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RARE-EARTH OXYORTHOSILICATE
SCINTILLATOR CRYSTALS AND METHOD
OF MAKING RARE-EARTH
OXYORTHOSILICATE SCINTILLATOR
CRYSTALS

RELATED APPLICATION

[0001] Thais 1s a continuation application of the U.S. patent
application Ser. No. 12/967,442, filed on Dec. 14, 2010. The
U.S. patent application Ser. No. 12/967,442 1s incorporated
herein by reference.

TECHNICAL FIELD

[0002] This disclosure relates to scintillator materials used
for detecting 1omizing radiation 1n nuclear 1maging applica-
tions particularly PET (Position Emission Tomography),
TOF PET (Time of Flight Positron Emission Tomography)
and/or DOI PET (Depth of Interaction Positron Emission
Tomography) imaging. This invention relates particularly to
control of decay time, rise time and scintillation light yield of
rare earth oxyorthosilicates. Specific arrangements also relate
to control of decay time, rise time and scintillation light yield
of rare earth oxyorthosilicates.

BACKGROUND

[0003] Lutetium oxyorthosilicate (LSO), or Lu,S10. acti-
vated with cerium (Ce’*), is a well-known crystal scintillator
material and widely used for medical imaging, such as
gamma-ray detection in positron emission tomography (PET)
as well as other applications. Due at least partly to its rela-
tively high light yield and short decay time, LSO 1s consid-
ered to be one of the most suitable materials for molecular
imaging applications specifically for time-of-tlight PET
(TOF PET).

[0004] LSO scintillators are typically made of single-crys-
tal LSO grown from a melt using for example, the Czochral-
ski process. For scintillator applications, it 1s often desirable
to be able to grow large single-crystals of LSO with specific
optical performance parameters. The size and quality of the
grown crystals can be significantly afiected by the growth
stability.

[0005] While LSO scintillators in general have been well
developed, eflorts are on going to develop LSO scintillators
with improved properties for specific applications.

SUMMARY OF THE DISCLOSUR.

(L]

[0006] The present disclosure relates generally to LSO
scintillators with high light yield and short decay times, and
method of making such scintillators. In one arrangement, the
method includes codoping LSO with certum and another
dopant from the IIA or IIB group of the periodic table of
clements. The doping levels are chosen to tune the decay time
of scintillation pulse within a broader range (between about
~30 ns up to about ~50 ns) than reported in the literature, with
improved light yield and uniformity, while ensuring crystal
growth stability.

[0007] A further aspect of the present disclosure relates to
LSO scmtillators with improved optical characteristics,
including decay times tunable between about ~30 ns and
about ~50 ns. In one configuration, the LSO scintillators
include LSO doped with Ce and another dopant from the I1A
or IIB group of the periodic table of elements, where the
concentrations of Ce and the other dopant 1n the melt each
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range Irom about 0.001% to about 10% (atomic percentage
used throughout the present disclosure unless otherwise
specified; nomenclature used 1n the references to papers and
patents remain consistent with the original text used by dii-
ferent authors).

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 shows an LSO crystal grown with high con-
centrations of Ce and Ca (Ce 0.1% and Ca 0.05%), where
crystal growth instability problems occurred during the
growth process.

[0009] FIG. 2 shows an LSO crystal grown with appropri-
ate adjustment of Ce and Ca concentrations (Ce 0.025% and
Ca 0.1%). The conditions of the crystal growth was the same
as those used for growing the crystal shown in FIG. 1, except
for the Ce and Ca concentrations The crystal growth was
stable.

DETAILED DESCRIPTION

[. Overview

[0010] Thais disclosure relates to scintillator materials used
for detecting 10mzing radiation 1n nuclear 1maging applica-
tions particularly PET (Position Emission Tomography),
TOF PET (Time of Flight Positron Emission Tomography)
and/or DOI PET (Depth of Interaction Positron Emission
Tomography) imaging, where PET imaging 1s inclusive of
dedicated PET, and hybrid PET 1maging modalities such as:
PET/CT (Positron Emission Tomography with Computed
Tomography capabilities), PET/MR (Positron Emission
Tomography with Magnetic Resonance capabilities) and
PET/SPECT (Positron Emission Tomography with Single
Photon Emission Computed Tomography capabilities). This
disclosure relates particularly to control of decay time, rise

time and scintillation light yield of rare earth oxyorthosili-
cates.

[0011] Lutetium oxyorthosilicate (LSO) or Lu,Si10.,
invented by Charles L. Melcher and described 1n U.S. Pat. No.
4,938,080, 1s a well-known crystal scintillator material that 1s
widely used for gamma-ray detection in PET as well as other
applications.

[0012] LSO traditionally used 1n nuclear imaging scintilla-
tor devices has the general chemical formula Ce, Lu,,_,
S10. and 1s typically doped with Ce in the range
0.001=x=0.1 (1.e. 0.1% to 10%) 1n the melt, while other
impurities are limited to low levels. Cerium 10ns play arole as
extrinsic luminescence centers, or activators, in the material,
producing ultraviolet or blue light under excitation with high
energy 1onmizing radiation (for example, gamma, x-ray, beta,
alpha radiations). LSO has a density 7.4 g/cm”, relatively high
light yield (up to about 75% of Nal:T1), and fast decay time
(41 ns). LSO 1s widely used 1n the field of medical imaging.
The original composition of LSO crystal contains cerium as
the only intentional dopant. Crystals are grown using the
Czochralski technique with a well defined growth atmo-
sphere consisting primarily of an inert gas with a few percent
of oxygen. LSO 1s currently considered to be the most suit-
able material for molecular imaging applications specifically
tor TOF PET.

[0013] TOF PET has been of interest for medical imaging
for some time. Ishii etal. (Ishi1 K, Watanuki S, Orthara H, Itoh
M, Matsuzawa 1. Improvement of time resolution in a TOF
PET system with the use of BaF, crystals. Nucl. Instr. Meth.
In Phys. Research 1986; A-253:128-134) reported one of the
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first TOF PET systems built based on BaF , scintillator mate-
rial. BaF, of a density 4.89 g/cc, etfective Z of 52.2 and decay
time of 600 ps was the best scintillator available for TOF PET

application at that time. However, BaF , has multiple limita-
tions for TOF PET: It has light output of only 5% of Nal:T],
secondary slow component 620 ns of decay time and poor
stopping power for 511 keV. In contrast, cerium activated rare
carth oxyorthosilicates with inherent physical properties of
higher density and effective Z along with much higher light
yield and short decay times are more suitable for TOF PET.
Researchers skilled in the art of PET have known that the
convolution of several parameters such as: decay time, rise
time and light output are critical for TOF PET scintillators.
Shao et al. (Shao Y., “A new timing model for calculating the
intrinsic timing resolution of a scintillator detector”, Phys.
Mec. Biol. 52 (2007) 1103-1117) provides a comparison of
these parameters of several scintillators of interest for TOF
PET. GSO:Ce, a rare earth oxyorthosilicate with multi-decay
time components has been used 1n medical imaging.

[0014] Sumiya K. et al., GSO single crystal and scintillator
tor PET, (U.S. Patent Application Publication No. US2003/
0159643 Al) investigated and demonstrated the effect of
certum concentration on the scintillation properties. GSO
codoped with Ce shows two components 1n the scintillation
time profile of certum emission. The fast component decays
within the range 01 30-60 ns and the slow component between
400-600 ns. Sumiya was able to reduce the relative contribu-
tion of slow and fast components 1n scintillation time profile
(reducing output ratio) and vary the fast component of the
decay time from 60 ns to 35 ns by increasing concentration of
Ce from 0.5% to 1.5%, respectively. However, the change 1n
the Ce concentration reduces light output and degrades
energy resolution. Sumiya shows that this effect can be asso-
ciated with the presence of the Ce™ ions causing yellow
coloration. Sumiya also attempted to turther modity the scin-
tillation properties of GSO by eliminating the coloration by
codoping with one of the elements from Mg, Ta and Zr.
GSO:Ce single crystal codoped with one of these impurities
are colorless and the transmission of 1ts emission wavelength
1s not reduced even 11 Ce concentration 1s about 1.5%. His
teaching further demonstrates that output ratio of slow com-

ponent 1s reduced to above 12 time and the decay time 1s faster
than that for GSO:Ce by a factor of 4.

[0015] Inherent characteristics of LSO (density of 7.4 g/cc,
elfective Z of 65.5, single component decay time of about 41
ns, and light output of 75% of Nal:Tl) makes 1t a highly
suitable PET scintillator. However, applying the teachings of
Sumiya with respect to varying Ce concentration in LSO for
the purpose of changing decay time does not substantially
produce the desired result. This demonstrates that the teach-
ing of Sumiya cannot be successiully applied to all rare earth
oxyorthosilicates. Sumiya’s teachings are limited to GSO:Ce.
Zavartsev at al. (ZavartsevY. D., Koutovol S. A., Zagumennyi
A., “Czochralski, growth and characterization of large Ce™*:

Lu,SiO; single crystals codoped with Mg>* or Ca** or Tb>*
for scintillators™, Journal of Crystal Growth 275 (2005)

¢2167-e2171) showed that highly doped LSO:Ce (0.15-0.22
at %) provides 75% of light output of Nal: Tl and decay time

of about 41 ns. Low-doped crystals have lower light output
and decay time of 44-45 ns. However, for highly doped LSO:
Ce crystals two main types of imperfections are observed:
constitutional supercooling fine scattering and yellow color,
attributed to the lattice defects near Ce** ions. This observa-

tion 1s consistent with the teaching of Sumiya. Zavartsev also
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teaches that codoping with trivalent ion Tb>* results in a
non-radiative energy transfer from Ce’* to Tb’* ions that
reduces decay time to 34 ns but also reduces light output by

about 50%:; and that the crystals are colorless for Ce concen-
tration of 0.2% and Tb 1%. Higher concentrations of Ce and
Tb result in a light green color. Zavartsev fturther teaches that
addition of divalent ions Ca** or Mg~" into the melt contain-
ing tetravalent Ce** or Si** or Zr** ions suppress the tendency
of spiral growth and cracking of the crystals that was based on
gallium garnets growth technology. Zavartsev further teaches
that the concentration of oxygen vacancies 1s important for
the scintillation mechanism because 1t involves the recombi-
nation process ol many electron-hole pairs during gamma-
excitation, as photoluminescence efficiency of Ce”* emission
in oxides crystals including L.SO:Ce. The quantity of oxygen
vacancies 1s controlled with the acceptor dopant, for example
Ca** and Mg=* ions. Calcium or magnesium dopants fix the
concentration ol oxygen vacancies in crystals for example
YAG:Ca,Ce. Zavartsev observed that during cutting, LSO:
Ce:Mg crystals have a tendency to crack 1n contrast to, LSO:
Ce:Ca crystals. Zavartsev shows (at Table 1 of the Zavartsev
reference) that LSO:Ce:Mg and LSO:Ce:Ca are both color-
less and have essentially the same light output as LSO:Ce. For
Ce concentration of 0.25% and Mg 0.02% LSO:Ce:Mg
exhibits 39 ns decay time. For Ce concentration of 0.22% and
Ca 0.02% LSO:Ce:Ca exhibits 41 ns decay time. LSO:Ce:Ca
exhibits fairly strong afterglow attributed to thermal activated
de-trapping of charge carriers from deep traps followed by
electron-hole recombination at Ce’*. This finding is in con-
trast to certain data presented by Ferrand et al. (Ferrand et. al,
Dense high-speed scintillator matenal of low afterglow, U.S.
Patent Application Publication No. US2010/0065778 Al),
where 1t 1s disclosed that introduction of a divalent alkaline
carth metal 1ons M substituting for a trivalent rare earth 10n, or
trivalent metal 1ons M' substitutes for a tetravalent silicon
atom, creates a positive charge deficit that limits the trapping
of electrons responsible for the afterglow. Ferrand discloses
that the addition of a divalent alkaline earth metal M and/or
trivalent metal M' to LY SO type composition substantially
reduce alterglow. In particular, M may be Ca, Mg, or Sr (in
divalent cation form). In particular, M' may be Al, Ga, or In (1n
trivalent cation form), with element M substituting for Y or
Lu, and element M' substituting for Si. The introduction of a
divalent alkaline earth metal 1ons M and/or trivalent metal

ions M' was for the specific purpose of reducing the afterglow.
(See also, PCT Patent Publication WO 2006/018586 Al.)

[0016] Chai et al (Chai1 B. H. T. 1 Y. Lutetium yttrium
orthosilicate single crystal scintillator detector, U.S. Pat. No.
6,624,420 B1) teaches that Ce doped LSO has several serious
problems. They include: (1) trace amount of naturally occur-
ring long-lived radioactive isotope '’°Lu, (2) LSO crystals
have very deep traps defects evidenced by very long phos-
phorescence after exposure to a UV light source, (3) crystal
growth requires very high melting temperatures 2200° C.,
which 1s detrimental to 1nsulation and 1ridium crucibles used
for growing the crystals, and (4) high cost of lutetium oxide
raw material. Chai states that the maternal purity 99.99 1s not
suificient to guaranty the consistent light yield. It 1s, 1n his
teaching, highly desirable to replace Lu,O, as the main ingre-
dient 1n new scintillator crystals, namely LY SO. The LYSO
inventors addressed these problems by (1) substituting Lu
with Y to reduce '’°Lu content in the scintillator, and (2)
lowering the crystal growth temperature by 100° C. For the
trap problem, Chai et al. concluded that the crystallization
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process that has been found to be a punfication process
implies that the top portion of the crystal boule have the least
impurity content and would have the best light yield perfor-
mance. Rapid reduction of light yield occurs when crystal
growth 1s progressing and a greater fraction of the melt 1s
converted to the crystal. They go on to state that this 1s con-
sistent with all published speculations that impurities are the
primary cause of creating deep traps that give long phospho-
rescence and reduces scintillation light yield. They concluded
that the impurities are coming from Lu,O, starting material.
To reduce phosphorescence it 1s necessary to reduce the lute-
tium content by yttrium substitution. To address detriment to
insulation and Iridium crucibles they reduce temperature by
100° C. by substituting substantial amount of Lu with Y. To
adjust the problem with high cost of lutetium oxide they
substituted lutetium with yttrium down to as low as 70%

substitution (degradation of the light yield occurs for more
than 70% of substitution).

[0017] All of the disclosures and publications cited above
are directed to solving problems associated with phosphores-
cence (afterglow), or transmittance where the inventors either
use codoping with divalent or trivalent 1ons or substituting of
lutettum by yttrium in the case of LSO. In the case of GSO the
inventors additionally made the attempt to change scintillator
decay time by changing the Ce content. However, this change
compromised the transmittance and light yield of the scintil-
lator. To address the transmittance problem, GSO was
codoped with metal 10ns.

[0018] Zagumennyi et al. (Zaguemnny1 A. 1., Zavartsev Y.
D., Studenekin P.A., Scintillating substance and scintillating
wave-guide element, U.S. Pat. No. 6,278,832 B1) made an
attempt to change multiple properties of Lu-based scintillator
materials: increase in the light output of luminescence,
decrease of the time of luminescence of Ce’*, increase of the
reproducibility of properties of grown single crystals,
decrease of the cost of the source melting stock for growing
crystals scintillators due to the large amounts of Lu,O;
needed, and prevent cracking during manufacturing scintilla-
tion elements. Some of his teaching 1s explained based on the
example of LSO:Ce scintillator. Zagumennyi teaches that
different displacement of oxygen 1ons after the substitution of
Ce’*—Lu,, Lu, in coordination polyhedron LuQ- and LuQO,
determine practically different scintillation characteristics of
the material. The light output, the position of the lumines-
cence maximum and the constant of the time of scintillations
decay (time of luminescence) depend on the number of Ce™*,
which substituted 1ons Lu, and/or Lu,. Thus 1n gamma exci-
tation, both centers of luminescence are excited and lumines-
cence simultaneously, and the time constant for scintillation
decay will depend on the duration of luminescence of both the
first and second centers and on the relationship of the con-

centration of ions of Ce”* in coordination polyhedrons LuQO-
and LuQO...

[0019] The center of luminescence Ce, (polyhedron LuQO-,)
has a time of luminescence of 30-38 ns and the position of the
luminescence maximum 410-418 nm; the center of lumines-
cence Ce, (polyhedron LuQO,) has a time of luminescence of
50-60 ns and the position of maximum luminescence of 450-
520 nm. Zagumennyi teaches that the best technical result 1s
observed in scintillating crystals containing ions Ce>* only in
polyhedrons LuQ.,. The simultaneous presence of Ce”* ions
in LuO- and LuO, decreases the light output by 3-10 times,
increasing the time of luminescence up to 40-50 ns and shifts
the luminescence maximum into the area of less sensitivity of
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photo multiplier tubes. Moreover, he teaches that the crystals
containing ions of Ce”* advantageously in coordination poly-

hedrons LuQO- are produced from melts additionally doped
with 10ons of the following elements: Zr, Sn, HI, As, V, Nb, Sb,

Ta, Mo, W. By that, 1ons of 11, Zr, Sn, Hf, Nb, Sb, Ta occupy
in the crystal lattice the position with octahedral coordination
(polyhedron LuO) due to higher bond energies of these 1ons.
Ions of As, V, Mo, W, occupy tetrahedral positions, however,
with that, the octahedral positions are strongly distorted.
According to Zagumiennyi, the decrease 1n the light output 1s
also a result of use as a source reagent of Lu,O, with the
purity of 99.9% (or less) instead of reagent Lu,O; with a
purity of 99.99% (or higher). Some admixture with the source
reagent Lu,O, with the 99.9%-or-less-pure Lu,O, can
decrease the light output luminescence 2-10 times. The
decrease in the light output occurs due to the formation of
Ce** ions in heterovalent substitution which takes place dur-
ing the growth of crystal on the background of crystallization.
Zagumiennyi further identified the simplest schemes of sub-
stitutions that have either optimum or harmful effect on the
crystal performance:

[0020] 1) Lu*+Si**—=Ce *+S*—optimal substitution
of lutetium 1ons by certum 1ons,

[0021] 2) Lu*+Si**—=Ce**+Me "*—highly probable,
harmiul and undesirable heterovalent substitution with
the compensation of charge for admixture of Me *—Be,
B, Al, Cr, Mn, Fe, Co, Ga, In.

[0022] 3) 2Lu’*—Ce**+Me**—highly probable, harm-
ful and undesirable heterovalent substitution with the
compensation of charge for admixture Me**—Mg, Ca,
Mn, Co, Fe, Zn, Sr, Cd, Ba, Hg, Pb.

[0023] 4) 3Lu’*—Ce™ +Ce™*+Me'*—probable, harm-
ful and undesirable heterovalent substitution with the

compensation of charge at big concentration of cerium
ions for admixture of Me™=L.1, Na, K, Cu, Rb, Cs, TI.

[0024] Zagumiennyi also teaches that the additional intro-
duction into the melt of at least one of the chemical com-
pounds (for example, oxide) of the elements of the group Zr,
Sn, Hi, As, V, Nb, Sb, Ta, Mo, W, 1n the amount 2-3 times
greater than the total concentration of admixture 1ons (Me™+
Me *+Me ") eliminates the formation of Ce™ ions in the
process of the crystal growth.

[0025] Zagumiennyiisfocused on primary improvement in
light output of the maternals with crystallographic structure of
LSO by elimination of Ce* ions and on control of Ce™*
concentration in LuQO, polyhedrons. He also teaches that by
increasing the concentration of Ce”* ions in LuQ., polyhe-
drons 1t 1s possible to decrease decay time of scintillation
pulse down to 30 ns for LSO matenal. In accordance to
Zagumiennyi’s teaching this effect can be achieved by codop-
ing of LSO material with Zr, Sn, Hf, As,V, Nb, Sb, Ta, Mo and
W.

[0026] On the other hand Spurnier at al. (Spurrier M,
Melcher C. L., Szupryczynski P., Carey A. A. “Lutetium
oxyorthosilicate scintillator having improved scintillation
and optical properties and method of making the same,” U.S.
patent application Ser. No. 11/842,813 discloses the role of
Ca** and other divalent metal ions such as Ba, Mg, Sr, and
their positive etlect on light output and decay time of LSO.
Contrary to Zagumienny1’s teaching which regards divalent
metal 1ons “harmful and undesirable heterovalent substitu-
tions” for Lu™*, Spurrier atal. (Spurrier M. A., Szupryczynski

P., Yang K. Carey A. A., Melcher C. L., Effects of Ca**
codoping on the scintillation properties of LSO:Ce, IEEE
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Trans. Nucl. Sci., vol 35 no. 3 (2008) 1178-1182) provides
supporting experimental data showing the significant
increase 1n light output of LSO:Ce,Ca (38,800 photons/MeV)
compared to LSO:Ce (30,900 photons/MeV). Moreover, the
increase in concentration of Ca** codopant in LSO:Ce,Ca
results in shortened decay time (as short as 31 ns for Ca
concentration 0.3-0.4%). The Spurrier references show that
increase in Ca** concentration changes the relative concen-
trations of Ce”* ions between two cerium sites, referred to by
Zagumennyi as “LuQO, and LuO polyhedrons.” The Spurrier
references teach that the presence of Ca** in the structure of
L.SO also compensates for oxygen vacancies that would oth-
erwise diminmish light output by trapping electrons 1n compe-
tition to Ce>*. This possibility is supported by the importance
ol an oxygen-contaiming growth atmosphere. A further pos-
sibility, 1n accordance to the Spurrier references, 1s that a
presence of Ca®* suppresses an as yet unidentified trapping
center. However, unless Ca”* interacts preferentially with
only one of the two cerium sites, such interactions would
seem to primarily pertain to increase light output rather than
faster decay time. The Spurrier references disclose that the
decay time of LSO:Ce,Ca can be tuned between 31 ns up to 43
ns. However, higher concentrations of Ca®* necessary to
achieve short decay times result 1n significant problems with
crystal growth stability causing severe crystal deformation
and cracking. These problems are related to the changes 1n
surface tension properties of the melt that results 1n difficul-
ties 1n maintaining stable crystal-melt interface 1n the Czo-
chralski growth process of LSO. Spurrier et al. (Spurrier M.
A., Szupryczynski P., Rothiuss H., Yang K., Carey A. A.,
Melcher C. L., ““The effect of codoping on the growth stability
and scintillation properties of LSO:Ce”, Journal of Crystal
Growth 310, (2008) 2110-2114) proposes a method for con-
trolling of crystal-melt interface by codoping with Zn. While
relatively high concentrations of Zn improve growth stability,
the low boiling point of Zn results in evaporation of Zn from
the melt and difficulties 1n controlling its concentration 1n the
melt. The problem 1s even more severe during growth of large
diameter commercial size LSO boules, where relatively large

exposed area of the melt causes an increase 1n evaporation of
/n.

[0027] To reduce or eliminate the shortcomings of the prior
art, the present disclosure discloses a composition of oxy-
orthosilicate materials doped with cerium, and with addi-

tional codopants of various elements selected from groups
ITIA and IIB periodic table of elements (Mg, Ca, Sr, Ba, Zn,

Cd). The examples disclosed herein allow one to achieve a
tunable decay time of scintillation pulse within a broader
range (between about 30 ns and about 49 ns) than reported to
date (see, the Spurrier 2008 paper). Additionally, they allow a
better control over the crystal production process by reducing
or eliminating growth instability problems and minimizing
production losses due to crystal cracking that was reported for
high concentration of codopants (see, the Spurrier 2008
paper). Moreover, they provide methods of improving light
output and uniformity of codoped crystals with optimized
high light output and scintillation time profile that can be
tuned to very specific scintillator applications. As a result of
better control of the oxyorthosilicate material production pro-
cess the overall crystal production cost can be lowered that
opens new avenue for further development of scintillator
crystal based radiation detection technologies.
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[0028] The general chemical formula for an example LSO
material 1s

CazxAzyLuE(l —I—_}!)Sio5?

where A denotes one or more divalent element from the
group: Mg, Ca, Sr, Ba, Zn, Cd or any combination thereof.
Here, A 1s a codopant that 1s used 1n conjunction with an
activator 1on (preferably, as in this example, Ce) 1n specific
concentration ratios to tune the scintillator decay time and to
achieve optimum other scintillation properties. In this
example x 1s greater or equal to 0.00001 and less or equal to
0.1 (1.e., from about 0.001% to about 10%), and v 1s greater or
equal to 0.00001 and less or equal to 0.1 (1.e., from about
0.001% to about 10%).

[0029] Preliminary experiments on full size production
boules (80 mm or larger 1n diameter) show that codoping with
Mg, Sr and Zn 1n low concentrations (i.e., concentration of
codopant at least 10 times lower than concentration of Ce)
results 1n an increase 1n the decay time of LSO (approaching
~50 ns), as shown 1n Example 7, 8 and 9 below. Moreover,
higher concentrations of Mg and Sr (1.e, concentration of
codopants at least 3 times higher than concentration of Ce)
can result 1n a decay time of as short as reported by Spurrier
(Spurrier M, Melcher C. L., Szupryczynski P., Carey A. A.
Lutettum oxyorthosilicate scintillator having improved scin-
tillation and optical properties and method of making the
same’” U.S. patent application Ser. No. 11/842,813) with Ca
codopant, as shown 1n Examples 4 and 5 below. In contrast,
lower concentrations of Ca (relative to Ce) does not result 1n
longer scintillation decay time (longer than 41 ns, see
example 6 below) as mentioned above with the other elements
from groups IIA and IIB. The present disclosure includes
examples of codoping schemes that includes specific combi-
nations of selected codopants introduced to the melt 1n their
predetermined relative concentrations. These concentrations
are defined relative to the concentration of Ce’* and other
codopants. Additionally, the concentration of the Ce’* is
adjusted relatively to the overall concentration of codopants
in the melt from which crystal 1s pulled to minimize the
surface tension efiects. Controlling the codopant ratios can
optimize the performance of the resultant material, namely:
optimum light output, fast rise time with short decay time
(approaching ~30 ns), or optimum light output, fast rise time
with long decay time (approaching ~30 ns). Approprate
adjustments of the concentration of Ce”* relative to the con-
centrations of IIA and/or II1B elements enable maintaining the
stability of the crystal growth process (see, Examples 1 and 2
below). The following schemes are examples of concentra-
tions certum and other codopants from group IIA and IIB for
achieving improved scintillation characteristics of LSO:

[0030] Scheme 1. LSO with slow decay time (approaching
~50 ns): cerium concentration 0.1% or higher, with elements
Mg, Sr, Zn or Cd present less than V10 of the Ce concentration.

[0031] Scheme 2. LSO with fast decay time (approaching
~30 ns): certum concentration 0.05% or less, and Ca, Mg, Sr,
/n, or Cd more than 3 times of the Ce concentration.

[0032] Scheme 3. LSO with exceptional uniformity and
exceptional light output: Cerium concentration 0.2% or
higher, and additional Mg and Ca, or Mg and Sr or Ca and Sr
in concentrations less than %4 for of the Ce concentration.

[0033] Moreover, the specific concentration codoping
schemes above are beneficial for controlling the scintillation
time profile that 1s favorable for TOF PET applications. In
accordance to the Shao reference above, fast rise times, along
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with short decay times and high light output are critical
parameters for achieving the best timing characteristics of the
TOF PET detectors. The best time resolution was experimen-
tally achieved with detectors built from LSO crystals grown
following scheme 2, 1n good agreement with Shao. These
crystals have faster rise time, shorter decay time and relatively
high light output compared to the other LSO compositions
synthesized based on scheme 1 and 3.

[0034] Additional benefits of having the ability to produce
scintillators with tuned decay time 1s the ability of utilizing a
DOI information (Depth of Interaction) and pulse shape dis-
crimination techniques 1n a “phoswich” configurations of a
PET detector block. In a phoswich configuration, a crystal
clement 1includes two or more crystals with different scintil-
lation decay times. Maximum spread in the decay time of ~20
ns allows one to clearly distinguish between different sections
of the crystal element and minimize a parallax effect 1n the
image reconstruction algorithms.

[0035] Experimental work done on other oxyorthosilicates
produces similar benefits to these described above. Example
11 shows the data obtained for LY SO (LSO with intentionally
added Yttrium) crystal grown with Ca concentration higher
than Ce produced a short decay time. Further increase in Ca
content 1n accordance to scheme 2 resulted in decrease 1n
decay time similar to thus observed 1in LSO without Y ttrium.

[0036] Example 12 shows LYSO composition codoped
with low concentrations of Ca and Mg relatively to Ce. This

composition results 1 an increase in the decay time very
similar to observed in LSO matenal.

[0037] The families of oxyorthosilicate scintillators pro-
posed 1n this work can be successiully applied 1n any gamma/
x-ray detector system regardless of the type of the optical
sensor chosen. Examples include detectors for the field of
Medical Diagnosis (PET, PET/CT, SPECT, SPECT/CT,
MR/PET systems), particularly in TOF PET systems, well
logging industry (o1l well logging probes), and homeland
security applications.

II. Example Configurations
Examples 1-12

[0038] LSO scintillator crystals were grown using the well-
known Czochralski process (cited above). Starting materials
Lu,0,, S10,, CeO,, ZnO, Ca0O, MgO, SrCO,, Y,O, were at
least 99.99% pure. Nominal concentrations of codopants 1n
the melt were adjusted according to codoping schemes 1-3
discussed above. The actual concentration of codopants 1n the
crystal may differ from the concentration 1n the melt due to
the solid-liquid segregation and the fraction of the melt solidi-
fied. The crystals were grown with pull rate ~3 mm per hour,
with a rotation rate 1 rpm. The growth atmosphere composi-
tion during crystal growth and cooldown was maintained
constant with approximately one percent of oxygen 1n bulk
nitrogen. The crystals were grown to about 80 mm 1n diameter
and about 240 mm 1n length. The slabs had 20 mm 1n thick-
ness and were cut and numbered, starting from the bottom
section of the crystal boule. Light output measurements were
done under excitation with Cs'>’ gamma source (662 keV).
The scintillation light was collected using Hamamatsu R877
photomultiplier. The results are presented using arbitrary
scale defined by numbers of channels of MCA (Multichannel
Analyzer) unit used 1n the measurements. BGO crystal was
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used as a reference (BGO photopeak was measured at 100
channel position). Decay time was measured using zero
crossing method.

Example 1

[0039] FIG. 1 shows a LSO crystal boule with high con-
centrations of 0.1% Ce and 0.05% Ca. Crystal growth 1nsta-
bility problems occurred during growth process. This crystal
was grown using the art of Spurrier (U.S. patent application

Ser. No. 11/842,813) applied to a commercial size LSO
boule.

Example 2

[0040] FIG. 2 shows a LSO crystal boule with Ce and Ca
with appropriate adjustments of certum and calcium concen-
trations according to scheme 2. The commercial size crystal

boule was grown under stable growth conditions, with
0.025% Ce and 0.1% Ca, respectively.

[0041] In example 1 cerium concentration is relatively
high, calcium content 1s a factor of 2 lower than cerium.
However, a combined eff

ect of Ce and Ca introduces 1nsta-
bilities 1n crystal-melt interface causing severe crystal crack-
ing and loss of control over the crystal growth process. In the
example 2, Ce concentration 1s 4 times lower, and calcium
concentration 1s 2 times higher than in the example 1. How-
ever, combined effect of Ce and Ca does not affect crystal
growth stability. Higher concentration of Ca over Ce 1s nec-
essary to achieve scintillation time profile that 1s favorable for
application in TOF PET.

Example 3

[0042] Table 1 shows the light output and decay time mea-
sured for LSO crystal with an adjusted Ca to Ce concentra-
tions ratio (Ce 0.033%, Ca 0.1%) according to scheme 2.

TABLE 1
Slab Light Output® Decay Time

number [chMCA] [ns]
1 527 32.6
2 501 32.6
3 492 32.7
4 500 32.6
5 505 33.8
6 503 32.6

7 512 34
8 505 32.5
9 548 33.9
10 515 32.6

11 517 34
12 527 32.6
13 519 32.5

*Light output was measured relative to BGO crystal reference light output, with a photopeak
position at 100 channel MCA.

Example 4

[0043] Table 2 shows the light output and decay time mea-

sured for LSO crystal with adjusted Mg to Ce concentrations
ratio (Ce 0.025%, Mg 0.1%) according to scheme 2.
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TABLE 2
Slab Light Output™® Decay Time
number [chMCA] [ns]
1 601 34.8
2 633 34.6
3 625 354
4 635 35
5 605 36
6 668 35.7
7 609 359
8 646 35.8
9 620 35.8
10 632 36

Example 5

[0044] Table 3 shows the light output and decay time mea-

sured for LSO with high concentration of strontium (Ce
0.025%, Sr 0.1%) according to scheme 2.

TABLE 3
Slab Light Output™® Decay Time
number [chMCA] [ns]
1 653 37
2 583 34.3
3 653 36.6
4 586 34.6
5 627 36.4
6 576 34.8
7 604 36.4
8 576 36.2
9 625 36.1
10 605 36.4
11 581 34.6
12 581 36.4

Example 6

[0045] Table 4 shows the light output and decay time mea-
sured for an
[0046] LSO with the lower concentration of Ca (Ce 0.1%,
Ca 0.05%).
TABLE 4
Slab Light Output® Decay Time
number [chMCA] [ns]
1 451 36.75
2 454 37.59
3 491 37.4
4 511 37.56
5 536 3R8.01
6 560 38.28
7 554 37.84
8 559 38.65
9 567 38.83
10 570 39.08
11 574 39.4
12 596 3X.9%

Example 7

[0047] Table 5 shows the light output and decay time mea-
sured for an LSO with a low concentration of Mg (Ce 0.35%,
Mg 0.01%) according to scheme 1.
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TABLE 5
Slab Light Output® Decay Time

number [chMCA] [ns]
1 628 48.1
2 633 47.9
3 603 47.7
4 644 47.7
5 609 47.4

6 650 48
7 615 47.8

8 612 47
9 593 46.1
10 644 47.1
11 630 45.9
12 634 47.6

Example 8

[0048] Table 6 shows the light output and decay time mea-
sured for an
[0049] LSO with a low concentration of Sr (Ce 0.2%, Sr
0.02%) according to scheme 1.
TABLE 6
Slab Light Output™® Decay Time
number [chMCA] [ns]
1 507 47,7
2 511 47.6
3 518 47,7
4 556 48.6
5 568 48.3
s 558 47.8
7 552 47.8
8 559 47.9
9 566 47.9
10 563 47.6
11 572 47.1
12 517 47,7

Example 9

[0050] Table 7 shows the light output and decay time mea-
sured for an
[0051] LSO codoped with Ce 0.2% and low concentrations

of Zn 0.05%. The concentration of Zn 1s calculated at tem-
peratures below vaporization point of Zn compound used 1n
the experiment). Since the vaporization rate of Zn at tempera-
tures exceeding 2000° C. (approaching melting point of LSO)
1s very high, the eflective concentration of Zn in the melt
during crystal growth process drops significantly. The com-

position of the melt during crystal growth process thatretlects
the concentration ranges described by scheme 1.

TABLE 7
Slab Light Output® Decay Time
number [chMCA] [ns]
1 663 45.9
2 593 46.7
3 606 47.1
4 617 46.8
5 599 46.8
6 597 46.9
7 568 46.5
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TABLE 7-continued

Slab Light Output™® Decay Time
number [chMCA] [ns]
8 599 46.7
596 46.6
10 587 46.5
11 590 46.6

Example 10

[0052] Table 8 shows the light output and decay time mea-

sured for an LSO with a low concentration of Mg and low
concentration of Ca (Ce 0.2%, Mg 0.015%, Ca 0.01%)
according to scheme 3.

TABLE 8
Slab Light Output*® Decay Time

number [chMCA] [ns]
1 605 47.8

2 584 47.5

3 562 4%.1

4 569 47.9

5 575 47.7

6 590 47.1

7 568 47.4

8 584 47.8

9 602 47.7
10 613 47.8
11 598 47.9
12 589 47.7
13 579 47.9

Example 11

[0053] Table 9 shows the light output, decay time and
energy resolution measured for an LY SO with relatively high

concentration of Ca (Ce 0.1%,Ca 0.15%,Y 5%).

TABLE 9
Slab Light Output™® Decay Time

number [chMCA] [ns]

1 359 35.8

2 405 36

3 409 359

4 402 36.3

5 463 36.8

6 501 36.9

7 485 36.7

Example 12

[0054] Table 10 shows the light output and decay time
measured for an LY SO doped with Ce 0.2%, Ca 0.01%, Mg
0.015% and Y 1%. Vanations in decay time between slab 1
through slab 10, we believe are due to differences 1n segre-
gation coellicients between Mg and Ca while the Mg 1s
depleted and melt becomes increasingly enriched 1n Ca.
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TABLE 10
Slab Light Output® Decay Time

number [chMCA] [ns]
1 369 43.1
2 434 43.1
3 520 45.4
4 547 45.7

5 564 46
6 546 45.8

7 579 47
8 574 47.5
9 570 47.1
10 556 45.7

11I. Summary

[0055] Thus, LSO scintillator crystals with high light yield

have been produced according to the present disclosure.
Codoping of cerium and one or more of 1ons from Groups I1A
and/or II1B can be made 1n predetermined ratios of concentra-
tion to achieve desired properties of the crystal and crystal
growth stability.

[0056] Because many embodiments of the invention can be
made without departing from the spirit and scope of the
invention, the invention resides in the claims hereinafter
appended.

1. A method of growing a single-crystalline scintillator
material from a melt having a composition of the formula,
Ln, A, Lus . ,S105, wherein Ln consists essentially of
one or more lanthanides, one or more actinides or a combi-
nation thereof, A consists essentially of one or more Group-
IIA or -1IB elements of the periodic table of elements or any
combination thereof, the method comprising;:

selecting a fluorescence decay time between about 30 ns

and about 50 ns, inclusive, to be achieved for the grown
single-crystalline material;

based on the decay time to be achieved, determining a

relative value between x and vy, wherein x 1s greater than
or equal to 0.00001 and less than or equal to 0.1, and y 1s
greater than or equal to 0.00001 and less than or equal to
0.1 so as to achieve stable growth of the single-crystal-
line scintillator material from the melt; and

growing a single-crystalline scintillator material from the

melt with the relative value between x and v.

2. The method of claim 1, wherein:

Ln consists essentially of Ce, Pr, Th, Eu, Tb or any com-

bination thereof; and

A consists essentially of Be, Mg, Ca, Sr, Ba, Zn, Cd or any

combination thereof.

3. The method of claim 2, wherein Ln consists essentially
of Ce.

4. The method of claim 3, wherein A consists essentially of
Mg, Ca, Sr or any combination thereof.

5. The method of claim 3, wherein:
X 1s greater than or equal to 0.001, and

A consists essentially of Mg, Sr, Zn or Cd or any combi-
nation thereof, wherein y 1s about Y10 of X or smaller.

6. (canceled)
7. The method of claim 3, wherein:
X 1s greater than or equal to 0.002,

A consists essentially of a combination of Mg and Ca, or of
Mg and Sr, or of Ca and Sr wherein y 1s about V4 of X or
less.
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8-15. (canceled)

16. A single-crystalline scintillator material grown from a
melt having a composition of the formula, Ln, A, Lu,, .,
S10 ., wherein:

Ln consists essentially of one or more lanthanides, one or

more actinides or a combination thereof,

A consists essentially of one or more Group-I1IA or -11B
clements of the periodic table of elements or any com-
bination thereof,

X 1s greater than or equal to 0.00001 and less than or equal
to 0.002, and

A consists essentially of Ca, Mg, Sr, Zn or Cd or any
combination thereof, v i1s greater than or equal to
0.00001 and less than or equal to 0.1 and 1s about three
times X or greater.

17-18. (canceled)

19. A single-crystalline scintillator material grown from a
melt having a composition of the formula, Ln, A, Tu,
S10., wherein:

Ln consists essentially of one or more lanthanides, one or

more actinides or a combination thereof,

A consists essentially of one or more Group-IIA or -11B
clements of the periodic table of elements or any com-
bination thereof,

x 1s greater than or equal to 0.002 and less than or equal to

0.1, and
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A consists essentially of a combination of Mg and Ca, Mg
and Sr, or Ca and Sr, wherein y 1s about 4 of x or less.

20. The single-crystalline scintillator material of claim 19,
wherein:

Ln consists essentially of Ce, and

A consists essentially of Mg.

21. The method of claim 5, wherein x 1s greater than or
equal to about 0.004.

22. The method of claim 7, wherein x 1s greater than or
equal to about 0.008.

23. The single-crystalline scintillator material of claim 19,
wherein x 1s greater than or equal to about 0.008.

24. The single-crystalline scintillator material of claim 20,
wherein x 1s greater than or equal to about 0.008.

25. A single-crystalline scintillator material made by the
method of claim 1, wherein:

X 1s greater than or equal to about 0.004 and less than or

equal to 0.1, and

y 1s about Vio of X or less.

26. The single-crystalline scintillator material of claim 25,
wherein:

Ln consists essentially of Ce, and

A consists essentially of Mg, Sr, Zn, Cd or a combination
thereof.
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