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a b s t r a c t

A method for calibrating the energy scale and detection efficiency of stilbene scintillators is presented
herein. This method can be used to quantitatively analyze the Compton continuum of gamma-ray spectra
obtained using such scintillators. First, channeleenergy calibration was conducted by fitting a semi-
empirical equation for the Compton continuum to the acquired energy spectrum and a new method to
evaluate the intrinsic detection efficiency, called intrinsic Compton efficiency, of stilbene scintillators was
proposed. The validity of this method was verified by changing experimental conditions such as the
number of sources being measured simultaneously and the detectoresource distance. According to the
energy calibration, the standard error for the estimated Compton edge position was ±1.56 keV. The
comparison of the intrinsic Compton efficiencies calculated from the single- and two-source spectra
showed that the mean absolute difference and the mean absolute percentage difference are 0.031 %p and
0.557%, respectively, demonstrating reasonable accuracy of this method. The feasibility of the method
was confirmed for an energy range of 0.5e1.5 MeV, showing that stilbene scintillators can be used to
quantitatively analyze gamma rays in mixed-radiation fields.
© 2022 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

Scintillators play an important role as radiation detection ma-
terials in various nuclear technologies and radiation applications,
such as nuclear medicine, border control, and nuclear decom-
missioning [1,2]. They are generally classified as organic and inor-
ganic scintillators, and the scintillator type used in a radiation
detector is selected according to the radiation particles to be
measured and the purpose of radiation detection. Organic scintil-
lators are widely used in applications such as high-energy physics,
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environmental radiation monitoring, and nuclear security because
of their relatively short decay time, lowmaterial cost, and ability to
be easily manufactured in large sizes and various shapes [3,4]. In
particular, some organic scintillators, such as stilbene and liquid
scintillators, have excellent pulse-shape discrimination (PSD) ca-
pabilities to distinguish neutrons from gamma rays while having
high sensitivity to both. Therefore, organic scintillators are
preferred for applications related to nuclear activity detection and
nuclear security verification based on the detection of neutrons and
gamma rays emitted from radioactive materials. However, because
they comprise low-atomic-number elements, organic scintillators
have limited capability in gamma-ray detection; in particular, the
full-energy peak (photopeak) does not appear in the measured
energy spectrum.

In gamma-ray spectroscopy, a photopeak in the energy spec-
trum represents the original energy of the gamma rays incident on
the detector. This photopeak is often well localized and can be
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Abbreviations

ADC Analog-to-digital converter
BR Branching ratio
CE Compton edge
CM Compton maximum
CoP An integrated charge of pulse
PSD Pulse shape discrimination
ROI Region of interest
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easily analyzed without much complication. Therefore, the photo-
peak is used to obtain information regarding the radiation detector,
such as its peak-detection efficiency, and calibrate its energy scale.
However, owing to the low-atomic-number elements in organic
scintillators, the most dominant reaction between organic scintil-
lators and gamma rays is Compton scattering. Hence, the photo-
peak is barely visible in the energy spectrum. Therefore, it is
difficult to calibrate the energy scale of organic scintillators and
determine their gamma-ray detection efficiency to obtain radio-
activity information of the gamma-ray source. These disadvantages
in gamma spectroscopy limit the sole use of organic scintillators in
the applications requiring concurrent detection of neutrons and
gamma rays.

In general, the dual detection of gamma rays and neutrons is
often performed by combining two single-particle detectors.
However, a dual-particle imaging system, which simultaneously
detects gamma rays and neutrons, has advantages over the single-
particle imaging systems because it allows the identification of a
variety of nuclear materials and is more suitable for locating them
in complex environments [5]. Elpasolite scintillators such as
Cs2LiYCl6:Ce, Tl2LiYCl6:Ce, and Cs2LiLaCl6:Ce can provide good
gamma-ray energy resolution while detecting neutrons [6,7].
However, these scintillators mainly detect thermal neutrons and
normally have low sensitivity for fast neutrons [8], making it
difficult to obtain the original neutron source location and the
energy information of the incident neutrons. Meanwhile, organic
scintillators can detect fast neutrons, providing information of the
source location and the energy of the incident neutrons. Therefore,
if we could quantitatively analyze incident gamma rays by
measuring them with organic scintillators, these devices could be
versatilely used for the simultaneous detection of neutrons and
gamma rays.

Before using an organic scintillator for gamma-ray spectroscopy,
its energy calibration should be performed. A common calibration
method for this purpose relies on the identification of the Compton
edge (CE) position. That is, the exact position of the CE in the
Compton continuum should be first determined to properly cali-
brate the energy-dependent response of the organic scintillator.
This can be done, for example, by estimating the CE position based
on the data fitting between the spectra obtained via Monte Carlo
simulation and energy spectrum [9e11]. For the energy calibration
of organic scintillators, other researchers have used coincidence
techniques by detecting scattered photons using a reference
gamma-ray detector in addition to an organic scintillator [12,13].
They successfully calibrated the energy scale of the organic scin-
tillators and identified the exact CE position. Nevertheless, the
quantitative analysis of the gamma-ray spectra obtained using
organic scintillators still has considerable complications, e.g., unlike
the Gaussian-shaped photopeak, the CE region in the Compton
continuum, by nature, presents asymmetric features. This makes it
difficult to determine the gamma-ray detection efficiency of these
detectors that provide a consistent way to quantify incident gamma
3834
rays associated with the activity of a specific gamma-ray source.
In the present study, we attempted to determine the CE position

by fitting semiempirical equations for describing the Compton
continuum regarding the gamma-ray spectra obtained using a
stilbene scintillator, which is a widely used scintillator type for fast
neutron detection owing to its excellent PSD performance
compared with other organic scintillators [14,15]. Furthermore, we
propose a region-of-interest (ROI) that can be used as an index to
represent the nuclide-specific radiation response instead of a
photopeak, which is barely visible in the gamma-ray spectra ob-
tained using a stilbene scintillator. The proposed method does not
require an additional reference radiation detector to apply the
Compton coincidence technique and numerous Monte Carlo
simulation results to fit the data. Our study aimed to resolve the
energies of the incident gamma rays and determine the detection
efficiency of the stilbene scintillators, which aid in estimating the
activity of the gamma-ray source. We repeated the measurement
experiments using different gamma-ray sources to calibrate the
detector’s energy scale and calculated the intrinsic detection effi-
ciency of the stilbene scintillator.

2. Materials and methods

2.1. Gamma-ray spectrum measurements

A 5.08-cm-diameter stilbene scintillator (Inrad Optics, North-
vale, NJ, USA) coupled to a 5.1-cm-diameter Hamamatsu R6231-100
photomultiplier tube (PMT)was used for detecting the gamma rays.
The PMTwas supplied with a voltage of 1000 V, and its anode signal
was directly sent to a high-speed DT5730 digitizer (500MS/s, 14-bit
resolution, CAEN). The digitized signal obtained by measuring 137Cs
(344.00 ± 8.02 kBq), 22Na (119.25 ± 2.78 kBq), and 60Co
(220.90 ± 5.15 kBq) check sources was used to obtain the gamma-
ray spectra. We varied the distance between the source and de-
tector (20, 25, and 30 cm). After independent measurements of
each source, simultaneous measurements of two sources (137Cs and
22Na or 137Cs and 60Co) were conducted. Each measurement was
conducted for 20 min. Finally, the background gamma-ray spec-
trum was obtained through a 2-h measurement and subtracted
from each gamma-ray spectrum for spectral analysis.

The detector signal processing system was implemented by
entirely digitizing each pulse using the DT5730 digitizer without
performing any amplification or shaping procedure. The sampling
rate of each pulse was 500 MHz, and the interval between each
sampling point was 2 ns. The digitized channel values obtained
using the analog-to-digital converter (ADC) corresponded to the
time-series current values of the PMT output signal, which is
directly related to the number of scintillation photons arriving at
PMT in real time. Therefore, the amount of energy deposited by an
incident gamma ray corresponded to the sum of the ADC channel
values converted from each sampling point of the PMT output
signal pulse. The duration for the summation of the ADC channel
values was set from the front point to the endpoint of each pulse,
providing 1% amplitude of the pulse peak before and after reaching
the peak in the signal pulse. The sum of the ADC channel values of
each pulse is often referred to as an integrated charge of pulse (CoP,
expressed in arbitrary unit [arb. unit]) [16,17].

2.2. Calculation of the compton continuum

Because a stilbene scintillator comprises low-atomic-number
elements, Compton scattering is the dominant interaction for
gamma rays with an energy > 0.1 MeV. The energy distribution of
the Compton recoil electrons, i.e., the Compton continuum, can be
derived using the KleineNishina formula and expressed as follows
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where T indicates the energy of the scattered electron, sc denotes
the Compton scattering cross section, re represents the classical
electron radius, g ¼ hy/mec

2, and s ¼ T/hy. The energy distribution
can be blurred by the contribution of electronic noise and statistical
fluctuations in the light generation and collection mechanism,
which can be approximated as a Gaussian distribution. Then, the
distribution of the energy deposited by Compton recoil electrons
can be expressed by convoluting Equation 1 with the Gaussian
distribution as follows:
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where Compton(AXE) represents the Compton continuum resulting
from gamma-ray photons having energy E emitted from a nuclide
AX, Emax denotes the maximum energy of the Compton recoil
electrons, corresponding to the CE, s represents the standard de-
viation of Gaussian distribution, b denotes an energy scaling
parameter to provide the CoP value associated with the CE, and C
denotes a normalization constant to conform the number of
gamma rays detected using the detector. The Compton maximum
(CM), which has the highest count in the Compton continuum of
energy spectrum, can be easily observed in the obtained energy
spectrum and Compton(AXE); thus, parameter C is determined first.
Subsequently, the fitting procedure was performed by adjusting s,
and b until obtaining the smallest root mean square error between
the calculated Compton(AXE) and the obtained energy spectrum.

For gamma-ray sources emitting multiple energies, such as 60Co
and 22Na, the total Compton continuum can be obtained by linearly
combining the contributions from each energy using branching
ratios. For example, in the case of a 60Co source, the total Compton
continuum can be expressed as

Compton
�
60CoTotal

�
¼ BR1 �Compton

�
60Co1173 keV

�
þBR2

� Compton
�
60Co1332 keV

�
;

(3)

where BR1 and BR2 represent the branching ratios for gamma-ray
photons of 1173 and 1332 keV emitted from 60Co, respectively.
Conversely, the contributions from each energy can be separated by
subtracting each Compton continuum component from the com-
bined spectrum. Thus, we applied Equation 3 to the energy spectra
of 22Na and 60Co, obtaining the individual contributions of 22Na511
Table 1
Average intrinsic Compton efficiency (εint.C) values, mean absolute differences, and mean

Index ROI range Average a
εint.C

Min Max

ROI-1 bECE � (FWHM/2) ECE þ (FWHM/2) 3.32% ± 0.08%
ROI-2 cECM � (FWHM/2) ECM þ (FWHM/2) 4.13% ± 0.10%
ROI-3 ECM � (FWHM/2) ECE þ (FWHM/2) 5.10% ± 0.12%
ROI-4 ECE � (FWTM/2) ECE þ (FWTM/2) 5.43% ± 0.13%
ROI-5 ECM � (FWTM/2) ECM þ (FWTM/2) 6.63% ± 0.15%
ROI-6 ECM � (FWTM/2) ECE þ (FWTM/2) 7.06% ± 0.16%

a Average value for five gamma-ray energies (511, 662, 1173, 1274, and 1332 keV).
b Energy of CE in Compton continuum.
c Energy of CM in Compton continuum.
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keV, 22Na1274 keV, 60Co1173 keV, and 60Co1332 keV.
2.3. Energy calibration

The response of an organic scintillator will be dependent on the
type of the incident particle depositing its energy to the scintillator.
The response of the scintillator to electrons is linear for the energy
> 125 keV [19]. Therefore, the energy response of the organic
scintillator can be calibrated as per incident gamma rays and fast
electrons. The relationship between CoP and the energy deposited
by the recoil electron T can be expressed as

CoP¼pT þ q; (4)

where p is a parameter used to match the CoP values with the
energy values and q is a parameter called the offset charge, which is
required owing to the nonlinear of the scintillator response to
electrons at low electron energies (<125 keV). q is sufficiently
smaller compared with the typical energy [20]. To calibrate the
energy scale of a stilbene detector used in this study, we performed
the energy calibration through linear regression between CoP
values and CE using Equation 4. For the energy calibration, we used
gamma rays with the energies of 662, 511, 1274,1173, and 1332 keV,
and the corresponding CE values were 340.67, 477.33, 963.42,
1061.70, and 1118.10 keV, respectively.
2.4. Detection efficiency

To quantitatively evaluate the energy-dependent gamma-ray
detection efficiency of a stilbene scintillator, we defined a new ef-
ficiency parameter to represent the distal response of Compton
continuum associated with the incident gamma-ray energy, called
intrinsic Compton efficiency (εint.C).

Based on the fundamental definition of intrinsic detection effi-
ciency [19], εint.C was calculated in the Compton region as follows:

εint:C¼
Countsof ROI inComptoncontinuumarea

�
Ncomp

�
numberof radiationphotonsincidentondetector ðNintÞ

(5)

with

Nint¼number of radiationphotons emitted fromsource ðNtÞ� U

4p

and

Nt ¼ Activity ðin BqÞ � BR� Time ðin sÞ;

where Time is the measurement time and Ncomp denotes the
number of events in the ROI of the energy spectrum. The ROI must
absolute percentage differences for various regions-of-interests (ROIs).

Mean absolute difference Mean absolute percentage difference

0.019%p 0.581%
0.038%p 0.906%
0.031%p 0.557%
0.037%p 0.645%
0.095%p 1.334%
0.196%p 2.494%



Fig. 1. Energy spectrum of 137Cs and corresponding Compton continuum (Comp-
ton(137Cs)) with the region-of-interest (ROI).

Fig. 2. Energy spectra and corresponding Compton continua (Compton(AXE)) for (A
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be carefully selected as a region that can be used as an index to
represent the nuclide-specific radiation response instead of the
photopeak, which barely exists in the gamma-ray energy spectra
measured using an organic scintillator. Furthermore, the ROI is used
for the gamma-ray detection efficiency calibration of the organic
scintillator.

To verify the feasibility of our method, we observed the con-
sistency of the εint.C values by comparing the εint.C values obtained
via different experimental setups. First, we calculated and
compared the εint.C values resulting from single-source measure-
ment spectra (137Cs, 22Na, and 60Co) and two-source measurement
spectra (simultaneously measuring i) 137Cs and 22Na and ii) 137Cs
and 60Co). Furthermore, we calculated the εint.C values while
changing the sourceedetector distance and observed the consis-
tency of εint.C values.

Before calculating the εint.C values, the ROI should be carefully
selected. We considered both the magnitude and consistency of
εint.C to set an ROI that can serve as a large enough and consistent
index for determining the εint.C. Accordingly, we determined the ROI
) 137Cs, (B) 22Na511 keV, (C) 22Na1274 keV, (D) 60Co1173 keV, and (E) 60Co1332 keV.



Fig. 3. Energy calibration curve of the stilbene scintillator obtained using five Compton
edge positions; the error bars represent 95% confidence intervals (±2s).
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by comparing the mean absolute percentage difference between
the εint.C values derived from the energy spectra of single- and two-
source measurements. To reduce the effect of electrical noise and
low-energy background, we tested the CE, which has the highest
energy in the Compton continuum, as the ROI centroid. Moreover,
we considered the CM as one of the ROI centroids because it was
located on high energy region in the Compton continuum and can
be easily found in the spectrum. We tested various types of ROI
ranges defined in terms of full width at half maximum (FWHM) and
full width at tenth maximum (FWTM), which were derived from
the s value used in Equation 2 to consider the response uncertainty
to the deposited energy. Table 1 summarizes the resulting average
εint.C values, mean absolute differences, and mean absolute per-
centage differences for various ROIs. The mean absolute difference
is the average of absolute differences of the εint.C values derived
from the energy spectra of single- and two-source measurements
for five gamma-ray energies. The mean absolute percentage dif-
ference is the average of the percentage values obtained by dividing
the absolute εint.C difference by the εint.C value obtained from a
single-source measurement. As shown in Table 1, although ROI-1
provided the smallest mean absolute difference, ROI-3 could ach-
ieve the smallest mean absolute percentage difference because of
its relatively high efficiency. Therefore, in our experiment, the ROI
range was determined as follows:

ROI¼
	
ECM �

�
FWHM

2

�
; ECE þ

�
FWHM

2

�

(6)

FWHM¼2
ffiffiffiffiffiffiffiffiffiffi
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2ln10

p
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where s, the same parameter as in Equation 2, determines the
FWHM of the Gaussian distribution through its relation with the
standard deviation. Fig. 1 shows the 137Cs gamma-ray energy
spectrum obtained with the ROI determined using Equation 6.

In gamma-ray spectroscopy, the energy resolution of a detector
is typically considered as a key parameter to represent its capability
to resolve different energies of incident quanta. Therefore, it is
conventionally defined as the FWHM of the photopeak divided by
the location of the peak centroid. Furthermore, it is conceptually
comparable to “impulse response” such as point spread function in
signal processing. Several studies on the energy response of organic
scintillators based on the Compton continuum [9,10] have mixedly
used the term “energy resolution” as a criterion to evaluate the
characteristics of the scintillator by defining it in terms of the
FWHMof the Compton continuum area around the CE. However, by
considering the fundamental definition and concept of energy
resolution, we presume that the terminology referring to the con-
tinuum response should be distinguished from the terminology
referring to the response to the full-energy deposition (impulse). In
this regard, the expression of “energy resolution” for discussing the
response of the (Compton) continuum needs to be used more
carefully because the continuum responses do not really “resolve”
any specific (or peak) instance or event caused by incident radiation
Table 2
Energy and charge of pulse (CoP) values corresponding to the Compton edges.

Radionuclide Energy Compton edge CoP (arb. unit)

137Cs 662 keV 477 keV 20,486 ± 286
22Na 511 keV 341 keV 14,314 ± 239

1274 keV 1062 keV 46,362 ± 431
60Co 1173 keV 963 keV 41,888 ± 409

1332 keV 1118 keV 48,825 ± 442
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quanta. In this study, we propose to discuss the characteristics of
the continuum response obtained using an organic scintillator in
terms of the response uncertainty or FWHM rather than the energy
resolution.

3. Results and discussion

3.1. Energy calibration

The CoP values (corresponding to CE) obtained from the energy
spectra of the gamma rays having different energies (Fig. 2) are
presented in Table 2. The reported CoP values were determined via
the fitting procedure. Linear regression was performed to obtain
the linear relation between the gamma-ray energy and CoP of the
associated pulse. The slope and intercept of the linear fitting plot
were 44.32 ± 0.31 arb. unit per keV and �740.49 ± 263.77 arb. unit,
respectively, as illustrated in Fig. 3. In this study, the ratio of the CE
count to CM count is 82.9 % in the Cs-137 energy spectrum, and it is
similar to other studies [14,21] that used 80% CE to CM ratio to
determine the CE position using the stilbene scintillator. In prin-
ciple, the ratio between the CE and CM count cannot be constant
andmay vary depending on the energy of incident gamma rays. The
position (energy) of CE is determined according to the gamma-ray
energy, while the position (energy) of CM, in nature, depends on
the response uncertainty (i.e., s in Equation 2) of the detector
related to the gamma-ray energy. If an ideal detector is considered,
the position of CM will coincide with that of CE. However, in a real
detector that has a finite response uncertainty, the position of CM
will shift to lower values than it of CE with an increase in response
Table 3
Intrinsic Compton efficiency (εint.C) values for the single-source measurements.

Radionuclide Compton edge FWHM Ncomp εint.C

137Cs 477 keV 61.93 keV 75,228 ± 549 5.83% ± 0.14%
22Na 341 keV 52.04 keV 66,051 ± 514 6.98% ± 0.17%

1062 keV 109.03 keV 22,091 ± 297 4.20% ± 0.11%
60Co 963 keV 104.32 keV 42,066 ± 410 4.32% ± 0.11%

1118 keV 109.26 keV 40,807 ± 404 4.19% ± 0.11%



Fig. 4. Energy spectra obtained via two-source measurements and the corresponding Compton continua (Compton(AXE)) for (A) 137Cs, (B) 60Co1173 keV, and (C)60Co1332 keV extracted
from 137 Cs and 60Co energy spectrum and (D) 137Cs, (E)22Na511 keV, and (F) 22Na1274 keV extracted from 137 Cs and 22Na energy spectrum.
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uncertainty. Therefore, the position of CM is energy dependent
considering the relationship [19,22] between the response uncer-
tainty of the detector, s, and the gamma-ray energy.

According to the energy calibration, the discrepancy between
the CE energy calculated from the linear regression using the re-
ported CoP value, the original CE energy was ± 0.99, ±1.61, ±1.59,
±1.09, and ±0.26 keV at 340.67, 477.33, 963.42, 1061.70, and
1118.10 keV, respectively. The average discrepancy between five
gamma-ray energies was ±1.11 keV, which demonstrates a
reasonable accuracy of the proposed method for the energy
calibration.

3.2. Intrinsic Compton efficiency

Table 3 summarizes the εint.C values derived from the energy
spectra shown in Fig. 2 by applying the ROI (i.e., ROI-3) described
above. Notably, the εint.C for the 662-keV gamma rays emitted from
137Cs can be derived straightforwardly from the energy spectrum
(Fig. 2A) because 137Cs is a monoenergetic source. Thus, the
3838
Compton continuum associated with the incident gamma rays can
be resolved without much ambiguity. Further, the FWHM can be
calculated based on the s value determined using the fitting pro-
cedure.Meanwhile, the sources emittingmultiple gamma rays with
different energies, i.e., 22Na and 60Co in our case, require additional
steps to resolve each Compton continuum component from the
combined spectrum. Compton continuum components were ob-
tained using Equation 3 and have been shown in Fig. 2. Moreover,
the FWHMs and ROIs must be determined for each component, and
the εint.C values are calculated accordingly. In our experiment, the
εint.C values calculated for the incident gamma-ray energies of 511,
662, 1173, 1274, and 1332 keV were 6.98%, 5.83%, 4.32%, 4.20%, and
4.19%, respectively.

To verify the consistency of the calculated εint.C values, we
compared the εint.C values derived from the energy spectra obtained
via single- and two-source measurements. Fig. 4 displays the εint.C

values resulting from two-source measurements. Because the en-
ergy spectrum comprised several Compton continuum components
corresponding to gamma rays with different energies, these



Fig. 5. Intrinsic Compton efficiencies (εint.C) derived from the energy spectra obtained
via single- and two-source measurements; the error bars represent 95% confidence
intervals (±2s).

Table 4
Intrinsic Compton efficiency (εint.C) values derived from the energy spectra obtained
via single- and two-source measurements.

Radionuclide Compton edge Single-source 137Cs þ60Co 137Cs þ22Na

εint.C εint.C εint.C

137Cs 477.33 keV 5.83% ± 0.14% 5.88% ± 0.15% 5.90% ± 0.15%
22Na 340.67 keV 6.98% ± 0.17% - 7.00% ± 0.18%

1061.70 keV 4.20% ± 0.11% - 4.19% ± 0.11%
60Co 963.42 keV 4.32% ± 0.11% 4.31% ± 0.11% -

1118.10 keV 4.19% ± 0.11% 4.20% ± 0.10% -

Table 5
Intrinsic Compton efficiencies (εint.C) derived from the energy spectra measured at
various detectoresource distances.

Radionuclide Compton edge εint.C at different distance

20 cm 25 cm 30 cm

137Cs 477.33 keV 5.83% ± 0.14% 6.01% ± 0.15% 6.14% ± 0.16%
22Na 340.67 keV 6.98% ± 0.17% 7.29% ± 0.18% 7.35% ± 0.19%

1061.70 keV 4.20% ± 0.11% 4.38% ± 0.12% 4.66% ± 0.14%
60Co 963.42 keV 4.32% ± 0.11% 4.66% ± 0.12% 4.81% ± 0.13%

1118.10 keV 4.19% ± 0.11% 4.26% ± 0.11% 4.43% ± 0.12%
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components were extracted from the combined energy spectrum
using Equation 3 (Fig. 4). Compton(AXE) only considers the case of
single Compton scattering; thus, some peaks that cause bymultiple
scattering exist in the Compton continuum component resolved
from the combined spectrum. Fig. 5 and Table 4 compare the εint.C

values obtained through single- and two-source measurements,
showing good agreement and consistency. The comparison
confirmed that the mean absolute difference and mean absolute
percentage difference were 0.031%p and 0.557%, respectively. This
suggests that the proposed method can be used to calculate the
Fig. 6. Intrinsic Compton efficiencies (εint.C) derived from the energy spectra measured
at various detectoresource distances; the error bars represent 95% confidence intervals
(±2s).
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efficiency consistently for the gamma rays in mono- and mixed-
radiation fields. Meanwhile, because 1173- and 1332-keV gamma
rays emitted from 60Co and 1274-keV gamma rays emitted from
22Na have a small energy difference compared with the response
uncertainty to respective gamma-ray energies, the gamma rays
from 60Co and 22Na were considered to be difficult to resolve.
Therefore, the energy difference of gamma rays and FWHMs of
detector response should be considered to resolve gamma rays
using the proposed method.

Finally,wecalculated the εint.Cvalues fordifferentdetectoresource
distances, and the results are shown in Fig. 6 and Table 5. The εint.C

value increased with increasing distance. This is expected to happen
when the ratio between the detector radius and the source-to-
detector distance is > 0.01 [23,24]. This is caused by the difference
in the gamma-ray incidence angle on the detector. When the ratio
between detector radius and distance is sufficiently small (<0.01), a
consistent detection efficiency is expected for the gamma rays of
specific energy.

4. Conclusion

Herein, we developed a novel calibration method that derives
the CE position from the gamma-ray spectra obtained using stil-
bene scintillators and quantitatively analyzes these energy spectra.
A fitting procedure was performed between the experimental
spectrum and the calculated Compton(AXE). Then, energy calibra-
tion was performed, and the intrinsic Compton efficiency was
calculated to estimate the activity of the gamma-ray source. The
proposed method can determine the exact CE position in the
gamma-ray spectrumwithout conducting aMonte Carlo simulation
or using reference detector. Furthermore, using this method, we
successfully characterized the detection efficiency for each gamma-
ray energy in a mixed-radiation field of up to three gamma rays
with different energies. This method is applicable to stilbene and
other organic scintillators in the absence of photopeaks and can
quantify the intensity of incident gamma rays emitted from specific
radioactive sources. This method can, thus, be applied to gamma-
ray/neutron dual-particle imagers [25e28] using organic scintilla-
tors, which are extensively studied for border control, nuclear se-
curity, and nuclear decommissioning. The method’s feasibility has
been confirmed for the energy range of 0.5e1.5 MeV, and it can be
used to quantitatively analyze gamma rays with fidelity in mono-
and mixed-radiation fields using stilbene scintillators and possibly
other organic scintillators by adjusting the fitting parameters.
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