Progress toward an atomic fluorescence temperature transfer standard
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ABSTRACT

We describe recent tests aimed at eventually realizing a metrological quality fluorescence-based temperature measurement system.  The main advance here is the substitution of a deep-blue light emitting diode for a laser source.  In this instance, the fluorescing material is crystalline Y2O3:Eu.  The measurements range from ambient to 800 C.  The signal to noise demonstrated is adequate for precise temperature measurement and the expected sensitivity from 600 to 800 C is observed.  In addition, some temperature dependence of emission amplitude between ambient and 600 C was measured.  Overall, the results are a significant step toward accomplishing viable, inexpensive precision thermometry.

INTRODUCTION

A long-term goal has been to investigate the metrological limits of fluorescence-based thermometry using rare-earth doped phosphors and crystals.  Our previous efforts in this area established the capability and methods for very precise decay time measurements (1-4).  Cates et al (5) later built on that work to demonstrate a temperature measurement resolution of 0.01 C at 800 C.  In both of these cases the material was Y2O3:Eu, for the latter it was a phosphor, for the former it was crystalline.  Gillies et al recently presented data from the additional materials LaPO4:Eu crystals and YVO4:Dy phosphor along with a simple model for temperature versus decay time (6).  

For all previous work, the test arrangement involved a pulsed N2 laser for stimulating fluorescence.  Such lasers add cost and complexity to the instrument.  Also, the word “laser” itself can be an impediment for research and development owing to the extra safety and administrative attention it garners.  In the present effort, we build on previous work by investigating replacement of the laser with a light emitting diode (LED).  Some of the advantages of using an LED as a fluorescence excitation source are obvious, such as cost and size.  It is less obvious but nonetheless beneficial that one has much greater control over the excitation pulse characteristics with an LED.  A blue or near ultraviolet LED is much less likely to produce color center formation or other photophysical effects in the target material.  An LED source’s spectrum is much broader than a laser source.  It is an advantage in that some portion of the LED spectrum is more likely to overlap with a corresponding absorption band of the target material.  One important disadvantage of LED sources is the difficulty in coupling to optical fiber.  Coupling efficiency decreases with decrease in optical fiber diameter.

In recent years, LED intensity in the blue and near ultraviolet has greatly increased.  We have previously demonstrated the ability to excite a wide variety of phosphors with a blue LED that peaked at 450 nm (7).  Since that work was performed higher power LEDs at shorter wavelengths have become available.  We evaluated LEDs having emissions centered at 395, 375, and 370 nm and all of these produced a surprisingly bright fluorescence from a Y2O3:Eu 6% crystal. (This means Eu replaces Y 6 times out of 100). The purpose of the effort described here was to investigate the efficacy of LEDs in conjunction with the best candidate crystal material for a putative fluorescence-based temperature transfer standard.

The underlying reason why this work is being done has to do with the general trend toward eliminating artifactual standards from all branches of fundamental metrology.  In particular, implementations of the base units of the SI could benefit from the introduction of new means for realizing the degree Kelvin and establishing a new thermodynamic temperature scale that were based exclusively on atomic transitions and time and frequency metrology.  Atomic fluorescence thermometry offers such an opportunity in that the decay time constants of the fluorescence of materials like Y2O3:Eu are temperature dependent.  Thus, the measurement of the decay time constant in terms of a time base derived from an atomic clock provides a means for realizing a temperature scale over a continuous range without resort to interpolations between fixed triple points of pure metals, etc.  Moreover, the establishment of a firm quantum mechanical basis for the measurement, and intercomparison of it with existing primary temperature standards offers the hope of realizing the Kelvin in such a way that the technique could eventually be claimed as a standard of temperature itself.  In the meantime, the use of it over limited ranges of temperature associated with the thermal quenching characteristics of individual phosphors like Y2O3:Eu open the door to introduction of fluorescence thermometry temperature transfer standards over those ranges.  We focus here on providing some further preliminary data in support of that proposition, and in particular we explore the use of LEDs to excite fluorescence at high temperatures, thus providing thermometry in an important region of the thermal range in which new and accurate temperature transfer standards would find good use.

EXPERIMENTAL ARRANGEMENT

For the data presented here, the LED was a 395 nm model HUUV-5102L acquired from Roithner Lasertechnik.  It was mounted in a low profile housing (Pomona Electronics) along with a 22 Ω loading resistor.  An SMA 905 fiber connector mounted on the box provided  coupling to the fiberoptic cables.  The best light-guiding material for high temperatures is sapphire.  We acquired and installed two 30 cm lengths of sapphire from Saphikon with a Teflon buffer covering on a portion of the length and a fiber connector on one end.  Similarly, a sapphire light pipe was connected to a photomultiplier (PMT) housing.  Figure 1 shows the sapphire light pipes and the housing.  Figure 2 shows the simple arrangement for acquiring the data.  The light pipes terminate within a few millimeters of the fluorescing crystal.  The PMT couples to a digital oscilloscope terminated at 4.7 kΩ.  A Labview program within a laptop computer interfaced to the oscilloscope comprises the data acquisition system.
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Figure 1.  Sapphire light guides and LED.
Figure 3 shows the excitation spectrum of a Y2O3:Eu phosphor in relation to the spectrum of the LED.  It is expected that the crystal excitation spectrum would be very similar, with allowances for the particularities of the setup such as sample thickness.  There is a fortunately a good overlap between the LED emission and the sample absorption.  Europium-doped materials characteristically absorb in this region but the degree of absorption is not usually so pronounced.
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Figure 2.  Experimental Arrangement.
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Figure 3.  Excitation spectrum (red) and LED emission spectrum.
RESULTS
Figure 4 shows the fluorescence signal obtained for a 3 ms duration LED pulse at temperatures ranging from ambient to 800 C.  Emission at 611 nm is monitored.  The fluorescence signal requires time reach its maximum because of its long decay time of ≈ 1 ms. When the LED pulse terminates, the fluorescence decreases according to its characteristic decay time.  Upon close examination, the fluorescent amplitude grows slightly in heating from ambient to 100 °C.  Above 200 °C, the amplitude begins to decrease.  At 700 and 800 °C, there is an increase in the optical background level that arises from blackbody emission from the oven that falls within the bandpass of the narrow-band filter.  It is clear that the LED produces sufficient excitation for generating fluorescence at least to 800 °C.
Figure 5 shows signals ranging from 600 to 800 °C.  As above, each trace is an average of the fluorescence signal obtained from 512 successive LED pulses with background subtracted.  Figure 6 is a plot of two temperature dependent parameters:  peak amplitude and decay time.  The peak amplitude shows a weak temperature dependence up to 600 °C and the decay time, as expected shows essentially no temperature dependence in that region.  Both parameters vary in the same manner and precipitously so above 600 °C.  This generally matches the dependence observed in other experiments with other light sources for this material.  
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Figure 4.  Fluorescence versus time at various temperatures, 395 nm excitation.
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Figure 5.  Fluorescence profiles in the temperature sensitive range from 600 to 800 °C.
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Figure 6.  Temperature dependence of fluorescence amplitude and decay time.
CONCLUSIONS

The data presented here give ample evidence that a light emitting diode can serve as an efficient excitation source for fluorescence-based thermometry at high temperatures.  It should be noted that all our previous experiments using LEDs were at lower temperatures with more favorable illumination and collection conditions.  By replacing a laser as the excitation source, considerable economy of cost and use is gained by the fluorescence thermometry system.  In addition, we have previously encountered deterioration of sapphire transmission at 337 nm, the typical laser wavelength.  This should not occur at the comparatively longer excitation wavelength used in the present effort.  Future work on a temperature transfer standard may involve 1) long term fluorescence decay time measurements for observing drift, 2) incorporation of an atomic frequency-derived time base for continual measurement  and system calibration, and 3) design of an aluminum triple-point cell in conjunction with a fluorescence monitoring system.

ACKNOWLEDGEMENT

The Oak Ridge National Laboratory is managed by UT-Battelle, LLC for the U.S. Department of Energy Under contract DE-AC05-00OR22725.

REFERENCES

1.  Gillies, G. T., Dowell, L. J., Lutz, W. N., Ritter, R. C., Allison, S. W., and Cates, M. R., Calibration of a Laser-Pumped, Atomic Transition-Based Remote Thermometry System, from "Optical Techniques for In​dustrial Measurement and Control, Proceedings of the Laser Institute of America, 57, 135, 1987.

2.  Dowell, L. J., Gillies, G. T., Cates, M. R., and Allison, S. W., Precision Limits of Waveform Recovery and Analysis in a Signal Processing Oscillo​scope, Review of Scientific Instruments, 58, 1245, 1987.

3.  Gillies, G. T., Dowell, L. J., Lutz, W. N. Allison, S. W., Cates, M. R., Noel, B. W., Franks, L. A., Borella, H. M., Noncontact Thermometry via Laser-Pumped, Thermographic Phosphors:  Characterization of Systematic Errors and Industrial Applications, Proceedings of the Laser Institute of America, 67, 15, 1988.

4.  Gillies, G. T., Dowell, L. J., Allison, S. W., and Bugos, A. R., High Precision Single Crystal Fluorescence Thermometry:  A Possible Temperature Transfer Standard, Proceedings of the Laser Institute of America, 66, 122, 1989.

5.  Cates, M. R., Sanders, A. J., and Newby, J., Ultra High Precision Phosphor Thermometry near 1100 K, to be published in Temperature:  Its Measurement and Control in Industry, AIP, in press.

6.  Gillies, G. T. , Allison, S. W., and Cates, M. R., Phosphor Thermometry Techniques for the Realization of Thermal Standards,  Proceedings of the 48th International Instrumentation Symposium of the ISA (Instrument Society of America, Research Triangle, NC, 2002).

7.  Allison, S. W., Cates, M. R., and Gillies, G. T., Excitation of thermographic phosphors using a blue LED: spectral characteristics and instrumentation applications, Review of Scientific Instruments, 73, 1832, 2002.












