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X-RAY AND GAMMA RAY DETECTOR
READOUT SYTEM

PRIORITY CLAIM

[0001] This application 1s a continuation of U.S. applica-
tion Ser. No. 10/291,251 filed Nov. 8, 2002 now 1ssued U.S.

Pat. No. 7,818,047 which claims the priority to U.S. Provi-
sional Patent Application No. 60/331,161 filed Nov. 9, 2001,

both of which are incorporated herein by reference 1n their
entirety.

GOVERNMENT RIGHTS NOTICE

[0002] There invention was made with U.S. Government
support under Contract Numbers DE-FG03-00ER83058 and

DE-FG03-00ER83058/A002, both awarded by Department
of Energy. The U.S. Government has certain rights in the
invention.

FIELD OF INVENTION

[0003] These detectors and readout electronics have been
developed for high resolution Positron Emission Tomogra-
phy (PET) for application to medical imaging. PET 1s an
important new modality for imaging metabolism of organic
radiopharmaceuticals and radiotracers. The detector system
described here can also be used for non-tomographic medical
imaging of positron emitting compounds. It can also be used
for other gamma ray imaging medical applications such as
Gamma Camera and Single Photon Emission Computed
Tomography (SPECT).

[0004] The instrument described can also be used for many
different applications. In industrial imaging, for example,
they can be used for different gamma ray imaging applica-
tions such as Non-Destructive Inspection (NDI) and Non-
Destructive Evaluation (NDE). In NDI and NDE 1t can be
used to 1mage objects for defects, bubbles, cracks, etc. It may
also be used to detect corrosion and cracks on aircrait and
other vehicles. In security applications it can be used to scan
baggage, parcel, container and vehicle. It can also be used to
scan people and search for radioactive material. In military 1t
can be used 1n the field 1n a different portable embodiment to
search and 1mage radioactive material and/or objects that
contain radioactive materials.

[0005] The Application Specific Integrated Circuit (ASIC)
1s being developed can be also used for other applications. It
may be used for astrophysics and nuclear physics. It may
become an 1important readout chip for instruments, which use
Compton Scatter technique to image gamma rays. The ASIC
may also have other applications for medical and industrial
imaging markets.

BACKGROUND OF INVENTION

[0006] The American Cancer Society estimates more than
180,000 new breast cancer diagnoses and more than 40,000
deaths from breast cancer 1n the United States 1n about one
year. Mammography 1s a usetful screening tool for detecting
breast cancer, reducing mortality by about 25%, but 1s limited
by a large number of false positive tests resulting 1n unnec-
essary biopsies and, more importantly, a considerable number
of false negative tests resulting in missed diagnosis of cancer.
In the last few years 1t has become apparent that nuclear
medicine techniques have the potential to play an important
role 1n the diagnosis and treatment of patients with breast
cancer. Positron emission tomography (PET), using [ °F]
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fluoro-2-deoxy-D-glucose (FDG) as a tracer of tumor glucose
metabolic activity, 1s an accurate, non-1nvasive imaging tech-
nology, which probes tissue and organ function. This pro-
vides information, which 1s complementary to the structural
image obtained from mammography. Whole body PET 1s a
well established technology, however 1t 1s expensive, and of
limited availability. Furthermore, the spatial resolution 1is
8-16 mm, 1msuificient for accurate detection and 1imaging of
smaller tumors. The extension of PET to small, more widely
available, higher spatial resolution (<3 mm) systems opti-
mized for breast cancer imaging has the potential to save
many lives. Therefore, we have designed this PET system for
dedicated breast imaging. However, it can be used for tull
body PET and has many other uses as described above, 1n
section on Field of Invention.

[0007] For the reasons of cost and availability it 1s unreal-
1stic to expect nuclear medicine techniques to be used for
mass screening. There are, however, several important situa-
tions 1n which the results from mammography can be unsat-
isfactory, and the availability of a functional 1imaging tech-
nique to provide additional diagnostic information would be
extremely helpful. These situations include:

[0008] 1.Imaging of young women with very dense breasts
(where mammograms are often of poor quality and the
detection of early stage breast cancer 1s difficult and 1nac-
curate).

[0009] 2. Imaging in women with silicone breast implants
(these have high radiodensity and breast displacement 1s
not always possible or etfiective).

[0010] 3. Imaging in women with widespread fibrocystic
changes.
[0011] 4. Screening for post-lumpectomy tumor recur-

rence—the number of women opting for breast conserva-
tion 1s increasing, and functional imaging techniques, par-
ticularly the use of FDG with PET, have been shown to be
extremely good at differentiating recurrent tumor from
scar tissue or radiation necrosis.

[0012] Encouraging preliminary studies have already been
carried out using [*”"*Tc]sestamibi with conventional gamma
cameras and 2-['°F]-fluoro-2-deoxy-D-glucose (FDG) with
whole-body PET scanners. The role of functional imaging in
breast cancer, however, goes far beyond diagnosis. It 1s pos-
sible that PE'T techniques could become fundamental 1n pre-
dicting and monitoring the effectiveness of therapy, 1n par-
ticular chemotherapy and hormonal therapy. Metabolic
activity as measured by FDG PET has been shown to be a
more sensitive mdicator of tumor response than anatomical
techniques. This would allow early response to treatment to
be 1dentified and the chemotherapeutic regimen altered 1n the
absence of a response. In addition, PET can be used to assess
the concentration of estrogen receptors using the estrogen
derivative [ '*F]fluoroestradiol. The concentration of estrogen

receptors 1s an important predictor of the outcome of hor-
monal therapy.

[0013] In the future, chemotherapeutic agents could be
directly labeled with positron emitters and given in trace
amounts to predict response prior to the use of pharmacologi-
cal levels. This might allow tailoring of the drug regimen to
the individual patient, leading to a reduction in the costs and
morbidity of ineflective treatments. Further interesting pos-
sibilities 1nvolve labeling monoclonal antibodies directed
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against breast tumor cells with **I. This long-lived tracer
would allow the distribution of antibodies to be visualized
prior to therapy

SUMMARY OF INVENTION

[0014] Mammography allows the detection of very small,
non-palpable lesions and has become the screeming modality
of choice 1n postmenopausal women. However, this tech-
nique has a limited diagnostic accuracy for detecting cancer,
and 1mage interpretation 1s subject to considerable inter- and
intra-observer variability. Its sensitivity drops considerably in
women with dense, fibrocystic breasts. The incidence of posi-
tive biopsies performed after mammographic findings ranges
from 9% to 65%, with most investigators reporting a 15 to
30% positive biopsy rate. Microcalcifications, one of the clas-
s1c signs of occult malignancies, have a low predictive value
ofonly 11.5% for the presence of cancer. The predictive value
of masses that are thought to definitely represent malignan-
cies 1s about 74%, but masses thought to be possibly malig-
nant turn out to be carcinoma 1n only 5.4% of the cases.
Several studies have reported substantial vanability among
radiologists 1n interpretation of mammographic examina-
tions. Observer agreement was two-times more likely for
examinations with less dense breasts. Other factors such as
age, ethnicity and estrogen replacement status aifect mam-
mographic sensitivity. Sensitivity was only 54% 1n women
younger than 40 years and 68% in women with dense breasts
(vs. 85% for non-dense breasts). In summary, mammography
1s a usetul screening tool for detecting cancer butis limited by
a large number of false positive tests resulting 1n unnecessary
biopsies and, more importantly, a considerable number of
false negative tests resulting 1n missed diagnosis of cancer,
which results 1n unnecessary deaths. It will be important 1
false negatives can be significantly reduced to save lives.
[0015] In the last few years 1t has become apparent that
nuclear medicine techniques have the potential to play an
important role in the diagnosis and management of patients
with breast cancer. Positron Emission Tomography (PET),
using ['°F] fluoro-2-deoxy-D-glucose (FDG) as a tracer of
tumor glucose metabolic activity, 1s an accurate, non-invasive
imaging technology, which probes tissue and organ function.
This provides information, which 1s complementary to the
structural image obtained from mammography. Whole body
PET 1s used clinically to diagnose and stage a variety of
cancers. It detects breast cancer with sensitivities between 70
and 90% and specificities of 84-97%. The somewhat lower
than desired sensitivity 1s due to relatively poor accuracy for
detecting tumors of less than 1 cm 1n size. A high diagnostic
accuracy ol PET imaging for staging of axillary lymph node
involvement has also been reported. The detection of malig-
nant breast tumors with PET 1s limited by the spatial resolu-
tion and sensitivity of whole body PET systems. State-of-the-
art whole body PET systems typically yield reconstructed
images with a resolution of 8-16 mm depending on the
injected dose, imaging time, and intrinsic resolution of the
scanner. Whole body PET 1s also an expensive technology,
which 1s generally only available 1n the larger medical facili-
ties 1n the U.S. Therelfore, a dedicated compact higher reso-
lution PET system that improves the sensitivity, specificity,
and availability of PET imaging for breast cancer detection,
which can also be used for many other applications 1s dis-
cussed below.

[0016] A highly integrated multichannel maixed-signal
(both analog and digital) front-end electronics for the LSO-
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based PET (positron-emission tomography) imager 1s devel-
oped. The LSO (lutetium ortho-oxysilicate, Lu,S10.) scintil-
lator crystals are read out at both ends by avalanche
photodiodes (APDs) supplied by RMD Inc. (Watertown,
Mass.) Innovative front-end electronics 1s essential for the
development of commercial PET systems. The small scintil-
lator area (2x2 mm~) leads to a large number of channels (in
the range of 5,000-20,000) and requires high-density elec-
tronics. Therefore, multichannel front-end electronics inte-
grated into a mixed signal ASIC (Application Specific Inte-
grated Circuit) 1s essential to build a compact PET imager
based on APD array readout. We have designed an innovative,
fast, low-noi1se multichannel mixed signal ASIC for the LSO/
APD arrays for application to breast cancer diagnosis. The
development of such an ASIC involves many challenges due
to its charge-sensitive nature and multichannel design,
including crosstalk, electromagnetic pickup, feedback from
digital sections into the highly sensitive front end, and fast
trigger output for the tight PET coincidence requirement
Innovation also includes the development of highly compact
readout electronics so that the PET instrument as a whole will
be compact. The approach of placing APD arrays on both
front and back sides of the LSO crystals 1s also an 1nnovative
concept that poses design challenges 1n ensuring that the
amount ol absorber material in the photons’ path 1s keptto a
minimum.

[0017] Several design options have been mvestigated and a
preliminary design for the ASIC 1s developed with particular
emphasis on the preamplifier and discriminator sections,
which we consider the most critical components for the
project’s success. The design 1s based on the performance
requirements 1dentified for the PE'T imager in general and the
readout electronics 1n particular. Specifically, good timing
resolution on the order of 3 ns or better and low power con-
sumption are critical for the practical usetulness of the PET
imager that will result from this project. By building a tran-
sistor-level prototype of the critical components of the cir-
cuit—the preamplifier and the discriminator—and demon-
strating that 1t meets or even exceeds the design goals set forth
in our project, the ASIC circuit 1s tested and verified.

[0018] An ASIC-based readout electronics scheme 1s
designed for high resolution, compact PET imagers based on
independent readout of all channels of LSO scintillator and
avalanche photodiode (APD) arrays. Depth of interaction 1s
obtained by readout of both ends of the LSO crystals. A low
power, highly integrated design 1s critical. We report here on
a discrete electronics prototype, running at 22 mW per chan-
nel for the preamplifier and discriminator. The measured tim-
ing resolution 1s 3.6 ns FWHM, 9.2 ns full width at one tenth
maximum, relative to an LSO/PMT detector, energy resolu-
tion 1s 13.3% FWHM at 511 keV, and depth of interaction
position resolution 1s 2.5 mm FWHM throughout the full
length of the crystal.

[0019] The preliminary ASIC design 1s completed by add-
ing other required circuitry, such as a shaper and peak detec-
tor and trigger logic. The ASIC 1s instrumental 1n building two
LSO/APD modules, each consisting of a 4x4 crystal array
read out at both ends. The module 1s designed to achieve a
tull-fledged, commercially viable breast cancer PET detector
system.

[0020] Detector modules based on recently developed pla-
nar-processed avalanche photodiode (APD) arrays from
RMD (Radiation Monitoring Devices, Inc.) and LSO scintil-

lator crystals are used. The APD arrays are available with a
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2.48 mm or a 1.27 mm pitch from RMD (Radiation Monitor-
ing Devices, Inc.); the 2.48 mm pitch array, which we work
with here has a pixel active area of 2x2 mm~, a gain of order
1,000, and capacitance of 2.8 pF (excluding packaging). For
room temperature operation, the leakage current 1s around
100 nA and the current noise is several pA/vHz, when opet-
ated near maximum gain (for optimal timing resolution). The
quantum elfficiency 1s >60% at 420 nm, the peak emission
wavelength of LSO. Our early measurements have been per-
formed with a single channel APD of the same 2x2 mm~
geometry and the same specifications.

[0021] The compact geometry and low mass of the APD
arrays allow for double-ended readout of the LSO crystals, to
make depth of interaction (DOI) measurements, with the
added engineering advantage of 1dentical readout electronics
tor both sides of the crystal array. DOl measurement 1s critical
to achueving a uniform spatial resolution 1n combination with
high efficiency 1n an affordable mstrument, with a ring diam-
cter of about 20 cm. Another advantage of APDs 1s their
relative 1nsensitivity to magnetic fields, possibly enabling
co-imaging with PET and NMR techniques in the future.
[0022] A complete, highly integrated, low power readout
clectronics chain optimized for high resolution APD/LSO
PET 1maging 1s to date not available, although encouraging
results have been reported for individual circuit blocks such
as the preamplifier and discriminator. A high resolution PET
scanner with DOI for breast cancer imaging will mnvolve
5,000-20,000 channels, making power dissipation a very
critical parameter. Position sensitive readout schemes (charge
division) can be used to reduce the number of electronics
channels, but bring in additional uncertainty in the position
measurement and increase the electronics channel hit rate,
requiring lower dead time. Since the avalanche gain 1n an
APD 1s relatively low (compared to a typical PMT (photo-
multiplier tube)), sophisticated low noise electronics must be
placed 1n close proximity to the APDs, further complicating,
the power dissipation 1ssue.

[0023] For mimmimum system power dissipation, a leading
edge level crossing discriminator 1s used, carefully designed
to minimize time walk. For pulses with amplitude greater
than about 350% of the photopeak, the time walk can be
controlled within 1-2 ns. However, the leading edge of the
LSO scintillation light must be observed with the maximum
possible bandwidth. A high speed transimpedance preampli-
fier 1s used, preserving the bandwidth of the APD. In contrast
to the case of a charge sensitive preamplifier, no fast shaper or
complex discriminator 1s required 1in the timing path, offering
considerable power savings. Furthermore, pole/zero cancel-
lation 1s irrelevant for a transimpedance preamplifier, an
important advantage for high rate operation. The pulse ampli-
tude measurement proceeds by using alow power slow shaper
and peak stretcher followed by an A/D converter.

[0024] The APD output 1n response to a typical 511 keV
LSO scintillation pulse 1s shown in FIG. 12. The APD bias 1s
1,824 V, the crystal dimensions are 2x2x10 mm", and the
measurement bandwidth 1s 240 MHz. The fit 10%-90% rise-
time 1s 10 ns, so allowing a 2 ns degradation the transimped-
ance amplifier bandwidth should be set around 53 MHz. The
APD risetime 1s limited by diffusion of electrons 1n the low
field region above the gain region.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] FIG. 11sanoverall block diagram of the LSO/APD
PET Imaging ASIC.
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[0026] FIG. 2 1s a signal channel diagram of LSO/APD
PET Imaging ASIC.

[0027] FIG. 3 1s a coincidence logic diagram of LSO/APD
PET Imaging ASIC.

[0028] FIG. 4 1s a drawing of the PET detector module
concept for breast imaging using two APD arrays to read out
an array of scintillator elements, providing depth of interac-
tion information.

[0029] FIG. S 1s a photograph of a prototype 4x4 pixel
avalanche photodiode (APD) array. Individual elements are
2x2 mm?~ in size. The gap between pixels is 0.4 mm.

[0030] FIG. 6 1s a schematic diagram of the circuit A. The
APD 1s at the top leit; the other diode 1s for protection against
breakdown 1n the APD.

[0031] FIG. 7 1s a schematic diagram of APD and connec-
tion to the 12.1 mW, 100 MHz, 56 k€2 transimpedance ampli-
fier of prototype circuit B.

[0032] FIG. 8 is a schematic diagram of the discriminator
(10.1 mW) of prototype circuit B.

[0033] FIG. 9 1s a photograph of the prototype circuit B
tabricated inside a shielding box showing all the connectors
and wiring.

[0034] FIG. 10 1s a diagram of the test setup for depth-oi-
interaction (DOI) measurements

[0035] FIG. 11 1s a diagram of the setup for timing and
pulse height measurements.

[0036] FIG. 121sa graphofatypical APD current signal as
measured by circuit A, with a “*Na source and LSO crystal.
The amplitude of this pulse 1s typical of the photopeak.
[0037] FIG. 13 1s a graph of the distribution of the time
difference At=t,,.,—t,,,~ between the trigger times of the
APD and PMT signals. The curve represents a Gaussian {it to
the data.

[0038] FIG. 14 1s a graph of the distribution of the time
difference At=t,,,-t,, between the trigger times of the
APD and PMT signals aiter a pulse height cut corresponding
to an energy deposit of at least 300 keV detected by the APD.

[0039] FIG. 15 is a graph of **Na spectrum from LSO read
out by a single-channel APD using prototype circuit B.
[0040] FIG. 16 is a graph of '°’Cs spectrum from LSO
scintillator read out by a single-channel APD.

[0041] FIG. 17 1s an oscilloscope screen plot of typical
APD/preamplifier output pulses and also discriminator OR
output.

[0042] FIG. 18 1s a graph of a DOI measurement: Front vs.

back pulse height scatter plot, aggregate of five different z
positions (0 mm, 4 mm, 8 mm, 12 mm, 16 mm). An approxi-
mate energy cut at 250 keV used in some of the analysis
(F/620+B/525>1) 1s equivalent to a line from 7350 (vertical
scale to 600 (horizontal) scale.

[0043] FIG. 19 1s a graph of a DOI measurement:pulse
height ratio (A-B)/(A+B).

[0044] FIG. 20 1s a graph of DOI calculated by the pulse
height ratio (A-B)/(A+B).

[0045] FIG. 21 1s a graph of timing differences measured
between APD and PMT; APD vs. PMT, no energy cut.
[0046] FIG. 22 is a spectrum of '°’Cs using a 2x2x10 mm
LSO crystal with single side readout.

[0047] FIG. 23 1sagraph of energy resolution at 662 keV as
a Tunction of shaping time (signals were peak-detected).
[0048] FIG. 24 1s a graph of energy resolution at 662 keV as
a Tunction of sampling time.

[0049] FIG. 25 1s a graph of crystal identification measured
with an array of 2x2x10 mm” LSO crystals coupled to the
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APD array and read out by the RENA™ (Readout Electronics
for Nuclear Application) signal processor. The image on the
left1s a flood source histogram of the array, and the plot on the
right 1s a profile across one row of the crystal array.

[0050] FIG.261sa graph of crystal identification measured
with an array of 2x2x10 mm> LSO crystals coupled to the
APD array and read out by two HQV802-M hybrids with
multiplexed readout. The image on the left 1s a tlood source
histogram of the array, and the plot on the right 1s a profile
across one row of the crystal array.

[0051] FIG. 27 1s a graph of timing resolution, APD vs.

PMT showing the excellent timing that was obtained using
APDs.

DESCRIPTION OF THE PR
EMBODIMENTS

L1
oy

ERRED

[0052] There has been considerable interest in recent vears
in developing dedicated high resolution positron emission
tomography (PET) systems for applications 1n breast cancer
imaging and small-animal imaging. The goal 1n these systems
1s to achieve much higher spatial resolution and sensitivity for
specific tasks than 1s possible with whole-body PET scanners
designed for general purpose use. A second goal 1s to produce
relatively mexpensive, compact and easy to use systems that
make PET more accessible. Generally, these dedicated sys-
tems use small scintillator elements read out by position-
sensitive or multi-channel PMTs. In most systems, some form
of signal multiplexing 1s used to reduce the number of chan-
nels to a manageable number. Since the predominant mode of
interaction at 511 keV 1n all scintillators currently used for
PET 1s Compton scatter, multiplexing can lead to significant
loss of position information. Furthermore, depth-of-interac-
tion (DOI) blurring or radial elongation error becomes a
prominent feature 1n these small diameter systems, and there-
fore several groups have been exploring detector approaches
that can measure DOL.

[0053] Recently, avalanche photodiode (APD) arrays have
become available that when combined with Lu,S10. (LSO)
scintillator crystals offer new opportunities for high resolu-
tion PET detectors. This work focuses on the high-gain APD
arrays developed by RMD, Inc. (Watertown, Mass.). The
APD arrays are available with a 2.48 mm (16 channels) or a
1.27 mm pitch (64 channels); the 2.48 mm pitch array, which
we work with here has a pixel active area of 2 mmx2 mm, a
gain of order 1,000, and capacitance per pixel of 2.8 pF. For
room temperature operation, the leakage current 1s around
100 nA and the current noise is around 5 pA/VHz, when
operated near maximum gain (for optimal timing resolution).
The quantum efliciency 1s greater than 60% at 420 nm, the
peak emission wavelength of LSO. The work reported here
has been performed with a single channel APD of the same 2
mmx2 mm geometry and the same specifications.

[0054] The compact geometry and low mass of the APD
arrays allow for double-ended readout of the LSO crystals, to
make DOI measurements, with the added engineering advan-
tage of identical readout electronics for both sides of the
crystal array. DOI measurement 1s critical to achieving uni-
formly high spatial resolution 1n combination with high sen-
sitivity 1n an affordable mnstrument, with a ring diameter of
about 20 cm. Furthermore, the use of completely independent
readout channels for each crystal of the array, instead of a
position sensitive readout scheme, may enable the accurate
analysis, or the unambiguous rejection, of some events
involving Compton interactions in the scintillator array.
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Overall system deadtime can also be significantly reduced by
using independent readout channels for each crystal of the
array.

[0055] Individual readout of each crystal of the array places
a high prem1um on cost, power dissipation, and size and mass
of the readout electronics. Most readout functions, including
all functions required on a per-channel basis, will have to be
integrated into an ASIC before such a system becomes viable.
A complete, highly integrated, low power readout ASIC opti-
mized for high resolution PET imaging with LSO/APD
arrays 1s to date not available, although encouraging results
have been reported for individual circuit blocks such as the
preamplifier and discriminator. We developed such readout
clectronics, specifically optimized to meet the crystal 1dent-
fication, timing, energy, and DOI requirements of high reso-
lution PET while minimizing system complexity and cost.
The results, confirming that the architecture and specifica-
tions of our readout electronics will deliver the performance
required for high resolution PET, are presented here.

[0056] The APD gain 1s suiliciently high that the principal
clectronics noise contribution in the system 1s the current
noise of the APD itself. Therefore, we use a transimpedance
amplifier input stage instead of a charge sensitive amplifier.
The design mimimizes power while preserving the relatively
short (5 to 10 ns) risetime of the LSO/APD signal. Since the
APD capacitance 1s only about 2.8 pF, the transimpedance
amplifier can have a wide bandwidth with still relatively small
noise contributions from the voltage noise of the open loop
amplifier and the current noise of the feedback resistor.

[0057] Forthe timing pick-oil, aleading edge discriminator
1s used. This will lead to time walk, although—since the
system noise 1s low enough to allow a threshold around 30
keV or less—the time walk for energies relevant to PET 1s
under control. The long crystals, with surfaces optimized for
DOI measurement, add the complication that the pulse
height, even for the photopeak, may be small for one of the
APDs; to cope with this, we take the time pick-oil from either
the front or back APD, whichever 1s the first to cross thresh-
old.

[0058] For the pulse height measurement a two-pole low
pass lilter to shape the pulses with a peaking time of 180 ns,
and capture the pulse height in a sample and hold circuit timed
from the discriminator outputis used. The pulse height 1s then
digitized by a 12-bit successive-approximation A/D con-
verter. (The ASIC will also include a sparse readout circuit to
read the pulse height from the front and back APDs of all and
only those LSO crystals which are over threshold for a given
event.)

[0059] The developed system was studied for depth of
interaction, energy, and timing resolution. For all of these
measurements the APD bias voltages were 1,752.3 V and
1,737.3 V, with absolute accuracy x£1.5%; stability and peak-
to-peak noise 1s less than 100 mV. The bias voltages were
tuned for the maximum reasonable gain, beyond which the
preamplifier output showed a significantly increased noise
level. The average photopeak pulse amplitudes seen from the
two APDs were within a factor of two of one another. The
measured temperature was 30° C., but no active temperature
control system was used.

[0060] The discriminator thresholds were setat 177 nA and
99 nA, respectively. Pulses from the 511 keV photopeak
signal have an amplitude around 1.9 uA, by comparison, so
that 1n energy terms the timing threshold 1s set less than 47

keV.
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[0061] The LSO crystal 102 dimensions were 2 mmx2
mmx20 mm; the long faces were plain saw-cut surfaces and
both 2 mmx2 mm end faces were mechanically polished. The
crystal was wrapped in white tetlon tape and coupled to the
APDs with a small amount of Bicron BC-630 optical grease.

[0062] The second detector 120 for all our measurements
was composed of a polished 2 mmx2 mmx10 mm LSO crys-
tal, coupled end-on to a Hamamatsu R1635 PMT 104, 124. A
leading edge discriminator 45 (constructed from a Motorola

MCI100LVEL16 imtegrated circuit) was used for timing from
the PMT.

[0063] For the DOl tests, a 3.21 MBq “*Na source 103, 122
(diameter 1 mm) was placed at a distance of 48 mm perpen-
dicularly from the side of the LSO crystal. The LSO/PMT
detector was placed at a distance of 72 mm on the far side of
the source. Thus 1n coincidence a spot size of order of 1.4 mm
FWHM 1s illuminated on the 2 mmx2 mmx20 mm LSO
crystal 102, 1ignoring the effects of the positron range and
momentum. The PMT and the source are fixed to a linear
motion table parallel to the 2 mmx2 mmx20 mm LSO crystal
102. The position of the motion table, and hence of the 1llu-
minated spot on the LSO crystal, 1s labeled here by the coor-
dinate ‘z’. No absolute position calibration was used; z=0 mm
1s arbitrary, though 1t 1s near the back end of the crystal. We
recorded 5,000 events at each z position from z=0 mm to 21
mm by steps of 1 mm.

[0064] DOI measurement proceeds by a comparison of the
scintillation light detected at the front and back ends of the
crystal. F1G. 18 shows a scatter plot of pulse height measured
on the front APD (F) vs. pulse height measured on the back
APD (B), with the source located successively at four differ-
ent z positions separated by 6 mm. The energy and DOI
capability can be quickly appreciated from a consideration of
this plot. The baseline level digitized from the A/D converter
with zero pulse input has been subtracted from this data (and
similarly for the remainder of this paper). No other correc-

tions have been applied to the pulse height data as measured
by the A/D converter.

[0065] For events at a given z position, the ratio of the front
APD pulse height to back APD pulse height 1s expected to be
a constant, and 1deally there 1s a one-to-one correspondence
between z and the ratio F/B. It 1s convenient to use the ratio
F/(F+B), or the angle arctan(F/B), for analysis instead of the
ratio F/B. FIG. 19 shows histograms of the angle determined

from the front to back pulse height ratio, (F-B)/(F+B). Oritis
possible to use the direct ratio F/B.

[0066] DOI resolution 1s degraded for low-energy events,
where the angular separation 1n the front vs. back scatter plot
evidently 1s not as great. Typically, however, lower energy
thresholds of between 250 and 350 keV are used 1n a PET
system. We therefore also explore the eflect of an energy cut
(can be represented as a line from 750 (vertical scale) to 600
(horizontal) scale on FIG. 18 for 250 keV cut) on the DOI
resolution. Since the DOI resolution shown here 1s good, 1t
will be important to increase the crystal length beyond 20
mm, which will boost the detection efficiency further.

[0067] The position of the event may be inferred from the
measured front to back pulse height ratio. From our data we
obtain the curve shown 1n FIG. 20. Over the central 16 mm of
the crystal, the position resolution averages 2.86 mm FWHM
il no energy cut 1s applied, and 2.53 mm FWHM when the
energy cut 1s used. The position resolution degrades at the
ends of the crystal, probably due to the effects of direct
interactions in the APDs and to the fact that this data 1s taken
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at a constant number of events for each z position, obviously
increasing the relative contribution of Compton scattered
events when the main photon beam 1s past the end of the
crystal. However, 11 the physical constraint that the interac-
tion occurs 1nside the crystal 1s taken into account, then mea-
sured position FWHM around 2.5 mm can be recovered.
[0068] FEnergy resolution 1s also measured extensively. To
discuss the energy resolution, 1t 1s useful to examine the front
vs. back pulse height scatter plot. As a first approximation, the
energy may be expressed as E=aF+[B. The relative coelli-
cients are determined by a line fit to the photopeak region 1n
the scatter plot. The resulting energy spectrum 1s shown in
FIG. 15. The energy resolution 1s about 14% FWHM. The
observed photopeak to Compton ratio 1s about 0.7, which 1s
roughly in agreement with the 0.521 expected for a small
LSO scintillator. The difference probably can be attributed to
the nonzero energy threshold and to multiple-interaction
events.

[0069] In the front-back scatter plot two effects were
clearly visible which can limit the energy resolution, at least
in principle. The photopeak did not appear as a pertectly
straight line, but rather 1s bowed 1n slightly in the middle
region, indicating, as 1s to be expected, a lower light collec-
tion efliciency for events near the middle of the crystal. Also
the photopeak 1s broadened and reduced 1n amplitude near the
ends of the crystal, which can probably be attributed to total
internal retlection from the end of the crystal. The critical
angle between LSO and BC-630 grease 1s 53.6°, so this only
begins to occur within 1.47 mm of the ends.

[0070] Thedepthofinteraction information may be applied
in an attempt to improve the energy resolution, writing the
energy as E=(a.F+pB)J(F/B) and determining the coefficients
and the correction function F from a fit to the photopeak
region 1n the scatter plot. This technique may produce usetul
improvement.

[0071] We studied the coincidence time resolution (FIG.
13, FIG. 14, FIG. 21, FIG. 27) with the LSO/APD and LSO/
PMT detectors positioned 1n a line, 140 mm apart, and the
source mid-way between them (FIG. 11). The time difference
was measured using a TDS7104 digital oscilloscope (band-
width 1 GHz, sample interval 200 ps) 1n delay measurement
mode. With no explicit energy cut the coincidence time reso-
lution 1s 4.6 ns FWHM. Applying a cut for greater than 250
keV, coincidence time resolution 1s 3.6 ns FWHM, 9.2 ns full
width at one-tenth maximum (FWTM); time walk correction

reduces this to 3.4 ns FWHM, 7.5 ns FWTM.

[0072] Some amount of time walk was evident at all ener-
gies, although above 250 keV the effect of time walk 1s
minimal. If required, residual time walk correction could be
applied by programmable logic resources on the detector

module board or on the ASIC.

[0073] The resolution 1s limited by time walk 1n the LSO/
PMT readout (left side of the peak 1n FIG. 21), and possibly
by noise i the APD readout electronics. We addressed these
1ssues by optimizing the amplifier bandwidth and gain, and by

making direct APD/LSO-APD/LSO timing measurements.

[0074] The ASIC (application specific integrated circuit) 1s
the crucial part of this work for producing a compact and full
function PET system. FIG. 1 1s an overall block diagram of
the readout chip (ASIC), of which only two signal channels,
5 and 17, are shown. Additional signal channels are repre-
sented by the ellipsis 29. An mput signal 1, 13 from a high-
gain avalanche photodiode 1s sent to each signal channel.
Additional inputs to each signal channel are for user-supplied
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timing signalsV,,2, 14 and V.3, 15, foratestsignal 4, 16, and
for a sample/hold control signal 22, 23 generated by the
comncidence logic and sample/hold control circuit 25. In
another embodiment the sample/hold circuit may be replaced
by a peak/hold circuit. Each signal channel outputs signals
AOUT 6,18, UOUT 7,19, VOUT 8, 20, and HIT 9, 21. The
voltage output on AOUT 6, 18 indicates the size of the
detected signal. The voltages output on UOUT 7, 19 and
VOUT 8, 20 are representative of the time at which a signal
was detected and may be used in the analysis of the data
acquired with the readout chip to distinguish true detector
signals from noise signals. These signals may also, be used
for timing the arrival time of the signal or event, such as the
arrival time of the x-ray or gamma ray photon. These signals
are mput to an analog or digital multiplexer or a shiit register
10 and from there through a buffer circuit 11 to an analog-to-
digital (A/D) converter 12. The HIT signal 9, 21 from signal
channels 1 to n 1s input to the coincidence logic and sample/
hold control 25. Here 25, the HIT signals from all signal
channels are combined with the signal CORR_IN 26, to
decide whether the detector system has detected a valid
positron emission event. CORR_IN 26 may be generated
inside the chip, also called ASIC, or on the printed circuit
board on which the chip 1s located, by forming the logical OR
of the CORR_OUT signals coming from other, readout chips
28 that form part of the PET detector system. At the same
time, a signal CORR_OUT 27 1s distributed to the other
readout chips, to be used to generate the CORR_IN signal for
these chips’ coincidence logic, in the same manner as
described above. In another embodiment the CORR_QUT
signals from different chips can be routed to a logic circuit
(not shown), which makes a decision 1f two or more signals
received by different chips are coincident or not.

[0075] Coincident means that two or more gamma rays
incident on two or more separate detector arrays FIG. 431
arrive within a short time depending on the geometry mea-
sured 1n nanoseconds, about 1 to 1,000 ns. Such events are
well known for positron annthilation, which produces two
gamma rays back-to-back. These gamma rays, therefore,
travel 1n opposite direction at about 180° from the vertex of
annihilation. Therefore, 1 both gamma rays are detected then
the position of the positron annihilation 1s somewhere along,
the cord that connects the two detection sites or pixels. This
information 1s used 1n PET to image human body especially
metabolism 1n living tissue. There are other applications
where two or more gamma rays may be generated in coinci-
dence. The detector system developed and discussed here can
be used for detection and 1maging of such applications and
sources. The developed system can also be used for applica-
tions where single photons are emitted by a source or an
object, detected and/or imaged by the detector presented here.
In such a case there 1s no need for coincident detection and
these sections of the detector may not be used or deployed.

[0076] The ASIC has an onboard readout logic circuit (not
shown) which controls all the chip’s functions and also out-
puts the channel address(es) from which 1t has receirved a
signal. This circuit can do many functions besides controlling
the ASIC functions and outputting channel address(es). It
can, for example, supply information and control gain; offset
and threshold adjustment adjusting circuits such as digital to
analog converters (DACs); assist 1n controlling multiplexer
(s) and shiftregister(s); momtor chip temperature; controlling
calibration and testing modes; turn on and off certain sections
of the chip such as channel and test iputs; reset certain
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sections of the ASIC; monitor chip functionality and status;
and output chip status and problems that may occur. Analog to

digital (A/D) converter 12 may also be designed to reside
onboard the ASIC.

[0077] The data acquisition computer will use the informa-
tion from the ASICs reading out the APDs 30 on each end of
the LSO detector array 31 to determine 1f there 1s a signal
from the two ends of a single LSO crystal which 1s necessary
do determine the DOI (depth of interaction) 1n that crystal.
FIG. 25 and FIG. 26 demonstrates how the array 1s read out
and what the 1maging of gamma rays looks like. FIG. 10
demonstrates the DOI principal and measurements carried
out at NOVA R&D, Inc. This information limits the interac-
tion point of the gamma ray to a small section of the crystal
102, thus eliminating radial elongation error inherent in
present PE'T detectors which use either BGO or LSO or any
other scintillator material. The post analysis of this informa-
tion after the data 1s stored into the memory of the computer
1s slow and delay image processing and also requires storing
extra data, which does not have signal from both sides of the
LSO crystal. To solve the slowness of the data analysis, 1n
another embodiment, the ASIC can be designed with required
DOI determination circuitry on board of the chip to analyze
the signals recerved from the APD arrays at the two ends 30
(100,101,102) of the LSO detector array 31. To facilitate this
function the two chips from each end of the LSO array 31 can
be designed to be daisy chained so that they will act as if a
single ASIC. This will allow the signals from both ends of the
LSO array 31 to be analyzed as if recorded inside the same
ASIC. This circuit (not shown) can determine 11 a signal 1s
received from the opposite ends of each LSO crystal in the
array and would not produce an event trigger 11 they did not,
thus reducing data rate, and calculating the DOI and output-
ting 1t as an analog or digital signal. In another embodiment,
the event trigger and/or DOI will be output only 1f there 1s a

coincident event detection informed to the ASIC from other
chips through the CORR_IN 26 signal.

[0078] To speed the readout time and rate the ASIC 1is

designed to have sparse readout capability. This capability
will allow the readout of the channels with signal (data) only.
The other channels will not be read out. There will be a mode
which will allow readout of all the channels for testing and
calibration. There will be also a test mode where the analog
signals will be routed to the output from the analog sections
bypassing the S/H circuit and other digital sections. There
may be also a hit register circuit which will output the chan-
nels which have signal. This information can be used to
readout channels adjacent to the channel with signal if
needed.

[0079] The signal channel 5, 17 1s shown in detail in FI1G. 2.
The detector signal 130 1s mnput to a high-bandwidth transim-
pedance amplifier 133, with feedback resistance 134. Alter-
natively, a test signal 131 can be selected, via a switch 132, as
input to the amplifier 133. The high bandwidth enables the
amplifier 133 to faithfully reproduce the fast rise time of the
detector signal 130 coming from the avalanche photodiode.
Instead of APD other sensitive and fast light detectors such as
a fast photodiode, a photomultiplier tube (PMT), solid state
photomultiplier, or a multi anode photomultiplier tube
(MAPMT) may be used. The analog output signal generated
by the amplifier 133 1s sent to a shaping amplifier 135 and
from there to a buffer 136. The signal from the buifer 136
charges a capacitor 138 through 137 as long as the sample/

hold switch 139 1s closed. When the switch 139 1s open, the
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charge 1s held on the capacitor 138 and 1s provided on the
AOUT output 141 via the bufier 140. This constitutes the
analog signal output. This output 141 may be digitized

through an A/D converter built on the ASIC or outside the
ASIC.

[0080] The output from amplifier 133 1s also sent to a dis-
criminator 143. Whenever the output voltage from amplifier
133 exceeds the voltage supplied to the threshold input 142,
the HIT signal 144 will be activated. The HIT signal 144 1s
provided to the coincidence logic and sample/hold control 25.
The HIT signal 144 1s also sent to a latch 155, whose output
controls switches 146 and 151, which are used to sample and
hold the timing voltages V,,145 and V ;- 150. may be supplied
to the readout chip externally or generated directly on the
chip.V,, 145 andV ;150 represent known time-variable (typi-
cally periodic) voltage signals. When the latch 1535 1s acti-
vated, 1t opens the switches 146 and 151, causing the momen-
tary values o1 V,,145 and V ;150 to be held on capacitors 147
and 152, respectively. These values are output through buffers
148 and 153 as signals UOUT 149 and VOUT 154, which can
thus be used to determine the time at which the HI'T signal 144
was activated. The latch 1535 i1s reset after readout of UOUT
149 and VOU'T 154 1s complete. Or latch 155 can be used to
sample the V,, and V. with a short gate time. This allows
instantaneous sampling for some applications.

[0081] FIG. 3 shows details of the coincidence logic and
sample/hold control circuit 25. The HIT signals from all
signal channels on the readout chip are mput to the coinci-
dence logic. FIG. 3 shows two HIT signals 160, 163; the
signals from the other channels, as well as the signal process-
ing paths for these signals, are represented by the ellipsis
symbol 161. The coincidence logic requires signals of a well-
defined duration, which are generated from the HIT signals
160, 163 by retriggerable one-shot circuits 162, 164. One-
shot circuits produce a pulse whenever they are triggered,
where the duration of the pulse 1s adjustable. From the outputs
of these one-shot circuits, and those for the other channels on
the readout chip, represented by the ellipsis 170, a logical OR
167 1s formed. The resulting signal CORR_OUT 171 1s pro-
vided to the CORR_IN signal inputs 26 of other, similar
readout chips that form part of the PET detector system.
CORR_IN 172 1s used to form coincidences 168, 173 with the
output signals from the one-shot circuits 162, 164. To com-
pensate for the propagation delay of the CORR_IN signal 172
coming from other, identical readout chups that form part of
the PE'T detector system, the output signals from the one-shot
circuits 162, 164 have to be sent through the delay circuits
166, 165 before being input to the coincidence circuits 168,
173. Whenever a coincidence circuit 168, 173 detects a valid
comcidence, a latch 177, 178 1s triggered to activate the
corresponding sample/hold signal 169, 174. Atthe same time,
a readout trigger 1s generated and sent to the chip’s readout
logic (not shown). For each channel for which a valid coin-
cidence has been detected, the readout logic then causes the
multiplexer 10 to send the AOUT 6, 18, UOUT 7, 19, and
VOUT 8, 20 voltages, 1n turn, to the output butfer 11 and from
there to the A/D converter 12. The digitized voltage data,
together with the channel addresses for the respective chan-
nels, are then sent to the data acquisition computer (not
shown). This function can be also incorporated into an elec-
tronic circuit and implemented in real time to determine auto-
matically the wanted events. Such hardware circuit can
increase the data acquisition rate and reduce post-processing
time as supertluous data will be significantly reduced.
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[0082] FIG. 4 shows a diagram of a scintillator array 31
viewed from both ends by two two-dimensional APD arrays

30. The scintillator can be made of LSO, BGQO, or other high
7. scintillators. The APD array 30 (FIG. 5, 35) 1s optically
connected to the array of scintillator crystals 31. The connec-
tion can be rigid using epoxies or similar compounds or can
be non-rigid or flexible. The individual detector crystals 31,
102 can be lett as they are or wrapped by retlecting, diffusing
or nonreflecting material to reduce crosstalk and/or improve
light collection capability to improve signal to noise ratio. In
another embodiment the crystals can be separated through
separators placed 1 between crystal layers. In another
embodiment, the crystal array may be a single uncut or par-
tially cut crystal. In another embodiment the detector arrays
31 are placed on each side of an object. Or a single or multiple
rings of detector arrays 31 can be placed around the object to
be 1maged. Septas may be placed in between or inside the
detector arrays or a ring of detector arrays. Also hole or slot
collimators may be placed in front or around the detector
array(s) 31.

[0083] FIG. 51s showing a photograph of an APD array 35.

This 1s a 4x4 array of APDs built as a single monolithic block.
APDs with a larger are or array can also be built. The wires

coming out of the array 1s used to connect the APDs to the
amplifier inputs 1, 13, 130. FIGS. 6 and 7 also show the APD
41, 61 connected to BIAS Voltage 40, 60 and Amplifier input
43, 63. A protection diode 42, 62 1s used to protect the tran-
simpedance amplifier 43, 63 11 APD 41, 61 fails. The voltage
1s supplied through VAA 46, 67. A standard fast transimped-
ance amplifier 43 1s used to make measurements using pro-
totype circuit A (FI1G. 6). A low power and low noise amplifier
63 1s developed using components for prototype circuit B
(FI1G. 7). Differential outputs of amplifier 43 1s connected to
the discriminator 45 through butfers 44. Differential output
50 of discriminator 1s output. An amplifier 48 1s used to
supply an offset to the output of the amplifier 43 to form a
threshold so that discriminator 1s not triggered 11 the 1ts input
does not exceed a value determined by the threshold voltage
4'7. The output of amplifier 48 1s supplied to the discriminator
input through transistor 49. This will control the threshold
voltage of the discriminator. In some cases discriminator 1s
called comparator.

[0084] FIG. 7 shows a similar circuit for FIG. 6 but 1t 1s
made using mndividual electronic components so that it will be
low power. Output of transimpedance amplifier 63 goes to a
builer 64. Builer 64 feeds the amplified signal to an amplifier
gain stage 65 which then goes into another buiier 66. The
output of butler 66 1s a differential signal and 1t 1s output from
the chip 71. Circuit has two power supplies VAA 67 and
VAA2 68. Transistors 69 are current sources. Amplifier 70
produces the ofiset voltage to the analog output as discussed
above using the threshold voltage VIHR 72. The outputs of
the circuit shown 1n FIG. 7 goes mto a discriminator circuit
shown 1n FIG. 8. Thus circuit 1s also made using components
so that 1t will be low power and fast. Low power operation 1s
important to achieve room temperature functionality for a
large multi-channel mstrument. Inputs 80 to the discriminator
goes 1nto gain stages 81, 84 and 86 one after the other. In
between there are bullers 83, 85 and 87. The output 91 1s
differential and goes to the readout electronics. Transistors 90
are current sources. Power VAA 88 supplied to the circuit.
Resistors 92, 93, 94, 95 are for to produce hysteresis 1n the
discriminator circuit.




US 2011/0248765 Al

[0085] FIG. 9 1s a photograph of the prototype circuit B
built for testing and demonstrating the capability of the instru-
ment developed.

[0086] FIG. 10 shows a drawing of the test setup and circuit
for the DOI measurements. The APDs 100, 101 on both ends
of the detector crystal 102 detect the light produced 1n the

crystal 102 by gamma ray coming from “°Na source 103.
*?Na source 103 is a positron emitter which annihilates in the
material when comes 1nto contact with an electron and emits
two gamma rays with energy of 511 keV. The second gamma
ray 1s detected by the second LSO crystal 117 mounted on a
PMT 104. The second crystal 117 defines a direction for the

gamma rays emitted back-to-back and therefore the first
gamma ray detected inside a small section of detector crystal

102 at a set depth. This depth 1s measured and first gamma ray
generated light 1s detected by both APDs 100, 101 simulta-
neously. APD converts the light signal into electrons. The
clectron pulses are amplified by preamps 106, 108 and turned

into signals. The two signals go to shapers 109, 111. Shaper
circuits shape the signal into inverted or non-inverted bell

shape and output. Output of the shaper circuits 109, 111 go to
separate analog-to-digital converters ADC 114,116. the pulse
height of these signals are measured by the ADCs 114, 116.
The output of the preamplifiers 106, 108 also go to two
leading edge (LE) discriminators 107. The output of the lead-
ing edge (LE) discriminator 107 goes to coincidence unit 112.
The output of the PMT 104 also goes to a third LE discrimi-
nator unit 105. Output of LE discriminator also goes to the
comncidence unit 112. Coincidence unit produces a trigger
signal 115 which means that two gamma rays have been
detected simultaneously coming from “*Na source 103 at the
detector crystals 102, 117. The ADC 114, 116 outputs from
coincident events as determined by the trigger signal 1135 are
used to calculate the depth-of-interaction (DOI) for the
gamma ray detected inside detector crystal 102. The DOI

results obtained from these measurements are shown in FIG.
18, FIG. 19 and FIG. 20.

[0087] FIG. 11 shows a diagram of the setup used to carry

out timing and pulse height measurements. Two detector
crystals 120, 123 are used. The detector 120 1s mounted on an
APD 121 and detector 123 1s mounted on a PMT 124. The
output of APD 121 goes to a preamplifier 126. Output of the
preamplifier 126 goes both to a discriminator 128 and an
oscilloscope 127. Output of discriminator 128 goes to oscil-
loscope 127. The output of detector 124 goes to a second
discriminator 125. Output of the second discriminator goes to
the oscilloscope 127. The output of oscilloscope 127 goes to
a computer through a GPIB bus 129. This circuit 1s used to
carry out timing and pulse height measurements. The results
of such measurements are shown in FI1G. 12, FIG. 13, FIG. 14

FIG. 15, FIG. 16, F1G. 17, FIG. 21, FIG. 22, FIG. 23, FI1G. 24
and FI1G. 27.

[0088] An ASIC design 1s developed which 1s optimized to
read out high-gain, fast APD arrays for use with LSO scintil-
lator in PET 1imaging, and to build a prototype PET module
based on this ASIC. Presently, no multichannel fast readout
chups for APD arrays are commercially available, and even

those that were developed non-commercially typically do not
match the characteristics of the high gain, low noise RMD

APDs. Chips that were not specifically developed for APD
readout lack one or more of the required features, such as a
fast, low jitter trigger output or the mput capacitance or
dynamic range to match the APD characteristics. The devel-
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oped chip will also have other applications for readout of
APD arrays and multianode PMTs wherever fast, accurate
timing 1s required.

[0089] In designing the readout electronics for an LSO/
APD based PET system, the main consideration was to obtain
high-resolution coincidence timing. This 1s required to
achieve the combination of high singles count rates and low
accidental coincidence rates that 1s needed for high-contrast
PET imaging. Spurious coincidences create an image back-
ground by yielding reconstructed photon directions that have
no correlation with the actual source distribution. By a rough
estimate, we expect a singles rate of about 1.5 million
counts/s in a PET system consisting of an 18 cm diameter, 2
cm axial length detector ring (2,000 pixels) for a 10 mCi
injection. Assuming that these counts are evenly distributed
over all pixels and that coincidences are formed between each
module and a 120° ring section across from 1t ({or a field of
view of half the ring diameter), this leads to an accidental
coincidence rate of 750 counts/s, per nanosecond timing reso-
lution. This has to be compared to an estimated true coinci-
dence rate of 10-15 kcounts/s. Our measurements demon-
strated that a coincidence timing resolution of better than 2 ns
FWHM 1s achievable for coincidences between an APD and a
(significantly faster) PMT. By taking coincidences between
two APDs mnstead, we expect the width to increase by no more
than 50%. Based on that, and the system requirements out-
lined above require a coincidence timing resolution <3 ns
FWHM measured between two APD channels with a positron
annihilation source and 2x2x20 mm” LSO crystals.

[0090] To achieve the goal of high-resolution timing, we
have improved the preamplifier and the timing discriminator,
FIG. 7 and FIG. 8, respectively. As discussed above, a low-
noise, fast preamplifier will help improve timing resolution in
two ways, by reducing the (noise-induced) amplitude varia-
tions that invariably translate into timing fluctuations, and by
minimizing (by virtue of a fast signal rise time) the direct
slope-induced time walk, for instance 1n a leading edge level
crossing discriminator. Based on our results, a leading edge
discriminator design will be suificient for obtaining good
timing resolution; this will keep chip’s power dissipation low.
However, other discriminator or comparator designs may be
used such as constant fraction discriminator, which has better
timing accuracy and low timing jitter than the leading edge
discriminator for fast pulses. A constant fraction discrimina-
tor or another discriminator, which takes into account the
pulse height difference between diflerent pulses, may be used
in this application either integrated onto the ASIC our built
outside.

[0091] Inorder to make a practical large-scale high-resolu-
tion coincidence system, it 1s also necessary to address the
1ssue of controlling signal-independent systematic variations
from channel to channel 1n propagation delay (and therefore
also 1n signal baseline and discriminator threshold, at least
with leading edge discrimination). To do so, we minimized
the variations and more importantly their temperature coetii-
cients, and also implemented delay tuning circuitry on a
channel-by-channel basis to line up the discriminator outputs
in the coincidence logic.

[0092] FEnergy measurement ol each pulse 1s also impor-
tant, 1n order to reject the background from scatter within the
imaged object or other material. However, only a modest
energy resolution 1s already sufficient for this purpose. As
discussed above, our work with this APD has yielded an
energy resolution of approximately 15% FWHM at 511 keV,
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and we expect at most minor changes to this value 1n the
ASIC, due, for example, to further optimization of the shaper
parameters or unexpected noise pickup.

[0093] For maximum sensitivity, and hence minimum total
dose to the patient, at high event rates, 1t 1s very important that
the front end electronics and readout system impose the mini-
mum practical dead time due to event processing. We took
this 1nto account 1n the design of the readout circuitry, and
expect to meet a deadtime specification of no more than 200
to 300 ns per hit, and furthermore that this deadtime will only
apply to the channels which are hit, not to an entire APD
module or readout group.

[0094] Timing, measured relative to a second LSO crystal
and a Hamamatsu R1635 PMT, 1s shown in FIG. 14 and FIG.

27. An energy cut at 300 keV 1s used. The resolution 1s 1.5 ns
FWHM and 2.7 ns FW at one tenth maximum. The energy

spectrum 1s shown in FIG. 15, with a resolution of 13.6%
FWHM at the 511 keV.

[0095] Tables 1 to 4 summarize the achievements, energy
measurements, readout electronics specifications and ASIC
specifications.

TABL

(L]

1

Achievements

1. Timing, energy, and depth-of-interaction resolutions for readout of
2 x 2 mm? cross section LSO crystals using avalanche
photodiodes achieved.

2. A discrete electronics prototype DOI LSO PET detector element
implementing the required readout functions efliciently, from
the point of view both of circuit complexity and power dissipation
is constructed. This prototype uses a single 2 x 2 x 20 mm? LSO
crystal and an APD on the front and back ends.

3. Energy, depth-of-interaction, and timing resolution of the
prototype system 1s measured.

4. A readout ASIC to implement the functions tested in the
prototype system 1s designed.

TABLE 2

Energy Measurement And Shaper Design

1. Because a transimpedance preamplifier 1s used, and the dominant
noise source 1s the APD, the preamplifier output noise is
essentially white, and optimal response may be expected with any
shaper with a peaking time greater than about 40 ns, the decay
time of LSO scintillation. This has been verified by studying a
fixed data set with varying shapers, as follows:

2. Feed APD preamplifier and discriminator signals and PMT
discriminator signal into oscilloscope.

3. Trigger on coincidence between discriminator signals.
4. For each trigger, acquire digitized waveform data into computer.
5. For pulse-height analysis, apply an R-C filter to the preamplifier

data (1n software); peak-detect the result or sample at a fixed
time after the trigger.

6. Determine energy resolution as a function of shaping time and,
for fixed T, as a function of sampling time.

TABLE 3

Readout Electronics Specifications (For Asic And For Prototype)

1. Transimpedance preamplifier: bandwidth 60 to 80 MHz, noise <30
nA rms @ 5 pF mput loading, transimpedance 40 k€2.

2. Leading edge discriminator: threshold = 40 keV (adjustable),
time walk <2.5 ns for pulses =250 keV.

3. Time pick-off: from discriminator on front or back APDs (whichever
fires first); double-pulse resolution <100 ns.
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TABLE 3-continued

Readout Electronics Specifications (For Asic And For Prototype)

4. Pulse height measurement: 2-pole shaper amplifier (150-200 ns
peaking time) and sample/hold circuit.

5. Sparse readout system, using external analog-to-digital converter;
deadtime can be less than 300 ns (depending on ADC speed)

6. Power dissipation: <20 mW/channel for preamplifier and
discriminator.

7. Also on the detector board, external to ASIC: coincidence logic,
delay tuning, list-mode data buffering FIFO, LVDS data interface,
count rate monitoring scalers, local HV regulator (1,900 V 1nput,
1,600-1,800 V output, 50 mV stability), APD gain monitoring,
temperature monitoring.

TABL.

(Ll

4

LSO/APDP PET Imaging ASIC Preliminary Specifications

Input Transimpedance 40 k€2

Stage -3 dB bandwidth 80 MHz
Linear input signal range 0to-20 pA
Overload recovery time <500 ns

(from -600 pA, 10 ns pulse)
Total wideband output noise,
input-referred (with 5 pF
loading on 1nput, no APD)
Slew rate, input-referred >4 KA/s
Linearity (overall for amplitude 2%
measurement, LSO pulse shape only;

direct pulses may violate this)

<25 nA rms

Discrim-  Sensitivity (includes hysteresis) <15 mV

inator Propagation delay dispersion <1.5 ns
(10 mV to 500 mV overdrive)
Propagation delay <8 1ns

Shaper Shaper filter time constant 100 ns

General Power dissipation <20 mW/channel
Channel count 16-128

[0096] A prototype of the transimpedance preamplifier and

the discriminator has been constructed and used for measure-
ments with an LSO crystal and a single channel APD FI1G. 11.
The prototype 1s implemented 1n bipolar technology, which
has the advantage of high speed/power efficiency; the much
lower current noise capability of CMOS 1s not important here,
relative to the APD current noise level. Furthermore, bipolar
technology allows for easy prototyping with discrete compo-
nents. The mput stage 1s a current amplifier with a gain of 45.
This 1s followed by a further gain stage and then the leading
edge level crossing discriminator 126, implemented as a fully
differential ECL-type circuit. The mput referred wideband
noise 1s 25 nA rms (a signal to noise ratio of 160 for the 511

keV photopeak). The bandwidth 1s 67 MHz. The amplifier
reported here 1s similar to other designs for photodiode read-
out for fiberoptic data communications and for wire chamber
readout. Transimpedance amplifiers used before specifically
optimized for APD PET applications, although with a 38 mW
power dissipation, and a bandwidth of 22 MHz, which would
compromise the ability to get suificient timing resolution with
a simple leading edge level crossing discriminator. Therefore,
the ASIC can be also designed using small width CMOS or
BiCMOS processes to achieve such high speed and large
bandwidth necessary for this application.

[0097] The crystal identification was studied with the same
setup, and 1s shown 1n FIG. 25, which 1s showing a graph of
crystal identification measured with an array of 2x2x10 mm"
LSO crystals coupled to the APD array and read out by the
RENA (Readout Electronics for Nuclear Application) signal
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processor developed at NOVA R&D, Inc. The image on the
left1s a flood source histogram of the array, and the plot on the
right 1s a profile across one row of the crystal array. All 16
crystals are very well separated, the average peak-to-valley
ratio 1s over 100:1 as measured from a profile across one
crystal row 1n the image. Although events were collected with
a relatively high hardware threshold, the results still demon-
strate the minimal inter-channel crosstalk and excellent crys-
tal identification.

[0098] The flood source image acquired from the signal
multiplexing board based on the HQV802-M preamplifiers
with the same crystal array 1s shown in FIG. 26, which 1s
showing a graph of crystal identification measured with an
array of 2x2x10 mm> LSO crystals coupled to the APD array
and read out by two HQV802-M hybrids with multiplexed
readout. The image on the left 1s a flood source histogram of
the array, and the plot on the right 1s a profile across one row
of the crystal array. This 1mage 1s much poorer than the
previous one 1 FIG. 25. This 1s mainly due to the fact that
noise from all APD channels was added together in the board
to determine which crystal was hit. The lower energy thresh-
old (~150 keV) used in this experiment might contribute to
signal spreading and background 1n the flood histogram as
well. Nevertheless, all crystals are clearly identified with an
average peak-to-valley ratio about 12:1. FIG. 25 shows the
superior 1mages obtained by the RENA chip based readout
system. Therefore, this measurement clearly shows that 1n
order to take full advantage of the APD array, integrated
clectronics with independent signal processing must be used
as seen here for the RENA results. In systems with large
numbers of channels, this will require particular attention to
cost considerations and 1ssues related to power dissipation.

[0099] Input amplifier 1s the most important part of the
ASIC. Input stage of the ASIC must be carefully designed to
match the characteristics of the APD in order to achieve
mimmum noise. Since the primary objective 1s to maximize
timing performance versus power dissipation, the input stage
will be based on an n-channel MOSFET, which has higher
transconductance and therefore lower voltage noise due to
channel thermal fluctuations. The greater 1/1 noise of an re-
channel versus p-channel MOSFET will not be detrimental to
timing because 1t will be dominated by the APD leakage
current shot noise within the passband of the fast shaper used
in the timing signal path. The size of the mput transistor 1s
carefully chosen, based on the expected APD (4 pF) and stray
capacitances, to optimize the voltage noise contribution to the
overall noise—too large a transistor will increase the equiva-
lentnoise charge of the amplifier because of excessive capaci-
tance, whereas too small a transistor will have insufficient
transconductance and so a large voltage noise and therefore
the amplifier will have a large equivalent noise charge. Con-
sideration will also be given to the possibility of operating the
input transistor at the edge of weak inversion, where the
transconductance versus bias current 1s maximized. To
achieve the required timing spec, the input amplifier must also
have a fast nisetime and good linearity, and the fast shaper
amplifier must also have good linearity. The preamplifier
requirements for this APD array are similar to (although not
identical with) those which have been reported. These authors
have reported excellent timing performance (although their
chips do not yet integrate a timing discriminator), and there-
fore 1t 1s certainly feasible to design the required preamp 1n
CMOS technology. Important to that will be laboratory mea-
surements, with a very wideband amplifier, of the APD signal
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shape 1n combination with LSO, a positron source, and a fast
scintillator and photomultiplier tube. The optimum shaping
time depends on the variations in the APD charge collection,
which this measurement will determine, and also on the rela-
tive magnitude of the APD leakage current shot noise and the
input amplifier voltage noise. The optimum shaping time (for
timing measurement) 1s on the order of 5 to 10 ns.

[0100] A selectable gain circuit will be included in the
signal path, so that different APD gains can be accommodated

and so that we can study the optimal operating point of this
APD for LSO based PET 1maging.

[0101] Daiscriminator is also an important part of the ASIC.
It 1s well known that the use of a simple leading edge dis-
criminator for precise timing measurement in the presence of
amplitude variations will not lead to optimal results, simply
because the time required for the signal to rise from zero to the
threshold level will depend on the pulse amplitude and rise-
time. Several discriminator architectures are available to
address this 1ssue. The most widely known 1s of course the
constant fraction discriminator (CFD), which 1s a leading
edge discriminator with a non-constant threshold which looks
forward 1n time, being set 1deally to a fixed fraction of the
overall pulse height. This 1s traditionally implemented with a
delay line chosen carefully to match the mput pulse charac-
teristics. Lumped-element filter circuits can be used as an
alternative, however, and are attractive because 1t 1s very
difficult to integrate a high-quality delay line 1n a monolithic
circuit, especially a modern submicron CMOS process which
1s mtended for digital applications. Several authors have
recently reported ASICs incorporating a CFD. Timing reso-
lution of the order of 1 ns FWHM 1s possible with these
monolithic CMOS CFDs. For optimum response, however, 1t
1s important to caretully design the delay or filter network to
match the characteristics of the input pulse, which could lead
to complications.

[0102] A second architecture for alleviating time walk
elfects 1s the zero-crossing discriminator, which different-
ates the mput signal and looks for a zero-crossing, which
would be associated with the peak of the original signal. The
time of this zero-crossing will be independent of the ampli-
tude of the input signal, 1f everything 1s linear and there 1s no
slew rate limiting. Recent implementations of zero-crossing
discriminators show excellent timing resolution and can be
achieved 1n standard CMOS technology. Both the CFD and
the zero-crossing discriminator can still suifer time walk due
to non-ideal comparator response (slew rate and overdrive
dependence), but at least 1n the zero-crossing case even this
error can be cancelled by clever use of an analog division

circuit; performance as good as 0.2 ns FWHM 1s achievable in
standard CMOS.

[0103] The third approach to time walk 1s to use a leading
edge discriminator, or some combination of leading edge
discriminators, accept that time walk exists 1n 1ts output, and
compensate for 1t either by sending the comparator output
through a variable delay device (analog or digital), or by
altering the input signal or threshold, based on the input signal
amplitude. In a sense, the standard CFD circuit falls into this
category, but there are many other possibilities. The extrapo-
lated leading edge discriminator uses two leading edge dis-
criminators and delays the output of the first one by a constant
minus the time difference between the two, to extrapolate
back to zero threshold and so zero time walk. Another
approach uses a low-resolution flash A/D to control delays
applied to etther the mput or output of a leading edge dis-
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criminator. That 1s rather complex for the present application,
however, using a digital delay with direct analog control from
the discriminator mput signal 1s a viable alternative.

[0104] Many of these discriminators circuits can be used
tor the LSO/APD readout chip for PET imaging. It 1s impor-
tant to select the best architecture, which minimizes circuit
area and complexity, power dissipation, sensitivity to process
variations, and temperature coellicient, while meeting the
required time resolution specification. It 1s very likely that a
compensated leading edge discriminator will provide the
most elflicient and robust implementation with suificient per-
formance. Leading edge discriminators 105, 107 have been
already used successtully and the results are presented here.

[0105] The circuit was tested with a single-pixel APD 121,
type RMD 50223, coupled with Bicron BC-630 optical
grease to a 2x2x10 mm” LSO crystal 120 wrapped in reflec-
tive white teflon tape (FIG. 11). Except for the number of
pixels, the specifications of this APD type exactly match
those of the 4x4 pixel array for which the readout ASIC will
be developed. The detector was irradiated by a **Na positron
source. To detect gamma-gamma coincidences from the
positron annihilation, we used a second LSO crystal 123
coupled to a 34" photomultiplier tube (Hamamatsu R1635)
124. To make the alignment of the radioactive source and the
two detectors less critical, this LSO crystal was 1rradiated
through one of its 2x10 mm* wide faces. The output signals
from the APD preamplifier 126, the discriminator 128, and
the PMT were recorded on a high-bandwidth, high-sample
rate digital storage oscilloscope 127 (Tektronix TDS 7104,
bandwidth 1 GHz, sample rate up to 10 GS/s, depending on
the number of traces recorded) and transierred to a desktop
computer via a GPIB connection. A typical APD signal(s) 1s
shown 1n FIG. 12 and FIG. 17. The amplitude of this pulse 1s
typical of the 511 keV photopeak. Calibration of the current
on the y axis 1s based on the measured transimpedance of the
amplifier circuit. The pulse fits to e /T~ F0)/®2  with
T,=35 ns and t,;=10.6 ns. The 10%-90% risetime of such a
pulse 1s 10.1 ns. This indicates that a preamplifier bandwidth
in the 100 to 150 MHz region 1s sutficient; beyond this range
the wideband noise will be increasing faster than the signal
slew rate, and timing resolution will suffer. Note also that
with a 10 to 15 ns risetime, 1 the threshold can be set at 10%
or so, there can be no more than 1 to 1.5 ns time walk for a
simple leading edge discriminator, for signals reasonably
near the photopeak.

[0106] In order to verily the amplitude determination, we
acquired data for the 662 keV gamma line from "*’Cs. The
spectrum 1s shown 1n FIG. 16. When compared with sodium
data FI1G. 15 taken under identical conditions, the two pho-
topeak positions agree to within 3% after correcting for the
actual photon energies, less than the width of either peak.

[0107] The coincidence time resolution was determined by
recording the APD and PMT analog signals in coincidence
(with a wide enough coincidence window to avoid aflecting
the subsequent analysis), setting a threshold sately above the
noise level for each of the two signals, and determining the
time at which each signal first crossed the threshold. This
algorithm simulates a simple leading-edge discriminator. The
distribution of time differences between the two signals 1s
plotted in F1G. 13. It has a width of 3.1 ns FWHM; corrections
tor pulse-height dependent time walk, which have not been
applied to the data shown 1n FIG. 13, reduce this width by
only a small amount. This suggests that more complicated
discriminator schemes, such as dual-level or constant fraction
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discriminators may not significantly improve the timing reso-
lution of this circuit. Moreover, the image reconstruction will
have to involve a photon energy cut to reduce the background
due to gamma scattering 1n the sample, so those events which
are most affected by time walk will not be used for 1imaging
purposes anyway. Therefore, the coincidence window can be
adjusted to retlect the (narrower) width of the timing distri-
bution for events that pass the pulse height cut. It should be
noted that we did not see any significantly different result
when we used the APD discriminator output signal instead of
the analog signal to determine the timing. The discriminator
worked properly.

[0108] The emphasis with prototype circuit B (FIG. 7)1s on
achieving the required timing and energy resolution under the
constraint of low power dissipation. The bandwidth of the
preamplifier 63 and the propagation delay of the discrimina-
tor (FIG. 8) are both considerably reduced from the levels of
prototype circuit A (FIG. 6). As a consequence, circuit B 1s
perhaps less suitable for detailed laboratory studies of the
APD current wavelorm in response to LSO scintillation light.
This circuit was a laboratory prototype for the functionality
and specifications considered for the ASIC. Of course, the
ASIC includes further circuitry besides the preamplifier and
discriminator—there will be shapers and sample/hold circuits
and an analog output for the pulse height measurement, and
there will be some of the coincidence logic and the readout
control logic, and there may also be A/D converter(s) and/or
Constant fraction discriminators.

[0109] Schematic diagrams of prototype circuit B are
shown 1 FIG. 7 and FIG. 8. It 1s implemented in a bipolar
technology, owing to the widespread availability of low noise
high speed bipolar transistors for wireless communications.
The PET APD readout ASIC may be developed either 1n
bipolar, BiICMOS, or CMOS technology—all should be
capable of meeting the specifications, although there will be
specific advantages 1n terms of power elliciency, speed, sta-
bility, and cost for these diflerent technologies which will be
evaluated. All transistors are Philips BEFT25A, chosen for 1ts
low noise and for 1ts high 1~ (over 3.5 GHz) and [5 (about 75)
at a low (300 uA) DC collector current, which makes 1t
especially suitable for low power, high speed amplifiers. The
same parameters are also crucial for a low current noise
amplifier, since the current noise at low to medium frequen-
cies 1s dominated by the base current shot noise, which 1n this
amplifier is a low 1.72 pA/VHz (the base bias current is 9.26
LA).

[0110] The transimpedance amplifier 63 1s a two-stage
design; the first stage provides an output signal current which
1s proportional to the APD signal current. In the second stage
this current 1s applied to a load resistor, the resulting voltage
1s buitered, and then it goes to a further gain stage 635 which
has a differential output; in this stage 1s also a baseline
restorer, which also serves for the introduction of an inten-
tional offset voltage 70 to lower the positive output (A+ onthe
schematic) 71 below the negative output (A-) 71. This offset
voltage 1s the discriminator threshold level-—the differential-
input, differential-output discriminator, which follows has 1ts
nominal threshold at zero volts. A tully DC coupled circuit,
replacing the baseline restorer with a suitable bias voltage
circuit, would also be possible 1n the ASIC (and perhaps
would be preferred for operation at high count rates), but 1t
was felt that for the discrete component prototype this could
not be successtully implemented, owing to device matching
problems and temperature differentials on the printed circuit
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board. This gives another reason for preferring ASIC over a
system based on discrete components.

[0111] The noise of the transimpedance amplifier 63 of
circuit B 1s significantly lower than that of circuit A 43.
Partially this 1s due to the lower bandwidth, but 1n addition
this circuit 1s more optimized for the relatively high source
capacitance of the APD (and of the interconnect which will be
necessary 1n a realistic multichannel system), compared with
the capacitance of a photodiode for fiberoptic data receiver
applications. Of course 1n an ASIC the noise can be reduced
turther since the parasitic capacitances are smaller and the
transistor geometry can be tuned. With 5 pF source capaci-
tance, we measured 25 nA rms (a signal to noise ratio of 160
at typical signal levels). SPICE simulations indicate 33.7 nA
rms. The major noise contributions at low to medium frequen-
cies are from the mput transistor base shot noise (1.72
pA/NVHz) and the feedback resistor current noise (1.17
pA/NVHz), adding to 2.08 pA/VHz; at high frequencies the
major noise contributions are from the nput transistor base
resistance and collector shot noise. The efiect of the latter 1s
dependent on the source capacitance. In addition to these

amplifier noise sources, there 1s of course the APD noise
current, about 3 to 5 pA/VHz.

[0112] The discriminator of prototype circuit B 1s a low
power, reduced signal swing version of traditional differential
ECL butfifers such as the MC100EL16 used 1n prototype cir-
cuit A. The mput signal swing 1s small, and the common-
mode level 1s precisely controlled; for this reason a more
general purpose comparator input stage would be an unnec-
essary effort. The small signal swing internally and at the
output helps to minimize propagation delay dependence on
the input signal slew rate and overdrive, and our “*Na coin-
cidence measurements show that such propagation delay
variations are indeed under control.

[0113] The transimpedance amplifier 63, 71 outputs and
also the discriminator outputs 91 of prototype circuit B are
buffered for transmission to the oscilloscope with four
ADS8009 wideband op-amps 1n an overall unity gain configu-
ration. The large signal -3 dB bandwidth of these buifers (2 V
p-p, greater than our maximum signal swing here) 1s 440
MHz, so they do not limit our measurements. Similarly, the
noise contribution of these builers to the transimpedance
amplifier output signals 1s around 1.8 nA rms (input referred),
so again they are not limiting the measurements. Power dis-
sipation for prototype circuit B 1s 22.2 mW (measured); as
with circuit A this figure 1s for the indicated circuit only and
excludes the test point buffers.

[0114] A photograph of the prototype circuit B (FIG. 7 and
FIG. 8) 1s shown 1n FIG. 9. Note the APD and LSO crystal
(wrapped 1n white tape) installed on the 8-pin DIP header near
the upper left.

[0115] Performance of the circuit was investigated using
the same setup as the one described for circuit A (FIG. 6). The
energy resolution and the timing resolution between the APD
and PMT were measured. The APD preamplifier signals were
filtered with an RC” filter with a time constant of 50 ns. A
sample “°Na source spectrum obtained with circuit B is
shown 1n FIG. 15. Compared to circuit B results, the width of
the photopeak 1s slightly improved, to 15.8% FWHM. Such
an 1improvement 1s to be expected from the lower noise level
of circuit B.

[0116] For an alternative assessment of the energy resolu-
tion, we used the oscilloscope’s built-in mathematical capa-
bilities to integrate the APD signal over a period of 240 ns,
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starting 40 ns before the trigger point. The resulting photo-
peak histogram had a width o1 13.6% FWHM.

[0117] The timing spectra 1s acquired with circuit B. Due to
the low preamplifier noise, however, 1t was possible to set the
discriminator threshold low enough that signals which were
high enough to be relevant for PET imaging were not signifi-
cantly affected by this time walk. With a pulse height cut
corresponding to 350 keV photon energy, a typical value for
PET applications, a timing resolution of 1.1 ns FWHM and
2.2 ns full wadth at one tenth the maximum (FWTM) was
obtained. The spectrum shown 1n FIG. 14 uses a more con-

servative cut value of 300 keV and vyields a resolution of 1.5
ns FWHM, 2.7 ns FW1TM.

[0118] In designing the readout electronics for an LSO/
APD based PET system, the main consideration 1s to obtain
high-resolution coincidence timing. This 1s required to
achieve the combination of high singles count rates and low
accidental coincidence rates that 1s needed for high-contrast
PET imaging. Spurious coincidences create an image back-
ground by yielding reconstructed photon directions that have
no correlation with the actual source distribution. By a rough
estimate, we expect a singles rate of about 1.5 million
counts/s in a PET system consisting of an 18 cm diameter, 2
cm axial length detector ring (2000 pixels) for a 10 mCi
injection. Assuming that these counts are evenly distributed
over all pixels and that coincidences are formed between each
module and a 120° ring section across from it (for a field of
view ol half the ring diameter), this leads to an accidental
coincidence rate o1 750 counts/s, per nanosecond timing reso-
lution. This has to be compared to an estimated true coinci-
dence rate of 10-15 kcounts/s. Work discussed here has dem-
onstrated that a coincidence timing resolution of better than 2
ns FWHM 1s achievable for coincidences between an APD
and a (significantly faster) PMT. By taking coincidences
between two APDs instead, the width 1s expected to increase
by no more than 50%. Based on that, and the system require-
ments outlined above, a design target for the ASIC a coinci-
dence timing resolution <3 ns FWHM measured between two
APD channels with a positron annihilation source and 2x2x
20 mm” LSO crystals is set.

[0119] To achieve the goal of high-resolution timing, we
will continue to focus our chip design efforts on two main
areas, the preamplifier and the timing discriminator. As dis-
cussed above, alow-noise, fast preamplifier will help improve
timing resolution 1n two ways, by reducing the (noise-in-
duced) amplitude variations that invariably translate into tim-
ing fluctuations, and by minimizing (by virtue of a fast signal
rise time) the direct slope-induced time walk, for instance in
a leading edge level crossing discriminator. Based on the
results, a leading edge design may be suificient for obtaiming
good timing resolution; this will considerably simplify the
ASIC design and help us to keep the chip’s power dissipation
low.

[0120] In order to make a practical large-scale high-resolu-
tion coincidence system, 1t 15 also necessary to address the
1ssue of controlling signal-independent systematic variations
from channel to channel 1n propagation delay (and therefore
also 1n signal baseline and discriminator threshold, at least
with leading edge discrimination). To do so, we will investi-
gate methods to minimize the variations and more 1mpor-
tantly their temperature coetlicients, and also will implement
delay tuning circuitry on a channel-by-channel basis to line
up the discriminator outputs 1n the coincidence logic.
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[0121] FEnergy measurement of each pulse i1s also impor-
tant, 1n order to reject the background from scatter within the
imaged object or other material. However, only a modest
energy resolution 1s already suflficient for this purpose. As
discussed above, the work with this APD has yielded an
energy resolution of approximately 15% FWHM at 511 keV,
and at most minor changes to this value 1n the ASIC, due, for
example, to further optimization of the shaper parameters or
unexpected noise pickup 1s expected.

[0122] For maximum sensitivity, and hence minimum total
dose to the patient, at high event rates, 1t 1s very important that
the front end electronics and readout system impose the mini-
mum practical dead time due to event processing. We will
take this into account in the design of the readout circuitry,
and expect to meet a deadtime specification of no more than
200 to 300 ns per hit, and furthermore that this deadtime will
only apply to the channels which are hit, not to an entire APD
module or readout group. Therefore a special pipeline tech-
nology can be implemented on the ASIC to keep the readout
working while the data 1s transferred to the data acquisition
computer. It 1s important to achieve fast data rate, therefore,
the ASIC 1s designed to be able to use innovative techniques
to achieve this. Other innovative features, besides the pipeline
data readout system, are; to have on board ADC circuitry
where no analog output 1s needed from the chip; fast analog
circuitry; fast discriminator circuits such as constant fraction
discriminator; large gain-bandwidth product; elimination of
sample-and-hold by using tflash A/D converter combined to
the pipeline readout; on board coincidence detection circuit;
on board elimination or discrimination of events where only
an APD on one end of the LSO crystal detector produces a
signal not in coincidence with the APD on the other end; on
board DOI determination; a channel to channel time ditfer-
ence measuring system using the signalsV,,2, 14 and V.3, 135
and a completely digital circuit where the input signals are
shaped or without shaping are digitized immediately and time
tagged and send outside the chip to a very fast computer for
realtime and/or post processing. The chip may also have
onboard adjustments for amplifier gains and offsets, and dis-
criminator or comparator thresholds.

[0123] In designing the readout modules for the APD
arrays, special care will be taken to minimize the amount of
inactive material 1n front of and between the LSO crystals.
This will help mimimize blurring caused by photon scattering
in these materials and maximize the detection etficiency of
the system. Obviously, 1t will not be possible to eliminate all
material from the mside of the ring formed by the detector
arrays; most notably, the APDs and readout chips required for
DOI measurements will have to be right on the inner surface.
However, by moving all support circuitry except the most
essential bypass capacitors to the outside edge o the ring, will
reduce the impact of these components to a minimum.

[0124] Another important consideration in designing a
PET detector system with a large number of elements 1s the
design of the overall trigger logic. We plan to implement a
decentralized system, in which each 16-element or 64-¢le-
ment detector module with ASICs on each end sends its
timing discriminator signals onto a bus that 1s connected to as
many modules on the opposite side of the ring as are needed
to achieve the desired field of view. Each module autono-
mously determines whether there 1s a coincidence between its
own timing signals and any of the signals coming in from
across the ring; 11 this 1s the case, the module then 1nitiates the
readout of 1ts relevant timing and pulse height data. (A valid

Oct. 13, 2011

event then requires that both of the modules involved recog-
nize the coincidence). Compared to a centralized design, this
approach considerably simplifies the trigger logic (no need
for a complicated coincidence matrix, nor to feed the coinci-
dence outputs back to the atfected modules 1n order to mnitiate
readout), albeit at the slight expense of having to have trigger
circuitry on each module. In another embodiment, a process-
ing system external to the detector modules recerve all the
trigger and/or pulse height and/or DOI mformation with
channel addresses which have a hit and determines which
datato read, and/or calculates the gamma ray directions or the
event chord and sends processed data to the 1imaging com-
puter. In another embodiment all these functions are carried
out on the ASICs and the processed data goes to the imaging
computer. In another embodiment, microprocessors are
placed on the side of the ASICs which carry put the process-
ing of the data and the processed data goes to the imaging
computer. In another embodiment, chips send out raw digi-
tized data very fast to a fast data acquisition/analysis/imaging,
computer or computers, which process the raw data and pro-
duce an 1image.

What 1s claimed:
1. A method of processing at least one signal with an
integrated circuit, comprising:
recerving an mput signal at an mnput of a channel;
connecting an amplifier to said channel input to amplify
said input signal;
producing a peak of said amplified 1input signal;
generating an arrival time signal from said amplified 1input
signal;
producing a coincidence information from said arrival time
signal.
outputting said peak;
outputting said arrrval time signal; and
controlling said integrated circuit and commumicating with
external circuits.
2. The method of claim 1, further comprising coupling a
shaping amplifier to said amplifier.
3. The method of claim 2, further comprising coupling a
comparator to said amplifier.
4. The method of claim 3, further comprising adjusting a
threshold of said comparator.
5. The method of claim 1, further comprising adjusting a
gain of said amplifier.

6. The method of claim 1, further comprising adjusting an
offset of said amplifier.

7. The method of claim 1, further comprising selecting a
shaping time of said amplifier.

8. The method of claim 1, wherein said amplifier 1s self
resetting.

9. The method of claim 1, further comprising outputting an
address of said channel.

10. The method of claim 1, further comprising detecting an
event 1n coincidence with another event.

11. The method of claim 1, further comprising measuring
said peak.

12. The method of claim 1, further comprising multiplex-
ing said output.
13. An integrated circuit for processing at least one signal,
comprising;
a plurality of channels with an 1nput that receives said
signal;
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an amplifier connected to said input to amplity said signal;

a peak hold circuit to produce a peak of said amplified
signal;

a time measurement circuit to determine an arrival time of
said amplified signal;

a coincidence circuit to determine a coincidence informa-
tion from said arrival time signal.

an output circuit to output said peak and said arrival time
signal; and
a control circuit to control said integrated circuit.

14. The method of claim 13, further comprising connecting
a shaping amplifier to said amplifier.

15. The method of claim 14, further comprising connecting
a comparator to said amplifier.

16. The method of claim 15, further comprising adjusting a
threshold of said comparator.
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17. The method of claim 13, further comprising adjusting a
gain of said amplifier.

18. The method of claim 13, further comprising adjusting
an offset of said amplifier.

19. The method of claim 14, further comprising selecting a
shaping time of said amplifier.

20. The method of claim 13, wherein said amplifier 1s self
resetting.

21. The method of claim 13, further comprising outputting,
an address of one of said plurality of channels.

22. The method of claim 13, further comprising detecting,
an event 1n coincidence with another event.

23. The method of claim 13, further comprising measuring,
said peak.

24. The method of claim 13, further comprising multiplex-
ing said output.
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