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� Two coincident inorganic scintillation detectors were used.
� Two coincident organic scintillation detectors were used.
� Timing method was utilized.
� Coincidence time resolution value for TOF/PET was enhanced.
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a b s t r a c t

A coincidence timing spectrometer was assembled using NaI(Tl) inorganic and BC418 type organic
(plastic) scintillation detectors. The constant fraction timing method was used. Coincidence time reso-
lution values of the detectors, which have great importance in TOF/PET measurements, were obtained
separately. The resolutions were enhanced using a different method in a start-stop coincidence spec-
trometer: the signals from the start detectors were delayed. The results from the FLUKA Monte Carlo
simulation code agreed well with the experimental results.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

It is often important to determine the time relationship of pulses
in radiationmeasurements (Tsoulfanidis, 1995). For this purpose, the
electronic determination of coincidence is used, e.g., coincidence in
time between two events (Leo, 1994). Such coincidence measure-
ments are alsoused inmedical imaging systems. Imaging is becoming
increasingly important in modern medicine, both as a means of
diagnosis and as additional support for planning and controlling
clinical procedures. Coincidence measurements have contributed to
improvements in the quality of medical images. Enhanced contrast
and resolution, reduced noise, distortion and artifacts have become
key objectives in areas such as the physics of detectors and image
reconstruction mathematics (De Lima, 2011). Medical imaging rep-
resents an increasingly important component of modern medical
practice because early and accurate diagnoses can substantially
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influence patient treatment strategies (Iniewski, 2009). Medical im-
aging systems involve techniques ranging from simple planar and
whole-body studies to positron emission tomography (PET) and
single-photon emission computed spectroscopy (SPECT) (Iniewski,
2009; Yamada and Uchida, 2011). PET uses time of flight (TOF) in-
formation with fast scintillation detectors for human whole-body
scans (Yamada and Uchida, 2011). In TOF measurement, the
emitted photons are detected by two detectors (start and stop de-
tectors). The detector signals are amplified and forwarded to a timing
circuit. Currently, almost all commercially available scanners in PET
systems employ scintillation crystalswith photomultipliers (PMTs) to
measure the radiation. In early PET systems, a single scintillator
crystalwas coupled to a single PMT. Sodium iodideNaI(Tl) is certainly
the most popular detector crystal for the (non-PET) Anger camera.
Modern PET systems use lutetiumoxyorthosilicate (LSO), gadolinium
oxyorthosilicate (GSO) or bismuth germanate (BGO); however, so-
dium iodide (NaI), cesium fluoride (CsF), and barium fluoride (BaF2)
have been tested for PET applications (Iniewski, 2009) as well.

The properties of imaging systems are usually expressed in
physical terms. One of the concepts used to describe imaging
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Fig. 2. The use of a 137Cs radioactive source in medical imaging system.
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systems, in these terms, is spatial resolution. The spatial resolution
of an imaging system is an important parameter: it corresponds to
the minimum distance between two points in an object that allows
the points to be observed as two distinct points in the image. This
distance is parameterized by full width at half maximum (FWHM),
the width of a peak at half its full height (De Lima, 2011). The time
resolution of a timing system is defined as FWHM in the time
spectrum (Fig. 1). Low time resolution value (a sharp peak in the
time spectrum) indicates that the system has better time-detection
sensitivity. Moreover, the FWHM value of a time distribution is also
used as a measure of the overall timing uncertainty in the mea-
surement system (Knoll, 2000). Spatial resolution (localization
uncertainty of the coincidence system, Dx) can be defined as
Dx ¼ cDt/2 in coincidence measurements (Ahmed et al., 2012;
Choong, 2009; Snyder et al., 1981; Moses, 2003; Shibuya et al.,
2010; Conti, 2009; Casey, 2008; Budinger, 1983; Conti et al.,
2005; Karp et al., 2008), where c is the speed of the light (used
because photons disperse at this speed) and Dt is time resolution of
the system (error in time measurement). Another parameter of the
coincidence measurement is the multiplicative reduction factor (f).
This factor is calculated from f ¼ D/Dx, where D is the size of the
emission source or radial dimension of the object to be imaged
(Choong, 2009; Moses, 2003, 2007; Conti, 2006). The square root of
f (

ffiffiffi
f

p
) is defined as the spatial resolution improvement (I), also

called TOF gain, of a spectrometer (Choong, 2009; Conti, 2009,
2006; Budinger, 1983; Conti et al., 2005; Harrison et al., 2004).
Higher I values mean better detection performance.

Peaking and shaping time are important parameters in a timing
measurement. The peaking time is the time required for a pulse to
reach its maximum amplitude (Knoll, 2000). The corresponding
time to 61% of a timing peak value is defined as the shaping time.
The peaking time is approximately 3e5 times greater than the
shaping time (Fig. 1) (Bönisch, 2011).

The response times of the plastic scintillators are very short.
Because of this property, scintillators are commonly used in time
measurement andmedical imaging experiments; for example, a PET
camera is composed of an array of scintillation detectors sur-
rounding an imaging volume (Iniewski, 2009; Yamada and Uchida,
2011; Takeshita et al., 2012; Miehe et al., 1966; Kelly et al., 1973).
One of the scintillator types that has fast response times is an organic
scintillator, such as the BC418 type plastic scintillator. The best time
resolution can be obtained by using these scintillators because their
decay times are very fast (1.4 ns) (Saint Gobain, 2013). The other type
of scintillator is an inorganic scintillator such as NaI(Tl), where
thallium (Tl) is an impurity activator. It has decay time of 250 ns at
room temperature and is certainly the most popular detector for the
medical imaging systems (De Lima, 2011; Iniewski, 2009).
Fig. 1. Time spectrum, definitions of shaping and peaking times.
The major reason for the design and development of the FLUKA
Monte Carlo program is that the implementation and improvement
of modern physical models are important. The interaction and
propagation of any radiation in matter can be simulated using
FLUKA (Ferrari et al., 2005; Battistoni et al., 2007).

Coincidence measurements and low background digital coinci-
dence measurements using high-purity Ge (HPGe) detectors and a
digitizer were conducted by Cizek et al. (Cizek et al., 2010, 2012).
Ichihara et al. (2003) studied pulse shape discrimination method
using NaI(Tl) detectors. The temperature dependence of the decay
time constant of the NaI(Tl) detectors was examined using the
pulse shape discrimination method of Schneid et al. (1977). Kelly
et al. (1973) compared the scintillation lifetimes of various plastic
scintillators such as Pilot U, M and B, Naton 136 and NE 111 using
coincidence measurement. Miehe et al. (1966) studied resolving
time values using plastic scintillation detectors. Shibuya et al.
(2010) constructed a coincidence spectrometer of CsBr scintilla-
tors to investigate its timing performance. Borio di Tigliole et al.
(2001) examined low-energy neutron interactions through exper-
imental and theoretical methods. Korkut et al. (2011) determined
the linear attenuation coefficient of a radiation shielding material
using the FLUKA Monte Carlo program.

Medical imaging systems commonly consist of scintillator ma-
terials (Holstensson et al., 2008; Chaney et al., 1992; Xi et al., 2011;
Chiang et al., 1983) because of their faster decay times. In a medi-
cal 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, a
different experimental method is proposed to enhance the time
resolution of a coincidence system. In the first part of the study,
coincidence measurements were separately carried out using
spectrometers consisting of NaI(Tl) and BC418 type plastic scintil-
lation 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 using the
constant fraction timing method. In the second part of the study,
time resolution was calculated by applying additional delay to the
input of the timing signal to enhance the time and spatial resolu-
tions of the spectrometers. The experimental results were compared
with the results obtained using the FLUKA Monte Carlo program.
2. Materials and methods

A 137Cs radioactive standard calibration source is a gamma
emitter with a half-life of 30.07 years that produces single gamma
photons with an energy of 662 keV (Fig. 2). This radionuclide is one
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of the most commonly used sources in medical imaging (De Lima,
2011). In this work, the source’s activity was 5 mCi.

Two Bicron NaI(Tl) and two BC418 plastic scintillation detectors
were used in the experiments to obtain start-stop coincidence
measurements. The detectors were constructed from the
Fig. 3. Block diagram o
scintillators produced by Rexon Inc. (Beachwood, OH, USA). The
NaI(Tl) and BC418 detectors had cylindrical and truncated cone
shapes, respectively. Their dimensions are indicated in Fig. 3. The
detectors were first placed 2 cm apart. The radioactive source was
centered between them. This distance was chosen as reference
f the spectrometer.



Fig. 4. Time calibration graph.
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point. The start detector was moved d ¼ 2, 4, 6, 8 cm from the
source while the stop detector was fixed. The data acquisition time
for the plastic detectors was chosen as 300 s. For NaI(Tl), 600 s was
chosen because they recorded fewer counts than the plastic de-
tectors. The measurements were taken in a dark room at constant
temperature (22 �C) because ambient light and higher temperature
caused detector noise (Leo, 1994).

Constant fraction timing is a method of timing measurement.
The advantage of this method is a walk-free timing signal. It is
important to exploit optimum triggering to obtain the best time
resolution values (Leo, 1994). Further information about the
method can be found in various references (Tsoulfanidis, 1995; Leo,
1994; Knoll, 2000; Nicholson, 1974).

The time spectra of 137Cs were acquired using NaI(Tl) and plastic
detector spectrometers. A block diagram of the spectrometers is
illustrated in Fig. 3. The anode outputs (which give fast negative
signals) of the photomultiplier tubes (PMT, Ortec 266) mounted on
both detectors were connected to timing filter amplifiers (TFA,
Ortec 454). The TFAs amplified the signals and reduced high-
frequency noise by means of a selectable integration time
(Bedwell and Paulus, 1976). The TFA outputs were sent to constant
fraction discriminators (CFD, Ortec 463). A CFD module triggers on
a constant fraction of the detector signal, independent of the signal
amplitude (Vacik et al., 1998). One of the negative outputs of the
CFDs was sent to the start input of a time to amplitude converter
(TAC, Ortec 566). The negative output of the other CFD was con-
nected to the stop input of the TAC through a delay unit (D, Ortec
425A) to ensure a time differences between its start-stop inputs. A
Fig. 5. Detectors’ positions sim
TAC converts the time difference between two input signals to a
voltage pulse whose height is proportional to the time between the
signals. Consequently, a pulse whose height corresponds to a sig-
nificant time value is generated (Tsoulfanidis, 1995). The coincident
time spectrum of the two detectors was stored directly in a
multichannel analyzer (MCA, Ortec Trump 8K). Positive outputs of
both CFDs were sent to a coincidence module (C, Ortec 418A) to
trigger the TAC through its strobe input. The logic output of the TAC
was finally forwarded to the MCA in an attempt to achieve the time
spectra. All connections between the modules used RG-58 C/U
coaxial cables because fast negative timing signals were used.

The multichannel analyzer was first calibrated to determine the
time value per channel. This time calibration graph can be observed
in Fig. 4. The time per channel was determined by calculating the
inverse of the slope of the time calibration graph, and it was found
as 12.33 � 0.12 ps/ch. The calibration was checked by dividing the
range of TAC (100 ns) to the conversion gain of the MCA (8192 ch.),
yielding 12.21 ps/ch. The two calibrations were nearly equal.

The same spectrometer was used with both types of detectors,
as mentioned above. The detectors’ positions were also simulated
in FLUKA to check the validity of the experimental study using a
theoretical method, as shown in Fig. 5.

The TFA output signal shapes from the NaI(Tl) and the plastic
scintillation detectors are shown in Fig. 6. The peaking times for the
NaI(Tl) and plastic scintillation detectors were determined to be
360 and 30 ns, respectively, via an oscilloscopewith a sampling rate
of 1 GS/s. The shaping times for the detectors were 120 and 6 ns,
respectively.

The shape of the logic output of the TAC is shown in Fig. 7.
In the study, the start and stop detectors were first each placed

1 cm from the source. This distance was called the reference point
(d ¼ 0 cm). With the stop detector fixed, the start detector was
moved to distances of d ¼ 2, 4, 6 and 8 cm from the source. Time
spectra were collected for each distance (d). It was observed that
the channel numbers corresponding to the top positions of the
timing peaks gradually moved to higher channel numbers as the
start detector moved farther from the reference point. This move-
ment 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 peak position (i.e., time delay) in the
time spectrumwas determined by subtracting the channel number
of the peak positions of each distance from the channel number
corresponding to the reference point. Thus, the change in channel
numbers or delay time was determined experimentally for each
distance.
ulated in FLUKA program.



Fig. 6. Shaping times of (a) the NaI(Tl) and (b) the plastic scintillation detectors from the TFA.

Fig. 7. TAC output signal shape.
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A delay of 5 ns corresponds to 1 m-cable length for RG-58 C/U
coaxial cables (Leo, 1994). From this information, the cable lengths
were determined corresponding to the experimental delay times
for each distance. In the second part of the study, cables of the
determined length for each distance were added to the respective
start inputs of the TAC to improve the time resolution. The time
Fig. 8. Graph of distance from the ref. point of the start detectors vs. peak position for
both detector types.
spectra were again acquired for both spectrometers. The results are
given in the next section.

Maximum counts vs. distance from the reference point of the
start detectors for both type detectors were also calculated using
the FLUKA Monte Carlo program. The experimental and theoretical
results are compared in the following sections.
3. Results

In Fig. 8, variations in the peak positions (in terms of channel
number) versus distance from the reference point of the start de-
tectors are shown.

The time resolution values obtained with and without addi-
tional delay cables at the start input of the TAC are shown in Figs. 9
and 10, respectively.

Experimental delay times were recorded from the MCA using
the determined cable lengths. Additionally, these delay times were
calculated using the information in (Leo, 1994). These experimental
and theoretical delay time values are compared for both types of
detectors in Figs. 11 and 12.

In the present study, the FLUKA program computed the
maximum counts of the peak positions as a function of the distance
from the reference point of the start detectors. These results are
compared with the experiment in Figs. 13 and 14, respectively.

Using the equation given in the Introduction section, the spatial
resolutions for the coincidence systems of plastic detectors with
and without additional delay cable were found to be 22.59 and
Fig. 9. Comparison of time resolution values without and with additional delay cables
for the NaI(Tl) scintillation detectors.



Fig. 10. Comparison of time resolution values without and with additional delay cables
for the plastic scintillation detectors.

Fig. 11. Comparison of theoretical and experimental delay times for the NaI(Tl) scin-
tillation detectors.

Fig. 13. Comparison of experimental and FLUKA maximum counts for the NaI(Tl)
scintillation detectors.
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20.69 cm, respectively. Thus, the spatial resolution improvement
for the spectrometer was approximately 8.4% over the whole-body
imaging.

The f values calculated for the human whole-body (D ¼ 35 cm)
and brain (D¼ 20 cm) are indicated in Table 1. The positive effect of
the additional delay can clearly be observed in the table.

Resolution improvement (I) values for the whole-body are also
shown in Table 2.

It can be observed from this table that the additional delay to the
start signal contributed to the time resolution improvement. In
addition, time resolution values that were calculated for the
Fig. 12. Comparison of theoretical and experimental delay times for the plastic scin-
tillation detectors.
coincidence systems with and without additional delay cables at
various distances from the reference point of the start detector are
tabulated in Table 3.

The delay times of the signals from the start detectors were
calculated by subtracting the peak positions of the time spectrum
corresponding to each distance from the peak positions of the
reference points for both type detectors, so no time resolution
values were normally written for the reference point in the first
right cells in this table.
4. Conclusions and discussion

Time resolution is a crucial parameter for coincidence mea-
surements in medical imaging systems such as TOF/PET because it
affects the measurements’ quality (Ahmed et al., 2012; Moses,
2003, 2007; Conti, 2009, 2006; Budinger, 1983; Conti et al.,
2005). Therefore, this work investigated the optimum time reso-
lution values for a start-stop coincidence timing spectrometer us-
ing the constant fraction timing method. Time spectra were
obtained using NaI(Tl) and BC418 type plastic scintillation detector
spectrometers. A different coincidence method and a spectrometer
composed of organic plastic detectors (BC418) were suggested. The
results obtained using the plastic detectors were better than the
results obtained using the NaI(Tl) scintillation detectors, especially
in whole-body imaging. Therefore, it was determined that the
BC418 type plastic detectors were quite suitable for TOF/PET
systems.
Fig. 14. Comparison of experimental and FLUKA maximum counts for the plastic
detectors.



Table 1
f Values of the coincidence systems with and without additional delay cables.

Detectors f Value for whole-body f Value for human brain

Without
delay cable

With
delay cable

Without
delay cable

With
delay cable

NaI(Tl) 0.21 0.26 0.12 0.15
Plastic 1.55 1.69 0.89 0.97

Table 2
Resolution improvement values of the coincidence systems with and without
additional delay cables.

Detectors Resolution improvement (I) (for whole-body, D ¼ 35 cm)

Without additional delay cable With additional delay cable

NaI(Tl) 1.24 1.30
Plastic 0.45 0.51

E.E. Ermis et al. / Radiation Measurements 62 (2014) 52e5958
The time and spatial resolution of coincidence systems, e.g., TOF
and PET, have been investigated in various studies (Ahmed et al.,
2012; Choong, 2009; Snyder et al., 1981; Moses, 2003; Shibuya
et al., 2010). An improved time resolution in these systems would
result in better medical imaging. 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 improved
the spectrometers’ time resolution, as shown in Table 3. Thus, a
different method was used in a timing coincidence spectrometer
with the additional delay cables.

Time resolution of the plastic detectors was normally better
than that of the NaI(Tl) scintillation detectors (Table 3) because of
their lower decay times. In addition, resolution with delay cables
improved over that without delay cables (Table 2). It can be
concluded that the proposed timing method was highly successful
in enhancing the coincidence time resolution. This method should
thus lead to improved medical image quality.

The distances from the reference point of both types of start
detectors were increased to 2, 4, 6 and 8 cm. The best time reso-
lution values with and without additional delay cables were sur-
prisingly obtained with 4 cm between the source and the start
detectors (Figs. 9 and 10, Table 3).

A comparison of theoretical and experimental delay times for
both detectors was made (Figs. 11 and 12). The delay times were
found to be close to each other. This finding demonstrates that the
experimental results with the additional cable length are reliable.
In addition, the maximum counts for each distance from the
reference point of the start detectors from the FLUKA program and
the experimental study for both detector types were consistent
(Figs. 13 and 14).
Table 3
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.

Distance
from the ref.
point of
the start
detectors
(d) (cm)

Time resolution (without
additional delay cable) (ns)

Time resolution (with
additional delay cable) (ns)

NaI(Tl) Plastic NaI(Tl) Plastic

0.0 12.378 � 0.284 1.850 � 0.188 e e

2.0 11.315 � 0.297 1.698 � 0.120 10.546 � 0.308 1.475 � 0.124
4.0 10.339 � 0.311 1.506 � 0.167 9.120 � 0.331 1.379 � 0.085
6.0 11.957 � 0.289 1.695 � 0.198 10.784 � 0.305 1.576 � 0.059
8.0 13.272 � 0.274 1.875 � 0.236 11.862 � 0.290 1.704 � 0.078
When the spatial resolution and f values for both detector types
for 137Cs were compared with Ref. (Moses, 2003, 2007; Karp et al.,
2008), whole-body imaging could be achieved using the spec-
trometers used in this study. Benefitting from the experience and
results obtained in the present study, further studies will continue
with a positron source to consolidate the validity of the method
proposed here.

This work demonstrated that the time resolution of a start-stop
coincidence system was enhanced by using a different method.
Based on the results of the spatial resolution calculation, it can be
deduced that whole-body and brain imaging can be achieved using
a TOF/PET spectrometer that consists of a BC418 type plastic scin-
tillation detector.
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