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ABSTRACT: Mg-codoped Lu;Al;O,,:Ce single crystal scintillators were
prepared by a micropulling down method in a wide concentration range from
0 to 3000 ppm of Mg codopant. Their structure and chemical composition
were checked by X-ray diffraction and electron probe microanalysis
techniques. Absorption and luminescence spectra, photoluminescence
decays, and thermoluminescence glow curves were measured together with
several other scintillation characteristics, namely, the scintillation decay, light
yield, afterglow, and radiation damage to reveal the effect of Mg codoping.
Several material characteristics manifest a beneficial effect of Mg codopant.
We propose a model explaining the mechanism of material improvement
which is based on the stabilization of a part of the cerium dopant in the
tetravalent charge state. The stable Ce*" center provides an additional fast
radiative recombination pathway in the scintillation mechanism and
efficiently competes with electron traps in garnet scintillators.
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1. INTRODUCTION

Cerium-doped aluminum garnet single crystals of the chemical
formula Ln;AlOy;, Ln = Y, Lu (LnAG) are well-known
scintillators where the former was widely applied a time ago in
the cathodoluminescent detectors in electron microscopy," and
the latter has undergone an intense research and development
in the past decade, see the review in ref 2, the result of which is
material with a density of 6.67 g/cm’ light yield exceeding
25000 phot/MeV, energy resolution at 662 keV approaching
5%, and scintillation response dominated by 50 ns decay
time.”~* Yet, the light yield of LuAG:Ce single crystals is well
below the theoretical limit of about 60 000 phot/MeV,” and the
reason for that are shallow electron traps associated with the
Lu, antisite defects in the melt-grown crystals.® Recent
discovery of so-called multicomponent garnets, prepared by
the balanced admixture of Gd and Ga cations into the LuAG
(YAG) structure, established a new material group with a
strongly enhanced light yield up to more than 50 000 phot/
MeV.>”® Such high values are achieved due to burying the
mentioned electron traps into the conduction band whose
bottom is decreasing.9 However, simultaneous decrease of
ionization barrier between the relaxed 5d' excited state of Ce®"
and the bottom of the conduction band disables an application
of these materials at higher temperatures due to the excited
state ionization problem.'*™"
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Recent studies of the Ce**-doped Lu,SiOs (LSO) and
(Lu,Y),Si0s (LYSO) scintillators have shown that Me**
codoping (Me = Ca, Mg) does play a positive role in their
performance,B and the effect was explained as due to creation
of the stable Ce*" center. This center forms a new fast radiative
recombination pathway based on the immediate electron
capture from the conduction band, radiative de-excitation of
the excited Ce®* center, and a hole capture to return to the Ce**
stable initial state."*"> Such a mechanism works in parallel with
the standard one based on the stable Ce*'center. This
somewhat unexpected result found its analogue in the Ca-
codoped YAG:Ce."® This earlier overlooked study shows the
same Ce’" emission band in the cathodoluminescence
spectrum, even in the case in which the Ce® absorption
bands were completely wiped out by Ca®* codoping; ie., all
cerium ions were converted into the stable tetravalent state.
Very recently, such an approach has been used in Mg-codoped
LuAG:Ce scintillation ceramics whose light yield was
enormously enhanced, and the presence of Ce* was clearly
identified by its characteristic charge transfer (CT) absorption
in the near UV range below 350 nm.'” In fact, very similar
values of the onset of this CT absorption process in the above-
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mentioned orthosilicate (identified already in 1994'®) and
aluminum garnet structures, see Figure 1, provide a strong
support for such interpretation.
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Figure 1. Ce* -related induced absorption in Ce-doped LYSO and
LuAG single crystals; the data are taken from refs 17 and 19.

As reported in this paper, we studied the effect of Mg
codoping in a broad concentration range in LuAG:Ce single
crystals grown from the melt by the micropulling down (¢-PD)
technique. In the melt-grown aluminum garnet crystals, such a
strategy is of paramount importance as the Ce*" center can
compete for an immediate electron capture from the
conduction band with the above-mentioned shallow and any
other electron traps. This competition enhances the fastest part
of the scintillation response at the expense of unwanted slow
components. We show that Mg-codoping leads to enormous
improvement of several scintillation characteristics of LuAG:Ce
while keeping its stable scintillation efficiency up to high
temperatures.

2. EXPERIMENTAL DETAILS

2.1. Crystal Growth Procedure. A stoichiometric mixture of 4 N
Mg,CO;, CeO,, Lu,0;, and a-Al,0; powders (High Purity Chemicals
Co.) was used as the starting material. Nominally, starting powders
were prepared according to the formula (Mg, Ce,
Lu;_,);Al50,,(CO),,. Single crystals of LuAG:Ce,Mg were grown
by the y-PD method with a radio frequency heating system. The value
for y was 0.002 and x was 0, 0.0001, 0.0005, and 0.003. These samples
will be designated as Mg-0, 100, 500, 3000 from now on. A schematic
draft of the y-PD growth apparatus is given in ref 20. Typical pulling
rates were 0.05—0.07 mm/min, and the diameter was around 3 mm.
Crystals were grown from an Ir crucible under the N, atmosphere. The
seed crystals were (111) oriented undoped LuAG crystals. Plates of ¢3
mm X 1 mm were cut and polished for the absorption and
luminescence spectra measurements, while the rest of the rods was
used for the structure and chemical composition analyses.

A commercial high quality LuAG:Ce single crystal grown by the
Czochralski method from S N raw materials, under reducing
atmosphere from molybdenum crucible in CRYTUR, Czech Republic,
was used for comparisons, and in the following text it is designated as
LuAG:Ce-Cz. Furthermore, Bi,Ge;O;, (BGO) single crystal of a high
quality (light yield (LY) ~ 8500 phot/MeV) is used for quantitative
comparisons of both the scintillation efficiency and afterglow.

2.2. Characterization of Obtained Phase. Pieces of the grown
crystals were crushed and ground into powders in a mortar. Powder X-
ray diffraction analysis was carried out in the 26 range 15—75° using
the RINT Ultima (RIGAKU) diffractometer. The CuKa X-ray source
was used, and the accelerating voltage and current were 40 kV and 40
mA, respectively.

Quantitative chemical analyses of the crystals for the Ce, Lu, and Al
content along the radius and growth direction were performed by the
electron probe microanalysis (EPMA; JXA-8621MX, JEOL). So called
ZAF correction is used, where Z, A, and F are the atomic number,
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absorption correction factor, and fluorescence correction factor,
respectively. X-ray fluorescence analysis (XRF) was also performed
to determine chemical composition of grown crystals by Rigaku ZSX
primus IL

2.3. Absorption and Luminescence Characteristics. Absorp-
tion spectra were measured by the Shimadzu 3101PC spectrometer in
the 190—1200 nm range. At the custom-made S000M model
fluorometer Horiba Jobin Yvon equipped with the photon counting
detector TBX-04 (IBH Scotland) the radioluminescence (RL) spectra
and fast photoluminescence decays of Ce>* were measured under an
X-ray (40 kV, 10 mA) tube (Seifert Gmbh) and the nanoLED 450 nm
excitation sources, respectively. Janis cryostat (77—800 K) was used to
the measure temperature dependence of photoluminescence decays.
Thermoluminescence (TSL) measurements in the 30—600 °C
temperature range were performed by Harshaw Model 3500 Manual
TLD Reader with a heating rate of 1 °C/s. Samples were irradiated at
RT with the ®*Co source and received a dose of 0.8 Gy.

2.4. Light Yield and Scintillation Decay Measurements. Light
yield measurements were carried out using a Hybrid photomultiplier
(HPMT) under '¥Cs (662 keV) radioisotope excitation. Pulse height
spectra were measured using the setup with HPMT DEP PP0470 and
by spectroscopic amplifier ORTEC 672 with the shaping time of 1 us
with accuracy +5%. Light yield (LY) values were calculated from those
of photoelectron yield employing integral quantum efficiency of the
used HPMT, and wavelengths of emission spectra of crystals. The used
HPMT PP0470 photomultiplier has the highest quantum efficiency
~25% in the UV spectral range 200—400 nm, while in the visible
spectral range 450—600 nm its quantum efficiency decreases from 20
to 7%. On the basis of emission spectra, the calculated integral
quantum efficiency for LuAG:Ce is about 9%. Scintillation decay
curves were obtained by using the Hamamatsu PMT U7600 and
digital oscilloscope TDS3052 under excitation by 662 keV photons
from '¥Cs.

3. RESULTS AND DISCUSSION

Mg 0, 100, 500, 3000 ppm codoped Cel%:LuAG crystals were
grown by the y-PD method. A photograph of the set is shown
in Figure 2. The grown crystals were transparent with a yellow

Figure 2. Photograph of the grown Mg-codoped LuAG:Ce single
crystals.

color and 2—3 mm in diameter and 20—40 mm in length. Some
of them look slightly cloudy because of the rough surface
coming from the thermal etching. The Mg-3000 sample rod
shows a visibly less yellowish appearance. The inner part of all
the crystals is perfectly transparent.

Powder X-ray diffraction was performed to identify the
crystal phase of grown crystals. The results of the powder X-ray
diffraction of the grown Mg 0, 100, 500, 3000 ppm codoped
Cel%:LuAG crystals are shown in Figure 3. All of the grown
crystals show the single cubic garnet phase.

The Ce distribution of 3000 ppm codoped Cel%:LuAG in a
radial direction is shown in Figure 4a. An increase of the dopant
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Figure 3. Results of the powder X-ray diffraction of the Mg 0, 100,
500, 3000 ppm codoped Cel%:LuAG crystals.

(a) ¢

0,84 ® ® 3

Cs/CO

0,6
0,4

0,2

10 05 0.0 05
Position from center / mm

1,5 1,0 15

(b) °

0,84 @ ¢ o

Cs/CO
4
<
<@
<
@

0,64 ° A4 °
0,4

0,24

0,0 T
00 01

03 04 05 06 07 08 09 10

Solidification fraction / g

0,2

Figure 4. Ce distribution along the radius (a) and growth direction
(b) of the 3000 ppm codoped Cel%:LuAG crystal. C; and C, are
concentrations in the crystal and starting material, respectively.

toward the outer region of the sample is observed, which is
typical in situation where the dopant radius is comparatively
bigger compared to the cation site.” The composition
distribution along the growth direction of 3000 ppm codoped
Cel%:LuAG is shown in Figure 4b. According to the previous
report,” the effective segregation coefficients of Ce were kg < 1,
considering the diagnostic distribution curves. The effective
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segregation coefficient of Ce ions in LuAG host shows values of
ks = 0.697, which is the value of about 10 times higher
compared to LuAG:Ce(Pr) crystal growth by the Czochralski
method.”> Mg concentration in the crystals was not detected
either by EPMA or XRF due to the high detection limit of XRF
(100 wt ppm).

The absorption spectra of the sample set are presented in
Figure S together with that of the standard LuAG:Ce-Cz

60 .
—@—Mg_o
-=— Mg-100
S0 F --e—Mg-500 |
——Mg-3000
40 + cett 4
_CT absorption

(@)

N w
o o
T T

-
o
T

absorprtion coefficient (cm'1)

1 1 1
400 500 600
wavelength (nm)

700

60

LuUAG:Ce-Cz
50 F

(b)
40 b

30 |
20 |

10 }

absorption coefficient (cm™)

1 1 1
400 500 600

wavelength (nm)

1
300

0L
200 700
Figure S. Absorption spectra of the Mg-codoped LuAG:Ce sample set

grown by micropulling down method (a) and of LuAG:Ce standard
sample (b).

crystal. In the latter sample, the amplitude of 4f-5d" absorption
band at 445 nm is somewhat saturated in Figure 5b due to
reaching the experimental limit of the spectrometer and/or
parasitic contribution of Ce®* luminescence to the signal beam.
Consequently, the ratio of 445 nm/347 nm absorption band
amplitudes is perturbed by this experimental artifact. With
increasing concentration of Mg codopant, the Ce* CT
absorption is clearly enhanced while the intensity of the Ce®"
4£-5d" absorption band decreased. The latter absorption band is
completely wiped out for the highest Mg concentration 3000
ppm.

Radioluminescence (RL) spectra were measured with
carefully defined conditions to ensure mutual comparison of
emission intensities in an absolute scale among all the samples.
RL spectra in Figure 6 show an abrupt enhancement of the
Ce® emission band between the Mg-0 and Mg-100 samples.
With the further increasing Mg concentration, its intensity
smoothly decreases and for Mg-3000 is comparable with the
Mg-0 sample. Variable shape and intensity of UV emission are
related to the host properties. Absolute intensity in the Mg-100
sample is comparatively higher with respect to the standard
crystal. The Mg-500 sample was accidentally contaminated by
Gd* impurity in the process of the sample preparation.
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Figure 6. Radioluminescence spectra of the Mg-codoped LuAG:Ce

sample set and that of the standard crystal (in the inset). Excitation X-
ray tube, 40 kV, 15 mA. The spectra are mutually comparable in an
absolute scale.

In the Mg-100 sample, the temperature dependence of
photoluminescence decay time of Ce®" center was measured,
see Figure 7, to find the onset of thermal quenching and/or
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Figure 7. Temperature dependence of photoluminescence decay times
for Mg-100 sample obtained from a single exponential approximation;
see an example of the decay and its approximation by a function I(t) in
the inset for T = 780 K. Excitation by nanoLED 452 nm, emission
wavelength set at 520 nm. Solid line is the approximation obtained by
eq 1 described in the text.

thermal ionization process which puts the upper temperature
limit for the scintillator use. In multicomponent garnets, such
an onset varies depending on the content of Gd and Ga cations
within 50—150 °C approximately.'®™**> For a YAG:Ce0.033%
powder, it was reported around 600—650 K and became
progressively lowered with an increase of Ce concentration due
to concentration quenchlng In the present case, the onset of
the decay time shortening is around 700 K. A simple equation
for the decay time temperature dependence is used to fit
experimental data

l/Tobs(T) = 1/AI'-rad + wp X eXP(_AE/kT) (1)
where 7., and 7,4 are the observed at temperature T and
radiative decay times, respectively. Parameters w, and AE
describe the quenching pathway being the frequency factor and
energy barrier, respectively, and their values are calculated as
1.37 X 107 s7 and 1.15 €V, respectively; see the result given by
the solid line in Figure 7. A smooth increase of decay time with
temperature within 100—600 K was found in several Ce-doped
luminescence materials and ascribed to temperature depend-
ence of the transition dipole moment.*> However, due to partial
overlap of the absorption and emission spectra of Ce’, see
Figures 5 and 6, which will certainly increase with temperature
due to bands broadening, the self-absorption and radiation
trapping effect is probable, also resulting in the decay time
increase.

Scintillation light yield values are collected in Table 1. One
can see a similar trend as in RL spectra in Figure 6 with a very
high value for the Mg-100 sample exceeding by 34% that of the
standard LuAG:Ce-Cz crystal. Scintillation decays for Mg-0 and
standard LuAG Ce-Cz crystal show a typical two component
decay curve® based on the prompt and delayed radiative
recombination at the Ce** centers. The latter, slow component
extending over several orders of magnitude in the time scale,
down to tens of microseconds,”* becomes gradually reduced
with increasing Mg content and wiped out for the Mg-3000
sample; see also Figure 8.

Another application-important characteristics is the scintilla-
tion afterglow, a critical parameter, e.g, in CT imaging. A
reduction of the signal at least 3 orders of magnitude in several
ms after the X-ray cutoff is required for a good contrast imaging
without memory effects. Such traps can also decrease
scintillation efficiency and/or cause its instabilities, which has
been recently well demonstrated in the study of “bright burn”
effects in scintillation materials.*>*® In Figure 9, the afterglow
curves of this kind are provided for the entire sample set
together w1th BGO which is known by its extremely low
afterglow.”” The relative values of afterglow intensity at 4 ms
and at 400 ms after X-ray cutoff (the signal level with X-rays
being on is normalized to 1), are reported in Table 1. It is

Table 1. Survey of Light Yield Values (Excitation **Na, 511 keV, Shaping Time 1 ps), Scintillation Decay Constants (Excited by
137Cs, 662 keV), Afterglow (Excitation X-ray, 40 kV) and Induced Absorption Characteristics (Irradiation X-ray, 40 kV, 15 mA,

30 min)
sample light yield (ph/MeV)  Tl(ns)/ I1(%)  T2(ns)/ I2(%)
Mg-0 4850 58/48 300/52
Mg-100 23100 48/58 380/42
Mg-500“ 18800 48/57 275/43
Mg-3000 14100 15/11 51/89
LuAG-Ce-Cz 17200 58/42 958/58

afterglow at 4 ms(%)/400 ms(%)  ind abs coefficient at 510 nm (cm™)

19/8.3 2.1
1.3/0.08 n.m.
2.5/0.07 n.m.
0.2/0.03 0.004

2.9/0.4 <0.002

“The values of light yield and afterglow can be slightly negatively affected by slow parasitic Gd** emission line at 312 nm; see Figure 6.
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Figure 8. Spectrally unresolved scintillation decays of Mg-100 and Mg-
3000 samples. Excitation *’Cs, 667 keV.
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Figure 9. Normalized, spectrally unresolved afterglow of Mg-0, 100,
500, and 3000 together with that of BGO standard sample. Visually
higher level of afterglow signal in few channels of BGO afterglow is
due to the counting detection technique and lower intensity of BGO
scintillation before the X-ray cutoff.

worth noting that all Mg-codoped crystals show lower afterglow
intensities compared to the standard LuAG:Ce-Cz crystal. An
ultralow signal level, approaching that of the BGO standard
sample, was measured in the Mg-3000 sample.

Finally, the radiation resistance of the sample set was tested
under an X-ray irradiation (40 kV, 15 mA, 30 min, estimated
dose 300 Gy) by the measurement of the induced absorption
IA (A) evaluated from the equation

IA(A) ={A,, (4) — A, (A)} x 2.3/d (cm) (2)

where A, (1) and A, (1) are absorbance values after and before
X-ray irradiation, respectively and d (cm) is the sample
thickness. The A, (1) and A, (1) and IA (1) spectra are shown
in Figure 10 for Mg-0 and Mg-3000 samples. The latter sample,
compared to the former, shows an extremely low value of the
induced absorption at the emission peak at 510 nm; see Table
1.

It is difficult to speculate about the nature of the induced
absorption bands in these samples with the experimental data
available. Most probably, the Mg>" itself will not create any
energy levels in the forbidden gap of LuAG as the forbidden
gap of MgO is 7.8 eV,*® about 0.5 €V broader compared to that
of LuAG,” and the top of valence band will be at similar
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Figure 10. A;, (1) and A, (4) spectra are shown for the Mg-0 (a) and
Mg-3000 (b) samples with the calculated induced absorption IA (1)
spectra in the inset. Irradiation by X-ray, 40 kV, 10 mA, 30 min,
estimated dose 300 Gy.

absolute levels determined by the oxygen 2p wave functions in
both MgO and LuAG compounds. The Mg** doping, however,
would induce the hole O-centers due to charge compensation
in the undoped LuAG, and such hole centers might show broad
absorption bands throughout UV and visible spectral regions
based on the radiation induced absorption spectra of aluminum
garnets.”® Consequently, this aspect appears quite complex and
requires a separate investigation.

The set of Mg-codoped samples was also characterized by a
spectrally unresolved TSL glow curve measurement, Figure 11.
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Figure 11. TSL glow curves of the set of Mg-codoped LuAG:Ce
samples. Irradiation at RT was performed by ®Co radioisotope, dose
0.8 Gy.
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All the samples show TSL maxima at similar temperatures of
about 45, 80—90, 160, 230, 280, and 350 °C, and the positions
of most of them are similar to those reported before for the
Czochralski grown LuAG:Ce.*" The rapid signal increase above
450 °C is due to blackbody radiation. However, there is an
evident trend in decreasing glow curve intensity with increasing
Mg concentration when the samples are compared: the
integrals of the glow curves are in the ratio 1:8.2:5.6:374 for
the Mg-3000, Mg-500, Mg-100, and Mg-0 samples, respectively.
TSL glow curve integral and light yield values are well
correlated with the observed increase in the radiation hardness
when the Mg-0 and Mg-3000 samples are compared. The
decrease of TSL glow curve intensity over the entire range of
temperatures with increasing Mg concentration appears
advantageous in comparison with Ca-codoping applied in
multicomponent garnet Gd;Gaz;Al;0,,:Ce single crystal
scintillator recently.”” The latter codoping induced a deep
trap related to an intense TSL glow curve peak at 390 K.
Significant light yield decrease occurred as well.

On the basis of the above-reported characteristics and effects
of Mg-codoping in LuAG:Ce, one can distinguish two Mg
concentration intervals of practical interest. The first one,
within 100—500 ppm, appears promising in obtaining a
noticeably higher light yield and scintillation response with
somewhat suppressed slower component as well as afterglow
intensity, when compared to a very good quality commercial
Czochralski grown LuAG:Ce sample. Such material can be
useful for medical imaging or elsewhere.

The reason for such an improvement can be explained with
the help of Figure 12, where the sequence of steps in
scintillation mechanism is sketched for the stable Ce>* (left
part) and Ce*" (right part) centers:

3 6\ J'@----

ngumn
I /gszonm) h/520nm irap

B~ ':
ed+ Ced*

Figure 12. Sketch of the scintillation mechanism at the stable Ce¥*
(left) and Ce*" (right) emission centers.

In step no. 1, in the first picoseconds of scintillation
mechanism, the Ce*" center can efficiently compete with any
electron traps (due to antisite defects, oxygen vacancies) for an
immediate capture of electrons from conduction band. The
stable Ce®" center is much less effective in such competition as
it first needs to capture the hole from the valence band in step
no. 1.

In step no. 2 the Ce*, transformed into an excited Ce*
center, emits the desired scintillation photon, i.e., contributes to
the fastest part of scintillation response. In the same step the
Ce* center, converted into temporary Ce*, captures an
electron from conduction band and becomes excited.

In step no. 3 the return into the initial state (beginning of
cycle) is accomplished by the hole capture from the valence
band (Ce*" in the right part) and by emission of scintillation
photon (Ce*" in the left part).
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It is worth mentioning that the last step in the Ce*'
scintillation mechanism (right part), the hole capture from
valence band, must always be nonradiative, i.e., not contributing
to an afterglow. Though the source of such delayed holes is not
clear at this moment, the shallow hole traps have been shown at
low temperature TSL measurements in an undoped LuAG,°
and their occurrence might be even spatially correlated w1th the
divalent codopant, i.e., with Ce** centers themselves.'”

The second Mg concentration interval involves concen-
trations around 3000 pm. The Mg concentration of 3000 ppm
already completely wiped out the stable Ce®* centers; i.e.,
practically all cerium ions were converted into the tetravalent
charge state. In this sample, compared to the commercial
LuAG:Ce-Cz standard, the light yield is only by 18% lower, but
its scintillation response lacks any slower component, and its
fast part is yet noticeably accelerated; see Figure 8. Most
importantly, compared to the commercial LuAG:Ce-Cz
standard, its afterglow is more than 1 order of magnitude
lower due to the nonradiative character of last step in its
scintillation mechanism sketched in Figure 12. Considering also
its excellent radiation hardness and suppressed reabsorption
effects due to lacking 4f-5d" absorption band of Ce, such a
material can be promising for future inorganic fiber-based
calorimeter detectors at high energy physics accelerators where
LuAG:Ce is one of the best candidate materials.*®

Another important advantage of the studied Mg-codoped
LuAG:Ce scintillators is their high temperature stability. It is
derived from the temperature dependence of photolumines-
cence decay times of Ce®* center which show the onset of
thermal quenching/thermal ionization of the Sd' excited state
around 700 K; see Figure 7. Temperature stability of Ce3+
center in LuAG host is similar to that found in YAG:Ce,* and
to our best knowledge it is the highest among fast heavy
scintillators based on 5d-4f luminescence of Ce3*, Pr**, or Nd**
emission centers.

Finally, we mention that among various attempts to codope
the Ce- or Pr-doped aluminum garnets by Zr*",*' Hf* and
Yb**** or Si***° in the case of s1ngle crystals and simultaneous
using of sintering aids based on Si** and Mg®" in the case of
LuAG:Pr optical ceramics® the overall change of optical and
scintillation characteristics did not point to any practically
important improvement, while in the case of Mg** codoping in
LuAG:Ce reported in this work truly dramatic improvement in
several scintillation parameters has been achieved.

4. CONCLUSIONS

The Mg-codoped LuAG:Ce single crystals were manufactured
by the micropulling down method, and their optical,
luminescence, and scintillation characteristics were measured
and compared with the Czochralski grown commercial
LuAG:Ce single crystal and BGO single crystal as well.

The Mg-codoping has shown several highly beneficial effects
on LuAG:Ce scintillator. For low concentrations in the range
100—500 ppm, the light yield is strongly enhanced, and even in
this early stage of development it significantly exceeds that of
the Czochralski grown commercial sample. Furthermore, the
scintillation decay and afterglow parameters are also more
favorable in the Mg-codoped crystals in this concentration
range. For high Mg concentration of 3000 ppm, the light yield
is only by 18% inferior to that of Czochralski grown crystal, but
the scintillation response lacks any slow components; afterglow
is improved by another 1-2 orders of magnitude and
approaches the characteristics of BGO, which is considered
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one of the best existing materials regarding the afterglow
intensity. In addition, radiation hardness monitored through
the induced absorption after X-ray irradiation increased
enormously. Such materials, after being adapted to the
Czochralski growth and optimized with respect to Mg
concentration in low and high ranges, have a great application
potential in fast imaging and high energy physics, respectively.
Moreover, due to very high temperature stability of Ce™
centers evidenced from the photoluminescence decay time
measurement, such materials can be also used in high
temperature applications up to 430 °C at least.

Favorable effects of Mg** codoping are explained by the
creation of the stable Ce*" centers in the LuAG structure. Such
centers create another fast radiative recombination pathway
working in parallel with the classical mechanism based on the
stable Ce®* centers. Such optimization strategy can be used also
in other scintillation materials whenever the Ce*" scintillation
spectrum does not overlap with the charge transfer absorption
of Ce*" centers.
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