
chap.5 Scintillaton Detectors



Basic Detector Setup

Photo sensor
PMT
MCP
SiPM

•Scintillation:  Emission of photons following the 
excitation of atoms and molecules by radiation 
(γ or particle radiation). 

300 MeV/u 20Ne beam
in a GSO scintillator

• Scintillator is coupled to a amplifying device such as a photomultiplier, the light 

is transformed into electrical pulses



Early Scintillator counter





Light output



Luminescence

•Fluorescence(荧光): 
reemission occurs immediately after absorption, within 10 ns

•Phosphorescence/Afterglow(磷光):
reemission is delayed, because the excited state is metastable

Normalization factor



Time decay curve of BaF2
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Pulse shape:



Requirements of detectors



Organic scintillators



• Internal degradation: Singlet 
excitations decay immediately 

(≤10 ps) without emission of radiation 
(S2 →S1, S3 →S2…)

• Fluorescence: S1 →S0 with 
radiation, to one of the vibrational 
states of the ground state S0,
～few ns

π-Electronic States 

Scintillation mechanism in organic scintillators

• Excited triplet state can’t decay to 

ground state (angular momentum 

selection rules) results in delayed 

fluorescence and phosph

Decay from Singlet case

Decay from triplet case



Note: The fact that S1 decays to excited vibrational 

states of S0 with emission of radiation energy less than 

required for the transition S0→S1 also explains the 

transparency of the scintillators to their own radiation.



•Anthracene(30 ns); Trans-stilbene(few ns); Naphtalene(few ns)

Pure organic crystals
•The particle ionization eventually excites molecular levels of the scintillating 
organic compound, which then rapidly de-excites (~ns) and emits UV photons 

•Anthracene: highest light output 
light ouputs of scintillators are given as percent of anthracene output very often

•channeling effect: for a constant source the response 
varies with the orientation of the crystal. 

•The absorption length of UV light in the most transparent organic material is very short 
(~1mm) 



溶剂

荧光剂

• Liquid solutions of one or more organic scintillators in an organic solvent 

• The emission of the wavelength shifter material is obviously chosen to match the 
sensitivity of the PMT photo-cathode, typically a bluish visible light in the 400-
500 nm range，longer wavelength photons with much longer absorption length 

• Wave length shifter can be mixed into the scintillator or integrated into the light guide. 



(PVT)



•Liquid solutions of one or more organic scintillators in an organic solvent

•Very fast and efficient, 3-4 ns, neutron TOF

•”loaded”: to increase efficiency (e.g. Boron-11, high neutron cross-section) 

or to shift wavelength

•Pulse shape discrimination

Liquid Scintillators



•Solution of organic scintillator in solid plastic solvent
•Density 1.03~1.20g/cm3

• Yield ~ 1 detectable photon / 200eV deposit
•Decay time ~ a few nsec, Rise time is less than 1nsec.
→ Combined with fast detector, sub-ns timing resolution is possible.
• Rise time cannot be ignored in the discription of the light pulse 
•Hydrogen content is high → Sensitive to proton recoils from fast neutrons.
•low Z → relatively low sensitivity to photons



• Plastic scintillator are available commercially with a good selection of 
standard sizes of rods, cylinders and flat sheets.

• Plastics are often the only practical choice if large-volume solid scintillator 
are needed. In these cases the self-absorption of scintillator light no longer 
be negligible: l: attenuation lenght
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Long Scintillation Counter
• Read out on both ends: A and time
• Attenuation length: !
• Light speed in scin.: vsc
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Particle identification using hodoscope
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Plastic detectors:
ü Good timing
ü Large acceptance
x Poor energy resolution
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Inorganic scintillators

PbWO4

NaI



When paritcle inter the crystal, radiation creates electron-hole pairs
two processes:
Ionization: free electrons in conduction band and free holes in valance band
Excitons: electron in the exciton band, electron and hole are still bound, 

pair can move freely

• electron-hole recombination via photon emission
– inefficient
– photon energy > visible light
– emission wavelength = absorption wavelength -> self-absorption

Pure inorganic scintillators(NaI)



Impurity Atoms: Tl in NaI-> NaI(Tl)
• electron levels in the forbidden energy gap can be locally created
• migrating free holes or a hole from an exciton pair encountering an impurity 

center can then ionize the impurity atom
• subsequent electron arrives and can fall into the opening left by the hole and 

make a transition from an excited state to the ground state emitting radiation 
if such a deexcitationis allowed







Form an exciton (bound yet mobile e/hole pair) that decays directly

Self-Activated 







• Noble gases: xenon, krypton, argon, and helium + nitrogen
• Atoms individually excited
• Decay time: 1 ns
• UV light
• Used in experiments with heavy charged particles or fission fragments
• High light yield: e.g. 40,000 photons/MeV for argon 

/ Liquid Scintillator

He gas

40Ar beam

• Liquid noble gas scintillators used in experiments searching for dark matter: 
e.g. XENON100 at LNGS, Italy, 161 kg LXe, 242 PMTs.









Light output response
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For an ideal scintillator and low ionization density

Luminescence ∝ Energy dissipated in scintillator



The scintillation pulse-height is commonly measured in electron equivalent

energy units

X X X
Eproton=78MeV

Ealpha=140MeV

Eee=60MeV

Eelectron=60MeV

Same light output

The response of organic scintillators to electrons is known to be a linear function of 

the deposited energy for electron energies above approximately 100 keV.



Energy calibration of the organic scintillator
The Compton edge can be used for the energy calibration of the detector, and 
further, comparison of the light output from different detector materials.

• Cosmic rays, 2MeVee per cm for plastic

• 4.4 MeV g from Am/Be neutron source



Response of CsI(Tl) scintillators



Pulse shape discrimination

•Characteristic for particle type/exciting radiation

Example: organic scintillator
High dE/dx→ high density of excited molecules

→ fast component reduced relative to slow component



n-gamma discrimination by liquid scintillator (BC501A)

A: Area under the curve for a given range





phoswich detectors
Combination of fast scintillator + slow scintillator

plastic etc. CsI(Tl) etc.



Temperature dependence
The probability of exciton’s de-excitation through photon  emission is a function 
of temperature → Scintillator performance is a function of temperature

• In organic scintillators the light output is practically independent of the temperature 
between -60°and 20°



Specular reflector: mirror-like, Al foil
Diffuse reflector: 

the angle of reflection is approximately
independent of the angle of incidence

Reflection
Reflector can be either specular or diffuse

The most common diffuse reflectors: 
MgO, TiO2 and Al2O3 - powder or white paint

I: intensity of reflected light
q: angle of reflection with respect to normal. 

Reflectivity 
versus 

wavelength

The reflectivity of TiO2 drops sharply at 
~400nm where it becomes poor reflector

CsI(Tl), BaF2 - Teflon foilNaI(Tl) - MgO powder

Light collection-



Air is the best and most convient medium.
To maximize internal reflection, a layer should be left between the reflector and the 
scintillator. the foil should be loosely wrapped to the scintillator.

Diffuse reflector are generally considered to be slightly more efficient, however, 
the difference is small and varies according to the geometry of the detector.

Plastic scintillator - Al foil

if  nscint~ 1.5, nair ~1, θc~42°

If the angle of incidence θ is greater than  θc total internal reflection will occur.



Coupling to the PM

– optical glue

– optical grease

– air gap

A sharp change in the index of refraction results in a small critical angle of reflection,  
which in turn increases total reflection. 
To avoid reflection of light from the end window of the phototube, a transparent 
viscous fluid is placed between the scintillator and the phototube .

The optical fluid (n~1.47) minimizes reflection because it reduces the change of the 
index of refraction during the passage of light from the scintillator to the phototube.





The light exiting scintillator on one end (rectangular cross section) needs 
to be guided to PMT (normally round cross section)   “fish tail” shape

Keep area constant;curvature should only be weak to maintain total reflection
for photons captured once (adiabatic light guide)



When enough light can use 2nd wavelength shifter, e.g. along edge of scintillator 
plate wave length shifter rod; absorbes light leaving scintillator and reemits isotropically 
at  (typically) green wavelength, small part (5-10 %) is guided to PMT. 
Advantage: can achieve very long attenuation lengths this way

Wavelength shifter 







Photomultiplier tubes(PMTs)



Photocathodes
• The important process in the photocathode is the photoelectric effect

Ø Photons are absorbed and impart energy to electrons 

Ø Electrons diffuse through the material losing energy

Ø Electrons reaching the surface with sufficient energy escape



Quantum efficiencies(QE) of typical photo-cathodes

• Quantum efficiency around 20-30 % 
• Strong function of the wavelength of the incident light 

双碱阴极



PMT window transmittance



• At one dynode δ = (number of secondary electrons emitted) / (primary 
incident electrons) 

• Depends on incident electron energy 

Secondary electron emission 
• Photoelectrons are then accelerated onto an electrode made of material 

of high coefficient of secondary emission, eg. BeO 3-5 secondary 
electrons per incident electron of 100 eV can be Achieved



Voltage dividers

Voltages are distributed to the dynodes by a resistive voltage divider, 

variations such as active designs (with transistors or diodes) are also possible.

HV can be positive or negative,

if anode is +HV, “AC-coupled”; 

if anode is GND, “DC-coupled”, cathode is –HV … glass becomes charged



For n=10, 1% change in UB, 10% variation in gain. 
Supply voltages are regulated to better than 0.05%



Example: Estimate the anode current in typical PMT of NaI(Tl) scintillator.

NaI(Tl) ~ 40k photons/MeV, ! = 230&'

i0~
40k × -.×0.25

230&'
12 =

34
35 ~ 60×9×10

5 =7×10.:; = <=>!

HV=2kV，(n+1)R=7x100kΩ = 0.7M, 1 = 3mA

Fa ↓= I − Ia ↑ R → G ↓

for a pulse of 1MeV

i0

-HV

i0Xn

Fa = 1 − Ia R

i0Xn-1
Dy1

Dy2
Dyn

Dyn-1

Ia=i0(X − Z)Xn-1

I

The problem of simple resistive voltage divider

PMT : \ = 0.25, ] = Xn = 106

DC current through resistive divider must be much greater (>10x,preferably more) 
than the average signal current.  I>10 x Ia



To prevent this problem, decoupling capacitors can be used to the last few 
states. These capacitors supply PMT with an electric charge during the forming 
of signal pulse and restrain the voltage drop between the last dynode and the 
anode, resulting in a significant improvement in pulse linearity.





Independent power supply for last two or three dynode for very high current pulse.







渡越时间

PMTs - time distribution

The interval between the arrival of a light pulse at the cathode and that of the corresponding 
current pulse at the anode is called the transit time. 

Response-pulse jitter due to transit time fluctuations 
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The equivalent circuit for a photomultiplier is a current generator, in parallel with 
resistance, Ro, being much greater than 109Ω and with stray capacitance, C0, about 5 pF.
R ~ R1 and C = C1 + C0

PMT‘s DC pulse shape
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linearity

Non Linearity is the effect of the space charge mainly between the last and 
the second last dynode.

Relation between radiation energy and PMT output.
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Space charge. At high currents, space charge can influence the electron trajectories,
causing collection losses; at still higher currents it can cause some electrons to return
to the surfaces from which they originate



Optimization of Anode Pulse Linearity

(The last 3 stages)



Effect of Magnetic Field on Liner-focus  PMT

Hamamatsu 2” PMT (R7281-01)

x
y

z

Earth B-Field

No magnetic field

12 Gauss Axial field

Magnetic Shields



Gain and Dark Current vs. HV

Thermal
Photoelectron
Emission
(from the secondary electron
emissive surface)

Leakage Current 
(from electrode 

support material)

Field Effect
(electron emitted from
dynode by strong filed)

Dark Current
Current without light in

Dark current



The PMT is more susceptible to ambient temperature than ordinary electronic 
components. Therefore in precision measurement, the PMT must be operated with 
temperature control or comparative photometric techniques so that the effects of 
ambient temperature are minimized.

• When performing temperature control, note 
that interior of a PMT is a vacuum and that 
heat conducts through it very slowly. 

• The PMT should be left for one hour or 
longer until the PMT reaches the same level 
as the ambient temperature and its 
characteristics become stable.

Temperature characteristics



• A charged particles passing through 
matter will polarize some atomic 
electrons.

• If the particle exceeds the speed of 
light c/n then an electromagnetic 
shock wave will be formed.

• First observed by Pavel Cherenkov in 
1934.

Cerenkov Light
The Cerenkov effect occurs when the velocity of a charged particle traveling through
a dielectric medium exceeds the speed of light in the medium.

Index of refraction (n) = (speed of light in vacuum)/(speed of light in medium)

slow

fast
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medium n qmax (b=1) Nph (eV-1 cm-1)
air 1.000283 1.36 0.208
isobutane 1.00127 2.89 0.941
water 1.33 41.2 160.8
quartz 1.46 46.7 196.4

Energy loss by Cherenkov radiation small compared to ionization 
(»0.1%)

Cherenkov effect is a very weak light source 
à need highly sensitive photodetectors



• More photons are produced 
at short wavelengths.

• Enhanced visible light at the 
blue end of the spectrum.
– Characteristic glow from 

a reactor

Number of emitted photons per unit
length and unit wavelength interval
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“We had an especial joy in observing that our 

products containing  concentrated radium 

were all spontaneously luminous.”

Marie Curie, 1899 Paris

Our precious products, for which we had 

no shelter, were arranged on  tables tables 

and boards; from all sides we could see 

their slightly luminous and boards; from 

all sides we could see their slightly 

luminous silhouettes, and all these 

gleamings, which seemed  suspended in 

the  darkness, stirred us with ever new 

emotion and enchantment.”



Types of Cerenkov Counters
Cerenkov counters are used to identify particles.

Threshold counter
(on/off device)

Differential counter
(makes use of the angle of the Cerenkov radiation)

Ring imaging counter

(makes use of the “cone” of light)

Each of the above counter is designed to work in a certain momentum range.



Threshold counter
n

t

1
=b

• Threshold counters are useful to identify
particles in a beam line (with fixed
momentum) for example a 30 GeV !
beam with some proton contamination

• By choosing a medium with a suitable 
refractive index, it can be arranged that 
the ! will produce light, but the protons 
will not



Differential Cerenkov Counter:

Makes use of the angle of Cerenkov radiation and only samples light at certain angles. 

For fixed momentum cosq is a function of mass: 
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Differential cerenkov counters typically on work over a fixed momentum range
(good for beam monitors, e.g. measure p or K content of beam).

Not all light will make it to phototube



.. . . .... . ..
RICH detectors determine qC by intersecting the Cherenkov cone 
with a photosensitive plane

® requires large area photosensitive detectors, e.g.
• wire chambers with photosensitive detector gas
• PMT arrays

(J. Seguinot, T. Ypsilantis,
NIM 142 (1977) 377)
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• Cross-section through RICH-1 of LHCb
• Makes use of two separate radiators: C4F10 gas and silica aerogel (a solid) A 

second (flat) mirror is used to limit the size of the detector along the beam axis





Large water volume neutrino detectors

Examples:

• SNO

• Super-Kamiokande
50 k ton H20
1 km underground

Cherenkov rings are an ideal
technique for detecting !→μ, e



Cherenkov imaging is used in neutrino detectors.
• Muons from µ-neutrinos make a clean ring.

- high dE/dx compared to electron, short range.
• Electrons from e-neutrinos make a diffuse ring.

- Electrons interact and shower

Ring Imaging

• A particle with velocity v 
creates light at a fixed angle.



Cherenkov Rings in Super-K

Cherenkov light a perfect signature of a neutrino interaction in water.

No momentum measurement, so PID performed from sharpness of ring.
Timing response of PMTs necessary to determine particle direction.

μ e



SuperK is a water RICH.

SuperK has: 50 ktons of H2O

Inner PMTS: 1748 (top and bottom) and 7650 (barrel)

outer PMTs: 302 (top), 308 (bottom) and 1275(barrel) 

For water n=1.33
For b=1 particle cosq=1/1.33,  q=41o



Antarctic Physics

station

AMANDA-II

IceCube

south pole



Detector

dfasdfsadf

• 19 strings

• 677 optical 
modules

• Operated 
2000-200959

Neutrino Detectors





https://physicstoday.scitation.org/do/10.1063/PT.6.1.20180712a/full/

The figure shows the event that pointed to TXS 0506+056, observed by IceCube on 22 September 
2017. The colored circles indicate the firings of Cherenkov detectors; purple detectors fired first, yellow 
detectors three microseconds later. The straight line shows the reconstructed muon path. The IceCube
collaboration estimates that the neutrino triggering the event had an energy of about 300 TeV.

Multimessenger observations of 
blazar TXS 0506+056.

https://physicstoday.scitation.org/doi/10.1063/PT.3.4043

- atmospheric neutrinos
- astrophysical neutrinos
+ IceCube measurements

https://physicstoday.scitation.org/do/10.1063/PT.6.1.20180712a/full/
https://physicstoday.scitation.org/doi/10.1063/PT.3.4043

