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Introduction 

Advanced high-temperature materials, such as ceramics, metals, and composites, are of critical importance to the 
development of new and improved technologies worldwide. For aircraft, automobiles, or other combustion-engine 
powered systems, major eficiency improvements depend on the ability to operate at temperatures closer to the adiabatic 
limit of the chemical processes involved. Materials able to function at higher temperatures must therefore be introduced 
into improved designs. Jet turbine engines, for example, already require air cooled rotors and stators in order that the 
nickel alloys used will not deteriorate and fail from overheating. In the case of ceramics, optimum temperature usage 
will often cause the refractory surfaces to glow red hot and the material itself to become partially translucent. For 
composites, especially where structural integrity, vibration resistance, and strength are concerned, the temperature 
behavior of dissimilar components must be well known and well understood before appropriate designs can be effected. 
As the need for higher temperature materials becomes increasingly more important, so does the requirement to properly 
measure the temperatures involved. Phosphor thermometry offers measurement solutions at very high temperatures that 
often cannot be achieved by more conventional methods. In this paper we discuss the phosphor technique and several 
examples of its application to high-temperature measurement. 

Outline of the Phosphor Thermographic Method 

One major class of fluorescent materials is the group of inorganic oxides, oxysulfides, orthophosphates, vanadates, etc. 
of the rare earth metals. Other metals, notably zinc, manganese, and a few others, are also constituents of numerous 
phosphors. Fluorescence in all these materials arises from excited ions, maintained in low concentrations in the 
molecular lattice. These excited ions have a high probability of de-excitation by a photon emission instead of through 
phonon processes in the lattice itself. In the case of rare earth materials, usually another similar rare earth metal is used 
as a dopant or activator, and is used in concentrations of less than a percent up to six or eight mole-percent as a practical 
maximum. These low dopant concentrations have the effect of isolating the dopant ion in the lattice, separating it, in 
effect, from other ions like itself, so that its behavior under some circumstances is relatively independent of the lattice 
in which it is bound. Fluorescent emission from compounds of this type often produces a visible spectrum with 
relatively narrow band widths, as shown in Figure 1 for part of the visible emission of the well-known rare earth 
phosphor, LqO,S:Eu, near room temperature. As temperature increases the lattice around the dopant increases its 
vibrations, eventually "intruding" upon the separateness of the isolated ion. An illustration of this behavior is shown 
in the energy diagram for LqO,S:Eu, shown in Figure 2. The excited SD-states in Eu+++ eventually, as temperature 
is raised, begin to compete with the charge transfer state of the molecule, leaking away electrons from the ion, so that 
photon emission is quenched. When this behavior, or something similar to it, occurs, the temperature dependence of 
the fluorescence becomes strong in the region near some temperature, called the quenching temperature, and continues 
with increasing temperature untiI the emission is extinguished. Since the decay rate, dN/dt, of a given state is 
proportional to the population in that state, N, dN/dt can be expressed as a proportionality constant multiplied by 
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N, or -PN. When this expression is integrated, the result is the expression, 
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Figure 1. Fluorescence spectrum of Lq0,S:Eu Erom 460-570 nm. Figure 2. Energy ievels in Eu 3+ and charge 
transfer state in La,O,S. 

where I (proportional to N) is the intensity at time, t, Io is the intensity at t = 0, and 7 (equal to I@) is the parameter 
called decay time. The decay time is, by this defmition, the time required for the intensity to diminish fiom some value 
to I/e of that value, and is a function of the temperature T. Figure 3 shows the fluorescent decay time of a prominent 
emission line from L%O,S:Eu, at about 537 nm. In this figure the quenching temperature is about 200°F (93 C), with 
the emission weakening and shortening to less than 100 11s decay times beyond 550°F (288 C). In Figure 2 the 537 nm 
emission comes fiom electron transitions from the 'D, state. Other 'D-levels, however, lie at higher or lower energies 
and can be expected to quench at lower or higher energies, respectively. As an example, part of the calibration of the 
'DZ emission near 514 nm is also shown in Figure 3. Its quenching temperature is well down into the cryogenic region. 
On the other hand, emissions from the 'Do states quench around 300 C and have strong temperature dependence up 
beyond about 600 C. 

The use of fluorescent materials for temperature determination 
is a technical area in which there has been activity among a 
collaboration that includes three Department of Energy 
laboratories and several universities.14 Most of the emphasis 
has been for ambient and elevated temperatures, but the 
technology also is applicable to measurement of extremely cold 
objects, extending down into cryogenic  temperature^.^ 
Especially for high-temperature applications phosphor 
thermometry has several advantages which will often make it 
the technique of choice, especially in difficult measurement 
situations. One of the major advantages is that phosphor 
thermometry is independent of the optical properties of the 
measured surface. The measurement is made by providing a 
thin surface coating of phosphor onto the surface of interest, 
then stimulating fluorescence in the layer to determine the 
temperature of the coating itself. The contact with the surface 

Figure 3. Decay time as a function of temperature for 
emission at 514 nm and 537 nm from La20,s:Eu. 



of interest heats the thin phosphor layer; consequently, the actual surface temperature is inferred from the absolute 
temperature of the phosphor. There is no requirement to estimate or measure the surface emissivity, transmissivity, or 
reflectivity, all of which have values which are temperature dependent. The fact that the methodproduces an absolute 
temperature is a second major advantage of phosphor thermometry. There is no tendency for the measurement to drift 
with time, as is the case with thermocouples and related devices, and there is not requirement of any reference 
information except the absolute calibration curve for the particular phosphor. A third advantage is that phosphor 
thermometry is a non-contact, remote technique. We have made measurements fiom as close as about a millimeter to 
as far as about 12 meters from a surface. A further advantage arises fiom the nature of many of the fluorescent materials 
used for high-temperature measurement. Most are refkctory and very stable under a variety of chemical conditions. 
Because of these properties, combined with the ability to make remote measurements, phosphor thermometry can open 
be done in hostile environmenls such as high vibration zones, moving components, high nuclear radiation fields, areas 
near large induction heaters or magnetic fields, or in zones where surfaces of interest may be bathed in flames. 

Figure 4 is a compilation of fluorescence lifetime (decay time) versus temperature for a variety of thermographic 
phosphors we have studied. A number of other phosphors with responses overlapping the ones shown are not included, 
for clarity. It is important to note that several have temperature sensitivity that extends up toward about 1800 K; 
consequently, we will have several choices of appropriate phosphor for most measurement problems at very high 
temperature. 

Implementation of the Method 

In practice, phosphor thermometry for high-temperature 
surfaces is often done with a setup similar in concept to that 
shown in Figure 5. The three major components of the system 
shown in the illustration are the stimulating sources and optics, 
photodetection, and signal analysis. Often the stimulating 
source will be a pulsed ultraviolet laser, such as a simple 337 
nm nitrogen gas laser, available in sizes from about 20 cm long 
on up. Other lasers can be used, providing they can produce a 
beam that is in the ultraviolet (or sometimes the blue) part of 
the spectrum. Steady state or modulated light sources can also 
be used, such as light emitting diodes, xenon or mercury lamps, 
and the like. In the case of the steady state or modulated 
sources, a somewhat different set of measurement parameters 
are required; so, for conciseness, we will discuss only pulsed 
excitation, realizing that it is only one interrogation technique 

1 
among many. For high-temperature measurement, however, 
pulsed excitation has distinct advantages. When surfaces rise 
to about 700 C and higher, their surface emission moves into 

Figure 4. Compilation of lifetime (decay time) versus 
temperature for a variety of phosphors. 
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the predominantly red region, then on up into yellow, green, 
and blue. This blackbody emission can interfere with visible fluorescence that has been stimulated for measurement 
purposes. When the fluorescence, however, is stimulated by a few nanosecond pulse of laser light, the visible 
fluorescence in most cases will overwhelm the near-constant blackbody background in the particular wavelength band 
ofinterest. Optical fibers are commonly used to transport the stimulating light pulse to the point of use, as well as to 
return the resultant fluorescence to an appropriate photo detector. Photomultipliers are usually used for the photo 
detector, although we have recently tested several different types of avalanche photodiode systems. These lower noise, 
wider dynamic range devices have gains one or two orders of magnitude lower than photomultipliers, but are becoming 
lower in cost, quite reliable, and somewhat more available. 
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Electrical signals from the photo detector are recorded as a function 
of time in an oscilloscope or oscilloscope card associated with a 
personal computer. Other methods of handling the output 
electrical signals include integrating and producing a ratio with 
another reference signal (for normalization purposes), or simply 
sampling a few points in time with a linear digital detector in order 
to determine a trend that relates to temperature. In general, 
however, a full waveform has been recorded and processed 
digitally in a computer. Often, repeated waveforms, produced by 
repeated laser pulses, will be averaged to generate a lower noise 
signal with which to work. A typical fluorescence signal, after a 
possible disturbance fiom the reflected laser flash, will have a long 
period, often several decay times, where its natural logarithm is 
quite linear. The h e a r  Slope determines the decay time (see the 
expression for intensity above), and is extracted between cursors 
that bound the region selected for stable signal behavior. It is 
possible to automate the data-taking process by using calibration information in analytical or table-lookup form in the 
computer code which processes the waveform data. In arrangements of this type, especially when the usual oscilloscope 
is replaced with a computer card, the thermometry system can be quite compact and easy to transport and set up at 
measurement locations. 

Figure 5. Typical high-temperature phosphor thermometry 
setup. 

Phosphor Deposition and Bonding 

A critical aspect of the phosphor method of surface temperature determination is the need for a strong, thin layer of 
phosphor that will endure during the measurement time and will yield temperatures that are correspondent to those of 
the surface to be measured. Our experience with high temperature materials is that in many cases surfaces are eroded 
by some process associated with the particular device. In jet turbine engines, for example, high speed, hot air scours 
the rotor and stator surfaces, and will often wear off loosely bound layers. The thickness needed for phosphor 
thermography is somewhere between about 1 micron and about 50 microns. If cleanliness and care are used, several 
different methods have been successful in applying durable coatings in this thickness range. The fmt, and simplest, is 
to use a high temperature inorganic binder, stir in the phosphor powder as a suspension, and apply the material by a 
spraying technique, perhaps with an airbrush. This resultant coating is then heat cured to drive off the volatiles and form 
molecular bonding configurations. A second common method is to use electron beam &position, produced in a vacuum 
chamber by electron bombardment and subsequent material vaporization. These coatings tend to form secure surface 

Figure 6. Setup for measuring temperature of rotating 
high-temperature material samples in a burner-rig 
facility. 

bonds, especially for thicknesses less than about 20 microns. Other 
methods we have used include ion sputtering, epoxy-phosphor 
mixtures, electroplating, and Iaser ablation. Any of the methods 
which vaporize the phosphor have the potential of disrupting the 
molecular configuration. Some phosphors, such as metal oxides, can 
be re-heated in air to re-oxidize the material. Other phosphors, 
particularly those containing sulphur or other ions that are prone to 
being replaced by more active members of the same chemical family, 
cannot be deposited by these methods. In nearly all cases it is 
important to cross-check the temperature calibration of the applied 
coating if that is possible, since changes in molecular structure will be 
reflected in changes in temperature dependence of any fluorescence. 
Calibration checks can be done in controlled temperature furnaces, 
which are often available in facilities where high-temperature materials 
are used, or by locally heating the surface while monitoring it with a 
contact temperature gauge. In conditions where calibration checks are 
not feasible, we have applied phosphor with one of the lower 
temperature methods, knowing that the material calibration will not 
change due to the application process. 



Thermometric Examples 

To illustrate the use of thermographic phosphors in real measurement situations, we describe two measurements of 
surface temperature in hot, challenging environments. The fust involves test samples of high-temperature alloys rotating 
in a burner rig. The turbine engine industry uses burner rigs to test response and durability of materials under conditions 
of temperature cycling in the presence of burning jet fuel. This test was done at a burner rig facility at Pratt & Whitney, 
East Hartford CT.6 Figure 6 shows a schematic of the setup used. The burner rig consisted of a rotating stage containing 
samples on a 6 cm diameter circle, moving the samples cyclically into a flame, as depicted in the figure. The 
temperature can be varied by changing the fuel flow rate and the fuel-to-air ratio. We mounted two turbine blades on 
the stage, using coatings of europium activated yttria (Y,O,:Eu) and europium activated yttrium vanadate (WO,:Eu), 
two well characterized thermographic phosphors. A monochrometer, shown in the figure, selected either the 6 1 1 nm 
or 619 nm emission lines, which are the dominate temperature sensitive emissions fiom the two phosphors. The pulsed 
nitrogen gas laser was synchronized with the stage rotation so repeated sampling of either blade could be selected. A 
reference pyrometer, used routinely with the system, was set at blade temperatures of 635,700, and 875 C. The tests 
showed that the temperatures determined by the phosphors were between 5 and 20 % higher than the pyrometer 
readings. The phosphor method also allowed localized measurements, the size of the laser illumination spot, rather than 
the full blade average obtained by the pyrometers. 

hother  illustration is a measurement made on a stator vane in an operating jet engine. The engine was a Pratt & Whit- 
ney PW2037 and the test, as in the first example, was performed in East Hartford CT.’ The measurement arrangement 
is shown in Figure 7. The purpose of the test was both to determine if the phosphor coating on the ftrst stage vane would 
endure the harsh environment long enough to make a measurement, and whether such a measurement could be made, 
especially given the presence of flames fiom fuel burners impinging directly on the vanes. The probe used was a 
modified pyrometry probe, with details shown in Figure 8. The phosphor coating did survive reasonably well and 
measurements were made during engine operation, a summary of the results shown in Figure 9. In the figure, the 
characteristic decay times (corresponding to the temperatures on the y-axis) are shown, illustrating the trend of 
shortening decay time as temperature rises. 
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igurc 7. Setup for measuring vane temperatures in a 
turbine engine. 
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Future High-Temperature 
Thermometry Applications 

Because of its ability to do remote, non-contact, emissivity- 
independent thermometry in high-noise, high-vibration, and high- 
temperature environments, phosphor thermometry stands as a major 
diagnostic and monitoring technology for many applications. For 
automobife and truck engine development, with efforts underway to 
produce higher-temperature operations, optical probes can be used to 
interrogate piston heads, valves, injectors, rods, piston chambers, or 
other critical components. The internal flame and high-pressure 
environments can be overcome by a combination of optical fiber 
probes, pressure sealed, and use of shutters and narrow-band filters for 
the well-timed fluorescence signals. In manufacturing of steel, 
aluminum, or other metals, surface coatings of phosphor can be 
applied either temporarily or permanently, depending on the 
application. Temporary coatings might simply be phosphor powder 
sprinkled or dusted onto the relevant surface, which could be moving 
or stationary. Our experience with the phosphors is that they are quite 
inert to most environments and can almost always be cleaned off or 
painted over if desired. Used in such ways, temperatures can be 
monitored in during processes of heating, rolling, and surface finishing 
metals, without the problems encountered when either contact or 
emissivity-dependent methods are attempted. 

I 
Figure 8. Cross-sectional view of vane probe 
assembly. 



Another application area is in the power industry, 
monitoring temperatures of power turbines, steam pipes, 
flame canisters, and other critical components. Power 
plant efficiency is strongly dependent on operating tem- 
perature, but is also affected by required maintenance 
and emergency shutdowns. Because phosphor thermo- 
metry measures temperature on an absolute basis, there 
will be no need for regular recalibration of 
thermocouples and related devices, and the temperature 
performance envelopes of various systems may be 
operated closer to high-temperature iimits. In the 
chemical industry there are similarly critical assemblies 
in process heaters, process furnaces, steam lines, heat 
exchangers, etc., whose temperatures must be known 
with a high degree of certainty. In liners comprised of 
ceramics, it is possible to add surface coatings of a 
number of the thermographic phosphors with little or no 

Figure 9. Phosphor thermometry results on turbine engine vane. 

impact on the insulation and reflectance properties of the particular furnace or similar system. Optical probes, perhaps 
requiring sapphire fibers in some applications where temperatures exceed about 1000 C, can penetrate most chambers 
and resist corrosion, pressure, and heat as effectively as most structural materials. 

In formation and fabrication of ceramics, thermographic phosphors can be particularly useful because high-temperature 
materials of this type often become partly translucent in the temperature range where they are the most useful. 
Combined with varying and difficult-to-determine emissivities, the non-zero transmissivities create great measurement 
difficulties for the pyrometric systems often used for high-temperature materials. Here again, the use of optical fibers, 
remote detectors, and chemically stable phosphors can establish high-reliability and long-lasting measurement 
arrangements and devices that can study the properties of new materials as well as evaluate their use in engines, devices, 
and manufacturing lines. Widespread use of phosphor thermometry promises to improve productivity, safety, and 
efficiency in a variety of high-temperature applications. 
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