all technical equivalents that operate in a similar
manner.

Referencing the drawings, wherein like reference numerals
designate identical or corresponding parts throughout the
several views, example embodiments of the present patent
application are hereafter described.

FIG. 1 shows a 3D schematic of a focus/detector system of
an X-ray CT having, as examination object, a patient P lying
in the beam path. The focus F, and the detector D, are
arranged on a gantry (not illustrated in more detail here) and
moved in the shape of a circle about the system axis S. If a
linear movement of the patient P in the direction of the system
axis is additionally carried out during the rotation of the
focus/detector system, this results in a spiral scanning, known
per se, of the patient P. Three X-ray optical gratings G, G,
and G, are arranged in the beam path of the focus/detector
system, the first grating G,,, which is also termed source
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grating, being fitted in the immediate vicinity of the focus F,
and being transradiated by the X-radiation.

Following thereafter in the propagation direction of the
X-radiation is the actual examination object or the patient P.
The second grating G, , termed phase grating, firstly follows
upstream of the detector D, lying on the other side of the
system axis S. Following thereafter in the direction of radia-
tion is the third grating G,, termed analyzer grating, that is
advantageously arranged immediately upstream of the detec-
tor D,.

The detector D, has at least one row with a multiplicity of
detector elements, the detector D, preferably being designed
as a multirow detector that is equipped with a multiplicity of
detector rows that are arranged in parallel and each have a
multiplicity of detector elements. The connecting lines
between the focus F, and the individual detector elements
represent in each case during scanning an X-ray beam that is
arranged in space and whose change in intensity is measured
by the respective detector element.

It may be pointed out that in the case of so-called C-arc
units, which also belong to the class of the CT systems men-
tioned here, the detector D, is not, as shown, designed as a
cylindrical segment about the focus F |, buthas a planar shape.
In the case of projective X-ray systems which do not move
about the examination object during the scanning, the detec-
tor D, is generally likewise of planar design.

The line orientation of the gratings G, to GG, is such that the
grating lines of all three gratings run parallel to one another
and, in addition, are oriented parallel to the system axis S, the
gratings G, to G, mostly being of planar design and are lined
perpendicular to the center line between the focal point and
detector midpoint. However, there is also the possibility in
principle of adapting the surface of the gratings to the optical
path of the light cone such that at each location the gratings
are intersected perpendicularly by the beam connection
between the focus and the respective detector element, the
result being a corresponding curvature of the gratings.

The arrangement described so far can be used only for
measuring the phase shift in a specific energy range in which
the grating arrangement is oriented. It is therefore possible
either to arrange a number of such focus/detector arrange-
ments with an angular offset on a gantry, each individual
focus/detector system then being oriented to different energy
ranges with reference to their grating arrangements.

Alternatively, however, it is also possible to use a single
focus/detector system—as is shown in FIG. 1-—and merely to
configure the source gratings and phase gratings, here the
gratings G, G, and G|, G, in an exchangeable fashion,
the two gratings having different positions and/or different
periods corresponding to the energy to which they are tuned,
it being necessary in each case to fulfill the previously
described geometric conditions of the grating sets. Such a
variant is illustrated in FIG. 1, in which both the second
source grating G,, and the second grating G, are arranged
outside the beam path such that for the purpose of measuring
with the second desired energy, the source grating G, and the
phase grating G,, are taken out of the beam path, and the
source grating G, and the phase grating GG, are inserted.

An inventive focus/detector system with two grating sets
Ggp, Gy;, G, and Gg,, G,, G, is illustrated schematically
onceagainin FIG. 2. Located upstream of the first grating G,
is the focus F,, whose greatest extent is denoted by w. The first
grating G, has a line spacing or grating period p,, and a
height h,,, of the grating webs. The gratings. G, G,, and G,
are correspondingly also equipped with aheighth, ,orh,, and

aperiod pgy, Py OF Ps.
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It is important for the functioning of the method according
to an embodiment of the invention that the distance between
the source grating and the phase grating, and the distance
between the phase grating and the analyzer grating be at a
specific ratio to one another. It holds in this case that:

for the first grating set:

» 2><P01><P2
1n=2X—
Por+ P2
Po1 = P2 4
I xdf _ 1 (p?
l_ll_dlz where dj _zx[m S
A
By = —
S T
and for the second grating set:
» 2><P02><P2
12=
pPo2+ P2
— Xlz
Po2= P2 4
by xdf here o= 1 (p3
z_lz_dzzwere z_zx m,
Az
hp = ——
2= 50Ty

where:

p,=Grating period of the grating G,
p.,~Grating period of the grating G,
L =Distance of the source grating G, from the phase grating

G, for the energy range E ,

d, =Distance of the phase grating G, , for the energy range E
from the analyzer grating G, in fan beam geometry,

d, =Distance of the phase grating G, for the energy range E
from the analyzer grating G, given parallel geometry,

A =Wavelength of the radiation in the energy range E,,

h, =Web height of the grating G, for the energy range E, in
the radiation direction, and

n=Refractive index of the grating material.

The illustration shows a situation in which the second
phase grating G, is currently being used for measurement,
and the first phase grating G, is removed from the beam path.
In practice, the focus/detector system respectively used
would have an apparatus that automatically inserts the phase
gratings into the beam path depending on need, or removes
the undesired grating. It is also possible here to arrange more
than two phase gratings at respectively different distances
from the focus in the beam path.

The distance of the detector D, with its detector elements
E, to E,, from the respective analyzer grating G, is not critical,
but the latter should be arranged as near as possible to the
detector.

In one advantageous variant, the phase gratings G,, and
G, can be set in each case to an energy that corresponds to a
characteristic line in the X-ray spectrum of the anode used.
With the currently customary tungsten anodes, it is advanta-
geously possible, for example, to use their K, line and the K,
line lying close thereto. When other anode materials are
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selected, other energies, and thus other dimensions of the
phase grating correspondingly become necessary.

The height h, of the analyzer grating must be sufficient to
produce effective absorption differences between the webs
transirradiated by the X-radiation, and the largely free sites of
the grating, in order to produce an appropriate Moiré pattern
on the rear side.

For the purpose of better understanding, FIG. 3 once again
shows—on the example of a situation with only a single
analyzer grating G,, being used—the individually coherent
radiation that is coming from the grating G, and penetrates
the patient P, phase shift phenomena coming about after the
penetration of the patient P. As a result, when the grating G,
is penetrated there is produced an interference pattern, illus-
trated by the gray shading, that, with the aid of the grating G,
on the adjoining detector D, and the detector elements
thereof, leads to different radiation intensities per detector
element, a so-called Moiré pattern being formed there.

If, for example the detector element E, is considered as a
function of an offset x; of the analyzer grating G,, and if the
intensity I(E,(Xs)) is plotted as a function of the offset x
against the intensity I, the result is a sinusoidal rise and fall of
the intensity I at this detector element E,. If these measured
radiation intensities I are plotted for each detector element E,
or B, as a function of the offset x;, the result for the various
detector elements, which after all constitute the spatial X-ray
beam between the focus and the respective detector element,
is that the phase shift ¢ relative to one another can be deter-
mined for each detector element. It holds that:

_2 v
¢ = ””X,

v corresponding to the size of a voxel or pixel in the examined
object, n being the refractive index thereof, and A representing
the wavelength of the X-radiation.

Thus, for each beam in space, it is possible by way of at
least three measurements with an offset analyzer grating in
each case to determine the phase shift per beam and for a
narrow energy range of the radiation. If this is carried out
likewise with the aid a further grating arrangement, which is
tuned to another energy range, for each beam in space, a
difference function u(¢(E1), ¢$(E2)) can be determined for
each beam from knowledge of two different phase shifts
¢(E1) and ¢(E2)) in conjunction with a different energy, from
which either it is possible in the case of projective X-ray
images to calculate pixel values of a projective image directly,
or in the case of a CT examination projections are prepared
whose pixel values correspond to the difference functions
calculated in a beamwise fashion. It is possible therefrom
with the aid of reconstruction methods known per se to cal-
culate which volume element in the examination object is to
be ascribed to which part of the measured difference func-
tions.

It follows that what is calculated are either sectional images

or volume data that reflect the spatial effect of the examined
object on the difference functions. The function

P(EL) - 9(E2)
@(EL) +@(E2)
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which constitutes a type of normalized energy-dependent
phase shift gradient, can be used as preferred difference func-
tion. A corresponding statement is valid for the function

n(ED) - n(E2)
n(ED +n(E2)’

which differs linearly merely in the conversion

¢ =2nn—

of the values.

Since even minor differences in the composition exert a
strong effect on the energy dependence of the phase shift,
very detailed and high-contrast volume data can be obtained
thereby from materials that are relatively similar per se, in
particular from soft tissue.

Instead of the above named difference functions, it is also
possible for example, to form simple quotients or differences.

It the aim is now additionally also to prepare an absorption
image by using the sum of the intensity measurements at the
individual detector elements of a detector in order to deter-
mine the phase shift, it is possible by summing up the indi-
vidual measurements for differently offset analyzer gratings
to determine the effects of the analyzer grating therefrom, and
thus to obtain a direct measure of the absorption values of the
respective beam, that is to say it is possible on the basis of the
measured data for the phase shift also to calculate a data
record that reproduces an absorption value for each beam
such that these absorption values can, in a way known per se,
either be converted to direct projection absorption images or,
with the aid of known reconstructions, be converted into
tomographic absorption images. It is to be noted here that
when use is made of the same energy spectrum for both
measurements the energy dependence vanishes. If, however,
different energy spectra are used, the energy dependence of
the absorption can also be observed and, if appropriate, it is
also possible to form corresponding difference functions and
use them for the display.

Since the above described method for determining the
phase shift of X-ray beams traversing an object is very
energy-selective, the phase grating should be set with refer-
ence to its dimensions to energy ranges of the radiation used
in which there is a photon number that is as high as possible.

If, for example, a tungsten anode is being used, energy
spectra result as a function of the acceleration voltage, as is
illustrated in FIG. 4. Here, a strong respective peak is shown
on the left and right in the energy spectra; it represents the
characteristic radiation of the tungsten material used here.
The K, line is shown on the left, and the K line on the right.
Itis particularly advantageous according to an embodiment of
the invention when the phase gratings are oriented exactly
with these characteristic lines with reference to their web
height.

A further advantageous design of a CT system having two
focus/detector systems F, D, and F,, D, is shown in cross
section schematically in FIG. 5. Both focus/detector systems
are located on a common gantry and are correspondingly
rotated at the same speed about the examination object, here
a patient P, while the patient P is preferably displaced in the
direction of the system axis S such that spiral scanning
results. Respectively arranged in the two focus/detector sys-
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tems F,, D, and F,, D, are different grating sets G, G,,, G,
and G,, G, ,, G, thatalso exhibit different distances d,, 1, and
d,, 1,. Of course, the web heights of the phase gratings are also
likewise adapted, correspondingly to the desired different
radiation energy for which the phase shift is measured. It is
possible in this way for the patient P to be scanned simulta-
neously with reference to different energy-dependent phase
shifts, there being no restriction with reference to the use of
different acceleration voltages in the two focus/detector sys-
tems F,, D, and F,, D,.

Another variant of the design of an embodiment of an
inventive focus/detector system of a CT having a focus F, and
adetector D, is shown in FIG. 6. Here, a single focus/detector
system is equipped with two energy-specific grating arrange-
ments Gy, G, G,; and G,, G, ,, G,,, which also have different
distances d,, 1, and d,, 1,, each grating arrangement covering
only a half of the fan angle of the focus/detector system. In
this example, it is not the case that the source and phase
gratings are different for the purpose of adapting to the dif-
ferent energy at which the phase shift is to be measured;
rather, use is made of different phase and analyzer gratings,
the source gratings being at the same distance from the ana-
lyzer grating but exhibiting a different period. A common
source grating is used for the beam cone.

Another variant of the design of an embodiment of an
inventive focus/detector system of a CT having a focus F, and
a detector D, is shown in FIG. 7. Here, as well, a single
focus/detector system is equipped with two energy-specific
grating arrangements G, G, G,; and G,, G,, G,,, which
also have different distances each grating arrangement like-
wise covering only a half ofthe fan angle of the focus/detector
system.

In this variant, different phase gratings are used in order to
adapt to the different energy at which the phase shift is be
measured, the two analyzer gratings being identical with ref-
erence to their period, but exhibiting different distances from
the phase grating. Here, as well, the source grating remains
the same. [t could be advised by way of supplement in the case
of'this design likewise to divide the detector and arrange it at
the shortest possible distance from the analyzer grating in
each case.

It is true that the number of measurable projections is
reduced to halfin the variants of FIGS. 6 and 7 together with
corresponding consequences for resolution and “signal-
noise” ratio, but it is also possible in this way for a conven-
tional CT having a single focus/detector system to simulta-
neously measure the phase shift at two different energies ina
single pass, and exchanging the gratings is spared.

A complete computer CT system for carrying out an
embodiment of the inventive method is demonstrated in FIG.
8. This shows the CT system 1, which has a first focus/
detector system with an X-ray tube 2 and opposing detector 3,
which are arranged on a gantry (not illustrated in greater
detail) in a gantry housing 6. A grating system in accordance
with FIGS. 1 to 3 is arranged in the beam path of the first
focus/detector system 2, 3, such that the patient 7, who is
located on a patient couch 8 that can be displaced along the
system axis 9, can be pushed into the beam path of the first
focus/detector system and scanned there. The control of the
CT system is carried out by way an arithmetic and control unit
10 in which there are stored in a memory 11 programs Prg;, to
Prg, that carry out the previously described inventive meth-
ods, and reconstruct corresponding tomographic images from
the measured radiation-dependent phase shifts and absorp-
tions. The carrying out of these inventive methods is indicated
in the box 12 illustrated with dashes.
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Instead of the single focus/detector system, a second focus/
detector system can optionally be arranged in the gantry
housing. This is illustrated in FIG. 8 by the X-ray tube 4
shown with dashes, and by the detector 5 illustrated by
dashes.

A schematic flow chart of the inventive method is shown in
box 12. The energy spectrum, illustrated on the left, of a
tungsten anode, which exhibits two characteristic X-ray lines,
shows the energy spectrum used here. In a first path A, the
phase contrast measurement is carried out by using this char-
acteristic line and the large number of photons that occur
there, while in the lower path B the same measurement is
carried out, but in the region of the other characteristic radia-
tion. As soon as the energy-specific phase shift ¢$(E1) and
¢(E2)is determined for each beam through the patient P in the
two energy ranges E1 and E2, the projections are calculated
using the above described difference function u(¢(E1),
¢(E2)), and fed to the reconstruction of tomographic images.
In this way, tomographic images are produced with the aid of
X-radiation and display very detailed structures even in zones
of similar composition such as, for example, soft tissue.

It may be expressly pointed out that the technique
described can also be applied in a simpler design to the
preparation of projective images. When preparing projective
images, it is possible to dispense with the rotating scanning of
the examination objects, and with the reconstruction from
protection data.

It remains to point out by way of supplement that not only
is it possible to use the focus/detector system shown in order
to measure phase shifts of the X-radiation, but that these also
continue to be suitable for conventional measurement of the
radiation absorption and reconstruction of corresponding
absorption images. Appropriate, combined absorption and
phase contrast images can also be produced.

It may be pointed out, furthermore, that the gaps between
the grating lines can be filled with a highly absorbing material
in the practical embodiment of the gratings used for the pur-
pose of improving contrast. For example, gold may be used
for this purpose. Fundamentally, at least the source and ana-
lyzer gratings functioning as absorption gratings should be
configured such that they achieve a contrast factor of at least

Overall, this document describes an embodiment of a
method for producing projective and tomographic phase con-
trast images of an examination object, preferably a patient,
having an X-ray system, and a corresponding X-ray system
for carrying out this method, X-ray optical grating sets, tuned
to different energy ranges, for determining energy-dependent
phase shifts being used upon penetration of an examination
object, a difference value being formed from these energy-
dependent phase shifts, and tomographic or projective images
being produced therefrom.

It goes without saying that the above named features of
embodiments of the invention can be used not only in the
combination respectively specified, but also in other combi-
nations or on their own without departing from the scope of
the invention.

Example embodiments being thus described, it will be
obvious that the same may be varied in many ways. Such
variations are not to be regarded as a departure from the spirit
and scope of the present invention, and all such modifications
as would be obvious to one skilled in the art are intended to be
included within the scope of the following claims.

What is claimed is:

1. A method for producing at least one of projective and
tomographic images of an examination object using an X-ray
system or X-ray CT system, comprising:
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measuring a quantitative phase displacement of an X-ra-
diation penetrating the examination object in an energy-
specific fashion with reference to at least two different
energy ranges; and

forming recorded values as a function of the energy-spe-

cific quantitative phase displacements.

2. The method as claimed in claim 1, wherein the energy-
specific quantitative phase displacements are determined for
exactly two energy ranges.

3. The method as claimed in claim 1, wherein the value

P(E]) - 9(E2)
P(ED) +9(E2)

is used in the function of the energy-specific quantitative
phase displacements (¢p(E1), ¢(E2)).
4. The method as claimed in claim 1, wherein the value

P(ED)
P(E2)

is used in the function of the energy-specific quantitative
phase displacements (¢p(E1), ¢(E2)).

5. The method as claimed in claim 1, wherein the value
¢(E1)-¢(E2) is used in the function of the energy-specific
quantitative phase displacements (¢(E1), ¢p(E2)).

6. The method as claimed in claim 1, wherein an energy-
specific refractive index (n(E1), n(E2)) is calculated from the
measured energy-specific quantitative phase displacements
(6(E1), ¢(E2)), and is used for the recorded values.

7. The method as claimed in claim 6, wherein the energy-
specific refractive indices (n(E1), n(E2)) are determined in
accordance with the relationship

P
¢ = ””X,

representing the wavelength of the X-radiation of the energy
range considered, and v representing the extent of a voxel.
8. The method as claimed in claim 7, wherein the value

n(ED) - n(E2)
n(ED +n(E2)

is used in the function of the energy-specific refractive indices
(n(E1), n(E2)).
9. The method as claimed in claim 7, wherein the value

n(ED
nE2)

is used in the function of the energy-specific refractive indices
(n(E1), n(E2)).

10. The method as claimed in claim 7, wherein the value
n(E1)-n(E2) is used in the function of the energy-specific
refractive indices (n(E1), n(E2)).

11. The method as claimed in claim 1, wherein at least the
following method steps are carded out in order to produce the
tomographic X-ray phase contrast images:
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the examination object is scanned with at least one focus/
detector system in a circular or spiral fashion, the detec-
tor system having a multiplicity of juxtaposed detector
elements that form at least one detector row,

arranged between the at least one focus and the at least one
detector for the purpose of measurement is a set of X-ray
optical gratings that is transirradiated by the X-radia-
tion,

a field of radiation sources with individually coherent
radiation being generated with the aid of at least one
source grating between the focus and examination
object,

the examination object being penetrated by the X-radia-
tion, and the X-radiation being subjected to a different
quantitative phase quantitative displacement depending
on the penetrated matter,

an interference pattern of the radiation being generated
with the aid of a first phase grating tuned to a first energy
range,

at least one further interference pattern of radiation being
generated with the aid of at least one second phase
grating tuned to another energy range,

the radiation being guided to the detector through an ana-
lyzer grating, and the quantitative phase displacement of
each beam upon passage through the examination object
being determined by way of at least three intensity mea-
surements of the same spatial beam with in each case a
differently offset analyzer grating, and

tomographic phase contrast data of the examination object
are reconstructed from the measured quantitative phase
displacements of the beams or refractive indices deter-
mined therefrom.

12. The method as claimed in claim 11, wherein a dedi-
cated focus/detector system respectively having a grating set
adapted in an energy-specific fashion is used for the measure-
ments of the quantitative phase displacements per energy
range, the focus/detector systems advantageously being
arranged with an angular offset on a gantry.

13. The method as claimed in claim 11, wherein another
phase grating in the same focus/detector system is used per
energy range for the measurements of the quantitative phase
displacements.

14. The method as claimed in claim 1, wherein the energy
of a peak in the characteristic radiation of an anode material
employed is used for at least one energy range to which at
least one analyzer grating is tuned.

15. The method as claimed in claim 14, wherein the K -
line and K-line of the anode material is used for two energy
ranges.

16. The method as claimed in claim 14, wherein the X-ra-
diation for at least two different energy ranges is generated
with the aid of different anode materials.

17. The method as claimed in claim 1, wherein at least the
following method steps are carried out in order to produce the
projective phase contrast images:

the examination object is transirradiated by a beam ema-
nating from the focus of an X-ray tube,

the received radiation intensity is measured with a detector,
there being arranged between the at least one X-ray tube
and the detector a set of X-ray optical gratings compris-
ing at least one source grating, at least two different
phase gratings alternately introduced into the beam path,
and an analyzer grating,

for each beam that lies in space between the focus and
detector and penetrates the examination object, the
quantitative phase displacement of this beam upon pen-
etrating the object is determined by at least three inten-
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sity measurements with the aid of an analyzer grating
arranged in each case with a different offset, and
for each beam the pixel values are calculated as a function
of the energy-specific quantitative phase displacements
from the measured quantitative phase displacements for
different energy ranges of each beam.
18. The method as claimed in claim 17, wherein the energy
of'a peak in the characteristic radiation of the anode material
employed is used for at least one energy range to which at
least one analyzer grating is tuned.
19. The method as claimed in claim 18, wherein the K ,-
line and K,-line of the anode material is used for two energy
ranges.
20. The method as claimed in claim 18, wherein the X-ra-
diation for at least two different energy ranges is generated
with the aid of different anode materials.
21. An X-ray CT system for producing tomographic phase
contrast images, comprising:
at least one focus/detector system arranged on at least one
of a gantry and a C arc to rotate about an examination
object;
a set of transirradiated X-ray optical gratings between the
focus and detector, including at least one source grating,
at least two phase gratings alternately movable into the
beam path, and an analyzer grating; and
a control unit that contains program code for,
measuring a quantitative phase displacement of an X-ra-
diation penetrating an examination object in an
energy-specific fashion with reference to at least two
different energy ranges, and

forming recorded values as a function of the energy-
specific quantitative phase displacements.
22. An X-ray CT system for producing tomographic phase
contrast images, comprising:
at least two focus/detector systems arranged on at least one
of a gantry and a C arc to rotate about an examination
object;
for each focus/detector system, a set of transirradiated
X-ray optical gratings, dimensioned in an energy-spe-
cific fashion, between the focus and detector and includ-
ing a source grating, a phase grating and an analyzer
grating; and
a control unit that contains program code for,
measuring a quantitative phase displacement of an X-ra-
diation penetrating an examination object in an
energy-specific fashion with reference to at least two
different energy ranges, and

forming recorded values as a function of the energy-
specific quantitative phase displacements.

23. The X-ray CT system as claimed in claim 21, further
comprising:

an apparatus for relative displacement of the analyzer grat-
ing with reference to the phase grating in a fashion
perpendicular to the beam direction and perpendicular to
the longitudinal direction of the grating lines.

24. The X-ray CT system as claimed in claim 21, further

comprising:

at least one further focus/detector system, arranged with an
angular offset on the gantry, which is free from X-ray
optical gratings and serves exclusively for absorption
measurement.

25. The X-ray CT system as claimed in claim 21, wherein
the grating arrangement satisfies the following geometric
conditions:

for the first grating set:
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and for the second grating set:

X
pro=2x P2ZP2
pPo2+ P2
L
Poz—Psz—z,
L I
2L e T\, )
Az
hyz = -1

wherein:
p,=Grating period of the grating G,
p.,~Grating period of the grating G,
1 =Distance ofthe source grating G, from the phase grating
G, for the energy range E |
d,=Distance of the phase grating G|, for the energy range
E.. from the analyzer grating G, in fan beam geometry,
d, =Distance of the phase grating G, for the energy range
E. from the analyzer grating G, given parallel geometry,
A, =Wavelength of the radiation in the energy range E_,
h,,=Web height of the grating G|, for the energy range E .
in the radiation direction, and
n=Refractive index of the grating material.
26. The X-ray CT system as claimed in claim 25, wherein
the grating arrangement additionally satisfies the geometric
condition 1, +d,=l,+d,, and therefore pg,;=p,,-
27. The X-ray CT system as claimed in claim 25, wherein
the grating arrangement additionally satisfies the geometric
condition py;=pg.,, and therefore 1, +d, =1, +d,.
28. The X-ray CT system as claimed in claim 25, wherein
the grating arrangement satisfies both the geometric condi-
tion pg;#pgs, and the geometric condition 1, +d, =1, +d,.
29. An X-ray CT system for producing tomographic phase
contrast images, comprising:
at least one focus/detector system arranged on at least one
of a gantry and a C arc to rotate about an examination
object;
a set of transirradiated X-ray optical gratings between the
focus and detector, including at least one source grating,
at least two phase gratings alternately movable into the
beam path, and an analyzer grating; and
an arithmetic and control unit that contains program code
fort
measuring a quantitative phase displacement of an X-ra-
diation penetrating the examination object in an
energy-specific fashion with reference to at least two
different energy ranges, and

forming recorded values as a function of the energy-
specific quantitative phase displacements.
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30. A storage medium for a CT system, the storage medium
including program code that, when executed, causes CT sys-
tem to execute a method comprising:

measuring a quantitative phase displacement of an X-ra-
diation penetrating an examination object in an energy-
specific fashion with reference to at least two different
energy ranges, and

forming recorded values as a function of the energy-spe-
cific quantitative phase displacements.

31. A focus/detector system of an X-ray apparatus, com-
prising:
a radiation source with a focus and an opposing planar
detector with a multiplicity of detector elements;

a set of transirradiated X-ray optical gratings of parallel
alignment, arranged between the focus and detector and
by which a quantitative phase displacement in the radia-
tion upon penetration of the examination object is mea-
sureable in a beamwise resolved fashion, the grating set
including,

at least one source grating arranged between the at least
one focus and the examination object,

at least two phase gratings arrangeable between the
examination object and the detector and alternately
introduceable into the beam path,

an analyzer grating arranged upstream of the detector,
and

an apparatus for the relative displacement of the ana-
lyzer grating with reference to the phase gratings in a
fashion perpendicular to the beam direction and per-
pendicular to the longitudinal direction of the grating
lines; and

a control unit that contains program code for,

measuring the quantitative phase displacement of an
X-radiation penetrating an examination object in an
energy-specific fashion with reference to at least two
different energy ranges, and

forming recorded values as a function of the energy-
specific quantitative phase displacements.

32. An X-ray system comprising at least one focus/detector
system as claimed in claim 31.

33. The X-ray system as claimed in claim 32, further com-
prising

means for calculating the phase shift from a number of

intensity measurements of the same beam with the aid of
a differently offset phase grating.

34. The X-ray system as claimed in claim 31, wherein the
grating arrangement satisfies the following geometric condi-
tions:

For the first grating set

PoL X P2

1n=2x
P PoL+ P2

- X ll
Por = P2 d—l,

di =
R

I xd . L (p
p where df* = zx[m s

Al

11 = 57—~

2n-1)

and for the second grating set:
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Po2 X P2

p12 = 2X
poz + P2

b
= X —
pPoz2 P2 4

L xdy 1 (P
dy = here dff = = x| 22
2R g Ve zx[%’
Ay
hip = -1

wherein:

p,=Grating period of the grating G,

p.,~Grating period of the grating G,

1 =Distance ofthe source grating G, from the phase grating
G, for the energy range E,,

d,=Distance of the phase grating G|, for the energy range
E, from the analyzer grating G, in fan beam geometry,

d, =Distance of the phase grating G, , for the energy range
E. from the analyzer grating G, given parallel geometry,

h =Wavelength of the radiation in the energy range E ,

h,,=Web height of the grating G|, for the energy range E .
in the radiation direction, and

n=Refractive index of the grating material.

35. The X-ray system as claimed in claim 34, wherein the
grating arrangement additionally satisfies the geometric con-
dition 1, +d, =1, +d,, and therefore p,,=P,,.

36. The X-ray system as claimed in claim 34, wherein the
grating arrangement additionally satisfies the geometric con-
dition Py, =p,,, and therefore 1, +d, =1, +d,.

37. The X-ray system as claimed in claim 34, wherein the
grating arrangement satisfies both the geometric condition
Po1#Do2» and the geometric condition 1,+d,=1,+d,.

38. A focus/detector system of an X-ray apparatus, com-
prising:

a radiation source with a focus and an opposing planar

detector with a multiplicity of detector elements;
a set of transirradiated X-ray optical gratings of parallel
alignment, arranged between the focus and detector and
by which a quantitative phase displacement in the radia-
tion upon penetration of the examination object is mea-
sureable in a beamwise resolved fashion, the grating set
including
at least one source grating arranged between the at least
one focus and the examination object,

at least two phase gratings arrangeable between the
examination object and the detector and alternately
introduceable into the beam path,

an analyzer grating arranged upstream of the detector,
and

an apparatus for the relative displacement of the ana-
lyzer grating with reference to the phase gratings in a
fashion perpendicular to the beam direction and per-
pendicular to the longitudinal direction of the grating
lines; and
an arithmetic and control unit that contains program code
for execution of,
measuring the quantitative phase displacement of an
X-radiation penetrating the examination object in an
energy-specific fashion with reference to at least two
different energy ranges, and

forming recorded values as a function of the energy-
specific quantitative phase displacements.
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39. A storage medium for an X-ray system, wherein the
storage medium contains program code that, when executed,
causes X-ray system to perform a method comprising:

measuring a quantitative phase displacement of an X-ra-
diation penetrating an examination object in an energy-
specific fashion with reference to at least two different
energy ranges, and

forming recorded values as a function of the energy-spe-
cific quantitative phase displacements.

40. The method as claimed in claim 2, wherein the value

P(E]) - 9(E2)
P(ED) +9(E2)

is used in the function of the energy-specific quantitative
phase displacements (¢p(E1), ¢(E2)).

41. The method as claimed in claim 2, wherein the value

P(ED)
P(E2)

is used in the function of the energy-specific quantitative
phase displacements (¢p(E1), ¢(E2)).

42. The method as claimed in claim 2, wherein the value
¢(E1)-¢(E2) is used in the function of the energy-specific
quantitative phase displacements (¢(E1), ¢p(E2)).

43. The method as claimed in claim 2, wherein an energy-
specific refractive index (n(E1), n(E2)) is calculated from the
measured energy-specific quantitative phase displacements
(6(E1), ¢(E2)), and is used for the recorded values.

44. The X-ray CT system as claimed in claim 22, further
comprising:

an apparatus for relative displacement of the analyzer grat-

ing with reference to the phase grating in a fashion
perpendicular to the beam direction and perpendicular to
the longitudinal direction of the grating lines.

45. The X-ray CT system as claimed in claim 22, further
comprising:

at least one further focus/detector system, arranged with an

angular offset on the gantry, which is free from X-ray
optical gratings and serves exclusively for absorption
measurement.

46. The X-ray CT system as claimed in claim 22, wherein
the grating arrangement satisfies the following geometric
conditions:

for the first grating set:

» 2><P01><P2
=2X —
PoL+ P2
PoL = P2 d—l,
= XA e g 2 L[
L R TN P
U= 3Ty

and for the second grating set:
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Po2 X P2
pPo2+ P2

b
= X —
poz2 = p2 4

p12=2%

_Lxd;
- 12—d2:

1 2
dy where d5 = 3 X[ﬂ],

42,
Ay

wherein:

P =Grating period of the grating G,

p,,~Crating period of the grating G_,,

1 =Distance ofthe source grating G, from the phase grating
G, for the energy range E |

d,=Distance of the phase grating G|, for the energy range
E.. from the analyzer grating G, in fan beam geometry,

d, =Distance of the phase grating G, for the energy range
E. from the analyzer grating G, given parallel geometry,

h =Wavelength of the radiation in the energy range E ,

h, =Web height of the grating G, for the energy range E,.
in the radiation direction, and

n=Refractive index of the grating material.

47. A focus/detector system of an X-ray apparatus, com-

prising:
a radiation source with a focus and an opposing planar
detector with a multiplicity of detector elements;
a set of transirradiated X-ray optical gratings of parallel
alignment, arranged between the focus and detector and
by which the phase shift in the radiation upon penetra-
tion of the examination object is measureable in a beam-
wise resolved fashion, the grating set including
at least one source grating arranged between the at least
one focus and the examination object,

at least two phase gratings arrangeable between the
examination object and the detector and alternately
introduceable into the beam path,

an analyzer grating arranged upstream of the detector,
and

an apparatus for the relative displacement of the ana-
lyzer grating with reference to the phase gratings in a
fashion perpendicular to the beam direction and per-
pendicular to the longitudinal direction of the grating
lines; and

an arithmetic and control unit that contains program
code for exeei44 on measuring a phase shift of an
X-radiation penetrating the examination object in an
energy-specific fashion with reference to at least two
different energy ranges, and

forming recorded values as a function of the energy-
specific phase shifts, wherein in order to produce the
projective phase contrast images,
the examination object is transirradiated by a beam

emanating from the focus of an X-ray tube,
the received radiation intensity is measured with a
detector, there being arranged between the at least

24

one X-ray tube and the detector a set of X-ray
optical gratings comprising at least one source grat-
ing, at least two different phase gratings alternately
introduced into the beam path, and an analyzer
5 grating,
for each beam that lies in space between the focus and
detector and penetrates the examination object, the
phase shift of this beam upon penetrating the object
is determined by at least three intensity measure-
ments with the aid of an analyzer grating arranged
in each case with a different offset, and
for each beam the pixel values are calculated as a
function of the energy-specific phase shifts from
the measured phase shifts for different energy
ranges of each beam.

48. A storage medium for an X-ray system, wherein the
storage medium contains program code that, when executed,
causes the X-ray system to perform a method comprising:

measuring a phase shift of an X-radiation penetrating the

examination object in an energy-specific fashion with

reference to at least two different energy ranges, and

forming recorded values as a function of the energy-spe-

cific phase shifts, wherein in order to produce the pro-

jective phase contrast images,

the examination object is transirradiated by a beam ema-
nating from the focus of an X-ray tube,

the received radiation intensity is measured with a detec-
tor, there being arranged between the at least one
X-ray tube and the detector a set of X-ray optical
gratings comprising at least one source grating, at
least two different phase gratings alternately intro-
duced into the beam path, and an analyzer grating,

for each beam that lies in space between the focus and
detector and penetrates the examination object, the
phase shift of this beam upon penetrating the object is
determined by at least three intensity measurements
with the aid of an analyzer grating arranged in each
case with a different offset, and

for each beam the pixel values are calculated as a func-
tion of the energy-specific phase shifts from the mea-
sured phase shifts for different energy ranges of each
beam.

49. An X-ray CT system for producing tomographic phase
45 contrast images, comprising:

at least one focus/detector system arranged on at least one
of a gantry and a C arc to rotate about an examination
object;

a set of transirradiated X-ray optical gratings between the
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50 focus and detector, including at least one source grating,
at least two phase gratings alternately movable into the
beam path, and an analyzer grating; and

at least one further focus/detector system, arranged with an
angular offset on the at least one of the gantry and the ¢

55

arc, which is free from X-ray optical gratings and serves
exclusively for absorption measurement.
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