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ABsTrACT: There is a need for more convenient and effective methods for detecting and discrim-
inating between - and [(3-radiation. In this work, two plastic scintillator detectors were used to
detect and discriminate between - and [3-radiation based on digital pulse shape discrimination
(PSD). The charge comparison method (CCM) performed better than the time comparison method
(TCM), and Detector A (with ZnS doping) showed better results than those of Detector B (with-
out ZnS doping). With Detector A, the total rate of misidentification was approximately 0.25%
with the appropriate discrimination parameters; with Detector B, the total rate of misidentification
was approximately 1.5%. Both detectors showed improved discrimination compared with most
commercial detectors. This method is a promising means for improving the effectiveness of the
detection and discrimination of - and 3-radiation based on PSD.
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1 Introduction

There are many differences between - and [3-radiation. One of the most obvious differences is that
their radiation quality factors have distinct radiological protection. (3-radiation has a quality factor
of 1, and «-radiation has a quality factor of 20.

o~ and (3-radiation can be discriminated by their energy spectra. However, sample surface
contamination impacts radiation particle detection, leading to energy losses. The o-particle rapidly
loses energy in the air gap prior to reaching the detector window, which results in a large lower
energy spectrum spread, overlapping with that of (3-radiation.

To address these issues, plastic scintillators are doped with zinc sulfide (ZnS). ZnS has a large
fluorescent yield for «-radiation but not (3-radiation. With ZnS, o«-radiation events are distributed
to higher energy sections of the energy spectrum, whereas [3-radiation events are distributed in
lower energy sections. Using ZnS, when products are tested using a clean radiation source, x- and
[3-radiation can then be discriminated by their energy spectra. However, in sampling dirty sources,
some «-radiation are misidentified as {3-radiation.

There is a need to detect and discriminate x- and (3-radiation using convenient and more
effective methods. Pulse shape discrimination (PSD), the charge comparison method (CCM) and
the time comparison method (TCM) are commonly used in the discrimination of neutron- and
y-radiation [1-6]. I. Kreslo et al. reported on PSD with a liquid scintillator [7]. H. Bagén et al. used
a plastic scintillator to discriminate «- and {3-radiation; the rates of misidentification were lower
than 7% [8]. However, the effectiveness of PSD methods remains unknown.

In recent years, PSD techniques have been used in the discrimination of «o- and
y-radiation [9, 10]. In this work, the detection and discrimination of «- and 3-radiation were



attempted with plastic scintillators based on PSD. To evaluate the effectiveness of digital PSD, two
methods were tested using a special scintillator (with ZnS doping) and a non-special scintillator
(without ZnS doping) for discriminating between «- and (3-radiation.

2 Pulse shape discrimination

2.1 Differences in nuclear pulse shapes

Electrons are light compared with o-particles. The energy loss per collision of an electron is greater
than that of an «-particle when interacting with matter. Thus, their energy-loss rates (dE /dx) are
different as indicated by different luminescence rates measured by scintillators; this results in
differences in the output current of photomultiplier tubes (PMTs). The resultant different nuclear
pulse shapes from a detector can be approximately described by Formula (2.1). The nuclear pulse
shapes of «- and (3-radiation have different fast and slow components [11, 12].

V(1) = v e T gy et 2.1)

where vy is the voltage of the slow component, vr is the voltage of the fast component, 7y is the slow
time constant, and 7 is the fast time constant.

2.2 Charge comparison method

An analogue circuit is used to implement the CCM through current integration by capacitance and
the associated ballistic deficit. In digital signal processing, integration in the CCM is replaced
by a summation: Zﬁ « Vi- As Formula (2.2) shows, to eliminate the influence of different energy
depositions on the same kind of particle, the summation }, v; (corresponding to the short
window) is normalized by the summation };!" ; v; of “total charge-quantity” (corresponding to the
long window). The short window is shown in figure 1; the horizontal axis, which presents the
sampling serial number (i), gives the time information of each digitized waveform (i.e. 1 ns interval
for 1 GHz sampling rate digitizer). The long window includes the whole pulse shape.

m n
Pcem = Z Vi/Z Vi (2.2)
ik i=0

where n is the number of the last sampling point of a complete digital discrete nuclear pulse (starting
at 0), k is the starting number of the short window, and m is the ending number of the short window.

2.3 Time comparison method

The TCM determines the voltage signal by integrating over the current measurements. When
measuring a unipolar nuclear pulse, CR differentiation is used to convert to a bipolar pulse. Then,
the duration between the leading edge and crossing zero is determined. The zero-crossing point of
the bipolar nuclear pulse corresponds to the peak point of the unipolar nuclear pulse; this is also
referenced as the “rising time method”. The digital TCM directly processes unipolar nuclear pulse
signals. The definition of the rising time of the unipolar pulse is shown in figure 1.
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Figure 1. Diagram of discrimination parameters.

3 Experiment

3.1 Experimental setup

Two plastic scintillator detectors were used. One detector (‘“Detector A”) was produced by Beijing
Gaonengkedi Science and Technology Co., Ltd., and was equally doped with ZnS and para-terphenyl
to detect «- and f3-radiation. As shown in figure 2(a), the scintillator had a 5-cm diameter and a
1-mm thickness. The scintillator was coupled to a PMT (Hamamatsu CR105-03) using a 1-cm-thick
optical guide and silicone oil. The other detector (“Detector B””) was produced by Beijing Hoton
Nuclear Technology Co., Ltd, and was only doped with para-terphenyl (figure 2(b)).
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Figure 2. The detectors and the experimental setup.



The experimental setup is shown in figure 2(c). A plastic scintillator and a PMT constituted
a plastic scintillator detector. The PMT was powered by a high voltage —800 V DC supply (Ortec
556H). The capacitance of a preamplifier (Ortec 113) was 100 pF. A main amplifier (Ortec 474)
was used to reverse and linearly amplify the nuclear pulse from the preamplifier to the appropriate
amplitude for data acquisition. Nuclear pulses were collected by data acquisition (Caen DT5751)
at a sampling rate of 1 GHz and sent to a computer. The x-radiation source was 2*! Am, and the
B-radiation source was °Sr. The nuclear pulses of - and 3-particles were randomly selected and

peak-normalized as shown in figure 3.
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Figure 3. Nuclear pulse shapes of «- and (3-particle.

3.2 Determination of the short window
After discrimination, the distributions of «- and (-radiation were approximately two Gaussian
distributions. In the discrimination of neutron- and <y-radiation, figure of merit (FoM) values for

the PSD methods can be calculated by Formula (3.1) [13-15]:
FoM = |(tn — pty) /(FWHM, + FWHM, )| 3.1

where u is the mean value of the Gaussian distribution, FWHM is the full width at half maximum
of the Gaussian distribution, and the subscript indicates the corresponding radiation.

Ten thousand pulses each of «- and 3-radiation were collected and used to determine the CCM
short window. To discriminate o- and [3-radiation, different radiation sources were tested. Test
effectiveness can be directly calculated before fitting the distribution. The mean values ¢’ and
standard deviations S of the Pccms of the samples can be directly calculated. Then, y” were used
to replace y; and 2.355S was used to replace the FWHM. As such, Formula (3.2) was obtained and
used to preliminarily estimate the discrimination effects of the CCM under different SSW (Size of
the Short Window), as shown in figure 4 (note, the FoM’ value is not the true FoM value):

FOM" = | (1 = ) /(2.355 - Suc+2.355 - ) (3.2)

where o’ is the mean value of the discrimination parameter Pcoms, S is the standard deviation of
Pccewms, and the right subscript indicates the corresponding radiation.



The peak of the pulse served as the starting point of the short window, as shown in figure 1. As
shown in figure 4(a), FoM’ was maximized when the size of the short window was 4 for Detector A.
As shown in figure 4(b), FoM’ was maximized when the size of the short window was 186 for
Detector B.
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Figure 4. FoM’with different discrimination parameters.

3.3 Processing with charge comparison method
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Figure 5. Distribution after discrimination with the CCM.

One hundred thousand pulses each of «- and 3-radiation were collected and used to test the
effectiveness of the CCM discrimination. Discrimination parameter Pccms distributions are shown
in figure 5. As shown in figure 5(a), the nuclear pulse shapes of «- and [3-radiation from Detector
A were clearly discriminated (FoMccm,a = 1.6827). In figure 5(b), no significant overlap was
observed between the two distributions (FoMccm g = 1.2528).



3.4 Processing with time comparison method

The same 100,000 pulses each of «- and 3-radiation were used to test the effectiveness of discrim-
inating with the TCM. The distributions of the numbers of the rising-time points (corresponding
with the rising times of the continuous voltage sequences) are shown in figure 6. As shown in
figure 6(a), the nuclear pulse shapes of the «- and (-radiation from Detector A were discrimi-
nated (FoMtcm.a = 1.3796). However, the nuclear pulse shapes of the «- and -radiation from
Detector B were not clearly discriminated with the TCM (FoMtcm g = 0.6189).
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Figure 6. Distribution after discrimination with the TCM.

4 Discussion and conclusion

In this work, two plastic scintillator detectors were used for the detection and discrimination of
- and (3-radiation based on PSD. As shown in figure 5(a), «- and (3-radiation can be clearly
discriminated with the CCM. No significant overlap was observed between the two distributions
(figure 5(b)); the CCM also worked well in discriminating pulses from Detector B. Compared with
the CCM, the TCM did not perform as well. As shown in figure 6(b), the pulses from Detector
B were not clearly discriminated. The CCM and Detector A performed better than the TCM and
Detector B, respectively, because y-radiation can be caught by the 1-cm-thick plastic scintillator.

In figure 7, the dashed lines show the numbers of «-radiation events m’ misidentified as f3-
radiation. These values decreased when Pccm thresholds increased. The dotted lines show the
numbers of [3-radiation events m’ misidentified as «-radiation. These values increased when Pceom
thresholds increased. The total rate of misidentification ¢ (Delta) is defined in Formula (4.1) and
represented as solid lines in figure 7 (the 6 curves are concave, reaching minimums in middle
intervals of Pccms):

m('x—f-mf5

My +mg

0= x 100% 4.1)
where ¢ is the total rate of misidentification, m/, is the number of 3-radiation events misidentified as
’

B
of a-radiation events, and mg is the number of 3-radiation events.

o-radiation, m/, is the number of x-radiation events misidentified as (3-radiation, m, is the number
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Figure 7. Errors with different Pccym thresholds.

The PSD effectiveness determines the discrimination parameters. For Detector A, ¢ was just
under 0.25% when SSW was 4 and the Pccevm threshold was 0.06061 to 0.06189. For Detector
B, 6 was approximately 1.5% when SSW was 186 and the threshold was 0.6680 to 0.6711. Both
detectors provided better discrimination than most current commercial detectors because commer-
cial detectors typically have higher crosstalk between «- and 3-radiation, i.e., if a detector errs in
discriminating o-radiation as [3-radiation, error is reduced by setting an appropriate PSD threshold.
As the results from Detector B implied, the fluorescence yield of 3-radiation events can be further
improved to more efficiently detect low-energy (3-radiation. This is a promising means to improving
the effectiveness of detecting and discriminating between «- and (3-radiation based on PSD.
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