Use of transition-metal-doped sapphire crystals to calibrate and thermally compensate fluorescent-lifetime chemical detectors.
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Summary

The paper describes the first use of a plug-in Ti3+ - doped sapphire probe to act as a fluorescence-lifetime calibration aid. It has been used for validating a blue-LED-based optoelectronic system designed to interrogate a Ru2+ dye oxygen sensor. Ti-sapphire has a compatible absorption and fluorescence spectrum and a similar fluorescence lifetime to Ru2+ dye, and its lifetime can be varied, in a predictable manner, by heating or cooling. Use of a small Cr3+ - doped sapphire crystal (ruby), close to the Ru2+ dye indicator at the probe tip, is also proposed  as a temperature monitor, and has, for the first time, been interrogated using the same light source, detector and phase-delay electronics as the Ru2+ dye chemical probe.

Introduction

Chemical sensors based on monitoring the fluorescence lifetime of indicators have been the subject of extensive research and are now showing promise of commercial exploitation (Eg., the well-known Ru2+ dye chemical probe). These probes have several advantages but probably the most attractive features are:- firstly, they do not consume oxygen, secondly, the probe tip has very low cost, and thirdly they are all dielectric (and therefore do not suffer from electrical or electromagnetic interference, do not cause electrical safety hazards and cannot suffer or catalyse galvanic corrosion)  

There are two problems with such sensors when accurate measurement is required. Firstly, the interrogation system (which usually measures fluorescent lifetime by monitoring the phase delay between incident blue light from an excitation LED and the detected fluorescent signal returning from the probe) can have small errors due to internal electronic or optoelectronic delays. There is therefore a need to be able to calibrate the interrogation system, preferably independently of the external chemical sensing probe, as the latter could have its own variability due to changes in composition of dye, support matrix and, of course, external oxygen level. When this calibration has been performed, the sensing probe can then be checked using an interrogation system with proven characteristics. This paper describes the use of a separate plug-in calibration probe using a Ti3+- sapphire tip on the end of the fibre lead. 

The second problem with chemical sensors is that their response often varies significantly with temperature. This is occurs with most fluorescent lifetime probes, as the decay rates of electronic levels vary considerably with temperature. It is therefore desirable to mount a temperature sensor at the probe tip to monitor this parameter and correct for thermal changes. Clearly, a simple thermocouple could be used, but this requires a separate instrument to read it and throws away one of the major attractions of the probe, its non- electrical nature. It would be highly desirable to use an optical probe that can be interrogated via the same electrical lead as the chemical sensor. If the same optoelectronic sensing system could be used to interrogate this as used to detect chemical changes, then an almost ideal solution arises. The closest to this so far was the use of an alexandrite crystal with a platinum tetraphenylporphyrin indicator. The interrogation system measured the frequency spectrum of the detected fluorescent signal (ref 1). Although this worked in practice, it requires a complicated high frequency signal processing scheme, which would be expected to give an inferior signal/noise ratio due to the high frequency detection circuits. We now report a more convenient system that uses the same LED source, silicon detector and even the same phase-delay detection hardware as a Ru2+ dye chemical probe, but uses Ruby as a thermal indicator. Our combination has a far greater ratio of crystal fluorescent lifetime to that of the Ru dye and ruby, unlike alexandrite, is non toxic

Design and testing of calibration probe 

The calibration probe is simply a small cuboid of Ti3+- sapphire, bonded on the distal end of a 600 (m core 630(m cladding, silica-based fibre. A (2 x 2 x 23mm) piece of Ti3+- sapphire was bonded onto the fibre tip, with its long axis in line with the fibre. When a photon-counting detection system was used to monitor the fluorescent decay, the variation of fluorescent lifetime with temperature of the Ti3+- sapphire was clearly seen. We shall report on more results on this calibration device at the conference.

Design for thermal compensation of chemical sensor probe

In order to optimise performance, the temperature probe should only absorb a small amount of the incident light from the source, leaving the majority to excite the chemical indicator. As temperature will normally only vary slowly, a long integration time is possible to get good signal/noise even with low light signals. There are several possible configurations to ensure this, but fig 1 shows a simple one. (We will describe more at the conference). The combination is first excited using an LED source, driven by a high-frequency (100 kHz) square-wave intensity modulation signal. The phase delay in the detected response from the dye (((5(secs) is monitored using the standard method (ref …). The far more slowly varying background fluorescence from the ruby (((3msecs) will not not significantly affect the phase reading, but rather adds to the mean light level. Our new method now involves changing to a lower frequency (typically 60-80Hz) square wave for the LED modulation signal and detecting the new phase delay from the ruby This low frequency signal can be used in place of the high frequency signal whenever a reading of temperature is desired. Although the dye has a much faster, fluorescence decay than the ruby, it can still marginally affect reading of the long fluorescent lifetime of the ruby.by adding to the non-phase shifted signal. However, as the the magnitude of the signal from the dye is known from the first measurement, it should be straightforward to allow for. it. It is proposed to commence construction of a system that can perform simultaneous monitoring of both oxygen and temperature and it is hoped that it may be possible to report on this new system at the conference.
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