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• Introduction
– CUORE experiment, goals and consequent requirements
– the bolometer technique
– crystals for Rare Events Physics, technological challenge

• TeO2 crystal
– general properties
– crystal growth
– specific requirements for DBD application

• Large scale production problems
– TeO2 chemistry
– crystal growth and processing
– transport and storage
– production management
– certification principles and results

• Conclusions
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~1ton
TeO2

technological challenge



Dafinei-LTR2010

Ioan Dafinei
INFN Sezione di Roma, ITALY

Sudbury, Canada Aug.28-29,2010

Compact Muon Solenoid

~80tons
PbWO4

~1ton
TeO2

technological challenge
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technological challenge
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High Energy Physics (HEP)

• extremely high sensitivity
• very low background

Rare Events Physics (REP)

crystal perfection

radio-purity

main technological constraints

bigger challenge: quantity (in HEP) is exceeded by difficulty (in REP)
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CUORE, goals and requirements

INFN, Laboratori Nazionali del Gran Sasso
(3500 m.w.e.)

A B
C

Cryogenic Underground Observatory for Rare Events

•observation of rare events in other energy regions

Crystals of TeO2 work as calorimeter

WIMPs detection

• Dedicated cryostat (selected materials)
• Dilution refrigerator operated at ~ 10mK
• Dedicated shielding (including roman Pb)

CUORE

Cuoricino R&D for CUORE

Background: 0.01   c/keV/kg/y (baseline)
0.001 c/keV/kg/y (optimistic)

EFWHM : 5         keV @ 2615 keV

78
130

52Te

•observation and measurement of 
the neutrinoless double-beta decay

 eAZAZ 2),2(),(

Crystals of TeO2 are detector and source



76
130
54 Xe

2527.518(13) keV
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below D
C  ~ (T/D)3

(dielectric, diamagnetic
materials are preferred)

detected 
particle (E)

Neutron Transmutation Doped (NTD) Ge thermistors
Ge crystal exposed to neutron bombardment
neutron capture and subsequent β and EC decay
neutron dose controls final doping (~ 6·1016 cm-3)

T0 and ρ0 are controlled through doping  









 2

1

00 )/(exp)( TTT below 10K : 

thermometer

energy 
absorber

thermal coupling
(very weak)
G  4 pW/mK

heat sink
(T  10-100 mK)

R  T = E/C

dR/dE  20 k/keV
(tens)

R(T)

Rload

Rload
 = C/G

CUORICINO module: 4 x 790g

TeO2 crystal

5x5x5 cm3

the bolometer technique
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TeO2 properties

Paratellurite Tellurite
tetragonal orthorhombic-dipyramidal

greyish-white,       
opaque

white to yellow, 
subtranslucent to opaque

1960, Mexico 1842, Romania

Characteristic value
Chemical Formula TeO2

Molecular Weight 159.61
Crystal Class Tetragonal

Density (g/cm3 at 20 °C) 6
Melting Point (°C) 733°C
Hardness (Mohs) 4
Solubility in water None
Color Clear
Transmittance Range (µm) 0.33-5.0

no=2.3194
ne=2.4829

Thermal Expansion (1/K at 0°C)
normal to <001> 19.5 x 10-6

parallel to <001> 6.10 x 10-6

Refractive index (λ=500nm)

•relatively low melting point
•distorted rutile (TiO2) structure
•anisotropy of expansion coefficient

TeO2 (paratellurite)

a = 4.8088 Å
c = 7.6038 Å

short: 1.88 Å
long: 2.12 Å
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TeO2 crystal growth

seed

grown 
Xtal

molten 
TeO2

heating

Czochralski

molten TeO2

Bridgman

seed

grown 
Xtal

• Bridgman grown crystals are more stressed than Czochralski ones
• annealing at about 550°C helps in removing the residual stresses

• TeO2 crystal is particularly repellent to impurities
• most of radioactive isotopes have ionic 
characteristics incompatible with substitutional
incorporation in TeO2

as grown TeO2 
crystal ingot

Pt “crucibles” filled with TeO2 powder
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TeO2 chemistry

TeO2+HCl→TeCl4+H2O

TeO2
2Te+9HNO3 → Te2O3(OH)NO3+8NO2+4H2O
Te2O3(OH)NO3→2 TeO2+HNO3

TeCl4+4NH4OH→Te(OH)4+4NH4Cl
Te(OH)4→TeO2+H2O

HNO3

TeO2

HCl
TeCl4

TeCl4
NH4OH

TeO2

TeO2 
99.999%

Te
washing

filtering

washing, 
drying

calcination 1st Xtal growth

1/3 ingot 
selected

grinded

calcination 2nd Xtal growth

refining TeO2 @ SICCAS
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TeO2 crystal production

TeO2 crystal growth facility @ SICCAS
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annealing

• specially dedicated area
• dedicated measures against contamination risks
• separated raw material circuit
• separated consumables and  ancillaries circuit
• production flow survey by periodic certification of 
materials used (raw materials, consumables, 
ancillaries) and procedures applied

SICCAS Jiading

C. Arnaboldi et al, "Production of high purity TeO2 single 
crystals for the study of neutrinoless double beta decay",
Journal of Crystal Growth (Article in Press) 
doi:10.1016/j.jcrysgro.2010.06.034
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• CUORE dedicated mechanical processing area
– new cutting machines (inner and outer cut)
– new grinding machine
– new lapping bench

raw mechanical processing
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• CUORE dedicated mechanical processing area
– new cutting machines (inner and outer cut)
– new grinding machine
– new lapping bench

raw mechanical processing
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final processing

• class 1000 qualified
• general standard respected
• easy maintenance
• ultrapure water 300 l/h

SICCAS/INFN Clean Room for 
TeO2 final processing at Jiading

SICCAS Jiading

•ultrasound washer
•microwave oven
•chemical etching bench
•polishing bench
•packaging bench

equipment:



Dafinei-LTR2010

Ioan Dafinei
INFN Sezione di Roma, ITALY

Sudbury, Canada Aug.28-29,2010

package

vacuum boxes triple vacuum bags 

package, shipment and storage
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shipment: cosmogenic contamination risk

package, shipment and storage

• total exposure time to cosmic rays from TeO2 synthesis to LNGS delivery < 6 months
• sea transport from China to Italy, in order to minimize cosmic rays exposure 

visual inspection at delivery 

storage: radon contamination risk CUORE hut @ LNGS

LNGS permanent storage area 
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production quality check

certification principles

Te metal 
99.999%

clean storage

sample sent to 
certification lab.

NO

TeO2 powder 
synthesis

YES

clean storage

TeO2 powder 
calcination

radio-purity 
test

TeO2 crystal 
growth (1)

crystal milling and 
purificationclean storage

“ready to use”
crystals 

manufacturing continue production

cryogenic 
test

YES

sample sent to 
certification lab.

2 crystals
(randomly selected)

TeO2 crystal 
growth (2)

NO

reagents

clean storage

sample sent to 
certification lab.

NO
radio-purity 

test

radio-purity 
test

sample sent to 
certification lab.

radio-purity 
test NO

YES

YES

YES

production 
stop

NO

ICP-MS parallel tests:
-SINAP
-LNGS
-INFN-Milano
-Berkeley

•consumables
•raw materials
•intermediary products

cryogenic test (CCVR):
-LNGS crystals “ready to use”

HPGe parallel tests:
-LNGS
-Berkeley

•Te metal
•TeO2 powder
•SiO2 polishing powder

consumables and tools for cutting 
and surface processing, packaging, 
shipment and storage

SBD (Alpha Spectroscopy)
-INFN-Milano

validation of processes:
-INFN processes, procedures or systems used 

along crystals production from raw 
materials to ready-to-use TeO2 crystal.
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raw materials and reactants
Te metal contamination
238U < 2*10-10 g/g
232Th < 2*10-10 g/g
210Pb < 10-4 Bq/kg
40K < 10-3 Bq/kg
60Co < 10-5 Bq/kg
acids contamination
238U < 5*10-12 g/g
232Th < 5*10-12 g/g
water contamination
238U < 4*10-12 g/g
232Th < 4*10-12 g/g
contamination of other liquids
238U < 5*10-12 g/g
232Th < 5*10-12 g/g

intermediary products
TeO2 powder (after densification by calcination)
238U < 2*10-10 g/g
232Th < 2*10-10 g/g
210Pb < 10-4 Bq/kg
40K < 10-3 Bq/kg
60Co < 4*10-5 Bq/kg
Pt contamination in as grown crystals
Pt (element) < 10-10 g/g
190Pt (isotope) < 3*10-6 Bq/kg

final product
(TeO2 crystal ready-to-use)

238U < 3*10-13 g/g
232Th < 3*10-13 g/g
210Pb < 10-5 Bq/kg
60Co < 10-6 Bq/kg

final product
(bolometer)

energy resolution  < 15 keV at 2615 keV
signal intensity      > 60 µV/MeV

certification requirements

technical specifications
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crystal validation runs

A B
C

Clean Room

objectives
•bolometer performance: 

•energy resolution
•detector response

•bulk contaminations (from 
alpha peaks). Able to get limits 
on the contamination levels in 
two weeks, at the 10-12 g/g level.
•surface contaminations (from 
coincident events and from 
distortion in the peaks). Needs 
more statistics than bulk 
contaminations.
•measurement of the 
background reduction factor 
from surface cleaning

CCVR

LNGSLNGS
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crystal validation runs

CCVR map
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crystal validation runs

CCVR results http://wiki.hep.wisc.edu/cuore/HallC
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production results

crystal dimensions
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delivered August 2010
dimensions
hard: <100>

crystals (July 2010): 473
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tolerance limits

nominal value

tolerance limits

nominal value
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production results

crystal surface treatment (1)

atomic layers
-soft face: 1470/µ
-hard face: 1320/µ

atomic layers taken
away by etching:
-soft face:   >22000 layers
-hard face:  >20000 layers
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15.10mean
1.55StdDev

delivered August 2010
etching depth

etching
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production results

crystal surface treatment (2)
polishing

atomic layers
-soft face: 1470/µ
-hard face: 1320/µ

atomic layers taken
away by polishing:
-hard face:  ~  11600 layers
-soft face:   ~  18000 layers
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Hard Faces: <100>
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polishing depth
Soft Faces: <011>, <0-11>
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CUORE crystals production database

-LabView GUIs generating .txt files
-crystal production data are further 
stored in a global CUORE database

production management
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crystals production
production management
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HUT

CRYSTALS
OTHER DETECTOR ELEMENTS 

(THERMISTORS, HEATERS, HOLDERS…)

CRYOSTAT

CLEAN ROOM
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143Nd2.310 MeVα1.06×1011 y14.99 %147Sm

productenergydecayhalf lifeabundanceisotope

• enriched TeO2 ?
– first tests, bad experience

• scintillating TeO2 ?

• Sm doping?
– calibration and possible discrimination of α events in the 

region of interest of 130Te DBD0 (2.5275 MeV)

• Nucl.Instr.Meth.in Phys.Res. A 554, Issues 1-3 , 1 December 2005, 195-200
• SCINT2005 Proc. 8th Int. Conf., Alushta, Crimea, Ukraine, Sept. 19-23, 2005, pp. 106-108
• phys. stat. sol. (a) 204, No. 5, 1567–1570 (2007) / DOI 10.1002/pssa.200622458

further possible developments
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• TeO2 crystal is among the best choices  
for DBD experiments

• growth and processing of TeO2 crystals 
having a radio-purity compatible with 
foreseen CUORE total background of

is a very challenging task

• TeO2 crystals produced at SICCAS 
(China) till present have bolometric and 
radio-purity characteristics within 
tolerance limits imposed by CUORE

conclusions

0.01 counts/keV/kg/y


