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1. INTRODUCTION 

Positron computed tomography (P.C.T) is a very promising tool 
for research and clinical applications in nuclear medicine. 
P.C.T. consists in yielding images representing the distribu-

11 13 15 18 tion of positron emitting radionuclides ( C, N, 0, F...). 
The selected labeled molecule is administered to the patient 
and the P.C.T. allows to obtain its distribution in several 
transverse tomographic sections as a function of time. Many 
molecules have been labeled with these radionuclides to inves
tigate very important physiological and biochemical processes. 

2. POSITRON TOMOGRAPHIC IMAGING 

Carbone, nitrogen and oxygen, three elements of living matter 
present a major interest for metabolic processes. Their asso-

1 1 13 IS ciated positron emitting radionuclide (' C, N, 0) have a 
short half-life, respectively T 1/2 - -J min, 10 min and 2 min ; 
so, they must be prepared in the near vicinity of the site of 
their us_, which requires the availability of a cyclotron. 
Furthermore, that imposes to label the wanted molecules in a 
very short time and to manipulate large quantities of radioac
tivity. Concerning the positron imaging, it means that the ins
trument must exhibit a very high counting rate capability and 
that all the desired sections have to be handled simultaneously 
in order to minimize the dose of radiation to the patient. 
The basic concept of positron imaging consists in detecting 
the two 511 KeV annihilation photons emitted 180° apart with 
two opposing banks of detectors. The reconstruction method is 



similar to those used in transmission computerized tomography : 
each event is back-projected on the wole size of the image. 
Scintillation detectors are well adapted for that application : 
they exhibit a good detection efficiency for the 511 Rev y rays, 
and a fast timing characteristic can be obtained in order to 
reduce random coincidences. 
Different types of geometrical configurations have been tested 
with suitable motions to make the linear and angular sampling. 
[1] [2] [3] 
A polygonal a. •-•• -i ring shape with adaquate linear and 
angular motions are the most used. Multislices capabilities 
are provided in the most recent systems. 

3. TIME-OF-FLIGHT TECHNIQUE (T.O.F.) 
Time-of-flight technique consists in directly determining the 
localization of each event (fig 1). That method supposes that 
a very fast time-coincidence technique should he obtained : a 
time interval of 1 n sec corresponds to a point source position 
variation of 15 cm. 
G.Brownell [4] and more recently W.Dunn [5] suggested to use 
T.O.F. information for positron tomographic imaging. A time 
fluctuation of 180 psec (FWHM) was obtained by W.Dunn with very 
fast plastic scintillators and with an energy threshold adjusted 
to l-'OO KeV, but such a system provided a much too low sens it ivy 
to be used in a clinical way.[5]. 

4. PRINCIPLE OF THE PROPOSED METHOD 
This method consists in combining the advantages of a fasu and 
efficient detection method providing the T.O.F. information 
with those of the reconstruction method by backprojection [6][7] 
In measuring the time distribution of the events with a far 
greater accuracy than the transit time of a photon in the object, 
a gaussian spatial distribution of each event can be determined. 
The basic difference between the conventional method and the 
proposed method is shown in fig 2. In the first case, the sec
tion of the point spread function is of the form 1/p, where p 
is the distance to the point source. In the second case, the 
point spread function is a gaussian function whose section 
G (P) is given by : , 

where ; p is the distance to the point source 
0 is the standard deviation of the gaussian function. 

Fig 2. shows the information is much more concentrated close to 
the point source in the T.O.F. technique than in the conven
tional method because the information is back-projected on a 



length only a fraction of the image size. 

5. COMPARISON BETWEEN THE CONVENTIONAL METHOD AND T.O.F. 
TECHNIQUE 

That comparison may be expressed by a sensitivity gain defined 
as the ratio of the number of counts needed to obtain the same 
signal to noise ratio with the two methods. 

5.1. Theoretical estimation 
That approach has bean carried out in assuming that the T.O.F. 
measurement may be modelised as a linear filter with gaussian 
spread function (whose 0 is the standard deviation). The compa
rison was in estimating the signal to noise ratio in the central 
area of an uniform activity phantom (0 in diameter) as a func
tion of a. The different steps of the reconstruction method 
used for that evaluation are the following : 
- The histogram of the T.O.F. data along each coincidence path 

is back-projected after smoothing with a gaussian impulse 
response (whose a is the standard deviation). Variance of 
noise can be then calculated. 

- The back-projected image is obtained by the data accumulation 
from all the paths, and the associated variance of noise is 
deduced. 

- The final image is obtained through a bi-dimensional filtering 
using a filter matched to the T.O.F. accuracy. In order to 
allow the noise comparison, the apodisation function has been 
adjusted to provide the same global spread spatial function 
as in conventional reconstruction. 

The variance of noise is then calculated as a function of a and 
for various object diameters. The results, expressed in terms 
of sensitivity gain are plotted in fig 3. 
As a is increased, the variance approaches that obtained with 
conventional method. That approach assumes an infinite number 
of coincidence events. It may not be optimal for medical posi
tron imaging because the number of events is relatively poor, 
and then the statistical fluctuation in timing data become si
gnificant. 
A second approach, taking into account these statistical aspects, 
is investigated by another group [8]. 

5.2. Experimental results 
A cylindrical phantom is moved in translation and rotation bet
ween two opposite detectors. The experimental conditions are 
the following : 
- phantom : 15 cm in diameter with a 30 mm in diameter cold 
spot and a 30 mm hot spot (activity ratio » 2). 

22 
- positron emitter • Na 
- detector system - two PM type 2020 coupled with pure CsF 

scintillators (1" x 1"). 



energy threshold = 100 HeV resolving time (FWHM) = 400 psec, 
collimator slit = 8 mm 

- sampling = . linear « 6 mm step to st<»p 
. angular • 6° over 360° 

- total number of counts : 
. 7.10 for the phantom with hot spots 
. 8.10 for the uniform phantom 

Fig 4. shows the comparison between conventional and T.O.F. 
techniques for the uniform phantom. 
Fig 5. establishes the same comparison for the phantom with hot 
spots. 
The statistical noise reduction is clearly illustrated by the 
activity density distribution curve, and, at a lower level, for 
the outlines perception of the spots. 
tt*ose results have been obtained with a good resolving time and 
a small diameter object. They are in a good agreement with the 
theoretical approach as plotted in the figure 3. À more signifi
cant sensitivity ratio improvement could be abtained with larger 
cbjects (as it is the case in practice) or with a more accurate 
timing detection. 

6. FAST COINCIDENCE TIMING DETECTION 
Inorganic scintillator detectors are the most suitable ones for 
our purpose because they combine three major advantages » a 
high stopping power, a fast coïncidence timing, and a large 
scintillator volume availability. 
Historically,activated sodium iodide Nal(Tfc) and bimuth germa-
nate (BGO) have been widely used for positron imaging but they 
are not convenient for T.0JP. because they exhibit a two long 
light decay time. More recently, our group suggested to use 
cesium-fluoride (CsF) [,6] and this approach has been followed 
by other groups [8][9]. 

6.1. Cesium-fluoride characteristics 
Up to now, CsF appears to be the most suitable scintillator for 
our purpose because it combines a relatively high atomic number, 
a high density, and a sub-nanoseconde coincidence resolving 
time capability. Table 1 summarizes the main physical properties 
of these three inorganic scintillators. __ 
Fig 6. shows the energy spectra of y rays from Cs (660 KeV), 
57 22 
Co (122 KeV), and Na (photoelectric peak at 511 Kev) sources 

with a 23 mm in diameter and 40 ram long CsF scintillator coupled 
to a XP 2020 fast photomul tip lier. The F.WHM energy resolution 
is better than 20 % at 511 KeV. 
Fig 7. shows the emission spectrum of a CsF scintillator measu-
r2d under X-ray irradiation by means of a monochromator and a 
XP 2020 Q photomultiplier (quartz window). A U.V. component at 



335 nm has been found, which seems to take a significant part 
in timing characteristics. That assessment is based on the fact 
that a better timing was obtained with photomultipliers having 
a U.V. glass window. The contribution of the optical coupling 
with the photomultiplier has been pointed out in measuring the 
light yield of a CsF sample with and without soft glass window. 
It was found that 12 Z more light are obtained with direct cou
pling. That difference is explained by a better optical matching 
and by a U.V. photons absorption inside the window, but the 
quantitative contribution of each effect has not been establis
hed yet. 
Fig 8. shows the time distribution of the light pulse shape of 
a CsF scintillator (diameter 23 mm and 40 mm long) under y ray 
irradiation . This study has been performed by means of 
the single photon method DQI as shown in fig 9. The CsF crystal 
is irradiated by 511 KeV annihilation photons from 68 Ga source. 
The timing reference detector is the XP 2020 photomultiplier 
coupled with a fast plastic scintillator. The coincidence is 
made with a HR 400 microchannel plate photomultiplier which re
ceives attenuated light so that only single photons are detected. 
The light pulse shape is obtained by measuring the time distri
bution of the detected single pho.oelectrons. Nu low component 
has been found ; thus CsF exhibits a very high counting rate 
capability and this property has already been applied for posi
tron imaging without using T.O.F. information pi]. 
Table 2 gives the T.O.F. accuracy as a function of the crystal 
length. It shows that the length is strongly linked to the ti
ming characteristic. As the coincidence detection efficiency is 
also dependant of the length, a figure of merit can be defined 
which is the ratio of efficiency on T.O.F. A 40 mm long direct 
coupled scintillator has been chosen for our P.C.T. design, but 
this value does not represent a sharp optimum. 
Concerning the light yield, significant improvements have been 
reached. In a previous paper [6], the relative scintillation 
output of the first samples* was measured to be 5 1 of NaI(TJt)*s. 
Now, 8 7. is usually obtained with the new samples. 
Furthermore, the influence of the crystal coating on the timing 
characteristics has been established. A diffusing coating gives 
about 15 7. more light than a reflecting one, but the light pulse 
rise time is almost 1.5 shorter for the reflecting one. As the 
time pick-off is based on the first photons emission, the final 
result is that a reflecting coating appears to be better Chan 
a diffusing one. In the same conditions, an improvement of 
30 psec of the 470 psec FWHM time resolution has been obtained. 

» Manufactured by harsh».w chemical company and by L.E.I.:. 



6.2. Photomultiplier 
A very fast photomultiplier is needed in order to keep négli
geable the timing P.M. tube contribution. Fast commercially avai
lable P.M. tubes axe two inches in diameter and the correspon
ding spatial resolution for a P.C.T. would be very poor. A one 
inch diameter P.M. tube seems to be a good trade off for a whole 
body P.C.T. Time measurements were performed with l"l/8 diameter 
P.M. type 1992* and R 1398,ne* . The best results were obtained 
with this last one. It yields about 25 Z more photoelectrons 
due to a better window transparence at the U.V. component (U.V. 
glass instead of soft glass for P.M. 1992 and a better collec
tion of the most energetic photoelectrons [12]. As previously 
shown by M. Moszynski and B. Bengtson Û3] a better timing can 
be obtained in picking the last dynode signal. The main results 
are summarized in table 3 in which the figures represent mean 
values from tests with several samples. 

6.3. Overall timing characteristics 
A 40 mm long and 23 mm in diameter scintillator directly cou
pled to a P.M. 1398 has been chosen for our P.C.T. design. That 
represents a trade off between a lot of parameters and particu
larly : the sensitivity, the spatial resolution and the T.O.F. 
accuracy. The energy threshold choice has also to be considered. 
All other parameters being unchanged, the timing is 400 psec 
with a threshold at 150 KeV and 330 psec at 400 KeV, but the 
detection efficiency of the photopeak fraction is only a half 
of that at 150 KeV, due to the radiation scattering inside the 
detector itself. That leads to choice a 140 KeV threshold, be
cause a loss of a factor 4 in coincidence sensitivity would not 
be compensate by the T.O.F. sensitivity gain. Thus, the scatte
red coïncidences inside the object cannot be rejected. The 
fig 10 shows the time spectrua of coincidences of 511 KeV anni
hilation radiation measured with two CsF scintillators (0 23 mm, 
L : 40 mm) and two P.M. R 1398, the timing signal being picked 
on the last dynode. A 390 psec FWHM time resolution has been 
obtained with a single pair of detectors tuned in a laboratory 
environment. It represents an optimal value, but other tests 
have been carried out with several probes representing a bank of 
detectors and a 500 psec time resolution (FWHM) seems to be a 
realistic figure for an operational machine. 

7. SENSITIVITY COMPARISON WITH B.G.O. P.C.T. 
The figure n° 3 shows a sensitivity gain of about 4 compared to 
a CsF conventional P.C.T. for a 450 mm diameter object. 
With the same scintillator size, a B.G.O. machine would give 
20 % more detection efficiency at the center which means an 
overall sensitivity gain of 3.2 for the T.O.F. method. 
x manufactured by Radiotechnique Compelec 
«M manufactured by Hamamatsu 



It has to be noticed th.it this advantage of CsF would be lower 
with smaller crystals due to the efficiency losses by packaging, 
a higher fraction of Y ray scattering, and a poorer angular res
ponse. Nevertheless, this last parameter is not really a disad
vantage because the measured activity distribution for an uni
form phantom is several times higher on the edge than at the 
center ; thus the statistical accuracy is minimum at the center 
and the sensitivity comparison in this area is the most signi
ficant one. 

Conclusion 
Positron imaging is essentially a method for studying dynamic 
phenomena and positron emitters are characterized by a short 
life which allows to inject a high activity. This means that 
a high counting-rate capability is a major feature of a P.C.T.; 
furthermore a high resolving time permits to reduce the random 
coincidence events which yield a low spatial frequency back
ground reducing the contrast of the image and introducing an 
error for quantitative measurements. For these points of view, 
CsF appears to be the most suitable scintillator. 
Its fast light emission allows to reach a time-of-flight infor
mation which improves the signal to noise ratio of the image. 
That advantage is a function of the object size and of the 
T.O.F. accuracy. Now, a 500 psec time resolution (FWHM) seems to 
be a realistic characteristic for an operational machine. 
The comparison between the conventional method and the T.O.F. 
technique has been expressed in terms of sensitivity gain which 
is the ratio of the number of events needed to obtain the same 
signal to noise ratio. Â sensitivity gain of 4 has been theore
tically estimated with a 500 psec timing and for a 450 mm dia
meter phantom. This evaluation seems to be in a good ageement 
with the first experimental results. This work has to be consi
dered only as a suitable way to make a quantitative comparison ; 
the image perception is complex and a more significant compari
son has to be made with an operational T.O.F. machine. 
It has to be noticed that the T.O.F. method advantage is closely 
linked to the object diameter. In the present state-of-the-art 
of detectors timing* it is obvious that the choice of the T.O.F. 
method is more justified for a whole-body P.C.T. than for a 
brain one, but further significant improvements in timing accu
racy can be expected, giving then a wider field pf applications. 
It has to be added that the future of this technique will be 
also dependant on the state-of-the-art in very high speed 
analog and digital data manipulative methods. As a first step, 
the importance of CsF is remaining for a P.C.T. design without 
the use of T.O.F. technique, the CsF high counting rate capabili
ty being a major advantage for fast dynamic studies with short 
lived emitters. 
A four rings T.O.F. whole body positron tomograph is under 
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construction in LETI. I t wi l l be set up in the service hospita
l i e r Frederic J o l i o t à Orsay. 
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FIGURE CAPTIONS 
Fig l : principle of the time-of-flight method. 
Fig 2 : basic difference between the conventional method and 

the T.O.F. technique. 
Fig 3 : sensitivity gain as a function of the F.W.H.M. time 

resolution 
Fig 4 : comparison between conventional and T.O.F. methods for 

an unifonr phantom 150 mm in diameter (time resolution3 

400 psec). The dotted curve is the activity density 
distribution along a diametrical section. 

Fig 5 : comparison between conventional and T.O.F. methods for 
a phantom 150 mm in diameter with a cold spot (0 30 mm) 
and a hot spot (0 30 mm). Activity ratio * 2. The dot
ted curve is the activity density distribution along 
a diametrical section. 

137 Fig 6 : y rays energy spectra from Cs (660 KeV), 
5 7Co (122 KeV) and 2 2Na (main peak at 511 KeV) witn 
a 23 mm in diameter and 40 mm long CsF scintillator 
coupled to a XP 2020 fast photomultiplier. 

Fig 7 : emission spectrum of CsF scintillator. 
Fig 8 : time distribution of the light pulse shape of a 23 ma 

in diameter and 40 mm long CsF scintillator under y ray 
excitation 

Fig 9 : principle of the single photon method. 
Fig 10 : time spectrum of coincidences of 511 KeV annihilation 

photons measured with two CsF scintillators (23 mm in 
diameter and 40 mm long) and two PM R 1398. 
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CONVENTIONAL METHOD TIME OF FLIGHT METHOD 
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COMPARISON BETWEEN CONVENTIONAL AND 
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CONVENTIONAL METHOD TIME OF FLIGHT METHOD 
FWHM TIME RE SOLUTION AOOps 

COMPARISON BETWEEN CONVENTIONAL AND 
TIME OF FLIGHT METHODS 

PHANTOM 0 150mm WITH COLD SPOT 0 30 mm 
AND HOT SPOT 0 30mm (ACTIVITY RATIO «2 ) 
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CHARACTERISTICS Nal(TI) BJGJO. CsF 

Density ( % m 3 ) 3.67 713 4.61 
Atomic numbers 11,53 82,32,8 55,9 
Linear attenuation coefficient Q34 0.92 044 

at 511 kev (cm - 1) 

ScintNation peak wavelength (nm) 413 480 390 
Index of refraction at 1.85 2.15 148 

peak wavelength 

Relative scintlation output 100 8 6 
SrintMation decay time (nsec) 230 300 3 

Table 1 : Main physical properties of inorganic 
scintillators for positron tomography 
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CRYSTAL LENGTH 

(cm) 

THE 
OF FLIGHT 

THEORETICAL COINCIDENCE 
• * 

DETECTION EFFICENCY 

FIGURE OF 

MERIT 
- (I») ( * ) (EFFICIENCY/T.O.F.) 

1.5 325 

3 375 53 0.14 

4 435 69 0.16 

4.4 470 74 0.16 

5 520 79 0.15 

TABLE: 2 • for a threshold at 140 Kev 

• m p= 0.44 cm"1 
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n 
. Photocathode 

sensitivity (mA/^at400nm) 

PM 
1992 

- 9 5 

PIM 
R1398 

-105 
. Window material soft 

glass 
UV 

glass 

. Photoelectrons^Mev 
with CsF crystal * 

-530 -710 

. Anode timing * • * * 
(psec) 

-500 -440 

. Last dynode timing * ' * * 
(psec) 

-440 -400 

£ . 23 mm in diameter and 40 mm long crystal 

£ £ for an energy threshold at 150 Key 

Table: 3 

LAMIUTOfflE P'ttgCTWOmqUt ET OCTtCHHOUWtt 01L1NHMMATIQUE 
ATOMIQUE 
M M E DELI 

© CEA.LET1 


