Design of a photon-counting interrogation unit for monitoring Ru2+ Oxygen sensors.
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Summary

By combining recently available photomultiplier-based photon-counting modules with simple optics and electronics, it is possible to construct highly sensitive, yet reasonably compact, fluorescence lifetime monitors, capable of working with extremely low fluorescent-light return levels. Measurements are rapid, the unit operates with relatively little excitation cross-talk (due to temporal separation of send and return signals) and the same basic apparatus can be used as a diagnostic tool to characterise the fluorescent decay curves from layers.

The presented sensor, which is designed to interrogate Ru2+ complex indicator dyes (fluorescence lifetime in the range 3-7 microseconds), derives excitation light from an HP high-intensity blue LED source (a flash-lamp is not required). With the aid of a dichroic splitter block, a single optical fibre is used to guide excitation light to the dye and to collect the resulting fluorescence.
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 (E.g., 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).

The most common method of interrogation of Ru2+ chemical sensors is to measure fluorescent lifetime by monitoring the phase delay between incident blue light from an excitation LED and the detected (silicon diode and preamplifier) fluorescent signal returning from the probe. Photon-counting fluorescence lifetime monitoring is often used in commercial instruments to characterise dyes and other fluorescent materials. This is done by observing the decay in the rate of arrival of individual photons, the latter arising from fluorescence, in the time interval after a short pulse excitation. Phase-detection sensors are compact and cheap, but photon-counting based sensors have three clear advantages over phase sensors.

Firstly, by counting individual photons, it is possible to work at light levels below the (thermal-noise-limited) detection limit of a photodiode-based system. This makes interrogation of dyes with very low quantum efficiencies possible or, alternatively, allows excitation at low optical levels to avoid possible photo-bleaching problems. Thirdly, if less returned fluorescent light is required, probes made from thinner more flexible fibre cables may be used instead of the larger diameter fibres or bundles required to give enough signal for the insensitive phase-detection system.

Secondly, a photon counting system is less affected by any residual excitation light appearing at the detector, as the incident and fluorescent signals can be more easily separated in the time domain. In any fluorescence measurement system, even when significant care is taken with filter selection, it is common for a small amount of the excitation light, intended only to reach the dye, to appear at the detector. This provides an unwanted signal at the detector output, which can affect the measured phase of the returning “fluorescence” signal, in a manner that may change as different probes are attached to the meter. 

Thirdly, a photon-counting system is superior when interrogating dyes having much faster decay times. At high frequencies, the thermal noise contribution of a PIN receiver increases significantly, whereas the PMT signal is well above the noise threshold of the preamplifier. Simply by using low-cost digital electronics with a photon counter, such high-speed decay times are easily measured.

Until recently, due to high-cost and bulky components, photon counting has been confined to the laboratory bench or large and expensive laboratory testgear. By using a compact low-cost photon counting head module (Hamamatsu type H6180-01), we have constructed a photon-counting fluorescence-time monitor, which measures dissolved oxygen. Our unit is as compact and almost as cheap as a phase-delay-based meter, but retains all the advantages of photon-counting described above.

Design and testing of the photon-counting based fluorescence lifetime monitor

A blue high-intensity LED with suitable optical filtering illuminates the dye, which is bonded to the distal end of a 600(m core, 630(m cladding, silica fibre. The returned fluorescence signal is optically filtered to reject excitation light, and falls on the photon counting module. Simple digital electronics count the number of photons arriving in two pre-defined time intervals after the excitation pulse, then relay these results to a control computer. These two values are processed to calculate an accurate measure of the dye’s fluorescence decay constant. Simple statistical averaging may be applied by illuminating the dye with several thousand pulses, and accumulating all the photons arriving in the intervals over this time. This arrangement is outlined in Figure 1.

The accuracy with which the fluorescence decay constant is measured may be further improved by dynamically varying the photon counting time interval allocations. Results from this work will be presented at the conference.

A spin-off advantage of the presented photon-counting system is that a time-resolved plot of fluorescence decay can be easily recovered, which is useful for probe and optics diagnostics.
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Figure 1 Fluorescence lifetime measurement by photon counting. The number of photons arriving during time interval A and time interval B are accumulated and processed to derive the fluorescence decay constant.
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