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Abstract

®

CrossMark

Reported here are measurements aimed at development of high temperature luminescence-
based fibre optic thermometry for temperatures up to at least 1700 °C. Cylindrical crystal
samples of YAG:Dy(1%) and YAG:Dy(1.5%),Er(0.5%) were fabricated by the co-precipitation
method. The optical system was comprised of Nd:YAG 355 nm laser light injected into one
leg of flexible bifurcated optical fibre connected to a sapphire light pipe. The input end is
water cooled and the sensing end is inside a furnace in proximity to the crystal. The emission
originates from the Dy3Jr dopant. Decay times for the “115,-°H 5/, (456 nm) transition in the
YAG:Dy,Er host ranged from 856 ns at 1600 °C to 401 ns at 1700 °C. Signals taken at 10 °C
intervals were clearly resolvable. Decay times appeared constant at 800 °C and below with
average values of 863 s for YAG:Dy and 734 ps for YAG:Dy,Er. Decay times from these

two materials appear to converge to the same value at high temperatures. These results were
achieved with laser excitation of 100 to 150 pJ. The results were compared to physical models
both of which yielded reasonable empirical agreement for the limited amount of data. Thermal
sensitivity determined from a multiphonon model shows that decay times change by 1%

per degree at 1400 °C and 0.9% at 1700 °C. Dy emission was also detected at 405, 400 and
389nm at 1575 °C and 1700 °C and showed the expected temperature dependence.

Keywords: luminescence, thermometry, yttrium aluminum garnet, dysprosium, erbium

(Some figures may appear in colour only in the online journal)

1. Introduction

The luminescence of phosphor powders, coatings, and crys-
tals continues to be exploited for temperature, thermal his-
tory, and flow measurement. With respect to the important
category of turbine engine diagnostics, much effort continues
regarding measurement of extremely high temperatures. The
present work describes measurements of such luminescence
to 1700 °C, the limit of the test furnace. The eventual goal is
development of a temperature probe to this temperature and
higher.

3 Author to whom any correspondence should be addressed.

1361-6501/20/044001+10$33.00

1.1. Rationale

The mission statement of the Propulsion Instrumentation
Working Group (PIWG) says it was formed ‘to address critical
turbine engine test cell instrumentation, sensors and measure-
ment technology to keep pace with the needs of turbine engine
development’. PIWG is a consortium comprised of turbine
engine original equipment manufacturers, small businesses, uni-
versities, national laboratories, AFRL, NASA, and DOE. One
of the primary interests identified by the consortium involves
sensors and systems for hot section measurements. ‘In the hot
section, knowledge of gas temperature is necessary to estimate
heat transfer to surfaces, combustion stoichiometry, and burner
pattern factor...” Control and health management of modern
turbine engines depends on accurate sensing of physical quanti-
ties associated with the engine design and performance, such as

© 2020 IOP Publishing Ltd  Printed in the UK
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temperature, pressure, vibration, component degradation, and
erosion. as well as possible problem areas for health monitoring.
Sensors in use today are prone to degradation arising from oxi-
dation, erosion, and contamination because of the high-temper-
ature and corrosive gases in turbine engine environments. An
advanced method of making these temperature measurements,
using fiber optics coupled to high-temperature luminescent
material could serve the goal of achieving efficient, safer, and
longer duty cycle turbine engine designs. Better sensors will
allow for operation closer to material temperture limits where
engine performance is higher and more efficient. The present
work quantifies signal levels and establishes temperature sen-
sitivities for a fibre optics based design in the critical region of
our present interests, 1600 °C-1700 °C.

1.2. Luminescence thermometry background

Luminescence-based thermometry makes use of temperature
dependent luminescence properties of many types of materials
[1]. A prime example are thermographic phosphor materials for
which there is a large body of literature [2—7]. Other examples
include rare-earth doped optical fiber [8], phosphor impreg-
nated silicone patches [8—12], and discrete crytals [13, 14].
Regardless of which of these is involved, the methodology is
similar. That is, when illuminated by some means such as a
laser, the brighteness, spectral content, and temporal behaviour
of the luminescence changes as a function of temperature.

There are several categories of temperature sensors based
on luminescence. Thermometry using phosphors has been one
of the main implementations exploiting luminesnce temper-
ature dependence. Another has involved placing a phosphor
or a crystal at the end of an optical fiber in order to achieve the
optical analog of a thermocouple. The first commercial device
by Luxtron used a phosphor at the end of a fiber. Others, for
example Bossleman [14], used a ruby or YAG:Cr crystal. As
time has progressed there have been many efforts to achieve
higher temperature measurement capability. One of the rea-
sons that YAG is of interest is because of its high melting point
which is 1940 4 °C [15]. Zhang et al achieved a monolithic
doped fiber sensor using the laser heated pedestal growth
method. They first grew a YAG single crystal then began
adding Er for the final 5 mm. Thus the luminescent end was of
YAG:Er [16]. They demonstrated measurement capability to
just over 1000 K, which was limited by their heating capability
at that time. In follow on work by Kennedy and Djeu, decay
based temperature measurement to 1600 °C was achieved
using YAG:YDb material. [17, 18] The technology led to devel-
opment of a commercial product, the product line called Opto
Temp 2000 by Micromaterials [19]. The goal of the present
effort is to develop a temperature probe for temperature meas-
urement of flows in the hot section of turbine engines. It is
thought that using the bulk crystalline form of the YAG mat-
erials would have the potential advantages of robustness and
higher signal levels over the phosophor powder form.

There are several attributes of the luminescence that may
be exploited for temperature sensing. For Dy materials, below
about 1000 °C, the ratio of distinct emission lines is used. The
most commonly used parameter above about 1000 °C is the

decay time. For this, the luminescence is excited by a short
pulsed high energy burst of laser light. The resulting emission
will persist, decaying at a characteristic rate which is a func-
tion of temperature.

1.3. Previous very high temperature work

The present effort concerns high temperature testing of a probe
for extremely high temperatures. What is the limit in temper-
ature for luminescence thermographic materials? What are
the choices for very high temperatures? This is an active area
of investigation. The material with the longest history in this
field is YAG:Dy. It was first identified and tested by Goss et al
[20]. Later, Lewis et al made decay measurements to nearly
1400 C [21]. Cates et al made laboratory measurements of
YAG:Dy phosphor powder to 1700 °C in a laboratory furnace
[22]. Subsequent efforts have involved variations on this mat-
erial. Jaber et al obtained spectra of YAG:Dy and YAG:Dy,Er
to 1800 °C, the Er acting as a sensitizer to the Dy [23]. Other
co-dopants in YAG:Dy in related work more recently explored
were Tm, Tb, and Pr. It was established, in tests to 1600 K, that
luminescence could be enhanced by 30% with Tb and Pr also as
sensitizers [24, 25]. A different approach was taken by Kwong
et al. They substituted B>*-N>~ into the YAG host to produce
YABNG:Dy. This material exhibited stronger luminescence
and a quenching onset of 100 °C higher than YAG:Dy. The new
material was tested only to 1227 °C (1500K) and comparisons
made of signal ratios [26, 27]. Finally, as an example of a mea-
surement application, Nau er al measured wall temperatures
of a combustor using thermographic phosphors, achieving a
temperature stated as 1800 K [28].

1.4. Explanation of approach

The motivating objective is development of a temperature
sensor for high temperature situations such as in turbine
engine combustors. Several requirements result from this
objective. In anticipation of the need for making tight turns
inside and in the vicinity of such machinery, the first require-
ment necessitates flexible small diameter optical fibre for both
delivery of excitation light and the return luminescence. This
places a limit on laser fluence since it must be kept below the
optical fibre surface damage threshold. Another requirement
is the use of a sapphire light pipe with water cooling on the
input end for transitioning to the highest temperatures. This
allows connecting flexible fibre that has limited temperature
capability to the cool end of the sapphire.

The first goal of the measurements was to quantify signal
levels from 1500 °C to 1700 °C, the range of anticipated
applications, with the intent to establish the feasibility of
achieving 10 °C resolution. The second was to quantify black-
body emission in relation to the fluorescence. Cates et al
[22] encountered large blackbody emission at the highest
temperatures. Blackbody manifests as a constant background
signal. For low levels it is adequate to subtract this constant
value from the received signal before processing. But, at the
highest temperatures this is not suitable because, for suffi-
ciently high signal levels, detectors have difficulty responding
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Figure 1. Simplified energy level diagram for Dy** in YAG.
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Figure 2. Spectrum of YAG:Dy,Er crystal for 355 nm excitation.

linearly. Thus, it is important to understand and quantify this
phenomenon.

Figure 1 is a simplified energy level diagram illustrating
the major emission lines of Dy>* in the visible. Figure 2 is a
low resolution spectrum at ambient temperature, 24 °C, of a
YAG:Dy,Er crystal showing the main emission bands excited by
355nm. A StellarNet Blue-Wave spectrometer was used. At this
resolution, no difference could be discerned between YAG:Dy
and YAG:Dy,Er samples, thus there was no significant emis-
sion from Er bands at room temperature. Also note that, as is
common, the signal level of the Dy emission around 456 nm,
41,5-%H, 50, is too weak for detection. However, this band grows
and at high temperatures is brightest. Blackbody emission at
1700 °C is greater by a factor of ten for the 575 nm band than for
the 456nm band. Because of this as well as time limitations, no
measurements of the bands at 575 and 670nm were conducted.

1.5. Temperature dependence and non-radiative relaxation

Consider that an electron in the excited state has two possible
paths to deexcitation. One is to emit a photon, the other is to
relax non-radiatively. The rate of deexcitation W is the sum

of the radiative rate, W,, and the non-radiative rate, Wy,. The
measured decay time, 7, is simply 1/W. The unquenched low
temperature decay time, a constant, is 7o = 1/W,. Therefore,

= (Wt W)™ = (L W) W

There are two types of thermal relaxation processes that
may be responsible for the temperature dependence of W,
[29]. Thermal relaxation for both Dy and Er doped materials
is usually ascribed to a multiphonon process. For example,
Eldridge (30) provides detailed use of this model for char-
acterizing Y,0Os3:Er emission. Heyes [31] applies the model
to YAG:Dy. Dramicanin [1] and Brites [7] also give good
descriptions in the context of luminescence thermometry.
According to this model, de-excitation occurs by the simulta-
neous emission of p phonons of energy fiw between electronic
levels separated by an energy gap of AE,,. In which case

p= G )
Heyes, for example, provides the following relations
W (T) = Wh(0) [+ 1]". 3)

Where, with k as Boltzmann constant, n is

n=lexp () —1]"" )

which leads to

WD =W0) || ®

1—exp

By substitution to equation (1) the result is

T) = ‘
7'( ) L+WP(0)|: ] :|n.
™0 nr —AEn ;. 7 it

l—exp

(6)

Heyes estimated W[ (0)=2.7-10"%s~" and AE, =
8000 cm—! for the *Fo); to SFy, transition for YAG:Dy. A fit
to available data that extended only up to 1200 °C yielded a
value of p of 20.

The other model is from Mott—Seitz theory. For that model,
in consideration of a configurational coordinate picture, the
parabola of the excited state intersects with the ground state or
a charge transfer state which in turn connects to ground state,
nonradiatively. The energy difference between the excited
electronic state minimum and the intersection is AE,.. When
the thermal distribution in the excited state reaches this level,
the energy crosses over to the adjacent state and hence de-
excites nonradiatively. As an example, Fonger and Struck [32]
used this approach to describe thermographic phosphors such
as La;0,S:Eu. For this, decay time is expressed as:

(T = — )

1 AT
T—Q«Hz-exp kT

Where a is a rate constant with units s~'.

2. Experimental

2.1. Materials

The YAG:Dy(1.0%) and YAG:Dy(1.5%),Er(0.5%) crystals
were obtained from World-Lab Co. Ltd of Nagoya, Japan.
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They were fabricated by the co-precipitation method [33].
This method purports to yield a material for which the dopant
ions are uniformly and consistently distributed.

The dimensions of the crystals were S mm long by 3.5 mm
diameter. First the ceramic powder is made in a batch and
placed in a mould long enough to make four crystals. After pro-
cessing, the resulting crystal is removed, cut into four pieces,
then machined and polished to the specified dimensions.

2.2. Test setup

2.2.1. Light delivery system. Figure 3 shows a block diagram
of the major test setup components. The laser was a Q-switched
Nd:YAG Laser System with 2nd, 3rd, and 4th Harmonic Gen-
eration manufactured by Quantel Corporation. It was a Big
Sky Laser Ultra Series PN ULC8HCI11. It incorporated an
MVAT component for precise control of output amplitude
without modifying beam profile. The laser output is at 355 nm,
with a repetition rate 0 to 20 Hz, and pulsewidth about 5 ns.
The Prism Separator in the figure consists of a dispersing
prism and turning mirror. It separates the co-linear beams that

Alumina Sheath

Sapphire
Rod

Figure 5. Luminescing YAG:Tm crystal and sapphire probe.

emerge from the laser head. Adjustable knobs of the mirror
allow alignment of the desired beam, in this case the one at
355nm, to a fiber coupler assembly, FC. Between them is a
355nm bandpass filter and its holder. This additional filter-
ing is needed to prevent spurious emission, possibly from the
laser flashlamp, from interfering with the fluorescence. This
is especially noticeable for signals with short decays. Once
the laser parameters such as the flashlamp energy, Q-switch
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settings, and repetition rate are set, the laser energy levels are
controlled from the data acquisition system through a Putty
program. A Thorlab Model PW200 Laser Power monitor mea-
sured laser energy. Inside the FC fixture is a lens that focuses
the light to the entrance plane where a fiber optic SMA con-
nector is affixed. The light beam direction is adjusted to cen-
ter it within the SMA aperture. Then a 2 x 1 bifurcated fiber
is attached. This is illustrated in figure 4 (not to scale). It is
comprised of two 600 micron fibers; at one end the two are
side-by-side within an SMA ferrule. The other ends are free.
One end, the delivery fiber, is attached to the FC and the lens
is adjusted to maximize the amount of laser light injected into
it. The two-fiber output end connects to a 1.25 mm diameter
sapphire rod. The sapphire rod guides the excitation light to
the crystal where fluorescence is generated. The laser energy
emerging from the sapphire ranged from 100 to 150 micro-
joules. This corresponds to a fluence of 0.012 J cm~2. This
is somewhat below 0.030 J cm™2 used by Hertle et al [25] in
their investigations with certain YAG:Dy phosphor powders.
They considered the latter value as sufficiently low to avoid
effects of laser fluence. An additional factor is the depth of
penetration of the light. Lupei ez al [34] determined an absorp-
tion crossection for YAG:Dy of 9 x 102! cm? at the band peak
of 353nm at 300 K. By approximating the density the same as
YAG, 4.56 gm cm 3, this corresponds to an attenuation coef-
ficient of 1.26cm™!. The reciprocal indicates a penetration
depth of about 8 mm. Since the laser fluence is spread over this
relatively large volume, it is expected that the role of fluence
is nil. A fraction of the fluorescence generated in this manner
enters the sapphire rod and is transmitted to the receiver fiber
which conveys it to the detection and analysis system.

2.2.2. Sapphire probe. Figure 5 is a photograph of a lumi-
nescing YAG:Tm crystal used in some preliminary testing as
excited by light conveyed by the sapphire rod. The rod within an
alumina pipe and with stainless steel fixturing at the input end
is what is termed as a sapphire probe. The input side is within
a stainless steel sleeve and has an SMA fiberoptic connector.
This is depicted in figure 6. An alumina tube extends from
the stainless steel. Within the alumina tube is the sapphire rod
which protrudes 1 mm from the alumina. In this photo, an alu-
mina sleeve contains the crystal. The YAG crystal, sapphire and
alumina will each survive temperatures in excess of 1900 °C.
The initial probe, was kindly provided by J I Eldridge of NASA
Glenn and is of his design. The alumina extension was 16cm
in length. This is a sufficient length for a 1000 °C furnace used
in some preliminary testing. Subsequently a longer version for

h
Sapphire

i Probe Input

Figure 7. Furnace, cooling jacket, sapphire probe and bifurcated
fiber.

which the alumina portion was 33 cm was procured as it was
necessary for use with the 1700 °C furnace.

The assembly shown in figure 6 was partially encased by
a tubular closed loop cooling chamber, as seen in figure 7,
in order to protect the lower temperature components in the
probe from high temperatures in the furnace. A 1700 Series
Rapid Temp lab furnace and associated controller, both manu-
factured by CM Furnaces, were used for the testing. This is
also seen in figure 7.

2.2.3. Detection and analysis. The signal carrying leg of the
bifurcated fibre connects to a manually rotatable filter wheel.
It allows up to six different filters. Behind this is a lens which
images the filtered signal onto a photomultiplier tube (PMT)
detector, Hamamatsu H10721-110 with 300-650 nm sensitiv-
ity. The PMT signal is displayed and digitized by a Tektronix
MSO 5404 oscilloscope with 50 €2 termination. A USB con-
nection is made to a laboratory computer. An EMCO com-
mercial program called EXP captures and analyses the data.
This consists of pairs of voltage (I) and time values (7). As is
often the case for phosphor thermometry, the data is fit to an
exponential curve with an offset.

[=1Ie 7 +b. 8

Figures 8 and 9 are two plots of a representative signal at
1600 °C, the latter being the log view. There are two vertical
cursors, medium dash lines, positioned before the fluores-
cence signal. The mean value between them determines the
background level, b, which in this case is mostly blackbody
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emission. The analysis takes this into account. The early por-
tion of the signal contains leakage of the laser through the
filter and then a rapid decay component of unknown origin
though commonly seen that is ignored in the analysis. Two
long-dash vertical lines correspond to cursors placed within
the fluorescence region, the left red cursor is positioned after
the short decay component and the right red cursor usually
is placed to the far right to the time limit unless there is too
much noise. Only the region between the cursors is analysed
to determine decay time, 7. The grey curve of figures 8 and 9
is the actual data for YAG:Dy,Er. The red curve is the single
exponential fit obtained by the software algorithm. The value
of the decay time determined for these cursor settings was 856
ns. The dark yellow curve is a plot of the single exponential
curve fitted to the data subtracted from the actual and helps to
visualize where to place the cursors. This dark yellow trace is
termed the residual curve. It is the signal minus the fit. Note
that the magnitude of this deviation from the single exponen-
tial fit is small within the segment bounded by the cursors,
which is after about the first 300 ns. It is desirable to have a
single exponential fit as such are simpler to analyse. Though
high dopant levels will up to a point increase signal levels,
they often result in signals that poorly fit a single exponential.
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Figure 10. Plot of Signals from 1600 to 1700 °C, YAG:Dy,Er at
456 nm.

It appears that the choice of 1.5% for Dy and 0.5% Er for
the present effort was satisfactory in this regard. It could also
be that the co-precipitation method of fabrication may play a
positive role in this as well.

3. Results

3.1. Signals versus temperature 456 nm

The most important emission band for high temperature
thermometry for Dy based phosphors is the Tysp to °Hyspn
transition. Emission from this band ranges from about 450
to 460nm and broadens with temperature. It is weak at
room temperature so that sometimes it is not even detected
in spectra. However, emission within this band does increase
with temperature because it is fed by thermalization from
the *Fy), state which is approximately 1000cm™" below it. It
increases to a maximum around 1000 °C. The room temper-
ature decay time of this state is about 20 ps, however what is
detected will be of longer persistence due to being fed from
the longer lived “Fy,, state.

Tests runs were made with YAG:Dy and YAG:Dy,Er crys-
tals. Though data was taken in 10 °C intervals, for clarity,
figure 10 shows waveforms in 20 °C increments for the
double-doped sample from 1600 °C to 1700 °C. Clearly the
decay time decreases. The decay time of YAG:Dy,Er at 1700
°C is 401 ns.Note that the baseline of the scans increase with
temperature owing to blackbody emission within the bandpass
of the filter, as expected. One goal was to demonstrate feasi-
bility of 10 °C resolution. Visually this is depicted in figure 11
where the signals are quite distinct. The measured decays are
856 and 787 ns at 1600 °C and 1610 °C, respectively, a change
of about 8% in this 10 °C span.

3.2. Decay time versus temperature for 456 nm

Figure 12 combines decay time versus temperature data from
both YAG:Dy and YAG:Dy,Er. It is seen that the decay time
appears to be constant up to 800 °C. The average value of
the decay time up to and including that temperature is 734
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Table 1. Model fit results.
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Figure 11. Comparison of signals at 1600 °C and 1610 °C,
YAG:Dy,Er at 456 nm.

ps for YAG:Dy,Er and 863 ps for YAG:Dy. These values are
taken to be the unquenched decay time 7y discussed in the sec-
tion on models. At 900 °C and above, decay times decrease as
temperature increases. There is a gap in the data from 1000 °C
to 1400 °C because there was not sufficient time during the
test opportunity to address this region. From about 1400 °C to
1700 °C, decay times for the two different materials converge.
For their tests which were to about 1700K, this was also
observed by Hertle et al [35] for YAG:Dy (2%) and YAG:Dy
(2%), Er(1%) and for these same dopants in Y,SiOs.

The lines through the data in this plot were derived from
the multiphonon model discussed earlier and fit very well
in the high temperature region. This model depends on four
parameters, unquenched decay time 7y, energy gap AE,,, the
number of phonons, p, and the nonradiative decay rate W(0).
Heyes [31] gives 8000cm™! as the energy gap, 2.7 * 1073 for
the nonradiative decay rate, and p = 20 for the number of
phonons transitioning the gap. Whereas Heyes was fitting to
a curve up to 1200 °C our work covers an additional 500 °C.
The nonradiative decay rate in the present work was three
orders smaller. According to this model, quenching should
commence at a slightly lower temperature than what was
observed. Table 1 has the parameters of the fits for both the
multiphonon and Mott—Seitz models. The degree to which the
Mott—Seitz equation fits with the data is depicted in figure 13
for YAG:Dy. The results for YAG:Dy,Er were similar. By
arbitrarily adjusting the activation energy AE, and the rate
constant, a, this model gives an adequate empirical fit at low
and high temperatures but indicates a slightly higher onset of
quenching than what was observed. This is a merely empirical
fit. The activation energy and rate constant might not corre-
spond with the spectral properties of this material.

0 200 400 600 800 1000 1200 1400 1600 1800

Temperature °C

Figure 12. Decay time versus temperature, 24 °C to 1700 °C, at
456 nm.

Following Eldridge [30], the relative thermal sensitvity,
Strel, Of decay time for the multiphonon model is

dr

1 —AEyn
T dT

Srel = *T2

~
~

©)

Where 7 is defined by equation (4). This yields 1% change in
decay time per degree at 1400 °C and 0.9% at 1700 °C.

3.83. Other emission bands

Some measurements were made of the band *Fo;,—°His,, at
486nm. Weak signals of roughly the expected decay times
were observed at 1400 °C and 1500 °C. A cursory invest-
igation of other emission bands was made using bandpass
filters that were available. The filters were of 10nm band-
width centered at 405, 400, and 389nm. There are higher
lying states of Dy which emit weakly if at all at room temper-
ature. These are *Gyj,, at 425nm and several closely spaced
levels: *Fop, *1;3,, at 387nm [35, 36]. But also, there are Er
bands in the vicinity including the transitions *Hoy, to ;s
near 405nm and *Gyy;, to *I;s5, around 385nm [37]. Given
that these features will broaden at these high temperatures we
are not prepared to assert an identification of the states from
which emission is occuring. It could well be that it is a result
of thermalization from the *Fo, state of Dy since the decay
times match the Dy. Regardless of origin, figure 14 depicts
signals from 405 and 389 at 1575 °C. Signals were observable
to 1700 °C. Eldridge [30] describes how emission decay mea-
surements from Y,03 solely activated by Er can be useful for
wide ranging temperature sensing. Careful attention is given
to the modelling of the emission in that paper. It may be con-
cluded that future investigations could give more attention to
the role of Er in the double-doped material as it may provide
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Figure 13. Decay time versus temperature for YAG:Dy with
multiphonon and Mott—Seitz fits to the data.
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Figure 14. Signals at 405 and 387 nm at 1575 °C.

additional emission states for temperature measurement. This
could be particularly the case for different excitation wave-
lengths than used here.

3.4. Blackbody emission

Some background blackbody emission is detected within
the bandpass of the filters. It appears to follow the expected
temperature dependence. It is taken as the value of the signal
before the laser excitation. Figure 15 shows both decay times
and blackbody emission determined from the 456nm data.
The blackbody emission is compared to Planck’s law of spec-
tral irradiance and appears to match with that as expected.

3.5. Exposure to high temperature

Given that 1700 °C is not far from the melting temperature of
1940 °C, the possible effects of exposure may be considered.
For example, ion diffusion if it occurs could affect the measure-
ments. The YAG:Dy sample was tested the first day for about
five hours during which the temperature ranged from 1400 °C to
1700 °C. The second day a signal was acquired at room temper-
ature, 24 °C, and compared with that from an unexposed crystal
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® Combined Decay Data
~— -~ Luminescence Signal Model
Measured Blackbody normalized at 1600 °C

Theoretical Blackbody (B8) Emission at 456 nm L 104
- 2
2 10 4 , €
= , £
k s ) 100 &
. 3 >
..

§ 1 ~ et ®® 3
o =2}
@

01

0.01 +- - —r . .
1200 1400 1600 1800 2000

Temperature °C

Figure 15. Combined plot of decay data and blackbody at 456 nm.
Dashed line moving up to the right is blackbody model.

from the same batch. The determined decay times were 878
and 871 ms for unexposed and exposed samples, respectively.
Because there is little difference between the two signals, only
about 1%, it appears the crystal was not significantly affected
by this duration and history of exposure. It is understood that
additional investigation of the effect of long term exposure to
these temperatures is needed for establishing viability for long
term temperature measurement with these materials.

4. Conclusions

It was established that signal levels of the 456nm band
were sufficient to attain at least a 10 °C resolution. This was
achieved with 100 to 150 microjoules of laser excitation.
Both the excitation delivery and luminesce receiving fibers
were 600 pm diameter. This energy level could be conveyed
by even smaller fiber having greater flexibility in the future if
needed for reaching difficult to access locations. It may also
indicate that less expensive light sources could be viable.

Since blackbody emission is also detected in the course of
observing the luminescence, it appears that both blackbody
emission and crystal luminescence may be used for cross cali-
bration and for extending to higher temperatures where the
luminescence signals may be low. Future investigations could
address the conditions for which this may be applicable and
how it might compare with other pyrometry methods men-
tioned in the literature.

The application here intends to use discrete crystals. It is
possible however to ground this material in order to create
particles suitable for flow measurements. Perhaps the method
of fabrication may result in particles having distinguishing
features from phosphor particles prepared by other means.

Future work will seek to fill in decay time values for lower
temperatures than reported here for these materials. Tests will
be conducted over longer periods to uncover any annealing or
diffusion effects.

Note added in proof

While making the final edit to this manuscript, the authors
became aware of a recent significant publication. Anderson
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et al [38] developed what they term an optical thermocouple
comprised of a thin YAG:Dy film, ranging from 0.5 to 13 pm
thickness, laser-deposited onto a sapphire fibre. The photo-
luminescence was excited by Q-Switched Nd:YAG laser at
355nm. They used the ratio method to sense temperatures
to 1773 K. It is noteworthy that they detect luminescence to
2033 K. Using a pulsed CO, laser as a heating source, they
demonstrated high speed temperature measurement to 80 kHz.
Diagnostics of explosive fireballs and turbulent flow are stated
applications. This is an important addition to the field and is
complementary to the present work where higher temperature
measurement was demonstrated owing to the larger emit-
ting volume of the YAG:Dy crystals. Response time was not
addressed in the present effort but is expected to be consider-
ably less than for the thin film configuration.
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