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Abstract

A Monte Carlo model is developed which simulates the light transport in a scintillator

surrounded by a transparent layer with different surface properties. The model is

applied to analyse the light collection properties of scintillating fibers and a large

scintillator wrapped in aluminium foil. The influence of the fiber interface

characteristics on the light yield is investigated in detail. Light output results as well

as time distributions are obtained for the large scintillator case.
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1. Introduction

The light transport is part of the problem of a particle detection by scintillators. The

light produced due to particle interactions with the scintillator material is emitted in

all directions. Only a limited fraction of it reaches the surface at which a

photomultiplier tube (PMT) or other sensor is located. The collected light, denoted as

a light yield or output, is further converted into corresponding electrical signal. The

dependence of the light yield on the location of the scintillation events characterises

the uniformity of the light collection.

The light yield and the uniformity affect the energy resolution of the scintillators. The

finite flight time of the light photons from the scintillation point to the PMT influences

the observed time response. The light collection process determines the properties of

scintillating fibers and large scintillators.

The present work was inspired by the experimental investigation of a large plastic

scintillator [1], The light propagation model developed was further considerably

improved and applied to scintillating fibers of interest [2].

2. Light transport simulation.

2.1 General principles.

The light source created in the scintillator due to energy deposition at a certain point

is considered to be isotropic and to emit randomly polarized photons.

The light propagation in the scintillator is treated on the basis of geometrical optics

principles. It is assumed that the light consists of infinitely narrow beams, called rays,

which travel in straight lines but are deflected and reflected by moving from one

medium to another.

The basic processes governing the ray behaviour are the attenuation, total internal

reflection (TIR), and Fresnel reflection and transmission. They are illustrated in Fig. 1

which shows also the notations used further in the text.



Attenuation

Ix = IQ • exp (-x/L)

I; is the ray intensity

L is the attenuation length

Total internal reflection (TIR)

z>6cr = z.s\

i is the incident angle,

0C is the critical angle,

n{ is the medium refraction index

Reflection and refraction (transmission).

Snell's law of refraction:

nx • sin (z) = n2- sin(r)

Fresnel formulas:

(i) Intensity fraction of the reflected light

R - 1 r / s i n ( z - r ) \ 2 / t an ( f - r ) \ 2 l
Fr ~ 2 L\sin(i + r ) / \tan(f + r ) / J

(ii) Intensity fraction of the transmitted light

R T = l - R F r

Fig. 1. Basic processes governing the light behaviour and notations used in the

text.



The attenuation is associated with the ray intensity loss after traversing a certain

distance in the scintillator bulk material. The loss is due to absorption into lattice

vibrations or electronic excitation and to scattering on material density fluctuations,

defects etc. The other processes mentioned above take place at the boundary of two

different media. They may result in changes of the ray direction of motion only, but

they may decrease the ray intensity due to structure related losses as well. The two

cases are denoted perfect and non perfect reflection or transmission respectively.

The theoretical task is to determine the light yield by estimating the cumulative effect

of the transport of all rays emitted at a certain point inside the scintillator.

The solution methods could be broadly classified as analytical and Monte Carlo

methods.

2.2 Analytical methods.

The efforts are directed toward deriving an analytical expression of the light output.

One of the simplest approaches is for instance to use the formula of the light fraction

conducted in one direction along the axis of a cylindrical rod [3]:

where n0 and nx are the refractive indices of the scintillator and the surrounding

medium respectively. The formula is valid when assuming that the light source is

located on the rod axis, that the perfect TIR is the only process taking place and that

the rays are crossing the rod axis between two successive reflections, i.e. no any "off

axis rays". The light yield (1) is independent of the axial position of the fluorescence

event and of the rod diameter or length.

The assumptions are similar in the square fiber piping theory [4] cited in the Bicron

fibers technical description [5],

More complicated models [6, 7] take into account the attenuation and the non perfect

reflection. The expressions obtained contain parameters like the number of reflections

undergone by the emitted rays before being collected and the total pathlength

traversed. The definition and the analytical estimation of such parameters involve



simplifications of the ray behaviour, for instance penetration in a two dimensional

plane, disregarding the ray splitting at the boundary due to Fresnel reflection,

incapability of treating a diffuse reflection etc. Other simplifications are related to the

scintillator set presentation. For instance, a large slab scintillator wrapped in

aluminized mylar is modelled as a bare slab with a surface reflectivity composed of

the scintillator surface and aluminium cover reflectivities [6].

A special attention deserves Kettenring's work [8] though it doesn't solve the problem

defined in 2.1. Monodirectional light is generated in a long slab scintillator and it

suffers attenuation and non perfect TIR. The scintillator surface properties are

investigated by comparison of analytical results with experimental ones. Reflection

coefficients are obtained for different incident angles. The values vary from near 1 to

0.95 and fall below 0.9 after certain surface treatment. The data could serve as input

parameters in other light transport models or be a basis for qualitative estimations.

2.3 Monte Carlo models.

The models are based on a detailed description of the penetration of each emitted light

ray. The ray is characterized by its intensity and the three component vector of its

direction of motion. The initial values are sampled from distributions valid for the

particular problem. Usually the direction of emission is sampled from an isotropic

distribution and a constant represents the source ray intensity. The ray wave length, if

not taken as a constant, can be sampled from the wave length distribution of the

emitted light [9].

At each intersection point of the current medium boundary with the ray path, the

physical process occurring is determined by the ray incident angle and the boundary

properties. A specular as well as a diffuse reflection can be simulated [10, 11]. A

refracted ray is subject to the same process as the original one. For instance, a

transmitted ray out of the scintillator body may suffer further reflections by the cover

and the scintillator surfaces [12].



The Monte Carlo method has considerably flexibility in handling complex geometries.

It can for instance easily be applied to geometries without symmetry [10] or to a

scintillator whose surfaces are partially polished partially painted [11].

The technique of constructing the light ray "history" reminds of the Monte Carlo

technique in particle transport. However, there is an essential difference. The physical

processes incorporated in the light ray model express the summarized result of the

individual light photon interactions with matter. The ray behaviour is determined by

the principles of the geometrical optics and not described by certain probability

distributions. Therefore, it is not correct to sample the ray flight path when simulating

the attenuation or to state that Fresnel's law gives the probability of reflection as it is

done in [9,10].

This work presents a Monte Carlo model of light transport in a scintillator surrounded

by a transparent layer whose outer surface is a transparent, absorbing or a specular

boundary. The model features and capabilities will be described when discussing its

application to light penetration in a scintillating fiber and to a large scintillator

wrapped in aluminium foil.

3. Light transport simulation in a scintillating fiber.

3.1 Description of the scintillating fiber model and of the simulation proce-
dure.

A square fiber is considered in which light with a certain wavelength is emitted

isotropically. The fiber consists of a scintillating core and an optical cladding with

refraction indices 1.60 and 1.49 respectively. The corresponding critical angles of TIR

for the core-cladding, cladding-air and core-air interfaces are 68.63°, 42.15° and 38.68°,

respectively. The above values as well as the attenuation length (Lcore = Lcl = 350 cm

or Lcore = Lcl = 220 cm) are taken from [5] and are input data for the Monte Carlo

calculations. Additionally two coefficients Rcore and Rcj are introduced to include the

possibility of non perfect reflection or transmission at the core-cladding and cladding-

air interfaces, respectively. The intensity of the reflected light after TIR is calculated by:



where Rs is the surface reflection coefficient denoting Rcore or Rcl. Rs = 1 for a

perfect TIR and Rs < 1 for non perfect reflection. In case of Fresnel reflection and

transmission the intensity of the reflected light is expressed by:

and that one of the transmitted light as follows (see also the notations in Fig. 1):

I2 = RT-Rs2-I0. (4)

Further it is assumed that Rsl = Rs2 = Rs where JRS = 1 for a perfect and Rs < 1 for

non perfect reflection. In general the values of the reflection coefficients may depend

on the incident angle [8] but here this possibility is disregarded.

A discontinuity or optical glue effects at the fiber end coupled to a PMT are neglected.

The conditions at a free end are determined by the core-air critical angle for TIR and

the reflection coefficient Rend. A Fresnel reflection and refraction is not allowed at that

surface. The fiber surfaces are described by equations in a coordinate system with

origin at the geometrical centre of the fiber.

The Monte Carlo procedure is organized as follows:

The location of the emitted light ray is either an input parameter or it is sampled by

random numbers to simulate a uniformly illuminated fiber. The polar and azimuthal

angles, 0 and §, are selected uniformly by:

cos(0) = 2 - ^ - 1 (5)

<j> = n- ( 2 - r 2 - l ) (6)

where rx and r2 are random numbers. Then the unit vector of the direction of motion is

obtained by:

u0 = sin9cos(j) • i + sinQsinc)) • j + cos6 • k. (7)

An intensity value (weight factor), IQ = 1, is assigned to the source ray and the

specification of its initial state is completed. The ray trajectory is constructed as a series

of successive intersections of the ray path with the fiber surfaces. The calculation of the

components of the new direction vector is a geometrical problem only. Therefore, the

light intensity treatment will be considered below.



Kew = hid

The intensity loss due to attenuation is obtained by the distance between two

successive intersection points, x, and the attenuation length:

(8)

The other physical processes occurring at a certain surface are determined by the ray

incident angle calculated. In case of TIR, the intensity is updated as:

Rs (9)

If a Fresnel reflection and refraction takes place at the core-cladding interface, the light

transmitted to the cladding may suffer multiple TIR from the cladding air surface

being part by part transmitted back to the core (Fig. 2). The primary light ray splits into

several parallel rays that continue to penetrate through the core. Their displacement,

less than 0.16 mm, is negligible compared to the fiber length and is not taken into

account.

Fig. 2. Light ray splitting due to Fresnel reflection and refraction at the core-

cladding interface and TJR at the cladding-air interface.



The sum of their intensities giving the new intensity is approximated by:

( 2 1

H = O J

The case of a Fresnel reflection and refraction at both core-cladding and cladding air

interfaces is treated in a similar manner. The light transmitted into the air is lost. The

new intensity is calculated by:

new ~ old 1 Fr

where RFr is the fraction of the Fresnel reflected light at the cladding-air boundary.

Reflections of order higher than four are neglected.

The collected light is estimated as a sum of the intensity contributions of all rays scored

at the fiber end coupled to the PMT, normalized to the source intensity. The flow chart

of the Monte Carlo code is shown on Fig. 3.

3.2 Light output of scintillating fibers - Monte Carlo results and discussion.

Most of the calculations are performed for square fibers with a side size 0.5 mm and

lengths up to 50 cm and for attenuation length 350 cm. The calculations for 1 mm fibers

and for attenuation length 220 cm aim at studying the influence of the size and

attenuation parameters on the light yield. The effect of the interface properties on the

light output is investigated by assuming different values of the reflection coefficients

Rcore, Rci and Rend. The light output of a fiber with a blackened cladding (Rcl = 0) is

called core light. Core+cladding light denotes the light output of a fiber with uncoated

cladding.

First the basic case (fiber side 0.5 mm, attenuation length 350 cm) will be considered

for which back reflections are eliminated, i. e. Rend = 0. The fiber free end is either

rough cut and blackened or coupled to another PMT whose response is disregarded.

Fig. 4 shows the light collection uniformity for scintillating fibers with interfaces at

which a perfect reflection and/or transmission occur. The core output, i. e.



Start
Initial location,
intensity and
direction

Core cross:
cross point location,
incident angle, path
Intensity update due
to attenuation F(8)

Direction
update

no

RFr core-clad
incident angle at cl-air

yes

no

Rprclad-air

Intensity
update F(9)

Intensity
update F(9)

Intensity
update F(10)

Intensity
update FCll)

Fig. 3. Flow chart diagram of the Monte Carlo code developed. F(N) denotes

formula N in the text.



Rcore = 1 and Rcl = 0, is about 4% and depends weakly on the distance between the

scintillation event and the PMT. The yield becomes much higher for a fiber without

coating, i. e. Rcore = 1 and Rci = 1. The values are close to the response of a fiber core

surrounded by air - 'bare core'. The latter remains higher because the core-air critical

angle is smaller than that one of the cladding-air interface which allows a larger light

fraction to suffer TIR.

30-

2 5 -

^ 2 0 -
CD

•+->
O

=

8 15-
CD

.1
O
o

1 0 -

5 -

0-

Perfect Scintillating Fiber

i i i i i i i i i

bare core

core+cladding light

core light

i i i i I i I i i
0 5 10 15 20 25 30 35 40 45 50

Distance to the PMT [cm]

Fig. 4. Light output of scintillating fibers with perfect interfaces. 'Core light'

denotes the case of a blackened fiber, R = 1,
core

and R
end

'Core+cladding light' denotes the case of uncoated cladding, Rcore = 1, Rci = 1

and R > = 0. 'Bare core' corresponds to a perfect core surrounded by air.
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The light output for a blackened fiber when assuming different intensity losses at the

core-cladding interface is shown in Fig. 5. The data are fitted to an exponential

function:

V = Vo • exP (-d^Leff) (12)

The expression is similar to that of the attenuation law. However, here d denotes the

light source distance to the PMT and not the ray path and L£« is a fitting parameter,

not a material characteristic. For a perfect interface Lg« = 333 cm is obtained which is

close to the attenuation length. The parameter value decreases rapidly if reflection

losses are included, Lg«= 28.5 and 17.5 cm for Rcore = 0.995 and 0.99, respectively.

The imperfection of the core-cladding interface affects not only the core light output

but also the light contribution transmitted to the cladding even if the outer cladding

surface is perfect. Fig. 6 shows the light uniformity for Rcl = 1 and the same core-

cladding losses as in Fig. 5. The output decreases rapidly in the initial region and then

approaches the corresponding core light level slowly. The reduction in the first region

is faster for larger reflection loss.

The light unii'rmity behaviour is similar in the case of a perfect core-cladding

interface and reflection losses at the outer boundary of the cladding (see Fig. 7).

Fig. 8 illustrates that the non perfect conditions at the core-cladding interface (Rcore =

0.995) cause a faster output decrease than the same conditions (Rci = 0.995) at the

cladding-air surface. The effect of intensity losses at both interfaces (Rcore = 0.995 and

Rcl = 0.995) is also shown in the figure.

In general the light collection curves presented for non perfect scintillating fibers

match the light yield behaviour from measurements [13,14,15]. The authors cited are

reporting fiber attenuation lengths for short and long distances. In fact such data are

fitting parameters in exponential formulas like (12) by which the experimental data

are approximated. The results here demonstrate that the shape of the light collection

curves is a sensitive function of the fiber interface conditions. The influence of the

attenuation length value on the output is much less pronounced. This is shown in Fig.9

in the case of a perfect fiber.
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i
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Fig. 5. Light output of a blackened fiber (Rcl = 0) and with different reflection

coefficients Rcore of the core-cladding interface.

Perfect cladding

2 0 -
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-V-.. , „

0
i
5 10 15 20 25 30 35 40 45 50

Distance to the PMT [cm]

Fig. 6. Light output of an uncoated fiber with a perfect cladding-air

interface(Rd = 1) and core- cladding coefficients, Rcore, as in Fig. 5.
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Fig. 7. Light output of a fiber with a perfect core-cladding interface (Rcore = 1)

and different cladding-air reflection coefficients Rcl.
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Fig. 8. Light output of a fiber with different reflection coefficients Rcore and Rd.
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Attenuation length effects. Perfect fiber.
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AT = 220 cm

core light
AT = 350 cm

AT = 220 cm

0 5
i I i l I l I l
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Distance to the PMT [cm]

Fig. 9. Light output of a perfect uncoated fiber (core+clad. light) and a perfect

blackened fiber (core light) with different attenuation lengths.

The light yield for fibers with a different size was also calculated first for a blackened

fiber. It is seen in Fig. 10 that the side dimension does not affect the output if the core-

cladding interface is perfect. Otherwise the wider fiber has a larger light collection for

equal interface properties. The result is easily predictable since the light penetrating a

narrow fiber suffers a larger number of reflections. Fig. 11 corresponds to fibers

without black coating for a perfect core and an imperfect outer boundary of the

cladding and vice versa.
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Fig. 10. Light output for blackened fibers with different side sizes and different

core-cladding coefficients Rcore •
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Fig. 11. Light output for uncoated fibers with different side sizes and interface

reflection coefficients.
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Up to here the fiber length was not mentioned explicitly because the back reflections

were eliminated, i.e. Rend = 0 as assumed above. According to the calculations, the

light yield is not sensitive to a particular length in this case. The collection uniformity

for a fiber shorter than 50 cm can be obtained from the figures presented by

disregarding the values for distances exceeding the fiber length. It was found also that

the free end properties (Reud = 1 or 0) do not affect the core light and do not change

the output of a blackened fiber.

An end surface with Rend = 1 increases significantly the fraction of collected light in

a perfect uncoated fiber (see Fig. 12a). In this case the yield depends on the fiber length

and is larger for shorter fibers. However, the inclusion of reflection losses at the

cladding-air and especially at the core-cladding interfaces eliminates the differences

(see Fig. 12b and 12c). The output curves tend to follow the corresponding ones for

Reni = °-

50-

r-,45-
I

40-

Ö
M

35-

30-

25-

I20-oo

10-

Perfect fiber, end surface effect

i i i i i i i i

Rend=1, fiber length:
10 cm

20 cm

Rcore=1; Rcl=1

50 cm

Rend=0

0
I
5

i
10

i

15
i

20
i

25
i

30
i

35
i

40
i

45 50

Distance to the PMT [cm]

Fig. 12. Light output of fibers with different lengths with a perfect end surface

(Rend = I), (a) perfect core-cladding and cladding-air interfaces
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Fig. 12 (c) non perfect core-cladding interfaces and perfect cladding air

interfaces.
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The correct simulation of the light source parameters is important when comparing

theoretical and experimental results. Space and/or intensity distributions need to be

taken into account if the assumption of a point source creation is not sufficient. Let us

consider, for instance, a fiber uniformly illuminated due to particle interactions. Fig.

13 shows the collected light fraction for 5 to 20 cm long fibers with different interface

properties. The collection in shorter fibers is seen to be more efficient. It is interesting

to notice that the output of a uniformly illuminated fiber with a length X, is close to the

output from a point source at distance X/2 to the PMT.

The case above is very simple. Usually the light sources produced do not have equal

intensities and uniform distribution over the scintillator volume. The problem of

simulation of particle interactions and energy deposition is not treated in this work.
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Fig. 13. Light output of uniformly illuminated fibers with different lengths and

different interface properties.
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4. Light transport simulation in a large scintillator.

4.1 Description of the scintillator and the theoretical assumptions.

A large scintiilator type BC 408 has been investigated experimentally [14]. It was

wrapped in aluminium foil so that there was an air gap between. Details of the

scintillator set are shown in Fig. 14. The light collection properties were tested by

allowing uncollimated gamma rays to strike the scintillator at a certain distance from

the PMT along the centre and the top line on the surface of the scintillator. The PMT

response as a function of the distance was measured. The curves obtained did not

decrease monotonously as expected, rather they showed a complicated behaviour (see

the experimental data in Fig. 15).

top

PMT' centreline

\
10

10
20

'air gap

scintillator

60

Alcover

Fig. 14. The large scintillator set. All dimensions are in [cm].
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Monte Carlo calculations were performed to clarify the experimental results.The

model applied represents the scintillator set as a main scintillator body surrounded by

an air layer whose outer boundary is defined by the aluminium cover properties.

The energy deposition due to gamma ray interactions with the scintillator is assumed

to occur at one point only (at the centre of the composite scintillations). The emitted

light rays suffer attenuation, perfect TIR and Fresnel reflection at the scintillator-air

boundary and a specular reflection at the air outer boundary. Multiple reflections at

the last surface are disregarded. In the simulation track is kept of the ray penetration

time from the point of scintillation to the PMT. It is assumed that luminescent states

ai>T formed instantaneously and the scintillation is prompt. The light velocity

corresponding to the refraction index 1.58 is 18.97 cm/ns.

The light output is estimated by summing the intensities of the scored rays as

described in 3.1. The PMT response is assumed to be proportional to the light output.

In addition the time distribution of the rays arriving at the end surface is obtained.

4.2 Results and discussion.

Calculations have been performed for an attenuation length equal to 380 cm and

different cover reflection coefficients Rc. The results for Rc= 0.9 reproduce the

experimental data with least deviation. The experimental and theoretical curves for

the top and centre lines are compared in Fig. 15. It was found that reflections from the

scintillator oblique surfaces far from the PMT cause the light output to increase at large

distances from the PMT. The effect tends to disappear when approaching a

rectangular scintillator shape.

The back reflections influence also the scintillator time characteristics. Fig. 16 shows

the time distribution of the scored light rays for different source locations. The origin

of the time axis corresponds to the light emission time. The rays emitted toward the

PMT have shorter penetration distances and produce the first impulse. The delay of

the rest of the light depends on its path length to the back reflecting surfaces.

20



100

Large scintillator case
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Fig. 15. Light output of the large scintillator.

5. Conclusion.

The light transport model developed has been applied successfully to analyse the light

collection properties of scintillating fibers and a large scintillator wrapped in

aluminium foil. The calculations performed demonstrate how the properties of the

different fiber surfaces affect the light yield. They may serve as a qualitative analysis

since the interface input characteristics act here as examples. In a particular case the

core-cladding coefficient can be estimated by approaching experimental data with a

blackened fiber. Then other measurements with an uncoated fiber can be used to

approximate Rcl and Rend. Reflection coefficients from the literature (like those in [8])

might be also incorporated in the model.
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