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1 | INTRODUCTION

Anna-Lena Sahlberg |

Marcus Alden | Zhongshan Li

Abstract

We present an in-depth investigation of laser-induced grating spectroscopy
(LIGS) for temperature measurements in practical applications using a
narrow-band dye laser with 760 nm wavelength and a pulse duration of 8 ns
as the source for the pump beams creating the laser-induced grating. The
pump laser wavelength was set to be either resonant with the Q(5) transition
from the b12g+ (=0)—X 3Zg‘ (v”=0) band of O, for generation of thermal
LIGS or nonresonant for generation of purely electrostrictive LIGS. Signals
were generated in ambient air as well as in high-pressure or high-temperature
dry air mixtures. Pump laser irradiances up to 11 GW/cm? were used, which
resulted in strong electrostrictive contribution to the overall LIGS signals at
atmospheric pressure, with a low thermal contribution due to the weak
absorption by the singlet O, (blZgJr V= 0). The advantage and disadvantage
of thermal or electrostrictive LIGS for temperature measurements are
discussed, as well as potential applications in high-pressure environments.
Furthermore, the precision of the temperature measurement is discussed by
comparing different analysis methods.
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scattering,[s] Raman scattering,m laser-induced
fluorescence (LIF),!*°! two-line atomic fluorescence

Temperature is a key parameter in combustion processes.
A large focus of laser diagnostics in combustion is
directed towards accurate and precise temperature
measurements in situ with high spatial and temporal
resolution. Several spectroscopic techniques have been
developed and applied for temperature measurements in
various combustion situations, such as Coherent
Antistokes Raman Scattering (CARS),'™ Rayleigh

(TLAF),1"*'2 degenerate four-wave mixing,!"***! and
many more. The field of laser techniques for combustion
diagnostics has been reviewed several times.['*!8!
Laser-induced grating spectroscopy (LIGS) has
emerged in recent decades as a promising candidate for
temperature measurements in combustion. The LIGS sig-
nal is rich in information, as the shape of the signal
simultaneously holds information on temperature,!**-2%
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pressure, 1 Velocity,[ I and molecular relaxation
rates.® %! In particular, LIGS has great potential for
temperature measurements in high-pressure environ-
ments, since unlike most other laser techniques, the
signal intensity and the precision in the temperature
measurement improve at higher pressures.”*!! This makes
LIGS an attractive technique for temperature measure-
ments in high-pressure applications such as gas turbines
and combustion engines. Latzel et al.*!! demonstrated
the first application of LIGS for temperature measure-
ments in high-pressure flames. LIGS for temperature
measurements have been demonstrated under diesel
engine conditions® and in an optical engine using
simultaneous LIGS and two-color planar LIF.**! Pressure
measurements in an engine using thermal LIGS were
demonstrated by Sahlberg et al.”**)

In a typical LIGS experiment, two coherent pump
beams from a pulsed laser are overlapped and create an
interference pattern in the intersection region. The signal
can be generated from two fundamental phenomena.
Absorption of the pump laser radiation by molecules in
the measurement volume, and subsequent thermaliza-
tion of the energy due to molecular collisions, results in a
transient density modulation and thus refractive index
spatial modulation. Electrostriction, in turn, generates a
modulation in the gas density by compression of the mol-
ecules by the strong electric fields in the pump laser
beams. Both of these processes lead to the formation of a
laser-induced grating (LIG). The signal is generated by
aligning a continuous wave probe laser to cross the LIG
at the Bragg angle and detecting the light that is Bragg
scattered off the LIG. Rapid density variations lead to the
formation of a standing acoustic wave across the LIG.
This results in oscillations in the LIGS signal, directly
proportional to the sound speed in the medium, which in
turn depends on the gas temperature. In cases where
there is a strong absorption and thermalization of the
absorbed energy, a weak pump laser is generally used
and the electrostrictive part of the LIGS signal can some-
times be neglected. On the other hand, in the absence of
any absorption, a relatively strong pump laser will be
applied to generate a pure electrostrictive LIGS signal.l*

The choice for using thermal or electrostrictive LIGS
signals is generally determined by the availability of laser
system and molecular species with absorption lines at
the appropriate wavelength. Acetone or toluene has
frequently been used as absorbers in LIGS experiments at
266 nm.*>**°! However, this method is limited to
measurements before combustion since the tracers are
consumed during combustion. For measurements in the
burned zone of flames, absorption lines of nitric oxide
(NO) around 226 nm"®! or water around 3 pm"73*! that
are naturally present in flames have been utilized.

However, NO is only naturally present in sufficient quan-
tity in high-temperature flames, and water requires a
suitable midinfrared laser source.

The advantage of electrostrictive LIGS measurements
is that the pump laser wavelength does not need to be
tuned to absorption lines in the gas.!***" The disadvan-
tage of electrostrictive LIGS compared to thermal LIGS is
that a much stronger laser intensity is required to gener-
ate electrostrictive LIGS signals. For this reason, the fun-
damental output from a Nd:YAG laser (at 1064 nm) has
traditionally been used for electrostrictive LIGS measure-
ments, because of the ease of generating high power at
this wavelength.[?*264042 However, too high laser power
can be a limitation in some applications due to the risk of
laser-induced breakdown and damage to optical compo-
nents. Electrostrictive LIGS have been used for measure-
ments of temperature in atmospheric pressure flames.!??!
Forster et al.*%! recently demonstrated both thermal and
electrostrictive LIGS experiments under diesel engine
conditions, proving that the electrostrictive LIGS signal
could provide temperature measurements also in the
burned zone of the gas.

Absorption by the spin-forbidden and hence weak

rovibronic transition of O, (b12g+ V=0~X 3Zg‘ ' = 0)
can be used for generation of thermal LIGS signals. It
has been used for fundamental studies of the mechanics

of energy transfer in the singlet O, (blEgJr ) band under

different conditions.[**%*! In this work, we examine
the potential of both thermal and electrostrictive LIGS at
this wavelength for temperature measurements in practi-
cal applications. A narrow-band dye laser with 760 nm
wavelength, 8 ns pulse duration, and up to 60mJ pulse
energy operating at 10 Hz was used as the source for the
pump beams. The pump laser wavelength was adjusted

to be either resonant with the singlet O, (b12g+ 2V :0)

RQ(5) transition for generation of thermal LIGS signals or
nonresonant for generation of purely electrostrictive LIGS
signals. The dependence of the signal shape and intensity
on the pump laser energy, temperature, and pressure have
been studied. The advantage and disadvantage of thermal
or electrostrictive LIGS for temperature measurements are
discussed from an application-based point of view, that is,
for potential applications for temperature measurements
in high-pressure environments such as gas turbines.

2 | THEORY

The theory of LIGS has been reported by several groups
(see, e.g., previous studies!?®3#4-4)) In a typical LIGS
setup, two pulsed pump laser beams with wavelength
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Apump are crossed in an angle 0. Coherent interference
between the pump beams generates a fringe pattern of
alternating intensity with the characteristic grating
spacing A, which is given by

j’ um,
= 25in(0/2) @)

If the pump laser beams are resonant with a transition in
the molecules present in the crossing region, the mole-
cules will be excited along the interference fringes of high
laser intensity in the measurement volume. Molecular
collisions will de-excite the molecules and transfer the
absorbed laser energy into thermal energy, which forms a
periodic variation in temperature in the gas in the mea-
surement point. The rapid changes in temperature cause
a density modulation, which results in two counter-
propagating acoustic waves perpendicular to the fringe
planes, that is, a standing wave. The temperature and
density modulation together with the standing acoustic
wave causes a modulation of the refractive index in the
measurement volume, that is, a laser-induced thermal
grating (LITG). Due to the standing acoustic wave, the
LITG will oscillate at the frequency f,s. which depends
on the speed of sound, vy, and the grating spacing as

fosc = A/VS (2)

In addition to the resonant absorption, a modulation of
the molecular density in the measurement volume can be
introduced by electrostriction (the tendency of a material
to vary its density in presence of an electric field gradi-
ent). The density modulation caused by electrostriction
leads to the formation of a standing wave in the measure-
ment volume and produces a nonresonant laser-induced
electrostrictive grating (LIEG). The LIEGS signal will
oscillate at twice the oscillation frequency f,, compared
to a LITGS signal with the same grating spacing.*”)

If the pump laser is resonant with a molecular
absorption line and both the thermal and electrostrictive
effects are present, then a combined LITGS and LIEGS
signal will be formed. The LIEG is more dependent on a
strong pump laser intensity compared to the LITG. If the
resonant absorption is strong and the pump laser inten-
sity is low, the LIEG might be negligible.

The formation and time evolution of the LIG is pro-
bed by a continuous wave (CW) probe laser beam. The
wavelength 4., can be chosen arbitrarily, and the probe
beam is aligned to cross the LIG at the Bragg angle 65,
which is given by (for first-order diffraction)

A
sin(0p) = gLAbe (3)

RAMA
SPECTROSCOPY

The LIGS signal is formed by Bragg diffraction of the
probe beam off the LIG. The signal intensity scales
linearly with the probe laser power and quadratically
with the pump laser intensity (until saturation or laser-
induced breakdown occurs).

21 |
LIGS

Temperature measurements using

The LIGS signal can be directly used to measure the
speed of sound v, in the measurement volume by measur-
ing the oscillation frequency f,,. The gas temperature
T can be calculated from the speed of sound as

T - v? —_ (1\/«](‘OSC)2

a Ry (Y/Mgas) a R, (7/Mgas) (4)

where R, is the universal gas constant, y = c,/c, is the
ratio of specific heats at constant pressure and volume,
and M, is the mean molecular weight of the gas. Thus,
the gas temperature can be directly calculated from the
oscillation frequency, provided the gas composition is
known or can be estimated.

2.2 | Acoustic damping and thermal
diffusivity

The acoustic waves decay exponentially due to viscous
damping. The time of decay is given by the acoustic
damping time, z,, which can be calculated as

A o) o

where « is the thermal conductivity, p is the density, c, is
the specific heat at constant pressure, u is the dynamic
viscosity, and y is the specific heat ratio.

Since the measurement volume is not infinite in size,
the acoustic waves will travel out of the volume during
the lifetime of the LIG. The oscillations will then also
decay exponentially due to the acoustic transit time z,,1°’
which depends on the beam radius w at the measurement
volume and the speed of sound as

w

w
fir= /2v5c0s(6/2) ~ V20 (6)

In many practical LIGS experiments using focused pump
laser beams, the measurement volume is small enough
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TABLE 1
diffusion time assuming a grating spacing of A = 11.5 pm

P (bar) x (mW/m-K) p (kg/m3) ¢, (kJ/kg-K)
1 25.7 1.18 1.0065
2 25.73 2.35 1.0081
3 25.77 3.53 1.0098
4 25.8 4.71 1.0114
5 25.84 5.89 1.0131
6 25.88 7.07 1.0147
7 25.92 8.25 1.0164

that the acoustic transit time is much smaller than the
acoustic damping. If this is the case, the viscous damping
can be neglected.

The stationary thermal part of the LIG grating decays
exponentially according to thermal diffusion. The time
constant for this decay, 7., is given by

= (%) e 7)

where the thermal diffusivity y = x/pc,. Table 1 shows
the values of the gas constants for dry air at room
temperature and at different pressures,[48] as well as the
calculated thermal diffusion and acoustic damping
times, assuming a grating spacing of 11.5 pm. Table 2
shows the same values for 1bar and at different
temperatures.

2.3 | LIGS simulation model

The time evolution of a thermal LIG is strongly
influenced by the time scale of the thermalization of the

Gas constants for dry air at 296 K and pressures 1-7 bar, together with the calculated acoustic damping time and thermal

# (pPas) 4 x (mm2/s) 74 (1s) T (RS)
18.385 1.4018 21.69 0.23 0.15
18.4 1.4036 10.84 0.45 0.31
18.415 1.4055 7.22 0.68 0.46
18.43 1.4073 5.41 0.9 0.62
18.445 1.4091 433 112 0.77
18.461 1.4109 3.61 1.35 0.93
18.476 1.4127 3.09 1.57 1.08

the laser pulse duration, the signal is assumed to be
“Instantaneous.”
A model for simulations of the LITGS signals gener-

ated from excitation of the singlet O, (b12g+ ) band has

been developed by Hemmerling and Kozlov.”®! They
presented a model describing the temporal evolution of a
LIG signal created by the interference of population, elec-
trostrictive, and thermal contributions, where the ther-
mal contribution is divided into “instantaneous,” “fast,”
and “slow” energy transfer processes. Depending on the
gas density (the frequency of molecular collisions), these
processes contribute differently; at low gas densities, the
main contribution is from instantaneous energy transfer,
while the fast and slow transfer gains more importance at
higher densities.!*”!

It has been shown!?! that the “slow” processes, which
mainly occur from vibrational transitions, are negligible
for the pressure range 1-7 bar. Therefore, in this paper
we assume the energy transfer to occur in two steps: one
“instantaneous” transfer, followed by a “fast” energy
transfer characterized by the time constant 7 In this
case, the time evolution of the LIGS signal Sy;gs can be
modeled as

SLics {Ml- [cos(2af yiot)exp(—1/7a— (t/7)*) —exp(—t/Tun)] (8)

o [(%Sin&nfmt)) exp(— /(¢ ) - (R Dt/

Tf(l/Tf—l/Tth)

+Mesin<znfmr>exp(—r/ra—u/nrf)}2

absorbed pump laser energy. The shape of the resulting
LIGS signal depends on the characteristic time 7,, in
which the energy transfer occurs. If 7, < 77, where 7z is

where the constants M;, My, and M, represent the relative
contributions of instantaneous, fast/slow, or electro-
strictive processes, respectively. The constant ky is defined
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TABLE 2 Gas constants for dry air at 1 bar and 296-700 K together with the calculated acoustic damping time and thermal diffusion
time assuming a grating spacing of A = 11.5 pm
T (K) k (mW/m-K) p (kg/m®) ¢p (kJ/kgK) 1 (nPa:s) 14 x (mm?*/s) 7q (DS) T (DS)
296 25.7 1.18 1.0065 18.39 1.4018 21.69 230 150
423 34.26 0.829 1.0169 23.95 1.3946 40.63 120 80
700 50.85 0.497 1.0752 34.27 1.3646 95.09 53 35
P “S——
A:( \E\ L1 Gas supply
1 o 1
HeNe [___J >
(trace laser) / ﬁ_--- —
P YT Y L2
> Heating tube -..---..-"""-b-- --\\
Nd:YAG BS i
V/ i
laser i
1
4 i
S
Dye laser DPSS laser Osc BMT _ﬂ___l___ _____)I/
(pump laser) —p (probe laser) I
~760 nm 457 nm IF L3
FIGURE 1 Schematic overview of the laser-induced grating spectroscopy (LIGS) experimental arrangement. The measurements were

performed in room air, in heated gas flows of dry air (depictured), and in dry air at elevated pressures using a high-pressure cell. The focal

lengths of the plano-convex fused silica lenses L1-L3 are 300, 500, and 300 mm, respectively. The other abbreviations denote BS: beam

splitter, P: quartz prism, IF: interference filter 457.9 + 2 nm

as kp= 2xfostp and it is assumed that ke > 1-7,/7¢ If the
laser wavelength is off-resonance, M; and My are zero and
the electrostrictive LIGS signal is given only by the last
term in Equation 8. In the limited range of temperatures
and pressures studied in this paper, this model was suffi-
cient for an accurate simulation of the LIGS signal shapes.

2.4 | Spectral line notation of oxygen

The rotational levels of O, are described by the angular
momenta K and J, where K represents the rotational
angular momentum and J is the sum of the rotational (K)
and spin angular momenta.[**->! The spectral line nota-
tion used here is *¥AJ(K") where K” and J" are the quan-
tum numbers of the initial rotational level in the ground
state X 3Zg‘ (V' =0). For example, the absorption line *Q
(5) represents the ®Q-branch line with K" =35 where
AJ=0and AK=1.

3 | EXPERIMENTAL
ARRANGEMENT

Figure 1 illustrates a schematic view of the experimental
setup. A dye laser (Sirah, PRSC-D-18, operating on

LDS765 dye) pumped by the second harmonic output of
a pulsed injection-seeded Nd:YAG laser (Spectra Physics,
PRO 290-10, 10 Hz) was used to generate tuneable laser
radiation with wavelength around 760 nm. The pulse
duration is 8 ns, and the linewidth of the laser radiation
has a full-width half maximum (FWHM) <0.04 cm™".
This laser radiation served as pump laser in the LIGS
configuration. The maximum output pulse energy of the
laser is around 60 mlJ.

The pump laser beam was split into two pump beams
by a 50:50 beam splitter and was focused and crossed
using a plano-convex fused silica lens with a focal length
of f= 300 mm. A crossing angle of 3.7° was used, which
resulted in formation of a LIG with a grating spacing of
11.5 pm. This geometry was chosen in order to create a
LIG with largest achievable grating spacing in order to
produce LIGS signals with long durations, while
maintaining high spatial resolution. A larger grating
spacing leads to longer signal duration (due to the
increased decay time constant of thermal diffusion
according to Equation 7). It also leads to lower oscillation
frequency; however, the increased signal duration is
larger than the decrease in oscillation frequency, so
larger grating spacing leads to more observable oscilla-
tion peaks in the signal and thereby increases the mea-
surement precision.
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A CW diode-pumped solid state (DPSS) laser
(Laserglow Tech., LRS-0457) operating at 457 nm with an
output power of 170 mW was used to probe the dynamics
of the grating. The probe laser was aligned to intersect
the LIG at the Bragg angle of 1.1°, and a HeNe laser
beam was used to facilitate the alignment of the signal
beam towards the detector. The signal beam was colli-
mated and detected using a photomultiplier tube (PMT,
Hamamatsu, H6780-04) connected to an oscilloscope
(LeCroy, WaveRunner 6,100, 1 GHz). An interference
filter with central wavelength 457.9 + 2 nm was used in
front of the PMT to suppress any scattered light from the
pump laser.

The LIGS measurements were performed in known
gas environments which included room-temperature
humid air and dry air at pressures 1-7 bar using a pres-
surized gas cell equipped with sapphire windows for opti-
cal access. The pressure measurements were performed
at room temperature. In addition to that, LIGS signals at
atmospheric pressure and temperatures between room
temperature and 710 K were recorded in dry air flows in
a heating tube. A thermocouple of type K was used to
measure the heated gas flow temperature. The gas flow
was controlled by mass flow controllers (Bronkhorst).

4 | RESULTS

4.1 | LIGS signals recorded in room air

Figure 2 shows the LIGS signals recorded in room air at
295 K with 35% humidity both off-resonance and on-
resonance with the absorption line ®Q(5) of the
b'sS (v'=0) —X*%; (" =0) band of O,. The humidity
in the air will affect the strength of the thermal LIGS,

(@) 35 : ‘
— Non-resonant signal‘
301 1
>
g 25¢
2
‘s 20 30
g
E15) E 20 58 IMHz
%) 10
Q10+ 0 ;
— 0 50 100
Frequency /MHz
5 |-
0 L L
0 0.05 0.1 0.15 0.2 0.25

Time /us

FIGURE 2

since the concentration of water vapor in the air strongly
affects the quenching that forms the thermal LIG. The
recorded LIGS signals presented below are an average of
200 laser shots unless stated otherwise. The ellipsoid
probe volume was estimated to be 1.5mm long with a
diameter of 75 pm. The pulse energy of the pump beams
was around 50mJ during these measurements, which
corresponds to a laser irradiance around 14 GW/cm?.
This was more than sufficient to create a LIEG.

The nonresonant LIGS signal presented in Figure 2a
was recorded in room air at 761.16 nm. The inset in the
figure shows the Fourier transform of the signal, where
the peak in the power spectrum reveals an oscillation fre-
quency around 58 MHz. This corresponds to the fre-
quency originating from a LIEG with grating spacing
11.5 pm. Figure 2b shows the resonant signal recorded
on the ®Q(5) absorption line of O, at 761.139 nm. This
signal exhibits a higher intensity of the even-numbered
oscillation peaks (marked with arrows) compared to the
nonresonant signal, which indicates a contribution from
a LITG. Two observable features are present in the power
spectrum (see inset of Figure 2b). Just like for the non-
resonant LIEGS signal, an oscillation frequency peak
around 58 MHz is present and thus indicating a strong
electrostrictive contribution.

Furthermore, a distinct dip occurs at 29 MHz, which
corresponds to the oscillation frequency from the LITG
contribution. It is more common to observe a peak in the
power spectrum at the oscillation frequency, instead of a
dip. It is possible that this occurs because the conditions
in this measurement caused a destructive interference
effect between the acoustic waves from the different
LITGS and LIEGS frequencies in the power spectrum. It
could be that the conditions in this experiment were just
right to create a destructive interference between the two

(b) 35 ——————
Resonant signal
301 Ras) line
>
g 251
2
‘s 20 30
8
E 15! E 20 o MH258 IMHZ
[} 10 .
Q10t N e
— 0 50 100
Frequency /MHz
5 L
O L L L
0 0.05 0.1 0.15 0.2 0.25

Time /us

Laser-induced grating spectroscopy (LIGS) signals recorded at 295 K in room air (a) off resonance at 761.16 nm and

(b) on-resonance with the RQ(5) absorption line of the bl g + (v' = 0)«—X3 Zg — (v" = 0) band of O,. The insets show the power spectrum
of the signals obtained by Fourier transform and reveal the oscillation frequency of the signals. The arrows in (b) indicate the

even-numbered oscillation peaks where the thermal contribution is visible
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acoustic waves, LIEG and LITG, that reduce the ampli-
tude of the signal at the fundamental frequency of the
LITGS. The dip could also be caused by a negative inter-
ference between the oscillation peak and the continuous
slope background in the Fourier transform. Further
experiments are required to determine if there are other
conditions in LIGS experiments that can produce the
same results. The small dip in the power spectrum in
Figure 2a, which should be a pure LIEGS signal, is
probably caused by some weak absorption in the
pressure-broadened wing of a nearby absorption line that
generates a very small thermal signal.

Figure 3 shows the peak LIGS signal dependence on
pump laser irradiance. The nonresonant (LIEGS) signals

10 '
> 47
&
£ »
= -7
‘D PR
3 e
E 1ol L ]
o L7
- P
© & ¢ LIEGS meas.
q) b . .
o - _ _ _ Lirear fit,
slope = 1.93
100 1
2 4 6 8 10 12 14
Pump laser irradiance /GW/cm?
FIGURE 3 Signal dependence upon the pump laser irradiance

for the nonresonant laser-induced electrostrictive grating (LIEGS)
signals recorded at 762.4 nm in room air at 295 K. The slope
indicates approximately a quadratic dependence of the signal on
the pump laser intensity

(@) 12— :
‘ . ; LITGS
1 ' —1 bar| 4
_.%* ' ——2 bar
c 105 A 3 bar| |
g08 ' —5 bar
£ A ——7 bar
el ! J
F\IJ 0.6 ¢ 0 0.1 02 03
= H Time /us
© |
£04
o
pz4
0.2
0 A S -
0 0.5 1 1.5
Time /us

FIGURE 4

(b)
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were recorded at 762.4 nm, and the measurements were
performed in room air at 295 K with 35% humidity. The
pump laser energy was measured before the beam
splitter, and the ellipsoid area of the probe volume was
calculated based on the alignment geometry. For the
given probe area, a laser irradiance up to 11 GW/cm?
(corresponding to 40 mJ/pulse) was achieved, which
resulted in strong LIEGS signals with a signal-to-noise
ratio better than 2000. Even when the laser wavelength
was tuned to an O, absorption line, the electrostrictive
contribution dominated the signal. Therefore, the signal
dependence upon pump laser irradiance was only
performed for nonresonant LIEGS signals. These results
differ from previous work by Kozlov et al!*3°! and
Hubschmid et al.,'?**! where their measurements were
performed in pure O, gas environment or with admix-
tures of selected molecular species, such as CO, and H,.
They also had lower pump laser irradiances since they
used lower pulse energies for the pump laser and a focus-
ing lens with longer focal length (f = 1000 mm), which
results in a larger probe volume. This resulted in domi-
nating thermal LIGS signals with low or negligible elec-
trostrictive contribution.

4.2 | LIGS signals at different pressures
The resonant (LITGS) signal shown in Figure 4a was
recorded at 761.139 nm, which is resonant with the

RQ(5) transition in the singlet O, (b12g+,v’ :0) band.
The nonresonant (LIEGS) signal shown in Figure 4b was
recorded at 762.4 nm. The ellipsoid probe volume during
these measurements was estimated to be 125pum with a

length of 2.7mm. The measurements were performed in
dry air in the high-pressure cell, pressurized between

o LIEGS
—1 bar
%‘0_8 r ———2 bar|
g 3 bar
o]
5 ar
(0]
N
©04
£
z
0.2
0 an

0 0.05 0.1 015 02 025 0.3
Time /us

Laser-induced grating spectroscopy (LIGS) signals recorded in dry air at different pressures and at 295 K. (a) Resonant

LITGS signals recorded on the RQ(5) O, line. The inset shows a zoom on the first oscillating part of the signal. (b) Nonresonant laser-

induced electrostrictive grating (LIEGS) signal recorded at 762.4 nm. The intensity of the signals has been normalized to the first peak
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1 and 7bar and at 295 K. The intensity of the signals has
been normalized to the intensity of the first
oscillation peak.

The inset in Figure 4a shows the first, oscillating part
of the LITGS signals. At 1 bar, the thermal part of the sig-
nal is very weak and the electrostrictive part is dominant.
As the pressure increases, the thermal part of the signal
grows, and the even-numbered oscillation peaks increase
in intensity compared to the odd-numbered peaks. The
long “tail” rising in the signals at higher pressures occurs
due to the noninstantaneous, fast energy transfer mecha-
nism, which becomes more dominant as the pressure
increases. The decay of the signal tail depends on the
thermal diffusivity of the gas. Measuring the decay of the
signal can be used for pressure measurements.?*!

200 | ' n
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FIGURE 5 The maximum peak signal intensity of the

resonant LITGS (red) and nonresonant laser-induced
electrostrictive grating (LIEGS) (blue) signals at different pressures
that are presented in Figure 4
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Unlike the resonant LITGS signal, the nonresonant
LIEGS signal shape is almost identical over all pressures.
This is because the shape of the electrostrictive signal is
not affected by collisions and energy transfers. Instead,
the signal duration depends on the decay of the acoustic
waves. This is affected by two factors: the acoustic transit
out of the measurement volume and the acoustic
damping.[**! The acoustic transit time for the measure-
ments in Figure 4 is around 0.13 ps. Table 1 shows the
calculated acoustic damping time for dry air at pressures
between 1 and 7 bar. The acoustic damping is fastest at
1 bar, and the damping time increases at higher pres-
sures. This is the reason the LIEGS signal in Figure 4b
decays faster at 1 bar, where the acoustic damping is
comparable to the acoustic transit time. At higher pres-
sures, where the acoustic damping is slower, the decay is
mainly defined by the acoustic transit time.

Figure 5 shows the maximum peak signal intensity
at different pressures for the resonant LITGS signal (red)
and the nonresonant LIEGS signals (blue) presented in
Figure 4. The peak intensity was observed to increase up
to 45 times when increasing the pressure from 1 to
7 bar. Since the peak intensity is mainly dependent on
the first electrostrictive oscillation, the LITGS and
LIEGS signals have very similar signal intensities. As
the pressure increases, the LITGS signal gets slightly
higher intensity since the second oscillation peak gets
higher due to an increase in the thermal contribution to
the signal.

4.2.1 | Simulations of measured signals
at different pressure

Figure 6 shows the simulated and measured resonant
LITGS and nonresonant LIEGS signals at 5bar. The
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Simulated (red dashed line) and measured (blue line) (a) resonant LITGS and (b) nonresonant laser-induced electrostrictive

grating (LIEGS) signal at 5 bar in dry air. The inset in (a) shows the first oscillating part of the signal. The intensity has been normalized to

the strongest oscillation peak
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signal was recorded in dry air in the high-pressure cell,
pressurized up to 5 bar. The inset in Figure 6a zooms
in on the first oscillating part of the signal. Every
second peak has a higher intensity, because the electro-
strictive part of the signal oscillates at twice the fre-
quency of the thermal signal and its contribution adds
to the thermal signal. Figure 6b shows the nonresonant
LIEGS signal at 5bar compared with the simulation.
Due to pressure broadening of the O, spectrum at
higher pressures, it is possible that there is some
absorption adding a small thermal LIG part to the elec-
trostrictive LIGS signal.

One thing that is immediately clear in Figure 6 is
that the contrast of the oscillations in the measured
LIGS signals is less than for the simulated signals. The
model in Equation 8'%*% assumes that the oscillations
originate from a perfect standing acoustic wave gener-
ated by the pump beams in the measurement volume.
In the ideal case, for signals with a strong electro-
strictive part, the contrast of the oscillations should be
100%, as shown in the simulations. However, the model
does not take the effects of sound propagation into
account. A standing acoustic wave causes oscillations in
the LIGS signal. A propagating acoustic wave, however,
leads to a nonoscillating contribution to the LIGS signal
which grows and decays at the same rate as the oscilla-
tory part. Thus, the propagation of the sound waves out
of the measurement volume leads to a signal which is
increasingly less modulated, as has been shown by
Stampanoni-Panariello et al.?®! Another thing that can
decrease the contrast is a nonoptimal alignment. If all
three pump and probe beams are perfectly aligned, the
probe beam scatters mainly from the center of the mea-
surement volume. However, a slight misalignment leads
to scattering from the edges of the volume where the
interference of the acoustic waves is poor, leading to a

(a)
1 Gas temperature
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204l i
308/ j —-—- 420K
c
2
£06¢
he]
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£
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propagating wave being present as well.?®! If the probe
beam is larger than the pump beams in the measure-
ment volume, this can also lead to interference from
scattering at the edges of the beam, which decreases the
contrast of the oscillations. In conclusion, the cause of
the discrepancy in the contrast of oscillations between
measurement and simulation in Figure 6 is likely a
combination of tightly focused beams, sound propaga-
tion, and a less than optimal overlap between the probe
beam and the pump beams. However, a qualitative
comparison using this simple simulation model can still
be used for accurate determination of the oscillation
frequency.

4.3 | Temperature measurements

Figure 7a shows the normalized nonresonant LIEGS sig-
nals (average of 200 single-shot signals) recorded at
762.4 nm and at three different temperatures in an atmo-
spheric pressure dry air flow. The ellipsoid probe volume
is estimated to be 1.5 mm long with a diameter of 75 pm.
The Fourier transform of the signals presented in
Figure 7b shows how the oscillation frequency in the sig-
nals increases as the temperature increases. The oscilla-
tion frequency is determined by identifying the position
of the peak in the power spectrum. Since the thermal
contribution to the overall LIGS is negligible in dry air
flows at atmospheric pressure, as was shown in Figure 2,
only the nonresonant LIEGS signal was analyzed for the
temperature measurement.

As the temperature increases, the signals decay
more quickly, due to the acoustic waves traveling
faster out of the interaction region. The signal at 710 K
(dotted line) contains only three clear oscillation peaks
before the signal disappears. This results in a wider

(b)

Gas temperature | |
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FIGURE 7 (a)Normalized laser-induced electrostrictive grating (LIEGS) signals at different temperatures in a dry air flow at

atmospheric pressure. (b) The corresponding Fourier transform of the signals, with the oscillation frequency identified by the circles
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frequency peak in the power spectrum superimposed
on a slope, which decreases the precision of the oscilla-
tion frequency measurement. Because of this, it is
difficult to determine the correct oscillation frequency
(and corresponding gas temperature) in the short-lived
high-temperature signals. A more precise temperature
measurement was achieved by fitting a simulated LIGS
signal to the measurement in order to determine the
frequency.

4.3.1 | Signal shape

Comparing the LIEGS signal at 1 bar in the high-pressure
cell (Figure 4b) with the LIEGS signal in the room tem-
perature dry air flow (Figure 7a), it is clear that the signal
in the high-pressure cell contains more oscillations and
has a higher contrast of the oscillations. The decay of the
oscillations is mainly limited by the acoustic transit time,
which depends on the width of the pump beams at the
crossing point. By placing an iris in the pump beam path,
the size of the pump laser beams before the focusing lens
can be reduced. Since the size of the focused laser beams
is inversely proportional to the laser beam size before the
lens, reducing the laser beam size leads to less tightly
focused beams and thus an increased size of the measure-
ment volume. This, in turn, increases the number of
oscillations in the signals and also improves contrast of
the oscillations due to better pump/probe overlap. How-
ever, reducing the laser beam size in this way also
decreases the intensity in the pump beams, which lowers
the signal intensity, and increases the size of the probe
volume, which affects the spatial resolution. Therefore,
there is a trade-off between the signal intensity, the spa-
tial resolution, and the signal shape when optimizing the
alignment. During the pressure measurements, where
the signal intensity was generally very strong, the pump
beam size before the focusing lens was reduced to half of
its original size (4 mm), in order to achieve the best sig-
nal shape. The diameter of the ellipsoid probe volume for
the measurements in the high-pressure gas cell is esti-
mated to be 125 pm, which is a significant increase over
the probe volume diameter of 75 pm for the air flow mea-
surements. Because of this, the recorded signals at 1 bar
in the pressure gas cell (Figure 4b) have better signal
shape but reduced signal-to-noise ratio compared to the
signals in the room temperature dry air flow (Figure 7a).
However, during the high-temperature measurements,
where the signal intensity at elevated temperatures was
very low, the alignment was optimized for maximum sig-
nal strength instead. Using higher laser intensity and a
tighter focus led to a higher signal intensity but a less
optimal signal shape.

43.2 | Single-shot precision at different
temperatures

The average shot-to-shot variation in the measured
single-shot LIGS signal intensity was around +23% in our
measurements. Figure 8 shows the simulated fit for some
single-shot LIEGS signals at 710 K. The temperature is
calculated for each signal from the fitted oscillation fre-
quency, and the precision is given by the 95% confidence
interval of the fitting process.

The fit is relatively good for the signals presented in
Figure 8a,b in terms of the derived temperature. How-
ever, for signals with lower intensity as shown in
Figure 8c,d, the precision of the fitted simulations is lim-
ited since the position of the oscillation peaks is difficult
to determine due to the low signal-to-noise ratio of the
recorded signals. This affects the determination of the
oscillation frequency and thus the temperature. Hence,
these results indicate the detection limit of the current
setup for high-temperature measurements at atmospheric
pressure.

Table 3 displays the averaged measured temperature
from 100 single-shot signals, and the precision is shown
as the standard deviation of the derived temperatures
from each single-shot signal. The Fourier transform of
the signal and the fitted simulations are both used to
extract the temperature. For the Fourier transform
method, the peak is identified by smoothing out the noise
inherent in the spectrum and finding the maximum of
the peak in the power spectrum within a reasonably cho-
sen interval. The Fourier transform method is faster and
less computationally expensive, but the fitted simulations
give better precision in the shot-to-shot variation in the
derived temperatures. At 710 K, the fitted temperature
also gives a more accurate value than the Fourier
transform.

The precision in the fitted simulation method
depended on how the signals were analyzed. As it can be
seen in Figure 8, some of the recorded single-shot signals
had too low signal-to-noise ratio to give a reliable fit for
the oscillation frequency. If all signals are included in the
measurement, the shot-to-shot temperature had a
standard deviation of +70 K. If we exclude the single-shot
signals with intensities below the detection limit for
a reliable simulation fit, the precision is improved to
+44 K.

In situations where the expected temperature interval
is known, the temperature can be quickly and relatively
reliably extracted from the Fourier transform even for
short-lived signals, but for situations where the expected
temperature variation is large, this is an unreliable
method. Fitting a simulated LIGS signal to the measure-
ments is more reliable. However, fitting simulated LIGS
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FIGURE 8 Selected single-shot nonresonant laser-induced electrostrictive grating (LIEGS) signals recorded at 762.4 nm in heated dry

air flow at atmospheric pressure, together with fitted simulations and corresponding determined temperature. The gas flow temperature was

measured with a thermocouple to be around 710 K. The precision is given by the confidence interval of the fitted oscillation frequency.

Panels (a) and (b) show signals with a good fit for the temperature, while panels (c) and (d) have too low signal-to-noise ratio to extract a

reliable temperature

TABLE 3
temperature for the different temperature gas flows in the heating
tube

The average single-shot nonresonant LIEGS

Thermocouple temperature

Analysis method 295 K 418 K 710 K
Fourier transform 295+ 7K 436 + 26 K 732 £ 90K
Fit simulations 295 +4K 446 + 13 K 710 + 70 K

Note: The temperature was determined using the Fourier transform method
or the fit simulation method, respectively. The precision in each value is
given by the standard deviation of the temperature derived from 100 single-
shots.

Abbreviation: LIEGS, laser-induced electrostrictive grating.

signals will not work in cases where signal-to-noise ratio
is too low to identify more than one oscillation peak.

43.3 | Single-shot precision at different
pressures in room temperature

As has been shown many times before, the precision of
LIGS temperature measurements is strongly related to

TABLE 4 The average of the LIGS temperature for 100 single-
shot signals, recorded at 1 and 5 bar in the high-pressure cell

Analysis method 1 bar 5 bar
Fourier transform

LIEGS 295+71K 295+ 29K
LITGS 293 +6.3K 295+ 23K
Fit simulations

LIEGS 295+42K 294+ 18K
LITGS 296 + 33K 296 + 1.3 K

Note: The temperature was determined using the Fourier transform method
and the fit simulation method, respectively. The precision in each value is
given by the standard deviation of the temperature derived from 100 single-
shots.

Abbreviations: LIEGS, laser-induced electrostrictive grating; LIGS, laser-
induced grating spectroscopy.

the signal duration and number of oscillations in the sig-
nal. Table 4 compares the single-shot precision in deter-
mining the temperature from the LIGS signals at 1 and
5 bar, respectively. The precision is given as the standard
deviation of the shot-to-shot variation in LIGS tempera-
ture determined from 100 single-shots.
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As can be deduced from Table 4, the precision in
determining the oscillation frequency, and hence the
temperature, is significantly better at 5 bar compared to
1 bar, because of the longer signal duration and more
oscillations visible. This is partly due to the stronger sig-
nals at 5 bar and partly because the alignment was opti-
mized for a better signal shape. It can also be seen that
the precision is similar for the nonresonant LIEGS sig-
nals and the resonant LITGS signals. This is expected
since the signal intensity and the duration of the oscillat-
ing part of the signals are similar. Also, the precision is
much better when using the simulation method com-
pared to the Fourier transform method.

5 | CONCLUSIONS

Thermal and electrostrictive LIGS has been investigated
for the potential application for temperature measure-
ments by resonant and nonresonant excitation of the
weak b'ES (v'=0) —X*Z; (v”=0) band of O, around
760nm. Pump laser irradiances up to 11 GW/cm?® were
used throughout the investigation, which resulted in
strong electrostrictive contributions to the overall LIGS
signals. Even resonant signals at atmospheric pressures
resulted in a dominating electrostrictive contribution
with a weak thermal contribution. Therefore, the
temperature measurements at atmospheric pressure were
performed with nonresonant LIGS between room tem-
perature and up to 710K. In order to retrieve the
temperature, the oscillation frequency in the LIGS signals
was extracted, both through direct Fourier transform
reading and through a simulation fit to the signal. While
the former method is straight forward to use, it has a
relatively larger standard deviation in frequency for low
intensity signals due to the difficulty to determine the
position of the frequency peak in the power spectrum.
The method of using a simulation fit to the LIGS signals
is then preferred since the oscillation frequency can be
identified with higher precision. The electrostrictive LIGS
signal dominates at atmospheric pressure, but at higher
pressures the thermal contribution to the LIGS signal
gains in intensity. Analysis of the oscillation frequency at
different pressures, both through direct Fourier trans-
form and the simulation fit to the signal, also shows
that the precision of the temperature measurement
improves with higher pressures due to the stronger signal
intensities.

In conclusion, both thermal and electrostrictive LIGS
have good potential for precise temperature measure-
ments, especially at elevated pressures. The electro-
strictive and thermal LIGS signals show very similar
precision for temperature measurements, but the thermal

signal also contains information about the thermal diffu-
sivity of the medium which could potentially also be used
for pressure measurements. The advantage of electro-
strictive LIGS is that the laser wavelength can be chosen
freely, which makes it easier to find a suitable high-
power laser system. Potential application would be in
high-pressure environments, for example, in the post
flame zone in a high-pressure flame or gas turbine. In
these kinds of applications, resonant O, LIGS can only be
applied in environments where oxygen is present, that is,
at fuel-lean conditions.
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