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A generic scintillation detector

• radioluminescence/fluorescence

– scintillation (fast)

– phosphorescence (slow)

• scintillators may be organic and inorganic solids, liquids and gases

radiation

scintillation light

scintillation material photosensor

e–
electric pulse

photon ! electron

 Scintillation detectors

1. Energy deposition by ionising radiation

2. Conversion of energy to scintillation photons 

3. Transport of photons to a photodetector 

4. Photon to electrical signal

1. Inorganic scintillators 

     (high light o/p, slow response~10-1000ns)

     Ex. NaI, CsI, BaF2


2. Organic scintillators 

    (low light o/p, fast response ~a few ns)

    Ex. Liquid scintillator, plastic scintillator

 Major steps



Plastic scintillators and applications

• Fast response time (~nanoseconds) 
• Can be moulded into any desired form 
• Rugged nature 
• Relatively cheap, hence affordable for 

large area requirements

Plastic scintillators are used in high energy, 
cosmic ray and nuclear physics experiments 
Space based detectors 
Radiation portal monitors  

 

      Salient Features of plastic scintillators

Can be molded to desired shapes

Fast time response ~ 1ns

Comparatively less expensive : 
Affordable for large area requirements  

Rugged and Light weight
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   Space based Detectors      

   Radiation Portal Monitor  
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 Muon tomography



Gamma-hadron discrimination

EM cascade
Hadronic cascade
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• 400 plastic scintillator detectors (1 m2 area) with 8 m inter-separation spread over 25,000m2


• 560 m2 muon telescope consisting 3712 proportional counters (6m x 0.1m x 0.1m)

• Records EAS events per day = 3 x 106,   median energy = 15 TeV

 The GRAPES-3 Experiment at Ooty



 R&D of plastic scintillators at CRL                 
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Plastic scintillator fabrication at 
Cosmic Ray Laboratory in Ooty

16

Plastic Scintillator development:
Decay Time= 1.6 ns  Light Output = 85% Bicron (54% anthracene)
Timing 25% faster  Atten. Length λ= 100cm  Cost ~10% of Bicron
Max Size 100cmX100cm  Total > 2000
CERN, Osaka, IUAC Delhi, Bose, VECC, BARC, ECIL, Utkal U., BITS-Pilani Hyd, IOP 
Bhubaneshwar ....

In-house technology development for 
Fabrication of various detectors 

Radiation monitor for 
BARC
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Plastic Scintillator development:

Decay Time= 1.6 ns  Light Output = 85% Bicron (54% anthracene)

Timing 25% faster  Atten. Length λ= 100cm  Cost ~30% of Bicron

Max Size 100cmX100cm  Total > 2000

CERN, Osaka, IUAC Delhi, Bose, VECC, BARC, ECIL, Utkal U.

Development & fabrication of plastic scintillators

, Dayalbag Edu. Inst, IISER Pune

Radiation monitor for BARC



Polyvinyltoluene, 
Polystyrene 

p-Terphenyl

POPOP   
 

PMT, SiPM   
 

                 Scintillation mechanism Scintillation mechanism
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Scintillator molecules have various electronics states (S
0
, S

1
, S

2
,...) and 

vibrational states (S
00

, S
01

, S
02

, ..., S
10

, S
11

, S
12

,..............)

Spacing between electronics states is 3 to 4 eV and spacing between 
vibrational states is about 0.15 eV.

At room temperature, average energy is about 0.025 eV. All molecules are in 
the S

00
 state.

When charged particle passes through the scintillator, kinetic energy is 
absorbed by the molecules and electrons are excited to upper levels.

Higher states deexcites to quickly (pico seconds) to S
1
 state through 

radiation loss transitions.

Transition from S
10

 to ground state produces scintillation light. The process 

is called fluorescence.

Fluorescence intensity at time t is 

                              I = I
0
 e-t/τ,  τ�is�few�nano�seconds    
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 Scintillation mechanism



  Energy loss conversion to scintillation light

Mean energy loss by ionizing particle like muon in scintillator of thickness 1 cm  

is 2 MeV 

Scintillation photons are produced isotropically along the track of the particle.

Energy loss to photon conversion:  1 photon (3 eV) per 100 eV energy 

       Number of photon produced per cm is typcially 20,000

It is important to efficiently transport the photons to a photodetector 
which converts photons to a measurable electrical signal

 Energy loss in scintillator and conversion to photons



ADIABATIC GUIDE

                                Light guides

FISH TAIL

PMT

Scintillation light comes out from all surfaces 

…..Needs to be navigated to photodetector

 Light guides



                    Wave-length shifting #bers

Uniform collection and e@cient transport of light from 
scintillator to photodetector 

Wavelength shifting fiber readout 
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Monte Carlo code G3sim for simulation of plastic scintillator detectors
with wavelength shifter fiber readout
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A detailed description of a compact Monte Carlo simulation code “G3sim” for studying the per-
formance of a plastic scintillator detector with wavelength shifter (WLS) fiber readout is presented.
G3sim was developed for optimizing the design of new scintillator detectors used in the GRAPES-3
extensive air shower experiment. Propagation of the blue photons produced by the passage of rela-
tivistic charged particles in the scintillator is treated by incorporating the absorption, total internal, and
diffuse reflections. Capture of blue photons by the WLS fibers and subsequent re-emission of longer
wavelength green photons is appropriately treated. The trapping and propagation of green photons
inside the WLS fiber is treated using the laws of optics for meridional and skew rays. Propagation
time of each photon is taken into account for the generation of the electrical signal at the photomulti-
plier. A comparison of the results from G3sim with the performance of a prototype scintillator detec-
tor showed an excellent agreement between the simulated and measured properties. The simulation
results can be parametrized in terms of exponential functions providing a deeper insight into the func-
tioning of these versatile detectors. G3sim can be used to aid the design and optimize the performance
of scintillator detectors prior to actual fabrication that may result in a considerable saving of time,
labor, and money spent. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3698089]

I. INTRODUCTION

The plastic scintillator is a unique detector that is used
to detect and measure the properties of energetic charged
particles in high energy accelerators, nuclear- and cosmic ray
physics experiments. Large area (∼1 m2) plastic scintillators
are commonly used as a basic detector element in cosmic ray
induced extensive air shower (EAS) experiments to measure
the particle densities and their relative arrival times at the ob-
servational site. It is a detector ideally suited for this purpose
because of its rugged nature, fast response time (∼1 ns), and a
reasonable cost. In earlier days, the detector design was rela-
tively simple, wherein the photons were collected by coupling
a photomultiplier tube (PMT) to one edge of the scintillator.
Hence, relatively simple models could be used to provide a
reasonably good description of the photons collected by the
PMT. Over the years considerable sophistication has been
brought about in the design of this detector and with that the
need for a better understanding of the photon propagation
and collection has become increasingly important.

Optimum design of a scintillator detector is an iterative
process that requires a series of steps including (i) fabrica-
tion and assembly, (ii) testing, and (iii) measurements using
charged radiation, etc. This is followed by analysis of the
gathered data to evaluate the detector performance. Each of
these iterations is a time consuming and/or expensive process,
and the number of iterations needed to achieve the desired
performance goals in terms of photon yield, surface unifor-
mity, time resolution, etc. are difficult to estimate at the outset.
This limitation is primarily due to a highly nonlinear impact
of various design parameters on the detector performance.

a)Electronic mail: gupta@grapes.tifr.res.in.

However, after a charged particle produces scintillation pho-
tons, the detector essentially responds as an optical system
and in principle a ray tracing program can provide a quan-
titative measure of its performance. The process of emission
of scintillation photons is statistical in nature and therefore,
may be treated through Monte Carlo simulations. Thereafter,
the process is one of the photon propagations, reflections, ab-
sorptions, and re-emissions, etc. that are also probabilistic in
nature and hence can be handled using simulations.

During the last decade a rapid improvement in the per-
formance of plastic scintillator detectors has coincided with
the advent of plastic based high quality wavelength shifting
(WLS) fibers. These fibers have virtually replaced the adia-
batic acrylic light-guides used earlier for uniform collection
of photons. The WLS fibers, typically ∼1 mm in diameter,
have an absorption band in the blue region that is perfectly
matched with the emission spectrum of the scintillators. These
fibers absorb shorter wavelength photons that are re-emitted
at a longer wavelength. Their use has become popular be-
cause of several reasons including, (i) decrease in the self-
absorption in the detector enables a larger fraction of the sig-
nal to reach the PMT and (ii) wavelength shifting action of
WLS fibers matches the emission spectrum of the scintillator
with the peak response of the PMT.

The WLS fibers may be embedded in grooves machined
on the surface of a scintillator, allowing efficient and uni-
form absorption of a sizable fraction of the blue photons pro-
duced in the scintillator. The absorbed photons are re-emitted,
isotropically as longer wavelength green photons. The WLS
fiber consists of a high refractive index core, surrounded by a
single or multiple layers of cladding of progressively lower re-
fractive indices. Therefore, green photons incident at an angle
larger than the critical angle are trapped and propagated to the

0034-6748/2012/83(4)/043301/10/$30.00 © 2012 American Institute of Physics83, 043301-1
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         G3sim Model

1:  Generation and propagation of muons 

2:  Energy loss (dE/dX) calculation using Landau 
distribution   

3: Generation of photons in scintillator.

4: Propagation of photons in scintillator using basic 
laws of reflection and considering attenuation loss 
and loss due to imperfect surface 
 
5: Capture, trapping and propagation of photons in 
WLS fiber considering meridional and skew ray 
modes

6: Convolution of PMT responses.

Probability distributions and uniform random 
numbers (0 to 1) used to model each process

18

G3sim code 
A realistic photon propagation simulation code written in C++ (~1400 lines) 



Attenuation due to self absorption 

 

         Light Attenuation

Self Absorption
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200cm

150cm

100cm

50cm

 

         Light Attenuation

Self Absorption
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200cm

150cm

100cm

50cm



 

Reflectors play a very significant role to enhance the light 
collection  

Specular Reflection:  Reflected angle is equal to incident angle  (θ
i 
=  θ

r
)  

   Aluminum foil (Reflectivity ~ 90%) 

Diffuse Reflection:  Reflected angle is independent of incident angle 
                               
  Tyvek has good strength and resistant 
     to degradation  (Reflectivity ~ 90%) 

    

Escape fraction ~ 70%

         Reflectors 20
Reflectors 

 

         Reflectors

Black Plastic 

Tyvek 
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2.  Experimental Observations

Wavelength Shifting Fibers

absorb photons of one 
wavelength and re-emit 
photon at higher 
wavelength

purpose:

1. to decrease self-absorption 
of scintillator

2. match absorption of PMT

 350         450              550                  650              

Wavelength (nm)

Emission

Absorption

Figure 2:  Emission and Absorption 
Spectra 

for WLS Fiber

Wave-length shifting fibers  

 

Absorption wavelength of WLS fiber matches with scintillator emission wavelength (blue, ~420 nm). 

Emission of WLS fiber is at longer wavelength (green, ~495 nm).   
Reduced self-absorption results longer attenuation for WLS fiber   

Attenuation length of scintillator ~1 m 


   Attenuation length of WLS fiber  (Y-11 Kuraray) ~3.5 m  

Trapping efficiency


single-clad fiber     ~3.1% 

double-clad fiber   ~5.3% 



Photon Trapping in Fiber

 Meridional rays
Skew Rays

Incident, normal and reflected 

ray lie in  the same plane do not lie in the same plane 

 Core: 0.94mm 
Refractive index = 1.59

Inner clad: 0.03mm 
Refractive index = 1.49

Outer clad: 0.03mm
Refractive index = 1.42     

P.K. Mohanty et al. Rev. Sci. Instrum. 83 (2012) 043301.



 

Axial angle distribution of trapped photons

Trapping Efficiency of meridional rays = 3.2 %

With inclusion of skew rays, trapping efficiency = 4.8% 

 Meridional rays

Skew Rays
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         Losses in fiber

Self absorption loss : Attenuation length for 
Kuraray double clad fiber = 350 cm        

  Loss from the imperfect surface:     

      Total internal reflectivity  R = 0.9999  

For 1 meter long and 1mm diameter fiber, 
number of reflections N ~ 500

Survival probability =  RN = 0.95  

26
Losses in Fiber  
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obtained were discussed in Ref. 16. For understanding the
detector performance, Monte Carlo simulation code G3sim
was developed.

III. IMPLEMENTATION OF G3SIM CODE

Here we describe the implementation of G3sim, includ-
ing photon production, propagation, and conversion in the
PMT derived from first principles. As mentioned earlier, sev-
eral codes developed in past deal with photon transport in
scintillators that are directly coupled to the PMT or through
a light guide. The development of a relatively compact and
specialized code “G3sim” with WLS fiber readout aims to fill
the gap that exists at present.

Since most detectors use rectangular scintillators, the
same is implemented in G3sim. A schematic of detector ge-
ometry used is shown in Fig. 1. Origin (0,0,0) is chosen at the
center of the scintillator with +Z axis pointing vertically up-
wards. The dimensions are defined by Xmin, Xmax, Ymin, Ymax,
Zmin, Zmax as listed in Table I. WLS fibers deployed in a par-
allel configuration are shown in Fig. 1. Each fiber is assumed
to be in ideal optical contact with the scintillator and a photon
incident on the fiber projection is assumed to get absorbed by
that fiber.

The cosmic ray muons provide a natural source of rela-
tivistic charged particles of constant intensity. These muons
are detected by a pair of two hodoscopes, positioned below
and above the detector as shown in Fig. 1. Each hodoscope
consists of two orthogonal layers of 5 plastic scintillator strips
50 cm × 10 cm in size that localize a muon to within an area
of 10 cm × 10 cm. A 4-fold coincidence of the signals from

+X

+Y

−Y

+Z

Fiber Projection

−Z

Top Hodoscope

Bottom Hodoscope

−X

µ+

PMT

FIG. 1. A scintillator shown with 5 WLS fibers. Top and bottom hodoscopes
localize a muon to within an area of 10 cm × 10 cm.

TABLE I. Simulation parameters.

Photon conversion 100 eV
Maximum reflections 150
Scintillator ETIR 0.93
Tyvek reflectivity 0.90
Fiber reflectivity 0.9999
Path-length step 0.01 cm
λscint 100 cm
λWLS 350 cm
ηscint 1.59
ηcore 1.59
ηclad − 1 1.49
ηclad − 2 1.42
ηair 1.00
Min, Max (X Y Z) −25 25 −25 25 −1 1 cm

the four layers of scintillators in the two hodoscopes indicates
the passage of a muon (shown as µ+ in Fig. 1) that serves
as the trigger. In simulations the muons are distributed uni-
formly on the top hodoscope using two random numbers. The
simulated muon direction is distributed in zenith angle θ with
a cos2θ dependence and uniform azimuthal angle φ as shown
below17, 18

d Nµ

d%
∝ cos2 θ . (1)

Here % is solid angle and d% = sin θdθdφ. Thus, the
probability of a muon between 0 to θ is obtained by integrat-
ing Eq. (1),

P =
∫ 2π

0

∫ θ

0 cos2 θ cos θ sin θdθdφ
∫ 2π

0

∫ 60o

0 cos2 θ cos θ sin θdθdφ
. (2)

The muon flux was normalized for θ between 0◦ and 60◦

since the probability of muons above 60◦ was relatively small.
Solution of Eq. (2) yields

θ = cos−1((1 − 0.9375P)1/4). (3)

Here P is a random number and φ is randomly dis-
tributed from 0 to 2π . The location and direction of each
muon through the detector is stored for further analysis. Since
muons are relativistic, their energy loss in the scintillator is
independent of energy and proportional only to the length tra-
versed in scintillator. The fluctuations in energy loss from
event to event are quite large and in G3sim, energy loss
is computed by function LandauI in ROOT.19 LandauI is a
direct C++ conversion of the original FORTRAN function
“DISLAN” in CERN library.20 Using LandauI, the distribu-
tion of Landau parameter λ that describes the energy loss is
generated21

'E = ξ

[
λ + ln

(
5.597 × 109β2

(1 − β2)Z2
ξ

)
+ 1 − β2 − γE

]
,

(4)
where ξ = (0.1536/β2)(Z/A)S g cm−2, Z and A are effective
atomic and mass numbers of the material, and S its thickness,
β = v/c, v and c are velocities of the muon and light, respec-
tively. γ E = 0.577 is Euler’s constant. For the polystyrene

Downloaded 04 Apr 2012 to 158.144.55.20. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions

G3sim input parameters  
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TABLE II. Photon statistics.

Produced in scintillator 46 000
Escaped from scintillator 11 500
Absorbed in scintillator 30 000
Entered WLS fiber 4500
Escaped from WLS fiber 3850
Trapped in WLS fiber 650
Absorbed in WLS fiber 450
Arrived at the PMT 200

a 2 cm thick scintillator, read out by 18 WLS fibers placed
equidistant in parallel grooves and wrapped inside a Tyvek
sheet. For this configuration out of 46 000 blue photons pro-
duced in the scintillator, 4500 enter WLS fibers, 650 green
photons are trapped, and only 200 reach the PMT. Thus, the
photon collection efficiency is ∼0.4%.

A Monte Carlo code can reproduce the experimental data
only if the assumed detector parameters are sufficiently close
to their true value. In G3sim, the parameters presented in
Table I were either measured directly or obtained from lit-
erature. The scintillators used here were fabricated in-house
and the unknown value of ETIR was determined by varying
it until an agreement was obtained with the experimental
photo-electron distribution. Two other groove configurations
were simulated using the ETIR and excellent agreement on
photo-electron distribution, uniformity, time response were
obtained.16

IV. G3SIM RESULTS AND DISCUSSION

The G3sim was validated by comparing its output with
the experimental data from the GRAPES-3 detector that con-
tains four scintillator tiles 50 cm × 50 cm× 2 cm in size,16

however, in this study only one tile was used. WLS fibers
were located in parallel grooves on the scintillator surface and
one end of the fibers (along +Y as shown in Fig. 1) coupled
to a PMT. The two hodoscopes (50 cm × 50 cm) localize a
muon to within 10 cm × 10 cm. Muons arriving on top ho-
doscope and passing through both hodoscopes are accepted as
trigger. For a comparison of the simulated and experimental
data, variation of various parameters was carefully studied.

Simulations were carried out for scintillator thicknesses
from 0.5 to 10 cm in steps of 0.5 cm and for attenuation length
λ = 50, 100, 150, 200 cm with 18 fiber readout. The mean
path-length “P” of detected photons in the scintillator as a
function of thickness is shown in Fig. 5. An excellent fit to
the data is obtained by a function P = a - b×e(− x

c ), here x is
scintillator thickness and a, b, c are free parameters. Variable
“c” describes a characteristic thickness that is nearly same
for all four values of λ, c = (3.1 ± 0.1) cm. The value of
(a - b) the intercept on the Y-axis is nearly same, i.e., a - b
= (19.1 ± 1.2) cm. The functional dependence of path-length
parametrized above appears to be realistic.

From the simulations described above the photo-electron
yield of the detector as a function of the scintillator thickness
was obtained and is shown shown in Fig. 6 for λ = 50, 100,
150, 200 cm. The number of detected photo-electrons does

Scintillator thickness (cm)
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FIG. 5. Mean path-length as function of thickness for λ = 50, 100, 150, 200
cm. Data fitted by P = a - b× e( − x/c). Y-axis intercept a - b = (19.1 ± 1.2)
cm and c = (3.1 ± 0.1) cm.

not increase linearly with thickness, despite the produced pho-
tons being proportional to thickness. This nonlinear behavior
is due to additional attenuation from a longer path-length be-
fore each reflection in a thicker scintillator. This effect may be
seen from the increase in mean path-length prior to absorption
by WLS fibers as shown in Fig. 5. This indicates that detected
number of photo-electrons cannot be increased by a propor-
tional increase in scintillator thickness. Interestingly, the same
function PE = a - b×e(− x

c ) describes the observed variation in
photo-electron yield “PE” quite accurately with Y-axis inter-
cept a - b = (5.2 ± 0.5) and characteristic thickness c = (3.6
± 0.5) cm.

In double clad fibers, internal reflection of the photons is
enhanced due to the second cladding, as the photons escaping
the inner cladding can be reflected from the outer cladding re-
sulting in a higher trapping efficiency. Therefore, double clad
fibers are preferred for higher photon yield. The other advan-
tage of double clad fibers is that the outer cladding serves to
protect the inner cladding, whereas in single clad fibers, any
damage to the cladding due to mishandling or exposure to
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FIG. 6. Mean photo-electrons as function of thickness for λ = 50, 100, 150,
200 cm. Data fitted by PE = a - b× e( − x/c). Y-axis intercept a - b = (5.2
± 0.5) and c = (3.6 ± 0.5) cm.
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  Photo-electron Yield   Time Response   Uniformity

parallel matrix σ

parallel

matrix

σ

sim

data parallel

matrix

σ
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  Photo-electron Yield   Time Response   Uniformity

parallel matrix σ

parallel

matrix

σ

sim

data parallel

matrix

σ
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Groove    Fiber-length(cm)  Photo-electrons 

Parallel          900                        20.5
Matrix            900                       21.7
     σ               656                       17.9   

Summary of groove comparisons

Photo-electron yield
Groove      Experiment   Monte Carlo 
Parallel          2.7                2.0
Matrix            2.1               1.6
      σ              3.5                3.3   

RMS non-uniformity (%)

Groove                  Experiment       Monte Carlo 
Parallel                      2.5                      2.3
Matrix                       2.4                      2.3
     σ                          2.4                      2.4   

Time Response (ns)

Conclusion 
photo-electron yield is proportional to the length of fibers in the groove 
and other responses are found be independent of design.

Parallel groove design selected for final configuration 
because of ease in fabrication

30Summary of groove comparisons 
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