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a b s t r a c t

A beta ray scanner was proposed for in-situ discrimination of beta and gamma ray radioactivity. This
scanner is based on the principle that gamma and beta rays experience different changes in detection
efficiency in scintillators with different geometries, especially with regard to the scintillator thickness.
The ratios of the counting rates of gamma rays (Rgamma), beta rays (Rbeta), and sample measurements
(Rtotal) in a thick scintillator to those in a thin one are reported. The parameter Xthick, which represents
the counting rate contributed by beta rays to the total counting rate in the thick scintillator, was derived
as a function of those ratios. The values of Rgamma and Rbeta for 60Co and 90Sr sources were estimated as
3.2 ± 0.057 and 0.99 ± 0.0049, respectively. The estimated beta ray contributions had relative standard
deviations of 2.05e4.96%. The estimated range of the beta rays emitted from 90Sr was 19 mm as per the
Monte Carlo N-Particle simulation, and this value was experimentally verified. Homogeneous and surface
contaminations of 60Co and 90Sr-90Y were simulated for application of the proposed method. The
counting rate contributed by the beta rays was derived and found to be proportional to the concentration
of 90Sr-90Y contamination.
© 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

Nuclear power plant sites can remain contaminated by radio-
active nuclides, including long-lived beta emitters such as 90Sr,
even after their decommissioning and dismantling [1]. Therefore,
these sites should be monitored before they are reopened to the
public. To date, the radioactivity of contaminated soils has been
analyzed in laboratories using liquid scintillation counters, induc-
tively coupled plasma mass spectrometry, or gamma spectrome-
ters. These methods provide precise and accurate radioactivity
measurements [2,3]; however, they require substantial manpower
and time for sampling contaminated samples and several pre-
treatment steps before analysis. Moreover, radioactivity analysis
using liquid scintillation counters produces organic radioactive or
non-radioactive waste that can cause secondary contamination [4].
The gamma ray dose rate or beta ray-based surface contamination
of the site can be scanned by several commercialized devices [5].
The counting rates of beta rays can be measured in-situ at the soil
surface using survey meters such as the GeigereMüller counter;
by Elsevier Korea LLC. This is an
however, it is difficult to determine the type of particle being
analyzed whether the counted particle is beta ray or not [6].
Discrimination between particle types is important for direct in-
situ measurement of radiation in order to characterize the type or
nuclide of the contaminant. Detectors that could be used tomonitor
alpha, beta, and gamma rays simultaneously have been developed
but are not suitable for field measurements because they require
implementation of multiple signal processing steps for pulse height
analysis and experience the issue of overlap among counting rates
measured for different particles [7e9]. Hence, in-situ and portable
measurement devices for beta ray-emitting radionuclides are effi-
cient for detecting radioactive hotspots (i.e., areas with high
radioactive contamination) and facilitate the scanning of the entire
site. Plastic scintillators are candidates for measuring beta rays as
they are less sensitive to gamma rays and have the lowest density
and effective atomic number of all solid scintillators [10,11]. The
gamma ray sensitivity of a plastic scintillator varies according to its
thickness; for example, the gamma ray sensitivity of a 1-mm planar
type plastic scintillator is five times lower than that of its 5-mm
counterpart [12]. These properties can be applied to the context in
question; using a combination of scintillators, it is possible to scan
beta rays while rejecting gamma rays.
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This study developed a scanning detector to measure and
directly discriminate beta and gamma rays with better minimum
detectable concentrations (MDCs) than conventional beta ray
scanners. The developed detector comprised two plastic scintilla-
tors of different thicknesses. In this paper, we apply the theory of
discrimination between beta and gamma rays to describe the
development of the detector and a laboratory-scale performance
test. For practical purposes, the efficiency and minimum detectable
activity (MDA) were estimated using a Monte Carlo computational
simulation. The definition of the effective volume (or mass) of the
sample for in-situ measurements was also provided.
Table 1
Summary of source sets and their radioactivities used in the experiments.

Source ID Source Description

Sr 6.9 kBq (90Sr-90Y)
Co 27 kBq (60Co)
SrCo 6.9 kBq (90Sr-90Y), 27 kBq (60Co)
SrCoCo 6.9 kBq (90Sr-90Y), 27 & 18 kBq (60Co)
SrSrCo 6.9 & 6.5 kBq (90Sr-90Y), 27 kBq (60Co)
2. Materials and methods

2.1. Theory of beta and gamma ray discrimination

To discriminate beta and gamma rays in an arbitrary measure-
ment, it is important to determine the ratio of beta rays to gamma
rays. The beta ray counting rate can be easily obtained from the
total counts if the fraction of the counts contributed by the beta rays
is known. To calculate the contribution of beta radioactivity, the
ratio of counting rates between the signals from a thick plastic
scintillator and a thin one was used in this study. The counting rate
decreases as the volume of the scintillator decreases. However, the
degree of decrement is significantly different between beta and
gamma rays because their mechanisms of energy loss differ. Beta
radiation loses its energy continuously in a medium and is char-
acterized by its stopping power, while gamma radiation loses its
energy quickly by interacting with the medium [13].

Based on this principle, beta and gamma ray discrimination
using the difference in gamma ray sensitivities of two planar plastic
scintillators with different thicknesses was parameterized. The
fraction of beta radiation can be determined from the ratio of
counting rates between the scintillators of different thicknesses.
The parameters Xthick and Xthin are hereby defined as the fraction of
the beta ray counting rate to the total counting rate for the thick
scintillator and its thin counterpart, respectively, as shown in Eqs.
(1) and (2).

XThick ¼
Cbeta;thick
Ctotal;thick

¼ Cbeta;thick
Cbeta;thick þ Cgamma;thick

(1)

XThin ¼
Cbeta;thin
Ctotal;thin

¼ Cbeta;thin
Cbeta;thin þ Cgamma;thin

(2)

where Cbeta,thick, Cgamma,thick, and Ctotal,thick are the beta ray, gamma
ray, and total counting rates for the thick plastic scintillator,
respectively; and Cbeta,thin, Cgamma,thin, and Ctotal,thin are the corre-
sponding parameters for the thin plastic scintillator. The counting
rate ratio for the type of radiation p, Rp, is defined in Eq. (3).

Rp ¼
Cp;thick
Cp;thin

(3)

In this formula, the subscript p can be substituted by beta,
gamma, or total. The ratio between the two parameters, Xthick and
Xthin, is derived in Eqs. (4) and (5).

Xthin
Xthick

¼Cbeta;thick þ Cgamma;thick

Cbeta;thin þ Cgamma;thin
� Cbeta;thin
Cbeta;thick

¼ Rtotal
Rbeta

(4)

1� Xthin
1� Xthick

¼ Rtotal
Rgamma

(5)
Equations (4) and (5) are reduced to Eq. (6) for parameter Xthick
as a function of each counting rate ratio.

Xthick ¼
1

Rgamma
� 1

Rtotal

1
Rgamma

� 1
Rbeta

(6)

where Rgamma is the ratio of the counting rate of the gamma rays
between the thick and thin scintillators, Rbeta is the ratio of the
counting rate of the beta rays between the thick and thin scintil-
lators, and Rtotal is the ratio of the total counting rate between the
thick and thin scintillators.

Equation (6) implies that the beta ray contribution can be ob-
tained by estimating Rtotal. Rgamma and Rbeta for the detection sys-
tem are estimated in the laboratory, and Rtotal is estimated by
comparing themeasured counting rate obtained from the detection
systems of the thick and thin scintillators. The parameters Rgamma
and Rbeta were characterized with experiments, and the equations
were used to derive the beta ray counting rate.

2.2. Uncertainty estimation

As several probabilistic variables existed in the parameter Xthin,
the combined standard deviation of Xthick was calculated using the
standard deviation for each variable in Eq. (6) [14].

sðXthickÞ¼
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2.3. Experimental setup for characterization of the proposed
method

The developed system consists of a plastic scintillator, photo-
multiplier tube (PMT), PMT base with a preamplifier, high-voltage
power supply, main amplifier, and multi-channel analyzer. The
two scintillators were commercially supplied by EPIC Crystal Co.
Ltd. Each scintillator was attached to the window of the PMT (R878,
Hamamatsu Photonics) using optical cement (BC-600, Saint-Gobain
Crystals). Both scintillators were circular plates with diameters of
50 mm each and thicknesses of 1 mm and 10 mm. The PMT was
mounted on the PMT base with a preamplifier (276, Ortec Inc.) and
a sufficiently high voltage of þ1250 V was supplied using a high
voltage power supply (556, Ortec Inc.). The signal was amplified by
a spectrometer amplifier (855, Ortec Inc.) and collected by a multi-
channel analyzer (EASY-MCA-2k, Ortec Inc.).

Radioactive disc sources (RSS3 Disk Source Sets, Spectrum
Techniques) were located 100 mm away from the plastic scintil-
lator. The labelled activities were 3.7 kBq and 37 kBq for the 90Sr
and 60Co sources, respectively. Before using the sources, all activ-
ities of the sources were corrected to account for the radioactive



Fig. 2. Experimental setup for estimation of beta ray transmission characterization
according to the thickness of the soil.
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decay and equilibrium. Table 1 summarizes the source sets and
their radioactivities used for the experiments. Each measurement
was conducted for 600 s. Fig.1 presents the conceptual diagram and
photograph of the experimental system used in this study. Two
PMTs were bundled and fixed. Although the heights of the scintil-
lators differed, a support fixture was used to level them with the
end of the detector.

Equation (8) was used to estimate the counting efficiency.

ε ð%Þ¼ Net Counting Rate ½cps�
Disintegration Per Second ½Bq� � 100 (8)

In the case of the 90Sr source, disintegration was considered for
the radioactivities of both 90Sr and 90Y.

Fig. 2 shows the experimental setup used to estimate the beta
ray transmission characterization according to the thickness of the
soil. Typical garden soil was used in the experiment, and the
apparent density of the soil was measured to be 0.60 ± 0.02 g/cm3.
In general, soil density has been reported to range from values as
small as 0.33 g/cm3 to values as large as 1.3 g/cm3 [15,16]. This
difference reflects variations in soil depth and properties such as its
water content. The density of surface soil bulk is low, making it
suitable for surface scanning experiments.

A plastic scintillator-based detector assembly was used to
measure the beta rays. The plastic scintillator of 12 mm
(F) � 20 mm (H) was coupled with an optical guide of 100 mm
(F) � 20 mm (H), which was then optically coupled with the PMT
surface. A compact PMT socket with a signal processor (digiBASE,
Ortec Inc.) was used to provide the power supply and conduct
electronic signal processing. A90Sr source was inserted in the soil
and placed at a distance of 0e22 mm from the detector. In all the
experimental procedures, the scintillator and detector were flushed
with nitrogen gas to minimize the measurement error due to
Fig. 1. (a) Conceptual diagram and (b) photograph of the custom-made detector.
contamination.
2.4. Monte Carlo simulation for estimation of minimum detectable
activity

The International Atomic Energy Agency's Safety Standards Se-
ries No. Rs-G-1.7 [17] specifies the concentrations of various ra-
dionuclides for clearance. The concentration of 90Sr for
unconditional release of a site is 1 Bq/g. The 90Sr-90Y beta ray en-
ergy spectrumwas carefully emulated using physical data provided
by Report 56 of the International Commission on Radiation Units
and Measurements [18].

As homogeneous radioactive soil samples are difficult to pre-
pare, Monte Carlo N-Particle (MCNP) simulations were carried out
to estimate the range of 90Sr beta rays in homogeneously
contaminated soil. Fig. 3 shows the simulation geometry used to
estimate the efficiency and effective detection range of the detector
for the contaminated soil using the MCNP simulation, which is a
general Monte Carlo-based radiation transport code [19]. The
contamination depth, T, was varied from 0 to 22 mm, and the soil
was assumed to be contaminated homogeneously at all selected
depths. While estimating the detectable range of contamination in
the soil, it was assumed that the soil was contaminated homoge-
neously for the same diameter as that of the scintillator. The density
Fig. 3. Simulation geometry to estimate the efficiency of the detector for the
contaminated soil.
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of the soil was the same as that used in the experiment (i.e., 0.6 g/
cm3), and the composition of the soil was the same as that used by
Wielopolski et al. [20].

Given the above information, it was expected that the counting
rate would increase before the depth of contamination became less
than the range of the beta rays. However, the contamination depth,
which was greater than the range of the beta rays, was impossible
to detect; thus, the counting rate did not increase further and was
saturated.

The maximum depth of the soil for which the beta rays could be
detectedwas determined to define the effective volume of soil to be
used in the estimation of the MDA. The MDA was estimated in
terms of Currie's MDA for a single measurement, as described in Eq.
(9) [14]:

MDA
�
Bq
g

�
¼ 2:71þ 4:65

ffiffiffi
B

p

T,V,ε,K
(9)

where B is the background count during the measurement time, T;
V is the sample volume or mass; ε is the detection efficiency; and K
is the recovery factor, which accounts for the decrease in radioac-
tivity due to radioactive decay. The recovery factor was not
considered in this study because the detection system was used to
measure in-situ radiation directly.
2.5. Monte Carlo simulation to validate the proposed method

The proposed method was computationally simulated with two
types of soil contamination: homogeneous contamination and
surface contamination. For homogeneous contamination, the
defined contaminated area measured 40� 40 cm and its depth was
50 cm. The area for the surface contamination was the same, but
the depth of the contamination was defined as 5 cm; that is, the
surface contamination of 90Sr was distributed mainly between
0 and 5 cm in the soil [21]. Although few studies have reported
contamination depths higher than 5 cm for 90Sr [22], the range of
the beta rays indicates that higher depths would not affect the
simulation or measurement results. The 60Co gamma ray and
90Sr-90Y beta ray cases were carefully emulated based on the ICRU
report [2]. Both contamination cases were simulated, and the
suitability of the proposed method was estimated. To emulate the
site with a mixed source, two different concentrations of site status
were assumed. The radioactive concentration of one site was
defined as 0.2 Bq/g of 60Co and 1 Bq/g of 90Sr-90Y, and that of the
other was defined as 0.1 Bq/g of 60Co and 2 Bq/g of 90Sr-90Y. The
number of particles used in the simulation was 107, and the un-
certainty of the simulation results was maintained to below 0.1%.
Table 2
Counting rates for two different scintillators (thick and thin) according to the
sources.

Data ID Counting Rates (cpm)

Thick BKG 8.03 � 102 ± 1.17 � 101

Co 4.20 � 103 ± 4.65 � 101

Sr 6.87 � 103 ± 2.35 � 101

SrCo 1.04 � 103 ± 7.88 � 100

SrCoCo 1.32 � 103 ± 1.87 � 101

SrSrCo 1.71 � 104 ± 3.02 � 101

Thin BKG 3.98 � 102 ± 8.43 � 100

Co 1.48 � 103 ± 9.06 � 100

Sr 6.56 � 103 ± 1.19 � 101

SrCo 7.65 � 103 ± 5.99 � 101

SrCoCo 8.03 � 103 ± 4.00 � 101

SrSrCo 1.34 � 104 ± 6.16 � 100
3. Results

3.1. Measured results and estimation of parameters

Table 2 presents the counting rates of five source sets and the
background. The represented counting rates were calculated by
subtracting the background counting rate from the measured
counting rate for each source set. For the thick scintillator, the
detection efficiencies for 90Sr and 60Co were estimated as 1.5 and
0.21%, respectively. Notably, the arrangement was geometrically
efficient (the source and the scintillator were 100mm apart and the
diameter of the scintillator was 50 mm), and the solid angle was
approximately 0.03. The respective intrinsic efficiencies were esti-
mated as 49 and 7.0%. For the thin scintillator, the detection effi-
ciencies for 90Sr and 60Co were estimated as 1.5 and 0.067%, and the
intrinsic efficiencies were 50 and 2.2%, respectively. Compared to
the thick plastic scintillator, the estimated efficiencies for beta ray
detection were very similar, with a relative difference of 1.5%, but
those for the gamma ray detection were three times higher. The
ratios of the counting rates between the thick and thin scintillators
(corresponding to the values of Rtotal) are listed in Table 3. Addi-
tionally, the counting rates due to the beta rays were estimated
using Eq. (1). The standard deviations of the estimated counting
rates were carefully derived based on the principle of error prop-
agation using Eq. (7). The relative errors of the estimated counting
rates compared with one 90Sr source were 0.46, 0.77, and 1.13%. The
corresponding relative standard deviations of the estimated
counting rates were 3.54, 4.97, and 2.06% (i.e., lower than 5%). The
counting rate ratios (Rgamma and Rbeta) obtained from the mea-
surements of the other sets of radiation sources were characterized,
and the contributions of the beta and gamma rays were discrimi-
nated with relative standard deviations lower than 5%.

In the case of SrCo, the average counting rates matched the sum
of the independent counting rates for a single 90Sr or a single 60Co
source. The dead time of the detector was negligible because the
decay time of plastic scintillators is, in general, a few nanoseconds,
which is shorter than the decay time of the PMT, while the transient
time of the R878 model is 70 ns [23].

3.2. Characterization of effective volume

Fig. 4 shows the normalized counting rates according to the
distance between the detector and a90Sr source in the soil, which
were estimated via the simulation and measured experimentally.
Both counting rates were normalized at a distance of 0 mm. The
results were used to estimate the effective distance in the soil at
which the detector could detect signals from the beta rays. The
maximum distance of beta ray detection was estimated to be
19mm for the 90Sr/90Y beta ray case by theMCNP simulation. It was
difficult to define the maximum distance of beta ray detection by
the experimental method because the thickness and density of the
soil were difficult to control, and a number of counts included
statistical errors. Thus, the distance was approximated and
compared with the simulation result. The experimental results
showed the net counting rates for soil thicknesses of 19 and 22 mm
to be 5.2 ± 4.9 and 3.4 ± 6.2 cpm, respectively. These net counting
rates were considered as the background levels, because the rela-
tive standard deviation of them were 94 and 182%, respectively.
There were no meaningful beta ray counts after 19 mm of soil
covered over the source. Additionally, the thickness of 19 mm is
reasonable by comparing with the MCNP simulation results.
Therefore, the detectable range of the beta rays was defined as
19 mm.

The diameter of the plastic scintillator based on the proposed
detector design was 50 mm, and considering that the range of beta



Table 3
Estimated parameters using the measured counting rates of the thick and thin scintillators.

Data ID Ratio of Counting Rates Between Thick and Thin Scintillators (Rtotal) Beta Ray Counting Fraction (Xthick) Estimated Counting Rates Due to Beta Rays (cpm)

Co 3.2 � 100 ± 5.7 � 10�2 0.0 � 100 N/A
Sr 9.9 � 10�1 ± 4.9 � 10�3 1.0 � 100 6.1 � 103 ± 9.8 � 101

SrCo 1.3 � 100 ± 1.1 � 10�2 6.3 � 10�1 6.0 � 103 ± 2.1 � 102

SrCoCo 1.6 � 100 ± 8.1 � 10�3 4.7 � 10�1 6.0 � 103 ± 3.0 � 102

SrSrCo 1.2 � 100 ± 2.6 � 10�3 7.7 � 10�1 1.2 � 104 ± 2.4 � 102

Fig. 4. Normalized counting rate according to the distance between the detector and
a90Sr source in the soil.
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ray detection was 19 mm, the effective source volume was esti-
mated to be 37.3 cm3. The density of the soil was 0.60 g/cm3, and
the activity of the contaminated soil at 19mmof depth was 22.4 Bq.
In this case, the detection efficiency of the plastic scintillator was
estimated to be 4.2% by the MCNP simulation. In practical appli-
cations, this value should be estimated more carefully because
additional factors, such as optical loss, photon-electron conversion
efficiency, background counting rate fluctuation due to random
noise, and soil conditions, can reduce the detection efficiency. Note
that the efficiency estimated by the simulation was used for pre-
dicting the expected MDA. For practical application, soil charac-
terization for each site was carried out first, and the detection
efficiency of the detector was calibrated carefully to estimate the
MDA correctly.
Table 4
Estimated MDA of 90Sr/90Y for various measurement times with the detection
system.

Time (s) Detection Limit (Counts) MDA (Bq/g)

60 1.3 � 102 ± 2.1 � 10�1 2.4 � 100 ± 3.7 � 10�3

300 3.0 � 102 ± 4.7 � 10�1 1.1 � 100 ± 1.7 � 10�3

335 3.1 � 102 ± 5.0 � 10�1 1.0 � 100 ± 1.6 � 10�3

1,800 7.2 � 102 ± 1.2 � 100 4.3 � 10�1 ± 6.8 � 10�4

3,600 1.0 � 103 ± 1.6 � 100 3.0 � 10�1 ± 4.9 � 10�4

28,800 2.9 � 103 ± 4.6 � 100 1.1 � 10�1 ± 1.5 � 10�4

33,100 3.1 � 103 ± 4.9 � 100 1.0 � 10�1 ± 1.8 � 10�4
3.3. Estimation of minimum detectable activity

Table 4 shows the estimated MDA of 90Sr/90Y for various mea-
surement times. The background counting rate was 13.4 cps. An
MDA of 1.0 Bq/g was possible for a measurement time of 335 s. For
scanning of radioactive contaminated field, it is recommended that
the MDA be lower than one-tenth of the target radioactivity [24].
An MDA of 0.1 Bq/g was achievable for a measurement time of
33,100 s. Hence, the detection system can be used for continuous
environmental monitoring for measurement times longer than
33,100 s, and for quick monitoring of residual radioactivity for
measurement times longer than 335 s. As the purpose of in-situ
measurement is rapid characterization, the measurement result
should consider the approximate radioactivity level of the soil.
Considering that the relative standard deviations estimated in this
study were lower than 5%, radioactive hotspots can be identified
using this method. Using our result as the MDC for surficial
scanning, a value of 34 dpm/100 cm2 was acquired for a detection
time of 2 min.

3.4. Application to two types of contamination

Table 5 provides a summary of the estimated detection effi-
ciencies according to the types of contamination, scintillators, and
particles. Three types of particles were used (60Co gamma and beta
rays, and 90Sr-90Y beta rays). The detection efficiency for the 60Co
beta rays was relatively lower than those for the 60Co gamma rays
and 90Sr-90Y beta rays.

Tables 6 and 7 show the parameters and counting rates for the
beta rays estimated with the proposed method for homogeneous
and surface contamination, respectively. A small fraction of the
counting rate due to the beta rays was included for the contami-
nation of 60Co with a concentration of 0.1 Bq/g. In this case, Xthick
was only 0.00364. In the case of the combined contamination,
namely 0.2 Bq/g of 60Co and 1 Bq/g of 90Sr, and 0.1 Bq/g of 60Co and
2 Bq/g of 90Sr), the values of Xthick were 0.373 and 0.703, respec-
tively. These values were proportional to the concentration of
90Sr-90Y in the soil. The trend for the surface contaminationwas the
same as that for the homogeneous contamination.

The relative errors between the combined source and only the
90Sr-90Y cases were less than 1%. Although this was a small error, it
was caused by the beta rays of 60Co. This error can be corrected if a
detection efficiency calibration database for general beta decay
radionuclides (i.e., excluding the pure beta-emitting nuclides) is
created. It is important to accurately characterize this effect espe-
cially when the nuclides emits high-energy beta rays followed by
gamma rays (e.g., 137Cs).

4. Discussion

A90Sr/90Y source was used as an example for MDA estimation
with the proposed detector. 90Sr/90Y is considered to be the main
pure beta-emitting radionuclide in soil at decommissioning sites.
This example showed that a counting time of 335 s was sufficient to
yield anMDA of 1.0 Bq/g, which is equal to the release criterion for a
decommissioning site. The MDCs of conventional GeigereMüller
counters and gas proportional counters for 90Sr and 90Yare 550 and
170 dpm/100 cm2, respectively [24]. The proposed detector showed
anMDC of 34 dpm/100 cm2, which is considerably lower than those
of conventional detectors. The relative errors estimated in this



Table 5
Simulated detection efficiencies according to the types of contamination, scintillators, and particles (60Co gamma rays and beta rays, and 90Sr-90Y beta rays).

Contamination Type Scintillator Particle Type Detection Efficiency

Homogeneous Contamination Thick 60Co (gamma) 1.10 � 10�3

60Co (beta) 4.02 � 10�6

90Sr-90Y (beta) 1.30 � 10�4

Thin 60Co (gamma) 1.59 � 10�4

60Co (beta) 3.48 � 10�6

90Sr-90Y (beta) 9.06 � 10�5

Surface Contamination Thick 60Co (gamma) 4.34 � 10�3

60Co (beta) 4.07 � 10�5

90Sr-90Y (beta) 1.16 � 10�3

Thin 60Co (gamma) 6.95 � 10�4

60Co (beta) 3.36 � 10�5

90Sr-90Y (beta) 8.63 � 10�4

Table 6
Simulated counting rate ratios (Rgamma, Rbeta, and Rtotal), portion of counting rate due to beta rays to the total counting rate (Xthick), and estimated count rates due to beta rays by
applying the proposed method for homogeneous contamination.

Radioactivity Concentration of Source (Bq/g) 0.1 60Co (Bq/g) 1 90Sr (Bq/g) 0.2 60Co & 190Sr (Bq/g) 1.1 60Co & 2 90Sr (Bq/g)

Rgamma 6.94
Rbeta 1.44
Rtotal 6.82 1.44 2.86 1.88
Xthick 3.64 � 10�3 1.00 3.73 � 10�1 7.03 � 10�1

Total Counting Rate (cps) 5.31 6.25 16.9 17.8
Estimated Counting Rate due to Beta Rays (cps) 1.93 £ 10¡2 6.25 6.30 12.5

Table 7
Simulated counting rate ratios (Rgamma, Rbeta, and Rtotal), portion of counting rate due to beta rays to the total counting rate (Xthick), and estimated count rates due to beta rays by
applying the proposed method for surface contamination.

Radioactivity Concentration of Source 0.1 60Co (Bq/g) 1 90Sr (Bq/g) 1.2 60Co & 1 90Sr (Bq/g) 1.1 60Co & 2 90Sr (Bq/g)

Rgamma 6.25
Rbeta 1.34
Rtotal 6.02 1.34 2.02 1.53
Xthick 1.10 � 10�2 1.00 5.74 � 10�1 8.43 � 10�1

Total Counting Rate (cps) 2.09 5.56 9.77 13.2
Estimated Counting Rate due to Beta Rays (cps) 2.22 £ 10¡2 5.56 5.61 11.2
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study were lower than the values obtained using the Phoswich
detector for simultaneous alpha/beta/gamma ray measurement. In
the latter case, the overlapping portion between the alpha and beta
rays was 7.1% and that between the beta and gamma rays was 8.1%
[7]. It is considered that the proposed detection technique could
overcome the underestimation of pure beta emitters, which is
encountered when using conventional detectors.

The following aspects merit careful consideration for practical
use. First, several conditions related to field application should be
considered. The proposed detector was designed as an integrated
beta and gamma ray scanner to optimize radioactivity scanning
tasks, which consume considerable time and resources. Nuclear
instrument modules have been used for accurate measurements in
laboratories; however, as demonstrated by this study, an integrated
PMT base with MCA (digiBASE, Ortec Inc.) can be used for field
applications. Second, the equipment used in this study did not
include a protector as we wanted to avoid contamination and
ensure the highest detection efficiency; it is inappropriate to use a
fully closed protector as the beta rays are to be transmitted. To
protect the scintillator from contamination, a net-shaped grid can
be arranged on the front face of the scintillator. The aspect ratio of
the grid should be small because the loss in detection efficiency due
to both blocking by the grid and the short range of beta rays should
be considered. The detection efficiency should be re-estimated
when the grid is applied. Although the use of a grid can reduce
the detection efficiency, it is expected to be effective as errors due
to contamination and failure will be reduced. It is possible to pre-
vent damaging or contaminating the scintillator due to direct
contact; however, fine dust particles will likely cause some issues.
To reduce the error due to contamination, washing using an air gun
can be considered. Third, the estimation efficiency of the MDA
should be considered for practical usage. The detector should be
calibrated in the same way as a beta ray scanner or gamma ray
detector. A homogeneous volumetric source or surficial source can
be used. Fourth, the manufacture of homogenous radioactive soil
source is expected to pose some difficulties. However, the proposed
detector can be employed using conservative criteria for the
detection limit of the counting rate. Fifth, before applying this
method in the field, simulations and MDA calculations should be
carried out according to the site to be characterized, because the
characteristics of the soil (e.g., mineral composition, density, and
water content) may differ from those considered in this study. The
parameters may change slightly for beta and gamma rays of various
energies. In the case of beta rays, sensitivities do not vary signifi-
cantly, except in the case of very high energy rays, but in the case of
gamma rays, the counting rate varies exponentially with respect to
the gamma ray linear attenuation coefficient. Thus, this value may
vary depending on the energy. However, this study focused on
discriminating beta and gamma rays and preventing undervalua-
tion of pure beta-emitting nuclides according to their counting rate.
It was theoretically and experimentally verified that this method
can be applied to practical cases even though certain parameters



J.W. Bae, H.R. Kim / Nuclear Engineering and Technology 52 (2020) 1259e1265 1265
may change. Sixth, in this study, a soil density of 0.60 g/cm3 was
used. Because the efficiencies obtained from the MCNP simulation
results and the experimental results were similar, we believe that
the density chosen for this study was appropriate. If, for example, a
higher soil density is used, the detection efficiency would decrease,
resulting in a greater MDA, because the effective volume of the soil
becomes smaller. Thus, when characterizing sites for decom-
missioning nuclear power plants, the historical data of the site
should be used. Accordingly, all relevant geological information
should be collected, analyzed, and applied to correct the effective
volume.

5. Conclusion

A method for discrimination of beta and gamma rays was pre-
sented for in-situ measurements of residual radioactivity. The
method was verified using both a customized scintillator-based
radiation detector and MCNP simulations. The experimental re-
sults showed the feasibility of in-situ measurements and discrim-
ination of beta and gamma rays with a tolerable relative error and
standard deviation. The instrument developed in this study is able
to simultaneously measure and distinguish between beta and
gamma rays. The expected MDA of the developed detector satisfies
the clearance level mandated by the International Atomic Energy
Agency standard for decommissioning sites. Furthermore, it has a
lower MDC than conventional beta ray scanners. Hence, this
method can be used to effectively detect high contamination levels
of beta ray-emitting radionuclides in the soil as well as radiation
emergencies/accidents at nuclear power facilities. The proposed
method can be effectively applied to in-situ measurements of beta
rays if a low-power and coincidence circuit is used to reduce the
background counting rate. A systemwith a lower MDC or MDAwill
be developed in the future to measure environmental levels of
radioactivity.
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