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RINGKASAN: Kertas kerja ini membincangkan tentang model matematik dan cara 

pengubahsuaian hujung gentian optik untuk digunakan di dalam proses tomografi gentian 

optik. Ukuran jejari yang optima juga dibincangkan di mana ianya akan menghasilkan 

kualiti cahaya yang baik dengan menggunakan teknik "light stop" dan "aperture stop". 

ABSTRACT: The paper describes the mathematical modelling, computation and 

manufacture relating to the process of preparation of fibre optic sensors for use in 

process tomography. The optimum radius for a specific application is determined. Fibres 

are produced with this radius and their characteristics in the form of a polar emission 

plot determined experimentally. The improvements in beam quality obtained using a light 

stop and an aperture stop with the fibre is presented. A novel technique has been 

designed to produce optical lenses on plastic optical fibres. The production system 

enables accurate control of the lens power and ensures the optical fibres and the lens 

share a common principal axis. 
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INTRODUCTION 

Process tomography is a non-intrusive technique for imaging of material concentration 

distribution, velocity distribution, thermal distribution and other physical properties in processes. 

Instead of giving an "average reading" as in normal instrumentation, process tomography 

gives cross-sections of process parameters. By obtaining more detailed and spatially accurate 

data, process tomography will lead to better understanding and better control of processes, 

reduced costs and waste and increased profits. 

Optical tomography involves projecting a beam of light through some medium from one 

boundary point and detecting the level of light received at another boundary point this single 

beam is termed a view. Several beams of light are used in parallel to produce one projection. 

This procedure provides information from which a profile of the flow can be gained. In 

practice several projections are required to minimise aliasing that occurs when two particles 

intercept the same view. For mixtures of transparent fluids and small volume fractions, 

typically 5%, of opaque solids low-cost optical sensors merit investigation over electrical 

impedance and X-ray tomography techniques. 

FIBRE OPTIC TERMINATING TECHNIQUE 

In using optical fibre as a sensor, it is very important that attention is paid to the way both 

ends are terminated. This termination effects the emission angle of the emitted light. The 

following section presents the computation for the behaviour of the incident rays and emitted 

rays for three methods of termination which are ; flat-ended fibre model, combination flat 

ended fibre model and lens-lens ended fibre model. The calculations are based on multimode 

plastic fibre EH4001 of 1 mm diameter (overall diameter is 2.3 mm). 

Flat ended fibre model 

The flat ended fibre model can be represented as shown in Figure 1. The major interest here _ 

is to determine the emission angle, denoted as ~ which provides the worst case when the output 

beam is diverging. A large divergent beam is undesirable, because it will reduce the penetration 

power and cause overlapping of the transmitted beams from adjacent emitters at the receivers. 

The modelling process involves computation of divergence angle, ~. for several possible 

worst case conditions. For simplicity, it is assumed that the cladding fibre is thin compared 

to the central fibre and therefore is ignored in the modelling. However, it is due to the cladding 

material, with lower refraction index (Goff 1996), that total internal refleqtion (TIR) occurs 

inside the fibre. TIR is the most important feature in fibre optics because it minimises 

transmission loss (Mahlke & Gassing 1987). 
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Incident ray at fibre 
axis 

Air 
no =1.0 

Fibre Cladding, n2 =1.417 

~ 

Figure 1. Flat ended model 

Emergent rays 

Air 
no=1.0 

When the incomi.ng ray falls on the flat surface of the fibre at an incident angle 0;, it is 
refracted towards the normal at the point of incidence at an angle 0,, according to Snell's law: 

n1sin 0, = nosin 0; (1) 

Since the refractive index of air is 1.000, 0, becomes 

( 
sin 8;) e, = sin·1 -n-1 - (2) 

Within the fibre, the refracted ray incident to the wall of the fibre will be continuously reflected, 
due to TIR, along the fibre until it reaches the other end of the fibre. To ensure total internal 
reflection, 0; must be limited to the value of the acceptance angle {or the inverse sine of 
the numerical aperture), 0max, of the fibre as prescribed by the manufacturer. This angle can 
be computed from, {Walker 1995). 

0 ' -1 {-' 2 2) max = Sill ·',/ Il1 - Il2 (3) 

where 

n1 = refractive index of the core material of the fibre 
n1 = refractive index of the cladding material of the fibre 
Combining (1) and (3) the diverging angle, ~. in figure 1 is given by: 

1.0 sin ~ = n1 sin0, (4) 

Comparing equation (4) and equation (3), the angle of the emergent ray takes the same 
value as the angle of the incident ray {i.e. ~ = 0;). 

Thus for flat ended fibres, the divergent angle of the emergent beams can be reduced by 
restricting the light source for the incoming ray to a narrow angle which must be smaller 
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than the acceptance angle. This however is not easy to implement because most practical 

light sources, other than the laser, radiate in several directions (Dugdale 1994). 

Combination of flat-lens ended fibre model 

In the second model, one end of the fibre is cut flat and then moulded to a curve of known 

radius using a hot platform to produce a lens at the tip of the fibre. This lens reduces the 

divergence angle of the output beam. 

A similar analysis to that used in flat ended fibre model is carried out to determine the 

relationship between the emergent angle, 0o, and the angle of incident of the input ray as 

shown in Figure 2. 

Air 
no=l.O 

Nonna! Incident line 

tangent line 

Figure 2. Combination of piano-convex lens fibre model 

The first refraction results in a refracted angle 0,. This is the largest angle that ensures the 

beam is totally internally reflected along the fibre. Under these conditions the critical angle 

is (90-0,) shown as 0c. At point B, the reflected angle is 0c. The equation for the angle 

between the horizontal and the emergent ray, 0o, termed the divergence angle at point C 

is computed as follows: 

0, = <I> - a. 
0o = <j, - ~ 

(5) 

Assuming the radius of curvature of the lens surface is R, and the fibre's radius is h (0.5 mm 

in the current investigation) then 

<j, = sin-1 ( - 1- ) 
2R 

Solving for ~ yields: 

~ = sin-1 (n1 sin (<!> - 0,) 

(6) 

(7) 

Hence, combining equations (1 ), (5), (6) and (7) yields the following relationship for the 

divergence angle, 
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(8) 

Comparing this equation with the flat ended model the divergence angle will not equal the 
incoming incident angle but depends on the radius of the lens. It also implies that, within 
limits, the smaller the radius, the smaller the divergence angle becomes. The experimental 
results of this modelling will be discussed later. 

Lens-lens ended fibre model 

The third model is shown in Figure 3 and is a further modification of the second model, where 
the input end of the fibre possesses a spherical lens. Modelling of this fibre is more complex, 
because in this case there are three aspects that require investigation; 

1. Acceptance angle 
2. Transmission power 
3. Divergence angle 

If the lens at the input end increase the acceptance angle of the incoming ray, this will 
increase the transmission power of the output ray and at the same time reducing the 
divergence angle of the output beam. 

Incoming Normal Line 
ray, L 1 

' ~--- -- .... ~i~:\ /''~_,/' 

no=1.0 

Cladding, n2 =1.417 

~ 

Normal line 
i Emitting ray 

tangent Ii~~- / J/ e~ ,.-

e, -.i. h :-\ Fil 
,---~--~·'_' ·L ~ bre Axis 

,/"·" I 

//<p.6 / 
, no=1.0 

Figure 3. Biconvex lens model 

For simplicity of modelling, the radius of curvature of both ends is assumed to have the same 
value. The output end of the fibre is the same as that of the second model, therefore the 
equation for the output beam divergence angle is the same as that of equation (5) with the 
exception that the refracted angle of the output ray, p, must be modified due to changes 
in the computation of the refracted angle of the input ray, 0,. When considering the worst 
case, that is if the input ray is incident at the edge of the fibre, as shown by L 1 in Figure 3, 
the angle of incidence at the second (output) surface is equal to the angle of refraction at 
the first surface by symmetry. Hence 00 = ei. This shows that a fibre lensed at both ends 
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should have a wider acceptance angle for the incident model, which infers more power being 

transmitted from the normal light source (non-collimated source). 

Ideal fibre exit radius 

The effect of fibre exit radius on the divergence angle is now .considered. The general 

relationship between divergence angle, 00 , and tip radius r is: 

(9) 

where h = 0.5 mm and eimax = 28°. Hence, 28°is the acceptance angle of the fibre. Figure 4 

shows the variation in 00 for a range of tip radii. 

0.4 ~-~-~--~-~-~ .,40 .541.,60 

O.l 
40 

lO 

.. o.,o~~~-~-~-~-~-~ 
0 

0.549 0.549 0.549 0.549 0.549 ,0.5, 'i .,u. 

'i 

(a) r small (b) r large 

Figure 4. Graph of divergence angle, P; , for various radii, r, of the fibre's tip 

The graph shows zero divergence angle when the tip radius is 0.54882 mm. This suggests 

the ideal radius is 0.54882 mm. However, a ball bearing of this diameter has not been located 

to date. Figure 4b shows that the as the radius increases (the tip become flat ended) the 

divergence angle increases up to 44.5° in agreement with manufacturer's data. 

BEAM COLLIMATION USING A LIGHT STOP AND APERTURE STOP 

The light stop and aperture stop are mechanical devices designed to regulate the spread 

of light from the fibre as it passes through the pipe and to minimise the portion of the beam 

spreading to adjacent receiver fibres (Abdul Rahim 1996) and are shown in figure 5. It is 

much cheaper to use this method rather than use collimator/focusers which are available 

in the market. The physical aperture limits the angle subtended by the beam:at the receiving 
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fibre, however a very small hole limits the energy transmitted across the pipe and also 
introduces diffraction factors which may complicate the response of the system (Luxmoore 
1983). Moving the aperture away from the end of the fibre also reduces the beam angle, 
permitting a larger hole diameter and reducing diffraction problems. 

The physical realisation of the light stop and the aperture stop is implemeted by inserting 
the end of transmitter fibre into a plastic block with a small tube in the middle and a much 
smaller opening at the end. This technique plus the pattern of the outgoing light beam is 
illustrated in Figure 5. The diameter of the tube is chosen to be a sliding fit on the sheath 
of the fibre, because this provides mechanical support for the fibre. There remain two 
variables relating to the beam spread:- the aperture and the separation between aperture 
and fibre, x. The aperture was fixed at 1.5 mm diameter, in order to simplify the manufacture 
of the optical system. The remaining variable to be investigated is x. The pipe has diameter, 
L, the transmitter to receiver fibre separation is 80 mm and the distance between the receiver 
fibres is 4.5 mm. The design requirement is to limit the beam spread to 9 mm (4.5 mm either 
side of the optical axis of the receiver). The aperture stop position can be varied between 
10 to 30 mm from the end of the transmitter fibre. 

Light Stop 

Three adjacent 
receiver fibre 

~ <~- --- P~: :i:::er-~ 1 J .-----~~~~~?s -~ 4 5 mm 
,j__------- ,.,_.. .. "f . ml -- ~ ~-~----~"\' -------c\-

Transmitter } 
fibre 

mm 
Aperture Stop 

1.5 mm 

Figure 5. Block diagram of the aperture stop design and application 

Assuming the aperture, 1.5 mm diameter, is placed 80 mm from the receiving fibre, the 
· maximum beam divergence angle is em as shown in Figure 6. From the diagram 

tan em = 3.75 = 0.75 = 0.5 
80 b a 

whence 

a = 10.7 mm 
b = 16 mm 
therefore, the distance between the fibre tip and aperture is 

x = a + b = 26. 7 mm 

15 

(10) 



Ruzairi Abdul Rahim, N. Ramli, A.G. Green, K. Evans and B. Naylor 

Thus if x is 26.7 mm or greater there will be no interference between adjacent fibres. The 

experimental results of this modelling are discussed later. 

Transmitter 
fibre 

Aperture 
Stop I.5 mm 

dia. 

'+--- x 

Pipe diameter 

+---L~80mm ---+ 

Figure 6. The effect of using an aperture stop 

PRODUCTION OF THE FIBRES 

Preparation of the optical fibre 

Adj acent 
receiver fibre 

The requirement to produce a large number of optical fibres for tomographic measurement 

(typically 32 pairs, 64 fibres) with the same performance is achieved by a series of controlled, 

repeatable steps. To generate high resolution tomographic images, a large number of optical 

fibres are needed (Abdul Rahim, 1996). The fibres are polished flat and then melted on a 

hot c_urved platform to give a lens shape. In order to achieve identical characteristics for 

all fibres, the fibres have to undergo a standardised preparation procedure i.e polishing and 

lens constructions. Details of the processes are now described. 

Polishing 

The diameter of the fibre, which is about 2.3 mm including the plastic sheath, and the physical 

nature of plastic, which is easily bent, permit the fibre to bend during the polishing, resulting 

in non-uniform sets of polished fibres. To overcome this problem, a fixture constructed of . 

aluminium blocks approximately three inches high, with 20 holes that just fit the fibres, as 

shown in Figure 7, is used. The block enables up to ten fibres, twenty terminations, to be 

polished at the same time. 

The cut, but unstripped, fibres are inserted into the holes in the block until about 3-4 mm 

of the ends extend from the bottom of the block. The fibres are securely clamped into place 

using a thin, removable aluminium clamping plate and silicon glue. The glue is applied to 
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each fibre and stands inside the aluminium block. Tightening the top plate compresses the 
glue into the countersink in the block, forming a wedge to securely anchor the fibre in place. 
The polishing proceeds in stages starting with rough emery paper of 300 grit on the rotating 
polisher in steps up to a fine 1200 grit polishing surface. The polishing is done until the fibres 
are almost level with the bottom surface of the block. The fibres are then cleaned with 
industrial spirit and dried ready for a final series of polishing using diamond paste. A final 
wash readies the fibres for the melting process. 

p 
fi 
las tic 
1bres 

Silicon g Jue 

Lens making process 

~ 

Cl . 
• !'..! " , ' '; 

7 
, 

. 
• 

removable 
luminum block 

with fibre's slots 1:· . ,,:v fi xed aluminum 
block with holes 

for fibres 

• 
• 

I r Emery paper of 
1200 grit 

Figure 7. Fibre optic polishing block 

The polished, flat ended fibre has 3 mm of the outer sheath stripped from each end. All the 
fibre ends are treated separately using the lensing jig. The block diagram of the lens forming 

· tool is shown in figure 8. 

This tool ensures the optical axis of the fibre is aligned with the optical axis of the lens. The 
tool also controls the movement of the fibre as the plastic melts, ensuring close similarity 
in size and shape of the plastic lenses. The fibre is clamped into the sliding guide with 3 mm 
of fibre protruding downwards. The sliding guide has an adjustable stop that limits the length 
of fibre tip that is melted, controlling the diameter of the finished lens. The plastic is melted 

_ using a spherical lens shaped mould mounted in the heating fixture. Both the mould and 
the heating are now described in more detail. 

- The lens mould is made using the heating fixture as a guide to ensure axial alignment of 
the lens and fibre. A steel ball bearing is held in a special sliding guide which locates the 
ball coaxially with the required optical axis of the fibre. A polished, 20 mm diameter, thin 
aluminium disc is rigidly clamped to the top surface of the heater block. The ball bea~ing 
is pressed a controlled distance into the disc, forming an indentation which is part of the 
surface of a sphere. The ball and special sliding guide are removed without disturbing the 
disc. The system is ready for heating to produce a lens. If required, the aluminium disc can 
be discarded and replaced, enabling a range of curvatures to be produced, dependent upon 
the diameters of steel ball bearing available. 
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The heating platform uses a feedback control loop to maintain the block temperature within 

± 0.4°C of the set value. The block temperature can be controlled over the temperature range 

90 to 150°C, using a MOSFET to switch a 24V de supply to the heating element. Temperature 

feedback is provided by a NTC thermistor. 
fibre optic cable 

Sliding guide / 

~ fibre optic holder 

Heat 
resistance 
material 

Heated 
platform 

r Tern perature 
sensor 

+--- controller +---~--~ 
Lens 

mould 

.__,,___,..........-~ 

set 
temperature 

Figure 8. Fibre optic lens making process 

This lensing process is applied to the polished fibres as required. The finished fibres are 

then calibrated for alignment of the fibre and lens and for the beam divergence. 

Measuring emission pattern 

The purpose of this measurement is to check the performance of each fibre to ensure that 

they have similar optical responses as well as to investigate the emission angle of the optical 

beam. The latter is important to maximise the power in the centre of the beam. The 

instruments designed to perform the task are now described. 

Instrumentation for measurement of emission pattern 

The optical output forms a three dimensional cone with the peak intensity along the lens 

axis. Hence, to investigate the emission pattern, the measuring equipment must be able to 

measure optical intensity over a range of vertical and horizontal angles. The following tool 

(figure 9) is designed to do the necessary measurement. There are two protractors, one is 

positioned flat on the measuring platform and is used to measure horizontal beams, while 

the other one is positioned vertically to give a measurement of the axial orientation of the 

optical fibre . The optical intensity of the beam is measured by the opto-electronic circuit as 

shown in Figure 10. 
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protractor-2 

protractor-I 
measuring 

horizontal angle 

b. Side view 

Figure 9. Equipment for measuring the three dimensional emission pattern 

Photodiodc 
QSD5T 

optical _..,...., _. 
beam from .,- ~ · 

fibre 

+12V 

-12V 

Intensity 
A3(V) 

Figure 10. The electronic circuit for beam intensity determination 

The angular positions indicated by the protractors are available in electrical form so that a 
data acquisition system can be used to log information for analysis. 

· Measurement of the effect of the aperture stop 

The experimental arrangement shown in Figure 11 is used to verify the performance of the 
light stop. All the components, except the light source and the current-to-voltage converter, 
are positioned on an optical bench to ensure the transmitter fibre and the receiver fibre are 
properly aligned along their optical axes. The experiments are carried out in a dark room 
to minimise stray lighting. 

19 



Ruzairi Abdul Rahim, N. Ramli, R.G. Green, K. Evans and B. Naylor 

Vdc = 12V Light 
Source 

Component place on optical 
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j Aperture Stop, j ~ 
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Transmitter j I : PIN 

Fibre : 
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. . ................................................ ------------~ 

Current-to-Voltage 

Converter 

Figure 11. Experimental set-up to measure beam divergence 
(spreading effect to adjacent receivers) 

OPTICAL FIBRE EMISSION PATTERN 

Vi (Volt) 

Two types of test were carried out on the completed fibres. The first measured the eccentricities 

of the fibre and the optical axis of the transmitted beam. The second investigated the 

relationship between emission angle and the luminous intensity of the different fibres. 

Fibre eccentricity 

The fibre was clamped in the three dimensional emission pattern fixture (TDEPF) with the 

horizontal emission protractor angle set to 90°, corresponding to axial transmission. The 

optical intensity was measured. The test was repeated as the optical fibre was rotated 

through 360°. The results are shown in Figure 12. The results show the optical intensity 

remains almost constant as the fibre orientation varies, which indicates that the terminated, 

treated fibre end is normal to the optical axis of the fibre. 

Two dimensional polar diagram of fibre light output intensity 

For these tests the orientation of the fibre was kept constant. The horizontal direction of the 

beam was varied and the intensity measured. The graph in Figure 13 shows the emission 

patterns of four different fibres for horizontal angles varying from 20° to 160°. The notation 

assigned to each fibre relates to the termination techniques applied to them. PP has the . 

flat polished fibre at each end. M11 are melted fibres with radius R1 (equal 1.59 mm) on 

each end. M22 are melted fibres with radius R2 (equal 1.98 mm). M33 are melted fibres 

with radius R3 (equal 3.17 mm). M44 are melted fibres with radius R4 (equal 4.76 mm). 

The light source for each fibre remains constant throughout the experiments. The resultant 

curves show that for all cases, the peak intensity lies near 90° (in agreement with fibre 

eccentricity result). However, it also shows that fibre M33 transmits the highest optical power 

compared to the others. For this reason, it is decided that fibre M33 is suitable for the rest 

of the experiments. 
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The comparison in optical intensity between the fibres at 35 mm separation is highlighted 
in Figure 14. These results show that fibre M33 has the highest optical intensity of the fibres 
tested and the polished flat fibre, PP, has the lowest performance. These results justify the 
need to lens the fibres for better performance. 

5.0 ~-----------------~ 
4.5 

E 4.o 
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fi: l.0 

0.5 

0.0 +----+---+---~------+----< 
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Vertical Emission Angle, A2(V) 

Figure 12. Emission pattern measured vertically (fibres rotated 36(JJ) 

8.0 ~-----------------------~ 

7.0 · 

6 .0 .. 
~ 5.0 

M 

" f 4.0 

:!! 3.0 

2.0 

1.0 

20 40 60 80 100 120 140 160 

Horizontal emission angle (degree) 

Figure 13. Emission pattern measured horizontally (fibres moved axially) 

Tx-Rx separation distance is 35mm 
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Figure 14. Optical attenuation characteristic of different fibres 

21 



Ruzairi Abdul Rahim, N. Ramli, R.G. Green, K. Evans and B. Naylor 

The effect of light stop and aperture stop 

For these tests the experimental arrangement shown in Figure 11 is used. The improvement 

in reducing the beam's divergence by adding the light stop and the aperture stop is shown 

in Figures 15 and 16. Results for the unstopped beam are shown in Figure 15, with a beam 

divergence of approximately 7.5 mm at the half power point. This is not acceptable because 

the spacing between adjacent fibre is 4.5 mm and the result indicates that the beam will 

overflow to the adjacent receivers. Figure 16 shows that the beam divergence has been 

reduced to 2.5 mm at the half power point after the implementation of the light stop and 

aperture stop. The reduction in the maximum optical power for either system is not too 

significant because there is sufficient energy to fully drive the receiving PIN photodiode. 
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Figure 15. Output beam's divergence without the light and aperture stop 
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Figure 16. Output beam's divergence when using the light and aperture stop 

Discussions 

A novel technique has been designed to produce optical lenses on plastic optical fibres. The 

production system enables accurate control of the lens power and ensures the optical fibres 

and the lens share a common principal axis. 

A model of the optical fibre has been developed which includes fibres with plane terminations, 

lensed terminations or a combination of each. 
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The lens on the fibre is acceptably concentric with the axis of the fibre and the lenses help 
to collimate the beam. Further work is required to optimise the lens curvature. 

In summary, the lens on the input of the fibre is useful when the light source is uncollimated; 

it enables more energy to enter the fibre by increasing its effective numerical aperture. The 
lens on the exit surface of the fibre is very important in maximising the energy transmitted 
via a reasonably collimated beam. 
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