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DETECTION OF RADIATION QUANTA USING AN OPTICAL DETECTOR PIXEL ARRAY
AND PIXEL CELL TRIGGER STATE SENSING CIRCUITS

FIELD OF THE INVENTION

The present invention relates to the detection of radiation quanta and finds
application in high energy particle physics applications and in microscopy. Such applications
encompass the direct detection of radiation quanta in the form of optical photons in
fluorescence microscopy and from Cherenkov radiation, as well as the indirect detection of
radiation quanta by means of the optical photons produced by a scintillator element. The
invention finds particular application in PET imaging systems and in fluorescence lifetime
imaging microscopy (FLIM), and even more particularly the invention can be used in time-

of-flight (TOF) PET imaging systems.

BACKGROUND OF THE INVENTION

In PET imaging a radiotracer is administered to a subject such as a patient or
an animal prior to its positioning in a PET imaging region. The radiotracer is preferentially
absorbed by regions in the subject and its distribution is imaged following an uptake period.
Subsequently a clinician interprets the relative uptake in particular regions in the images and
may perform a diagnosis of the subject. The radiotracer undergoes radioactive decay which
results in the production of positrons. Each decay event produces one positron which travels
up to a few millimeters in human tissue where it subsequently interacts with an electron in an
annihilation event that produces two oppositely-directed gamma photons. The two gamma
photons each have an energy of 511 keV and are subsequently detected by gamma photon
detectors disposed radially around the PET imaging region which each produce an electrical
signal when struck by an incident gamma photon. In a gamma photon detector, defined
herein to comprise a scintillator element in optical communication with an optical detector,
the scintillator element converts the high energy gamma photon into a scintillation light pulse
comprising a number of optical photons, and the electrical signal is generated by the optical
detector. A timestamp is issued to each electrical signal by a timestamping unit and compared
to other timestamps in a coincidence determination unit. Two gamma photons are identified
as coincident if their timestamps occur within a narrow time interval of each other; typically

if they are within +/- 3 ns. The positions of the two detectors receiving the coincident gamma
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photons define a line in space along which the annihilation event occurred, the line being
termed a line of response (LOR). Such LORs are subsequently reconstructed to produce an
image illustrative of the distribution of the radiotracer within the imaging region.

In such systems the identification of pairs of gamma photons as coincident
events is often further supported by an integration unit. The integration unit computes the
energy of each incident gamma photon by integrating the total number of optical photons
present in each scintillation light pulse. If the energies of each of the time-wise coincident
gamma photons are within a predetermined range that is characteristic of a gamma photon the
time-wise coincident scintillation light pulses are processed as coincident events. However, if
the energy of one or both of the gamma photons lies outside the predetermined range the pair
of time-wise coincident events are rejected. Such rejected events may be the consequence of
gamma photon scattering; a phenomenon which changes the gamma photon trajectory as well
as its energy and therefore leads to an erroneous LOR.

The integration and timing of light pulses from directly-detected radiation
quanta in applications such as microscopy and Cherenkov radiation detection is carried out in
much the same way. In fluorescence microscopy for example the optical photons are detected
directly, thus in the absence of a scintillator element. Cherenkov radiation is likewise
detected directly, thus in the absence of a scintillator element, the optical photons being
generated by a dielectric medium.

The integration and timing of light pulses is therefore a common feature of
such imaging systems. Both factors affect the image resolution of images generated by such
systems. Conventionally an array of optical detectors is used to detect such a light pulse. The
scintillation light pulse is distributed across the detectors in the array, each of which is
typically capable of distinguishing the detection of individual optical photons, and the signals
from the detectors are analyzed by the separate integration and timing units. Silicon
photomultiplier (SiPM) arrays, and single photon avalanche diode (SPAD) arrays have both
been used in this respect. Both analogue and digital SiPMs and SPADs have been used,
wherein the analogue devices generate an avalanche current pulse in response to the detection
of an optical photon, and the digital devices include additional electronic circuitry which
causes an output signal to transition between two voltage levels.

Patent application WO2006/111883A2 discloses a circuit for use with a SiPM
detector array in integrating and timing such light pulses. In W0O2006/111883A2, digital
triggering circuitry is configured to output a trigger signal indicative of a start of an

integration time period responsive to a selected number of detector cells transitioning from a
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first digital value to a second digital value. Readout digital circuitry accumulates a count of a
number of transitions of detector cells of the array of detector cells from the first digital state
to the second digital state over the integration time period.

Another, more conventional, circuit used with analogue silicon
photomultiplier (SiPM) optical detectors in connection with integrating and timing optical
pulses is disclosed in document Photo-Detectors for Time of Flight Positron Emission
Tomography (ToF-PET), Spanoudaki and Levin, Sensors 2010, 10, 10484-10505. In this
document, a group of analogue SiPM detectors are connected in parallel to generate a
composite signal from such an optical pulse. The composite signal may then be integrated,
and may cause a timing unit to generate a timestamp when a threshold level is exceeded.

However there remains room for improvement in terms of the integration of
the number of optical photons in such an optical pulse, and further in the timing of the optical

pulse.

SUMMARY OF THE INVENTION

It is an object of the invention to improve the integration of the number of
optical photons in a light pulse. It is a further object of the invention to improve the timing of
such a light pulse. A device, a method, a system and a computer program product are
disclosed in relation to the invention.

These objects are achieved by a radiation detection device comprising an
optical detector pixel array which has a plurality of pixel cells that can be triggered by optical
photons, a plurality of pixel cell trigger state sensing circuits, and a summing unit. According
to the invention, each pixel cell is in communication with a pixel cell trigger state sensing
circuit that is configured to generate a digital signal having either a first predetermined
amplitude indicative of a triggered pixel cell, or a second predetermined amplitude indicative
of a non-triggered pixel cell. The summing unit is configured to receive the digital signals
from the plurality of pixel cell trigger state sensing circuits and to generate an analogue
signal having an amplitude that corresponds to the number of triggered pixel cells in the
optical detector pixel array.

Owing to the amplitudes of the digital signals generated by each pixel cell
trigger state sensing circuit being predetermined amplitudes, the amplitude of the analogue
signal generated by the summing unit corresponds to one of a plurality of predetermined
levels and therefore accurately indicates the accumulated number of triggered pixel cells.

Consequently the analogue signal corresponds to the accumulated number of optical photons
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in the optical pulse; and is thus an integration of the number of optical photons in the light
pulse. The change in the analogue signal over time, which represents the detected number of
optical photons in the optical detector pixel array, may advantageously also indicate material
properties such as fluorescence lifetime in microscopy applications.

Furthermore, because the analogue signal corresponds to the detection of the
accumulated number of optical photons it thus relates to a defined point on the optical photon
detection profile and may also be used in the timing of a light pulse. The analogue signal may
therefore be used to cause more repeatable timing measurements.

By contrast prior art WO2006/111883A2 discloses to integrate the number of
optical photons in a light pulse using shift register circuitry. Such an approach in which the
total number of optical photons is determined by clocking-out the digital states of each pixel
cell using shift registers and summing them in digital summing circuitry results in a delay of
several clock periods before the result of the integration is available. In the present invention
the analogue signal generated by the summing unit is generated in real-time response to the
triggering of the pixel cells. Consequently the result of the summation, thus the result of the
integration is available in real-time, thereby providing real-time timing information and
permitting a faster decision on the validity of an optical pulse to be made. The present
invention also represents a simplification of the approach in the prior art because the result of
the integration is available real-time through the signal amplitude; thus no clocking-out
circuitry or digital adder circuitry is required in the present invention.

In contrast to the approach detailed in prior art Spanoudaki and Levin; owing
to the signal amplitudes generated by each pixel cell trigger state sensing circuit in the
present invention being predetermined amplitudes, the analogue signal generated by the
summing unit in the present invention corresponds to the number of detected optical photons.
In the prior art the signal produced by connecting analogue SiPM devices in parallel results
in a composite avalanche current having an unreliable magnitude owing to the statistics of the
avalanche process. Consequently in the present invention the analogue signal provides a
more repeatable and more reliable integration of the number of detected optical photons. The
analogue signal is also a more repeatable timing signal that may subsequently be used to
cause a timing unit to generate a timestamp.

According to another aspect of the invention each pixel cell trigger state
sensing circuit is further configured to receive a reset signal; and each pixel cell trigger state
sensing circuit is configured to hold the amplitude of the digital signal with the amplitude

indicative of a triggered pixel cell until a reset signal is received. The ability to reset each
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pixel cell within the period of a light pulse permits a pixel cell to count more than one optical
photon in this period, advantageously permitting the counting of light pulses with higher
optical photon incidence rates.

According to another aspect of the invention the digital signal is a digital
current signal and the summing unit is a current summing unit. Digital currents can
advantageously be rapidly switched and summed in electronic circuitry, thereby improving
the speed of the integration.

According to another aspect of the invention the pixel cells are SiPM or SPAD
pixel cells and the pixel cell trigger state sensing circuits are formed on the same substrate as
the SiPM or SPAD pixel cells. By forming the pixel cell trigger state sensing circuits on the
same substrate, for example the same silicon wafer, as the pixel cells, a faster integration is
achieved because their reduced separation, stray capacitance and series resistance leads to a
reduced signal propagation delay.

According to another aspect of the invention a differential summing
configuration is disclosed which has the benefits of reduced susceptibility the detrimental
effects of drift, leakage currents and nonlinearity occurring in the practical generation of
digital signals. In accordance with this aspect, each pixel cell trigger state sensing circuit has
a first output and a second output. The first output is configured to generate the digital signal;
and the second output is configured to generate the complementary digital signal to the first
output. The radiation detection device further comprises a second summing unit and a
differencing unit. The first summing unit is configured to receive the digital signals from the
first outputs of the plurality of pixel cell trigger state sensing circuits and to generate an
analogue signal having an amplitude that corresponds to the number of triggered pixel cells.
The second summing unit is configured to receive the digital signals from the second outputs
of the plurality of pixel cell trigger state sensing circuits and to generate an analogue signal
having an amplitude that corresponds to the number of non-triggered pixel cells. Furthermore
the differencing unit is configured to generate an analogue signal indicative of the number of
triggered pixel cells by subtracting the analogue signal generated by the second summing unit
from the analogue signal generated by the first summing unit.

According to another aspect of the invention an analogue to digital converter
is further provided in communication with the at least a first summing unit; wherein the
analogue to digital converter is configured to generate a digital signal corresponding to the
analogue signal. Advantageously the digital signal may be more easily processed by other

parts of a system comprising the radiation detection device. In for example a coincidence
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determination unit such signals may advantageously be more easily compared with other
signals in order to improve the certainty with which a pair of time-wise coincident events are
deemed to originate from the same gamma photon.

According to another aspect of the invention, in the differential summing
configuration the digital signal is a digital current signal and each pixel cell trigger state
sensing circuit includes a current source and at least a first switch for selectively electrically
connecting the current source to the first output or to the second output such that the current
source is connected to the first output if a pixel cell is triggered or connected to the second
output if a pixel cell is not triggered. Digital currents may advantageously be rapidly
switched and summed in electronic circuitry, thereby improving the speed of the integration.

According to another aspect of the invention a timing function is implemented
and the radiation detection device further comprises a comparator and a timing unit. The
comparator receives the analogue signal and compares it with a threshold level; and causes
the timing unit to generate a timestamp indicative of the time when the analogue signal
reaches the threshold level. Advantageously a simpler implementation of a timing function is
provided because the integration unit and the timing function share some electronic circuitry.

According to another aspect of the invention the generated timestamp is
indicative of the time of detection of a predetermined accumulated number of optical photons.
The accumulated number of optical photons detected corresponds to the accumulated number
of triggered pixel cells. Advantageously a more reliable timestamp is generated because by
generating the timestamp based on the detection of a predetermined accumulated number of
optical photons, the timestamp relates to the same, and thus a more repeatable point on
optical pulse detection profile.

According to another aspect of the invention each radiation detection device
further comprises a scintillator element in optical communication with the optical detector
pixel array. The radiation detection device further comprises an energy determination unit;
wherein the energy determination unit is configured to receive the analogue signal indicative
of the number of triggered pixel cells and to compute the energy of a radiation quant incident
on the scintillator element based on the amplitude of the analogue signal. The correspondence
between the energy and the number of detected optical photons; thus the number of triggered
pixel cells, used in the computation may be determined using a scaling factor generated from
calibration or prediction data from a radiation quant.

According to another aspect of the invention the pixel cells in the radiation

detection device are actively quenched SiPM pixel cells. Actively quenched pixel cells have a
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fast recovery time as compared to passively quenched cells, thereby permitting the detection
of higher rates of optical photon incidence in the optical detector array.

According to another aspect of the invention a PET imaging system
comprising a plurality of radiation detection devices is disclosed wherein each radiation
detection device further comprises a scintillator element in optical communication with an
optical detector pixel array. The use of the radiation detection devices in a PET imaging
system permits a more reliable determination of the gamma photon energy. This improves the
certainty with which a pair of time-wise coincident events are deemed to originate from the
same gamma photon, thereby permitting the generation of higher resolution images by such a
System.

According to another aspect of the invention a timing method for use in PET
imaging, fluorescence microscopy or Cherenkov radiation detection comprising one or more
method steps disclosed in relation to the radiation detection device is disclosed.
Advantageously the method results in a real-time analogue signal that corresponds to the
number of triggered pixel cells.

According to another aspect of the invention a computer program product
comprising computer executable instructions to perform one or more method steps in
accordance with the method steps of the invention is disclosed. The computer program
product may be a computer-readable storage medium, such as a floppy disc, a magnetic hard
drive, a USB drive, an optical disc, ROM or RAM and furthermore the computer executable

instructions may be downloadable.

BRIEF DESCRIPTION OF THE FIGURES

Fig. 1 illustrates a plurality of gamma photon detectors in accordance with
certain aspects of the invention.

Fig. 2 illustrates an exemplary PET imaging system in accordance with certain
aspects of the invention.

Fig. 3 illustrates features of a prior art timing scheme used in a Philips Digital
Photon Counting (PDPC) system.

Fig. 4 illustrates aspects of a first embodiment of the invention in which a
pixel cell circuit 60, a radiation detection device 61 and a current waveform 62 are shown.

Fig. 5 illustrates aspects of a second embodiment of the invention in which a

pixel cell circuit 70, a radiation detection device 81 and current waveforms 82 are shown.
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Fig. 6 illustrates an embodiment of a current source for use in accordance with
some aspects of the invention.

Fig. 7 illustrates an embodiment of a current to digital converter circuit 102
that may be used to implement the optional current to digital converter 71 illustrated in Fig. 4,
and a trigger circuit 103, 104 that may be used to implement the optional trigger level circuit
72 illustrated in Fig. 4.

Fig. 8 illustrates an embodiment of a differential amplifier circuit that may be
used to implement the differential current amplifier 91 illustrated in Fig. 5.

Fig. 9 illustrates a system implementation in accordance with some aspects of

the invention.

DETAILED DESCRIPTION OF THE INVENTION

In order to improve the integration of the number of optical photons in a light
pulse, and further to improve the timing of such a pulse, the present invention is described
with reference to gamma photon detection in a PET imaging system. However, it is to be
appreciated that the invention also finds application in the broader field of high energy
particle physics, including the detection of Cherenkov radiation, and in microscopy.

In PET imaging the detection of gamma photons is carried out by a plurality of
gamma photon detectors. Such gamma photon detectors are typically disposed radially about
a PET imaging region in order to receive gamma photons therefrom. In operation, each
gamma photon detector, comprising a scintillator element in optical communication with an
optical detector, responds to the reception of a gamma photon by the creation of a
scintillation light pulse in the scintillator element. The optical detector, which may be an
optical detector pixel array comprising one or more pixel cells that can be triggered by the
optical photons, responds to the detection of the optical photons by generating electrical
signals. The process of timing the reception of gamma photons is fundamental to PET
imaging in which the originating positions of gamma photons are determined through
coincidence. This timing process is typically performed by one or more timestamping units
wherein a timestamping unit assigns timestamps to received gamma photons. As described
above, the process of determining the energy of each gamma photon is also important in PET
imaging, particularly in determining the validity of time-wise coincident events, and this is
typically determined by one or more integration units. Conventionally the timestamping unit

and the integration unit receive signals from the optical detector pixel array and
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communicates the results to a coincidence determination unit where a decision on the
coincidence of pairs of events is made.

Fig. 1 illustrates a plurality of gamma photon detectors in accordance with
certain aspects of the invention. In Fig. 1 a plurality of gamma photon detectors 1 is shown
wherein each gamma photon detector comprises a scintillator element 2a, 2b, 2¢ or 2d in
optical communication with a corresponding optical detector pixel array 3a, 3b, 3¢, or 3d. For
case of illustration only four gamma photon detectors are shown in Fig. 1, and it is to be
appreciated that the construction may be repeated in order to receive gamma photons from an
enlarged reception area. The plurality of gamma photon detectors 1 may for example be
disposed radially about the imaging region of a PET imaging system. For ease of illustration,
scintillator elements 2a, 2b, 2¢, 2d in Fig. 1 are illustrated as being separated from their
corresponding optical detector pixel array 3a, 3b, 3¢, 3d; however in practice face 5 of
exemplary scintillator element 2a and face 6 of its corresponding optical detector pixel array
3a may be in intimate contact, or optically coupled by means of an optically index-matching
layer in order to facilitate optical communication between the two. Furthermore in Fig. 1, the
individual scintillator elements exemplified by 2a, 2b, 2¢, 2d may be optically isolated from
one another by means of reflective light barrier layers 7, 8 in order to prevent the coupling of
scintillation light between neighboring scintillator elements. Such reflective light barrier
layers 7, 8 may also be used on all surfaces of scintillator elements 2a, 2b, 2¢, 2d other than
the optical interface with the optical detector pixel array shown in Fig. 1. In this way,
scintillation light generated within a scintillator element is retained within that scintillation
element until it is detected by its corresponding optical detector pixel array. In operation, a
gamma photon detector, exemplified by scintillator element 2a and its corresponding optical
detector pixel array 3a shown shaded in Fig. 1, is responsive to the reception of radiation
quanta such as gamma photon 10. Gamma photon 10 may be one of a pair of oppositely-
directed gamma photons 10, 13 formed as a consequence of an annihilation event following
radioactive decay, wherein the radioactive decay produces positron 14 and is annihilated by
electron 15. The source of the radioactive decay may be for example a radiotracer. The
reception of gamma photon 10 by scintillator element 2a results in the generation of
scintillation light 11 which is retained within scintillator element 2a by a combination of total
internal reflection and layers 7, 8 until its detection by optical detector pixel array 3a,
resulting in electrical signals at array electrical output 12a. Optical detector pixel array 3a
comprises one or more optical detector pixels 6, shown as dark shaded in Fig. 1, wherein

each optical detector pixel 6 comprises one or more pixel cells 9. The smallest optical
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detector element is therefore a pixel cell 9 which may be for example a silicon
photomultiplier (SiPM) connected in the Geiger mode.

Fig. 2 illustrates an exemplary PET imaging system in accordance with certain
aspects of the invention. The exemplary gamma photon detectors of Fig. 1 may for example
be used in the system illustrated in Fig. 2. In Fig. 2, PET imaging system 20 comprises a
plurality of gamma photon detector modules exemplified by gamma photon detector modules
24, 25 disposed about imaging region 21. Each gamma photon detector module 24, 25 may
comprise one or more gamma photon detectors such as the gamma photon detector formed by
the combination of items 2a and 3a in Fig. 1. Each gamma photon detector within a gamma
photon detector module 24, 25 produces electrical signals indicative of the reception of
gamma photons, the electrical signals from which are received by timestamping unit 28 via a
bus. Whilst illustrated as a single unit, timestamping unit 28 may be replicated such that one
or more timestamping units are associated with each gamma photon detector module 24
thereby providing timestamping functionality locally to the gamma photon detector at which
a gamma photon is received. In operation the detection of exemplary gamma photons 22, 23
by gamma photon detector modules 24, 25 respectively results in electrical signals that are
received by timestamping unit 28 via bus 26, and bus 27 respectively. Each bus 26, 27
represents the one or more array electrical outputs 12a, 12b, 12¢, 12d in Fig. 1 of the one or
more gamma photon detectors within each gamma photon detector module 24, 25. Returning
to Fig. 2, timestamping unit 28 issues at least a timestamp indicative of the time of reception
of each received gamma photon. An integration unit may also be included within
timestamping unit 28 to integrate the scintillation light associated with each gamma photon in
order to determine its energy. Timestamping unit 28 is in communication with coincidence
determination unit 29 which identifies received gamma photons as coincident if their
timestamps occur within a narrow time interval of each other, typically +/- 3 ns. Coincidence
determination unit 29 may further analyze the energy associated with each received gamma
photon and reject time-wise coincident gamma photons which have a gamma photon with an
energy lying outside a predetermined energy window. Coincidence determination unit 29 is
in communication with reconstruction processor 30 which constructs a line of response for
cach pair of received gamma photons deemed coincident and further processes multiple such
lines of response in order to reconstruct data representing an image of the originating
positions of the coincident gamma photons using techniques such as filtered back projection
and iterative reconstruction. In time of flight (TOF) PET the reconstruction processor may

further take into account the small time difference between received coincident gamma
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photons in order to better localize their originating position. In depth-of-interaction (DOI)
PET the trajectories of the two detected gamma photons may further be assessed in order to
improve the spatial resolution of the reconstructed image by reducing parallax errors.
Reconstruction processor 30 is in further communication with image processing unit 31
which is configured to process the data representing the originating positions of the
coincident gamma photons into a format suitable for presentation of an image on an output
device. Image processing unit 31 is in further communication with output device 32 such as a
display, a printer and the like which presents an image. Control unit 33 is in communication
with all described units of the PET imaging system and coordinates the operations described
above.

When in use, a portion of a subject to be imaged such as portion of a human or
animal body is positioned in imaging region 21 of the exemplary PET imaging system in
Fig. 2. The portion may be an organ within a subject in which it is desired to measure the
uptake of a radiotracer. Prior to the positioning of the portion of the subject in the imaging
region 21, a radiotracer may be administered to the subject, and an uptake period may be
permitted to lapse. During the imaging process a plurality of gamma photon detectors 1
receive gamma photons resulting from radioactive decay events within the imaging region 21,
for example from the decay of a radiotracer administered to a subject. Following the imaging
process PET imaging system 20 produces an image indicative of the distribution of the
radiotracer within imaging region 21.

In order to highlight the benefits of the present invention, Fig. 3 illustrates
features of a prior art timing scheme used in a Philips Digital Photon Counting (PDPC)
system. Such a system is disclosed in patent application WO2006/111883A2. In prior art
Fig. 3, scintillator element 40 is in optical communication with optical detector pixel array 41
to form a gamma photon detector. A plurality of such gamma photon detectors may be used
in the PET imaging system 20 illustrated in Fig. 2. Returning to prior art Fig. 3, scintillation
light generated within scintillator element 40 is detected by pixel cells within optical detector
pixel array 41. Optical detector pixel array 41 comprises one or more optical detector pixels
wherein each optical detector pixel comprises a plurality of pixel cells 52. A pixel cell may
be a single photon avalanche diode (SPAD), otherwise known as a silicon photomultiplier
(SiPM), and may be operated in the Geiger mode. In operation a SiPM, or a pixel cell is
initially reset such that its output is in a logical false state. The reception of an optical photon
by a SiPM results in the breakdown of its junction and the triggering of a logical true state at

its output. The smallest optical detector element in optical detector pixel array 41 is therefore
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a pixel cell 52 wherein each pixel cell can be enabled and disabled individually and its logical
output can be read out. In one configuration an optical detector pixel has a pitch of
approximately 4 mm and a pixel cell has a pitch of approximately 50 microns. An optical
detector pixel may therefore comprise thousands of pixel cells. Pixel cells within optical
detector pixel array 41 are arranged in rows, as exemplified by pixel cell rows 42, 43 of
which only two are shown for ease of illustration. There may be one or more such pixel cell
rows. With respect to the timing function performed in prior art Fig. 3; row trigger logic

44, 45 performs a logical OR operation on the logical state of all pixel cells in its
corresponding pixel cell row 42, 43 and is used to generate a digital row trigger signal at row
trigger outputs 46, 47 respectively. A row trigger output 46, 47 is therefore set into a logical
true state when one or more of the pixel cells in its corresponding pixel cell row 42, 43 have
been triggered into a logical true state. Timing unit 48 is configured to generate a timestamp
indicative of the time of reception of a gamma photon by scintillator element 40 when

signal 49 generated by trigger logic unit 50 is in a true logic state. In one configuration,
trigger logic unit 50 performs an OR operation on the signals at row trigger outputs 46, 47,
and consequently timing unit 48 is caused to generate a timestamp when any one of the pixel
cells in optical detector pixel array 41 is triggered into a logical true state by an optical
photon.

With respect to the integration function performed in prior art Fig. 3;
integration unit 51 is used to determine the energy of each received gamma photon by
integrating the number of optical photons in its scintillation light pulse. The gamma photon
energy is a useful parameter in applications such as PET imaging in which a coincidence
determination unit may use it to improve the discrimination between scattered and non-
scattered gamma photons and thereby improve the certainty with which a pair of time-wise
coincident events are deemed to originate from the same gamma photon. Integration unit 51
operates by clocking-out the status of each pixel cell, exemplified by pixel cell 52, in each
pixel cell row 42, 43, as a digital word for each row at pixel status signal outputs 53 and 54
respectively using a shift register, and adding the digital words using sequential adder circuits
55 and 56 and adder circuit 57 to generate a digital word indicative of the number of
triggered pixel cells. Control unit 33 coordinates the various operations described above, may
further receive timestamps from timing unit 48 and the result of the integration from
integration unit 51, and may further control their transfer to coincidence determination

unit 29 within PET imaging system 20 illustrated in Fig. 1.
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In the present invention a different approach is taken to the integration and the
generation of a timing trigger signal. Fig. 4 illustrates aspects of a first embodiment of the
invention in which a pixel cell circuit 60, a radiation detection device 61 and a current
waveform 62 are shown. With reference to Fig. 4, in the present invention a pixel cell trigger
state sensing circuit 63 is configured to generate a digital signal (Isp) having either a first
predetermined amplitude indicative of a triggered pixel cell or a second predetermined
amplitude indicative of a non-triggered pixel cell. In the pixel cell trigger state sensing
circuit 63 illustrated in Fig. 4 the digital signal is a digital current signal that is generated at
first output 64. It will be appreciated however that alternative embodiments in which the
digital signal is either a digital charge signal comprising a discrete packet of charge, or a
digital voltage signal are also within the scope of the disclosure.

In the embodiment illustrated in Fig. 4 the digital signal is a digital current
signal and the first predetermined amplitude is a non-zero amplitude and the second
predetermined amplitude is a zero amplitude. In one example the first predetermined
amplitude is 1 microamp and the second predetermined amplitude is 0 microamps. In a
second example the first predetermined amplitude is 1 microamp and the second
predetermined amplitude is a leakage current having a value at least ten times less than the
first predetermined amplitude. Other suitable values for first predetermined amplitude lie in
the range from approximately 100 nanoamps to tens of microamps. The first and second
predetermined amplitudes are thus distinguishable. Consequently in Fig. 4, switch 66 is either
in a conductive state such that current source 67 is conducted to output 64, or a non-
conductive state. Other configurations of pixel cell trigger state sensing circuit 63 are also
contemplated in which the first and second predetermined amplitudes are distinguishable; for
example making the first predetermined amplitude a positive amplitude and the second
predetermined amplitude a negative amplitude. One or more current sources and or switches
may be used in such configurations. Likewise, in embodiments in which the digital signal is a
digital charge signal, the amplitude, thus the discrete packet of charge, should be
distinguishable for the two predetermined amplitudes. This may be achieved for example
through differences in magnitude or sign of the charge packet. It will be appreciated that with
alternative embodiments in which the digital signal is a digital voltage signal, that the first
and second amplitude of the voltage signals should likewise be distinguishable.

In operation, when avalanche photodiode 65, which may be for example a
SiPM or a SPAD pixel cell, is in a non-triggered state, switch 66 is in a non-conductive state

such that current source 67 is disconnected from first output 64 and consequently the digital
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current signal generated at first output 64 has the second predetermined amplitude. When an
optical photon is received by avalanche photodiode 65, avalanche photodiode 65 transitions
into a triggered state in which an avalanche current flows in avalanche photodiode 65.
Comparator 68 is configured to sense the avalanche current, and to cause switch 66 to
transition into a conductive state such that current source 67 is connected to first output 64
and consequently the digital current signal generated at first output 64 has the first
predetermined amplitude. In this way the pixel cell trigger state sensing circuit 63 generates a
digital signal at first output 64 in real-time response to the triggering of photodiode 65 by an
optical photon. By real-time it is meant that this is achieved in the absence of any clocking-
out period inherent in alternative approaches that use a shift register to read-out digital
signals. The real-time signal may be subjected to the time for closing switch 66 and the
risetime of the RC propagation delay resulting from stray capacitance and series resistance in
practical electronic circuitry but this is considered real-time as such propagation delays can
be arranged to be in the order of picoseconds using standard circuit layout techniques. The
digital signal is subsequently held in the triggered state until the pixel cell trigger state
sensing circuit 63 is reset. A reset operation may be effected after the integration has
completed, and such an asynchronous or synchronous reset signal may be generated by a
local timing circuit or effected by a control unit. The asynchronous reset signal may for
example cause a reset operation a fixed time interval after the detection of a predetermined
number of optical photons by pixel cells in the optical detector pixel array. In one
contemplated embodiment a reset operation may be activated within the period of a light
pulse such that the integration of the total number of optical photons in the light pulse is
executed in more than one stage in order to count higher rates of optical photon incidence.
Avalanche photodiode 65 in Fig. 4 may be an analogue or a digital SiPM since
the operation of the pixel cell trigger state sensing circuit 63 is to provide a signal having one
of two predetermined amplitudes. Various means for configuring comparator 68 to sense the
avalanche current may be implemented using for example MOS switches and techniques
known to those skilled in the art. A latch for holding the amplitude of the digital signal with
the amplitude indicative of a triggered pixel cell may also be included in the photodiode
circuitry or in the pixel cell trigger state sensing circuit 63. Avalanche photodiode 65 is
biased by bias voltage supply 69 into the Geiger mode and may include active or passive
quenching circuitry 80. Active quenching circuitry advantageously reduces the photodiode

recovery time as compared to passive quenching circuitry such as a resistor.
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Radiation detection device 61 in Fig. 4 illustrates a connection of a plurality of
pixel cell circuits 60, together with an optional current to digital converter circuit 71 and an
optional trigger level circuit 72. The photodetectors in the eight exemplary pixel cell
circuits 60 form a pixel cell array, although a pixel cell array may be formed with other
numbers of pixel cells. The position of each current source is identified in each of the two
rows as S1A — S1D, and S2A — S2D respectively. In the radiation detection device 61 shown
in Fig. 4, the digital currents generated by each of the individual pixel cell circuits 60 are
summed together by a summing unit implemented by summing junction 73 at which the total
current represents the combined status of all of the pixel cells in the exemplary array. Since
the current, thus the signal, generated by each of the individual pixel cell circuits 60 is a
digital signal with a predetermined amplitude, the amplitude of the total current at summing
junction 73 is an analogue current, or signal, which corresponds to one of a plurality of
predetermined levels indicative of the number of triggered pixel cells in the exemplary
optical detector pixel array. Without any further processing it therefore performs the function
of an integration unit. Consequently the signal is indicative of the energy of a gamma photon
giving rise to a scintillation light pulse. Since the currents generated by each of the individual
pixel cell circuits 60 are, as described above, generated in real-time response to the triggering
of pixel cells in pixel cell circuits 60, by summing the currents in this way the analogue
signal is also generated in real-time response to the triggering of the pixel cells. Again, by
real-time it is meant that this is subject to the risetime of the RC propagation delay resulting
from stray capacitance and series resistance in practical electronic circuitry, although, as
described above, this is considered real-time as such propagation delays can be arranged to
be in the order of picoseconds using standard circuit layout techniques. Advantageously,
because the analogue signal is generated in real-time response to the triggering of the pixel
cells, the integration technique provides the result of the integration in real-time, thereby
permitting a rapid decision on the validity of a scintillation light pulse to be made.
Furthermore, since the amplitude of this signal represents the detection of an accumulated
number of optical photons it provides an accurate timing signal. In this way it represents an
improvement in the timing of such a scintillation light pulse. Summing junction 73 may
further comprise a resistor connected to a fixed potential such as ground potential for
converting the current into an analogue voltage signal whose amplitude is in the same way
indicative of the number of triggered pixel cells within the optical detector pixel array.

By way of an example, current waveform 62 in Fig. 4 illustrates the current at

summing junction 73 from a row of pixel cells consequent to the detection of four optical
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photons, received at times t1, t2, t3 and t4 respectively when the first predetermined
amplitude is a positive amplitude and the second predetermined amplitude is a zero
amplitude. Current waveform 62 therefore represents the analogue signal generated by the
summing unit, which in this exemplary case is implemented by summing junction 73.
Initially there is zero current at summing junction 73, and each time an additional optical
photon is detected the total current increases by a step having a predetermined amplitude (Af)
indicative of a triggered pixel cell. Since the amplitude of each step is predetermined, the
amplitude of the analogue signal corresponds to one of a plurality of predetermined levels
which are indicative of the total number of triggered pixel cells, and furthermore immediately
indicates the accumulated number of detected optical photons; thereby performing the
desired integration.

In alternative embodiments in which the digital signal is a digital voltage
signal, it will be appreciated that the digital voltage signals may be generated by selectively
connecting a switch to one of two predetermined voltage levels, and that the summing of
digital signals may be performed by summing the voltages using an analogue summing
operational amplifier circuit in order to generate the desired analogue signal. In alternative
embodiments in which the digital signal is a digital charge signal, it will be appreciated that
discrete packets of charge representing the first and second predetermined amplitudes may be
summed by a charge integrator in order to generate the desired analogue signal. With
reference to Fig. 4, in one example implementation in which the digital signal is a digital
charge signal the reception of an optical photon by avalanche photodiode 65 results in the
closure of switch 66 for a predetermined interval ( T) and the transfer of a packet of charge
( Q) determined by the product of the current in current source 67 and the predetermined
interval ( T) to first output 64. The charge may be summed by a charge integrator that is for
example implemented as a capacitor having a value (C), wherein the resulting change in
voltage across the capacitor is determined by the ratio of the packet of charge to the capacitor
value, thus ( Q/C). A monostable or other one-shot triggering circuit may be used to control
the timing of the closure of switch 66. Owing to leakage currents in practical
implementations of such charge integrator circuits, at least the digital signal’s first
predetermined amplitude is furthermore desirably distinguishable from the net result of any
leakage currents at the analogue signal generated by the charge integrator at the end of any
integration period.

Optional current to digital converter circuit 71 connected to radiation detection

device 61 in Fig. 4 may be used to provide a digitized signal at output 74, wherein the
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digitized signal is indicative of the current at summing junction 73. Such digitization
facilitates the subsequent processing of the signal by a control unit or a coincidence
determination unit. Suitable current to digital converters for this purpose include for example
suitably configured operational amplifier circuits.

Optional trigger level circuit 72 connected to radiation detection device 61 in
Fig. 4 may be used to cause a timing unit such as a time to digital converter to generate a
timestamp indicative of the time of detection of a predetermined accumulated number of
optical photons, thereby providing a more reliable timing signal. Optional trigger level
circuit 72 may comprise a comparator for comparing the analogue signal at summing
junction 73 with a predetermined threshold level, wherein the threshold level corresponds to
a predetermined accumulated number of detected optical photons. In one envisaged
configuration a timing unit such as a time to digital converter is caused to generate a
timestamp when the accumulated number of optical photons exceeds a predetermined
number, such as one or more optical photons. In so doing a more reliable and simplified
timing scheme is provided.

Fig. 5 illustrates aspects of a second embodiment of the invention in which a
pixel cell circuit 70, a radiation detection device 81 and current waveforms 82 are shown. Fig.
5 illustrates a development of the circuit illustrated in Fig. 4 which addresses non-linearity
issues often encountered in current switches such as switch 66 illustrated in Fig. 4. With
reference to pixel cell circuit 70 in Fig. 5, each current source has two outputs, a first output
74 which generates a signal (Isp), and a second output 94 which generates a signal (Isn). First
output 74 operates in the same way as output 64 in Fig. 4, thus when avalanche photodiode
65 is in a non-triggered state, switch 76 is in a non-conductive state such that current source
77 is disconnected from first output 74 and consequently the digital current signal generated
at first output 74 has a second predetermined amplitude. When an optical photon is received
by avalanche photodiode 65, avalanche photodiode 65 transitions into a triggered state in
which an avalanche current flows in avalanche photodiode 65. Comparator 78 is configured
to sense the avalanche current, and to cause switch 76 to transition into a conductive state
such that current source 77 is connected to first output 74 and consequently the digital current
signal generated at first output 74 has a first predetermined amplitude. A latch for holding the
amplitude of the digital signal with the amplitude indicative of a triggered pixel cell may also
be included in the photodiode circuitry or in the pixel cell trigger state sensing circuit 63.
Consequently the amplitude of the digital signal may be held in a triggered state until the

pixel cell trigger state sensing circuit 95 is reset. A reset operation may be effected after the
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integration has completed, and such an asynchronous or synchronous reset signal may be
generated by a local timing circuit or effected by a control unit. In one contemplated
embodiment a reset operation may be activated within the period of a light pulse such that the
integration of the total number of optical photons in the light pulse is executed in more than
one stage in order to count a higher rate of optical photon incidence.

In the preferred embodiment illustrated in Fig. 5 the first predetermined
amplitude is a non-zero amplitude and the second predetermined amplitude is a zero
amplitude. In one example the first predetermined amplitude is 1 microamp and the second
predetermined amplitude is 0 microamps. In a second example the first predetermined
amplitude is 1 microamp and the second predetermined amplitude is a leakage current having
a value at least ten times less than the first predetermined amplitude. Other suitable values for
first predetermined amplitude lie in the range from approximately 100 nanoamps to tens of
microamps. Importantly the first and second predetermined amplitudes are distinguishable.
Thus in Fig. 5, switch 76 is either in a conductive state in which case current source SI1A is
conducted to output 74, or a non-conductive state. Other configurations of pixel cell trigger
state sensing circuit 63 are also contemplated in which the first and second predetermined
amplitudes are distinguishable; for example making the first predetermined amplitude a
positive amplitude and the second predetermined amplitude a negative amplitude. Negative
amplitudes may be effected by connecting the upper terminal of current source 77 with
respect to a negative potential. Alternatively one or more current sources and or switches
may be used in such configurations.

Second output 94 in pixel cell circuit 70 in Fig. 5 is configured to generate the
complementary digital signal to the first output; thus when the digital current signal
generated at first output 74 has a first predetermined amplitude the digital current signal
generated at second output 94 has the second predetermined amplitude, and vice versa. One
switch configuration that may be used to achieve this is illustrated in Fig. 5 although it is to
be appreciated that other configurations including a single pole double throw switch may
alternatively be used to control first output 74 and second output 94.

Comparator 78 in Fig. 5 operatively controls switches 76, 96 dependent upon
the trigger state of avalanche photodiode 65 in accordance with the described complementary
signals at first output 74 and second output 94. The complementary signals may for example
be generated by a logic inverter constructed using MOS switches. Avalanche photodiode 65
in Fig. 5 is, as described with reference to Fig. 4, biased by bias voltage supply 69 into the

Geiger mode and may include active or passive quenching circuitry 80.



10

15

20

25

30

WO 2014/173644 PCT/EP2014/056633
19

Radiation detection device 81 in Fig. 5 illustrates a connection of a plurality of
pixel cell circuits 70, together with a differential current amplifier 91 and an optional trigger
level circuit 92. The photodetectors in the eight exemplary pixel cell circuits 70 form a pixel
cell array, although a pixel cell array may be formed with other numbers of pixel cells. The
position of each current source is identified in each of the two rows as S1A — S1D, and S2A —
S2D respectively. In the radiation detection device 81 shown in Fig. 5, the currents generated
by each of the first outputs of individual pixel cell circuits 70 are summed by a summing unit
implemented by summing junction 83 at which the total current represents the combined
trigger status of all of the pixel cells in the exemplary array. Consequently the signal at
summing junction 83 is an analogue signal whose amplitude corresponds to the number of
triggered pixel cells within the optical detector pixel array. Without any further processing it
therefore performs the function of an integration unit. Such a signal is also indicative of the
energy of a gamma photon giving rise to a scintillation light pulse. Advantageously the result
of the integration is provided quickly, thereby permitting a rapid decision on the validity of a
scintillation light pulse to be made. However in order to address nonlinearity issues often
associated with typical MOS switches that may be employed as switches 76 and 96, the
combined complementary signals of all of the pixel cells in the exemplary array, thus the
combined signal generated by all second outputs 94; are likewise summed by an additional
summing unit implemented by summing junction 93, to produce a combined analogue signal
at summing junction 93. As stated above, in a preferred embodiment the first predetermined
amplitude is a non-zero amplitude and the second predetermined amplitude is a zero
amplitude. In this way the analogue signal at summing junction 93 has an amplitude that
corresponds to the number of non-triggered pixel cells. With further reference to radiation
detection device 81 in Fig. 5, a differencing unit implemented as differential current
amplifier 91 subtracts the current signal at second summing junction 93 from that at first
summing junction 83 and generates an analogue representation of the difference in the two
currents at output 84. Consequently a signal representative of the number of non-triggered
cells is subtracted from a signal representative of the number of triggered cells. In so doing,
the signal at output 84 is less susceptible to drift and leakage currents and nonlinearity effects
occurring in practical implementations of switches 76, 96. With the predetermined signal
amplitudes as described with reference to the preferred embodiment, the analogue
representation of the difference in the two currents at output 84 is consequently indicative of
the number of triggered pixel cells in the radiation detection device 81. Such an analogue

signal may later be digitized in order to facilitate its subsequent processing by a control unit



10

15

20

25

30

WO 2014/173644 PCT/EP2014/056633
20

or a coincidence determination unit. Suitable current to digital converters for this purpose
include for example suitably configured operational amplifier circuits.

Current waveforms 82 in Fig. 5 illustrates the combined current (Ispsum) at
summing junction 83, the combined current (Isnsum) at summing junction 93 and the
difference in these two currents (Id = Ispsum — Isnsum) at output 84 of differential current
amplifier 84 for a row of pixel cells consequent to the detection of four optical photons,
received at times t1, t2, t3 and t4 respectively. Initially there is zero current at summing
junction 73, and each time an additional optical photon is detected the total current increases
by a step having a predetermined amplitude (Af) indicative of a triggered pixel cell. Since the
amplitude of each step is predetermined, the amplitude of the analogue signal corresponds to
one of a plurality of predetermined levels which are indicative of the total number of
triggered pixel cells, and furthermore immediately indicates the accumulated number of
detected optical photons; thereby performing the desired integration.

With reference to Fig. 5 it is noted that summing junctions 83, 93 may
alternatively each comprise an additional resistor connected to a fixed potential such as
ground potential for converting the currents at junctions 83, 93 into analogue voltage signals
whose difference in amplitude may be determined in a similar way by a differential voltage
amplifier in place of differential current to digital converter 84 in Fig. 5. In this way a similar
digital signal indicative of the number of triggered pixel cells within the optical detector pixel
array may be generated.

Optional trigger level circuit 92 connected to radiation detection device 81 in
Fig. 5 may be used to cause a timing unit such as a time to digital converter to generate a
timestamp indicative of the time of detection of a predetermined accumulated number of
optical photons, thereby providing a more reliable timing signal. Optional trigger level
circuit 92 may comprise a differential current amplifier for subtracting the current at the
second summing junction 93 from that at the first summing junction 83, and a comparator for
comparing this difference signal with a predetermined threshold level, wherein the threshold
level corresponds to a predetermined accumulated number of detected optical photons. In one
envisaged configuration a timing unit such as a time to digital converter is caused to generate
a timestamp when the accumulated number of optical photons exceeds a predetermined
number, such as one or more optical photons. In so doing a more reliable and simplified
timing scheme is provided.

Fig. 6 illustrates an embodiment of a current source for use in accordance with

some aspects of the invention. Current sources S1A — S1D, and S2A — S2D in Figs.s 4 and 5
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may be implemented using the current sources S1A, S1B illustrated in Fig. 6. In Fig. 6 a
programming current (Iext) is used to program the current in NMOS device P3, which, via P4
sets the drain-source current in PMOS device PO. The drain-source currents in devices P1, P2
are consequently set by the current in device PO multiplied by the ratio of the width to length
ratio of the channel in each device P1, P2 as compared to that in PO. Multiple current sources
may be implemented in the manner described by Fig. 6. Such devices may be implemented
on the same silicon substrate as a SIPM or SPAD array where their reduced separation from
their corresponding optical detector advantageously leads to a reduced RC signal propagation
delay, or alternatively as external off-chip circuitry. Other current source embodiments are
also suitable.

Fig. 7 illustrates an embodiment of a current to digital converter circuit 102
that may be used to implement the optional current to digital converter 71 illustrated in Fig. 4,
and a trigger circuit 103, 104 that may be used to implement the optional trigger level circuit
72 illustrated in Fig. 4. In operation, common input 101 in Fig. 7 is connected to summing
junction 73 in Fig. 4 to receive current Ispsum, the summed current from the first outputs 64
of all pixel cell trigger state sensing circuit 63 in a portion of the array. Resistor 105 converts
the current Ispsum into a voltage. When sampling switch 106 is closed, analogue to digital
converter 102 performs an analogue to digital conversion of the current Ispsum received by
common input 101. The digital representation of current Ispsum may be subsequently
processed in a coincidence determination unit in a PET imaging system in order to validate
the coincidence of time-wise coincident events. Sampling switch 106 determines the time at
which the conversion takes place, and may remain closed such that the result of the
conversion is available real-time, or its closure may optionally be delayed, for example to
wait until a timestamp has been triggered, in order to prevent prematurely commencing an
integration result conversion. Advantageously the reset time associated with a falsely-started
conversion is avoided since the conversion is only initiated when there is a higher level of
confidence that the trigger for the timestamp originated from a valid optical pulse.
Comparator 104 and optical photon trigger reference level 103 cooperate to cause timing
unit 107 to generate a timestamp when a predetermined accumulated number of optical
photons have been detected within a portion of the optical detector array. When a level
indicative of a predetermined number of optical photons is exceeded by the current Ispsum,
comparator 104 causes timing unit 107 to generate a timestamp. In so doing, more repeatable
timing is provided because the timestamp relates to the same point on the profile of the

detected optical pulse. Such devices illustrated in Fig. 7 may be fabricated on the same
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substrate as a SiPM or SPAD array, or alternatively as external off-chip circuitry. The circuit
in Fig. 7 may furthermore be adapted to receive currents from junctions 83 and 93 in Fig. 5
and, using a differential amplifier configuration, subtract the currents at these junctions, to
perform the same intended functions.

Fig. 8 illustrates an embodiment of a differential amplifier circuit that may be
used to implement the differential current amplifier 91 illustrated in Fig. 5. The circuit in
Fig. 8 receives currents Ispsum and Isnsum from first outputs 74, and second outputs 94 of
the pixel cell trigger state sensing circuits 95 for a row of pixel cells such as pixel cell row 42,
and generates an output voltage Vout that is proportional to the difference in currents (Ispsum
— Isnsum). The transimpedance gain may be set by adjusting resistor value R1, and the
voltage gain may be set by adjusting the ratio of the resistor values (R3/R2). The output
voltage Vout may subsequently be digitized by an analogue to digital converter in order to
provide a signal indicative of the accumulated number of triggered pixel cells or optical
photons that may be processed digitally in a coincidence determination unit.

Fig. 9 illustrates a system implementation in accordance with some aspects of
the invention. The system implementation illustrated in Fig. 9 may be used in for example a
PET imaging system in order to generate the signals necessary to determine and or validate
coincidence in a coincidence determination unit. The operation of the system in Fig. 9 is
described with reference to the second embodiment of a radiation detection device illustrated
in Fig. 5 although it is to be appreciated that the system may also be adapted for use with the
first embodiment illustrated in Fig. 4. With reference to Fig. 9, scintillator element 40 is in
optical communication with optical detector pixel array 41 to form a gamma photon detector.
A plurality of such gamma photon detectors may be used in the PET imaging system 20
illustrated in Fig. 2. Returning to Fig. 9, scintillation light generated within scintillator
element 40 is detected by pixel cells within optical detector pixel array 41. Optical detector
pixel array 41 comprises one or more optical detector pixels wherein each optical detector
pixel comprises a plurality of pixel cells. A pixel cell may be a single photon avalanche diode
(SPAD), otherwise known as a silicon photomultiplier (SiPM), and may be operated in the
Geiger mode. In operation a SiPM, or a pixel cell is initially reset such that its output is in a
logical false state. The reception of an optical photon by a SiPM results in the breakdown of
its junction and the triggering of a logical true state at its output. The smallest optical detector
element in optical detector pixel array 41 is therefore a pixel cell wherein each pixel cell can
be enabled and disabled individually and its logical output can be read out. In one

configuration an optical detector pixel has a pitch of approximately 4 mm and a pixel cell has
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a pitch of approximately 50 microns. An optical detector pixel may therefore comprise
thousands of pixel cells. Pixel cells within optical detector pixel array 41 are arranged in rows,
as exemplified by pixel cell rows 42, 43 of which only two are shown for ease of illustration.
There may be one or more such pixel cell rows.

With respect to the integration function performed in the system illustrated in
Fig. 9; integration unit 110, determines the energy of each gamma photon received by
scintillator element 40 by integrating the number of optical photons in its scintillation light
pulse. Integration unit 110 integrates the number of optical photons by determining the
accumulated number of triggered pixel cells in at least a portion of optical detector array 41.
In the illustration in Fig. 9 this portion corresponds to pixel cell rows 42, 43. Integration
unit 110 comprises one or more differential current amplifiers 111, 112, wherein each
differential current amplifier operates in accordance with the description of item 91 in Fig. 5.
In the implementation illustrated in Fig. 9, each differential current amplifier 111, 112 is
configured to receive combined current signal Ispsum from all first outputs 74 of the pixel
cell trigger state sensing circuits 95 for all pixel cells in its respective row. A suitable
configuration is illustrated in Fig. 5. Likewise, each differential current amplifier 111, 112 is
configured to receive the combined current signal Isnsum from all second outputs 94 of the
pixel cell trigger state sensing circuits 95 for all pixel cells in its respective row. In this way
the output of each differential current amplifier 111, 112 is an analogue signal representing
the number of triggered pixel cells in its respective row. The outputs of all differential current
amplifiers for a portion of the array are then summed together to generate a signal indicative
of the total number of triggered pixel cells, thus received optical photons, in that portion of
the array. The summing may take place in a current or charge summing unit (not shown)
which may exemplarily be implemented using operational amplifier circuits. Whilst the
embodiment illustrated in Fig. 9 shows a configuration in which signals from one row of
pixels are received by one differential current amplifier 111, 112, other configurations are
also contemplated such as using one differential current amplifier to receive the signals from
a plurality of rows. In another embodiment still, a further signal 113 may be derived from the
signal indicative of the total number of triggered pixel cells in the portion of the array and
used to validate a timestamp issued by timing unit 48 if the result of an integration meets a
predetermined accumulated count condition, thus if the count exceeds, is equal to, is less than
or is within a predetermined range of a predetermined value. In so doing the certainty of a
timestamp resulting from a gamma photon may be improved. The gamma photon energy may

consequently be used in coincidence determination unit 29 in the PET imaging system
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detailed in Fig. 2 where it may be used to improve the discrimination between scattered and
non-scattered gamma photons and thereby determine the validity of a line of response.
Control unit 33 in Fig. 9 coordinates the various operations described above, may further
receive timestamps from timing unit 48 and the result of the integration from integration
unit 51, and may further control their transfer to coincidence determination unit 29 in PET
imaging system 20 illustrated in Fig. 1.

With respect to the timing function performed in the system illustrated in
Fig. 9, a plurality of trigger circuits 114 cooperate with timestamp trigger unit 117 and timing
unit 48 to generate a timestamp indicative of the time at which a predetermined number of
optical photons have been detected within optical detector array 41. In practice, one or more
trigger circuits are sufficient to perform the desired timing function of plurality of trigger
circuits 114, wherein each trigger circuit 92a, 92b performs a current differencing operation
as described with reference to unit 92 in Fig. 5. Thus, each trigger circuit 92a, 92b is
configured to receive the combined current signal Ispsum from all first outputs 74 of the
pixel cell trigger state sensing circuits 95 for all pixel cells in its respective row. Likewise,
each trigger circuit 92a, 92b is configured to receive the combined current signal Isnsum
from all second outputs 94 of the pixel cell trigger state sensing circuits 95 for all pixel cells
in its respective row. In one configuration each trigger circuit 92a, 92b comprises a
differential current amplifier for subtracting the current Isnsum from the current Ispsum and
for generating an output signal at output 115, 116 in proportion to this difference.
Outputs 115, 116 of each trigger circuit 92a, 92b are received by timestamp trigger unit 117
which generates a trigger signal at output 118 causing timing unit 48 to generate a timestamp
if a predetermined accumulated triggered pixel count condition is met. The condition may be
that the accumulated triggered pixel cell count is equal to, is less than or is within a
predetermined range of a predetermined value. In so doing a repeatable timestamp indicative
of the same point on a received optical photon profile may be generated. Timestamp trigger
unit 117 receives the individual signals from the plurality of trigger circuits 114 and is
configured to determine the total number of received optical photons in a portion of optical
detector pixel array 41. In one envisaged configuration timestamp trigger unit 117 comprises
a charge or a voltage summing amplifier for summing each of the signals output by outputs
115, 116 of the plurality of trigger circuits 114 and generating an output voltage in proportion
to this sum, and a comparator which compares the sum with a signal indicative of a
predetermined accumulated triggered pixel count. When the predetermined accumulated

triggered pixel count condition is met, timestamp trigger unit 117 causes timing unit 48 to
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generate a timestamp by means of output 118. The timestamp may then be transmitted via
control unit 33 to a coincidence determination unit, or in another embodiment it may be held
in a buffer in timing unit 48 and only transmitted to control unit 33 if a validation signal 113
received from integration unit 110 indicates that a predetermined accumulated count
condition set by integration unit 110 has been met. Advantageously the improved integration
process results in a faster integration and thus a faster decision on the processing or otherwise
rejection of the timestamp can be made. Consequently in cases when timing unit 48 is
inadvertently caused to generate a timestamp by an invalid trigger signal at output 118,
timing unit 48 may be reset after a shorter timestamp validation delay, improving the
utilization of the timing unit. It will be appreciated that alternative implementations of Fig. 9
wherein circuit elements common to plurality of trigger circuits 114 and to integration

unit 110 may be shared in combined circuitry, such as for example current to digital
converter circuits, are also possible.

To summarize, a radiation detection device for integrating the number of
optical photons in a light pulse has been described with particular reference to a PET imaging
system. A system, a method and a computer program product have also been described for
use in accordance with the device. The radiation detection device comprises an optical
detector pixel array which has a plurality of pixel cells that can be triggered by optical
photons, a plurality of pixel cell trigger state sensing circuits, and a summing unit. According
to the invention, each pixel cell is in communication with a pixel cell trigger state sensing
circuit that is configured to generate a digital signal having either a first predetermined
amplitude indicative of a triggered pixel cell, or a second predetermined amplitude indicative
of a non-triggered pixel cell. The summing unit is configured to receive the digital signals
from a plurality of pixel cell trigger state sensing circuits and to generate an analogue signal
having an amplitude that corresponds to the number of triggered pixel cells. The amplitude of
the analogue signal is indicative of the desired integration operation; and may further be used
in combination with a comparator to cause a timing unit to generate a timestamp when a
predetermined accumulated optical photon count condition is met.

Whilst the invention has been illustrated and described in detail in the
drawings and foregoing description, such illustrations and description are to be considered
illustrative or exemplary and not restrictive; the invention is not limited to the disclosed
embodiments and can be used for integrating the number of optical photons in light pulses
and for timing light pulses resulting from the detection of radiation quanta in various

applications within the fields of high energy particle physics and microscopy.
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CLAIMS:

1. A radiation detection device (61, 81) comprising:

an optical detector pixel array (3a) having a plurality of pixel cells (9) which
can be triggered by optical photons;

a plurality of pixel cell trigger state sensing circuits (63, 95);

at least a first current summing unit (73, 83);
wherein for at least a portion of the optical detector pixel array (3a):

each pixel cell (9) is in communication with a pixel cell trigger state sensing
circuit (63, 95) that is configured to generate a digital current signal having either a first
predetermined amplitude indicative of a triggered pixel cell (9) or a second predetermined
amplitude indicative of a non-triggered pixel cell (9);
wherein the at least a first current summing unit (73, 83) is a current summing junction
configured to receive the digital current signals from the plurality of pixel cell trigger state
sensing circuits (63, 95) and to generate an analogue signal having an amplitude that
corresponds to the number of pixel cells currently triggered within the portion of the optical

detector pixel array (3a).

2. A radiation detection device (61, 81) according to claim 1 wherein each pixel
cell trigger state sensing circuit (63, 95) is further configured to receive a reset signal; and
cach pixel cell trigger state sensing circuit is configured to hold the amplitude of the digital
current signal with the amplitude indicative of a triggered pixel cell (9) until a reset signal is

received.

3. A radiation detection device (61, 81) according to claim 1 wherein the pixel
cells (9) are SiPM or SPAD pixel cells and the pixel cell trigger state sensing circuits are

formed on the same substrate as the SiPM or SPAD pixel cells.

4. A radiation detection device (81) according to claim 1 wherein each pixel cell
trigger state sensing circuit (95) has a first output (74) and a second output (94);

wherein the first output (74) is configured to generate the digital current signal; and
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the second output (94) is configured to generate the complementary digital
current signal to the first output;

the radiation detection device further comprising a second summing unit (93)
and a differencing unit (91);
wherein the first summing unit (83) is configured to receive the digital current signals from
the first outputs (74) of the plurality of pixel cell trigger state sensing circuits (95) and to
generate an analogue signal having an amplitude that corresponds to the number of triggered
pixel cells;
wherein the second summing unit (93) is configured to receive the digital current signals
from the second outputs (94) of the plurality of pixel cell trigger state sensing circuits (95)
and to generate an analogue signal having an amplitude that corresponds to the number of
non-triggered pixel cells;
wherein the differencing unit (91) is configured to generate an analogue signal indicative of
the number of triggered pixel cells by subtracting the analogue signal generated by the

second summing unit (93) from the analogue signal generated by the first summing unit (83).

5. A radiation detection device (61, 81) according to claim 1 further comprising
an analogue to digital converter in communication with the at least a first summing unit
(73, 83); wherein the analogue to digital converter is configured to generate a digital signal

corresponding to the analogue signal.

6. A radiation detection device (81) according to claim 4 wherein each pixel cell
trigger state sensing circuit (95) includes a current source (77) and at least a first switch (76,
96) for selectively electrically connecting the current source to the first output (74) or to the
second output (94) such that the current source (77) is connected to the first output (74) if a
pixel cell (9) is triggered or connected to the second output (94) if a pixel cell (9) is not
triggered.

7. A radiation detection device (61, 81) according to claim 1 further comprising a
comparator (104) and a timing unit (107); wherein the comparator (104) is configured to
receive the analogue signal and to compare the analogue signal with a threshold level (103);
wherein the comparator (104) is further configured to cause the timing unit (107) to generate

a timestamp indicative of the time when the analogue signal reaches the threshold level (103).
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8. A radiation detection device (61, 81) according to claim 7 wherein the
timestamp is indicative of the time of detection of a predetermined accumulated number of

optical photons.

9. A radiation detection device (61, 81) according to claim 1 wherein each
radiation detection device (61, 81) further comprises a scintillator element (2a) in optical
communication with the optical detector pixel array (3a); the radiation detection device
(61, 81) further comprising an energy determination unit; wherein the energy determination
unit is configured to receive the analogue signal indicative of the number of triggered pixel
cells (9) and to compute the energy of a radiation quant incident on the scintillator

clement (2a) based on the amplitude of the analogue signal.

10. A radiation detection device (61, 81) according to claim 1 wherein the pixel

cells (9) are actively quenched SiPM pixel cells.

11. A PET imaging system (20) comprising a plurality of radiation detection
devices (61, 81) according to any one of claims 1 — 10;
wherein each radiation detection device (61, 81) further comprises a scintillator element (2a)

in optical communication with the optical detector pixel array (3a).

12. An optical photon summation method for use in PET imaging, fluorescence
microscopy, or Cherenkov radiation detection, the method comprising the steps of:

receiving signals from an optical detector pixel array (3a) indicative of the
triggering of one or more pixel cells (9) within the optical detector pixel array (3a);

sensing the trigger state of the one or more pixel cells (9) within the optical
detector pixel array (3a);

generating a digital current signal having either a first predetermined
amplitude indicative of a triggered pixel cell (9) or a second predetermined amplitude
indicative of a non-triggered pixel cell (9);

summing the digital current signals to generate an analogue signal having an

amplitude that corresponds to the number of currently triggered pixel cells (9).
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13. The timing method of claim 12 further comprising the method steps of:
comparing the analogue signal with a threshold level; and

generating a timestamp when the analogue signal reaches the threshold level.

14. A computer program product comprising computer executable instructions to

perform the method steps of claim 12.



WO 2014/173644 PCT/EP2014/056633

14 /
/ 0 /0 IN\=
2b >

@ A

Jovy ba /
/9 /

2a 11 /

13 .
15

FIG. 1

1/9



PPPPPPPPPPPPPPPPP




WO 2014/173644 PCT/EP2014/056633

40 42
57 56 55
43

\\\ o
51 \*\ _____ Y /46 /

_\ \ | I L
| , - //
; /

_

58\

49

48

33

PRIOR ART
FIG. 3

3/9




PCT/EP2014/056633

WO 2014/173644

L.

60

66
5
1C -ﬁDSlD

DY
2C ﬁDszo

3\

@
¢

60

60

/

65

il
il
di

:

4/9

FIG. 4



PCT/EP2014/056633

WO 2014/173644

o
1 1 1 1
ST N S A
1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1
— 1 1 1 1 1 1 1 1 1 1 1 " _ _
B 1 1 1 -T 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1
===F====a--r #ll ==r==r=-a- == Temrm=fp---- Ll o
1 1 1 1 M 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
[ R - - [ S— [ PR S T D R
P 2 ' oo
“ “ 1 : ' 1 1 1 1
- - U R —t [
1 1 1 1 1 1
¥ 1 1
“ “ 1 1 1
-==r- -r il pliale el r=-r
1 1 1
“ “ 1 1 1
R B -k [ S R T L.-L
1 1 1 1 1
1
“ “ 1 1 1
EEE] EESEETER PRl R R T
1 1 1 1 1 1
1 1 1 1 1 1 1
< !
1 1 1 1 1
4+ O Y— Y— OM
> > —_
%2} 1%}
c o
2] %)

FIG. 5

5/9



WO 2014/173644

i

P3 P4 . .

L AN

FIG. 6

6/9

PCT/EP2014/056633



WO 2014/173644 PCT/EP2014/056633

102

"/

101 103 \
\ Ispsum \ 104 107

105

FIG. 7

7/9



WO 2014/173644 PCT/EP2014/056633

Ispsum 1 \
R2
Vo+

Ishsum © 1 /
R2

Vout

FIG. 8

8/9



WO 2014/173644 PCT/EP2014/056633

40
42 43
/ /7
// /
74 //// 74
94 94 97
/ | E— i /__/?,a/lls 117
i : - i /7]
O/ T — // 7 o> /
11 / A 7 S -
1 ! 1 / . 1 :
1L — — ;
Rl LA LooIo. L L _:\
112/ \ 113

92p 116

114
41

33

FIG.9

9/9



INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2014/056633

A. CLASSIFICATION OF SUBJECT MATTER

INV. GO1T1/20 GO1T1/208
ADD.

GO1T1/24

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

GO1T

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

FRACH THOMAS [)
26 October 2006 (2006-10-26)
abstract

1-15,25-32

page 1, Tines 3-8

Y WO 2006/111883 A2 (KONINKL PHILIPS
ELECTRONICS NV [NL]; PHILIPS CORP [US];

page 2, lines 12-26 - page 3, lines
page 8, line 23 - page 9, line 4

1-14

_/__

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

22 May 2014

Date of mailing of the international search report

28/05/2014

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Van Ouytsel, Krist'l

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2014/056633

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

Y

C. DEGE ET AL: "The digital Silicon
Photomultiplier - A novel sensor for the
detection of scintillation light",
2009 TEEE NUCLEAR SCIENCE SYMPOSIUM
CONFERENCE RECORD (NSS/MIC),

1 October 2009 (2009-10-01), pages
2383-2386, XP55040614,

DOI: 10.1109/NSSMIC.2009.5402190
ISBN: 978-1-42-443961-4

page 2383, paragraphs 3,4

page 2385, paragraph 1

US 2012/056078 Al (ELDESOUKI MUNIR [CA] ET

AL) 8 March 2012 (2012-03-08)

paragraphs [0001], [0009], [0062],
[0064], [0067], [0068]; figures
4,5,6,7A-D,11B

EP 1 069 439 A2 (EDGE MEDICAL DEVICES LTD
[IL]) 17 January 2001 (2001-01-17)
paragraphs [0134], [0135], [0143] -
[0146], [0148], [0174], [0175],

[0186], [0193], [0201] - [0207], [0211]

- [0021]; figures 6,8

US 2009/268067 Al (SUGIYAMA YUKINOBU [JP]
ET AL) 29 October 2009 (2009-10-29)
paragraphs [0030], [0051] - [0057];
figures 1,2,3

US 2008/191139 Al (COELLO SEBASTIEN
CHRISTOPHER [FR] ET AL)

14 August 2008 (2008-08-14)
paragraphs [0002], [0005], [0021],
[0022], [0056]; figures 1,2,4

US 2012/068050 Al (MAZZILLO MASSIMO
CATALDO [IT] ET AL)

22 March 2012 (2012-03-22)
paragraphs [0004], [0009], [0028],
[0032], [0033], [0034], [0039]

US 2012/228484 Al (BURR KENT C [US])
13 September 2012 (2012-09-13)
paragraphs [0040], [0045]

1-14

1-14

4-6
1,2,7,12

4-6
1,12,14

7-9,13

1,12,14

10

1,3

1,12

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/EP2014/056633
Patent document Publication Patent family Publication

cited in search report date member(s) date

WO 2006111883 A2 26-10-2006 AT 514105 T 15-07-2011
BR P10610720 A2 22-05-2012
CN 101163988 A 16-04-2008
EP 1875271 A2 09-01-2008
JP 5345383 B2 20-11-2013
JP 2008538606 A 30-10-2008
KR 20080009082 A 24-01-2008
US 2008203309 Al 28-08-2008
US 2010252723 Al 07-10-2010
US 2011133091 Al 09-06-2011
US 2011278466 Al 17-11-2011
WO 2006111883 A2 26-10-2006

US 2012056078 Al 08-03-2012  NONE

EP 1069439 A2 17-01-2001  EP 1069439 A2 17-01-2001
JP 2001116846 A 27-04-2001
US 6243441 B1 05-06-2001

US 2009268067 Al 29-10-2009  EP 2099214 Al 09-09-2009
JP 4825116 B2 30-11-2011
JP 2008131485 A 05-06-2008
US 2009268067 Al 29-10-2009
WO 2008062786 Al 29-05-2008

US 2008191139 Al 14-08-2008  EP 1959673 Al 20-08-2008
FR 2912588 Al 15-08-2008
US 2008191139 Al 14-08-2008

US 2012068050 Al 22-03-2012  NONE

US 2012228484 Al 13-09-2012 JP 2012189583 A 04-10-2012
US 2012228484 Al 13-09-2012

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - wo-search-report
	Page 42 - wo-search-report
	Page 43 - wo-search-report

