
ENHANCEMENT OF TURBIDIMETER PERFORMANCE 

WITH OPTICAL FIBER, GRIN LENSES, AND DIODE LASERS 

Berthold Heinrich Habicher 

A thesis 

presented to the University of Waterloo 

in fulfilment of the 

thesis requirement for the degree of 

Master of Applied Science 

in 

Mechanical Engineering 

Waterloo, Ontario, Canada, 1996 

@(Berthold Heinrich Habic her) 1996 



National Library 1*1 ofCanada 
BibliothLtque nationale 
du Canada 

Acquisitions and Acquisitions et 
Bibliographic Sewices sewices bibliographiques 
395 WelIingfm Street 395. rue WeOingtort 
OrtawaON K I A W  OrtawaON K1AONQ 
Canada Canada 

The author has granted a non- 
exclusive licence allowing the 
National h i  of Canada to 
reproduce, loan, distn'bute or sell 
copies of his/her thesis by any meaas 
and in any form or format, making 
this thesis available to interested 
persons. 

The author retains ownership of the 
copyright in hismer thesis. Neither 
the thesis nor substantial extracts 
&om it may be printed or otherwise 
reproduced with the author's 
permission- 

L'auteur a accord6 m e  licence non 
exclusive pennettant a la 
Biblioth&pe dollale du Canada de 
reproduire, pdter, distribuer ou 
vendre des copies de sa t h b  de 

fonne qye ce soit pour mettre des 
exemplaires de cette th&e a la 
disposition des persomes int6ress6es. 

L'auteur consewe la propriete du 
Qoit d'autem qui prot&ge sa Wse. Ni 
la these ni &s extraits substantiels de 
celle-ci ne doivent &re imprimes ou 
autrement IqKoduits sans son 
autorisation. 



Borrower's page 

The University of Waterloo requires the signam of alI  persons using or photocopying 

this thesis. Please sign below, and give address and date. 

iii 



Abstract 

A commercial turbidimeter, the Cfaritek Model SM8830 was updated by the 

utilization of more modem electro-optical components. Various diode lasers were tested 

as incident l i g t  sources with and without fiber optic colIimators. These sources were 

tested in combination with phototransistor, photodiode and a light intensity-to-frequency 

converter integrated circuit detectors. The integrated circuit detector and photodiode were 

tested with and without a multiple fiber light guide. Testing consisted of correlating the 

detector response to an incrementally changing concentra don of diatomaceous earth slurry. 

Results are presented as graphs of detector response vs. sluny concentration. The best 

performance was realized with a 10 mW diode laser fitted with a muldmode fiber 

collimator in combination with the light intensity-to-frequency converter LC. fitted with 

a multiple fiber light guide. These component subassemblies were used in constructing 

a prototype sensing head suitable for adaptation to the model SM8830 suspended solids 

monitor. 
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CHAPTER 1 

Introduction 

The current climate of environmental awareness has resulted in an unprecedented demand 

for instrumentation to monitor the performance of pollution control equipment. 

Turbidimeters and nephelometers have often been used to quantify the behaviour of 

sewage treatment plants and other clarifying operations. To satisfy this demand, Claritek 

Instrument Co. was established to develop and manufacture an optical suspended solids 

measuring device, the Claritek monitor. 

There are two distinct, although related, techniques used for the optical 

determination of liquid-borne suspended solids: turbidime try and nephelometry ( 1.2,3). 

Turbidimetry provides a measure of the suspended solids concentration by the degree of 

extinction of a beam of light projected through a sample or stream. Nephelomeu-y 

measures the suspended solids concentration as a function of the intensity of the light 

scattered from the incident beam by particles in the sample or stream. 

In their simplest forms, these instruments consist of a light source, a sample, a 

series of standards. and a detector. The Jackson Turbidimeter (4) used a candle as a light 

source, and a human observer as a detector. The Claritek monitor (5.6) used a light 

emitting diode (LED) as a light source and a phototransistor as a detector. This 

instrument was microprocessor-controlled, u s d  a stored, programmable calibration c w e ,  

had compensation for ambient illumination, and data-logging capability. 
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The focus of this development project was to identify and correct opto-mechanical 

deficiencies of the Qaritek monitor while increasing its nephelo-turbidometric range. The 

program consisted of identifying optical components which would provide the desired 

performance, isolate those which would be costsffective, and designing and consauc~g 

a prototype. 

Secondary objectives we% to idencify other applications to which the instrument 

could be adapted, and to consider other instrument configurations for the current 

application. 

1.1 Claritek SM-8830 Suspended Solids Monitor 

The CIaritek suspended solids monitor was designed to measure suspended solids 

concentrations in water-based process streams. The instrument was made up of the 

transmitter enclosure, and the sensor assembly. The transmitter enclosure contained all of 

the control, signal processing, and data-logging circuitry. The sensor assembly contained 

the incident light source, detectors, and lens flushing system (see Fig. 1.1). The incident 

light source, contained within a waterproof enclosure in the sensing head, was a 100 mA. 

940 nm infrared light emitting diode (LED) (7). 

The detectors, mounted within similar enclosures, were photo transistors fitted with 

infrared-pass filters, Skanamatic part P33014. The LED and extinction (turbidimetric) 

detector were mounted facing each other on a horizontal axis transverse to the monitored 

flow direction, giving an optical path length of 100 rnm. The nephelomemc detector was 

mounted 25 mm above, and its axis perpendicular to, the midpoint of the turbidimetric 



transmitter enclosure 
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Figure 1.1: Block Diagram of SM8830 Suspended Solids Monitor 
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optical path. The windows to the component enclosures were kept clean by the action of 

flushing jets of clear water or process fluid directed downstream across the faces of the 

windows (see Fig. 1-21. 

Typically, the instrument was operated from a membrane keypad with a four line. 

twenty characters per line, liquid crystal display. Other outputs were a serial port. a 

scalable 4-20 mA output, and a variable setpoint relay closure. 

To begin operation of the instrument, calibration was required. if the specific 

application used the 4-20 mA output, the desired zero and span could be programmed. 

Similarly, the conditions for the relay closure could be programmed The instrument 

could be calibrated by immersing the sensing head in process fluids of known solids 

concentration. Alternatively, with the sensing head ins tailed in the process, the instrument 

could be calibrated by sampling the process stream. 

The marketing effort for the device was directed toward industries which 

produced, monitored, or consumed water containing suspended solids. These potential 

ap plicaaons occurred in the metals sector (mining, ore beneficiation, smelting, and 

forming), water-, and waste-water treatment, pulp and paper, food and beverage, 

petroleum, and chemical industries. 

1.2 Opto-mechanical Shortcomings of the Claritek Monitor 

The performance and service life of the Claritek Monitor did not live up to expectations. 

In service, the nephelometric function was unusable. Funhennore, the range of the 

instrument was considerably smaller than expected (0 to 400 Jackson Turbidity Units). 



Figure 1.2a: Flushing Insert Components 



Figure 1.2b: Flushing Insert Assembly 
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Frequent repairs were required for the effects of m o i s ~ e  on the incident light source and 

detector. Although the optwlecuonic components were contained within water tight 

enclosures, small amounts of moisture still accumulated in these cavities. The moisture 

damage manifested itself in three ways: corrosion of the component housing, short 

circuiting of the components, and impairment of the component lenses by condensation 

and deposition of corrosion products. Although the corrosion and electrical problems 

could be resolved by sealing the components, the impairment of the optics by 

condensation was a more intractable problem. 

The cause of the reduction in operating range of the instrument was not 

determined until the components were evaluated for performance characteristics as part 

of the redevelopment process. At that time it was determined that the optical system of 

the opto-electronic components suffered from a form of "tunnel vision" which reduced 

both the incident beam intensity and detector sensitivity. The cause of loss of the 

nephelomenic function was not specifically determined, but could be the result of any of 

the above- mentioned phenomena. 

1.3 Problem Statement 

To overcome the deficiencies in the Claritek Monitor, a program to re-engineer the 

sensing head was instituted The m a d r e  of this program was to redesign the opto- 

electronics of the hesenring head for reliabilility and ease of service, and to incorporate any 

technological advancemenrr which were cost-effective. The specific technical objectives 

(8) were to: I )  increase the range of the insmunentfrom 5 - 200 Jackson Turbidity Units 
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ro O - 2000 Jackson Turbidity Units; 2 )  improve the accuracy of the instrumentfrom 5% 

of the calibrated range to 1%; 3) use (I semiconductor laser of wavelength less than 750 

nanometers as the incident light source; and 4) we optical fiber to transmit the signal 

to and porn the sensing head. T%e major design constraint on this program was the 

requirement that modifications to the sensing head envelope be minimized. 

The proposed solution consisted of three phases of development. Initially, the 

consideration and testing of brighter incident light sources and more responsive 

p hotodetectors; subsequently, the use of more robust and technically superior opacal 

components; and finally, the adaptation of the opto-electronic subassemblies to the sensing 

head. 

For the initial stage of development, the use of laser diodes and silicon 

photodiodes would be investigated. Diode lasers are not only more intense than LEDs, 

they generally incorporate sensing components which, in conjunction with most common 

drive circuits, allow the laser to be operated at constant optical output. The net result 

wouId be an incident light source with an increased useful Me. Silicon photodiodes have 

a more linear response with regard to illumination than phototransistors. 

The second phase of development would be concerned with improving the 

performance of the optical components. The use of fiber optic components and gradient 

index Ienses wouId be considered- The primary electronic weakness and service problem 

of having submerged electronic components could be eliminated by removing them from 

the detector head and routing the optical signal with fiber optics. Transmitting the incident 

beam, and attenuated light signal via optical fiber would allow the light source and 
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detector to be mounted on the signal processing board, thus reducing the source of 

electro-magnetic interference. In addition, the optical fiber subassemblies should be 

maintenance-fire when installed, and would allow servicing of the incident light source 

and detector at the signal processing board with the unit in place. 

The primary opticaVrnechanica1 weakness could be eliminated by replacing 

conventional spherical lenses with gradient index (GRIN) lenses. Conventional spherical 

lenses depend upon differences in refractive index between two media to function. 

Generally the two media are air and glass. The required air gap with a conventional lens 

creates an intrinsic water vapour sink which becomes a source of condensation if the 

optical assembly is cooled Gradient index (GRIN) lenses (9), as their name implies, have 

a refractive index which has a radial gradient (see Fig. 1.3); thus, the bending of light 

occurs within the lens, eliminating the need for a void or air space. 

In the final stage of the program, the incident source and detector subassemblies 

developed previously would be adapted to the sensing head of the instrument to produce 

the prototype. This would consist of designing inserts to support the terminal optics of 

the source and detector subassemblies within the sensing head. 

Therefore. this work documents the method and result of a program to update an 

instrument made obsolete by encroaching technologies. The evaluation of likely photo- 

electronic components, the design and testing of photo-electronic subassemblies, and the 

adaptation of the selected subassemblies to the existing envelope, are detailed herein. 



0.25 pitch GRIN lens 

0.5 pitch GRIN lens 

1.0 pitch GRIN lens 

Figure 1.3: Ray Trace Through Spherical Lens and Gradient Index Lens 



CHAPTER 2 

Theoretical Considerations and Historical Perspective 

This chapter provides an overview of the mechanisms involved in, and historical 

applications of, optical turbidimetry. 

2.1 The Principle of Operation of Optical Components 

2.1.1 Diode Lasers 

LASER : Light Amplification by Stimulated Emission of Radiation (10, 1 1, 12) 

Matter is made up of discrete panicles: molecules, atoms and fragments thereof. The 

theory of quantum mechanics dictates that these particles exist at discrete energy levels 

related to the vibrational state of the electrons and nuclei of the particles. The lowest 

energy level is referred to as the ground state, a i l  others are excited states. 

Transitions between energy levels are accompanied by the absorption or release 

of energy. Certain electron energy transitions, termed optical transitions, are accompanied 

by the absorption or emission of light. There are three types of optical transitions: 

absorption, in which a passing photon of the correct frequency excites an electron to a 

higher energy level, thereby annihilating the photon; spontaneous emission, where an 

excited electron reverts to a lower energy state, thereby emitting a photon; stimulated 

emission, which results from a passing photon of the correct frequency perturbing an 

excited electron, causing it to revert to a lower energy state while emitting a photon with 

the same frequency, phase, and polarization as the perturbing photon. Stimulated emission 

is the fundamental process utilized in all Laser action. 
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An additional requirement for laser action is the "population inversion". This 

unstable condition occurs in a medium involving electron transiaons when the population 

of excited electrons exceeds those in the ground state. The effect of this condition is to 

dramatically increase the probability of a stimulated emission and reduced probability of 

absorption resulting in light amplification. A continuous wave laser would place the laser 

media in a resonant cavity, for example, between two mirrors such that the multiple 

reflections would increase the probability of stimulated emissions. A pulsed laser may 

have a separate source for the "stimulatingt' photons, or alternatively, be constructed 

similarly to a CO~MUOUS wave laser but contain a switchable absorptive element bewen 

the laser medium and mirror to trap spontaneous emissions. 

In a semiconductor, a crystalline solid, the electmns can be considerably more 

delocalized than in a discrete atom or small molecule. As a result a large population of 

electrons exists with very similar energy levels. These energy levels may be grouped as 

pseudo-continuous energy bands, and may be treated as a bulk property of the material. 

The electron population of a solid may be distributed over three energy bands: the 

"filled band, the valence band, and the conduction band. The "filled band electrons have 

the lowest energy and are the inner electrons of the constituent atoms. The valence band 

electrons are those associated with the inter-atomic bonds and as such are somewhat 

delocalized with respect to specifif atoms. The conduction band electrons may be 

considered to be in an excited, or higher energy, state than the valence band electrons, 

and are highly delocalized The energy difference between the valence band and 

conduction band is the band gap. Insulators have large band gaps, conductors have zero 
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band gaps, and semi-conductors have small band gaps. 

The band gap of a simple semiconductor, for example silicon, can be modified by 

the inclusion of impurities from the group ma and group Va elements of the periodic 

table. This process, refemd to as doping, produces a surplus of vacant electron sites or 

holes when doped with group ma elements. If the semiconductor is doped with a group 

Va element, the lattice contains a surplus of electrons. Semiconductors with a surplus of 

holes are called p-type; those with a surplus of electrons are called n-type. These electrons 

and holes are quite mobile at normal temperatures and act as negative and positive charge 

carriers, respectively. The more important photoactive semiconductors are generally 

ternary or quaternary compounds of aluminum, gallium, indium, nitrogen, phosphorus, 

arsenic, and antimony. 

The joining of a p-type semiconductor to an n-type semiconductor produces the 

ubiquitous semiconductor p-n junction, the basis of all semiconductor devices such as 

diodes and transistors. At the p-n junction, the electrons from the n-type material 

combine with "holes" from the p-type material, creating a depletion zone of charge 

carriers in the immediate vicinity of the junction. Applying a voltage (fonvard biased: 

p-type, positive; n-type. negative) across the p-n junction supplies electrons and "holes" 

to the depletion zone where the electrons relax from the excited state (i.e., the electrons 

combine with the "holes") accompanied by the spontaneous emission of a photon. This 

is the operating principle of a light emitting diode (LED). 

To construct a semiconductor laser, two other criteria must be satisfied: the 

requirement for a population inversion, and a resonant cavity. To achieve a population 
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inversion in the junction requires a current in excess of that capable of being consumed 

by the spontaneous emission process. This relatively high current rrquins that the 

semiconductor material be sufficiently well-doped to provide the requisite concentration 

of charge camers. To produce a resonant cavity would require two parallel mirrors 

normal to one axis of the plane of the p-n junction. In the case of semiconductors, their 

refractive index is high enough to form reflective surfaces at air/semiconductor interfaces. 

In many cases the cleaved surface of the semiconductor wafer is smooth enough to 

produce an effective resonant cavity. 

The band gap of the semiconductor will determine the frequency of the laser by 

the relationship 

v = AE/h 

where v = frequency of light 

AE = energy of band gap 

h = Planck's constant 

Many low-power diode lasers are packaged with a diode photodetector. This 

device uses the light tadiating from the back facet (light radiates &om both mirrors of the 

laser diode, but only one is normally used as a light source) of the laser to produce a 

signal in proportion to the laser output. This signal is commonly used to provide a 

feedback signal to the power supply for controlling the optical output of the laser. 

The predominant failure mechanisms for diode lasers are thermal in nature. Two 
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heat sources operate in the diode laser, resistive heating and reabsorption of the light. 

Degradation of performance nsults from gradual accumulation of crystalline defects in 

the junction ngion. These defects tend to produce internal heat instead of emitted 

photons. The principal cause of catastrophic failwe is cumnt spikes which mate thermal 

pulses in excess of the heat dissipation capability of the semiconductor material. 

Therefore, temperature and current control are the critical factors which determine the life 

of diode lasers. 

The output of a diode laser suffers from a number of optical aberrations not found 

in other types of lasers. These aberrations must be corrected to generate the circular, 

collimated beam typically expected of a "laser beam". The output of a diode laser is 

asymmetrically divergent and astigmatic. The asymmetry of the output is a direct result 

of the comparable asymmetry of the junction area of the diode, which is typically 0.1 

micrometer thick versus 5 micrometers wide. In the plane of the junction the half angle 

of divergence may range from 2 to 15 degrees. In the plane normal to the active layer the 

divergence may be as great as 45 degcees. The astigmatism of the output beam manifests 

itself as a difference in the apparent point of origin of that beam component normal to 

the plane of the junction relative to the component in the plane of the junction. In the 

plane of the junction, the point of origin appears to be 5 to 50 micrometers inside the 

surface of the diode. In the plane normal to the plane of the junction, the point of origin 

appears to be on the end facet of the diode. Astigmatism can be corrected by a weak 

cylindrical lens, and the asymmetry by an asphericd lens. 



2.1.2 Photodetectors 

Photodetectors are opto-electronic devices which respond in a predictable fashion to light 

intensity by producing an electrical signal (13, 14, 15). 

In a manner analogous to the LED, a photodetector consists of a p-n junction in 

which the band gap of the semiconductors used cornsponds to the wave-length of light 

to be detected The detector will then respond to photons with energy levels greater than 

that required to excite electrons from the valence band to the conduction band 

Recall fnrm the previous section that the construction of a p-n junction results in 

a zone depleted of charge carriers immediately adjacent to the junction. The application 

of a reverse-bias (n-type: positive; ptype: negative) voltage to the junction further 

depletes the semiconductor of charge carriers. In the absence of light, the lack of charge 

camers prevents current from passing through the junction. Light of suitable wavelengrh 

striking the junction region excites electrons to the conduction band, creating an 

electronlhole pair which separates, with each charge carrier migrating into its respective 

respective region, causing a current to flow. The magnitude of the current is directly 

proportional to the number of photons, ie. the light intensity impinging on the p-n 

junction. 

2.1.3 Optical Fiber 

The principle underlying the light-guiding function of optical fiber is total internal 

reflection (11, 16, 17). It has been demonstrated that the speed of light in vacuum is 

approximately 300,000 kilometers per second. In any other medium, the speed of light is 
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reducd This change in speed is responsible for the bending of non-perpendicular light 

rays at the interface between two transmissive media (the ray normal to the plane of the 

inte~ace is not bent). This phenomenon is known as refkaction. The nfractive index of 

a material is &tined as the ratio of the speed of light in vacuum to the speed of light in 

that material. 

Table 1: Representative Indices of Refraction (11. 18) 

vacuum 

air 

water 

fused q u a  

rock salt (NaCl) 

crown glass 

heavy flint glass 

diamond 

The relationship between the angles of refraction and refractive indices is expressed by 

Snell's Law: 

n,sin 0, = n2sin 8, 

where 

n, = respective refractive index 

0, = respective angle relative to normal of interface plane 
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Due to this phenomenon, a light ray passing through an inte~ace between two media will 

have a greater angle in the medium of the lower rehctive index as shown in Figure 2.1. 

Specifically, if the ray originates in the material of lower refractive index, the ray will be 

bent closer to the normal on entering the higher refractive index material. Conversely, if 

the ray originates in the higher index material, it will be bent away from the normal on 

entering the lower index material. 

If the incident angle in the higher index material is increased to a certain value 

(dependent on the relative refractive indices ofthe materials involved), as shown in Figure 

2.2, the refracted ray will form an angle of 90 degrees to the interface normal. This angle 

of incidence is the critical angle for this interface. Any Light with an incident angle greater 

than the critical angle as shown in Figure 2.3 is reflected back into the higher index 

medium. 

An optical fiber consists of a central "core" surrounded by a layer of lower index 

material referred to as "cladding", which in turn is covered with a protective material 

called the "jacket". The most common core and cladding combinations are: glass core and 

cladding, glass core and plastic cladding, and plastic core and cladding. 

As shown in Figure 2.4, any light ray entering the fiber core at an angle less than 

ewrna1 will be propagated along the core by the process of "perfect internal reflection". 

The light acceptance half-angle of an optical fiber is generally quantified as its "numerical 

aperture" and is defined as: 

'R/n,, N.A.= sin 8,,, = (n,2 - n, ) 



refracted 
ray 

n,< n, 

" a  n, /n interface 

" 1 

incident 
ray 
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n I critical reflected/ 

-refracted ray 
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incidence 
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n /n interface 

ref lected 

Figure 2.1: Refracted Ray 

Figure 2.2: Critically Refracted Ray 

Figure 2.3: Reflected Ray 



Figure 2.4: Light Propagation in Optical Fiber by Internal Reflection 



Figure 2.5: Propagation Modes in Multimode, Step Index Fiber 



where 

n, = index of launch media ( = 1.000 if air) 

n, = index of core 

4 = index of cladding 

In examining Figure 2.5, showing the two extremes and a nominal mode of 

propagation in a "mdtimode, step index" fiber, it is apparent that the path length of the 

higher order propagation modes is substantially greater than that of the lower order 

modes. As a result, the higher order modes are much more likely to be affected, or 

"attenuated, by surface imperfections or impurities in the fiber. If the diameter of the 

fiber core is extremely small (less than about ten micrometers, depending on the wave 

length of light), only the Lowest order modes are propagated. This is referred to as 

"singlemode, step index fiber". 

A further development is "multimode, graded index" fiber. This fiber has a 

parabolic index gradient which is of significance to communications applications. It can 

be seen in Figure 2.6 that although the high order propagation modes travel a greater 

distance along the core, these modes travel in regions of generally lower refractive index, 

when the speed of light is greater. As a result, a light pulse spread over most of the 

modes available will still arrive at the end of the fiber with less dispersion, or pulse 

spreading, than a pulse transmitted through a multimode, step index fiber. 



Figure 2.6: Propagation Modes in Multimode. Graded Index Fiber 



2.1.4 Gradient Index Lenses 

Gradient index (GRIN) lenses (9, 19) are a departure h m  conventional spherical lenses. 

Whereas conventional lenses reshape light beams by varying the angle of incidence of the 

constituent rays as shown in Figure 2.7, GRIN lenses reshape light beams by varying the 

refractive index of the medium. As shown in Figure 2.8, the index profile of a GRIN lens 

has a parabolic shape. A ray parallel to optical axis, striking near the lens's periphery will 

follow a sinusoidal path as shown in Figure 2.9. 

Although the concept of focal length may be applied to GRIN lenses, the beam 

shaping property of these lenses is governed by their length and degree of index gradient. 

The beam shaping property is expressed as the "pitch" of the lens. A lens of 1.0 pitch is 

one of sufficient length to allow a light ray to describe one complete sinusoidal 

waveform. Figure 2.10 shows the effect of fiactiond pitch Length in collimated and point 

source applications. Since both rehctive index and the relative index gradient are 

wavelength-dependent, the pitch length of a lens will vary with the wavelength of light 

used. 

2.2 An Overview of the Optical Quantitative Determination of Suspended Solids 

2.2.1 Review of Turbidimeter Technology 

Beginning with the standardization of the Jackson Candle Turbidimeter prior to 1900 (4) 

the state of Turbidimeter development has been one of constant advance. 

The Jackson Candle Turbidimeter consisted of a calibrated glass tube, a standard 

beeswax and spermaceti candle, and a support fixture. The candle and tube were aligned 



Figure 2.7: Ray Trace Through Spherical Lens 
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Figure 2.8: Refkactive Index Rome of GRIN Lens 

Figure 2.9: Ray Trace Through Grin Lens 



0.25 pitch GRIN lens 

0.5 pitch GRIN lens 
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Figure 2.10: Ray Trace Through Fractional Pitch GRIN Lenses 
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on centre, with the closed bottom of the tube located 7.6 cm above the candle flame- 

Turbidity is determined visually by the depth of sample at which the image of the candle 

flame disappears from view. 

The availability of fiber optics for communications purposes has led to their 

adaptation to suspended solids measuring instruments. Perlicki et al. (20) describe two 

turbidheten for measuring suspended solids continuously and on discnte samples. 

These devices use He-Ne laser sources and relatively large diameter fibers. The incident 

light fiber, and signal collection fiber, are affixed directly onto a glass flow cell or sample 

cell. There are no other optical components used. There appears to be no provision for 

cleaning the optical surfaces. The use of optical fiber is not uncommon, Jarnsmon et al- 

(21) and Fent et aI. (22) use fibers for bringing incident light to the attenuating medium. 

Crowther and Dalrymple (23) describe a method of mechanically cleaning optical 

surfaces. 

A cunent trend is the development of much more sophisticated instrumentation 

which measures light scattered from suspended particles at various angles (24, 25, 26)). 

This technique, more properly termed nephelomeay, attempts to derive particle size data 

from the relationship between particle size and angle of scatter. Further attempts at 

refinement include the use of polarized laser light (27) and variable path length (28). 

There are always conservative die-hards though: Brown et al. (29) determined the 

time to nucleation of calcium oxalate monohydrate in their crystallization kinetics studies 

by "turbidity measurement using the unaided eye". As the advance of technology makes 

more sophisticated materials and data analysis capability available, the mechanisms 
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associated with the measurement of suspended solids by attenuated (turbidity) and 

scattered (nephelomttry) light will  certainly keep pace. 

2.2.2 Turbidimetric Applications 

The most common applications of turbidimetry are associated with water and wastewater 

treatment. Aside fkom aesthetic considerations, Roebeck et al. (30) make a strong case 

relating turbidity to the presence of coliform bacteria even in heavily chlorinated waters. 

They suggest that these micro organisms are embedded inside suspended particles and are 

shielded fiom the sanitizer. 

In this context, turbidity is used to characterize the performance of potable water 

treatment plants (31, 32, 33). Similarly, the performance of wastewater treatment 

operations is also characterized (34, 35). A related application is the monitoring of 

surface and coastal water quality to assess the environmental impact of human activity 

(36, 37, 38, 39). Turbidity has also been used to monitor and control microbial culture 

growth (24,40,41)), and the characterization of polymer solutions and reactions (42,43, 

44, 45, 46). Many reactions which result in a dispersed phase of different color or 

refractive index from the suspending medium are candidates for monitoring by 

turbidimetry . 

2.2.3 Turbidimetric Standards 

There are three commonly accepted turbidity standards: Fonnazin (47), diatomaceous 

earth, and more ~cent ly  approved by US EPA are AMCO AEPA-1 polymer spheres (48). 
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Work by Piekering (49) and confirtned by Ronald et al. (50) determines that 

Jackson Turbidity Units (J'KJ) as calibrated by Formazin, are equivalent to concentration 

of diatomaceous earth in ppm. However, Mack (51) and several other researchers (52, 

53) show that using "standards" with turbidity measurement to determine suspended solids 

concentration is problematic. If the nature of the partic1es remains constant, i-e., if the 

particle size distribution and particle density =main the same, determinations of 

suspended solids concentration by nubidimetry are valid. However, if the source. or 

nature, of the particulates should change. recalibration with the new material would likely 

be necessary. 



CHAPTER 3 

Experimental Methodology 

The redesign of the Claritek Monitor proceeded through a series of steps. These can be 

described as: conceptualization of testing method, design and construcaon of test rig, test 

and evaluation of elec-optic components relative to c m t  Claritek monitor 

components, development of incident light source subassembly, development of detector 

subassembly, and fabrication of prototype. 

3.1 Testing Method 

The redesign process entailed the replacement of components in the Claritek sensing head 

with components selected for improved performance. In most cases, the increased cost of 

these components had to be justified by their performance. To evaluate the performance 

of the component subassemblies, they would have to be tested under conditions which 

simulate the normal operadon of the Claritek Monitor. 

The attenuating medium used throughout the tests was diatomaceous earth 

dispersed in deionized water. Throughout all the tests, the change in attenuation of the 

incident beam was affected by increasing the density of the suspension by the addition 

of weigh& portions of diatomaceous earth. 

In order to evaluate the impact of component variations, the testing apparatus 

would have to simulate the working environment of the turbidimeter while maintaining 

ease of use and reproducibility. Testing consisted of the generation of calibration curves 

correlating the detector response to a variable attenuating medium, with a given incident 
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light source. Beginning with only water, the response of the detector to the relatively 

unattenuated incident beam was noted. The degree of attenuation of the water was then 

increased by the addition of weighed portions of diatomaceous earth. The amounts of 

diatomaceous earth added varied with state of the test: initial additions were determined 

by the sensitivity of the particular source/detector combination under test, and were 

typically in the one to two milligram range; in the latter stages of extended tests, 

additions of several hundred milligrams were used 

Three parameters were measured and used to define the viability of any incident 

source-detector assembly: maximum detector signal, maximum linear measurable 

concentration and maximum nonlinear measurabIe concentration. The maximum detector 

signal was measured with the incident light source and detector installed on the test cell. 

The test cell was Nled with deionized water, and the source and detector aligned for 

strongest signal. The maximum linear measurable concentration was determined from a 

graph of LOG (detector signal) vs concentration of diatomaceous earth. The point at 

which the LOG (detector signal) vs. concentration c w e  deviated by more than 2% of 

concentration fkom the linear was taken as the "maximum linear measurable 

concentration". The highest concentration measured with a resolution better than 5% of 

total concentration was taken as the "maximum nonlinear measurable concentration". 

3.2 Experimental Equipment 

The apparatus used to test the viability of incident source and detection components 

consisted of a test cell to simulate the operation of the Claritek monitor sensing head, 
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along with an anangement of power supplies and muldmters. 

3.2.1 Test Cell 

The sensing head of the Claritek monitor was normally mounted in a flowing channel or 

pipe in the feed andfor product stream of some process. Although a very close 

approximation of this arrangement could have been built, the uncertainty of the solids 

concentration caused by the required pumps, piping, and tanks far outweighed any benefit 

derived. A test cell patterned after a constantly stbed tank reactor was adopted. 

The test cell was a small rectangular tank, with interior dimensions of 100 mm 

width, 200 mrn length, 200 mm height. The dimensions were derived h m  certain system 

requirements: the optical path in the sensing head was 100 mrn long; the volume of the 

cell would need to be at least one liter for ease of setting the concentration of the 

attenuating medium; the cell surfaces parallel to the incident beam would need to be at 

least 25 mm from the optical path to minimize the effect of reflections. The cell was 

fabricated of 2 mm glass sheeting with silicone rubber as the adhesive/sealant. The use 

of glass simplified the alignment of the incident beam with the detector and permitted 

viewing of the optical path from any angle. 

To simulate the flow condition in which the turbidimeter would normally operate, 

the cell was continuously mixed with a magnetic stimr during tests. The magnetic stirrer 

allowed the mixing to occur unobtrusively with the further advantage of mechanical 

simplicity. The optical components were supported by simple, heavy-based laboratory 

stands and clamps which allowed for the alignment of the source with detector optics. 



I. Cell Cover 4. Magnetic Stirrer 7. Optical Path 

2. Cell 5. Optical Table 8. Lab Stand 

3. Detector Optic/ Module 6. Incident light Source- 9. Stirring Bar 

Optic/ Module 

Figure 3.1 Test Apparatus Layout: a) Top View, Cell Cover Omitted for Clarity 

b) Front View, Lab Stands Omitted for Clarity 
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The complete test cell and optical apparatus was supported on an optical table. The 

optical table provided a flat, stable surface which simplified the optical alignment of the 

incident light some with the deteztor (see Fig. 3.1). 

3.2.2 Power and Measurement 

A number of power supply arrangements were used to drive the various incident light 

sources tested. The light emitting diode (LED) and modular visible laser diode (VLD) 

sources were powered by constant voltage-constant current (CV/CC) power supplies (this 

was possible since the VLD modules contain the necessary power conditioning circuitry). 

To drive bare laser diodes required an additional power conditioning module. The power 

condition of these light sources was monitored with digital multimeters (see Fig. 3.2). 

The detectors used were reverse-biased using a CV/CC power supply and the 

signal cunent monitored with a digital multimeter. The integrated light-intensity-to- 

frequency converter was powered and controlled by a simple, task-specific circuit. The 

frequency output of the integrated detector was monitored with a pulse counter (see Fig. 

3.3). 

3 3  Opto-Electronic Components Tested 

3.3.1 Incident Light Sources 

The incident illumination in the original Claritek monitor was provided by a Skanamatic 

L33007 (7). This device was a commercially available module consisting of a light 

emitting diode (LED) with collimating lens sealed insi& a threaded aluminum body. 
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Figure 3.2: Block Diagrams for Incident Light Source Control Circuits 

a) Light Emitting Diode / Modular Laser Diode Sources 

b) "Bare" Diode Laser Sources 
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This LED had its spectral peak at 940 MI. 

Thae were a number of problems associated with the L33007: this wavelength 

was absorbed by water. causing a weak signal; the beam was poorly collimated; the 

module leaked on occasion. 

All but one of the incident light sources were initially tested using the same 

Skanamatic P33008 detector. The intent was to provide a common plane of reference in 

which the sources could be compared with respect to intensity and performance under 

various states of attenuation. Tht Skmamaac P33008 was very similar to the detector 

used in the Claritek SM8830 : the Skanamatic P33001. The difference was that the 

P33008 did not incorporate an infrared-passing, visible Light blocking Nter, which would 

have prevented the testing of visible light sources. 

3 3.1.1 Infrared Light Emitting Diode 

The original incident light source, the Skanamatic L3307 (7), was tested to provide a 

baseline of performance against which the other sources could be judged The Skmamatic 

L33007 consisted of an hfrared light emitting diode (with a spectral peak of 940 nm), 

encased within a threaded aluminum (or stainless steel, model L33014) barrel with a 

collimating lens. 

3.3.12 Visible Light Emitting Diode 

The visible light emitting diode module used was the Skanamatic L33008 (7). It consisted 

of a LED with collimating lens fixed within a threaded barrel. The spectral peak of the 
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L33008 output occurred at 660 am. This incident light sounx was the visible light analog 

of the IR-emitting L3307. 

33.1.3 Visible Laser Diode 

To determine the viability of using laser sources, two laser diode modules were tested 

Both were nominally 3 mW output; the AIpec (Quanon) was collimated, while the 

Imatmnic had a variable focus lens. Both of these light sources produced substantially 

greater detector signals than LED sources. 

In testing the laser sources it became apparent that the detector suffered an optical 

defect analogous to that observed with the Skanamatic LED sources: the highest signals 

were measured when the incident beam struck the detector focusing lens obliquely and 

approximately 1 mm off-centre. 

33.2 Photodetectors 

Three types of photodetectors we= test& a phototransistors, photodiodes, and an 

integrated light-to-frequency converter. Phototransistors offer the advantage of built-in 

amplification, but the output is dependent on the bias voltage and is inherently non-linear. 

Photodiodes have a broad operating range. The output is bias insensitive and inherently 

linear, but the output signal is relatively small. The integrated Light-to-frequency convener 

was a new device with no application history; the features integral to this device make 

it highly desirable in our application. 



3.3.2.1 Phototransis tor 

The Skanamatic P33008 (7) module was taken as representative of this type of detector 

which consisted of a phototransistor with integral lens, encased within a threaded 

aluminum (or stainless steel, model P33018) banel with a separate focusing lens. This 

device was very similar to the detector used in the Claritek SM8830, utilizing the 

S kanamatic P33OOl. As stated previously, the difference between the P33008 and P33001 

was that the former did not incorporates an IR band-pass filter, which allowed testing it 

with visible light sources. 

3.3.2.2 Silicon Photodiodes 

At the commencement of testing of the silicon photodiodes, the results of incident light 

source testing had produced a fm commitment to laser sources. Hence, alI subsequent 

tests of detectors and light guides used laser sources for incident light. 

Three photodiodes were acquired for testing: Antel Optronics AS7025, Mitsubishi 

PD2101. and E.G.& G. VACTEC VTB6061 (13). Of these only the VTB6061 was 

suitable for tesdng directly on the test cell, the others being designed for use with optical 

fiber only. 

3.3.2.3 Integrated Light-to-Frequency Circuit 

The Texas Instruments model TSL230 programmable light-to-fnquency converter (54,55) 

incorporated a 100-element silicon photodiode array into a single eight pin dual inline 

package (DIP) integrated circuit This integrated circuit also included an analog current-to- 
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fkquency converter, and temperature compensating circuitry. It was also designed to 

allow transistor-transistor logic (TTL) selectable sensitivity (100X. lox, lX), and TI'L 

scalable output range (1, la 1/10, 1/100). 

33.3 Fiber Optics 

In framing the original proposal, three types of light guides were considemi: multi-fiber 

bundles, large core optical fiber (greater than approximately 500 micrometers in diameter) 

and small core optical fibers (less than approximately 100 micrometers in diameter). 

Subsequent research revealed the "small core" criterion to be somewhat ill-defined, and 

it was further nfined to singlemode optical fiber and multimode optical fiber. 

Preliminary experiments with fiber bundle light guides resulted in the conclusion 

that the use of multi-fiber bundles in the incident Light source assembly was inappropriate 

due to the Iarge exit angle of the beam. Consequently, funher use of this fiber bundle was 

limited to applications in detector subassemblies. 

Large-core fiber, with a 500 micrometer core diameter, was ux, stiff to conform 

to the existing detector housing and was removed f'mm f ' e r  consideration. The 

requirements for fabrication of single-, and multi-mode fiber optic source and detector 

subassemblies from component parts was found to be beyond the capabilities of the 

facilities available. It was more expedient and cost-effective to specify the design 

rrquiretnents and have subassemblies constructed by a custom optical fabricator. 



3.4 Su bassembiies Tested 

3.4.1 lncident Source Subassemblies 

The consideration at this point was limited to laser source with single-, or multi-mode 

optical fiber guided assemblies. As noted previously, although it was nlativeiy 

straightforward to launch the laser output into the fiber bundle, the resultant output from 

the fiber bundle was too divergent to be of use directly, and the large section of the 

bundle made optical collimation impractical. 

3.4.1.1 Singlemode Fiber Collimator 

Singlemode propagation (56) of light in an optical fiber occurs when the core diameter 

of the fiber is sufficiently small relative to the wavelength of Light so that the light 

follows a single, preferred path through the fiber. This acts as a spatial filter for the laser 

diode, resulting in a near-Gaussian beam intensity profile from the collimating lens 

affixed to the output end of the optical fiber. 

The advantage of using the singlemode fiber collimator in conjunction with the 

diode laser as the incident light source is the quality of the Light beam: it is well-defined, 

stable, fnc of stray light, and bas a very small angle of divergence. 

The disadvantages of the singlemode source result from the same mechanism 

which produces its beam quality: the small core diameter (4 micrometers) of the optical 

fiber limits the coupling efficiency, thus reducing the optical output of the source. The 

small core diameter also reduces the available alignment tolerance, making alignment 

more difficult, thereby increasing the fabrication cost of this assembly. A singlemode 
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source, consisting of a Toshiba TOLD921 1 laser diode (58) coupled to a fiber collimator 

was obtained from Oz Optics Ltd. The fiber collimator (56) consisted of four meters of 

4/125 ( 4 micrometer core, 125 micrometer cladding OD) optical fiber, one end fitted 

with an FC-type connector, and terminated with a GRIN lens collimator. The laser diode 

was mounted in a proprietary alignment fix= which included a focusing lens for 

optically coupling the laser output to the fiber core, and an FC-type receptacle to mate 

with the fiber collimator. 

3.4.1.2 Multimode Fiber Collimator 

Multimode propagation (57) of light in an optical fiber occurs when the diameter of the 

fiber core is large relative to the wavelength of the propagated light, resulting in many 

possible paths for the light as it travels through the fiber. Both constructive and 

destructive interference occurs between the different "modes" due to the phase s h i f t  

induced by the slightly different path Lengths, producing an output beam profile of 

relatively d o r m  intensity macroscopically, but with a "speckled appearance. 

The multimode fiber collimator offered a practical advantage, as well as some 

technicaI/theoretical disadvantages with its use. The larger core diameter allows a greater 

portion of the source light to be launched into the fiber with a more liberal tolerance for 

alignment, resulting in a brighter source which would be easier to fabricate. The 

multimode propagation produces a beam which cannot be as tightly collimated as a 

singlemode beam, resulting in a more divergent beam. The spatial filtering provided by 

the multimode fiber is not as definitive as that provided by the singlemode fiber: flexing 
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or bending the fiber would change the conditions which favour certain propagation modes, 

and disfavour other modes, producing an incident beam with an intensity profile which 

would change in response to bending and vibration of the optical fiber. 

A multimode fiber collimator (9) was obtained from NSG America Inc. This 

collimator consisted of three meters of 62.5/125 (62.5 micrometer core, 125 micrometer 

cladding) optical fiber, one end fitted with an FC-type connector (to mate with laser diode 

receptacle), and the other end terminated with GRIN collimating lens. 

3.4.2 Detector Subassemblies 

Pnliminary experiments using single-, and multirnode fiber collimators as detector light 

gathering optics, while somewhat encouraging, were judged to be impractical for the 

application in question. The nature of the fiber collimator as a detector optic requires that 

the incident light some be pointed at the detector collimator, and be locared within the 

beam that would come from the detector collimator, ifa laser source were substituted for 

the detector. In effect, the fiber collimators were too discriminating to use with the 

alignment mechanisms which could readily be installed in the Claritek Monitor sensing 

head. 

3.4.2.1 Fiber Optic Light Guides 

Fiber optic light guides consist of many optical fibers bundled together in a sheath. 

Generally, the ends of the bundle are fixed within fermlcs and polished. Two oneeighth 

inch diameter light guides, 48 inches long, were obtained from Edmund Scientific Co. 
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(part no. D39366). One light guide was fitted with the E.G.&G. VTB6061 photodiode. 

The reduction in detector signal resulting from attenuation by the light guide mandated 

the use of an amplifier. 

Another detector subassembly utilizing the fiber bundle light guide was 

consmcted with the Texas Instruments TSL230 integrated circuit. It was not possible to 

exploit the TSL230 done due to an interference phenomenon between the multimode 

beam (the prefemd incident source) and the detector array. The use of the fiber light 

guide with the TSL230 reduced this interference. It was surmised that this was a result 

of the scrambling effect of the incoherent fiber arrangement within the light guide. 

3.5 Test Procedure 

One and one-half liters of deionized water would be allowed to degas, and come to room 

temperature, by standing overnight The test cell and magnetic stirring bar were washed 

with detergent and water, repeatedly rinsed with deionized water, and allowed to dry. 

For the test, the water was poured into the test cell containing the stirring bar. The 

cell was centered on the magnetic stirrer such that the stirring bar was free to rotate. The 

magnetic stirrer was set to provide maximum stirring without air entrainment. Beginning 

with the incident light some, the optoclectronic components were positioned on the cell. 

The incident light source was generally positioned 15 mm from, and normal to, the cell 

wall, 50 mm above the cell floor, and 50 mm from the nearer end wall. With the incident 

light source switched on, the detector or detection optic was positioned facing the incident 

light source such that the incident beam was well-centered in the detection optic after 
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passing through the test cell. The orientation and position of the detector or detection 

optic was then adjusted to achieve the maximum detector signal. 

When a stable madmum detector signal was achieved, it was noted as such. The 

turbidity of the water was then increased by the addition of diatomaceous earth @E). The 

initial weight increment used was to some extent determined by the resolution of the 

incident light source/detector combination being tested, but was generally in the range of 

0.5 mg to 2.0 mg. The DE portions were weighed on an analytical balance and recorded 

with a pRcision of +/- 0.1 mg. The detector signal was recorded, when stable, with a 

precision of three significant figures. The mass of DE portions added to the test cell were 

increased to several hundred milligrams as a test progressed. 

The background signal due to ambient light was determined by manually 

intempting the incident light beam between the source and test cell with an opaque 

shutter. A test would be terminated when the detector became unresponsive to increased 

slurry concentration, or when the attenuated beam signal became indistinguishable from 

the background signal. 



CHAPTER 4 

Results and Discussion 

4.1 Incident Light Sources 

The incident light sources werc initially tested using the same detector, the Skanamatic 

M3008. The intent was to provide a common plane of nfennce in which the sources 

could be compared with respect to intensity and performance under various states of 

attenuation. A summary of test results is presented in Table 4.1. 

4.1.1 Infra Red Light Emitting Diode 

The Skanamadc L33014 was the incident light source used in the production model of 

the Claritek turbidity monitor. It was tested as a representative of infrared light emitting 

diode-type sources and to provide a baseline of performance against which the other 

sources could be judged. 

Initial produced very inconsistent results with regards to posiaonhg of the 

detector within the source beam. Subsequent mapping of the source beam profile revealed 

that the beam intensity distribution was non-Gaussian. Instead of having an intensity 

maximum at or near the central axis of the detector body, the beam exhibited a local 

minimum surrounded by a ring of maximum intensity approximately 6 mm in diameter 

at the detector lens. (Tbis result was funher complicated by a similar sensitivity prme 

in the Skanamatic P33008 detector chosen as the "baseline standard" for photodetectors.) 

Performance testing of this sourceldetector combination gave maximum (zero- 

concentration) detector currents of 0.766 mA (with a E D  current of 90 mA, 90% of 
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maximum input) and 0.520 mA (with a LED curnnt of 45 mA, 90% of maximum for 

visible LED). At the lower source intensity, the maximum linear measurable concentration 

was 600 mg diatomaceous eanh per liter of deionized water. 

That the 940 nm wavelength of the IRLED was unsuited to aqueous applications 

was made apparent by the attenuation of the incident beam caused by deionized water 

alone. The addition of water to the otherwise empty cell reduced the detector signal from 

2.17 mA to 0.766 mA, indicating that the wavelength in question is at least moderately 

absorbed by water (see Fig. 4.1, 42). 

4.1.2 Visible Light Emitting Diode 

The visible light emitting diode module used was the Skanamatic L33008. This incident 

light source was the visible light analogue of the IR-emitting L33007. This source was 

tested using the same P33008 detector used previously. During preliminary testing, the 

hollow, conical nature of the beam from this source became apparent. 

Testing of this source with a drive current of 45 mA (90% of maximum) produced 

a maximum detector signal (zero solids concentration) ranging from 7.48 mA to 9.56 

mA. The determination of maximum detectable concentration was somewhat subjective 

in this case. As described previously, the linear limit of LOG (signal cumnt) occurred 

at about 600 mu. However, there was sufficient incident intensity available to judge 

concentrations greater than 1150 mg/l in the non-linear podon of the curve. Testing with 

this visible LED (660 nm) demonstrated the benefit of using an incident source less 

absorbed by water: little attenuation of the incident beam by water was detected (Fig.4.3). 



Preliminary test of IR LED 

Figure 4.1: IR LED with Phototransistor 



CI 
detector. Skanarnabic P.D. 

Figure 4.2: IR LED with Phototransistor 



Test of Skanamatic vis. LED 
detector: Skanamatic P.D. 

Figure 4.3 : Visible LED with Phototransistor 
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4.1.3 Visible Diode Laser 

To determine the viability of using laser sources, two laser diode modules were tested. 

Both were nominally 3 mW output; the Alpec (Quarton) was collimated, while the 

Imaaonic had a variable focus lens. Both of these light sources produced substantially 

greater detector signals: the maximum detector current achieved using the Alpec 

(Quarton) module was 54.7 mA, with the Imawnic, 87.2 mA. The maximum 

concentration in the linear portion of the LOG (detector signal) curve obtained with the 

Imatronic module was approximately 880 mg/liter, in the nonlinear pomon of the curve, 

the maximum concentration was approximately 1700 mgjliter. 

The attenuation curve of these light sources using the Skanamatic detector was 

very irregular. This irregularity was most pronounced at low and very high solids 

concentrations. Both of these could be attributed to the intensity of these light sources 

relative to the operating range of the Skanamatic detector: at lower concentrations the 

incident intensity was sufficiently high to partially saturate the detector; at high solids 

concentrations, the scattered light was sufficiently intense to illuminate the detector by 

second and higher order reflections (59, 60, 61, 62, 63) (see Fig. 4.4). 

In testing the laser sources it became apparent that the detector suffered an optical 

defect analogous to that observed with the Skanamatic LED sources: the highest signals 

wen measured when the incident beam struck the focusing lens obliquely and 

approximately 1 mm off-center. 



Test of lmatronic laser diode 
detectocSkanamatic P.D.211293 

Figure 4.4: Diode Laser Module with Phototransistor 
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4.2 Photodetectors 

Three types of photodetectors were tested: phototransis tors, photodiodes, and an integrated 

light-to-frequency converter. To reiterate, phototransistors offer the advantage of built-in 

amplification, but the output is &pendent on the bias voltage and is inherently non-linear. 

Photodiodes have a broad operating range, the output is bias-insensitive and inherently 

linear, but the output signal is relatively small. The integrated light-to-frequency converter 

was a new device with no application history; the features integral to this device make 

it highly desirable in our application. 

4.2.1 Phototransistor 

The Skanamatic P33008 module was taken as representative of this type of detector. As 

this detector was used in the preliminary evaluation of incident light sources, test results 

using this detector were presented in the previous section. This detector exhibited serious 

non-linearity of the LOG (signal)-solids concentration relationship at the lower and higher 

concentration extremes. This was most pronounced using the more intense laser incident 

light sources. The non-linearity exhibited was a symptom of saturation of the detector at 

lower solids concentrations. The non-linearity at higher solids concentrations was a 

product of the wide acceptance angle of the optical system used in this particular detector. 

resulting in high detection of scattered light with more intense incident Light sources. 

4.2.2 Silicon Photodiode 

At the commencement of testing of the silicon photodiodes, the results of incident light 
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source testing had produced a firm commitment to laser sources. All subsequent tests of 

detectors and light guides used laser sources. 

The VTB6061 (and the other photodiodes) produced very small signal currents 

relative to phototransistors; the zero concentration signal with the most intense source 

being considered was 1.68 mA; the "maximum detectable concentration" was 

approximately 500 mg diatomaceous earth per liter, although the non-linear range could 

be extended beyond 1530 mg per liter (see Fig. 4.5). 

4.2.3 Integrated Light-to-Frequency Circuit 

The Texas Instruments TSL230 programmable light-to-frequency converter was initially 

tested as the bare detector chip with the preferred incident light source (Toshiba 

TOLD9215, delivered via multimode fiber collimator). This test produced a widely 

varying, noisy signal. Subsequent testing with a multi-fiber light guide delivering the 

signal to the detector was quite successfu1. 

4.3 Fiber Optic Subassemblies 

Preliminary experiments with fiber samples resulted in the following conclusions. The use 

of multi-fiber bundles in the incident light source assembly was inappropriate due to the 

large exit angle of the beam. The "large core" fiber was too s t i f f  to conform to the 

existing sensing head, The requirements for fabrication of fiber optic source and detector 

subassemblies with single- or multimode optical fiber were found to be beyond the 

capabilities of the facilities available. It was more expedient and cost effective to specify 



Figure 4.5: 10 mW Diode Laser - Fiber Collimator with Photodiode 
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the design requinments and have subassemblies consmcted by a custom optical 

fabricator. 

4.3.1 Source Assemblies 

As noted previously, although it was relatively straightfixward to launch the laser light 

into the fiber bundle, the resultant output was too divergent to be of use directly, and the 

large section of the bundle made optical collimation impractical. 

4.3.1.1 Singlemode Optical Fiber 

A singlemode source, consisting of a Toshiba TOLD9211 laser diode coupled to four 

meters of 4/125 (4 micrometer core, 125 micrometer cladding) optical fiber, terminated 

with a GRIN lens collimator, was obtained. 

A test of this single mode source with the Skanamatic detector produced a 

maximum signal of 71.7 mA (the low concentration portion of this graph was also 

nonlinear, indicating saturation of the detector) and a maximum measurable concentration 

(linear) of approximately 610 rng; the nonlinear maximum concentration was in excess 

of 1570 mg/l (see Fig. 4.6). 

Testing this source against E.G.&G. VTB606 1 p hotodiode produced a maximum 

signal of 0.29 mA (no saturation), with maximum measurable concentrations (linear) and 

(nonlinear) of approximately 600 mgfl and greater than 1450 r n d ,  respectively (see Fig. 

4.7). 



Test of TOLD 921 1 wl single mode fiber 
detector, Skanamatic P.b.;(new laser) 

Figure 4.6: 3 m W  Diode Laser - Fiber Collimator with Phototransistor 



Test of TOLD 921 1 wl single mode fiber 
detectocEG.&G* VTB 6061 photodiode 

Figure 4.7: 3 m W  Diode Laser - Fiber Collimator with Photodiode 
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4.3.1.2 Multimode Optical Fiber 

A multimode fiber collimator was obtained fkom NSG America Inc. This collimator 

consisted of thrrc meters of 62.51125 (62.5 micrometer core. 125 micrometer cladding 

OD) optical fiber, one end fitted with an FC-type connector (to mate with laser diode 

receptacle), and the other end terminated with GRIN collimating lens. 

This fiber collimator, fitted with the Oz Optics laser source (Toshiba TOLD921 1, 

3mW (nom.)) was tested with the E.G.&G. VTB6061 photodiode. This combination 

produced a maximum detector current of 0.913 mA, a maximum linear measurable 

concentration of approximately 500 mg/l, and a maximum nonlinear measurable 

concentration of approximately 1600 mg/l (see Fig. 4.8). 

When fitted with a laser source obtained from Seastar Optics (Toshiba TOLD92 15, 

lOmW (norn.)), the above combination produced a maximum detector current of 1.67 rnA, 

a maximum linear measurable concentration of approximately 500 ma, and a maximum 

nonlinear measurable concentration of greater than 1530 mg/l (see Fig. 4.5). 



Test of TOLD 921 1 wlmultimode fiber co 
detectocEG.&G. VTB 6061 photodiode 

Figure 4.8: Diode Laser - Multimode Fiber Collimator with Photodiode 



43.2 Detector Subassembiies 

Preliminary experiments using single-, and multimode fiber collimators as detector light 

gathering optics, while somewhat encouraging, were judged to be impractical for the 

application in question. 

4.3.2.1 Multi-fiber Light Guides 

One detector subassembly was constructed by fitting the E.G.&G. VTB6061 photodiode 

to one end of the Light guide, with the other end positioned on the test cell in place of a 

detector. Testing this detector assembly with TOLD92 15/ NSG mu1 timode fiber source 

assembly produced a maximum detector signal of 0.83 mA. a maximum linear measurable 

concentration of approximately 500 ma, and a maximum nonlinear measurable 

concentration greater than 1200 m@. Due to the reduction in detector signal resulting 

from attenuation by the light guide, this test was conducted with the use of an amplifier. 

The amplifier introduced another source of nonlinearity, as shown by an inflection in the 

detector response curve not seen previously (see Fig. 4.9). 

A second detector subassembly was constructed with the Texas Instruments 

TSL230 integrated circuit. As mentioned previously, it was not possible to exploit the 

TSL230 directly due to interference between the multimode beam (the preferred source) 

and detector array. The use of the fiber light guide reduced this interference, most likely 

a result of the scrambling effect of the incoherent fiber arrangement within the light 

guide. 
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Testing the TSL230 detector subassembly with the TOLD9211/0z Optics 

singlemode source produced sufficient intensity at the detector to require that the 

arrangement be "&tuned" slightly (by increasing the distance between the end of the light 

guide and the detector surface) to prevent saturation of the detector at low concentrations. 

The maximum detector signal was set to 1.16 MHz at zero solids concentration. The 

maximum linear measurable concentration was approximately 600 ma,  with a maximum 

nonlinear measurable concentration greater than 1470 ma (see Fig. 4.10). 



-- - - 

VTB 6061 w/fib.bundle, amplified 
source:Seastar TOLD921 5wlinuJ.md.fib.co 

0.00 0.20 0.40 0.60 0.W 1.00 1 -40 
Dbtmacke Earth @II) 

Figure 4.9: 10 m W  Diode Laser - Fiber Collimator with 

Amplified Photodiode - Light Guide 
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Testing TSU30 detector subassembly with the TOLD9215/NSG multimode source 

subassembly produced a maximum linear measurable concentration of approximately 1000 

mg/l, and a maximum nonlinear measurable concentration greater than 1470 mg/l (see 

Fig. 4.1 1). 



Test of Texas Inst.TSL230wIfib. bundle 
source:& Opt TOLD921 1whgl.md.fib.w 

Figure 4.10: 3mW Diode Laser - Fiber Collimator with Integated Circuit 

Detector - Light Guide 



- - - - - - - - - - - - - - 

Test of Texas Inst.TSL23Ow/fi b. bundle 
source:Seastar TOLD921 Sw/mul.rnd.fib.co 

- linear - logarithmic 

Figure 4.1 1: 10 mW Diode Laser - Fiber Collimator with Integrated 

Circuit Detector - Light Guide 



CHAPTER 5 

Component Selection and Adaptation 

Testing of the candidate source and detection components produced well-defined, although 

contextually sensitive, selection parameters for choosing those components which would 

ultimately be used to construct the prototype turbidimeter head The opto-electronic 

assemblies selected on a costbenefit basis were the Toshiba TOLD 9215 laser source 

fitted with the NSG mdtimode fiber collimator, and the Texas Instruments TSL 230 

integrated light-to-fkquency converting circuit fitted with a multi-fiber light guide. 

5.1 Incident Light Sources 

The 980 nM infrared LED was unsuitable since this wavelength is apparently absorbed 

by water. Although the 660 nM visible LED produced an order of magnitude increase 

in maximum signal strength, the output beam divergence resulted in an unacceptable 

degree of non-linearity in the detector response at higher solids concenaaaons. The 

poorly defined output beam of light emitting diodes in general made them less adaptable 

for use with optical fiber. The superior beam quality of the visible laser diode produced 

a substantial increase in the maximum signal intensity at the detector. The well-defined 

output of the diode laser is imminently suitable for launching into optical fiber. 

The use of fiber optic collimators had a mixed impact. There was a negligible 

reduction in incident light intensity at low concenaaaons. However, a definite  ducti ion 

in the concentration range of the system occurred This was the result of "spatial filtering" 

at the laser-fiber interface which significantly reduced the amount of stray, off-axis light 



produced by the fiber collimator. 

The Toshiba TOLD 921 1 diode laser, singlemode fiber collimator assembled by 

Oz Optics Ltd p e r f o d  well, but achieved its performance through the the use of 

relaavely sophisiticated and expensive optics. This light source design would not benefit 

significantly from the economies of increased production and as such was considered too 

expensive. The Toshiba TOLD 9215 with an NSG multimode fiber collimator was the 

most intense incident light source tested. Although the beam quality of the multimode 

fiber collimator was inferior to that of the singlemode fiber collimator, the difference was 

insignificant when weighed against the fact that the multimode design benefits from the 

economies of volume production. Thus the Toshiba TOLD 9215 with the NSG 

multimode fiber colimator was chosen as the incident light source subassembly for the 

pro totype. 

5.2 Photodetectors 

The Skanamatic P33008 phototransistor was found to be generally unsuitable in the 

current application. Aside from its mechanical shortcomings, its performance was limited 

by its high intensity saturaaon response, and its nonlinear response curve at lower 

concentrations. 

The photodiode had better operating characteristics than the phototransistor. It did 

not saturate with even the most intense source under test and exhibited a broader linear 

range (LOG (signal) vs. concentration-relationship). However, it produced a much smaller 

output signal. This required amplification, which introduced a nonlinearity. 



73 

Fiber collimators (in the detection application, this optic is properly termed a 

"focuser", since it couects a light beam and focuses it onto the end of an optical fiber) 

were too alignment-sensitive for the testing apparatus and therefore the alignment 

tolerance was likely too critical for economical maaufacnrring. 

The fiber bundle light guide with photodiode produced a viable subassembly, 

although it suffered from the photodiode's shortcomings. 

The Iight-intensity-to-frrquency converter, the TSL 230, in combination with the 

fiber bundle Light guide, resulted in the most cost effective, functional detector assembly. 

This assembly would require the fabrication of a custom adapterlmount Linking the fiber 

light guide to the detector chip. 

5.3 The Design and Construction of the Prototype: 

To complete the prototype required the fabrication of a detection subassembly, and the 

fining of the fiber end of the detection and incident light assemblies to the sensing head. 

The detection subassembly was completed with the design and fabrication of an 

interfacing connector to join the fiber bundle to the detector. This connector (see Fig. 5.1) 

rigidly secured the fiber bundle to the chip while allowing the fiber bundle end to be 

"aimed at the photo-sensitive area of the detector. 

The fitting of the optoelecnonic components to the sensing head required the 

design and fabrication of two mechanical adapters, one to fit the output end of the fiber 

collimator to sensing head, and one to fit the input end of fiber light guide to sensing 

head. These adapters took the form of brass bushings externally threaded to 3/8 X 24 
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UNF (to mate with threads in sensing head) and bored to mate with the exterior contom 

of the fiber collimator and fiber bundle (see Fig. 5.2 and Fig. 5.3). 

The only modification to the sensing head required to allow completion was 

increasing the diameter of the wiring channel from 1/4 inch to 3/8 inch to accommodate 

the additional thickness of the fiber optic bundle (see Fig. 5.4 for sketch of modified 

sensing head showing fiber optic components installed). 



Figurc 5. la: Fiber Bundle - TSL230 Detector Adapter 

a) Sectioned View Through Cenue Line 

b) Sectioned View Through Clamping and Alignment Sections 



0.750 0.0. SUP FIT 
TO 0.75 CAVIM IN 
ALIGNING CONNECTOR 

0.625 1.0. 

Figure 5.lb: Mount for TSL230 (Dimensions in Inches) 

End and Sectional Views Through Centreline 



Figure 5.1~: Fiber Bundle - Detector Adapter 

Sectioned Views Showing Fiber Bundle and TSL230 Location 



Figure 5.2 Fiber Bundle - Hushing Insert Adapter 

Figure 5.3 Fiber Collimator - Rushing Insen Adapter 



Figure 5.4a: Fiber Collimator Adapter Ins tdled in Flushing Insert 



Figure 5.4b: Optical Fiber Source and Detection Components Installed in Sensing Head 



5.4 Design Recommends tions 

In the course of creating the prototype, certain concessions and compromises were made. 

This was done to allow for the greatest possible flexibility in component selection, and 

to conform with the requirement that modifications to existing sensing head be kept to 

a minimum. By fixing the opto-electronic subassembly components, and allowing for the 

redesign of the sensing head, the manufacturing processes could be greatly simplified. 

5.4.1 Incident Light Source 

The diode laser and fiber collimator of the prototype subassembly are mechanically 

connectorized and therefore separable. This feature was adopted to allow for the 

convenient replacement of the laser at the circuit board However, since current laser 

diodes have expected lifetimes in excess of 20,000 hours, failure of the laser diode 

becomes an unlikely event Fixing, or "pigtailing" the fiber collimator directly to the laser 

diode eliminates the connector, and one alignment step. A secondary benefit would be the 

reduction of the losses associated with launching light through the connector, which 

would allow the use of a lower powered laser diode. 

5.4.2 Detector 

The interfacing adapter used to join the fiber bundle to the TSL 230 could be radically 

simplified to a plastic bushing with alignment and strain-relief provided by a rigid 

adhesive. The deteztor chip is so inexpensive that in the event of damage or failure of the 

fiber bundle, the entire optical subassembly could be discarded. 
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5.4.3 Sensing Head 

The bulk and complexity of the sensing head could easily be reduced by the elimination 

of several redundant fixtures. On the incident beam side, the flushing insert could be 

modified to accept the collimator fermle without an intervening adapter. Since the 

collimator was specified to be waterproof, the window could also be eliminated. 

On the detector side, similar modifications could be made. The elimination of the 

window would require a fiber bundle with a fused end since the light guide currently used 

is not specified as being waterproof. 

Fabricating the sensor body to include the optical aperture flushing function would 

eliminate the flushing inserts. This would permit a sufficiently close tolerance to be 

applied to bore locations for the incident beam collimator and detection fiber bundle that 

alignment between these components would become intrinsic to the sensor body. 



CHGIPCER 6 

CONCLUSIONS 

At the outset of this research, four technical objectives were to be met: 1) the range of 

the instrument was to be increased from 5 - 200 Jackson Turbidity Units to 0 - 2000 

Jackson Turbidity Units; 2) the accuracy of the instrument was to be improved from 5% 

of calibrated range to 1 % of calibrated range; 3) the incident light source would be a 

semiconductor laser of less than 750 nanometer wavelength; and, 4) the light signal 

would be transmitted to and from the sensing head using optical fiber. AIl four technical 

objectives were met with some degree of success. A 680 nanometer diode laser was used 

as an incident light source, and the incident light and attenuated signal were transmitted 

to and from the sensing head with optical fiber. The objective of increasing the operating 

range to 0 - 2000 JTU with 1% accuracy was not realized However, a range of 0 - 1000 

JTU with 1% accuracy was achieved. 



CHAPTER 7 

Recommendations for Further Study 

During the process of upgrading the Claritek SM8830 to a more current technological 

standad, questions and problems regarding various system components beyond the scope 

of this thesis remain unaddressed. In addition, other novel applications of the technology 

to real-world problems were fnquently suggested. 

7.1 Claritek SM8830 System Components 

The fiber collimators were ordered from the fabricators with the stipulation that they be 

suitable for submerged applications, in other words, that the collimating GRIN lens and 

the lens-fiber interface be "waterproof '. It would be useful to research the stability of the 

sealing and bonding compounds in various system liquids. Accelerated life testing of fiber 

collimators would provide information regarding anticipated lifespans, modes of failure. 

and symptoms of failure or incipient failure. Similarly, such research and testing could 

be applied to the GRIN lens, the optical fiber, and the fiber bundle. In the latter case, 

finding the end face of the fiber bundle to be inert to some, or most system fluids would 

eliminate the need for a window, simplifying the design of the sensing head. 

Another area which would benefit from further investigation is the mechanism of 

achieving and maintaining alignment during assembly and use, (respectively), between the 

incident collimator and detection fiber bundle. At present, this alignment is achieved by 

allowing a liberal tolerance in the collimator mount to permit the incident beam to be 

manually centred on the end face of the fiber bundle. By specifying the maximum 
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deviation beween the optical output axis and the mechanical axis of the collimator, in 

combination with a suitable tolerance for the collimator mounting bore in the sensing 

head, the need for manual alignment of the incident beam with the detection fiber bundle 

could be eliminated 

7.2 Other Applications of System Components 

The system components used in the turbidity meter could be readily adzpted to the 

detection or measurement of gas -, or air-borne suspended particles. Such a device could 

be applied to the measurement of engine particulate emissions, fog or visibility detectors, 

and smokestack-or duct-mounted particulate detectors. 

One novel application of the system components was a single-ended turbidimeter 

or nephelometer. This device would measure particle concentrations by the amount of 

light reflected back to a detector (or light guide) near the incident light source. Since such 

a device requires no alignment, it would be mechanically quite simple. 
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Glossary: The following terns and descriptions apply to the tables of experimental data 

contained in this appendix 

weight add9n (g) : the weighed increment of diatomaceous earth, in grams, added to the 

slurry 

weight sum (g) : the sum total of weighed increments of diatomaceous earth in the slurry 

concent. (gh) : the sum total of diatomaceous earth in the slurry divided by the volume 

volume of sluny (generally 1.5 liters) yielding concentration in grams per liter 

current (mA) : the total signal of a reverse-biased phototransistor or photodiode including 

that attributed to ambient light, in milliamperes; - generally directly related to the light 

intensity impinging on the detector, or, inversly related to the attenuating slurry 

concentration 

P.D. signal ( mV) : the signal of an amplified photodiode, in millivolts; as above 

frequency (kHz) : the signal of the light intensity -to- frequency converter integrated 

circuit, in thousands of cycles per second; as above 

current LED off : the background signal from a reverse-biased phototransistor or 

photodiode with the incident light source blocked or turned off, in milliamperes; atmbuted 

to ambient Light scattering onto the detector 

P.D. signal LD off (mV) : as above, horn amplified photodiode, in millivolts 

frequency LD off (kHz) : as above, fiom light intensity-to-fkequency converter 

net current : the result of subtracting the background signal (current LED off) fiom the 

total signal (current (mA)) yielding the attenuated light intensity signal of a reverse-biased 

pho totransis tor or photodiode, in milliamperes 
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net signal (mv) : as above, from amplified photodiode, in millivolts 

net frequency : as above, from light intensity-to-frequency convener, in thousands of 

cycles per second 

air only : refers to attenuating condition at stan of some tests; allows the measurement 

of light intensity with minimum attenuation and measurement of ambient scattered onto 

detector by nearby objects and equipment 

tank only : refers to attenuating condition produced by empty test cell (tank), allows 

measurement of attenuation of incident light beam, and scattering of ambient Light onto 

detector attributable to cell walls 

tank/water : as above with only deionized water in cell 



Preliminary test of IR LED 
09/15/93 

weight 
add'n (g) 

0 
0.00 17 
0.0049 
0.0097 
0.0 198 
0.0375 
0.07 15 
0.136 
0,263 

0-5 154 
1.0152 
2.0 159 
3.0139 

current 
(m A) 

0 -766 
0,762 
0,754 
0.738 
0.704 
0.65 1 
0.562 
0.417 
0.24 

0.077 
0.01 19 
0.00 1 1 
0.0005 



Preliminary test of visible LED 
09/09/93 

weight 
(B) 

0 
0,0057 
0.0095 
0.0193 
0.0293 
0.0765 
0.1274 
0.226 1 
0.326 

0.8279 

current 
(m A) 

8.95 
8.68 
8.48 
8-04 
7.57 
5.8 

4-42 
2.58 

1.5 
0.116 



Preliminary test of visible LED 
O W  15/93 

weight 
(B) 

0 
0.0023 
0.0058 
0.0117 
0.0222 
0.0422 
0.0838 
0,1626 
0.3258 
0,647 1 

1.657 
2,1638 
2.6607 
3.65 19 
4.1613 

concent. 
W) 

0 
0,0015333 
0.0038667 

0.0078 
0.0 148 

0.028 1333 
0,0558667 

0.1084 
0.2 172 
0.43 14 

1,1046667 
1.4425333 

1.7738 
2.4346 
2.7742 



Preliminary test of ALPEC laser 

weight 
add'n (g) 

0 
0.0017 
0 -0047 
0,0093 
0.0195 
0.039 

0,0795 
0.1606 
0.32 17 
0.6436 
1.2917 
2.5856 

3 -088 
4 
5 

concent. 
(Bn) 

0 
0.001 1333 
0.003 1333 

0.0062 
0.013 
0.026 
0.053 

0.1070667 
0.2 144667 
0.4290667 
0.861 1333 
1.7237333 
2.0586667 
2.6666667 
3.3333333 

current 
( d l  

54.7 
54.55 
54.6 
54.5 

54.45 
54.3 

54.05 
53.35 
38.85 
5.965 
0.212 

0 -004 1 
0.0025 
0.001 5 
0.001 1 



Test of infiared LED 
Dec1295 
Light source: Skanamatic L330 14 IRLED 
Detector: Skanamatic P3 3008 phototransistor 
Source current: -45%; 45.0rnA 
PD. bias voltage: 10 vDC 
weight weight concent. current current 

add'n (g) sum (g) 
air only 
tanwwater 

0.0012 0.0012 
0.0009 0,002 1 
0.00 13 0.0034 
0.0007 0.004 1 
0.0007 0.0048 
0.0054 0.0102 
0,0005 0.0 107 
0.0007 0.01 14 
0.005 1 0-0 165 
0.0008 0.0 173 
0.00 1 1 0.0184 
0.0047 0,0231 
0.00 15 0.0246 
0,0014 0.026 
0.0 102 0.0362 
0.0022 0.0384 
0,0022 0.0406 
0.01 1 0.0516 

0.0036 0,0552 
0.0023 0.0575 
0.013 0.0705 

0.003 1 -0,0736 
0.0027 0.0763 
0.0166 0.0929 
0.0051 0.098 
0.0044 0.1024 
0.0153 0.1177 

0 0.1177 

net 
current 

0.52 
0.52 

0.5 18 
0.5 13 
0.5 12 
0.5 11 
0.497 
0.497 
0.495 
0.486 
0.483 
0.48 1 
0.472 
0.47 

0.467 
0.444 
0.441 
0,437 
0.4 15 
0.408 
0.402 
0.379 
0.374 
0.368 
0.342 
0.337 
0.327 
0.302 
0.304 







Test of visible LED 
111194 
Light source: Skanamatic L33008 vis. LED 
Detector: Skanamatic P33008 phototransistor 
LED current: 90% 45.0 mA 
P.D. bias voltage: 10 vdc 

weight 
addvn (g) 

air only 
tank only 
tanklwater 
tanklwat er 
t ank./wat er 

0,001 1 
0.0007 
0,0015 
0.0008 
0.00 1 

0.0044 
0.00 1 

0,0012 
0,0013 
0.0037 
0,001 1 
0.00 14 
0.0048 
0.0006 
0.0009 
0.0014 
0.0102 
0.002 1 
0.0014 
0,0096 
0.00 12 
0.00 15 
0.0174 
0.0012 
0.00 1s 

weight concent. 
wm (I31 W) 

0 
0 
0 
0 
0 

0.00 1 1 0-0007333 
0.0018 0.0012 
0.0033 0,0022 
0.004 1 0.0027333 
0.005 1 0,0034 
0.0095 0.0063333 
0.0 105 0.007 
0.0 1 17 0.0078 
0.0 13 0.0086667 

0.0167 0.01 11333 
0.0 178 0.0 1 18667 
0.0192 0.0128 
0.024 0.0 16 

0.0246 0.0 164 
0.0255 0,017 
0.0269 0.0179333 
0.0371 0,0247333 
0.0392 0.026 1333 
0.0406 0.0270667 
0.0502 0.0334667 
0.05 14 0.0342667 
0.0529 0.0352667 
0,0703 0.0468667 
0.07 15 0.0476667 
0.073 0.0486667 

curtent current 
(mA) LEDoffm 

net 
curent 

6.08 1 
9.573 
9.534 
9.564 
9.504 
9,454 
9.374 

9.3398 
9.2898 
9.0898 
9.0498 
9.0026 
8.9126 
8.7226 
8.66 19 
8.6219 
8.41 19 
8,4321 
8,402 1 
8.3425 
7,8725 
7.7725 
7.723 1 
7.333 1 
7.263 5 
7.203 5 
6.5335 
6.4936 
6.4336 







Test of visible laser diode 
+2 l/l2/95 
Light source: Imatronic 67013 faser diode 
Detector: Skanarnatic P33009 photodetector 
Source current: 75 -0'mA (48vdc) 
PD. bias voltage: 10 vDC 

weight weight concent. 
add'n(mg) -(g) 
air only 
twwater 

2.7 
0 

2.6 
2.1 
1.8 
1.3 
1-2 

0 
1.2 
4.5 

0 
2.2 
1.7 
8.9 
3.9 
2.7 

10.4 
2.8 
3.2 

12.5 
2.7 
3.2 

14.3 
. 3.2 
4.1 

0 
3.4 
21 

current current net 
(mA) LEDoffrn current 











Test of visible laser diode 
10127194 

Light source: OZ subassemb1y:TOLD 921 1 w/ singlemode fi 
Detector: Skanamatic P33008 photodetector 
Source curtent: 44 mA 
P.D. bias voltage: 10.43 vDC 

weight 
add'n (g) 

air only 
tankfwater 

0.0007 
0,0006 
0,0006 
0,0023 

0 
0.0035 
0.0014 
0.0023 
0-00 12 
0-0 163 
0.00 1 
0.0029 
0.0048 
0,015 
0.0138 
0.0015 
0.00 19 
0.0016 

0 
0.0168 
0.0025 
0.0036 
0.004 1 
0.028 

0 
0.00 19 
0.0025 
0.004 

weight concent. 
sum (g) W) 

0 
0 

0.0007 0.0004667 
0.0013 0.0008667 
0.00 19 0.00 12667 
0.0042 0.0028 
0.0042 0.0028 
0.0077 0.005 1333 
0.009 1 0.0060667 
0.0 1 14 0-0076 
0.0 126 0.0084 
0.0289 0.0 192667 
0.0299 0.0199333 
0.0328 0.02 18667 
0.0376 0.0250667 
0.0526 0.03 SO667 
0.0664 0.0442667 
0.0679 0.0452667 
0.0698 0.0465333 
0.0714 0.0476 
0.0714 0.0476 
0.0882 0.0588 
0.0907 0,0604667 
0.0943 0.0628667 
0.0984 0.0656 
0,1264 0.0842667 
0.1264 0.0842667 
0.1283 0.0855333 
0.1308 0.0872 
0.1348 0.0898667 

current current 
(mA) LEDoffm 

net 
current 





Test of visible laser diode fiber collimator 
mar2495 
Light source: Oz sbasb1y:TOLD 92 1 1 (new) wlsingle 
Detector Skanamatic P33008 phototransitor 
Source current: 44 mA 
P.D. bias voltage: 10.33 Vdc 
weight weight concent. 

add'n (g) sum(@ W) 
air only - 

tanMwater 0 
0,0059 0.0059 0.00393 

0 0.0059 0,00393 
0.0028 0.0087 0.0058 

0 0.0087 0.0058 
0.0022 0.0 109 0.00727 

0 0.0109 0.00727 
0.00 19 0.0128 0.00853 

0 0.0128 0.00853 
0,0192 0,032 0.02133 
0,0042 0,0362 0.02413 
0.006 0.0422 0.02813 

0 0,0422 0.02813 
0.0179 0.0601 0.04003 
0.0072 0,0673 0.04487 
0.0394 0,1067 0,071 13 
0.0088 0.1 155 0,077 
0.0394 0.1549 0.10327 
0.0475 0.2024 0.13493 
0.0745 0.2769 0,1846 
0.0942 0.37 1 1 0.2474 
0.0087 0.3798 0,2532 
0.0874 0.4672 0.3 1 147 
0.0897 0.5569 0.37127 
0.0861 0.643 0.42867 
0.0804 0.7234 0.48227 

0 0.7234 0.48227 
0.0804 0.8038 0.53587 
0.0829 0.8867 0.591 13 

current current net 
(mA) LEDoff cunent - 0 - 
71.7 0.0248 71.6752 
71 0.0248 70.9752 

70.8 0.0248 70,7752 
70.6 0.0248 70.5752 
70.7 0.0248 70,6752 
70.6 0.0248 70.5752 
70-7 0.0248 70.6752 
70.6 0.0248 70.5752 
70.5 0.0273 70.4727 
69-1 0,0273 69.0727 
68.9 0.0273 68,8727 
68.5 0.0273 68.4727 
68.7 0.0174 68.6826 
67.4 0.0174 67.3826 
67 0.0174 66.9826 

64.2 0.0174 64.1826 
63.6 0.0174 63.5826 
60.7 0.0174 60.6826 
55.9 0,0134 55.8866 
43.5 0.0134 43.4866 
24.4 0.0134 24.3866 
23.4 0.0134 23.3866 
13.5 0.0134 13.4866 
7.85 0.0083 7.8417 
4.63 0.0083 4.6217 
2.87 0.0076 2.8624 
2.54 0.0069 2.5331 
1.63 0.0069 1.6231 
1.03 0.0069 1,0231 





Performance test of visible laser diode 
feb0695 
Light source: Oz sbasb1y:TOL.D 92 1 1 (repaired) w/si 
Detector Skanamatic P3 3008 photodetector 
Source current: 41.4 mA 
P.D. bias voltage: 10.43 vDC 
weight weight concent. current current net 

add'n (g) sum (g) 
air only 
t addwater 
0.014 0.014 
0.013 0.027 
0.0127 0,0397 
0.0205 0.0602 

0 0.0602 
0.0227 0.0829 
0.034 0-1 169 
0.0365 0.1534 
0.0611 0.2145 
0.0604 0.2749 
0.0595 0.3344 
0.06 I8 0.3962 
0.064 0.4602 
0.0718 0.532 
0.0765 0.6085 
0,1064 0.7149 
0.1 132 0.8281 
0.122 0-9501 

0 0.9501 
0.121 1 1.0712 
0.1728 1-24  
0.2482 1.4922 
0.2909 1.783 1 

(mA) LEDoff current 
74.4 0.034 74.366 
74.5 0.0211 74,4789 
73.5 0.0264 73.4736 
73 0.0251 72.9749 

72.1 0.0261 72.0739 
70.5 0.0282 70.4718 
71 0.0193 70.9807 

69-3 0.0185 69.2815 
66.8 0.0184 66.7816 
63.8 0.0183 63.7817 
57 0.0182 56.9818 

46.4 0.0182 46.3818 
33.6 0.0182 33.5818 
22.7 0.0142 22.6858 
15.5 0,0142 15.4858 
9.81 0.0146 9.7954 
6.08 0.0146 6.0654 
3.22 0.0135 3.2065 
1-74 0,0135 1.7265 
0.885 0.0118 0.8732 
0.685 0.0061 0.6789 
0.364 0.0066 0.3574 
0.149 0.0066 0.1424 
0.0505 0.0069 0.0436 
0.0195 0.0068 0.0127 



Test of visible laser diode fiber collimator 
mar2895 with large area photodiode detector 
Light source: Oz sbasb1y:TOLD 921 1 (new) wlsingle 
Detector: E.G.&G. VTB 6061 photodiode 
Source current: 44 mA 
P.D. bias voltage: 10 Vdc 
weight weight concent. cunent w n n t  net 

add'n (g) sum(& (gn) (d) LDotqm current 
air only - . . - 

tawater 0 0.29 0.0063 0,2837 
0.0014 0.0014 0.00093 0.289 0.0062 0.2828 
0.0015 0.0029 0.00193 0,287 0,0062 0.2808 

0 0.0029 0.00193 0.285 0.006 0.279 
0.002 0.0049 0.00327 0.283 0.0061 0.2769 
0.01 19 0.0168 0.01 12 0.266 0.006 0.26 

0 0.0168 0.0112 0.267 0,0059 0.2611 
0.0105 0.0273 0.0182 0.255 0.0058 0.2492 

0 0.0273 0.0182 0.256 0.0057 0,2503 
0.0 102 0,0375 0.025 0.244 0.00565 0.23835 

0 0.0375 0.025 0.244 0.00545 0.23855 
0.0017 0,0392 0,02613 0,2435 0.0055 0.238 
0.025 1 0.0643 0.04287 0.21 85 0.00535 0.2 13 15 
0.02 0.0843 0.0562 0.201 0,00515 0.19585 

0.0229 0.1072 0.07147 0.182 0.005 1 0.1769 
0.0026 0.1098 0.0732 0.18 0.005 0.175 

0 0.1098 0.0732 0.179 0.0047 0.1743 
0.0474 0.1572 0.1048 0.146 0.0048 0.1412 
0.0581 0.2153 0.14353 0.1 14 0,00465 O.10935 
0.053 0.2683 0.17887 0.0916 0.0046 0.087 
0.0788 0.3471 0.2314 0.0656 0.0046 0.061 
0.0861 0.4332 0,2888 0.0466 0.0046 0.042 

0 0.4332 0.2888 0.0465 0.0045 0.042 
0.0876 0.5208 0.3472 0.0333 0.0046 0.0287 

0 0.5208 0.3472 0,0323 0.0045 0.0278 
- 0.0833 0.6041 0.40273 0.0246 0.0045 0.0201 

0 0.6041 0.40273 0.024 0.0045 0.0195 
0.0806 0.6847 0.45647 0.0188 0,0044 0.0144 

0 0.6847 0.45647 0.0187 0,00445 0,01425 





Test of visible laser diode fiber collimator 
with large area photodiode detector 

Light source: Oz lmecTOLD 921 1 w/NSG multimod 
Detector E.G.&G- VTB 6061 photodiode 
Source current: 44 mA 
P.D. bias voltage: 10 Vdc 
weight weight concent. current current net 

add'n (g) sum (g) (gll) (mA) LDofqm ~ l m m  
air only 0 0 1.1 0.0063 1-0937 
t ank/wat 0 0 0-918 0.0046 0.9134 

0,0024 0,0024 0.0016 0,907 0.0047 0.9023 
0.0024 0.0048 0.0032 0.8955 0.0046 0.8909 
0.003 0.0078 0.0052 0.886 0.0046 0.8814 

0 0.0078 0.0052 0,888 0.0046 0.8834 
0.0054 0.0132 0.0088 0.867 0.0046 0.8624 
0,005 0,0182 0,01213 0.848 0.0045 0.8435 
0.005 0.0232 0.01547 0.829 0.00455 0.82445 

0 0,0232 0.01547 0.83 15 0.0045 0.827 
0.0 1 19 0.035 1 0.0234 0.798 0.00455 0.79345 
0-0096 0.0447 0.0298 0,7535 0.0046 0.7489 

0 0.0447 0.0298 0.759 0.00635 0.75265 
0 0.0447 0.0298 0.7595 0,0044 0.7551 

0.0099 0.0546 0.0364 0-723 0.00435 0.71865 
0 0.0546 0.0364 0-7285 0.0045 0.724 

0.0098 0.0644 0.04293 0.6955 0.0045 0,691 
0.019 0,0834 0.0556 0.6355 0.0045 0.631 

0.0205 0.1039 0.06927 0.576 0.00465 0.57135 
0.02 0.1239 0.0826 0.525 0.0046 0.5204 

0.0188 0,1427 0.09513 0.4825 0.0046 0.4779 
0.052 0.1947 0.1298 0.3805 0.00445 0.37605 

0 0.1947 0,1298 0.3795 0.0039 0.3756 
0.051 0.2457 0.1638 0.3005 0.0038 0.2967 

0.0553 0.301 0.20067 0.232 0.00385 0.22815 
0.1 128 0.4138 0.27587 O,l4ZS 0.0039 0.1386 
0.0965 0.5103 0.3402 0.095 0.0039 0.0911 
0.0983 0.6086 0.40573 0.06395 0.0038 0.060 15 
0.1086 0.7172 0.478 13 0.04215 0.00375 0.0384 
0.1347 0.85 19 0.56793 0.02685 0.00375 0.023 1 



Test of visible laser diode fiber coUimator 
mar3 095 with large area photodiode detector 
Light source: Seastar:TOLD 921 5 wMSG multimode fiber c 
Detector: E.G&G. VTB 6061 photodiode 
Source current: 44 mA 
P.D. bias voltage: 10 Vdc 

weight 
add'n (g) 

air only 
tanklwater 

O.OO3 3 
0 

0,0023 
0 

0.002 
0 
0 

0,003 1 
0.0047 
0.0055 
0,012 

0.0 lo6 
0 
0 

0.0099 
0.0194 
0,0202 
0.0 19 I 
0.0455 
0.0468 
0.0502 
0 .O966 
0.1 122 
0.1121 
0.1718 
0.1914 
0.208 1 
0.2505 

weight concent. 
sum (g) W) 

0 0 
0 0 

0.0033 0,0022 
0.0033 0.0022 
0.0056 0-0037333 
0,0056 0.0037333 
0.0076 0.0050667 
0.0076 0.0050667 
0.0076 0.0050667 
0,0107 0.0071333 
0.0 154 0.0 102667 
0.0209 0.0139333 
0.0329 0.0219333 
0,0435 0.029 
0.0435 0.029 
0.0435 0.029 
0,0534 0.03 56 
0.0728 0.0485333 
0.093 0.062 

0.1121 0.0747333 
0.1 576 0.1050667 
0.2044 0.1362667 
0.2546 0.1697333 
0.3512 0.2341333 
0.4634 0.3089333 
0.5755 0.3836667 
0.7473 0.4982 
0.9387 0.6258 
1.1468 0.7645333 
1.3973 0.93 15333 

net 
current 

2.2238 
1.67185 
1 -6463 5 
1.64535 
1.62785 
1 -6283 5 
1.61485 
1 -62043 
1.61785 
1.59625 
1.5658 
1.5263 

1.44585 
1.37595 
1.40005 
1,40335 

1.343 1 
1.22905 
1.10795 

1.015 
0.8249 
0.6648 
0.5266 

0.34275 
0.21 13 
0.1283 
0.0633 
0.0309 

0.01 565 
0,0083 





Performance test of VTB 6061 with amplifier and fiber bundle 
04/17/95 

Light source: SeastacTOW 921 5 w/NSG rnultimode fib. coll. 
Detector: E.G.&G. VTB6061 photodiode via fiber bundle 
Source current: 44mA 
Amplifier gain resistor: 5-17 kOhms 

weight 
add'n <g) 

air only 
tankjwater 

0.0030 
0,0000 
0.0023 
0~0000 
0,0024 
0.0000 
0 .oooo 
0.0053 
0.0000 
0.0059 
0.0000 
0.0058 
0.0000 
0.0125 
0.0000 
0.0109 
0.0000 
0.0133 
0~0000 
0,0206 
0.0000 
0,0238 
0.0000 
0.0227 
0.0000 
0.0529 
0.0000 
0.0496 

weight concent. PD. signal P.D. sigaal net signal 
sum (8) (dl) (mv) moqmv) (mV) - I - - 

0,00000 4295 -0 2.3 4292.7 
0,0030 0.00200 4220.0 2.3 4217.7 
0.0030 0,00200 4225.0 2.3 4222.7 
0.0053 0.003 53 421 0.0 2.3 4207.7 
0.0053 0.00353 4230.0 2.3 4227.7 
0.0077 0.005 13 4 180.0 2-3 4177.7 
0.0077 0.005 13 4190.0 2.3 4187.7 
0,0077 0,005 13 4170.0 2.3 4167.7 
0.0130 0,00867 4070.0 2.3 4067.7 
0.0130 0.00867 4075 -0 2.3 4072.7 
0.0189 0.01260 3945.0 2.3 3942.7 
0.0189 0.01260 3955.0 2.3 3952.7 
0.0247 0.01647 3830.0 2.3 3827.7 
0.0247 0.01647 3 845.0 2.3 3842.7 
0.0372 0.02480 3 590.0 2.3 3587.7 
0.0372 0.02480 3580.0 2.3 3577.7 
0.048 1 0.03207 3360.0 2.3 3357.7 
0,048 1 0.03207 3380.0 2.3 3377.7 
0.0614 0.04093 3 120.0 2.3 3 117.7 
0.0614 0,04093 3 125.0 2.3 3 122.7 
0.0820 0.05467 2750.0 2.3 2747.7 
0.0820 0.05467 2730.0 2.3 2727.7 
0.1058 0.07053 2420 .O 2.3 2417.7 
0.1058 0.07053 2320.0 2.3 23 17.7 
0,1285 0.08567 2145.0 2.3 2142.7 
0.1285 0.08567 2155.0 2.3 2152.7 
0.1814 0.12093 1630.0 2.3 1627.7 
0.1814 0.12093 1635.0 2.3 1632.7 
0.23 10 0.15400 1225.0 2.3 1222.7 





Performance test of TSL230 light-to-frequency chip 
04/18/95 

Light source: Oz 0ptics:TOLD 92 1 1 w/sgl.md.fib.coll. 
Detector: Texas InstLight intensity-to-frequency chip 
Source current: 44 mA 
Frequency counter: 1.0 sec. r e k h  rate 

weight 
add'n (g) 

air only 
tankhater 

0,0025 
0.0000 
0,0023 
0.0000 
0.0028 
0.0000 
0.0074 
0.0000 
0.0046 
0.0000 
0.0046 
0.0000 
0.0000 
0.0000 
0.0053 
0~0000 
0.0097 
0.0000 
0.0100 
0.0000 
0.0 10 1 
0.0000 
0.0 194 
0.0000 
0.0214 
0.0000 
0.0236 
0,0000 

weight concent. tiequency frequency net 
sum (s) W) (IrEfi) LDoff(WIz) fie~uency 





Performance test ofTSL230 light-to-frequency chip 
M/lZ/95 

Light source: S-TOLD 921 5 w/NSG multimode fib. coll. 
Detector: Texas --Light intensity-to-fhquency chip 
Source cwrent: 42 mA 
Frequency counter: 1.0 sec. refkesb rate 

weight 
add'n (g) 

air only 
tanWwater 

0.0025 
0.0000 
0.0018 
0,0000 
0-00 1 7 
0.0000 
0.0050 
0.0000 
0.0044 
0.0000 
0.0049 
0.0000 
0.0090 
0.0000 
0.0101 
0.0000 
0.0097 
0.0000 
0.0 188 
0.0000 
0.0203 
0.0000 
0.0219 
0.0000 
0.0494 
0.0000 
0.0000 
0.0000 

weight concent. frequency frequency net 
mm (g) (sn) (IrHE) rno$IrHz) frequency 





Test of TSL23 0 light-to-frequency chip 
08/08/95 

Light source: Seastar Optics TOLD9215 w/NSG nrn fib coll 
Detector: Texas InstLight intensity-to-frequency chip 

w/ optical fiber bundle light guide 
sensitivity X10; fiq,div. I1 

Source current: 42 mA 
Frequency counter: 1.0 sec. refresh rate 
Notes: 

weight 
addition 

(B) 

tankiwater 
0.005 1 
0.0000 
0.005 1 
0.0000 
0.0000 
0.0086 
0.0000 
0.0000 
0.007 1 
oIOooo 
0.0103 
0.0000 
0.0 150 
0.0000 
0.0210 
0.0000 
0.030 1 
0,0000 
0.0425 
0.0000 
0.0603 
0.0000 
0.0694 

collimator and bundIe "index-matched" to ceil 
incident beam blocked inside cell 

weight concent. frequency kequency net 
sum LD blocked frequency 
63) (gn) (kHz) W) W)  








