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	 We attempted to enhance the detection efficiency of plastic scintillators by 
incorporating zirconia nanoparticles up to 30 wt%.  The scintillators became opaque at 
higher concentrations because of Mie scattering.  A higher nanoparticle concentration 
led to a higher detection efficiency, and the light yield of these scintillators was higher 
than or comparable to that of a commercial plastic scintillator, NE142.  In addition, the 
time resolution of the scintillation detector equipped with each sample scintillator was 
approximately 0.5 ns.  These results indicate that the incorporation of nanoparticles 
is a versatile and effective approach to enhance the detection efficiency of plastic 
scintillators.

1.	 Introduction

	 Plastic scintillators have widely been used for applications that require an excellent 
time resolution or a short dead time.(1,2)  One of the shortcomings of plastic scintillators 
is the low detection efficiency for high-energy photons.  Because plastic scintillators 
comprise polymer matrices and several kinds of organic fluorescent molecules, the 
probability of interactions with high-energy photons is low owing to the small atomic 
numbers of the constituent elements (e.g., C, H, O, and N).
	 One effective approach to enhancing the detection efficiency of plastic scintillators 
is incorporating metal-organic complex molecules into polymer matrices.(3,4)  However, 
this method has a limitation: The metal-organic molecules have limited solubility in the 
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polymer, which limits the incorporation concentration.  In addition, the light yield of the 
plastic scintillators is severely degraded by the incorporation of such molecules because 
the molecules quench scintillation.(5) 
	 In this paper, we report another approach to enhancing the detection efficiency 
of plastic scintillators, which is the incorporation of inorganic nanoparticles.  The 
incorporation of nanoparticles enables the high-concentration loading of elements with 
large atomic numbers.  In addition, the severe degradation of the light yield is avoided 
because the nanoparticles do not act as quenching centers.  Furthermore, the transparency 
of the scintillator can be maintained by using particles with diameters less than 100 nm.  
Moreover, the materials are expected to be robust to thermal or photodegradation by the 
incorporation of nanoparticles.(6,7)  Recently, we have reported the scintillation properties 
of plastic scintillators incorporated with Hf-Si oxide nanoparticles.(8)  In this research, we 
used zirconia nanoparticles because they are readily available from several suppliers and 
Zr has a relatively large atomic number of 40.  In this study, we focused on the detection 
of high-energy X-ray photons from synchrotron radiation and the scintillation properties 
of plastic scintillators containing up to 30 wt% zirconia nanoparticles.  The resultant 
scintillation properties were compared with those of a commercial plastic scintillator, 
NE142 (loaded with Pb at 5 wt%).  

2.	 Materials and Methods

	 All the reagents were used as received.  2 g of polystyrene (Sigma-Aldrich, Japan; 
average molecular weight: 350000) was dissolved in 20 g of N,N-dimethylformamide 
(Wako, Japan), followed by the addition of a fluorescence molecule, i.e., 2-(4-tert-
butylphenyl)-5-(4-biphenylyl)-1,3,4-oxadiazole (butyl-BPD; TCI, Japan).  The amount 
of butyl-BPD was 0.5 mol% relative to the number of monomer units of the polystyrene.  
Polystyrene was used as matrix because the energy transfer is efficient from the matrix 
to butyl-BPD.  Zirconia nanoparticles with a diameter of 42 nm (Hosokawa Micron 
Co., Japan) were then added to the solution.  The nanoparticles were supplied as a dry 
powder.  The sample scintillators were obtained after solvent evaporation in aluminum 
containers at 333 K for 1 d and subsequently at 393 K for 2 d.  
	 Photoluminescence spectra were measured using a spectrofluorometer (F4500, 
Hitachi, Japan).  X-ray-induced scintillation spectra were measured using an X-ray tube 
operating at 40 kV and 40 mA and a charge-coupled device (CCD)-based detector.  The 
X-ray detection capability was characterized using synchrotron X-rays at BL-14A at 
the Photon Factory, KEK.  The measuring system was the same as that employed in a 
previous study,(9) and the X-ray energy was 67.4 keV.  Single-bunch-mode operation 
was used, and the period of the successive X-ray pulses was 624 ns.  The beam spot 
was approximately 1 mm in diameter.  The sample scintillators were attached to a 
photomultiplier tube (PMT; R7400P, Hamamatsu, Japan) with optical grease.  The 
area of the sample scintillator was significantly larger than the spot size of the beam.  
Therefore, the detection efficiency does not depend on the area but on the thickness of 
the scintillators.  To measure the pulse height spectra, the detection signal was amplified 
with a charge-sensitive amplifier (2005, Canberra, CT, US) and a main amplifier (572A, 
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Ortec, TN, US); a histogram was obtained using a multichannel analyzer (MCA; 
5004 Aptec, NY, US).  The shaping time of the main amplifier was set at 0.5 μs.  To 
estimate the scintillation light yield, the pulse height spectrum of a 5-mm-thick plastic 
scintillator, i.e., NE142 (OKEN Co., Ltd., Japan),(10) was also measured for comparison.  
The detection efficiency was determined by comparing the counting rate of the current 
scintillation detector with that of a scintillation detector equipped with 5-mm-thick 
NaI:Tl.  Time–resolution curves were obtained via the following setup: The detection 
signals were amplified with a fast preamplifier (VT120A, Ortec, TN, US), and the X-ray 
arrival timing signals were supplied from the accelerator.  The timing of the signals was 
determined using a constant fraction discriminator (CFD, 935, Ortec, TN, US).  The 
time difference between the signals was converted into a pulse height using a time-to-
amplitude converter (566, Ortec, TN, US), and the converted signal was accumulated to 
form a histogram using the MCA mentioned above.

3.	 Results and Discussion

	 Figure 1 shows a photograph of the sample scintillators containing different 
concentrations of zirconia nanoparticles.  The sample scintillators became translucent 
and eventually opaque with increasing nanoparticle concentration, which is due to the 
Mie scattering of the incident light by the nanoparticles.  Figure 2 shows an optical 
microscopic image of a cross section of the samples.  In this image, the horizontal 
direction corresponds to the vertical direction during solvent evaporation.  It is clearly 
evident that the nanoparticles are distributed inhomogenously, particularly in the vertical 
direction.  In the measurements of scintillation properties in the studies, the bottom 
during the solvent evaporation was attached to the PMT.  

Fig. 1 (left).  (Color online) Photograph of the sample scintillators containing different zirconia 
nanoparticle concentrations.
Fig. 2 (right).  (Color online) Optical microscopic image of a cross section of the sample 
containing 30 wt% zirconia nanoparticles.  The left-hand side corresponds to the bottom during the 
solvent evaporation.
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	 Figure 3 shows the photoluminescence spectra of the sample scintillators.  The 
excitation wavelength was 305 nm.  The shapes and positions of the peaks in the spectra 
of the samples containing nanoparticles are similar to those of the sample without 
nanoparticles.  The luminescence bands are ascribed to the fluorescence in butyl-
BPD.  The luminescence intensity seemingly increased with nanoparticle concentration.  
Because the butyl-BPD molecules are directly excited with an excitation wavelength 
of 305 nm, this increase cannot be ascribed to the enhanced fluorescence quantum 
efficiency of the butyl-BPD molecules; this increase may be due to the Mie scattering 
of the luminescence photons.  In the photoluminescence measurements, the sample 
surface was excited by the excitation light and fluorescence photons were detected from 
the surface.  In this geometry, if we assume no contribution from the scattering of the 
fluorescent photons, we detect only the photons emitted from the butyl-BPD molecules 
in the direction of the photon detector.  In the presence of Mie scattering, in addition to 
the fluorescent photons that directly reached the photon detector, some of the fluorescent 
photons emitted in the opposite direction were detected owing to Mie scattering within 
the sample.  Thus, the detected luminescence intensity was higher for the samples 
containing nanoparticles.  Figure 4 shows the X-ray-induced scintillation spectra.  The 
emission wavelength was similar to that in the luminescence spectra.
	 Figure 5 shows spectra of the pulse heights of the scintillation detectors equipped 
with the sample scintillators for X-ray photons with 67.4 keV energy.  The incident X-ray 
fluence was the same for all spectra.  It is clearly evident that the number of detection 
events increased with increasing nanoparticle concentration, which indicates that the 
detection efficiency was successfully enhanced by the incorporation of nanoparticles.  
	 The pulse height is proportional to the number of photoelectrons at the PMT.  The 
luminescence spectra of our scintillators and NE142 are similar.  Thus, the sensitivity 
of the photocathode of the PMT is almost the same for our scintillators and NE142.  In 
addition, the pulse height spectra were measured for the same X-ray photon energy.  The 
pulse height is proportional to the number of photons emitted during one X-ray photon 

Fig. 3.	 (Color online) Photoluminescence spectra of the sample scintillators (excitation 
wavelength: 305 nm).
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detection event.  Thus, the light yield was estimated by comparing the peak positions 
in the pulse height spectra.  Peaks were observed at 380, 240, and 170 channels for the 
scintillator with 1 and 10 wt% nanoparticles and NE142, respectively.  For the scintillator 
with 10 wt% nanoparticles, we observed a shoulder at approximately channel 350.  The 
light yield of the samples containing up to 10 wt% nanoparticles was higher than that of 
NE142.  At higher nanoparticles concentrations, the photoelectron peak was relatively 
structureless, and the light yield was estimated to be comparable to that of NE142.  
The width of the photoelectron peak corresponds to the variation in the number of 
scintillation photons emitted during each detection event.  A structureless photoelectron 
peak indicates a significant variation in the number of scintillation photons, which is 
due to the inhomogeneity of the nanoparticle distribution in the scintillators.  Based on 
the high channel endpoint in the pulse height spectra, the light yield was not changed 
significantly by nanoparticle incorporation.  This result indicates that the light yield was 
not severely degraded by the nanoparticle incorporation.
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Fig. 4.	 (Color online) X-ray-induced scintillation spectra.

Fig. 5.	 (Color online) Pulse height spectra of the scintillation detectors equipped with the sample 
scintillators for 67.4 keV X-ray photons.
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	 The detection efficiencies of the sample scintillators are summarized in Table 
1.  The number of detection events is obtained as the total count in the pulse height 
spectrum.  The number of detection events of the scintillation detector equipped with 
each scintillator is compared with that of a scintillation detector equipped with NaI:Tl of 
5 mm thickness for the same X-ray fluence.  The detection efficiency was thus estimated 
assuming that the detection efficiency of the NaI:Tl scintillation detector was 100%.  
It was clearly demonstrated that the detection efficiency is enhanced by incorporating 
nanoparticles up to 30 wt%.  Despite the significantly different thickness, we achieved 
a detection efficiency comparable to that of the 5-mm-thick NE142 for the sample 
scintillator containing 30 wt% nanoparticles.  
	 Figure 6 shows the time–resolution curves of the scintillation detectors equipped with 
sample scintillators.  A full width at half maximum (FWHM) time resolution of ~0.5 ns 
was obtained for each scintillation detector, and no significant tail was observed.  These 
results indicate that the short dead time of the plastic scintillators was maintained after 
the incorporation of the nanoparticles.  Only the time–resolution curve for the 1 wt% 
nanoparticle scintillator had a long tail.  Unfortunately, we cannot explain this difference 
at present.
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Table 1
Efficiency of the detection of 67.4 keV X-ray photons of each sample scintillator.
Nanoparticle
concentration [wt%] 1 5 10 15 20 30 NE142

Detection efficiency [%]    1.1    1.3      2.1      3.1      5.7      7.4    10.7
Thickness [mm]      0.90      0.75        0.75        0.80        1.00        0.75        5.00

Fig. 6.	 (Color online) Time–resolution curves of the scintillation detectors equipped with sample 
scintillators.
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4.	 Conclusion

	 We synthesized plastic scintillators containing inorganic nanoparticles in order 
to enhance the detection efficiency for high-energy photons.  The light yields of the 
samples were higher than or comparable to that of a commercial plastic scintillator, i.e., 
NE142.  The detection efficiency was successfully enhanced by the incorporation of 
zirconia nanoparticles, and the fast response of the plastic scintillators was maintained.  
These results indicate that the incorporation of nanoparticles is an effective and versatile 
method of enhancing the detection efficiency of plastic scintillators.
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