2213/@3°1°4 A2 |10 00 I OESO00 OO O

(12) INTERNATIONAL
(19) World Intellectual
Organization
International Bureau

~

Property ~

(43) International Publication  Date

APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(10) International Publication ~ Number

WO 2013/080104 A2

6 June 2013 (06.06.2013) WIPOIPCT
(51) International Patent Classification:  Not classified (81) Designated States (unless otherwise indicated, for every
(21) International Application Number: kind d national protection available): AE, AG, AL, AM,
: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
PCT/IB2012/056663 BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
(22) International Filing Date: DO, Dz, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
23 November 2012 (23.1 1.2012) HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
_ KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
(25) Filing Language: English ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
(26) Publication Language: English NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU,
RW, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ,

(30) Priority Data: T™, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
61/566,185 2 December 201 1(02.12.201 1) us ZM, ZW.

(71) Applicant  (for all designated Siates except DE): (84) Designated States (unless otherwise indicated, for every
KONINKLIJKE PHILIPS  ELECTRONICS N.V. kind d regional protection available): ARIPO (BW, GH,
[NL/NL]; High Tech Campus 5, NL-5656 AE Eindhoven GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, Sz, TZ,
(NL). UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,

(71) Applicant (for DE only): PHILIPS INTELLECTUAL TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
PROPERTY& STANDARDS GMBH [DE/DE]; Lubeck- EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
ertordamm 5, 20099 Hamburg (DE). ’ MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, Sl, SK, SM,

' TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,

(72) Inventorss ROSSL, Ewald; c/o High Tech Campus, ML, MR, NE, SN, TD, TG).

Building 44, NL-5656 AE Eindhoven (NL). THRAN, Published:
Axel; c/o High Tech Campus, Building 44, NL-5656 AE '
Eindhoven (NL). PROKSA, Roland; c/o High Tech Cam- —  Wwithout international search report and to be republished
pus, Building 44, NL-5656 AE Eindhoven (NL). upon receipt d that report (Rule 48.2(g))
(74) Agents VAN VELZEN, Maaike et al; Philips Ip&s - NI,

High Tech Campus 44, NL-5656 AE Eindhoven (NL).

(54) Title DETECTION APPARATUS FOR DETECTING RADIATION

14
18— -
15
18—
16

/1 7

FIG. 2

(57) Abstract: Detection apparatus for detecting radiation The invention relates to a detection apparatus for detecting radiation. The
detection apparatus comprises at least two scintillators (14, 15) having different temporal behaviors, each generating scintillation
light upon reception of radiation, wherein the generated scintillation light is commonly detected by a scintillation light detection unit
(16), thereby generating a common light detection signal. A detection values determining unit determines first detection values by
applying afirst determination process and second detection values by applying a second determination process, which is different to
the first determination process, on the detection signa. The first determination process includes frequency filtering the detection sig -
na. Since the scintillation light of the different scintilla- tors is collectively detected by the same scintillation light detection unit, de-
tection arrangements with, for example, side-looking photodiodes for separately detecting the different scintillation light of the dif -
ferent scintillators are not necessarily required, thereby reducing the technical complexity of the detection apparatus.
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Detection apparatus for detecting radiation

FIELD OF THE INVENTION
The invention relates to a detection apparatus, a detection method and a detec-
tion computer program for detecting radiation. The invention relates further to an imaging

system, an imaging method and an imaging computer program for imaging an object.

BACKGROUND OF THE INVENTION

The article "Comparison of dual-kVp and dual-layer CT in simulations and real
CT system measurements’ by S. Kappler et a, IEEE Nuclear Science Symposium Confer-
ence Record (NSS/MIC), pages 4828 to 4831 (2008) discloses a dual-energy computed
tomography system comprising apolychromatic x-ray source and a dual-layer detector. The
computed tomography system is adapted to generate x-rays, which traverse an object to be
imaged, while the x-ray source isrotated with respect to the object. The radiation, after having
traversed the object, is detected by the dual-layer detector, wherein in afirst layer, which is
firstly hit by the radiation, afirst scintillator generates first scintillation light depending on the
detected radiation and wherein in a second layer, which is secondly hit by the radiation, a
second scintillator generates second scintillation light depending on the radiation. The first
scintillation light and the second scintillation light, which correspond to different energies of
the detected radiation, are detected by photodiodes, wherein the photodiode for detecting the
first scintillation light is arranged adjacent to a side surface of the first scintillator, i.e. not, for
example, on abottom surface of the first scintillator. This arrangement on the side surface

leads to atechnically relatively complex detector construction.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide a detection apparatus, a
detection method and a detection computer program for detecting radiation, which alow
detecting the radiation by using atechnically less complex detector construction. It isa further
object of the present invention to provide an imaging system, an imaging method and an
imaging computer program for imaging an object, which can use the technically less complex

detector construction.
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In afirst aspect of the present invention a detection apparatus for detecting
radiation ispresented, wherein the detection apparatus comprises:

- aradiation receiving unit including:

- afirst scintillator for generating first scintillation light depend-
ing on the radiation, wherein the first scintillation light has afirst temporal be-
havior,

- asecond scintillator for generating second scintillation light de-
pending on the radiation, wherein the second scintillation light has a second
tempora behavior being different to the first temporal behavior,

- ascintillation light detection unit for detecting the first scintilla-
tion light and the second scintillation light and for generating a common light
detection signal being indicative of the first scintillation light and the second
scintillation light,

- a detection values determining unit for determining afirst detection value

and a second detection value, wherein the detection values determining unit is

adapted to:

- determine the first detection value by applying afirst determina-
tion process on the common light detection signal, wherein the first determina-
tion process includes frequency filtering the common light detection signal by
using afirst frequency filter, thereby generating afirst filtered common light
detection signal, and determining the first detection value depending on the
first filtered common light detection signal,

- determine the second detection value by applying a second de-
termination process on the common light detection signal, wherein the second
determination process is different to the first determination process.

Since the scintillation light detection unit, which is preferentially a photodiode,
detects the first scintillation light and the second scintillation light and generates a common
light detection signal being indicative of the first scintillation light and the second scintillation
light, wherein the detection values determining unit determines first and second detection
values by applying different determination processes on the common light detection signal,
wherein a least one of the determination processes includes afrequency filtering, the first
scintillation light and the second scintillation light can collectively be detected by the same
scintillation light detection unit, without requiring different scintillation light detection units

arranged a side surfaces of the scintillators for separately detecting the first scintillation light
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and the second scintillation light, wherein still spectrally different detection signals can be
generated, which can be used, for instance, for energy discrimination purposes. Since the first
scintillation light and the second scintillation light can be detected by the same scintillation
light detection unit, the first scintillator and the second scintillator can be stacked, for
example, on top of each other, wherein the resulting stack can be arranged on the scintillation
light detection unit. The radiation can therefore be detected with atechnically less complex
detector construction.

The scintillation light detection unit is preferentially adapted to detect the
combined intensity of the first scintillation light and the second scintillation light and to
generate a common light detection signal being indicative of the detected combined intensity.

The first and second determination processes are preferentialy adapted such
that the application of the first determination process on the common detection signal leads to
afirst signal being spectrally different to a second signal being generated by applying the
second determination process on the common light detection signal. The first and second
detection values are preferentially determined based on these spectrally different first and
second signals.

In ascintillator interacting photons populate electrons in an excited state of a
given lifetime. Scintillation light is generated, if the electrons relax into a ground state. This
relaxation process has a decay time constant being the decay time constant, to which the
respective scintillation light corresponds. A single transition to the ground state, which
corresponds to a single decay time constant, or several transitions to the ground state, which
corresponds to several decay time constants, can be possible. Correspondingly, the temporal
behavior of scintillation light can therefore be defined by one or several decay time constants.

The first and second determination processes depend preferentially on the first
and second temporal behaviors. In particular, the first and second determination processes can
include first and second frequency filtering procedures, which are adapted to the first and
second temporal behaviors.

For instance, the first frequency filter can be a high-pass filter for suppressing
relatively low frequencies, which may correspond to one or several decay time constants of
the slower one of the first and second scintillation light, i.e. of the scintillation light having
the larger one or severa decay time constants. This allows generating afirst filtered common
light detection signal having alarger contribution from the faster scintillation light, i.e. a
larger contribution of the scintillation light having afaster temporal behavior, in particular, a

smaller decay time constant. In addition, also higher frequencies can be suppressed such that
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the first frequency filter is aband-pass filter. This can reduce noise in the first filtered
common light detection signal. Preferentially, the band-pass filter suppresses frequencies,
which correspond to the slower scintillation light having a slower temporal behavior, in
particular, having alarger decay time constant, and to suppress frequencies being larger than
frequencies, which correspond to the faster scintillation light, i.e. which correspond to the
faster temporal behavior, in particular, to the smaller time constant of the faster scintillation
light.

In an embodiment, a high-pass filter isused suppressing frequencies being
smaller than amean value of the inverse value of the decay time constants of the first and
second scintillation light. In particular, the high-pass filter can be adapted to suppress
frequencies being smaller than the geometric mean of the inverse value of afirst decay time
constant of the first scintillation light and the inverse value of a second decay time constant of
the second scintillation light. The band-pass filter can be adapted to also suppress frequencies
being smaller than amean value of the inverse value of the first decay time constant and the
inverse value of the second decay time constant, and the band-pass filter can be adapted to
suppress frequencies being larger than ten times the inverse second decay time constant,
wherein it is assumed that the second decay time constant is smaller than the first decay time
constant.

In an embodiment, the first determination process includes a) squaring or
rectifying the first frequency filtered common light detection signal, b) integrating the squared
or rectified first frequency filtered common light detection signal, thereby generating afirst
integrated value, and c) determining the first detection value depending on the first integrated
value. This allows determining afirst detection value in arelatively simple way such that it is
likely that the faster scintillation light contributes more to the first detection value than the
slower scintillation light.

The second determination process preferentially includes a) frequency filtering
the common light detection signal by using a second frequency filter, thereby generating a
second filtered common light detection signal, and b) determining the second detection value
depending on the second filtered common light detection signal. The second frequency filter
ispreferentially alow-pass filter, and the second determination process preferentially further
includes integrating the second filtered common light detection signal, thereby generating a
second integrated value, wherein the second detection value is determined depending on the
second integrated value. The low-pass filter ispreferentially adapted to suppress frequencies
being larger than amean value of the inverse value of afirst decay time constant of the first
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scintillation light and the inverse value of a second decay time constant of the second
scintillation light. The mean value is preferentially a geometric mean value. This alows
determining a second detection value comprising an increased contribution of the slower
scintillation light, i.e. comprising a contribution of the slower scintillation light to the second
detection value being larger than the contribution of the slower scintillation light to the first
detection value, in arelatively simple way.

In another embodiment, the second determination process includes integrating
the common light detection signal, thereby generating a second integrated value, and deter-
mining the second detection value depending on the second integrated value, without
applying a second frequency filter. This reduces computational costs for determining the
second detection value.

In an embodiment, the decay time constant of the faster scintillation light is about 50 ns an

d the decay time constant of the slower scintillation light is about 3 ps.

The detection apparatus is preferentially adapted to be used by a computed
tomography system, wherein the computed tomography system comprises aradiation source
and the detection apparatus. The radiation source and the detection apparatus are rotatable
with respect to an object to beimaged, in order to allow the computed tomography apparatus
to acquire the first and second detection values a different positions of the radiation source
relative to the object. The integration is preferentialy performed over atemporal interval,
which corresponds to the temporal interval during which the radiation sourceisin acertain
angular interval which corresponds to aprojection. Thus, the integration is preferentialy
performed over aprojection time, which is defined by the time interval, during which the
radiation source isin acertain angular interval, in order to determine for the respective
projection first and second detection values. The projection time and, thus, the integration
time can be in the range of 50 to 500 ps.

In an embodiment, the first determination process is adapted to frequency filter
the common light detection signal such that the first filtered common light detection signal is
an alternating level of the common light detection signal, whereas the second determination
process is adapted such that the application of the second determination process on the
common light detection signal yields the constant level of the common light detection signal.
The first determination process can be adapted to square or rectify the alternating level, which
can also beregarded asbeing the AC level of the common light detection signal, and to
integrate the squared or rectified alternating level for determining the first detection value.
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Moreover, the second determination process can be adapted to integrate the constant level,
which may also beregarded asbeing aDC level of the common light detection signal, for
determining the second detection value.

Preferentially, the first scintillator, the second scintillator and the scintillation
light detection unit are optically coupled such that both, the first scintillation light and the
second scintillation light, can be collectively detected by the scintillation light detection unit.
In particular, the first scintillator, the second scintillator and the scintillation light detection
unit form a stack such that one of the first scintillator and the second scintillator is located on
the scintillation light detection unit and the other of the first scintillator and the second
scintillator islocated on the one of the first scintillator and the second scintillator. The stack is
preferentially arranged such that the radiation to be detected firstly traverses the one of the
first scintillator and the second scintillator and then enters the other of first scintillator and the
second scintillator. Low-energy radiation will mainly be absorbed in the scintillator, which is
firstly traversed, such that the corresponding scintillation light isindicative of the low-energy
radiation. The further scintillator, which istraversed secondly, is more traversed by high-
energy radiation than by low-energy radiation, because alarge amount of the low-energy
radiation has been absorbed by the scintillator, which has been traversed firstly. The corre-
sponding scintillation light istherefore indicative of the high-energy radiation. The first and
second detection values, to which the first scintillation light and the second scintillation light
contribute differently, can therefore correspond to different energies. The first and second
detection values can therefore be used for obtaining information about the energy of the
radiation detected by the detection apparatus.

Preferentially, the temporal behavior of the first scintillator is characterizable
by afirst decay time constant and the temporal behavior of the second scintillator is character-
izable by a second decay time constant being smaller than the first decay time constant,
wherein the first scintillator, the second scintillator and the scintillation light detection unit
form a stack such that the second scintillator islocated on the scintillation light detection unit
and the first scintillator islocated on the second scintillator. Since the upper first scintillator
mainly detects low energy radiation, which yields aplurality of relatively small first scintilla-
tion light pulses, the resulting first scintillation light corresponds to arelatively smooth light
detection signal. Moreover, since the lower second scintillator detects more high energy
radiation, the lower second scintillator generates second scintillation light, which ismore
fluctuating than the first scintillation light. This effect of arelatively smooth first scintillation
light and arelatively fluctuating second scintillation light enhances the effect caused by the
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different decay time constants, because aso the different decay time constants result in first
scintillation light being smoother than the more fluctuating second scintillation light.

The first scintillator, the second scintillator and the scintillation light detection
unit can be optically coupled by using optical coupling material. The optical coupling material
ispreferentially optically transparent glue, wherein the glueis at least transparent to the first
scintillation light and the second scintillation light.

In afurther aspect of the present invention an imaging system for imaging an
object is presented, wherein the imaging system comprises:

- a detection apparatus for detecting radiation, which isinfluenced by the
object, as defined in claim 1,

- areconstructing unit for reconstructing an image of the object from the
first and second detection values.

The imaging system preferentially further comprises aradiation source for
generating the radiation, wherein the imaging system is adapted to provide the radiation such
that it traverses the object before being detected by the detection apparatus. The radiation
source is preferentially apolychromatic x-ray source for generating polychromatic x-rays,
wherein the detection apparatus can be adapted to detect the polychromatic x-rays, after they
have traversed the object, and to generate the first and second detection values depending on
the detected polychromatic x-rays.

The reconstruction unit can be adapted to decompose the first and second
detection values into component detection values, which correspond to different components
being, for example, different physical effects and/or different materials. For instance, the
different components can correspond to the Compton effect and the photoelectric effect, or
the different components can correspond to soft tissue and bone. The reconstruction unit can
be adapted to reconstruct component images, which correspond to the different components,
by applying a computed tomography algorithm to the respective component detection values.
In another embodiment, before decomposing the detection values into component detection
values, the reconstruction unit can transform the first and second detection values into first
and second intermediate detection values, which correspond to the intensities of the first and
second scintillation light, respectively. Thus, atransformation for quantifying the intensities
of the first and second scintillation light can be provided and applied to the first and second
detection values. This transformation can be determined by calibration measurements and is
preferentialy alinear transformation. The reconstruction unit can then be adapted to perform
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the decomposition procedure for generating the component detection values based on the
generated intermediate detection values.

In an embodiment, the transformation for transforming the first and second
detection values into detection values, which correspond to the intensities of the first and
second scintillation light, can also be performed, without afollowing reconstruction based on
these detection values. In this case the transformation can be performed, for instance, by the
detection values determining unit and the detection apparatus can be adapted to provide these
detection values.

In an embodiment, the radiation source and the first and second scintillators of
the detection apparatus are adapted such that the intensities of the first scintillator light and of
the second scintillation light are similar or differ by a factor being smaller than ten. This can
be achieved, for example, by choosing the scintillator materials, their doping, their thickness,
et cetera accordingly. This can ensure that both scintillators significantly contribute to both
detection values and that, for instance, a detection value isnot dominated by asingle scintilla-
tor only and that the contribution of the other scintillator isnot below the noise level, thereby
increasing the quality of the first and second detection values.

In afurther aspect of the present invention a detection method for detecting
radiation ispresented, wherein the detection method comprises:

- generating first scintillation light depending on the radiation by afirst
scintillator, wherein the first scintillation light has afirst temporal behavior,

- generating second scintillation light depending on the radiation by ase-
cond scintillator, wherein the second scintillation light has a second temporal behavior being
different to the first temporal behavior,

- detecting the first scintillation light and the second scintillation light and
generating acommon light detection signal being indicative of the first scintillation light and
the second scintillation light by a scintillation light detection unit,

- determining afirst detection value and a second detection value by a de-
tection values determining unit, wherein the detection values determining unit:

- determines the first detection value by applying afirst determination pro-
cess on the common light detection signal, wherein the first determination process includes
frequency filtering the common light detection signal by using afirst frequency filter, thereby
generating afirst filtered common light detection signal, and determining the first detection
value depending on the first filtered common light detection signal,
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- determines the second detection value by applying a second determina-
tion process on the common light detection signal, wherein the second determination process
is different to the first determination process.

In afurther aspect of the present invention an imaging method for imaging an
object ispresented, wherein the imaging method comprises:

- detecting radiation, which isinfluenced by the object, as defined in claim
12,

- reconstructing an image of the object from the first and second detection
values by areconstructing unit.

In afurther aspect of the present invention a detection computer program for
detecting radiation is presented, wherein the detection computer program comprises program
code means for causing a detection apparatus as defined in claim 1to carry out the steps of
the detection method as defined in claim 12, when the computer program isrun on a computer
controlling the detection apparatus.

In afurther aspect of the present invention an imaging computer program for
imaging an object ispresented, wherein the imaging computer program comprises program
code means for causing an imaging system as defined in claim 11to carry out the steps of the
imaging method as defined in claim 13, when the computer program isrun on acomputer
controlling the imaging system.

It shall beunderstood that the detection apparatus of claim 1, the imaging sys-
tem of claim 10, the detection method of claim 12, the imaging method of claim 13, the
detection computer program of claim 14 and the imaging computer program of claim 15 have
similar and/or identical preferred embodiments, in particular, as defined in the dependent
claims.

It shall be understood that apreferred embodiment of the invention can also be
any combination of the dependent claims with the respective independent claim.

These and other aspects of the invention will be apparent from and elucidated

with reference to the embodiments described hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1shows schematically and exemplarily an embodiment of an imaging
system for imaging an object,

Fig. 2 shows schematically and exemplarily an embodiment of aradiation re-

ceiving pixel of aradiation receiving unit of the imaging system, and
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Fig. 3 shows aflowchart exemplarily illustrating an embodiment of an imaging
method for imaging an object.

DETAILED DESCRIPTION OF EMBODIMENTS

Fig. 1shows schematically and exemplarily an imaging system for imaging a
region of interest being a computed tomography system 19. The computed tomography
system includes agantry 1which is capable of rotation about arotational axis R which
extends parallél to the z direction. A radiation source 2, which is, in this embodiment, an x-
ray tube, is mounted on the gantry 1. The radiation source 2, which generates polychromatic
radiation, is provided with a collimator 3, which forms, in this embodiment, a conical
radiation beam 4 from the radiation generated by the radiation source 2. The radiation
traverses an object such as apatient in an examination zone 5, which is, in this embodiment,
cylindrical. After having traversed the examination zone 5, the radiation beam 4 isincident on
aradiation receiving unit 6, which comprises atwo-dimensional detection surface. The
radiation receiving unit 6 ismounted on the gantry 1.

The computed tomography system 19 comprises two motors 7, 8. The gantry 1
isdriven a apreferably constant but adjustable angular speed by the motor 7. The motor 8is
provided for displacing the object, for example, apatient, who is arranged on a patient table in
the examination zone 5, parallel to the direction of the rotational axis R or the z axis. These
motors 7, 8 are controlled by a control unit 9, for instance, such that the radiation source 2 and
the examination zone 5, in particular, the object within the examination zone 5, are moved
relative to each other along a helical trajectory. However, it is aso possible that the object is
not moved, but that only the radiation source 2 isrotated, i.e. that the radiation source 2
moves along a circular trajectory relative to the examination zone 5, in particular, relative to
the object. Furthermore, in another embodiment, the collimator 3 can be adapted for forming
another beam shape, in particular, afan beam, and the radiation receiving unit 6 can comprise
a detection surface, which is shaped corresponding to the other beam shape, in particular,
corresponding to the fan beam.

The radiation receiving unit 6 comprises several radiation receiving pixels 17
of which one is schematically and exemplarily shown in Fig. 2. The radiation receiving pixel
17 comprises afirst scintillator 14 for generating first scintillation light depending on the
detected radiation and a second scintillator 15 for generating second scintillation light
depending on the detected radiation, wherein the first scintillation light corresponds to afirst
decay time being larger than a second decay time to which the second scintillation light
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corresponds, i.e. the first scintillation light and the second scintillator light have different
temporal behaviors characterized by different decay time constants. The radiation receiving
pixel 17 further comprises ascintillation light detection unit 16 for detecting the first scintilla-
tion light and the second scintillation light and for generating a common light detection signal
being indicative of the first scintillation light and the second scintillation light. The first
scintillator 14, the second scintillator 15 and the scintillation light detection unit 16 are
optically coupled such that both, the first scintillation light and the second scintillation light,
can be collectively detected by the scintillation light detection unit 16. The scintillation light
detection unit 16 is preferentially a photodiode being adapted for detecting the first scintilla-
tion light and the second scintillation light. The photodiode is sufficiently fast for temporally
resolving the pulses of the relatively short second scintillator light.

The first scintillator 14, the second scintillator 15 and the second light detec-
tion unit 16 form a stack such that the second scintillator 15 islocated on the scintillation light
detection unit 16 and the first scintillator 14 islocated on the second scintillator 15, wherein
the first scintillator 14, the second scintillator 15 and the scintillation light detection unit 16
are optically coupled by using optical coupling material 18 being, in this embodiment,
optically transparent glue which istransparent to the first scintillation light and the second
scintillation light.

The first and second scintillators 14, 15 are adapted such that the intensities of
the first scintillation light and of the second scintillation light are similar or differ by afactor
being smaller than ten. In particular, the scintillation materials, their doping and their
thicknesses are adapted such that this similarity condition regarding the intensities of the first
scintillation light and of the second scintillation light is fulfilled, in particular, within atypical
energy range of x-rays of, for instance, 40to 140 keV.

During arelative movement of the radiation source 2 and the object within the
examination zone 5, the radiation receiving unit 6 collectively detects the first scintillation
light and the second scintillation light and generates a common light detection signal being
indicative of the first scintillation light and the second scintillation light.

The generated common light detection signal isprovided to adetection values
determining unit 12 for determining afirst detection value and a second detection value. The
detection values determining unit 12 is adapted to determine the first detection value by
applying afirst determination process on the common light detection signal, wherein the first
determination process includes frequency filtering the common light detection signal by using

afirst frequency filter, thereby generating afirst filtered common light detection signal, and
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determining the first detection value depending on the first filtered common light detection
signal. The detection values determining unit is further adapted to determine the second
detection value by applying a second determination process on the common light detection
signal, wherein the second determination process is different to the first determination
process. In this embodiment, the first frequency filter is ahigh-pass filter or aband-pass filter,
and the first determination process includes a) squaring or rectifying the first frequency
filtered common light detection signal, b) integrating the squared or rectified first frequency
filtered common light detection signal, thereby generating afirst integrated value, and c)
determining the first detection value depending on the first integrated value. The second
determination process includes a) frequency filtering the common light detection signal by
using a second frequency filter, thereby generating a second filtered common light detection
signal, and b) determining the second detection value depending on the second filtered
common light detection signal, wherein the second frequency filter is alow-pass filter.

Preferentially, ahigh-pass filter isused suppressing frequencies being smaller
than amean value of the inverse value of the decay time constants of the first and second
scintillation light. In particular, the high-pass filter can be adapted to suppress frequencies
being smaller than the geometric mean of the inverse value of afirst decay time constant of
the first scintillation light and the inverse value of a second decay time constant of the second
scintillation light. The band-pass filter can be adapted to also suppress frequencies being
smaller than amean value of the inverse value of the first decay time constant and the inverse
value of the second decay time constant, and the band-pass filter can be adapted to suppress
frequencies being larger than ten times the inverse second decay time constant, wherein it is
assumed that the second decay time constant is smaller than the first decay time constant. The
low-pass filter is preferentially adapted to suppress frequencies being larger than amean value
of the inverse value of afirst decay time constant of the first scintillation light and the inverse
value of a second decay time constant of the second scintillation light. The mean valueis
preferentially a geometric mean value.

Preferentially for each position of the radiation source 2 relative to the object
within the examination zone 5 and for each radiation receiving pixel 17 the detection values
determining unit determines afirst detection value and a second detection value, respectively.

The first and second detection values, which have been determined for each
position of the radiation source 2 relative to the object within the examination zone 5 and for
each radiation receiving pixel 17 are provided to areconstruction unit 10 for reconstructing an

image of the object based on the first and second detection values. The image reconstructed
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by the reconstruction unit 10 isprovided to adisplay unit 11 for displaying the reconstructed
image.

The control unit 9ispreferentially aso adapted to control the radiation source
2, the radiation receiving unit 6, the detection values determining unit 12 and the reconstruc-
tion unit 10. Since the radiation recelving unit 6 and the detection values determining unit 12
generate the first and second detection values based on the radiation incident on the detection
surface of the radiation receiving unit, the radiation receiving unit and the detection values
determining unit can beregarded asbeing a detection apparatus for detecting radiation.

The reconstruction unit 10 is preferentially adapted to decompose the
first and second detection values into different component detection values, which correspond
to different components of the object. These different components are, for example, related to
different physical effects like the Compton effect and the photoelectric effect and/or the
different components can berelated to different materias like bone, soft tissue, et cetera of a
human being. In this embodiment, the first and second detection values are transformed to
intermediate detection values, which correspond to the intensities of the first and second
scintillation light. The transformation is preferentially alinear transformation, which can be
determined by calibration measurements. For instance, radiation producing known scintilla-
tion light intensities can be detected by the detection apparatus, wherein the transformation
can be determined based on the known scintillation light intensities and the first and second
detection values generated by the detection apparatus. The reconstruction unit 10 can be
adapted to apply the decomposition technique disclosed in the article "Energy-selective
reconstructions in X-ray computerized tomography” by R.E.Alvarez et d., Physics in
Medicine and Biology, volume 21, number 5, pages 733 to 744 (1976), which is herewith
incorporated by reference, to the intermediate detection values.

In an embodiment, the decomposition of the intermediate detection values is
performed in accordance with the following equation, which isbased on the inversion of a

physical model describing the measurement process:
’iAjHj(E)
G= j B(E)F(E)e - dE 1)

wherein C, with i1 =1, 2 denotes first and second intermediate detection val-

ues, B;(E) denotes the spectral sensitivity of an zth measurement which corresponds to the
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first or second intermediate detection value, respectively, F(E) denotes the spectrum of the
radiation source, j = 1...M with typically M =2 isanindex for the M different compo-

nents, A, denotes alineintegral of concentration values through the j -th component and
u,(E) denotes the spectral absorption coefficient of the j -th component.

If the number of spectrally distinct measurements is at least equal to the num-
ber of components, the system of equations can be solved with known numerical methods,

wherein the quantities B,(E) , F(E) and p {E) are known and the results of solving the
system of equations are the line integrals A, . The spectrum of radiation F{E) and the

spectral sensitivity B, (E) are characteristics of the imaging system and the nature of the

readout and are known from, for example, corresponding measurements. The spectral

absorption p {E) of the components, for example, the spectral absorption of bone and soft

tissue, is also known from measurements and/or from literature.
The decomposed detection values are, in this embodiment, decomposed prqj ec-

tion data, i.e. the line integrals A, , which can each be used for reconstructing a computed

tomography image of the object such that, for instance, for each component a component
image of the object can be reconstructed. For instance, a Compton component image and a
photoelectric component image can be reconstructed. For reconstructing an image based on
the projection data known reconstruction techniques can be used like filtered back projection,
Radon inversion, et cetera

In another embodiment, the reconstruction unit can be adapted to directly
decompose the first and second detection values, without performing the transformation for
determining the intermediate detection values. In this case, the decomposition can beper-

formed in accordance with the following equation:

M
-2 Aj#j(E)
P=|

N, =3 [ PBYS(EYF(B)e dE 2)

wherein N, with k =1, 2 denotes the first or second detection value, respec-
tively, S,(E) denotes the spectral sensitivity of the /-th scintillator and P, (E) can be defined

by following equations:
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P,—E’,,P2=E%, and (3)

P, =Ec,. P,=Ec,,. 4)

The different temporal behaviors of the first and second scintillators influence
the coefficients c,, . These coefficients can be determined by calibration measurements, by
simulation or analytically.

Since the quantities P, (E) , S,(E) , F(E) and u,{E) are known, the system of

equations can be solved with known numerical methods, if the number of spectrally distinct
measurements is at least equal to the number of components. The results of solving the system

of equations arethe line integrals A, , which can beused for reconstructing a computed

tomography image for each component of the object as described above.

In the following an embodiment of an imaging method for imaging an object
will exemplarily be described with reference to a flowchart shown in Fig. 3.

In step 101, the radiation source 2 generates photons having different energies,
while the radiation source 2 and the object are moved relative to each other, in order to allow
the radiation to traverse the object in different directions. In particular, the radiation source 2
ismoved along acircular or helical trajectory around the object, while the first scintillator
generates first scintillation light depending on the radiation and the second scintillator
generates second scintillation light depending on the radiation. The first scintillation light and
the second scintillation light are detected and a common light detection signal being indica-
tive of the first scintillation light and the second scintillation light is generated by the scintilla-
tion light detection unit. Moreover, afirst detection value is determined by applying afirst
determination process on the common light detection signal, wherein the first determination
process includes frequency filtering the common light detection signal by using a first
frequency filter, thereby generating afirst filtered common light detection signal, and
determining the first detection value depending on the first filtered common light detection
signal. A second detection value is determined by applying a second determination process on
the common light detection signal, wherein the second determination process is different to
the first determination process.

In step 102, the first and second detection values, which have been determined
for each spatial position of the radiation source relative to the object and for each radiation

receiving pixel, are provided to the reconstruction unit, and an image of the object is recon-
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structed based on the first and second detection values by using, for example, a computed
tomography reconstruction algorithm like afiltered back projection algorithm. In step 103, the
reconstructed image is shown on the display unit.

The generation of the first and second scintillation light, the detection of the
first scintillation light and the second scintillation light, the generation of the common light
detection signal and the determination of the first detection value and the second detection
value based on the common light detection signal performed in step 101 can beregarded as
being steps of a detection method for detecting radiation.

The above described detection apparatus is a dual-layer detector system that
operates with asingle conventional photodiode and that can be adapted to allow separating
the signals coming from front- and back-scintillators.

The first scintillator is arelatively slow scintillator having afirst decay
time of, for instance, about 3 us and the second scintillator is arelatively fast scintillator
having a decay time of, for instance, about 50 nsor smaller. The first scintillator is, for
instance, a gadolinium oxysulfide (GOS) scintillator and the second scintillator is, for
instance, a garnet scintillator. The first scintillator and the second scintillator can be regarded
as forming top and bottom scintillator layers, which are optically coupled, wherein the optical
signals generated by the top and bottom scintillator layers can be collectively read out by the
scintillation light detection unit being preferentially a fast photodiode. The decay time
constant of the slow scintillator can be in the range of 200 nsto 3 us and the decay time
constant of the fast scintillator can bein the range of 5to 100 ns.

The detection apparatus described above with reference to Figs. 1and 2
overcomes the problem of the required optical decoupling of the front and back scintillators
and the need for side-looking photodiodes. Both aspects could reduce detector costs by
significantly ssimplifying the detector manufacturing process.

The photocurrent in the photodiode is preferentially driven by short pulses
from the fast scintillator and by longer pulses from the slower scintillator. The detection
apparatus is preferentially adapted such that the power in the two signal contributions is
located in sufficiently digoint frequency regimes such that different band-pass filters adapted
to the decay time constants allow the quantification of the amount of scintillation light
originating from the two detector layers. The detection values determining unit is preferential-
ly adapted to realize the signal separation by filters, in particular, in the temporal frequency

domain, that select the fast or slow components in the signal, i.e. in the common light
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detection signal, after duplication and hence allow the quantification of the total power of
light output from the top and bottom layers separately, despite the detection in asingle
photodiode. The scintillation light detection unit preferentially further comprises integrators
for integrating the low-pass filtered signal and the high-pass filtered signal, respectively.

The scintillation light detection unit, in particular, the photodiode, hasto re-
solve the fluctuation of both scintillators and, thus, has to be sufficiently fast. The photodiode
is, for example, asilicon-PIN photodiode. The photodiode is preferentially adapted to be
operated a abandwidth of up to, for example, 1 GHz.

In an embodiment, the first determination process is adapted to frequency filter
the common light detection signal such that the first filtered common light detection signal is
an alternating level of the common light detection signal, whereas the second determination
process is adapted such that the application of the second determination process on the
common light detection signal yields the constant level of the common light detection signal.
The first determination process can be adapted to square or rectify the alternating level, which
can aso beregarded as being the AC level of the common light detection signal, and to
integrate the squared or rectified alternating level for determining the first detection value.
Moreover, the second determination process can be adapted to integrate the constant level,
which may also beregarded asbeing aDC level of the common light detection signal, for
determining the second detection value.

The detection values determining unit can be adapted to process an originally
analog common light detection signal, or to digitize the common light detection signal and to
process the digitized common light detection signal.

Although in the above described embodiments the detection values
determining unit which comprises, for instance, low- and high-pass filters and integrators, is
not arranged on the gantry 1, in other embodiments the detection values determining unit, in
particular, the filters and integrators can aso be located on the gantry 1 close, in particular,
adjacent to the radiation receiving unit.

Although in the above described embodiments the detection apparatus has been
described as being adapted for being used in a computed tomography system, in other
embodiments the detection apparatus can also be adapted for being used in other imaging
systems like nuclear imaging systems, for instance, single photon emission computed
tomography or positron emission tomography systems imaging systems, or X-ray C-arm

imaging systems.
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Although in the above described embodiments the radiation receiving unit
comprises two scintillators having different decay time constants, in other embodiments the
radiation receiving unit can also comprise more than two scintillators having different decay
time constants, wherein the detection values determining unit can be adapted to determine
several detection values by applying more than two different determination processes on the
common light detection signal. For instance, for each scintillator aband-pass filter can be
used, which corresponds to the respective decay time constant, for filtering the common light
detection signal, wherein for each scintillator afiltered signal is generated, optionally squared
or rectified and preferentialy integrated for generating detection values corresponding to the
scintillators. The several detection values corresponding to the several scintillators can than
be used for determining component detection values which correspond to more than two
components. For instance, the components can correspond to more than two physical effects
like the Compont effect, the photoelectric effect and an K-edge effect.

Other variations to the disclosed embodiments can be understood and effected
by those skilled in the art in practicing the claimed invention, from a study of the drawings,
the disclosure, and the appended claims.

In the claims, the word "comprising” does not exclude other elements or steps,
and the indefinite article "a" or "an" does not exclude aplurality.

A single unit or device may fulfill the functions of severa items recited in the
claims. The mere fact that certain measures are recited in mutually different dependent claims
does not indicate that a combination of these measures cannot be used to advantage.

Operations like the filtering operations and the integrating operations
performed by one or several units or devices can be performed by any other number of units
or devices. These operations and/or the control of the imaging system in accordance with the
imaging method and/or the control of the detection apparatus in accordance with the detection
method can be implemented as program code means of a computer program and/or as
dedicated hardware.

A computer program may be stored/distributed on a suitable medium, such as
an optical storage medium or a solid-state medium, supplied together with or as part of other
hardware, but may aso be distributed in other forms, such asviathe Internet or other wired or
wireless telecommunication systems.

Any reference signs in the claims should not be construed as limiting the scope.

The invention relates to a detection apparatus for detecting radiation. The

detection apparatus comprises a least two scintillators having different temporal behaviors,



10

WO 2013/080104 PCT/IB2012/056663

19

each generating scintillation light upon reception of radiation, wherein the generated scintilla-
tion light is commonly detected by a scintillation light detection unit, thereby generating a
common light detection signal. A detection values determining unit determines first detection
values by applying afirst determination process and second detection values by applying a
second determination process, which is different to the first determination process, on the
detection signal. The first determination process includes frequency filtering the detection
signal. Since the scintillation light of the different scintillators is collectively detected by the
same scintillation light detection unit, detection arrangements with, for example, side-looking
photodiodes for separately detecting the different scintillation light of the different scintilla-
tors are not necessarily required, thereby reducing the technical complexity of the detection

apparatus.



5

10

15

20

25

30

WO 2013/080104 PCT/IB2012/056663

20
CLAIMS:
1. A detection apparatus for detecting radiation, the detection apparatus (6, 12)
comprising:

- aradiation receiving unit (6) including:

- afirst scintillator (14) for generating first scintillation light depending on the
radiation, wherein the first scintillation light has afirst tempora behavior,

- asecond scintillator (15) for generating second scintillation light depending on
the radiation, wherein the second scintillation light has a second temporal behavior be-
ing different to the first temporal behavior,

- ascintillation light detection unit (16) for detecting the first scintillation light
and the second scintillation light and for generating a common light detection signal
being indicative of the first scintillation light and the second scintillation light,

- a detection values determining unit (12) for determining afirst detection value and a
second detection value, wherein the detection values determining unit (12) is adapted
to:

- determine the first detection value by applying afirst determination process on
the common light detection signal, wherein the first determination process includes
frequency filtering the common light detection signal by using afirst frequency filter,
thereby generating afirst filtered common light detection signal, and determining the
first detection value depending on the first filtered common light detection signal,

- determine the second detection value by applying a second determination
process on the common light detection signal, wherein the second determination pro-

cess is different to the first determination process.

2. The detection apparatus as defined in claim 1, wherein the first frequency filter

isahigh-pass filter.

3. The detection apparatus as defined in claim 1, wherein the first frequency filter

is aband-pass filter.

4. The detection apparatus as defined in claim 1, wherein the first determination

process includes:
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- squaring or rectifying the first frequency filtered common light
detection signal,

- integrating the squared or rectified first frequency filtered common light
detection signal, thereby generating afirst integrated value, and

- determining the first detection value depending on the first integrated

value.

5. The detection apparatus as defined in claim 1, wherein the second determina-
tion process includes:

- frequency filtering the common light detection signal by using a second
frequency filter, thereby generating a second filtered common light detection signal, and

- determining the second detection value depending on the second

filtered common light detection signal.

6. The detection apparatus as defined in claim 5, wherein the second frequency

filter is alow-pass filter.

7. The detection apparatus as defined in claim 5, wherein the second determina-
tion process further includes:

- integrating the second filtered common light detection signal, thereby
generating a second integrated value, and

- determining the second detection value depending on the second

integrated value.

8. The detection apparatus as defined in claim 1, wherein the second determina-
tion process includes:

- integrating the common light detection signal, thereby generating a
second integrated value, and

- determining the second detection value depending on the second

integrated value.

9. The detection apparatus as defined in claim 1, wherein the temporal behavior
of the first scintillator is characterizable by afirst decay time constant, wherein the temporal

behavior of the second scintillator is characterizable by a second decay time constant being
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smaller than the first decay time constant, and wherein the first scintillator (14), the second
scintillator (15) and the scintillation light detection unit (16) form a stack such that the second
scintillator (15) islocated on the scintillation light detection unit (16) and the first scintillator
(14) is located on the second scintillator (14).

10. An imaging system for imaging an object, the imaging system (19) comprising:
- a detection apparatus (6, 12) for detecting radiation, which isinfluenced by the
object, as defined in claim 1,

- areconstructing unit (10) for reconstructing an image of the object from the

first and second detection values.

11. The imaging system as defined in claim 10, wherein the imaging system
further comprises aradiation source (2) for generating the radiation to be detected by the
detection apparatus (6, 12), wherein the radiation source (2) and the first and second scintilla-
tors (14, 15) of the detection apparatus (6, 12) are adapted such that the intensities of the first
scintillation light and of the second scintillation light are similar or differ by a factor being

smaller than ten.

12. A detection method for detecting radiation, the detection method comprising:
- generating first scintillation light depending on the radiation by afirst scintilla-
tor (14), wherein the first scintillation light has a first temporal behavior,
- generating second scintillation light depending on the radiation by a second
scintillator (15), wherein the second scintillation light has a second temporal behavior being
different to the first tempora behavior,
- detecting the first scintillation light and the second scintillation light and
generating acommon light detection signal being indicative of the first scintillation light and
the second scintillation light by a scintillation light detection unit (16),
- determining afirst detection value and a second detection value by a detection
values determining unit (12), wherein the detection values determining unit (12):
- determines the first detection value by applying afirst determination
process on the common light detection signal, wherein the first determination
process includes frequency filtering the common light detection signal by using

afirst frequency filter, thereby generating afirst filtered common light detec-
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tion signal, and determining the first detection value depending on the first fil-
tered common light detection signal,

- determines the second detection value by applying a second determina-
tion process on the common light detection signal, wherein the second deter-

mination process is different to the first determination process.

13. An imaging method for imaging an object, the imaging method comprising:
- detecting radiation, which isinfluenced by the object, asdefined in clam 12,
- reconstructing an image of the object from the first and second detection values

by areconstructing unit (10).

14. A detection computer program for detecting radiation, the detection computer
program comprising program code means for causing a detection apparatus as defined in
claim 1to carry out the steps of the detection method as defined in claim 12, when the

computer program isrun on a computer controlling the detection apparatus.

15. An imaging computer program for imaging an object, the imaging computer
program comprising program code means for causing an imaging system as defined in claim
10 to carry out the steps of the imaging method as defined in claim 13, when the computer

program isrun on a computer controlling the imaging system.
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