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Preliminary Test Results on the New Electronic
Readout of the YAP-(S)PET Small Animal Scanner

S. Chiozzi, A. Cotta Ramusino, C. Damiani, A. Del Guef@anior Member, IEEES. Di Domenico, R. Malagulti,
E. Tonini, and G. Zavattini

Abstract—A small animal PET-SPECT scanner (YAP—(S)PET) Il. THE NEW ELECTRONIC READ OUT FOR THE
prototype was built at the Physics Department of the University of YAP-(S)PET $ANNER
Ferrara and is presently being used at the Nuclear Medicine De-
partment for radiopharmaceutical studies on rats. The first YAP- The YAP-(S)PET tomograph consists of two pairs of oppo-

(S)PET prototype shows very good performances, but needs somesite detectors mounted on a rotating gantry. Each single detector
improvements before it can be used for intensive radiopharma- js composed of a scintillator crystal matrix directly coupled to
Eeutlc&ﬂ research. The main problem of the actual prototype is its 4512 matsy R2486-06 position sensitive photomultiplier tube
eavy electronics, based on NIM and CAMAC standard modules. s .
For this reason a new, compact readout electronics was developed(PSPMT). Each scintillator matrix is made of 2220 YAP:Ce

and tested. The results of a first series of tests made on the first finger crystal with dimensions 2 2 x 30 mm?. Each finger

prototype will be presented in this paper. crystal is optically isolated with a 0.&m thick reflective layer
from adjacent crystals and the same reflective coating is de-
|. INTRODUCTION posited on the back end, in order to collect all the light produced

. . . .by a scintillation event toward the free end of the finger crystal
HE YAP-(S)PET scanner is a small animal positron emisg ¢, ©J coupled to the window of the PSPMT. The PSPMT
sion tom_ograph recer_ltly built at Ferrara University. T_hﬁas an intrinsic spatial resolution of about 0.5 mm for 2000
scanner was in a second time adapted to also work as a singlgn signals distributed on a 1 rfraurface (corresponding
photon emission tomograph and it is presently being used {gr5 511-kev energy deposit in YAP:Ce) and can recognize the
single photon emission tomography (SPET) at the Nucleggsition of the illuminated crystal.
Medicine Department of the University of Ferrara. A complete The distance between two opposite detectors can be varied
set of studies and tests on the scanner performances have Bggf 10 to 25 cm. With the detectors 15 cm apart both high
published [1]. Preliminary studies on rats have been performggatial resolution (1.6-mm radial FWHM, 2.0-mm tangen-
and reported [2]. The first results obtained with the scanngal FWHM, 1.8-mm axial FWHM) and high sensitivity
working as a single photon emission tomograph were recen{B40 cpgn.Ci at center) can be achieved.
published [3], [4]. The experimental results obtained with the .
YAP-(S)PET scanner suggested the further improvements/in 1he Basic Concepts
order to make the scanner easier to move and use by medica description of the actual YAP-(S)PET readout system can
doctors and biology researchers. The main problem with the found in [1]. The idea for the new electronics came from
use of the first YAP-(S)PET prototype is the readout arffe fact that a time measurement was necessary together with
data acquisition system, which is based on standard nucl@gharge measurement. In fact the time difference between the
instruments methods (NIM) and computer aided measureméfiode signals of the two detectors in a pair must be measured
and control (CAMAC) modules and for this reason is heavy t@_all.ow optlmal random coincidence noise rejectlon. \_(AP:Ce
transport and unfriendly to manage by non specialists. A ne%mtlllator is very fast (27-ns decay) and the FWHM timing of a

compact, electronic readout was designed, realized and tedtel of detectors is 2 ns. Hardware coincideces with such narrow

in collaboration with the Electronics Group of Ferrara Sectiotrllrne windows are d|f_f|cult t_o achieve. In the actu_al YAP'(S).P ET
of the National Institute of Nuclear Physics (INFN). The basirceadoutsystem the time difference between paired PMTS is con-
y ' verted into a voltage value with an ORTEC time to amplitude

project and the first prellmlnary test measuremgnts on the N&&nverter (TAC) and registered, together with integrated anodic
YAP-(S)PET readout electronics are presented in this paper.ogpmT signals, by a peak sensing analog to digital converter
(ADC). Therefore, the design of a dedicated ADC board also
implied the design of a time to amplitude converter (TAC) for
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Fig. 1. Schematic diagram of the new YAP-(S)PET readout electronics.

electronics, which can be mounted directly on the scanner, 100mv WCh2 200mYV  M20.0ns| A Ch2 f -208mV
the acquisition system, placed a few meters away. The digital _ _ 3 _
pulse-width Coding technique would also allow the transmi&§i9- 2.' Blpola( pulse obtained by the amplified and split last dyn_o_de output.
. . . . uperimposed is the gate generated after the comparator. The rising (second)
sion of the charge information by means of rotating contaclgge gives the start of the trigger logic.
which, by substituting the present coils of signal cables, would
?rl(l)?]\?(l:sc?sngrs %Oriz:gia;ﬁn ;);t;\re] dd:;e;ct?()r tr;zr?gsé;[?ﬁarﬁv;eego?t_he acquisition system. The constant fraction discriminator
b >y sporttt gl?tputs are also sent as inputs to the TDC for coincidence time
dard CAMAC-NIM modular electronics used in the first prOto'd'fference measurement (dynode 1 and dynode 2 time signals in
type, which was suited for first performance studies, but is n 1)
the correct solution in a second phase of the prototype develop=" ="
_ment_where the electronics param\_"-;ters are almost fixed and &eAnodic Signal Processing
imaging performances have to be investigated. o ) o
The schematic diagram of the new electronic readout isHamamat_su R2486-06 ampln_‘lcauon board is used_mtr_us first
shown in Fig. 1 for one pair of detectors. Diagram details aRECtotype to integrate and amplify the four PMT anodic signals.
explained in the following sections. These four signals{ A, X B, Y C, andY D are used to measure

position and energy of the interaction point in the scintillator

B. Dynode Signal Processing _
X (XA - XDB) 1
The last dynode signals are use for trigger purposes. Each x (XA+ XDB) @
PMTs last dynode signgl is sentto gfirst amplifipatipn stage_and (YC -YD)
then to a constant fraction discriminator (CFD in Fig. 1) which Y XYC1vD) (2)
generates a 10-15 ns long digital signal used to start acquisition. XA+ XB+YC+YD
The amplifier and constant fraction discriminator are placed on a E x ( + + + ) . 3

small home-made board placed very close to the photomultiplier 4
tube (PMT) output to minimize the noise in the analog inpuiach of the four PMT outputs is integrated for a small time
signal. window (about 100 ns) over the signal peak, charging a 150-pF
The constant fraction discriminator working principle is theapacitor (integrator box in Fig. 1). At the end of the integra-
following. The last dynode output is inverted and amplified by ion window the charged capacitor is discharge, with constant
two-stage amplifier with a total gain of about 120 and then secuirrent, until a reference voltage level is reached (comparator
to a second processing stage in which the signal is split in twmox in Fig. 1). A time window is generated during the discharge
The first of the two resulting signals is delayed by 10 ns; thehose length is proportional to the initial voltage across the ca-
second is inverted and attenuated by a factor 3. The two signgéitor and to the anodic signal amplitude (see Fig. 3). The four
are then summed and a bipolar pulse is obtained which is sentdsulting time windows for each PSPMT are sentto a 32-channel
a comparator with a variable threshold. In this way, the outptiine to digital converting system to be measured.
thresholdis reached only if the input signal is greater than a fixedThe anodic signal processing electronics is physically placed
value and the position of the second edge of the comparateora dedicated board, one for each PMT, connected by a 32 line
output is, therefore, fixed with respect to the starting time afterface to the board where the trigger control logic is per-
the dynode signal, as can be seen in Fig. 2. The second efigeed. At the moment, the trigger control logic board is de-
of the comparator output signal has two uses. The first onesigned for a single pair of detectors, as explained in the next
to give the synchronization time for the integration of the PM$ection, but the modularity of the system allows an easy upgrade
anodic signals, the second one is to start a fixed length (15 ) scanner with more than one pair of opposite detectors, and
pulse which is used by the control logic to generate the triggeventually to a more complicated trigger logic.
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Cg T L The timeout value sets the maximum count rate achievable by

: ‘ : : ; the electronics and the dynamic range of the position and energy
signals. The fus value was chosen as a compromise between
a high electronics rate and a correct energy range. The anodic
signal discharge slope was tuned to use all the allowes! &y-
namic range.

Together with the eight anodic signals of the two PMTs other
time signals are sent to the TDC. Last dynode, 15-ns wide, sig-
nals (dynode 1 and dynode 2 time signals in Fig. 1) allow the
coincidence time difference measurement. If the delayed coin-
cidence logic is allowed (trigger condition five) a time window
is used to indicate that a delayed trigger condition was achieved.
Finally, a time gate is generated if an error condition took place.

: : In this first set of measurements, we used a TDC chip devel-
coeoooooooood oped by the K-long experiment (KLOE) collaboration for the

: : ‘ 1 acquisition system of the KLOE drift chamber [5]. The chip has
32 channels and a 6.4 dynamic range with 1-ns time resolu-
tion which is sufficient to guarantee the necessary energy and
position resolution. In fact, the standard deviation for a constant
Fig. 3. Capacitor charge-discharge signal and time window generated durf¥g0dic signalis 1.2 ns. The chip was mounted on a versa module
the constant current discharge phase. The length of the time windowEsirope (VME) test board and a PowerPC 601 CPU on a Cetia

proportional to the corresponding anodic signal amplitude. This time signal\i}sMTRZ board worked as master of the VME bus and controlled
sent to the time to digital converter. .
data acquisition.

.00V M 400ns| A ChZ J 1.92V
chd 200V &

D. Trigger Generation [ll. NEw YAP-(S)PET ReAD OUT PROTOTYPERESULTS
The main component of the readout control logic is a pro-

) . We tested the electronic prototype: in PET mode using a
grammable field pro_grammgble_ gate array (FPGA). WhICh hé§Na point-like source between two detectors one equipped
several tasks. Its main function is to start the acquisition syst%vn}h a 5x 5 crvstal matrix and one with a 2020 crvstal
once the correct logic requirements are achieved by the WO y y

15-ns wide signals that come from the last dynode signal prrg_atnx; in SPET mode using &Co source and one detector

; . : - ith a 20x 20 crystal matrix; finally, we made a series of rate

cessing of the PMT pair. Trigger conditions can be chosen . . =2 .
. ) . . ... Studies using &“Co source and coupling a 3030 crystal

changing a triple switch among the following possibilities:

e . , matrix to the window of a PSPMT.
1) coincidence (logicadND) of the dynode signals for PET

trigger logic; _ _ A PET Mode Tests
2) exclusiveor of the dynode signals for SPECT trigger )

logic: We used two detectors placed one in front of the other about
3) first PMT signal alone for diagnostic purposes: 50 cm apart. One detector was equipped withxa4x 3 cn?

4) second PMT signal alone for diagnostic purposes: YAP:Ce matrix (20x 20 2x 2 x 30 mn? finger crystals) and

5) coincidence between the first dynode signal and tfig® Second one with a3 1x 3 cn? _YAP:CS matrix (5x 5
second dynode Signal, delayed by a fixed time f(% x 2x 30 mmme flnger crystals). A pomt-llké Na source was

random coincidence noise evaluation: placed at about 20 cm from thex55 matrix. The trigger to the
6) external trigger signal for diagnostic purposes of the ele@cauisition system was given by the logical AND of the last
tronics without PMTS: dynode signals of the two PSPMTs.
7) internal pulse generation for pedestal acquisition. The image of the X 5 matrix as obtained on the PSPMT with

The TDC used in this version of readout electronics is capafifS S€t-up is shownin Fig. 4. Each single 2 x 30 mn? finger
of recording the occurrence of both the leading and the trailigyStal can be clearly distinguished in the image. The energy
edges of an input pulse (up to four transactions per input) widpectrum of the same detector is shown in Fig. 5: the elec_tronlcs
respect to a COMMON STOP signal, generated by the Fpcihreshold can be estimated at about 50 keV. The full width at
The leading edge of the digital pulse encoding the charge inf&@'f maximum (FWHM) energy resolution for the entire matrix

mation is common to all channels and it is in relation with thi 25%- o i i .

beginning of the discharge of the integrating capacitors, while T "€ distribution of time differences between the signals from
the trailing edges are generated when the voltages of the ¢ tWo detectors is shown in Fig. 6. The time spectrum has a
vidual integrating capacitors cross a common threshold levENYHM of 1.7 ns. The binning of the spectrum is limited by the
The FPGA is in charge of generating the common STOP whéf?C resolution (1 ns/channel).

all the anodic time windows are over. The FPGA also monitors . o

the anode signals so that if the trailing edge of any of them is rfot Single Detector Acquisition Mode

detected within a programmable timeout interval.&btypical) We acquired a set of data with the electronics in single de-
the FPGA sets an error flag and resets all the readout electroniestor mode and & Co source (122 keV). This test is impor-
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Image of the & 5 crystal matrix directly coupled to the PSPMT with Fig. 7.

Image of the & 5 crystal matrix on the PSPMT obtained with the

the electronics working in coincidence mode and a point-fiklla source electronics working in single detector mode and usifig@o source.

placed between the two detector heads.
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Fig. 5. Energy spectrum of 511-keV photons interacting in thematrix Fig. 8. Energy spectrum obtained with the electronics working in single
detector mode and with & Co source. Just events corresponding to a single

obtained with the electronics working in coincidence mode ané?ida
point-like source placed in between two PSPMTs.4cale: 4.3 keV/ns).
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crystal in Fig. 7 are added to the histogram. The spectrum is fitted with two
gaussian functions: one describing 122-keV and 136-keV photo-peak events,
the second one describing backscattering and lead K-flourence contamination.
The energy resolution at 122 keV varies from 35% to 40% FWHM depending
on the crystal elementX scale: 3 keV/ns).

therefore, both scattered and lead K-fluorescence are incident of
the edges whereas at the center of the matrix the elements are
partly shielded.

The energy spectrum obtained selecting the events corre-
sponding to a single crystal in the image in Fig. 7 is shown in
Fig. 8.

The spectrum is fittedy?> = 0.9) with the sum of two
gaussian functions, one describing the 122-keV and 136-keV
photo-peak and the second one describing backscattering
and K-flourence contamination due to the lead shielding
surrounding the’”Co source. The energy resolution varies
from 35% to 40% FWHM at 122 keV depending on the crystal
element. The peak due to electronic noise can be seen in the
spectrum in Fig. 8 because the threshold of the electronic
readout was set at a very low value (20 keV).

Fig. 6. Distribution of the time differences between the signals of the two

detectors. The FWHM of the distribution is about 1.7 ns. The measurementwas Rate Performance Study

done with the electronics working in coincidence mode adéNa point-like ’ )

source placed between the two detector heads. We used @7Co source and the electronic readout in single
detector acquisition mode to study the rate performance of

tant because it allows the investigation of the system perfdhe system. The detector was equipped with>a@x 3 cm?
mances at low energy and in SPECT mode. The%bcrystal YAP:Ce crystal matrix (3 30 pixel crystals) which was
matrix image obtained with this set-up is shown in Fig. 7. Eadlightly larger than the PSPMT photo-cathode window. We
crystal can be clearly distinguished in the image. The spots ajranged the system count rate varying the distance of the
pear slightly larger due to the fewer photoelectrons generateslrce from the detector.

from 122 keV and 136 keV compared with 511-keV gammas. The number of electronic triggers per second reached the
The pixels on the edges are more intense because the total feximum signal rate of the PSPMT @Gounts/s) when the

of gammarays is higher. In fact the crystal was not shielded amturce was placed next to the crystal. The acquisition rate is
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Fig.9. (a) Number of events per second detected by the new acquisition syste

as a function of the number of triggers per second of the electronic readout. Th
straight line shows the ideal behavior. (b) Same curve for the NIM-CAMAC

present system.

not linear with the number of electronic trigger per second. We
measured the deviation from linearity of the acquisition rate as

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 49, NO. 5, OCTOBER 2002

measurements. For the new electronics the behavior is linear up
to 20 kHz and the saturation rate can be estimated at 30 kHz
which is a much better value than the one obtained with the ac-
tual YAP—(S)PET electronics.

Our aim is to improve the rate performance of the system. At
the moment the most critical point is the access to the TDC and
to the VME bus, and could be improved with a better design of
the TDC board and with the use of a faster CPU.

IV. CONCLUSION

The project for a new readout electronics for the YAP—(S)PET
scanner and a complete set of tests on the first prototype were
presented. The new readout satisfies the main compactness and
modularity requirements and shows very good performances.
Preliminary tests demonstrated the very good position and en-
ergy resolution capability of the detector equipped with the new
electronics. The charge to time conversion used by the new
readout does not affect energy or position measurement, and the
energy resolutions obtained is the proper resolution. Time res-
olution is sufficient to reject noise due to random coincidences.
The maximum count rate achievable is better than the one ob-
tained with the present readout electronics, and further data ac-
quisition system improvements are under study to further in-
crease the count rate performances.
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