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Novel scintillator arrays
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State of the art: Gamma-ray tracking
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PMT - fragile, 
needs HV but 
low noise, 
well-established 
technology

Sodium iodide - best 
resolution ~ 7% 
Hygroscopic 
Relatively low cost

Typical scintillation detector
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Scintillators for 
nuclear physics

Energy resolution Timing resolution

CostInside magnetic  
field
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Scintillators for 
nuclear physics

Particle Physics Homeland security

PET/SPECT
Space science
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New scintillators 
First Generation scintillators 

 
NaI(Tl): energy resolution of 7% at 662 keV, 
strong non linearity, bad time resolution 
BaF2: bad energy resolution, excellent time 
resolution 
BGO: bad energy resolution, bad time resolution, 
excellent efficiency 
CsI(Tl): good for the measurement of light 
charged particles  
 

Second Generation 
scintillators 

 
Lanthanum Halide: LaBr3:Ce, 
LaCl3:Ce 
New Materials: SrI2:Eu, CeBr3 
Elpasolide : CLYC:Ce, CLLB:Ce, 
CLLC:Ce 
Ceramic: GYGAG:Ce 

Material Light Yield 
[ph/MeV]

Emission Omax 

[nm]
En. Res. at 662 

keV [%] Density [g/cm2]
Pricipal decay 

time [ns]
NaI:Tl 38000 415 6-7 3.7 230
CsI:Tl 52000 540 6-7 4.5 1000

LaBr3:Ce 63000 360 3 5.1 17

SrI2:Eu 80000 480 3-4 4.6 1500

CeBr3 45000 370 <5% 5.2 17
GYGAG:Ce 40000 540 <5% 5.8 250

CLYC:Ce 20000 390 4 3.3 1 CVL 50, a1000

A. Giaz   -   Characterization of new scintillators: CLYC, GYGAG, SrI2 and CeBr3 3 EGAN 2014 
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SrI2 
• Slow scintillator (decay time a1.5Ps) 
• Self absorption 
• Excellent energy res. (< 3-4% @ 662 keV) 
• It is available on the market  

• It can be seen as a 100% doped LaBr3:Ce  
• Fast scintillator (< 1ns time resolution as 

LaBr3:Ce) 
• Good Energy resolution (< 5% @ 662 

keV) 
• No internal radiation  
• It is available up to 3”x3” on the market  
• CoDoping developed in prototypes 

• Gd1.5 Y1.5Ga2.2Al1.8O12 :Ce - Polycrystalline ceramic scintillators 
• Density and effective Z of GYGAG are 5.8 g/cm3 and 48 
• Very few samples available 
• Good Energy resolution (< 5% @ 662 keV) 
• Fast scintillator (decay time a 250 ns) 

Properties of new scintillators: SrI2, CeBr3, GYGAG  

SrI2 

CeBr3 

GYGAG 

A. Giaz   -   Characterization of new scintillators: CLYC, GYGAG, SrI2 and CeBr3 16 EGAN 2014 



8

Measurements with SrI2, CeBr3, GYGAG 

Detectors from Livermore and IPN Orsay: 
• Cylindrical 2” x 2” SrI2 • Cylindrical 2” x 3” CeBr3 • Cylindrical 0.3” x 2” GYGAG  
Measurements performed in Milan: 
• The crystals were scanned using a collimated beam  

of 662 keV gamma rays (along the three axes). 
• Crystal response was measured using standard sources  (60Co, 88Y, 137Cs, 152Eu) 
• The crystal response of gamma rays was measured at 4.4 MeV and 9 MeV. 
• Pulses up to 9 MeV gamma rays were digitized. 

Acquired 
spectra 
with a 
152Eu  
and 

AmBe(Ni) 
sources 

A. Giaz   -   Characterization of new scintillators: CLYC, GYGAG, SrI2 and CeBr3 17 EGAN 2014 
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Pulses and scan: SrI2, CeBr3, GYGAG 

The pulses (up to 9MeV) were digitized using a 
Le Croy 12 bit 500 MHz oscilloscope.  
No significant change in shape was observed in 
GYGAG:Ce and SrI2:Eu going from low to high 
energy.  
A small variation  
was seen in CeBr3  
at high energy  
(9 MeV). 

The centroid position 
and FWHM slightly 

change with the 
position of the source 
in CeBr3 and GYGAG, 
while they change in 
SrI2 due to the self 

absorption. 

Detector
Rise Time 

[ns]

Fall Time 

[ns]

CeBr3 18 67

GYGAG:Ce 27 700

SrI2:Eu 24 7000

A. Giaz   -   Characterization of new scintillators: CLYC, GYGAG, SrI2 and CeBr3 18 EGAN 2014 
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Topical examples of arrays



CALIFA	  forward	  endcap

CEPA:	  CALIFA	  Endcap	  Phoswich	  Array

➢ Phoswich concept: 2 scintillator crystals coupled with a common readout. They must be  
    optically compatible (LaBr3-LaCl3). It allows for E - ΔE use (telescope for high-E protons) 
➢ Prototyping: CEPA4. Tested with high-E protons at CCB (Krakow)

➢ On our way to CALIFA forward endcap…

N of crystals 750

Crystal geom. 15

Tot. Crystal Volume/ weight 110000 cm3  /  560 kg

➢ Proton energies beyond total punch-through measured  
    for the first time (220 & 230 MeV)



PARIS

PARIS	  (Photon	  Array	  for	  studies	  with	  radioactive	  Ions	  and	  	  
Stable	  beams),	  a	  detector	  for	  the	  future,	  based	  on	  new	  	  
LaBr3	  scintillating	  crystals	  (43	  laboratories	  involved)	  
A	  much	  better	  efficiency/resolution	  

Decay	  of	  the	  resonances	  will	  be	  identified
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LaBr3 
(2”x2”)

CsI or BaF2 
(2”x6”)PMT PMT

E1

t1
t2

E2Possibility 1.

CsI or BaF2 
(2”x6”)A

P
D PMT

E1

t1 t2

E2
Possibility 2.

LaBr3 
(2”x2”)

CsI(Na) 
(2”x6”) PMT

t1, t2

E1,E2Possibility 3 – „phoswich”.
LaBr3 
(2”x2”)

4 POSSIBILITIES FOR A „GAMMA-TELESCOPE” ELEMENT

Possibility 4 – single long (4”) LaBr3.
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 NaI 
(2”x2”x6”) PMT

LaBr3 
2”x2”x2”

Basic element: a phoswich LaBr3+NaI
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The PARIS PHOSWICH   at work

Single pulses

Mixed signal 

HAMAMATSU

10 ns risetime 
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M. Zieblinski et al., 
Acta Phys.Pol. B44, 651 (2013)

6.13 MeV γ source 

A test measurement at IFJ 
PAN, Kraków (2011) with 
BafPro module from Milano 
• Sources  
• proton beam  

LaBr3 resolution (seen 
through 6” long NaI):  
ca. 4%

The phoswich concept works!
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Beam 15 MeV electrons: 
brehmstallung gamma beam  
on 11B target

1 Phoswich 
(part of the statistics)

HPGe

VERY PRELIM
IN

ARY
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PARIS Demonstrator MoU 
MoU on PARIS Demonstrator (Phase 2) was prepared and agreed to be signed by  
IN2P3 (France), COPIN (Poland), GANIL/SPIRAL2 (France), TIFR/BARC/VECC (India), IFIN 
HH (Romania), INFN (Italy), Bulgaria, UK, Turkey  
Since more than 3 partners already signed it (red), the MoU is effective.

   PARIS cluster 
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Future for scintillators
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Current research on CeBr3 co-doping

Scaling up of crystal size; up to ~ 1 cm3 the proportionality 
improvement is now confirmed 

Observation and modeling of the co-doping effect on the scintillation 
mechanism
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Aliovalent co-doping of CeBr3 (and LaBr3:Ce) 

improves the response proportionality 
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CeBr3 energy resolution (as for LaBr3:Ce) can be further enhanced by co-

doping technique

Set of aliovalent co-doped 
CeBr3 samples grown at 

the University of Bern by 
K. Krämer et al. and 

tested at the Delft 
University of Technology
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New materials
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Elpasolite scintillators:  
CLYC, CLLC and CLLB 

• The elpasolite crystals were discovered approximately 10 years ago. 
• Excellent performances in terms of gamma and neutron detection. 
• CLYC:Ce (Cs2LiYCl6:Ce), CLLC:Ce (Cs2LiLaCl6:Ce) and CLLB:Ce (Cs2LiLaBr6:Ce) 

CLYC CLLC CLLB
Density 
[g/cm2]

3.3 3.5 4.2

Emission 
[nm]

290 CVL 
390 Ce+

290 CVL 
400 Ce+  410 Ce+

Decay Time 
[ns]

1 CVL 
50,a1000

1 CVL 60, 
≤  400  55, ≤  270

Light yield 
[ph/MeV]

20000 35000 60000

Light yield 
[n/MeV]

70000 110000 18000

En. Res. at 
662 keV [%]

4 3.4 2.9

PSD Excellent Excellent Possible

Gamma and Neutron detectors: 
• High energy and time resolution 
• Neutron-gamma pulse shape 

discrimination capability 
• High  

linearity 
• High  

efficiency  
for gamma  
and  
neutrons 

• High light  
yield 

RMD Application Note 

RMD Application Note 

A. Giaz   -   Characterization of new scintillators: CLYC, GYGAG, SrI2 and CeBr3 4 EGAN 2014 
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W1 W2 

Gamma and neutron identification 

PSD (pulse shape discrimination) is based on the differences in the scintillation 
decay response to gamma and neutrons. 

The different scintillation light decay response (CVL and Ce3+). The gamma-ray signal 
contains the CVL component, instead neutron signal does not contain CVL. 

RMD Application Note RMD Application Note 

Width: 
W1=60ns 
W2=250ns 

Range: 
W1=0ns-

60ns 
W2=110ns 

-360ns 

A. Giaz   -   Characterization of new scintillators: CLYC, GYGAG, SrI2 and CeBr3 5 EGAN 2014 
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Neutron identification 
CLYC scintillators can detect both thermal and fast neutrons.  

Fast neutrons are detected using the reaction 
35Cl (n, p)35S and 35Cl (n, D)32P.  
Neutron spectrometer: proton or alpha 
energy is linearly related to neutron energy.  

Fast neutron detection 

1 CLYC:Ce sample 
enriched with 7Li to 
emphasize the fast 
neutron detection 

7Li enriched CLYC:Ce has less sensitivity 
to thermal neutrons  (less background 
between 3.0-3.5 MeV). 
7Li enriched CLYC:Ce has an excellent 
sensitivity to fast neutrons.   

The kinetic energy of the neutron can be 
measured: 
•  Via the time signal using Time of Flight  

(FWHM < 1 ns)  
• Via the energy signal  
CLYC:Ce is the only detector with this capability. 

National Nuclear Data 
Center ENDF/B-VII library 

A. Giaz   -   Characterization of new scintillators: CLYC, GYGAG, SrI2 and CeBr3 6 EGAN 2014 
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Is the PMT dead?



APDs	  and	  silicon	  photomul2pliers



Silicon	  Photomul-pliers

•Developments	  of	  large	  arrays	  of	  SiPMs	  

• InsensiKve	  to	  magneKc	  fields	  

•Bespoke	  electronics	  and	  readout	  developed	  

•Suffer	  from	  high	  dark	  current	  GREATLY	  IMPROVED	  

•Major	  gain	  instability	  with	  temperature	  GREATLY	  IMPROVED	  

•Excellent	  Kming	  resoluKon	  (100s	  of	  ps)
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2” LaBr3 + “chessboard” SiPM array
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C-Series SiPMs



 
3: Method: 
 
Twp different detectors were explored in terms of their energy resolution using both analogue and 
digital data acquisition sytems: CeBr3 and SrI2:Eu (see Fig. 1). Each crystal is cylindrical with 1” 
diameter and 1” length. Due to the hygroscopic nature of the crystals, they were all processed in a 
low-humidity glove box, where they were coupled to an array of four 6X6-mm SensL C-series 
SiPMs.  All remaining surfaces were wrapped with reflective material and PTFE tape. The canning 
procedure was described in detail in an earlier report. 
 
 

 
 
Fig 1: (Left).  SrI2:Eu, (Middle) CeBr3 and NaI:Tl (Right) canned crystals. The NaI:Tl can has a 
modified USB connector while the other detectors have a series of pins feeding through. 
 
Due to the strong variation in gain of SiPMs as a function of temperature, all energy resolution 
measurements were made using a temperature controlled box (see Fig. 2). An electronics-based 
stabilisation of the gain of the SiPMs is yet to be implemented. The detector can was grounded to 
the box. 
 
 
 

 
 

Fig 3:  Digital acquisition system in the York Applications Laboratory.  

 
In order to match the detector signals efficiently to the dynamic range of the digital acquisition 
system, a multichannel preamplifier board was fabricated at York (see Fig. 4). This is presently 
populated with 4 op amps each with 500 MHz bandwidth which is well tuned to the fast signals 
anticipated from detectors such as CeBr3. Each of the preamplifier channels has the design shown in 
Fig. 5.   The output signal height could be adjusted with a maximum gain factor of 10 using a 
variable resistor. The preamplifer board was grounded to the box (see Fig. 2). 
 

 
 

Fig. 4: The multi-channel pre-amplifier board 

Specialist glove box at York 
allows us to can hygroscopic 
crystals or couple SiPMs to 
bare crystals 
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will!be!upgraded!to!256!channels!to!handle!the!large!number!of!SiPM!arrays!to!be!used!
in!the!construction!both!of!this!prototype!and,!particularly,!prototype!B!described!
below.)!
!

!
Figure&5:&Schematic&of&protoype&A&B&large&crystal&with&SiPM&arrays&on&back&and&sides&

The!prototype!will!be!scanned!from!all!sides!using!a!highly7collimated!137Cs!source!and!
an!X7Y!scanning!table!(available!at!York).!The!summed!signal!from!the!SiPM!arrays!will!
be!used!to!reconstruct!the!energy!spectrum,!while!the!centre7of7gravity!of!light!
production!will!be!inferred!from!the!variation!in!signal!intensity!across!the!sensor!
arrays.!Thousands!of!reference!events!will!be!compared!with!a!full!GEANT4!simulation!
including!optical!photon!transport.!This!will!lead!to!a!reconstruction!algorithm.!
!
Prototype&B&–&segmented/layered&detector:!In!addition!to!position!sensitivity!in!
terms!of!light!collection!in!a!large!crystal,!this!project!will!investigate!the!alternative!
means!of!obtaining!position!sensitivity!through!physically!matching!small!scintillator!
sticks!to!individual!SiPM!array!elements,!forming!layers!(see!figure!5).!The!intention!
would!be!to!obtain!the!same!bulk!efficiency!as!a!single!large!scintillator!crystal.!The!
challenge!will!be!to!minimise!“dead!volume”!in!the!composite!detector!through!careful!
wrapping!with!reflective!material!and!design!of!the!electronics!read7out.!The!SiPMs!
themselves!are!relatively!thin!and!the!probability!of!gamma7ray!interaction!in!the!SiPM!
layers!will!be!small!but!negligible.!Again,!detailed!GEANT4!simulations!will!be!needed!to!
create!the!optimal!design!but!the!basic!design!will!entail!8!x!8!arrays!of!67mm!square!
SiPMs!to!create!and!overall!detector!of!square!dimension!of!~50!mm.!We!have!already!
begun!to!investigate!the!approach!described!here!but!in!a!simplistic!way!using!an!array!
of!sticks!of!CsI(Tl)!coupled!to!an!SiPM!array,!as!part!of!our!recent!mini7IPS!project.!!

Digital'data'
acquisi-on'

2”'cubic'
CeBr3'
crystal'

SiPM'array'1'

SiPM'array'2'
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!
Figure&6:&Layered&scintillator&elements&on&SiPM&arrays&

!

The!design!described!here!has!several!advantages!in!position!sensitivity.!Firstly,!if!the!

point!of!first!interaction!can!be!extracted!then!this!immediately!constrains!the!opening!

angle!to!the!radiation!source!which!in!many!applications!is!well!localised!to!a!beam!spot!

striking!a!thin!target!foil.!Determining!the!first!point!of!interaction!requires!an!energy7

dependent!algorithm!to!be!developed!based!on!the!well7known!modes!of!gamma7ray!

interaction!of!photoelectric!absorption,!Compton!scattering!and!pair!production.!The!

knowledge!required!is!quite!similar!to!that!used!in!the!gamma7ray!tracking!employed!

with!the!AGATA!germanium!array!in!which!there!is!considerable!experience!in!the!UK.!

In!applications!where!the!point!of!gamma7ray!emission!is!not!well!localised,!which!could!

imply!a!fast7recoiling!ion!or!in!a!societal!application,!a!source!distributed!in!the!field,!

then!the!Compton!camera!approach!could!be!highly!relevant.!Given!the!measurement!of!

the!total!energy!deposited!and!the!positions!of!interaction,!then!the!Compton!camera!

reconstruction!permits!the!determination!of!a!cone!from!where!the!gamma!ray!

originated.!Intersection!of!such!cones!defines!the!point!of!emission,!or!characterising!

the!distribution!of!the!source!in!the!field.!!

!

There!are!other!specific!advantages!of!the!“voxellated”!detector.!For!example,!it!should!

have!very!high!rate!capability!since!the!light!emission!from!CeBr3!is!very!fast!–!typical!

decay!times!of!20!ns!and!so!each!individual!element!may!count!at!very!high!rates!

without!feeling!the!effects!of!pile7up.!In!addition,!some!level!of!Compton!suppression!

may!be!applied!event7by7event!since!the!probability!for!low!energy!(<!100!keV)!photons!

to!penetrate!to!the!centre!of!a!large!composite!detector,!e.g.!507mm!cubic,!is!!small!and!if!

such!gamma!rays!are!detected!in!the!central!80%!of!the!detector!then!they!could!be!

rejected.!As!an!aside,!this!increases!sensitivity!to!the!607keV!gamma!ray!from!Am7241!in!

the!presence!of!other!gamma7ray!fields,!which!is!of!high!interest!in!homeland!security!

applications.!!

!

In!principle,!SrI2!is!also!available!as!a!bare!crystal!and!should!give!significantly!better!

energy!resolution!than!CeBr3.!Our!experience!in!using!SrI2!is!that!it!suffers!strongly!from!

self!absorption!meaning!that!the!performance!of!a!large!crystal!is!very!poor.!However,!in!

the!voxellated!detector,!it!may!be!in!a!more!suitable!dimension.!We!will!explore!this!by!

buying!sufficient!SrI2!to!build!a!single!layer!and!testing!this!in!comparison!to!CeBr3.!SrI2!

is!presently!about!4!times!more!expensive,!however!but!this!may!be!justified!if!energy!

resolution!is!significantly!higher,!and!the!price!is!expected!to!reduce!over!time.!

Digital'data'
acquisi-on'

Ways to rethink the scintillator paradigm?
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Ideal for future scintillator arrays at high energy facilities?
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!
Figure&7:&Simulated&spectra&for&a&1&MeV&gamma&ray&detected&by&DALI2&for&a&characteristic&beam&
velocity&(v/c=0.6).&The&spectra&show&improvements&for&replacing&existing&detectors&by&CeBr3&and&for&
increasing&position&resolution&to&0.4&mm.&&

ELIBNP:&The!ELI7NP!facility!is!presently!under!construction!in!Bucharest.!This!facility!
will!offer!some!of!the!most!intense,!mono7energetic!gamma7ray!beams!which!can!be!
used!for!a!wide!range!of!nuclear!physics!studies.!Key!to!exploiting!the!potential!of!this!
facility!will!be!high!performing!gamma!ray!detectors.!The!STAR!modules!would!be!
highly!relevant!to!such!studies!since!they!would!deliver!excellent!energy!resolution!and!
position!sensitivity.!The!PI!recently!chaired!a!workshop!at!the!University!of!York!on!ELI7
NP!physics.!Several!prominent!speakers!including!the!Director!of!ELI7NP!gave!
presentations!on!the!scope!for!UK!involvement!in!this!project.!STFC!are!already!involved!
in!producing!one!of!the!accelerators!to!be!used!in!ELI7NP.!There!is!significant!potential!
to!capitalise!on!this!involvement!through!developing!instruments!such!as!STAR!which!
could!be!taken!and!used!at!ELI7NP.!

Studying&excited&states&in&exotic&neutronBrich&nuclei&using&the&crystal&ball&at&
MAMI:!The!Edinburgh!group!(Watts!et'al.)!have!shown!that!the!(ɣ,pi0)!reaction!can!be!
used!to!create!a!neutral!pion!inside!the!nucleus!which!sets!off!a!chain!reaction!leading!to!
the!ejection!of!a!large!number!of!nucleons.!Indeed,!up!to!6!protons!have!been!observed!
to!be!ejected!from!208Pb!in!a!study!using!the!crystal!ball!at!MAMI!and!the!TAPS!array!of!
BaF2.!The!final!nucleus,!and!its!ground!state!mass,!albeit!with!rather!limited!precision,!
can!be!reconstructed!using!detected!events.!The!success!of!this!novel!technique!suggests!
that!if!it!could!be!allied!to!an!approach!where!nuclear!gamma!rays!could!be!detected!
with!good!efficiency!and!energy!resolution!then!there!is!an!amazing!opportunity!to!
study!the!excited!states!of!nuclei!which!are!presently!inaccessible!by!any!other!
technique.!Moreover,!this!unusual!technique!should!knock!out!protons!from!different!
orbitals!with!similar!probability,!allowing!access!to!deeply7bound!hole!states.!This!
approach!has!great!potential!since!starting!with!neutron7rich!stable!isotopes!like!176Yb!
or!198Pt,!knocking!out!3!protons!already!enters!a!regime!off!the!known!chart!of!nuclides.!
An!array!of!scintillator!detectors!with!excellent!energy!and!timing!resolution!!plus!rate!
capability!would!be!eminently!suitable!to!exploit!the!potential!to!populate!these!exotic!
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Finis


