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(57) ABSTRACT

Systems and methods that are capable of measuring pressure
or temperature based on luminescence are discussed herein.
These systems and methods are based on spin-allowed broad-
band luminescence of sensors with orthorhombic perovskite
structures of rare earth aluminates doped with chromium or
similar transition metals, such as chromium-doped gado-
linlum aluminate. Luminescence from these sensors can be
measured to determine at least one of temperature or pressure,
based on either the intense luminescence of these sensors,
even at high temperatures, or low temperature techniques
discussed herein.
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1

TEMPERATURE AND PRESSURE SENSORS
BASED ON SPIN-ALLOWED BROADBAND
LUMINESCENCE OF DOPED
ORTHORHOMBIC PEROVSKITE
STRUCTURES

ORIGIN OF THE INVENTION

The invention described herein was made by an employee
of the United States Government and may be manufactured
and used by or for the Government for Government purposes
without the payment of any royalties thereon or therefore.

BACKGROUND

Optical temperature sensing i1s crucial to many applica-
tions, especially where other methods of temperature sensing,
are unsuited. There 1s a long history of optical temperature
sensing by measuring thermal radiation output (1.e., pyrom-
etry) that offers the same advantages of being a non-contact,
non-electrical measurement that are common to all optical
measurements. However, the accuracy of pyrometer mea-
surements 1s limited by the degree to which the emissivity of
the observed object 1s known, a value which 1s often uncertain
or non-trivially temperature-dependent. Additionally, as any
intensity-based measurement, it 1s perturbed by many system
and environment instabilities (an important one of which 1s an
inhomogeneous or flame atmosphere). Luminescence-based
temperature sensing, when decay time rather than intensity 1s
used for temperature indication, was developed to overcome
these 1ssues and to this purpose has been successiul, although
with much lower upper temperature limits than pyrometry. In
some cases, luminescence temperature sensing has been
combined with pyrometry to create a high precision low-
temperature sensing system based on luminescence measure-
ments with extended capability (though with less precision)
at high temperatures using pyrometry.

Effective lower temperature (below 600° C.) sensing based
on oxides or fluorides doped with transition metals (particu-
larly Cr’*-based oxides like ruby, alexandrite, and emerald)
have been utilized for the high luminescence intensity asso-
ciated with the strong 3d to 3d absorption and emission tran-
sitions. Doping levels as small as 0.01% Cr’* are more than
suificient to provide measurable luminescence at room tem-
perature. In addition, due to the broadness of absorption
bands 1n these materials, a wide variety of excitation sources
can be used to excite luminescence.

Higher temperature luminescence decay sensors (some
going as high as 1700° C.) have been made based on trivalent
rare earth ions such as Eu’*, Dy>*, Tb>* and Tm>*. In these
ions, the luminescence 1s associated with energy transitions
of the 41 electrons, whose shuelding by the 5s and Sp electrons
prevents the energy level broadening (by phonon coupling)
observed in the transition metals. This leads to the advantage
of suppressed non-radiative transitions, and thermal quench-
ing 1s delayed to typically much higher temperatures; how-
ever, this brings the disadvantage of inherently weaker lumi-
nescence by several orders of magnitude due to weaker
absorption and emission probabilities. The use of higher dop-
ing levels can compensate for the weaker luminescence to
some degree; however, luminescence intensity reaches a
maximum typically at a few cation percent before falling off
due to concentration quenching. The low emission intensity
from rare earth dopants, especially in the presence of intense
background thermal radiation, has been a severe impediment
tor successtul high temperature application.
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The key difficulty encountered by the current state of the art
1s achieving temperature sensing capability and in maintain-

ing temperature measurement precision to high temperatures.
As temperature increases, non-radiative de-excitation pro-
cesses increasingly compete with the radiative transition of
the lumiphore, causing a quenching, or loss, of signal inten-
sity at the same time that the blackbody background radiation
increases. For all lumiphores, there 1s a temperature at which
luminescent 1ntensity 1s no longer adequate to reliably mea-
sure temperature. In addition, the luminescence decay time
which 1s used to correlate to temperature decreases exponen-
tially with temperature after the onset of quenching; this
leads, on one hand, to the requisite temperature sensitivity but
also results 1n a secondary upper limit to temperature sensing
capability at which point the decay time 1s too short to be
measured without convolution from the excitation or detec-
tion apparatus. As such, conventional non-contact, lumines-
cence-based optical temperature sensors lack intensity and
decay time properties suilicient to be used i many high
temperature applications.

SUMMARY

The following presents a stmplified summary of the 1nno-
vation 1 order to provide a basic understanding of some
aspects of the innovation. This summary 1s not an extensive
overview ol the innovation. It 1s not intended to identity
key/critical elements of the mnovation or to delineate the
scope of the innovation. Its sole purpose 1s to present some
concepts of the innovation in a simplified form as a prelude to
the more detailed description that 1s presented later.

The mnovation disclosed and claimed herein, 1n one aspect
thereol, comprises a luminescence-based sensor system. This
system can include a chromium-doped gadolintum aluminate
(Cr:GdAIO,) sensor, or a sensor made of similar materials
discussed herein. Additionally, such a system can include a
measurement component capable of recerving luminescence
illumination from the Cr:GdAlO, or other similar sensor and
measuring intensity data associated with the luminescence
illumination. Further, the system can include an analysis
component that can determine at least one of a temperature or
a pressure based at least 1n part on the measured intensity data.
In addition, the measurement component can utilize decay
time of spin-allowed broadband luminescence for at least the
upper temperature range ol temperature and/or pressure sens-
ng.

In other aspects, the innovation can comprise a method of
measuring based on luminescence. Such a method can
include the act of exciting a luminescent material with a
pulsed light source. In aspects, the luminescent material can
be a sensor comprising an orthorhombic perovskite structure
of a rare earth aluminate doped with chromium (Cr:REAIQO;,
where RE=one of the rare earth elements Gd, Th, Dy, Y, Ho,
Er, or Tm). Additionally, the method can include the act of
collecting luminescence from the Cr:REAIO; sensor. The
method can also include the act of determining at least one of
a temperature or a pressure of the Cr:REAIO, sensor based at
least 1n part on the collected luminescence of the Cr:REA1O,
SENSor.

To accomplish the foregoing and related ends, certain 1llus-
trative aspects of the innovation are described herein 1n con-
nection with the following description and the annexed draw-
ings. These aspects are indicative, however, of buta few of the
various ways in which the principles of the innovation can be
employed and the subject innovation is intended to include all
such aspects and their equivalents. Other advantages and
novel features of the innovation will become apparent from
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the following detailed description of the innovation when
considered 1n conjunction with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a system capable of optical measurement of
at least one of temperature or pressure in accordance with
aspects of the subject innovation.

FI1G. 2 1llustrates the excitation spectrum of Cr:GdAlO; in
accordance with aspects of the subject innovation.

FIG. 3 shows a Tanabe-Sugano diagram for octahedral
coordination, 1llustrating the relationship between the energy
level structure and crystal field.

FIG. 4 shows a configuration coordinate diagram for
Cr:GdAlO;.

FIG. 5 illustrates a method of optical measurement of
temperature or pressure i accordance with aspects of the
subject innovation.

FIG. 6 shows a plot of total intensity collected over time
against wavelength for a variety of temperatures based on
excitation of Cr:GdAIO, at 532 nm.

FIG. 7 shows a portion of the same data shown 1n FIG. 6,
with the vertical scale expanded.

FIG. 8 shows a plot of the logarithm of the intensity against
time for luminescence of Cr:GdAlO, at a variety of tempera-
tures.

FIG. 9 shows a graph of the intensity as a function of
wavelength and time for a Cr:GdAlO, sample at 24° C.

FIG. 10 shows a graph of the intensity as a function of
wavelength and time for a Cr:GdAlO, sample at 399° C.

FIG. 11 shows a graph of the intensity as a function of
wavelength and time for a Cr:GdAlO, sample at 599° C.

FIG. 12 shows a graph of the intensity as a function of
wavelength and time for a Cr:GdAlO, sample at 799° C.

FIG. 13 shows a graph of the intensity as a function of
wavelength and time for a Cr:GdAlO; sample at 999° C.

FIG. 14 shows a graph of the intensity as a function of
wavelength and time for a Cr:GdAIO, sample at 1199° C.

FIG. 15 shows decay time as a function of temperature
determined for a Cr:GdAlO, specimen.

DETAILED DESCRIPTION

The 1nnovation 1s now described with reference to the
drawings, wherein like reference numerals are used to refer to
like elements throughout. In the following description, for
purposes ol explanation, numerous specific details are set
forth 1n order to provide a thorough understanding of the
subject innovation. It may be evident, however, that the 1nno-
vation can be practiced without these specific details. In other
instances, well-known structures and devices are shown in
block diagram form in order to facilitate describing the 1nno-
vation.

The subject innovation provides a high-temperature lumi-
nescence-based temperature sensor that both shows high tem-
perature sensitivity in the upper temperature range of present
state-of-the-art luminescence sensors (to at least 1300° C.)
while maintaining substantially stronger luminescence signal
intensity that will allow optical sensors according to the sub-
ject innovation to operate 1n the presence of the high thermal
background radiation typical of industrial applications. The
subject imnnovation can provide this by using a sensor com-
prising chromium-doped gadolinium aluminate, Cr:GdAlQO,,
or another orthorhombic perovskite rare earth aluminate
doped with any transition metal ion with an nd” electron
configuration where n=3, 4 or 5 such as Cr’*, V**, Mn™**,
Mo>*, or Re™, resulting in spin-allowed broadband lumines-
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cence that remains strong at high temperature due to the
favorable electron energy level spacing of the matenal (e.g.,
Cr:GdAlQO,). As used herein, broadband luminescence emis-
sion 1s defined as radiative emission due to a spin-allowed
transition between electronic states with a significant Franck-
Condon offset, A~ ~, that produces a strongly phonon-coupled
(and therefore broadened) radiative transition.

Systems and methods of optical temperature measurement
according to the subject innovation can be utilized for appli-
cations where electrical-based measurements, such as by
thermocouple, are unsuitable, due to such factors as harsh
environments, RF interference, moving parts, etc., as can be
encountered 1n industrial environments, turbine propulsion
engines, electrical turbine generators, etc. Additionally, sys-
tems and methods of the subject innovation can be utilized in
making pressure measurements or combined temperature/
pressure measurements at high temperatures.

Various systems and methods of the subject mnovation
include use of an orthorhombic perovskite structure of a rare
carth aluminate doped with a ftransition metal (e.g.,
Cr:GdAIQ,, etc.) as a high temperature optical sensor using
spin-allowed broadband luminescence. Sensor materials dis-
cussed herein (e.g., Cr:GdAlQO,, etc.) can be used as tempera-
ture sensors, as pressure sensors, or, 1n some embodiments, as
dual pressure/temperature sensors. Some advantages of the
orthorhombic perovskite (e.g., GAAIO,, etc.) host are its high
crystal field, phase stability, and distorted symmetry at the
dopant (e.g., Cr’*) occupation sites. The use of the spin-
allowed broadband emission for temperature sensing at high
temperatures disclosed herein 1s unanticipated since the
broadband emission from the “T, to *A, electron configura-
tion transition normally shows severe thermal quenching. The
tightly bound AlO octahedra 1n the host materials discussed
herein (e.g., GAAIO,) results 1n a larger energy barrier to
nonradiative decays at the Al°* octahedral sites where Cr "
(or alternatively Min™* or V>*) substitutes than in other mate-
rials and therefore makes using spin-allowed broadband
emission for temperature sensing possible at high tempera-
tures. In some embodiments, the addition of a trivalent rare
carth dopant to the orthorhombic structure of the transition
doped rare earth aluminates discussed herein (e.g.,
Cr:GdAIO,, etc.) provides a single optical sensor that can
measure temperature and pressure independently 1n complex
systems.

The increase in temperature capability of systems and
methods of the subject mnovation represents a significant
advance over conventional systems. Experimental observa-
tions described further herein demonstrate usable lumines-
cence decay from an example sensor 1n accordance with
aspects of the innovation, composed of Cr:GdAlQO,, to a least
1300° C., whereas 1n other Cr-doped crystals (for example,
ruby), R-line luminescence used for temperature sensing has
only been demonstrated up to about 600° C. Furthermore,
prior practice has been limited to utilizing R-line decay for
Cr-doped crystals, whereas a unique feature of the testing
method described herein 1s the utilization of spin-allowed
broadband (*T, to *A,) luminescence that, for the materials
described herein, exhibits suppressed thermal quenching and
therefore greatly increases the upper temperature limit
achievable for temperature sensing. In addition, the relative
position of the “T, level above the “E level in Cr:GdAIO,
insures maintaining significant °E population at elevated tem-
peratures, where this *E population acts as a reservoir to
replenish the more quickly depleting *T., population so that
the spin-allowed broadband emission (*T, to *A,) will have a
much longer decay time than usually observed for a spin-
allowed broadband emission due to the constant repopulation
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of the *T, level from the “E level that occurs in order to
maintain thermal equilibrium. Prior to the innovation dis-
closed herein, the quenching of Cr’* luminescence intensity
was previously thought to be preclude application to sensing
temperatures above 600° C. due to thermal quenching pro-
cesses. The materials discussed herein provide advantages
via the high crystal field present in the orthorhombic perovs-
kite host materials (e.g., GAAIQO,, etc.) and the effect this high
crystal field has on suppressing quenching at high tempera-
tures. In addition, these matenals (e.g., GdAIO,, etc.) are
non-reactive and stable 1n harsh, high-temperature environ-
ments and so can be used at the end of a fiber optic probe (e.g.,
of silica, sapphire, etc.), as a stand-alone sensor for remote
measurements in these environments, or as a dust or powder
introduced 1nto a flame or a fluid (e.g., liquid, gas, plasma, or
mixed phase materials, such as sprays, colloids, etc.), or as a
permanent coating on a surface of interest, or as an 1corpo-
rated sub-surface layer in a suitably translucent or transparent
material to determine a temperature. The many orders of
magnitude greater high temperature luminescence intensity
from the materials discussed herein (e.g., Cr-doped GdAIO,,
etc.) compared to ruby provide a great advantage over the
much weaker luminescence from trivalent rare-earth lumi-
nescence that 1s currently used for higher temperature lumi-
nescence-based temperature measurements and will allow
these matenials (e.g., Cr-doped GdAIO,, etc.) to be utilized in
the presence of significant background radiation that often
occurs 1n industrial environments.

Turning to FIG. 1, shown 1s a system 100 capable of optical
measurement ol at least one of temperature or pressure in
accordance with aspects of the subject mnovation. System
100 can comprise an optical excitation source 102 that can
produce excitation illumination 104 capable of exciting lumi-
nescence 1n a thermographic phosphor 106 of the subject
innovation. In some embodiments, optical excitation source
102 can be a laser, although laser diodes, light emitting diodes
(LEDs) or other sources (e.g., filament and arc lamps, tlash-
tubes, flames, particle beams such as electron, neutron, or 10n
beams, etc.) can also be used. Additionally, 1n some aspects,
multiple lasers, LEDs, etc. can be used, for example when
temperature measurements are desired for multiple surfaces
or sub-surface layers of a component, etc. Optical excitation
source 102 can provide pulsed illumination for repeated exci-
tation and thus repeated measurement of thermographic
phosphor 106, and the pulse length and frequency can be
selected based on requirements such as properties of thermo-
graphic phosphor 106, power requirements, etc. Alternatively
to pulsed 1llumination, other techniques may be used, such as
amplitude modulation of the excitation i1llumination 104 and
temperature or pressure determinations based on phase shift,
etc. Thermographic phosphor 106 can be any of the materials
discussed herein, such as Cr:GdAlO;, or other orthorhombic
perovskite rare earth aluminates doped with chromium or
other 1soclectronic ftransition metal 1ons. Additionally,
throughout this disclosure, although frequent reference 1s
made to Cr:GdAIlO, or other orthorhombic perovskite rare
carth aluminates doped with chromium or another similar
transition metal, these materials may additionally be doped
with a different rare earth element than that of the host mate-
rial (e.g., RE,Cr:GdAlO; where RE 1s a different rare earth
clement than Gd, etc.). As such, it 1s to be understood that
embodiments additionally doped with a different rare earth
clement than that of the host material are to be encompassed
as alternatives even when not explicitly referenced by lan-
guage such as materials, thermographic phosphor, rare earth
aluminates doped with chromium or another 1soelectronic
transition metal 10ns, or other similar terminology or phrases.
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Embodiments additionally doped with a different rare earth
clement can perform the temperature or pressure sensing
functions of other embodiments, and can also be used as dual
pressure/temperature sensors.

FI1G. 2 illustrates the excitation spectrum of one material 1n

accordance with aspects of the subject innovation, that of
Cr:GdAIQ,, although other materials may be used. As can be
seen from FIG. 2, one advantage of Cr:GdAIO, (and other
materials discussed herein) 1s the wide range of choices for
luminescence excitation. As such, excitation illumination 104
can be of any of a number of wavelengths, for example,
around 425 nm, around 575 nm, as well as ranges of values
around the peaks seen on FIG. 2, etc., allowing for a wide
range of lasers or LEDs to be used, or for selection of an
excitation wavelength based on environmental or other fac-
tors (e.g., i material absorbing one wavelength may be
present, others can be used, etc.). For example, any of a range
of wavelengths can be used to excite luminescence in mate-
rials discussed herein, such as wavelengths ranging from
around 350 nm to around 600 nm.

Returning to the discussion of FIG. 1, upon excitation,
thermographic phosphor 106 luminesces, outputting emis-
s10n or luminescent 1llumination 108. The spectrum of lumi-
nescent 1llumination 108 1s temperature dependent, particu-
larly at lower temperatures, as described further herein. In
multiple embodiments, such as for high temperature mea-
surement, spin-allowed broadband emission (e.g., from the
*T, state) can be used for temperature sensing instead of
conventional R-line luminescence. In other aspects, however,
specific wavelength-dependent features of the spectrum of
illumination 108 can be used to determine the temperature,
especially at lower temperatures. For example, at lower tem-
peratures, the spectrum of Cr:GdAlO, has a pronounced zero
phonon peak (R-line) and anti-Stokes peak, at about 730 and
700 nm, respectively, which both exhibit distinct temperature
dependence. In aspects of the subject innovation, the ratio of
the mtensities of these peaks can be used for sensitive low-
temperature measurement. Similarly, other materials dis-
cussed herein can be used for low temperature measurement
in corresponding ways. At higher temperatures, the spin-
allowed broadband luminescence of the materials discussed
herein can be used to determine the temperature as described
turther herein. In contrast with conventional systems, various
maternials of the subject mnovation exhibit spin-allowed
broadband luminescence with intensities well above com-
monly encountered noise levels at temperatures of up to
1300° C. or higher. In many applications (for example, incor-
poration into a coating such as a thermal barrier coating
(TBC), etc.), the high luminescence intensity of matenals
discussed herein provide an advantage of high intensity sig-
nals allowing measurements to high temperatures even 1n the
presence ol high noise or signal attenuation from other
sources, such as embedding the material as a buried layerin a
coating (e.g., TBC, etc.), incorporating into a component, etc.

The luminescent 1llumination 108 can be observed by mea-
surement component 110. Measurement component 110 can
be a gated photosensitive device, such as a photomultiplier
tube, avalanche photodiode, silicon photodiode, intensified
charge-coupled device (ICCD), or substantially any other
photosensitive device capable of determining the intensity of
luminescent illumination with adequate time response 1n
either a spot or imaging mode 108. Optionally, a filter (e.g., a
bandpass filter, etc.) can be used that transmits only the
desired portion of the spectrum of interest, and can be
selected to maximize signal-to-noise, for example by reduc-
ing transmaission of the thermal radiation background that 1s
most mtense at longer wavelengths. Additionally or alterna-
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tively, filtering may optionally be used to attenuate the signal
received i order to prevent saturation ol measurement device
110 by the high intensity of the luminescence. In various
embodiments, additional optics may be used with either mea-
surement device 110 or optical excitation source 102 for a
variety of reasons as required and as understood 1n the art,
such as to redirect, collimate, filter, focus, split, etc. either
excitation 1llumination 104, luminescent 1llumination 108, or
both. Depending on the configuration of the system, the time
resolution that measurement device 110 1s capable of may
limit the upper temperature range that can be measured by
embodiments of the subject innovation. However, time reso-
lutions of less than a nanosecond (e.g., on the order of tens of
picoseconds) are available from photosensitive devices
known 1n the art. In aspects, measurement component 110 can
obtain global intensity values over time from thermographic
phosphor 106 (e.g., 1n fiber optic embodiments discussed
herein, or 1n certain applications of other embodiments).
However, 1n other aspects, measurement component 110 can
also obtain multiple intensity values over time for different
regions or portions of thermographic phosphor, so as to deter-
mine a map of the itensity, decay time, and temperature (or
pressure) of thermographic phosphor 106. For highest spatial
resolution, 1maging instrumentation 1s currently available
where a decay time can be determined for each individual
pixel 1n the field of view. Depending on the requirements,
multiple photosensitive devices can be used to obtain infor-
mation associated with multiple surfaces of a component or
from multiple angles of a region of interest. Due to the high
intensity, measurement data can be obtained and analysis
performed on 1t 1n real-time.

Analysis component 112 can receive intensity data from
measurement component 110 and determine temperature (or
pressure, or both) based at least 1n part on the intensity data.
First, one or more decay times can be determined that corre-
spond to the intensity data, based on changes 1n the intensity
data over time. For measurements corresponding to more
than one region (e.g., different regions subdividing a surface,
such as by a gnid, etc.), decay times can be determined for
cach region. For lower temperatures (or pressures, etc.), the
temperature (or pressure) can be accurately determined by
calculating a ratio of the intensities of a zero phonon and an
anti-Stokes peak (or similar features) of the emission spec-
trum. For higher temperatures, temperatures (or pressures,
¢tc.) can be determined based on the one or more decay times.
For example, an exponential decay function can be fit to data
captured by measurement component 110 using regression
analysis, such as by a least squares algorithm, etc., or other
suitable analytical or numerical techniques, and the lifetime
value of the function can be compared to a series of calibra-
tion values that correlate decay lifetime to temperature (or
pressure, etc.) when measured under controlled conditions,
which can be determined by calibrating a system of the sub-
ject mmnovation with a reference thermometer (e.g., a thermo-
couple, platinum resistance thermometer, etc.) to obtain cor-
relations between the series of calibration values that
correlate decay lifetime to temperature. Analysis (e.g., curve
fitting, etc.) can also include correction for background noise,
for example, by background subtraction. Where multiple
decay times have been determined corresponding to different
regions, temperatures (pressures, etc.) can be determined for
cach region. Additionally, because of the high intensity lumi-
nescence of the materials discussed herein, measurement,
analysis, and determination of temperature (or pressure, etc.)
can be performed 1n real time, and can be output in real-time,
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for example, as a video or image showing a temperature (or
pressure, or both) map of a component or region of interest in
real-time.

Control component 114 can coordinate the operation of
optical excitation source 102, measurement component 110,
and analysis component 112. For example, for each pulse of
optical excitation source 102, measurement component 110
can obtain intensity data that for processing by analysis com-
ponent 112. Control component 114 can then present this data
in a variety of formats, providing temperature (or pressure,
etc.) data over time. In embodiments involving temperature
(or pressure, etc.) determinations over multiple regions, this
data can be presented as a temperature (or pressure, or both)
map, for example, as a video of the temperature (pressure,
etc.) map over time.

As described turther herein, the decay time of spin-allowed
broadband luminescence emission from the orthorhombic

perovskite structure of a rare earth aluminate doped with a

transition metal ion with 3d” electron configuration (e.g.,
Cr-doped GdAIO, (Cr:GdAIO,)) can be used for lumines-

cence sensing ol temperature (and pressure) at ultra-high
temperatures well above those easily measured by current
state of the art luminescence-based temperature (and pres-
sure) sensors. The selection of the orthorhombic perovskite
structure (for example, of the GAA1O, host matrix for the Cr>*
lumiphore) and the utilization of the high-temperature spin-
allowed broadband luminescence of Cr:GdAIO, (or other
maternals discussed herein) can make temperature measure-
ments possible to much higher temperature (up to at least
1300° C., 1n the case of Cr:GdAIQO,) than possible using the
commonly used Cr’*-doped sapphire (i.e., ruby), for which
temperature sensing 1s limited to below 600° C. The sensor
material can be attached to a component (e.g., in an engine,
etc.) where 1t can be remotely probed utilizing excitation and
detection optics, attached at the end of a fiber optic probe that
can be positioned at a region of interest, or 1n other settings,
such as introducing the material as a dust or powder to char-
acterize a flame (e.g., in connection with an afterburner, the
exhaust of a railgun, etc.), or as a permanent coating on a
surface of interest, or as an incorporated sub-surface layer 1n
a suitably translucent or transparent material. Since the lumi-
nescence of material with an orthorhombic perovskite struc-
ture (comprising a rare earth aluminate doped with a 3d°
clectron configuration transition metal 10on (e.g.,
Cr:GdAlO,)) 1s also pressure sensitive, 1n situations involv-
ing variations in pressure or stress a rare earth dopant, which
luminesces via temperature sensitive but pressure-insensitive
41-41 electronic transitions, could be added 1n order to decon-
volute the effects of temperature and pressure on the decay
time of the rare earth aluminate doped with the transition
metal (e.g., Cr:GdAIQO,).

In one embodiment, the described temperature (and pres-
sure) sensors (e.g., comprising Cr:GdAlO,) can be incorpo-
rated 1nto or applied onto a component’s surface (e.g., as part
of a coating such as a thermal barrer coating (TBC), 1n a
discrete sensor area, uniformly applied, etc.) when a non-
contact surface temperature measurement 1s desired. In other
embodiments, the temperature sensor can be attached to the
end of a fiber optic probe (e.g., by physical vapor deposition
techniques or painting and curing with a suitable binder, etc.)
that can then be positioned at the location where the tempera-
ture measurement 1s desired. In further embodiments, lumi-
nescent materials as described herein (e.g., comprising
Cr:GdAlO;) can be mtroduced as a dust or a powder 1nto a
flame (e.g., from an afterburner, the exhaust of a railgun, etc.)
to characterize the temperature of the flame. Irrespective of
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the selection among these three categories of embodiments,
systems and methods of the subject innovation can be imple-
mented as described herein.

As described herein, 1n various embodiments, temperature
sensors can have alternative configurations, either attached to
a fiber optic temperature probe, or incorporated 1nto the com-
ponent or mtroduced into a region where temperature mea-
surements are to be taken without the attachment of a physical
measurement device. In fiber optic probe embodiments, both
the pulsed excitation and the luminescence emission can
travel through the fiber optic light guide. Fiber optic splitting,
and filtering may be useful in preventing scattered laser light
from producing fluorescence in the return fiber optic. The
emitted light can be carried by the fiber optic to a bandpass
filter that can select the portion of the spectrum that contains
the broadband emission (or a portion of the emission), then to
a detector, for example a photomultiplier tube, ICCD, etc.,
that measures the intensity observed as a function of time. The
output from the detector can be recorded by mternal compo-
nents of measurement component 110, on an oscilloscope, a
computer with signal processing software or hardware, etc.

Operation of the temperature sensor incorporated into or
applied onto a component (as a thin film, an embedded crys-
tal, amechanically attached device, or by any other means), or
by introducing the material as a dust or powder to characterize
a flame can be performed similarly to that of a sensor attached
to the end of a fiber optic probe, except that the excitation and
emission light travels through free space (instead of only
through fiber optic wave guides) for all or a portion of the path
of travel, and optics can be used to collimate and focus the
excitation and emission light.

In various embodiments, the sensor material can have vari-
ous geometries, can be produced (e.g., by physical vapor
deposition methods, powder sintering or hot-pressing, the
Czochralski techmique, etc.) as a stand-alone sensor by vari-
ous ceramic processing methods, or can be produced as a
coating on the target component or on the fiber optic tip.
Because the 3d to 3d electron transitions are sensitive to
pressure and temperature, sensors of the subject innovation
(e.g., with an orthorhombic perovskite structure, comprising
a rare earth aluminate doped with a 3d” electron configuration
transition metal 1on (e.g., Cr:GdAIO,)) can be used as a
temperature sensor 1 constant pressure conditions or as a
pressure sensor in constant temperature (1sothermal) condi-
tions. When both temperature and pressure are expected to
vary, a rare earth trivalent dopant such as Nd°*, Eu’*, Dy°*,
etc. can be added to deconvolute pressure and temperature
ellfects. Because the luminescence emission from the rare-
carth dopants originates from 41 to 41 electron transitions,
they are mostly shielded from the effect of pressure. This
provides a pressure mvariant input that determines the first
variable (temperature) after which the second variable (pres-
sure) can be determined from the pressure and temperature
variable Cr’* luminescence, at least up to temperatures where
the rare-earth luminescence can still be successiully moni-
tored.

For many high-temperature applications, Cr:GdAIO; will
have the best combination of phase stability and intense high
temperature spin-allowed broadband luminescence emission
of all the Cr-doped rare earth orthoaluminates, but depending
on the application, a somewhat more 1ntense signal with a
somewhat reduced upper temperature limit may be desired. In
such a case, a different Cr-doped rare earth orthoaluminate,
for example, ThAIO,, DyAlO,, YAIO,, etc. (all of which have
the requisite orthorhombic perovskite structure at high tem-
peratures) may be preferred and all of which will exhibit
temperature sensitivity of spin-allowed broadband lumines-
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cence decay to higher temperatures than ruby, the current
luminescence thermometry standard among transition metal
doped thermographic phosphors. Similarly, the Cr'* dopant
ion can be replaced by isoelectronic 3d” transition metal ions
such as Mn** and V** and still exhibit a similarly desirable
temperature-sensitive spin-allowed broadband luminescence
decay as long as there 1s charge compensation to offset the
non-isovalent substitution of Mn** or V** for the AI°* ions in
the perovskite structure.

Thermal quenching occurs 1 all luminescent materials,
which can cause a decrease of the luminescence signal as
temperature increases further, as described further herein.
The utility of conventional spin-allowed broadband lumines-
cence 1s typically mhibited by severe thermal quenching at
substantially lower temperatures than the various embodi-
ments of the subject innovation. The relationship between the
energy level structure and crystal field 1s given by the well
known Tanabe-Sugano diagram for octahedral coordination,
shown 1n FIG. 3. The mechanisms of thermal quenching of
Cr’* luminescence proceed through two stages, both of which
are governed by the spacing of the energy levels of the Cr’*
3d” electron configuration. After excitation by absorption
from the *A, ground state to either the “T, to *T, electron
configuration levels, fast nonradiative decay occurs to either
the *T, or °E level, whichever is lower, wherein the °E level
will be lower for all the high crystal field materials described
herein. From there, radiative transitions from the “E level
occurs via the zero-phonon transition back to the *A, ground
state, producing the luminescence emission conventionally
used for temperature (or pressure) sensing. The relative posi-
tions of the “T, and “E levels depend on the strength of the
crystal field at the site occupied by Cr’*. In all the oxide
materials discussed herein, the Cr’* dopant (or isoelectronic
3d® transition metal ion) preferentially occupies an octahe-
dral position where 1t has six oxygen nearest neighbors. The
*T, energy level increases in energy with crystal field strength
while the °E level stays relatively unchanged; there is a cross-
over when the crystal field parameter combination Dg/B 1s
2.3 (where Dq 1s the ligand field splitting parameter and B 1s
the Racah parameter), above which the “T, level is above the
“E level with the energy separation between the levels, AE,
increasing with increasing crystal field. In the first stage of
temperature sensitivity, the sensitivity of luminescence to
temperature is associated with thermal promotion from the °E
level, which decays very slowly to the ground state, to the *T,
level, which undergoes more rapid spin-allowed broadband
radiative decay to the *A, ground state, as thermal equilib-
rium is maintained between the “T, and “E level populations.
The radiative decay from the *T, to *A, level produces a
spin-allowed broadband luminescence emission (1n contrast
to the narrow band “E to * A, transition) due to the significant
equilibrium position Franck-Condon offset, A -, between the
*T, and *A, electronic-vibratonal energy level parabolas, as
indicated on a single configuration coordinate diagram
(shown in FIG. 4). The significant offset A ... between the *T,
and *A, levels produces a strongly phonon-coupled (and
therefore broadened) radiative transition compared to the
transition between the “E and *A., levels, which in contrast
have a negligible A -~ offset and therefore negligible phonon-
coupled broadening. One of the key features of the innovation
described herein 1s the unconventional utilization of the spin-
allowed broadband “T, to *A, radiative emission that usually
exhibits thermal quenching at relatively low temperatures,
but by the strategic selection of dopant/host material
described herein exhibits remarkably long-lived emission at
high temperatures due to thermal repopulation from the
underlying metastable °E level. As temperature increases, a
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higher fraction of the metastable “E population is thermally
promoted to “T,, over an energy barrier equal to the gap, AE,
between °E and “T, (see FIGS. 3 and 4). Therefore, for high
temperature luminescence, 1t 1s desirable for the energy gap,
AE, between the *T, level and the lower-lying “E level, and
thus for the crystal field at the Cr’* site, to be as large as
possible.

Assuming the crystal field 1s strong enough to exceed the
*T,-°E crossover at Dg/B=2.3, luminescence emission at
room temperature from a material will be due to the energeti-
cally favored transition from the “E excited state to the *A,
ground state, producing sharp R-line luminescence. As the
temperature increases, the first stage of thermal quenching
will occur as maintainenance of thermal equilibrium popu-
lates the shorter-lived *T, level at the expense of depopulation
of the underlying metastable “E level, but with no loss in
radiative efficiency. With increasing temperature, a higher
fraction of the emission will be from the higher-lying, shorter-
lived *T, level and therefore the decay time will decrease in a
predictable fashion based on the relative thermal population
of these levels.

Because thermal equilibration between these states 1s
reached very quickly, the sharp R-line luminescence will
exhibit the same temperature dependence of 1ts decay time as
the luminescence associated with transitions from the *T,
state. Because the *T, level involves different electron orbit-
als than the “E or *A, levels (in particular, orbitals along the
directions of bonds to the neighboring oxygen atoms), the
transition to the ground state 1s spin allowed and can be easily
phonon-assisted so that the transition from the “T, state
results 1n a broad emission band and substantially higher
radiative rate than the transition from the “E level. An added
driver to the increased population of the *T, level is that
increasing the temperature will expand the lattice and
decrease the crystal field, thereby, reducing the energy sepa-
ration, AE, between the “E and *T, levels. Therefore, in this
first stage ol thermal quenching, as the temperature increases,
there will be an appearance and growth of spin-allowed
broadband emission from the *T, level at the expense of
R-line emission from the “E level, and the R-line emission
will exhibit faster decay due to mixing with the “T, level in
thermal equilibrium. As the temperature increases further, a
second phase of thermal quenching occurs where there 1s
increasing competition from non-radiative transitions, fur-
ther decreasing the decay time of the luminescence emission.
Since the “T, level involves different electron orbitals than the
“E and *A,, levels, it will have a parabolic shape on a single
configuration coordinate diagram that 1s displaced to a new
equilibrium position by the offset A, -, as shown 1n FIG. 4,
and therefore have a pathway via a nonradiative crossover to
the *A, level with an energy barrier of AE_ that will be
enhanced with the higher phonon occupation at higher tem-
peratures. This cross-over will decrease the radiative effi-
ciency of the decay as a greater fraction of the decays proceed
by this nonradiative transition. The energy barrier to this
nonradiative crossover decay, AE_, depends on the steepness
of the parabola of the “T, level on the single configuration
coordinate diagram, where this steepness represents the
restoring force acting on a displaced atom, which in turn
depends on the bonding strength with the neighboring oxygen
ions and therefore 1s sensitive to the crystal field strength; the
restoring force parabola will be steeper, and therefore the
energy barrier to nonradiative cross-over decay, AE_, will
greater, for higher crystal field strengths.

The desirable suppression of thermal quenching respon-
sible for the high temperature sensing capability of the sensor

material of the subject innovation (e.g., Cr:GdAlO, and other
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orthorhombic perovskite rare earth aluminates doped with
transition metals) 1s based on the high crystal field expected
for the transition metal dopant (e.g., Cr’*) in this crystalline
materal, such that this high crystal field will suppress thermal
quenching in both stages described above, due to the higher

values of both AE and AEq, as seen 1n FI1G. 4. For example, in
GdAIO,, based on the known average Al-—O spacing of

0.1835 nm 1 GdAIO, and 0.1915 nm for ruby, the depen-
dence of crystal field on the iverse fifth power of the inter-
atomic distance can be used to predict a 17% stronger crystal
field in GdA1O, compared to ruby. This 1s 1n good agreement
with the measured 20% stronger crystal field. As shown in
FIG. 3, a 20% stronger crystal field will produce a corre-
sponding greater AE at room temperature. Another advantage
of the host material (e.g., GAAIQO,, etc.) of the sensors of the
subject 1nnovation 1s i1ts orthorhombic perovskite structure.
The orthorhombic structure produces not only strong AlO
octahedral bonding, but also distortions from cubic symmetry
that are necessary to relax the transition rules and allow a
large absorption cross-section.

Therefore, stage 1 thermal quenching will be further sup-
pressed in Cr:GdAlO, compared to ruby, because at the same
temperature, the larger AE will result 1n a much smaller frac-
tional thermal population of the higher *T, level at the same
temperature. However, at temperatures above 1000° C., stage
2 quenching will be active and R-line luminescence will not
be available for temperature sensing. At these higher tem-
peratures, a novel feature of the innovation described herein 1s
that 1n this high temperature range, the spin-allowed broad-
band emission from the *T, state is used for temperature
sensing instead of the usual R-line luminescence. Therefore,
one benefit of the selection of the various host materials of the
subject 1nnovation (e.g., GdAIO,, etc.) 1s that the energy
bather for the nonradiative crossover relaxation from the *T,
level to the *A, ground state, AEq, is greater for the materials
of the subject innovation (e.g., GAAIO,, etc.) than for ruby
due to the more tightly bound AlO octahedra within GAA1O,
and other materials discussed herein, as compared to ruby.
The result 1s a significantly lower rate of the nonradiative
decay by this mechamism, and therefore, the spin-allowed
broadband radiative transitions of *T, to ground remain
strong to significantly higher temperatures.

All of the rare-earths can form perovskite structures of the
formula REAIO, (where RE 1s a rare earth), but several fac-
tors make certain rare earth aluminates preferred for certain
applications over others. First of all, depending on the appli-
cation, not all the rare earth perovskites have the orthorhom-
bic structure over the relevant temperature range. At room
temperature, only REAIO, where RE 1s Tm, Er, Ho,Y, Dy, Tb,
Gd, Eu, and Sm have the orthorhomic perovskite structure—
the others have either rhombohedral or cubic perovskite
structure, which exhibit undistorted cubic symmetry for the
AlO, octahedra and therefore small absorption cross-sec-
tions. Among the rare earth perovskites that have the orthor-
hombic perovskite structure at room temperature, SmAIO,
transforms to rhombohedral perovskite at about 800° C. and
EuAlQO; does the same at about 1000° C. and therefore are not
useful for applications requiring higher temperatures.
GdAIlO; transforms at about 1700° C. and the others remain
orthorhombic up to their melting points. Among the remain-
ing candidates, GdAlO, has the shortest A1O bonds and there-
fore the highest crystal field, and therefore exhibits the great-
est suppression of thermal quenching of luminescence. The
crystal field at the Al octahedral sites (where Cr or another
transition metal substitutes) 1s expected to decrease in the
order from  largest to  smallest 1onic  radn

(Gd>Tb>Dy>Y>Ho>FEr>1Tm), which should correspond to
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the order of greatest to least suppression of thermal quench-
ing of luminescence. Theretore, Cr:GdAIO, 1s expected to
exhibit temperature sensing luminescence to a higher tem-
perature than the other candidates. However, when some sac-
rifice of the upper temperature limit can be made, stronger
luminescence could be produced 1n the reverse order due to
the stronger distortion of the AlO, octahedra 1n the reverse
order. Thus, Cr-doped (or with other transition metal doping)
ThAlO,, DyAlO,, or YAIO,, etc., for example, might be more
useiul when more 1ntense spin-allowed broadband lumines-
cence1s desired and a lower upper temperature limit 1s accept-
able.

In view of the aspects and features described, methodolo-
gies that may be implemented 1n accordance with embodi-
ments of the subject innovation will be better appreciated
with reference to the figures. While for purposes of simplicity
of explanation, the methodologies are shown and described as
a series ol drawings representing steps or acts associated with
the methodologies, it 1s to be understood and appreciated that
the claimed subject matter 1s not limited by the order of the
drawings, as some drawings may occur concurrently with
other drawings and/or in different orders than what 1is
depicted and described herein. Where non-sequential, or
branched, tlow 1s illustrated via flowchart, 1t can be appreci-
ated that various other branches, tlow paths, and orders of the
blocks, may be implemented which achieve the same or a
similar result. Moreover, not all illustrated drawings may be
required to implement the methodologies described herein-
alter.

In accordance with aspects of the subject innovation, FIG.
5 1llustrates a method 500 of optical measurement of tem-
perature or pressure. In step 502, a pulsed light source can
provide excitation of the luminescence by 1lluminating a tar-
get material among the materials discussed herein, such as an
orthorhombic perovskite rare earth aluminate doped with a
transition metal such as chromium (e.g., Cr:GdAlO,, etc.),
and optionally doped with an additional rare earth element. In
some embodiments, the excitation can be provided by a
pulsed laser, but 1n other embodiments an LED or other
source can be used. Note that due to the broad absorption and
emission bands for materials discussed herein (e.g.,
Cr:GdAIO,, etc.), there 1s considerable flexibility in the
choice of excitation wavelength and emission wavelength
detection band. At step 504, the luminescence can be col-
lected, such as by measurement component 110, a gated
photosensitive system such as an intensified charge-coupled
device (ICCD), photomultiplier, etc. In aspects, this lumines-
cence can be spin-allowed broadband luminescence, from
which high temperature measurements can be determined, or
can correspond to one or more peaks (e.g., a zero phonon
peak, an anti-Stokes peak, etc.) of a luminescence spectrum
from which lower temperatures can be accurately deter-
mined. As discussed herein, collection of the luminescence
data can determine a single value for the sensor, or can deter-
mine luminescence values of different regions of the sensor
(e.g., 1n embodiments involving coatings, sensors on or in
components, dusts or powders itroduced, etc.), which can
later be used to determine a temperature (or pressure, etc.)
map of the surface of the sensor. For components for which
temperature (or pressure, or both) values are to be determined
on multiple surfaces that cannot be illuminated or 1maged
from a single location, atleast one of multiple light sources or
multiple photosensitive systems (or measurement compo-
nents, etc.) can be used.

In step 506, the decay time of the luminescence can be
determined, based on data related to the intensity as a function
of time. For luminescence data corresponding to more than

10

15

20

25

30

35

40

45

50

55

60

65

14

one region of a sensor, decay times can be computed for each
region. The collected luminescence data can be analyzed by
analysis component 112, or substantially any means for pro-
cessing the data to determine the decay time based on the
collected luminescence data, as would be known to a person
of skill 1n the art 1n light of the subject disclosure. Finally, in
step 508, the decay time can be correlated with temperature
(or pressure, or both). The temperature (or pressure) can be
determined by conventional decay time analysis such as has
been developed for other luminescence-based temperature
sensors. As a non-limiting example, the determination can
comprise fitting a single exponential decay function to a
decay trace stored on an oscilloscope, data captured by mea-
surement component 110, etc. by a least squares algorithm
and comparing the lifetime value of the function to a series of
calibration values correlating decay lifetime to temperature
when measured under controlled conditions. For embodi-
ments mvolving decay times computed for more than one
region ol a sensor, temperatures (or pressures, or both) can be
computed for each of the regions, and a temperature (or
pressure, or both) map can be constructed, such as a 2D map
of the surface of the sensor, or a 3D map corresponding to a
curved surface, etc.

What follows 1s a more detailed discussion of certain sys-
tems, methods, and apparatuses associated with aspects of the
subject innovation. To aid in the understanding of aspects of
the subject innovation, theoretical analysis and experimental
results associated with specific experiments that were con-
ducted are discussed herein. However, although for the pur-
poses of obtaiming the results discussed herein, specific
choices were made as to the selection of various aspects of the
experiments and associated setups—such as the choice of
Cr:GdAlO, as a thermographic phosphor, as well as other
aspects—the systems and methods described herein can be
employed 1n other contexts as well. For example, aspects of
the subject innovation can be utilized to determine tempera-
ture, pressure, or in some embodiments, both temperature and
pressure, although the experiments discussed below only dis-
cuss determination of temperature. In another example, dii-
ferent selections of materials, excitation sources or wave-
lengths, photosensitive devices, doping, other than those used
in the experiments discussed herein, and may have differing
characteristics, as explained 1n greater detail below.

In experiments conducted herein, intensity data was col-
lected based on excitation of Cr:GdAlO; at various tempera-
tures, and decay times and temperatures were calculated
based on the intensity data obtained. However, other materi-
als could be used instead, although specific results would
vary, as would be understood. For most of the results
obtained, a 532 nm laser was used to excite luminescence.

FIG. 6 shows a plot of total intensity collected over time
against wavelength for a variety of temperatures based on
excitation of Cr:GdAlO; at 332 nm, and FIG. 7 shows a
portion of the same data shown 1n FIG. 6, with the vertical
scale expanded. Peaks 602 and 604 represent the anti-Stokes
and zero phonon (R-line) peaks of the emission spectrum at
about 730 and 700 nm, respectively; these peaks are present at
lower temperatures before the thermal population of the “T,
level increases significantly. Although conventional methods
have included determining temperature via R-line lumines-
cence decay (e.g., with ruby), this method 1s temperature
limited, as explained elsewhere. With the materials discussed
herein, however, the intensity of spin-allowed broadband
luminescence 1s suilicient that broadband luminescence can
be used for temperature measurement up to at least 1300° C.
Additionally, 1n aspects, precise low temperature measure-
ments can be made based on the ratios of peaks 602 and 604,
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thereby extending the temperature sensing range of the mate-
rials described herein to well below the lower temperature
limit of luminescence decay and can be utilized all the way
down to cryogenic temperatures. As can be seen in FIG. 6,
broadband luminescence can be measured at any of a variety
of wavelengths, for example wavelengths between around
550 nm to around 850 nm.

Further, the spin-allowed broadband peak intensity
remains very high at temperatures up to 1300° C. The
decrease 1n the time-ntegrated intensities that can be seen 1n
FIGS. 6 and 7 1s largely due to decreases 1n the decay time as
temperature increases and does not retlect a similar magni-
tude decrease 1n the initial post-laser-pulse luminescence
intensity.

FIG. 8 shows a plot of the intensity on a logarithmic scale
against time for luminescence of Cr:GdAlQO, at a variety of
temperatures. As can be seen from FIG. 8, the intensity under-
goes characteristic exponential decay (appears linear on a
semilog plot), and the decay time (slope) decreases with
increasing temperature. To obtain the results shown 1n FI1G. 8,
excitation occurred at 532 nm, and a bandpass filter was used
with the photomultiplier tube, with the filter centered around
593 nm, and having a full width at half maximum (FWHM) of
40 nm.

FI1G. 9 15 a graph showing intensity as a function of wave-
length and time for a Cr:GAAIO3 sample with 0.2% Cr dop-
ing (however, substantially any other doping amounts could
be used, for example, less, 1n a range of around 0.01% or less
to around 0.2%, or more), at a temperature of 24° C. As can be
seen 1n FIG. 9, the zero phonon (R-line) and anti-Stokes
peaks, atabout 730 and 700 nm, respectively, are prominent at
room temperature, and there 1s no significant decay in lumi-
nescence signal mtensity over the approximately 200 usec
between laser pulses. FIG. 10 shows a graph of the intensity
as a function of wavelength and time of the same sample at
399° C., and the zero phonon (R-line) and anti-Stokes peaks
are still apparent, although the ratio of the itensity of the
anti-Stokes peak to the zero-phonon R-line 1s much greater
than at 24° C. Only a slight decay 1n luminescence mtensity 1s
observed over the 200 usec time period. FIG. 11 shows a
graph of the intensity as a function of wavelength and time of
the same sample at 599° C., with the zero phonon and anti-
Stokes peaks barely visible. As 1s apparent from FIGS. 9-11,
tor Cr:GdAIlO;, up to around 600° C. and higher, the non-
broadband techniques discussed herein (e.g., mnvolving tem-
perature determinations based on the intensities of at least one
of zero phonon or anti-Stokes peaks, etc., including both
conventional techniques and novel techniques disclosed
herein) can be applied, and can provide accurate measure-
ments of lower temperatures. However, 1n contrast to conven-
tional systems, the high intensity of the spin-allowed broad-
band luminescence of the materials discussed herein also
allows for substantially higher temperature measurements.
FIGS. 12, 13, and 14 show graphs of the intensity as a func-
tion of wavelength and time of the same sample at 799° C.,
999° C., and 1199° C., respectively. As can be seen from
FIGS. 9-14, the decay time decreases sharply while the mitial
intensity decreases more modestly over the range of tempera-
tures, but decay time remains long enough and initial lumi-
nescence intensity remains high enough that accurate mea-
surements can still be conducted beyond the range shown,
with the decay time still on the order of 100°s of ns at 1199°
C., as seen 1n FIG. 14. To obtain the results of FIGS. 9-14,
excitation was done by a 532 nm laser pulsed at a rate of
approximately 5 kHz, and intensity data was collected by an
intensified charge-coupled device ICCD) operated 1n gated
mode. FIGS. 12-14 also show qualitatively that the full wave-
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length range of the spin-allowed broadband luminescence
emission decays at a uniform rate so that any emission wave-
length region within the broadband emission will produce the
same decay times.

FIG. 15 shows decay time as a function of temperature
determined for a Cr:GdAIO, specimen with 0.2% Cr-doping
using techniques discussed herein. As can be seen, even for
temperatures of approximately 1100° C., the decay time
remains on the order of 1 us. Also, the many decade decrease
in decay time shown 1n FIG. 15 over the temperature range
makes these materials extremely sensitive and accurate tem-
perature sensors.

In embodiments 1n which the material 1s to be bonded to a
surface, any of multiple techniques can be used to achieve that
end. For example, physical vapor deposition (e.g., electron
beam, laser ablation, etc.) or sputtering may be used, the
material may be mixed with a binding agent (e.g., HPC,
Thinming Liquid #14, etc.) and potentially other materials and
applied to a surface and cured, etc. Matenal parameters may
be varied, such as layer thickness, particle size, placement
within a coating (e.g., TBC, etc.) (although depending on
placement, intensity may be attenuated too much by placing
the material 1n too low of a layer), etc.

Systems and methods of the subject innovation allow for an
enormous range of commercial applications, such as by open-
ing up new applications for the much wider high temperature
range ol non-contact temperature sensing operation. For
example, many chemical and material processing applica-
tions, such as metal-forming and glass making to name a few,
need non-contact temperature sensing at these higher tem-
peratures that can operate with high thermal radiation back-
grounds present. Turbine engine environments for acronau-
tics or power plants are another example application for these
higher temperature non-contact temperature sensors, and
may also be an application where simultaneous measure-
ments of temperature and pressure may be beneficial. Mili-
tary and aerospace applications that tend to push the envelope
for high temperature performance (e.g., missiles, ballistics,
rocket technology, etc.) are also an area where these new
sensing materials that are immune to electromagnetic inter-
terence could fill a critical need. Sensors 1n accordance with
the subject mnnovation are useful 1n a varniety of settings, as
GdAIO, and other similar materials used 1n aspects of the
subject innovation are non-reactive and stable 1n harsh, high-
temperature environments. Combined pressure and tempera-
ture sensors, such as RE,Cr:GdAIO; and other similar mate-
rials, can be useful in environments where both high pressures
and temperatures may be encountered, such as inside engines
(e.g., aecrospace, mternal combustion, etc.), etc. Depending
on the application, one or more embodiments of the subject
innovation may be appropriate.

Additionally, numerous other applications exist, as the sys-
tems and methods described herein can be used to measure
temperature, pressure, or both 1n a wide variety of settings.
Thus, systems and methods 1n accordance with the subject
innovation can be employed in aerospace, industrial, or test-
ing applications, as well as other scenarios. Additionally,
while specific examples and uses of the techniques and sys-
tems described herein have been noted, 1t 1s to be understood
that alternative embodiments exist. These alternatives are to
be included within the scope of this specification and claims
appended hereto.

In other words, what has been described above includes
examples of the mnovation. It 1s, of course, not possible to
describe every conceivable combination of components or
methodologies for purposes of describing the subject innova-
tion, but one of ordinary skill 1in the art may recognize that
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many further combinations and permutations of the innova-
tion are possible. Accordingly, the innovation 1s intended to
embrace all such alterations, modifications and variations that
tall within the spirit and scope of the appended claims. Fur-
thermore, to the extent that the term “includes™ 1s used in
cither the detailed description or the claims, such term 1is
intended to be inclusive in a manner similar to the term
“comprising” as “comprising” 1s interpreted when employed
as a transitional word 1n a claim.

What 1s claimed 1s:

1. A luminescence-based sensor system, comprising:

a transition metal-doped rare earth aluminate (M:REAIO,)
sensor, wherein the transition metal has an electron con-
figuration that is one of 3d>, 4d°, or 5d°, and wherein the
rare earth 1s one of Gd, Tb, Dy, Y, Ho, Er, or Tm;

a measurement component that recerves luminescence illu-
mination from the M:REAIO, sensor and measures
intensity data associated with the luminescence 1llumi-
nation, wherein the luminescence illumination com-
prises spin-allowed broadband luminescence; and

an analysis component that determines at least one of a
temperature or a pressure based at least i part on the
measured intensity data, wherein the analysis compo-
nent determines the at least one of the temperature or the
pressure based at least 1n part on a decay time of a
spin-allowed broadband portion of the measured inten-
sity data.

2. The system of claim 1, wherein the analysis component
determines the at least one of the temperature or the pressure
based at least 1n part on correlation of the decay time with one
or more calibration values via regression analysis.

3. The system of claim 1, wherein the measurement com-
ponent determines itensity data corresponding to a plurality
of regions of the sensor, and wherein the analysis component
determines a map of at least one of the temperature or the
pressure based at least in part on the intensity data corre-
sponding to the plurality of regions of the sensor.

4. The system of claim 1, further comprising an optical
excitation source that 1lluminates the M:REAIO, sensor at
one or more wavelengths of an excitation spectrum of the
M:REAIQO, sensor, wherein at least a portion of the excitation
spectrum comprises one or more wavelengths between
around 350 nm to around 600 nm.

5. The system of claim 4, further comprising a control
component that coordinates the intensity data recerved by the
measurement component with pulsed i1llumination of the
M:REAIQ; sensor by the optical excitation component.

6. The system of claim 1, wherein the spin-allowed broad-
band portion of the measured intensity data comprises one or
more wavelengths between around 5350 nm to around 850 nm,
and wherein the one or more wavelengths are measured based
at least 1n part on optimization of a signal to noise ration or
avoldance of spectral interferences.

7. The system of claim 1, wherein the M:REAIO, sensor 1s
at least one of attached to the end of a fiber optic probe or
incorporated into a coating.

8. The system of claim 1, wherein the M:REAIO, sensor 1s
a chromium-doped gadolinium aluminate (Cr:GdA1O;) sen-
SOF.

9. The system of claim 1, wherein the M:REAIQO, sensor 1s
additionally doped with a second rare earth element (RE2)
from among any of the lanthanide series rare earth elements
different than the rare earth element in the M:REAIQO, sensor
to produce a Cr,RE2:REAIQ, sensor, and wherein the analy-
s1s component determines both the temperature and the pres-
sure based at least 1n part on the measured intensity data.
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10. The system of claim 1, wherein the M:REAIQO; sensor
1s 1ncorporated as a dust or powder into a flame, heated
exhaust stream, or other similar environment.

11. The system of claim 1, wherein the analysis component
determines the at least one of the temperature or the pressure
based at least 1n part on calculating a ratio between a first
intensity of a zero phonon peak and a second intensity of an
anti-Stokes peak.

12. A method of measuring based on luminescence, com-
prising;:

exciting a luminescent material with a pulsed light source,
wherein the luminescent material 1s a sensor comprising
an orthorhombic perovskite structure of a first rare earth
aluminate doped with a nd> electron configuration tran-
sition metal 1on, wherein n 1s one of 3, 4, or 5
(M:REAIO,);

collecting luminescence from the M:REAIO; sensor; and

determining at least one of a temperature or a pressure of
the M:REAIQO, sensor based at least in part on the col-
lected luminescence of the M:REAIQO, sensor, wherein
determining the at least one of the temperature or the
pressure of the M:REAIQO; sensor comprises determin-
ing a decay time of spin-allowed broadband lumines-
cence of the M:REAIQ, sensor and correlating the decay
time with one or more calibration values.

13. The method of claim 12, wherein the M:REAIQO, sensor
comprises gadolinium aluminate doped with chromium (Cr:
GdAIO,).

14. The method of claim 12, wherein determining the at
least one of the temperature or the pressure of the M:REAIO,
sensor comprises determining a ratio of intensities of a zero
phonon peak and an anti-Stokes peak.

15. The method of claim 12, determiming at least one of the
temperature or the pressure of the M:REAIO, sensor com-
prises determining at least one of the temperature or the
pressure for multiple regions of the M:REAIO; sensor and
creating a real-time map of the temperature or the pressure of
the M:REAIQO; sensor.

16. The method of claim 12, wherein the M:REAIQO, sensor
1s additionally doped with a second rare earth element distinct
from the first rare earth element.

17. The method of claim 12, wherein the sensor 1s at least
one of attached to a fiber optic probe or imncorporated into a
coating.

18. The system of claim 12, wherein the sensor 1s 1ncorpo-
rated as a dust or powder itroduced into at least one of a
flame or a fluid.

19. A luminescence-based sensor system, comprising:

a chromium-doped gadolimmum aluminate (Cr:GdAIO,)

SeNsor;

a measurement component that receirves spin-allowed
broadband luminescence from the Cr:GdAlO; sensor
and measures ntensity data associated with the spin-
allowed broadband luminescence; and

an analysis component that determines at least a tempera-
ture based at least 1n part on the measured intensity data,
wherein the analysis component determines the tem-
perature based at least 1n part on a decay time of the
spin-allowed broadband luminescence.

20. The system of claim 19, wherein the Cr:GdAlO, sensor
1s additionally doped with a rare earth (RE) element other
than gadolintum to produce a Cr,RE:GdAlO, sensor, and
wherein the analysis component determines both the tem-
perature and a pressure based at least 1n part on the measured
intensity data.
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