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Abstract

Investigation into multi-point optical fibre temperature sensing techniques based on the decay time of their spectrally separated luminescent coatings.

Author: William Ryan
The idea of harnessing the changes in photoluminescent properties of certain materials and the utilisation of this in modern sensing technology is a major focal point in recent research in the field. Temperature sensors primarily depend on varying decay time or spectral distribution analysis to obtain their results.

This project attempts to investigate the development of such a temperature sensor. This will be achieved by analysing the decay time of photoluminescent phosphors located in the cladding surrounding an optical fibre. This is a marked improvement over methods in which the optical fibre itself contains the phosphor dopant. Although this tried method has been shown to operate very reliably over wide temperatures, this proposed method somewhat alleviates the problem of signal attenuation in the fibre thus leading us to the possibility of having a number of sensors, spectrally separated, on the same fibre.

The output from the fibre is both examined using a three-point RGB photo-sensing diode and a low-cost spectrometer. The resultant data is viewed, processed and analysed the LabView environment and a decision is made on the most appropriate method of testing. The fall time of each of the emitted spectra after the phosphor stimulus has been withdrawn is scrutinised. The ultimate goal is to use this to calibrate a scale so the temperature of various points can be determined.
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1. Introduction

A multi-point temperature sensor designed using fibre optical cable is clearly desirable over a version with electrical cable as data carrier. It does not suffer from any of the effects of EMI and as the cable is the sensing object itself, it does not require an electrically powered temperature sensing device at each measurement point [1].

On first inspection, the project set-up can be broken down into three, primary blocks. The construction of (1) a UV emitter driver circuit, (2) an optical-electrical conversion circuit and (3) a technique to acquire and analyse the received data. The first main issue is devising a method to uniformly apply and withdraw an appropriate ultra-violet phosphor stimulus. UV emitters are a key element in this fibre optic system. This component converts the electrical signal into a corresponding UV signal that excites the phosphor. This is done using some form of UV source; in this case, a UV emitting LED will be used (Alternatively, a UV laser source can be used).
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The circuit in Fig. 1 [2] is a simple implementation of a current source for driving a UV emitter diode. This configuration converts a voltage into a current (trans-conductance amplifier). The optical output is approximately proportional to drive current and not drive voltage. Other factors, such as temperature, also affect the optical output and cause it to fall off as it increases. This type of driver circuit is rarely used at input data rates above 30-50 Mb/s1 but that is not an issue in this case as we are using very low frequency input signals. For the same reason, then, signal overshoot is not problematic and so, is not considered.

The UV emitter diode that is used for the purposes of this project must have a maximum wavelength emission lower than that of the minimum range of visible light. This is important so the end data is not corrupted by unwanted light escaping into the optical fibre along with the emission from the excited phosphors.

The lower the emission wavelength of EM radiation is, the higher the voltage drop across the UV emitter. For example, when turned on, a maximum 370nm emitter will have a forward voltage drop of about 3.4 Volts, which is quite large when compared to LED’s in the visible range. This phenomenon can be related to the band-gap energy Eg of the UV emitter.

Equation 1 defines the band-gap energy Eg:

Equation 1:
Eg=hc/ג

Where:
h = Plank's Constant = 4.13 x 10-15 eV.s

c = speed of light = 2.998 x 108 m/s

ג = wavelength in nm

The behaviour of the phosphor i.e. the degree of intensity to which it is excited, is initially recorded by exposing it to one end of an optical fibre cable and connecting the other end to a photodiode amplifying circuit. This is an intermediate measure, as eventually the phosphor, implanted in some form of epoxy, will replace the fibre cladding. Phosphors emitting different light wavelengths are implanted at different intervals along the fibre. This allows us to measure the temperature at each of these points using spectral analysis.
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This photodiode amplifying circuit shown in Fig. 2 [3] is basically a Current-to-Voltage Amplifier. The photodiode used was the PD170 V1, from Sharp, which allows three concurrent Red, Green and Blue current values to be measured at any one time. The intensity of the light and the receiver end of the fibre is converted into a directly proportional current. As no current flows into the op amp itself, the current has nowhere to go but through the resistor RF. One leg of RF is held at ground potential as the main job of the op amp is to adjust the output such that the inverting input equals the non-inverting input [4]. And, because the non-inverting input is at ground, the inverting input, as well as RF will be held at 0V. From this, we can deduce:

Equation 2. Vout = VRF = -I x RF
The output voltage can be described as the voltage across the resistor. This signal can be easily viewed on an oscilloscope screen and can be taken as a reference value for light intensity. The variation of the fall time when UV stimulation is removed from phosphors at different temperatures of the phosphors can be easily examined.

A better and more versatile solution is to incorporate into the system a Data Acquisition Board linked to a PC so the output can be viewed on screen using a system that improves on the behaviour of the oscilloscope. LabView, from National Instruments, is the chosen tool for this purpose. This environment allows the user to create VI’s (virtual instruments) to acquire, analyse, filter and normalise, display (in a user-friendly, oscilloscope-type window), and store data. As with any decent development environment, it possesses tools to help with troubleshooting and a variety of wizards and templates for various types of applications. Indeed, many data acquisition hardware devices are delivered with there own LabView VI software. LabView is not limited with the number of channels it can detect but is purely dictated by the type of DAQ board used. These advantages over purely visual data acquisition form a normal two-channel oscilloscope greatly improve accurate result taking and, ultimately, ensure more precise calibration of the required temperature sensor.

We can analyse the spectrum of the light concern by plugging the FSMA connector at the sink end of the optical fibre into a spectrometer device, e.g. the S2000 from Ocean Optics. This has its own dedicated LabView VI that can interpret and display the entire visible spectrum. Other changes can be made to improve the accuracy of results. The data can be normalised and, if necessary, filtered adding various functions to the existing device VI. These alterations remove the effect of slight fluctuations in the current source and also minimise the difference in results caused by slight variations in experimental set-up. This effect cannot be practically avoided because sometimes the components need to be moved or changed.

One of the potential problems associated with a project of this nature is that of spectral over-lapping.
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Fig. 3

Fig. 3 shows the spectrum emitted from the both the red (450nm max) and blue (630nm max). Clearly, the overlap is minimal. If there were a green emitting phosphor included (approx 530nm), there results would be slightly skewed as the red luminescent phosphor emits wavelengths in the range.

The higher frequencies on the red light spectrum can overlap with the lower frequencies on the green spectrum. This gives a distorted view of both.

Strategies can be considered for use in the system to combat this problem, i.e. time interleaving drive circuits, time of flight [5] or neural network strategies. However, the emission spectra of the red and blue emitting phosphors used in this experimental set up are sufficiently separated so as not to concern us.

2. Technology

The following components were decided upon in undertaking the project

· Devices used in UV emitter driver circuit:

260018 5mm Ultra-Violet emitting diode [6]

This UV emitter diode had a peak wavelength of 370nm; well below that of visible light so it doesn’t interfere with results. It also has a 10o viewing angle which offers quite good focus.

Typical forward current


10mA

Typical forward voltage:


3.9V

2N 3904 npn Bi-Polar Transistor

Has Von of about 0.6V

· Devices used in Photodiode detection circuit

LM 324A Quad Operation Amplifier

Four Operational Amplifiers on a single chip with only one V+ and one V- pin

Sharp PD170 V1 RGB colour sensor photodiode from Hero Electronics [7]. Colour sensor with red, green and blue photodiodes. Does not offer a FMSA connection so experimental set-up has to be somewhat improvised. Although the PD170 claims to be quite sensitive, the reality is that it is not suited to this type of application as the lack of a dedicated FSMA connector results in loss of data. Again, its purpose in this case is to provide a stepping-stone to a final solution.

Peak sensitivity wavelength (nm):

Red
Green
Blue







600
530
460

· 1mm core Polymer Optical Fibre Lead with FSMA connectors, from Fibre Data [8]

This type of cable is generally used for short haul data links and some industrial control applications. Offers good value for money as plastic optical fibres can be damaged easily. The FSMA connectors offer a method of connecting the cables with other optical devices.

Typical attenuation of fibre:


4 dB/km

Typical loss due to connector:

1.5 dB

· Red/Blue emitting phosphors from Phosphor Technology [9]

The phosphors chosen were done so for their relatively long decay-time.

Red:
prod. UKL63/N-X; Gadolinium OxySulphide doped with Europium (Ga2O2S:Eu); Max emission wavelength – 625nm

Blue
prod. GL47/N-X; Zinc Sulphide doped with Silver (ZnS:Ag); Max emission wavelength – 450nm
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Fig. 4.

Fig. 4 shows the output emission spectrum for Ga2O2S (Red Phosphor)
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Fig. 5

Fig.5 shows the emission spectrum for ZnS:Ag (Blue Phosphor)

· DAQ board PCI-6013 [10]

This National Instruments device with 16 analogue I/O and 8 digital I/O lines, two 24-bit counters, digital triggering can integrate with LabVIEW, CVI and Measurement Studio for Visual Basic and Visual Studio.NET. 

· Connector Block [11]
The BNC-2110 with signal-labeled BNC connectors from National Instruments is a connector block from the I/O on the circuit board to the DAQ board.

[image: image7.jpg]



Fig.6 Layout of the BNC 2110 connecter block

· Variety of resistors

· S2000 Spectrometer from Ocean Optics [12]

The S2000 Fibre Optic Spectrometer from Ocean Optics with a spectral range from 200-1100 nm. The S2000 features a high-sensitivity linear CCD array.

· PC with LabView Express Version 7.0 Student edition

· Oven with precise thermostat control

3. Epoxy Doping and Phosphor Sensing Technology

In appearance, a phosphor is usually a fine white or pastel-colored powder [13]. There are two general types of phosphors: organic and inorganic. I will discuss only the inorganic as thermometry applications predominantly involve these.

3.1 General discussion on Phosphor Sensing

In general, inorganic phosphors consist of:

· a host material: e.g.. an oxide, sulfide, or an oxysulfide, etc

· an activator material (also known as a dopant or impurity)

· they are usually rare-earth or transition metal elements

The use of these phosphors has a wide variety of advantages compared to other forms of thermometry methods:

· usually the emission spectra bands are quite narrow.
· able to survive hazardous chemical environments
· not water soluble

· durable
· relatively easy to apply
These properties make phosphors the choice raw material for many temperature-sensing applications in industry. They are chemically very stable so large variations of temperature does not affect the make-up of the substance at molecular level. This, coupled with the durability and non-solubility in water, has contributed to its use in the aerospace industry for a number of years where they are made to work in quite hazardous conditions.

These phosphors possess many parameters that vary with changing temperature. These include:

· Decay time – after (UV) stimulation has been removed

· Emission intensity – the amount of light emitted

· Emission distribution – the number of wavelengths emitted

· Absorption bandwidth and position – the range of EM wavelengths (UV) that stimulate emission

· Excitation band width and position – the range of EM wavelengths (visible light) that are emitted
Generally, decay time decreases as temperature increases however the fall-off rate and temporal range where this occurs varies greatly from phosphor to phosphor. This is the relationship that comes under the scope of this investigation.

[image: image8.jpg]Lifetime (us)

10,000

8

g

3

LuPO Dy

YAGTD

“Temperature (Kelvin)

| “eosies g potogmn
o)
. . .
] 400 800 1200 1,600

2,006




Fig.7

Fig.7 [13] shows the theoretical decay-time values a selection of commonly used phosphors against rising temperature. There are a number of other factors that may be used to affect phosphor emission behavior:

· Dopant Concentration – At high concentrations, the decay deviates from being a simple single exponential.

· Impurities – Deliberately added rare-earth-impurities may enhance or degrade fluorescence efficiency. This is determined by how energy levels match.

· Magnetic Fields have an effect on fluorescence spectra but only at very low temperatures. One Tesla is required to observe a change in the emission spectra at approximately 20 K.
The selection of an appropriate phosphor for use with any application depends on a number of considerations.

1. Temperature range of application

2. Chemical compatibility

3.
Surface preparation considerations

4.
Measurements required
The main consideration for the attainment of usable results is the temperature range that will be operated under during testing namely 20o – 75oC. The reasons for which are explained in the Implementation section.
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Fig. 8

Fig. 8 [13] shows the emission fall-times for a short-decay Ga2O2S:Eu phosphor over a low temperature range. Essentially, this should be the shape of the calibration curve I should ultimately end up with. Both the temperature and decay-time scales would be different as these depend on factors such as dopant concentration.

3.2 Methods of Epoxy Doping

Optical fibre sensors have involved fibre cables that have been intrinsically doped with the luminescent phosphor material [14]. This allowed the emitted light to be totally internally reflected along the interior to be detected at the end of the fibre. However the dopant particles in the fibre itself physically hinder this process causing very high attenuation in the signal and are thus unsuitable for expansion into multi-point distributed sensor networks as information from sensor points further from the sink end cannot be transmitted through those closer the detector. The multi-point system could be implemented using time interleaving techniques.

As optical fibre sensors are immune to electromagnetic interference [15], except at very low temperature (approx 20K) [13], this would make this type of sensor particularly useful in very harsh electromagnetic environments.
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Fig. 9

Fig. 9 shows the proposed set-up of the system to be used. The cladding is stripped at points along the optical fibre and replaced with a special epoxy resin [16] doped with the luminescent phosphor. A process has been developed at the University of Limerick to perform this operation where the doped epoxy is applied to the bare core using a specialised spin-on technique [17].

The cladding can be removed from the fibre using acetone [18]. It is important that the replacement epoxy has a refractive index less than that of the fibre core itself so the luminescent emission is locked in and travels down to the sink end where it can be analysed. This can be expanded to cater for a multi-point system where the cladding is stripped and replaced with the doped epoxy at a number of points along the fibre. The analysis of the received signals will be discussed in the Conclusions section of this report.

4. Implementation

After extensive testing on an electronic breadboard, it was undertaken to build a test circuit on a PCB. This increased the overall robustness and portability and excludes the danger of interference from the breadboard itself and the chance that this piece of equipment could be faulty in some way.
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Fig. 10

This was the circuit built specifically for this project. It incorporates the UV emitting circuit. This comprises of the transistor, resistor no.1 and UV emitter.

It also comprises of the RGB light detecting circuit. In the above picture we can see the PD170 RGB colour sensor and the quad op-amp with feeback resistors. For ease of operation, various connecters were used to interface with the external function generator and DAQ. The connector to the green sensor was left redundant as no green spectra emitting phosphor was used during testing.

Testing set-up using PD 170 photodiode

Results were taken on two fronts, Firstly using the PD 170 device. The set-up for this is shown in the above diagram, Fig. 10.

It must be noted that the this test was carried out only at room temperature as there were some practical constraints of physically moving the PC that contained the DAQ card to the location of the oven. Although this precludes us from extracting data that would enable us to obtain a thermometry calibration, it is enough to make a comparison between this, the PD 170 method, and the S2000 capture method for the purpose of setting up this type of multi-point thermometer.

For best results the circuit had to be kept in darkness by either dimming the room lights or placing a light-preventative object (e.g. a blanket) over the circuit itself. One end of the fibre is placed in close proximity to the UV emitter. The fibre has had a small quantity of the luminescent phosphors placed on the open source end so when the emitter is in operation, the phosphors illuminate. It must be noted, however, that the quantity of phosphor used has the dual effect of both sending the light emitted from the phosphor directly through the optical fibre and also physically blocking this light from entering the fibre. Even though normalisation of each signal occurs later, great care had to be taken in order for an appropriate thickness of the phosphor material to be used.

The other end of the fibre is placed at the sensing window of the PD170 device. The currents generated by the photodiodes corresponding to the RGB colours are converted to a proportional voltage, using op-amps and appropriate feedback resistor values, and analysed via the DAQ device in LabView. For additional ease of implementation, the resistor values were chosen so the Vcc level in the UV emitter circuit and the V+ value feeding the operational amplifier, were the same (+15V). This meant that only one actual input was needed for these two inputs which somewhat simplified the circuit.

Testing set-up using S2000 Spectrometer
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Fig. 11

The next stage saw some circuit set-up changes as displayed in Figs. 11, 12 and 13. The PD 170 was not used so the op-amp, along with the RGB connector were also not used. The only function of the circuit board now was to provide the constant current source required to drive the UV emitter. The S2000 was connected via USB to a laptop with LabView version 7 installed. As this test had to be carried out inside the oven, the UV emitter had to be placed inside. This was undesirable yet unavoidable. Varying temperature affects the operation in terms of emission intensity [13], although it was kept below its advised maximum operating temperature of 80oC [6]. The circuit board containing the current regulating transistor, however, was placed outside the oven and connecting wires powered the UV LED inside. This removed the effect of transistor performance varying with temperature.
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Fig. 12 View of set-up inside oven

The source end of the fibre, once again was covered with the various phosphors and mixtures of phosphors as before. The sink end of the fibre was plugged directly into S2000 spectrometer itself. This takes a spectral view of the inputted light signal and places the intensity value of each individual wavelength in a 1-D array [12]. This data can be easily interpreted and view a LabView waveform graph window. The dedicated spectrometer VI was altered, using code developed from the PD 170 phase of testing, to allow fall-times to be recorded, outputted to file and analysed so as to give a calibrated temperature gauge.
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Fig. 13

To record the fall-times values at various and regular temperatures, the experiment was performed in specially adapted oven. Adjusting the oven thermostat allowed the temperature of the phosphors to be easily controlled.

A number of sets of experimental values should be obtained over as wide temperature range as possible with frequent and regular temperature intervals.

The temperature range is limited by a number of factors. The minimum is room temperature, as the oven does not possess any cooling facility. The maximum, then, is approx 75oC as the quoted maximum operating temperature of the UV emitter is 80o as this is placed inside in the oven.

The only other variable for each of the sets of data is the phosphor used; firstly no phosphor (as a control), then each individual phosphor and finally all phosphors. What is important to note is that the red and blue light emitting phosphors used in this project are sufficiently spectrally separated so we do not have to worry too much about the emission spectrum from one affecting results for the other. However control results were taken to ascertain the extent of this anyway.

4.1 Circuit Operation and Parameters

Consider again the circuit in Fig. 1. The circuit must be placed in an environment with as little light penetration as possible; in this case a dark blanket was placed over the circuit during operation. The data in can be in the form of a square wave from a function generator. The input voltage is applied to the base of transistor Q1 through resistor R1 [2]. The transistor will either be off or on. When transistor Q1 is off, no current will flow through the UV emitter, and no light will be emitted. When transistor Q1 is on, the cathode (bottom) of the UV emitter will be pulled low. Transistor Q1 will pull its collector down to about 0.25 Volts. The current is equal to the voltage across resistor R2 divided by the resistance of R2. The voltage across R2 is equal to the power supply voltage less the UV emitter forward voltage drop and the saturation voltage of the drive transistor.

The R2 value that was chosen for this was 1.2k(. With Vcc at +15V, this gave a constant current flowing though the UV LED of approximately 10.5mA (with the typical recommended operating current at 10mA and the maximum recommended at 15mA).

The input voltage at the base of the transistor is applied using a function generator with a square wave, 5V peak-to-peak voltage. The dc level is adjusted to 2.5V so the minimum voltage level is 0V and the maximum is 5V.

It is most important, however, that the input frequency is not chosen at too high a value. The reason for this is so the rising edge of the next clock cycle does not begin before the falling edge of the previous one has been completed. The phosphors that are used in this project have been especially chosen because the fall-time of the emitted light after UV stimulation has been removed has a relatively long fall-time [9].

This low frequency has the benefit that we do not need to worry about slewing effects as well as being able to view the results as they occur, in real-time.

Consider, once again, the photodiode amplifying circuit [3] shown in Fig. 2, the operation of which is discussed in the introductory chapter. The feedback resistor value chosen for feedback to the inverting input is 5.7M(. This might seem excessive but the restrictive use of the PD 170 meant that the variation in photodiode current is so small that this is necessary. It does, however amplify even the smallest of noise signals. This can then be rectified in the LabView environment.

The function of the modified spectrometer Labview VI is to identify the wavelengths of maximum intensity. These should correspond to the maximum emission spectra of the phosphors. It should then be able to decipher the 80-20 % fall-time as the light intensity returns to its zero value.

5. LabView Interpretation and Analysis

LabView is an extremely versatile graphical programming environment developed by National Instruments to simulate, analyse and manipulate analog ant digital data [19]. It can easily be adapted to interact with real world applications using Data Acquisition devices, such as the S2000 Ocean Optics spectrometer, and Virtual Instruments (VI’s) created within the LabView environment itself.

The VI written for the PD 170 colour sensor was created using LabView Express Version 7.0 Student edition. This latest version is extremely user friendly and allows the user to use wizards to connect to multiple channels on an external DAQ device. An appropriate input frequency for UV emitter circuit must first be chosen so the system can operate successfully and takes into account the decay-time. From experimental trial and error, frequencies in the range of 0.25 to 1 Hz work quite well. The number of voltage samples per second taken from the DAQ is set using the DAQ wizard panel in Fig. 14
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Fig. 14

The sampling rate chosen here is 1000 Hz although rate from 200 Hz and up proved adequate.

Fig.15 shows the front panel for this VI.
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Fig. 15

Once the VI starts running, it can be stopped at any time by pressing the Stop button (1). The detected decay-times of are captured and sent to a spreadsheet file while the green Capture to File button (2) is selected. The number of fall-time samples to be collected is specified in (3). The greyed-out textbox also in (3) reminds us how many fall-time samples have been taken so far. The textboxes indicated by (4) display the numerical value of the latest detected fall-time value in milliseconds.

The graphical waveform indicator denoted by (6) displays the actual input taken from the PD 170/op-amp circuit. Owing to the inaccuracies of the PD 170 previously discussed, it can be shown that a large quantity of noise exists in the signal. This is then normalised between the values of –1 and 1, the result being displayed in waveform graph (5). LabView also possesses a VI, when given certain parameters, attempts to detect fall-time values of an inputted signal.

For 80-20% fall-time detection, the amount of time taken for the filtered and normalised signal to drop from 0.6 to –0.6 is taken. These values may vary slightly from sample to sample as there is a quantity of noise in the signal. These high and low reference levels are displayed in the textboxes labelled (7). The main construction of PD170.vi is shown in Fig.7, its equivalent block diagram.
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Fig. 16

All graphical VI code is enclosed with a while loop, denoted here as the large grey rectangle. A new iteration of the loop begins on detection of a new value from the DAQ (in any of its two channels). There are only two conditions that will allow the while loop to exit. Either the Stop button itself is pressed or the number of desired fall-time samples has been taken. The signal is filtered and normalised using VI’s from the LabView library. Help files supplied with the program describe their operation in detail.

The smaller grey rectangles towards the right side of the diagram are “case” statements. These are selected when all of the fall-time capture criteria are met and the data is appended to external spreadsheet files. The blue arrows sitting on either side of the while loop indicates a shift register that is used to carry data from one iteration to the next. In this case, it holds the number of fall-time samples already taken.

The S2000_6_1.vi virtual instrument uses most of the code of the above. The difference with this is that there is no reference voltage to be interpreted from the DAQ board. Instead the spectral intensity graph, shown in the S2000_6_1.vi front panel (Fig 17).
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Fig. 17

This waveform graph (1) shows the output from samp32.vi. This is the vi supplied with the spectrometer itself. The user can control the data samples by changes the input parameters. These include the adjustment of integration time for spectrometer sampling and the degree of Boxcar smoothing to be performed on the signal. These can improve the quality of the signal greatly. 

The waveform in (2) displays the sampled signal after normalisation. Only blue and red emitting phosphors are used in this experiment so instead of sampling the green, we sampled the UV intensity as a control to analyse against the red/blue fall-time results. This is possible as the S2000 spectrometer detects wavelengths in the 300 – 900 nanometer range (peak UV wavelength is approx 370 nanometers). The number of intensity, and fall-time samples, to take is selected in (3). The range of intensity samples is graphical viewed in the normalised waveform. The number of fall-time samples chosen dictates the number of fall-times to wait for to be exported. UV wave, blue wave, red wave (4) indicate the points on the graph where the three peak intensity samples are taken. This is decided on the very first iteration and this value is then held constant for the duration of the current program run. Peak width and Peak threshold (5) are parameters that help determine this. Width specifies the number of consecutive data points to use in the quadratic least squares fit. The value should be no more than about 1/2 of the half-width of the peaks themselves. Threshold sets a minimum value requirement for the peak values to select. Also displayed are (6) the normalised voltage reference levels, (7) UV val, blue val and red val, the latest light intensity values sampled and (8) the three latest fall-time values calculated.
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Fig. 18

Circuit operation is as follows; Samp32.vi (1) obtains 2048 discrete intensity values for the 300 - 900 nanometer electromagnetic spectrum range which can be viewed in Fig 17(1). The block diagram for this VI is graphically displayed in Fig.18. Case statement (2) is carried out on the first iteration. This includes the code to detect the peak points on this spectrum. 

This is achieved by feeing the PeakDectector.vi subVI with the appropriate parameters. It is only called once and detects all peaks over a specified value in a specified spectral range. Hence, we can easily find a peak wavelength value for UV, blue and red light. These stored wavelength values are used on every following iteration, again, using a shift register.

GetYValue.vi (3) is called on each iteration and is used to obtain the actual intensity value for each of the specified wavelengths. An array of intensity values for each of UV, blue and red light is built and the size of each depends on the number of samples specified in Fig 17(3a). In LabView, an array of values can be displayed in the form of a waveform graph.

After the resultant waveforms are normalised (4), the subVI TransitionMeasurment.vi (5) is utilised to obtain the fall-time from this graphical data. The user must specify whether its rising or falling edge measurement is required and also what the upper, middle and lower limits are, in this case 90, 50 and 10%.

The resultant fall-time data can be analysed further and, if the capture to file option is selected, outputted to a spreadsheet file (6), as before. At this stage the arrays containing the intensity values are cleared and the process repeats itself until the user stops the program or the number of fall-time samples to be take has been reached. Also included is the facility to output all of the blue and red light intensity values (7). This is extremely useful for value-by-value analysis of the signal when more than visual inspection is required.

6. Results and Analysis

The two methods of decay time detection used in this project will be analysed in this section. Both the advantages and drawback of each will be explored taking into account the results collected from testing, the practical implementation and the components used.

Experimental constants:

· Current through UV emitter 10.35mA (when On)

This is achieved using the appropriate resistor values.

· Rf = 5.6M(
· Tamb = Approx 23oC (room temp)

PD 170 Results

The following were example results from the PD170 sensor and observed, via the DAQ board, in LabView. They indicate the observed voltage levels at the two output states and also the 80%-20% emission decay-times for the various LED’s used and phosphors analysed.

Initially, the UV LED was replaced by both Blue and Red LED’s to provide a control to compare the actual results against.

We must also consider the following when analysing these results:

· As the op-amp is being used as inverting amplifier, it is the rise-time we examine on the emission curve.

· The amount of phosphor used for emission varies on each set of results attained. This leads to variation in voltage levels.

· Each set of results comprises of 10 values. This is done in order to average out any discrepancies.

With Red LED
Red Connector

Function Generator

Decay-time

0V

5V

0.001


-0.061

-0.094

0.001


-0.061

-0.094

0.001


-0.061

-0.094

0.001


-0.060

-0.093

0.001


-0.054

-0.093

0.002


-0.058

-0.093

0.001


-0.063

-0.094

0.001


-0.058

-0.093

0.001


-0.061

-0.094

0.001


-0.061

-0.094

Blue Connectora
n/a (see note 1)
-0.051

-0.065

-0.052

-0.065

-0.051

-0.065

-0.052

-0.065

-0.052

-0.074

-0.049

-0.064

-0.053

-0.065

-0.052

-0.066

-0.053

-0.065

-0.053

-0.065

With Blue LED
Red Connectora
n/a


-0.051

-0.065

-0.052

-0.065

-0.051

-0.065

-0.052

-0.065

-0.052

-0.074

-0.049

-0.064

-0.053

-0.065

-0.052

-0.066

-0.053

-0.065

-0.053

-0.065

Blue Connector

0.001


-0.048

-0.083

0.001


-0.051

-0.084

0.001


-0.051

-0.085

0.001


-0.051

-0.084

0.001


-0.052

-0.091

0.002


-0.047

-0.085

0.001


-0.049

-0.082

0.001


-0.050

-0.083

0.001


-0.049

-0.082

0.002


-0.048

-0.083

With Red Phosphor
Red Connector

0.006


-0.057

-0.075

0.005


-0.054

-0.075

0.004


-0.054

-0.073

0.006


-0.057

-0.075

0.005


-0.058

-0.075

0.006


-0.056

-0.076

0.005


-0.054

-0.075

0.006


-0.055

-0.075

0.006


-0.053

-0.075

0.005


-0.057

-0.076

Blue Connectora
n/a


-0.055

-0.062

-0.053

-0.063

-0.054

-0.064

-0.052

-0.064

-0.055

-0.065

-0.055

-0.063

-0.053

-0.062

-0.056

-0.060

-0.056

-0.064

-0.055

-0.061

With Blue Phosphor
Red Connectora
n/a 


-0.053

-0.063

-0.051

-0.062

-0.052

-0.062

-0.052

-0.062

-0.050

-0.062

-0.052

-0.063

-0.053

-0.063

-0.052

-0.064

-0.050

-0.062

-0.053

-0.063

Blue Connector

0.008


-0.074

-0.150

0.008


-0.074

-0.150

0.008


-0.073

-0.150

0.007


-0.075

-0.150

0.008


-0.069

-0.150

0.009


-0.073

-0.150

0.008


-0.073

-0.150

0.007


-0.073

-0.149

0.007


-0.072

-0.150

0.008


-0.073

-0.150

With Blue and Red Phosphors mixed together
Red Connectora
0.005


-0.055

-0.070

0.006


-0.052

-0.069

0.006


-0.052

-0.069

0.008


-0.053

-0.069

0.006


-0.054

-0.070

0.007


-0.054

-0.070

0.007


-0.051

-0.069

0.007


-0.054

-0.070

0.008


-0.053

-0.069

0.007


-0.053

-0.070

Blue Connector

0.008


-0.057

-0.088

0.007


-0.054

-0.086

0.005


-0.059

-0.088

0.005


-0.057

-0.088

0.005


-0.058

-0.087

0.005


-0.057

-0.089

0.007


-0.057

-0.087

0.006


-0.056

-0.088

0.008


-0.058

-0.087

0.005


-0.056

-0.087

aThe fall-times associated with the blue connector when testing with the red LED/phosphor, and visa-versa, seemed to generate quite random results as it was difficult to distinguish between the high and low level. It could be seen as merely an oscillation about -0.06

These results, although with obvious flaws, represent the trend that we would have expected. No values are taken from the green sensor but if there were, the values would be higher than anticipated because of spectral overlap, i.e. the green sensors spectral width takes into account some of the same wavelengths as the red and blue sensors.

S2000 results

The following results were taken using S2000.vi. The decay-times are not representative of the actual values as the time intervals between samples vary. These results cannot be used to calibrate a temperature scale but they do indicate the changing emission behaviour with varying temperature.

As the testing is done with the phosphors inside in the oven and the door securely closed we can assume that no unwanted EM light radiation escapes into the fibre. However, on inspection, there is a “dark” signal detected by the spectrometer. This again leads to inaccuracy.
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Fig. 19.

Fig.19 graphically displays the “dark” signal. Again, the Red and Blue LED’s were used as a control in the same way as for the PD 170. Only the Red values are displayed as it essentially gave the same results as the Blue.

A rough average of the time interval between samples is 30ms. It was common for the VI to stall for fractions of seconds at a time and so lose a burst of data. This is quite obvious from the displayed data.

Red LED

We can see from the following diagram (Fig. 20) that there is no recognisable fall time, from the Red LED. This is the result that we would have expected. We can also clearly see the “dark” signal.
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Fig. 20

The full results, at selected temperatures are displayed in Fig.21. The reason for the fall-off in light intensity detected is the depreciation in LED performance as operating temperature increases. This phenomenon occurs with the UV emitter also.
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Fig.21

Blue Phosphors

Graphical results for the blue emitting phosphor (ZnS:Ag) are displayed in Figs.22 and 23. These results only show the critical portion of the fall-time curve.

Lower Temperatures:
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Fig.22

Higher temperatures:

[image: image24.jpg]Intensity

13 | sadeg—| |

10
] | l

125

120

"B S PR R ARG Aew 00086 EBBE LY
— e s T T

i , | ,

T == X
4 T | ! %

a
5
o

17

146

175

204

22

Intensity

130

755

Em—— —_
|

!

115

110

105

E
5
o

17

146

175

204

223

755




Fig.23

These results, like all that were taken using the S2000, are quite obviously inaccurate. However, Taking an average of the values at each temperature the average decay-time results were derived and are displayed in Fig.24.

The decay-times for the temperatures 27o, 46o and 62oC are graphically compared.
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Fig.24

The 90%-10% decay-time values would prove highly inaccurate as they would not take into account this critical portion of the curve.

Red Phosphors

Graphical results for the blue emitting phosphor (Ga2O2S:Eu) are displayed in Figs.25, 26 and 27. Again, these results only show the critical portion of the fall-time curve.

Lower Temperatures:
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Fig 25

Higher temperatures
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Fig.26
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Fig.27

We can clearly see a difference in decay-times between the blue and red emitting phosphors with the red values being extensively longer. This can be clearly seen in the Fig.28.
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Fig.28

Examining the averaged decay-time again displays falling values as the operating temperature increases. The fall-times in this area of the curve are comparatively larger than that of the blue emission. We can see that there is still a trace of luminance almost a second after withdrawal of UV stimulation (samples approx 30ms apart).

7.Analysis and Conclusions

This section will analyse the results from the previous section and will use them to come to a concrete decision on which approach is the most accurate, simplest to implement and, therefore is the best option for use in such a system.

Both methods of decay-time detection have their advantages and drawbacks on a practical and operational level.

PD 170 Method

Advantages

· This method has the ability to capture continuous data through the DAQ board.

· The PD 170 is relatively cheap, robust, adaptable, and although it contains three photo sensors, it has only one ground pin.

· The LM 324A Quad op-amp chip contains 4 separate operational amplifiers. This, coupled with the 3-in-1 photo-sensor, makes it very easy to place the entire circuit size to fit on a small PCB.

· The minimum and maximum output voltage levels can be scaled easily by adjusting the value of the op-amp feedback resistor, Rf.

Disadvantages

· The lack of a dedicated optical fibre detector on the PD 170 results in data aberrations.

· Contrary to the manufacturers claim, the PD 170 is not a very sensitive instrument. Only miniscule currents were produced. This was even found to be the case using the LED’s, when no phosphor blocked the source end of the optical fibre.

· Rf, not only amplifies the decay-time curve but also the noise contained in the signal.

· The PCI-6013 DAQ board, which contained 16 analogue input channels, did not seem to be able to cope with two of these being used simultaneously.

· The DAQ board must be as an internal PC device, which hinders portability of the system.

Spectrometer Method

Advantages

· The only circuitry required is a constant current source to drive the UV emitter/LED’s.

· The S2000 spectrometer is powered through the USB port, which aids portability of the system.

· The S2000 is supplied with a LabView VI, which displays the detected spectrum from 200 – 900nm wavelengths.

Disadvantages

· The S2000 allows discrete data capture only. It takes 2048 samples across the EM spectrum.

· Timing problems as VI seems to stall sporadically. This leads to unusable data and difficultly in deciphering the period between samples. It also randomly fails to detect intensity values and returns a blank spectrum (entire spectrum is at zero value).

· An unwanted random noise signal is observed, even when operated in darkness.

Final decision

After all these considerations have been taken into account, it has to be the method incorporating the PD 170 device that is chosen to perform the task.

This is based on my opinion that the problems associated with the PD 170 method will be a lot easier to overcome than those posed by the spectrometer method. Essentially, it comes down to the timing difficulties already discussed. It would be quite difficult to incorporate into the system a technique to accurately take into account the timing variations between samples taken, decide on whether or not data is usable and ensure this does not overly degrade the system performance.

The spectrometer gives a great insight into the emission spectra of the phosphors used and if utilised in conjunction with the photo-sensing device, would aid the calibration process immeasurably.

The photo-sensor technique is not without flaws, however, and a number of issues must be addressed before system could be thought of as having an accurate calibration:

1. The wavelength that each photo-sensor detects at must be in accordance with the emission spectra of the luminescent phosphors used. The property of some phosphors to shift their emission spectrum with varying temperature has to be considered.

2. Effect of varying temperature on the properties of the components used in the system.

3. The number of phosphors used in a system (i.e. the number of points in a multipoint temperature sensor) has to be traded off against efficiency and spectral overlap considerations.

8. Discussion

8.1 Problems and restrictions regarding the project
During the course of the project, many problems were encountered and many hurdles had to be overcome. 

Results with the PD170

Initial results using the PD170/op-amp detector circuit proved to be at best, unreliable. This could be put down to a number of factors namely:

1. No dedicated connector between the PD 170 detector window and optical cable. Any relative movement can alter results quite drastically as the red, blue and green sensors are spread throughout the sensing window. For example with even the slightest movement or if the system is being reset, the narrow beam emitted from the sink end of the cable could be unwittingly changed to focus more on the blue sensing area than the red.

2. As the sensing current from the PD 170 is very small, a large op-amp feedback resistor is required to amplify the output voltage to a significant level. This amplifies any noise in the system. This can be filtered but in doing so, the fall times can become slightly skewed.

3. When attempting to capture the voltage data from both the blue and red sensors simultaneously over two separate channels, the DAQ board failed to operate correctly, even though the DAQ possesses 16 analogue input channels. Subsequently, this meant that the data capture at each node had to be performed separately, thus the effect of one the other could not be detected effectively.

4. The amount of noise in the data varied with each running of the system. The amount of unwanted light entering the system can vary as the circuit is physically moved before every set of results is taken.

5. There was only one complete set of data taken at room temperature. To calibrate a temperature scale, we would need to capture this data at a range of temperature values within the range that the application would be used.

6. The decay-time detected by the TransitionMeasurement.vi subVI was for the full scale 80%-20% fall-time. For more precise measurements, the critical portion of the emission curve should have been given a greater weight towards the final value. This problem is discussed with a graphical example in the next section

Results with the S2000

There are a number of restrictions that needed to be taken into account before the testing on the system could be carried out:

1. The maximum stated operating temperature of the UV emitting LED is 80oC. This had to be a consideration as the LED itself is placed inside the oven. Therefore no results over this temperature can be considered completely valid.

2. The speed of the PC processor is a limiting factor to the outcome of the experiment as its maximum sampling rate is, somewhat, dictated by this. LabView is designed to be a user-friendly development environment. The cost of using this kind of high-level program can be slower PC performance due to the fact that there are a number of software levels between the spectrometer hardware and the viewing window. The S2000 is connected to the PC through a USB port which, as an external drive, slows down the running of the program even more. The result of this is that the rate of data capture seems to slow down and then speed again up at random, therefore, the frequency of the observed emission intensity values vary. This makes it almost impossible to get an accurate decay-time value.

3. The phosphors being used in the experiment must possess a sufficiently large emission decay time to be easily detected. This is essential to allow any potential variance with temperature to be detected.

4. The capture of the intensity values across the emission spectrum are placed into an array 2048 elements long. This discrete time capture leads to data loss.

5. The performance deviation of the LED’s used in the testing vary with temperature. Normalisation evens some of the effects out but this still somewhat of an un-quantifiable influence on the operation of these devices.

On first inspection, the decay time data being received did not allow any satisfactory results to be derived. The fall-times being detected were too small to see a concrete difference when the system was run at varying temperatures.

This problem could be overcome by analysing a critical band of the decay time only, i.e. from 80% - 95% of the decay-time as displayed in Fig.29.
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Fig.29

This method of analysis would detect more workable values. It would, however, multiply the effect of noise.

8.2 Future developments
· Ultimately, the goal would be to develop a complete working system, calibrated for use within a finite temperature range. A process has already been developed in the University of Limerick to strip the optical fibre cable and evenly coat the fibre with the phosphor doped epoxy cladding.

· Resolution of spectral overlapping problems is a necessity in multi-point sensing systems. A simple technique to over-come this is to use non-over lapping clocks to drive the various UV emitters at the sensing points in a time interleaved based system (as in Fig.30). This might only prove effective with systems able to be calibrated with relatively short emission decay-times. Other solutions include “time of flight” and neural networking technique.

· A device with the same functionality as the PD 170 but also has a dedicated optical fibre connector would ensure more accurate results as the output from the optical fibre cable would be more focused on the photo-sensing areas.

· The S2000 method could be altered to obtain usable results if a system was developed to keep track of the timing between capture points and only using data that reflects accurate timing of the running system and disguarding the rest.
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Fig.30: Iin1 and Iin2 are constant current sources
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Appendix

Included with this report is a floppy disk containing (1) PD170.vi and s2000_6_1.vi, the associated LabView Virtual Instruments and (2) the content of this text.
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