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Abstract  Gamma-ray energy resolution of a NaI(Tl) inorganic scintillat ion detector was improved in  the present work. 
For this purpose, leading edge and constant fraction timing methods were used. Gamma energy spectrum of the rad ioisotope 
(137Cs) and the time spectra through these timing methods were obtained separately. Energy spectrum was gated with both 
time spectra, and the obtained results were compared with each other. Energy resolution enhancements of 3.5% and 7.5% on 
the photopeak of the radioisotope were obtained through leading edge and constant fraction timing methods, respectively. 
Energy resolution value from constant fraction timing was better than that of leading edge timing method. 
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1. Introduction 
The detection of ionizing rad iation by the scintillat ion 

light produced in certain materials is one of the oldest 
techniques on record. The scintillation process remains one 
of the most useful methods available for the detection and 
spectroscopy of a wide assortment of radiat ions[1]. 

In 1948, Robert Hofstadter first demonstrated that 
crystalline sodium iodide, in which a trace of thallium iodide 
had been added in the melt, produced an exceptionally large 
scintillat ion light output compared with the organic materials 
that had previously received primary attention.This 
discovery, more than any other single event, ushered in the 
era of modern scintillation spectrometry of gamma radiation 
[1]. 

Most of the inorganic scintillators are crystals of the alkali 
metals, in particu lar alkali iodides, that contain a small 
concentration of an  impurity[2]. The alkali halides are good 
scintillators. In addition to its efficient light yield, sodium 
iodide doped with thallium NaI(Tl) is almost linear in its 
energy response[3]. NaI(Tl)’s relatively high density 
(3.67x103 kg/m3) and high atomic number combined with the 
large volume make it a γ-ray detector with very high 
efficiency[2]. 

In addition to detecting the presence of radiation, most 
detectors are also capable of p roviding some information on 
the energy of the radiat ion[4]. A  particle energy spectrum is 
a function giv ing the distribution of part icles in  terms of their 
energies[2]. 
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The energy resolution of a detector (R) is conventionally 
defined as the full width at half maximum (FW HM) d ivided 
by the location of the peak centroid E0[1] (Fig. 1). 

R=FWHM/E0     (1) 
The energy resolution is thus a dimensionless fraction 

conventionally expressed as a percentage[1]. 

 
Figure 1.  Energy resolution of a detector[2] 

The term t iming refers to the determination of the time of 
arrival of a pulse. Timing experiments are used in 
measurement of the time development of an event (e.g., 
measurement of the decay of a radioactive species), 
measurement of true coincident events out of a large group of 
events, and discrimination of different  types of particles 
based on the different t ime characteristics of their pulses 
(pulse shape discrimination)[2]. 

In a multichannel analyzer (MCA), number of counts 
versus full scale corresponding to time range of a timing 
device can be called as a time spectrum. It  bears a close 
relation to the pulse height spectrum. The abscissa, rather 
than pulse height, is the time interval. The FWHM value of 
the time d istribution is often used as a measure of the overall 
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timing uncertainty in the measurement system and is called 
the time resolution. The time required for the shaped pulse to 
reach its maximum amplitude is often called the peaking 
time[1]. Shaping t ime can be defined at 61% of the peak 
value. The peaking time is about 3-5 times greater than the 
shaping time (Fig. 2)[5].  

 

Figure 2.  Time spectrum, definitions of shaping and peaking times[5] 

Bedwell and Paulus[6] carried out a fast-slow coincidence 
measurement by using a spectrometer which was consisted 
of a plastic scintillation detector. A  60Co time spectrum was 
obtained by means of constant fraction timing technique by 
El-Wahab et al.[7]. Timing resolution of non-delay-line and 
delay line CFDs was compared for a BGO scintillation 
detector by Binkley[8]. Pulse shape discrimination (PSD), 
which is based on the constant fraction t iming, was used by 
Vacik et al.[9] to  reduce unwanted background in analyses of 
solid surfaces by the neutron depth profiling method. 
Separation of n/γ was achieved by using leading edge timing 
method in a digital circuit by Jastaniah and Sellin[10]. De 
Orduna et al.[11] was used the PSD method to reduce 
background of a BEGe detector. Energy resolution was 
enhanced by means of pu lse rise-time characterization by 
Troyer et al.[12]. Beta attenuation coefficients of some 
materials were determined through the constant fraction 
timing  method by Ermis and Celiktas[13]. Kim et al.[14] 
achieved the separation of n/γ particle by using PSD method. 

Gamma energy spectrum of a 137Cs radioisotope was 
obtained by using a NaI(Tl) inorganic scintillat ion detector 
in the present work. In order to improve the energy 
resolution, leading edge and constant fraction timing 
methods were used. Obtained energy resolution values by 
using the timing methods were compared with each other. 
We concluded that the obtained energy resolution value from 
the constant fraction timing method was better than that of 
the leading edge timing method. 

2. Experiments 

Leading edge timing method determines the time of 
arrival of a pulse with the help of a discriminator. A 
discriminator threshold is set and the time of arrival of the 

pulse is determined from the point where the pulse crosses 
the discriminator threshold[2]. 

The princip le of the leading edge timing method is shown 
in Fig. 3. 

 
Figure 3.  The principle of the leading edge timing method[2] 

In constant fraction timing method, the input signal to the 
constant fraction shaping circuitry is delayed, and a fraction 
of the undelayed pulse is subtracted from input signal. A 
bipolar t iming pulse is generated, and its zero -crossing is 
detected and used to produce an output logic pulse[6].  

Fig. 4 shows the timing diagram of the constant fraction 
timing method. 

 

Figure 4.  Constant fraction timing method[15] 

We used a 137Cs radioactive source which has the activity 
of 5 µCi[16]. The NaI(Tl) scintillation detector 
manufactured by REXON Inc. has 3 inch diameter and 3 
inch length, respectively. The isotope was placed in 4 cm far 
away from the detector surface, and data acquisition time of 
900 s was set during the measurements. 

Before the data acquisition, we investigated the effect of 
the amplifier’s coarse gain level to the noise voltage. For this 
purpose, we changed the coarse gain of the main  amplifier 
from 10 to 1000 value at constant fine gain. Minimum noise 
was obtained at the coarse gain value of 50 (Fig. 5). 
Therefore, the amplifier coarse gain level was fixed to this 
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value during all measurements. 

 
Figure 5.  Electronic noise vs. amplifier gain (detector bias= 1000 V) 

The time calibration graph was plotted according to 
variation of peak centroids in time spectrum vs. delay time 
values of the delay unit as shown in Fig. 6. Time value per 
channel of the MCA was obtained as the inverse of the slope 
of time calibrat ion graph, and it was calculated as 12.1±0.1 
ps. 

 
Figure 6.  T ime calibration graph 

In leading edge timing method in the present study, we 
first obtained the gamma energy spectrum of 137Cs and 
determined the energy resolution of the detector from this 
spectrum. Then, time spectrum of the isotope was obtained 
through this method. Finally, energy spectrum was gated by 
the time spectrum to improve the energy resolution of the 
detector. Used spectrometer for this process was illustrated 
in Fig. 7. 

In this spectrometer, slow positive signals from the 
dynode output of the photomultip lier tube (PMT, ORTEC 
266) mounted to the detector were sent to a preamplifier (PA, 
ORTEC 113). Its output was forwarded to a delay line 
amplifier (DLA, ORTEC 460). Bipolar output of the DLA 
was split into two  branches. Bipolar output was used to avoid 
the baseline shift. One of these was connected to a 
multichannel analyzer (MCA, ORTEC Trump 8K) via a 
delay amplifier (DA, ORTEC 427A) to obtain energy 
spectrum. The other branch was sent to two timing single 
channel analyzers (TSCA, ORTEC 420A). One of the 
TSCAs’ outputs was directly connected to the start input of a 

time to amplitude converter (TAC, ORTEC 566). The TAC 
is an electronic device that converts the time d ifference 
between two input signals into a voltage pulse between 0 and 
10 V. The height of the pulse is proportional to the time 
difference between the two events[2]. In order to generate 
time difference between start and stop inputs of the TAC, the 
other TSCA’s output was first connected to delay unit (D, 
ORTEC 425A) and then to stop input of the TAC. Time 
spectrum of the used isotope was obtained by connecting the 
TAC output to the MCA’s input. 

 
(HV: High voltage supplier, DT: Detector, PMT: Photomultiplier tube, PA: 
Preamplifier, DLA: Delay line amplifier, DA: Delay amplifier, TSCA: 
Timing single channel analyzer, D: Delay, TAC: Time to amplitude 
converter, MCA: Multichannel analyzer) 

Figure 7.  Used spectrometer in leading edge timing method 

 
(HV: High voltage supplier, DT: Detector, PMT: Photomultiplier tube, PA: 
Preamplifier, DLA: Delay line amplifier, DA: Delay amplifier, TFA: 
Timing filter amplifier, CFD: Constant fraction discriminator, D: Delay, 
TAC: Time to amplitude converter, MCA: Multichannel analyzer) 
Figure 8.  Block diagram of the used spectrometer in constant fraction 
timing method 
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Constant fraction timing was used as the second method. 
The measurements mentioned above were repeated in this 
method, too. Fig. 8 shows the used spectrometer for this 
method. 

The dynode output of the PMT was sent to the PA. Its 
output was forwarded to the DLA. Bipolar output of the 
DLA was connected to the MCA through the DA again. Thus, 
gamma energy spectrum of 137Cs was obtained. Anode 
output of the PMT was split into two branches. These 
branches were forwarded to two timing filter amplifiers 
(TFA, ORTEC 454). The TFA provides additional gain 
before the timing discriminator. Integration in the TFA can 
be used to reduce high frequency noise[17]. Outputs of the 
TFAs were connected to two constant fraction d iscriminators 
(CFD, ORTEC 463). The CFD module triggers at a fixed 
fraction of the input signal amplitude to produce a logic 
marker[9]. One o f the CFDs’ output was forwarded directly 
to start input of the TAC. In order to generate time difference 
between start and stop inputs of the TAC, the other CFD’s 
output was connected to the delay (D) then forwarded to 

TAC’s stop input. Time spectrum of the isotope can be 
obtained from this part of the spectrometer.  

The integration time constant of the amplifier was set to 
0.04 µs. This value was chosen to provide the equality 
between shaping and peaking times mentioned above. 

TSCA, CFD, DLA and TAC output signal shapes are 
shown in Figs. 9 and 10. 

In order to investigate the effect of CFD’s threshold level 
to time resolution, we changed the start CFD’s threshold 
level from 0.08 to 4.00 V, and we found optimum threshold 
level as 0.08 V for best time resolution as can be seen in Fig. 
11.  

We checked whether or not the delay time was effect ive 
on the time resolution, also. For th is purpose, we recorded 
the time resolutions versus delay time values. We plotted 
these data as shown in Fig. 12. According to this graph, 
optimum t ime resolution was determined at the delay time of 
2 ns. Therefore, all measurements in constant-fraction timing 
method were carried out at this delay time. 

 
Figure 9.  (a) TSCA (b) CFD output signal shapes 

 
Figure 10.  (a) DLA bipolar (b) TAC output signal shapes 



 E. E. Ermis et al.:  Timing Applications to Improve the Energy Resolution of NaI(Tl) Scintillation Detectors  58 
 

 

 

Figure 11.  Time resolution vs. CFD threshold 

 
Figure 12.  Time resolution vs. delay 

3. Results and Discussions 
Background energy spectrum was recorded to consider its effect to the obtained energy spectra. Background energy 

spectrum is g iven in  Fig. 13. Since the number of counts is quite low in  comparison with the source energy spectrum, it  can be 
deduced from this background spectrum that the background is not effective on the obtained energy spectra. 

 
Figure 13.  Background energy spectrum 

Obtained time spectrum through the leading edge timing method of the isotope can be seen in Fig. 14. Time resolution 
value from th is spectrum was found as 1.67 ns. 

Fig. 15(a) shows the only gamma ray energy spectrum of 137Cs with the photopeak energy resolution of 8.77%. Coincident 
energy spectrum, i.e. gamma energy spectrum in Fig. 15(a) gated by the time spectrum in Fig. 14, is shown in Fig. 15(b). The 
photopeak energy resolution of 8.46% was calculated in this spectrum. Energy  (a) and the co incident (b) energy spectra of the 
isotope via leading edge timing method can be compared in Fig. 15. 
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Figure 14.  Time spectrum of 137Cs by means of leading edge timing method 

 
Figure 15.  Comparison of the energy spectra before (a) (black) and after (b) (blue) leading edge timing method 

Gross count rates under the photopeaks in the energy (Fig. 
15a) and the coincident (Fig. 15b) spectra were calculated as 
990.87 and 864.17 s-1, respectively in this timing method. 

In lead ing edge timing method, the shaping and peaking 
times were found through the DLA output as 280 and 900 ns, 
respectively. It can be seen from this result that the peaking 
time is about three times greater than the shaping time as 
expected. 

In constant fraction timing method, the shaping and 
peaking times were determined from both the TFA and the 

DLA outputs to check the relation between  these time values. 
The shaping and peaking times were found as 70 and 200 ns, 
respectively in the TFA output signal. These time values 
were obtained as 280 ns and 1 µs, respectively for the DLA 
output signal. The peaking times for this timing method was 
found again about three times greater than the shaping times. 

After application of the constant fraction timing method, 
obtained time spectrum of the isotope was given in Fig. 16. 
Time resolution of 2.912 ns was calculated from this 
spectrum. 
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Figure 16.  Time spectrum of 137Cs by means of constant fraction timing method 

 
Figure 17.  Comparison of energy spectra before (c) (black) and after (d) (blue) constant fraction timing method 

In Fig. 17(c), the gamma ray energy spectrum of the 
isotope is shown again to deal with the constant fraction 
timing  method. The photopeak energy resolution from this 
spectrum was calculated as 7.84%. 

To improve the energy resolution value, energy spectrum 
of the isotope was gated by constant fraction timing signal. 
Coincident energy spectrum with the photopeak energy 
resolution of 7.25% is shown in Fig. 17(d). Comparison of 
the energy spectra before and after constant fraction timing 
method can be seen in this figure. 

Horizontal and vertical axes in the figures above 
correspond to the number of channels and counts, 
respectively. 

Photopeak gross count rates for energy and coincidence 
spectra were found so as to be 4,580 and 3,180 s-1, 
respectively in the measurements of constant fraction timing 
method. 

The photopeak gross areas for both leading edge (864.17 
s-1) and constant fraction timing method (3,180 s-1) were less 
than 5,000 s-1 which means that these values point out 
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generally slow count rates in the measurement[18]. In high 
count rates (above 5,000 s-1), the MCA exh ibits high dead 
time percentage (over than 30-40%), lead ing to pulse pile-up 
and spectrum d istortions[1, 4]. As can be seen in the energy 
spectra above, the recorded dead time values by the MCA 
were below the reported level. We can conclude from this 
result that the obtained spectra have no pulse pile-up effect 
and distortion, increasing their reliabilities. 

Dynamic range can be defined as the ratio between the 
input signal amplitude and the noise threshold[5]. If the 
dynamic range is narrow, the count rate in  the MCA becomes 
low. The lead ing edge timing method gives the better results 
at low dynamic ranges[15, 18, 19]. Therefore, we used low 
count rate (864.17 s-1) in  this timing  method. Since the 
constant fraction timing method gives the better results at 
relatively high count rates[15, 18, 19], the count rate in the 
second method was fixed  to higher (3,180 s-1) than that of the 
leading edge timing.  

Since t ime resolution has affected from the change of the 
CFD threshold level[6, 17], the variat ion of the time 
resolution vs. the threshold level of the start CFD from 0.08 
to 4.00 V was observed to obtain best resolution value. 
Optimum threshold level was determined as 0.08 V as can be 
seen in Fig. 11. Therefore, the threshold levels of the CFDs 
were set to this value and never changed during all 
measurements. 

Investigation of the min imum noise voltage versus the 
optimum amplifier coarse gain value showed that coarse gain 
level of the amplifier was effective on  the spectrometer 
performance. 

The spectrometer energy resolution is normally affected 
from the electronic noise[3]. Therefore, the noise peak in low 
energy region was discriminated in the final energy spectra 
through both timing methods. 

4. Conclusions 
We aimed to improve the energy resolution of 137Cs 

energy spectrum of a NaI(Tl) inorganic scintillation detector 
in this study. Lead ing edge and constant fraction timing 
methods were used for this purpose. Obtained results showed 
that both methods can be used for the energy resolution 
enhancement of a NaI(Tl) scintillation detector. 

In the first timing method, energy resolution of the 
detector was calculated as 8.77% without any timing 
application. After application of the leading edge timing 
method, this value was decreased to 8.46% which 
corresponds to an improvement of 3.5%. In the second 
section of the work, the energy resolution value with 
constant fraction timing method was calculated as 7.25% 
while the value without constant fraction timing method was 
found as 7.84% which means that an energy resolution 
enhancement of 7.5% was obtained. It can be concluded 
from both results that the leading edge and the constant 
fraction timing methods can be used to improve the energy 
resolution of a NaI(Tl) scintillation detector. However, better 

energy resolution value was obtained by using constant 
fraction timing method than that of the leading edge method 
as indicated in various studies[15, 17]. 

As a consequence of the obtained results, it can  be 
concluded that these analog timing methods can be easily 
used for the energy resolution enhancement of any type of 
inorganic scintillation detector. 
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