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	 We evaluated the nonradiative deactivation in three scintillators, Gd2SiO5:Ce (GSO), 
Lu2−xGdxSiO5:Ce (LGSO), and Lu2−xYxSiO5:Ce (LYSO), using a photoacoustic spectroscopy 
technique (PAS). The photoacoustic (PA) spectra suggested that part of the absorption energy for 
the excitation of Ce3+ will be released as heat through a nonradiative deactivation process. GSO 
exhibits an intense PA signal compared with LGSO and LYSO because of its energy migration 
process from Gd3+ to Ce3+ emission centers. 

1.	 Introduction

	 Scintillators are materials with the capability to convert energy from ionizing radiation such 
as X-rays and gamma rays into pulses of light commonly known as ultraviolet–visible photons. 
The scintillation process in the materials usually consists of three complex physical steps.(1) The 
initial step is energy deposition in the scintillation material due to the interaction between the 
incident ionizing radiation and the material. As a result of the energy deposition, many excited 
electrons are generated in the scintillation material. The electron–hole pair is also referred to as 
an exciton. The next step is thermal relaxation and energy transfer of the excited electrons. The 
electrons interact with the host lattice and other electrons, resulting in the creation of secondary 
electrons or phonons. The final step is recombination and luminescence. The luminescence is 
mainly generated by two processes: one is the recombination of electrons and holes; the other is 
the excitation of luminescent centers in the scintillation material by interactions with the 
secondary electrons. Although the fundamental phenomenon of scintillation is understood, there 
are no theories to predict the energy conversion efficiency of scintillators. Robbins(2) and 
Lempicki and coworkers(3,4) derived a phenomenological model of scintillation efficiency, which 
is formulated as LYSC = β × S × Q, where LYSC is the scintillation light yield, β is the efficiency of 
the conversion process, S is the energy migration efficiency from the host to the luminescent 
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centers, and Q is the fluorescence quantum efficiency (QE) of the luminescent centers. The 
conversion efficiency β can be expressed by β = ne-h / (E / 2.3Eg), where ne-h is the number of 
electron–hole pairs created upon exposure to ionizing radiation, E is the energy deposited by the 
ionizing radiation, and Eg is the band-gap energy of the material. The phenomenological model 
has been used to explain the light yield (LY) of developed scintillators and for the design of novel 
materials by many researchers. However, an ideal scintillator that can the fulfill the requirements 
for ionizing radiation detection in various applications does not yet exist. Therefore, there is still 
a need to study the physical characteristics of scintillators via a lateral approach. We have 
recently focused on a photoacoustic spectroscopy (PAS) technique(5,6) that can directly measure 
the energy loss and nonradiative deactivation of the luminescent centers in samples. The 
photoacoustic (PA) effect refers to the generation of heat through the interaction of light with 
matter. This heat generates a pressure wave or sound in the surrounding gaseous layer, which 
can be detected with an electret microphone as a PA signal. The first observation of the PA effect 
was in the eighteenth century when Bell found that sound could be induced in a sample by 
illumination with modulated sunlight.(7) A similar effect was confirmed in other forms such as 
gases and liquids by many researchers.(8) In 1976, Rosencwaig and Gersho derived their thermal 
piston model for the one-dimensional heat flow analysis of a PA signal in a cylindrical solid–gas 
interface.(9) PAS has proved to be a powerful technique for measuring optical absorption spectra 
and directly observing the nonradiative deactivation process in semiconductor and phosphor 
materials.(10–18) In this study, we evaluated three scintillators, Gd2SiO5:Ce (GSO), 
Lu2−xGdxSiO5:Ce (LGSO), and Lu2−xYxSiO5:Ce (LYSO), using a PAS detection system and 
attempted to clarify the origin of nonradiative deactivation. Finally, the relationship between the 
PA signal intensity, the fluorescence QE value, and the scintillation LY is discussed. 

2.	 Methods

	 The scintillator samples of GSO and LGSO were prepared by OXIDE Corporation by the 
conventional Czochralski growth technique. The sample of the GSO was a commercialized 
product for gamma-ray spectroscopy measurement, whereas the LGSO sample was a trial 
product with a slightly different chemical composition from that of the product commercialized 
by OXIDE Corp. for the present positron emission tomography (PET) scanner. A LYSO 
commercial scintillator was used for comparison in all measurements. The PA spectra of the 
samples were measured using our original setup.(6) A 300 W xenon arc lamp with an aspherical 
condensing mirror equipped with a monochromator (SM-5 High-Power Monochromator, 
Bunkoukeiki) was used as the excitation light source. The monochromatic light passed through a 
mechanical chopper (BCH-VL, Bunkoukeiki) and an optical fiber, producing a modulating light 
that was focused onto a sample inside a laboratory-built airtight PA cell through a quartz 
window. The PA signal from the sample was detected with an electret microphone (UC-59, Rion) 
connected to a preamplifier (NH-22A, Rion) and a sound level meter unit (UN-14, Rion), and 
processed by a two-phase lock-in amplifier (5610B, NF) with a reference signal input from the 
chopper. The PA signal was recorded at 19 Hz at a scanning rate of 2 nm/min. The PA signal 
intensity is usually proportional to the excitation light intensity and the quantity of heat 
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generated due to the thermal deactivation process of the sample; hence, it is also proportional to 
the optical absorption of the sample. Thus, all spectra were corrected for the wavelength 
dependence of both the excitation light intensity using a carbon black standard and the diffuse 
reflectance of the sample. For the correction of the PA spectrum data, the diffuse reflectance 
spectra of the samples were measured with a UV-Vis spectrophotometer (UV-2700, Shimadzu) 
equipped with an integrating sphere unit (ISR-2600, Shimadzu). BaSO4 was used as the 
reference standard. The excitation spectra of the samples were obtained with a fluorescence 
spectrophotometer (F-7000, Hitachi). The fluorescence QE of the samples was determined with 
a spectrofluorometer (Quantaurus-QY, Hamamatsu) equipped with a calibrated integrating 
sphere. The scintillation LY of the samples was estimated by measurements of the 137Cs-gamma-
ray-induced scintillation pulse height spectrum, as explained in Refs. 19 and 20. A metal package 
photomultiplier tube (R7600U-20, Hamamatsu) was used as a photosensitive detector, which was 
operated at 600 V. The output signal was amplified and shaped with a shaping time of 2 μs by a 
preamplifier (ORTEC 113) and a shaping amplifier (ORTEC 572).  Finally, pulse height spectra 
were obtained with a multichannel amplifier (MCA8000D, Amptec). In the measurement, a 
NaI:Tl commercial scintillator was used as a standard sample to calculate the scintillation LY. 

3.	 Results and Discussion

	 Figure 1(a) shows the PA spectra of the GSO scintillator, with the excitation spectra also 
presented for comparison. The PA bands were observed in the 235–250, 275–290, and 
320–360 nm wavelength regions, which are roughly consistent with the excitation bands 
appearing at 220–265, 270–300, and 325–355 nm, respectively. Many researchers have studied 
the excitation process and energy migration mechanism in GSO by performing optical 
absorption and photoluminescence measurements at low temperatures.(21–26) Firstly, the 
excitation band at 325–355 nm originates from electron transition from the 4f (2F5/2) ground state 
to the 5d1 excited state of Ce3+. Secondly, the excitation band at 270–300 nm corresponds to 
transitions from the 8S7/2 ground state to the 6Ij multiples of Gd3+, which overlap the absorption 
band of the 5d2 excited state of Ce3+, resulting in nonradiative energy transfer from Gd3+ to Ce3+ 
emission centers. Finally, the excitation band at 220–265 nm is due to the overlap between the 
absorption band of the 5d3 excited state of Ce3+ and the electron transitions from the 8S7/2 ground 
state to the 6Dj multiples of Gd3+. This result suggests that part of the absorption energy for the 
excitation will be released as heat through the nonradiative transition and Stokes shift of the 
Ce3+ emission and nonradiative deactivation during the energy migration from Gd3+ to Ce3+ 
emission centers. In particular, because of the intense PA bands at 220–265 and 270–300 nm, 
GSO was found to lose a large amount of energy due to the energy migration between Gd3+ and 
Ce3+. Similarly, the PA and excitation spectra of the LGSO and LYSO scintillators are shown in 
Figs. 1(b) and 1(c), respectively. The PA spectra exhibited three bands at 250–275, 280–320, and 
340–375 nm, whereas a prominent excitation band appeared at 330–380 nm. Moreover, at least 
two weak excitation bands can be observed at 250–275 and 280–320 nm. These excitation bands 
are very similar to those of the Lu2SiO5:Ce scintillator measured by Suzuki et al. and Melcher et 
al.(27,28) They correspond to the electron transition from the 4f (2F5/2) ground state to the 5d1 
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(330–380 nm), 5d2 (280–320 nm), and 5d3 (250–275 nm) excited states of Ce3+. The PA bands 
overlapped with the Ce3+ excitation bands, indicating that the heat generated in LGSO and 
LYSO is mainly caused by the nonradiative transition and Stokes shift of the Ce3+ emission 
centers. Unlike the GSO scintillator, LGSO showed no intense PA signals at the excitation bands 
of 5d2 and 5d3 in Ce3+. This is because the energy migration from Gd3+ to Ce3+ emission centers 
should be weak due to the low Gd3+concentration in the LGSO host.  
	 Figure 2 shows the relationship between the PA signal intensity and fluorescence QE value of 
the Ce3+ emission due to electron transitions from the 5d1 lowest excited state to the 2F5/2 and 
2F7/2 4f ground states in the GSO, LGSO, and LYSO scintillators. In the figure, the x and y axes 
indicate the PA signal intensity and QE value, respectively. The excitation wavelengths in the 
measurements were 336 nm for GSO and 352 nm for LGSO and LYSO. The fluorescence QE 
values were calculated as the ratio of the number of photons emitted from the sample to the 
number of photons absorbed by the sample. From the calculation, the fluorescence QE values of 
GSO, LGSO, and LYSO were 82.8, 88.6, and 90.6%, respectively. In contrast, the PA signal 
intensity of the samples shows an inverse correlation with the QE value, which is reasonable 
considering the energy conservation of the excitation energy. We previously confirmed similar 
results for Cs2HfCl6:Te and Y3Al5O12:Ce.(5,6) 

(a) (b)

(c)

λem = 435 nm λem = 410 nm

λem = 410 nm

Fig. 1.	 (Color online) PA and excitation spectra of (a) GSO, (b) LGSO, and (c) LYSO scintillators.
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	 Figure 3 shows the values of the integrated PA signal intensity in the 220–380 nm wavelength 
ranges of the GSO, LGSO, and LYSO scintillators. The intensity of the PA signal of the GSO 
scintillator was more than twice that of the LGSO and LYSO scintillators. A possible explanation 
for this is that the integrated values include not only the PA signal due to the nonradiative 
transition and Stokes shift of the Ce3+ emission but also that of other nonradiative deactivation 
processes. As described above, GSO exhibits intense PA bands at 220–265 and 270–300 nm, 
originating from the energy loss during the energy migration from Gd3+ to Ce3+. For this reason, 
the total quantity of nonradiative deactivation of GSO might be larger than those of LGSO and 
LYSO. The relationship between the value of the integrated PA signal intensity and the estimated 
scintillation LY of the GSO, LGSO, and LYSO scintillators is shown in Fig. 4. From calculations 
and measurements of the pulse height spectra, the scintillation LYs of GSO, LGSO, and LYSO 
were found to be 8000, 24300, and 27800 photons/MeV, respectively, i.e., the scintillation LY of 
the scintillators was high when the PA signal intensity was low, indicating an inverse correlation. 
As described above, in earlier studies of the fundamental limit on the scintillation LY of 
scintillators, the following useful model was derived by Robbins and Lempicki and 
coworkers:(2–4) 

	 LYSC = E /(βEg) × S × Q,	 (1)

where LYSC is the scintillation LY, E is the energy deposited by ionizing radiation, β is a constant 
parameter, Eg is the band-gap energy of the scintillator, S is the energy migration efficiency from 
the host to emission centers, and Q is the fluorescence QE of the emission centers. From the 
model, the scintillation LY was found to be proportional to the energy migration efficiency from 
the host to the emission centers and the fluorescence QE of the emission centers. This suggests 
that the integrated PA signal intensity varies in inverse proportion to the estimated scintillation 
LY because the PA signal is due to the energy loss in both energy migration from the host to the 
emission centers and electron transition of the emission centers. Therefore, the relationship 

Fig. 2.	 (Color online) Relationship between PA signal intensity and fluorescence QE value of Ce3+ emission in 
GSO, LGSO, and LYSO scintillators.
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between the integrated PA signal intensity and the scintillation LY from GSO, LGSO, and LYSO 
observed in this study is consistent with the phenomenological model, which is a reasonable 
result based on energy conservation. 

4.	 Summary

	 We detected the PA signals from the nonradiative deactivation process in GSO, LGSO, and 
LYSO commercial scintillators using a PAS system. From the PA and excitation spectra, the 
main origin of the nonradiative deactivation in LGSO and LYSO was found to be the 
nonradiative transition and Stokes shift of the Ce3+ emission. GSO showed intense PA signals 
originating from the energy migration between Gd3+ and Ce3+ in addition to the nonradiative 
deactivation of the Ce3+ emission.  From the evaluation using GSO, LGSO, and LYSO, we 
experimentally confirmed that the PA signal intensity is strongly inversely correlated with the 
fluorescence QE and scintillation LY.
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