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What we will cover 

• Brief History 

• Practical Properties 

• Organic Scintillators 

• Inorganic Scintillators 

• Neutron Scintillator Examples 

• Practical Implications in Neutron Detectors 
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Radiation and Scintillation  

The Beginning 
• CaWO4 & ZnS 
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(Inorganic) Scintillator Timeline 
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6Li6Gd(BO3)3: 1996 

Cs2LiYCl6: 2003 

 Use of PMTs 

Neutron scintillator explosion 

 



  

Luminescence 

• Chemi-luminescence 

• Cathodo-luminescence 

• Thermo-luminescence 

• Photo-luminescence 

• Radio-luminescence (Scintillation) 
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Scintillators in General 

• Organic Scintillators – determined by Benzene ring 
o Crystalline, Plastic, Liquid, Gas 

• Inorganic Scintillators – determined by material 

(usually crystal) structure 
o Crystal, Glass, Ceramics 

o Most common scintillators for neutron scattering detectors 
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Dictated by physical properties of 

the scintillator which determines 

scintillation properties 



  

What are some important properties of 

scintillators for neutron detection? 

• Light yield (typically in photons/MeV for gamma or 

photons/neutron) 
o Scintillation efficiency 

• Emission (and absorption) spectra  
o Need to be able to detect light 

• Decay time  
o Count rate capability and n/γ pulse shape discrimination 

• α/β ratio  
o n/γ discrimination 

• Density and atomic number (ρZ4
eff )  

o n/γ discrimination 

• Hygroscopicity 
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Aside on Efficiencies 

• Scintillation efficiency and neutron detection efficiency 
are not the same things! 

• Scintillation efficiency 

 

 

 

 

• Estimate maximum efficiency by setting T and qA = 1 

• Neutron detection efficiency: 
  = absorption cross-section 

 N = number density of absorber 

 t = thickness 
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Emission and Absorption 
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• Light is emitted as a result of 

radiative transition from an 

excited state to ground 

state 

• All scintillators emit light at 

less energy than they absorb 

(Stokes shift) 
o The process that dictates the Stokes 

shift is different in different scintillators 

o The larger the Stokes shift, the more 

transparent the scintillator is to its own 

emission 

Ground State 

Excited State 



  

How do these properties relate to  

real world neutron detection? 
• The scintillator needs to transmit its own light 

• Emission spectra needs to match QE of the light detector 

(PMT, SiPM, PD...) and/or readout mechanism 
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How do these properties relate to  

real world neutron detection? 

• Light yield and α/β 

ratio: Pulse height 

spectra 
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• Decay time: Pulse 

shape and Count rate 

Shirwadkar, U. et al, Investigating Scintillation Properties of Ce Doped Cs2LiYBr6.  



  

Light Yield - Quenching 
• Reduction in light yield of a scintillator’s ideal 

response is called quenching 

• Many different quenching mechanisms 
o Ionization density – responsible for α/β ratio 

o Impurities (i.e. storage phosphors) 

o Thermal 
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Organic Scintillators 

Crystalline 
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Example: Anthracene 

phosphorescence fluorescence 

Ionization 



  

Organic Scintillators 

Plastics and Liquids 
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Noble Gas Scintillation 
• Excited atoms form dimers in either singlet or triplet 

state 

• 2 time constants observed ~10-9 s and ~10-7-10-6 s 

• Used in Gas Scintillation Proportional Counters 
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M. Suzuki and S. Kubota, Mechanism of proportional scintillation 

in Argon, Krypton and Xenon. Nuclear Instruments & Methods 

164:197-199, 1976. 



  

Inorganic Scintillators 
• Most inorganic scintillation mechanisms can be 

understood with semiconductor concepts 

• Many physical mechanisms 

• 3 “stages” of scintillation 
1. Ionization – creation of e- - h+ pair 

2. Charge carrier thermalization 

3. Luminescence 
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Inorganic Scintillators 

Stage 1: Ionization 

25/07/2012 Scintillators 

Conduction Band 

Valence Band 

Eg 

Core Valence Band 

e- 

h+ 

•Electron – hole pairs created 

•Energy required ~2-7 times Eg 

   

For most inorganic scintillators 

•Followed by: 

•Secondary x-rays 

•Non-radiative decay (Auger 

processes – secondary 

electrons) 

•Inelastic electron – electron 

scattering 

•Whole process lasts on the order 

of 10-15 – 10-13 s 

t ~10-15 – 10-13 s 

   



  

Inorganic Scintillators 

Stage 2: Thermalization 

• “Preparation for luminescence” 

• Process begins when the 
electron has lost enough energy 
to be below the ionization 
threshold 

• More energy is lost through 
intraband transitions and 
electron-phonon relaxation 

• Luminescent centers are 
excited – the excitation process 
depends on the physical 
properties of the scintillator 

• Total time ~ 10-12 – 10-8 s 

• Determines rise time of 
scintillator 
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Valence Band 

Eg 

Core Valence Band 

h+ 

Part of stage 1 

t ~10-12 – 10-8 s 



  

Inorganic Scintillators 

Stage 3: Luminescence 

• Self-trapped exciton 

• Core-valence 

• Self-activated 

• Dopant activated 
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Inorganic Scintillators 

Self-trapped Exciton (STE) Luminescence I 

• Exciton: Electron-hole pair attracted through the 

Coulomb interaction. 
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Eg 

Core Valence Band 

e- 

h+ 

E = ћω 

t ~10-6 – 10-3 s 

phosphorescence fluorescence 



  

Inorganic Scintillators 

Self-trapped Exciton Luminescence II 

• Exciton: Electron-hole pair attracted through the 

Coulomb interaction. 

• Free excitons are highly mobile and delocalized in 

‘perfect’ crystals. 

• Excitons interact with small perturbations of an 

imperfect lattice (dislocations, interstitials, etc.) and 

become trapped. 

• In most cases it creates singlet and triplet states with 

the triplet state dominating. 

• The STE recombines radiatively with long decay 

time ~10-6 – 10-3 s (due to forbidden triplet state). 
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Inorganic Scintillators 

Self-trapped Exciton Luminescence III 

• Neutron sensitive example: LiBaF3 
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M. J. Knitel, et al. LiBaF3, a thermal neutron scintillator with optimal neutron-

gamma discrimination. Nuclear Instruments & Methods in Physics Research 

Section A, 374:197-201, 1996. 

Wide STE band Long lifetime triplet 

state of STE 



  

Inorganic Scintillators 

 Core-Valence Luminescence I 
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Core Valence Band 

e- 

h+ 

E = ћω 

t ~10-10 – 10-8 s 
Eg 

CVL – LiBaF2 example 

Evc 



  

Inorganic Scintillators 

 Core-Valence Luminescence II 

• Ionization occurs from the core valance band 

• An electron from the outer valence band 

recombines radiatively with a hole from the core 

valence band 

• Evc needs to be less than Eg to avoid Auger process 

• There is a very slow non-radiative decay from the 

conduction band to the valence band 

• CVL is typically very fast ~10-9 s 

• UV emission 
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Inorganic Scintillators 

 Core-Valence Luminescence III 

• Neutron sensitive example:  LiBaF3 
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CVL Band 
Fast CVL 



  

Inorganic Scintillators 

Self-activated Luminescence I 
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Note: Cl- ion is called a co-activator 

and is needed for charge compensation 

but is still termed self-activated 

ZnS SA structure  

Stoichiometric excess (interstitial)  

or deficiency (vacancy) 

Eg 

Core Valence Band 

e- 

E = ћω t ~10-9 – 10-6 s 

Vk center GS 

h+ 

Vk center ES 



  

Inorganic Scintillators 

Self-activated Luminescence II 

• Self-activation results from either an excess or 

deficiency of host lattice ions 

• Excess ions result in interstitials while deficiencies 
result in vacancies (Vk centers) 

• Electron is trapped by the luminescent center 

putting the center in its excited state 

• The center relaxes radiatively 

• Decay is ~ 10-9-10-7 s determined by the center’s 

decay time. 
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Inorganic Scintillators 

Self-activated Luminescence III 

• Neutron Sensitive example: (LiF)ZnS:Cl, Cs2LiYCl6 and 

Li3TaO4 

• Self-activated luminescence is generally inefficient 

leading to low light yields 

• Doping the scintillator produces many more 

photons 

• It is therefore uncommon to see neutron scintillators 

that rely on self-activation, i.e. ZnS:Ag,Cl and 

Cs2LiYCl6 :Ce3+ are much more common. 
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Inorganic Scintillators 

 Dopant Activated Luminescence I 
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t ~10-9 – 10-7 s 
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Simple activator type luminescence Charge transfer – YAG:Yb example 

Acceptor 

D-A pair 



  

Inorganic Scintillators 

 Dopant Activated Luminescence II 

• Activator ion is a substitute for a host lattice ion (i.e. 

Ag2+ replaces Zn2+ in ZnS:Ag) 

• This creates allowed states in the band gap 

• An electron is trapped on the activator site putting 

it in an excited state and relaxes radiatively 

• Decay is ~ 10-9-10-6 s determined by the activator’s 

decay time. 

• Most dominant mechanism is simple recombination 

on the activator, but in some materials charge 

transfer occurs from the ligand to the cation  
o This forms a charge transfer band which bypasses forbidden transitions. 
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Inorganic Scintillators 
 Dopant Activated Luminescence III 

• Neutron sensitive examples: Many standard 

scintillators = 6LiF/ZnS:Ag, LiGlass:Ce3+, LiSrAlF6:Eu2+ 

Charge transfer = Li2Lu5O4(BO3)3:Yb 
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LiSAF(Ce3+) 

 = 24 ns 

  1500 ns 

Yamaji, A. et al. Crystal growthandscintillationpropertiesofCeandEudopedLiSrAlF6. Nucl. Instr. Meth. A, 659 (2011), 368-372 

LiSAF(Eu2+) 



  

Aside: Factors Influencing  
Decay Time 

• Fluorescence and phosphorescence  

• Speed of energy transfer 

• Number of luminescence centers 
o More centers = faster decay 

• Impurities (electron or hole traps) 
o Shallow traps will temporarily hold charges 

o Some scintillators are also storage phosphors 
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BE CAREFUL WHEN LOOKING AT QUOTED DECAY TIMES! 

ZnS:Ag decay from 

alpha excitation 

ZnS decay time is rarely quoted the same: 

~100 ns 

~1000 ns 

~10000 ns 

Why? Afterglow confuses the situation! 

 Cause of afterglow 

e- 

Eg 

h+ 



  

Scintillators for  
Thermal Neutron Detection 

Questions and (some) Answers 

• What is the best scintillator to use? 
o That depends... 

• Because there is a large (n,p) scattering cross-section 
with Hydrogen and it is a low Z material, would it be best 
to use organic scintillators (i.e. Plastics) – they are fast? 
o Hint: consider the energy of the incident neutron 

• But what about Borated or Lithiated plastics/liquids? 

• What neutron converter is best for inorganic scintillators? 

• Don’t forget what characteristics are important 
o Light yield, emission spectrum, decay time, etc. 

• Many scintillators have multiple luminescence 
mechanisms! 
o Can you use that to your advantage? 
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10B vs 6Li vs oddGd in Scintillators 

• n + 3He  3H + 1H + 0.764 MeV   

• n + 6Li  4He + 3H + 4.79 MeV   

• n + 10B  7Li* + 4He7Li + 4He + 0.48 MeV  +2.3 MeV (93%) 

              7Li + 4He   +2.8 MeV ( 7%) 

• n + 155Gd  Gd*  -ray spectrum  conversion electron spectrum  

• n + 157Gd  Gd*  -ray spectrum  conversion electron spectrum 

• Things to consider: 
o Energy/range of reaction products 

o Light yield 

o Hygroscopicity 
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10B containing Neutron Scintillators 

• 10B usually used in plastic or liquid scintillators 

• ZnS:Ag (10B2O3) – Newly developed 

• LiB3O5 and Li2B4O7  

• High density Boron Nitride 
o Ceramic 
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6Li containing Inorganic Neutron 

Scintillators 
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C.W.E. van Eijk, A. Bessière, P. Dorenbos, Inorganic 

thermal-neutron scintillators, Nucl. Instr. Meth. A 29 

(2004) 260-267 

 

Already used in neutron scattering facilities 



  

Using Scintillation Properties to Your 
Advantage 

• Pulse height discrimination – example 6Li-Glass:Ce 
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Using Scintillation Properties to Your 

Advantage 

• Pulse shape discrimination 
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Using Scintillation Properties to Your 
Advantage 

• Pulse shape discrimination - example: Cs2LiYCl6:Ce3+ 
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Inorganic scintillators for Thermal-neutron detection. 

C.W.E. van Eijk Presentation at IEEE (2004) 

Caution: Hygroscopic and limited availability 



  

Using Scintillation Properties to Your 
Advantage 

• Pulse height and pulse shape discrimination – 

example (6LiF)ZnS:Ag 

25/07/2012 Scintillators 

  em.wavel   -ray LY   decay   FWHM (%)   neutron LY  decay  FWHM    / 
      (nm)      (ph/MeV)    (ns)    at 662 keV       (ph/n)       (ns)     (%) 
          

6LiF/ZnS   Ag     450 75,000 0.44 -     -     >10000 ~100 160,000 

    

Caution: Opaque! 



  

Using Scintillation Properties to Your 

Advantage 

• Pulse height and emission spectra discrimination – 

example (6LiF)ZnS:Ag:Cl 
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Particle detector and neutron detector that use ZnS phosphors. 

Katagiri, M., US patent #US 7679064 (2004) 



  

Using Scintillation Properties to Your 

Advantage 
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                 dopant  em.wavel   -ray LY    decay   FWHM (%)   neutron LY  decay  FWHM    / 
      (nm)      (ph/MeV)     (ns)    at 662 keV       (ph/n)       (ns)     (%) 
          

Cs2LiLaBr6:Ce3+     (CLLB)             

Cs2LiLaBr6    Ce      410  60,000   55,>270   2.9        180,000   55,>270 

                   Caution: Hygroscopic and must be thick 

Achieve  ≤10-6 gamma sensitivity? 

0.62 

≥ LiF/ZnS:Ag 

Inorganic scintillators for Thermal-neutron detection. 

C.W.E. van Eijk Presentation at IEEE (2004) 



  

Conclusions and More 
• Scintillators are very powerful tools for neutron 

detectors. 

• Choosing the appropriate scintillator requires 
consideration of a multi-parameter space 
weighted towards the application; in other 
words: 
o There are many different scintillators with different properties. 
o Choose the scintillator based on the application. 

• Be careful though! 
o Utilise the scintillator properties by collecting the light appropriately. 
o And by processing the signals appropriately. 
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Conclusions and More 
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LiI:Eu  

Final word of caution: Be sure to check the neutron 

activation cross-sections for all materials in the 

scintillator!!! 



  

Suggested Reading 
• Knoll, G. F. “Radiation Detection and Measurement”. 4th ed. New York: Wiley and 

Sons; 2010. 

• http://scintillator.lbl.gov/ 

• W. M. Yen, S. Shionoya, H. Yamamoto.  “Phosphor Handbook”. 2nd ed. Boca Raton: 
CRC Press; 2007. 

• M. Kobayashi, Introduction to scintillators. 2003. 

• J.B. Birks, “The Theory and Practice of Scintillation Counting”, Pergamon Press, New 
York (1964). 

• C.W.E. van Eijk, A. Bessi"ere and P. Dorenbos, Inorganic thermal-neutron scintillators, 
Nucl. Instr. and Meth. A 529 (2004) 260–267. 

• C.W.E. van Eijk, Inorganic-scintillator development, Nucl. Instr. and Meth. A 460 1–14 
(2001) . 

• C.W.E. van Eijk, Inorganic scintillators for the next generation of neutron-beam 
facilities, in: V. Mikhailin (Ed.), Proceedings SCINT99. Moscow, August 16–20, 1999, 
Lomonosov Moscow State University, ISBN 5-8279-0007-9, 22-32 (1999). 

• N.J. Rhodes, M.W. Johnson, The role of inorganic scintillators in neutron detector 
technology. Delft University Press, ISBN 90-407-1215-8, 73-80 (1996). 

• Sangster, R.C., Irvine, J.W., Study of organic scintillators, J.Chem.Phys. 24, 670-715 
(1956). 

• Kaschuck Y.; Esposito, B., “Neutron/γ-ray digital pulse shape discrimination with 
organic scintillators”, Nucl. Instr. & Meth. A, 551, 420-428 (2005). 

• Hull, G., Zaitseva, N., Cherepy, N. J., Newby, J. R., Stoeffl, W., and Payne, S. A., New 
organic crystals for pulse shape discrimination, IEEE Trans. Nucl. Sci., 56, 899-903 
(2009). 

25/07/2012 Scintillators 

http://scintillator.lbl.gov/

