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Year of introduction of a scintillation material

History of scintillators 
starts short after the 
discovery of X-rays at 
the end of 19th century 
…

CaWO4
powder 
in 1896

Bulk single crystals

Film
30 min. 
exp.

Film+CaWO4 
30 s exp.

W.C. Roentgen, Science 3, 227 (1896)

Rediscovery 
of SrI2:Eu



NaI:Tl, CsI:Tl – the first single crystal scintillators 

Introduced at the end of 1940’s

- medium density and good Zeff
(=3.67, 4.51 g·cm-3, Zeff = 50.8, 54)


cheap materials, Czochralski or Bridgman
growth technique easily applicable

High light yield 40 000 – 60 000 phot/MeV


relatively slow response  (300 ns, 1000 ns),  worse energy resolution, 
NaI:Tl hygroscopic

Yet today, widely used in many industrial applications (Nuvia 
a.s. in Kralupy n/Vlt. produces NaI:Tl)

Scintillation 
flashes of 
about 1 µs

NaI:Tl



Single crystals of 
NaI:Tl

Grown by a Bridgman 
method in ceramic crucibles, 
crystals up to 4 inch are 
readily available

Nuvia a.s., Kralupy n/Vlt.



Luminescence of NaI:Tl crystals
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Radioluminescence spectra  NaI:Tl, 
dia.40mm th=2mm (Nuv ia, RT, X-ray: 40 kV, 15 mA) 

BGO standard
NaI:Tl no.4
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A-band:
Tl-dimer
monomer

B-band:
Tl-monomer
dimer

PLE spectra – absorption band of the Tl-monomer
center at cca 290-300 nm  (A-band, transition 1S0-
3P1) and 250-255 nm (B-band, transition 1S0-
3P2), whereas for the dimer centers (diff. spectrum 
in figure) they are at 310 nm and 258 nm, 
respectively.

PL emission spectra  
asymetric at short-
wavelength side below 
360 nm - Tl-dimer
centers at cca 325 nm, 
monomer Tl+ emits at 
420 nm 
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Luminescence 
of CsI:Tl

Coexistence of three 
excited state minima 
of Tl+ center
Nikl et al, Phil. Mag. 
B67, 627 (1993)

Coexistence of two pairs of Tl+-like and perturbed exciton minima at APES -
new model of luminescence of CsI:Tl (Nagirnyi et al, CPL 227, 533 (1994)





Conventional X-Ray Diagnosis 
by 

Screen / Film Combination

From: Fuji Medical Systems

Future X-Ray Diagnosis
by

Computed Radiography System

Radiation in Medicine  Diagnostics Basics



Vapour deposited 
column-shaped CsI:Tl.
Diameter ~ 3 μm, 
length > 0.5 mm.

Digital radiography



Afterglow suppression in CsI:Tl

Afterglow profiles of CsI:Tl+,Yb2+

crystals after X-ray pulse 
excitation (higher Tl 
concentration helps further – red 
curve)

Wu et al, CrystEngComm 16, 3312 (2014)

Positive role of Yb2+ codoping in the 
afterglow suppression in CsI:Tl crystals 
was found. In the optimized composition, 
the CsI:Tl+,Yb2+ crystal has so far 
exhibited an ultra-high light yield value of 
90,0006000 photons/MeV, energy 
resolution 7.9% at 511 keV and 
suppressed afterglow level down to 
0.035% at 80 ms.

Various codoping strategies were 
studied (Eu2+, Sm2+, Bi3+) to 
diminish the afteglow, but LY has 
been suppresssed as well …..No Yb

0.005% Yb0.05% Yb



Bright halide scintillators in
security applications

Around 2000 – LaX3:Ce (X = Cl,Br), in 2008 
rediscovered SrI2:Eu2+, now CeBr3 (low intrinsic 
radioactivity)

 Ternary bromine and iodine compounds are 
searched! (CsBa2I5:Eu, KCaI3:Eu), In+ doping?

 Anion-mixed elpasolites - Cs2NaYBr3I3 and 
Cs2NaLaBr3I3

Radiation portal monitor

Group of P. Dorenbos and C. L. Melcher have been most active in this field



From presentation of P. Dorenbos, KEK, Japan, Nov 11, 2003



Ce-doped LaX3 (X=Cl,Br) single crystals
LaBr3:Ce: Van Loef et al, APL 79,1573 (2001)
LaCl3:Ce: van Loef et al, IEEE TNS 48, 341 (2001)

Ce3+ 
emission
STE

decay
Ce3+ 

STE
25ns (60%)

1-3 us
decay
Ce3+ 
STE (weak)

35ns(90%)

Figure of merit of 
LaBr3:Ce higher 
LY:60-70 000phot/MeV
En.res. 2.8%@667keV

Very hygroscopic!!



Undoped LaCl3
excitonic emission

Two emission bands in the X-
ray excited emission spectra

Is really the STE state involved in 
the energy transfer towards Ce3+

centers in scint. Mechanism???



Optimization of LaBr3:Ce by codoping

LaBr3:Ce5%,Sr2+0.03%: Alekhin et al, APL 102, 161915 (2013)
LaBr3:Ce, A+(Me2+): Alekhin et al, JAP113, 224904 (2013)

Improved LY up to 78 000 phot/MeV and en.res. up to 2.0%@667keV 
Energy resolution improvement explained by smaller nonproportion-
ality, but decay shows slower components, TSL intensity increased, 
etc., i.e. codoping introduces traps, optimization principle is not clear

nonproportionality Scint.
decays



From presentation of P. Dorenbos, KEK, Japan, Nov 11, 2003



From presentation of P. Dorenbos, KEK, Japan, Nov 11, 2003



From presentation of P. Dorenbos, KEK, Japan, Nov 11, 2003



Anion mixed 
LaBr3−xIx:5%Ce3+

Birowosuto et al, J. Appl. Physics 
103, 103517 (2008)

 Inhomogeneous changes in 
spectra shape and position with 
anion mixture

 Highest LY value of 58 000 
phot/MeV found for x = 1.5

 For x > 1.5 increasing quenching 
due to ionization of 5d1 state of 
Ce3+



From presentation of P. Dorenbos, KEK, Japan, Nov 11, 2003



From presentation of P. Dorenbos, KEK, Japan, Nov 11, 2003

Ce3+
STE



From presentation of P. Dorenbos, KEK, Japan, Nov 11, 2003

LY of 76 000 phot/MeV 
(shaping time 10 us) measured 
in Birowosuto et al, IEEE TNS 
52, 1114 (2005)
Slow us components



Eu-doped binary halides
New security measures: need for mid density, ultrahigh LY and 
excellent energy resolution scintillators, to distinquish radioactive 
isotopes   SrI2:Eu re-invented (Hofstadter, U.S. Pat. 3,373,279 2 (1968)

10 K – 560 ns
295 K – 670 ns295 K – 1.2 us

Cherepy et al, APL 92, 083508 (2008)
Yang et al, J.Lumin. 132,1824 (2012)

LY>80 000 phot/MeV, en.resolution 
3.7%@667keV, however,
hygroscopic, small Stokes shift 
results in reabsorption, DT size dep.

Em= 435 nm



Eu-doped ternary halides/solid solutions

(Sr,Me)I2:Eu: Me=Ba,Ca,Mg, Neal et al, NIM A 643, 75 (2011)
Cs(Sr,Ba)I3:Eu: Wei et al, J.Cryst. Growth  384, 27 (2013)

Substantial reduction of 
hygroscopicity after Ba admixture 
into CsSrI3:Eu
Moderate LY 26-28 000 phot/MeV, if 
Ba content is below 10at%.

Eu2+ is paramagnetic, a chance 
to use EPR for detailed study 
of its lattice site and 
perturbations around !

Eu2+ in CsBr is 
associated with H-
containing impurity

Vrielinck et al, PRB 
83, 054102 (2011)



SCINT2015: thermal neutrons for security applications
O4-1  Tl2LiYCl6 (Ce3+): New Tl-Based Elpasolite 
Scintillation Material
H. Kim,
O8-1  Development of Large Cs2LiLa(Br,Cl)6 Crystals for 
Nuclear Security Applications
R. Hawrami
O4-2  Lithium Alkaline Halides- Next Generation of Dual 
Mode Scintillators
L. Soundara-Pandian
O8-2 6LiInSe2 Scintillators for Neutron Radiography
E. Lukosi
O8-4  Luminescence and Scintillation Properties of Li4SiO4
Single Crystals for Neutron Scintillators
J. Pejchal
M1B-10 Single Crystal Growth of Cerium and Praseodymium 
Doped YCa4O(BO3)3 Scintillator by mPD Method
K. Kamada
M2C-6 Optimized Scintillators for Neutron Detection and 
Neutron Imaging
M. Morgano

7Li and 10B are
Best isotopes for 
thermal neutron 
capture with high 
energy deposit from 
nuclear reaction in the 
form of particles, i.e. 
with short attenuation 
length!



Other Li-based elpasolites for neutron detection

 LY of 58000 phot/MeV 
(Cs2NaLaBr3I3)

 Energy resolution 
2.9%@662 keV

 Band gap 4.3-4.4 eV



Cs2HfCl6 new halide scintillator
A. Burger et al. App. Phys. Let. 107 (2015) 143505
K. Saeki et al. App. Phys. Exp. 9 (2016) 042602

Cs2HfCl6 Tl:NaI Tl:CsI Eu:SrI2 Ce:LaBr3

Density 
[g/cm3] 3.8 3.4 4.5 4.6 5.3

m.p. [°C] 826 661 621 538 783

Zeff 58 50 51 49 47

Emission max. 
[nm] 400 410 540 430 360

Decay time 
[ns]

4,4 (95%); 
300 (5%) 230 1100 600-2400 35

Light yield 
[ph/MeV] 54,000 38,000 66,000 80,000-

120,000 61,000

Resolution [%] 
@662 eV 3-4 7 6 3-4 3

Hygroscopicity low yes yes yes yes



Cs2HfCl6 crystal growth

• Resistive furnace (2 segments)
• Container = quartz ampoule
• No seed
• pulling rate 0,2 - 1,0 mm/h
• Temperature gradient 30 - 40 K/cm
• Cooling rate 12 K/h
• 10 days (heating, growth, cooling)

9/14/2016 28DMSRE-26, August 29 - September 
2, Pavlov, Czechia

Vertical Bridgman method



Cs2HfCl6 – single crystal 

10 mm

• 12 x 40 mm (D x L), 
colorless 

• polycrystalline, 
homogeneous grains

• tip and bulk – transparent
• end – nontransparent

Start Tail

Crystal in quartz ampoule

300 400 500 600 700

BGO (ishii)

Cs
2
HfCl

6

0

2 105

4 105

R
L

 a
m

pl
itu

de

Wavelength [nm]

30-Cs
2
HfCl

6
 20160628-30

RT RL spectra
40 kV, 15 mA, slit 8

Radioluminescence spectra (X-ray)

Grown in 
Prague!



Cs2HfCl6 Photoluminescence characteristics
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Intrinsic 360 nm 
and defect-related 
440 nm bands
Microsecond decay 
times, still OK for 
homeland security 
applications



Energetic resolution and nonproportionality in 
scintillators – pulse height spectroscopy

• Light flash from scintillator due to HE 
photon absorption is converted into 
current pulse in PMT output which is 
integrated in a time window = collected 
charge. Its amount  is equivalent to a 
number of photoelectrons generated at 
PMT photocathode

• Given the signal amplitude, +1 is added 
to an appropriate channel of 
multichannel analyser and measurement 
cycle is repeated

• Measuurement of
– Photoelectron yield (Nphels)
– Light yield
– FWHM (=energy resolution)
– Nonproportionality (Nphels(Ein))



Components of energy resolution
The energy resolution (E/E) of a full energy peak measured with a 
scintillator coupled to a photomultiplier (PMT) can be written as

(E/E)2 = (sc)2 + (p)2 + (st)2

where sc is the intrinsic resolution of the crystal, p is the transfer 
resolution and st is the statistical contribution of PMT to the 
resolution.

st = (2.355/N1/2 ) x (1 + )1/2

where N is the number of the photoelectrons and  is the variance 
of the PMT gain

Sreebunpeng et al, Nucl. Instr. Meth. Phys. Res. B 286, 85 (2012)



Examples of BGO versus LSO:Ce

LY of BGO approx. 8000 phot/MeV LY of LSO:Ce approx. 30 000 phot/MeV

st is approx. 2x smaller in case of LSO:Ce, but energy resolution is 
comparable  sc must be comparatively bigger in LSO:Ce!
The reason is nonproportionality (and eventually material 
inhomogeneity and defects/traps as well)
Rooney, Valentine, IEEE Trans. Nucl. Sci., 43, 1271 (1996)



Nonproportionality = energy dependence of LY

Towards lowest energies LY value is always decreasing – why?

Moses, IEEE TNS 55,1049 (2008) – history and problem survey



Deposited energy in a unit volume versus LY

Closely spaced elementary 
excitations in the latice 
ANNIHILATE
Without producing photons!

e.g. two excitons nearby will 
interact and as a result only one 
(or none) exciton state will 
remain, the rest of energy will be 
converted to phonons

Moses et al, IEEE TNS 55, 1049 (2008)



An analytical model of nonproportional scintillator 
light yield in terms of recombination rates

Bizarri et al, J. Appl. Physics 105, 044507 (2009)

Densities n of excitons (ex) or electron-holes (eh) along the track (one 
dimensional case), R and K are rate constants of radiative and 
nonradiative(quenching) recombinations. 
Total density of excitation is then  n(x)=nex(x)+neh(x), 
Accordingly, n(x) = (- E/  x)/(r2Eeh)
where E is the total initial energy incident at any point x, r2
is the average area of cross section of the track, and Eeh is the
average energy required to create an excitation in a scintillator,



Local (relative) LY

Because of n(x)2 in denominator, starting from some critical 
density nc(x), the value of  light yield YL will start to 
monotonically decrease!



Energy dependence of energy deposit in 
a unit volume

With decreasing incident energy E 
the energy deposit in unit volume is 
increasing!



Model of LY energy dependence
In all cases YL 
is decreasing 
for sufficiently 
high energy 
deposit, i.e. 
density of 
elementary  
excitations
Also the hump 
can be 
reproduced.



The roles of thermalized and hot carrier diffusion in 
determining light yield and proportionality of scintillators



Role of carrier diffusion

The solid red curve plots results of survival against the model of nonlinear 
quenching in Fig. 1 evaluated for r0=3 nm, tNLQ=10 ps, n0excited=1020 e-h cm3

as a function of ambipolar diffusion coefficient Deff. [2].
The points plot empirical 1-NP measures of energy dependent LY (or 
collected charge in CdTe and Ge) versus Deff computed for each material 
from band effective mass.



Grim et al, Phys. Stat. Sol. A 209, 2421 (2012)



Conclusions
 Halides are often hygroscopic, less mechanically robust, with 

much lower melting temperature compared to oxides
 Preparation technology requires to avoid the contact with air and  

humidity
 Smaller band gap (bromides, iodides) compared to oxides  makes 

them interesting from the efficiency point of view
 Energy transfer towards emission centers is often different, host 

excitonic states might be more important
Modern halide scintillators are superior especially in terms of 

energy resolution so that the detailed understanding of its 
bottlenecks and optimization recipes are of high interest

 Driving forces for both oxide&halide scintillator development will 
come from medical, HEP, and high‐tech industrial  applications, 
security measures, space technology
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