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TECHNIQUE FOR OBTAINING LARGE COMPLEX
OXIDE CRYSTALS FOR EXPERIMENTS ON MUON-TO-ELECTRON
CONVERSION REGISTRATION IN HIGH ENERGY PHYSICS

Technological approaches for growing qualitative large size scintillation crystals based on rare-earth silicates have been pro-
posed. A method of charging the iridium crucibles using the eutectic phase instead of the oxyorthosilicate has deen developed.
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Nowadays, the development of techniques for
growing large scintillation crystals is the subject
of many researches [ 1—3], insofar as the practical
application of these crystals in some cases is limi-
ted with the size of single-crystal boules that would
ensure the most effective recording of certain
types of ionizing radiation. For example, a calo-
rimeter consisting of scintillation elements made
of large (30 x 30 x 110 mm?) oxyorthosilicate lu-
tetium-yttrium ((Lu Y, ),SiO : Ce) crystals is ex-
pected to be used in Mu2e experiment [4]. These
elements will constitute four detecting lines, each
having 11 series of 44 scintillation elements (Fig. 1).

Due to high density, effective atomic number,
chemical stability, good moisture resistance, rapid
(nanosecond) attenuation of luminescence, signi-
ficant light yield and radiation resistance the ce-
rium activated crystals based on complex oxides
are one of the most promising classes of scintilla-
tors for their use as particle detectors in high-en-
ergy physics experiments, such as Mu2e, COMET,
etc. [5, 6]. The rare-earth oxyorthosilicate crys-
tals activated with cerium can fully meet the re-
quirements of projects dealing with the muon-to-
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electron conversion, as they can have an energy
resolution of 1% at 105 MeV and a decay time of
less than 100 ns [5]. It is important to pay special
attention to mixed scintillation crystals inasmuch
as they surpass the constituents by some charac-
teristics (e.g. light yield), or the drawbacks and
weaknesses typical for their component parts
can be minimized or even eliminated. For exam-
ple, according to [7, 8], the light yield of Ce-activa-
ted mixed lutetium-yttrium-aluminum perovskite
(Lu Y, AlO,:Ce)isapproximately twice higher
as compared with the yttrium-aluminum perovski-
te (YAIO,:Ce) and the lutetium-aluminum perov-
skite (LuAlO, : Ce). A similar phenomena has been
recently observed for lutetium-gadolinium-alumi-
num-gallium garnet (Lu17dey)3(Al1foaX)sO ., Ce
[9]. A successful example of engineering of rare-
earth orthosilicate mixed crystals is the lutetium-
yttrium orthosilicate with improved energy divi-
sion and light yield as compared with the lutetium
oxyorthosilicate (Lu,SiO; : Ce) [10, 11].

The paper deals with techniques for growing
large-sized crystals of oxyorthosilicate luteti-
um-gadolinium ((Lu Gd, ),SiO, : Ce), yttrium
(Y,SiO; : Ce), and lutetium-yttrium ((Lu Y, ),
SiO; : Ce). The Czochralski method was chosen
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for growing large oxyorthosilicate crystals. This
method is often used for growing oxide crystals
that melt congruently, including the silicates.

The process of obtaining the crystals can be
presented in several stages: 1) preparation of pri-
mary (basic) materials; 2) filling of crucible with
basic materials; 3) crystal growth; and 4) testing
of crystals.

PREPARATION OF BASIC MATERIALS

The batch for growing the REE silicate crystals
activated by cerium ions was prepared by the sol-
id-phase synthesis technique using the following
primary oxides: Gd,0,(4N),SiO,(5N), CeO,(4N),
Y,0,(4N), and Lu,0,(4N). At the first stage of the
solid-phase synthesis, the batch primary compo-
nents were annealed in a Joule furnace at 300 °C
(silicon oxide) and at 1100 °C (rare-earth oxides)
to remove absorbed moisture and CO,. The com-
ponents were weighed and mixed in stoichiomet-
ric ratio. The mixture was loaded into a platinum
boat pan and annealed for 8 hours at a temperature
of 1200 °C until respective REE silicate formed.

DEVELOPMENT OF TECHNIQUES
FOR FILLING CRUCIBLE WITH BASIC MATERIAL

Growth of crystals by the Czochralski method
involves the use of crucibles, with the melt there-
in leveling 5—10 mm below the upper edge of the
crucible (depending on the size thereof). This is
because of the fact that this level of melt in the
crucible provides visual control over the seeding
process and makes it possible to create a distribu-
tion of thermal fields for ensuring steady growth
of the crystal at the early stage. The batch for
growing the oxide crystals has a low bulk density,
therefore filling of the crucible before growing
crystal includes phased feeding of basic material
to the crucible with repetition of the cycle «batch
Jfeeding into the crucible — melting of batch — cool-
ing of crucible with basic materials» to obtain the
necessary level of melt in the crucible. The repet-
itive cooling of crucible leads to its destruction
caused by the recrystallization of crucible mate-
rial and its mechanical deformation with crack-
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ing of the walls and the bottom, as a result of the
formation of gas bubbles in crystallized melt and
the difference in thermal expansion factors of the
crucible material and the basic components. To
eliminate this problem, two techniques for filling
the crucible with basic material were used. The
first one implies that the batch is fed to the cruci-
ble through the hopper. The hopper where the
batch is fused is placed above the crucible, in the
induction block. Having been heated in argon,
the batch melts and outpours filling the crucible.

However, the method that works well for fill-
ing the crucibles with batch of up to 1 kg proves
itself to be inadmissible for large crucibles loaded
up to 3 kg. In a limited space of growth chamber,
it is problematic to heat uniformly the entire vol-
ume of the hopper to the melting point, with
overheating of some parts of the furnace being
unacceptable. In practice, the attempts to use this
technique led to overheating of some parts of
iridium hopper causing a risk of iridium melting.
At the same time, the lower part of the hopper
located near the crucible that is placed in the cold
zone does not warm up enough. As a result, a cork
arises and prevents the melt from pouring to the
crucible. This entails a short lifespan of the hop-

Fig. 1. Calorimeter detecting lines in the Mu2e experiment [4]
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Fig. 2. Schematic flow chart of the process: 1 — hopper, 2 —
charging material, 2' — melt, 3 — crucible, 4 — inductor
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Fig. 3. Phase-rule diagram of Y,0, — SiO, [13]

per made of precious iridium, which results in in-
creased production costs.

To solve this problem, a new method has been
proposed for filling the crucible with basic mate-
rial [12]. This method is based on the same scheme
as showed in Fig. 2, but the composition of basic
materials is different. The hopper is fed with ini-
tial components taken in non-stoichiometric pro-
portion, namely the share of rare-earth oxide ex-
ceeds that required by the stoichiometric ratio.
The composition of basic material corresponds to
the eutectic point (Fig. 3, the arrow); the melting
temperature at this point is by 200 °C lower than
the melting point of oxyorthosilicate phase,
which provides easy filling of crucibles. To obtain

the oxyorthosilicate phase, a mixture of oxides is
added directly to the crucible in such a propor-
tion as required for getting an oxyorthosilicate
compound.

Usually, from 90 to 95 wt. % of eutectic mate-
rial is fed to the hopper and from 5 to 10 wt. % of
total mass required for the further growth of crys-
tal is loaded to the crucible. The proposed meth-
od gives a significant reduction of energy and
time for obtaining the oxide single crystals due to
lowering the melting temperature by 150—-200 °C
as compared with the respective oxide crystal. In
addition, the service life of crucibles and hopper
(which are made of precious metals) extends sig-
nificantly.

CRYSTAL GROWTH

The crystal grew in Oxide-II induction heater.
An iridium crucible having a diameter of 90 mm
and a height of 90 mm with the melt of respective
structure located in the center of water-cooled
inductor and separated with two zirconium ce-
ramic layers and with one alundum ceramic layer
was used for crystal growth by the Czochralski
method (Fig. 4).

An iridium aperture located above the crucible
was used to create the required thermal field. The
position of aperture with respect to the crucible
edge and the crucible edge with respect to the upper
coil inductor was chosen and regulated experimen-
tally. The optimal position of the aperture was es-
tablished to be 5 mm above the crucible that has to
be located 5 mm with respect to the upper inductor
coil, with the melt level being, at least, by 10 mm
lower than the crucible edge. Failure to comply
with these conditions led to unstable growing proc-
ess and poor quality of the crystals (Fig. 5).

Before heating the growth chamber was evacu-
ated and filled with argon of 99.987% purity until
the pressure reached the atmospheric value. The
heating occurred in automatic mode, with the
melt appearance controlled visually through the
access holes, in ceramic insulation. After process
operations, the seeds were introduced into the
melt, and the crystals grew automatically accord-
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ing to the set program. The rate of crystal growth
at different stages ranged from 1 to 3 mm per hour,
while the rotation speed was 30—35 revolutions
per minute. The stability of diameter of growing
crystal was regulated by a diameter controller, ac-
cording to the proportional integral differential
law, on the basis of string weight sensor readings.
The crystal was separated from the melt due to ac-
celerated rod moving 20 mm up at a speed of 60
mm,/h. The fact of the crystal separation from the
melt was controlled based on the weight sensor
readings, and the separation criterion was deemed
met provided the weight of crystal boule did not
change for 10 minutes after separation. The crystal
was cooled by one step, with the temperature de-
creasing to the ambient one during 40—60 hours.
The post-growth annealing of crystals occurred in
inert atmosphere at a temperature of 1500 °C.

The (Lu,Gd, ),SiO, crystals are known to crack
in the course of post-growth cooling as a result of
thermoelastic stresses arising in unevenly cooled
crystal boule. Therefore, to prevent cracking of
the (Lu Gd, ),SiO; crystal boule, it is necessary
to create conditions in which there is no tempera-
ture gradient along the boule length during the
cooling or this gradient is very small. To achieve
this an additional Joule platinum heater was used.
It was located in the top part of crystallization
block above the crucible. The use of this active
element of the block reduced the temperature gra-
dient along the length of the crystal boule during
the post-growth annealing.

So, large crystals (Lu Gd, ),SiO, having a di-
ameter of 35 mm and a length of cylindrical part
up to 150 mm and crystals Y,SiO, : Ce and
(Lu Y, ),SiO, having a diameter of 45 mm and a
length of 250 mm (Fig. 6) have been grown by
Czochralski method. The crystals have neither
cracks nor large impregnations.

TESTING OF THE GROWN CRYSTALS

The absorption spectra were measured using Spe-
cord 40 spectrophotometer (Analytik Jena AG) with
a measurement range of 190—1100 nm. The absor-
ption spectra of (Lu Y, ),SiO, and Y,SiO, : Ce
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Fig. 4. Design of furnace for growing large RE silicate crys-

tals: 7) Pt covers, 2) Zr ceramic, 3) coupling rod, 4) seed crys-

tal, 5) crystal, 6) Ir aperture plate, 7) Ir crucible, 8) inductor,
9) alundum ceramic, 70) base

Fig. 5. LYSO:Ce crystal grown in furnace of nonoptimal con-
figuration
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Fig. 6. The grown crystals: a) (Lu Gd, ),SiO,: Ce; b) (LuY, ),SiO,: Ce; ¢, d) Y,SiO,: Ce; e) (Lu Gd, ),SiO: Ce
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Fig. 7. Absorbtion spectra of (Lu Y, ),SiO,: Ce (7),Y,SiO,:
Ce (2) as compared with Lu,SiO, : Ce (3)

grown crystals as compared with Lu,SiO, : Ce
crystal are showed in Fig. 7. Within the range
200—375 nm, all studied crystals feature bands
corresponding to 4f-5d-transitions in Ce®" ions.

The luminescence spectra of X-ray excited crys-
tals consist of two bands, at 410 and at 430 nm,
which correspond to emitting 5d-4f transitions
of Ce* ions in two non-equivalent positions in
the crystal lattice. The spectra of (Lu Gd, ),
SiO,:Ce, (Lu Y, ),SiO,, and Y,SiO.:Ce are ve-
ry similar to each other. The only difference is
(Lu Gd, ),SiO,spectra featuring a more intense
long-wave spectral shoulder caused by stronger
reabsorption of short-wave part and /or redistribu-
tion of ions in the crystal lattice (Lu Gd, ),SiO,
for the sake of CeO, polyhedron with a longer
wavelength luminescence (Fig. 8).

The light yield and energy resolution of the
samples excited by '*’Cs sourced gamma rays ha-
ving an energy of 662 keV were measured by the
pulse technique using a standard spectrometer
consisting of preamplifier BUS-94b, line ampli-
fier BUI-3K, and multichannel pulse-height an-
alyzer AMA-3F. To determine the absolute light
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Fig. 8. Luminescence spectra of X-ray excited samples: 7 —
Y,SiO, : Ce; 2 — (Lu,Gd, ),SiO,: Ce; 3 — (LuY, ),SiO,: Ce
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Fig. 9. Amplitude spectra of Y,SiO, : Ce (7) and (Lu Y, ),
SiO, : Ce (2) as compared Wlth Bl ,Ge,0,, (3) excited by
137Cs (662 KeV)

yield the matching factors for the crystal lumi-
nescence spectrum and the photomultiplier sen-
sitivity band were simulated by Monte Carlo me-
thod. Hamamatsu R1307 photomultiplier with a
photocathode having 3 inches in diameter was
used as photoelectric receiver. To improve the
light-gathering parameters the measured samples
and the open part of photocathode were coated
with three layers of Teflon tape.

The amplitude spectra of Y,SiO, : Ce and
(Lu Y, ),SiO,: Ce are showed in Flg 9 The po-
sitions of peaks are almost identical. The absolute
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light yield of (Lu Y, ),SiO, and Y,SiO, : Ce
crystals (light-gathering factor is 0.700; PHM
matching factor is 0.903) was 28000 and 29500
ph/MeV, respectively. The energy resolution of
(Lu Y, ),SiO; crystals excited by *’Cs emitted
662 keV gamma rays was 9.7%. For Y,SiO, : Ce the
peak was too vague to accurately determine its
width at half-height. The resolution of Y,SiO, : Ce
can be estimated at about 15-20%.

The decay time for gamma (662 keV) excited
Y,SiO, : Ce crystal is 60 ns, which is typical for
Ce contalmng scintillators.

CONCLUSIONS

The project has brought the following results:

1. The Y,SiO, : Ceand (Lu Y, ),SiO, : Ce large
crystals having a diameter of 50 mm and a length
of 250 mm have been obtained. The (Lu Gd, ),
SiO; : Ce large crystals having a diameter of 30 mm
and a length of 150 mm have been grown for the
first time in the world practice.

2. The grown crystals comply with requirements
for recording muon-to-electron conversion in high-
energy physics, namely, they have a light yield of
28 000—30 000 ph/MeV (vs required 20 000 ph/MeV,
at least);

3. The properties of crystals make it possible
to apply Y,SiO, : Ce, (Lu Y, ),SiO, : Ce; and
(Lu, Gd, ),SiO, : Ce to diagnostic medical devi-
ces (positron emission tomography and computer
tomography), and to the systems controlling the
unauthorized movement of hazardous substances
(X-ray scanners).
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A.B. Iepacumos

[HCTUTYT CHIMHTUAAIIIHUX MaTepiaiB
HAH VYxpainu, Xapkis

PO3POBKA TEXHOJIOI'TI OTPUMAHHS
BEJIMKOTABAPUTHUX KPUCTAJIIB CKJIA/THNX
OKCU/IB 11 EKCIIEPUMEHTIB
3 PEECTPAILIl MIOOH-EJIEKTPOHHOT
KOHBEPCII B ®I13UIII BUCOKNX EHEPITI

3anponoHOBAHO TEXHOJIOTIYHI TPUIOMU /711 OTPUMAHHS
SIKICHUX BEJIMKOTra0apUTHUX CIIUHTHJISAIIHHIX KPUCTAJIB Ha
OCHOBI CHJIIKATIB pifIkicHO3eMeIbHIX eJieMeHTiB. Po3pobire-
HO crocib HarTaBJaeHHs ipUAIEBUX TUTJIB 32 PaxyHOK BH-
KOPUCTAHHS eBTEKTUYHOI CyMillli 3aMicThb (pas3u TOro uu iH-
IIIOTO OKCHOPTOCUJIIKATY.

Kuawuoei croea: BenukorabaputHuil MOHOKPUCTAI, Me-
Tos1 HoXpaabChKOTO, CIMHTUIISTOP, JTIOMiHECIIEHITis.

A.B. Iepacumos

WHCTUTYT CHUHTUIIAIIMOHHBIX MaTepHaloB
HAH ¥Yxpaunbi, XapbKoB

PASPABOTKA TEXHOJIOTU IIOJIYYEHWA
KPYIIHOTABAPUTHBIX KPMCTAJIJIOB
CJIOKHBIX OKCIJIOB JIA OKCIIEPUMEHTOB
1O PETUCTPAIIMY MIOOH-3JIEKTPOHHON
KOHBEPCHUU B ®U3VKE BBICOKUX SHEPTU

IIpeIoke bl TEXHONOTUYECKIE TOIXO/BI JIUIsT 0Ty YeH ST
KAYeCTBEHHBIX KPYIMHOraGapUTHBIX CIAHTHJISTIHOHHBIX KPHC-
TAJJIOB HA OCHOBE CHJIMKATOB PEJIKO3EMENBHBIX 9JIEMEHTOB.
PaspaboTtaH c1riocob HallJIaBIeHNs] MPUANEBBIX TULJIEH 3a cYeT
UCIIOJIb30BAHUST 9BTEKTHYECKON cMecH BMeCTO (hasbl TOro
W THOTO OKCHOPTOCUITUKATA.

Kawueevie cio6a: KpymHOTAOAPUTHBIN MOHOKPUCTAIL,
MeTo1 HoXpasbCcKOro, CIUTHTUILISATOP, JIOMUHECIEHTTHS.
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