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EJ-200 EMISSION SPECTRUM
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EJ-200 PLASTIC SCINTILLATOR 

 
This plastic scintillator combines the two important properties of long optical attenuation length and fast 
timing and is therefore particularly useful for time-of-flight systems using scintillators greater than one 
meter long.  Typical measurements of 4 meter optical attenuation length are achieved in strips of cast 
sheet in which a representative size is 2 cm x 20 cm x 300 cm. 
 
The combination of long attenuation length, high light output and an emission spectrum well matched to 
the common photomultipliers recommends EJ-200 as the detector of choice for many industrial 
applications such as gauging and environmental protection where high sensitivity of signal uniformity are 
critical operating requirements. 
 

Physical and Scintillation Constants: 
Light Output, % Anthracene ..................................... 64 
Scintillation Efficiency, photons/1 MeV e- ................. 10,000 
Wavelength of Max. Emission, nm .......................... 425 
Rise Time, ns ........................................................... 0.9 
Decay Time, ns ........................................................ 2.1 
Pulse Width, FWHM, ns ........................................... ~2.5 
No. of H Atoms per cm3, x 1022 ................................ 5.17 
No. of C Atoms per cm3, x 1022 ................................ 4.69 
No. of Electrons per cm3, x 1023 ............................... 3.33 
Density, g/cc: ........................................................... 1.023 

 
Polymer Base:     . Polyvinyltoluene Light Output vs. Temperature: 
Refractive Index:    .1.58 At +60oC, L.O. = 95% of that at +20oC 

Vapor Pressure:    .. Is vacuum-compatible No change from +20oC to -60oC 
Coefficient of Linear  
Expansion:        7.8 x 10-5 below +67°C  
 
Chemical Compatibility:  Is attacked by aromatic solvents, chlorinated solvents, ketones, solvent 
bonding cements, etc.  It is stable in water, dilute acids and alkalis, lower alcohols and silicone greases.  
It is safe to use most epoxies and “super glues” with EJ-200. 

 

S18825 PEAK SENSITIVITY 
WAVELENGTH !

1st PROBLEM: EJ-200 peak emission spectrum do not match S18825 peak 
sensitivity

2nd  PROBLEM: EJ-200 strip section do not match the S18825 sensitive area

u  Scintillation strip section area = 6.4x10 mm2	

u  SipM active area = 1.3x1.3 mm2

READOUT HAS TO BE ADAPTED TO GEOMETRY 
AND EMISSION SPECTRUM OF SCINTILLATOR 



GEOMETRICAL ADAPTATION à LIGHT 
GUIDES (I)
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PLASTIC (PLEXIGLASS) LIGHT PIPES OFTEN ARE USED WITH PLASTIC SCINTILLATORS TO: !
u  Provide a PMT mounting surface  
u  Guide the scintillating light to the photocathode  
u  Back-off the PMT where the scintillator is in a strong magnetic field  
u  Minimize pulse height variation  

THE COUPLING A SCINTILLATOR TO A PHOTODETECTOR THROUGH A LIGHT GUIDE IS 
GENERALLY USED TO COUPLE A LARGE AREA CRYSTAL TO A SMALL AREA DETECTOR!
u  Save money 
u  Reduce electronic noise when using photodiodes 
BUT THE EFFICIENCY OF LIGHT TRANSMISSION IS LIMITED BY !
u  The angle of total reflection 
u  The conservation of phase space à ΔXΔθ (Liouville’s theorem) 

Plastic and Liquid Scintillators

solution of organic scintillators
[solved in plastic or liquid]

 + large concentration of primary 'fluor'
 + smaller concentration of secondary 'fluor'
 + ...

In practice use ...

Scintillator requirements:

Solvable in base material

High fluorescence yield

Absorption spectrum must overlap
with emission spectrum of base material 

Scintillator array
with light guides

LSND experiment



GEOMETRICAL ADAPTATION à LIGHT 
GUIDES (II)
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Conservation of phase space means that the flux of photons per unit area and per unit solid 
angle is constant throughout a given medium [D.	Marcuse,	BSTJ	45	(1966)	743,	Applied	
OpLcs	10/3	(1971)	494]. Consequently, no optical coupling scheme relying on reflection or 
diffraction alone can transmit photons from a large source to a small detector with full 
efficiency.
This limitation can be overcome by wavelength shifters, that absorb the incident light and re-
emit photons, thereby redefining the phase space element. 

CERN Summer Student Lectures 2002
Particle Detectors Christian Joram III/9

Scintillator readout

Scintillator readout

Readout has to be adapted to geometry and emission 
spectrum of scintillator.

Geometrical adaptation:

u Light guides: transfer by total internal reflection    

(+outer reflector) 

u wavelength shifter (WLS) bars

Photo detector

primary particle

UV (primary)

blue (secondary)

green
small air gap

scintillator

WLS

“fish tail” adiabatic
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Scintillator readout

Readout has to be adapted to geometry and emission 
spectrum of scintillator.
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u Light guides: transfer by total internal reflection    

(+outer reflector) 

u wavelength shifter (WLS) bars

Photo detector

primary particle

UV (primary)

blue (secondary)

green
small air gap

scintillator

WLS

“fish tail” adiabatic

u   Fish Tail	 u  Adiabatic	

TYPICAL LIGHT PIPES GEOMETRIES INCLUDE: !
u   Right Cylinders - used when the light pipe diameter is the same as the scintillator diameter
u  Tapered Cones - are transition pieces between square-to-round or round-to-round cross-section “Fish Tail” - 

are transition pieces from thin, rectangular cross-sections to round cross- sections
u  Adiabatic - provide the most uniform light transmission from the scintillator exit end to the PmT; the cross-

sectional areas of the input and PMT faces are equal
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Variation of pulse height with length of light guide

a) Total internal reflection only

b) Total internal reflection with reflective coating

either... aluminum foil
aluminized mylar
transparent mylar painted with
reflective paint

c) Surface of light guide coated with reflective paint

d) Specular reflector without light guide

e) Diffuse reflector without light guide

Although peak light output can be improved by reflective
coatings, this only obtains with short light guides.

Critical that surface of light guide be smooth.

GEOMETRICAL ADAPTATION à LIGHT 
GUIDES (III)
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a) Total internal reflection only 
b) Total internal reflection with reflective coating

àaluminum foil aluminized mylar 
transparent mylar painted with reflective paint 

c) Surface of light guide coated with reflective paint 
d) Specular reflector without light guide�
e) Diffuse reflector without light guide 



THE SOLUTION: FIBERS EMBEDDED ON 
SCINTILLATOR
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WLS FIBERS EMBEDDED ON SCINTILLATOR PROS: !
u   Allow to avoid cumbersome light guide
u  Collect scintillation light, shift it to longer wavelength and pipe it to photodetector
u  Elude (partially) Liouville Theorem because the shift to longer waveforms correspond to a 

“cooling” of the light (reduced phase space)

Wavelength Shifting
� Use a fiber embedded in the scintillator instead of 

unwieldy light guides
� The fiber collects scintillation light, shifts it to longer 

wavelength and “pipes” it to a photo detector
� Evades the Liouville Theorem because shifting to longer 

wavelength “cools” the light (reduced phase space)
�Shifting from 450 nm to 500 nm corresponds to an energy shift of 

0.28 eV
� Increased “packing factor”

ࢀ/ࢿ∆ࢋ ൌ ૠ.  ൈ 

NEVETHELESS BECAUSE LIOUVILLE THEOREM!
à the	total	area	of	the	cross-secLon	along	a	light	guide	cannot	be	reduced	without	light	losses		
The fiber minimum bending radius must satisfy the relation: 

Light transport, total internal reflection, gluing, wrapping

Due to Liouville's theorem, the total area of the cross-section along a light guide 
cannot be reduced without light losses. For changes in direction a maximum bending 
(minimal bending radius) should be chosen according to the relation 

where:  d – diameter of fiber (or light guide), r – bending radius, n – relative refractive index.
With a radius chosen according to the relation given above, all light entering the 
plane front surface of a light guide is transported due to total reflection. 

( )22 1 2 1n d r- ³ +

Twisted
guides

PMT

11

Superior reflector wrap: 
ESR (Enhanced Specular Reflector) VM2000 film by 3M [St. Paul, MN]
http://www.osti.gov/bridge/purl.cover.jsp?purl=/957053-3bKJBw/957053.pdf

u  d = fiber diameter
u  n = refractive index
u  r = bending radius
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Light Transmission Through Light Guides

In coupling a scintillator to a photodetector through a light guide, it is
tempting to couple a large area crystal to a small area detector. This
could save money and also, when using photodiodes, reduce the
electronic noise.

What is the efficiency of light transmission?

The efficiency of light transmission through a light guide is limited by

• the angle of total reflection

• conservation of phase space (Liouville’s theorem)

Θ
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1

∆x

∆x2
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SCINTILLATOR

PHOTODETECTOR

LIGHT GUIDE

TOTAL REFLECTION!
u  To be reflected the incident angle must be

next=refractive index of external medium and n = 
refractive index of light guide

u  If external medium is air next= , then 

u  If light guide is gradually narrowed with an angle φ the 

photon limit angle for total reflection is 

(it is also the maximum angle  at the light guide 
output)

Introduction to Radiation Detectors and Electronics Copyright  1998 by Helmuth Spieler
III. Scintillation Detectors

1. Total reflection.

For rays to be reflected from the surface of the light guide the incident
angle

where n is the refractive index of the light guide and next that of the
external medium. When the external medium is air (next= 1)

If the light guide is tapered with an angle ϕ, a ray at the limit of total
reflection will impinge on the output face at an angle

This is the maximum angle at the light guide output. Since the
maximum reflection angle in the light guide is π / 2,  the minimum
angle of reflected rays at the exit is ϕ, whereas direct rays can
impinge with zero angle.

2. Conservation of phase space
(see D. Marcuse, BSTJ 45 (1966) 743, Applied Optics 10/3 (1971) 494)

The trajectories of photons can be described analogously to particles
whose position and slope are described as a point in phase space
with the coordinates x and p. For photons these canonically
conjugate variables are the the transverse coordinates of the photon
ray and its angle. In two dimensions (adopted here for simplicity) the
variables are the transverse coordinate x and the quantity

where n is the refractive index of the medium and α is the angular
divergence of the photon beam.

αsin np =

n
next≥Θsin

n
1sin ≥Θ

Θ−+ϕ
π
2
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Behavior of a ray of light passing through two media of different refractive indexes n1 and n2
u  n1 > n2: the ray of light is is bent away from from the line perpendicular to the media mating 

surface
u  n1 < n2: the ray of light is is bent toward the line perpendicular to the media mating surface
u  If  n1 > n2 TOTAL INTERNAL REFLECTION occurs and the ray of light is deflected by an angle 

θC travelling along the interface. If the angle is bigger than θC the ray is reflected back into the 
medium.

  

glass from mechanical and environmental damage.  A pictorial representation of the components that makeup an 
optical fiber is shown in figure 2.   
 

 
 

Figure 2:  Makeup of an optical fiber  
 

 

Signal Transport Mechanism 
 
Physics of Total Internal Reflection 
 
 Consider a ray of light passing between two media of different refractive indexes n1 and n2 as shown in figure 
3.  If n1 > n2 the light ray as it passes from one media to the next will bend away from an imaginary line (the normal) 
perpendicular to the media’s mating surface.  Conversely if n1 < n2 then the ray will bend towards the normal.  Total 
internal reflection occurs when n1 > n2 and the incident ray of light makes an angle, Θc, such that it does not enter the 
adjacent medium but travels along the interface.  At angles greater than Θc the ray will be reflected back into medium 
A. 

Material A
n1

Material B
n2

Critical Angle

Normal

Material Interface

Θc

n1 > n2

n1 < n2

n1 > n2
Total Internal Reflection

Occurs

 
Figure 3:  Total Internal Reflection  
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INTERNAL REFLECTION (II)
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Ray Theory 
 

Light is confined within the core of the optical fiber through total internal reflection.  To understand the 
phenomenon of total internal reflection and how it is responsible for the confinement of light in an optical fiber 
consider a ray of light incident on the fiber core as shown in figure 4. 
  

Light enters the core of the optical fiber and strikes the core/cladding interface at an angle Θ.  If this angle is 
greater than the critical angle (i.e. Θ ≥ Θc where Θc =arcsin(n2/n1)) then the ray will reflect back into the core thus 
experiencing total internal reflection.  This ray of light will continue to experience total internal reflection as it 
encounters core/cladding interfaces while propagating down the fiber. 
 

Fiber Core
n1

Fiber Cladding
n2

Fiber Cladding
n2

Air
no

Normal

> Θ c

 
Figure 4:  Light propagates through a fiber due to total internal reflection 

 
 
 
 
 
 
 
 
 
 

TOTAL INTERNAL REFLECTION à θ ≥ θC  and θC = arcsin(n2/n1)	


