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We investigated scintillation decay times at different excitation y-ray energies for
commercial luminescent materials such as Ce:LaBr3, Eu:Srl,, Ce:LYSO [(Y,Lu),SiO5], and
Ce:GAGG [Gd;(Al,Ga)sO;,]. Ce:LaBr; and Eu:Srl, did not show energy dependence,
whereas Ce:LYSO and Ce:GAGG exhibited different decay curves at different excitation
energies. In these materials, the energy dependence of decay correlated with the
nonproportionality of scintillation light yield.

1. Introduction

Luminescent materials have been used for many applications, among which ionizing
radiation detection is one of the important scientific and technological themes enriching
our daily lives. Luminescent materials for radiation detection are roughly classified into
two types: scintillators(!=3) and storage phosphors for dosimeters.**7) Since the
interaction probability of radiation species and elements varies widely, many kinds of
materials including single crystals,331) glasses,32739 ceramics,’!3%) and other
materials®’-) have been researched. Requirements for properties vary considerably
among applications, although high interaction probability, high luminescence intensity,
and chemical stability are generally required.

In some applications, timing properties are important, especially in scintillation detectors for
high-counting-rate environments. Examples are medical applications such as photon-counting
computed tomography (CT)©D and positron emission tomography (PET).(? In these
applications, the target ionizing radiation is photons with high energies of several hundred keV
such as X-rays and y-rays, and sub-ns- to ns-order timing properties are required. These
applications use scintillators as the main device, and the timing property mainly depends on the
scintillation decay time. Up to now, the research community has believed that the scintillation
decay time is constant under excitation by high-energy photons, and differences in decay time
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are only caused by differences in the dopants and host used, which are based on fundamental
quantum theory.(%® However, some recent studies have indicated that the scintillation decay time
may have an energy dependence upon high-energy photon excitation.6#=6%) The energy
dependence of the decay times of Tl:Nal, Ce:Lu,SiO5 (LSO), CeBr3, Cs,LiYCl, (CLYC), and Csl
has been studied in pioneering works, which showed energy dependence.(®4-66)

Following such pioneering works, the current study focuses on four commercial scintillators:
Ce:LaBr; (Saint-Gobain),?® Eu:Srl, (Oxide Corp.),®”) Ce:Lu,; Y, ,SiOs (LYSO) (Saint-
Gobain),?%) and Ce:Gd;Ga;Al,0;, (GAGG) (Furukawa).(68.69

2. Materials and Methods

The materials examined were the commercial single-crystal scintillators Ce:LaBrs
(Saint-Gobain),**) Eu:Srl, (Oxide Corp.),®”) Ce:LYSO (Saint-Gobain),?®) and Ce:GAGG
(Furukawa).(%8:%% LaBr; and Srl, were encapsulated, and the sample size was 1 inch® x 1 inch.
The sample sizes of LYSO and GAGG were 5 x 5 x 5 mm?3 and 5 x 5 x 1 mm?, respectively. In
the measurement, the scintillator was optically attached to a photomultiplier tube (PMT,
R7600U-200, Hamamatsu), and the signal output was directly connected to a PC-based digitizer
(Pico Technology, PicoScope 6402D) with a 50 Q termination. Scintillation decay curves of each
event were recorded by the digitizer, and after averaging a sufficient number of scintillation
decay curves with similar energies, the scintillation decay time was obtained by fitting each
decay curve to a single exponential decay function. In this manner, the y-ray energy dependence
of scintillation decay time was evaluated. Furthermore, the nonproportionality of scintillation
light yield was evaluated since a relationship between the energy dependence of decay time and
the nonproportionality was reported in earlier works.(©4-%) In the study of nonproportionality,
its value at 662 keV was defined as 1, and the pulse height spectra were recorded by a common
setup®?) using the same PMT as that used for decay time measurement. In these experiments, by
using radio isotopes such as 2?Na, 3Fe, 19°Cd, 133Ba, 37Cs, '%?Eu, and 2*'Am, the energy
dependences of scintillation decay time and nonproportionality were investigated.

3. Results and Discussion

Figure 1 summarizes the obtained scintillation decay times and the nonproportionalities of
Ce:LaBr;, Eu:Srl,, Ce:LYSO, and Ce:GAGG as functions of y-ray energy. As in previous
works,©4-69) no significant changes were observed at high energies of >100 keV. In Ce:LaBr;,
owing to the limited dynamic range of signal intensities, the observation at energies larger than
100 keV was not possible. Since an energy dependence was observed, the data points (number of
events) of Ce:LYSO and Ce:GAGG were investigated in detail with a long measurement time. In
these measurements, the dominant factor determining the accuracy of decay time was the fitting
error, which was within 2%.

In Eu:Srl,, the decay time did not depend on energy, and the nonproportionality also showed
no energy dependence. The typical decay curves at low and high energies appeared identical, as
shown in the inset of the Eu:Srl, panel. The same tendency was also observed in Ce:LaBr;.
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Fig. 1. (Color online) Energy dependences of scintillation decay times (circles) and nonproportionalities (crosses)
of Ce:LaBr;, Eu:Srl,, Ce:LYSO, and Ce:GAGG. The inset shows typical scintillation decay curves at low and high
energies.

However, the decay time increased by 10-20% at energies lower than 20 keV, and the
nonproportionality decreased in the same energy range. Although the number of data points was
limited, it appears that Ce:LaBr; shows an energy-dependent scintillation decay at energies
lower than 20 keV.

In the case of Ce:LYSO, the energy dependence of decay time was observed at lower energies,
with a peak at ~50 keV, which coincided with the peak in the nonproportionality. In a past work
on Ce:LSO,®¥ the decay time increased from ~45 ns at several tens of keV to ~50 ns at ~10 keV.
The same increasing tendency was observed from 100 to 50 keV in our case, and the tendency
depended on the chemical composition (Lu,SiOs in the past work®® and Lu, ¢Y,SiOs in this
work). The difference in the tendency may also be caused by the focusing time range. In the
former work,®® only the fast component was analyzed with six data points below 100 keV, and
different results may have been obtained if the slower component had been focused on. The inset
shows a comparison of decay curves at different excitation energies, and a difference can be
clearly observed from 500 ns.

In Ce:GAGG, a clearer energy dependence of decay time was observed, and the energy
dependence curve below 100 keV had a peak at ~45 keV. The nonproportional response also had
an inflection point at a similar energy. The inset shows scintillation decay curves at low and high
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energies, and the difference between them is clear. When the excitation energy was low, the
scintillation decay time became long. When Ce:LYSO and Ce:GAGG are used in the energy
range below 100 keV, users must consider such a change in decay time.

As indicated in pioneering works, the energy dependence of decay time is related to the
nonproportionality.®¥ It is already widely known that the nonproportionality is correlated with
energy resolution; the current study shows that it is also correlated with scintillation decay time.
Although the origin of the nonproportionality is still under discussion, it is known that the
inflection point of the nonproportionality appears around the K-edge energy of the heaviest
element in the scintillator (e.g., Lu in Lu,SiOs), which was found in 20017 and has been
confirmed for many materials. At energies around the K-edge (50.2 keV for Gd and 63.3 keV for
Lu), the probability of interaction of high-energy photons markedly changes, and this
phenomenon is related to energy deposition (linear energy transfer: LET). Further study is
required to clarify the physics of nonproportionality, energy resolution, and decay time.

4. Conclusions

We investigated the energy dependence of the crystal scintillators Ce:LaBr;, Eu:Srl,,
Ce:LYSO, and Ce:GAGG. Among these four scintillators, Ce:LYSO and Ce:GAGG showed a
clear energy dependence, and the dependence coincided with the nonproportional response
of the scintillation light yield as a function of energy. The scintillation decay times of
Ce:LYSO and Ce:GAGG changed markedly at energies lower than 100 keV, and such
dependence should be considered in the design of new y-ray detectors.
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