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The characteristics of Nal(TI) scintillators for positron-emission tomograph (PET) were investigated at high photon intensities and
different photomultiplier tube pulse durations in the single-channel mode as well as in the coincidence mode. Comparative analysis
has shown that main characteristics of Nal(Tl) crystals are not inferior to those of BisGe;Oy, crystals (BGO). The results of
investigations evidence on the possibility for manufacturing a cost-effective PET on the basis of Nal(Tl) scintillators with the
performances at a level of advanced PETs with BGO crystals.
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Over the past several years, advances in positron-emission tomography (PET) instrumentation and positron-
emitting radiopharmaceuticals have enabled scientists and clinicians to perform a wide range of research and clinical
studies of human physiology. Detailed information about the functional state of patient’s internals and their structural
singularities can be obtained by introduction of positron-active radionuclides into his body. Early diagnostics of a
tumour is provided by recording the space-time distributions of the arising y-radiation field. For these investigations the
most widely applied radionuclides are ''C (T=20.4 min), N (T=9.96 min), °O (T=2.07 min), "*F (T=109.7 min) (T is
the half period) [1]. For reconstruction of a 3-D image of an object under study it is necessary to accumulate the
statistic data on positron annihilation in this object at a level of 10° to 10° events according to the stated diagnostic
problems. A PET detecting system is capable to count every event in the mode of coincidence of two annihilation
photons. Therefore for statistic data accumulation within the time interval T (the half period) it is necessary to use
radionuclides with a sufficiently high activity and systems operating at high-counting rates. For brain imaging the
radionuclide activity up to ~5 mCi is permissible and for dynamic heart imaging it can reach 20 mCi. The total y-
radiation intensity in the PET detecting system is ~3-10° and ~1.2-10° photon/s, respectively.

For effective event counting at a high y-radiation intensity one needs, first of all, “fast” scintillators with a short
luminescence decay time (t~6-30 ns). They are scintillators of a YAP, PWO, BaF,, CeF; type and other [1]. However,
each of them has some disadvantages, for example: low light yield, low density, or complex and expensive procedure of
crystal growing. In this connection, today, for new PETs designing one uses, for the most part, comparatively “slow”
Bi4Ge;04, (1~300 ns) and Nal(Tl) (t~240 ns) scintillators. Bi;Ge;0,, (BGO) scintillators are more widely applied in
PETs for photon detection due to their advantages of density (p=7.13 g/cm’) and effective charge (Z.;=74) over
Nal(T1) scintillators (p=3.67 g/cm’, Zex=50).

The present PETs based on BGO are the compact multidetector and multiannular systems comprising, in total,
~10-12 thousands of detectors connected with a computer-assisted multichannel electronic system [2]. Such a PET
configuration allows significant decreasing of the photon-irradiation intensity of each of detectors. On the whole, the
present PETs are very complex detecting electronic instruments to a value of several millions of dollars.

At present, one carries on a search of the more cost-effective PET schemes. As an alternative approach for a PET
is to use a few large-area Nal(Tl) detectors (6 or 8) mounted along the perimeter of a ring [3]. The opposite pairs of
detectors are connected to the circuits of double coincidences. Each of detectors works as an Anger scintillation camera
without a collimator [4,5]. With such a PET scheme it is possible to decrease significantly the total number of detectors,
electronics units and the cost of PETs. For development of such PET it is necessary to carry out detailed investigations
on the characteristics of Nal(Tl) crystals with different sizes under conditions of real photon intensities, and it is the
goal of our work.

The first PET with large-area Nal(Tl) detectors was manufactured in the University of Pennsylvania (Philadelphia,
USA) [3,6]. It comprises six crystals of 500x150x25 mm’. It is interesting to compare its performance with that of
multidetector PETs regarding the following characteristics: spatial and energy resolution, efficiency of annihilation
photon detection, maximum counting rate of true and random coincidences.

The spatial resolution of advanced PETs with BGO crystals is varying from 2.8 mm to 4.5 mm in the PET centre
[7] and can be improved due to decreasing the transversal dimensions of BGO crystals. At the same time, the number of
detectors and electronics units should be increased for the total counting rate be remained. These improvements,
however, are accompanied by an increase in cost of the instrument. The spatial resolution of a PET with large-area
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Nal(T1) scintillation crystals is determined by the crystal thickness, as in the case when an Anger gamma camera is used
[4,5]. The spatial resolution of the first PET with Nal(TI) scintillators (25 mm thick) is 5.2 mm. It is two times worse in
comparison with the better specimens of PETs with BGO crystals. The energy resolution of PETs with BGO crystal is
27-30 % for 511 keV y-quantum and that of the PETs with Nal(Tl) large-area scintillators is 10 % [3,6]. The efficiency
of 511 keV photon detection in PETs with BGO crystals (25-30 mm thick) is 90-100 %, and in PETs with Nal(TI)
scintillators (25 mm thick) it is 56 %. However, the detection efficiency of PETs with BGO decreases to 65 % because
of the edge effects and gaps between the crystals [6]. In the case of double coincidences the efficiency of PETs with
BGO crystals is 42 % and with Nal(Tl) scintillators it is 31 %, i.e. the difference is insignificant.

One of the main problems for PETs is to increase the counting rate of true coincidences and to decrease the
contribution of random coincidences. The counting rate of the first PETs with large-area Nal(T1) scintillators is only
100 keps [3,6] against 500 keps of the PETs with BGO crystals (50 % contribution of random coincidences). The
spatial resolution and the counting rate of a PET with large-area Nal(Tl) scintillators can be improved. by decreasing,
first of all, the crystal thickness, by increasing the geometric efficiency of a PET and by clipping the pulses at the
photomultiplier tube (PMT) output. The operation speed of a detecting system can be increased taking into account the
great advantage of the Nal(T1) scintillator over the BGO crystal, namely, the light yield. For this the technique with
photomultiplier pulses clipping is to be used.

The spatial resolution Ax of the Nal(Tl) scintillator for absorption of 511 keV photons was calculated by the
model of [8]. The measurements of [9,10] show that, indeed, the spatial resolution can be improved from 5-6 to 3.5-
4 mm by decreasing the scintillator thickness from 25 to 18 mm. The results are in accordance with the most known
values of Ax for PETs with BGO crystals. However, the counting rate of photons with E,=511 keV decreases from 56
to 44 % and in the case of double coincidences from 30 to 20 %. The decrease of the efficiency as a result of Nal(T1)
crystal thickness decreasing can be compensated at the expence of the increased geometric efficiency. The value of the
latter in the present PETs with BGO crystals is only 1 % (100 % correspond to 4 sr) [11]. It can be much higher when
a whole-body annular Nal(Tl) scintillator of a cylindrical form (diameter ~400 mm, length ~250 mm) is applied for
PETs.

METHOD

The above considerations shows that it is possible to design a cost-effective PET based on Nal(Tl) scintillators
with performances corresponding to the better models of PETs with BGO crystals. For development of a such PET
scanner it is necessary to study the characteristics of different Nal(Tl) scintillators under conditions of real photon
intensities used for brain imaging. The detailed investigations will enable to choose the most optimum geometric
dimensions of a PET scanner and to determine operating conditions of the electronic system for event counting (pulse
time length, operation speed, background event discrimination etc.). Fig. 1. schematically presents the electronic
instrumentation used for investigation of various specimens of Nal(T1) scintillators.

The Nal(T1) scintillator was irradiated with photons from a radioactive source '*’Cs and a positron-active source
Na. The forming delay line was used for pulse clipping at the PMT output. PMT pulses were amplified and
discriminated by means of CAMAC electron blocks (models 1501 and 1202). Pulse coincidences were measured using
the circuit of coincidences having the time resolution of 25 ns and the scaler PS-15 [12].
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Fig. 1. Block-diagram of the electronics: C, (x109
1 — scintillator, 2 — spectrometric PMT-118, 3 — forming delay line, Fig. 2. The measured single-channel output counting rate as a
4 — amplifier, 5 — discriminator, 6 — circuit of coincidences, function of the input counting rate for the clipped pulses
7 — scaler, 8 — pulse analyzer. t=240, 120, 60 ns.

RESULTS
Single-channel detector counting rate measurements
These measurements were carried out at different intensities of the Nal(Tl) scintillator irradiation with photons
from the source *’Cs using the clipped PMT pulses of 240, 120, 60 ns and the minimum discrimination of 140 keV.
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Fig. 2 presents the measured counting rates C,, at the single-channel output as a function of the input counting rate C;,.
The effective width of clipped input pulses for the NaI(T1) scintillator (40x40 mm?) was t=240, 120, 60 ns. The dashed
straight line corresponds to the pulse counting efficiency of 100 % at the electronic channel output. Under real
conditions this level of counting is realized only at comparatively inferior counting rates at the channel input
(Cm<2-104 cps) with the given pulse duration. As the counting rate C;, increases, the loss in the counting rate Cgy
increases too because of a dead time of the electronic channel which is determined by the effective width t of every
input pulse (Cou=Cine“™) [13]. The losses in the pulse counting rate are 38 % and 21 % for t=120 ns and 60 ns with
Ciy=4-10° cps. The permissible activity of radionuclides used for brain imaging is 5 mCi that determines the maximum
counting rate of 2.5-10° cps in the single-channel input [3,6]. The counting rate losses are 24 % and 14 % at the pulse
duration t=120 ns and 60 ns.
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Fig. 3. Energy spectra of photons with E=661 keV for the NaI(Tl) scintillator (40x40 mm?)
at a low counting rate (10° cps) for pulses of 1 us, 240 ns, 150 ns, 50 ns duration.

50 24 cm length with the rectangular bases of 6.5x5.5 cm® and
1.2x1.9 cm®. We measured the energy resolution on the Nal(TI)
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40 80 120 160 200 240 Fig. 5 presents the energy spectra of 661 keV photons for
t(nsec) the Nal(TI) scintillator (40x40 mm?) at a high counting rate and

Fig. 4. FWHM (%) energy resolution of the Nal(Tl) and  different levels of discrimination. The shift of the photopeak due
BGO scintillators (the ¥’Cs source) as a function of {0 the pulse overlapping at a high counting rate of 1.4-10° cps is
pulse duration (ns). Data for Nal(Tl) are ours; data for  opserved. At the minimum level of discrimination the left part of
BGO are taken from [14]. the photopeak is almost completely overlapped by the spectrum
of Compton scattering. As the level of discrimination increases, the left part of the photopeak is more distinguished and
at E4=580 keV it is completely noticeable. In Fig. 5 shown is the Gaussian distribution of detected photons in the
photopeak (dashed line). FWHM of this distribution is 31 %. This resolution can be improved by differential
discrimination of the photopeak. Thus the contribution of the noninformative Compton part of the spectrum and
overlapping effects are decreased by 37 %.
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In fig. 6 the photon energy spectra for the Nal(Tl) scintillator (30x25 mm?®) at different levels of energy
discrimination are presented. The maximum counting rate with clipped pulses of 150 ns and the minimum
discrimination (140 keV) is 0.7-10° cps. The decrease of the NaI(Tl) scintillator thickness from 40 to 25 mm improves
the energy resolution from 31 % to 19 %.
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agreement with the measurement data is observed only for the source **Na.

So, the results of measurements of true and random coincidences, for one pair of Nal(Tl) scintillators at high
photon intensities and counting rates of ~10° cps in the each channel, evidence on the possibility for detection of yy-
coincidences at a counting rate of 8-10* cps with the random coincidence contribution of 50 %.



105

physical series «Nuclei, Particles, Fields», issue 3 /25/ Investigation of Nal(TI) scintillators for ...

CONCLUSION

The results of investigations of Nal(T1) crystals at high photon intensities permit to conclude the following.

The high light yield of the Nal(T1) scintillators provides a possibility for detection of y-radiation of radionuclides
with the clipped pulses of a duration up to 50-60 ns. In the single-channel detector mode the maximum counting rate of
these pulses reaches 4.2-10° cps. The loss in the counting rate is 21 %.

The FWHM energy resolution of the photopeak of 661 keV photons with the 50 ns clipped pulses is 22 %, as
compared to 35 % in the case of a BGO crystal. Thus, it is possible to measure the yy-coincidences at higher intensities
of irradiation of the Nal(T1I) scintillator. However, it is necessary to carry out investigations of the Nal(TI) scintillators
with the pulse time length of 50-60 ns at high intensities of photon irradiation.

The energy discrimination provides a reliable separation of a photopeak from a noninformative part of the
spectrum under conditions of high intensities of irradiation of Nal(T1) scintillators.

The estimations of the spatial resolution of Nal(Tl) scintillators with a different thickness, performed in the
framework of the model described in [8], have shown that the use of scintillators 18 mm in thickness gives the
resolution of 0.35-0.4 mm that is at a level of the better values for the present PETs with BGO crystals.

The results of investigations evidence that it is possible to manufacture a cost-effective PET with Nal(TI)
scintillators possessing the performances of advanced multidetector PETs with BGO crystals. A promising version of
such a tomograph can be a PET developed on the basis of a whole-body cylindric Nal(T1) scintillator [15]. This cost-
effective PET with a small number of PMTs and units of electronics can provide a high level of patient study.
Moreover, the PETs with Nal(Tl) crystals are successfully used in the clinical brain study. One of the most prominent
specimens of PETs of this class is a S-PET scanner operating in the PET-center of Pennsylvania [9].

We are grateful to Prof. P.Sorokin for his helpful discussion and comments.
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HNCCIEJOBAHUE CHUHTHUJIJIATOPOB Nal(Tl) 4JIS TIO3UTPOH-OMUCCHOHHOT'O TOMOI'PA®A
IOPU BBICOKUX UHTEHCUBHOCTSAX TAMMA-KBAHTOB
|O.F. Kononauosl, C.T. JIykbsineHko, A.A. 3p10a;10B
HHIJ «Xapvkoeckuii ¢huzuxo-mexnuyeckuii uncmumympy, Axademuueckas 1, Xapvkos 61108, Ykpauna
E-mail: afanserg@kipt.kharkov.ua

UccnenoBansl xapakrepuctuky cuuHTIUIITOpoB Nal(Tl) mms mosurpon-smuccuonHoro tomorpada (II9T) mpm BBICOKHX
HMHTEHCHUBHOCTSIX Y-KBAHTOB M PA3HBIX IHTEIBHOCTSIX UMITYJIBCOB C (DOTORIEKTPOHHBIX YMHOXKHUTENIEH KaK B OJHOKAHAIBHOM, TaK U
B pexxume cosnasieHnii. CpaBHUTENBHBIH aHanmm3 ¢ kpuctauamu BiyGe;0,, (BGO) mokasan, 94To M0 OCHOBHEIM XapaKTEPHCTHKAM
Nal(Tl) e ycrymaer BGO. Bcé ato cBuaerenbcTByeT 0 Bo3MoxkHocTH co3fganus 19T Ha ocHoBe cumHTmiLiTopoB Nal(Tl) c
napaMeTpamMu, COOTBETCTBYOIUME JyuuM Moensam 19T ¢ kpucramamu BGO, HO 110 CTOMMOCTH 3HAYUTENBHO HHUXKE.
KJIOUEBBIE CJIOBA: (o0TOH, CUMHTWUIATOP, I[O3UTPOH-IMHUCCUOHHBIA TOoMoOrpad, »SHeprerudeckas AUCKPHMHUHALNS,
9HEPreTHYECKOE W MPOCTPAHCTBEHHOE Pa3pelIeHNE, ClIyqaiiHble 1 ICTUHHBIE COBIIAICHUS, CKOPOCTh CUETa, YKOPOUEHHBIN HMITYIIbC
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