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A method including the coincidence time resolution improvement for a TOF/positron emission
tomography system was suggested. The spectrometer for this aim was composed of two NaI(Tl)
and two plastic scintillation detectors. Experimental results were supported by FLUKA Monte Carlo
simulation program by constructing the detector setup in software medium. Present experimental
results verified our previous results and conclusions obtained from the suggested method. It was
concluded that better resolutions would help the improvement not only on the TOF gain but also on
the spatial resolution, leading to better images and helping the Physician in his/her diagnosis and
treatment. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4948925]

I. INTRODUCTION

In a PET (Positron Emission Tomography) system, two
gamma photons are detected simultaneously by two detectors
(start and stop detectors) in coincidence within a given time in-
terval. Its measurement sensitivity, i.e., image quality depends
on the time resolution of the used coincidence spectrometer.

Some physical terms are used to express the properties
of an imaging system. Spatial resolution is one of them. It is
defined as the minimum distance between two points in an
object which means that it can be observed as two distinct
points in an image.1 In a timing system, the FWHM value,
width of a peak at half its full height, of the time spectrum
determines the time resolution. Lower time resolution value is
better timing, i.e., better time-detection. And also, the overall
timing uncertainty can be identified by using this FWHM
value of the time distribution in a spectrometer.2 Localization
uncertainty of the coincidence system (∆x) can be defined as
spatial resolution. It is calculated from ∆x = c∆t/2,3–13 where
c and∆t are the speed of light and time resolution of the system,
respectively. In this equation, c is used because the photons
travel at the speed of light (Fig. 1).

Multiplicative reduction factor (f) is another parameter of
a coincidence measurement system. This factor (correspond-
ing to the reduction in noise variance) is found by dividing
D which is called as the size of the emission source or radial
dimension of the object to be imaged to ∆x4,6,14,15 (f = D/∆x).
The SNR (signal-to-noise ratio) gain due to TOF or TOF
gain (G) of a spectrometer can be expressed as the square
root of f (


f ).4,8,10,11,15,16 In order to achieve better detection

performance, higher G values should be obtained.
In a timing measurement, there are two important param-

eters; peaking and shaping times. The time required for a
pulse to reach its amplitude is called as peaking time.2 The
shaping time is the corresponding time to 61% of a timing
peak value. The relationship between these two quantities is
that the peaking time is approximately 3-5 times greater than
the shaping time (Fig. 2).17

a)Electronic mail: elermis@hotmail.com

FLUKA is a Monte Carlo (MC) simulation program. It
is a general purpose tool for calculations of particle transport
and interactions with matter, covering and extended range of
applications spanning from proton and electron accelerator
shielding to target design, dosimetry, detector design, etc.
Interaction and propagation in matter of any particle can also
be simulated by means of FLUKA.18,19

In a medical imaging system, the time resolution is an
important parameter because image quality depends on it.
Therefore, time resolution values should be determined very
precisely. In the present study, the same experimental method
in our previous work20 is proposed to enhance the time reso-
lution of a coincidence system composed of start-stop detec-
tors. In the first part of the study, coincidence measurements
were separately carried out using spectrometers consisting
of NaI(Tl) and BC412 type plastic scintillation detectors
by changing the distances between the source and the start
detectors. The coincidence time resolution (or resolving time)
and delay time for each distance were determined by using
the constant fraction timing method. In the second part of
the study, time resolution was calculated by applying addi-
tional delay to the input of the timing signal to enhance
the time resolution and TOF gain values of the spectrome-
ters. The experimental results were compared with the re-
sults from the FLUKA MC program. This study has sup-
ported our previous method to enhance the TOF/PET time
resolution.20

II. MATERIALS AND METHODS

We have followed the experimental method suggested in
our previous work20 to improve the coincidence time resolu-
tion of a TOF/PET system. The difference of the presented
study from the previous one is that we used a positron source
and different type of plastic scintillators (BC412) here to show
the validity of our suggested method in enhancing the time
resolution of a coincidence timing measurement.

A solid point 22Na positron source with the activity of
∼5 µCi was used in the experiments for two annihilation
quanta.
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FIG. 1. Illustration of TOF/PET principle.

Two Rexon NaI(Tl) with the decay time of 250 ns21 and
two Saint Gobain BC412 type plastic with the decay time of
3.3 ns22 scintillation detectors were used in the experiments
to obtain start-stop coincidence measurements. Both detector
types had cylindrical shapes. In Fig. 3, the dimensions of the FIG. 2. Definitions of shaping and peaking times in a time spectrum.

FIG. 3. Block diagram of the spectrometer.
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used detector crystals are given. The detectors were first placed
2 cm apart. The radioactive source was placed in their central
position between them. This position was set as reference
point. While the stop detector was fixed, the start detector was
placed in the distances of d = 2,4,6,8 cm from the source,
respectively. The data acquisition time for both detector types
was chosen as 300 s. Since ambient light and high temperature
led to detector noise, the measurements were taken at the
constant temperature of 22 ◦C and in a dark room.23

Constant fraction timing method was used in the presented
study. In this timing measurement method, a walk-free timing
signal is generated, giving an advantage of optimum triggering
and best time resolution.23 It is possible to find further infor-
mation about the method in Refs. 2 and 23–25.

The block diagram of the used spectrometer, which was
used to acquire the time spectrum of 22Na, is given in Fig. 3.
NaI(Tl) and plastic scintillation detectors were used in this
spectrometer. In the spectrometer, detectors were mounted
on the photomultiplier tubes (PMTs, Ortec 266). The anode
outputs which give fast negative signal of these tubes were
connected to timing filter amplifiers (TFAs, Ortec 454). The
aim of TFA usage was to amplify the signal and reduce the
high-frequency noise via its selectable integration time.26 The
TFA outputs were connected to constant fraction discrimina-
tors (CFDs, Ortec 463). A CFD module is used to trigger on
a constant fraction of the detector signal which it is indepen-
dent of the signal amplitude.27 One of the negative outputs of
the CFDs was directly sent to the “start” input of a time to
amplitude converter (TAC, Ortec 566). The negative output of
the other CFD was first sent to a delay unit (D, Ortec 425A)
and then connected to “stop” input of the TAC. The delay unit
provides a time delay between “start” and “stop” inputs of
the TAC. A TAC converts the time difference between its two
input signals to a voltage pulse whose height is proportional
to this difference between the signals. Hence, a pulse whose
height corresponds to this time value is generated.24 Positive
outputs of the CFDs were connected to a coincidence module
(C, Ortec 418A) to trigger the TAC through its strobe input.
Consequently, the time spectra were obtained using the logic
output of the TAC. A multichannel analyzer (MCA, Ortec
Trump 8K) was utilized to acquire coincidence time spectrum
of the two detectors. Since fast negative signals were used in
the experiments, all modules were connected with RG-58 C/U
type coaxial cables.

Firstly, the MCA was calibrated to designate the time
value per channel. This process was repeated for each detector
type. For this, we have set the TAC range and MCA conversion
gain as 100 ns and 8192 ch, respectively, after many tests
for the best timing resolution. Their time calibration graphs
can be observed in Fig. 4. In the time calibration process, the
delay time was gradually increased from zero to 40 ns with
the increments of 4 ns by using delay unit shown in Fig. 3.
The peak positions of time peaks versus delay time increments
were plotted for NaI(Tl) and plastic detectors (Fig. 4). The time
calibration graphs for both detectors were acquired in order
to determine the time per channel. This value was calculated
by taking the inverse of the slope of the each graph. These
values for NaI(Tl) and plastic detectors were obtained as 12.29
± 0.08 and 12.36± 0.15 ps/ch, respectively. The time value per

FIG. 4. (a) Time calibration graph for the NaI(Tl) scintillation detector. (b)
Time calibration graph for the plastic scintillation detector.

FIG. 5. (a) Optimum delay time graph for the NaI(Tl) scintillation detector.
(b) Optimum delay time graph for the plastic scintillation detector.
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FIG. 6. Simulated detectors’ positions in FLUKA.

channel was also calculated using TAC range and the conver-
sion gain of the MCA to check the values obtained from the
calibration graphs. This time value per channel was calculated
as 12.21 ps/ch by dividing 100 ns (TAC range) to 8192 ch
(conversion gain of the MCA). The values from calibration
graphs were highly close to the real one (12.21 ps/ch) for both
detector types.

Optimum delay time (which is called a time differences
between start-stop inputs of the TAC) for both detectors was
determined as 4 ns during the time calibration process since
the best time resolution values were obtained at this delay time
(Fig. 5).

The detectors used in the spectrometers were simulated
with FLUKA MC simulation program as described in the
experiments above in order to support the experimental results
with the theoretical method. In this program, scoring cards
and physics lists are used to evaluate the required quantities.
Further information about it can be found in the literature.18,19

In our procedure, NaI(Tl) and plastic detectors with the same
crystal thicknesses, and their positions were simulated as in
the experiments. Figure 6 shows a sketch of the detectors
and their positions obtained directly from the program. Ad-
ditionally, 511 keV-energy photons were simultaneously sent
to both crystals in the program. The distances between both
detectors were fixed separately, and the detector counts were
acquired through the program for each detector distance as
in the experiments. PRECISIO physics list was used in these
interactions. Finally, experimental and theoretical results were
compared with each other for the sake of completeness.

Fig. 7 shows the TFA output signal shapes from the
NaI(Tl) and the plastic scintillation detectors and calculated
peaking and shaping time values obtained from an oscillo-
scope (GW Instek GDS-3504) with the sample rate of 4 GS/s.
The peaking times and the shaping times for the NaI(Tl) and
plastic scintillation detectors were determined to be 720 and
32 ns, 240 and 6.50 ns, respectively.
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FIG. 7. (a) Shaping time of the NaI(Tl) scintillation detector from the TFA.
(b) Shaping time of the plastic scintillation detector from the TFA.

In Fig. 8, the TAC output signal shapes of the detectors
are given.

In the experimental section of the study, the distances of
start and stop detectors from the source were set to 1 cm.
This distance was called the reference point (d = 0 cm) which
means that the distance was assumed to zero. The stop de-
tector was fixed while the start detector was moved to dis-
tances of d = 2,4,6, and 8 cm from the source position. Time
spectra were collected for each distance (d). As the start de-
tector was placed in the distances of d = 2,4,6, and 8 cm,
respectively, the channel numbers corresponding to the tim-
ing peak positions moved to higher channel numbers. This
movement showed that a time delay occurred with respect
to the reference point when the start detector was farther
from the reference point. This change of the peak position
(i.e., time delay or time difference) in the time spectrum was
determined by subtracting the channel number of the peak
position from the channel number corresponding to the refer-
ence point. These time differences were determined for each
distance.

FIG. 8. (a) TAC output signal shape of the NaI(Tl) scintillation detector. (b)
TAC output signal shape of the plastic scintillation detector.

Since 1 m-cable length for RG-58 C/U coaxial cables
generates a delay of 5 ns,23 we calculated the cable lengths cor-
responding to these time differences for each distance. We then
used these cables in different lengths in the start input of the

FIG. 9. Peak positions vs. distance from the reference point of the start
detectors.
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FIG. 10. Time resolution values with and without additional delay cables
vs. distance from the reference point of the start detector for the NaI(Tl)
scintillation detectors.

FIG. 11. Time resolution values with and without additional delay cables
vs. distance from the reference point of the start detector for the plastic
scintillation detectors.

FIG. 12. Calculated and experimental delay times vs. distance from the
reference point of the start detector for the NaI(Tl) scintillation detectors.

TAC separately. Thus, we compensated these time differences
between start and stop inputs by this way. The time spectra for
both spectrometers were acquired again and obtained results
are given in Sec. III.

In the theoretical section of the study, the maximum
counts corresponding to each distance from the reference
point of the start detectors were determined. For this purpose,
FLUKA MC program was used, and this simulation process
was repeated for NaI(Tl) and plastic detectors. Comparison of
the obtained experimental and theoretical results is given in
Sec. III.

FIG. 13. Calculated and experimental delay times vs. distance from the
reference point of the start detector for the plastic scintillation detectors.

FIG. 14. Comparison of experimental and theoretical counts for the NaI(Tl)
scintillation detectors with respect to the distance from the reference point of
the start detector.

FIG. 15. Comparison of experimental and theoretical counts for the plastic
scintillation detectors with respect to the distance from the reference point of
the start detector.

III. RESULTS

Variations of the peak positions (channel number) versus
distance from the reference point of the start detectors are
given in Fig. 9.

In Figs. 10 and 11, obtained time resolution values with
and without additional delay cables which were added the start
input of the TAC are shown for both detectors, respectively. It
can be deduced from the figures after a large number of tests
that best time resolution would be able to acquire with the
optimum detector position. As the start detector was moved
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TABLE I. f values of the coincidence systems with and without additional delay cables.

f value for whole-body
(heavy)

f value for whole body
(average) f value for human brain

Detectors
Without

delay cable
With delay

cable
Without

delay cable
With delay

cable
With delay

cable
With delay

cable

NaI(Tl) 0.30 0.33 0.23 0.25 0.17 0.19
Plastic 2.22 2.47 1.71 1.90 1.27 1.41

TABLE II. TOF gain values of the coincidence systems with and without additional delay cables.

TOF gain (G)
(for whole-body, heavy, D = 35 cm)

TOF gain (G)
(for whole-body, average, D = 27 cm)

TOF gain (G)
(for human brain, D = 20 cm)

Detectors
Without additional

delay cable
With additional

delay cable
Without additional

delay cable
With additional

delay cable
Without additional

delay cable
With additional

delay cable

NaI(Tl) 0.55 0.57 0.48 0.50 0.42 0.43
Plastic 1.49 1.57 1.31 1.38 1.13 1.19

TABLE III. Experimental time resolution results of the coincidence systems with and without additional delay
cables with respect to the distance from the reference point of the start detectors.

Time resolution (without
additional delay cable) (ns)

Time resolution (with
additional delay cable) (ns)

Distance from the reference point
of the start detectors (d) (cm) NaI(Tl) Plastic NaI(Tl) Plastic

0.0 9.518 ± 0.324 1.553 ± 0.027 . . . . . .
2.0 8.836 ± 0.336 1.555 ± 0.127 8.594 ± 0.341 1.428 ± 0.110
4.0 8.392 ± 0.345 1.467 ± 0.039 8.220 ± 0.349 1.384 ± 0.066
6.0 7.714 ± 0.360 1.050 ± 0.037 7.098 ± 0.375 0.945 ± 0.044
8.0 8.264 ± 0.347 1.443 ± 0.095 7.736 ± 0.360 1.340 ± 0.088

far away from the reference point, moreover, the “start” signal
of the TAC delayed and thus, the time difference between start
and stop detectors decreased, leading to resolution enhance-
ment. As a principle, “start” input of TAC should be furnished
first with respect to the “stop” input for generating a logic
output. Since “start” input have gradually delayed than that of
the “stop” one at the distances farther than 6 cm, the resolution
has normally started to deteriorate.

Experimental and calculated delay times (time differ-
ences) which were mentioned in Sec. II are compared for both
detectors in Figs. 12 and 13.

FLUKA program generated the coincidence counts for
start and stop detectors as a function of the distance between
them. In order to support the experimental counts, these theo-
retical counts are compared with them for both detector types
in Figs. 14 and 15, respectively.

Spatial resolution values (∆x) were calculated for the
coincidence system of plastic detectors with and without addi-
tional delay cables due to its fast response. The equation given
in the “Introduction” section was used for this calculation, and
these values were found as 15.75 and 14.18 cm, respectively.
Hence, an improvement in the spatial resolution of almost
9.9% was determined for the whole-body imaging.

D value in the f relation depends on the body volume. In
this respect, the f values calculated for the human whole-body
(heavy, D = 35 cm; average D = 27 cm) and brain (D = 20 cm)

are indicated in Table I. Since the D value is 20 cm for a
thin human whole-body like in brain,12 its calculated f value
has not been given in the results here in order to prevent the
duplication. The positive effect of the additional delay can
clearly be observed in the table.

TOF gain (G) values for the whole body (heavy and
average) and brain are also given in Table II.

From this table, it can be said that the additional delay to
the start signal has contributed to the TOF gain (SNR gain) or
time resolution (coincident resolving time) enhancement.

In Table III, calculated time resolution values for both
spectrometers with and without additional delay cables at
different distances from the reference point of the start detector
are tabulated.

As stated previously, the delay times were determined
using the peak positions corresponding to each distance in the
time spectra. These peak positions were subtracted from the
positions of the reference points for the detectors. Therefore,
time resolution values of both detectors for reference point in
the first right cells in Table III are blank.

IV. CONCLUSIONS AND DISCUSSION

Several studies have shown that the time resolution value
for the coincidence measurements in medical imaging systems
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was a crucial parameter since it was effective on the measure-
ments’ quality.3,6,8,10,11,14,15

The constant fraction timing method and the start-stop
coincidence timing spectrometer composed of organic
(BC412) and inorganic (NaI(Tl)) scintillation detectors were
used here like in our previous study20 in order to show the
reliability of the obtained results and to support the results and
conclusions given there.

Generally, the results obtained using the plastic detectors
were better than the results obtained using the NaI(Tl) scin-
tillation detectors due to faster decay times of plastic scin-
tillators. Therefore, used BC412 type plastic detectors were
suitable for TOF/PET coincidence systems.

If time resolution, SNR gain, and spatial resolution of
a coincidence system are favorable, the quality of medical
imaging will be highly satisfactory in a PET system. So, in the
present work, to enhance the time resolution of a coincidence
spectrometer, the fast signal from the start detector at different
distances from the reference point was delayed before the
timing process. This delay has improved the spectrometers’
time resolution, as shown in Table III. Thus, validity of our
suggested method in our previous work has been proven once
more by the presented study in enhancing the coincidence
time resolution of a timing coincidence spectrometer using the
additional delay cables (Tables I–III). The authors believe that
this situation will help to improve the medical image quality
on the basis of obtained results.

The distance between reference point and start detector
was increased to 2, 4, 6, and 8 cm for each detector type. When
the distance between source and the start detector was 6 cm, the
best time resolution values with and without additional delay
cables were achieved for both detector types (Figs. 10 and 11,
Table III). This situation pointed out that there might be an
optimum distance between the detectors with respect to the
source position for the best timing detection performance.

Obtained calculated and experimental delay times for
NaI(Tl) and plastic detectors were compared in Figs. 12 and 13.
As it can be seen from the figures, these delay times were
quite close to each other for each distance. This result showed
us that the obtained experimental results with the additional
cable length were reliable. Additionally, it has been noticed
that the FLUKA results were compatible with the experimental
timing ones though they were the coincidence counts obtained
from the computation. These comparisons are given in Figs. 14
and 15.

Enhancement in f values, time and spatial resolutions and
SNR gain obtained here for both detector types have consoli-
dated the validity of the method proposed in our previous and
present works.

This work demonstrated that the proposed method in our
previous work and here succeeded in enhancing the time reso-
lution of a start-stop coincidence system, spatial resolution, G
and f values for human whole-body (heavy, average and thin)
and brain imaging using a TOF/PET spectrometer.

As stated in the equations in the first section, spatial
resolution and TOF gain depend on the time resolution of the
coincidence system.3,4,7,12,15,16,28–35 In other words, as the time
resolution is enhanced, these parameters have more favorable
values. Since the better TOF gain (i.e., SNR gain) means the

better localization of the coincident events, this result will
generate more significant improvement on the true coinci-
dent event, leading to better image quality. This important
conclusion will be extremely effective on large or heavy patient
bodies (Tables I and II).

Consequently, better resolutions will help the improve-
ment not only on the TOF gain but also on the spatial resolu-
tion. This will lead to better images and can help the Physician
in his/her diagnosis and treatment. In addition, time saving,
lower cost, patient comfort, and pleasure can be provided as
the other benefits of the resolution enhancement in the long
run.8
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