
Crystal Clear Collaboration
and HEP applications

E .  A u f f r a y ,  C E R N  E P - C M X ,  2 5 t h  y e a r  C C C 1

E. Auffray, CCC Spokesperson
CERN, EP-CMX



Scintillating crystals used in HEP 

before 1990
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 Before 1990 

 NaI(Tl) 
 

CsI(Tl) BGO 
Bi4Ge3O12 

 

Xo [cm] 2.59 1.86 1.12 

r [g/cm3] 3.67 4.53 7.13 

t [ns] 230 1050 340 

l [nm] 415 550 480 

Ref index 

n@lmax 

1.85 1.80 2.15 

LY 

[%NaI] 

100 85 10 

 
 

 

Not appropriate for LHC working conditions

Crystal ball, 1979

NaI

BGO

L3 electromagnetic calorimeter, 
1989



History
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• In 1990 CERN launched the Detector Research and Development Committee (DRDC)
to finance the R&D on future detectors for future LHC accelerator
•In April 1991 DRDC approved the R&D proposal initiated by P. Lecoq for the study of
new fast and radiation hard scintillators for calorimetry at the LHC
=> Birth of Crystal Clear Collaboration



Crystal 2000
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First conference on 
inorganic scintillators

(SCINT conf)
Birth of the scintillator

community



The Crystal Clear Collaboration 
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CeF3
PbWO4

Heavy fluoride glasses

Initial Objective: 
Develop scintillating materials suitable for use at the future LHC collider

From 1991 to 1994: R&D on several types of scintillator



CeF3: a new fast scintillator
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IEEE TNS 36 (1989) 137-140 IEEE TNS 36 (1989) 173-176



1991-1995: R&D on CeF3
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Many CCC papers
E. Auffray, PhD thesis 1995

E. Auffray et al (CC collaboration, Nucl. Instr. Meth. Phys. Research A380, 524-536 (1996)
M. Nikl (review paper), phys.stat.sol. (a) 178, 595-620 (2000).

M. Nikl, C. Pedrini, Sol.St.Comm. 90, 155-159 (1994))

Radiation Hardness

•Understanding of radiation damage

• Understanding of Ce 3+ scintillation mechanisms
=>The existence of regular (Cereg) and perturbed (Cepert)

Photoluminescenc
e 
(exc = 250 nm)

 Quenching per Ce concentration
=> very short decay time 

Scintillation decay of CeF3

(exc. 22Na, 511 keV)



Achievements on CeF3
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In 1989: 1 crystal of 1 cm3 => in 1993 large crystals (length > 20cm)
produced by several companies 

Improvement of LY of a factor 2 Excellent radiation hardness

E. Auffray, PhD thesis 1995



CeF3 Test beam in 1994
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H. Hillemanns, PHD Thesis, 1995
E. Auffray et al., NIMA 378 (1996) 171-178



CeF3 Test beam
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H. Hillemanns, PHD Thesis, 1995
E. Auffray et al., NIMA 378 (1996) 171-178

Energy resolution of the CeF3 matrix

Energy resolution of the central crystal 
of  the CeF3 matrix with photodiode and PMT
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CeF3 matrix at low energy
(R. Novotny group)

Courtesy R. Novotny
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CC Matrix tested by Giessen group



R&D on heavy scintillating glasses
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pure and 5%Ce doped glasses

Extensive work with Le verre fluoré, Rennes, France

AFG became coloured at Ce doping (AFG413, d=1mm)

ZFG did not scintillate

HFG selected to study possible improvements

Study of several types of heavy glasses

E.Auffray, I.Dafinei, P.Lecoq, M.Schneegans, MRS94, 

vol348, San Francisco, (1994) 217-224

E. Auffray, et al, NIM A 380 (1996) 524-536
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Main results on HFG glasses
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Transmission Photoluminescence spectra

Decay time Radiation hardness

E. Auffray, et al, NIM A 380 (1996) 524-536

Not enough 
Radiation hard

For LHC



CONDUCTION BAND

VALENCE BAND

CORE BAND

Inelastic electron-
electron scattering

e e

e

h

e

h

h h

ph

h h

e e

ph

Thermalization of 
holes

Interaction of 

excitations

с* + c*  с* + ph

Thermalization of 
electrons

Capture of electrons 
and holes by traps, 
selftrapping, etc.
e + c+  c0 + ph Emission

с*  с + h

10–16 sec 10–14 sec 10–12 sec 10–10 sec 10–8 sec t

Eg

2Eg

0

Ev

Ec +Ec

Ec

ERE

Eg+ERE

Threshold of e–e

scattering

Threshold of e–RE

scattering

Auger threshold

h  Vk + ph

Understanding of the scintillation 

process chain
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A. Vasiliev, Proceedings of The SCINT99 conference, Moscow, Faculty of Physics, Moscow State University, 2000, p. 43-52

Case of Ce3+ doping



4 first papers on PWO for High Energy Physics applications
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The promoters of PWO
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L. Nagornaya

M. Kobayashi

M. Ishii J.P. PeigneuxM. Korjik

In Chamonix 25 th Sept 1992



Some results on PWO
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I. Dafinei, E. Auffray, P. Lecoq, M. Schneegans, MRS94, vol348, San Francisco, (1994) 99
P. Lecoq et al., NIM A, 365, Issues 2–3, (1995) 291

Temperature dependance of scintillating properties Three types of crystals
=> influence on radiation damage

E. Auffray et al. Scint95 conference 



Crystal choice in 1994

 Developed for LHC 

Crystal Clear/CMS 

 CeF3 PWO 

PbWO4 

HFG 

Glass 

Xo [cm] 1.66 0.89 1.6 

r [g/cm3] 6.16 8.2 6 

t [ns] 30 15 25 

l [nm] 310 

340 

420 320 

Ref index 

n@lmax 

1.68 2.3 1.5 

LY 

[%NaI] 

5 0.5 0.5 
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From 1991 to 1994:

• Birth of the “scintillator community”

• Many progress in the understanding of the 
properties of 3 materials:

• CeF3 had very good scintillation and 
radiation hardness properties but no 
capability for large production

• Heavy Glasses had good scintillation 
properties, low cost but were not enough 
radiation hard for LHC

 In 1994: Choice of  PWO by CMS for 

the electromagnetic calorimeter

 Choice of PWO for PHOs detector 

in ALICE



2 LHC experiments use Lead tungstate crystals

CMS  ALICE :17920 crystals

75848 Crystals = 100 tons

PWO crystals @CERN in LHC 
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15 years of CMS ECAL 

construction
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• 1998-2000 : Preproduction of 6000 crystals in BTCP
• Increase production rate
• Make crystal quality consistent over a large amount of crystals

• 2001 : Start of the Production in BTCP, Russia

• 2005 : Start of the Production in SIC, China

• 2007 : Barrel installation in CMS

• 2008 : Endcaps installation in CMS

• 2009 : First data taken in LHC

• 2012: Higgs discovery

• 1994 : Choice of PWO for CMS electromagnetic calorimeter

• 1994-1998 : extensive R&D on PWO with strong participation of 
crystal clear



From R&D to Production 

1994 to 1998
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19981994

Production des cristaux

Optical properties improvement Transmission improvement

Delivery of the first 100 PWO Crystals
Sept 98

Radiation hardness improvement
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Main results on PWO 

radiation hardness improvement
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Radiation damage mainly due to host structure defects :

Primary defects :
Lead vacancy Vk(Pb) 
Oxygen vacancy V(O)

Secondary defects created for charge compensation
for Vk(Pb) : O-- + h, Pb2+ + h 
for V(O)  : F and F+ centres

Compensation by
doping :Y, La, Lu, Nb, Sb
optimum codoping Y-Nb

Optimisation of growth conditions, 
stoichiometry

A.Annenkov et al., Rad. Measurements Vol29, p27

E. Auffray et al, proceedings of SCINT2007

S. Baccaro et al, phys. stat. sol. (a) 160, R5 (1997)  /A.Annenkov et al., NIM A426 (1999) 
486
M. Kobayashi et al., NIM A404 (1998) 149. / X. Qu et al., NIM  486 (2002) 102
P. Lecoq et al., NIM A402(1998) p75
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Caracterisation des cristaux/

Collage des photodétecteurs sur les cristaux

Montage des sous-modules

Montage des modules

Montage des Supermodules
Installation du système de monitoring Installation d’écran thermique

Installation du système de refroidissement

Transport du supermodule

61200 crystals
61200 sub-units 6120 sub-modules

144 modules

36 Super- modules

36 Super- modules
36 Super- modules

36 Super- modules

36 Super- modules

CMS ECAL assembly: 1998-2007
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Pb/Si preshower

CMS ECAL: Higgs bosons discovery
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1 Dee 3662 crystals

Barrel: || < 1.48
36 Super Modules (SM)

61200 crystals 
(2.2x2.2x23 cm3)

EndCaps: 1.48 < || < 3.0
4 Dees

14648 crystals 
(3x3x22 cm3)

=> Higgs Discovery in 2012
75848 PWO Crystals : 10 years of construction

CMS ECAL Barrel in P5Installation in CMS in 2007&2008



After the choice of PWO by CMS  many others experiments proposed 
to use PWO

Alice: 17920 crystals 18cm length, produced in Apatity

BTeV: 10000 crystals,  22cm length

CEBAF: (measure of electron beam polarization) 25 crystals

PRIMEX (precise measurement of the neutral pion lifetime): HYCAL: 1200 
crystals, 18cm length

Neutral particle spectrometer (NPS) in JFLab (hall12): 1116 Xtals, 18cm length 

Panda: Target Spectrometer @ PANDA: 

CLAS2 at Jlab: (study the light meson spectrum) :forward tagger detector: 332 
crystals, 20cm length

Inner Crystal Calorimeter for EIC @JLab & BNL

Other experiments with PWO
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Some examples
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NPS, JFlab

Calor2014, JP, conference seies 587 (2015)012048 

HYCAL, Primex, JFlab

PbF2

PbWO4

http://arxiv.org/abs/physics/0609201v1

Forward tagger, Class2, JFlab

Courtesy M. Battaglieri

Module of PHOS in Alice experiment



Target Spectrometer

4p detector for spectroscopy &
reaction dynamics with antiprotons

the PANDA detector at FAIR

• photon detection with high resolution 
over a large dynamic range: 10MeV < E < 15GeV
• high count-rate capability (2∙107 Annihilations/s)
• nearly 4p coverage
• sufficient radiation hardness
• timing information for trigger-less DAQ concept

Barrel: 11300

Endcaps:  3864crystals

PWO-II: 20cm (23Xo)

Need 15164 PWO crystals
8000 produced in  BTCP
 Need new producer
 Crytur company coming back

R. Novotny, IEEE 2016
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PWO production in Crytur in 2016

• production based on Czochralski technology

• use of existing pre-mixture of raw material (NeoChem, Moscow) 

(BTCP)

• Preproduction starts in 2016

R. Novotny, IEEE 2016

E .  A u f f r a y ,  C E R N  E P - C M X ,  2 5 t h  y e a r  C C C 28



New interest for CeF3
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F. Ness.-T. et al., CALOR 2014, JoP Conf. Ser. 587 (2015) 012039
F. Ness.-T. et al., IPRD 2016, 14th Topical Seminar on Innovative Particle and 
Radiation Detectors, Siena, Italy

For CMS upgrade endcap calorimeter: 
Sandwich calorimeter CeF3/W proposed by ETHZ Group: F.Nessi et al.

CeF3 plate
24*24*10mm3



CCC Impact on HEP

• Creation of the scintillator community

• Cerium understanding

• Radiation hardness study: 
• Understanding of radiation damage mechanisms, 

• Acquire knowledge of different investigation technics

More recently

• Engineering of scintillator: mixed materials, codoping

• New crystal growth development: micro pulling down technic

• Timing properties
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Since 2010:  investigations of radiation hardness 
under gamma and hadrons radiations for HL-LHC
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ϒ-quanta
60Co(1.22MeV),
absorbed doses 10-2000Gy

24 GeV
&

150 MeV protons

reactor
neutrons

PWO, PWO-II
LSO:Ce(LYSO:Ce)
LuAG:Ce
BSO
PbF2

BaF2

GSO:Ce
YSO:Ce
YAG:Ce(Pr)
YAP:Ce (Pr)
DSB:Ce(glass and glass-ceramics)
Y2O3 (micro-ceramics)
LiF
Plastics

PWO, PWO-II
LSO:Ce(LYSO:Ce)
LuAG:Ce
BSO
PbF2

BaF2

GSO:Ce
YSO:Ce
YAG:Ce(Pr)
YAP:Ce (Pr)
DSB:Ce(glass and glass ceramics)
Y2O3 (micro-ceramics)
LiF
Plastics

PWO, PWO-I

Plastics:
EJ260
EJ200

List of the  scintillation materials studied at different irradiations

Results have been published in 12 articles and reported regularly at IEEE NSS-MIC, SCINT and INTELUM Conferences  



Radiation tolerant crystals: Garnet crystals  
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Protonsgammas

LuAG YAG



Micro-Pulling down technology

for crystal fiber growth
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 Wide range of diameters 300 µm – 3 mm

 Lengths up to 2 m

 Multiple geometries for capillary die

 Fast pulling rates

 Multi-fibers pulling possibilities (in parallel)

Micro-pulling down (µPD) : multiple advantages

Courtesy Fibercryst

Fibers produced @ILM

=> Investigation of mass production capability



Scintillating crystal fibers:

Flexibility for the calorimeter design

34E .  A u f f r a y ,  C E R N  E P - C M X ,  2 5 t h  y e a r  C C C

From bulk crystal To bloc of fibers

=> Need less fibers, possibility to use materials with lower density

Homogeneous calorimeter

Sampling calorimeter

=> Need large volume of fibers with high  density



First calorimeter prototypes
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In the frame of the CMS HCAL/ECAL upgrade:
We performed several test beams with crystal fibers

PWO

5 LuAG fibers with highest concentration of Cerium

3 with lower Ce concentration

1 undoped for Cherenkov signature

Ø 2mm, L22cm

• in Fermilab March2014: 
• 64 fibers (56 scint. 8 Cerenkov)

M. Lucchini et al, JINST 8 10017 

(2013)

SiPM readout

On 2 sides of each chanel

4 mm

16 mm

• At CERN August 2014: 

in CERN H2 beam November 2012: 9 fibers



Few results from Fermilab

test beam
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Scintillation

(LuAG:Ce)

electron beam from 2 to 16GeV

Good separation of 
scintillation/Cerenkov pulses

Cerenkov
(LuAG)

Energy scan

A. Benaglia,et al., submitted to JINST



First calorimeter prototypes

with square fibers in 2015 
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Tile concept
Test in CERN H2 150GeV muons

or

SiPM readout

YAG square 
fibersYAG plate

mip

SPACAL concept @ MAMI (Mainz)
Tagged photon beam 
from 56 to 766 MeV

Photon beam

LuAG square fibers 
in W Absorber

SPACAL concept
Test in CERN H4 with e- beam 

10GeV to 200GeV

YAG square fibers 
in a 0,75W/0.25Cu Absorber

e- beam



Few results tests @MAMI
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photon beam from 56 to 766 MeV
Readout PMT

Good linearity

s

E

=
18.2 %

E / GeV

Å 22.6 %



Future: fast timing detection
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In HEP: Search for rare events implies high luminosity accelerators
 Rate problems;
 Pileup of >140 collision events per bunch crossing at High Luminosity-LHC;
 Pileup mitigation for better vertex reconstruction via TOF requires TOF resolution < 50ps.



Time resolution with MIP
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LSO:Ce:Ca crystal 2x2x5mm3– SiPM (FBK 
NUV-HD) with MIP (muon 150GeV) in H2Final setup in H2

5

• took data during the biggest  heat  

wave ever recorded in Geneva 

– temp. on the experimental table was 

measured ~27—29° C (also during night) 

– not the best conditions for the 

measurement: 

»SiPM performance subopt imal (higher dark 

count rate, breakdown voltage variations, 

etc.) 

»optical coupling unstable (glue was melt ing)

A. Benaglia et al, NIM. A, vol. 830, pp. 30-35, May 2016

Possible timing layer in CMS



Need to understand 

the photodetection Chain
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q

2

PhotodetectorCrystal Electronics



t

tkth pe = t

Conversion depth

+ tk’ ph

Scintillation 
process

+ ttransit

Transit time
jitter

+ tSPTR

Single photon
time spread

+ tTDC

TDC 
conversion time

Scintillator R & D

 Particule Interaction

 Light generation

 Light transport

 Light transfer

 Light collection

Photodetector R & D

 Reduce SPTR and DCR

 Increase fill factor (PDE)

 Digital SiPM

 MCP for PET & HEP

Electronics R & D
 TDC < 10ps bins

 Monolithic architecture

 High bandwidth

 Low noise

 Massive parallel data

 High number of channels

 Challenge: Understanding key factors of timing resolution 
 Proposing routes toward 10ps 
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Understanding of the Scintillator limits 

for time resolution
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1) The scintillation mechanism
• Light yield;

• Rise time;

• Decay time. 

2) The light transport in the crystal
• Time spread related to different

light propagation modes

3) The light extraction efficiency
• Light Yield  Light Output;

• Impact on photostatistics;

• Weights the distribution of light 
propagation modes.



L
x

tmax= 71 ps for x = L
tmax= 384 ps for x = 0

(L = 20mm

Photonic Xtals

P. Lecoq, A. Knapitsch, Int. J. of Mod. Physics A Vol. 2(2014) 1430070
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LuAGYAG

Study of Codoping Ce,X2+ 

in Garnet crystal
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Shorter decay time with codoping
=> Role of Ce4+ 

Kamada et al, O-14-3 at SCINT2015
M. Lucchini et al, NIM A Volume 816, pp 176–183,
A. Petrosyan et al. , Journal of Crystal Growth (2015), pp. 46-51

LuAG: Ce, Ca

GAGG

http://www.sciencedirect.com/science/journal/01689002/816/supp/C


Study of fast phenomena is 

scintillators
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• Cerenkov
• Hot intraband luminescence
• Quantum confinement driven luminescence

The transient absorption kinetics of a CeF3  single crystal 
obtained at different wavelength of the probe pulse:

E. Auffray et al., JINST 9 (2014) P07017

A. Vasiliev



Study of fast phenomena is 

scintillators
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• Cerenkov
• Hot intraband luminescence
• Quantum confinement driven luminescence

L. Prochazkova et al. Opt Material
R. M. Turtos et al. Submitted to Physica Status Solidi (RRL)

ZnO based quantum dot

Photoluminescence ZnO:Ga

J. Grim et al. Nature nanotech. 9, 891–895 (2014),
R. M. Turtos et al. Submitted to JINST

colloidal quantum wells

CdSe CQwell

440ps

125ps



Conclusion
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Since 25 years Crystal Clear has been very active in the development 

of  scintillators for HEP in particular:

• In the understanding of scintillation mechanisms and radiation 

hardness

• The development of new materials

The recent developments initiated in Crystal Clear:

• New production technology

• Engineering of the materials

• Fast timing

Open new promising perspectives for the future detectors
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