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Abstract 

This thesis presents a design and evaluation of a hybrid 

polarimeter system. A polarimeter typically uses monochromatic light to 

measure the concentration of an optically active chemical. The system 

presented here — the chromatic polarimeter — makes use of a 

polychromatic light source but otherwise the basic polarimetry system 

remains similar (and thus uncomplicated and low cost). The use of a 

polychromatic light source means that due to the wavelength dependence 

of the optical activity the resultant signal will be complex. The key 

difference of the system is that the results are interpreted using chromatic 

methodology, which enables complex optical signals to be reduced to 

three chromatic parameters. Discussed in this thesis are the results of 

work that examined a fusion of two techniques, that of chromatic 

modulation and monitoring and a modified form of polarimetry. Results 

have shown that it is possible to resolve the concentration of an optically 

active chemical via chromatic processing (sucrose). Work involving a 

chemical that had both varying concentration and molecular weight 

showed some promise and suggested the possibility that, with more work, 

both these variables could be resolved using the three chromatic 

parameters hue, lightness and saturation. The mixing of two optically 

active chemicals at different concentrations was performed. Analysis



during the course of the project and subsequently (reported in appendix 

E) shows that is possible to resolve two optically active chemicals via 

chromatic maps. Finally the measurement of a chemical reaction that 

changes its optical activity with time was investigated briefly. This 

investigation showed very promising results that suggest the ability to 

track a chemical reaction of this nature is very feasible. A method for 

performing this tracking via curve fitting is outlined. The thesis 

concludes with an overview of the aims and how they were met and 

suggest further avenues of work that would improve the system presented 

here.



Definitions: 

H — Hue 

L - Lightness 

S — Saturation 

HLS — Hue, Saturation and Lightness 

R-Red 

G — Green 

B - Blue 

RGB — Red, Green and Blue 

LED -— Light Emitting Diode 

IR — Infra-red 

dm — decimetres (10" of a centimetre) 

CCD — Charged coupled device



Chapter 1 

Introduction 

1.1 Introduction 

Cost effective and efficient deployment of sensors and monitoring 

equipment in a modern industrial environment is important. Lowering the 

cost of sensors and increasing their effectiveness will allow greater 

process control and efficiency in all manner of applications, both on 

small and large scale production systems. 

One major factor affecting efficiency of a process is down time 

for maintenance, calibration and product testing; performing some or all 

of these tasks without the need for shutdown would lead to significant 

time and cost saving and so be of benefit to industry.



In order to control a process effectively, monitoring and 

measurement of the critical process parameters must be undertaken. 

Intelligent control decisions can only be made with the correct 

information, which needs to be derived from data obtained from various 

sensors. The technique of chromatic modulation has shown the ability to 

provide this kind of intelligent monitoring. 

This project seeks to use this technique and explore its 

applications to monitor optically active chemicals. Current work has 

covered the investigation of maltodrose samples, which vary in both 

molecular weight and concentration; sucrose samples (which vary in 

concentration), tartaric acid (available in two enantiomers D-Tartaric 

Acid and L-Tartaric Acid) and a-D-Glucose (for an online reaction test). 

The experiments have sought to test whether it is possible to obtain 

information on physical characteristics via optical means. 

Optically active chemicals are extremely important; many 

biologically important molecules are optically active and synthesis of 

many such molecules involves them. There are therefore many 

applications for some form of online monitoring system. The ability to 

monitor concentration of an optical active chemical is important alone, 

though if chiral nature (whether dextrorotatory or laevorotatory) and 

molecular weight can be obtained as well this could prove especially 

useful. 

1.2 Project Aims 

The project sought to develop a novel system that would enable 

concentration and if possible molecular weight of an optically active 

chemical. Optically active chemicals are very common and important, 

they are often found in the process of producing pharmaceuticals so a 

system that would ultimately enable monitoring to be moved to an “on- 

line” mode was an important consideration. This was because the system



should be able to monitor optically active chemical parameters in near 

real time, thus enabling it to be used on a production pipeline in a 

chemical plant. 

As speed and flexibility was required for such a system it was 

decided that research would be aimed at a design based on chromatic 

methodology. The system must be able to monitor concentration and if 

possible molecular weight. An obvious problem was that it was easy to 

vary the concentration of a sample (via dilution for example) but it would 

be more difficult to vary the molecular weight. This would require 

specialised production of polymer molecules that was beyond the scope 

of the research so a supplier would need to be found. 

1.3 Structure of the Thesis 

Following this introduction which outlines the motivation for 

beginning this project, the next chapter (chapter 2) describes the 

background of the techniques that have been employed; this chapter gives 

a description of chromatic monitoring methodology and how it has been 

implemented. An overview of optically active chemistry and some 

optically active chemicals is also provided. 

Chapter 3 describes the methods and equipment that have been 

used in these experiments. It covers both the setup of the equipment and 

details how it was used (cleaning of cuvettes for example). 

Chapter 4 presents some initial data to give the reader an idea of 

the differences between the chromatic parameters H, L and S and R, G 

and B. The system stability and sources of error were identified early on 

and are reported in chapter 4 also. 

Chapter 5 presents the results obtained using the Plasmachrom 

detector and the chemical maltodextrine and the results are evaluated.



Chapter 6 describes the use of the CCD camera detector with 

various chemicals, the results of which are presented and evaluated. 

Three different optically active chemicals are examined in differing ways 

(maltodextrine, sucrose, tartaric acid and a-d-glucose). 

Chapter 7 shows a set of results for monitoring a chemical 

reaction that changes its optical activity with time, the MAZeT chip 

detector was used as it was the most convenient for the comparatively 

long monitoring period (hours) in the relatively sort amount of time 

available towards the end of the project. 

Finally, chapter 8 concludes the thesis; providing an overview of 

what has been achieved and what the outcomes mean in terms of a 

practicable implementation of an optical activity sensor system. Some 

remarks are presented that suggest extensions to the work presented here.



Chapter 2 

Review of Theory and Techniques 

2.0 Introduction 

This chapter reviews the background theory and techniques 

relevant to the research presented in this thesis, highlighting some of the 

previous applications of both the chromatic methodology and 

conventional polarimeter techniques. Chromatic analysis has been 

applied to many different problems and has proved successful in 

resolving complex data sets [1]. Polarimetry is a technique that has been 

in use for a significant length of time since it was first discovered [2]. 

There follows a review of both these techniques as well as the chemistry 

and nature of optically active materials.



2. 1 Chromatic Modulation and Monitoring Techniques. 

2.1.1 Chromatic Monitoring Techniques. 

Chromatic monitoring techniques utilise polychromatic light to 

sense changes within a physical system [3]. A typical chromatic 

sensing system can use different numbers of detectors, a common 

configuration utilises three detectors, such a system being called a 

tristimulus system, such a system is illustrated in figure 2.1 [4]. These 

detectors would be configured in an array so that light incident on the 

detectors is evenly distributed. The wavelength responses of these 

detectors overlap, and the output voltage of each detector when 

monitoring a source with a power distribution P(A) is, given by 

formula 2.1, where / is the wavelength and V is voltage. 

V =| P(ayc(Ajaa (2.1) 

    
  

  

Wavelength (nm) 

Figure 2.1. Three non-orthogonal detectors, the responses of which overlap and cover the whole 

optical spectrum to be monitored. The second y-axis relates to the power spectral density (PSD) of 

the optical spectrum [5].



In order to maximise efficiency of a system an optimum choice 

of detectors is required, with responses C,(A), C,(A) and C, (A) 

with x, y and z indicating the different detectors — being a tristimulus 

system there are 3 detectors. The corresponding detector outputs are 

given by formulae 2.2, 2.3 and 2.4 [3]. 

V,=[PA)C,(AdA ayy 
A 

V,, = | P(ANC, (A)dA (2.3) 
A 

V, =| P(A)C, (Aaa (2.4) 

Therefore, a chromatic monitoring methodology in the optical 

domain involves the use of a combination of detectors, which have 

non-orthogonal responses [6]. A basic system would use a source of 

polychromatic light (such as a halogen lamp or a white light LED), 

which is modulated by a physical process or object, which is then 

detected and processed. The voltages Vx, Vy and V, are usually 

referred to as red, green and blue (R, G and B) parameters or channels, 

these correspond to the detectors responses for the three overlapping 

detectors in the tristimulus approach. They are termed R, G and B as 

the detector responses typically lie over the red, green and blue parts 

of the spectrum when considering an optical spectrum. 

Several techniques have been developed and can be used to 

process the sensor data (R, G and B) to produce parameters that may 

be used to gain information on the state of a system. A suitable 

algorithm for processing this type of data is available in the form of 
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the hue, lightness and saturation (H, L and S) system [7]. This system 

provides three monitoring parameters; the lightness parameter 

represents an intensity modulation, saturation a measurement of signal 

bandwidth and hue an effective wavelength measurement. Chromatic 

monitoring has been applied to several areas outside of optical sensing 

such as the detection of acoustic vibration signals [8]. When this 

process or chromatic transform is applied to a spectrum, it can be said 

to have been reduced to an equivalent Gaussian curve as shown in 

figure 2.2. The height of the Gaussian being the lightness parameter, 

the width being the saturation and the position of the peak being the 

hue. 

A chromatic methodology may be applied to a camera-based 

system using suitable software to average red, green and blue (R, G 

and B) values of the pixels for a given area of an image obtained via 

the camera (averaging in time may also be required, see Chapter 3). 

These are then transformed to H, L and S space by similar processes to 

the treatment of the three detector system. 

  [iste 
Saturation 

$ § 
i   
  

Wavelength (nm) 

  

Figure 2.2 — The result of transforming a spectrum to H, L and §, it is reduced to an 

equivalent Gaussian [5]. 
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2.1.2 Examples of previous application of chromatic methodology 

Lee and Watkins described a method for cleaning artwork [9]. 

Such a delicate procedure requires a fast and reliable control system for 

monitoring and control of the cleaning process, the system is shown in 

figure 2.3. The system used chromatic methodology that allows a signal 

to be measured that is characteristic of the spectral signature of the area 

being monitored and clean but independent of intensity fluctuations. They 

demonstrated the systems ability to clean the surface of stone and metal, 

and that the chromatic methodology allowed precise control and 

monitoring to be maintained throughout the procedure [9, 10]. 

Russell and Jones developed a process for monitoring plasma 

systems which have been reviewed in reference [5]. Chromatic 

techniques had first been developed to optically monitor plasma 

emissions [3, 11] some time ago. Russell and Jones showed how the 

techniques had been applied to low and high pressure plasmas. They used 

the chromatic methodology as it allowed fast processing of the optical 

data gather from the plasma discharges. They described how the 

chromatic methodology had been extended from the optical domain to 

more general signal processing for example, acoustical signals generated 

by a circuit breaker. Monitoring of circuit breakers for performance and for 

indications of failure is important. The breaker had been setup with various 

chromatic sensors to monitor optical emissions from the break arc, 

pressure, temperature, acoustic emissions and piston travel [5]. The use of 

acoustic sensors, which are then processed using chromatic methodology, is 

novel; it is an example of the extension of the chromatic method outside of the 

optical domain. Russell et al described in detail the extraction of information via 

the use of acoustic sensors using this method [8]. Figure 2.4 shows an example 

of the results they obtained, the hue angle from the chromatic processing maybe 

related to the current of the circuit breaker arc. 

Anguita et al recently presented a method for the accurate control 

of coating materials via sputtering [12]. They used the Plasmachrom 

12



system to measure the chromaticity of the plasma spectrum they found 

that it was an effective method for controlling the sputtering process used 

to build up the coating on a substrate. By monitoring the chromatic 

parameters and altering the sputtering system parameters the system 

could be automated 

| Data acquisition board 

PC 

  

Figure 2.3 The system devolved by Lee and Watkins for the cleaning of artwork [9]. 

31.1 44.1 

Are Current (KA) 

  

Figure 2.4 — Hue angle versus Arc current for a 145kV circuit breaker [5]. 
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2.1.3 Chromatic Processing 

In order to apply chromatic analysis, the R, G and B data 

obtained from the tristimulus detectors need to be converted into 

chromatic parameters, H, L and S [7, 13]. This requires a calculation 

process involving the formulae 2.5 — 2.9 below. The function max(R, 

G, B) refers to the maximum value from the three values R, G and B 

and the function min(R, G, B) refers to the minimum from all three 

values respectively. 

If R is the maximum value: 

G-B 
he= | [80 (2.5) 

max(R,G, B)— min(R, G, B) 

If G is the maximum value: 

B-R 
hue =| 24+-——————"——_—_ [x 60 (2.6) 

max(R,G, B)—min(R,G, B) , 

If B is the maximum value: 

R-G 
hue =| 444+ ————_—————- |x 60 (2.7) 

max(R,G, B)— min(R,G, B) :



R+G+B a ates Seat 4) ; (2.8) 

[nett G,B)—min(R,G, 2 
Ss | (2.9) 

max(R,G, B) + min(R,G, B) 

  

Figure 2.5 — Approximate hue values (degrees) round a colour wheel. This image gives 

an indication of the “colour” to which a hue value will correspond. 

R, G and B are the three signals obtained from, for example the 

camera images or other types of polychromatic sensors (e.g. the 

plasmachrom). These values are normalised to the maximum value they 

may take (converting them to be on a scale from 0 — 1). Using these 
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normalised values, hue is calculated as follows, the maximum value is 

found — either R, G or B and depending on which is the maximum the 

hue value is computed according to formulae 2.5, 2.6 or 2.7. This gives a 

hue value in degrees around a colour wheel ranging from 0° — 360° hue 

angle. Figure 2.5 shows approximate hue angles and the associated 

colours. Lightness is calculated using equation 2.8; this is a mean average 

of the normalised R, G and B values, and corresponds to a measure of the 

intensity of the whole signal. Saturation is calculated using formula 2.9, 

saturation corresponds to how monochromatic a signal is — a high 

saturation indicates a more monochromatic signal. 

2.1.4 Chromatic Sensing Systems 

Sensing systems that make use of the chromatic techniques have a 

general form as shown in figure 2.6. The system requires a polychromatic 

light source, a modulator and a detector unit. Typically such a system will 

include optical fibres that form the links (light paths) from the light 

source to the modulator and from the modulator to the detector unit, 

though they are not always used [14]. The light source is directed so that 

it is incident on the modulator, the light is affected (or not) by the 

modulator in some manner and the resultant optical signal is then 

transmitted to the detector system for detection and further analysis. 

16
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Detector 

eel 

Light Paths we 

Figure 2.6 — Typical chromatic sensing system. 

  

2.2. Optically Active Chemicals, Optical Activity and Polarimeters 

2.2.1 Nature of Polarised Light 

Optical activity is a result of the asymmetric nature of either the 

molecules (as in the case of glucose) or the spatial arrangement of the 

molecules in a crystal (or liquid). Polarised light can be considered as a 

transverse electromagnetic wave [15] propagating in the z direction with 

the E field in the x, y plane and the B field orthogonal to it. If the E 

vector of the wave is stationary in space then it may be said to be a plane 

or linearly polarised light ray. The model may be generalised to consider 

two vectors E;. and Ey which are orthogonal [15]: 

Ex =acos(@t—kz) (Equation 2.10) 

Ey =bcos@t—kz+9) (Equation 2.11) 

where: E,,£,are the components of the E field, a, b are the 

amplitudes of the components, a is the angular velocity, + is time, kis 
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the wave number, z is the distance along the direction of propagation and 

¢ is a phase difference the wave components. 

If ¢=0 then the x and y components may combine vectorially and 

yield a resultant field with a magnitude of \@ +b*) and an angle of 

Wo =tan b/) to the x axis [15]. If $=", and a=5 then the wave is 

circularly polarised, the “handedness” of the circular polarisation is 

defined by the sign of ¢. Addition of orthogonal vectors when ¢ is not 

zero or a, produces elliptical polarisation. 

In optically active materials the asymmetry of the structure or 

molecules results in what is termed specific optical activity also known as 

rotatory power, which is a property of the optically active chemical in 

question [16]. This is was first address by Fresnel, he considered the 

linearly polarised wave be broken down into two circularly polarised 

components and that these would experience differing refractive indexes 

(i.e. for right and left handed circular polarisation components a different 

index of refraction is seen) [17]. So, in the case of linearly polarised light, 

the E oscillating field maybe split into two components, right and left 

handed circularly polarised waves E, and FE), as these components 

encounter differing refractive indexes within an optically active material 

a phase shift will result and a rotation of the plane of polarisation is 

observed [16, 18]. 

2.2.2 Optically Active Chemicals 

Many molecules have the ability to rotate the plane of incident 

polarised light through some angle; such molecules are termed ‘optically 

active’ [19]. The phenomenon of optical activity arises from the physical 

structure of the molecules. Two forms of the molecules exist one the 

mirror image of the other [20]. Both forms may have similar chemical 

properties but are not physically super-imposable on each other. 
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The direction of rotation of the polarised light can also differ. A 

substance may rotate the plane of polarisation of incident light clockwise 

(dextrorotatory) and another anticlockwise (laevorotatory) [19]. An 

optically active substance usually has two arrangements, one for being 

the dextrorotatory form and the other laevorotatory; these differing only 

in that their structure is a mirror image of the other. These are termed 

enantiomers or stereo isomers. The first recorded discovery was by Arago 

(1786 — 1853), in 1811 [2, 21]. Arago observed that two forms of quartz 

crystal existed; one rotated the plane of polarization clockwise and the 

other anticlockwise. 

Dextrose is the dextrorotatory form of glucose (D-glucose) [19]; 

Figure 2.7 gives two-dimensional chemical diagrams of the reduced 

forms of the D- and L-glucose forms. It is not possible to translate or 

rotate one form onto another; they are physically distinct structures [22]. 

Examining the example molecules in figure 2.7, it is possible to see that 

the two molecules (molecules (a) and (b)) separated by the mirror plane 

(indicated on the diagram) cannot be transformed onto one another so 

that they align identically in space. This has significant implications; 

while it is true that these molecules are similar chemically — they have the 

same elements and are arranged in the same order, with identical 

chemical bonds, the physical structure of the two molecules is different. 

19
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OH H OH OH (b) 

  

Figure 2.7 — Stereo isomers of glucose (reduced forms). (a) L-glucose (b) D-glucose 

(Dextrose). 

Figures 2.8, 2.9 and 2.10 show a further example of an optically 

active compound. This example illustrates in much more detail how these 

two forms of the compound are created starting from the basic reaction 

[20]. 

Figure 2.8 shows a chemical reaction, the chemical on the left of 

the equation represents an aldehyde (denoted by the presence of the 

oxygen and hydrogen molecules) [20], the R represents the rest of the 

molecule which could be any number of possible variations. The 

aldehyde tail is the only part of the molecules which reacts so the rest of 

the molecule is not important in this reaction. This aldehyde reacts with 

cyanide (indicated by the CN- above the arrow). The product (b) on the 

right side of the equation is called cyanohydrin. Now it appears from 

figure 2.8 that there is one product from this reaction, however this is not 

so; due to the three dimensional structure of the carbonyl group on the 

aldehyde, the cyanide ion can react from two different sides resulting in 

different products. Figure 2.9 demonstrates this principle, it can be seen 

that two possible products can result depending on the direction from 

which the cyanide ion approaches. As there is no mechanism in this 
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reaction that would favour one side over the other (although this is not 

always the case in other reactions) the products will be produced in equal 

quantities — this mixture is known as a racemic mixture [20] and the 

resultant optical activity of the sample will be zero [23]. 

Figure 2.10 presents the resultant enantiomers. From this more 

complex example it is clear how optically active chemicals can be formed 

in simple reactions and that the two products are structurally different. 

The implications of this structural difference can be very significant, for 

example both natural forms of limonene have different smells, one smells 

of oranges and the other of lemons [24]. 

  

Figure 2.8 — Reaction of an aldehyde (a) with cyanide to form cyanohydrin (b) 
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Figure 2.9 — Reaction of an aldehyde with Cyanide to form two forms of 

cyanohydrin. 

  

Figure 2.10 — The resultant enantiomers, two different structural forms of 

cyanohydrin are produced. 

In saccharide (sugar) molecules with more than four carbon 

atoms (tetroses), ring structures may be formed when the aldehyde or 

ketone group reacts with the hydroxyl group to form a covalent bond. 

This is termed cyclization [22]. These structures also have an 

asymmetric nature, forming two isomers of D-glucose; figure 2.11 

gives the structures of a-D-glucose and B-D-glucose. Examination of 

22



figure 2.11 reveals that these two ring structures are different and as 

with the two previous examples (figures 2.9 — 2.10) they cannot be 

superimposed on one another. This means that they will be optically 

active. 

  
Figure 2.11 — Ring forms of glucose. (a) «-D-glucose (b) B-D-glucose (Dextrose). 

Under aqueous conditions, these structures may interconvert 

(mutarotation) via an intermediate open chain structure. This 

mutarotation reaction has been chosen for some of the experiments 

performed in the research for this thesis, providing an online test for 

monitoring the technique being developed. The reaction is simple and 

safe, making it ideal for use under current laboratory conditions. 

These cyclic forms of glucose can also polymerise into long 
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chain hydrocarbons (polysaccharides), which make up the dextrose 

samples [25]. 

2.2.3 Transmission of light through a polariser 

Light in normally made up of multiple random polarisation 

states, for some waves the E field is vibrating in the horizontal axis, 

other the vertical and any angle in between. Interaction with materials 

can cause a change in this polarisation, making it non random. An 

example of this type of material is a polariser, there are different 

configurations of polariser, and some made from special glass others 

from plastic. An example of unpolarisied light is light that contains 

one horizontal component and one vertical component of equal 

magnitude [16]. A polariser that selectively blocks one of these 

components, allowing the other to pass is known as a linear polariser, 

a diagram of which is show in figure 2.12. Incident light, hitting a 

linear polariser will, in theory only be transmitted if it is the correct 

polarisation state (in other words, the direction of the oscillation of its 

E field is parallel to the polarisation or transmission axis of the 

polariser). In practice no polariser will be perfect and as such a “band” 

of polarisation states will pass the polariser. Looking at figure 2.12, 

the angle of the polariser axis is 9 so light with a polarisation angle 

close to this will pass, not just light with exactly the correct angle [16]. 

Altering the polariser angle of the linear polariser in figure 2.12 

will not change the intensity of the signal at the detector. This is 

because the unpolarisied light is symmetrical, at any given angle there 

is on average the same number of polarised light waves, resulting in 

the same signal intensity. However imagine the introduction of a 

second polariser or analyser polariser, the transmission axis of this 

polariser is fixed and does not move. If the amplitude of the signal 

passed by the first (moveable) polariser is Ey, then only a component, 
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Eo cos®6, of this will pass the second fixed polariser. This is known as 

Malus’ law and is given by formula 2.12. Looking at the formula, a 

cos” dependence can be seen, this means that the intensity of the signal 

will vary according of cos” as the angle of the polariser is changed 

rotation though 360 degrees. 

1(6) = (0) cos? 6 (2.12) 

  

Detector 

Figure 2.12 — A linear polariser (from [16]). 

2.2.4 Polarimetry 

Optical activity is influenced by several factors, including: 

optical path length, temperature of sample and concentration of 

sample. Formulae 2.13 shows how these relate [19]. 

fay A (2.13) 
Al , 
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where: 

[a] = specific rotation. 

1 = optical path length in dm 

A= wavelength (m) 

T =temperature (degrees Celsius) 

a = optical rotation 

e=concentration in gm/I.. 

This property of chiral molecules has been widely employed 

for measurements of concentration. A device is required known as a 

polarimeter [19]. Figure 2.13 shows a simplified block diagram of a 

typical device. The device incorporates a light source, which is 

generally monochromatic, the light is passed through a linear 

polarising material (polariser); which is fixed in front of the source. A 

sample cell; usually made of optical quality glass so as not to cause 

any change in the polarisation of the light beam, of known path length, 

d is then placed between the first (fixed) polariser and a second 

polariser, known as the analyser polariser. This analyser polariser can 

be rotated against a fixed angular scale. The scale is aligned with the 

first polariser such that rotating the second polariser gives an angular 

offset measurement. The second polariser is rotated until the expected 

spectral line is “seen” ; the angle is measured. In practice aligning of 

the analyser polariser on the rotated spectral line is usually performed 

automatically by modern production quality polarimeters and the 

results displayed on the instrument [26]. The sample rotates the 

polarised light through this angle. Once the rotation of the spectral 

line due to the sample has been measured formula 2.13 can be used. 

Given a standard specific rotation for the material, the path length of 

the sample cell and the angle measured, an evaluation of the 

concentration of the sample is made. The specific rotation is usually 
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found via a reference table or book the CRC Hand Book of Chemistry 

and Physics [27]. 

Sample Container 
Detector Unit 

Fixed Polariser Analyser Polariser 

  

Figure 2.13 - Block diagram of a basic polarimeter set-up. 

2.2.4 Optical Rotatory Dispersion. 

Optical rotatory dispersion is a related technique to 

Polarimetry. In polarimetry it is assumed that only one wavelength is 

present (i.e. monochromatic light). If the wavelength is changed then 

the optical rotation will also change, formula 2.14 shows that the 

specific rotation of a substance is inversely proportional to the 

wavelength [18]. From formula 2.13 changes in the specific rotation 

will effect the optical rotation. 

Drude stated that the optically activity of a given substance and 

a particular wavelength A is related to the sum of electronic transitions, 

i [18]. This is shown by formula 2.14, A, is the wavelength of any of 

the transitions resulting in optical activity and K, is a constant of 

proportionality depending on the molecular weight of the optically 

active compound [28]. 
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[a], ey (2.14) 
i 

[a] - Specific rotation. 

A, - Wavelength of one dominant molecular interaction (m). 

A - Wavelength (m). 

Experimental studies showed that this equation could be 

simplified to the form shown in formula 2.15. 

_ A 
[a], ~ (2 =} (2.15) 

Formula 2.15 shows that optical activity will increase with 

decreasing wavelength, formula 2.16 summaries this — that the specific 

rotation is proportional to the inverse of the square of the wavelength. 

The result is that the optical activity will vary accordingly. 

2 SpecificRotation x z (2.16) 

The above proportionality (2.16) shows that differing 

wavelengths will be rotated by varying amounts. If this idea is applied 

to a conventional polarimeter set-up but with the normal 

monochromatic light source replaced by a broad polychromatic 
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source, it can be expected that as the analyser polariser is rotated a 

variation in the observed colour will be seen. This would be due to the 

polychromatic signal being spread over a varying range of angles in 

accordance with formula 2.16. The analyser polariser acts to 

selectively block all but narrow “bands” of light hence a particular 

colour could be seen at a particular angle of rotation. This corresponds 

to a shift in the dominate wavelength of the signal (i.e. hue). 

Rearranging 2.13 give formulae 2.17 below. 

Lf T 
[a], .cl = a) (2.17) 

Substituting from equation 2.15: 

Xx py! a) (2.18) 

Rearranging equation 2.18: 

T Ac 

ay Ch —~7-) (2.19) 
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where: 

a - Optical Rotation at a particular wavelength and temperature. 

A-—Constant, which is a characteristic of the system. 

A, - Wavelength of one dominant molecular interaction (m). 

A - Wavelength (m). 

c =Concentration in gm/l 

1 = Optical path length in dm 

Formula 2.15 is valid well outside the absorption bands, i.e. 

above the ultra violet region for colourless solution [18]. All these 

experiments have operated in this region (above the ultra violet). 

Rearranging equation 2.15 leads to: 

[a],x#=(fa],x®)+A = (2.20) 

Therefore, from equation 2.20 it can be see that A. (the 

dispersion constant) can be obtained from the gradient of a graph of 

—qa@ versus ’[a@]and A (the rotatory constant) from the intercept. 
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2.2.5 Optical activity and its wavelength transmission dependence 

The system being used in this investigation is based around using 

a polychromatic source, a fixed polariser, then the material to be analysed 

and finally a movable or analyser polariser before being detected. 

Polychromatic light passing the first polariser is linearly polarised, but no 

polariser will be perfect so a narrow band of light will pass. This narrow 

band of light will interact with the optically active material, having 

multiple wavelengths it will become spread out, with blue wavelengths 

being spread out more that red. The degree of spreading is also related to 

the optical active material and its concentration; it is also related to the 

path length of the sample cell and the temperature, but these have been 

kept constant throughout this experimental work. Upon hitting the second 

analyser polariser a component of this light will pass (in accordance with 

Malus’ law). This results is the second polariser selecting a chromatic 

signal that will have not only a dominant wavelength or hue, this being 

the wavelength at the exact angle of the polariser but also a saturation and 

lightness. The saturation, which is a measurement of the monochromicity 

of the signal, will be affected by the different wavelengths surrounding 

the dominant wavelength. Lightness will vary as the polariser is rotated, 

as Malus’ law predicts. 

This process is similar to that of a quartz wedge or Babinet 

compensator [16]. A quartz wedge is comprised of normal two wedges, 

cut at angles to form two wedges, the wedges are place together, one is 

the supporting wedge and the other is the quartz wedge. An example of 

such an instrument is shown in figure 2.14 below. Light passes through 

the optical axis (indicated by the arrow “Microscope optical axis” in 

figure 2.14). When this wedge is placed at 45 degrees between a set of 

crossed polarises and illuminated with either polychromatic light or 

monochromatic light a set of fringes of either different colours (in the 

case of polychromatic light) or light and dark fringes in the case of 

monochromatic light will be visible perpendicular to the long axis of the 
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quartz wedge. Figure 2.10 illustrates this effect. It shows four pictures (a 

— d) the first (a) is what is observed with polychromatic light and the 

other three (b — d) what is observed with blue, green and red 

monochromatic light [29]. The linearly polarised light incident on it can 

be broken down into two circularly polarised waves, each of which 

experiences a different refractive index due to the asymmetry of the 

quartz molecules — thus a phase lag is introduced just as with an optically 

active chemical. This phase lag changes as the quartz wedge is moved 

along the translation axis. The blue, green and red pictures (figure 2.15) 

show alternating dark and bright fringes, the dark fringes which 

correspond optical path differences (phase lag) or zero, one wavelength, 

two wavelengths etc. as the wavelength orders increase (four orders 

corresponds to a wavelength shift of approximately 500 — 2000 nm). 

When polychromatic light is used a similar effect is seen, but it is more 

complex, it can be seen that the colour change corresponds to moving 

along the x axis of the Michel-Levy diagram. This is given in figure 2.16 

[30]. 

The effect seen with the quartz wedge when illuminated with 

polychromatic light is similar to the observed pattern when the analyser 

polariser is rotated in the chromatic polarimeter, the colour change as one 

moves over the long axis of the crystal correspond to a changing diameter 

of the quartz crystal in a similar manner to changing the concentration of 

an optically active chemical alters the optical rotation of the light passing 

through it. A useful analogy is that the changing wedge thickness as the 

quartz wedge is moved in the translation direction corresponds to a 

changing concentration of an optically active chemical. 
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Figure 2.14 — A quartz wedge compensator (adapted from [29]). 
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Figure 2.15 — Quartz Wedge interference patterns (adapted from [29]). 
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Figure 2.16 — The Michel-Levy diagram. 

2.2.5 Mutarotation Reactions 

Optically active chemicals are capable, like any other chemical, 

given sufficiently correct conditions, of participating in chemical 

reactions. Thus in principle it is possible that an optically active chemical 

may undergo a reaction in which it converts into a different optically 

active chemical or even a non optically active one. Likewise, it is 

possible for non-optically active chemicals to react to form optically 

active ones. A specific type of reaction known as mutarotation falls into 

this category. This is a reaction in which the a or B anomers of a 

carbohydrate (for example glucose) convert to the other form (i.e. a 

converting to B and vice-versa) [31]. 

The mutarotation of the a-D-glucose reaction was chosen for use 

in the present research. This is a simple reaction, a-D-glucose is 

dissolved in distilled water and over a period of time some of the a-D- 

glucose molecules will convert to B -D-glucose until equilibrium is 

reached [31]. As the two forms have differing specific rotations, the 

relative optical activity would change over time as the reaction progresses 

and a change in the optical activity of the mixture would be observed by 

the system. Figure 2.8 illustrates the two forms of glucose, they differ 

only by their physical structure. 
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The two forms of glucose a-D-glucose and B -D-glucose have a 

specific rotation of +112 degrees and +18.7 degrees respectively. When 

the alpha form is dissolved in water it will spontaneously mutarotate to 

form an equilibrium solution (a combination of the two forms) with an 

overall specific rotation of +52.7 degrees [27]. This change in specific 

rotation would produce an optical rotation change in the sample and if 

this sample is monitored with the chromatic polarimeter system it will be 

observable. 

2.2.6 Previous application of polychromatic polarimetry 

A system based on polarimetry but using a refraction technique 

and multiple light sources and detectors is described in a patent 

application [32]. It is illustrated in figure 2.17 and the full patent 

application is reproduced in appendix F. The system uses in its basic 

form, two light sources (1 and 21 on figure 2.17) passing through a 

polarising beam splitter (31) which polarises the light, through a lens 

(32) and then into a wedge (38) which spectrally separates the two 

light beams (3 and 23). The light beans then pass through a double 

cuvette (10) which has two halves (14 and 15), with one half 

containing a sample to be analysed and the other is another sample, 

which maybe a reference sample or another optically active sample. 

These then pass through to another polarising beam splitter (36) which 

acts as an analyser. Several detectors are placed to detect the optical 

signals emerging from the analysing beam splitter (54, 55, 64 and 65). 

The two beams are compared via a computer and due to the use of the 

dispersive elements (the wedge, 38) it is possible to spectrally resolve 

the signals, thus the system claims to be able to resolve the optically 

activity of the two chemicals. 

The system has one obvious disadvantage over the system 

reported here it is far more complex. Another related disadvantage is 
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that this complexity will make it very expensive compared with the 

relative simplicity of the Chromatic Polarimeter. The use of chromatic 

monitoring has enabled this project to maintain a simplified design and 

hence reduce costs. It is not clear if the designers have attempted to 

resolve molecular weight. 
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Figure 2.17 — The apparatus described in [32]. 

2.3 Summary 

This chapter has reviewed several techniques that were relevant to 

the present research. These include: chromatic analysis, polarimetry and 

its related technique of optical rotatory dispersion. It has discussed how 

optical activity can be related to changes in colour when a polychromatic 

light source is used, in much the same way as a Babinet compensator 

behaves under between a set of polarisers. In the research reported here 

these techniques have been combined to form a hybrid system which 

involves the use of polarimetry with a polychromatic source coupled with 

chromatic analysis to analyse the results. 

36



The basics of the underling chemistry of optically active chemical 

compounds have been reviewed, with an overview of optical activity and 

its origin. Examples of some optically active chemicals have been given 

with a chemical description of how they are formed. The mutarotation of 

a.-D-glucose reaction have been identified as a test for the use of a system 

to monitor a reaction over time. 

Finally a brief description of a similar but far more complex 

system, not using chromatic methodology has been reviewed. Such a 

system, so the designers claim can resolve the concentrations of optically 

active chemicals but with the greater complexity of the system (and 

hence greater cost), coupled with the likelihood that this complexity may 

make it more prone to failure will make it unacceptable for many 

applications. 
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Chapter 3 

Apparatus and Experimental 

Procedures 

3.1 Introduction 

This chapter will detail the equipment that has been used for this 

research project and the procedures adopted. The equipment that is 

regarded as standard optical bench apparatus will not be reviewed in 

detail. An overview of the complete system is presented first, followed by 

more detailed information on the major components used and the 

experimental procedures observed are described for the differing types of 

experiment that have been performed. The methods used for 
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computational data processing are also described. 

3.1.1 The Chromatic System 

This section will review the chromatic polarimetry system that has 

been developed over the course of this research. The components used in 

the construction of the equipment will be detailed. 

3.1.2 Chromatic Polarimeter System Overview 

The system is constructed on an optical bench within a dark room. 

The optical bench provided a stable platform for the apparatus, whilst 

allowing flexibility in design and enabling adjustments to be made. 

Figure 3.1 shows the block diagram that overviews the components of the 

general system used in this research (parts drawn in dashed lines were 

removable as required). It takes the form of a modified polarimeter and 

with the introduction of a suitable filter is able to be used as such. 

The research centred about the use of chromatic monitoring to 

eliminate the need for the second (analyser) polariser to be rotated, in 

order to measure sample concentration. This would allow for the eventual 

construction of a device on a smaller scale. 
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Figure 3.1 - Block diagram of general system set-up. Parts in dashed lines indicate 

equipment that could be removed. 

Notes for Figure 3.1: 

a. Light entered the system from the light source (Halogen 

lamp or white light LED). 

b. An optional diffuser (ground glass or a LEE filter) or 

neutral density filter could be placed close to the light 

source to reduce light intensity if required. 

c. A convex lens was used to focus the divergent light from 

the source onto an aperture. An old but undamaged lens 

was reused for this part of the apparatus. The lens was 

used to help collimate the light beam in conjunction with 

the aperture (d). The lens focal length was approximately 

100mm, but this was not very important as through a 

process of trial and error the lens and aperture distances 

were changed to collimate the beam sufficiently. They 

where then locked in place and not moved. 

d. Aperture (4mm diameter). 

e. Infra-red filter, sharply attenuating light beyond ~730nm. 
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This proved necessary when using the halogen lamp due 

the large amount of infra red it produced. IR light would 

pass through the polarisers with out being polarisers and 

as the detectors where sensitive to infrared it had the effect 

of saturating the detectors making measurement very 

difficult. 

600nm Filter (+/- 5nm). This was used in only one 

experiment, before the experiments involving the 

mutarotation of glucose it was important to check the 

reaction progressed as expected, so the system was used to 

simulate tradition polarimeter which normally used 

sodium lamp (monochromatic ~589nm). The filter was 

used to simulate this source. 

. First polariser, fixed to allow only vertically polarised 

light to pass. This was initially a plastic polariser [33] but 

was quickly replaced with a standard glass polariser [34]. 

. Sample cuvette, in a mounting, which allowed the cuvette 

to be removed for filling and cleaning. Initially for the first 

few measurements cuvettes manually constructed from 

microscope slides were use. Once the feasibility of the 

system was seen, high quality optical cuvettes were 

obtained [35]. 

Second polariser (or analyser polariser), this is movable 

via rotation relative the first polariser against a fixed 

angular scale. Again, this was at first a plastic polariser 

[33] but was quickly replaced with a standard glass 

polariser [34]. 

A mirror that was easily removable fixed at approximately 

45 degrees. It was a normal piece of silvered bathroom 

mirror, cut to about the size of a dentist’s mirror. This 
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provided an extremely useful feature of the system, in that 

the light beam having travelled though the first polariser, 

the sample cuvette and the second polariser, could be 

observed visually without removing the detector. 

k. Diffuser, this was used to diffuse the light beam slightly 

over the MAZeT chip detector. It was introduced to help 

to improve results repeatability. It was a normal ground 

glass type diffuser, but of high quality [36]. 

1. Detector, either Plasmachrom, Camera or MAZeT chip 

based detector. Detector mounting allowed it to be 

replaced as required. 

3.1.3 Light sources 

There was a requirement for a polychromatic light source, which 

needed to be stable and have at least a reasonably long life time before 

failure. Two different types of light sources were used; a halogen bulb 

[37] and a white light LED [38]. For each type of light source a stable 

power supply was used and the voltage checked before use. In every 

instance approximately 30 minutes was allowed to pass from switching 

on the power supplies to the light source and detector before the system 

was used. This was to ensure the system had time to stabilise before use. 

It proved to be particularly important in the case of the halogen lamp. 

3.1.4 Halogen Bulb 

The halogen bulb provides a highly intense source of 

polychromatic light. A Maplin Electronics A1/220 halogen bulb was used 

in this research [37]. The bulb was mounted securely to a small stand 

which was clamped to the optical bench. No reflector was used in order 
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to avoid and optical reflection artefacts. The bulb produces a large 

amount of infra-red radiation, which required filtering out. This can be 

seen in figure 3.2. 

  

  
  

  

Figure 3.2 — Spectra of the halogen bulb. 

3.1.5 White Light LED 

The white light LED can also provide an intense source of 

polychromatic light, but at the current time tends to be more expensive 

than a halogen bulb. It does however produce very little infra-red 

radiation. This is illustrated in figure 3.3. The white light LED used in 

this research was an ultra bright type from Dotlight Kiippers und 

Lanzrath GbR [38]. 
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Figure 3.3 — Spectra of the white light LED. 

3.2 Detectors 

Three different detectors have been used, each having different 

advantages and disadvantages. The three systems are detailed in the 

following sections. 

3.2.1 Plasmachrom 

The Plasmachrom CPC 100 (see appendix A for the data sheet) 

was the first detection instrument used in the early stages of development 

of the system. It consists of an instrument box containing three photo 

detectors mounted into two packages. These three photo-detectors have 

overlapping spectral responses, as shown in figure 3.4. The signals are 

fed into an ADC, the resultant digital signal being sent to a computer via 

a serial (RS232) link, outputting both RGB and HLS data. This data 

could then be graphed and analysed accordingly via the use of a 

spreadsheet. The Plasmachrom was coupled to the light beam from the 

experimental apparatus via a 1 metre optical fibre bundle.
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Figure 3.4 the spectral responses of the three detectors in the 

Plasmachrom, the x axis is in nm [3]. 

3.2.2 Camera 

A small CCD (charged coupled device) based camera module 

was used (see appendix B for further information on this module), 

connected to a computer via a coaxial cable and standard TV capture 

card (see appendix B). Angle frame images were captured via the 

computer and stored for later processing. These images where processed 

to obtain RGB information which were converted to H, L and S (see 

chapter 2) for analysis. Processing of these images involved the use of 

various pieces of software, but the procedure involved in all cases an 

averaging of the pixels over a 8 by 8 pixel area centred on the image as 

illustrated in figure 4.4. The average of the pixels in this 8 by 8 area was 

outputted to a file as a 24 bit colour number, 8 bits for each channel, 

resulting in R, G and B values in the range of 0 — 255. This file was 
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easily imported into a spreadsheet which used a set of functions to 

calculate H, L and S values (see chapter 2). Graphing and further 

processing could then be performed with convenience. 

  

Figure 3.4 — Illustration of sampling of a captured image. White box indicates the 

region that would be averaged to produce the R, G and B parameters. 

A camera based detector has an advantage over other types of 

detectors in that, due to its integrated lens, it has a large viewing angle, 

so would in theory be able to resolve many light sources at once if used 

with suitable computer hardware and software that would be able to 

process this information. This would enable a single camera to feasibly 

monitor more than one optical system at a time [39]. 
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3.2.3 MAZeT Chip based detector 

The MAZeT chip is a broadband semiconductor (Si-PIN) photo 

detector which is overlaid with several groups of three dielectric filters — 

Red, Green and Blue [40] (see appendix C for the data sheet). Figure 3.5 

shows the typical sensitivity of the chip over optical and near infra-red 

wavelengths. It provides a broadband detection range covering the 

visible spectrum and it is sensitive into the infra-red if no additional 

filters are used. Its output is split into three channels, governed by the 

filters on the surface of the chip. This detector is a flexibly single chip 

device, simulating three separate detectors in a package that is capable of 

being coupled with, for example, an optical fibre. 

In this research no optical fibre was used to couple the detector to 

the light beam exiting the analyser polariser. This was done to avoid 

problems of attenuation of light within an optical fibre and proved to be 

an unnecessary addition to the system as the detector box could be 

mounted on the optical bench in the light path. 

The detector box produced three output voltages corresponding to 

the response on the R, G and B channels. These output voltages were 

connected via coaxial cable to a computer equipped with an analogue to 

digital converter card installed, and suitable software to allow the 

digitised signals to be recorded with a variable frequency and over a 

defined time span. The resultant data was processed to give resultant 

HLS values, in a similar manner to both the Plasmachrom and camera 

data. 

It was necessary to average the voltage signals over a time period 

of between 10 - 60 seconds to reduce noise, so a rolling average was 

used. As experiments typically took measurements over a time period of 

the order of several minutes to hours this was acceptable. The rolling 

average took the first 10 — 60 readings and calculated the mean, then 

moved along one data point and averaged the next 10 — 60 data points 
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and so on until a full set of averaged data was calculated, this averaged 

set was then graphed. 
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Figure 3.5 — Detector responses for the MAZeT chip [40]. 
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Figure 3.6 — MAZeT Chip Filter layout. Red, Green and Blue segments show filter 

layout. (Al, A2, A3 and K are the terminals for the detector) [40]. 
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3.2.4 Summary of detectors. 

ce 

CCD Camera One, CCD array. ~300nm to ~900nm 

MAZeT One broadband detector 375nm to over 775nm 

with three colour filters 

(simulating a device with 

three overlapping 

detectors. 

without IR filter (an IR 

3.3 Sample Cuvettes 

       

   

  

     Number of Detectors Wavelength Range 

  

   
    

   
            
   

    

    
    

was always used) 

3.3.1 Glass Slide Cuvettes 

Initially glass cuvettes where constructed using good quality 

glass slides, this was to allow initial experiments to be performed as 

quickly as possible on receiving the first batch of maltodextrine 

samples. The construction proved difficult to undertake with a high 

level of accuracy and was time consuming. The slides proved 

sufficiently usable to allow some demonstration of optical activity and 
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the detection of such via chromatic processing. They were 

subsequently replaced with high quality Pyrex glass cuvettes detailed 

in section 3.3.2. 

3.3.2 Pyrex Glass Cuvette 

High quality manufactured Pyrex glass cuvettes were obtained 

to replace the glass slide cuvettes that had been used for initial 

demonstration purposes. The cuvettes that were sourced provided two 

optically flat surfaces separated by a glass tube with a path length of 

100mm (figure 3.7). The high quality optical cuvettes were obtained 

from Starna Cells [35]. 

Openings for Filling of 

Cuvette with Sample. 

<< ___ 
100mm Pathlengh Optical 

Windo 

  

Figure 3.7 — Diagram of a cuvette. 

3.3.3 Cleaning of Cuvettes 

It was important the cuvettes be cleaned well before and after 

each experiment. A general glassware cleaning guide was consulted 

[41] and the following procedure was adopted. The cuvettes were 
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cleaned before a sample was placed in them by washing through with 

methyl alcohol (methanol) and then twice with distilled water. A 

small amount of the sample liquid was also washed through before the 

cuvette to help remove excess water. A similar process of washing 

through with methyl alcohol and distilled water was used after an 

experiment. This avoided any possibility that bacteria or other 

deposits being left on the glass walls. 

3.4 Optical Filters 

3.4.1 Infra-red Filters 

Standard optical wavelength polarisers do not usually polarise 

infra-red light. As the halogen lamp produced a large amount of infra-red 

radiation this could present a problem. In experiments examining 

polarisation changes, with detectors that were sensitive to infra-red light 

this randomly polarised light would pass through both polarisers with 

little effect and be incident on the detector. This would typically have the 

effect of saturating the detector signal. 

The MAZeT chip and CCD camera based detectors were both 

sensitive to infra-red light. In the case of the MAZeT chip the red filter 

allowed infra-red light to pass (figure 3.5), thus saturating the red channel 

and the CCD camera registered infra-red light as white light. 

In order for this problem to be resolved it was necessary to filter 

out the infra-red signal from the light source. This was achieved by the 

use of a combination of two infra red filters. Figure 3.8 shows the effect 

of the two infra-red filters on a halogen source. The combination of these 

filters attenuates the light beyond approximately 740nm, thus eliminating 

most of the infra-red signal. 
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Figure 3.8 — Optical spectra of halogen lamp passed through two different IR filters. 

3.4.2 600nm Filters 

A 600nm (+/- 5nm) dichroic filter was used to simulate a sodium 

source in some experiments. This provided a convenient way of 

transforming the experimental system into an analogue of a standard 

polarimeter with the minimum of alterations to the system set-up. The 

filter was introduced after the lens and infra-red filters when required 

(figure 3.1(f)). 

3.4.3 Diffuser and Neutral density filter 

In some experiments the light level needed to be reduced and 

diffused. This was largely a requirement of the camera detector. It was 

necessary to introduce either a diffuser or a glass neutral density filter to 

reduce the light intensity. Light intensity proved to be a difficulty with 

the camera based detector. It proved difficult to set up the camera so that 

the intensity range of the experiment could be measured fully. In other 
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words, some measurements may have proved too dark for the camera, 

other measurements too bight and the image become saturated. 

One solution to this was to increase the light intensity sufficiently 

and use a combination of a diffuser and a set of neutral density filters 

that could be used to reduce the intensity of the light. The filters could 

then be compensated for during the data processing as being a gain 

factor on the RGB data. 

3.5 Experimental Procedures 

3.5.1 General Procedures 

There were several general Procedures adopted as a matter of 

routine during all experiments. 

e Samples were handled as carefully as possible. 

e Optical surfaces were wiped using optical wipes and only as 

required to minimise damage. 

e The keeping of mixed (aqueous) samples in a refrigerator to 

reduce the chance of bacterial growth. 

e All containers for dry samples were kept sealed and out of 

extremes of temperatures and light. 

e Sample cuvettes and mixing apparatus were kept clean. All such 

equipment was cleaned before and after use. 

e The apparatus was treated with care, parts were not moved 

unnecessarily between experiments and not at all if the 

experiments were being repeated. 

e Solutions were mixed completely. To ensure that the solution 
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was mixed as effectively as possible. This was done to 

eliminate any optical effects caused by differing densities 

within the sample due to non uniform mixing of the solute. 

Figure 3.9 illustrates such optical effects. 

Unmixed     
Figure 3.9 — Effect of incomplete mixing of solute. 

3.5.2 Reacting chemical measurements 

a-D-Glucose was chosen for study as it was possible to obtain it 

in pure form with ease. Upon dilution in water it undergoes a 

mutarotation reaction. This reaction allows the a-D-Glucose form to 

convert from the initial (alpha) form to B-D-glucose over a period of 

time. The rate of reaction was affected by several factors, such as 

temperature and the presence of a catalyst (e.g. acetic acid). 

It was necessary to produce the aqueous a-D-Glucose solution 

relatively quickly in order to begin measuring the sample in the 

experimental apparatus. However it was equally important to ensure that 

the solution was mixed as effectively as possible. This was done to 

eliminate any optical effects caused by differing densities within the 

sample due to non uniform mixing of the solute. 
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It was also important to monitor the ambient temperature of the 

system during mutarotation reactions, due to their sensitivity to 

temperature. This was done via the use of an accurate alcohol 

thermometer. The temperature was recorded for reference. 

3.5.3 Non-reacting chemical measurements 

Most of the optically active chemicals used were not undergoing a 

reaction that would affect the optical activity of the sample (e.g. Sucrose 

in aqueous solution). It was therefore not as important to have the 

chemical dissolved in the solvent and into the apparatus for measurement 

within a recorded time. Samples were usually weighed and diluted as 

required when performing experiments. The exception was the 

maltodextrine samples, which were supplied in liquid form and were kept 

refrigerated. 

3.6 Optically Active Chemicals Used 

3.6.1 Maltodextrine Mixtures 

Initial research was undertaken using mixtures of many differing 

molecular weight chains of maltodextrine, which consist of long chains 

of glucose molecules (polymers). These samples were provided for 

experimentation by an external partner and served as an initial basis for 

demonstration experiments. The concentration and an approximate 

average of the molecular weight were known. 

These experiments where performed using glass slide cuvettes. 

Two optical sources were used, a halogen lamp and a white light LED. It 

could be clearly seen that optical activity was visually detectable using a 

monochromatic light source, created by placing a narrow band filter 

(600nm) in the light path. Optical rotatory dispersion was further 
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observed when the narrow band filter was removed, allowing a 

broadband signal to pass though the polarisers and sample cuvette. 

3.6.2 Sucrose 

Sucrose is a disaccharide compound consisting of a bonded 

glucose and fructose molecule. The sucrose was obtained in a pure form. 

Sucrose was chosen for many experiments to help determine and check 

some basic parameters of the system and to examine stability problems. 

Sucrose was diluted with water in various concentrations and was 

used for several investigations and to determine if the system produced 

consistent repeatable results. 

Experiments took the form of measuring several concentrations of 

sucrose in water at either a single fixed angle or several differing angles 

of the second polariser and recording the H, L and S data. This data could 

then be analysed to check system stability and to determine if the 

concentration changes could be tracked via chromatic methodology. 

3.6.3 D / L— Tartaric Acid 

Maltodextrine and Sucrose are both dextrorotatory optically active 

compounds and they have only one optically active form. Tartaric acid 

however forms two differing enantiomers the dextrorotatory form (D- 

Tartaric Acid) and the laevorotatory form (L-Tartaric acid). The two 

enantiomers have equal but opposite optical rotations. Some of the 

research investigated the possibility of detecting mixtures of different 

optically active compounds. This was performed by looking at 

combinations of different amounts and concentration of sucrose and D 

and L forms of tartaric acid. 
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3.6.4 a-D-Glucose 

a-D-Glucose is a cyclic form of glucose. It is able to undergo a 

reaction, known as mutarotation on addition of water in which the alpha 

form converts to a beta form (B-D-Glucose) which has a differing optical 

rotatory power. After a time period the reaction will reach equilibrium 

where there is present a mixture of both the alpha and beta glucose forms. 

The rate of this reaction is determined by several characteristics such as 

temperature and the presence of a catalyst. Figure 3.10 below illustrated 

the two forms of glucose (chapter 2) 

H, L and S data versus time was obtained and the results analysed 

to attempt to obtain information on the rate of reaction. 

  
Figure 3.10 - Cyclic forms of Glucose. (a) «-D-Glucose (b) B-D-Glucose. 
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3.6.5 Data Processing 

Raw data was output either as voltage levels (Plasmachrom and 

MAZeT) or as images (from the camera), these were then converted to 

digital form via an analogue to digital converter (in the case of the 

Plasmachrom and MAZeT detectors) and via computer software in the 

case of the camera. In all three cases the raw data becomes a set of RGB 

values. These were then averaged (if required) and normalised before 

being converted to HLS parameters (chapter 2). 

3.7 Summary 

The standard polarimeter design has been extended to include 

some additional features that have allowed further research to be 

performed successfully using the chromatic methodology. Optical 

activity and optical rotatory dispersion have been detected using three 

different detectors. 

Many different experiments were performed to establish how the 

system performed, to prove that the principles were viable and how it 

might be improved and extended. 

Most of the experiments followed a similar pattern. The samples 

were measured at different analyser polariser angles and the 

concentrations varied. The a-d-glucose mutarotation experiments 

deviated from the maltodextrine, sucrose and tartaric acid experiments in 

that a reaction was taking place and this was allowed to proceed over 

time whilst being monitored automatically via a computer which logged 

the data. 
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Chapter 4 

Initial Experimental Results 

4.1 Introduction 

This chapter will present some experimental results that were 

gathered initially, the purpose of this chapter is to review some 

experimental data to give the reader an introduction to the differences 

between RGB and HLS data, to discus system stability and system errors. 

The following chapters (5, 6 and 7) will present first the data and then 

analysis for the three detector systems that have been used. Finally the 
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reader is pointed to appendix E for a book chapter (awaiting publication 

at the time of writing) that extends the analysis beyond what is presented 

in the core of the thesis (as it was produced after submission of this 

thesis). 

4.1.1 Illustration of the effect of an optically active compound. 

Figure 4.1 shows a sequence of images from the CCD camera 

recorded for the maltodextrine sample. The range of colour changes 

occurring as the analyser angle is altered is apparent. Not all angle 

images are shown in figure 4.1. However the figure provides an 

indication of the colour changes which occur. These images which have 

been analysed to provide the hue, lightness and saturation values shown 

in the graphs (i.e. figures 4.2, 4.3 and 4.4) via the methods described in 

chapter 3. Figure 4.2 shows a graph of hue versus analyser angle for a 

solution of maltodextrine and a sample of distilled water, measured via 

the CCD camera based system (chapter 3). Figures 4.3 and 4.4 show the 

lightness and saturation changes respectively for the same experiment. In 

each case there is a difference between the solvent (distilled water) and 

the solute/solvent sample (maltodextrine in this case). In figure 4.2 the 

hue angle of distilled water remains approximately constant (at ~185 

degrees hue) as the analyser angle is changed, whilst the hue angle of the 

maltodextrine sample increases monotonically with analyser angle. It 

increases linearly from 28 degrees analyser angle (220 degrees hue) to 

approximately 37 degrees analyser angle (~350 degrees hue) where it 

saturates. 

Figure 4.2 shows a hue angle increasing beyond 360 degrees. Hue 

angles are normally between 0 — 360 degrees (chapter 2). However when 

a hue angle increases to and then passes the 360 degree point (in effect 

“wrapping round’ to 0 degrees); it is useful to plot this on a continuous 

scale. 
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Figure 4.3 shows that the lightness of the distilled water remains 

independent of the analyser angle at a value of 0.94. However the 

lightness of the maltodextrine sample decreases from a lightness of 0.67 

to 0.52 at an analyser angle of 36 degrees before beginning to increase to 

approximately its initial value (i.e. lightness 0.67 at 28 degrees analyser 

angle) at 42 degrees analyser angle. 

Figure 4.4 shows the corresponding saturation graph for various 

analyser angles. The saturation of the distilled water sample is relatively 

unchanged at a value of approximately 0.1 as analyser angle was 

increased. As with the Hue and lightness plots the maltodextrine sample 

is distinctly different from the distilled water sample, it being initially 0.4 

saturation at 28 degrees analyser polariser angle and increasing to 0.54 at 

42 degrees analyser polariser angle. There are two peaks one each at 

approximately 32 and 40 degrees analyser polariser angle. 
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Figure 4.1 — Sequence of images taken from CCD camera for various analyser angles 

and maltodextrine. 
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Figure 4.2 — Hue versus polariser angle for distilled water and maltodextrine using the 

CCD camera. 
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Figure 4.3 — Lightness versus polariser angle for distilled water and maltodextrine using 

the CCD camera. 
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Figure 4.4 — Saturation versus polariser angle for distilled water and maltodextrine using 

the CCD camera. 

4.1.2 Response of the Red, Green and Blue channels to polariser 

angles 

Figures 4.5, 4.6 and 4.7 show the Red, Green and Blue channel 

values, which are on a scale of 0 — 255 corresponding to the value of the 

pixels, before they were converted to hue, lightness and saturation for the 

same experimental results above (figures 4.2, 4.3 and 4.4). It can be seen 

that they are quite different from the hue, lightness and saturation results. 

The distilled water sample shows an intensity change (a decrease of about 

30 units for each of the R, G and B channels) at 30 degrees analyser 

polariser angle. 

The sample curve on the three graphs displays a cyclic period but 

this differs on the three graphs in that each graph shows a different part of 

a similar periodic wave. 
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Figure 4.5 — Red Channel versus analyser polariser angle for distilled water and a 

maltodextrine sample from the CCD camera. 
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Figure 4.6 — Green channel versus analyser polariser angle for distilled water and a 

maltodextrine sample from the CCD camera. 
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Figure 4.7 - Blue channel versus analyser polariser angle for distilled water and a 

maltodextrine sample from the CCD camera. 

4.1.3 Evaluation of the chromatic effect of Optical Activity 

Figures 4.2 — 4.4 present several graphs that illustrate the effect an 

optically active chemical produces on the chromatic parameters (H, L and 

S) due to varying analyser polariser angles for one maltodextrine sample 

and a control sample of distilled water. Figure 4.1 further illustrates 

qualitatively the variation of the chromatic signal at different analyser 

polariser angles. Figures 4.5, 4.6 and 4.7 show the corresponding red, 

green and blue channels data, before it was transformed via chromatic 

processing (see Chapter 2) into hue, lightness and saturation. These 

graphs provide several important pieces of information. Examination of 

figures 4.2, 4.3 and 4.4 shows that there are large differences between the 

maltodextrine sample and distilled water, therefore the optically active 

chemical produces a different chromatic signal to that of the control 
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sample and is clearly distinguishable from the control sample at all 

analyser polariser angles measured. 

These graphs can be compared with the corresponding graphs 

(figures 4.5, 4.6 and 4.7) which show the red, green and blue data. The 

graphs illustrate an advantage of the chromatic system, particularly at 30 

degrees analyser polariser angle in that at 30 degrees a pronounced drop 

in intensity is apparent in the distilled water results (figures 4.5 - 4.7). 

This drop in intensity is probably a result of a measurement error or 

contamination of the water sample. The feature can be seen on all three 

(red, green and blue) channels. It is also visible on figure 4.3 (the 

lightness graph) at the same angle. The same feature is not apparent on 

the hue or saturation graphs however. The use of chromatic analysis 

enables broad intensity variations to be separated out into the lightness 

component and so not affect the hue or saturation parameters. This would 

therefore assist in the analysis of data that has large broad spectrum 

intensity variations. 

4.2 System Stability Tests 

Following early experiments, several features in the experimental 

setup were identified that were causing stability problems during the 

experiments. This had the effect of making reproducible results more 

difficult to obtain. Alterations were made to the design of the system to 

improve stability over time and during the changing of samples. These 

were as follows: 

1. The cuvette holder was improved to make it more suitable for 

the high quality cuvettes. This assisted in making the 

alignment of the cuvette more reproducible from test to test. It 

was possible to rotate it by 1 degree with an error of +/- 0.5 

degrees. 
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2. The power supply was checked using a multimeter and found 

not to be as stable as required. It showed voltage variations of 

~0.3V during operation. This supply was replaced with a 

stable source which was used for all the data presented here. 

Figure 5.9 shows a plot of the hue, lightness and saturation 

against time (duration 5.5 x 10* s or ~ 15 hours) for the system 

without a cuvette present. This demonstrates the system to be 

highly stable over such time periods (changes less than hue 

0.25, lightness 0.02 and saturation 0.05) providing the system 

was allowed to ‘warm up’ for a time interval of 5x10° s as 

indicated by the dotted line on figure 4.8. The limit of the 

noise is approximately +/- 0.5 degrees hue — i.e. this is the 

expected error due to noise effects, +/- 0.04 saturation and +/- 

0.01 for lightness. There are two “blips” on the lightness plot 

at ~ 37500s and 47500s which correspond to an accidental 

movement of the light source (knocking of the optical bench). 

These can be discounted as aberrations. 

3. The polarisers were replaced with higher quality types. It was 

noticed that the plastic type used initially was difficult to 

mount so that it remained flat as it tended to bend along the 

horizontal axis. The plastic polarisers had been mounted to a 

metal frame with glue, this proved unsatisfactory as it would 

become loose over time and bend as the plastic material had 

been supplied rolled. The new types of polarisers were glass 

and the principle reason for switching to them was that they 

could be mounted more easily and would retain their original 

shape. 
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Figure 4.8 - Noise test, hue, lightness and saturation versus time. 

4.3 Infra Red Light Detected by Camera 

In several experiments with the camera it was noticed at low 

angles (i.e. at angles close to the polarisers being orthogonally aligned) 

the camera would tend to saturate showing a white light spot. It was 

hypothesised that this could be due to infra red (IR) light from the 

halogen lamp light source. This effect was investigated further using the 

CCD camera in combination with an IR filter 

The results are shown in figure 4.9. The images in 4.9 (a) and 4.9 

(b) show results without a filter. When the polarisers were aligned light is 

transmitted and an image is obtained, signified by an _ intense 

yellow/orange spot (the colour expected of the halogen bulb used). 

However when the polarisers were positioned orthogonally (and in 

principle no light should pass though the combined pair of polarisers) a 

dim white light was still clearly visible (figure 4.9 (b)). The CCD camera 

was clearly picking up IR light. Further investigation revealed that the 

polarisers were not able to polariser IR light. The introduction of an IR 

filter would remove the effect and such a filter was introduced and the 

experiment repeated. Figures 4.9 (c) and 4.9 (d) show the images 

70



recorded with an IR filter in place between the light source and the CCD 

camera. These show that with the polarisers aligned a light spot is 

observed previously. However when the polarisers are aligned 

orthogonally no light spot is observed, so confining the influence of the 

IR light. 
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Without IR 

  

   

filter: 

(a) Polarisers Aligned. (b) Polarisers Orthogonal. 

Intense image of halogen ‘Ghost’ image present. 

lamp light. 

With IR 

Filter: 

(c) Polarisers Aligned. (d) Polarisers Orthogonal. 

Slightly less intense image Reduction of ‘ghost’ image 

of halogen lamp light. to virtually zero. 

Figure 4.9 — Effect of IR filters on the camera image. 
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The observation that IR light affected the results necessitated the 

introduction of an IR filter. Figure 4.10 below shows the spectra of two 

filters along with the normal halogen lamp spectrum. A combination of 

the two IR filters was chosen as this provided a sharp cut off of the 

radiation above 760nm, as shown in figure 4.11. 
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Figure 4.10 — Effects of IR Filters on halogen lamp spectra. 
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Figure 4.11 — Resultant halogen lamp spectrum with both IR filters in place. 

4.4 System error sources 

Factors that would affect the system are quite numerous. These 

factors will place limitations on the measurement ability of the system. 

There is some difficulty in evaluating some of the errors present in the 

system due to the number of possible parameters that could, in principle, 

cause errors. Table 4.1 summaries several sources of error and the 

estimated values of these errors. The major sources of errors where 

identified in practice; these included the measurement of concentration 

and stability of the light source. These where evaluated and quantified. 
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Estimated Value 

       
    
      

        

  

The Polariser was able to be rotated +/- 0.5 degree. 

by one degree at a time with 

Rotation of Analyser 

Polariser 
     

  

accuracy. 
    

  

    
         

  

     

  

    
    

Hue, Lightness and 

Saturation Errors 

Approximately +/- 0.5 

degrees hue — i.e. this is 

the expected error due to 

noise effects, +/- 0.04 

saturation and +/- 0.01 

for lightness. 

Noise from the power supply affect    
   the chromatic parameters 

     

  

      

  

Estimated at less than +/- 

0.01mm 

Path length quality of 

the cuvette 

The cylindrical cuvette was of very 

high quality and would not have 

varied much 

   
         
     

    

   

  

   
   

  

     

  

     

         
    
      
    

         
    
    

     
   
    

     

        Temperature effects Between repeat runs of 

the same experiment, 

temperature effects 

estimated to 

Temperature remained constant, 

within +/-0.5 degree C during the 

course of measurements. No heat 
   
   
   
   
   

where 

  

source was near the equipment and 

temperature was monitored via a | account for less than +/- 

thermometer during all 

experimentation. 

0.01 degrees hue, +/- 

0.001 lightness and +/- 

0.001 saturation. 

   

    
   

       
     

   
       
   

of the 

sample concentration 

Measurement This was very accurately done, a high 

quality weighing machine and 

distilled water source was used for all 

the preparation of all sample 

Less that +/- 0.0005 g/ml 

concentrations. This equipment was 

standard equipment for the making up 

highly accurate concentrations of 

solutions. All these solutions were 

made up under expert supervision. 

Table 41 — Sources of error. 
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4.5 Summary 

This chapter has detailed some initial results, demonstrating the 

differences between the chromatic parameters H, L and S and the R, G 

and B curves. The systems stability has also been reviewed, 

corresponding to the changes to the early system in order to improve 

performance before further analysis was performed. A major problem 

with the use of a light source with a large IR component was identified 

very early on and has been detailed here also; this was solved via the use 

of IR filters. Sources of error in the system have been evaluated. 
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Chapter 5 

Plasmachrom Experimental 

Results and Evaluation 

5.1 Maltodextrine Results 

Figures 5.1, 5.2 and 5.3 show respectively the hue, saturation and 

lightness plots for a set of maltodextrine samples of different 

concentrations and average molecular weights at different angles of the 

analyser polariser. Table 5.1 shows a table of the corresponding 

concentrations and average molecular weight for the differing samples. 

Figures include a distilled water and empty cuvette as controls. In the 

hue plot (figure 5.1) it is clear that water and empty cuvettes are 
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distinguishable from those containing maltodextrine samples. Between 0° 

and approximately 30° analyser angle the water and empty plot lines 

differ by about 5° — 30° hue angle from the sample plots. However, there 

is a point at around 9° analyser angle where they cross. A similar feature 

is apparent in the saturation graph, figure 4.2 with differences in 

saturation of between 0.02 — 0.1 for an analyser angle of 0° — 35°. Again 

at approximately 9° — 10° analyser angle the graphs cross. The lightness 

graph (figure 5.3) shows some strong variations, particularly between 10° 

— 40° where high peaks of about 0.4 — 0.45 are apparent. 
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Figure 5.1 — Hue versus Analyser Polariser Angle for 5 maltodextrine samples. 
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Figure 5.2 — Lightness versus Analyser Polariser Angle for 5 maltodextrine samples. 

—i— Sample 1 

—a— Sample 2 

Sa
tu

ra
ti

on
 

—< Sample 3 

—x*— Sample 4 

—®— Sample 5 

  

20 30 40 

Angle From Orthogonal Position (Degrees)   
Figure 5.3 — Saturation versus Analyser Polariser Angle for 5 maltodextrine samples. 
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Sample Molecular Concentration       
    

      
    
    
     

Weight 

Sample 1 3041 40.1 

Sample 2 3606 37.6 

Sample 3 4153 36.1 

Sample 4 5277 39.1 

Sample 5 5621 45.8     

Table 5.1 — Table showing the molecular weights and concentration 

of the maltodextrine samples. 

5.2 Plasmachrom and Maltodextrine Samples Evaluation 

Initial investigations involved the use of the Plasmachrom 

instrument (chapter 3). These experiments where performed using a white 

light LED source. Figures 5.1, 5.2 and 5.3 show the hue, lightness and 

saturation plots versus various analyser polariser angles using this device 

with several samples of aqueous maltodextrine. Analysis of the hue and 

saturation plots shows clearly that the maltodextrine samples differ from 

control samples (i.e. an empty cuvette and a cuvette filled with distilled 

water) at several points. For example, at analyser angles less than 10 

degrees both hue and saturation plots it is possible for the control and 

maltodextrine sample to be distinguished. 

Closer examination of other parts of the figures 5.1 and 5.2 show 

there are other analyser angles that allow differentiation between control 

samples and the maltodextrine samples. Differences between the 

maltodextrine samples are less clear. Although some samples can be seen 

to differ from one another, the differences are relatively small, with 

samples 2 and 3 being almost identical in the hue plot. 
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The lightness plot (figure 5.3) shows some complex variations. 

Although general trends in these results were broadly repeatable from test 

to test, the detailed variations were less so. However it should be noted 

that of the three chromatic parameters H, L and S; L is effectively an 

indication of absolute intensity of the light which is highly susceptible to 

extraneous optical effects. 

Therefore from these initial experiments two conclusions could be 

drawn. Firstly, that the optically active solutions of maltodextrine were 

distinguishable from control samples at several analyser angles via (at 

least) hue and saturation parameters. Secondly, that it appeared possible 

that optically active samples of differing concentration could be resolved 

from one another. Particularly if increased system stability and improved 

techniques could be developed. 
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Chapter 6 

CCD Camera Experimental 

Results and Evaluation 

6.1.1 Maltodextrose results 

In Chapter 5 the results obtained using the Plasmachrom 

instrument were shown. Several repeat tests were performed and some 

degree of similarity was found between them. However, the results 

seemed to be of only limited consistency and so the use of a CCD camera 

was initiated to investigate the lack of reliability more carefully. Figures 

6.1, 6.2 and 6.3 show graphs of hue, lightness and saturation versus 

analyser angle, corresponding to the operational conditions of the 

Plasmachrom data (Chapter 5), the sample concentrations and average 

molecular weights defined in table 5.1 in Chapter 5. 

It should be noted that in the case of figure 6.1 the hue angle 

exceeds 360° to approximately 400°. This is an artificial feature and 

represents a hue transition across the 0°/360° boundary. Low hue values 

(<50°) are plotted with a +360° shift in hue in order to allow a continuous 
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monotonic curve to result and a trend more clearly identified. 

Since the detector responses of the CCD camera differed from 

those of the Plasmachrom these results differed from the results obtained 

with the Plasmachrom. Figure 6.1 shows that the distilled water sample 

has a nearly constant hue of 190° throughout the analyser angle variation. 

The maltodextrine samples show an increase in hue as the analyser angle 

is increased. They display an overall shift of approximately 200° hue 

angle. Between analyser angles of 28° — 38° it is possible to resolve the 

different samples from one another. Samples 4 and 5 show the greatest 

degree of difference between 20° — 80° hue. Samples 1, 2 and 3 lie 

closely together with perhaps only 5° — 10° hue angle difference between 

them. 

Figure 6.2 shows a lightness plot of the data. This shows a large 

degree of resolvability for all the samples and the control throughout 

almost all the analyser range. The distilled water sample displays a 

relatively constant lightness of about 0.92. Between 28° and 40° analyser 

angle all the samples are clearly different and none of the plots cross. It is 

only after 40° that they overlap, with samples 4 and 5 showing the 

greatest differences. 

The saturation plot (figure 6.3) shows the distilled water results to 

be of an approximately constant saturation value of 0.1, throughout the 

analyser angle variation. The saturation of the samples displays a 

complex variation with polariser angle. The plots also show a moderate 

degree of variability and there are several points (for example at 32° and 

34° analyser angle) where many of the curves intersect. Sample 5 and to a 

lesser degree sample 4 shows the greatest degree of difference from the 

others; this is most apparent between 28° and 34° analyser angle, with the 

samples showing their greatest deviations from samples 1, 2 and 3. 

However, an important result is that all samples are resolvable (i.e. non- 

ambiguous) in the range 28° — 32° analyser polariser angle, the saturation 

change (0.1 — 0.5) being 40% of the full range, 0 — 1. 
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Figure 6.1 — Hue versus Analyser Polariser Angle for 5 maltodextrine samples, Camera 

detector. 
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Figure 6.2 — Lightness versus Analyser Polariser Angle for 5 maltodextrine samples, 

Camera detector. 
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Figure 6.3 — Saturation versus Analyser Polariser Angle for 5 maltodextrine samples, 

Camera detector. 

6.1.2 Sucrose Results 

Figures 6.4 — 6.6 show the hue, lightness and saturation variations 

for various analyser polariser angles of three different concentrations of 

aqueous sucrose solutions (0.04, 0.1 and 0.15 g/ml). A distilled water 

sample was included as a control sample. 

The hue values (figure 6.4) at 0 degree analyser polariser angle for 

differing concentrations and the water point are barely distinguishable. 

However as the analyser polariser angle is increased from the orthogonal 

position the hue difference between the different concentration increases 

rapidly. At approximately 6 degrees analyser polariser angle the 

maximum distinction between each of the concentrations, with the 

difference between the maximum concentration (0.15 g/ml) and the 
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lowest concentration (0.04g/ml) sucrose solutions being nearly 180 

degrees hue. As the analyser polariser angle is increased further the 

difference begins to reduce until at about 20 degrees analyser polariser 

angles the maximum and minimum concentration points are separated by 

only 4 degrees hue. As the analyser polariser angle is increased beyond 

20 degrees the hue differences begin to increase slowly again and at 30 

degrees they are separated by 12 degrees hue. 

Figure 6.5 shows the lightness variations obtained during the 

experiment. Lightness values are initially relatively low, with the distilled 

water sample having the lowest lightness level of 0.05. These levels then 

tend to decrease initially as analyser polariser angle is increased. By 5 

degrees analyser polariser angle the distilled water sample has shown an 

increase again. The lowest concentration of sucrose solution has reached 

it lowest lightness value of 0.04 but the 0.10 g/ml and 0.15 g/ml samples 

continue decreasing. The 0.10 g/ml sample reaches its lowest value at 

approximately 8.5 degrees analyser polariser angle and the 0.15 g/ml 

sample reaches its lowest value at 11.5 degrees analyser polariser angle. 

When the curves have passed though their lowest value they can be seen 

to increase quickly to points at 30 degrees analyser polariser angle where 

the rate of increase is lower. All curves follow a similar pattern. In the 

region below approximately 3 — 4 degrees analyser polariser angle and 

above 15 degrees analyser polariser angle the separation of the sample 

curves with respect to one another are ordered. It was noted that the order 

of the lines from the region below 3 — 4 degrees is inverted to the region 

above 15 degrees. The lightness curves follow an approximate sinusoidal 

variation with polariser angle, each sample curve being displaced to 

higher polariser angles as the concentration is increased. 

The corresponding saturation data for this experiment is shown in 

figure 6.6. This graph can be divided into two regions the first, between 0 

to 17 degrees analyser polariser angle and a second from 17 to 30 degrees 

analyser polariser angle. In the first region initially the experimental 
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points are in concentration order with the most concentrated sample 

having the lowest saturation of 0.08 and the distilled water having the 

highest saturation of 0.29. The saturation of all concentrations then 

decreases as the analyser polariser angle is increased towards 5 degrees. 

Beyond 5 degrees the saturation increases again. At 10 degrees the lowest 

concentration sucrose solution (0.04 g/ml) has the highest saturation 

(higher than the distilled water and the other two sucrose samples) but at 

15 degrees it has reduced below the saturation levels of the 0.10 g/ml and 

0.15 g/ml samples. 

In the second region, above 17 degrees analyser polariser angle, 

the graphs display a more ordered pattern as the analyser polariser angle 

is increased towards 30 degrees. The order of the concentration points at 

0 degree is inverted with respect to those in region 2, so that the highest 

sucrose concentration has the highest saturation (~0.58) and the distilled 

water the lowest saturation (~0.28). 
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Figure 6.4 - Hue Angle Variation with Analyser Angle of Aqueous Sucrose 

Halogen Lamp. 
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Figure 6.5 — Lightness Variation with Analyser Angle of Aqueous Sucrose. Halogen 

Lamp. 
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Figure 6.6 - Saturation Variation with Analyser Angle of Aqueous Sucrose with 

Halogen Lamp. 
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6.1.3 L-Tartaric Acid and Sucrose Mixtures 

Experiments where also performed whereby two different 

optically active chemicals were mixed in different concentrations and 

measurements taken. The analyser polariser angle was fixed throughout 

these experiments. Equal concentrations of sucrose and L-tartaric acid 

were prepared and measured at a fixed polariser angle of 65 degrees. 

Four equal part mixtures of 0.5M sucrose solution and distilled water, 

0.5M, 1M and 2M L-tartaric acid were also prepared. These were then 

measured as described in chapter 4. 

Figure 6.7 shows the hue variation with concentration. The 

concentration scale for the 50/50 mixture refers to the concentration of 

the L-tartaric acid solution only. Figure 6.7 shows that the hue of the L- 

tartaric acid initially increases from 372.5 degrees (hue values have been 

adjusted as detailed above in Chapter 3) to 373 degrees at 0.5M and then 

begins to decrease through 372.5 degrees at 1M and finally to 372.2 

degrees at 2M. The overall change is less than 0.5 degrees, increasing or 

decreasing. The 50/50 mixture displays only a small hue change, from 

372.5 degrees hue at 0 sucrose concentration to 371.7 degrees at 2M 

sucrose concentration. This change is approximately linear. The sucrose 

sample shows a large change from its starting value at 372.5 degrees to 

365 degrees at 2M, the variation being monotonic. 

Lightness results are presented in figure 6.8. Large distinctions 

can be made between the three chemical mixtures at all concentrations, 

except the initial point (this point being distilled water only and the same 

for all three). The L-tartaric acid result is linear, varying from lightness of 

0.53 and to 0.4, and yielding an overall change of 0.13 in lightness. The 

50/50 mixture and the sucrose plots display a similar form. The 50/50 

mixture at 0.5M has a lightness of 0.33 and does not change significantly 

at 1M and 2M. The sucrose solution at 0.5M has a lightness of 0.2 and 

increases at 1M to 0.245; it has a similar lightness level at 2M. 
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Figure 6.9 shows the saturation results obtained in this 

experiment. The sucrose sample increases from an initial value to a 

saturation of 0.77 at 0.5M sucrose and then decreases. The 50/50 mixture 

shows a similar pattern to the sucrose curve but only increases to a 

saturation of 0.69 at 0.5 L-tartaric acid / 0.5M sucrose concentration, 

where it remains almost constant at higher L-tartaric-acid concentrations. 

The saturation of the L-tartaric acid solution initially decreases to 0.46 at 

0.5M L-tartaric acid and then increases to have a saturation of 0.61 at 2M 

1-tartaric acid. 
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Figure 6.7 - Hue (Adjusted+360°) Variation with Concentration - Mixing of Sucrose 

(0.5M) and Tartaric Acid at Variable Concentrations (0.5M, 1M, 2M) 
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Figure 6.8 - Lightness Variation with Concentration - Mixing of Sucrose (0.5M) and 

Tartaric Acid at Variable Concentrations (0.5M, 1M, 2M) 
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Figure 6.9 - Saturation Variation with Concentration - Mixing of Sucrose (0.5M) and 

Tartaric Acid at Variable Concentrations (0.5M, 1M, 2M) 
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6.2.1 Evaluation of camera results 

Although the initial results using the Plasmachrom and 

maltodextrine samples proved promising, a change of detector to a 

standard camera module (see appendix B for further information on the 

module) was investigated in a quest for improvements. This was done for 

two reasons; firstly the Plasmachrom required an optical fibre for use and 

it would be preferable to eliminate this possible source of degradation. 

Secondly, a camera has the advantage of a wider field of view so that, in 

principle, it could be used to monitor several devices simultaneously, 

should this be a future requirement. The light source was also changed to 

a halogen lamp, as this provided greater intensity. 

Figures 6.1 — 6.3 show the hue, lightness and saturation results 

from using the camera with the same maltodextrine samples. The 

experiments were performed in the same manner; the equipment had been 

modified in an attempt to improve system stability (introduction of an 

improved sample tube mounting). 

It was known that the maltodextrine samples provided for 

experimentation were of differing molecular weights (see chapter 2). The 

samples were in fact of a mixture of polymer chains of differing lengths, 

each sample having a different average molecular weight. Therefore the 

samples were of a relatively complex nature, with not only the 

concentration varying from sample to sample but also the average 

molecular weight. Table 6.1 lists the different samples and their 

molecular weights and concentrations. Figure 6.10 is a graph of the data 

given in table 6.1. The introduction of these two varying parameters 

would affect the optical activity of the samples independently from one 

another. The need is therefore to be able to resolve these two 

components. 
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Concentration 

Sample Molecular (% of solute in 

Weight distilled water) 

Sample 1 3041 40.1 

Sample 2 3606 37.6 

Sample 3 4153 36.1 

Sample 4 5277 39.1 

Sample 5 5621 45.8 

  

Table 6.1 — Table showing the molecular weights and concentration 

of the maltodextrine samples. 
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Figure 6.10 — Graph of molecular weights and concentration 

of the maltodextrine samples. Lines are joined to emphasise the pattern. 
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6.2.2 Initial analysis of maltodextrine results 

Since the maltodextrine samples had varying concentration and 

molecular weight this would complicate an analysis. An investigation 

was needed to determine if these two factors could be resolved. Using 

data from the maltodextrine samples measured using the CCD camera 

(figures 6.1, 6.2 and 6.3), an analytical investigation was undertaken to 

examine if a relationship could be determined that would relate 

concentration and molecular weight to the chromatic parameters H, L and 

S. 

Graphs of an ‘effective concentration’ quantity against changes in 

H, L and S were produced. This effective concentration was calculated by 

arbitrarily taking sample one’ s concentration and molecular weight 

values as a base and calculating the change in concentration of the other 

samples when compared to to sample one. The concentration values used 

were from analysis provided with the samples by the manufacturer (and 

listed in table 6.1). Figures 6.11, 6.12 and 6.13 show the results obtained. 

Effective chromatic parameters AL, AH and AS were calculated in a 

similar way to the effective concentration rather than absolute H, L and S 

values. This was initiated for consistency and the calculations were made 

by the same method as for concentration. 
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Figure 6.11 — AEffective Concentration Vs ALightness at Various Polariser Angles (0° - 

Polarisers Orthogonal). 
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Figure 6.12 — AEffective Concentration Vs ASaturation at Various Polariser Angles (0° - 

Polarisers Orthogonal). 
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Figure 6.13 — AEffective Concentration Vs AHue at Various Polariser Angles (0° - 

Polarisers Orthogonal). 

The idea for this analysis was to see if any simple relationships 

could be found by comparing samples 2-5 to sample 1. It was thought 

that this approach might help simplify the results shown in figures 6.1 — 

6.3. Results at 28 degrees show a linear pattern on H, L and S though 

other angles show much less linearity. This suggests two things — as most 

results are non-linear this is due to the non-linear relationship of the 

optical activity or another factor such as molecular weight is affecting the 

results. From equation 2.18 optical activity is related to wavelength in a 

nonlinear (an inverse square) way, it also known that molecular weight 

should affect optical activity as detailed in reference [18]. Clearly this 

situation needed to be resolved or some other approach should be tried. 

Giving the apparent complexity of the data and relationships, it was 

decided to trial a lookup table technique — given sufficient calibration 

data a workable system could result. 
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The lookup table approach has been prototyped at its simplest 

level. The data at an analyser angle of 36° for the samples 1, 2, 3 and the 

50% dilutions of these samples were taken at random as the basis of a set 

of data at which to operate. These were put into a computer file along 

with the associated concentration and molecular weight. A hypothesis 

was made that the concentration would halve if the sample were diluted 

by its same volume of distilled water. 

A simple computer program was written (see appendix D for the 

program an a simple flow diagram broadly outlining the process) and 

based a 3 dimensional cubic array of H, L and S as the x, y, z components 

of the array. The data values were placed in the array and associated with 

their corresponding values of concentration and molecular weight. A test 

point was introduced into the array and the distance calculated to each of 

the data points in the array. The closest point was chosen as a match. 

Figure 6.14 gives an illustration of this method. In order to overcome 

problems with hue being in the range 0 — 360° with 1° being also close to 

359° a system using cylindrical polar coordinates was used, hue being the 

angular coordinate. This involved a simple change of transforming the H 

and L coordinates to cylindrical polar form. Once in cylindrical polar 

form hue could be represented by the angular component, saturation by 

the radius and lightness by the vertical component. 
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Figure 6.14 — Illustration of the look-up table approach. 

6.3 Mathematical Modelling 

After the results of the lookup table further work was undertaken 

aiming at producing a mathematical algorithm, to improve upon look up 

table. Using previously gathered data (figures 6.1 — 6.3) a trial of one 

possible procedure was made. The H, L and S parameters can be said to 

be some form of function of the two variables concentration and 

molecular weight. As there was no simple way to extract what these 

function might be, a data fitting technique was used. The process used is 

outlined here. 
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The following solutions are in general produced by chromatic 

sensing: 

H =F(p,q) (6.1) 

S=F,(p,q) (6.2) 

L=F,(p,9q) (6.3) 

where p and q are two variables — in this case they can represent 

concentration and molecular weight. 

The problem is to evaluate p, q from measured values of H, S, and 

L. A process to do this is outlined below. The minimum number of 

parameters required to resolve 2 variables is three, typically the third 

parameter is used to resolve ambiguities between the other two (such as if 

they take the same value at a cross over point). 

ili. 

The above relationships enable experimental data 

points to be represented on 3 dimensional maps: 

H:p:q S:p:q L:p:q 

Curve fitting software [39] was to obtain a best fit of a 

surface from the above maps. 

The curve fitting software yields an equation for the 

best-fit surface for the best-fit surface i.e. for the three 

maps represented by equations 6.1, 6.2 and 6.3. Each 

equation is sought with p or q as the dependant 

variable e.g. 
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P=f(Q)+4L@ (6.4) 

P=f(S)+h,@ (6.5) 

p=f()+ 49) (6.6) 

iv. The variable p is eliminated from 6.4, 6.5 and 6.6 to 

yield: 

fh()-AO=hO-h@=s@ (6.7) 

v. For any experimentally determined values of H, S 

equation 6.7 maybe solved with software to yield a 

value for q. 

vi. If g(q) is of a high order then several roots are 

obtained. Unrealistic roots (i.e. negative roots, complex 

roots, roots outside a known domain) are eliminated. 

vii. | The remaining roots of q are then used to determine the 

corresponding roots of p from either equation 6.4 or 

6.5. 

viii. | Each pair of roots (p, q) are substituted into equation 

6.6 and checked for self-consistency with the measured 

value of L. 

ix. Inconsistent roots are eliminated and the relevant roots 

obtained. 

Figure 6.15 below shows an example of a 3-dimensional graph 

that was used to aid the construction of example equations in order to 

assess the above procedure. This data used was real data captured 

previously (for maltodextrine samples in this case). Three graphs were 

produced, hue versus concentration and molecular weight and similarly 
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with saturation and lightness. Figure 6.15 shows an example of the hue 

graph produced by this procedure for illustrative purposes. Saturation and 

lightness are not shown here; it was felt that this process though 

promising needed more sample point to enable the production of a useful 

model. Unfortunately the difficulty in obtaining more samples was not 

solvable; this meant that the investigation moved onto using other 

chemicals that had a constant molecular weight. 

The final output of this procedure outlined here is shown in figure 

6.16 below in the form of a concentration. The results derived with the 

calibration of figure 6.16 are in good agreement with the actual data 

points (blue line) (from table 6.1) so show the results to be (self) 

consistent. This is only a test that the model derived from the data points 

was consistent with the actual data. 

Given the availability of only 5 samples of maltodextrine and with 

the unsolvable problem of obtaining more samples from the 

manufacturer’ the model is very limited, but shows a promising route 

should this situation be resolvable in the future. 

1 The manufacturer sold off this part of the business and we were unable to get a 

response from the new owner. 
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Figure 6.16 — Concentration results from the algorithm show self-consistency of actual 

data against predicted data. 
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6.4 Sucrose and CCD Camera 

Tests using sucrose enabled a readily available optically active 

sample chemical to be used, providing better control of both 

experimentation and of sample purity; the maltodextrose samples came 

ready prepared at various concentrations and molecular weights. Sucrose 

(a disaccharide) was chosen not only due its availability but because 

known to dissolve in water, as well as it being non toxic. Figures 6.4, 6.5 

and 6.6 presented hue, lightness and saturation curves for three different 

concentrations of sucrose at differing analyser polariser angles. 

Analysis of the graphs shows that providing the right analyser 

angle and chromatic parameters are chosen, a calibration curve can be 

produced from this data, in a similar manner to the maltodextrine 

samples. Figures 6.4, 6.5 and 6.6 are examined for analyser angles that 

show the different concentrations are separable from one another. For 

example, figure 6.17 shows the hue, lightness and saturation values for 

the three concentration and distilled water sample at 30 degrees analyser 

polariser angle. All three curves are approximately linear. The hue angle 

changes by approximately 19 degrees from the distilled water solution (0 

g/ml of sucrose) point to the 0.15 g/ml sucrose solution point; this is a 

readily measurable change (approximately 5% of the full range of 360 

degrees). The lightness change is from 0.83 to 0.61 a difference of 0.22, 

(i.e. 22% of the range). Saturation shows a change from 0.28 to 0.57 (a 

difference of 0.29, 29% of the full range). Thus in terms of percentage of 

the full range the saturation is the largest. 

The curves of figure 6.17 can therefore be regarded as calibration 

curves for different concentrations within the ranges of 0 — 0.15 g/ml or 

0.42M. This is a typical range that would be encountered in 

pharmaceutical synthesis (as stated in a private communication with 

Professor S. Roberts, The University of Liverpool, 2004). It is therefore 

clear that measurement of concentration within a calibrate range is 
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possible for sucrose samples using the chromatic polarimeter technique. 

A 30 degrees analyser polariser angle is not the only possible choice. The 

chromatic graphs (figures 4.19, 4.20 and 4.21) show that polariser angles 

above approximately 22 degrees would be useable in a similar manner 

(below 22 degrees the hue points being clustered too close together). 
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Figure 6.17 — Hue, Lightness and Saturation data for several concentrations of 

sucrose solution at 30 degrees analyser polariser angle. 

6.5 Mixing of Optically Active Compounds. 

As part of this investigation several experiments were conducted 

to examine the possibility of mixing two optically active chemicals and 

detecting the differences between the mixtures and the unmixed 

chemicals. Figures 6.7, 6.8 and 6.9 display such results from an 

experiment comparing the chromatic signals from L-tartaric acid, sucrose 

and a 50%/50% mixture of the two chemicals. L-tartaric acid is 

laevorotatory whilst sucrose is dextrotatory (chapter 2). These two 

chemicals therefore have opposite (but not equal) optical rotations. L- 

tartaric acid has a weaker optical rotation than sucrose. In other words at 

the same concentrations for any given wavelength the optical rotation of 
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L-tartaric acid would be lower than the optical rotation of sucrose. The 

sucrose graph shows the greatest change of hue as concentration is 

increased with a change of 8 degrees overall. The L-tartaric acid graph 

changes by a smaller amount than the sucrose plot, and the change is in 

the opposite direction to the sucrose results. This is consistent with the 

fact that the two chemicals have opposite optical rotations. The hue 

reaches a maximum at a concentration of 0.5M then begins to decrease 

slightly as the concentration is increased. The mixture of the two 

chemicals shows a small hue change of 1 degree as the concentration of L 

— tartaric acid is increased to 2M. It would be expected that the mixture 

of the two chemicals would follow a path somewhere between the I- 

tartaric acid results and sucrose results, which it does. 

Examination of the lightness curve (figure 6.8) shows some clear 

trends. The L - tartaric acid curve is linear, decreasing as concentration 

increases. The sucrose curve is non-linear, the lightness parameter 

initially decreasing substantially reaching a minimum at 0.6M, before 

increasing until at 1M where it plateaus. The mixture of the two 

chemicals follows a similar trend to the sucrose graph but the overall 

lightness changes are less. This is consistent with that fact that the two 

chemicals have opposite optical activities. The mixture curve being the 

result of the combining of these two opposite, but not equal effects. 

Figure 6.9 shows a saturation graph for the two chemicals and the 

mixture of both. The saturation for the mixture of the two solutions lies 

between the sucrose and the L - tartaric acid curves. The sucrose and 

mixture plots also display similar shapes. The L - tartaric acid curve 

shows a high saturation change that initially decreases until 

approximately 0.7M before increasing substantially. The sucrose curve 

also displays a large saturation change, initially increasing until 

approximately 0.7M and begins to decrease. The mixture curve, lies 

between the sucrose and tartaric acid curves, following a similar pattern 

to the saturation curve of sucrose, initially increasing until approximately 
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0.7M, then decreasing slowly. This indicates that the as the L — tartaric 

acid concentration increases its effect and begins to dominate over the 

sucrose solution. 

The reader should consult appendix E for a book chapter 

(awaiting publication at the time of writing) that details further analysis 

of these results that was performed after submission of this thesis. 

6.6 Summary 

This chapter has presented results obtained using the camera 

detector for several different chemicals, maltodextrine, sucrose and a 

mixture of sucrose and tartaric acid. An evaluation of the maltodextrine 

results showed that there were several promising methods for resolving 

concentration and molecular weight, but due to the small number of 

samples and being unable to obtain more, research moved on to look at 

samples that changed in concentration only (sucrose). It has been shown 

that concentration of sucrose can be resolved via judicious choice of 

analyser angle that avoids ambiguities of the different concentrations via 

H, L and S. Some experimentation was carried out on the possibility of 

resolving mixtures of optically active chemicals (sucrose and tartaric 

acid), some analysis has been reported, but much more can be found in 

appendix E which is a book chapter awaiting publication. This book 

chapter represents further analysis of the results, performed after 

submission of the thesis. 
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Chapter 7 

MAZeT Chip Experimental 

Results and Evaluation 

7.1 MAZeT Chip Based Detector 

7.1.1 a-D-Glucose Mutarotation Reaction 

In order to investigate the capability of the system to monitor a 

time varying reaction of an optically active chemical an experiment was 

performed to monitor a reaction involving the mutarotation of a-D- 

glucose (see chapter 2). This reaction progresses over time and should be 

accompanied by a change in the optical activity of the mixture. For the 
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evaluation of the mutarotation reaction via chromatic processing the 

MAZeT chip detector was used. Though the camera had performed well 

it was envisaged that the length of time required for the experiment 

(many hours) the camera was less suitable for capturing the data. 

Generally the camera was used to capture images, and these were 

processed afterwards. This would have created a great deal of data that 

would have to be processed and given that this experimental work was 

started near the end of the project it was felt the most convenient solution 

was to switch to the MAZeT chip. The reason for this was that the chip 

could be linked to an existing computer that had an analogue to digital 

converter that could be used to capture the data. 

7.1.2 Determination of Rate Constant 

First the reaction was monitored via a conventional approach 

involving a standard polarimeter set-up (see chapter 2 and chapter 3). It 

was expected that the reaction would progress rapidly for approximately 

the first 30 minutes and then begin to retard and the whole reaction (not 

catalysed) taking approximately 6 hours. The experimental procedure 

was to measure the angular change of the maximum intensity of the 

600nm line over time (chapter 3). As an approximation in order to 

determine the rate constant time and hence check that the chemistry was 

correct, continuous monitoring of the sample was desirable but not 

practicable. The sample was monitored over a period of 2 hours and 15 

minutes with four readings taken in the first 30 minutes and one at 1 hour 

and 50 minutes and again at 2 hours 15 minutes. The reaction was 

allowed to proceed for a further 6 hours and this point was taken to be the 

equilibrium reading (the end of the reaction). Figure 7.1 showed the 

results obtained. The rate constant (the gradient of the graph) was found 

to be 0.0108 min” in this case. The expected rate constant was 

approximately 0.0135 min’ [42]. The experimentally derived rate 
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constant is 0.0027 min! lower than the rate constant obtained from 

literature. 
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Figure 7.1 - Rate Constant for Mutarotation of Glucose (Performed at 19 Degrees C). 

7.1.3 Demonstration of Mutarotation Reaction Monitoring via 

Chromatic Change 

An aqueous solution of a-D-glucose was monitored for one hour 

on five different occasions; using the MAZeT detector described in 

chapter 3, the polariser angle was maintained at a constant angle of 76 

degrees. Figure 7.2 presents the hue change versus time for this reaction. 

The five curves in figure 7.2 correspond to each of the five different tests. 

Each curve shows a similar pattern starting in a region between 192 

degrees hue and 198 degrees hue and reducing as time progressed, each 

curve ending in a region between 146 degrees and 152 degrees hue. Some 
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overlap of the curves can be seen firstly with the two curves ‘Day 1 Run 

land ‘Day 1 Run2’ at approximately 950s (approximately 15 minutes and 

50 seconds) and the remaining three curves overlap several times 

particularly the two curves from day 2, beyond approximately 2000s (33 

minutes and 20 seconds). 

Figure 7.3 shows the lightness curves as a function of time. 

Initially all five test results are almost identical at an approximate value 

of 0.34. The lightness then increases with time and the curves for each of 

the five tests diverge from one another until at one hour this is a spread of 

saturation values between 0.475 and 0.505. The exceptions are day 2 runs 

1 and 2 which still lie in this region but are almost completely 

overlapped. 

The saturation curves are shown in figure 7.4. The curves initially 

have saturation values of 0.351 and 0.405 and decrease with time in an 

approximately linear manner. In a time span between 1000 to 1500 

seconds all the curves begin to increase with time, again the increase 

being linear but with a relatively shallow gradient. 
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Figure 7.2 - Hue versus Time, «-D-Glucose (4.1g/31ml), 19 Degrees C, 76 Degrees 

analyser polariser angle, 5 Repeat Runs 

  

    

  

Figure 7.3 - Lightness versus Time, «-D-Glucose (4.12/31ml), 19 Degrees C, 76 

Degrees analyser polariser angle, 5 Repeat Runs. 
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Figure 7.4 — Saturation versus Time, «-D-Glucose (4.1g/31ml), 19 Degrees C, 76 

Degrees analyser polariser angle, 5 Repeat Runs. 

7.2 Evaluation of mutarotation of a-D-Glucose results. 

7.2.1 Mutarotation reaction change via Chromatic monitoring 

The investigation of a simple reaction (the mutarotation of a-D- 

Glucose) was undertaken. This provided a demonstration of the system 

working over time, monitoring a real reaction. It was not quite in real 

time, data was output as a series of voltages to a computer and at the end 

of the reaction these were converted to H, L and S by normal means and 

plots produced. Such graphs are displayed in figure 4.26, 4.27 and 4.28. 

Figure 7.2 showed a graph of hue against time for five repeat runs 

of mutarotation reaction at a fixed analyser polariser angle (of 76 

degrees), the graphs show high degree of self consistency. This indicates 

that it should be possible to track the change in optical activity that 

occurs in the chemical reaction over time as it interconverts and reaches 

equilibrium. This type of reaction has parallels with the synthesis of 

optically active molecules (e.g. pharmaceutical intermediary for drug 
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synthesis) as changes in optical activity would be observed. Figures 7.3 

and 7.4 showed the lightness and saturation plots, this show a similarly 

high degree of self consistency between runs. They also show changes 

that are simple and maybe tracked over time. 

Figures 7.5 show the hue, lightness and saturation of one of the 

repeat run curves from figure 7.2. The concentration of the optically 

active compound (a-D-Glucose) is known at the start of the experiment 

and over time this will decrease at some of the a-D-Glucose molecules 

react to for B-D-Glucose which has a differing specific rotation constant, 

[a]. The reaction ends when these two form an equilibrium mixture, 

which has a differing specific rotation. The sample remains a clear liquid 

over the course of the reaction. These curves can be used to produce a set 

of calibration curves, which would allow the system to monitor changes 

in the reaction over time. At the first level of complexity this would take 

the form of having a known good experimental curve - corresponding to a 

system running optimally, this curve would be stored within a computer 

program and the system setup to track further experimental runs. Via the 

use of software, the system tracks the results in real time and monitors for 

a “significant” deviation of the results from the optimal (stored) data set. 

If a deviation is found then a warning or alarm is triggered that would 

allow human intervention if required. Such a system would provide a 

basic level of monitoring one which would supplement rather than 

replace other monitoring systems. 

Such a system can be constructed. The use of the hue, lightness or 

saturation curves would allow an equation to be extracted via data fitting 

software [39]. A good fit maybe obtained as the data is well behaved and 

monotonic. An example of an approach which might be used to achieve 

this is shown here. Figure 7.6 is a graph showing an equation fitted to the 

hue data (given in figure 7.5). It is a graph of the equation 7.1. Figure 2.4 

can be compared with figure 2.1, it shows a similar curve. This equation 

can be used as a model of an “ideal” experimental result for the hue 
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chromatic parameter. This forms a basis of a system that would enable 

the comparison of real-time results with “ideal” results via equation 7.1. 

Given that equation 7.1 is a sufficient approximation of ideal conditions; 

extreme deviations maybe defined so a simple comparison of real-time 

results with equation 7.1 would enable a non-ideal condition to be 

identified. The degree of deviation from the ideal can defined via 

calibration. 

hue = 195.7 —[(7.673 x10“) x time'* ]+[(9.207 x 10°) x time” ] 

(Equation 7.1) 
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Figure 7.5 - Hue versus Time, «-D-Glucose, 76 Degrees analyser polariser angle. 

114



8 3S
 

  

=
 

oO
 

o
 

=
 
a
 

o
   

  

a 
@ 

e 
3 170 
° 

Ss 
=   _= ®

 

    
1000 1500 2000 2500 3000 

Time (s) 

  

Figure 2.4 — Data fitted equation, 

hue = 195.7 —[(7.673 x 10*) x time'*]+[(9.207 x10) x time”] where x is 

time. 

7.3 Summary 

Towards the end of the project the possibility of tracking a real 

reaction was investigated. The mutarotation of glucose reaction was 

chosen as it changes its optical activity with time over several hours. It 

was also very safe and hence ideal for use outside a proper chemistry 

laboratory. Due to the fact that this was initiated at the end of the project, 

time was tight so only the initial work was able to be performed. The 

results however are very promising, showing that the possibility of 

tracking the reaction exists. A possible method of doing this via curve 

fitting was overviewed and a curve fit performed on one curve of the hue 

data. It is clear that this is an avenue for further work. 
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Chapter 8 

Conclusions and Future Work 

8.1 Thesis Review 

Chapter 1 provided an introduction to the thesis discussing the 

main motivations for starting the project. It is advantageous to monitor 

chemical processes as they progress through reactions since this would 

provide feedback for monitoring the process. This feedback could take 

the form of indicating normal operating parameters on a production 

system (for example, calibration with a good production run, a real time 

graph could be used to indicate deviations from the norm), when used in 
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conjunction with other parameters (temperature or pressure for example), 

could help increase production efficiency and safety. 

The aim of the thesis is to describe an approach that can be used 

to implement an optical sensor for monitoring optically active chemical 

processes. The concentration of an optically active chemical maybe 

determined using a technique known as polarimeter, traditionally using a 

monochromatic light source. This project used the combination of 

polarimetry and a powerful analytical tool, that of chromatic monitoring, 

along with the replacement of the monochromatic light source with a 

polychromatic one. 

Such a combination of techniques provided the possibility of 

several related advantages. A production sensor might need no moving 

parts. Instead of monitoring an angular change of a particular wavelength 

the detector would detect an apparent colour change as the concentration 

of the optically active chemical varies in concentration. This would be 

processed into usable data via the chromatic methodology. Clearly a 

device without moving parts would be more cost effective, both to 

produce and maintain. It could also lead to the miniaturisation of the 

device simplifying integration into a working system or production line. 

Chapter 2 described the background to the techniques used in the 

experimental work. Chromatic monitoring methodology was discussed 

and the reasons for using such a system were highlighted. The equations 

used to process raw R, G and B channel data into H, L and S parameters 

were presented. 

Chapter 3 described the equipment and chemicals used and 

detailed their set-up and use. An overview of the experimental apparatus 

was given and several key parts were described. This included a 

description of the 3 detectors used (Plasmachrom, CCD camera and 

MAZeT chip based detectors). The different chemicals used were briefly 

described, as was the use and cleaning of the sample cuvettes. The filters 

117



and light sources were also detailed. 

Chapter 4, 5, 6 and 7 presented the results and analysis. The 

chapters presented several graphs covering the use of the three different 

detectors (Plasmachrom, CCD camera and MAZeT chip based detectors) 

and the four chemicals used (maltodextrine, sucrose, tartaric acid and a- 

d-glucose). These graphs were described in detail and the main features 

highlighted. Analysis of these results was also presented. This analysis 

looked at each of the sets of results in turn and drew conclusions based on 

them. 

Further analysis of the results presented in this thesis is given in a 

book chapter that is awaiting publication and is reproduced in appendix 

E. 

8.2 Conclusions 

The project aim was to develop a novel system that would enable 

concentration and if possible the molecular weight of an optically active 

chemical. The choice of chromatic methodology has been shown to be 

beneficial. The complex nature of the optical signals is compressed by the 

chromatic process into more manageable data. This has enabled 

investigation and analysis of the results far more easily than would 

otherwise been the case. 

The system design presented here is novel; a standard polarimeter 

design has been modified to use a polychromatic light source rather than 

a monochromatic source. This resulted in far more complex signals 

which have been resolved via chromatic modulation. The concentration 

measurement of an optically active chemical using the chromatic 

polarimeter has been demonstrated. 

The system has shown promise in being able to differentiate 

complex mixtures of maltodextrine sample of varying concentration and 
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molecular weight. As has been reported, more work is required to fully 

investigate this possibility, obtaining samples of a chemical with varying 

molecular weights and concentrations would be of paramount importance 

to enable future work. 

The monitoring of a chemical reaction over time was 

demonstrated. The mutarotation of glucose was monitored and the 

possibility of tracking its progress was discussed. The results were very 

promising and could be extended with future work. 

The system would be cost effective, with the ever decreasing costs 

of computers and integrated circuit technology in general [43] costs can 

be expected to decrease for the core components (semi conductor detector 

and computer for analysis). The design is relatively simple and once 

calibrated for a particular reaction or industrial set-up would need no 

moving parts. Multiple analyser angles might be needed to be monitored 

simultaneously on future systems and this could be achieved using a 

CCD camera monitoring two polarimeter systems. 

The patent application discussed is a complex design [32]. The 

system uses two polychromatic light sources that are alternated at a 

known frequency. The beams are sent through a double sample cuvette, 

one sample being the one to be analysed the other a reference. These are 

incident on multiple detectors. The system described in this thesis is of a 

much simpler design, it uses one polychromatic light source and one 

detector. The chromatic polarimeter uses chromatic monitoring 

techniques to resolve intensity variation from chromatic changes enabling 

a great deal of information to be extracted for analysis. The simpler 

design would lead to great cost effectiveness. 
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8.3 Future Work 

The project has demonstrated that different optically active 

chemicals can be measured via a combination of a modified polarimetry 

technique and chromatic monitoring, future work should be focused on 

two areas one leading on from the other. First, further calibration of and 

experimentation with the prototype hybrid system would be undertaken, 

for example a variation of the mutarotation experiment might be 

performed, with the introduction of a catalyst to speed up the reaction. 

This would demonstrate the systems ability to identify this change with 

implications for achieving the precise conditions needed to produce a 

high yield. 

A greater degree of automation would be advantageous — for 

example automatic collection of data and analysis via a dedicated 

computer program. Although data collection has been automated in the 

mutarotation of glucose experiment (see chapter 3) the resultant data 

needed to be transferred to a spreadsheet for plotting. Despite this process 

being simple it would be desirable for it to be fully automated the 

process. The results of the mutarotation experiment, show some relatively 

simple curves and future work would be expanded on these results, 

checking validity at varying concentrations and then following an 

analysis process similar to previous experiments (i.e. the maltodextrine 

samples with the CCD camera). 

The ultimate goal of the system would be a “probe” that could 

be introduced into an existing system (on an industrial scale) via its 

introduction into a reaction vessel or pipeline - either interrupting the 

pipeline or clamped onto a transparent section of a pipeline or vessel. The 

probe would have been calibrated for the particular reaction, and the 

software designed to show an operator the required parameters. This 

could be a simple display showing “normal reaction conditions” (i.e. it 

is progressing as expected) and the system would then switch to a 
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warning state indicating a problem (i.e. reaction proceeding too slowly or 

too fast). To achieve this ultimate goal partnership with industry would 

be required. It would be desirable to produce a demonstrator prototype, 

that is a system mimicking an industrial chemical production 

environment but on a small scale. It would be conceivable to use different 

detectors or CCD cameras, if they provided similar or better performance 

(and ideally for a lower cost) [44]. 

An interesting addition to the system would be to use a Babinet 

compensator (see chapter 2 for a description) in place of the optically 

active sample and sample cell. This would act as a reliable calibration 

standard for the system. It is judged that this would be the next step in 

helping to improve the reliability of the detector. 
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Appendix A: 

PlasmaChrom!™ Process 

diagnostics and control 

PlasmaChrom™Process diagnostics and control 

  

Developed in collaboration with The University of Liverpool and GEC Marconi Materials 
Technology, Caswell, PlasmaChrom™uses chromaticity laws to quantify the changes in 

colour of a plasma in order to both identify events such as endpoints and inconsistencies, 
such as flow or pressure perturbations. 

In this way diagnosis of non-uniformity of plasma processes is made easy for the first time. PlasmaChrom™ 

has identified process endpoints far below the resolution of monochromators and other analysis techniques 
and has seen perturbations of both pressure and gas flow below the resolution of the available capacitance 
manometer and mass flowmeters. 

PlasmaChrom™ uses highly sensitive proprietary techniques to quantify colour and luminosity variations. 
These variations can then be used for diagnostics, decision making or closed loop control. Furthermore, 
because the technique is continuously sensitive throughout the spectrum, changes are detected which are 
beyond the sensitivity and speed of dispersive instruments such as grating monochromators. 

  

As a diagnostic instrument 

The CPC 100 is linked via a standard RS232 port to a PC where the data can be displayed, stored and 
manipulated using PlasmaWare ™ proprietary software. This can be used for fault diagnosis, process transfer 
or process qualification in plasma etch and deposition. 

Figure 1 shows that the optical data is sensitive 
toa x 10° Torr pressure fluctuation with a 
possible end point indicated at 5-600sec 
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FUE etch of silican nitride on a gallium arsenide water 

  

Figure 2 is a chromaticity plot of figure 1 and 
& shows the pressure fluctuation, the process 

rownnewmes taking place end then a clear, unequivocal end 
point. 
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Figure 2: Chromatic representation showing ead point 

The chromatic technique is sensitive to gas flow changes below 0.1 % FS and one user reports diagnosis 
of MFC overshoot. 

  

As a decision making instrument 

The CPC 100 detects the modulation in plasma output occurring at process end point during plasma etching 
and deposition. Although extremely sensitive, the instrument easily identifies and extracts interference caused 

by extemal influences such as RF power instabilities and system pressure fluctuations. 
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(Cnamber cleaning Fun Etch of slicon nitride on a galllum arsenide wafer 

  

As an optical thickness monitor 

The CPC 101 monitors real-time optical data from the substrate; this is processed by a neural network to 

produce a thickness fit during either etch or deposition. Once a process is ‘learned’, the thickness is output in 

real-time for process control. 

   ee a 

X Chronaticity ‘Fie fe} 
Figure S: Thickness fitting using a software algorithm Figure 6: Real time thickness fitting for etching of Silt 

  

As a process controller 

The CPC 300 uses the demonstrated sensitivity of the CPC 100 to provide closed loop control of critical 

parameters such as gas mixture, RF power and pressure in plasma processes such as etching, plasma 

deposition and reactive sputtering. Statistical control strategies may be embedded in the instrument or upon 

the customer's control platform. 
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Appendix B: Maplin CCD 

Camera Module 

Specifications: 

Area image sensor: 1/3in interline transfer CCD 

Total pixels:470,000 pixels 

Effective pixels752(H) x 582(V) pixels 

Scanning system:625 lines, 2:1 interlace 

Scanning Freq. 

H: 15.625 kHz+1%V: 50Hz+1% 

Horizontal Resolution >450 TV lines 

Standard illuminance: 1,000 

Lux, £4.0, (3,200K) 

Minimum illuminance:2.0 lux, f1.1 

Video output:1Vp-p, 75&ohm; composite PAL 

Power supply voltage: 12 Vdc+1Vdc 

Current consumption:<\\<>150mA 

Lens (viewing angle):3.6mm f2.0 (92) 

Dimensions 

Excluding lens43(w) x 43(h) x 20(d)mm 

Including lens43(w) x 43(h) x 40(d)mm 

Weight:52g 
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Appendix C: Multi element 

Mazet 
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DATA-SHEET 

MCSi 

Integral 3-Element Colour Sensor 

1. FUNCTION 
The colour sensors are made of 19 x 3 S-PIN photo diodes integrated on chip. They are 

carried out as a hexagonal matrix with the diameter of 3 mm. The design as Si-PIN photo 

diodes allows signal frequencies up to MHz-range. In order to achieve a small cross talk 

between the photodiodes the individual sectors have been separated from each other by 

additional structures. Each of these photodiodes is sensitized with dielectric spectral filter for 

its colour range, preferably for the primary colours red, green and blue. 

2. APPLICATION 

* Quality control 
« Monitoring the production 
« Control of manufacturing 

« Detection of colour marks 

3, FEATURES 
Dielectric filters guarantee the good optical properties 

of the colour sensors, such as: 

— _ high transmission 
— slight aging of the filter 

— high temperature stability 

— high signal frequency 
— reduced cross talk 

— small size (diameter of the optical sensitive surface ca. 3 mm) 

— _ insensitiveness to decentralized imaging e. g. LVVL coupling 

4, CONSTRUCTION 

* 3x 190n chip integrated PIN photo diodes 

¢ different package versions 
({T05 with/without IR-blocking) 

« dielectric filters for the three colour ranges: red, green and blue 

e Electrical connections 

— three anodes 

— one common cathode 
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REVISIONS 

REV. |DESCRIPTION 

  

    

  

DATA-SHEET MCSi   

  

5. MAXIMUM RATINGS / CHARACTERISTICS 
(TA = 25°C:per single diode)       

   

     

   

   

  

   

Diameter of the light sensitivity ityarea D 3.0 

Light sensitivity area per element 0,06 
do = 470 nm 0,26 

Photo sensitivity of colour ranges 0,33 
R= 650nm 0,41 (0,25) 

Photo sensitivity per colour 
400 - 510 

Field of the spectral sensitivity + 2%"). 490 - 610 
590 - 750 

  
  

    

    
  

  
  

Angle of incedence 

Storage temperature range 

6. CHARACTERISTIC CURVE 

6.1 Typical spectral sensitivity of the integral colour sensor without IR-blocking 

  

  

  
  

  

675 625 

Wave length (nm) 
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REVISIONS 
DESCRIPTION APPROVED 

Ly [viz 200102021 

    
      

  

DATA-SHEET MCSi 

    
8. PIN-CONFIGURATION 

(Top view) 

red 
blue 
green 
common cathode 

  

TO5-outline 

9. APPLICATION CIRCUIT 

Opposite figure shows a circuit for the 

conversion of photo current to an equivalent 

voltage. These voltage can be processed 

e.g. with an ADC. By the selection of suitable 
resistors the output voltage range can be 

adjusted to the photo current value. 

(for example the — pin-programmable 

transimpedance amplifier MTI04 with the 

resistors 25kQ, 500kQ2 

R= Vou and SMQ) 

I Photo 

  

10. APPLICATION NOTE 
It is recommended to use an IR-block filter > 720nm or a light source with low infrared 

radiation for optimal operations of the colour sensor. 

11. ORDERING INFORMATION 
integral colour sensor MCSi as Die 
integral colour sensor MCSi with TO5-package + transparent encapsulation MCSIAT 

integral colour sensor MCSi with TO6-package + glas cap IR-blocked MCSiBT 

Evaluation board for JENCOLOUR sensors MCcs-EB1 

  

For more detailed information please contact: 

MAZeT GmbH 

Central sales office: 

Frank Krumbein 
Goschwitzer Strate 32 
07745 Jena/GERMANY 
Phone: +49-3641-28 09-0 
Fax:  +49-3641-28 09-12 
Mobil: +49-172-3625024 

Email: krumbein@MAZeT .de 
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Appendix D: “Lookup table” 

program 

Overview of process: 

      
    

    

Setup data table with stored calibrated data 

(H, L and S with corresponding concentration 

and molecular weight data). Data table 

Introduce a point, and then calculate the 

nearest data point to it in the stored data set. 

Report the nearest stored data point to 

the test point 

   

  

    
#!/usr/bin/perl 

use strict; 

use warnings; 

use Math::Trig; 

my $debug = 1; 

my @data_table; 

my $z=0; 
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my $line; 

my $point_count; 

my $pi = atan2(1,1) * 4; 

my $pi_over_180 = $pi / 180; 

check_args(@ARGV); 

my @test_point = (SARGV[0], $ARGV[1], 

$ARGV[2]); # Gets args. 

# Get points from file for database. 

open (DATAFILE, "< data.dat") or die "Couldn't find data file: $!\n"; 

while ($line = <DATAFILE>) { 

($data_table[$z][0], $data_table[$z][1], $data_table[$z][2], 

$data_table[$z][3], $data_table[$z][4]) = split(",", Sline); 

$zH; 2 

close (DATAFILE); 

my $number_of_points = scalar(@data_table); 

print "Number of Points in Database: ",S$number_of_points,"\n\n"; 

my @distance; 

$distance[0] = 0; 
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# Calculate distance to all other points in database 

# Uses Cylindical Polar Coordinates. 

for (my $i = 0; $i < $number_of_points, ++$i) { 

$distance[$i] = euclidean_distance ( 

($data_table[$i][1] + cos(($data_table[$i][0])* 

$pi_over_180)), 

($data_table[$i][1] - sin(($data_table[$i][0]) * 

$pi_over_180)), 

$data_table[$i][2], 

($test_point[1] * cos(($test_point[0]) * $pi_over_180)), 

($test_point[1] * sin(($test_point[0]) * $pi_over_180)), 

$test_point[2] ); 

my @sorted_distance; 

@sorted_distance = sort numerically @distance; 

for my $k (0 .. ($number_of_points - 1)) { 

print $distance[$k],"\n";
 

print "\nShortest Distance: ",$sorted_distance[0],"\n"; 

# Output result. 

for (my $j = 0; $j < $number_of_points; $j++) { 

if ($distance[$j] == $sorted_distance[0]) { 

print "Point Closest to Test Point: ",$j+1,"\n"; 

print "Concentation: $data_table[$j][3]\n"; 

137



print "Molecular Weight: $data_table[$j][4]\n"; 

# Subroutines follow... 

sub numerically { 

$a <=> $b; 

sub euclidean_distance { 

my @p=@_; # Coordiantes of Points. 

my $d = @p/2; ib Number of 

Dimensions. 

my $S = 0; # Sum of the Squares. 

my @p0 = splice @p, 0, $d; # Starting Point. 

for (my $i = 0; $i < $d; $i++) { 

my $di = $pO[Si] - $p[$i];  # Calculate the Difference... 

$S += $di * $di; #  ...Squared and 

Summed. 

} 
return sqrt($S); 

} 

sub check_args { 

if ($debug) { 

print "Arguments Passed: "; 

138



for my $arg (0 .. (scalar(@ARGV) - 1)) { 

print SARGV[$arg]," "; 

} 

print "\n"; 

if (scalar((@ARGV) > 3 ) { 

print "Only 3 parameters required in this version, using first 3.\n", 

if (scalar(@ARGV) = 0) { 

print "Usage: lookup.pl <hue> <saturation> <lightness>\n", 

exit; 

#Hue Saturation Lightness Conc 

Mw 

if ($ARGV[0] > 360) or (SARGV[0] < 0)) { 

print "Warning: Hue parameter appear to be outside 0 - 360 deg 

range.\n"; 

} 

if (SARGV[1] > 1) or (SARGV[1] < 0)) { 

print "Warning: Saturation parameter appear to be outside 0 - 1 range.\n"; 

} 

if (SARGV[2] > 1) or (SARGV[2] < 0)) { 

print "Warning: Lightness parameter appear to be outside 0 - 1 range.\n"; 

} 
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Appendix E: Book chapter (to 

be published) 

Information Discrimination Using Chromatic Mapping 

C.A. Egan, G.R. Jones, J.W. Spencer 

1 INTRODUCTION 

Reductionalist approaches to measurement provide a powerful 

means for enhancing accuracy by their high degree of specificity 

(i.e. orthogonality). However, there are many situations under real, 

robust environments wherein the degree of specificity demanded 

by such approaches cannot be guaranteed and the measurements 

may be subject to interference from a range of unexpected 

artefacts. For example a sensor for measuring pressure may be 

affected by both temperature and humidity and be susceptible to 

radiofrequency interference. Whereas the imperfections in this 

example may be self evident, often in real robust environments the 

sources of aberrations are unexpected. Also in such environments 

there are advantages in addressing more than a single parameter 

via a single sensing system, not least for economic considerations. 

A description is given in the following sections of an approach 

based upon the chromatic methodology for addressing the need to 

track several parameters simultaneously, to provide awareness of 

deviations from the ideal norm and to highlight the emergence of 

unexpected aberrations. Some examples of the approach have 

been given by Jones et al (2000). 
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(b) 

Figure 1: Example of the effect of optical polarisation filters. 
(a) view of pond surface without filter 

(b) view of subsurface with filter 

In order to explain the approach, an example of monitoring 

optically active chemical components with polarised light is given 

(Guenther (1990)). The use of polarisation filters to remove 
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randomly polarised light to reduce glare is commonplace in 

sunglasses and photography. Figure 1 illustrates the effectiveness 

of such optical filtering for relieving the effects of light reflection 

from the surface of pond water in order to observe subsurface 

plants and animals. The occurrence of optically active chemical 

compounds is also increasing in everyday life via for example the 

use of thermochromic materials as temperature indicators (Figure 

2) in domestic refrigerators, fish tanks etc. 

In the examples chosen here polarised light is used to determine 

the concentration and nature of optically active chemical 

compounds (Jirgensons (1973)). Examples of such compounds 

are sugars and compounds which occur in the manufacture of 

various medications. Having available a convenient to implement 

and economic means for tracking the progression of such 

chemical reactions is an attractive proposition. 

The following sections describe how chromatic monitoring of 

polarised light followed by the application of chromatic mapping 

may be used for addressing the basic properties of optically active 

materials and to discriminate between various factors such as 

concentration, type of compound and molecular weight. 
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(b) 

  

Figure 2: Temperature indicating thermochromic elements. Vertical elements: 

reference elements; horizontal elements: thermochromic elements. 

Temperature increasing in the order (a), (b), (c) as indicated by the colour 
change in elements 2, 3 from the left 
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2 POLARIMETRY 

Polarimetry is a well established technique for measuring the 

concentration of optically active chemical compounds. It is based 

upon the use of highly monochromatic (narrow wavelength) light 

which is polarised through the use of an optical filter similar to 

those used in some types of sunglasses to eliminate glare. When 

such light is passed through a solution of an optically active 

chemical compound the state of polarisation is rotated through an 

angle a; whose magnitude depends upon the compound's activity 

[a7 ], its temperature T, its concentration c(gm/ml), the optical path 

length (dm) and the wavelength of the light A according to (Hart et 

al (1999)) 

a, =[@,]-e-1 (1) 

The rotation a is usually determined by rotating another 

polarising filter in the output beam until the angle at which a 

maximum optical intensity is detected. This gives a direct 

measurement of the angle through which the polarisation direction 

has been rotated. 

In the case of polychromatic light different wavelengths are rotated 

through different angles due to the wavelength dependence of a 

(e.g. Crabbé (1972)). Consequently when viewed through an 

analysing polariser filter, the colour of the emerging polychromatic 

light varies because of changes in the relative intensities of light at 

different wavelengths. A schematic diagram of a polarimetric 

system using polychromatic light is shown on figure 3 (a). 
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Figure 3: Chromatic Polarimetry. 

(a) schematic of chromatic polarimeter 
(b) variation of chromaticity as a function of polarisation angle (28 — 42 

degrees) for maltodextrine 
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The light source may be either a tungsten halogen lamp or a white 

LED. Two polarising filters are employed, the first to linearly 

polarise the input light and the second for analysing the polarity of 

the light after passage through a cuvette containing the optically 

active compound. Chromatic detection is via a miniature CCD 

camera or a colour sensor. Examples of the colour changes due to 

optical activity are given on figure 3 where each frame 

corresponds to the angle of the analysing polariser filter being 

different in the range 28° (blue) to 42 ° (yellow). As a result the 

extent of polarisation rotation, and hence the concentration of the 

optically active material may be determined empirically by 

calibration in terms of changes in the chromatic parameters H, L 

and S$ (e.g. Jones et al (2000)). In this context H represents the 

dominant wavelength of the light, L its intensity and S its degree of 

polychromaticity. 

3 EXAMPLES OF CHROMATIC TEST RESULTS AND MAPPING 

A range of test results are presented to illustrate the types of 

variation in chromatic parameters (H, L, S) with the analysing 

polariser inclination, chemical variable (e.g. concentration) and 

with respect to each other on chromatic maps. Three sets of tests 

are considered as outlined in Table 1. 

Test Variables 

Concentration (0-0.15 g/ml) 

L-Tartaric Acid | 0, 50, 100% Sucrose / Tartaric 

/ Sucrose Acid 

   Angle 
(Degrees)         

   
   

          

    

        
0-2M Concentration of Each 

Mixture 

Maltrodextrine | Concentration 36-45.8% 

Molecular Weight (3041-5621) 

Table 1: Optically active species tests. 
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These are optically active solutions of sucrose of different 

concentrations, mixtures of two optically active species (sucrose 

and L tartaric acid) in aqueous solutions of different concentrations 

and samples of a complex optically active specie (maltodextrine) 

whose molecular weight and concentration vary. These three sets 

of examples represent a range of complex situations encountered 

in the utilisation and preparation of optically active species which 

could benefit from monitoring based upon chromatic mapping. 

3.1 Single specie concentration determination 

Tests with different amounts of optically active sucrose dissolved 

in water are representative of conditions encountered when using 

optical activity to determine concentrations. 

Figures 4 (a), (b), (c) show respectively the variation of the 

chromatic parameters H, L, S with the inclination of the analysing 

polariser in the range 0-30 ° with the sucrose concentration (0-0.15 

g/ml) as parameter. The results illustrate the highly non uniform 

nature, yet substantial magnitude, of the H, L, S excursions (180- 

380 ° in H, 0.02-0.82 in L, 0.01-0.75 in S). 
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Analyser Polerimer Angle (Degrees) 

(a) 

  

  

Analyser Polarizer Angle (Degrees) 

(b) 

  

Analyser Polariser Angle (Degrees) 

(c) 

Figure 4: Variation of Chromatic Parameters H, L, S with analysing polariser 

angle for different concentrations of sucrose. 
(a) Hue 
(b) Lightness 
(c) Saturation 
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To extract a scale for determining the concentration from the 

variation in H, L, S the simplest and most convenient approach is 

to track the change in one of those chromatic parameters as a 

function of concentration at a single analysing polariser inclination. 

Inspection of figures 4 (a), (b), (c) suggests that there are several 

inclinations which might be suitable showing monotonic variation 

of each of the three parameters H, L, S with sucrose concentration 

yet with which the dependence on inclination is not severe 

alleviating the need for precise inclination setting. For example an 

inclination of 30° seems a reasonable choice. 

The variation of each of the chromatic parameters H, L, S at 30° is 

approximately linear with sucrose concentration (figure 5). 
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Figure 5: Variation of Chromatic Parameters H, L, S with glucose concentration 

for an analysing polariser angle of 30 degrees 

For the sucrose concentration range investigated (0-0.15 g/ml) the 

H, L, S variation as a percentage of full range are 8%, 20%, 31% 

respectively. Thus S may be the preferable choice as the 

chromatic parameter against which to calibrate the concentration 

since it yields the highest sensitivity. However, the other two 

parameters H, L have a function consistent with the emergence 

nature of the chromatic approach to provide crosschecking that the 

system in its entirety is functioning without extraneous effects such 

as a reduction in source intensity or colour temperature. To 

provide such a cross correlation it is advantageous to examine on 

chromatic maps the relationships between H, L, S and ensure that 

any departure from the known characteristic is not significant. As 

an illustration figures 6 (a) and (b) show L as a function of S and H 

respectively for an inclination of 30° and the full range of sucrose 

concentrations investigated. 
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Figure 6: Chromatic Maps for various sucrose concentration (0 — 0.15 g/ml) at 

an analysing polariser angle of 30 degrees. 

(a) S-L map 
(b) H-L map 

These figures show that consistent with figure 5 the L:H, L:S 
characteristics are substantially linear with the individual 

concentrations of sucrose being correctly ordered (i.e. increasing 
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with S, decreasing with L, H) throughout the full range on each 

graph. A departure from such linear and ordered characteristics 

due to extraneous effects would of course be immediately 

apparent and easily distinguishable. In many cases the probable 

source of the aberration may also be identified (e.g. a reduction in 

source intensity, possible impurities etc). 

3.2 Two specie concentration and composition discrimination 

The tests with two optically active species (Sucrose and L Tartaric 

Acid mixed plus with the mixtures diluted to different concentration 

provides a more complex situation for monitoring. 

Figure 7(a), (b) and (c) show respectively the variation of the 

chromatic parameters H, L, S with the concentration from 0 to 2M 

of the optically active species Sucrose, L Tartaric Acid and a 50/50 

mixture of Sucrose and Tartaric Acid for an analysing polariser 

inclination of 65°. (Both the polariser inclination and the 

concentration range (0-2M) are greater than those used in the 

sucrose tests of figure 4 (i.e. 30° and 0-0.15 g/ml). 
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Figure 7: Variation of chromatic parameters H, L, S with molar concentration for 

sucrose, L-Tartaric Acid and a 50/50 mixture of sucrose and tartaric acid 

(analyser angle 65 degrees, CCD camera, Halogen light source). 

(a) Hue 
(b) Lightness 
(c) Saturation 
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The significant features of these results are as follows: 

- the tartaric Acid concentration variation is advantageously 

tracked via the linear variation in L (figure 7(b), 13% of full 

range) 
- the sucrose concentration variation is advantageously 

tracked via the monotonic variation in H (figure 7(a) 2% full 

range) 
- the 50/50 mixture only shows a concentration variation 

which is tracked throughout the full concentration range 

monotonically via H (figure 7(a)) but the H changes are 

small (~1°); there is also a monotonic variation in S$ for 

concentrations in the range 0.5-2 (total S variation 0.05). 

Although the concentration of each optically active species may be 

tracked if the specie is known a priori it is not clear whether the 

identity of the species present in a solution could be determined 

simultaneous to concentration from the values of the three 

chromatic parameters. This is because that although the 

characteristic curves for each specie on figures 7 (a), (b) and (c) 

may be monotonic individually they are not necessarily so 

collectively. For example although L:concentration characteristics 

for tartaric Acid, the 50/50 mixture and sucrose are clearly 

distinguishable nonetheless there are a range of L values (e.g. 0.4 

< L < 0.53) which could be assigned to any of the three 

characteristics if the specie identity was not known a priori. 

In order to formally explore this resolution problem recourse is 

made to chromatic maps based on L:S and H:L from the test 

results of figures 7 (a), (b) and (c) and shown on figures 8 (a) and 

(b). 
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Figure 8: Chromatic Maps for various concentrations and combinations of 

sucrose and L-tartaric acid (analyser angle 65 degrees, CCD camera, Halogen 

light source). 
(a) S-L map 
(b) H-L map 

Figure 8(a) shows that the L:S loci associated with sucrose and 

Tartaric Acid are different so that these two pure species are 
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distinguishable from their L:S coordinates. However, the 50/50 

mixture locus is similar to that of sucrose over part of the latter's 

range so that an ambiguity could arise in discriminating between 

these two species. The H:L mapping of figure 8 (b) shows there 

could be an ambiguity produced by the tartaric Acid and the 50/50 

mixture characteristics crossing. However, the sucrose and 50/50 

mixture characteristics are distinguishable so enabling these two 

species to be discriminated from their H:L coordinates values. 

Consequently a knowledge of the H:L:S coordinates values of a 

solution of sucrose and/or Tartaric Acid of unknown proportions 

would enable the species to be identified before the concentrations 

of the species were determined from figures 7 (a), (b) and (Cc). 

Although the results presented only discriminate coarsely between 

0, 50% and 100% mixtures, the approach is capable of extension 

to finer levels of discrimination by adopting further manifestations 

of chromatic mapping as described in section 3.3 below. 

3.3 Molecular weight discrimination 

Tests performed with five maltodextrine samples provide further 

examples of the use of chromatic methods for unravelling complex 

information. In these tests the molecular weight of the optically 

active species varied as well as some changes in_ its 

concentration. Five different samples were tested as summarised 

on table 2. 

156



Concentration (% of 

solute in distilled 

Sample Molecular Weight water) 

Distilled Water 

Sample 1 

Sample 2 

Sample 3 

Sample 4 

  

Sample 5 

Table 2: Molecular Weight and Concentration of Maltodextrine Samples 

Figures 9 (a), (b) and (c) show the variations of chromatic 

parameters H; L; S with analysing polariser inclination (28-40°) for 

each of the five samples tested (and for distilled water and 

corresponding to images of figure 3). 
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Figure 9: Variation of chromatic parameters H, L, S for different samples of 
maltodextrine (analyser angle 28 — 42 degrees, CCD camera, Halogen light 

source). 
(a) Hue 
(b) Lightness 
(c) Saturation 
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These results show a variation in the values of H, L, S between 

each sample for each analyser inclination. There are clear 

changes in each of these chromatic parameters and these appear 

particularly distinctive for an analyser inclination of 28°, which 

makes this set of test results attractive for a first examination of 

trends amongst the different test samples of table 2. 

Although there are changes in concentration of the optically active 

species in each sample of table 2, these changes in fractional 

terms are small compared with those of the sucrose results 

(figures 4 and 7) suggesting that the changes in H, L, S should 

also be negligibly small (H~ S~ L~ ). 

Figure 10 shows the variation of each of the chromatic parameters 

H, L, S with molecular weight. The L results form a curve with a 

minimum at MW=3500 (sample 2) whilst both H and S form curves 

with a maximum at the same molecular weight. 
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Figure 10: Variation of chromatic parameters H, L, S with molecular weight for 

maltodextrine samples of Table 2 (analyser angle 28 degrees, CCD camera, 

Halogen light source). 

Thus although each of the H, L, S characteristics are distinct 

functions of the molecular weight they are not monotonic curves 

implying that there is not a one to one correspondence between 

any of the chromatic parameter values and the molecular weight. 
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Figures 11 (a) and (b) show the L:S and H-L chromatic maps 

corresponding to the results of figure 10. Both maps show a linear 

relationship between L and S and L and H. 
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Figure 11: Chromatic Maps for various molecular weights of maltodextrine 

samples (analyser angle 28 degrees, CCD camera detector, halogen light 

source). 
(a) S-L Map 
(b) H-L Map 

However, unlike the linear chromatic maps for sucrose (figures 6 

(a) and (b)) the order of the test results with respect to the variable 
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(concentration on figure 6, molecular weight on figure 11) is not 

progressive (i.e. sample 1 is intermediate between samples 3 and 

4). Consequently in this case neither the L:S nor H:S maps provide 

a means for resolving the molecular weight ambiguity arising from 

the non monotonic variation of figure 10. 

However by changing the analysing polariser angle from 28° to 36° 

the difficulty may be resolved. If the H, L, S values at 36° are 

plotted against the molecular weight similar characteristics to 

figures 10 are obtained. When these 36 ° H, L, S values are 

displayed on chromatic S:L and H:L maps (figure 12 (a) and (b)) 

the characteristic curves unfold from the linearity of the figure 11 

characteristics to form looped characteristics from which the order 

of the samples with respect to increasing molecular weights 

becomes apparent. Consequently these chromatic maps may be 

used in conjunction with the calibration cures of figure 10 to 

determine the molecular weight and remove ambiguities 

introduced by the non monotonic nature of the figure 10 curves. 
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Figure 12: Chromatic Maps for various molecular weights of maltodextrine 

samples (analyser angle 38 degrees, CCD camera detector, halogen light 

source). 
(a) S-L Map 
(b) H-L Map 
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4 SUMMARY 

It has been shown how chromatic sensing of polarised light may 

be utilised for monitoring changes associated with optically active 

chemicals. Unlike the conventional approach of using 

monochromatic light, the use of polychromatic provides a greater 

depth of information which can be used for a variety of purposes. 

Online monitoring in robust environments is one such possibility. 

The concentration of an optically active chemical in an aqueous 

solution may be obtained by calibration of the variation of one of 

the chromatic parameters H, L, S. Cross correlation of this 

parameter with the other two parameters using chromatic maps 

checks for the correct functioning of the measurement system and 

the absence of artefacts. 

For the case of a mixture of two optically active chemicals both the 

composition and the concentration of the two components can be 

derived from a chromatic map of two of the three chromatic 

parameters. A second chromatic map involving the third chromatic 

parameter crosschecks for aberrations. 

There are cases for which the chromatic parameters vary non 

monotonically with the measurand and do so in such a manner 

that the non monotonicity remains indistinguishable on the 

chromatic maps (e.g. the case of the variation of maltodextrine 

molecular weight figure 11). However, such a difficulty may be 

overcome using chromatic maps at another analysing polariser 

angle. 

These examples illustrate the flexibility of the chromatic approach 

in relation to the use of H-L, H-S chromatic maps enabling it to be 

adapted to deal with various forms of monitoring complexities. 
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1 
METHOD AND APPARATUS FOR 

DETERMINING THE CONCENTRATION OF 
OPTICALLY-ACTIVE MATERIALS IN A 

FLUID 

This is a continuation of application Ser. No. 07/937,506, 

filed Aug. 28, 1992, now abandoned. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

‘The present invention is directed to a method and appa- 

ratus, using polarimetry techniques, for the quantitative 

determination of the concentration of optically-active sub- 

stances in a carrier, such as glucose in body fluids of a 

patient. 

2. Description of the Prior Ant 

A known technique for determining the concentration of 

a substance in a fluid carrier is to generate comparative 

signal, such as a differential or quotient signal, from respec- 

tive linearly polarized light beams generated by two light 

sources. The light beams pass through the fluid to be 

analyzed, and are incident on a detector. One of the linearly 
polarized light beams has a direction of polarization which 

is different from the polarization direction of the other light 

beam by a predetermined angle. The two light sources ave 

altemnatingly switched on and off at a predetermined fre- 
quency. The measurement signals produced by the detector, 
corresponding to the two linearly polarized light beams 

incident thereon, can be used to generate one or more 

comparative signals, such as difference or quotient signals. 

Such a polarimetry method and apparatus arc described in 

German Reference 39 08 114. The method and apparatus 
disclosed therein permits the identification of the concen- 

tration of an optically-active substance in a carrier fluid 

while reducing the influence of interference, such as from 

aging af the components which comprise the concentration. 

This known apparatus and method, however, have the dis- 

advantage of permitting only the acquisition of the sum total 

of the optical polarizations in the light emerging from the 
carrier being measured. If other substances are present in the 

path of the light beam in the carrier, which contribute optical 
polarizations of their own to the sum total, in addition to the 
polarization contributed by the optically-active substance 

whose concentration is to be identified, the concentration 

derived from the sum total may inaccurately represent the 

true concentration of the substance in question, due to the 
ions produced presence of the polarizations by other substances 

in the carrier. 

SUMMARY OF THE INVENTION 

Itis an object of the present invention to provide a method 

and apparatus, using polarimetry techniques, which permit 

the accurate identification of the concentration of a given 

optically polarizing substance in a light-transmissive carrier, 

even in the presence of other optically polarizing substances 

in the light beam path in the carrier, 

The above object is achieved in accordance with the 

principles of the present invention in a method and apparatus 

wherein the absorption level at a variety of wavelengths in 

the light emerging from the carrier is identified by a multi- 
channel, spectrally resolving detector. This is facilitated by 

placing a light dispersing element in the path of each beam. 

Using data acquired from a reference fluid, the concentration 

of a given substance which polarizes in the carrier fluid can 

be determined by determining the degres to which the 
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reference absorption levels have been diminished or extin- 

guished in the light emerging from the carrier fluid. This 

information can then be used to take the concentration 

generate a corrected comparative signal, which can then be 

further analyzed, as needed, in the standard manner. Using 
this corrected comparative signal, however, results in a more 

accurate identification of the concentration of a given sub- 
stance, since the effects of the polarization contribution 

made by other substances present in the carrier fluid have 

been substantially eliminated. 

As noted above, the ability to spectrally resolve the 

emerging light signal is facilitated by the placement of at 

least onc dispersing element in the path of the light beams. 

The detector is in the form of a line detector in the planc of 
the angle of refraction or the angle of diffraction of the 

dispersing clement. The optical outputs of the detectors arc 

interfaced with electronic control and processing devices, by 
means of the spectral “signatures” of each constituent of the 

carrier fluid can be acquired. From these signatures, the 

concentrations of the substances which may interfere with 

the calculation of the concentration of the substance in 

question can then be determined. 

Each spectral " has an associated optical polar- 

ization value (which varies with the concentration of the 

particular substance) which is stored in the electronic control 

and processing devices, It is then possible to generate a 

corrected control signal, by calculating a sum or difference 

signal, using the values for optical polarization of one or 

more optically polarizing substances which have been 
stored. 

The measurement beam and the reference beam may be 

dispersed using, for example, a prism-like cuvette, which 

permits the optical polarizations for various substances in 

the carrier fluid to be calculated, If the substance in question 

is the concentration of glucose in body fluids, for example, 

the concentration value obtained in this manner can be used 

as a control signal for an implantable insulin pump, which 

takes into consideration the presence of other substances in 

the body fluids. 

By spectrally dispersing both the measurement light beam 

and the reference beam, a corrective signal can be calculated 

for substances which have a high probability of being 

contained in the fluid being analyzed. These corrected 

signals are then added or subtracted from the comparative 

signal which represents the sum total optical polarization 

generated by all substances contained in the fluid being 

measured. This corrected signal then contains substantially 

only the optical polarization generated by the particular 

substance in question. As a result, the influence of the other 

optically polarizing substances present in the fluid, which 
could falsify the measured value of the substance in ques- 

tion, is greatly reduced. 

DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic diagram of an apparatus for deter- 

mining the concentration of optically-active substances, in a 

carrier fluid, constructed in accordance with the principles of 

the present invention, and operating according to the method 
of the invention. 

FIG. 2 is a side view of the apparatus of FIG. 1. 

FIG. 3 is a schematic view of a further embodiment of an 
apparatus for determining the concentration of an optically- 

active substances in a carrier fluid constructed in accordance 
with the principles of the present invention, and operating
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according to the method of the invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

An apparatus constructed in accordance with the prin- 

ciples of the present invention is shown in schematic plan 

view in FIG. 1. The apparatus is for undertaking a quanti- 
tative determination of the concentration of optically refract- 

ing and optically absorbing substances, in a light-transmis- 

sive carrier medium, such as @ carrier fluid, in a first 
embodiment. The apparatus has a first wide band light 
source 1, and a second wide band (polychromatic) light 

source 21, which emit light at substantially the same wave- 
lengths, The light sources 1 and 21, for cxample, may be 

light emitting diodes, operating in the same wavelength 

range of 400 through 900 nanometers. 

Although the respective light beams emitted by the light 

sources 1 and 21 are both shown in FIG. 1 for illustrative 
purposes, the light sources 1 and 21 are, in actual operation, 
driven intermittently in the measurement process, for 

example, in alternation. 

The light sources 1 and 21 respectively produce dispers- 

ing light beams 2 and 22 which, after passing through a 
polarizing beam splitter 31, are changed into respective 

parallel light beams 3 and 23 by a collimating Iens 32. A 

semi-transparent mirror may alternatively be used instead of 

the combination of the beam splitter 31 and the collimating 

lens 32. If used, the scmi-transparent mirror must be pro- 

vided with at least onc Iens per beam path and one polarizer 
per beam path, the latter, for example, in the form of a foil. 

The light beams 3 and 23 pass through openings 50 and 

51 of a beam limiter 50. The beams 3 and 23 then pass 

through & measurement vessel in the form of a cuvette 10, 
which has a front wall 12 and a rear wall 13, both of which 

are transparent to the wavelengths of the light emitted by the 

light sources 1 and 21. 

The cuvette 10 has two chambers 14 and 15 which are 

separated by a wall 35. These chambers 14 and 15 are 
disposed paralle] to the incoming light beams 3 and 23, and 

extend from the front wall 12 to the rear wall 13. The first 

chamber 14 is filled with a carrier fluid 11 containing a 

substance whose concentration is to be identified, such as a 
dialysis and the second chamber 15 is filled with a 

reference fMuid 11’. It will be understood that the chambers 
14 and 15 are respectively provided with inlets and outlets 

to permit the respective fluids 11 and 11° to flow there- 
through, however, such inlets and outlets are not shown in 
the drawings, 

‘The two chamber cuvette 10 has, for example at the front 
wal] 12, a beveled surface 33, making the cuvette 10 form 

the body of a prism. Good results can be obtained if a wedge 

is disposed between the cuvette 10 and the beam limiter 50, 

to adjust the path of the incoming light, and to increase the 

spectral separation of the light beams 3 and 23. 

The light beams 3 and 23 which have been spectrally 
separated using the wedge 38 enter the cuvette 10 through 
the beveled prism surface 33. The surface 33 is displaced by 

an angle from the normal plane of the propagation axis of the 

light beams 3 and 23, This angle is defined by the angle of 
refraction of the wedge 38, schematically indicated by the 
tip 39 of the wedge 38. The two beams 3 and 23, each of 
which passes intermittently through both of the chambers 14 

and 15, are thus simultaneously absorbed (depending upon 

the individual wavelength) by the fluids 11 and 11' in the 
chambers 14 and 15 and are further spectrally split before 
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exiting through the rear wall 13 of the cuvette 10. As can be 

seen in FIG. 2, the rear wall 13 of the cuvette 10 is disposed 

in a plane which is substantially normal to the average 

propagation axis of the expanding light beams 3 and 23. In 

a further variation of the apparatus, the rear wall 13 may be 

beveled with respect to the front wall, which enables a larger 

angle of refraction to be attained by the prism formed by the 

cuvette 10. 

The polarizing beam splitter 31, for cxample, may be in 

the form of a beam splitter cube. If so, the light beams 3 and 

23 from the light sources 1 and 21 are vertically polarized 

toward one another. Behind the rear wall 13 of the cuvette 

10, a sccond polarizing beam splitter 36 is used as an 

analyzer. The second polarizing beam splitter 36 has a 

polarization plane rotated by 45° compared to the polariza- 

tion plane of the first polarizing beam spliticr 31. Hence, the 

directions of polarization of the beams 3 and 23 of the light 

beams which are emitted from light sources 1 and 21 arc 

symmetrical. These polarization directions arc, therefore, 

cach disposed at an angle of 45° relative to the directions of 

passage of light through the analyzer. 

The light passing directly through the second polarizing 

beam splitter 36 thereafler passes through respective con- 

verging lenses 53 and 63, and is incident on respective linc 
detectors 54 and 64. The light incident on the line detector 

64 has passed through the reference fluid 11’, and forms the 
first reference detecior. 

The linc detector 54, which may also have light incident 

thereon after passing through the carrier fluid 11, forms an 
initial measurement data detector. The lines of detector 54 

are more easily secn in FIG. 2, whercin the individual 

measuring clements are designated 54, The detector 64 has 

similar individual detectors. As can be seen in FIG. 2, the 

line detectors 54 and 64 lic in the plane of the angle of 

refraction of the cuvette 10, and the wedge 38. The mea- 

surement data signals acquired by the line detectors 54 and 
64 are supplied to an electronic processing unit 39. The 

processing unit 39 may have a measurement value display 

(not separately shown). The processing unit 39 permits the 

optical refraction and the absorption characteristics of the 

various constituent of the carrier fluid (dialysis product) 11 
and the reference fluid 11, to be determined. The optical 

refraction data are calculated based on the position of the 
individual beam parts on the line detectors 54 and 64, cach 
of which represents a spectral section. The absorption char- 

acteristics are determined by comparing the intensity rela- 
tionships among the individual detectors of the detector lines 
54 and 64. 

To increase the spectral resolution, a transparent optical 

grid may be disposed between the second polarizing beam 

splitter 36 and the converging lenses $3 and 63. It is 
alternatively possible to use only the grid 37, without the 

wedge 38, and the cuvette 10 can then have puralle) walls 12 
and 13. In some instances this results in a reduction in the 
resolution obtainable by the detector lincs 54 and 64, but 
will avoid the aberration problems introduced by optical 

clements which gre not disposed parallel to cach other. In 
any event, in accordance with the invention at Icast a 
dispersing clement must be provided in the light path of each 

of the beams 3 and 23, to ensure thal the two beams can be 
spectrally distinguished from one another by the individual 

detector elements of the detectors 54 and 64 (and, as 
explained below, on the individual elements of further 
detectors 55 and 65), 
The converging lenses 53 and 63 are shown in FIG. 1 in 

an oval form. This is to stress the dispersion which occurs in
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the two chamber cuvette 10. In practice, the beam path may 

be made such a size that circular converging lenses 53 and 

63 may be used. 
Data identifying the optical rotation (polarization) of 

individual on the same individual detector 54 

of the line detector $4 can be obtained based on the various 

correlating signals of the intermittently operating light 

sources 1 and 21, The measurement process is described in 

detail in German Reference 39 08 114, and in particular as 
shown in FIG. 2 of that document. As described therein, 
difference and quotient measurement signals are calculated 

by intermediate storage of the optical signal currents, and 

these difference and/or quotient signals are then used to 

determine the concentration of the optically-active sub- 

stance in question in the carrier fluid 11. Good results are 

obtained in the determination of the absorption characteris- 

tics of various constituents of the carricr fluid (dialysis 

product) 11 and the reference liquid 11' from the spectrally 

resolved light beam by comparing the intensity curves 

among the individual detectors of the respective detector 

lines 54 and 64. The measured value signal of a particular 

detector clement 54’, which is assigned to a given wave- 

length range, may be allocated to a ined substance, 

and the concentration of that substance in the carrier fluid 11 

can then be determined directly by the absorption in the light 

beam. The concentration of a previously known interference 

substance (selected by virtue of being likely to appear in the 

dialysis product 11) is stored in the electronic processing 

unit 39 as an optical polarization value. This is contained in 

the total optical polarization valuc (calculated as described 
below) and corresponds to the concentration of the sub- 

stance in question. 

The relationship between the “signatures” of the two 

optical polarization values determines whether the interfer- 

ence substance is producing a polarization component in the 

same direction as the optical polarization value of the 

substance in question, or produces an oppositely directed 

polarization value, In the former instance, the polarization 
component contributed by the interference substance must 

be subtracted from the total optical polarization signal, and 
in the latter instance, it must be added to the total signal. For 

example, using line detectors 54 and 64 cach having 100 
individual detectors, it is possible to determine the interfer- 

ence concentration of many known, predetermined sub- 

stances, which are either probably or certainly contained in 

the carrier fluid (dialysis product) 11. Using these additional 

values of optical polarization (rotation), the total polariza- 

tion (rotation) value of the carrier fluid 11 can be corrected 

so that substantially only the optical polarization value, 
caused, for example, by glucose remains. Glucose is not 

self-absorbing, and is therefore capable of being spectrally 
resolved. 

The light beams from the light sources 1 and 21, diverged 
by the beam splitter 36, are incident on additional detectors 

55 and 65 at a particular position. The detectors 55 and 65 
may consist of two semi-circular detector elements (not 

separately shown in the drawing). Hence, by comparing the 

two signals with one another, and even given the smallest of 

deviations, the dispersion in question can be determined. 

This result is more accurate than using line detectors 54 and 

64 exclusively, because those detectors have a large number 
of individual detector elements in order to be sensitive over 

a wide wavelength range. For example, in the case of 
long-term implantation of an apparatus of this type in a 

patient, differences in sensitivity can arise, which cammot be 

compensated, and which could falsify the measurement 

result. Having determined the dispersion using the detectors 
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55 and 65, the spectral measuring range of the linc detectors 

54 and 64 can then be calibrated. 

‘The total optical polarization value of the carrier fluid 

(dialysis product) 11 is determined by comparing the two 

halves of the second measurement detector 55 with the 

signal from the second reference detector 65. Using this as 

a basis, as described above, the corresponding corrected 

rotation values are subtracted in the processing unit 39 in 

accordance with the interference substance concentrations 

determined from the absorption measurements. This then 

gives the concentration of the substance in question, for 

example, glucose. Such interference substances, as 

described above, which strongly polarize, are particularly 

likely to be antibiotics, which may rolate the light in both 

directions and have signal strength which may comprise as 

much as 10% to 50% of the total measured signal, 

Forthermore, stray light detectors 56 and 66 are provided 

on the long sides of the chambers 14 and 35 of the cuvette 

10. The measurement of stray light by the detectors 56 and 

66 is for the following reason. If the carrier Quid 11 is a 

dialysis product, it will also contain protein molecules. The 

larger protein molecules, particularly thosc having a mass of 

more than 5000 a.u., are normally kept out of the cuvette 10 

as the carrier fluid (dialysis product) 11 is circulated thereto, 

for example, through a filter. Protein molecules having a 

mass of less than 5000 a.u. may, however, cause a degree of 

optical polarization which can amount to 10% of the glucose 

component of the optical polarization signal. These mol- 

ccules disseminate in the light beams passing through the 

cuvette 10, and thus cause stray light to emerge from the 

sides thereof. The concentration of the protein molecules 

present in the cuvette 10 can thus be determined hy mea- 

suring the intensity of the stray light. The resulting valuc of 

optical rotation (polarization) caused by the protein mol- 
ecules, which could cause interference, is then subtracted 

from the calculated value of optical polarization. 

What remains in the signal is the optical polarization 
value of the substance in question, for example, glucose, The 

interference from the optical polarization values of sub- 
stances which are not capable of being spectrally identified, 

such as protein molecules, is removed from 

the optical rotation signal obtained from detectors $5 and 65 

by measuring the stray light and calculating the value of 
optical polarization of absorbing substances based on the 

signals from the line detectors 54 and 64. Good results in 
improving the measurement sensitivity are obtained using 
the “lock-in” described in the aforementioned 

German Reference 39 08 114. As described therein, light 
sources which intermittently emit at, for example, a maxi- 

mum of a few kilohertz are additionally modulated using a 
modulation frequency which is at least as large as the initial 

modulation frequency. 

A further embodiment of the apparatus according to the 

invention is shown in FIG, 3. Apparatus components iden- 
tical to those discussed in connection with FIGS. 1 and 2 
have been given the same reference numerals. 

In the embodiment of FIG. 3, the direction of the beam 
emerging from one side of the second beam splitter 36 is 
changed by a further beam splitter 71, in the form of a beam 

splitter cube, located directly behind the cuvette 10. The 
further beam splitter 71 transmits light beams 72 and 73 to 
the detectors 54 and 64, wherein the beams are spectrally 
analyzed, as well as to detectors 55 and 65 where the 
dispersion and the total optical polarization signal are deter- 
mined. Operation of these detectors, and the use of the 

signals therefrom, is as previously described in connection
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with FIGS, 1 and 2. In the embodiment of FIG. 3, the beams 

which pass directly through the second beam splitter 36 arc 

incident on respective detectors 57 and 67, of which detector 

67 forms the reference detector. These detectors are used to 

directly measure the total optical polarization value of the 5 

optically polarizing substances contained in the carrier fluid 

(dialysis product) 11. In the embodiment of FIG. 3, the 

detectors 55 and 65 are in semi-circular form. The signals 

from the detectors $5 and 65 in the embodiment of FIG. 3 

can, for simplicity, be omitted from the calculations which 49 

are undertaken by the processing unit 39, and the detectors 

35 and 65 used exclusively to measure the refraction which 

is then used to assign the appropriate spectral ranges to the 

individual detector elements of the line detectors 54 and 64, 

The use of the four detector pairs 54 and 64, 55 and 65, 56 15 

and 66 and 57 and 67 is, however, still desirable. Although 

the signals from these detectors are partially used for the 

determination of redundant values, this is still desirable from 

the standpoint of long-term stability, since it is the intention 

that the apparatus will be implanted into a human and 39 

therefore surgery to remove and/or exchange devices should 

be avoided. 

The processing unit 39 may include a threshold detector 

which compares the intensity of the stray light as measured 

by detectors 56 and 66 to a threshold, which may be 25 

le, If the detected stray light intensity exceeds 

the threshold, a waming indicator 39a is activated. 

‘The light sources 1 and 21 may alternatively be incan- 

descent lamps, in which case a beam chopper may be used 

to produce the intermittent beams. 30 

Although modifications and changes may be suggested by 

those skilled in the art, it is the intention of the inventors to 

embody within the patent warranted hereon all changes and 

modifications as reasonably and properly come within the 

scope of their contribution to the art. 35 
We claim as our invention: 

1. In an apparatus for determining the concentration of 

optically-active substances, by polarimetry, in a carrier 

medium, the apparatus having a measurement vessel with 

two separated chambers in which said carricr medium and a 

reference medium are respectively disposed, to polychro- 

matic light sources which generate respective light beams in 

respective propagation paths light beams, and means for 

identifying the concentration of a selected substance in said 

carricr medium by generating a comparative signal based on s 

the respective resulting polarization arising in said light 

beams due to interaction with said carrier and reference 

media, said vessel having side walls which are transmissive 

for said light beams, the improvement comprising: 

means disposed in the respective propagation paths of 

said light beams for dispersing said light beams before 

said light beams are incident on said detector means 

and for thereby causing substance-dependent interac- 

tion of said light beams in said carrier and reference ,, 
media; 

means for identifying the concentration of a selected 
substance in said carrier medium by generating a 

comparative signal based on the respective resulting 
polarization arising in said light beams due to interac- 6 

tion with said carrier and reference media, and 

stray light detector means disposed on opposite sides of 
said measurement vessel for detecting stray light from 

said light beams deflected through said side walls of 
said measurement vessel by non-absorbing molecules 65 

in said carricr medium and for generating an electrical 

signal corresponding to said stray light for use by said 

a0 
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means for identifying the concentration of said selected 

substance in the generation of said comparative signal 

to correct said comparative signal dependent on the 

magnitude of the detected stray light. 
2. The improvement of claim 1 wherein said measurement 

vessel has an optical axis defined by the average of said 

propagation paths of said light beams therethrough, and 

wherein said means for dispersing said light beams is a 

means for refracting said light beams at an angle of refrac- 

tion, said means for refracting having a surface disposed in 

a plane at said angle of refraction relative to said optical axis. 

3. The improvement of claim 2 wherein said means for 

refracting said light beams is a beveled surface of said 

measurement vessel disposed at a side of said measurement 

vessel through which said light beams enter said measure- 

ment vessel. 
4. The improvement of claim 2 wherein said means for 

refracting is a wedge disposed between said light sources 

and said measurement vesscl. 
5. The improvement of claim 1 wherein said means for 

dispersing said light beams is a means for diffracting said 

light beams. 

6. The improvement of claim 5 wherein said means for 

diffracting said light beams is a diffraction grid disposed 

between said measurement vessel and said detector means. 

7. The improvement of claim 1 further comprising: 

means for splitting said light beams emerging from said 

chambers into first beams, which are incident on said 

detector means, said detector means constituting first 

detector means, and into second beams; and 

second detector means on which said second beams arc 

incident for gencrating signals used by said means for 

identifying the concentration of said selected substance 

in the generation of said comparative signal. 

& The improvement of claim 7 wherein said second 

detector means consists of two semi-circular detectors which 

generate output signals corresponding to the dispersion of 

said light beams. 
9. The improvement of claim 7 further comprising: 

means for splitting said second beams for gencrating third 

beams, said second beams passing through said means 

for splitting said second beams onto said second detec- 

tor means; and 

third detector means on which said third beams erc 

incident for generating further signals used by said 

means for identifying the concentration of said selected 

substance in the generation of said comparative signal. 

10, The improvement of claim 1 further comprising: 

means for determining whether the amount of said non- 

absorbing molecules in said carrier medium cxceeds a 

predetermined threshold based on said signals from 

said means for detecting stray light; and 

means for generating a waming if said threshold is 

exceeded. 
11. In a method for determining the concenration of 

optically-active substances, by polarimetry, in a carrier 
medium, including the steps of directing respective light 

beams from two polychromatic light sources in respective 

propagation paths passing through both a carricr medium 

and a reference medium respectively contained in 

chambers of a measurement vessel having side walls which 

are transmissive for said light beams and wherein said 

respective light beams interact with said carrier and refer- 

ence media such that polarization occurs, detecting said light 

beams upon emerging from said chambers and generating 

electrical signals corresponding to characteristics of said
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light beams, and means for identifying the concentration of 

a selected substance in said carrier medium by generating 2 

ive signal based on a respective resulting polariza- 

tion arising in said light beams due to interaction with said 

carrier and reference media, the improvement comprising: 

passing said light beams through a dispersing element for 

dispersing said light beams before said light beams are 

incident on said detector means; 

identifying the concentration of a selected substance in 

said carrier medium by generating a comparative signal 

based on a respective resulting polarization arising in 

said light beams duc to interaction with said carrier and 

reference media; and 

detecting stray light from said light beams deflected 

through said walls of said measurement vessel by 

12. The improvement of claim 11 wherein said measure- 

ment vessel has an optical axis defined by the average of said 

paths of said light beams therethrough, and 
propagation : u 25 
wherein the steps of dispersing said light beams is further 

defined by refracting said light beams at an angle of refrac- 

tion, by directing said beams at a surface disposed in a plane 

at said angle of refraction relative to said optical axis. 

13. The improvement of claim 12 wherein the steps of 

refracting said light beams is further defined by refracting 

said light beams with a beveled surface of said measurement 

vessel disposed at a side of said measurement vesscl through 

which said light beams enter said measurement vessel. 

14. The improvement of claim 12 wherein the step of 

refracting said light beams is further defined by refracting 
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said light beams with a wedge disposed between said light 

sources and said measurement vessel. 
15. The i of claim 11 wherein the steps of 

dispersing said light beams is further defined by diffracting 

said light beams. 
16. The improvement of claim 15 wherein the steps of 

diffracting said light beams is further defined by diffracting 

said light beams with a diffraction grid disposed between 

said measurement vessel and a detection location for said 

light beams. 
17, The improvement of claim 11 comprising the addi- 

tional steps of: 

splitting said light beams emerging from said chambers 

inio first beams and second beams, and 

separately detecting said first beams and said second 

beams for generating respective signals used for iden- 

tifying the concentration of said selected substance in 

the gencration of said i 

18. The improvement of claim 
tional steps of: 

splitting said second beams for generating third beams; 

and 

ive signal. 
17 comprising the addi- 

separately detecting said third beams for generating fur- 

ther signals used by said means for identifying the 

concentration of said selected substance in the gencra- 

tion of said comparative signal. 

19. The improvement of claim 11 further comprising the 

additional steps of: 
determining whether the amount of said non-absorbing 

molecules in said carrier medium exceeds a predeter- 

mined threshold based on said magnitude of said 

detected stray light; and 

generating a waming if said threshold is exceeded. 
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