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A B S T R A C T

A detector that can distinguish alpha from beta particles is valuable for detecting alpha emitters from
contamination at and around the Fukushima Daiichi Nuclear Power Plant (FDNPP), and other nuclear
facility decontamination sites. We developed a prototype alpha/beta particle detector using a pulse shape
discrimination (PSD) capable organic scintillator, a silicon photomultiplier, and a waveform digitizer. The
charge integration PSD technique was used to separate alpha and beta particles. We compared the PSD figure
of merit (FOM) values of two scintillators (EJ-299-33 and stilbene), and found that the stilbene (FOM = 1.61)
performance was superior to the EJ-299-33 (FOM = 0.56) performance, measured using an 241Am source (5.5
MeV alpha particle emission) and a 90Sr source. Additionally, the stilbene showed good energy resolution
(23.6 %FWHM for 5.5 MeV alpha particles). In the pulse height spectrum for the 90Sr∕90Y source, the lower
energy portion (90Sr) and the higher energy portion (90Y) could be separated. To demonstrate the detector’s
separation ability, the 232Th source was measured. The measurements demonstrated the alpha and beta particle
separation, and alpha and beta spectra were obtained simultaneously, which was not possible when using
commercial detectors such as a ZnS(Ag) scintillation detector.

1. Introduction

The Fukushima Daiichi Nuclear Power Plant (FDNPP) accident re-
sulted in releasing radioactive materials inside and outside of the
FDNPP site [1,2]. In a decontamination process, detecting alpha and
beta particle emitters (e.g., 238Pu, 90Sr, and 90Y) is crucial from the
viewpoint of radiation protection [3,4]. A handheld alpha or beta par-
ticle detector can be used to directly measure the contamination caused
by the alpha or beta emitters at a site. The alpha particle detector
used at the FDNPP site may be affected by background radiation, high-
intensity beta particles, and gamma rays; therefore, a detector capable
of measuring alpha and beta particles separately and accurately would
contribute to a better overall decontamination process.

The author has tried to separate the alpha spectrum from the beta
spectrum by optimizing the scintillator thickness [5]. However, the
alpha and beta spectra would overlap, so it was difficult to separate
one from the other. Geiger–Muller (GM) counters have also been used
to detect beta particles at the FDNPP site. However, such counters
in their standard configuration are incapable of identifying a beta
radionuclide. In some organic scintillators, pulse shape discrimination
(PSD) techniques can be used to differentiate one type of radiation
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from another [6]: various PSD techniques have been applied to separate
neutrons from gamma-rays in nuclear safeguards and nonproliferation
applications [7]. In addition, certain PSD techniques can be used to
separate alpha particles from other radiation.

Liquid scintillators have been widely used to separate alpha par-
ticles from other radiation [8]. However, liquid scintillators typically
exhibit relatively low flash points [7] and therefore are not desir-
able for general use at the FDNPP site. In addition, a solvent mixed
with alpha/beta particle emitters must be prepared when a liquid
scintillator is used [9,10], which was not possible at the FDNPP site.
Solid scintillation detectors were also used to separate alpha parti-
cles from beta/gamma [11–14]; however, the detectors used were a
silver-activated zinc sulfide (ZnS(Ag)) scintillators. Because the energy
resolution of the ZnS(Ag) scintillator is relatively poor [15], this type
of scintillator is not suitable to identify alpha-emitting isotopes (such
as uranium or plutonium). In addition, a bulky photomultiplier was
used as a photodetector [11–14]. Replacing the photomultiplier with
a compact silicon photomultiplier (SiPM) will enable the use of the
scintillator-based system in small spaces [16]. It has also been previ-
ously shown that SiPM readout retains PSD capabilities observed with
PMT-based systems [17,18].
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Fig. 1. The EJ-299-33 (a) and the stilbene (b) coupling to the SiPM ((c) and (d)).

Yamamoto has developed some SiPM-based PSD capable alpha/beta
(gamma) detectors with inorganic and ceramic scintillators [19,20], but
has not yet developed such with an organic scintillator. Our choice of
using an organic scintillator was in order to achieve better PSD ability
than previously done with inorganic and ceramic scintillators.

We have developed the SiPM-based alpha/beta detector with a
PSD-capable organic scintillator for the first time. To demonstrate
the detector’s alpha/beta separation ability, we have measured alpha
particles and beta particles using the SiPM-based alpha/beta detector.
The separation abilities of the two organic scintillators described herein
were compared.

2. Materials and methods

2.1. Experimental setup

Fig. 1 shows organic scintillators (EJ-299-33 and stilbene) used for
these experiments. The EJ-299-33 is a PSD-capable plastic scintillator
manufactured by Eljen Technologies [21], with a size of 3 mm by
6 mm by 3 mm. The stilbene is a PSD-capable crystalline scintillators
manufactured by Inrad Optics [22], with a size of 6 mm by 6 mm by
6 mm. The top and bottom surfaces of the EJ-299-33 were polished
using a sandpaper; the stilbene was not polished because it is fragile.
The sides of either scintillator were wrapped in Teflon-tape so that
the side would act as reflectors. The bottom surface of the scintillator
was optically coupled to a J-Series SiPM (MicroFJ-60035-TSV, SensL,
Ireland), with dimensions of 6 mm by 6 mm, and each cell size is 35 μm.
The number of microcells is 60035. The J-Series SiPM features a high
photon detection efficiency (PDE, 50% at 6 V overvoltage). The EJ-550
optical grade silicone grease was used for optical coupling. Bias voltage
applying to the SiPM was adjusted to 29 V (at 6 V overvoltage). The
scintillator and the SiPM were contained inside a light-tight box.

Fig. 2 shows a block diagram of the measurement system. The SiPM
and a digitizer (DT5730, CAEN Technologies Inc, Viareggio Italy) were
connected by a BNC cable, and analog signals from the SiPM were sent

Fig. 2. Block diagram of the experimental setup.

to the digitizer using an MCX connector. This digitizer is 8 channel
with 14-bit amplitude resolution and 500 MS/s sampling rate. Signals
from the digitizer were sent to a personal computer using a USB cable.
The number of samples per waveform was 600 (1200 ns) for the EJ-
299-33 and the stilbene. A full-scale range was set to the 0.5-Vpp (the
peak to peak voltage range), and a trigger threshold was approximately
4.58 mV.

2.2. Measurements

Alpha particles, beta particles, and gamma-rays were individually
measured with different radiation sources (in Fig. 3); each source was
placed on the scintillator, one by one. The distance between the source
and the scintillator was as close as possible.

An 241Am source (5.5 MeV alpha particle emission) was used for
alpha particle measurements and a 90Sr source (with the maximum beta
energy of 0.55 MeV)/90Y (with the maximum energy of 2.28 MeV) was
used for beta particle measurements. A 22Na source (0.511, 1.275 MeV)
and a 137Cs source (0.662 MeV) were used for gamma-ray measure-
ments. The beta and gamma sources were placed in the same position
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Fig. 3. Source measurements: 241Am (a), 90Sr/90Y (b), and 137Cs source (c). The sources were placed on the scintillator.

Fig. 4. Waveforms of alpha and beta particles at the same amplitude: the EJ-299-33 (a) and the Stilbene (b). The alpha waveform has a longer tail than the beta waveform.

as the alpha source. The Compton edges of 137Cs at 477 keV and 22Na at
340, 1068 keV were used to convert peak amplitude of pulses (voltage)
to electron-equivalent energy (keVee).

2.3. Pulse shape discrimination (Charge integration technique)

Prior work has used the rise-time method for pulse shape discrim-
ination [13,14]. We chose the use of the charge integration technique
instead, since in general the charge integration technique has per-
formed better than the rise-time method [23]. Therefore, the charge
integration technique was used in order to separate alpha from beta
particles. The alpha waveform has a longer tail than the beta waveform
(shown in Fig. 4). The charge integration technique uses the ratio of
tail to total integral; the tail integral is an integrated value after a
peak time of the voltage pulse, and the total integral is an integrated
value of the complete waveform. In this study, the total start time was
fixed at 0 ns, and the tail start time was varied from 10 ns to 60 ns
in order to optimize PSD performance. The number of pulses used for
the PSD optimization was 100,000. The PSD technique produces a 2-
dimensional-PSD (2D-PSD) graph, which is the relationship between
the light output from the scintillator and tail-to-total ratio.

2.4. Figure of merit

The FOM quantifies the separation ability between alpha particles
from beta particles. It is calculated from the tail-to-total ratio histogram
for each radiation. FOM is defined as the following equation:

FOM =
𝑃𝑒𝑎𝑘𝑎𝑙𝑝ℎ𝑎 − 𝑃𝑒𝑎𝑘𝑏𝑒𝑡𝑎

𝐹𝑊𝐻𝑀𝑎𝑙𝑝ℎ𝑎 + 𝐹𝑊𝐻𝑀𝑏𝑒𝑡𝑎
(1)

where Peakalpha and Peakbeta are the peaks of the tail-to-total ratio
histogram. FWHM alpha + FWHM beta are full width at half maximum
(FWHM) of each peak. Peak and FWHM were calculated using Gaussian
fitting. The tail-to-total ratio histogram was created by slicing the PSD
graph at the peak energy of the alpha spectrum which corresponds to
5.5 MeV-alpha particles.

Fig. 5. The lantern mantle used for the 232Th measurement.

2.5. 232Th source (lantern mantle) measurements

A 232Th source measurement is suitable to demonstrate the detec-
tor’s separation ability because the 232Th decay series simultaneously
emits multiple alpha and beta particles. A commercial lantern mantle
was used as the 232Th source and was placed on the scintillator for the
measurement (in Fig. 5). A total of 100,000 pulses were acquired and
used for PSD. The optimized tail start time was used for PSD.

3. Results

3.1. Energy calibration

Fig. 6 represents the calibration line to convert voltage value into
energy in keVee. Both the EJ-299-33 and stilbene showed good linear-
ity. The calibration equations were calculated from the graphs. Fig. 7
shows gamma-ray spectra of 137Cs (662 keV). Both Compton edges
were identified at 477 keVee in their respective spectra.
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Fig. 6. Energy calibration to convert voltages to light output in keVee: EJ-299-33 (a) and the stilbene (b).

Fig. 7. Compton edges at 477 keVee in both spectra.

3.2. Pulse height spectrum

Fig. 8 shows pulse height spectra for 5.5 MeV alpha particles
measured with the EJ-299-33, and the stilbene. We found an energy
resolution of 27.4% and 23.6% FWHM for the EJ-299-33 and the
stilbene, respectively. These resolution values represent a significant
improvement over those obtained using a ZnS(Ag) scintillator (approx.
43%FWHM) [15].

Fig. 9 shows the pulse height spectra for the 90Sr/90Y source.
Because 90Sr and 90Y are in radioactive equilibrium, the lower energy
portion of the spectrum was created by beta particles from 90Sr (with
the maximum beta energy of 0.55 MeV) and the higher energy portion
was created by beta particles from 90Y (with the maximum energy of
2.28 MeV). Because the stilbene was thicker than the EJ-299-33 (6 mm
versus 3 mm), the stilbene showed higher counts in the higher energy
portion.

3.3. PSD optimization

Fig. 10 shows tail-to-total ratio histograms with tail start time
varying from 10 ns to 60 ns. Optimal tail start times for the EJ-299-33
and the stilbene were 14 ns and 16 ns, respectively.

3.4. PSD results

Fig. 11 shows 2D-PSD graphs with alpha particles, beta particles,
and alpha and beta combined as measured using the EJ-299-33 and
stilbene. The alpha particle scattered plots in the PSD graph showed
concentrated count distribution because of the mono-energetic alpha
particle at 5.5 MeV. The beta particle scattered plots in the PSD graph
showed a straight line distribution. Because alpha particles have high
ionization energy loss (dE/dx), the ionization quenching effect lowered
the pulse height [24]. The tail-to-total ratio for alpha particles was
higher than that for beta particles and gamma-rays because alpha
particle creates longer tails than beta particles and gamma-rays. Tail-
to-total ratios for beta particles and gamma-rays showed almost the
same values. In the EJ-299-33 graph, alpha and beta scattered plots
overlapped with each other. In the stilbene graph, alpha and beta
scatter plots were separate from each other.

3.5. Figure of merit results

The figure of merit (FOM) values were calculated to quantify the
separation ability between alpha and beta particles. FOM for the EJ-
299-33 was 0.56 and FOM for the stilbene was 1.61 (in Fig. 12). The
stilbene demonstrated better separation ability than the EJ-299-33.

3.6. 232Th source measurements

Fig. 13 shows PSD graphs of 232Th source measurements using EJ-
299-33 (a) and stilbene (b). In both cases, the alpha pulses form a
distinct band above the beta pulses in the tail-to-total ratio vs. light
output plot. The separation of the alpha pulses from the beta pulses is

Fig. 8. Alpha spectra when using the EJ-299-33 (a) and the stilbene (b).
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Fig. 9. Beta spectra when using the EJ-299-33 (a) and the Stilbene (b).

Fig. 10. PSD optimization of the EJ-299-33 (a) and the Stilbene (b). The 𝑥-axis represents the tail start time and the 𝑦-axis represents FOM values at the 5.5 MeV-alpha particle
peak energy. Error bars indicate the Gaussian fitting error.

Fig. 11. PSD graphs with alpha particles, beta particles, and their respective and combined values measured using the EJ-299-33 (graphs (a), (b), and (c)) and the stilbene (graphs
(d), (e), and (f)); 100,000 pulses are plotted in each case.

better in the stilbene than for the EJ-299 results. Fig. 13 also shows
histograms at 400 keVee with the purpose to evaluate FOM. FOM for
the stilbene was 1.98, clearly separating alpha and beta particles. On
the contrary, the EJ-299-33 FOM was 1.0.

Because stilbene clearly separated the alphas and betas, we con-
ducted the longer measurement using the 232Th source (1,000,000
pulses were obtained), and then, alpha and beta spectra were created
using different ranges of FOM (alpha: 0.88–0.93, beta: 0.83–0.88).

Fig. 14 shows extracted alpha and beta spectra from the PSD graph.
The beta spectrum was continuous up to 2000 keVee, at the maximum
beta energy of 228Ac at 2.13 MeV and that of 212Bi at 2.27 MeV.

4. Discussion

The stilbene detector showed good energy resolution (23.6%
FWHM) for 5.5 MeV alpha particles. The higher energy resolution
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Fig. 12. Histograms of alpha versus beta particles at peak values for alpha particles (EJ-299-33: 258 keVee vs. stilbene: 331 keVee) for EJ-299-33 (a) and stilbene (b).

Fig. 13. PSD graphs of 232Th source measurements using EJ-299-33 and stilbene (graphs (a) and (b)), and histograms at 400 keVee (graphs (c) and (d)). Each number of pulses
was 100,000.

enables precise identification of the 238Pu peak (5.5 MeV alpha parti-
cles) [15]. Additionally, the stilbene showed good separation ability for
alpha from beta particles (FOM=1.61), whereas the EJ-299-33 showed
a lower separation ability (FOM=0.56). In the pulse height spectrum
for the 90Sr/90Y source, the lower energy portion (90Sr) and the higher
energy portion (90Y) could be separated. Previously, alpha and beta
particles have been measured using different detectors and separate
measurements at the FDNPP site [25]. We showed that our detector
can provide spectra of alpha and beta particles simultaneously in a
single measurement, which can reduce the time for detecting and
characterizing contamination. Another advantage of the detector is its
compactness: the thickness of the detector is approximately 10 mm
including the scintillator, which enables to detect contamination in
small spaces.

5. Conclusions

We developed a new prototype detector for alpha and beta particle
detection and characterization. The detector is based on stilbene or
EJ-299-33 as the scintillating material, and silicon photomultipliers
as the photodetector. We used digital pulse shape discrimination and
the charge integration technique to compare the ability of EJ-299-33
and stilbene to separate alpha from beta particles emitted by typical
isotopes that would be present in radioactive contamination sites,
such as in or near the Fukushima Daiichi nuclear power plant. An
alpha detector based on stilbene with the SiPM will be promising for
identifying alpha and beta radionuclides in FDNPP, and other nuclear
facility decontamination sites.
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Fig. 14. Alpha and beta spectra extracted from the PSD graph. The number of pulses in the 2d-PSD graph was 1,000,000.
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