Precursors preparation for growth of
low-background scintillation crystals

Laboratory of Crystal Growth, Nikolaev Institute of Inorganic
Chemistry, SB RAS, Novosibirsk 630090, Russiaa




Factors ensuring high quality crystals

oFirst order factor

eGrowth technique

e methods for synthesis of crystals
e growth conditions

e growth mechanism

e|nitial materials

e methods of a synthesis and purification

e iImpurity composition



Traditional Czochralski Technique

- High temperature gradient (10-100 K/cm)

* Perfect cleavage of CWO, ZWO, NMO
thermoelastic stress destroy crystal

 High local superheating of melt up to 200 K

« Evaporation and decomposition melt

0000000000000
0000000000000




By the contrast in The Low Thermal Gradient Czochralski Technique (LTG Cz) the growth
conditions are selected in such a way that the temperature gradients
become small and the solidification front becomes fully faceted
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eDuring the entire process the grown crystal stays
inside the crucible

eTemperature gradients within 0.1-1 deg/cm.

eTemperature fluctuations in the melt, usually causing
crystal inhomogeneities, are not developed

eThermoelastic stresses in crystal are low

eEvaporation and decomposition processes are
suppressed by the pipe socket, which works as a
diffusion barrier

*Weighing control at all the stages of the process
including the seeding

Crystal dia./crucible dia. ratio up to ~0.8
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Bi-oxide synthesis and production at NIIC

Raw Electrolysis to refine
bismuth ‘ s Used .electrolyte: anode &
Bil:Bi00 Pb ~ 10-3% residuals Fe;Zn; Pb

1
Selected material
\i

Pb

Melting and Cl removing Pb ~ 10-5%

—
residuals '

Metal
Vacuum distillation Pb ~ 10-¢% — ":;[d:zlf
| :. .
Metal Cu; Ni
}
Oxygen » | Double stage bismuth oxidation | —, L:i';%e
l fraction

Ready for use bismuth oxide



Properties can be drastically differ

even for very low level of impurities

NIIC NIIC Furukawa,Japan
"Element : - -
% wt Bi,0O3 Bi1,0O3 Bi,0O3
BMO 1-60 | BMO 2-118 | Lot 04.11.17

C <1107 <3103 <3103
Na 7:10°® n.d.(510°) n.d.(510°)
Mg n.d.(510°) | n.d.(5107°) n.d.(510°)
Al <3107 <310" <310*
Si < 210" <610™ <410
Cl 910* 3103 510"

K 3107 n.d.(510°) n.d.(1107)
Ca 2107 n.d.(510°) n.d.(1:10)
Cr n.d.(110°) | n.d.(110°) n.d.(110)
Mn n.d.(110°) | n.d.(1107) n.d.(1107)
Fe n.d.(110°) | n.d.(1'10°) n.d.(1:10)
Cu n.d.(1'10°) | n.d.(110°) n.d.(110)
Zn n.d.(110°) | n.d.(110°) n.d.(110)
Ge n.d.(110° | n.d.(110°) n.d.(1:10)
Ag 510 5107 n.d.(110)
Te n.d.(110°) | n.d.(1107) n.d.(1107)
Sb n.d.(510°) | n.d.(5107°) n.d.(1:10)
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Polyhedral Crystallization Front of
Big Sized BGO Crystal
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Fig. 5. A typical high-resclution X-ray difiraction curve of

a (0 0 1) bismuth germanate single crystal recorded with 400 rlp
from the central part of the specimen.

Krishan Lal et al. sournal of
Crystal Growth 197 (1999) 865-873



120 mm dia. BGO cylinders

Due to high uniformity of crystals and low light absorption scintillation
parameters almost does not worse with increasing of crystal dimensions

Lin BGORO01 Preset-L
= 1400.000
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Radiation Hard Crystals for BGO Veto Shield of the Imager IBIS

as one of two main gamma-ray instruments on board of the ESA mission INTEGRAL
(The International Gamma-Ray Astrophysics Laboratory) launched in Oct 2002
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20 krad radiation environment (induced by
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Due to features of light collection, top-quality
transmission properties are needed.
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BGO crystals for PoGOLite International Project
(A High Sensitivity Balloon-borne Soft Gamma-ray Polarimeter)
Flight: 20013 Total weight of BGO >300 kg

Y. Kanai et al. { Nuclear Instruments and Methods in Physics Research A 570 (2007) 61-71

Slow Plastic Scintillator Collimator
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Fig. 1. The PoGOLite detector array. Vertical cross-section AA” (left) and top view (right).

http://www.particle.kth.se/poqolite




Radiation hard BGO

for Hard X-ray Imager and the Soft Gamma-ray Detector, to be onboard
the 6th Japanese X-ray Astronomy satellite ASTRO-H

M. Sasano er al, § Nucleor Instnimends and Meifods in Fhysics Research A& 715 (2003) in5-111
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CWO for neutrinoless 23 decay search

Collaboration with Institute for Nuclear Research, Ukraine
Max Plank Institute (Germany), INFN (ltaly), CNRS (France)

The following advantages of LTG Cz are essential for
2 decay experiments:

« Good scintillation parameters;

« Large maximal crystal size;

« High yield of successful growth runs;
« High utilization ratio of charge (~0.8)

2006- Evaluation of CAWO, crystals grown by the

2008: LTG Cz as detectors for high sensitivity double beta decay
experiments was perfomed.
CWO @ 20x20 mm - @70x70 mm

2009:  Trial Growth of 19CdWOQ, crystal was performed
2011:  Trail growth of 1*CdWOQO, crystals was performed




Main problems associated with growth
CdwQ,, ZnWO,, ZnMoO, Na,Mo,0, crystals

e High tendency to crack under the action of
thermoelastic stresses associated with the existence
of the cleavage plane.

e High segregation (distribution) coefficient for
Iron group ions:

1) Re-crystallization does not improve properties;
2)The residual crystal parts hardly could be utilized

e The volatility of the components of the melt results in
changing stoichiometric ratio Me/(W, Mo) in the growth
process.

e Deviation from stoichiometry in oxygen does not
Investigated properly

(Zn,Cd)WO,4=> (Zn,Cd)WO,« + X/20,



Growth of isotopically enriched °°CdWO, and 16CdWO,

NeoChem,

Moscow

Synthesis
CdwQO,

Refining

Cd,
Cdwo,

—Charge

raw material 106’116&:;&

Technology of growing crystals CWO by

NIIC,
Novosibirsk

A\ 4

Crystal
growth

Cutting,
processing

Crystal, | 10°CdwWO, | CdWO,
year 2009 2010
Raw charge: 265 ¢ 21409
isotope content | 66,4 % 82 %
Crucible:, mm | @40x100 | @70x190
Growth direction [100] [100]
Crystal diameter: | ~27 mm ~45 mm
Crystal weight: | 230,59 1868 r
Residuals in crucible: 33,79 267,79
Losses: 0,799 2,89
Utilization factor: 87 % 87,3 %
- u6CdWO,

LTG Cz allows to solve the problem of

obtaining crystals for the next stage of a

possible experiment with detectors

16CWO,




Radioactive contamination of ""*CdWO, crystals

Counts / 20 keV

Background "¢CdWOQ, (stage 2)

1000

Energy (keV)

Absolute isotopic compesition of the enriched 116(d

Atomic number

Eariched 1%Cd

Natural cadmmm [3]

106
108
110
111
112
113
114
116

0.11+001
0.10+0.01
1.80+0.05
2001005
435004
2141006
730+0.06
822401

1.25+0.06
0.89+0.03
1249+ 0.18
12.804+0.12
24.1330.21
12224012
28.73+0.42
7401018

PSD y(p), =88%

Source ‘ Activity in 16CdWOQO,, mBq/kg
No.1 No.2 116CWO [1] | 1'98CWO[2]
¥Th |<0.08b <0.08b 0.053(9)b | <0.07 b
28Ra [<£0.22 <0.22 <0.0042 |-
25Th | 0.041(6) < | 0.072(8) < | 0.039(2) < | 0.042(4) <
2iAe | <0.002¢ <0.002°¢ <0.01¢ -

B 1 <040 <0.6"b <0.6b <0.6"
20Th [<0.06" <0.05b <0.5b <0.4b
26Ra |<0.005> |<0.005> |<0.004> |0.012(3)P
MWpy [ <0.4b <0.6b <0.4b <0.2b
Ta |2.1(2)° 2.9(3) b 1.4(1)> |2.1(2)"

YK |<0.9° <092 0.3(1)2 <142

WEr-NY [ <0.1° <0.12 <0.22a <0.32
wmpg (0,12(4)2 [0.12(4)2 |- <0.062
13cd |100(10)¢ |100(10)¢ |91(5)2 182 d

mCq | 460(20)¢ [460(20)¢ |1.1(1)a 116(4)x1032
YCs | <0.32 <0.052 0.43(6)2 |-

° Fit of background spectra:
< Time-amplitude analysis;

® Pulse shape discrimination;
4 ICP-MS analysis

[1] F.A. Danevich et al., PRC 68 (2003) 035501. [2] P. Belli et al., PRC 85 (2012) 044610
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Purification and pilot production of WO5 in NIIC

PTA
v

— NH;+ H,0
v
MTA
v

| Dissolution pH 3-4 |
2
|Fi|tration | —H,SiOz and other

v .

Solution MTA
v

< NH;

/ \ PIA (in recycle)
PTA  FEiltrate — [Evaporation
Activation Concentrate
and of impurities
re-crystallization

l NH; + H,0

A
PTA—> | Aching W0,

Element

Ag
Al

Be
Ba
Ca
Co
Cr
Cu
Mg
Mn
Ni

Initial
probe
n.d.(1x10°7)

5.0x10°
1.2x10°5
1.1x104
2.0x10°
3.5x10%
1.1x10°
1.9%-10°
3.4x10°
8.7x10©

MTA- metatungstenate of ammonium [ (NH,)gH,W;,0,4,]

PTA — paratungstenate of ammonium [(NH,);,W,,0,,7H,0]

Probe Probe
5 6
4,0% 107 n.d.(1x 107)
<5.0x10% n.d.(4x10)
n.d.(1x107) n.d.(1x107)
n.d.(1x105) n.d.(1x 10%)
1.2- x10° 1.5 x10°
n.d.(1x 106) n.d.(1x10°)
n.d.(1x 106) n.d.(1x 10)
n.d.(3x107) 3.6x10”7
1.4x 105 1.7x 105
2.8x10° 4.1x- 1077
n.d.(1x 10-6) n.d.(1x 10°%)

Inorganic Materials, 44, No. 12,
pp. 1330-1333 (2008).



Absorbtion, cm™

2010 : Growth of large size radiopure ZnWO, crystals
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RHR ~10% at gammas 662 keV
for @40x40 mm cylinders

Collaboration with

e Institute for Nuclear Res., Kyev
e Max Plank Institute (Germany)
e INFN (Italy)



NMpoekT LUMINEU

Luminescent Underground Molybdenum Investigation for NEUtrino mass and nature

« |[CMCB (cNRS)
« UNIVERSITE PARIS-SUD (cNRrRS)

e CEA, commissariat a I’énergie atomique et aux
énergies alternatives

e KINR, Institute for Nuclear Research of the National
Academy of Sciences of Ukraine

 NIIC
« UHEI, Heidelberg University, Seminarst (Germany)
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First results growth ZMO crystals

Institute for Scintillation Materials,
Kharkov, Ukraina

Prokhorov General Physics Institute,
Russian Academy of Sciences
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MoO; purification scheme

NH,OH
MoO3L P
Dissolution pH 7-8
separation [
sediments Solution <—— Mo0O;
Dissolutjon pH 5-6
Zn0 ——> solufion
\ Dissoldtion pH 6-7
V(V solution NH,OH .
V\f(\%) 4 > Solition pH 8-9
Cr(VI) Fe(lll) precipitate
Zn(IN) contaminants Solution
Si(IV) Ca(ll) _
P(V) evaporation
a—8—Mam—a»,—8—Ja—»x8—8—x4—8—8—n—-1n (NH4)2CZO4 Sorhtlon
Fe,(MoO,), \?
ZnMoO, Th(IV) ? cooling
CaMoO, u(vI) 2 mother liquor <~
SiO
i precipitate crystals PMA
2 4 6 8 10 12 14 calcination
pH

N\
Mogp



Purification of MoQO; (sublimation process)

The temperature up to 700°C
Pump vacuum |
Starting material MoO, (metallic impurities 10- 100 ppm)
Single entry sublimation reduces the content of: W, Fe, Cr
more than one order

Productivity the laboratory setup 1-2 kg/week

NN
ww



Modified MoO; purification scheme

Initial MoO,

1 sublimation

2 sublimation Calcination

Solution (NH; + H,0 + MoO,)

Filtration

Fltration Evaporation

Evaporation

HP MoO,

Filtration Solution 5-10%
Mo

Calcination
Crystals PMA-1

| | 2 purification step Solution 5-10%
| | Mo

Crystals 2 PMA-2




ZMO crystal growth in NIIC

Purification
in aqueous
solutions

raw material 1Mo

o
/

Sublimation

i

MoO,

Preparation

charge mixture

Zn0O

A 4

Crystal
growth

Rejected crystals,

Rejected blanks

residuals
/ v
milling
T acte Cuttln.g
processing

Zn'“MoO, crystals




Extraction of MoO, from ZnMoO, residues, sludge

ZnMoO,residues, sludge

Thin grinding

A solution of ( H,0 + H,0, + ZnMoO,)

stirring solution

l

A solution of [( H,0 + H,0, + ZnMo0O,) +
(NH,),CO,4

filtration

ZnCO3
(1-5)%Mo0,

A solution of  (NH,),Mo00,
Yield: 80%

evaporation

Calcination
solid precipitate(NH,),Mo0,

MoO,
Irreparable loss less than 10%

Scheme 1



Extraction of MoO, from ZnMoO, residues, sludge

ZnMoO,._residues, sludge

Thin grinding

A solution of ( H,0 + H,C,0, + ZnMo0O,)

stirring solution

l

filtration |

A solution of MoO,
H,C,0,, (oxalic acid)

evaporation

Calcination
600C

MoO,

ZnC,0,
(1-5)%Mo0,

Scheme 2



Zn1%MoO, : one of the most promising candidate
for the search of neutrinoless double-beta decay

Growth of ZnMoO, along [001] from stoichiometric charge

MoO,; commercial, HP grade
&Zno HP grade produced by UMICORE.

——ZMO 28 mm thick(MoO3 commercial)
100+ ——ZMO 23 mm thick(MoO3 NIIC)

80+

60-
SHIMADZU 2201
25.03.10

40+

Transmittance, %

20+

0 T T T T *
300 400 500 600 700

Wavelength, nm

Q MoO; synthesized in the NIIC SB RAS
ZnO HP grade produced by UMICORE.




ZnMO, crystals grown along [001] direction

Growth
interface

2012: Project LUMINEU
(CNRS, France)
Luminescent Underground

Molybdenum Investigation for
NEUtrino mass and nature

ZMO crystal grown with
the charge utilization factor ~90%



Radiopurity of ZnMoO, crystals (nBq/kg)
Radiopurity of ZnMoO, crystal satisfies the LUMINEU requirements

-

o

2 10 keV/bin -
“"Po (ext [/ int)

Unidentified

“Rn

23
'Ra T e

cpd / kg / keV
=

|
-
=]

313g,851 h

21dyq: 214,

Bi-~ Po

10
3000 4000 5000 6000 7000 8000 9000 10000
Energy (keV)
% 102] 10keVbin "o (ext /int) 334¢,1097 h
210 4
~ ]
o] ]
& ]
B E
—I:I 11131._21-1},“
i J RN TR
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[1] D.V. Poda, to appear in Proc. ICHEP-2014.
[2] J. Beeman et al., EPJC 72 (2012) 2142.

Advanced ZMO Precursor ZMO
LSM LSM LSM LNGS
[1] [1] [1] [2]
334 g 336 g 313g | 329g
1097 h 291 h 851 h 524 h
232Th <14 <10 <5 <8
228Th <4 <24 10(3) <6
238y <4 <8 <8 <6
234y <4 <22 <14 <11
230Th <14 <13 <9 <6
226Ra <5 <21 26(5) 27(6)
210pg | 1157(49) | 939(52) | 621(25) | 700(30)
=0 <3 <10 <7 -
147Sm <5 <5 <5 -
1°0pt <4 <5 <3 -
65Zn | 164(67) - - -

D.V. Poda, 4th ISOTTA General Meeting, CSNSM, 02 December 2014
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The results of ZMO crystal growth




The results of LMO crystal growth




Isotopically enriched Li,1%°MoQO, crystals

Isotopically enriched crystals Isotopically enr_ichgd crystal
first crystallization second crystallization



Li,Mo0Q,residues, sludge

|

A solution of (Li,Mo0O, + H,0)

1]

A solution of (Li,M00,+H,0
+ Zn(C,H;0,))

!

stirring solution

|

filtration

Extraction of MoO, from Li,MoO, residues, sludge

1

solution
Li C,H;0,

precipitate ZnMoO,
Yield: 99%

1

The following processing steps
according to the scheme

Scheme
Li,MoO,residues, sludge ¢
Thin grinding
Decomposition (HNO3 + H20)
filtration solution
m—)
H,Mo0, neutralization
I (NH;)
drying L
crystalization
Calcination 1
filtration
’ 1]
MoO, .
solution

(1-2 g/l Mo)




Synthesis and purification of raw Li,CO,

Initial Li,CO,

I

A agitation of (Initial Li,CO; + H,0)

]

filtration

Scheme

1

solution

precipitate Li,CO;*XH20

|

Calcination

Initial Li,CO,4

|

A agitation of (Initial Li,CO; + H,0)

]

filtration

1

solution

precipitate Li,CO,*XH20

1

Li,CO,

Calcination




Radiopurity ZMO, LMO (uBag/kg)

232Th

228Th

2381

2341

230Th

226Ra

210pgo

235U

ZnMoOQO,

ZnMoO,

2.8(15)

1.32(3)
x10°

<26

Zn'%Mo0O, Zn'®°MoO, Li,M00O,

10(4) 39(7) <37
11(6) 43(10) <21
<17 <24 <21

14(3) 23(4) <37

809(32) 2.39(5)x 195(41)
103
<13 <19 <21

Li,MoO,

130(19)

76(25)



Na,Mo,0, LTG CZ - first result




Purification of Na,CO,

<«—Tnitial substances =—>

NGHC02 N02CO3.1OH20
Probable routine simple
Pure Na,CO; after
NaHCO, o] Crystallization from melting »| decomposition of NaHCO,
i Pure Na,CO5 after
Na,CO3¢10H,0 > ggl\ﬁsffiglr:lza‘non from water »] decomposition of
LINQ,COLe10HLO




Purification of Na,CO,

( first results)

Pure Na,CO; after
NaHCO, o] Crystallization from melting »| decomposition of NaHCO,
C- 190 ppm
e Pure Na,CO3 atter
Na,CO510H,0 R Crystallization from water )| decomposition of

solution

| Na,CO,e10H,0

|

C-32ppm



NMO crystals




Conclusion

« Synthesis und purification of starting materials is an important
stage for growth crystals with extremely high characteristics.

« A complex variant initial materials purification allows to growth
crystals for search rare events

« LTG CZ is a good crystal growth technique to search rare events.



