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(57) A method for producing a single crystal scintil-
lator material according to the present invention includes
the steps of: providing a solvent including: at least one
element selected from the group consisting of Li, Na, K,
Rb and Cs; W and/or Mo; B; and oxygen; melting a Ce
compound and a Lu compound that have been mixed

with the solvent by heating the mixture to a temperature
of 800 °C to 1,350 °C; and growing a single crystal by
cooling the compounds melted. The single crystal is rep-
resented by the compositional formula (CexLu1-x) BO3,
in which the mole fraction x of Ce satisfies 0.0001�x�
0.05.
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Description

TECHNICAL FIELD

[0001] The present invention relates to a single crystal
scintillator material for use in a positron emission tomog-
raphy scanner and a method for producing such a ma-
terial.

BACKGROUND ART

[0002] Recently, in the field of medical care, diagnosis
using a positron emission tomography (which will be ab-
breviated herein as "PET") scanner has been carried out
more and more often. Thus, to realize a PET scanner
with even higher performance, searches for better scin-
tillator materials have been conducted.
[0003] The scintillator materials for use to make a PET
scanner need to detect a γ ray. To meet those needs,
single crystal scintillator materials, including BGO (bis-
muth germanium oxide), LSO (lutetium silicon oxide),
GSO (gadolinium silicon oxide) and LYSO (lutetium yt-
trium silicon oxide), have been used so far to make a
PET scanner. The properties of a scintillator material are
evaluated by its emission intensity (i.e., fluorescence out-
put), fluorescence decay time, and energy resolution, for
example. All of the single crystal materials mentioned
above have properties that are good enough to use them
to make a PET scanner. And as for a method of growing
such a single crystal, a melt growth process such a Czo-
chralski process or a Bridgman process has been used
extensively on an industrial basis.
[0004] To make the PET more popular, however, the
throughput of the diagnosis should be increased. But the
throughput cannot be increased unless a single crystal
scintillator material, of which the intensity of emission is
greater than, but the fluorescence decay time is shorter
than, conventional scintillator materials, is developed.
[0005] Patent Document No. 1 discloses GSO activat-
ed with a dopant Ce (cerium). On the other hand, Patent
Documents Nos. 2 and 3 disclose cerium doped lutetium
borate materials. Cerium doped lutetium borate has a
high intensity of emission and a short fluorescence decay
time, and therefore, is considered a promising scintillator
material. Patent Document No. 3 also suggests that the
cerium doped lutetium borate material be applied to the
field of PET. However, the cerium doped lutetium borate
material disclosed in that document is just powder. Thus,
a single crystal of cerium doped lutetium borate that is
big enough to use it in the PET cannot be formed by the
method disclosed in Patent Document No. 2 or 3.
[0006] As for lutetium borate, its phase transition point
(of about 1,350 °C) that involves a significant volumetric
change is located in a lower temperature range than its
melting point (of 1,650 °C ). That is why according to a
conventional single crystal growing process, in which the
starting material should be heated to a temperature that
is high enough to melt or dissolve the material, when the

melt being cooled passes the phase transition point, its
volume will expand so much that the crystal will collapse,
which is a serious problem. Patent Document No. 4 dis-
closes a method for producing a single crystal scintillator
material by checking the phase transition of a crystalline
material with element Sc, Ga or In added to a lutetium
borate material. However, a lutetium borate based single
crystal formed by the method disclosed in Patent Docu-
ment No. 4 would also cause some deterioration such
as a decrease in density or emission intensity due to the
introduction of the additive element.
[0007] In order to overcome these problems, the ap-
plicant of the present application discloses a cerium
doped lutetium borate single crystal formed by a flux
method that uses a lead borate solvent in
PCT/JP2008/1717 (filed on July 1, 2008).

CITATION LIST

PATENT LITERATURE

[0008]

Patent Document No. 1: Japanese Patent Applica-
tion Laid-Open Publication No. 2003-300795
Patent Document No. 2: Japanese Patent Applica-
tion Laid-Open Publication No. 2005-298678
Patent Document No. 3: Japanese Patent Applica-
tion Laid-Open Publication No. 2006-52372
Patent Document No. 4: Japanese Patent Applica-
tion Laid-Open Publication No. 2007-224214

SUMMARY OF INVENTION

TECHNICAL PROBLEM

[0009] By adopting the method disclosed in
PCT/JP2008/1717, a cerium doped lutetium borate sin-
gle crystal material with a calcite type crystal structure
can be obtained by a simple method without adding an
element such as Sc. According to this method, however,
a very small amount of the solvent component could enter
the cerium doped lutetium borate single crystal produced
and might prevent the single crystal from exhibiting its
essential property. With that in mind, the present inven-
tors carried out our researches in order to produce a ce-
rium doped lutetium borate single crystal using some sol-
vent other than the lead borate one.
[0010] It is therefore an object of the present invention
to provide a single crystal scintillator material that
achieves a higher intensity of emission and better fluo-
rescence decay properties than conventional ones, a
method for producing such a material, a radiation detec-
tor and a PET scanner.

SOLUTION TO PROBLEM

[0011] A method for producing a single crystal scintil-
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lator material according to the present invention includes
the steps of: providing a solvent including: at least one
element selected from the group consisting of Li, Na, K,
Rb and Cs; W and/or Mo; B; and oxygen; melting a Ce
compound and a Lu compound that have been mixed
with the solvent by heating the mixture to a temperature
of 800 °C to 1,350 °C; and growing a single crystal by
cooling the compounds melted. The single crystal is rep-
resented by the compositional formula (CexLu1-x)BO3, in
which the mole fraction x of Ce satisfies 0.0001�x�0.05.
[0012] In one preferred embodiment, the step of pro-
viding the solvent and the step of melting the compounds
are the step of mixing the compound that forms the sol-
vent, the Ce compound and the Lu compound together
and heating the mixture to a temperature of 800 °C to
1,350 °C.
[0013] In another preferred embodiment, the mole
fraction x of Ce satisfies 0.001�x�0.03.
[0014] In another preferred embodiment, the step of
growing the single crystal is performed by TSSG process.
[0015] In still another preferred embodiment, the step
of growing the single crystal includes cooling the melted
compounds to a temperature of 750 °C to less than 1350
°C at a temperature decrease rate of 0.001 °C per hour
to 5 °C per hour.
[0016] In a specific preferred embodiment, the step of
growing is carried out in at least 80 hours.
[0017] A single crystal scintillator material according
to the present invention includes a single crystal portion
represented by the compositional formula (CexLu1-x))
BO3, in which the mole fraction x of Ce satisfies 0.0001
� x � 0.05. The content of Pb in the single crystal portion
is 50 ppm by mass or less. That is to say, at a unit mass
(100%) of this single crystal portion, the content of Pb is
reduced to 50 ppm by mass or less.
[0018] In one preferred embodiment, the mole fraction
x of Ce satisfies 0.001�x�0.03.
[0019] In another preferred embodiment, the single
crystal portion has a calcite type crystal structure.
[0020] In still another preferred embodiment, when
mirror-polished to a thickness of 0.5 mm, the single crys-
tal portion has a transmittance of at least 20% at a wave-
length of 270 nm.
[0021] A radiation detector according to the present
invention includes a single crystal scintillator material ac-
cording to any of the preferred embodiments of the
present invention described above, and a detector for
detecting an emission from the single crystal scintillator
material.
[0022] A PET scanner according to the present inven-
tion includes a number of radiation detectors, which are
arranged in a ring, and detects a γ ray that has been
radiated from a subject. Each of the radiation detectors
is the radiation detector of the present invention.

ADVANTAGEOUS EFFECTS OF INVENTION

[0023] The present invention provides a colorless and

transparent single crystal scintillator material that no
coloring impurities have entered and that has a higher
emission intensity than a conventional one.

BRIEF DESCRIPTION OF DRAWINGS

[0024]

FIG. 1 is a graph showing the respective transmit-
tances of a single crystal according to the present
invention and a comparative example.
FIG. 2 illustrates a crystal grower for use in the
present invention.
FIG. 3 is a graph showing a heat pattern for use to
grow a crystal in Example 1 of the present invention.
FIG. 4 is a photograph of a crystal that was obtained
in Example 1 of the present invention.
FIG. 5 is a graph showing the X-ray excited emission
spectrum that was obtained by exciting a crystal rep-
resenting a specific example of the present invention
with an X-ray radiated from a CuK α ray source and
making the crystal produce an emission.
FIG. 6 is a graph showing a heat pattern for use to
grow a crystal in Example 2 of the present invention.
FIG. 7 is a photograph of a crystal that was obtained
in Example 2 of the present invention.
FIG. 8 is a graph showing a heat pattern for use to
grow a crystal in Example 3 of the present invention.
FIG. 9 is a photograph of a crystal that was obtained
in Example 3 of the present invention.
FIG. 10 is a graph showing a heat pattern for use to
grow a crystal in Comparative Example 2 to be com-
pared to the present invention.
FIG. 11 is a graph showing a heat pattern for use to
grow a crystal in Example 7 of the present invention.
FIG. 12 illustrates an alternative crystal grower for
use in the present invention.
FIG. 13 is a photograph of a crystal that was obtained
in Example 7 of the present invention.
FIG. 14 is a graph showing the respective transmit-
tances of a single crystal according to the present
invention and a comparative example.
FIG. 15 is a graph showing how the Ce mole fraction
x in the resultant composition varied with its com-
pounding ratio in crystals of the present invention.
FIG. 16 is a perspective view illustrating an exem-
plary configuration for a scintillator array.
FIG. 17 is a cross-sectional view illustrating an ex-
emplary configuration for a radiation detector ac-
cording to the present invention.
FIG. 18 illustrates an exemplary configuration for a
PET scanner according to the present invention.

DESCRIPTION OF EMBODIMENTS

[0025] A method for producing a single crystal scintil-
lator material according to the present invention includes
the steps of: providing a solvent including: at least one
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element selected from the group consisting of Li, Na, K,
Rb and Cs; W and/or Mo; B; and oxygen; melting a Ce
compound and a Lu compound that have been mixed
with the solvent by heating the mixture to a temperature
of 800 °C to 1,350 °C ; and growing a single crystal by
cooling the compounds melted. The single crystal is rep-
resented by the compositional formula (CexLu1-x)BO3, in
which the mole fraction x of Ce satisfies 0.0001 � x �
0.05. More particularly, the method preferably includes
the step of growing the single crystal at a temperature
that is lower than the phase transition point of cerium
doped lutetium borate from a high temperature vaterite
phase into a calcite phase.
[0026] The solvent for use in the manufacturing proc-
ess of the present invention includes not only at least one
alkali metal selected from the group consisting of Li, Na,
K, Rb and Cs but also W and/or Mo, B, and oxygen. To
lower the melting point of the solvent, it is preferred that
two or more alkali metals be included, and Li and Na can
be used effectively for that purpose. It is known that those
alkali metals and their compounds have very similar prop-
erties. That is why even if K, Rb and/or Cs is/are used,
the same effect can be achieved as in a situation where
Li and Na are used.
[0027] The solvent for use in the manufacturing proc-
ess of the present invention further includes W and/or
Mo as element(s) to form a low melting point compound
with the alkali metals. To increase the density of the sol-
vent toward that of the single crystal material produced,
the low melting point compound is preferably formed be-
tween an element with a greater atomic weight and the
alkali metals. For that reason, W is preferred to Mo. Nev-
ertheless, as Mo is a heavy element that belongs to the
same group as W and its property is similar to that of W,
the same effect would be achieved even if Mo were used
along with, or instead of, W.
[0028] B included in the solvent is an essential element
for a single crystal component to produce. Also, B forms
a borate with an alkali metal and forms part of the solvent.
[0029] After source materials to be single crystal com-
ponents, including the Ce and Lu compounds, have been
melted in the solvent, the mixture is slowly cooled to de-
posit a single crystal.
[0030] According to the manufacturing process of the
present invention, a single crystal scintillator material,
including a colorless and transparent single crystal por-
tion that is represented by the compositional formula
(CexLu1-x)BO3, in which the mole fraction x of Ce satisfies
0.0001 � x � 0.05, can be obtained. Once grown and
deposited, the single crystal portion of the present inven-
tion typically has a roughly plate shape but may also have
any other shape if necessary.
[0031] It should be noted that typically all of the single
crystal scintillator material of the present invention con-
sists of the "single crystal portion". However, the single
crystal scintillator material of the present invention could
also include a non-single crystal portion (such as a poly-
crystalline portion) or could be covered with a protective

coating, for example.
[0032] Lutetium borate activated with a rare-earth el-
ement as a dopant will exhibit scintillation property (i.e.,
will absorb a radiation such as an X-ray and emit an ul-
traviolet ray or a visible ray). Among other things, Ce-
doped lutetium borate can be a very good scintillator ma-
terial because it has a high intensity of emission and a
short fluorescence decay time.
[0033] In the compositional formula described above,
the mole fraction x represents the percentage of Ce that
should replace the Lu sites. If the mole fraction x were
less than 0.0001, the percentage of the emissive element
Ce would be too small to produce emission with sufficient
intensity. On the other hand, if the mole fraction x were
greater than 0.05, then the transmittance would decrease
so much as to decrease the intensity of the emission
produced, too. According to the present invention, a
greater percentage of Ce can replace Lu compared to
the method disclosed in PCT/JP2008/1717, and there-
fore, the mole fraction x can be equal to or greater than
0.001 and can even be 0.003 or more. Nevertheless, it
is more preferred that the mole fraction x be no greater
than 0.03. Consequently, the preferred range of the mole
fraction x is 0.001 � x � 0.03.
[0034] In a preferred embodiment of the present inven-
tion, the single crystal scintillator material is doped with
Ce substantially uniformly over the entire single crystal
and satisfies the mole fraction range described above in
each and every region of each single crystal. As a result,
the entire single crystal can have the intended dopant
Ce concentration and can exhibit good fluorescence de-
cay properties as a whole.
[0035] The single crystal of lutetium borate has a cal-
cite structure in a temperature range that is lower than a
phase transition point of around 1,350 °C but has a va-
terite structure at temperatures exceeding the phase
transition point. As will be described later, according to
the present invention, a single crystal is grown and de-
posited by dissolving the lutetium borate based material
in a solvent at a temperature of 1,350 °C or less and then
cooling the material dissolved, and therefore, no signifi-
cant volumetric change should occur due to a phase tran-
sition during the cooling process. As a result, the single
crystal of lutetium borate with the calcite structure can
be grown thickly.
[0036] The single crystal scintillator material of the
present invention thus prepared has high transmittance
with respect to visible radiation. For example, a single
crystal with a thickness of 2 mm or less will have as high
a transmittance as 50% or more at a peak of its emission
wavelength. A peak value of the emission wavelength
will vary according to the composition of the single crystal.
As for a single crystal of Ce-doped lutetium borate that
satisfies the mole fraction range described above, a peak
of its emission wavelength will fall within the range of 350
nm to 450 nm.
[0037] Also, the single crystal scintillator material of
the present invention is characterized by having a suffi-
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ciently high transmittance in the short wavelength range
of 250 nm to 300 nm. FIG. 1 is a graph showing, in com-
parison, the respective transmittances of the single crys-
tal scintillator material (representing Example 3) of the
present invention (which is indicated by the bold curve)
and a single crystal scintillator material (representing
Comparative Example 1) that was made by the method
disclosed in PCT/JP2008/1717.
[0038] As can be seen from FIG. 1, the single crystal
scintillator material of the present invention had a local
minimum around a wavelength of 340 nm but had rela-
tively high values in the other wavelength ranges. Also,
in the single crystal scintillator material of the present
invention, the transmittance in the short wavelength
range of 250 nm to 300 nm was higher than at that wave-
length of 340 nm.
[0039] On the other hand, the single crystal scintillator
material that was made by the method disclosed in
PCT/JP2008/1717 had transmittances that decreased
monotonically in that short wavelength range of 350 nm
or less as the wavelength decreased. Such a decrease
in transmittance in this comparative example was caused
by Pb included in that single crystal scintillator material.
[0040] As can be seen, even if a single crystal scintil-
lator material has a composition represented by the com-
positional formula (CexLu1-x)BO3, in which the mole frac-
tion x of Ce satisfies 0.0001 � x � 0.05, its transmittance
could vary significantly with the content of Pb. Since the
content of lead can be reduced to 50 ppm by mass or
less according to the present invention, a transmittance
of at least 20% (and preferably 30% or more) can be
achieved at a wavelength of 270 nm, which is located
approximately at the middle of the wavelength range of
250 nm to 300 nm.
[0041] The "transmittance" is defined herein to be the
ratio of the intensity of the outgoing light (i.e., the light
that has left a sample) to that of the light that has been
incident on the sample and that is supposed to be 100.
Specifically, the transmittance is measured in the follow-
ing manner.
[0042] Samples of measurement are obtained by dic-
ing a single crystal scintillator material parallel to its (001)
planes and mirror-polishing and planarizing their surface
so that the samples have a surface roughness of 0.005
Pm or less and a thickness of 0.5 mm. In general, the
transmittance is affected by not only absorption inside a
sample but also reflection from the surface of the sample.
By adjusting the surface roughness of the samples to
such a range, however, the degrees of influence of re-
flection from the respective samples can be regarded as
approximately equal to each other. That is why by meas-
uring the transmittances of such samples that have been
adjusted as described above, the absorption properties
of those samples can be compared to each other suffi-
ciently accurately. The transmittances may be measured
with an ultraviolet and visible spectrophotometer.
[0043] Hereinafter, it will be described in further detail
how to produce the single crystal scintillator material of

the present invention.
[0044] As described above, the single crystal of lute-
tium borate has a vaterite structure at temperatures ex-
ceeding a phase transition point of around 1,350 °C but
has a calcite structure in a temperature range that is lower
than the phase transition point. According to the conven-
tional single crystal growing process, the material needs
to be melted by being heated to such a high temperature
that the temperature of a crystal that has been deposited
by cooling the melt will inevitably pass that phase tran-
sition point during the cooling process. As a result, the
volume of that crystal deposited will change significantly
as a result of phase transition and the crystal will collapse.
That is why it has been very difficult to make a single
crystal of lutetium borate having a phase transition point
that is lower than its melting point.
[0045] The flux method that uses lead borate as a sol-
vent as disclosed in PCT/JP2008/1717 mentioned above
is a very good method that can overcome such a problem
by contributing to making easily single crystals of cerium
doped lutetium borate that would be difficult to make by
any conventional method. The single crystals of cerium
doped lutetium borate made by such a method, however,
are slightly yellowish. According to a result of the analysis
the present inventors carried out, those single crystals
would have turned slightly yellowish due to unexpected
presence of a very small amount of lead, which is a com-
ponent of the solvent. The unwanted presence of lead
would also affect the intensity of emission produced by
the single crystals obtained.
[0046] To overcome such a problem, the present in-
ventors further researched a solvent to be used in the
flux method. As a result, we arrived at the conclusion that
if a solvent including an alkali metal such as Li, W and/or
Mo as a metal that would form a low-melting compound
with that alkali metal, B and oxygen is used as a main
solvent and if a lutetium borate based material is dis-
solved in such a solvent at a temperature lower than the
phase transition point and then slowly cooled, single crys-
tals of a cerium doped lutetium borate based material
should be deposited. According to the present invention,
nothing but that lead that is already included as an inev-
itable impurity in the starting material will be present in
the resultant material, and therefore, a colorless and
transparent single crystal scintillator material, of which
the content of lead is 50 ppm by mass or less, can be
obtained.
[0047] Hereinafter, a method for producing a single
crystal scintillator material according to the present in-
vention will be described in detail.

Starting materials including lutetium borate based ma-
terial and solvent

[0048] The starting material is a mixture of a compound
of an alkali metal that is selected from the group consist-
ing of Li, Na, K, Rb and Cs, a compound of W and/or Mo,
a boron compound, a Ce compound and a Lu compound

7 8 



EP 2 336 398 A1

6

5

10

15

20

25

30

35

40

45

50

55

that have been mixed together to have a predetermined
composition.
[0049] As a compound of the alkali metal, a carbonate
salt, a hydrogen carbonate salt, a hydroxide or an oxide
such as Li2CO3, NaHCO3, KOH or Cs2O may be used.
Among these compounds, a carbonate is particularly pre-
ferred because it is easier to handle. As a compound of
the alkali metal, an alkali halide such as NaCl, KBr, LiF
or CsI may also be used. The alkali halide may be used
either by itself or in combination with an alkali carbonate,
for example. To lower the melting point of a compound
to be a solvent, it is preferred that at least two different
alkali metals be mixed together.
[0050] As the compound of W and/or Mo, WO3 or
MoO3 may be used. The boron compound may be B2O3
or H3BO3, for example.
[0051] Examples of preferred Ce compounds include
CeO2, Ce(OH)3 and Ce2O3. Among other things, CeO2
and Ce2O3 are particularly preferred because these com-
pounds are mass-produced with high purity and are eas-
ily available anywhere. Lu2O3 is preferably used as the
Lu compound.
[0052] These starting materials are compounded to-
gether to have the following ratios. First of all, boron and
W and/or Mo are compounded together to have a molar
ratio of 10: 90 to 80: 20 and to make a solvent. To grow
a larger crystal, boron and W and/or Mo are preferably
compounded together to have a molar ratio of 30: 70 to
60: 40. On the other hand, the alkali metal is preferably
compounded at a ratio of 0.5 mol to 2 mol with respect
to 1 mol of W and/or Mo and boron combined.
[0053] Optionally, the solvent may include at least one
compound selected from the group consisting of alkaline-
earth metal compounds such as BaCO3, SrCO3 and
CaCO3 (which will be referred to herein as "BaCO3, etc.")
for the purpose of adjusting the melting point or the vis-
cosity. If the solvent includes BaCO3, etc., then BaCO3,
etc. is preferably compounded at a ratio of 0.1 mol with
respect to 1 mol of the alkali metal.
[0054] This solvent and the respective compounds are
mixed together so that Lu has a ratio of 0.002 to 0.3 mol
with respect to 1 mol of the alkali metal and that Ce has
a ratio of 0.0001 to 0.5 mol with respect to 1 mol of Lu.
It is more preferred that this solvent and the respective
compounds are mixed together so that Lu has a ratio of
0.02 to 0.3 mol with respect to 1 mol of the alkali metal
and that Ce has a ratio of 0.0001 to 0.5 mol with respect
to 1 mol of Lu. If this mixture continues to be heated, the
respective compounds that form the solvent soon gets
melted, thus dissolving Lu and Ce compounds in the mol-
ten solvent. Alternatively, Na2WO4, Li2B2O4 or any other
suitable compound that has been prepared in advance
separately may also be used as the starting material and
the solvent and the respective compounds may be com-
pounded together to have the composition described
above.

Control of crystal growing temperature

(1) Increasing temperature and maintaining the in-
creased temperature

[0055] The starting materials described above are
heated to a temperature of 800 °C to 1,350 °C (which is
the phase transition point of lutetium borate) or less at a
temperature increase rate of 50 °C per hour to 500 °C
per hour and then that temperature is maintained for one
to twelve hours, thereby melting the overall mixture. Al-
though lutetium borate has a melting point of 1,650 °C,
it is dissolved in this example in the solvent that has been
melted at a temperature falling within that range, which
is lower than 1,650 °C. That is why a single crystal with
a calcite structure can be deposited without passing the
phase transition point of the crystal during the cooling
process.
[0056] In this process step of increasing the tempera-
ture and maintaining the increased temperature, the tem-
perature may be once raised to beyond the one to be
maintained, and then the temperature may be maintained
within that range. Still alternatively, the temperature may
also be increased in multiple steps with the temperature
increase rate varied from a relatively high one to a rela-
tively low one.
[0057] If the temperature to be maintained and then
decreased (slowly) for the purpose of crystal growth is
1,350 °C (which is the phase transition point) or less,
then the temperature may be once raised to 1,350 °C or
more and then a temperature of less than 1,350 °C may
be maintained as well.
[0058] Once the mixture of the Ce compound, the Lu
compound and the solvent is heated to a temperature
that is higher than 1,350 °C but that is equal to or lower
than the boiling point of lutetium borate, all of these com-
pounds will be melted in the solvent that has turned into
a liquid phase when passing a temperature of 500 °C to
1,350 °C. For example, even if temperature is once raised
to 1,400 °C, the melting process step itself will be done
while the temperature is being increased.

(2) Cooling

[0059] Subsequently, the molten and dissolved mate-
rial is slowly cooled from the maintained temperature (of
800 °C to 1,350 °C) to a lower temperature of 750 °C to
less than 1,350 °C (such a temperature range will be
referred to herein as a "first slow cooling process tem-
perature range") preferably at a rate of 0.001 °C per hour
to 5 °C per hour, more preferably at a rate of 0.003 °C
per hour to 2 °C per hour. By performing the first cooling
process as such a slow cooling process at a low rate, the
crystal deposited can be grown thickly. To promote the
crystal growth during the slow cooling process, a tem-
perature of 800 °C to less than 1,350 °C may be main-
tained for 30 minutes or more. Also, in order to grow the
crystal more thickly, in the first slow cooling process tem-
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perature range, slow cooling is preferably done in multi-
ple steps with the cooling rate varied from a relatively low
one to a relatively high one.
[0060] After the slow cooling process has been per-
formed in the first slow cooling process temperature
range and before the molten and dissolved material
reaches a temperature of 500 °C to 800 °C (such a tem-
perature range will be referred to herein as a "second
slow cooling process temperature range"), the slow cool-
ing process may be performed at a rate of 0.01 °C per
hour to 30 °C per hour, preferably at a rate of 0.1 °C per
hour to 20 °C per hour. When the slow cooling process
(es) is/are finished (i.e., either when only the first slow
cooling process is done or when the first and second slow
cooling processes are both done), the cooling process
may be carried out at a relatively high temperature de-
crease rate of 50 °C per hour to 300 °C per hour.
[0061] Such a temperature control does not always
have to be done so that all of the molten and dissolved
material has the same temperature. But at least a part
of the molten and dissolved material where the crystal
should be deposited needs to have its temperature con-
trolled as described above. Optionally, in order to control
the size of the crystal grown, for example, part of the
molten and dissolved material may be controlled to have
a different temperature. For instance, if a part that should
have a crystal grown is controlled to the temperature
range described above but if the other part that should
not have a crystal grown is controlled to a higher tem-
perature range, a crystal can be grown thickly. Also, even
when a method that uses a seed material such as the
TSSG process to be described later is adopted, not the
entire molten and dissolved material in the crucible but
only the seed material may have its temperature control-
led.
[0062] A solidified solvent may have been deposited
on the single crystal that either is still in the crucible or
has been unloaded from the crucible. The solvent for use
in the present invention has high solubility in water. That
is why by either soaking the single crystal in water or
washing the single crystal with running water, a cerium
doped lutetium borate single crystal can be easily sepa-
rated and removed from the solvent. Optionally, before
the single crystal is separated, the molten solvent may
be drained by heating again the mixture to a temperature
of 500 °C to 700 °C and then the single crystal may be
washed with water. Still alternatively, while a cooling
process is being carried out to deposit and grow a single
crystal, the mixture may be kept at a temperature of 500
°C to 700 °C (e.g., 550 °C) for several hours (e.g., five
hours). After that, the single crystal may be unloaded,
have the molten solvent drained and then be washed
with water.

Crystal growing method

[0063] Examples of specific preferred crystal growing
methods include a flux method (which is a kind of slow

cooling process and also called a "temperature differ-
ence method"), the Bridgman process and the TSSG (top
seeded solution growth) method. According to the TSSG
method, a big crystal can be grown and the crystal grown
can be separated easily from the solution. Hereinafter, it
will be described with reference to FIG. 2 specifically how
to grow a crystal by TSSG method.
[0064] FIG. 2 illustrates a crystal grower for use to carry
out the TSSG method. The apparatus shown in FIG. 2
includes an electric furnace 3, of which the temperature
can be controlled with a heater 2. As shown in FIG. 2, a
crucible 1 of platinum, containing a molten material 7,
has been put on a crucible susceptor 4 inside the electric
furnace 3. The apparatus with such a configuration dis-
solves the material, which has been prepared and then
introduced into the crucible 1, by heating the material
with the heater 2. A seed material 6 that has been put at
the top of a seed shaft 5 is brought into contact with the
molten material 7 and then either held there or raised to
grow a crystal. As for the seed material 6, a crystal of the
same kind as the crystal to grow is generally and prefer-
ably used. However, a different kind of crystal that is not
easily dissolved in the molten material 7 or platinum, for
example, is also used often as the seed material 6.
[0065] Also, to grow a big crystal, the size of the cru-
cible needs to be increased. Nevertheless, when a large
crucible is used, the melt is more likely to have an unin-
tentional temperature or density distribution. And under
such an environment, it is difficult to grow a crystal of
quality with good reproducibility. To keep the melt always
ready to grow a crystal by overcoming such a problem,
the crystal growing process is preferably carried out with
the melt stirred up.
[0066] A single crystal of cerium doped lutetium borate
obtained by such a manufacturing process is a colorless
and transparent hexagonal plate single crystal, of which
the transmittance at a peak of its emission wavelength
is 40% or more and where the presence of no coloring
impurities can be confirmed, and has a calcite structure.
When excited with an X-ray, the single crystal has a peak
of emission wavelength of 365 nm to 410 nm and pro-
duces an emission, of which the intensity is 800% or more
compared to BGO with the same volume. And even when
compared to LYSO that achieves the highest emission
intensity among various single crystal scintillator materi-
als currently used, the emission intensity of the single
crystal is 140% or more.
[0067] Another method for producing a single crystal
scintillator material according to the present invention in-
cludes the steps of: providing a solvent including: at least
one element selected from the group consisting of Li, Na,
K, Rb and Cs; W and/or Mo; B; and oxygen; melting a
Ce compound and a Lu compound that have been mixed
with the solvent by heating the mixture to a temperature
at which a single crystal represented by the composition-
al formula (CeXLu1-x)BO3 that satisfies 0.0001 � x �
0.05 does not make any phase transition involving a sig-
nificant volumetric change from a high temperature va-
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terite phase into a calcite phase; and growing the single
crystal represented by the compositional formula
(CexLu1-x)BO3, in which the mole fraction x of Ce satisfies
0.0001�x�0.05, by cooling the compounds melted.
[0068] The phase transition point is 1350 °C as de-
scribed above. However, if the pressure applied to the
molten compounds and solvent from the atmosphere is
changed from an ordinary pressure, then the phase tran-
sition point will shift from 1,350 °C . Likewise, even if an
electric field is applied to the molten compounds and sol-
vent, the phase transition point will also shift from 1,350
°C. In those cases, the temperature to grow and deposit
a crystal is set to be equal to or lower than the shifted
phase transition point.

EXAMPLES

Example 1

[0069] In a first specific example of the present inven-
tion, a crystal was grown by the flux method (which is a
kind of slow cooling process). A crucible of platinum with
a diameter of 50 mm and a depth of 60 mm was provided.
Meanwhile, 15.30 g of Na2CO3, 5.80 g of Li2CO3, 33.50
g of WO3, 6.20 g of B2O3, 4.20 g of Lu2O3, and 0.02 g
of CeO2 were weighted and mixed together in a mortar,
and then the mixture was put into the crucible. Then, the
crucible of platinum was loaded into a crucible of alumina
with a diameter of 60 mm and a depth of 70 mm. And the
alumina crucible was capped to grow a crystal according
to the heat pattern shown in FIG. 3, in which the ordinate
represents the temperature and the abscissa represents
the time. The middle phase of the cooling process is not
shown there.
[0070] According to this specific example, the temper-
ature was first increased to 800 °C at a rate of 200 °C
per hour, increased next to 1,000 °C at a rate of 100 °C
per hour, and then increased to 1,200 °C at a rate of 50
°C per hour. After the mixture was kept at 1,200 °C for 8
hours, its temperature was decreased to 600 °C at a rate
of 5 °C per hour and then continued to be decreased at
a rate of 100 °C per hour, as can be seen from FIG. 3.
[0071] From the mixture that had been melted and dis-
solved at a temperature of around 1,200 °C, a crystal
represented by the compositional formula (CexLu1-x)BO3
had grown by cooling.
[0072] After having been cooled, the solvent that had
solidified in the crucible was washed away with water.
Thereafter, the crystal remaining in the crucible was un-
loaded.
[0073] FIG. 4 is a photograph showing a crystal thus
obtained.
[0074] The crystal thus obtained was subjected to a
measurement using an X-ray diffractometer. As a result,
the present inventors confirmed that the crystal had an
LuBO3 calcite structure and didn’t have a vaterite struc-
ture or any other phase. Also, the Ce concentration with
respect to the sum of the rare-earth elements included

in the crystal thus obtained was measured with an elec-
tron probe microanalyzer (EPMA). As a result, we con-
firmed that the Ce concentration was 0.1 at% or more in
every region. That is to say, the Ce mole fraction x in the
compositional formula (CexLu1-x)BO3 was 0.001 or more,
which satisfied the inequality 0.0001�x�0.05. Also, the
content of Pb was measured by ICP emission spectrom-
etry and turned out to be 50 ppm by mass or less.
[0075] FIG. 5 is a graph showing the X-ray excited
emission spectrum that was obtained by exciting the
crystal with an X-ray radiated from a CuK α ray source
and making the crystal produce an emission. In FIG. 5,
the data indicated by "alkali solvent" represents the spec-
trum of the crystal of this specific example. FIG. 5 also
shows the X-ray excited emission spectrum of a cerium
doped lutetium borate single crystal that was formed by
the flux method using lead borate as a solvent as dis-
closed in PCT/JP2008/1717 (of which the data is indicat-
ed by "lead borate solvent") and that of LYSO (lutetium
yttrium silicon oxide single crystal with a density of 7.1
g/cm3) that was grown by CZ process.
[0076] As can be seen from FIG. 5, the peak of emis-
sion wavelength was 367 nm. Also, the intensity of the
emission produced by this specific example was approx-
imately 150% of that of the emission produced by the
cerium doped lutetium borate single crystal that had been
formed using a lead borate solvent and was approximate-
ly 140% of that of the emission produced by LYSO.

Example 2

[0077] In a second specific example of the present in-
vention, a crystal was grown by the TSSG method using
the apparatus shown in FIG. 2. A crucible 1 of platinum
with a diameter of 50 mm and a depth of 50 mm was
provided. Meanwhile, 25.50 g of Na2CO3, 9.60 g of
Li2CO3, 55.90 g of WO3, 10.30 g of B2O3, 7.10 g of Lu2O3,
and 0.03 g of CeO2 were weighted and mixed together
in a mortar, and then the mixture was loaded into the
crucible. Then, with the temperature of the crucible 1 con-
trolled with a heater 2 surrounding the crucible 1, a crystal
was grown according to the heat pattern shown in FIG.
6, in which the ordinate represents the temperature and
the abscissa represents the time. The middle phase of
the cooling process is not shown there, either.
[0078] As can be seen from FIG. 6, in this specific ex-
ample, the temperature was first increased to 1,200 °C
at a rate of 150 °C per hour and that temperature was
maintained for two hours. Next, the seed material 6
(which was a lutetium borate crystal with a width of 3 mm
and a thickness of 2 mm) that was put at the top of the
seed shaft 5 being rotated at a frequency of 30 rpm was
brought down from over the crucible into contact with the
surface of the molten material. After the seed material 6
had been held there for four more hours, its temperature
was decreased to 1,080 °C at a rate of 0.5 °C per hour.
Thereafter, the seed material was withdrawn from the
surface of the molten material by raising the seed shaft
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5 and then its temperature was further decreased at a
rate of 150 °C per hour.
[0079] At the top of the seed material that had been in
contact with the molten material, a crystal represented
by the compositional formula (CexLu1-x)BO3 had grown.
[0080] After having been cooled, the crystal grown was
washed with running water to remove the solvent remain-
ing there. And then the crystal was unloaded.
[0081] FIG. 7 is a photograph showing crystals thus
obtained. In FIG. 7, a grid is illustrated to indicate the
sizes of the crystals, and the grid spacing (i.e., the size
of each grid square) is 1 mm. As can be seen easily from
FIG. 7, these crystals had a diagonal size of 5 mm or
more and a thickness of 0.5 mm or more. As used herein,
the "diagonal size" is supposed to be a length represent-
ing the maximum size of the crystal and the "thickness"
is supposed to be a length representing the minimum
size of the crystal.
[0082] The crystal thus obtained was subjected to a
measurement using an X-ray diffractometer. As a result,
the present inventors confirmed that the crystal had an
LuBO3 calcite structure and didn’t have a vaterite struc-
ture or any other phase. Also, the Ce concentration with
respect to the sum of the rare-earth elements included
in the crystal thus obtained was measured with an elec-
tron probe microanalyzer (EPMA). As a result, we con-
firmed that the Ce concentration was 0.05 at% or more
in every region. That is to say, the Ce mole fraction x in
the compositional formula (CexLu1-x)BO3 was 0.0005,
which satisfied the inequality 0.0001�x�0.05.
[0083] Furthermore, the crystal as this specific exam-
ple of the present invention was excited with an X-ray
radiated from a CuK α ray source so as to produce an
emission. As a result, the peak of emission wavelength
was 365 nm.
[0084] Also, its transmittance at a wavelength of 270
nm was 53%, which the present inventors confirmed was
more than 20%.

Example 3

[0085] In a third specific example of the present inven-
tion, a crystal was grown by the TSSG method using the
apparatus shown in FIG. 2. A crucible 1 of platinum with
a diameter of 50 mm and a depth of 50 mm was provided.
Meanwhile, 19.80 g of Na2CO3, 13.80 g of Li2CO3, 57.70
g of WO3, 9.30 g of B2O3, 3.50 g of Lu2O3, and 0.03 g
of CeO2 were weighted and mixed together in a mortar,
and then the mixture was loaded into the crucible. Then,
with the temperature of the crucible 1 controlled with a
heater 2 surrounding the crucible 1, a crystal was grown
according to the heat pattern shown in FIG. 8, in which
the ordinate represents the temperature and the abscissa
represents the time. The middle phase of the cooling
process is not shown there, either.
[0086] As can be seen from FIG. 8, in this specific ex-
ample, the temperature was first increased to 1,120 °C
at a rate of 150 °C per hour and that temperature was

maintained for two hours. Next, the seed material 6
(which was a lutetium borate crystal with a width of 3 mm
and a thickness of 2 mm) that was put at the top of the
seed shaft 5 being rotated at a frequency of 30 rpm was
brought down from over the crucible into contact with the
surface of the molten material. After the seed material 6
had been held there for four more hours, its temperature
was decreased to 1,070 °C at a rate of 0.5 °C per hour.
Thereafter, the seed material was withdrawn from the
surface of the molten material by raising the seed shaft
5 and then its temperature was further decreased at a
rate of 150 °C per hour.
[0087] At the top of the seed material that had been in
contact with the molten material, a crystal represented
by the compositional formula (CexLu1-x)BO3 had grown.
[0088] After having been cooled, the crystal grown was
washed with running water to remove the solvent remain-
ing there. And then the crystal was unloaded.
[0089] FIG. 9 is a photograph showing a crystal thus
obtained. In FIG. 9, a grid is illustrated to indicate the size
of the crystal, and the grid spacing (i.e., the size of each
grid square) is 1 mm. As can be seen easily from FIG.
9, this crystal had a diagonal size of 5 mm or more and
a thickness of 0.5 mm or more.
[0090] The crystal thus obtained was subjected to a
measurement using an X-ray diffractometer. As a result,
the present inventors confirmed that the crystal had an
LuBO3 calcite structure and didn’t have a vaterite struc-
ture or any other phase. Also, the Ce concentration with
respect to the sum of the rare-earth elements included
in the crystal thus obtained was measured with an elec-
tron probe microanalyzer (EPMA). As a result, we con-
firmed that the Ce concentration was 0.05 at% or more
in every region. That is to say, the Ce mole fraction x in
the compositional formula (CexLu1-x)BO3 was 0.0015,
which satisfied the inequality 0.0001�x�0.05. Also, the
content of Pb was measured by ICP emission spectrom-
etry and turned out to be 50 ppm by mass or less.
[0091] Furthermore, the crystal as this specific exam-
ple of the present invention was excited with an X-ray
radiated from a CuK α ray source so as to produce an
emission. As a result, the peak of emission wavelength
was 365 nm.
[0092] Also, the crystal thus obtained was diced par-
allel to its (001) planes and then subjected to a diamond
lapping process, thereby obtaining a sample that had had
its surface roughness adjusted to 5 nm or less and its
thickness adjusted to 0.5 mm. Then, that sample got held
by a sample holder, of which the hole had a diameter of
2 mm, and its transmittance was measured within a wave-
length range of 250 nm to 550 nm using an ultraviolet
and visible spectrophotometer (V-530 produced by JAS-
CO Corporation). The results of this measurement are
shown in FIG. 1. The transmittance at a wavelength of
270 nm was approximately 53%, which the present in-
ventors confirmed was over 20%.
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Comparative Example 1

[0093] In this comparative example, a crystal was
grown by the flux method (which is a kind of slow cooling
process). A crucible of platinum with a diameter of 45
mm and a depth of 50 mm was provided. Meanwhile,
32.00 g of Na2CO3, 28.00 g of BaCO3, 10.60 g of B2O3,
4.20 g of Lu2O3, and 0.02 g of CeO2 were weighted and
mixed together in a mortar, and then the mixture was put
into the crucible. Then, the crucible of platinum was load-
ed into a crucible of alumina with a diameter of 60 mm
and a depth of 70 mm. And the alumina crucible was
capped to grow a crystal according to the heat pattern
shown in FIG. 3.
[0094] After having been cooled, the solvent that had
solidified in the crucible was dissolved and washed away
with water. Thereafter, the powder remaining in the cru-
cible was unloaded. When the powder thus obtained was
subjected to a measurement using an X-ray diffractom-
eter. As a result, the present inventors confirmed that this
powder was not LuBO3. As Ba was used as a part of the
solvent material instead of W and/or Mo, the intended
LuBO3 single crystal could not be obtained.

Comparative Example 2

[0095] In this comparative example, a crystal was
grown by the TSSG method using the apparatus shown
in FIG. 2. A crucible 1 of platinum with a diameter of 40
mm and a depth of 50 mm was provided. Meanwhile, 100
g of PbO, 18 g of B2O3, 10 g of Lu2O3, and 0.1 g of CeO2
were weighted and mixed together in a mortar, and then
the mixture was loaded into the crucible. Then, with the
temperature of the crucible 1 controlled with a heater 2
surrounding the crucible 1, a crystal was grown according
to the heat pattern shown in FIG. 10, in which the ordinate
represents the temperature and the abscissa represents
the time. The middle phase of the cooling process is not
shown there, either.
[0096] As can be seen from FIG. 10, in this compara-
tive example, the temperature was first increased to 450
°C at a rate of 210 °C per hour, next raised to 1,150 °C
at a rate of 200 °C per hour, and then that temperature
was maintained for two hours. Next, the seed material 6
(which was a platinum plate with a width of 5 mm and a
thickness of 0.5 mm) that was put at the top of the seed
shaft 5 being rotated at a frequency of 30 rpm was brought
down from over the crucible into contact with the surface
of the molten material. After the seed material 6 had been
held there for six more hours, its temperature was de-
creased to 950 °C at a rate of 1 °C per hour. Thereafter,
the platinum plate was withdrawn from the surface of the
molten material by raising the seed shaft 5 and then its
temperature was further decreased at a rate of 150 °C
per hour.
[0097] At the top of the platinum plate that had been
in contact with the molten material, a crystal represented
by the compositional formula (CexLu1-x)BO3 had grown.

[0098] After having been cooled, the platinum plate
and the crystal grown were rinsed with hydrochloric acid
to remove the solvent remaining there. And then the crys-
tal was unloaded.
[0099] The crystal thus obtained was subjected to a
measurement using an X-ray diffractometer. As a result,
the present inventors confirmed that the crystal had an
LuBO3 calcite structure. Also, the Ce concentration with
respect to the sum of the rare-earth elements included
in the crystal thus obtained was measured with an elec-
tron probe microanalyzer (EPMA). As a result, we con-
firmed that the Ce concentration was 0.05 at% or more
in every region. That is to say, the Ce mole fraction x in
the compositional formula (CexLu1-x)BO3 was 0.0005,
which satisfied the inequality 0.0001 � x � 0.05. Also,
the content of Pb was measured by ICP emission spec-
trometry and turned out to be 400 ppm by mass.
[0100] Furthermore, the crystal of this comparative ex-
ample was excited with an X-ray radiated from a CuK α
ray source so as to produce an emission. As a result, the
peak of emission wavelength was 365 nm. Also shown
in FIG. 1 is the transmittance that was measured in the
same way as in Example 3. The transmittance at a wave-
length of 270 nm was approximately 3%. Thus, the
present inventors confirmed that the transmittance de-
creased in a short wavelength range.

Example 4

[0101] In a fourth specific example of the present in-
vention, a crystal was grown by the flux method (which
is a kind of slow cooling process). A crucible of platinum
with a diameter of 50 mm and a depth of 60 mm was
provided. Meanwhile, 13.50 g of K2CO3, 14.43 g of
Li2CO3, 39.41 g of WO3, 3.64 g of MoO3, 7.30 g of B2O3,
2.85 g of Lu2O3, and 0.01 g of CeO2 were weighted. And
then a crystal was grown in the same way as in Example
1. As a result, a cerium doped lutetium borate single crys-
tal with a diagonal size of 5 mm and a thickness of 1 mm
could be obtained. When subjected to the same meas-
urement as in Example 3, this crystal had a calcite struc-
ture and didn’t have a vaterite structure or any other
phase. Also, the Ce mole fraction x in the compositional
formula (CexLu1-x)BO3 of this crystal was 0.001 and the
content of Pb was 50 ppm by mass or less. Further con-
firmed was that a peak of the emission wavelength was
365 nm and the transmittance at a wavelength of 270 nm
was approximately 55%.

Example 5

[0102] In a fifth specific example of the present inven-
tion, a crystal was also grown by the flux method (which
is a kind of slow cooling process). A crucible of platinum
with a diameter of 50 mm and a depth of 60 mm was
provided. Meanwhile, 9.90 g of Na2CO3, 6.90 g of
Li2CO3, 17.92 g of MoO3, 4.64 g of B2O3, 1.76 g of Lu2O3,
and 0.02 g of CeO2 were weighted. And then a crystal
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was grown in the same way as in Example 1. As a result,
a cerium doped lutetium borate single crystal with a di-
agonal size of 5 mm and a thickness of 1 mm could be
obtained. When subjected to the same measurement as
in Example 3, this crystal had a calcite structure and didn’t
have a vaterite structure or any other phase. Also, the
Ce mole fraction x in the compositional formula
(CexLu1-x)BO3 of this crystal was 0.003 and the content
of Pb was 50 ppm by mass or less. Further confirmed
was that a peak of the emission wavelength was 365 nm
and the transmittance at a wavelength of 270 nm was
approximately 50%.

Example 6

[0103] In a sixth specific example of the present inven-
tion, a crystal was also grown by the flux method (which
is a kind of slow cooling process). A crucible of platinum
with a diameter of 50 mm and a depth of 60 mm was
provided. Meanwhile, 13.69 g of Na2CO3, 28.05 g of
Cs2CO3, 33.27 g of WO3, 5.50 g of B2O3, 2.99 g of Lu2O3,
and 0.01 g of CeO2 were weighted. And then a crystal
was grown in the same way as in Example 1. As a result,
a cerium doped lutetium borate single crystal with a di-
agonal size of 5 mm and a thickness of 1 mm could be
obtained. When subjected to the same measurement as
in Example 3, this crystal had a calcite structure and didn’t
have a vaterite structure or any other phase. Also, the
Ce mole fraction x in the compositional formula
(CexLu1-x)BO3 of this crystal was 0.0005 and the content
of Pb was 50 ppm by mass or less. Further confirmed
was that a peak of the emission wavelength was 365 nm
and the transmittance at a wavelength of 270 nm was
approximately 55%.

Example 7

[0104] In a seventh specific example of the present
invention, a crystal was grown by the TSSG method. A
crucible 1 of platinum with a diameter of 75 mm and a
depth of 75 mm was provided. Meanwhile, 184.8 g of
Na2CO3, 128.8 g of Li2CO3, 538.9 g of WO3, 86.7 g of
B2O3, 33.1 g of Lu2O3, and 0.1 g of CeO2 were weighted
and mixed together in a mortar, and then the mixture was
loaded into the crucible. Then, with the temperature of
the crucible 1 controlled with a heater 2 surrounding the
crucible 1, a crystal was grown according to the heat
pattern shown in FIG. 11, in which the ordinate represents
the temperature and the abscissa represents the time.
The middle phase of the cooling process is not shown
there, either. A crystal grower that was used in this spe-
cific example to perform the TSSG process is shown in
FIG. 12.
[0105] In this Example 7, a crystal was grown with the
crucible susceptor 4’ rotated at 30 rpm for 60 seconds
and with its direction of rotation inverted at intervals of
30 seconds in order to stir up the molten material. Spe-
cifically, the temperature was first increased to 1,200 °C

at a rate of 150 °C per hour and that temperature was
maintained for 24 hours. Next, the temperature was de-
creased to 1,150 °C at a rate of 10 °C per hour, and that
temperature was maintained fro two hours. Then, the
seed material 6 (which was a lutetium borate crystal with
a width of 5 mm and a thickness of 1 mm) that was put
at the top of the seed shaft 5 that had started being rotated
at 30 rpm in the opposite direction to the crucible and at
the same time as the crucible was brought down from
over the crucible into contact with the surface of the mol-
ten material. After the seed material 6 had been held
there for two more hours, its temperature was decreased
to 1,140 °C at a rate of 0.02 °C per hour. Thereafter, the
crystal was withdrawn from the surface of the molten ma-
terial by raising the seed shaft 5 and then its temperature
was further decreased at a rate of 150 °C per hour. As a
result, at the top of the seed material, a cerium doped
lutetium borate single crystal had grown just as intended.
[0106] FIG. 13 is a photograph showing a crystal thus
obtained in this Example 7. The columnar portion shown
on the upper right side is the seed material and the other
portion is the crystal grown. This crystal had a diagonal
size of 20 mm or more and a thickness of 1 mm. The grid
spacing (i.e., the size of each grid square) is the same
as in FIG. 7.
[0107] In the sample shown in FIG. 13, a single crystal
portion, of which the size was at least equal to a 1 mm
� 1 mm � 1 mm cube, could be cut out from a transparent
part of the crystal. On the other hand, if an experiment
was carried out with the condition changed so that a crys-
tal being grown and deposited passed the phase transi-
tion point, the crystal collapsed to be powder, of which
the size was far smaller than a 1 mm � 1 mm � 1 mm
cube, and no single crystal portions were left.
[0108] The crystal thus obtained was subjected to a
measurement in the same way as in Example 3. As a
result, this crystal had a calcite structure and didn’t have
a vaterite structure or any other phase. Also, the Ce mole
fraction x in the compositional formula (CexLu1-x) BO3
was 0.0005, and the content of Pb was 50 ppm by mass
or less. Further confirmed was that a peak of the emission
wavelength was 365 nm and the transmittance at a wave-
length of 270 nm was approximately 55%.

Example 8

[0109] In an eighth specific example of the present in-
vention, a crystal was grown in the same way as in Ex-
ample 2 except that the apparatus shown in FIG. 12 was
used. As a result, a cerium doped lutetium borate single
crystal with a diagonal size of 20 mm and a thickness of
1.5 mm could be obtained. The crystal thus obtained was
subjected to a measurement in the same way as in Ex-
ample 3. As a result, this crystal had a calcite structure
and didn’t have a vaterite structure or any other phase.
Also, the Ce mole fraction x in the compositional formula
(CexLu1-x) BO3 was 0.001, and the content of Pb was 50
ppm by mass or less. Further confirmed was that a peak
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of the emission wavelength was 365 nm and the trans-
mittance at a wavelength of 270 nm was approximately
55%.

Example 9

[0110] In a ninth specific example of the present inven-
tion, a crystal was grown in the same way as in Example
3 except that the apparatus shown in FIG. 12 was used.
As a result, a cerium doped lutetium borate single crystal
with a diagonal size of 20 mm and a thickness of 1.5 mm
could be obtained. The crystal thus obtained was sub-
jected to a measurement in the same way as in Example
3. As a result, this crystal had a calcite structure and
didn’t have a vaterite structure or any other phase. Also,
the Ce mole fraction x in the compositional formula
(CexLu1-x) BO3 was 0.002, and the content of Pb was 50
ppm by mass or less. Further confirmed was that a peak
of the emission wavelength was 365 nm and the trans-
mittance at a wavelength of 270 nm was approximately
55%.

Example 10

[0111] In a tenth specific example of the present in-
vention, a crystal was also grown by the flux method
(which is a kind of slow cooling process). A crucible of
platinum with a diameter of 50 mm and a depth of 60 mm
was provided. Meanwhile, 15.84 g of Na2CO3, 11.04 g
of Li2CO3, 46.19 g of WO3, 7.43 g of B2O3, 2.77 g of
Lu2O3, and 0.07 g of CeO2 were weighted. In this exam-
ple, the temperature of the mixture was first increased to
1,200 °C at a rate of 200 °C per hour, decreased to 800
°C at a rate of 0.5 °C per hour and then further decreased
at a rate of 150 °C per hour. After having been cooled,
the solidified material in the crucible was washed with
water to remove the solvent remaining there. And then
the crystal left in the crucible was unloaded. As a result,
a cerium doped lutetium borate single crystal with a di-
agonal size of 5 mm and a thickness of 1 mm could be
obtained. When subjected to the same measurement as
in Example 3, this crystal had a calcite structure and didn’t
have a vaterite structure or any other phase. Also, the
Ce mole fraction x in the compositional formula
(CexLu1-X)BO3 of this crystal was 0.006 and the content
of Pb was 50 ppm by mass or less. Further confirmed
was that a peak of the emission wavelength was 365 nm
and the transmittance at a wavelength of 270 nm was
approximately 45%.

Example 11

[0112] In an eleventh specific example of the present
invention, a crystal was also grown by the flux method
(which is a kind of slow cooling process). A crucible of
platinum with a diameter of 50 mm and a depth of 60 mm
was provided. Meanwhile, 23.49 g of Li2CO3, 49.14 g of
WO3, 7.87 g of B2O3, 2.77 g of Lu2O3, and 0.01 g of

CeO2 were weighted. In this example, the temperature
of the mixture was first increased to 1,200 °C at a rate of
200 °C per hour, decreased to 1,135 °C at a rate of 0.5
°C per hour and then further decreased at a rate of 150
°C per hour. After having been cooled, the solidified ma-
terial in the crucible was washed with water to remove
the solvent remaining there. And then the crystal left in
the crucible was unloaded. As a result, a cerium doped
lutetium borate single crystal with a diagonal size of 5
mm and a thickness of 1 mm could be obtained. When
subjected to the same measurement as in Example 3,
this crystal had a calcite structure and didn’t have a va-
terite structure or any other phase. Also, the Ce mole
fraction x in the compositional formula (CexLu1-X)BO3 of
this crystal was 0.001 and the content of Pb was 50 ppm
by mass or less. Further confirmed was that a peak of
the emission wavelength was 365 nm and the transmit-
tance at a wavelength of 270 nm was approximately 55%.

Example 12

[0113] In a twelfth specific example of the present in-
vention, a crystal was also grown by the flux method
(which is a kind of slow cooling process). A crucible of
platinum with a diameter of 50 mm and a depth of 60 mm
was provided. Meanwhile, 8.92 g of Na2CO3, 6.22 g of
Li2CO3, 39.01 g of WO3, 6.64 g of B2O3, 4.46 g of Lu2O3,
and 0.02 g of CeO2 were weighted. In this example, the
temperature of the mixture was first increased to 1,200
°C at a rate of 200 °C per hour, decreased to 1,050 °C
at a rate of 0.5 °C per hour and then further decreased
at a rate of 150 °C per hour. After having been cooled,
the solidified material in the crucible was washed with
water to remove the solvent remaining there. And then
the crystal left in the crucible was unloaded. As a result,
a cerium doped lutetium borate single crystal with a di-
agonal size of 5 mm and a thickness of 1 mm could be
obtained. When subjected to the same measurement as
in Example 3, this crystal had a calcite structure and didn’t
have a vaterite structure or any other phase. Also, the
Ce mole fraction x in the compositional formula
(CexLu1-X)BO3 of this crystal was 0.001 and the content
of Pb was 50 ppm by mass or less. Further confirmed
was that a peak of the emission wavelength was 365 nm
and the transmittance at a wavelength of 270 nm was
approximately 55%.

Comparative Example 3

[0114] In this comparative example, a crystal was also
grown by the flux method (which is a kind of slow cooling
process). A crucible of platinum with a diameter of 50
mm and a depth of 60 mm was provided. Meanwhile,
20.31 g of Na2CO3, 14.15 g of Li2CO3, 22.21 g of WO3,
3.98 g of B2O3, 3.66 g of Lu2O3, and 0.02 g of CeO2 were
weighted. Thereafter, a crystal was grown in the same
way as in Example 12. After having been cooled, the
solidified material in the crucible was washed with water
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to remove the solvent remaining there. But only a powder-
like residue with a particle size of 0.1 mm or less was left
there and the target crystal could not be obtained.

Comparative Example 4

[0115] In this comparative example, a crystal was also
grown by the flux method (which is a kind of slow cooling
process). A crucible of platinum with a diameter of 50
mm and a depth of 60 mm was provided. Meanwhile,
23.25 g of Na2CO3, 16.21 g of Li2CO3, 31.3 g of B2O3,
4.24 g of Lu2O3, and 0.02 g of CeO2 were weighted.
Thereafter, a crystal was grown in the same way as in
Example 12. After having been cooled, the solidified ma-
terial in the crucible was washed with water to remove
the solvent remaining there. But only a powder-like res-
idue with a particle size of 0.1 mm or less was left there
and the target crystal could not be obtained.

Comparative Example 5

[0116] In this comparative example, a crystal was also
grown by the flux method (which is a kind of slow cooling
process). A crucible of platinum with a diameter of 50
mm and a depth of 60 mm was provided. Meanwhile,
9.88 g of Na2CO3, 6.89 g of Li2CO3, 43.23 g of WO3,
3.81 g of Lu2O3, and 0.02 g of CeO2 were weighted.
Thereafter, a crystal was grown in the same way as in
Example 12. After having been cooled, the solidified ma-
terial in the crucible was washed with water to remove
the solvent remaining there. But only a powder-like res-
idue with a particle size of 0.1 mm or less was left there
and the target crystal could not be obtained.
[0117] FIG. 14 is a graph showing the respective trans-
mittances of the single crystal scintillator material (rep-
resenting Example 4 that is indicated by the bold curve)
of the present invention and its counterpart of Compar-
ative Example 1. The transmittances were measured in
the same way as when the data shown in FIG. 1 were
collected.
[0118] As can be seen from FIG. 14, the local minimum
value of Example 4 around a wavelength of 340 nm was
higher than that of Example 3. Since the content of Pb
can be reduced to 50 ppm by mass or less according to
the present invention, a transmittance of 20% or more
(and preferably 30% or more) could be achieved at a
wavelength of 270 nm, which is located approximately
at the middle of the wavelength range of 250 nm to 300
nm.
[0119] FIG. 15 is a graph showing a relation between
the Ce compounding ratio and its mole fraction x in crys-
tals representing specific examples of the present inven-
tion. As shown in FIG. 15, the data plotted are arranged
in line and the compounding ratio and the mole fraction
x have an almost linear relation. This result reveals that
the mole fraction x can be controlled by adjusting the
compounding ratio.
[0120] FIG. 16 is a perspective view illustrating an ex-

emplary configuration for a scintillator array according to
the present invention. In the exemplary configuration il-
lustrated in FIG. 16, a number of bar scintillator crystals
11 are arranged to form a grid pattern (i.e., a checker-
board pattern) with a reflective member interposed. The
respective scintillator crystals are made of the single
crystal scintillator material of the present invention.
[0121] The gaps between adjacent ones of the scintil-
lator crystals 11 are filled with the reflective member 12
and the outside surfaces of the scintillator array are also
covered with the reflective member 12. In this preferred
embodiment, the reflective member 12 is made of a ma-
terial that transmits a γ ray but has a high reflectance at
the wavelength of the light emitted from the scintillator
crystal 11.
[0122] In this scintillator array, five out of the six outside
surface are covered with the reflective member 12 but
the other surface is not covered with the reflective mem-
ber 12 but exposed. Specifically, one end facet of the
scintillator crystals 11 is not covered with the reflective
member 12, and therefore, can emit light through that
end facet.
[0123] FIG. 17 is a cross-sectional view illustrating an
exemplary configuration for a radiation detector accord-
ing to the present invention. This radiation detector in-
cludes the single crystal scintillator material of the
present invention and a known sensor for sensing the
emission from the single crystal scintillator material. In
the example illustrated in FIG. 17, the radiation detector
includes an array of the scintillator crystals 11 shown in
FIG. 16 and a photomultiplier tube 13. Specifically, the
scintillator array and the photomultiplier tube 13 are
bonded together with an optical grease 14 so that one
end face of the scintillator crystals 11 and the photosen-
sitive plane of the photomultiplier tube 13 are optically
coupled together. Another surface of the scintillator crys-
tals 11 on which a γ ray 15 is incident is covered with the
reflective member 12.
[0124] FIG. 18 illustrates an exemplary configuration
for a PET scanner according to the present invention. A
number of radiation detectors, each having the configu-
ration shown in FIG. 17, are arranged in a ring.
[0125] Along the inner periphery of the ring, arranged
are scintillator crystals 11 that are covered with the re-
flective member. On the other hand, photomultiplier
tubes 13 are arranged along the outer periphery of the
ring. And around the center of the ring, a subject 16 gets
ready to be tested. A chemical agent labeled with a pos-
itron emitting radioactive element has been administered
to the subject 16.
[0126] A pair of γ rays 15 are generated at the region
of interest or diseased region of the subject 16 due to
disappearance of positron and are emitted in two different
directions. Those γ rays 15 are transformed by the scin-
tillator crystals 11 into light, which is amplified by the pho-
tomultiplier tubes 13 and then detected as the output
electrical signals of the photomultiplier tubes 13.
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INDUSTRIAL APPLICABILITY

[0127] The cerium doped lutetium borate single crystal
scintillator material obtained by the manufacturing proc-
ess of the present invention has a higher intensity of emis-
sion and better scintillator properties than any conven-
tional single crystal scintillator material, and therefore,
can be used effectively in a PET scanner.

REFERENCE SIGNS LIST

[0128]

1 crucible
2 heater
3 electric furnace
4 crucible susceptor
4’ crucible susceptor
5 seed shaft
6 seed material
7 molten material
11 scintillator crystal
12 reflective member
13 photomultiplier tube (PMT)
14 optical grease
15 γ ray
16 subject

Claims

1. A method for producing a single crystal scintillator
material, the method comprising the steps of:

providing a solvent including: at least one ele-
ment selected from the group consisting of Li,
Na, K, Rb and Cs; W and/or Mo; B; and oxygen;
melting a Ce compound and a Lu compound that
have been mixed with the solvent by heating the
mixture to a temperature of 800 °C to 1,350 °C;
and
growing a single crystal by cooling the com-
pounds melted, the single crystal being repre-
sented by the compositional formula (CexLu1-X)
BO3, in which the mole fraction x of Ce satisfies
0.0001�x�0.05.

2. The method of claim 1, wherein the step of providing
the solvent and the step of melting the compounds
are the step of mixing the compound that forms the
solvent, the Ce compound and the Lu compound to-
gether and heating the mixture to a temperature of
800 °C to 1,350 °C.

3. A method for producing a single crystal scintillator
material, the method comprising the steps of:

providing a solvent including: at least one ele-

ment selected from the group consisting of Li,
Na, K, Rb and Cs; W and/or Mo; B; and oxygen;
melting a Ce compound and a Lu compound that
have been mixed with the solvent by heating the
mixture; and
growing a single crystal by cooling the com-
pounds melted, the single crystal being repre-
sented by the compositional formula (CexLu1-X)
BO3, in which the mole fraction x of Ce satisfies
0.0001�x�0.05,
wherein the single crystal is grown and depos-
ited at a temperature that is lower than a phase
transition point from a high temperature vaterite
phase into a calcite phase.

4. The method of claim 1, wherein the mole fraction x
of Ce satisfies 0.001�x�0.03.

5. The method of claim 1, wherein the step of growing
the single crystal is performed by TSSG process.

6. The method of claim 1, wherein the step of growing
the single crystal includes cooling the melted com-
pounds to a temperature of 750 °C to less than 1350
°C at a temperature decrease rate of 0.001 °C per
hour to 5 °C per hour.

7. The method of claim 6, wherein the step of growing
is carried out in at least 80 hours.

8. A single crystal scintillator material comprising a sin-
gle crystal portion represented by the compositional
formula (CexLu1-X)BO3 in which the mole fraction x
of Ce satisfies 0.0001�x�0.05, wherein the content
of Pb in the single crystal portion is 50 ppm by mass
or less.

9. The single crystal scintillator material of claim 8,
wherein the mole fraction x of Ce satisfies
0.001�x�0.03.

10. The single crystal scintillator material of claim 8,
wherein the single crystal portion has a calcite type
crystal structure.

11. The single crystal scintillator material of claim 8,
wherein when mirror-polished to a thickness of 0.5
mm, the single crystal portion has a transmittance
of at least 20% at a wavelength of 270 nm.

12. A radiation detector comprising
the single crystal scintillator material of one of claims
8 to 11, and
a detector for detecting an emission from the single
crystal scintillator material.

13. A PET scanner comprising a number of radiation de-
tectors, which are arranged in a ring, and detecting
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a γ ray that has been radiated from a subject,
wherein each of the radiation detectors is the radia-
tion detector of claim 12.
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