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a b s t r a c t

The detector suffers from pulse pileup by overlapping of the signals when it was used in high radiation
fields. The pulse pileup deteriorates the energy spectrum and causes count losses due to random co-
incidences, which might not resolve within the resolving time of the detection system. In this study, it is
aimed to propose a new pulse pileup correction method. The proposed method is to correct the start
point of the pileup pulse. The parameters are obtained from the fitted exponential curve using the peak
point of the previous pulse and the start point of the pileup pulse. The amplitude at the corrected start
point of the pileup pulse can be estimated by the peak time of the pileup pulse. The system is composed
of a NaI (Tl) scintillation crystal, a photomultiplier tube, and an oscilloscope. A 61 mCi 137Cs check-source
was placed at a distance of 3 cm, 5 cm, and 10 cm, respectively. The gamma energy spectra for the
radioisotope of 137Cs were obtained to verify the proposed method. As a result, the correction of the pulse
pileup through the proposed method shows a remarkable improvement of FWHM at 662 keV by 29, 39,
and 7%, respectively.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Gamma spectroscopy is the quantitative study of the energy
spectra of gamma rays emitted from radioactive sources [1]. It can
be used to identify radioactive nuclides because it analyzes the
characteristics of the gamma-ray emitting material. One of the
most commonly used detectors in this field is the scintillation de-
tector. The scintillation detector based on sodium iodide is widely
used for the gamma-ray measurement with two main advantages
[1]: It has good yielding efficiency by producing large crystals, and
it produces exceptional blasts of light contrasted with other scin-
tillation crystals. The scintillation detector produces an electrical
signal by the interaction of gamma rays and handles signals in the
signal processing circuit. Finite signal processing time is required to
handle a single gamma ray. In low dose environments, there is no
problem in processing gamma rays. The detector suffers, however,
from pulse pileup by overlapping of the signals in high dose envi-
ronments. Each comparator of the signal processing circuit is
by Elsevier Korea LLC. This is an
recognized as a single gamma ray even though it has two inputs,
resulting in count losses [2,3]. The pulse pileup events are formed
by random coincidence due to photoelectric absorption, Compton
scattering, backscatter interactions, and so on. The pulse pileup
ratio (PPR) depends on the count rate and the dead time of the
detector. A large dead time of the detector increases the probability
of the pileup. The pileup effect also causes distortion of the
amplitude of the pulse, resulting in deterioration of the energy
spectrum [2e5]. Various methods are being studied to solve the
pulse pileup problem.

The hardware method is to reduce the pixel size of the detector
for a large number of pixels in the same area [6]. Then, the problem
of the pulse pileup can be solved by parallel signal processing.
However, integrated circuit and signal processing to achieve good
performance requires a hard work. It also takes a long time to read
out the signals because of increased pixels.

The shaping method reduces the probability of pulse pileup by
shortening the long tail of the pulse [7,8]. The current pulse from
the detector is amplified and converted to the voltage pulse by a
preamplifier. The width of the voltage pulse determined by the
decay constant of the scintillation crystal can be reduced by a
shaping amplifier. Even though this method is widely used in
open access article under the CC BY-NC-ND license (http://creativecommons.org/
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Fig. 1. A detailed description of the pulse pileup correction.
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gamma spectroscopy [9e11], the energy resolution may degrade if
the amplitude of the original pulse is not preserved [12]. Addi-
tionally, the use of the shaping amplifier for pulse shapingmay lead
to a poor signal-to-noise ratio.

The rejection method removes all pileup events. It can be
implemented in two ways: One, pileup events can be eliminated by
adding a pulse pileup rejector (PUR) in the signal processing circuit.
The other can exclude the pileup events using a post-processing
algorithm. This method is the best solution for solving the energy
distortion problem. However, the data acquisition time needs to be
Fig. 2. A flowchart of the pulse pileup c
increased to overcome count losses, which is the disadvantage of
this method [12,13].

The pulse pileup correction approaches recover each single
pulse by subtracting the extrapolated remains from the pileup
pulse [12]. This method has the advantage of being able to over-
come the distortion of the pulse shape and count rate losses, which
is not accomplished by the shaping method and the rejection
method [12,14,15]. The pulse model should be determined for this
method [12,16]. For example, the scintillation crystal produces a
light proportional to the energy of the incident radiation. The light
is collected and amplified by a photomultiplier tube (PMT) and
converted into an exponential pulse. This is why a scintillation
pulse model is widely adopted to correct the pulse pileup in the
scintillation detector. The pulse model can be expressed by the
parameters such as the normalization constant that is proportional
to the energy of the incident radiation, the decay constant of the
scintillation crystal, and the time constant of the PMT anode [16].
The parameters can be predetermined experimentally by investi-
gating the pulses of the detector [12]. The variation in pulse
amplitude is determined by the uniformity of light collection in the
scintillator [17]. Often for larger scintillator, optical self-absorption
within the scintillator and light losses at the scintillator surfaces
lead to the non-uniformity of light collection [17]. The pre-
determined parameters of the pulse model may change with large
variation in light collection [12]. This problem can be solved by
calculating the parameters of each event pulse using the recorded
samples [14]. In previous studies, four parameters of the pulse
model are needed to correct the pulse pileup [14]. However, it takes
a long time to compute the four parameters.

The purpose of this study is to propose a new approach for pulse
pileup correction. The core of the proposedmethod is to correct the
orrection in the proposed method.



Fig. 3. Process of finding the peak point of the filtered pulse and the start point of the filtered inverted pulse.

Fig. 4. A schematic of the system to verify the proposed method.
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start point of the pileup pulse. Only two parameters are required for
this. The parameters are obtained from the fitted exponential curve
using the information at the peak point of the previous pulse and
the information at the start point of the pileup pulse. The amplitude
at the corrected start point of the pileup pulse can be estimated by
the peak time of the pileup pulse.
2. Materials and method

2.1. Proposed pulse pileup correction method

The proposed method for pulse pileup correction is based on a
scintillation pulse model. The scintillation crystal interacts with
radiation and generates a light proportional to the energy of the
incident radiation. The light is collected and amplified by the PMT
and converted into an electrical signal. The electron current
arriving at the PMT anode is expressed as [17].
Table 1
Information of the experiments for different source-to-detector positions.

Position Pulses sampling recorded Radioi

P1 (3 cm) 8000 137Cs
P2 (5 cm) 8000 137Cs
P3 (10 cm) 8000 137Cs
iðtÞ¼ i0e
�lt (1)

where l is the decay time constant of the scintillator and i0 is the
initial current. The initial current i0 expressed in terms of total
charge Q is described as

Q ¼
ð∞

0

iðtÞdt¼ i0

ð∞

0

e�ltdt¼ i0
l

(2)

Therefore

i0 ¼ lQ (3)

and the initial current i0 is described by combining Eq. (1) and Eq.
(3):
sotope Activity (mCi) Pileup fraction (%)

61 52.6
61 49.1
61 32.2



Table 2
Information on the radioisotope point source.

Radioisotope 22Na 137Cs 60Co

Activity (mCi) 1.010 1.002 0.9876
Energy 1 (keV) 511 661.7 1173.2
Energy 2 (keV) 1274.5 1332.5

Fig. 5. The peak amplitude spectra on multiple radioisotopes.

Fig. 6. The relationship between the energy of the gamma rays and the peak ampli-
tude of the pulse.
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iðtÞ¼ lQe�lt (4)

The voltage pulse VðtÞ is represented by a scintillation pulse
model [14].

VðtÞ¼

8>>>><
>>>>:

0; t < ts

Vp
ðt � tsÞ�
tp � ts

�; ts � t < tp

Vpe�ðt�tpÞ=l; t � tp

(5)

where Vp is the peak value of the pulse, ts is the start time of the
event, tp is the peak time of the event, and l is the decay time
constant of the scintillator.

If the leading edge of the pulse is fast, the voltage pulse V(t) can
be simplified as follows [14]:

VðtÞ¼
8<
:

0; t < ts
K1 � t þ K2; ts � t < tp
K3e

�K4�t ; t � tp
(6)

where K1 is the slope of the straight line, K2 is its intercept on the V
-axis, K3 is a scale coefficient of the exponential curve, and K4 is the
exponent of the curve.

In previous studies, the four parameters K1 e K4 are computed
by fitting procedure to correct the pulse pileup [14]. The parameters
K1 and K2 are obtained from the fitted straight line using the
samples on the leading edge of the pulse and the parameters K3 and
K4 are obtained from the fitted exponential curve using the samples
on the trailing edge of the pulse [14]. However, it takes a long time
to compute the four parameters.

Fig. 1 shows a detailed description of the pulse pileup correction
in the proposed method. The core of the proposed method is to
correct the start point of the pileup pulse. The two parameters K3

and K4 are required for this. The parameters are obtained from the
fitted exponential curve using the information at the peak point

(V ði�1Þ
pk ;tði�1Þ

pk ) of the previous pulse and the information at the start

point (V ðiÞ
st ; t

ðiÞ
st ) of the pileup pulse. The amplitude at the corrected

start point (V ðiÞ0
st ) of the pileup pulse can be estimated by the peak

time (tðiÞpkÞ of the pileup pulse. The peak amplitude (V ðiÞ) can be

computed by subtracting the amplitude at the corrected start point

(V ðiÞ0
st ) and the amplitude at the peak point (V ðiÞ

pk).

The strategy of the pulse pileup correction requires several
steps, as shown in Fig. 2. The first step is to detect pulses from the
scintillators. The second step is to apply the noise reduction filter, as
shown in Fig. 3. The noise should be minimized because the PMT
suffers from dark noise, flux-generated noise, etc [18,19]. A low pass
filter was used in this study. The third step is to record the start
point of the inverted pulse and the peak point of the pulse, as
shown in Fig. 3. The fourth step is to determine the pileup status of
the pulse using the fall time (t) of the pulse. If the time difference at
the peak points of a continuous pulse is larger than the fall time, it
is considered as a pileup free pulse; otherwise a pileup pulse. In the
case of the pileup pulse, the amplitude at the start point is corrected
by tail extrapolation. The fifth step is to calculate the peak ampli-
tude by subtracting the amplitude of the start point from the
amplitude of the peak point. Finally, the energy of the incident
radiation is estimated from the energy-peak amplitude relationship
and the energy spectrum is generated.
2.2. Experimental setup

A schematic of the system that verifies the proposed method is
shown in Fig. 4. The system is composed of a NaI(Tl) scintillation
crystal (Epic Crystal, ∅2� 2 inch), a PMT (Hamamatsu, H7195), and
an oscilloscope (Tektronix, MSO 3014). The contact surface of the
NaI (Tl) and the PMT were coupled using optical grease (Saint
Gobain, BC-630) to minimize the loss of photons. The operational
voltage of the PMTwas set to�1300 V. The output pulse of the PMT
was digitized by an oscilloscopewith a sampling rate of 2.5 GHz and
a bandwidth of 100 MHz. The digitized pulse was read out using a



Fig. 7. The calibrated energy spectra on multiple radioisotopes.
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computer. The experiment was tested in an aluminium dark box.
The experiment was performed by changing the position of the

radioisotope check-source to evaluate the pulse pileup correction
effect of the proposed method. A 61 mCi 137Cs check-source was
placed at P1, P2, and P3. The positions were located at a distance of
3 cm, 5 cm, and 10 cm from the scintillation crystal, respectively.
The pileup fractionwas defined as the ratio of the number of pileup
events and the number of total events.

Pileup fraction ð%Þ¼Npileup

Ntotal
� 100 (7)

where Npileup is the number of the pileup events and Ntotal is the
Fig. 8. Tail extrapolation to correct th

Table 3
The correction results of the pulse pileup by the proposed method.

Status of pileup 1 2 3

X X X

Energy (keV) without correction 708 322 660
Energy (keV) with correction 708 322 660
number of total events. The pileup fractions of the positions were
52.6, 49.1, and 32.3%, respectively. A total of 8000 samples were
obtained using an oscilloscope. Details of the experiment used in
this work are described in Table 1.

The peak amplitude spectra were acquired using a multiple ra-
dioisotopes to evaluate the correlation between the peak amplitude
of the pulse and the energy of the incident radiation. The 137Cs,
22Na, and 60Co point source were located 10 cm from the scintil-
lation crystal and the pileup free pulses were obtained by an
oscilloscope. We found the peak amplitude of each pulse and
measured the amplitude spectrum. The mean of the photo ab-
sorption peak of the amplitude spectrumwas estimated by fitting a
Gaussian distribution. The relationship between the peak ampli-
tude of the pulse and the energy of the incident radiation was
derived by fitting a linear regressionwith the energy of the gamma
rays emitted from the radioisotope and the mean. Details of the
point source used in this experiment are described in Table 2.
3. Results and discussion

The peak amplitude spectra for the radioisotopes of 22Na, 137Cs,
and 60Co were obtained to correlate the peak amplitude of the
pulse and the energy of the gamma rays. Fig. 5 shows the peak
amplitude spectra on multiple radioisotopes.

The centroid of the photo absorption peak in the peak amplitude
spectrum for the radioisotopes was estimated by fitting a Gaussian
distribution. The peak amplitude of the pulse and the energy of the
gamma rays showed a linear relationship, as shown in Fig. 6. This
was used to calibrate the energy from the peak amplitude of the
pulse. Fig. 7 shows the calibrated energy spectra on multiple ra-
dioisotopes. As a result, the errors of conversion to energy from the
peak amplitude for the radioisotopes of 22Na, 137Cs, and 60Co were
1.57, 1.54, 0.36, and 0.05%, respectively.

In the proposed method, the start point of the pileup pulse
e start point of the pileup pulse.

4 5 6 7 8 9

O X O O X X

922 422 863 414 98 1205
632 422 799 402 98 1205



Fig. 9. The gamma energy spectra for the radioisotope of 137Cs with pileup fractions of
(a) 52.6, (b) 49.1, and (c) 32.3%. The uncorrected spectrum (blue square), corrected
spectrum (red circle), and rejected spectrum (black triangle) were compared to eval-
uate the correction effect of the pulse pileup. (For interpretation of the references to

M. Lee et al. / Nuclear Engineering and Technology 52 (2020) 1029e10351034
needed to be corrected in order to achieve the goal. This was per-
formed by extrapolating the peak point of the previous pulse and
the start point of the pileup pulse. In Fig. 8, the correction of the
start point of the fourth pulse was carried out using the peak time
of the fourth pulse after the tail extrapolation. The peak amplitude
was computed by subtracting the amplitude of the corrected start
point from the amplitude of the peak point. The energy of the
gamma rays was estimated by the energy-peak amplitude rela-
tionship. Consequently, the energy corresponding to the fourth
pulsewas corrected from 922 keV to 632 keV. The remaining pileup
pulses in Fig. 8 were corrected in the same way. Table 3 shows the
correction results of the pulse pileup by the proposed method.

The gamma energy spectra for the radioisotope of 137Cs were
obtained to verify the proposed method. The uncorrected spec-
trum, corrected spectrum, and rejected spectrum were compared
to evaluate the correction effect of the pulse pileup. The uncor-
rected spectrum was acquired using the peak amplitude of all
events. The corrected spectrum was obtained by calibrating the
pulse pileup using the peak point of the pulse and the start point of
the inverted pulse. The rejected spectrum was obtained by
removing the pileup pulse from all events. Fig. 9 shows the energy
spectra for the radioisotope of 137Cs with the pileup fractions of
52.6, 49.1, and 32.3%, respectively.

The main interactions of the gamma rays in the scintillator are
photoelectric absorption, Compton scattering, and pair production.
The probability of pair production is extremely slim for the radio-
isotope of 137Cs because the energy of the gamma rays does not
exceeds twice the rest-mass energy of an electron [17]. Addition-
ally, backscatter interactions are caused by Compton scattering
with the gamma rays and the materials surrounding the detector
[17]. Therefore, the energy spectra for the radioisotope of 137Cs
often show a Compton continuum and peaks by photoelectric ab-
sorption and backscatter interaction [17]. The detector suffers,
however, from the pulse pileup by overlapping of the events in high
dose environments. The pulse pileup can be caused by overlapping
of the pulses of Compton scattering and photoelectric absorption,
overlapping of the pulses by photoelectric absorption, and over-
lapping of the pulses of photoelectric absorption and backscatter
interaction. The contribution of the pulse pileup in the energy
spectra is shown at an energy of the gamma rays higher than the
photopeak, as shown in Fig. 9.

Fig. 9a indicates the energy spectra for the radioisotope of 137Cs
with a pileup fraction of 52.6%. The energy resolutions of uncor-
rected, corrected, and rejected were compared to evaluate the
correction effect of the pulse pileup. The energy resolution was
defined as the full width at half maximum (FWHM) divided by the
peak centroid [17]. The energy resolution of uncorrected, corrected,
and rejected were 16.9, 13.1, and 15.6%, respectively. The
improvement of FWHM at 662 keV at each position were 29, 39,
and 7%, respectively after the proposed method was applied.

The results confirmed that the contribution of the photopeak
has increased after the correction of the pileup pulse. In this way,
the correction of the pileup pulse through the proposed method
shows improved energy resolution. The energy resolution of
rejected spectrum is improved because all pileup events are cor-
rected. However, the rejection method may increase the statistical
noise due to reduction of the throughput rate of the detector sys-
tem [20], and degrades the energy resolution [12]. Fig. 9b and c
shows the energy spectra for the radioisotope of 137Cs with pileup
fractions of 49.1 and 32.3%. Similarly, the energy resolution of
corrected spectrum was improved compared to the energy reso-
lution of uncorrected spectrum. Table 4 indicates the energy reso-
lution of uncorrected, corrected, and rejected according to the
pileup fraction. From the results, we can clearly see that the
correction of the pulse pileup by the proposed method prevents
colour in this figure legend, the reader is referred to the Web version of this article.)



Table 4
The energy resolution of uncorrected, corrected, and rejected according to the pileup
fraction.

Position Energy resolution (%) Pileup fraction (%)

Uncorrected Corrected Rejected

P1 16.9 13.1 15.6 52.6
P2 16.6 12.0 12.7 49.1
P3 11.8 11.0 10.6 32.3
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distortion of the energy spectrum and improves the energy
resolution.

4. Conclusions

In this manuscript, we proposed a new method to correct the
pulse pileup in gamma spectroscopy. The core of the proposed
method is to correct the start point of the pileup pulse. Only two
parameters are required for this. The parameters are obtained from
the fitted exponential curve using the information at the peak point
of the previous pulse and the information at the start point of the
pileup pulse. The amplitude at the corrected start point of the
pileup pulse can be estimated by the peak time of the pileup pulse.
The peak amplitude of the pulse is computed by subtracting the
amplitude at the corrected start point from the amplitude at the
peak point. The energy of the gamma rays is estimated by the peak
amplitude-energy relationship. As a result, the correction of the
pulse pileup by the proposed method prevents distortion of the
energy spectrum and improves the energy resolution by 29% at
662 keV at 3 cm source eto detector measurements. The count
losses after the proposed method is implemented is around 9% at
3 cm source eto detector measurements.
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