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Abstract

Achieving the European net-zero greenhouse gas emissions target requires the development of sustainable com-
bustion processes across various industrial sectors. These promising alternatives introduce new challenges, such
as modifying wall heat transfer. Accurate surface temperature measurements are essential for understanding these
effects. Laser-Induced Phosphorescence (LIP) provides a semi-invasive method that exploits the temperature-
dependent phosphorescence spectra of thermographic phosphors. YAG:Dy is a thermographic phosphor that emits
a phosphorescence signal over the range of 300 K to 2000 K. However, its poor sensitivity with the intensity ratio
method and its low sensitivity at lower temperatures with the lifetime method limit its use to high-temperature
combustion applications. Additionally, its sensitivity to ambient oxygen reduces the accuracy of those methods.
This study evaluates the performance of the Full-Spectrum Fitting (FSF) method, developed by the EM2C Labora-
tory in Lechner et al. (2022), when applied to YAG:Dy. The method leverages the phosphor’s spectral temperature
dependence over a wide range (303 to 1773 K), achieving an accuracy of 0.3 K and a precision of 8.4 K under
given experimental conditions. It is observed that there is a laser fluence threshold above which temperature de-
termination using the FSF method becomes independent of laser fluence. The impact of YAG:Dy’s sensitivity to
oxygen concentration on temperature measurement is quantified. In the worst case, uncertainty in oxygen concen-
tration can introduce a temperature error ranging from 7 to 19 K. Guidelines are provided to help mitigate these
sensitivities in combustion applications.
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of Laser-Induced Phosphorescence (LIP) — to YAG:Dy thermographic phosphors, specifically examining the
influence of oxygen content and laser fluence on the normalized phosphorescence spectra; additionally, X-ray
diffraction (DRX) was performed on the YAG:Dy sample to determine its exact crystal structure.

The significance lies in the method’s demonstrated accuracy (0.3 K) and precision (8.4 K) across a broad temper-
ature range (303-1773 K) under controlled experimental conditions. Beyond benchmark performance, the inves-
tigation provides valuable insights into how laser fluence and oxygen content affect phosphorescence spectra and
temperature determination. From these insights, practical guidelines are provided for deploying the FSF method
with YAG:Dy in real-world combustion chambers, ensuring reliable thermometry while minimizing temperature
determination biases.
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1. Introduction

The European Union’s ambition to achieve climate
neutrality by 2050 necessitates the rapid deployment
of technologies capable of attaining net-zero green-
house gas emissions. Among these, sustainable com-
bustion processes play a crucial role in decarboniz-
ing various industrial sectors, including transporta-
tion, energy production, and steam generation. How-
ever, promising alternatives to conventional industrial
combustion methods present new challenges, such as
modifying heat transfer to the walls or the load. For
instance, in CH4 or H2 oxy-combustion, the high con-
centration of CO2 and/or H2O in the burnt gases sig-
nificantly impacts heat transfer [1].

Accurate and non-intrusive surface temperature
measurements are essential for assessing thermal
loads in combustion chambers. Among available
methods, Laser-Induced Phosphorescence (LIP) ther-
mometry is a semi-intrusive laser diagnostic tech-
nique that leverages the temperature-dependant phos-
phorescence emissions of luminophore materials
(thermographic phosphors). In this method, a phos-
phorescent coating is applied to the target surface,
which, upon laser excitation, emits a phosphores-
cence signal that correlates with temperatures [1—
3]. In the combustion community, for applications
such as IC engines or gas turbines, LIP has re-
cently attracted significant interest, beyond its semi-
intrusive nature, accuracy, and ability to provide two-
dimensional temperature fields [4—6].

To ensure reliable temperature measurements, LIP
requires a calibration step in which the phosphores-
cence signal is recorded at known temperatures. Two
main approaches have been developed in the litera-
ture [2, 3]: the lifetime method and spectral meth-
ods. The lifetime method is based on the temperature-
dependant decay time of the phosphorescence sig-
nal [7], whereas spectral methods analyze variations
in the emission spectrum. Within spectral methods,
two techniques exist: the intensity ratio method [8],
which evaluates intensity variations at two distinct
wavelength bands, and the Full-Spectrum Fitting
(FSF) method, a recently developed and applied tech-
nique at Laboratory EM2C [9, 10]. The FSF method
leverages the entire emission spectrum by fitting its
shape, offering improved measurements precision.

Various thermographic phosphors have been used
in LIP thermometry, each with specific advantages
and limitations [3]. Some phosphors exhibit sensi-
tivity to oxygen concentration in the surrounding at-
mosphere [7, 11-15], particularly in lifetime-based
methods. In combustion applications, and more
specifically in oxy-combustion, where oxygen lev-
els fluctuate due to the presence of burned or fresh
gases, this sensitivity can introduce measurement and
calibration uncertainties. Additionally, some thermo-
graphic phosphors display dependencies on laser flu-
ence, which may affect the accuracy of LIP meth-
ods [9, 16-18]. Furthermore, different phosphors are
suited for different temperature ranges, making the
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selection of an appropriate thermographic phosphor
crucial for reliable measurements [3].

For instance, Mgs.5FGeOs:Mn, which is the only
thermographic phosphor tested with the FSF method
to date, is known to be insensitive to oxygen concen-
tration [12] but presents spectral sensibility to laser
fluence [9] and becomes impractical for measure-
ments above 1000 K due to diminished signal inten-
sity and lifetime [1].

Conversely, Y3Als012:Dy (YAG:Dy) has been
widely used in high temperature environments with
both intensity ratio and decay time methods at tem-
perature exceeding 1200 K [6, 19-23]. This ther-
mographic phosphor exhibits spectral dependence on
temperature and remains detectable at high tempera-
tures, making it a good candidate for the FSF method
on a wide range of temperatures. In some studies, no
effect of oxygen concentration on YAG:Dy phospho-
rescence has been observed [11, 21, 24], while others
report an influence [7, 15]. In particular, Nilsson et
al. [7] observe an increase in lifetime with higher oxy-
gen content, whereas Ishiwada et al. [15] report the
opposite. Both have shown that oxygen concentra-
tion affects both the lifetime and intensity of YAG:Dy
phosphorescence. Despite this, limited information is
available on the effect of oxygen concentration [15]
and on the impact of laser fluence [18] on the normal-
ized spectra of this thermographic phosphor. Under-
standing these effects on YAG:Dy phosphorescence
spectra is crucial for ensuring the reliability and accu-
racy of the FSF method.

This study investigates the feasibility of using the
FSF method for accurate temperature measurement
based on the temperature-dependent spectral dynam-
ics of YAG:Dy. It aims to be applied on industrial-like
combustion chambers, where the steady-state temper-
ature is generally reached over the course of several
tens of minutes and where temperatures can range
from ambient to 1200 K within just a few centime-
ters [1].

Furthermore, it examines the performance of the
FSF method when applied to YAG:Dy, considering
both oxygen and laser fluence dependencies.

This article is structured as follows: First, the ex-
perimental approach used in this study is presented.
Next, the FSF method and its application to YAG:Dy
are introduced. Finally, the effects of fluence and oxy-
gen on temperature determination are investigated.

2. Experimental Approach

The thermographic phosphor (YAG:Dy) is de-
posited in powder form in an 70 uL. AL2O3 crucible.
This assembly is mounted in a precise thermal and
atmospheric control stage and excited with a pulsed
laser at 355 nm. An imaging spectrometer collects the
phosphorescence spectra from A = 438 to 612 nm at
temperature varying from 303 K to 1773 K. Figure 1
displays the experimental setup as described below.
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Fig. 1: Schematic diagram of the experimental set-up.

2.1. Excitation source, Laser Fluence, Temperature
and Atmosphere Control

A 10 Hz pulsed Nd:YAG laser (Continuum Sure-
lite SL II-10), of 10 ns pulse duration, operating at
its third harmonic 355 nm, is used as the excita-
tion source. To achieve laser fluences ranging from
2.5 mJ/em? to 77.5 mJ/cm?, an energy attenuator
(EKSMA Optics 990-0070-355) is used to adjust the
output laser energy. The laser fluence is measured fol-
lowing the same procedure as a previous study on the
FSF method [9].

The sample is mounted on a thermal and atmo-
spheric control stage (Linkam TS1500, S-type class
1 thermocouple), which allows temperature regula-
tion from ambient up to 1773 K. The gas environ-
ment within the stage is controlled using a flow me-
ter (Bronkhorst F-201CV-100-AAD-33V), delivering
60 Nml/min of Air or pure N2 (impurity level of oxy-
gen of 5 ppm). This setup ensures precise control over
both thermal and atmospheric conditions during the
acquisitions.

2.2. Phosphorescence detection and spectra
acquisition

A telescope oriented at 45° of the laser path and
locked on the laser beam center is used to collect the
phosphorescence signal. The telescope is composed
of two two-inch achromatic lenses (f;=150 mm and
f2=100 mm, Thorlabs AC508-150-A) [9]. The sam-
ple is positioned at the focal point of the first lens
to optimize data acquisition. The collected light is
then focused onto a 200 um multimode optical fiber
(Thorlabs TM200R5S1 A) and delivered to a spec-
trometer (SpectraPro-500i, 500 mm focal length, 150
grooves mm™ ' grating, blazed at 300 nm). With a
1.5 magnification, the phosphorescence signal is col-
lected from an elliptic surface (275 um minor axis,
385 um major axis) with a homogeneous laser flu-
ence distribution, and recorded using an ICCD cam-
era (Princeton Instruments PI-MAX4:1024f Gen III
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HRf, 1024x1024 resolution, 16-bit depth). The laser,
the spectrometer and the camera are synchronized
with an external delay generator (BNC Model 577,
Pulse Generator). The spectra present in this work
are calibrated not in intensity but in wavelength us-
ing a mercury lamp (INTCAL-WL-CALIB), using
the Broad auto-calibration mode in LightField®. It
yielded an RMS error of 0.073 nm. Spectra were sam-
pled with a maximum spacing of 0.17 nm.

The camera settings are selected to maximize the
signal-to-noise ratio (SNR) and prevent interference
from other laser-induced emissions. The gain and the
vertical hardware binning of the intensity are adjusted
to ensure a Standard Error of the Mean (SEM) of less
than 2% independently of the temperature and laser
fluence.

The camera gate delay (GD) is chosen to be as
close as possible to the end of the laser pulse to cap-
ture the most intense part of the phosphorescence
spectra.

The duration of the phosphorescence signal of the
YAG:Dy sample studied varies from 70 ps to 270 ps
across explored temperature, laser fluence and oxy-
gen content. However, YAG:Dy showed a short-lived
broadband signal (Fig. 2), with its lifetime decreas-
ing significantly as temperature increased [25]. Due
to these broadband short-decay phosphorescence sig-
nals, the normalized phosphorescence spectra depend
on the GD within the first 20 ps after the laser pulse.
Therefore, a GD of 20 ps is selected for YAG:Dy and
the choice of the camera gate width (GW) only im-
pacts the SNR and not the levels of the normalized
spectra.

l T T T
— GD=0.0ps
2 GD=0.2ps
g 038 GD=1.2upus
2 GD=22upus
S 0.6 — GD=10.0 s ]
'G:J — GD=20.0 ps
=047 1
:
©0.2
Z
0 } ;
400 500 600 700 800
Wavelength (nm)

Fig. 2: Sensitivity of YAG:Dy phosphorescence spectra to
gate delay at 303 K and 45 mJ/cm? with a gate width of
0.2 ps

For the YAG:Dy database, a gate width (GW) of
15 ps is selected to achieve the best SNR prevent-
ing the camera saturation for a sample at 303 K. This
choice of GW ensures a good SNR at high temper-
atures as well, given the relatively small variations
in intensity and phosphorescence lifetime between
303K and 1773 K [3, 7, 15].
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2.3. YAG:Dy specifications

The thermographic phosphor studied is the
Y3Al5012:Dy (YAG:Dy) from Phosphor Technology
(QMKG66/F-X 3m/o Dy).

It is known that thermographic phosphor synthe-
sis process have an important impact on its radiative
properties which makes direct comparisons with the
literature challenging [12, 26]. Thus, the YAG:Dy
is characterized by X-ray Diffraction (Figure 3), us-
ing an Aeris Panalytical diffractometer working with
Cu Kq1,2 wavelength in the Bragg—Brentano geom-
etry. Diffractograms are acquired between 10° and
90° in 2-theta with a 0.02° angular step. Analysis
is performed using the Profex software [27] mak-
ing use of the reference phases as found in the COD
database [28].

chs
| Iobs'lswm

— Y3Al0,,
—YAIO,

1

1

1

Intensity (arb. units)

1

MLL.JL._J‘

b
T T ' ‘ T T T T T
10 20 30 40 50 60 70 80 90
2-theta (°)
Fig. 3: X-Ray Diffraction pattern of the YAG:Dy thermo-
graphic phosphor

This analysis shows that the YAG:Dy sample
mainly consists of an yttrium aluminium garnet phase
Y3Al5012 (reference number cod4312142 in the
COD database). The orthorhombic YAIO3 parasitic
phase (cod1533069, COD) is identified for ~5% of
mass fraction. For both phases, the refined cell pa-
rameters i.e. a = 12.009 A for the observed Y3Al5012
and a = 5.182 A, b =5.324 A and c = 7.375 A for
the observed YAIOs3 are very close to the cell param-
eters of the original reference phases, concretely a =
12.01 A for Y3Al5012 anda =5.161 A, b =5.301 A
and ¢ = 7.342 A for orthorhombic YAIOs.

2.4. Database acquisition

A database is constructed from the acquisitions of
single-shot phosphorescence spectra of YAG:Dy dur-
ing a temperature ramp of 0.4 K/s, ranging from Tmin
=303 Kto Tmax = 1773 K, at a fixed laser fluence and
a controlled oxygen concentration in the surrounding
atmosphere. For each database, background acquisi-
tions are recorded using the same temperature ramp
with identical camera parameters as the signal ac-
quisitions, under the same oxygen concentration and
without laser.

Each single-shot spectrum is then corrected using
the corresponding background acquisition, ensuring
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identical camera settings and a temperature match-
ing within £0.5 K as measured by the thermal stage.
Every 1 K, the mean spectra are obtained by aver-
aging 25 corrected single-shots. These mean spectra
are then filtered using a third-order Savitzky—Golay
smoothing filter with a 13-points moving window, and
normalized to maximum intensity.

A total of 4 databases are acquired under vary-
ing laser fluences and oxygen content.  Three
databases are acquired in N2 at laser fluences of Fuin
= 2.5 mJ/em?, Fua = 42.3 ml/cm® and Fpy =
77.5 mJ/cm?, and one database is acquired in Air at
Frnax. The database at Fina and No will be considered
as the reference database in the following.

3. FSF Method using YAG:Dy for thermometry
3.1. Method

The FSF method relies on the analysis of the dy-
namics of normalized spectrum from the thermo-
graphic phosphor as temperature changes. The accu-
racy of temperature determination critically depends
on the quality of both the reference database and the
acquired single-shot spectra.

With the FSF method, the computation of Tfound,
corresponding to the temperature of a phosphores-
cence spectrum denoted as S*“%*Y, requires finding
the closest match to a filtered, normalized reference
spectrum. This is achieved by solving the following
optimization problem:

. . studied  gref
min_ {min d(aS*"", ST}
TE€[Timin, Tmax] ~ &

)]
where d(-, -) represents a distance metric between two
spectra and « a coefficient of normalization.

This classification problem is solved using several
distance metrics [29]. Among them, the Lo distance
and the Pearson X2 distance, which were chosen for
their best performance in the case of this study, are
defined as:

dL2 (Ssll.ldiecl7 Sref) — \/Z (S;tudied _ Sf\Ef)Q 2)
A

studied ref 2

d Sstudied Sref _ (S/\ - SA )
Pearson x 2 ( P ) - gref
A A

3)

The performance of both distance will be tested to

retrieve the temperature using the FSF method on the
reference database.

3.2. YAG:Dy use cases

The temperature-dependent evolution of YAG:Dy
normalized phosphorescence spectra is displayed in
Figure 4. Significant spectral variations are observed



© ©® N o A~ W N =

) R
> T=1523K
= 08} T=1273K
& T=1023K
06} T=773K
o — T=523K
g — T=303K
=04}
E
0.2}
Z
O s
450 500 550 600
Wavelength (nm)

Fig. 4: Sensitivity of YAG:Dy phosphorescence spectra to
temperature at Fiyax in Nao.

as a function of temperature. Although no strong vari-
ation is evident in the intensity ratio between the pri-
mary peak located around 580 nm and the secondary
peaks in the 480-500 nm region of the YAG:Dy phos-
phorescence spectra, a more pronounced difference
appears when comparing the 580 nm peak to the fea-
ture at 460 nm. The temperature sensitivity of the
YAG:Dy spectrum makes this thermographic phos-
phor a strong candidate for the FSF method.

A cross-validation procedure with 5-folds is per-
formed to estimate the statistical accuracy and stan-
dard deviation of the temperature deviation on the ref-
erence database: AT = Tround — Trecorded- In this pro-
cedure, all single-shots are randomly split into five
folds of approximately 5 per 1 K each. Four folds,
representing approximately 20 single-shots per 1 K,
are used to construct the mean-normalized spectra
database, while the remaining fold serves as the test
set. This process is rotated across all folds, resulting
in five iterations. The estimated temperature devia-
tion obtained from each test fold are aggregated in
Figure 5. The left panel of this figure shows the evo-
lution of the mean and standard deviation of the tem-
perature deviations across the full temperature range.
Each point corresponds to the mean and standard de-
viation of the deviations within £50 K, representing
roughly 2,500 single shots per point. The right panel
shows the histogram of temperature deviations over
the entire temperature range, with the corresponding
summary statistics provided in the caption.

The histogram of Figure 5 illustrates that the Pear-
son x? distance yields better results compared to the
L, distance with a sub-kelvin accuracy (0.3 K) and a
standard deviation below 8.4 K for the whole range of
temperature studied.

In detail, the accuracy of the temperature devia-
tion AT as a function of the recorded temperature re-
mains constant around zero while the evolution of the
standard deviation slightly increase with the recorded
temperature. These results are of particular interest
considering that, over the broad temperature range,
they correspond to a remarkably low relative error.
The Pearson 2 distance is used in the following to
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retrieve the temperature with the FSF method.
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= = Pearson
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Fig. 5: Effects of distance metric on temperature deviation
AT with the reference database at Fax in No. AT Ly =
—-18 K, oar,L, = 125 K, and AT > = 03 K,
OaT,2 = 84K

4. Laser Fluence and Oxygen Effects on
Temperature determination

In combustion applications, the composition of the
gas surrounding the thermographic phosphor can ex-
hibit significant spatial and temporal fluctuations in
oxygen concentration, as well as substantial laser
fluence extinction (soot particules, small gaseous
species, PAHs...). Ishiwada [15] and Nilsson et al. [7]
have shown that oxygen concentration affects both the
lifetime and intensity of YAG:Dy phosphorescence.
To the authors’ knowledge, only few information ex-
ists regarding the effect of oxygen concentration [15]
and on the impact of laser fluence [25] on YAG:Dy
normalized spectra. Characterizing these effects on
normalized YAG:Dy phosphorescence spectra is es-
sential to ensure the reliability of the FSF method.

To this end, temperature determinations of single-
shot database acquired under various laser fluences
and atmospheric conditions are compared against the
reference database obtained at a laser fluence of Fax
in an N» atmosphere.

4.1. Effect of Laser Fluence

To investigate the effect of laser fluence on the
temperature determination using the FSF method,
databases of single-shot spectra are acquired under
No atmosphere at two laser fluences Fiia and Fpin re-
spectively corresponding to a 50% and 97% extinc-
tion of the laser fluence Fiax.

Figure 6 displays the comparison of the YAG:Dy
normalized spectra for the extrema of the databases
i.e. Fmin spectra vs. Finax spectra at Tin and Tiax with
both N2 and Air atmosphere. In this figure, the dis-
played spectra are obtained from the average of 250
corrected single-shot spectra. In the first column, the
top graph shows two normalized spectrum obtained
at Fnin and Fnax at temperature Tmin. The evolution
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Fig. 6: Normalized intensity of the YAG:Dy phosphorescence spectrum at different conditions. Gray regions correspond to
normalized intensity below 0.02. Displayed spectra are obtained from the average of 250 corrected single-shot spectra.

of the relative difference is >15% for the first spec-
tral band 471-502 nm, and less than 5% on the sec-
ond band 564-603 nm. At high temperatures, the bot-
tom graph shows that the relative difference is about
12% at 439 nm and decreases linearly to reach 3% at
515 nm and less than 3% value throughout the rest of
the spectrum. It is interesting to note that increasing
temperature reduces the effect of laser fluence on the
normalized spectra.

Figure 7 represents the temperature deviation AT
between the temperature of single-shots acquired at
Fumin or Fnax and the temperature determined by the
FSF method identified using the reference database.
The gray area represents the accuracy of the method
as a function of temperature, as shown in Fig. 5.

The temperature deviation for single-shots at Fiin
increases with temperature, reaching ATr . =
84.4KatTr , =1650K, as well as the standard devi-

ation of AT, . . As seen in the distribution of ATF,

over all temperatures shown on the right of Fig. 7,
the average temperature error of the FSF method is
ATp,, = 22.5Kin this case.

Conversely, when single-shots acquired at Fiq are
compared to the Fnax reference database, the abso-
lute mean and standard deviation of the tempera-
ture deviation are comparable to those obtained using
both averaged signals and single-shots from the refer-
ence database cross-validated, respectively AT r,,, =
—2.6 K, oAt R, = 10.5 Kand ATp,, = 0.3K,
OAT, Fry = 34 K.

This suggests the existence of a laser fluence
threshold value in the FSF method for this YAG:Dy
sample. This effect was already observed in [18].
Effectively, using a database done at a laser fluence
well above this threshold allows the temperature de-
termination without any bias due to uncertainties of
the laser energy.
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Fig. 7: Effect of laser fluence on temperature deviation AT
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4.2. Effect of Oxygen

Figure 6 displays the comparison of the YAG:Dy
normalized spectra for the extrema of our databases,
i.e. N2 vs. Air atmosphere at Trin and Trax With both
Fin and Frax laser fluences. At low temperatures on
Figure 6, the bottom graph shows that the relative dif-
ference remains < 8% on the first spectral band and <
4% on the secondary spectral band. At high tempera-
tures, the evolution of the relative difference shows a
difference of around >3% on the first spectral band,
and < 15% on the secondary spectral band. The third
column illustrates that at low laser fluence, the influ-
ence of oxygen concentration in the surrounding gas
is negligible. Overall, these observations indicate that
oxygen primarily induces minor variations in the nor-
malized spectra of the YAG:Dy sample.

As mentioned in Sec. 4.1 the effect of oxygen con-
centration on the FSF method can be observed inde-
pendently of the laser fluence, as long as it is greater
than Fnig. To investigate this further, a single-shot
database is collected in Air at a laser fluence of Fpax.
This data is then evaluated using a reference database
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comprised of averaged single-shot spectra recorded in
an N2 atmosphere under the same laser fluence condi-
tions. Temperature deviations obtained with the FSF
method are shown in Figure 8.

Results indicate that the mean temperature devia-
tion increases from approximately -7 K at low temper-
atures to -19 K at higher temperatures. Similarly, the
standard deviation of the temperature deviation rises
from 4 K at low temperatures to 15 K at higher tem-
peratures.

Results indicate that the mean temperature devia-
tion increases from approximately -7 K at low temper-
atures to -19 K at higher temperatures. Similarly, the
standard deviation of the temperature deviation rises
from 4 K at low temperatures to 15 K at higher tem-
peratures.
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Fig. 8: Effect of oxygen on temperature deviation AT
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For air combustion system application, the uncer-
tainty on oxygen concentration on the temperature de-
termination by FSF method on YAG:Dy decrease ac-
ceptably the accuracy at 16 K around 1700 K and at
Fax, Which corresponds to the worst case scenario.

4.3. Guidelines for YAG:Dy FSF Method application
on Combustion Chambers

This section proposes some guidelines to perform
LIP measurements using YAG:Dy with FSF method
in combustor.

It is important to note that the FSF method, like any
other LIP thermometry method (lifetime and intensity
ratio), requires prior calibration with a specific acqui-
sition setup and a fixed thermographic phosphor sam-
ple, which must remain unchanged during tempera-
ture measurements [3]. In the case of the FSF method,
the calibration consists of the creation of a database of
normalized spectra for a temperature range of interest.

In the case of YAG:Dy, its normalized spectra show
a dependence of laser fluence and O2 concentration
on temperature (Fig. 7 & Fig. 8). This apparent re-
liance necessitates the creation of multiple databases
according to application needs (e.g. external or in-
ternal walls temperature measurements of a combus-
tion chamber under rich or lean conditions). The
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present results indicate the existence of a threshold
fluence beyond which temperature determination be-
comes independent of the laser fluence used for the
reference database. However, in practical applica-
tions, the medium may exhibit absorption and scatter-
ing properties. Therefore, it is recommended to select
a sufficiently high laser fluence to prevent potential
reductions in incident energy.

Furthermore, the results show that, when using a
reference database in Ny at a laser fluence higher than
the threshold, the influence of oxygen leads to a no-
ticeable but limited difference in precision and accu-
racy. To minimize temperature measurement uncer-
tainty, it is beneficial to construct a database at an oxy-
gen concentration close to the operating conditions.
For instance, in lean combustion applications, the ref-
erence database should ideally reflect the equilibrium
oxygen concentration. Similarly, for rich or stoichio-
metric combustion conditions, it is recommended to
establish a database in an N2 environment. Moreover,
it is worth mentioning that in practical application, the
thermographic phosphor will be mixed with a binder,
embedding it in a matrix and insulating it from the
surrounding atmosphere. This could significantly re-
duce the influence of oxygen content.

Finally, several interference sources may arise in
practice. A part from the laser extinction mentioned
above, another one is spectral absorption of emitted
light by media like H2O or CO2, though this mainly
affects the infrared and has minimal impact in the vis-
ible range used here. In combustion chambers, ab-
sorption can be further reduced, for example by ap-
plying the thermographic phosphors to quartz win-
dows to avoid and/or minimize optical path through
absorbing gases. Flame emissions may also interfere
from several sources. Spontaneous emissions from
radicals such as OH* and CH* are commonly ob-
served, but since they lie outside our spectral region
of interest, they would not interfere. In very fuel-
rich hydrocarbon flames, however, emissions from
species like C2 or C3 may overlap with the visible
range of interest. In such cases, their impact can be re-
duced by ignoring the corresponding spectral bands,
for instance by applying masks during data process-
ing. Furthermore, when measurements are performed
under stationary conditions, background subtraction
further limits the influence of these spontaneous emis-
sions. Laser excitation can also stimulate emissions,
notably from OH and CH radicals. Nevertheless,
these emissions do not significantly affect the mea-
surements, as their fluorescence lifetimes are very
short (on the order of 400-600 ns [30, 31]) compared
to the system’s gating, making their contribution neg-
ligible. Another source of interference comes from
continuous spectral emissions. Thermal radiation in
the infrared can be strong but typically falls outside
the spectral window of interest. By contrast, soot can
emit strongly in the visible range and may disturb the
measurement. When this occurs in steady conditions,
its contribution can also be effectively minimized by
subtracting the background.
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5. Conclusion

This study investigated the spectral dynamics of
YAG:Dy phosphorescence signals with varying tem-
peratures for thermometry applications using the FSF
method. The method was successfully employed over
a wide temperature range from 303 K to 1773 K.

Over the studied temperature range, YAG:Dy ex-
hibits a strong spectral dependence, making it advan-
tageous over lifetime-based methods below 1200 K.

An improved signal processing approach was pro-
posed by selecting a more effective spectral distance
metric, Pearson x? distance, which resulted in bet-
ter temperature determination accuracy. At a given
operating point, using an appropriate distance metric
and minimization method, the deviation between the
recorded and found temperature remained sub-kelvin
on average, with a standard deviation of 8.4 K.

For combustion chamber applications, laser flu-
ence can be affected by the presence of UV semi-
transparent gases and by fluctuations in oxygen levels
in gases. The sensitivity to these factors of YAG:Dy
phosphorescence spectra, applied to the FSF method,
was evaluated under different operating conditions.

The results indicate that YAG:Dy is sensitive to
laser fluence, especially at low laser fluences, but
there is a threshold above which the temperature de-
termined by the FSF method is no longer affected by
variations in laser fluence.

The presence of oxygen affects the response of the
phosphor, but its influence is limited. The relative
error remains below 1.5% across the entire measure-
ment range, even under conditions of high laser flu-
ence and high temperature, where the effects are most
noticeable.

The study concludes with practical guidelines for
implementing the FSF method in combustion cham-
bers. To minimize sensitivity to both laser fluence
and oxygen concentration, a balanced approach is
required. Maximizing laser fluence improves the
signal-to-noise ratio and mitigates the sensitivity ob-
served at low laser fluence levels. However, laser flu-
ence should not be excessively high to avoid addi-
tional variability cause by fluctuations in oxygen con-
tent.

Future work will extend this analysis to YAG:Dy
mixed with a binder, aiming to study the sensitivity
of this mixture to fluence and oxygen levels. Addi-
tionally, applications in combustion chambers will be
explored.
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