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Abstract

Comparison of thermoluminescence (TL) and scintillation light outputs with continuous gamma-ray excitation
reveals that the concentration of deep hole traps in ceramic Lu,Os:Eu, tentatively attributed to anion Frenkel defects, is
enhanced by reversible radiation damage. Shallow electron and hole traps are tentatively attributed to surface states at
grain boundaries. Electrons in shallow traps serve as non-radiative recombination centers. A model for anomalously
persistent afterglow following pulsed X-ray excitation is based on a continuous distribution of hole traps inferred from
TL following extended gamma-ray irradiation at —135°C.
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1. Introduction

A method based on comparison of thermolumi-
nescence (TL) and scintillation light outputs as
functions of radiation time has been devised to
investigate traps that limit efficiency of scintillator
response by competing with prompt recombina-
tion at activators [1-3]. This method is presently
applied to transparent ceramic europium-activated
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lutetium sesquioxide (Lu,O3:Eu) [4]. An estimated
value of the 4f binding energy of Eu®" in Lu,O;
with respect to the binding energy of the valence
band maximum is ~ 2.0eV. Consequently, Eu*" is
unstable in Lu,O3 and electrons are captured first
by activators to form Eu”?". Holes subsequently
either recombine to form excited activators,
Eu® " *, or are diverted to hole traps.

2. Experiment

An electron Van de Graaff accelerator with the
electron beam stopped by a thin copper target is
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employed as a gamma-ray source and a common
apparatus and detection scheme is utilized for both
TL and scintillation measurements [1]. This
method, recently extended to accommodate irra-
diation at cryogenic temperatures, exploits a
common activator with identical emission spectra
for both measurements. Light output and sample
temperature are plotted as functions of time in
Fig. 1 for a 16 min irradiation at low temperature.
Similar data were recorded at both low tempera-
ture and room temperature for radiation times
ranging from 15s to 16 min.

3. Rate equations

Room-temperature irradiation reveals that the
concentration of deep hole traps is enhanced by
self-limiting, reversible radiation damage, and that
the traps ultimately saturate. Low-temperature
irradiation reveals that shallow hole traps exhibit
neither radiation enhancement nor saturation, but
that radiation induces non-radiative recombina-
tion centers attributed to electrons in shallow
electron traps. The data recorded at low tempera-
ture can be modeled by rate equations with
approximate solutions:
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Fig. 1. Light output (continuous line) and sample temperature
(dotted line) as functions of time for a Lu,Os:Eu ceramic
scintillator irradiated at low temperature. Simulation (dashed
line) is based on Egs. (1) and (3) and on Table 1.
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where G(s) is integrated TL from shallow traps, S
is integrated scintillation, 7 is the initial concen-
tration of electrons captured by activators (Eu®*
ions), n, is the concentration of excited activators
(Eu*"*), n® is the concentration of electrons in
shallow electron traps, n® is the concentration of
holes in shallow hole traps, N® is the concentra-
tion of shallow electron traps, N®M is the
concentration of shallow hole traps. Parameters
include: /7, the effective rate of electron-hole
pair production at low temperature, the radiative
recombination rate A, of valence-band holes
with Eu®" ions; the trapping rates 4®® and 4®M
at shallow electron traps and shallow hole
traps, respectively; the non-radiative recombina-
tion rate Angr of valence-band holes with electrons
in shallow electron traps; and the radiative
lifetime 7,. The concentration of holes in deep
traps is found to be insensitive to radiation
temperature. Optimized parameters are listed in
Table 1.

Table 1
Optimized parameters

Parameter Value
p! 0.57

o 0.0165
7, (s) 0.00116
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Fig. 2. AG following pulsed X-ray excitation at room
temperature. The simulation is based on Eq. (5) and Tables 1
and 2.

4. TL and afterglow (AG)

A trap-depth distribution described by four
overlapping Gaussian distributions,

4 2
ETRAP; — E
G; x E By exp {—(2—;]‘) (5
k=1 Ok

was employed to simulate the TL glow curve
produced by an 8 min irradiation at low tempera-
ture. The same distribution was adapted to
simulate AG, Fig. 2, by adjusting the relative
contributions of deep and shallow traps as
indicated in Table 2. An additional parameter
employed in AG simulations is the branching ratio
o between hole-trapping and prompt radiative
recombination, listed in Table 1.

A probable explanation for the pronounced
reduction in light output and the relative promi-
nence of competing processes at low temperature is
a thermal barrier to radiative recombination with
estimated activation energy AE =~ 0.1eV,

A,- = Ar() exp(—AE/kB T) (6)

Table 2
Optimized parameters for low-temperature TL and room-
temperature AG simulations

Parameter k=1 k=2 k=3 k=4
(shallow) (shallow)  (deep) (deep)
By (TL) 1.00 0.1701 0.1178  0.03876
B¢ (AG) 0.1215 0.02067 0.1178  0.03876
Ex (eV) 0.5512 0.7005 0.8973  1.0548

ox (eV) 0.03744 0.02484 0.03774  0.06172

5. Discussion

Radiation-enhanced deep hole traps may be
associated with anion Frenkel defects, since their
Gibbs free energy of formation should be rela-
tively small in the cubic Bixbyite structure of
Lu,O5 with its abundance of commodious inter-
stitial anion sites [5]. Both holes and electrons are
lost to shallow traps at low temperature, with the
shallow electron traps also serving as non-radia-
tive recombination centers. Shallow traps may be
associated with surface states at grain boundaries.
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