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a b s t r a c t

An airborne alpha beta detection system using passivated implanted planar silicon (PIPS) detector was
modeled with the MCNP6 code and its resolution and detection efficiency were analyzed. Simulation of
the resolution performed using the Gaussian energy broadening (GEB) function showed that the full
width at half maximum (FWHM) of 35.214 keV for alpha particles was within 34e38 KeV, which is the
FWHM range of the actual detector, and the FWHM of 15.1 keV for beta particles was constructed with a
similar model to 17 keV, which is the FWHM range of an actual detector. In addition, the detection ef-
ficiency and the resolution were simulated according to the distance between the detector and the air
filter. When the distance was decreased to 0.2 cm from 0.8 cm, the efficiency of the alpha and beta
particles detection decreased from 5.33% to 4.89% and from 5.64% to 4.27%, respectively, and the FWHM
of the alpha and beta particles improved from 40.9 KeV to 29.84 keV and 25.76 keVe13.27 keV,
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

Alpha and beta spectrometry are widely used to analyze envi-
ronmental radiation measurements and to identify the presence of
alpha and beta emission radionuclides [1]. Owing to the charac-
teristics of alpha and beta particles, the spectrum measurement is
conducted in a vacuum environment, essentially to prevent the
continuous energy loss caused by their interaction with the me-
dium [2]. Consequently, it is necessary to prepare a thin and uni-
form source of the sample by performing radiochemical
pretreatment followed by radiochemical separation and a deposi-
tion process such as electrodeposition and microprecipitation [3].
However, it is difficult tomeasure the radiation doses for workers in
real time and to guarantee radiation protection in the work
environment.

In this study, detector simulation is performed using a passiv-
ated implanted planar silicon (PIPS) detector to develop a mobile
system for the real-time measurement of alpha and beta radioac-
tive nuclides in air. In the proposed system, a radionuclide aerosol
sample is collected from an air filter, which is then subjected to
nuclide analysis and dose measurement using a PIPS detector.
by Elsevier Korea LLC. This is an
However, it is difficult to perform dose measurement because thick
sources, such as aerosol, cause degradation of the energy resolu-
tion, which affects the quality of the alpha spectra containing
several overlapping peaks. Additionally, the peak overlap due to
radon and radon progeny in the air and natural background radi-
ation is a major cause of the resolution degradation. Consequently,
the MCNP simulation is performed to derive the optimized spec-
trum resolution of the airborne alpha beta detection system. The
continuous air monitor (CAM) using PIPS detector is modeled using
the MCNPX code [4], and the modeling of the PIPS detector for beta
particles, which emitted the water sample response function using
MCNP5, is performed [5]. In this study, the simulation program uses
the MCNP6 code that can simulate complex geometry construc-
tions, visualization tools, and functions of various particle transport
physics models [6,7]. A PIPS detector model suitable for the
airborne alphaebeta detection system under consideration is
selected, and a simulation is built based on the information of the
detector. The modeling of the PIPS detector resolution was opti-
mized similar to the actual resolution performance. The resolution
of PIPS detector was also optimized. Furthermore, changes in the
resolution and detection efficiency according to the position of the
detector and filter were analyzed.
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Fig. 1. Conceptual diagram of the detection part of the airborne alpha beta detector
system.

Fig. 2. Schematic of detection system in MCNP6.
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2. Materials

2.1. PIPS detector

When an externally incident particle is stopped in the depletion
region of a PIPS detector, it forms electrondhole pairs, and the
number of electrondhole pairs formed is directly proportional to
the energy of the particle. The electric field of this region sweeps
electrons to one terminal and holes to the other terminal [8]. The
thickness of the depletion region depends on the bias voltage, and
the higher the voltage, the higher the energy particles that can be
stopped. This is called capacitance of the PIPS detector. Equation (1)
represents capacitance of the detector and Equation (2) represents
the depletion width [9].

C¼ ε

A
W

(1)

W¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εurV

p
(2)

where C is capacitance ðpFÞ; A is the active area (cm2), W is the

thickness (cm) of PIPS detector, ε is permittivity
�
A,s
Vm

�
, u is mobility

of majority charge carriers
�
cm2

V,s

�
, r is resistivity ðU ,cmÞ and V is

bias voltage (V). The resulting charge pulse is integrated in the
preamplifier to produce a voltage pulse. The larger the detector
area, the wider the measurement range, the higher the detection
efficiency, but the lower the resolution. Table 1 shows the perfor-
mance changes of PIPS detector with changes in the active area for
specifications based on Canberra's PIPS detector series [10]. It can
be seen from the table that for the model with an active area of
450 mm2, the full width at half maximum (FWHM) difference is
1.84 times larger for alpha particles and 1.76 times larger for beta
particles than those for the model with an active area of 1700 mm2.
Although the detection efficiency can be improved by geometric
adjustment of the filter and detector, the radiation peak discrimi-
nation performance is also essential for background removal in an
aerosol sample measurement. Consequently, the simulation is
performed using the model with an active area of 450 mm2.

2.2. Computer simulation modeling

The simulation is performed using the MCNP6 general-purpose
Monte Carlo code [11]. Initially, the structure of the system is
simulated using the geometry function. Fig. 1 shows the conceptual
diagram of the detection part of the airborne alphaebeta detector
system and Fig. 2 shows schematic of detection system constructed
using MCNP6. For the simulation geometry, the diameter of the
PIPS detector is set to 23.9 mm and the height to 12.3 mm. The type
of filter used is a celluloseeasbestos paper, and the diameter of the
filter exposed to the detector is set to 50.0 mm and thickness to
0.2mm. The detector is composed of stainless steel 304 surrounded
by silicon that is exposed to air. The air filter consists of 19.1% of Si,
14.7% of Al, 2.9% of Mg, and 63.2% of O [12,13]. The PIPS detector is
Table 1
Canberra CAM PIPS detector performance.

Model CAM450 CAM600

Active area (mm2) 450 600
Active diameter (mm) 23.9 27.6
Height (mm) 12.3 12.3
Alpha resolution (FWHM-in keV) 34e38 37e42
Beta resolution (FWHM-in keV) 17 20
located inside a box-shaped shield made of stainless steel 304, and
the empty space is filled with air. The source is simulated as 0.3 mm
of dust, randomly distributed inside the filter, and a random
number is created using the MATLAB code. The source nuclides are
241Am and 214Pb, and the energy and abundance described in
Table 2. In addition, the source information is input with reference
to the ICRU report 56 [14]. The energy emitted from the source is
represented in the form of a histogram, and the probability of the
energy emission of each particle is inserted. The Physics model uses
the F8 (pulse-height) tally to calculate the pulseeheight value.
With this card, the pulse height varies with the collection of par-
ticles. Furthermore, the energy cut-off is used as the variance
reduction technique, which implies that particles whose energy is
CAM900 CAM1200 CAM1700

900 1200 1700
33.9 39.1 46.5
12.3 12.3 12.3
39e45 45e55 55e70
22 25 30



Table 2
Energy and abundance about 241Am and 214Pb Source.

241Am E (keV) a Abundance (%) 214Pb (keV) b Abundance (%)

4757.39 0.00004 9.5 0.0002
4800.62 0.00086 53.2275 0.0004
4834.15 0.0007 56.84 0.015
4888.9 0.0007 62.7 0.015
4956.0 0.0007 107.22 0.015
4961.6 0.0007 118.16 0.015
4963.63 0.0007 137.45 0.006
5007.58 0.0001 141.3 0.004
5055.34 0.0001 170.07 0.032
5066.22 0.00014 181.5 0.032
5092.05 0.0004 196.20 0.069
5099.09 0.0004 205.68 0.0115
5106.71 0.0004 216.47 0.022
5117.20 0.0004 238.4 0.015
5133 4 0.0004 241.997 7.43
5155.16 0.0007 258.87 0.524
5179.34 0.0003 274.80 0.474
5181.64 0.0009 295.224 19.3
5190.4 0.0006 298.76 0.02
5217.27 0.0006 305.26 0.031
5225.08 0.0013 314.32 0.078
5232.5 0.0013 323.83 0.028
5244.12 0.0024 351.93 37.6
5281.01 0.0005 462.00 0.221
5321.90 0.015 480.43 0.320
5388.23 1.6 487.09 0.422
5416.27 0.01 511.0 0.032
5442.80 13.0 533.66 0.186
5469.45 0.04 538.41 0.020
5485.56 84.5 543.81 0.069
5511.47 0.22 580.13 0.352
5544.5 0.34 765.96 0.078

785.96 1.07
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out of the range of interest are terminated so that the computation
time is not wasted following them.
Fig. 3. 241Am spectrum graph according to repeat GEB function.
3. Results and discussion

3.1. FWHM

To evaluate the accuracy of the PIPS detector, we compared the
FWHM value obtained from the simulation results with the speci-
fications of the commercially used PIPS detector with an active area
of 450 mm2. The F8 tally uses the Gaussian energy broadening
(GEB) function was applied to adjust the FWHM of the simulation
detector. The GEB parameter specifies the FWHM of the observed
energy broadening in a physical radiation detector. The GEB feature
also simulates the peak-broadening effects exhibited by the phys-
ical radiation detectors using Equation (3).

FWHM¼ aþ b
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E þ cE2

p
(3)

(a ¼ 5.797E-4 MeV, b ¼ 7.192E-4 MeV1/2, c ¼ 1.0 MeV�1).
For this tally card, the parameters a, b, and c are set, where E is

the particle energy. The simulations are repeated to obtain the GEB
values that yield the similar FWHM results as of the modeling PIPS
detector. The tested GEB values vary from 10 keV to 200 keV. The
GEB cards are used to perform Gaussian broadening on tally values
[15]. In this evaluation, the distance between the filter and the
detector was set to 0.4 cm, the alpha calibration source was 241Am,
and the beta calibration source was 214Pb. The FWHM of the
measured spectrum was calculated using the ORIGIN software,
setting the peak based on the information of each source. The
standard deviation was obtained from the Gaussian equation as
shown in Equation (4), and the calculated value was substituted
into Equation (5) to obtain the FWHM [16].

fðxÞ¼ 1
s

ffiffiffiffiffiffi
2p

p exp

"
�ðx� x0Þ2

2s2

#
(4)

FWHM¼2
ffiffiffiffiffiffiffiffiffiffi
2ln2

p
sz2:3548200s (5)

In this equation, s is the standard deviation and x0 is the mean
value of the function. Figs. 3 and 4 show the 241Am spectrum graph
and the 214Pb spectrum graph, respectively. The peak is formed at
5.486 MeV for 241Am, and at 0.728 MeV for 214Pb according to the
radionuclide decay. Consequently, it can be confirmed that the PIPS
detector modeling works as expected. 241Am and 214Pb were used
as the calibration sources and the GEB parameter was repeatedly
applied. The FWHM value for each GEB parameter was calculated
and the process was repeated till the specification of a commercial
detector was achieved. Tables 3 and 4 show the FWHM calculation
values according to the GEB repetitionwhen using 241Am and 214Pb,
respectively. The FWHM calculations were performed for 241Am
and 214 Pb at 5.486MeV peak and 0.728MeV peak, respectively. The
FWHM value of alpha particle was 35.214 keV, which is considered
to satisfy the performance of the PIPS detector as the simulation
target. The FWHM value of beta particle was 15.1 keV, which is
similar to that of a commercial PIPS detector. However, it is
necessary to perform additional iterative simulations to produce a
precise detector pulse.
3.2. Resolution and detection efficiency

The detection efficiency and the resolution were simulated ac-
cording to the distance between the detector and the air filter. The
distance between the detector and the filter was varied, and set to
0.2 cm, 0.4 cm, 0.6 cm, and 0.8 cm to perform the simulation. 241Am
and 212Bi were used as the target nuclides for alpha and beta par-
ticles, respectively [17]. To derive the detection efficiency, the
MCNP calculated value of the particle detection probability of the
PIPS detector is multiplied by the activity of the nuclide, and then
this product is divided by the number of alpha particles produced,
as shown in Equation (6).



Fig. 4. 214Pb spectrum graph according to repeat GEB function.

Table 3
Alpha FWHM calculation according to GEB case.

GEB Case Peak [MeV] FWHM [keV] Nominal FWHM [keV]

1 5.486 68.275 34e38
2 5.486 52.154 34e38
3 5.486 35.214 34e38

Table 4
Beta FWHM calculation according to GEB case.

GEB Case Peak [MeV] FWHM [keV] Nominal FWHM [keV]

1 0.728 36.6 17
2 0.728 24.7 17
3 0.728 15.1 17
4 0.728 9.14 17

Fig. 6. 212Bi spectrum graph according to distance from air filter to detector.
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Detection EfficiencyðεÞ¼ T# � A
P#

(6)

(T # ¼ tally, A ¼ source activity, P # ¼ Total number of emitted
Fig. 5. 241Am spectrum graph according to distance from air filter to detector.
particle).
Figs. 5 and 6 represent the alpha and beta spectra according to

the distance, respectively. It was confirmed that the peak FWHM
was narrow and the count rate increased as the distance between
alpha and beta particles decreased. Since the probability of alpha
and beta particles reacting with air is low, the resolution and the
count rate increased as the probability of these particles entering
the detector increased. Table 5 shows the computed values of the
detection efficiency and FWHM. The detection efficiencies of alpha
and beta particles decreased from 5.33% to 4.89%, and from 5.64% to
4.27%, respectively, for a distance change from 0.2 cm to 0.8 cm.
When the detector was placed at a distance of 0.2 cm from the air
filter, it was confirmed that the detection efficiency decreased by
0.44% and FWHM of alpha particles increased by 11.06 keV,
respectively, as compared to the case where the detector was
located at a distance of 0.8 cm. In the case of beta particles, the
detection efficiency decreased by 1.37% when detector moved from
0.2 cm to 0.8 cm, otherwise FWHM of beta particles increased by
12.49 keV. The decrease in resolution due to the increase in effi-
ciency is clearly shown. As a result, it was confirmed that the dis-
tance between the source and the detector is 0.4 cm, which is a
suitable performance. It is necessary to consider the correlation
between detector resolution and efficiency. Therefore, an
alphaebeta detection system optimized for spectrum analysis
should be designed, considering the resolution and detection effi-
ciency according to the distance between detector and source.

4. Conclusion

To construct an airborne alphadbeta detection system, a PIPS
detector was modeled using the MCNP6 code that can simulate its
detection efficiency and resolution for various situations. The res-
olution of the PIPS detector was modeled with similar performance
to an actual detector. The results of resolution modeling of the
detector showed that the FWHM was 97.2% similar to the perfor-
mance of actual detector, with values of 35.214 keV for alpha and
16.569 keV for beta particles. As a result of modeling of the airborne
alpha beta detection system using the air filter and PIPS detector, it
was confirmed that the detection efficiency and FWHM are opti-
mized when the distance between the source and the detector is
0.4 cm. Based on the optimized simulations of the airborne
alphaebeta detection system presented in this study, the basis for
the feasibility of the detection system was established.



Table 5
Alpha and beta detection efficiency and FWHM.

Case Detection Efficiency (%) FWHM [keV] Case Detection Efficiency (%) FWHM [keV]

Alpha_0.2 cm 5.33±0:1 40.90 Beta_0.2 cm 5.64±0:11 25.76
Alpha_0.4 cm 5.20±0:08 36.26 Beta_0.4 cm 5.03±0:07 18.29
Alpha_0.6 cm 5.05±0:09 32.15 Beta_0.6 cm 4.65±0:07 16.43
Alpha_0.8 cm 4.89±0:08 29.84 Beta_0.8 cm 4.27±0:0:9 13.27
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Nomenclature

C Capacitance (pFÞ
A Active area (cm2)
W Thickness of depletion region (cm)

ε Permittivity
�

A,s
V,cm

�
u Mobility of majority charge carriers

�
cm2

V,s

�
r Resistivity ðU ,cmÞ
V Bias voltage (V)
s Standard deviation
x0 Mean value of the function
T # Tally number
A Source activity
P # Total umber of emitted particle
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