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Abstract

Rare earth oxyorthosilicates (RE)2(SiO4)O (RE = rare earth) have high densities

and effective atomic numbers for efficient gamma-ray detection. Among these,
Gdy(Si04)0, Y2(Si04)O and Luy(SiO4)O have no absorption lines at visible wavelengths
and thus were examined as potential single crystal scintillators by doping with cerium (Ce).

The light emission mechanism of the activator Ce3+ ion in (RE)2(SiO4)O was
investigated with UV light, by selectively exciting absorption bands of Ce3+ at low
temperature (~11 K). It was found that all three compounds have two types of excitation
and emission spectra and decay constants, and they were attributed to two Ce3+ centers
(Cel and Ce2) occupying two different host rare earth sites.

The origins of two decay constants in the gamma-ray excited decay of
Gd(S104)0:Ce (GSO) were investigated. We focused on GSO since the gamma-ray
excited decay times of GSO are much slower than the intrinsic Ce3+ decay, in contrast with
Y2(Si04)0:Ce and Luy(Si04)O:Ce. Since Gd3* emission bands overlap Ce3+ absorption
bands, the energy transfer from Gd3* to Ce3+ was analyzed for a possible explanation for
the slow Ce3+ decays. The Gd3+ absorption bands in the UV region were excited by a
synchrotron light source and the Ce3+ decay was monitored. With excitation into the 6Pj
and Iy states of Gd3+, a slow decay component and a build-up were observed in the Ce3+
decay, consistent with energy transfer from 6Py and ©Ij states of Gd3+ to Ce3+.

The energy migration through the Gd sublattice in GSO was investigated. The Gd
was diluted by optically inactive rare earths, Y and Lu, and the macroscopic energy transfer
rate from Gd3+ to Ce3+ was measured as a function of Gd concentration. The results show
that the macroscopic transfer rate from Gd3+ to Ce3+ increases as Gd concentration
increases, indicating that the energy of the excited Gd3+ can migrate through the Gd

sublattice before one of the Gd3* near a Ce3+ can transfer its energy to the Ce3+.
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Chapter 1

Introduction

This work examines the scintillation mechanisms of cerium-doped rare earth
oxyorthosilicates (RE)2(Si04)O:Ce (RE = rare earths Gd, Y and Lu), which have been
successfully grown in single crystal form by the Czochralski technique. Gd;(Si04)0O,
Y2(S8i04)O and Lu;(SiO4)O have no absorption lines at visible wavelengths and thus have
been examined as potential single crystal scintillators by doping with cerium (Ce). Because
of their high density and average atomic number, reasonably high scintillation emission
intensities, and fast scintillation decay times, they all show good potential for applications
in such fields as medical imaging, geophysics, nuclear physics, high energy physics, etc.
The purpose of this research is to understand better the light emission mechanisms of
(RE)2(S8104)O:Ce, in order to help realize their high potential as scintillators. For a
systematic and consistent discussion of the mechanisms, we give in the first chapter a clear
understanding of the terminology, a description of the structure of the crystals, the method
of crystal growth, the basic properties of the light emitting centers, and the requirements
that the scintillator must satisfy. Thus, the first chapter is mainly devoted to a general

review of the single crystal scintillators, (RE)2(Si04)0:Ce.

1.1 Luminescence

Luminescence refers to any emission of light which is not purely thermal in origin
[1]. According to the means by which a luminescent material is excited, luminescence is
generally categorized into four types: (1) photoluminescence if the excitation is by light (or
usually ultra-violet radiation), (2) cathodeluminescence if the excitation is by fast electrons,
(3) electroluminescence if the excitation is by electric field or current, (4) radioluminescence

if the excitation is by high energy radiation such as x-rays, gamma rays, o and [ particles,
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protons, etc. Scintillations refer to the individual emissions due to single particles and their
use in the detection of the specific particles [1].

In general, luminescent materials can be divided into two groups [2]: one for which
the host lattice is an insulator and the other for which the host lattice is a semiconductor. In
the former case, the photon energy involved in the luminescent transition is determined
primarily by the impurity atom, known as the activator. In the latter case, the energy bands
of the host crystal as well as the energy levels of the activators are involved in determining
the photon energy of the luminescent transition.

The luminescent materials discussed in this dissertation, cerium-doped rare earth
oxyorthosilicates (RE)2(Si0O4)O:Ce, were studied primarily for scintillation applications.
The rare earth oxyorthosilicates, (RE)2(Si04)O, are good insulators (E; ~ 6 eV), and the

dopant Ce acts as an activator.

1.2 Scintillators for gamma-ray detection

A scintillator is a luminescent material which converts the energy of ionizing
radiation into the luminescent emission of photons [3]. There exist various scintillators,
whose required forms and properties depend on their particular applications: medical
imaging, nuclear physics, high energy physics, and geophysics. The radiation detected by
the scintillator depends on the applications: heavy charged particles (protons, heavy ions,
mesons), electrons (e- and et), electromagnetic radiations (x-rays and gamma rays), and
neutrons. Many advances have been made in recent years in the development of new
scintillating materials, primarily for use as gamma-ray detectors.

As an example, (RE);(S5i04)O:Ce have been introduced for use in well logging
measurements, where the scintillation crystals are coupled to photomultiplier tubes to
measure the natural gamma radioactivity of the formation, the gamma rays of 137Cs
scattered back from the geological formation, and gamma rays produced in neutron-induced

nuclear reactions[4]. The requirements for a detector in this application are generally useful
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also for most other applications.

In characterizing scintillator performance, three properties are of primary
importance [5]: detection efficiency (stopping power), scintillation efficiency (light output)
and speed (decay time). The detection efficiency of a scintillator is the fraction of ionizing
radiation incident on the scintillator which is detected, i.e., that part that produces
individual scintillations of sufficient magnitude to be recorded [3]. The detection efficiency
for gamma rays is characterized reasonably well by the density and atomic number of the
materials as discussed in section 1.2.1, and thus scintillators used in well logging should
have high density and atomic number. The scintillation efficiency is defined as the fraction
of all incident particle energy which is converted into visible light (see section 1.2.2) [6].
One would always prefer both detection and scintillation efficiencies to be as large as
possible. Itis also important to maximize the speed with which the light is produced by the

scintillator to improve the count-rate capability of the detector.

1.2.1 Detection efficiency

The absorption of gamma rays by scintillators differs fundamentally from the
absorption of other radiations [3]. For example, charged particles dissipate their energy
continuously in a sequence of many ionization and excitation events, and penetrate a certain
distance into the absorber in doing so [3]. Gamma rays, on the other hand, are absorbed or
scattered in single events. The detection of gamma rays is therefore critically dependent on
having the gamma ray photon undergo an interaction that transfers all or part of the photon

energy to an electron in the absorbing material [6]. The most important of the interactions

which can occur are:
(1) the Compton effect;
(ii) the photo-electric effect; and
(iii) pair production.

The number of transmitted photons (gamma rays) I is then given in terms of the number of
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incident photons I as

I =1 exp(-pud) (1.1)
where W is the linear attenuation coefficient, in cm-1, and d is the thickness of the
scintillator. The linear attenuation coefficient | is made up of the linear attenuation
coefficients corresponding to each of the three types of interactions, ¢ is the Compton
linear attenuation coefficient, 7 is the photoelectric linear attenuation coefficient and 7 is the
pair production linear attenuation coefficient, so that

L=0+T+Y. (1.2)
Each of these quantities depends on the energy of the gamma ray (E), and on the nature of
the scintillator. 7 is the largest component when E is low, but it decreases rapidly with
increasing E. © decreases steadily with increasing E. 7 is zero at energies below 1.02
MeV, and at higher energies it increases steadily with increasing E.

The dependence of the components of yt on the density p and atomic number Z is
the following: ©, T and  depend linearly on the electron density of the scintillator p. ©
depends on the number of electrons available as scattering targets, and therefore increases
linearly with Z. T is roughly proportional to ZR, where the exponent n varies between 4
and 5 over the gamma ray energy region of interest.  varies approximately as the square
of the atomic number. Therefore, G o< pZ, T o< pZNt and ) < pZ2.

Since the above quantity p determines the potential detection efficiency, it is
essential that the scintillator used in well logging has high density and atomic number to

enhance detection efficiency (i.e., the linear attenuation coefficient ).

1.2.2 Scintillation efficiency and speed

High scintillation efficiency (high light output) is desirable to give good energy
resolution and ensure that the scintillation signal is well above thermal and electronic noise
[4]. A short decay constant (fast speed) is also desirable to increase count-rate capability.

Another desirable scintillation property is an emission peak near 400 nm to match the
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relatively narrow quantum efficiency response of high-temperature logging
photomultipliers [4].

Scintillation efficiency (1) is determined by the product of the efficiencies for three
processes [5]: energy conversion (B), energy transfer (S) and luminescence (Q):

n =BSQ; 0<n,B,S5,Q=< 1. (1.3)
where [ describes the efficiency of the conversion process, in which the energy E, of a
gamma-ray is used to produce a large number of electron-hole pairs, S describes the
efficiency of the transfer process, and Q describes the quantum efficiency of the
luminescent center itself.

According to Robbins [7], B can be expressed by:

B =2.3E,;/ (E; + KE; + 2LE;) (1.4)
where E, is the band gap energy of the material, E; is the ionization energy (E; = 1.5 Eg)
and K is an energy loss ratio (energy lost by an average secondary electron to optical
phonons vs. energy lost by this electron to ionization of the atoms in the material). L¢is the
fraction of the energy of an electron (or hole) that is wasted when, because of loss to
phonons and ionization events, it becomes unable to ionize atoms in the material (Lg < 1).
Since once K is determined, one can apply the statistical model of van Roosbroeck [8] to
evaluate the wasted energy Ly, B is a function of K only. Robbins [7] showed that for a

given material:
K = optical phonon generation rate (h, )
a ionization rate 1.5E, °

Using the relation

Ow)LO and

(optical phonon generation rate) e<

o (polaron coupling constant) = -—— - -'*') (2hcoL ,

he derived

_ 4 1, (hay 0)**
K=0244 % 106~ T —, (1.5)

where e is the electron charge and m is the electron rest mass. €. (= n2, n = refractive
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index) and € are the high frequency and static dielectric constants, respectively, and hoy g
is the longitudinal optical (LO) phonon energy. The relative phonon loss parameter K can
be calculated from accessible physical constants of a particular material: hawy g, Eg, €.., and
gs. Since P can be calculated using the proper material constants and measurements of Ey,
and 1 and Q are standard in optical spectroscopy of solids, we can estimate the transfer
efficiency S from eq. (1.3). This model, developed by van Roosbroeck [8], is independent
of details of band structure, and thus we can apply it to the various (RE)2(Si04)0:Ce
materials, which have two different crystal structures (see section 1.3).

One of the goals of this study is to examine the three steps (conversion, transfer and

luminescence) which affect the overall scintillation efficiency 7.

1.2.3 Additional requirements on scintillators in well logging

The usefulness of a scintillator used in well logging depends on both the
scintillation properties (the light output, the decay time, the emission spectrum) and the
physical properties (the density, atomic number, ruggedness, hygroscopicity) of the
material [4].

The scintillation properties are affected by the variable borehole temperature, which
varies from -50 °C to 200 °C, and thus a reasonably stable temperature response of the
scintillation properties is important. The physical properties are important because of the
shock and vibration experience in the borehole and the limited space. Ruggedness and

hygroscopicity are also important factors in evaluating a scintillator for use in the borehole.

1.2.4 Scintillators in well logging application

Table 1.1 lists the scintillation and physical properties of five scintillators (as of
1989). Clearly no one scintillator material provides optimum properties for all applications.
Nal(T1) has high light output but its decay constant is relatively long resulting in poor

count-rate capability [4]. Its detection efficiency is poor due to its low density. In



Table 1.1 Scintillation and physical properties

Nal(Th) BGO® GSObd LSO° YSOd

Density (g/cm3) 3.67 7.13 6.7 7.4 4.54
Eff. atomic no. 51 75 59 66 39
Light output 100 12 25 75 25
Decay time (ns) 230 300 56,600 12,40 37,82
Peak wavelength(nm) 410 480 430 420 420
Hygroscopic 7 - yes no no no no
Rugged ? no yes no yes yes
Temperature response good poor good poor —
Index of refraction 1.85 2.15 1.85 1.82 1.8¢

2 BGO = bismuth germanate BisGe3O12, b GSO = Gdy(Si04)O:Ce,
© LSO = Luy(Si04)0:Ce, 9 YSO = Y,(Si04)O:Ce, © ref. [9]

addition, it is hygroscopic and thus requires careful packaging. BGO, on the other hand,
has a high detection efficiency and is rugged and nonhygroscopic but has low light output.
BGO must be maintained at about 50 °C or less due to its poor temperature response. So
far, Nal(T1) has been used for the vast majority of borehole applications. BGO is used in
gamma-ray spectroscopy in oil well logging because of its higher detection efficiency [10].
However, an increasing desire for higher count-rate capability and greater detection
efficiency is leading to the use of high density and atomic number scintillators with shorter
decay constants.

Cerium-doped gadolinium oxyorthosilicate (Gd(Si04)O:Ce or "GSO") was
developed as a single crystal scintillator by Takagi and Fukazawa [11] in 1983, and this

material was studied as a possible detector for positron emission tomography. Its high
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density, high effective atomic number, fast decay time and good performance at high
temperature made GSO the scintillation detector of choice for a new generation of neutron-
induced, inelastic gamma-ray spectroscopy tools for borehole measurements [12,13].
Although there have been some investigations into the scintillation mechanism of GSO,
some questions remain, whose answers could potentially improve GSO's scintillation
properties. The existence of two decay time components (56 and 600 ns for 0.5 mol%
GSO) [14] and the broadening of the emission spectrum at 77 K compared with that at
room temperature [15] had not been explained. In addition, the strong dependence of the
decay times and the emission intensity on Ce concentration remained to be explained [14].

Cerium-doped lutetium oxyorthosilicate (Luz(Si04)0:Ce or "LSO") has been
recently discovered [16,17] and has a number of advantages over existing scintillators. It
has a light output which is ~75% of NaI(Tl) with a decay time of ~40 ns. The peak
emission wavelength is 420 nm. It has a very high gamma-ray detection efficiency due to
its density of 7.4 g/cm?3 and its effective atomic number of 66. These properties result in
excellent signal-to-noise ratios, fast coincidence timing, high count-rate capability, and high
detection efficiency making LSO superior to any other known scintillator for many
applications.

The light emission properties of cerium-doped yttriumn oxyorthosilicate
(Y2(Si104)0O:Ce or "YSO") have been analyzed for cathode ray tube applications [18] but
due to its low effective atomic number, YSO has attracted less interest as a scintillator.
However, because its crystal structure is the same as LSO, YSO also can be used to

understand the scintillation mechanism of (RE),(Si04)0:Ce.

1.3 Crystal structure and crystal growth of cerium-doped rare earth
oxyorthosilicates (RE);(Si04)0:Ce
There are two different types of crystal structure for (RE)2(SiO4)O, depending on

the ionic radius of the rare earth atom [19]. One type is the monoclinic structure of space
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group P2;/c (fig. 1.1 [19]), for larger ions from La3+ to Gd3+; and the other is the
monoclinic structure of space group C2/c (fig. 1.2 [20]), for smaller ions from Tb3* to
Lu3+, including Y3+. GSO belongs to the former group, while YSO and LSO belong to the
latter group. The P2,/c structure type contains two crystallographically independent RE
sites: one site is surrounded by seven oxygen ligands, and the other site is surrounded by
nine oxygen ligands. The C2/c structure type also has two different rare earth sites, whose
oxygen coordination numbers are six and seven. In both structure types, the ratio of the
rare earths at each of the two sites is 1:1. When (RE)»(Si04)O is doped with Ce, the
activator Ce is assumed to occupy two different host rare earth sites. This assumption that
there exist two activator sites in (RE)»(Si04)O is a basis for our two-activation-center
model, which is proposed in chapter 2.

The rare earth oxyorthosilicates (RE)»(SiO4)O are congruent melting materials and
all the (RE)2(Si04)O crystals used in this study (RE = Gd, Y and Lu) were grown by the
Czochralski technique. The melting points of these compounds are ~1900 to ~2100 °C.
The dopant Ce3+ ion has a larger ion radius (1.034 A) than the host rare earths, Gd3+
(0.938 A), Y3+ (0.910 A) and Lu3+ (0.848 A), and thus the Ce content in the boule is less
than in the melt, with the relative concentration depending on the distribution coefficient of
Ce in each host material.

The distribution coefficients of various dopant rare earths in (RE)2(Si0O4)O were
investigated by Brandle et al. [21], who found them to depend linearly on the rare earth
ionic radius difference. That is, the distribution coefficients of rare earth dopants in
(RE)2(SiO4)O vary linearly with the difference between the ionic radii of the dopant and the
ionic radii of the host rare earth cations.

The GSO crystals studied here were purchased from Hitachi Chemical Co., Ltd.
The GSO crystals were grown in a N, atmosphere, using GSO seeds [22]. RF induction
heating of an iridium crucible was used to melt the raw materials. The chemical

composition of GSO crystals was analyzed by X-RAY ASSAY LABORATORY using



1-10

® Gca

M caw

7.045 A, c=6.749 A, B

9.131A,b

Fig. 1.1 Crystal structure of GSO (space group P2;/c) [19]: a

107.52°.



1-11

b

a

C
Qo
D v
® Si
o O
a

C

Fig. 1.2 Crystal structure of YSO (space group C2/c) [20]: a = 10410 A, b=6.721 A, ¢ = 12.490 A, B

= 102.39°.



1-12

inductively-coupled plasma mass spectrometry; the distribution coefficient of Ce in GSO
was determined to be ~0.6.

LSO and YSO crystals were grown at Schlumberger-Doll Research [23]. The 50
mm diameter iridium crucible was inductively heated, and diameter control was achieved by
monitoring the weight of the crucible. Crystals were grown in a flowing atmosphere of 1
liter/min of (N2 + 3000 ppm O3). YSO and LSO boules were grown on iridium wires.
The chemical composition of YSO and LSO was also analyzed and the distribution

coefficients, of Ce in YSO and LSO were ~0.3 and ~0.2, respectively.

1.4 Light emission mechanism of Ce3+

Neutral cerium has a 1522522p%3523p63d194524p64d104£25525p66s2 electronic
configuration [24]. In liquids and solids Ce can occur in a trivalent or a tetravalent state by
losing its two 6s electrons and one or both of its 4f electrons. The trivalent state with a
single 4f electron is optically active. The spin-orbit interaction splits the 2F ground state
into two J states separated by = 2253 cm! [25]. The (2J+1)-fold degeneracy of these
states is reduced by the ligand field. Because the 4f electron is shielded from the ligand
field by the closed 5s and 5p electron shells, the overall splitting of the 2Fj states is small,
typically only a few hundred cm-l. When the 4f electron is excited to the outer 5d state,
however, it experiences the full effect of the ligands. Depending upon the site symmetry,
the degeneracy of the 5d state is partially or completely removed. The overall splitting of
the 5d manifold is typically in the order of 5000-10000 cm-L.

The transitions between the 4f ground state and the 5d excited state of Ce3+ are
parity-allowed electric dipole transitions and thus have large oscillator strengths and short
radiative lifetimes. The typical decay time of Ce3+ is of the order of tens of nanoseconds
[26]. The Ce3* in a crystal can be represented by a configuration coordinate diagram,
which explains the Stokes shift (the difference in energy between absorption and emission)

and the broadening of the bands (in emission and absorption) with increasing temperature
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[27]. The large Stokes shift (~1800-5500 cm-!) of the 4f-5d transitions is indicative of the
large change in the ion-lattice coupling due to the larger radial extent of the 5d wave
function compared to the 4f wave function as well as the lack of shielding of the 5d wave
function. The 4f-5d transitions of Ce3+ typically lie in the near ultraviolet with transition
energies ~30000 cnmrl,

The 5d — 4f fluorescence transitions of cerium doped crystals are generally thought
to have a quantum efficiency near unity at low temperature. However, at elevated
temperatures, nonradiative processes which depopulate the 5d level can become competitive

with the radiative process and thus reduce the fluorescence lifetime.

1.5 An overview

As discussed in section 1.2, scintillator performance is characterized by detection
efficiency, scintillation efficiency and speed. Among these three properties, the detection
efficiency is determined by the density and atomic number of the material and is a given
property once the material is chosen. Thus our efforts have been directed toward
understanding and improving the latter two properties of cerium-doped rare earth
oxyorthosilicates.

The scintillation properties of GSO were previously investigated [14,15]. Melcher
et al. [14] discovered the existence of two decay components when GSO was excited by
gamma-ray radiation. They also discovered that both primary (fast) decay and secondary
(slow) decay components have strong concentration-dependence on Ce and that as the Ce
concentration increases, both decay components decrease. However, the origin of these
two decay components was unknown. Sekita et al. [15] observed that the emission
spectrum excited by UV light at 77 K is broader than the spectrum excited at room
temperature. Since the emission spectrum of Ce3* should become narrower at low
temperature according to the configuration coordinate model (see section 1.4), the above

observation suggested the existence of an additional emission which became more evident
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at low temperature.

To repeat and investigate further Sekita's low temperature measurement, we studied
the optical properties of GSO at low temperature (~ 11K), using a spectrofluorometer with
a refrigeration system. We also used a spectrometer, with a nitrogen flash lamp as a UV
light source, to measure the decay time constant. The results are summarized in chapter 2.
The results indicate that there are two types of excitation and emission spectra and two
decay time constants in GSO. Since there exist two crystallographically different Gd sites,
we attributed the observed two sets of optical data to two different Ce3+ centers occupying
two gadolinium sites (Cel and Ce2) and proposed a two-activation-center model for GSO.

Although the structure (C2/c) of YSO and LSO is different than that (P2;/c) of
GSO, we also observed two types of excitation spectra and decay time constants in both
YSO and LSO. We thus again attributed two types of data to Ce3+ centers at different rare
earth sites. Thus a two-activation-center model seems to describe the scintillation
mechanism of all (RE);(Si04)O crystals.

However, the origins of the two decay constants observed from gamma-ray
interactions in GSO could not be explained by the two-activation-center model. For
example, when it is exposed to gamma rays at room temperature, 0.5 mol% GSO has two
decay time constants, 56 (85~90 %) and 600 ns (10~15 %). On the other hand, the decay
time constants of Cel and Ce2 at room temperature are 24 and 5 ns, respectively. The
difference in the decay time between UV- and gamma-ray excitation suggests that there
exist excitation channels which cause slow Ce3+ emission when GSO is exposed to gamma
rays. Since for LSO and YSO, in which there is no Gd, the decay constants with gamma-
ray excitation were close to the decay time constants with UV excitation, we ascribed the
two kinds of slow decay time constants of GSO to the energy transfer process from Gd to
Ce. Gd3+ shows sharp 4f-4f transitions in the UV region, and its excited states overlap
Ce3+ absorption bands. Thus the energy of Gd3+ excitation can be easily transferred to

Ce3+. Excitation spectra of Cel and Ce2, in fact, contain Gd3+ absorption lines, which
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indicates that there is energy transfer from Gd to the Cel and Ce2 centers.

To investigate the energy transfer from Gd to Ce, we excited Gd3+ absorption lines
with a synchrotron light source at Brookhaven National Laboratory and monitored the Ce3+
emission decays. The results are summarized in chapter 3. When the absorption bands of
Ce3+ are directly excited, the Ce3+ decays can be described by a single exponential.
However, when 5P; and 61 states of Gd3+ were excited, the decay curves of Ce3+ showed
a long decay component and an initial build-up, which clearly indicated that the energy
transfer from Gd to Ce introduces additional time dependence on the Ce emissions.

In chapter 4, energy migration through the Gd sublattice of GSO is discussed. In
GSO, the Gd-Gd distance is very small (~3.57 A), and thus the energy of the excited Gd3+
ion can migrate through the Gd sublattice before one of the Gd3+ ions near a Ce3+ ion
transfers its energy to the Ce3*. To examine the energy migration through the Gd
sublattice, we grew and studied crystals in which Gd was diluted by optically inactive rare
earth ions, Y3+ and Lu3+, measuring the macroscopic transfer rate from the 6l states of Gd
to Ce. The dilution of the Gd is expected to increase the average Gd-Gd distance, which
would result in a slower migration of energy between the Gd ions.

In chapter 5, the results of this work are summarized and suggestions are made for

future work on this family of scintillators.
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Chapter 2

Two-activation-center model

(Short summary)

This chapter was published in Nucl. Instr. and Meth. A320 (1992) 263-272, as
"UV and Gamma-Ray Excited Luminescence of Cerium-Doped Rare Earth
Oxyorthosilicates.”

This chapter demonstrates the existence of two different Ce3+ centers in cerium-
doped rare earth oxyorthosilicates, (RE)2(5104)O:Ce (RE = Gd, Y and Lu), and proposes
the two-activation-center model.

In 1988, Sekita et al. (see ref. [3]) excited GSO by UV light at 77 K and observed a
broader emission spectrum than had been observed at room temperature. However, if there
is a single Ce3+ site, the emission spectrum of Ce3+ should become narrower as
temperature decreases (see the configuration coordinate model of section 1.4). Thus,
Sekita et al. suggested that the broadening of the emission spectrum at 77 K may be due to
the existence of an additional emission band which becomes more evident at lower
temperature. |

To repeat and investigate further Sekita's experiment, we measured optical spectra
of GSO at low temperature (~11 K), using a spectrofluorometer and spectrometer with a
low-temperature refrigerator. We then discovered two types of excitation and emission
spectra, and two decay time constants. Because GSO has two crystallographically different
Gd sites, we attributed the two sets of optical data to two Ce3+ centers (Cel and Ce2)
occupying two Gd sites leading to our proposed two-activation-center model.

We then examined this two-activation-center model by measuring the temperature-
dependence of luminescent efficiency and the decay time constant for each center. At

elevated temperatures, nonradiative processes which depopulate the 5d levels of Ce3* can
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become competitive with the radiative process and thus reduce the luminescent efficiency
and lifetime. We, in fact, observed similar temperature-dependent behavior of the UV-
excited decay times and the emission intensities of the two centers, which is consistent with
the light emission from GSO being due to two different Ce3+ sites.

The confirmation of this model is that the gamma-ray excited emission spectrum,
which is very different than either of the UV-excited Cel and Ce2 emission spectra, can be
reconstructed by an appropriate combination of the Cel and Ce2 emission spectra.

The broadening of the emission band at low temperature is, therefore, ascribed to
the increase of Ce2 emission, which becomes more evident at lower temperature.

For YSO and LSO, which have a different crystal structure than GSO but also have
two different host rare earth sites, two different excitation spectra and decay time constants

were similarly observed. This observation supports the existence of two Ce3* centers in

both YSO and LSO.



2.1 Introduction

Most of the rare-earth (RE) oxyorthosilicates, (RE)2(SiO4)O have been successfully
grown in single crystal form by the Czochralski technique [1]. Among these, Gd,(SiO4)0,
Y2(SiO4)0 and Luy(SiO4)O have no absorption lines at visible wavelengths and thus have
been examined as potential single crystal scintillators by doping with cerium. The
scintillation properties of these three materials are listed in table 2.1. Because of their high
density and average atomic number, reasonably high scintillation emission intensities, and
fast scintillation decay times, they all show good potential as gamma-ray detectors. The
purpose of this research is to understand better the light emission mechanisms of
(RE)2(Si04)O:Ce, in order to help realize their high potential as scintillators.

Ce-doped gadolinium oxyorthosilicate (GSO) was described by Takagi and
Fukazawa [2] in 1983 and subsequently studied by others [3-6]. It has seen limited
application in such fields as oil-well logging [7] and positron emission tomography [8,9].
Although there have been some investigations into the scintillation mechanism of GSO,
some questions remain, whose answers could potentially improve GSO's scintillation
properties. The existence of the two decay time components (56 and 600 ns) [4] and the

broadening of the emission spectrum at 77 K compared with that at room temperature [3]

Table 2.1 Scintillation properties

GSO YSO LSO
Relative emission intensity * 25 25 75
Peak wavelength (nm) 430 420 420
Decay constant (ns) 56 and 600 37 and 82 12 and 40
Density (g/cm3) 6.7 4.54 7.4
Effective atomic no. 59 39 66

* Relative to NaI(Tl) = 100.
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have not been explained. In addition, the strong dependence of the decay times and the
emission intensity on Ce concentration remains to be explained [4].

The recently introduced Ce-doped lutetium oxyorthosilicate (LSO) [10] has much
higher light output, faster decay time, and higher density and average atomic number than
GSO and thus also has high potential as a scintillator for gamma-ray detection.

The light emission properties of Ce-doped yttrium oxyorthosilicate (YSO) have
been analyzed for cathode ray tube applications [11], but due to its low effective atomic
number, YSO has attracted less interest as a scintillator. However, because its crystal
structure is the same as LSO, YSO also contributes to an understanding of the scintillation
mechanism of (RE)»(5104)0:Ce.

Ce3+ ions can substitute for the rare-earth ions (Y3+, Gd3+, Lu3+) in the rare-earth
oxyorthosilicates and act as scintillation centers. The light emission is based on the
electronic transition of a Ce3+* ion from excited 5d levels to the 4f ground state levels,
typically with decay times of tens of nanoseconds. The Ce3* ion fluoresces in the blue
region in these host materials, which allows these scintillators' light output to be effectively
converted by the photocathodes in most photomultiplier tubes. Because of the apparent
simplicity of the light emission mechanism of the Ce3+ ion, the scintillation mechanism of
(RE)2(8104)0:Ce was expected to be resolved by simply applying the emission model of a
single Ce3* site. However, this model does not explain the broadening of the emission
spectrum at low temperature or the existence of two decay components, which is especially
dramatic in GSO.

Most previous investigations into the scintillation properties of (RE)2(Si04)0:Ce
have used relatively high-energy excitations like gamma rays and fast electrons [10,12]. At
these excitation energies, which are well above the band gap of the host rare-earth
oxyorthosilicates, it has been difficult to analyze the energy band structure. In addition,
most measurements have been made at room temperature; thus, the emission, excitation,

and absorption bands display significant thermal broadening. In the current work the
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emission spectra and the decay times were measured with UV-excitation in order to excite
directly selected 5d energy levels and at temperatures as low as 11 K to reduce thermal
broadening.

In previous studies the fact that the Ce3+ activator ion can occupy two different
crystallographically independent sites in (RE)2(Si04)O has been overlooked in considering
the light emission mechanism. Felsche [13] shows that Gdy(SiO4)O has the monoclinic
structure of space group P2i/c. The Gd3+ ions occupy two distinct sites. One site is
surrounded by 7 oxygen ligands; the other site is surrounded by 9 oxygen ligands. On the
other hand, the crystal structure of space group B2/b has been defined for Y2(SiO4)O and
Luy(Si04)0. The rare earth ions occupy two sites with 6 and 7 oxygen ligands. This fact
that the Ce3+ ions occupy two independent sites and experience two different crystal fields
will be reflected in the experimental results and plays a key role in supporting the two-

activation-center model which will be proposed.

2.2 Experimental techniques

All the crystals used in this study were grown by the Czochralski technique using
raw materials with purities of at least 99.99%. GSO crystals were purchased from Hitachi
Chemical Co., Ltd. YSO and LSO single crystals were grown in our laboratory. The Ce
concentration in the melts from which the crystals were grown was 0.25% relative to the
rare earth content. However, the Ce concentration in the crystals depends on the
distribution coefficient of Ce in each host material. The structure of these crystals was
analyzed by the powder x-ray diffraction method. The results confirmed that GSO had a
monoclinic P structure and that both YSO and LSO had monoclinic C structures.

The excitation and emission spectra were measured with a SPEX Fluorolog-2
spectrofluorometer (fig. 2.1). A CTI-CRYOGENICS refrigeration system (Model 21)
could maintain samples at temperatures as low as 11 K. The temperature of the sample was

controlled by a nichrome heater wire (NC-32, Lakeshore Electronics) and monitored by a
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silicon diode sensor (CY7-CU4, OMEGA Electronics) which was mounted on the copper
sample holder. The stability of the temperature was £1 K. The light source was an ozone-
free 450 W xenon lamp. Double monochrometers were used in both the excitation and the
emission light paths. The bandpass was 0.18 nm for the UV-excitation and 12.6 nm for
the gamma-ray excitation experiment. The crystals (1 x 1 x 1 cm3) were mounted on the
cold station of the refrigerator. In UV experiments, the excitation beam was normal to the
front face of the crystal, and the emission optics were collimated at 22.5° from the normal
as shown in the figure. For gamma-ray excited measurements, the geometry was the same
except that an uncollimated 2#1Am source was placed 1.8 cm in front of the sample.

Absorbance measurements were performed with a spectrophotometer (Model U-
3210, Hitachi Instruments), using the same refrigeration system as in the excitation and
emission measurements, but with a ladder containing multiple samples replacing the single
crystal holder shown in fig. 2.1.

The measurements of the decay time with UV-excitation were performed with a
nanosecond flash lamp system (LS-100, Photon Technology International, Inc.). This

flash lamp uses nitrogen as the plasma gas, and the excitation pulses have a duration of
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Fig. 2.1 Optical configuration of the spectrofluorometer with the refrigeration system.
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about 6 ns. The wide range of excitation wavelength (294-407 nm) of this N5 flash lamp
made it possible to excite the scintillators at various UV wavelengths. Monochrometers
were used to select the excitation and emission wavelengths. The bandpass was 2 nm for
the excitation measurements and 8 nm for the emission measurements. The emitted light
was detected at a right angle to the direction of the incident light. Decay measurements
were made at temperatures from 77 K to 300 K by immersing the sample in various organic
solvents which were cooled to their freezing points by mixing with liquid nitrogen in a
quartz dewar flask [14]. The temperature of the two-component mixture was monitored by
the same CY7-CU4 silicon diode sensor. The stability of the temperature was +2 K.

Measurements of the gamma-ray excited decay were made, using the time-
correlated single photon technique [15]. The decay data were deconvoluted and analyzed

with a least squares fitting technique for both UV and gamma-ray excitation.

2.3 Results
2.3.1. GSO

A configuration coordinate model is often used to explain the luminescence
properties of crystals, including those doped with Ce [16]. In the case of crystals doped
with the Ce3+ ion, such a model predicts excitation bands corresponding to the excited 5d
states of the ion and emission bands corresponding to transitions from the lowest 5d level
to the 2F5y; and 2F7); ground states. The model also predicts that both the excitation and
emission bands will become narrower as the temperature is lowered. In contrast to the
predictions of this model, Sekita et al. [3] observed a broadening of the emission of Ce-
doped GSO at 77K, compared to the room temperature spectrum, which suggested the
existence of an additional emission which became more evident at low temperature.

We measured the excitation spectrum of GSO at 11K in order to reduce thermal
broadening and to investigate the 5d levels of Ce3* in more detail. The solid curve (marked

"1") in fig. 2.2a is the excitation spectrum measured at 11K for an emission wavelength of
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420 nm. Essentially this same spectrum has been reported previously [3,4], although at
higher temperatures, and the bands have been identified with the 5d levels of Ce3*. The
lowest energy 5d level corresponds to the excitation band at 345 nm. Surprisingly,
however, we found that when the emission wavelength is changed to 500 nm, a markedly
different excitation band structure is observed which is shown as the dashed curve (marked
"2") in fig. 2.2a. In this case, the lowest energy excitation band appears at 378 nm. This
spectrum already suggests the existence of a second luminescence center.

We measured the emission spectrum of GSO using excitation wavelengths
corresponding to the strongest excitation bands in spectra "1" and "2" of fig. 2.2a, i.e.,
345 and 378 nm. As shown in fig. 2.2b, two distinct emission spectra are observed.
Exciting the 345 nm band gives rise to the well known GSO emission at ~430 nm (marked
"1"), while exciting the 378 nm band gives rise to a previously unobserved emission at ~
480 nm (marked "2"). Note that the shapes of both emission spectra are consistent with a
doublet structure indicating transitions to a split ground state as expected for Ce3+.

Fig. 2.3a and 2.3b show the excitation and emission spectra at 296 K. As can be
seen in these figures, emission 1 is dominant at this temperature. Only at very low
temperature do emission 1 and emission 2 have comparable intensities. This explains why
previous studies, which were conducted mostly at room temperature, have observed
evidence of only one luminescence center.

Fig. 2.4 shows absorbance spectra of a 0.27 mm thick GSO crystal at 11 K and at
299 K. At 299 K there are two bands located at 284 and 345 nm which correspond to
bands in the 296 K excitation spectrum in fig. 2.3a and to curve 1 in fig. 2.2a. These
absorption bands are also seen at 11 K along with a band at 378 nm, and a possible band
near 300 nm, which correspond to bands in the curve 2 excitation spectrum in fig. 2.2a.

(The lines at 247, 252 and 275 nm are due to absorption by Gd3+.)
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Fig. 2.2 Excitation (a) and emission (b) spectra of GSO at 11 K. The excitation specira were measured
at the two emission wavelengths of 420 nm (solid line) and 500 nm (dashed line). The two emission

spectra have excitation wavelengths of 345 nm (solid line) and 378 nm (dashed line).
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Fig. 2.3  Excitation (a) and emission (b) spectra of GSO at 296 K. The monitored emission
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Fig. 2.4 Absorbance spectra of GSO at 11 K (solid line) and 299 K (dashed line).

Although the excitation and absorption spectra taken near 300 K might be explained
by the existence of a single Ce3+ site, the spectra at 11 K clearly reveal the existence of a
second site. A similar phenomenon has been previously observed in Ce-Mn activated
Fluorophosphate FAP:Ce, Mn [17], for which two series of Ce3+ emission spectra
corresponding to two excitation wavelengths were found. Our emission spectra of GSO at
11 K are, in fact, very similar to those of FAP:Ce, Mn. In light of the existence of two sets
of excitation and emission spectra, and since we know that the Ce3+ ions can occupy two
distinct crystallographic sites, it is reasonable to assume the existence of two distinct Ce3+
luminescence centers in GSO:Ce. For convenience, we will refer to these centers as Cel
and Ce2. We arbitrarily designate Cel as the center responsible for excitation bands at 284
and 345 nm (curve 1 in figs. 2.2 and 2.3) and Ce2 as the center responsible for excitation
bands at 300 and 378 nm (curve 2 in figs. 2.2 and 2.3). It follows that the emission at 425

nm is due to Cel, and the emission at 480 nm is due to Ce2. Similarly, the absorption
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Table 2.2 The emission, excitation, and absorption bands of two Ce3+ centers in GSO

Cel Ce2
Emission band 425 480
[nm]
Excitation band 284 300
[nm] 345 378
Absorption band 284 300(DH
[nm] 345 378

bands at 284 and 345 nm are due to Ce1l while the absorption bands at 300 and 378 nm are
due to Ce2. At room temperature the excitation, absorption, and emission spectra are
dominated by the Cel center, while at 11 K luminescence from each of the two centers is
easily observed. The excitation, absorption, and emission bands associated with each
center are summarized in table 2.2.

If we examine the two-activation-center model by considering that only transitions
from the lowest excited 5d level to the ground 4f levels are induced to prevent any
complications rising from photoionization of the Ce3+ ion, the total decay rate 1/t for each

Ce3+ site is given by

/71 = 1/t + 1T1ne for Cel 2.1
and 1/t =1/t + 1/t0nr for Ce2, 2.2)

where 1/1, and 1/t,, are the radiative and nonradiative decay rates, respectively. Though
the radiative decay rate 1/7; includes both a purely radiative transition (temperature-
independent) and a phonon-assisted transition (temperature-dependent), it is assumed that
the contribution of the latter to the radiative decay rate is negligible in the temperature range

of interest (< 300 K), and that the radiative decay is temperature-independent. It is also

assumed that the functional form of 1/, is the Arrhenius equation [18]:
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1/T1nr = 81 exp(-AE/kT) (2.3)
and  1/Ton = 5o exp(-AEy/kT), (2.4)

where s is a frequency factor and AE is an activation energy. Thus the measured

fluorescence lifetime, T, has the following temperature dependence:

T1 = [1/71; + 51 exp(-AE1/kT)]! (2.5)
and T =[1/7y + 53 exp(-AE{/kT)]1. (2.6)

‘When the absorption cross section and radiative transition probabilities are assumed
to be independent of temperature, it can be shown [19] that the temperature dependence of
the luminescence quantum efficiency, Q(T), is given by:

QD) = [/ 1/ [1/7 + 1/wl, (2.7
which shows that the temperature dependence of the emission intensity is expected to be
identical with that of the luminescence decay time.

Fig. 2.5a and 2.5b show the emission spectra of Cel and Ce2 as a function of
temperature. The longest wavelength peaks (345 and 378 nm) in the excitation spectra
were chosen for exciting the two Ce3* centers (Cel and Ce2) to distinguish clearly the two
emission spectra. The emission spectra of Cel and Ce2 become broad with increasing
temperature, in good agreement with the configuration coordinate model. The two
emission peaks of Cel merge and the emission intensity decreases with increasing
temperature (fig. 2.5a). Thus at room temperature, two separate peaks from decays to the
two 4f levels can no longer be resolved. Compared with Cel, the temperature dependence
of the Ce2 emission above 200 K is striking (fig. 2.5b). The peak position of the Ce2
emission shifts to shorter wavelengths above 250 K. This peak shift implies that there is a

contribution from Cel in these spectra. This contribution increases with increasing
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Fig. 2.5 Emission spectra of GSO as a function of temperature (between 11 and 296 K) for excitation of
Cel at 345 nm (a) and of Ce2 at 378 nm (b).
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temperature. The luminescence efficiency of the two Ce3* sites are shown as a function of
temperature in fig. 2.6.

Fig. 2.7 shows both a typical decay curve of GSO together with the pulse from the
N, flashlamp, which has about a 6 ns duration and a long decaying tail. This GSO decay
curve was obtained at an excitation wavelength of 337 nm (Cel) at 299 K. The excitation
and emission wavelengths for Cel and Ce2 were carefully chosen to minimize overlap of
the emission curves of the two Ce3* sites. The excitation and emission wavelengths are
337 and 420 nm for Cel, and 381 and 500 nm for Ce2, respectively. Fig. 2.8 shows the
temperature dependence of the lifetimes of the Cel and Ce2 centers. The intrinsic (77 K)
lifetimes of Cel and Ce2 are 27 ns (= 71, ) and 43 ns (= Ty, ), respectively. The rollover
point of the lifetime of Cel is near 270 K and that of Ce2 is near 200 K. This trend in the
temperature-dependence of the two lifetimes is identical with the behavior of the emission
intensity (fig. 2.6), as expected from the Arrhenius equation. Thus, all of the data obtained

are consistent with the light emission from GSO being due to two different crystal sites for

the Ce3+ activator.

2.3.2. YSO

Since excitation and emission spectra of YSO have only been reported at room
temperature [11], the existence of the two Ce3+ sites has been overlooked in analyzing the
light emission. Fig. 2.9 shows the excitation spectrum of YSO at 11 K. The emission
wavelengths for the two excitation spectra are 400 nm (solid) and 500 nm (dashed).
Although the crystal structure of YSO is different than that of GSO, it also has two

independent rare-earth sites resulting in two luminescence centers as in GSO.
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Fig. 2.6 The luminescence efficiency of Cel (solid line, excited at 345 nm) and Ce2 (dashed line, excited
at 378 nm) in GSO as a function of temperature. The emission intensity obtained at each temperature was

normalized to the intensity at 11 K.
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Fig. 2.7 Typical UV-excited decay curve of GSO for excitation at 337 nm and emission at 420 nm
(Cel). The dashed line indicates the nitrogen flash pulse. The scattered points are the measured data. The
solid curve is a fit to the data with a single exponential (22 ns decay).
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Fig. 2.8 UV-excited luminescent decay of Cel (solid line) and Ce2 (dashed line) in GSO as a function of
temperature. The excitation and emission wavelengths were 337 and 420 nm for Cel, and 381 and 500 nm
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Fig. 2.9 Excitation spectra of YSO at 11 K. The solid line is the spectrum monitored at an emission
wavelength of 400 nm (Cel), and the dashed line is the spectrum monitored at an emission wavelength of
500 nm (Ce2).
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Fig. 2.10 The gamma-ray excited decay curve of YSO at room temperature determined with a single

photon counting technique. 137Cs was used as the gamma-ray source.

Table 2.3 Gamma-ray and UV-excited luminescent decay times (in ns) of GSO, YSO and LSO near

room temperature. The UV-excited luminescent decay times were measured with the excitation of the

lowest excited 5d level of the Ce3* ion.

GSO YSO LSO
Gamma-ray 56 and 600 37 and 82 12 and 40
excited decay

22 39 34

UV-excited (Ex. 337, Em. 420 nm) (Ex. 358, Em. 400 nm)
decay <6 59

(Ex. 381, Em. 500 nm) (Ex. 381, Em. 500 nm)

(Ex. 358, Em. 400 nm)
42

(Ex. 381, Em. 480 nm)
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The gamma-ray excited decay curve at room temperature is shown in fig. 2.10.
The measured lifetimes from a double exponential fit are 37 and 82 ns. The measurement
of the decay time with UV-excitation was made at excitation wavelengths of 358 and 381
nm and emission wavelengths of 400 and 500 nm for the Cel and Ce2 sites, respectively
(at 298 K, table 2.3). Each UV-excited decay spectrum was fit with a single exponential.

Time constants of 39 ns for Cel and 59 ns for Ce2 were obtained.

2.3.3 LSO

This newly invented scintillator has the same monoclinic C structure as YSO and
thus it is expected that the light emission mechanism of LSO would be similar to that of
YSO. The excitation spectrum of LSO at 11 K is shown in fig. 2.11. The monitored
emission wavelengths for the two excitation spectra are 420 nm (solid) and 480 nm

(dashed). The existence of two Ce3+ luminescence centers is also clear for LSO.

Emission Intensity (arb. units)

200 250 300 350 400
Excitation Wavelength (nm)

Fig. 2.11 Excitation spectra of LSO at 11 K. The solid line is the spectrum monitored at an emission
wavelength of 420 nm (Ce1), and the dashed line is the spectrum monitored at an emission wavelength of
480 nm (Ce?2).
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The decay time is given in table 2.3 for both gamma-ray and UV-excited emission.
The decay times with gamma-ray excitation were 12 and 40 ns from a double exponential
fit. The excitation} and emission wavelengths for Cel were 358 and 400 nm and were 381

and 480 nm for Ce2. The decay time from the UV-excitation of Cel was 34 ns and that of
Ce2 was 42 ns.

2.4 Discussion

A significant confirmation of the two-activation-center model is that the gamma-ray
excited emission can be duplicated by adding the appropriately weighted UV-excited
emissions of Cel and Ce2. Fig. 2.12 shows the gamma-ray excited emission, the UV-
excited emissions of Cel and Ce2, and a weighted combination of the Cel and Ce2

emissions for GSO at 11 K. This calculated emission spectrum was obtained by adding the
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Fig. 2.12 The gamma-ray excited emission (filled circles), the UV-excited emissions of Cel (excited at
345 nm) and Ce2 (at 378 nm) (dashed lines), and a weighted combination of the Cel and Ce2 emissions
(solid line) for GSO at 11 K. All the measured spectra are normalized to their peak intensity.
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emission spectra of Cel (Ex. 345 nm) and Ce2 (Ex. 378 nm) in a ratio of 58:42. Itis clear
from fig. 2.12 that the gamma-ray excited emission at 11 K, which is very different from
either the UV-excited emissions of Cel or Ce2, is well fit by a weighted combination of the
Cel and Ce2 emission spectra. This agreement between the gamma-ray excited emission
and the weighted combination of Cel and Ce2 emissions implies that, at 11 K, both Cel
and Ce2, which have very different energy band structures (fig. 2.2a), contribute to the
gamma-ray excited emission. It was also confirmed that at all temperatures (between 11
and 300 K) the gamma-ray excited emission can be obtained from a weighted combination
of Cel and Ce2 emission spectra. Fig. 2.13 shows the temperature dependence of the
normalized gamma-ray excited emission. The decrease in the emission intensity at longer

wavelengths above 200 K can thus be attributed to a decrease in the intensity of the Ce2

emission.
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Fig. 2.13 Gamma-ray excited emission spectra of GSO at temperatures between 200 and 300 K. All the
spectra are normalized to their peak intensity.
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The UV-excited emission spectra of Cel and Ce2 discussed above were all obtained
by exciting the lowest 5d level, and a simple configuration coordinate model was used to
analyze the temperature-dependence of the spectra. In fig. 2.14 the luminescence efficiency
from the second excited 5d level of Cel and Ce2, and that of gamma-ray excited emissions
are shown as a function of temperature. The excitation wavelengths for Cel and Ce2 are
284 nm and 310 nm, which correspond to the lower wavelength bands in the excitation
spectra shown in fig. 2.2. The shape of the UV-excited luminescence spectra from the
second excited 5d level of Cel and Ce2 were identical with those from the lowest excited
5d level at all temperatures. The luminescence efficiency from the second excited 5d level
of Cel rises to a maximum at about 230 K. The intensity of Ce2 begins to decrease at about
180 K. The results, particularly for Cel, cannot be described by the Arrhenius' equation,
implying that the simple model used to describe the emissions from the lowest energy

excitation bands is not appropriate, and other factors must be taken into

Ex.284 nm
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Fig. 2.14 The luminescence efficiency from the UV-excitation of the second 5d level of Cel (solid line)
and Ce2 (dashed line), and that from gamma-ray excitation (dot-dash line), as a function of temperature. The

intensity obtained at each temperature was normalized to the emission intensity at 11 K.
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account to describe the UV-excited emission from the second excited 5d level of Ce3+ ion.
The temperature dependence of the gamma-ray excited emission intensity, shown in fig.
2.14, is difficult to explain from the dependence of the UV-excited responses shown in this
figure and in fig. 2.6.

In fig. 2.2a, three peaks were observed at 247, 252 and 275 nm in the excitation
spectra of each Ce3* site for GSO. Since the position of these peaks correspond to
absorption lines of the Gd3* ion, it is clear that energy absorbed at these wavelengths by
the Gd3+ ion is transferred to the Ce3+ion. This fact is important in considering the energy
transfer mechanism in the gamma-ray excited response, as the gamma rays lose energy
primarily through interactions with the Gd3+ ions. GSO has two gamma-ray excitation
decay components, 56 (85 - 90 %) and 600 ns (10 - 15 %), but the UV-excited
luminescence decay times are 22 ns for Cel and < 6 ns for Ce2 from the excitation of the
lowest 5d level near room temperature. Even at 77 K, the UV-excited decay times of Cel
and Ce2 (fig. 2.8) are only 27 and 43 ns. This significant difference in decay times
between the UV-excited and the gamma-ray excited emissions, as well as the temperature-
dependent behavior of the gamma-ray excited emission intensity, suggest an energy
transfer mechanism from Gd3+ to Ce3+ which is strongly temperature-dependent.

The difference of the decay constants between gamma-ray and UV-excitation in
GSO can be contrasted with the behavior in YSO and LSO, in which the decay times for
both types of excitation are closer. In the cases of YSO and LSO the gamma-ray excited
decay times are, near room temperature, 37 and 82 ns for YSO, and 12 and 40 ns for LSO.
UV-excited luminescence decay times are 39 and 59 ns for YSO and 34 and 42 ns for LSO.
The agreement of the gamma-ray excited decay times with the UV-excited ones in YSO and
LSO indicates that the gamma-ray excited luminescence decay is primarily determined by
the luminescence of the Ce3* ion in those crystals, though the short component (12 ns) of
gamma-ray excited decay in LSO remains to be investigated. However, this assumption

must be examined more carefully, for instance, by comparing the gamma-ray excited decay
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times with UV-excited ones as a function of temperature.

The previously observed broadening effect of the emission spectrum of GSO at 77
K compared with that at room temperature in Sekita's paper [3] can be explained by the
existence of the Ce2 emission band at low temperature. Although in his paper the
excitation wavelength for the UV-excited emission was not stated, it is likely that both Cel
and Ce2 were excited in his emission measurement at 77K.

Future experiments and calculations will attempt to address the explanation for the

relative contributions of Cel and Ce2 emissions to the gamma-ray excited emission (fig.

2.12).

2.5 Conclusion

The absorption, excitation, and emission spectra, and crystallographic data on
GSO, lead to the conclusion that GSO has two luminescence centers. The existence of
these two luminescence centers in GSO is supported by the agreement of the temperature-
dependent behavior of the UV-excited decay times and the emission intensities of the two
centers. Excitation spectra for both YSO and LSO also indicate two luminescence centers,
which is consistent with the fact that these crystals also have two rare-earth sites, despite
their having a different structure than GSO. The gamma-ray excited emission can be
reconstructed from weighted combinations of the Cel and Ce2 emission spectra in GSO,
but the gamma-ray excited temperature response is difficult to explain from the measured
UV-excited temperature responses. The long gamma-ray excited decay times of GSO, as
compared with the UV-excited decay times, as well as the dependence of the gamma-ray
excited decay times and emission intensity on the Ce3+ concentration in GSO remain to be

explained.
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Chapter 3

Energy transfer from Gd to Ce in Gd2(Si04)0:Ce

(Short summary)

This chapter was submitted to Nucl. Instr. and Meth. (1994) as "The Role of
Gadolinium in the Scintillation Processes of Cerium-doped Gadolinium Oxyorthosilicate."

This chapter investigates the origins of the two decay time constants observed by
Melcher et al. (see ref. [2]) when GSO is exposed to gamma radiation and to describe the
overall scintillation mechanism of GSO.

When the Ce13+ absorption band is directly excited by UV light, the Ce13+ decay is
a single exponential (~24 ns). However, when GSO is excited by gamma rays, the Ce13+
decay shows a build-up and a long decay component, both of which strongly depend on Ce
concentration. This build-up and long decay in Cel3+ decay suggest the existence of
excitation channels which transfer energy to Ce13+ and cause slow emission decay.

Since a slow decay component is detrimental to the timing capability of GSO, it is
important to know the origins of this slow decay component.

As a possible explanation for an excitation channel which transfers energy to
Ce13+, we considered the Gd3+ ions. Gd3+ shows very sharp 4f-4f transitions in the UV
and its emission bands overlap the Cel3+ absorption bands. In fact, the excitation
spectrum of Ce13+ contains the Gd3+ absorption bands, which indicates the existence of
energy transfer from Gd3+ to Ce13+.

To investigate this energy transfer between Gd and Ce, Gd3+ absorption bands
were excited by a synchrotron light source and the emission decay from Cel3+ was
monitored. When the 6Pj and 615 states of Gd3+ in 2.5 mol% GSO were excited, a long
decay component and a build-up were observed in the Ce13+ emission, supporting our

assumptions about the energy transfer from Gd3+ to Ce13+.
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This observation, obtained with UV excitation, leads to the speculation that the
initial build-ups and the long decay components of gamma-ray excited decay curves are
also due to the energy transfer from Gd3+ to Cel3*. We were able to fit successfully the
gamma-ray excited decay curves using three terms which represent the Cel3+ prompt
emission, the energy transfer from the excited 61y multiplets to Ce13+, and the energy
transfer from the excited 5Py multiplets to Ce13+. The fraction of the Cel13+ prompt
emission (a single exponential decay of ~23 ns) in the total emission increases linearly with
the total Ce concentration in GSO. The decay rates of the ¢Iy multiplets obtained from the
gamma-ray excited decay curves agree with those obtained from the decay curve excited at
275 nm (into the 8Iy multiplets) for various GSO samples, supporting our assumption that
the build-ups of the gamma-ray excited decay curves are due to the energy transfer from I;
state of Gd3* to Cel3+. It is shown that the long decay component in the gamma-ray

excited decay is due to the energy transfer from the 6Py multiplets of Gd3+ to Ce13+.
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3.1 Introduction

The scintillation properties of Ce-doped gadolinium oxyorthosilicate
Gdy(Si04)0:Ce (GSO) are characterized by a relatively high emission intensity (25% of
Nal(Tl)), two decay constants (~56 and ~600 ns for 0.5 mol% Ce-doped GSO), an
emission peak at 430 nm [1,2] and emission intensities and decay times that depend on the
Ce concentration. The blue emission of GSO entirely originates from the Ce3+ activator,
which has parity allowed electric-dipole transitions between the excited 5d states and the
spin-orbit split 4f ground state.

When GSO is excited with high energy particles such as gamma rays or x-rays, the
scintillation processes of GSO can be separated into two parts: primary and secondary
processes [3]. The primary process is the transfer of energy from ionizing radiation to the
luminescent centers (Ce3+). The secondary process is that by which excited luminescent
centers lose their energy. The secondary process of GSO has been studied independently
as a function of temperature (11 K to 300 K) by direct excitation of the luminescent centers,
with ultraviolet excitation instead of with ionizing radiation [4]. The existence of two
© activation centers (Cel and Ce2) has been proposed because Gdy(SiO4)O has two
crystallographically independent Gd3+ sites [5,6]. We showed that these two Ce centers
have different excitation and emission bands, different decay constants, and different
temperature-dependence.

The Cel center has its two lowest energy absorption bands at 284 and 345 nm, and
an emission band at 425 nm. The decay constant of Ce13+, which is obtained by a direct
excitation into the Ce13+ absorption bands, is 27 ns at 77 K, and it becomes faster (22 ns)
at room temperature due to an increase in the non-radiative transition rate (as a result of
thermal quenching). On the other hand, the two lowest absorption bands of Ce23+ are
located at 300 and 378 nm and the emission band is at 480 nm. The Ce23+* has a decay
constant of 43 ns at 77 K; this decay constant becomes much faster (< 6 ns) at room

temperature because of strong thermal quenching. Thus the emission of GSO following
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gamma-ray excitation at room temperature is dominated by the emission from the Ce13+
luminescent center.

The emission peak of GSO with room temperature gamma-ray excitation agrees
well with the emission peak of Cel and it supports the assumption that most emission
comes from the Cel center. However, the two decay constants, ~56 and ~600 ns, obtained
with gamma-ray excitation are much slower than the decay constant of the Cel center itself
(22 ns). This difference in the decay time between UV excitation and gamma-ray excitation
suggests that the primary scintillation process of GSO is slower than the secondary process
and that there are at least two types of primary processes which produce two decay
constants. Thus the existence of two decay constants observed in gamma-ray excited GSO
can be attributed to the primary excitation process.

To investigate the primary excitation process of GSO, Gd3+ absorption lines in the
UV region were excited by a synchrotron light source and the decay of the emissions from
Ce3+ were monitored. When the Gd3+ absorption lines were excited, the Ce3+ decays
showed a build-up and a slow decay component, which is clearly caused by the energy
transfer from Gd3+ to Ce3+.

The decomposed gamma-ray excited decay curve of GSO showed that the emission
from GSO consists of prompt Ce emission and delayed Ce emission (transfer of energy
through Gd).

Crystallographically, Gd;(SiO4)O has a monoclinic structure of space group P2;/c.
There are two Gd sites in Gd(S104)O: one Gd site has a ninefold oxygen coordination,
and the other site has a sevenfold oxygen coordination. The mean distance from the former
Gd site to the nine oxygen ligands is 2.49 A, while that from the latter site to the seven
oxygen ligands is 2.39 A. Due to the different interactions with the crystal field and the
lattice, the two Gd3+ ions are expected to show slightly different optical properties in
interacting with the two Ce3* ions (Cel and Ce2). However, in the discussion below

where the interaction of Gd3*+ with Ce3+ is macroscopically treated, no distinction will be
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made between the two Gd3+ ion sites, as we do not propose to describe the details of the

spectroscopic properties of GSO. Rather we attempt to understand the primary process to

provide a comprehensive explanation of the scintillation processes of GSO.

3.2 Experimental measurements

The GSO crystals used for this study were purchased from Hitachi Chemical Co.,
Ltd., which grew the GSO crystals by the Czochralski technique. The Ce concentration in
the melts from which the crystals were grown varied from 0.1 to 2.5 mol%. However, the
Ce concentration in the crystals depends on the distribution coefficient of Ce in the host
material Gd(Si04)O. The Ce concentration in the crystals were analyzed by X-ray Assay
Laboratories and the distribution (or segregation) coefficient of Ce was determined to be
~0.6, in reasonably good agreement with previous studies [7]. Six GSO samples ((Gd;-
xCex)2(8i04)0) were used in this study. Their Ce concentrations relative to Gd are: sample
#1 (nominal 0.1 mol%, x=0.00035), #2 (0.5 mol%, 0.0018), #3 (1.0 mol%, 0.0036), #4
(1.5 mol%, 0.0051), #5 (2.0 mol%, 0.0074) and #6 (2.5 mol%, 0.0098).

The absorption spectra were measured with a spectrophotometer (Model U-3210,
Hitachi Instmmehts). The emission spectra were obtained with a SPEX Fluorolog-2
spectrofluorometer. The details of these optical measurements as well as those of the
gamma-ray excited decay curve at room temperature have been described elsewhere [4].

The low-temperature measurements of the gamma-ray excited decay curves were
made with the configuration shown in fig. 3.1. Temperatures as low as 15 K were
achieved with a CTI-Cryogenics refrigeration system (Model 21). The decay data were
taken using the time-correlated single-photon technique [8], with a 22Na source and a
second crystal to provide a timing reference [9]. The reference signal was produced by
cerium-doped lutetium oxyorthosilicate Luy(SiO4)O:Ce (LSO), which has a very high light
output and a primary decay constant of 40 ns [10,11]. The GSO crystal was excited from

the side. Two 511 keV gamma rays, simultaneously produced by annihilation of a positron
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and an electron, were used to excite both GSO and the reference LSO scintillator. All the
gamma-ray excited decay curves shown here were measured without correcting for the
wavelength dependence of the photocathode on the photomultiplier tube. One of two
filters, S40-400 and LL-600 (CORION), was placed between the GSO crystal and its
photomultiplier tube to select either Cel or Ce2 emission. The bandpass filter S40-400 has
a peak at ~400 nm and transmits only Cel emission. The long wave pass filter LL-600
transmits photons which have wavelengths longer than 600 nm and is suitable for selecting
only Ce2 emission.

The measurements of UV-excited decay curves as well as those of UV-excited
excitation spectra were made by using the U9B beam line of the National Synchrotron
Light Source at Brookhaven National Laboratory. For the former measurements, we used
the single bunch mode, whose duration time is ~1.0 ns. This light source has a repetition
rate of ~5.88 MHz, i.e., a beam repetition period of ~170 ns. Because of the short beam
period, longer decay constants than the beam period could not be measured. For the

measurements on the UV-excited excitation spectra, we used the normal periodic bunch
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Fig. 3.1 Equipment and electronics used to measure gamma-ray excited decay curves at 15 K.



3-7

mode to get enough intensity from the light source. Monochrometers were used to select
the excitation and emission wavelengths. The bandpasses of excitation and emission
monochrometers were 1.7 and 10 nm, respectively. The UV-excited decay data were also
taken using the time-correlated single-photon technique and were analyzed with a least-
squares-fitting technique.

In the discussion below each GSO sample is labeled by its sample name, its Ce
concentration in the melt or its Ce concentration in the crystal (e.g., #1, 0.1 mol% or
0.00035). However, neither the charge state of Ce in the crystal nor the exact

concentration of each Ce center (Cel and Ce2) has been determined.

3.3 Results
3.3.1 Comparison between UV and gamma-ray excitation

Fig. 3.2 shows the decay curves of Ce13+ on a relatively short time scale for
various GSO samples excited by gamma rays. Counts are plotted on a logarithmic scale.
To choose Cel erhission, whose emission peaks at 425 nm, the S40-400 bandpass'filter
was placed between the crystal and the stop photomultiplier tube (see fig. 3.1). This
bandpass filter transmits only Cel emission, eliminating Ce2 emission, whose emission
peak is at 480 nm. The Cel decay from 2.5 mol% GSO obtained with direct UV
excitation into the Ce13+* band is also displayed in fig. 3.2. The excitation and emission
wavelengths were 284 and 420 nm. As can be seen, the Cel decays with gamma-ray
excitation are much slower than the decay of Cel itself (22 ns). The decay constants with
gamma-ray excitation decrease as Ce concentration increases from 0.1 to 2.5 mol%. Note
that the gamma-ray excited decay curves of all GSO samples, when viewed with this time
resolution, contain initial build-ups, indicating that the decay curve obtained with gamma-
ray excitation cannot be described by a simple summation of two exponentials. The extent

of this build-up, in addition, strongly depends on the Ce concentration.
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Fig. 3.3 shows the Cel decay constant for various GSO samples with different Ce
concentrations. The decay data were obtained with an excitation wavelength of 284 nm and
an emission wavelength of 420 nm. The decay constants were calculated from a single
exponential fit. The decay constant of Cel changes slightly from 25 ns for 0.1 mol% GSO
to 22 ns for 2.5 mol% GSO. This trend of the Cel decay constant, i.e., a weak
concentration-dependence of the decay, has been previously reported [12]. Note that the
strong dependence of the gamma-ray excited Cel decay on Ce concentration differs from
that of the UV-excited (at 284 nm) Cel decay, which shows only a weak dependence on
Ce concentration.

Since the observed decay constants of GSO with gamma-ray excitation are much
longer than the decay constant of Cel itself, the primary process must be relatively slow.
By analogy with thallium-doped sodium iodide Nal(T1) [3], five processes in exciting the

luminescent center (Ce3*) following the interaction of high energy particles are possible:

<1> Luminescence by the lattice centers (Gd3+) and absorption by the luminescent center

(Ce3+) (radiative transfer);

<2> Non-radiative energy transfer from the excited lattice centers (Gd>*) to the luminescent
centers (Ce3+) (including resonant transfer);

<3> Non-radiative transfer from vacancies or traps to the luminescent center (Ce3+);

<4> Exciton diffusion to the luminescent center (Ce3+); and

<5> Binary (independent) diffusion of electrons and holes to the luminescent center (Ce3+).

Processes <1> and <2> will be discussed below. The possibility of the other

processes will be discussed in the next section.

The Gd3+ ion has 7 electrons in the 4f shell, which is well shielded from the

crystalline environment by two electronic shells with larger radial extension (5s25p®) [13].
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As a result, Gd3+ shows very sharp 4f-4f transitions in the UV, with wavelengths that are
relatively independent of the particular Gd compbund [14-19]. The transition between two
4f states of Gd3+ depends on both forced electric dipole radiation and magnetic dipole
radiation. The electric dipole radiation is forbidden in first order and it occurs only as a
consequence of a perturbation. The magnetic dipole radiation, which is about six orders of
magnitude weaker than the electric dipole radiation in free atoms, is observed in the Gd3+
spectra from crystals with about the same intensity as the electric dipole radiation.

The absorption data for undoped Gdz(SiO4)O is shown in fig. 3.4a. The thickness
of the sample was 0.040 cm. The absorption coefficients o (cm1) are calculated using the
formula I = Iy exp(- o £), where I and Iy indicate the intensity of the transmitted and
incident light, respectively, and £ is the thickness of the crystal (cm). The undoped GSO
spectrum has absorption lines at 313, 308 and 302 nm, which are ascribed to the transitions
from the ground 8S7,, state to the three excited states 6Py, $Psjp and 6P3j. The
absorption line at 275 nm is due to transitions from the ground 8S7), state to the Ij
multiplets (J = 7/2, 9/2,17/2, 11/2, 15/2, and 13/2). The excitation into the 6Dy, state
from the ground 8S7/, state is seen at 254 nm, and the excitations into the other 6Dj
multiplets (J = 1/2, 7/2, 3/2 and 5/2) are observed at 247 nm. The small peak at 203 nm is
due to the absorption of Gy (J = 7/2, 9/2, 11/2 and 5/2) multiplets [20]. The lattice
absorption begins at ~200 nm.

The emission lines of Gd3+ in undoped GSO were observed at 278 (from the °Iy)
and 314 nm (from the Pjy) with gamma-ray excitation (500 uCi 241Am source) (fig.
3.4b). The emission bandpass was 7.2 nm. Note that the emission wavelengths are
almost identical with the absorption wavelengths. The ground state emissions from higher
excited states were not seen. This is probably because the non-radiative decay rates from
the higher excited states to the lower excited states (6Iy and 6Py) are much greater than the

radiative decay rate to the ground state and deplete the higher excited states.
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Fig. 3.4 a) Absorption and b) emission spectra of undoped GSO.
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The excitation spectra of 0.1 and 2.5 mol% GSO were measured for both the Cel
and Ce2 centers, with thin GSO samples (0.20 and 0.18 mm thick, respectively) at 11K
(figs. 3.5a and 3.5b). One excitation spectrum has a monitored emission wavelength of
420 nm (near the Cel emission peak), and the other excitation spectrum has a monitored
emission wavelength of 550 nm (near the Ce2 emission peak). The peaks at 203, 247,
254, 275, 308 and 313 nm in fig. 3.5a correspond to the Gd3* absorption lines, which
indicates that energy is transferred from Gd to Cel and Ce?2 centers either by process <1>
or process <2>. As stated above, the excitation peaks at 284 and 345 nm are due to direct
absorption by the Cel center, and the peaks at 300 and 378 nm are due to direct absorption
by the Ce2 center. The excitation spectra of 2.5 mol% GSO (fig. 3.5b) do not show as
many Gd3+ absorption lines as in fig. 3.5a since the intensities of Gd3+ absorption are
small compared with the intensities of Ce3+ absorption. Note that the peak at 250 nm is
observed for the first time and ascribed to the third-lowest 5d state of Cel center.

Fig. 3.6 displays the energy levels of Gd3+ within the 4f7 configuration [21-23]
and the absorption bands of Ce13+ and Ce23+ for the transitions between the ground 4f
states and the excited 5d states. The energy levels of Gd3* are based on the data shown in
fig. 3.4a and previous work [20]. The energy levels of Ce13* and Ce23+ are based on the
excitation spectra of GSO at 11 K (figs. 3.5a and 3.5b). As can be seen, the three 5Py,
6Ps/, and 6Psp, excited states overlap absorption bands of the lowest excited state of Ce13+
and the second excited state of Ce23+. The 6Iy multiplets of Gd3*+ mainly overlap the

absorption band of the second excited state of Ce13+,

3.3.2 Model

As observed in fig. 3.6, the excited states of Gd3* overlap absorption bands of
Ce13+ and Ce23+. In addition, the excited states of Gd3+ overlap each other. Thus, in the
case of high donor concentration such as in GSO, donor-donor (Gd-Gd) and donor-

acceptor (Gd-Ce) interactions between two ions must be taken into account in describing
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Fig. 3.5 a) Excitation spectrum of 0.1 mol% GSO (0.2 mm thick sample), b) Excitation spectrum of
2.5 mol% GSO (0.18 mm) at 11 K. The excitation spectra were measured at the two emission wavelengths
of 420 nm (solid line) and 550 nm (dashed line).
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Fig. 3.6 Energy levels of Gd3+, Cel13+ and Ce23+ in GSO.

the decay of the excited donor (Gd3*+)*. As one possible energy transfer mechanism
between donor and acceptor, and between donors, let us consider resonant energy transfer.

For example, between a donor and an acceptor the resonant energy transfer is given by

[24]:

@n)®
h

Wya = I<D, A*IH’ID*, A>I f gpE)gAE)E = Cy4, f(R), 3.1

where an asterisk indicates the excited state of the ion, H' is the interaction Hamiltonian,
gp(E) and ga(E) are the normalized lineshape functions for the transitions D*--->D and A--

->A*, Cyq, is a microscopic parameter for the D-A interaction, and f(R) is the function
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whose form is determined by the nature of the D-A interaction. This energy transfer is
non-radiative; it does not involve the emission of a photon by D and the subsequent
absorption by A. Rather, it is a simultaneous deexcitation of D and excitation of A. The
interactions which cause energy transfer are electrostatic coupling, magnetic coupling,
and/or exchange coupling between ions. Similarly, the rate of resonant energy transfer

between donors is expressed by

Waq = Cyq f(R). (3.2)

where Cqyq is a microscopic parameter for the D-D interaction.

When one of the Gd3+ ions (donors) is excited, the energy of this Gd3+ ion can
migrate through the Gd3+ sublattice, since in GSO the Gd-Gd distance is very small (table
3.1), and the acceptor concentration is low. We assume energy to migrate through the
Gd3+ sublattice before one of the excited Gd3+ ions spontaneously (radiatively) emits a
photon or resonantly transfers its energy to a nearby Ce3* or to a quenching center. This
resonant energy transfer can accelerate the decay process of the excited Gd3+ by the energy
transfer to Gd3* centers with the shortest lifetime. The details of this energy migration

through the Gd3+ sublattice is discussed elsewhere [25].

Table 3.1 The number of Gd3* neighbor sites and the corresponding Gd3+ - Gd>* distances.

Starting point Distance (A) Site of neighbor ~ Number of
neighbors
Gd1l 3.360 Gdl 1
3.671 Gdl 2
3.724 Gd2 1
3.791 Gd2 1
4.176 Gd2 1
Gd2 3.520 Gd2 1
3.573 Gd2 2
3.724 Gd1 1
3.791 Gdl 1
3.803 Gdz 2
4.128 Gd2 1
4.176 Gdl 1
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Process <1> - Radiative energy transfer
Process <1>, that is, the radiative transfer from excited Gd3+ to Ce3* can occur
since the emission lines (6Py and ©Ij) of the Gd3+ (donor) overlap the absorption bands of
the Ce3+ (acceptor) (fig. 3.4b). However, it will be shown that process <1> is not
important on the time scale of interest. As observed for many Gd compounds [14-
16,18,26] where Gd is either an activator or a lattice constituent, the decay constants of the
strongly light-emitting states, 6Py, and 617, are usually of the order of us to ms. Thus, it
is reasonable to assume that the Gd3+ in GSO also has very slow radiative decay constants
from these fluorescent states. If the radiative transfer from the Gd3+ to the Ce3+ occurs,
that is, the Ce3+ ion absorbs the photons emitted by the Gd3+ without influencing the
emission ability of Gd3+ [27], then the observed decay curve of Ce13+ in fig. 3.2 must
have very slow decay constants, of the same order of the Gd3*+ decay. However, the
observed decay constants of Ce13+ are much shorter. Thus, it is unlikely that process <1>
contributes to the emission of GSO on the time scale observed from gamma-ray excitation
(<1 us). Even on a long time scale, however, we expect that the radiative transfer from
Gd3+ to Ce3* does not play an important role, since the intensities of the Gd3+ emission
from undoped GSO with gamma-ray excitation are very weak compared with the intensities
of the Ce3+ emission from doped GSO. Thus, process <1> can be ignored in considering

the excitation process of Ce3+.

Process <2> - Non-radiative (including resonant) energy transfer

As the energy of the excited Gd3* migrates through the Gd3+* sublattice, the Gd3+
system senses the average environment of acceptor ions. The average energy transfer from
the donor to the acceptor is then expressed by a macroscopic (or an effective) transfer rate,
Wgr, which is a function of four parameters (Cga, Cdad, Na and Np). Na and Np are the
ion densities of the acceptor and the donor, respectively; Cqa and Cyqq were defined earlier.

Wesr depends linearly on N regardless of the nature of interactions between ions.
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Fig. 3.7 The UV-excited decay curves of 2.5 mol% GSO.

To analyze the non-radiative energy transfer process from Gd3+ to Ce13+, the decay
curves of 2.5 mol% GSO were measured by exciting the Gd3+ absorption lines (fig. 3.7).
The decay curves observed with 275 and 313 nm excitation correspond to excitations of the
excited 6Ty multiplets and the P, states of Gd3+, respectively. The decay curve excited at
284 nm is a direct excitation of the Cel absorption band, and the decay curve excited at 300
nm is mainly exciting the Ce2 absorption band. The decay curve excited at 284 nm is the
emission of the Cel3+ and can be fit with a single exponential (22 ns). The decay curve
excited at 300 nm contains the emission of both Ce13+ and Ce23+ and can be fit with an
appropriate combination of two exponentials that have decay constants of 22 and 5 ns. On
the other hand, the decay curve excited at 275 nm shows a build-up, and the decay excited
at 313 nm contains a slow component. Since both wavelengths (275 and 313 nm)
correspond to Gd3+ absorption lines, it is reasonable to assume from these data that the
energy is non-radiatively transferred from the Gd3+ to the two Ce3+ luminescent centers.

The excited Ce3+ emits photons at much longer wavelengths than the absorption

wavelengths (due to the large Stokes shift). Thus, the back transfer from Ce3+ to Gd3+ is
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Fig. 3.8 Modes of decay and energy transfer in GSO.

unlikely to occur in GSO. If we ignore the difference between the two types of Gd3+ ions,
as discussed above, the transfer process from Gd3+ to Ce13+ and Ce23+ can be illustrated
as in fig. 3.8. N stands for the population of the ion. The effective transfer rate from the
donor to the acceptor is written as Wpal, where the superscript i indicates the type of the
Ce3+ (acceptor). Wp, Wl and Wa2 represent the radiative decay rate of the excited Gd3+
state and the decay rate (including both radiative and non-radiative transitions) of the
excited Ce13+ and Ce23+ states, respectively. Then the rate equation for each excited state

can be given by:

*
IND _ N WL N - WL N 33
rTaink pND - WpaNp - WpaNp; (3.3)
dN}:_ 1 N* 16g1%,
ac ~ voaND - WalNas (3.4)
ANT 2t w22t
dt _WDAND WANA . (35)

The solutions in the case where N]*)(O) excited donors are created at t=0 and where no
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acceptors are excited, are:

Np(t) = Np(0) expl - (Wp + Wha + W) t] (3.6)
Wha

NL' () = N5(0)
Wa - (Wp+ Wha+ W5y

{exp[ - (Wp + Wha + Wha) t]-expl- Watl) ;

(3.7
Wha

W3 - (Wp + Wha + Wia)

NZ'(t) = Np(0) {expl - (Wp + Wpa + Wha) t]-expl- Watl) .

(3.8)

In the case of GSO, for which the emission of the acceptor Ce13+ has been measured, eq.

(3.7) can be used to fit the decay curves.

3.3.3 Energy Transfer from Gd to Ce
3.3.3.1 Transfer from the SPj states to Ce3+

First, consider the energy transfer from the excited 6Py, state of Gd to Cel3+ and
Ce23+. The transition from the excited 6Py, state to the ground 8S7, state occurs only by
radiative decay since the energy gap between these two states is too large to be
compensated by multiphonon emission. The radiative decay rate (1/tg) of the excited 5Py
state has been measured for many Gd compounds [15,18,23,28,29] and has been reported
to be of the order of [is to ms. Thus the decay of the excited 6Py state can be expressed
by the summation of the radiative decay and the effective transfer rate to the two Ce3+ ions.
The excitation wavelength of 313 nm overlaps to the absorption band of the lowest excited
5d state of Ce13+, the second lowest excited 5d state of Ce23+, and the excited 6Py, state
of Gd. Thus the decay curve excited at 313 nm (emission at 420 nm) can be fit with the

following expression:
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NX'© exp (- )+ NX @) exp (- )
wha

1
- WE + WRl + WR)

+NE'©) {expl - (W + Whly + WRZ) t1- expl - 5t (3.9)

where the first and the second terms represent the direct emission from Ce#3+ and Ce23+
centers, respectively. The decay constants for the Ce13+ (22 ns) and Ce23+ (5 ns) emission
are taken from the decay constant obtained from the decay curve excited at 284 and at 300
nm (fig. 3.7). The third term is taken from eq. (3.7) and represents the energy transfer
from the 6P7, state of Gd3+ to Ce13+. The Ce23+ emission produced by the transfer from
the 6Py, state is ignored. As shown in fig. 3.9, the decay excited at 313 nm is well fit
with eq. (3.9), which can be decomposed into three curves, each of which represents a

term in eq. (3.9). From the fit with this equation, a decay rate for the excited 6P7y, state of
Gd3+, Wh + WEL + WEZ |, of ~160 ns is obtained.
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Fig. 3.9 The decay curve of 2.5 mol% GSO (closed circle). The excitation and emission wavelengths
are 313 and 420 nm. The data were fit with eq. (3.9) (solid line through the data points). The decay was

decomposed into three curves, each of which represents a term in eq. (3.9).
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Two other excited states, 5Ps;, and 6P3/, were excited at 308 and 302 nm for
2.5% GSO. When exciting at 308 and 302 nm, not only the SPs and SP3 states of Gd3+
but also the excitation bands of Ce13+ and Ce23+ are excited. The decay curves excited at
308 and 302 nm did not show long components and are compoéed of Ce13+ and Ce23+
decays. This is probably because the absorption intensities of Ce13+ and Ce23+ at 308 and
302 nm are much stronger than the absorption of these excited states of Gd3+, and as a

result it was difficult to observe the transfer effect due to these two excited states on our

short time scale.

3.3.3.2 Transfer from the I states to Ce3+

Next consider the energy transfer from the excited 6Ij states of Gd3+ to Ce3+.
Because of our energy resolution (~1.7 nm), each state of the 61y multiplets, which usually
have much smaller energy separation [20], could not be excited separately. Here we treat
the 61y multiplets as a group. The 6y multiplets decay radiatively to the 8S7; ground state
and non-radiatively to the 5Py multiplets by phonon emission. The non-radiative decay rate
from the 61y multiplets to the 6Py multiplets is a little faster than the radiative decay rate from
the Iy multiplets to the ground state, as has been shown for YOCI:Gd and LiYF4:Gd [30].
However, the total decay rate of the 61y multiplets of Gd3+ is much longer than our time
scale (< 1 ps) for gamma-ray excitation. Based on the assumption that the decay rate of the
61y multiplets of Gd3+ is much longer than our times of interest, a similar equation to eq.
(3.9) can be used to fit the decay curve excited at 275 nm (emission at 420 nm):

11

x * W
NY(O) exp (- 55 )+ N(0) ————"—— {expl - (Wp-+ Wh) t]-expl- 551} 3 (3.10)
55" (Wp + Wp)

where the first term represents the direct emission of Ce13+ since the wavelength of 275 nm

corresponds to the absorption band of the second excited 5d state of Ce13+. The second
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Fig. 3.10 The decay curve of 2.5 mol% GSO excited at 275 nm (closed circles). The data are fit with
eq. (3.10) (solid line) and decomposed into two curves, representing each term in eq. (3.10).

term represents the transfer from the 61y multiplets to Ce13+. The transfer from the 6Ij
multiplets to Ce23+ is ignored because the spectral overlap between the excited 61y
multiplets and the absorption band of the second excited 5d state of Ce23+ is small.

Fig. 3.10 shows the decay curve excited at 275 nm together with the curve fit by
using eq. (3.10). Two decomposed curves, each of which represents the individual terms

in eq. (3.10), are also shown. The decay rate of the excited Iy multiplets,

(WL + Wily )1, is obtained as 15 ns.

3.3.3.3 Concentration-dependence of the transfer rate

The amount of the build-up observed for the gamma-ray excited decay curves
shows a concentration-dependence on Ce (fig. 3.2). As the Ce concentration increases, the
degree of the build-up decreases. Similarly, build-up is observed (for 2.5% GSO) with

UV excitation (at 275 nm). The long component in the gamma-ray decay was also
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Fig. 3.11 The decay curve of five GSO samples excited at 275 nm. All curves have an emission
wavelength of 420 nm.

observed with UV excitation into the 6Py, states at 313 nm and this UV-excited, long
decay component was found to be similar to the long decay component of the gamma-ray
excited decay curve. This agreement suggests that the build-ups and slow components of
gamma-ray excited decay curves could be associated with the energy transfer from Gd3+ to
Ce3+. Here we attempt to study the concentration-dependence of the transfer rate for the 6Iy
states. The concentration-dependence of the 6Py excited states could not be examined
because of the short beam period (~170 ns) with the synchrotron source.

To study the concentration-dependence of the transfer rate, the decay curves excited
at 275 nm were measured for various GSO samples. Fig. 3.11 shows the decay curves of
five GSO samples (closed circle) excited at 275 nm. Also shown with each decay curve is
a curve fit with eq. (3.10). The decay constant of Ce13+ for each sample was obtained
from the data in fig. 3.3. The decay curves of these five GSO samples are well fit with eq.

(3.10). The transfer rates from the excited 61y multiplets to the Ce13+ were determined
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Fig. 3.12 Transfer rates from the 6IJ multiplets of Gd3* to Ce13+. The horizontal axis is the total Ce

concentration.

for each GSO sample (table 3.2, column 3).

The decay rates of the excited 61y states, that is (W]I) + WII)lA )-1, are displayed in
fig. 3.12 as a function of Ce concentration. Although the concentration of trivalent Ce
concentration was not measured, we assume that Ce13+ concentration is proportional to the
total Ce concentration obtained from chemical analysis. As expected, the decay rate,
(WII) + Wll)l A )1, depends linearly on the total Ce concentration. The straight line intercepts
the vertical axis at about 1x107 sec-l. This implies that Wop, which is independent of Ce
concentration, is about 1x107 sec-l. However, in many other Gd compounds, Wp! is
much slower than 1x107 sec! [14,18,23,30]. Thus, the fast rate of WDI might be due to
the energy transfer from the 6Ij states to quenching centers such as Gd traps or other
impurities, whose contribution was not taken into account in deriving eq. (3.10). The

possibility of energy transfer to the Gd traps is discussed elsewhere [25].
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3.3.3.4 Transfer from the $Dj state to Ce3+

A sample of 2.5 mol% GSO was excited at 254 and 247 nm into the excited °Dj
states. The two wavelengths correspond to the excitation of the 6Dy multiplets and the
absorption band of Ce13* located at 250 nm. Since the Ce13+ absorption intensity at 250
nm is much stronger than the Gd absorption intensities at 247 and 254 nm, the decay
curves excited at 254 and 247 nm were the same as the decay curve excited at 284 nm and

no effect due to the transfer from Gd to Cel was observed on our short time scale.

3.4 Discussion

In the last section data on the decay of Ce3+ from the excitation of the 6Py, Iy and
6Dy states of the Gd3+ ion were analyzed. A build-up and a long component were observed
in the Ce3+ decays when 61y and 6Pj states of Gd3+ were excited. This observation
suggests that the build-up and the long component seen in the gamma-ray excited decays
may be associated with the energy transfer from Iy and 6P; states of Gd3+ to Ce3+.

To test this speculation, we attempted to explain the gamma-ray excited decays. We
assume that Ce3+ is excited either by the energy transfer from Gd3+ (delayed emission,
process <2>) or excited promptly (< 1 ns) [31] by any of several mechanisms including
exciton capture (process <4>) or a prompt electron-hole recombination process (process
<5>). We also assume that the excited state, (Gd3+)*, of ¢Iy and 6Py states are promptly
created and then energy is transferred mostly to the Ce3+. The energy transfer from the
higher excited states of Gd3+ to Ce3* is ignored since the spectral overlaps between those
states and Ce3+ are relatively small. The time required for the (Gd3+)* and (Ce3+)* to be
created is very short (1 < ns) on our time scale and it is assumed that (Gd3+)* and (Ce3+)*
are formed at t = 0. The non-radiative energy transfer from vacancies or traps to the Ce3*
(process <3>) is ignored.

Using these assumptions, the Ce13+ decays of various GSO samples excited by
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gamma rays were fit with the following:

11

. t * Wpa t
NR ) exp (- =)+ Np(0) 7—————— {expl - (Wp+ Wpa) t1-expl- -1}
' ',EI‘(WD‘*'WDA) !
wil t
el
+ND (0) ————————— {expl - (W + Wpa+ Wpa) t1-expl- =1} 31D
‘,E‘l“(WD"'WDA"'WDA) !

where T; represents the decay constant of Ce13+ and is taken from the data of fig. 3.3. The
first term of eq. (3.11) represents the prompt emission from Ce13+ created by processes
<4> and <5>, the second term represents the Ce13+ emission populated through the 1;
multiplets of Gd3+ and the third term represents the Ce13+ emission populated through the
6Py multiplets. N1*(0), Npl*(0) and NpP*(0) are the populations of excited Ce13+, of the

excited 6Iy multiplets, and of the excited 6Py multiplets, at t = 0. The curve from fitting the
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(22 ns)
w04 ! I, -> Cel -
2 ] (16 ns)
8 ]
& I 6P, --> Cel
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1 03 - i . - -
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Fig. 3.13 The gamma-ray excited decay curve of 2.5 mol% GSO (closed circles). The data are fit with
eq. (3.11) (solid line through the data) and decomposed into three curves, representing each term in eq.
(3.11).
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data for 2.5 mol% GSO is shown by the solid line through the data in fig. 3.13. The decay
curve is also decomposed into the three separate terms of eq. (3.11) in fig. 3.13. As seen
in fig. 3.13, the gamma-ray excited decay curve is reasonably well fit. Without the first
term of eq. (3.11), the decay curve could not be well fit. The best fit parameters are given
in table 3.2. Columns 4 and 5 in table 3.2 show the decay rates of the 6Iy multiplets and of
the 6Py multiplets calculated from the decay curves excited by gamma radiation,
respectively. The values in column 3 agree well with those in column 4, suggesting that
the initial build-ups of the gamma-ray excited decay curves are due to the non-radiative
transfer from the 61y multiplets of Gd3+ to Ce13+.

The NA'*(0) and Np!*(0) can be calculated from the fitting curves. The N1*(0)
is the coefficient of the first term of eq. (3.11) and the Np'*(0) is calculated from the
coefficient of the second term of eq. (3.11). An interesting comparison is made by taking
the ratio of the Na1*(0) to the Np'*(0). These ratios are displayed against Ce concentration
in fig. 3.14. The Np'*(0) denotes the population of the excited 61y multiplets which
transfer energy to the Cel3+ and is used as a denominator in calculating the ratios,

assuming that the excitation probability of the Iy multiplets of the Gd3+ is essentially

Table 3.2 Decay rates for different GSO samples. Decay rates of the 6IJ states of the Gd3+ (column 3)
were calculated from the UV-excited decays by fitting eq. (3.10). Decay rates of the 6IJ (column 4) and 6PJ
(column 5) states were also obtained from the gamma-ray excited decays using eq. (3.11). All the decay

rates are given by their reciprocals (in ns).

Sample Nominal _ _ _
WDe VO whewiyT (wh+ W vBewBlwBR ™

concn (UV) (Gamma) (Gamma)

(mol%) (ns) (ns) (ns)
1 0.1 — 194 736
2 0.5 43 52 397
3 1.0 31 29 340
4 1.5 23 23 308
5 2.0 17 18 232
6 2.5 15 16 220
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Fig. 3.14 The ratio of Cel population to Gd population (61J state) at time t = 0 as a function of total

Ce concentration.

constant from sample to sample. This assumption is reasonable since the Gd concentration
is almost the same for each of the measured GSO samples. As can be seen in fig. 3.14, the
ratio of Na1*#(0) to NpI*(0) depends linearly on the total Ce concentration. This linear
dependence shows that the probability of prompt exciton capture or prompt electron-hole
recombination at Ce13+is constant. It also shows that the rates of prompt exciton capture
or prompt electron-hole recombination at Cel3+ increase linearly with the increase in the
Ce concentration in GSO.

The gamma-ray excited decay curve of each center was measured at 15 K (fig.
3.15). The decay of Cel3+ contains both the build-up and the long decay component,
similar to the data taken at room temperature. The decay of Ce23+, however, does not
show the build-up. The Ce2 decay seems to contain a fast decay component, probably due
to the prompt emission, and the long decay component, which is similar to the long decay

component of Cel decay. Thus, these results support our assumption that the 6Ij states do
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Fig. 3.15 The gamma-ray excited decay curves of Cel and Ce2 emissions at 15 K (from 2.5 mol%

GSO).
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Fig. 3.16 Scintillation processes in GSO.
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not feed the Ce2 center.

In analyzing these gamma-ray excited decay curves, the effect of the non-radiative
transfer from the vacancies or traps to Ce13+ (process <3>) were ignored. Nonetheless,
the gamma-ray excited decay curves have been successfully reproduced. These results
suggest that the non-radiative energy transfer from Gd3+ to Ce13+ and the prompt (Ce3+)*
creation by any of several mechanisms are the main processes in exciting Ce13+ at room
temperature where all the gamma-ray excited decay data were taken. The origins of the
two decay constants previously observed with gamma-ray excitation [2] can be attributed to
the non-radiative transfer from Gd3+ to Ce13+. Among the five probable processes for
exciting the Ce3+ (discussed in section 3.1), processes <2>, <4> and <5> seem important.
The overall scintillation mechanism for GSO can be summarized in fig. 3.16. The role of
Gd is to capture energy from ionizing radiation and to transfer it to Ce3+ ions. However,
the energy transfer from Gd3+ to Ce3+ causes slow scintillation decays, which is not
desirable for applications involving fast timing. The details of the prompt creation process

of the excited states, (Gd3+)* and (Ce31)*, have yet to be investigated.

3.5 Summary

We have shown that the gamma-ray excited decay curves of GSO have initial build-
ups as well as long decay components. We also have shown that the amount of build-up in
the gamma-ray excited decay curve decreases as the Ce concentration increases.

As a possible explanation for the build-ups and the long decay components of
gamma-ray excited decay curves, the non-radiative transfer from Gd3+ to Ce3+ was
investigated using a UV light source. The UV-excited decay curves of GSO showed that
the energy transfer from the excited 6Iy multiplets of Gd3+ to Ce3+ produces the initial
build-ups and that the energy transfer from the excited 6Py multiplets of Gd3* to Ce3*
creates the long decay components. This observation for the UV-excited decay curves

leads to the speculation that the initial build-ups of gamma-ray excited decay curves from
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GSO are also due to the energy transfer from Gd>3+ to Ce3+,

‘We successfully fit the gamma-ray excited decay curves using three terms, which
represent the Ce13+ prompt emission, the energy transfer from the excited 6Iy multilets to
Ce13+ and the energy uansfer from the excited 5Py multiplets to Ce13+. The decay rates of
the 61y multiplets obtained from the gamma-ray excited decay curves agree with those
obtained from the decay curve excited at 275 nm for various GSO samples, supporting our
assumption.

The population of initially excited Cel3*, No1*#(0), was compared with the
population of initially excited 61y multiplets of Gd3+, Np!*(0). This comparison showed
that the ratio, Na1*(0) / Np!*(0), linearly increases as the total Ce concentration increases.

The origin of the two decay constants observed with gamma-ray excitation in GSO

can be ascribed to non-radiative energy transfer from Gd3+ to Ce3+.
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Chapter 4

Energy migration through the Gd sublattice in Gd2(Si04)0:Ce

(Short summary)

This chapter was submitted to IEEE Trans. Nucl. Sci. (1994) as "Energy Transfer
Mechanism in Gdy(Si04)O:Ce scintillators."

The energy transfer from Gd to Ce discussed in chapter 3 is considered to be a
macroscopic transfer: the energy initially localized at a particular Gd3+ ion migrates through
the Gd3+ sublattice until one of the Gd3* ions transfers its energy to an energy sink, a Ce3+
jon. That is, the transfer from Gd to Ce is preceded by energy migration among the Gd3+
ions. Thus it is not a transfer from an initially excited Gd3+ ion to a Ce3+ ion. The
rationale for believing the migration process through Gd is the following: the Gd-Gd
distance in GSO is very close (~3.57 A), while the average Gd-Ce distance is very large,
since Ce concentration in these samples is very low compared with the Gd concentration.
As a result, the initially excited Gd3+ ion is unlikely to directly transfer its energy to a Ce3+
ion without the energy migrating through the Gd sublattice.

In general, the best way to investigate the decay kinetics of the excited donor ion, in
this case Gd, is to measure the emission decay of the donor ion. The actual donor emission
decay reveals the stages of the donor decay, the nature of donor-donor and donor-acceptor
interactions, and the migration mechanism among donor ions. However, because of the
weak Gd3+ emissién, the Gd3+ decay could not be measured directly. Therefore, we had
to extract the decay kinetics of Gd3+ through the emission decay of Ce3+.

To examine energy migration through the Gd sublattice, the Gd in GSO was diluted
by partial substitution with optically inactive rare earths, Y and Lu, and the decay kinetics
of Ce3+ emission was analyzed. The substitution of Y and Lu increases the average Gd-Gd

distance and reduces the strength of the resonant energy transfer between Gd3+ions. This
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dilution of the Gd3+ slows the migration of the energy and lengthens the time required to
reach the Ce3*, to which the energy of the excited Gd3+ is then transferred irreversibly.
The net result of the dilution is that the lifetime of the excited Gd3+ increases monotonically
as the Gd3* concentration decreases, and that the decay of Ce3+ emission is slowed.

We chose the excited 6]y state of Gd3+ to examine the energy migration systematics
through the Gd sublattice. The diluted GSO samples were excited at 275 nm (into the SIj
states) by a synchrotron light source and the decay of Ce3* emission was monitored at 420
nm. The decay curves of the Ce3* emission showed different amounts of build-up,
depending on the Gd concentrations. The diluted GSO samples with lower Gd
concentration have slower build-ups, which suggests slower migration through the Gd3+
sublattice. This observation agrees with our assumption that the dilution of Gd would slow
the migration of the excitation energy and would lengthen the macroscopic transfer rate of
the energy from Gd to Ce.

The gamma-ray excited decay curves were also measured with the diluted GSO
samples. As the Gd concentration decreases, the decay time constant of Ce3+ becomes

slower, which again agrees with our assumption.

© 1994 IEEE. This material is submitted to and will be published in IEEE Transactions on

Nuclear Science.
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4.1 Introduction

Gadolinium oxyorthosilicate Gda(Si04)O [1] has a high density (6.7 g/cm3) and a
high effective atomic number (59) for the efficient detection of x- and +y-radiation.
Therefore, if Gdy(Si04)O, which has an energy gap of ~6 €V, is used as a scintillator, it is
expected to be optically transparent and be an ideal environment to an efficient and fast light
emitting activator, the Ce3+ ion. However, the 4f-4f transitions of Gd3+ ions are of an
energy where energy localized in Gd3+ can be transferred to the Ce3+ activator [2]. This
energy transfer from Gd (donor or "D") to Ce (acceptor or "A") lengthens the light
emission time of the Ce3+, which produces limits for timing applications of Gda(SiO4)O:Ce
(GSO) [3]. Although the light emission mechanism of the Ce3* in GSO is well understood
[4], the overall scintillation processes of GSO are still not clear. Previously, the
dependence of scintillation properties on Ce concentration was investigated [5]. To
examine the role of the Gd in the scintillation processes, we diluted Gd with optically
inactive rare earth elements, Y and Lu, and analyzed the decay kinetics of Ce3+ emission
using UV- and gamma-ray excitations. The Gd3+ emission could not be measured because
of its weak intensity; this limits our understanding of the stages of the Gd3+ decay, the
nature of donor-donor and donor-acceptor interactions, and the migration mechanism
among Gd3+* ions. The dilution of the Gd is expected to increase the average Gd-Gd
distance and cause the migration of energy between Gd ions to be slowed. Hence, the
transfer from Gd to Ce also will be slowed. Our results confirm that the transfer from Gd
to Ce becomes slower, that is, the decay of the Gd3t becomes longer, as the Y (or Lu)
concentration increases.

When GSO absorbs the energy of the incident radiation, many electrons, holes and
excitons are created. Some electrons, holes and excitons migrate through the GSO crystal
to excite the Ce3* and recombine. We can thus separate the scintillation mechanism into
two parts: primary and secondary processes [6]. The primary processes are the transfer of

energy from the ionizing radiation to the luminescent centers (Ce3*); the secondary
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Fig. 4.1 Luminescence efficiency of Cel and Ce2 centers between 11 K and 300 K. The luminescence

intensity at each temperature is normalized to the intensity at 11 K.

processes are the processes by which excited Ce3+ ions lose their energy.

We studied the secondary processes independently by direct excitation of the Ce3+
using UV excitation [4]. We proposed that GSO has two different activation centers (Cel
and Ce2) because the host rare earth, Gd, occupies two different crystallographic sites in
GSO [7], which is based on our observation of two types of excitation and emission
spectra and two decay constants. We also investigated the temperature-dependence of the
two Ce centers. At room temperature most of the Ce2 emission is thermally quenched and
the Cel emission dominates (fig. 4.1). At temperatures < 300 K the gamma-ray excited
emission can be reconstructed by an appropriate combination of Cel and Ce2 emissions.

We also investigated the primary processes [2], [5]. The gamma-ray excited decay
curve of GSO at room temperature has build-up and slow decay components. Since
Ce13+, which dominates the emission at room temperature, has a single exponential decay
(22~25 ns), the observed slow decay with gamma-ray excitation is attributed to the slow
energy transfer from the ionizing radiation to the Ce3*, i.e., due to slow primary processes.

A possible explanation for these slow primary processes is the resonant energy transfer
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from Gd3+ to Ce3+. This may occur because the excited states of Gd3* ion overlap the
absorption bands of Ce3* (fig. 4.2). We measured the decay rates of the Iy multiplets of
Gd3+ as a function of Cel concentration and showed that the decay rates linearly depend on
Cel concentration, which agrees well with theoretical predictions for resonant transfer.
We also showed that the gamma-ray excited decay curves are composed of prompt Cel
emission and delayed Cel emission (transfer of energy through Gd).

GSO has a monoclinic structure of space group P2y/c [7]. Gd has two different
sites (Gd1 and Gd2) in GSO. We designate two Gd sites by Felsche's definition. Gd1

has the first three nearest neighbor Gd ions at Gd1 sites with an average distance of
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Fig. 4.2 Energy levels of Gd3*, Cel3+ and Ce23*. W}, indicates the effective transfer rate from the ®Iy
multiplets of Gd3* to Ce13+, WS} represents the rate from the SPy multiplets of Gd3* to Ce13*, and Wpx
indicates the rate from the 5Py multiplets of Gd3* to Ce23+.
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3.57 A [5]. Gd2 has, on the other hand, the first three nearest neighbor Gd ions at the Gd2
site with an average distance of 3.56 A. Since the Gd-Gd distances are very small, we
expect very fast energy migration through the donor, Gd3+ ion [8]. In considering the

energy transfer from Gd to Ce, we make no distinction between Gd1 and Gd2.

4.2 Model

We follow the theory of the energy transfer developed by Burshtein and co-workers
[9-11] and apply their theory to GSO. We assume that the energy transfer from Gd to Ce
in GSO is dominantly non-radiative (resonant) and that the back transfer from Ce to Gd can
be neglected [5].

When donor-donor (Gd-Gd) energy transfer exists in addition to donor-acceptor
(Gd-Ce) transfer, the donor decay becomes complex. After short-pulse excitation of the

donor system (Gd3+), the decay processes of the excited donor can be divided into three

stages [12]:

(1) Static ordered decay; (2) Static disordered decay; (3) Migration-limited decay.

In stage (1), the excited donors, which have nearby acceptors, decay with a high
transfer probability, and the donor decay becomes exponential. This is followed by stage
(2) in which the excited donors transfer their energy to the acceptors located farther from
them, and the donor decay becomes non-exponential. In both stages (1) and (2), the D-A
transfer probabilities are independent of donor density, ND. In stage (3), the D-A energy
transfer is preceded by the energy migration among Gd3+ ions. That is, the energy initially
localized at a particular Gd3+ ion migrates through the Gd3+ sublattice until one of the Gd3*
ions transfers its energy to an energy sink, a Ce3+ ion. In this stage the Gd** decay again
becomes exponential.

Since the Gd-Gd nearest neighbor distance is small, the Gd-Gd transfer rate must
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be very high; thus, the decay of the excited donors becomes exponential at an early time.
Here we assume that stage (3) dominates on our time scale. As the Gd concentration
decreases by partial substitution of the Y or Lu, the separation between the Gd increases,
and the strength of the resonant energy transfer between Gd3* ions is reduced. This
dilution of the Gd3* slows the migration of the excitation and lengthens the time required to
reach the Ce3+, to which the energy of the excited Gd3+ is then transferred irreversibly.
The net result of the dilution is that the lifetime of the excited Gd3* increases monotonically
as the Gd3+ concentration decreases.

For a particular pair of ions, let us define the D-D transfer rate as Wyq and the D-A

transfer rate as Wgq,. The notation for the transfer rates are [9]:

Wag = Caa f(R) and

Waa = Cda f(R),

where R is the distance between the interacting ions and f(R) are the functions whose forms
are determined by the nature of the D-D and D-A interactions. Cggq and Cqy, are the
microscopic parameters for the D-D and D-A interactions, respectively. In stage (3), the
macroscopic transfer rate from Gd3+ to Ce3+ can be described by an effective transfer rate
(Wegp). If the ion densities of the donors and the acceptors are defined as Np and N, the
effective transfer rate Wegr at stage (3) can be a function of four parameters [9]: Cad, Cda,
Np, and Na. Weg linearly depends on N regardless of the type of interaction (multipolar
or exchange) between the donors, and between the donor and the acceptor. If both D-D
and D-A interactions are dipole-dipole in nature, W also linearly increases with the donor
density Np; that is, Wegr depends linearly on the product NaXNp. The exact form of Wegy,
however, varies depending on whether the migration is hopping-limited or diffusion-

limited [11].
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We choose the excited 61y multiplets of Gd3* in analyzing the energy transfer
mechanism from Gd to Ce. The different multiplets of ®Iy states are treated together since
we are not concerned with the detailed optical properties. The transfer rate from 6Pj
multiplets of Gd3+ to Ce13+ in GSO is low [2] and is difficult to analyze on the relatively
short time scale (< 170 ns) of our UV excitation experiments. Transfer from the higher
excited states of Gd3* (e.g., 5Dy and 6Gjy) was not considered in the present analysis.
When we analyze the energy transfer from the Iy multiplets of Gd3+ to Ce3+, we ignore the
transfer from Gd3+ to Ce23+ since the spectral overlap between Gd3+ emission band and
Ce23+ absorption band is very small (fig. 4.2). The rate equations for Gd3+ and Cel3+,

after initial sharp excitation, are given by [13]:

dNp G L e
——cr =-—WDND —WDAND and (41)
dN’;

th =— W, N} + WHLNE (4.2)

where NJ and N, are the number of excited 6I; multiplets and of excited acceptors
(Ce13+), respectively. Wi, is the effective transfer rate from the 6Iy multiplets of Gd3+ to
Cel13+, W) is the decay rate of the lowest 6I; multiplets including transitions to both
ground 837, state and the excited 6Py multiplets in an isolated Gd3+ ion, and W is the

decay rate of the excited 5d level of Ce13+. The solution for Nj; then becomes:

n
Wpa

N%(t) = NR(©
A0 =0 Wl Wy

x {exp[ — (Wh + Wh) t] —exp[ - W, 1]} (4.3)
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where Ng(O) is the number of excited donors (6Iy multiplets) created at t=0. Eq. (4.3)
describes the Cel3+ decay in the case where no Cel3+* ions are created at t=0. In the
current study of diluted GSO, we measured the decay of Cel3+ emission (N*A) and
examined the decay rate of the excited 61y multiplets of Gd3* (Wh + WL, ) as a function of

Na and Np using UV- and gamma-ray excitations.

4.3 Experiment

The crystals used in this experiment were grown by the Czochralski technique
using raw materials (Gd;03, Y203, LuyO3, and CeOy), which have purities of at least
99.99%. GSO crystals were used as seeds. The starting melt material had chemical
compositions (Gdj.x-yCexYy)2(8i04)O or (Gdi.xyCexLuy)2(Si04)0. The structure of all
the crystals was analyzed with the x-ray diffraction method. The exact chemical
composition of all the crystals was analyzed by X-ray Assay Laboratory using inductively-
coupled plasma mass spectrometry.

The structure of the crystals changes from P2;/c to C2/c by partially substituting the
smaller rare earths, Y3+ (0.910 A) and Lu3+ (0.848 A), into the Gd3+ (0.938 A) site. The
change of the lattice structure produces an entirely different crystal field and space group,
and changes the energy splitting of the 4f-5d transitions of Ce3+. In this study we,
therefore, focused only on 10 diluted GSO samples, which have the monoclinic structure
P21/c with relatively low Y (or Lu) concentration (y < 0.28) (table 4.1). The ratio of the
Gd, Y, and Lu in the crystals were approximately (within 12%) the same as that in the
melt. The distribution coefficient of Ce varied from ~0.55 to ~0.81. The data obtained
from undiluted GSO samples, (Gd;.xCex)2(Si04)O [5], were also used in this study.

The measurements of emission and excitation spectra were made with a SPEX
Fluorolog-2 spectrofluorometer. The sample was cooled to 11 K using a CTI-

CRYOGENICS refrigeration system (Model 21). The optical configuration of the
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spectrofluorometer with the refrigeration system has been described previously [4]. The
UV excited decay curves of the diluted GSO crystals were measured using the U9B beam
line of National Synchrotron Light Source at Brookhaven National Laboratory. The
duration of the excitation pulse was ~1.0 ns. The details of the experimental set up are
described elsewhere [5]. The gamma-ray excited decay curves were measured with a
137Cs source. Both UV- and gamma-ray excited decay curves were obtained with the time-
correlated single photon technique [14], and the data were analyzed with a least squares
fitting routine. When diluted GSO crystals are excited by gamma rays, both Cel and Ce2
emit photons at room temperature. To measure selectively the decay curve of Cel, which
has an emission peak at 425 nm, a bandpass filter (CORION S$40-400) was placed between
the crystal and the stop photomultiplier. This filter is transparent at ~400 nm and eliminates

Ce2 emission, which has an emission peak at 480 nm.

Table 4.1 Chemical compositions of the rare earths in diluted GSO and decay rates of the excited Gd3*
states (®Iy and Py) calculated from the decay curves by fitting the egs. (4.4) and (4.5). The fifth column
indicates the decay rate (W5 + Wiy, ) of the excited 61y multiplets obtained from the UV-excited decay curve.
The sixth and seventh columns show the decay rates of the excited 51y and 5Py multiplets calculated from the

gamma-ray excited decay curves. All the decay rates are given by their reciprocals (in ns).

Chemical composition 61y 61y 6Pj

no. [Gd; xyCex(Y or Lu)y]>SiOs (ns) (ns) (ns)
1-x-y X y (UV) ) o)

1 0.96 0.0015 0.044(Y) 51 57 440
2 0.94 0.0038 0.056(Y) 33 34 395
3 0.94 0.0061 0.055(Y) 21 23 300
4 0.78 0.0016 0.22(Y) 60 74 538
5 0.72 0.0032 0.28(Y) 45 53 527
6 0.72 0.0054 0.28(Y) 30 37 370
7 0.95 0.0014 0.049(Lu) 60 61 485
8 0.84 0.0017 0.16(Lu) 59 67 567
9 0.76 0.0015 0.24(Lu) 73 85 634
10 0.75 0.0034 0.25(Lu) 438 61 491
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Fig. 4.3 UV-excited decay curves of (Gdg.99Ceq.0018)2(Si04)0 and (Gdp.76Ce0.0015L10.24)2(Si04)O (Lu-
substituted GSO, crystal no. 9). The data are fit with a single exponential (~24 ns) or eq. (4.4) (solid line).

4.4 Results and discussion

First, the emission and excitation spectra of 10 diluted GSO crystals were
investigated using UV-excitation at room temperature. Although the emission and
excitation bands of Ce2 were not well resolved because of thermal quenching, the bands of
Cel were observed at almost the same wavelengths as observed for undiluted GSO
(containing neither Y nor Lu). That is, the excitation bands of Cel were at 250, 284, and
345 nm (fig. 4.2). The emission band of Cel was at 425 nm [4].

The decay curves of the 10 diluted GSO samples were measured with excitation
wavelengths of 275 nm (into 61y multiplets) and 284 nm (directly into Ce13+ band) and an
emission wavelength of 420 nm. All the decay curves excited at 284 nm could be fit with a
single exponential (~24 ns) (fig. 4.3). Thatis, W;' = 24ns . On the other hand, the decay
curves excited at 275 nm show different amounts of build-up. Fig. 4.3 shows the decay
curves of two GSO samples (excited at 275 nm) which have approximately the same Ce

concentration but have different Gd concentrations. As we expected, Lu-substituted GSO
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has a slower build-up, which suggests slower migration through the Gd3+ sublattice.

Since at 275 nm both Gd3+ and Ce13+ are excited, the decay curves excited at 275 nm were

fit with the following equation:

NA® = NA©0) exp (- 57)

11
+ NE‘(O) 1 W?A 11
‘2—4 - (WD + WDA)

x {exp[ — (WL + WL, t] — exp[ — -2%]} , 4.4)

where the first term represents the direct emission from the Cel center (prompt Ce

emission), and the second term represents the energy transfer from Gd to Ce (delayed Ce

emission). NZ(O) is the number of excited acceptors at t=0.
The decay rates (Wh + Wi, ) of the 6I; multiplets of Gd3+ for 10 samples are
displayed with the data previously taken for undiluted GSO (y = 0) as a function of Ce

concentration (fig. 4.4). Although the concentration of trivalent Ce was not measured, we
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Fig. 4.4 The decay rates of the SI; multiplets obtained from UV-excited decay curves. The measured

samples are undiluted GSO (y = 0 and x varies from 0.0018 to 0.0098) and diluted GSO (crystal no. 1 ~
10).
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assume that the Ce13+ concentration is proportional to the total Ce concentration obtained
from chemical analysis. The decay rates (W}I) +WII)1A) are fit with a straight line for a
group of samples which have approximately the same Gd concentration. The decay rates
of the diluted GSO samples which have the same Gd concentration linearly increase as the
Ce concentration increases, in agreement with the functional dependence of the effective
transfer rates Wi, . All the straight lines intercept the vertical axis at about 1x107 sec-1.
This indicates that W), which is independent of Ce concentration, is about 1x107 sec-1.
Since the lowest state of the 61y multiplets, i.e., 5I7p, usually has a decay rate of the order
of 103 ~ 104 sec-1 [15], the large value of W}, obtained from the fitting may represent the
energy transfer rate from Gd to impurity centers or to quenching centers, whose
contribution is not taken into account in deriving eq. (4.4). The existence of quenching
centers such as Gd3+ traps (or perturbed Gd3+ ions) in Gd compounds has been previously
reported [16], [17]. In fact, when a lightly Ce-doped GSO crystal was cooled to 11 K, we
observed very strong emission at 318 nm (fig. 4.5). This wavelength is slightly longer
than the peak wavelength of unperturbed Gd3+ ions (excited 5Py, level) and can be
attributed to the perturbed Gd3+ ions or Gd3+ traps. The emission at 318 nm disappeared

when the temperature was raised above 60 K.

T T T
- Ex. =275 nm
a temp=11K
= . mp
=
0
)
2 | €<—— Gdtrap 7
g7
8
g 7]
< Cel + Ce2
R
2L \L |
=)
@
[ \ N

300 350 400 450 500
Wavelength (nm)

Fig. 4.5 Emission spectrum of {(Gdg.99Ce0.00035)2(5104)0O.
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For the same Ce concentration, the decay rates (WII) + WII)IA) decrease as the Gd
concentration decreases (fig. 4.4). This dependence of the decay rates on the Gd
concentration, as previously stated, suggests that the donor decay is in stage (3), since the
transfer rates from Gd to Ce in stages (1) and (2) are independent of the Gd
concentration. This dependence also suggests that the dilution of Gd causes the longer
migration time through the Gd and results in the slower energy transfer to Ce. Although
we do not know the nature of the Gd-Gd and the Gd-Ce interactions in GSO, we attempted
to correlate the decay rates with Gd concentration by plotting the decay rates vs. the product
of Ce concentration and Gd concentration, [Ce]x[Gd] (fig. 4.6). The decay rates depend
linearly on the [Ce]x[Gd] product, suggesting that both Gd-Gd and Gd-Ce interactions for

the excited ®Iy multiplets are dipole-dipole in nature.

GSO
Y-GSO (y ~0.05) ]
Y-GSO (y ~0.25)
Lu-GSO (y ~ 0.05)
Lu-GSO (y ~ 0.15)
Lu-GSO (y ~ 0.25)

WitWp,a (107 sec'l)
[¥3)
|

|
o0

| ] ! !
0 0 0.002 0.004 0.006 0.008 0.01

[Ce][Gd] (x(1-x-y))

Fig. 4.6 The same decay rates as in fig. 4.4, but displayed as a function of [Ce]x[Gd].
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Fig. 4.7 Gamma-ray excited decay curves of crystals (no. 7 ~ 9) and undiluted GSO, which has a
chemical composition of (Gdg 99Ce.0018)2(5i04)0. The Cel decay from crystal (no. 9) is also shown.

The gamma-ray excited decay curves were also measured for the 10 diluted GSO
samples. The Ce2 emission, which is weak but has a fast decay constant (~5 ns) [2], is
eliminated with the bandpass filter. Fig. 4.7 shows the decay curves of three Lu-
substituted GSO samples and of an undiluted GSO sample. The decay curve of the Cel
emission (~24 ns) is also displayed. These four samples have approximately the same Ce
concentration, i.e., x slightly varies from 0.0014 to 0.0018. As Gd concentration
decreases with the partial substitution of Lu, the decay of Cel3+ becomes slower, which
again agrees with our assumption. We fit the gamma-ray excited decay curves [5] with the

following equation:

NA® = NA©O) exp (- 5)
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x {expl — (W] + WEia) t] - expl - 571)

p Wha
+ ND (O)
27— (Wh + WEL + Wh))
x {expl — (W + Wh + WER) 1] - expl - 571) (4.5)

which is based on the assumption that after gamma rays are absorbed in the crystal, excited
Ce3+ ions, (Ce3+)*, and excited Gd3+ ions, (Gd3+)*, are immediately created. We assume
that the build-up of the gamma-ray excited decay is due to the energy transfer from 61y
multiplets of Gd3+ to Cel13+, and that the slow decay is due to the transfer from 6Pj
multiplets of Gd3+ to Ce13+ and Ce23+, whose decay equation is not shown. We thus
ignore the energy transfer from other excited states of Gd3+ to Ce3+ in this simple model of
the scintillation processes. Thus, the first term in eq. (4.5) indicates the prompt emission
from Cel, the second term represents the Cel emission through the 6Iy multiplets of Gd3+,
and the third term represents the Cel emission through the 6Py multiplets. NZ(O), Ng 0),
and N}))*(O) are the populations of excited Cel, of the excited 6Iy multiplets, and of the
excited 6Py multiplets, at t=0. The last two terms indicate the delayed Cel emission. The
fitting curve for the decay of crystal (no. 8) is shown (fig. 4.8). The decay rates of the 6y
multiplets (W) + Wi, ) and those of the Py multiplets (Wf + WEL + WEZ ) calculated
from the gamma-ray excited decay curves are shown (table 4.1). The decay rates of the Iy
multiplets agree well with the decay rates obtained with UV excitation for lightly diluted
GSO (y £0.16) (table 4.1). However, the differences in the decay rates between UV- and
gamma-ray excitation become larger for more heavily diluted crystals (y ~ 0.25). The
reasons for this difference are not clear.

The decay rates of the 6Iy multiplets calculated from the UV-excited decay curves
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Fig. 4.8 The gamma-ray excited decay curve of crystal (no. 8). The data are fit with eq. (4.5) and
decomposed into three curves.

depend linearly on the [Ce]x[Gd] product (fig. 4.6), which agrees with our assumption
that the Y3+ and Lu3+ ions are optically inactive in this UV region and simply increases the
average Gd-Gd distances. However, the decay rates of the Iy multiplets obtained from the
gamma-ray excited decay curves of the heavily diluted GSO are much longer than the decay
rates from UV-excited decay curves. Since for undiluted GSO the decay rates between
UV- and gamma-ray excitation agree [5], the longer decay rates obtained with gamma-ray
excitation for diluted GSO must be related to the substitution of Y and Lu. Lempicki et al.
[18] reported the presence of the slow energy transfer to the Ce3* in the gamma-ray excited
decay curve of YPO4:Ce. Although they didn't observe slow decay components for
LuPOQy:Ce, the substitution of Y and Lu into GSO may introduce other channels which
slowly transfer energy to either Gd3+ or Ce3+ when diluted GSO is exposed to ionizing

radiation.

4.5 Summary

The decay rate of the 6y multiplets of Gd3+ was investigated for Y- or Lu-
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substituted GSO using UV- and gamma-ray excitations. The decay rates obtained with two
different excitation methods for lightly diluted GSO samples agree and suggest that the
migration through the Gd slows down with the substitution of Y or Lu and leads to a delay
in the overall transfer rate from Gd to Ce. The decay rates obtained from UV excitation
have a linear dependence on the product [Ce]x[Gd], which suggests that both Gd-Gd and
Gd-Ce interactions for the excited 61y multiplets have dipole-dipole character. The decay
rates obtained with UV excitation have a term independent of the Ce concentration, which
suggests the existence of impurity centers or quenching centers. We, in fact, observe
strong emission which is different than regular Gd3+ emission and attribute it to a Gd trap.
A large difference in the decay rates between UV- and gamma-ray excitation was observed
for heavily diluted GSO, which suggests that the substitution of Y and Lu introduces other

channels of energy transfer when the diluted GSO is excited by gamma-ray radiation.
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Chapter 5

Conclusions and important/promising directions for future work

5.1 Conclusion

The important results of this work are reviewed with their impact on the three
processes (conversion, transfer and luminescence, see section 1.2.2) which affect the
overall scintillation efficiency of these rare earth oxyorthosilicate scintillator crystals.

In chapter 2, the evidence for the existence of two activation centers (Cel and Ce2)
in GSO was presented. The intrinsic (at 77 K) lifetimes of Cel and Ce2 are 27 ns and 43
ns, respectively. However, when temperature increases above 200 K, the lifetimes of Ce2
becomes shorter due to enhanced non-radiative transitions. Thus, at room temperature the
lifetime of Ce2 becomes ~5 ns and its fluorescence intensity becomes weak. On the other
hand, for the Cel center the radiative process is still dominant at room temperature and a
lifetime of 22 ns is observed. The emission of GSO following gamma-ray excitation at
room temperature is, therefore, dominated by the emission from the Cel center. For LSO
[1] and YSO, two types of excitation spectra and decay time constants were also shown,
which also suggests the existence of two Ce centers in these compounds.

In chapter 3, the origin of two decay time constants in the gamma-ray excited
scintillation decay of GSO is discussed. When GSO is excited by gamma rays, the Cel
and Ce?2 centers are either directly excited by the recombination of electrons and holes
(causing prompt emission), or indirectly excited by the energy transfer from the Gd3* ions
(causing delayed emission). The recombination process of electrons and holes at a Ce3+
site is rather fast (< 1 ns), but the energy transfer from Gd to Ce is slow and lengthens the
time over which emission decay of Ce3+ occurs. Thus, the initial build-up and the slow
component in the gamma-ray excited decay were attributed to the energy transfer from the

6]y and 6Py states of Gd3+ to Ce3+, respectively. The overall scintillation processes in GSO
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are shown in fig. 3.16.

In chapter 4, the energy migration through the Gd sublattice is discussed. The
energy of excited Gd3+ migrates through the Gd sublattice before one of the Gd3+ ions
transfers its energy to a nearby Ce3+ ion. The dilution of the Gd by Y or Lu increases the
average Gd-Gd distance and lengthens the migration time through the Gd sublattice. In
addition, the macroscopic energy transfer rate from Gd3+ to Ce3+ depends on the product
of Ce and Gd concentrations.

These results show how the two Ce centers emit photons and how energy is
transferred from Gd to these two Ce centers. However, what is still not well understood is
how the energy of electron-hole pairs or excitons is transferred to the Gd and to the two Ce
centers. That is, the transfer process, which determines the transfer efficiency B (see
section 1.2.2), is not known for GSO or for YSO or LSO. We now discuss this problem,
by comparing the scintillation processes between GSO, YSO and LSO.

As discussed in section 1.2.2, the scintillation efficiency M (light output) is
expressed by

M =BSQ G.h
where B, S and Q are conversion efficiency, transfer efficiency and quantum efficiency,
respectively. The method for determining these three partial efficiencies for LSO, GSO and
YSO can now be described. First estimate the quantum efficiency Q. Then we calculate
the total scintillation efficiency 1 (N = BSQ = 2.3 E4Lx10-6), knowing the band gap E; (~
6 eV) and the light output L (light yield in photons / MeV) from the literature [2,3]. Then
we find B, as described in section 1.2.2, and calculate the transfer efficiency S. Note that
the transfer efficiency S is a derived quantity and that currently there is no theory that can
be used to calculate S.

Recently, we have further investigated the decay time of each center in the three
scintillator crystals as a function of temperature (11 K to 300 K) using the National

Synchrotron Light Source at Brookhaven National Laboratory (see section 3.2). The
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Table 5.1 Lifetimes of Cel and Ce2 centers at 11 K and 300 K

11K 300 K
GSO 27 ns (Cel), 43 ns (Ce2) 22 ns (Cel), 5 ns (Ce2)
LSO 32 ns (Cel), 47 ns (Ce2) 32 ns (Cel), 47 ns (Ce2)
YSO 32 ns (Cel), 47 ns (Ce2) 32 ns (Cel), 47 ns (Ce2)

results are summarized in table 5.1.

The quantum efficiency Q of the two Ce centers at 300 K, which is described as
(lifetime at 300 K) / (lifetime at 11 K), can be easily calculated using table 5.1, assuming
the quantum efficiency of each center at 11 K is unity. The results are shown in table 5.2.
The lifetimes of the Cel and Ce2 centers in LSO and YSO at room temperature are nearly
the same as those at 11 K, indicating the quantum efficiencies of the two Ce centers in LSO
and YSO at room temperature are close to unity. The scintillation efficiencies 1 estimated
with the values from the literature [2,3] are also in table 5.2.

The evaluation of B for LSO is as follows: the longitudinal optical (LO) phonon
energy hoyo=0.130eV was taken from the literature [2,4] and the static dielectric
constant €, was measured in our laboratory as ~7.85. With the values of E; (~6 eV) and

£, (= n2=3.31) previously known, the loss parameter K was determined to be ~2.22.

Table 5.2 Parameters characterizing the scintillation process at room temperature

B S Q n
GSO low low Cel ~09 0.13
(~0.35) (~0.64) Ce2 ~0.1
LSO low high Cel~10 0.38
(~0.35) (~1.0) Ce2~1.0
YSO low low Cel ~1.0 0.13

(~0.35) (~0.37) Ce2 ~1.0
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Using fig. 1 (the conversion efficiency B vs. the energy loss ratio K) of Lempicki's paper
[2], a conversion efficiency of ~0.35 is obtained. Substituting this value of B, and M
(~0.38) and Q (~1) into eq. (1.3), we obtain a transfer efficiency S of ~ 1.0 for LSO. The
superior scintillation efficiency of LSO, therefore, can be ascribed to its high transfer
efficiency.

Next we estimate the B for GSO. Although GSO has a different crystal structure
than LSO, GSO also has (SiO4)*- tetrahedra and the weight of Gd is close to that of Lu.
We thus expect that GSO has similar values of hay o and € to those of LSO and the same
~0.35 is used for B in GSO. To evaluate the overall quantum efficiency Q of GSO at room
temperature, we have to know the ratio of Cel and Ce2 emissions in the gamma-ray excited
emission spectrum. As shown in fig. 5.1, the gamma-ray excited emission curve of 0.5
mol% GSO can be decomposed into Cel and Ce2 emission spectra. It was estimated from
fig. 5.1, by integrating the area under each emission curve, that 60% of the emitted photons
originate from Cel and the remaining 40% originate from Ce2. By substituting these
values into eq. (1.3), we obtain:

035xSx(0.6x09+04x0.1)=0.13

S ~ 0.64 for GSO.

For YSO, we again use the same value of the conversion efficiency as that of LSO.
The reason for using same value is because Y has about half the weight of Lu and thus the
LO phonon frequency of YSO can be a little higher than that of LSO. However, a small
difference in LO phonon frequency does not significantly affect the conversion efficiency
B. The expected small difference of dielectric constant e, between LSO and YSO also has
a negligible effect on the conversion efficiency. Substituting 0.35 for f in eq. (1.3) yields

a transfer efficiency of ~0.37 for YSO.
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Fig. 5.1 The gamma-ray excited emission with Cel and Ce2 emissions at 11 K.

Let us now compare the above results for the transfer efficiency S with the
experimental data. Fig. 5.2 (a)~(c) show the gamma-ray excited decay curves of the Cel
center from LSO, GSO and YSO. The Cel emission was chosen since its emission is
more intense than the Ce2 emission at room temperature. The Cel emission was separated
from Ce2 emission by using a S40-400 bandpass filter. This filter is transparent at ~ 400
nm (near the Cel emission peak) and eliminates Ce?2 emission.

The Cel decay in LSO (fig. 5.2 (a)) is a single exponential (~34 ns), indicating fast
energy transfer from electron-hole pairs or excitons to the Cel center. Although the fast
transfer rate does not necessarily guarantee high transfer efficiency, as is observed for
some poor quality LSO samples [5], for which the fast and direct excitation process is
highly inefficient due to the possible high concentration of non-radiative recombination
centers, the fast transfer rate reduces the probability that the energy of the electron-hole pair
gets lost before it reaches the activation center. Thus the observation of a fast transfer rate

for Cel in LSO is consistent with our calculation of a transfer efficiency of ~1.0 for LSO.
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The Cel in GSO (fig. 5.2 (b)), as discussed in chapter 3 (see fig. 3.16), is excited
either directly by prompt recombination of electrons and holes, or indirectly by energy
transfer from Gd. We consider that the transfer efficiency from an electron-hole pair to Ce
is highly efficient since the ratio of the populations of initially excited Ce3+ to that of Gd3+
(61y state), N}:(O) / NI];(O), is very high (see fig. 3.14), suggesting a much more efficient
energy transfer to Ce3+ centers than to Gd3* centers. In addition, when energy is initially
absorbed by Gd, there is high probability that one of the Gd ions transfers its energy to
quenching centers such as Gd traps during the migration process through the Gd sublattice.
This migration through the Gd sublattice is slow compared with the time scale for prompt
recombination of electrons and holes (< 1 ns), which increases the probability of energy
being lost during the migration. In fact, the trap emission was observed at low
temperatures (< 60 K) in GSO (fig. 4.5). This trap emission is thermalized above 60 K
and its energy is lost to the lattice. We thus attribute the low transfer efficiency of GSO to
the energy transfer from unperturbed Gd to perturbed Gd (Gd traps) during the migration
process.

The Cel decay in YSO (fig. 5.2 (c)) shows a build-up, although there do not exist
any obvious slow excitation centers in YSO such as the Gd in GSO. This build-up in YSO
indicates a slow energy transfer from electron-hole pairs or excitons to the Cel center. The
presence of slow energy transfer is also observed in cerium-doped yttrium orthophosphates
YPO4:Ce crystal [6]. Since such a slow transfer has been observed neither in LSO nor in
LuPQ4:Ce, these slow transfers in Y compounds might be due to the presence of Y in those
materials. We ascribe the low transfer efficiency of YSO to the slow transfer rate, which
increases the probability that the energy is trapped or dissipated in the lattice without

reaching the activation center.



5.2 Future work

In the previous section the conversion efficiencies B for three compounds were
estimated as ~0.35. If this estimation of P is correct, the maximum possible scintillation
efficiency becomes at most 0.35 when S = Q = 1. Thus this value of J is a significant
limitation on the possibility of improving the properties of these three crystal scintillators.
For instance, the scintillation efficiency of LSO calculated from the light output is already
~0.38, which indicates that the current maximum value of light output for LSO is already
close to its theoretical limit; thus, higher light output from LSO is unlikely.

As Visser et al. [5] reported, the light output of LSO samples varies within this
theoretical limit (n < 0.38) from variations in crystal growth conditions such as
atmosphere, annealing temperature, etc. This variation of light output reflects the difficulty
of controlling the transfer processes in LSO. Visser et al. [5] reported that the Ce centers in
these poor LSO samples still have a high quantum efficiency of ~1. Thus the low light
outputs of these LSO samples are due to low transfer efficiency induced by the crystal
growth conditions.

For GSO and YSO, the derived transfer efficiencies are still below unity and,
theoretically, they can be improved. However, the poor understanding of the transfer
processes makes it difficult to propose ways to improve the transfer efficiencies.

Future study of the cerium-doped rare earth oxyorthosilicates should, thus, be
directed toward clarifying the energy transfer mechanism from the electron-hole pairs or
excitons to the activation center, and toward improving the crystal quality. Once the
material is chosen, the conversion efficiency is determined by the four material constants
(hoy o, Eg, €., &) and it is unlikely that they are influenced by the crystal quality. Also,
once energy gets to the Ce centers, most of the excitation energy is emitted as photons
unless there are strong nonradiative processes or quenching centers near the Ce. On the
other hand, the transfer efficiency is very sensitive to crystal conditions, such as the

impurity concentration, the lattice defects, the activator concentration, etc., and their effects
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are still unknown. As Lempicki et al. [2] stated in general for scintillators, and is also true
for cerium-doped rare earth oxyorthosilicates, improvements in scintillator performance

will result from a unifying theory that can describe the transfer efficiency.
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