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Abstract. The objective of this study is to improve the time resolution value of a coincidence spectrometer used in
a time-of-flight–positron emission tomography (TOF–PET) system. This spectrometer is used in medical imaging
systems. The coincidence spectrometer is manufactured by using a BC420-type plastic scintillator and R1828-
01-type photomultiplier tube, and the time resolution value of the manufactured spectrometer is determined. The
accuracy of the experimental results is determined using the FLUKA Monte Carlo simulation program. Detectors
are first manufactured in this program. Experimental and simulation results are compared and are found to be in
good agreement. Optimal positions of the detectors are investigated to improve the coincidence time resolution
of the spectrometer. Time resolution improvement of the optimal detector positions enables higher time-of-flight
(TOF) gain and spatial resolution, leading to better image quality, reduction in patient doses and detection of small
lesions.

Keywords. Coincidence spectrometer; time resolution; time-of-flight gain; FLUKA Monte Carlo simulation
program.
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1. Introduction

Positron emission tomography (PET) is a medical imag-
ing method that uses radioactive isotopes, to take the
image of the part of a patient’s body.

1.1 Basic principles of PET

PET is based on the coincidence detection of two 511
keV photons emitted in opposite directions following
the annihilation of a positron and an electron. The
physics of positron decay and annihilation is shown in
figure 1 [1,2].

Several geometries have been applied in the design
of the PET detector [3]. PET scanner generally con-
sists of several rings of crystals. Each detector contains
one or more large crystals followed by photomulti-
plier tubes (PMT). The crystal of the detector converts
gamma photon energy into light photon energy [4].
PMT is a vacuum tube consisting of an input window,
photocathode, focussing electrodes, electron multiplier
and anode [5]. The function of PET is to generate
images of the distribution of positron emitters in vivo,

detecting the annihilation photons surrounding the
patient by coincidence detectors. Scintillators, PMTs
and timing resolution are significant factors in the PET
performance.

1.2 Benefits of TOF principles

Some systems measure time-of-flight (TOF) under the
assumption that annihilation can be localised along the
line of flight of coincident photons by measuring the
time of arrival of each photon at their opposing crys-
tals for optimum resolution. The time difference is
proportional to the difference in distances travelled by
the two photons. TOF measurement is used to calculate
the position of the event along the line connecting the
detectors [4].

1.3 Structure of the detector of the system

The type and composition of scintillation crystals are
of considerable importance in the detection. To improve
the detection performance of PET detectors, many types
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Figure 1. Physics of positron decay and annihilation [1].

Figure 2. TOF–PET principles [14].

of scintillator materials have been suggested and imple-
mented. Crystals that can provide high photon detection
efficiency, short decay time and better energy resolution
are highly preferred to improve timing characteristics of
the PET detectors [3].

1.4 Parameters used in the study of TOF-PET systems

The time resolution of a detection system (�t) can be
determined by measuring the distribution of time delays
between fast nuclear interactions. It is characterised by
the full-width at half-maximum (FWHM) of a time spec-
trum [6]. FWHM is the width of the position of half of
the maximum value of a peak distribution.

Time resolution values are used to define the spatial
resolution (i.e., localisation uncertainty) of a TOF–PET
system. The spatial resolution of the system (�x) can
be calculated as

�x = c�t/2, (1)

where c is the speed of light and �t is the time resolution
of the system (figure 2) [7–13].

Spatial resolution is a characteristic quantity that
describes the ability of an imaging system to reveal
objects accurately in the two spatial dimensions of an

image. The better is the spatial resolution, the better
is the separation of two objects that are close to each
other [15,16]. As the spatial resolution is a crucial
parameter for a PET system, it is inevitable to improve
it as much as possible. Functional images acquired
with poor spatial resolution have several drawbacks,
such as the likelihood of missing small metabolically
active lesions, inaccurate quantitative measurements,
and finally misdiagnosis [3].

Another important parameter for a TOF–PET sys-
tem is the gain value ( f ). This value corresponds to
the reduction in noise variance, where f is given by

f = D/�x . (2)

D is the size of the emission source or radial dimension
of the object to be imaged [7–10,13,17].

1.5 FLUKA Monte Carlo method

The Monte Carlo (MC) calculations describe any tech-
nique in which complex models are evaluated by
generating successive random samples and interpreting
statistically the global results after numerous itera-
tions [18].

One of the well-known set of MC codes is the
FLUKA. It is based on FORTRAN language. Pro-
ton and electron accelerator shielding, target design,
dosimetry and detector design can be simulated using
particle transport and interactions with matter in this
code [19,20].

1.6 Objective of this study

One of the most important parameters of a medical
imaging system is the time resolution as this parame-
ter considerably affects the image quality (i.e., spatial
resolution) of the system. In this study, improved time
resolution values were achieved by using a coincidence
spectrometer consisting of a new generation scintillator
and PMT that are more sophisticated than those pre-
sented in the previous studies [21,22].

2. Experimental

2.1 Materials

A 22Na positron source is commonly used in PET
imaging [23]. Therefore, a solid point 22Na source with
∼5 μCi activity was used in this work.

Plastic scintillators are characterised by a relatively
large light output and a short decay time. This makes
the material suitable for fast measurements. In addition,
plastic scintillators are the most popular scintillation
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materials for use in TOF detectors. In this study,
BC420-type (Saint-Gobain) scintillation crystal [24]
was chosen which has a short decay time because this
parameter is crucial in coincidence timing detection in
PET imaging [3].

2.2 Methods

The primary focus of time spectroscopy is determining
the relationship between the arrival times of particles
emitted as a result of some event. Any detector hav-
ing sufficient time resolution and response time can be
used to build a time spectrometer. In most cases, a com-
bination of the scintillator and PMT is used [25]. The
constant fraction timing method was one of the timing
measurement methods used in this study. Considerable
information about the timing measurement method is
provided in previous studies [26–28].

The experimental circuits used to achieve the time
spectrum of 22Na is shown in figure 3. We utilised
two cylindrical (2-inch diameter and 2-inch height)

plastic scintillators with a decay time of 1.5 ns. They
were mounted on Hamamatsu R1828-01-type photo-
multiplier tubes. This type of PMT is suitable for
PET applications [5,29]. The detectors were fed by
an ORTEC-556-type power supply. The outputs of the
detectors were connected to fast timing preamplifiers
(FPAs, ORTEC VT120A). In fast timing applications,
FPA is a device that generates high-performance and
very fast linear signals from PMT [30]. The preampli-
fier outputs were sent to timing filter amplifiers (TFAs,
ORTEC 454). The TFA provides an amplified signal and
reduced high-frequency noise through a selectable inte-
gration time [31]. The outputs of TFAs were forwarded
to constant fraction discriminators (CFD, ORTEC 463).
One of the negative outputs of CFDs was connected
to the ‘start’ input of the time-to-amplitude converter
(TAC, ORTEC 566). The other negative CFD output
was connected to the ‘stop’ input of the TAC through
the delay unit (DL, ORTEC 425A). The DL was used to
provide time for the delay between the ‘start’ and ‘stop’
inputs of the TAC. The TAC produces a pulse with an

Figure 3. Experimental circuit of the spectrometer.
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Figure 4. Positions of the detectors in the experiment.

Figure 5. Time calibration of the detector (fitted time
calibration = 49.692 ± 0.432 ps/ch).

amplitude proportional to the difference in the arrival
times of the pulses [25]. The CFD positive outputs were
forwarded to the coincidence unit (ORTEC 418A) to
trigger the TAC’s strobe input. Each event recorded by
the two detectors gives rise to one TAC pulse. The dis-
tribution of the amplitudes of these pulses is called the
timing spectrum [25]. A multichannel analyser (MCA,
ORTEC Easy-MCA 2K) was used to achieve a coinci-
dence time spectrum.

In the circuit shown in figure 3, the distance between
the start and stop detectors was first set to a 2 cm position.
The first position of the stop detector was chosen as a
reference point (d = 0). Radioactive source, placed at
the centre of the start and stop detectors in this reference
position, was kept immobile during the measurements
(figure 4).

In the first step of the experimental study, the time
calibration of the MCA was performed in the reference
position (d = 0). During the measurement, the TAC
range was set to 100 ns, and the MCA conversion gain
was selected as 2048 channels. The delay time was
increased gradually from 0 to 40 ns in increments of
4 ns through the delay unit, which is shown in figure 6.
In figure 5, the obtained time calibration graph is given.
The time value per channel was calculated by taking the
inverse of the slope of the calibration graph. This value
was determined as 49.692±0.432 ps/ch. The TAC range
and MCA conversion gain were also used in the time
calibration to check the validity of the result from the
calibration graph. A value of 48.828 ps/ch was obtained
by dividing the TAC range (100 ns) by the MCA conver-
sion gain (2048 channels). The slope of the graph and
these calculation results were very similar.

The time difference between the start and the stop
inputs of a TAC is known as the delay time. In this
work, the optimum delay time was determined as 4
ns. As a result of the time calibration process, the best
time resolution value was achieved at this delay time
(figure 6).

In the second part of the study, the start detector was
fixed, and the stop detector was moved away from its first
position to the distances (d = 2, 4, 6 and 8 cm). The
channel numbers corresponding to the timing peak posi-
tions were recorded vs. the position of the stop detector.
The obtained results are provided in §4. The acquisi-
tion time was chosen as 300 s. The experiments were
conducted in a dark room at a constant temperature of
23◦C because ambient light and high temperature cause
detector noise [26].
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Figure 6. Optimal delay times.

Figure 7. Output signal shape of the CFD.

Figure 8. Output signal shape of the TAC.

CFD and TAC output signal shapes are shown in
figures 7 and 8 respectively. These signal shapes
were obtained from a digital oscilloscope (GW Instek
GDS-2204).

3. Simulation

In this type of spectrometer, the FLUKA MC program
was used to simulate detector construction to test its use.
Physics lists and several scoring cards were used in the
simulation process. Further information can be found
in [19,20].

In the experiment, plastic scintillation detectors were
used and their positions were simulated. The plastic
scintillator and its plastic cover (2 mm) were kept in
front of the scintillation crystal. Simulated detectors and
their positions are shown in figure 9. A beam of 103

gamma photons of 511 keV was sent to both detectors.
The distance between the detectors was altered in the
experiment and coincidence counts were determined.
In this calculation processes, the PRECISIO physics list
was used because it serves as a better objective of this
study than the other physics lists in the program. Finally,
experimental and theoretical coincidence count results
were compared.

In this program, maximum counts were determined
for each detector distance. A comparison of the experi-
mental and theoretical counts is provided in the follow-
ing section.

4. Results

4.1 Time resolution

Figure 10 shows variations in peak positions with the
distances from the reference point of the stop detector.

The obtained time resolution values vs. the distance
from the reference point of the stop detector are shown
in figure 11. Based on this comparison, the optimal posi-
tion of the stop detector for the best coincidence time
resolution value was determined (6 cm). In addition,
the obtained time resolution values for each distance
from the reference point of the stop detector are listed
in table 1. Time resolution values in this table are the
average of 5 iterations of each measurement.

4.2 Spatial resolution and gain

Spatial resolution values for the spectrometer (�x)
were calculated based on eq. (2). This calculation was
repeated for each distance from the reference point of
the stop detector to determine the best spatial resolu-
tion position. The obtained spatial resolution values are
listed in table 2.

The gain value ( f ) of the spectrometer was also
calculated according to eq. (2) at different distances
from the reference point of the stop detector for two
body types (heavy and average) and one body part
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Figure 9. Simulated detector position in FLUKA MC program.

Figure 10. Peak position vs. distance from the reference
point of the stop detector.

Figure 11. Time resolution values vs. distance from the ref-
erence point of the stop detector.

Table 1. Time resolution values for each distance from the
reference point of the stop detector.

Distance from the reference
point of the stop detector (cm)

Time resolution values
(ps)

0.0 512 ± 0.044
2.0 512 ± 0.044
4.0 390 ± 0.051
6.0 317 ± 0.056
8.0 610 ± 0.041

Table 2. Spatial resolution values (�x) of the coincidence
system for each distance from the reference point of the stop
detector.

Distance from the reference
point of the stop detector (cm)

Spatial resolution values
(�x) (cm)

0.0 7.7
2.0 7.7
4.0 5.9
6.0 4.8
8.0 9.2

(brain). The radial dimension of the body type or
imaged part is described by D. Values of D are 35,
27 and 20 cm for heavy, average bodies and the brain,
respectively [10,14]. Calculated gain values for different
values of D values at each distance are listed in table 3.
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Table 3. Calculated gain value ( f ) and FWHM (timing resolution) for different values of D at each distance from the reference
point of the stop detector.

Distance from the reference point
of the stop detector [d, (cm)]

Gain value ( f ):
heavy body

Gain value ( f ):
average body

Gain value ( f ):
brain

FWHM (timing
resolution in ps)

0.0 4.56 3.52 2.60 512
2.0 4.56 3.52 2.60 512
4.0 5.98 4.62 3.42 390
6.0 7.36 5.68 4.21 317
8.0 3.83 2.95 2.19 610

Figure 12. Variations in gain values ( f ) based on timing res-
olution values.

The variations in f based on timing resolution val-
ues of the spectrometer and distance from the reference
point of the stop detector are shown in figures 12 and 13.

Because f depends on the time resolution as defined
in eq. (2), values of f are plotted in figure 12 to deter-
mine the variation vs. time resolution.

In addition, values of f at different distances from the
reference point of the stop detector were investigated to
reveal the effect of distance between the patient and the
detector based on the position of the stop detector in the
TOF–PET system.

4.3 FLUKA MC results

The obtained theoretical coincidence counts through the
FLUKA MC program as a function of different distances
from the reference point of the stop detector (d) were
determined. A comparison between the theoretical and
experimental counts are shown in figure 14.

5. Discussion

As discussed in [3,32], TOF–PET measurement is
directly affected by the time resolution of the coinci-
dence system. For this reason, improvement of timing

Figure 13. Variations in gain values ( f ) based on distance
from the reference point of the stop detector.

Figure 14. Comparison of the experimental and theoretical
counts with respect to the distance from the reference point
of the stop detector.

resolution was conducted in this study. The TOF mea-
surement is used in current PET imaging. The main
components of the system are scintillator, PMT and
electronics. These components also have considerable
importance for TOF–PET systems. Improvement of the
time resolution value of these systems is achieved by
using fast scintillators, fast PMTs and appropriate elec-
tronics [14].

Enhancement of time resolution values of the coin-
cidence spectrometer has many advantages. First, the
imaging time is reduced as a result of improving the
time resolution value, which enables healthy tissue
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and lesions to be clearly distinguished. The scintilla-
tion crystals that have faster decay times are used to
enhance the time resolution values of the system [3,33].
Another important parameter of the TOF–PET sys-
tem is to choose the most appropriate PMT for the
scintillation crystal [33]. Therefore, a coincidence spec-
trometer consisting of very fast scintillators and PMTs is
used, and excellent time resolution values are achieved
in the constructed spectrometer. The present study
reveals that the selection of the scintillation crystal and
PMT as well as the position of the stop detector in the
spectrometer, are critical to the performance of a TOF–
PET system.

Timing in nuclear and particle physics corresponds to
the measurement of very small time intervals. An exam-
ple of its use is the TOF measurement. Constant fraction
timing discrimination is the most efficient and versatile
method available today [26]. Therefore, the constant
fraction discrimination method is used to prevent the
effects of degradation of time resolution values due to
electronic noise in TOF–PET system electronics [12].
This method was used in our experiment based on this
information.

Based on extensive literature research, three D val-
ues (i.e., radial dimensions of the object to be imaged)
were chosen. In the references, D values for heavy body,
average body and brain were given as 35, 27 and 20 cm,
respectively [10,14].

Figure 12 shows that better timing resolution was
obtained with higher f values. In other words, as the
time resolution was enhanced, the gain and spatial
resolution values increased, leading to better detection
performance. This trend was verified in [12]. This leads
to better image quality as well as a lower injected dose.
Thus, a primary conclusion that can be drawn is that the
better the time resolution of the coincidence spectrom-
eter, the better is the gain and spatial resolution.

We determined that f values for a heavy body (i.e.,
heavy patient), as shown in figure 12 and (2), are always
higher than those of the gains of an average body and
brain. This means that the constructed TOF–PET system
has an advantage for heavy patients as it has a bet-
ter timing resolution because of faster scintillators and
PMTs.

It was found that f values for heavy bodies, aver-
age bodies and brains were highest at 6 cm because
the best time resolution was obtained at this distance
(figure 13). In addition, this shows that the position
of the stop detector has the best detection efficiency.
Thus, the distance between the stop detector and radio
pharmaceutics position should be an optimal value
to achieve the best detection performance and bet-
ter image quality, as the optimal patient position for
the use of radio pharmaceutics, especially in planning

tests with the body or organ phantoms, was extremely
effective.

6. Conclusion

In our previous studies, in which TOF–PET measure-
ments were conducted [21,22], we used different types
of PMTs (Burle Model 8575) and scintillation crystals
(BC412, BC418) to obtain the best time resolution val-
ues for the coincidence spectrometers we examined. In
these studies, the PMTs used to be slow even though
the crystals exhibited short decay times. Therefore, the
time resolution results obtained in this study were better
than those of the previous studies. For this reason, we
have chosen new generation PMTs applicable to PET
systems [31]. Moreover, selected scintillation crystals
had shorter decay times in this study compared to previ-
ous studies [21,22]. When these results are considered
together, enhancing the time resolution of the coinci-
dence spectrometer is clearly necessary to increase the
image quality. Therefore, to achieve the best image qual-
ity in a TOF–PET system, faster scintillation crystals
and PMTs used together with optimal patient positions
are highly recommended. In addition, these parame-
ters help to reduce the injected dosages for patients and
detect small lesions.
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