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The TOF measurement enables positrons to be localized along the line 
joining two detectors. 
The accuracy of this measurement is mainly controled by the scintil
lator performances : light yield, and decay time constant are the key 
oarameters. 
The main advantage of using the TOF information can be expressed in 
terms of sensitivity gain : for example the ratio of the required to
tal counts to obtain the same random noise in a positron image with
out and with the TOF information. This gain ranges from 1 to more 
than 10, depending on the TOF performance but also on the activity 
distribution. 
Other advantages are inherent on the TOF method : 
- the very high count rate capabilities of the detectors enables fast 

Jvnamic studies with for example 0 1 5 

- ...ie random coincidences to be found in an imaged object are the 
lowest that can be achieved 

- a small amount of radiation scattered by the object_is rejected out
side of the field of reconstruction. 

I N T R O D U C T I O N 
The positron emission tomographs presently in use are based on the 
coincidence detection of the two annihilation photons that are near
ly colinearly emitted by a positron-electron pair. The information 
thus obtained indicates the geometrical location of the emitted po
sitron : the segment joining the two detectors. A further feature of 
the emission of the annihilation photons could be exploited to 
localize the positron : the fact that photons move at a constant ve
locity of 3 x 10locm/s or 30 cm/ns. Thus the detection instants of 
the two photons will be exactly in coincidence only if the positron 
is at the same distance from the two detectors ; if one detector is 
closer to the positron than the other, one of the annihilation pho
tons will reach it first. The difference in detection times thus,is 
a direct indicator of the positron location. 



I - BASIC ASPECTS OF POSITRON IMAGING RECONSTRUCTION WITH TOF IN
FORMATION 

If a positron source is located on the straight line joining 
two detectors A and B at a distance x from their half way point 
(Fig. 1), the time difference At between the arrival of annihi
lation photons is ̂ x, the difference of the two pathlengths 

c 
being 2x, and c the light velocity • 3.10locm/s. 

At 
of annihilation photona la : At = ^ For At = 1ns, x = 15 cm 

Flg.1 Illustration of MM utilization of photon TOF Information 
for tho localisation of a poaltron. 

It appears therefore'?, that through the use of the d 
time detection measurement, the image reconstructi 
positron tomography may be unnecessary, each event 
by its' coincidence line and its abscissa along thi 
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- the noise contained in the signal issued from the photomulti-
plier also produces a random fluctuation in the time detection 
of the y-rays. 

The present state-of-the-art of time detection systems, for the 
purpose of positron tomography, yields a practical time-resolu
tion of about 350 ps FWHM corresponding to a spatial resolution 
of 5.5 cm FWHM. 



But even this limited spatial resolution can substantially 
improve the signal-to-noise ratio that can be obtained with 
"conventional" positron tomography r. 3, 4, 51. 
If we consider a positron tomograph incorporating N detec
tors working in the conventional mode, a positron point 
source will produce events that may be detected as coinci
dence events, but with no information concerning their posi
tion along the coincidence lines. 
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Therefore the probability of occurence has to be spread 
uniformly along the coincidence lines, that gives the well 
known J_ point spread function in positron or X-ray tomogra
phy. x 

The data processing task is then to deconvolve this two 
dimensional function." to find the original point source posi
tion. 

The incorporation of the TOF information as shown in Fig. 2 
enables the placement of the events according to a gaussian 
distribution whose width is given by the TOF performance 
(5.5 cm instead of 30 to 50 cm). 

II - PERFORMANCE IMPROVEMENTS DUE TO TOF INFORMATION 

1~ §S2§i£îYî£Y. 

The effect of the information spread on a restricted area 
becomes obvious : much more information is present around 
the point source and no noise is generated outside the 
spread area. 

A theoretical calculation of the signal-to-noise ratio in 
both cases allows us to work out the improvement given by 
the TOF 16]. 

Ttaw r—oh*ow (FWHM) (m) 

Rf.3 QafciiwMMvNyMtitoMttliroufftlfMkworporaNMofTO^ 

Fig. 3 shows the ratio of the numbers of counts producing 
the same signal-to-noise ratio without and with the TOF in
formation. These values are computed for different field 
sizes of positron activity uniformly distributed. 

Experimental test results obtained with various sized phan
toms and different TOF performances, show a good agreement 
with the theoretical results. 
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As we will see the accuracy of the time of flight measure
ment is strongly linked to the short decay light emission of 
the scintillator. So the work time of the probes and 
related electronics is so short that count rates up to many 
million counts per second is feasible for one detector. 
Acquisition times of 1 or 2 secondes can produce good ima
ges with short period radioisotopes as Oxygen 15. 
But in fact, the first limitation to the high count rate 
capabilities of conventional tomographs comes from the ra
tio of random to true coincidences ; a wide time coinci
dence window of about 12 ns is responsible for this limi
tation. Expressed in terms of time of flight, this means 
that the coincidences are accepted as if they were issued 
from an object of 1.8 m in diameter. Compared to that si
tuation, the TOF uncertainty on the true/false coincidences 
is limited to the events measured inside the region of in
terest, i.e. liver, or heart etc... It is easy to show that 
the ratio of the random coincidences inside an object of 
diameter d with and without TOF, assuming a same activity 
is given by : , . 

NR.TOF . k x A x p X ^ x B n D 

"TC k x A x L x B x d ' 3 ? I 
R jyr 

with A » number of linear samples in one direction 
B a " angular samples 
d » object diameter 
D • reconstruction diameter 
L » equivalent length coincidence in the conventional 

method , 
The gain in random coincidences with a patient port of 
50 cm is then a factor of 4.5 and can reach 6 with a head 
tomograph. 
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time of flight method so far only some of them have been 
investigated. One looks particularly attractive : in rec
tilinear scan mode, simultaneous longitudinal images at 
different depths can be otained with slice thickness of 5 
or 6 cm FWHM. Such crude longitudinal tomography may howe
ver turn out to be useful in the rapid tracking down of 
tumors. 
Mullani and co-workers (1981) £7] show the possibility of 
increasing the overall tomograph sensitivity by using all 
the crossed coincidences between the detector rings. This 
improvement is above all valuable for rather slow acquisi
tion systems, as the size of the aperture of each ring go
verns the level of scattered activity and hence the random 
coincidences. 



Another time of flight property that we have only just been 
able to tJucn on is scattered radiation rejection as shown 
in Fig. 4. This image improvement now has to be quantified 
on actual acquisitions. This effect looks as if it will be 
worthwhile merly for wide angle scattered y-rays. 
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Ill - TECHNICAL ASPECTS OF THE TIME OF FLIGHT 
Up to now the major criticisms formulated against the time 
of flight method have stemmed from the poor time perfor* 
mance of the first purposed scintillator, which was a CsF 
crystal and from its hygroscopic property. The sensitivity 
gain with the 500 ps FWHM point source response was about 
a factor of 3 for a 30 cm unifrom phantom, but this improve
ment wrs partially cancelled by a worse packing fraction of 
the scintillators as compared to the BGO. Thus the overall 
gain was approximatly a factor of 2. 
A major improvement has been made by the discovery of a new 
property of a fairly well known non hygroscopic scintil
lator that we call presently New Fast Scintillator. 
The main physical characteristics of this crystal are des
cribed in Table 1. 

Density (g/cm3) 
Linear attenuation 
coefficient at 511KeV 
(cm-1) 
Decay constant -short 
(n sec) -long 
Emission wavelength 
(nm) 
- short decay 
- long decay 

Index of refraction 
at wavelength of max 
emission 
Energy resolution at 
SIIKeV 
Point source time 
response FWHM 
(Threshold 150KeV, 
4cm long crystal, 
2cm in diameter) 

CsF BUGe 30i2 Na I NFS 

Density (g/cm3) 
Linear attenuation 
coefficient at 511KeV 
(cm-1) 
Decay constant -short 
(n sec) -long 
Emission wavelength 
(nm) 
- short decay 
- long decay 

Index of refraction 
at wavelength of max 
emission 
Energy resolution at 
SIIKeV 
Point source time 
response FWHM 
(Threshold 150KeV, 
4cm long crystal, 
2cm in diameter) 

4.64 

0.44 
5 

390 

1.48 

25 % 

450 ps 

7.13 

0.92 
300 

480 

2.15 

* 20 \ 

* 2.5 ns 

3.67 

0.34 
250 

410 

1.85 

9 % 

* 1 ns 

0.47 
0.8 

1,57 
1,55 

13 % (1) 

300 ps 

,(1) with total light integration 
i 
1 TABLE 1 : Some physical and timing properties of the NFS c o m . 
! pared to three other crystals used in positron tomo-
| graphy. 
i 



From a TOF point of view, its faster time decay and higher 
light yield than CsF produce an improved point source response. 
A 4 cm long crystal yields 300 ps FWHM which produces a signi
ficant increase of the sensitivity gain. Its non hygroscopic 
property makes it as easy to use as the BGO crystals. Its main 
drawback in comparison however^ is still its lower absorption 

fi/FS coefficient (. 47 cm - 1 for M M and . 92 cm"1 for BGO at 
511 KeV. That means a poorer ultimate spatial resolution if the 
conventional scheme of one scintillator coupled to one PM tube 
is maintained. But the increasing number of scintillators and 
the limited minimum size of the phototubes make the investi
gations of events localisation in large crystals by a limited 
number of phototubes an attractive proposition [9, 10]. With 
this approach, the advantage of the BGO for high resolution 
systems becomes less clear cut. 

CONCLUSION 

CsF was the first material to allow efficient investigations on 
the usefulness of TOF information. The potential advantages of 
this technique have now, through the use of NFS , become reality. 
The sensitivity gain is so significant that it is no longer pos
sible to ignore the advantage. Efforts should now be made to 
devize the best possible scintillator phototube set up in order to 
obtain the required high spatial resolution. 
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