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Abstract Nonlinear excitation regime two-line atomic flu-
orescence (NTLAF) is a laser-based thermometry technique
that has application in turbulent flames with soot. However,
no assessment of the various interferences from soot or its
precursors in flames with high soot loadings on the tech-
nique is available. To examine these issues, both on- and off-
wavelength NTLAF measurements are presented and com-
pared for laminar nonpremixed ethylene-air flames. Laser-
induced incandescence (LII) measurements were used to
determine the corresponding soot concentration and location
in the investigated flames. The measurements indicate that
interferences, such as spurious scattering and laser-induced
incandescence from soot, are not significant for the present
set of flame conditions. However, interferences from soot
precursors, predominantly condensed species (CS) and per-
haps polycyclic aromatic hydrocarbons (PAH), can be sig-
nificant. Potential detection schemes to correct or circum-
vent these interference issues are also presented.
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1 Introduction

The role of soot in combustion is important due to its envi-
ronmental and health impacts [1, 2], in addition to its role in
radiative heat transfer in various combustion systems [3–5].
While combustion processes involving soot have been ap-
plied for many years, the formation and destruction of soot
in practical environments, particularly those that involve tur-
bulent flows, are still beyond the present capacity to model
adequately [6]. Comprehensive studies to understand the
chemical and physical processes involved in soot forma-
tion and destruction in such systems are therefore important.
A multitude of interdependent factors are fundamental to the
understanding of soot. Of these, temperature, which charac-
terises the heat transfer process and controls the chemical
and physical processes within a flame, is of primary signifi-
cance.

Laser diagnostics are well suited to provide in situ in-
stantaneous, nonintrusive, temporally and spatially precise
measurements of many important parameters of interest [7].
Application of common laser diagnostics in flames contain-
ing soot, however, has been problematic due to various inter-
ference issues such as absorption and scattering [8]. These
issues lead to the application of laser diagnostics often be-
ing restricted to idealised clean flames, thus excluding many
flames of practical significance. There is therefore a need to
develop alternative laser diagnostic methods to complement
and to extend those already in common use.

Two-line Atomic Fluorescence (TLAF), with indium as
the seeded thermometric species [9, 10], is one of the laser
diagnostic techniques that have been shown to hold promise
in sooting environments. The inelastic nature of the tech-
nique enables optical filtering to be used to minimise spuri-
ous scattering, thus allowing temperature measurements to
be performed in strongly scattering (e.g. particle-laden) en-
vironments.
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Different approaches for the implementation of TLAF
have been demonstrated in the literature. These studies typi-
cally involved the use of pulsed dye lasers [9–12] to perform
planar imaging. Scanning with the use of narrow-band tun-
able laser has also been employed to provide well-resolved
indium spectra [13–15]. The detected spectra are used to
determine the temperature based on a fit of the resultant
curve. The scanning approach has the advantage of provid-
ing calibration-free single-point measurements with higher
accuracy and precision than that achievable with dye lasers,
but scanning is not instantaneous and so yields only aver-
aged results.

By extending the technique into the nonlinear excita-
tion regime, the authors have shown that the TLAF signal
can be increased sufficiently to enable single-shot imaging
[16–19]. Nonlinear excitation regime two-line atomic fluo-
rescence (NTLAF) has also been shown to provide signif-
icant improvement on the signal-to-noise ratio (SNR) and
hence better precision when compared to the conventional
linear regime approach [18].

The NTLAF technique has been shown to provide ac-
curate temperature measurements in lightly sooty flames,
with a single-shot uncertainty of ∼100 K [18], which can
be potentially reduced further with the use of different car-
rier solvent [16]. However, the capacity of NTLAF to per-
form temperature measurements in flames with higher soot
loadings is yet to be assessed. Such assessments are required
because the extent of interference from spurious scattering,
laser-induced incandescence and/or fluorescence from soot
precursors [20] can be expected to increase with the soot
loading within the flame.

To meet these needs, the aim of the present work is
to assess the capacity of the NTLAF technique in flames
with high soot loadings. Specifically, the present paper aims
to compare the measurements, for both Stokes and anti-
Stokes processes, when induced at two different laser wave-
lengths in these flames. The measurements, when induced
on-wavelength, are comprised of the indium fluorescence
signal and any induced interferences; while the measure-
ments, when induced off-wavelengths, are derived from
the extraneous interferences from nonindium source(s). The
present work also aims to determine the role of soot in the
interference through the simultaneous application of laser-
induced incandescence (LII) to determine the correspond-
ing concentration and location of the soot. It aims to assess
these issues for a range of operating laser fluences and flame
stoichiometries in the present paper.

2 Methodology

The TLAF process involves the sequentially shifted mea-
surements of Stokes and anti-Stokes direct-line fluorescence

Fig. 1 Indium atom energy transitions involved in Two-Line Atomic
Fluorescence (TLAF)

produced from the optical excitation of a three-level system,
namely the indium atom [9]. The three energy levels of a
neutral indium atom that are relevant to TLAF are shown in
Fig. 1.

The Stokes process involves 410.18-nm laser excita-
tion (52P1/2 → 62S1/2 transition), and the subsequent
fluorescence (62S1/2 → 52P3/2 transition) is detected at
451.13 nm. The anti-Stokes process uses 451.13-nm exci-
tation (52P3/2 → 62S1/2 transition) and 410.18-nm detec-
tion (62S1/2 → 52P1/2 transition). The flame temperature
is subsequently deduced from the ratio of these fluorescence
signals. A full description of the TLAF theory, especially in-
corporating NTLAF, has been presented in a previous pub-
lication [18].

3 Experimental

3.1 Burner details

Laminar nonpremixed flames were chosen for the present
study since soot is formed readily in such combustion envi-
ronments, whilst avoiding complications associated with the
presence of turbulence [17, 21]. Additionally, nonpremixed
flames typically have distinct regions that assist in identifi-
cation of any source(s) of extraneous interferences based on
spatial position in reaction zone. A Jet in Hot Co-flow (JHC)
style burner [22] was used in the present study to generate
the laminar nonpremixed flames required.

The burner consists of a central fuel jet (� = 20 mm)
within an annular co-flow (� = 110 mm). The fuel jet exit
consists of a perforated stainless steel disc with equally
spaced holes (� = 0.8 mm). The design of this plate facil-
itates the seeding of an aerosol containing indium chloride.
A co-flow gas of either nitrogen, air or a premixture of fuel
and air can be employed, but only an air co-flow was used
for the present study. The flow-conditioning of the co-flow
gas stream was achieved with the use of stainless steel mesh
and layers of flint clay.

Industrial grade ethylene (>99.5% C2H4) was used as
the fuel for the present investigation. A portion of the fuel
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Table 1 Parameters of the fuel stream at the exit of the central fuel jet,
issuing into a fixed air co-flow, for the flame conditions of interest

Flame Fuel Stoichiometry Bulk velocity Percentage O2
number stream (Φ) (m/s) (% vol.)

1 Ethylene ∞ 0.63 0.0

2 Ethylene & air 31.3 0.91 6.3

3 Ethylene & air 9.6 1.53 12.3

4 Ethylene & air 5.9 2.09 14.6

5 Ethylene & air 4.2 2.68 16.0

Fig. 2 Schematic diagram of the experimental arrangement

was passed through a seeder to facilitate the seeding of in-
dium into the fuel stream. The seeder, which consists of an
ultrasonic nebuliser within a chamber, was used to generate
a mist of droplets of indium chloride dissolved in methanol.
The concentration of the indium chloride salt in the solu-
tion was chosen to be 1.125 mg/mL. This concentration was
selected to provide an optimal signal while avoiding absorp-
tion and signal trapping. A ballast volume was included be-
tween the seeder and the burner to damp variations in the
aerosol generation [23].

The parameters of the fuel stream at the exit of the central
fuel jet, issuing into a fixed air co-flow with a bulk veloc-
ity of 1.5 × 10−3 m/s, are shown in Table 1. In the present
study, the stoichiometry (Φ) of the flames was varied by ad-
justing the air flow rate with a constant fuel flow rate. This
maintains a similar amount of seeded indium within each of
the flames. The low flow rates employed resulted in flames
of spatially wide reaction zones with discernible features,
which is advantageous for the purposes of the present study.

3.2 Laser systems details

The experimental arrangement used for the present investi-
gation follows that described previously [17]. A schematic
diagram of the experimental layout is shown in Fig. 2.

3.2.1 NTLAF experimental details

In brief, two Nd:YAG-pumped dye lasers were tuned to
410.18 nm and 451.13 nm, with linewidths of 0.4 and
0.3 cm−1, for on-wavelength measurements. The lasers
were tuned to 412 nm and 454 nm respectively, for off-
wavelength measurements. The laser pulses were fired
with ∼100-ns separation. The two beams were circu-
larly polarised and combined into co-planar laser sheets
of ∼0.3-mm thickness through the measurement volume.
The laser sheets were directed through a tank, which was
filled with fluorescing dye, in the same field of view as
the burner. This is to allow for shot-by-shot correction of
the laser energy and profile variation across sheet height.
The frequency-shifted emissions from both the tank and the
flame were detected through 450-nm and 410-nm optical fil-
ters (both with 10-nm bandwidth), using f#1.4 lenses, onto
two intensified CCD (ICCD) cameras. The gate widths of
the cameras were set to 50 ns, which was sufficient to sup-
press background luminosity. The timings of the cameras
were set to be prompt with laser excitation.

3.2.2 LII experimental details

An Nd:YAG laser operating at 1064 nm was used for the
LII excitation. The 1064-nm laser beam shared the same
optical pathway as the NTLAF process. The lenses used
are not achromatic, leading to a slight difference in the fo-
cal length, though insignificant over the region of interest
through the flame. The LII laser sheet was 20 mm in height
with ∼0.3-mm thickness. The operating laser fluence was
maintained at ∼0.5 J/cm2, which is within the plateau re-
gion (not shown). The LII signals observed from soot in the
flame are therefore approximately independent of the laser
fluence variation [24, 25].

The wings of the sheet exhibiting lower laser fluence
were clipped with a rectangular aperture. The LII signal
was detected through a 410-nm optical filter (10-nm band-
width), using an f#1.4 lens, onto another ICCD camera. The
filter used was found to be adequate to suppress scatter-
ing from soot. The gate width of the camera was set to
100 ns, and the timing was set to be prompt to the LII excita-
tion process. This timing scheme was selected to reduce the
size-dependent sensitivity of the signal [26]. The LII signals
were calibrated using laser extinction measurements follow-
ing Qamar et al. [27]. A flat-flame McKenna burner with a
25-mm diameter burner face was used to provide a uniform
layer of soot. A chopped, continuous-wave 1064-nm beam
was used to avoid extinction processes from polycyclic aro-
matic hydrocarbons (PAH) or similar [28]. The soot extinc-
tion coefficient (Ke) was taken to be 9.2, following the work
of Williams et al. [29].

A delay generator was used to control the relative timing
of the lasers and the camera detection gates. The detection
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and timing schemes employed in the present study have been
previously shown to avoid cross-talk between the NTLAF
and the LII processes [17]. The LII process was delayed
∼800 ns after the NTLAF measurements. The LII process
was set to occur after the NLTAF process since the temporal
decay (hundreds of nanoseconds) of the LII signal is slower
than that of the fluorescence (tens of nanoseconds) [30].
Also, the ablation of the soot may invoke other influences,
such as laser-modulated particulate incandescence [31], on
the flame.

4 Data processing

The images from all three cameras were spatially matched
to subpixel accuracy using a four-point matching algorithm
and then morphed based on the cross-correlation of a trans-
parent grid image. The in-plane resolution of the images is
∼260 µm. All images presented here have been corrected
for background and detector attenuation.

The images presented for this laminar flame system were
median-averaged over 150 shots to improve on the SNR. Be-
ing a steady laminar flame system, there is no loss of infor-
mation resulting from the averaging. No pixel binning was
performed on the images to prevent degradation of the spa-
tial resolution. It should be noted that, whilst the images pre-
sented here have been shot-averaged to achieve the best pos-
sible signal quality, the SNR of NTLAF technique has been
previously shown to be sufficient to be applied on a single-
shot basis [17, 19].

5 Results and discussion

5.1 On- and off-wavelength measurements

5.1.1 Typical on- and off-wavelength measurements

Figure 3 shows the typical averaged on-wavelength mea-
surements (Ion), excited at 410 nm and 451 nm, respec-
tively, for the (a) Stokes and (b) anti-Stokes processes in
Flame 2 (Table 1). These measurements comprise of the sig-
nal from the indium fluorescence, and laser-induced inter-
ferences from the flame. Both measurements were recorded
simultaneously under an operating fluence of ∼0.01 J/cm2.
Figure 3(c) presents the averaged soot volume fraction dis-
tribution of the same flame excited at 1064 nm and measured
simultaneously with the on-wavelength measurements. The
figure shows that the soot volume fraction for Flame 2 peaks
at 4.08 ppm. The images presented represent an area of
10 mm high and 30 mm wide, taken at a height above burner
(HAB) centred at 25 mm.

Figure 4 shows the typical averaged off-wavelength
measurements (Ioff) for the (a) Stokes and (b) anti-Stokes

Fig. 3 Typical averaged on-wavelength (a) Stokes, (b) anti-Stokes
measurements and (c) LII soot volume fraction distribution in Flame 2
(Table 1)

Fig. 4 Typical averaged off-wavelength (a) Stokes and (b) anti-Stokes
measurements in Flame 2 (Table 1)

processes in Flame 2 (Table 1). The off-wavelength mea-
surements are defined here as the measurements obtained
with the excitation laser detuned from indium transition,
but with the detection wavelength unchanged relative to the
TLAF process. It is important to note that no signal was de-
tected in clean flame conditions when the lasers were tuned
off-wavelength, indicating that the indium fluorescence do
not contribute towards the off-wavelength measurements ob-
served here. These images were recorded under the same op-
erating fluence as the on-wavelength measurements. These
images therefore correspond to the extraneous interferences,
which would also contribute to the measurements shown in
Fig. 3. It is worth noting that even though the on- and off-
wavelength measurements were performed at the same lam-
inar flame condition, i.e. Flame 2, it was not possible to col-
lect these measurements concurrently with the present ex-
perimental setup. Their simultaneous measurements would
require two additional tunable lasers and cameras.

The on- and off-wavelength measurements presented
here are given in arbitrary units (a.u.) since the strength of
the measurements is dependent on the details of the optical
arrangement. Nevertheless, a relative comparison of the off-
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Fig. 5 Typical averaged on-wavelength measurements, with off-
wavelength measurements overlaid for (a) Stokes and (b) anti-Stokes
processes in Flame 2 (Table 1). On-wavelength: blue–white. Off-wave-
length: red–white

Fig. 6 Typical averaged off-wavelength measurements with LII soot
volume fraction overlaid for (a) Stokes and (b) anti-Stokes processes
in Flame 2 (Table 1). Soot: grey–white. Off-wavelength: red–white

wavelength with the on-wavelength measurements can be
made, if the excitation characteristics of the off-wavelength
measurements assumed to be sufficiently broadband as to be
insensitive to the slight changes in the line width associated
with the change in the excitation frequency.

Figure 5 presents an overlay of the on- and off-wave-
length measurements from Fig. 3 and Fig. 4 respectively.
It is evident that the off-wavelength measurements overlap a
narrow portion on the inner fuel-rich side of the broader on-
wavelength measurements. The flame front can be identified
from the region of highest intensity in the on-wavelength
measurements, since this approximately marks the region
with the highest temperature [19]. These observations sug-
gest that the source(s) of the observed off-wavelength mea-
surements is only associated with the fuel-rich side of the
reaction zone, and not with the flame front or oxidising re-
gion.

Figure 6 shows the overlapping of the off-wavelength
measurements and the LII image of soot volume fraction
for both the Stokes and anti-Stokes processes. It is appar-
ent that the locations of the off-wavelength measurements
are distinct from the soot regions and are also on the fuel-
rich side of the soot sheet. The difference in the locations
of the measurements implies that soot interferences, such
as spurious scattering and laser-induced incandescence, do
not contribute significantly to the off-wavelength measure-

Fig. 7 Average radial profiles for the (a) Stokes and (b) anti-Stokes
processes extracted at a HAB of 25 mm in Flame 2 (Table 1). Open
circles: on-wavelength measurements. Dots: off-wavelength measure-
ments. Dashed line: soot volume fraction. These radial profiles have
been normalised arbitrarily to their peak values

ments. Rather, such spurious scattering from the soot is ef-
fectively suppressed by the optical arrangement employed.
The observation also indicates that the chosen fluence for
these measurements is sufficiently low to avoid soot incan-
descence, which is consistent with the findings reported in
the previous studies (e.g., [24]), despite operating in the non-
linear excitation regime [18].

It can also be seen from Fig. 6 that the off-wavelength
measurements are observed to occur at a similar location for
both the Stokes and anti-Stokes processes, suggesting that
the same source(s) is likely to be responsible for each. Fur-
thermore, since the off-wavelength measurements are de-
tected for both the Stokes and anti-Stokes processes, it can
be inferred that these laser-induced emissions are charac-
terised by a broad spectral range.

The averaged distribution of the on- and off-wavelength
measurements, and of the soot volume fraction are nor-
malised in Fig. 7. These averaged radial profiles were ex-
tracted at a HAB of 25 mm, and are normalised to their peak
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values. From Fig. 7 it can be seen that the off-wavelength
measurements peak at a radial location (r) of ∼6.5 mm and
has an FWHM spread of ∼2.3 mm. By contrast, the soot
particles peak at r ≈ 7.5 mm and are confined to a thinner
region (FWHM ≈ 1.3 mm). A close inspection of Fig. 7 also
reveals that the off-wavelength measurements peak at the
same radial location (r ≈ 6.5 mm) as the onset of the soot.
This observation suggests that the source(s) that resulted in
the observed off-wavelength measurements participates in
the soot formation process, since the consumption of the
species coincides with the appearance of the soot particles.
It is also consistent with the knowledge that soot precursors
are found on the fuel-rich side of the soot layer.

Measurements from both Stokes and anti-Stokes pro-
cesses are observed to have qualitatively similar characteris-
tics throughout the present study. Hence, only results ob-
tained for the anti-Stokes process are presented and dis-
cussed in the subsequent sections.

5.1.2 Effect of laser fluence

Figure 8 presents the averaged radial profiles for the on- and
off-wavelength measurements in Flame 2 (Table 1) at a HAB
of 25 mm, at four different laser fluences. The correspond-
ing maximum soot volume fraction (SVFmax) of the flame
is ∼3.4 ppm. To generate this plot, the laser fluence was
varied by the addition of neutral density filters of differing
optical density (OD) into the beam. This approach allows
the variation in intensity while maintaining consistent opti-
cal properties of the beam. Both the flame condition and in-
dium seeding concentration were held constant. The radial
location of the peak soot volume fraction is indicated on the
figure with a vertical dotted line.

A consistent trend is evident in Fig. 8, with the intensities
of both the on- and off-wavelength measurements found to
reduce with decreasing laser fluence. In general, each of the
on-wavelength measurements is observed to exhibit a quali-
tatively similar trend. The on-wavelength measurements are
observed to peak (air-side peak) at a radial location between
the air side and the position of the maximum soot volume
fraction. Also, a secondary peak (fuel-side peak) appears at
an intermediate position between the soot zone and the fuel-
rich side. The off-wavelength measurements exhibit quali-
tatively similar trends to the findings discussed earlier from
Fig. 7.

The peaks for the on-wavelength measurements are ob-
served to display different trends when different laser flu-
ences are used. For the case of laser fluence of 0.010 J/cm2

and 0.008 J/cm2, the fuel-side peaks are observed to have
a higher intensity than the air-side peaks. However, such
characteristic does not persist and is found to have inversed
for the case at lower laser fluences (i.e. laser fluence of
0.003 J/cm2 and 0.001 J/cm2). The difference in the de-
pendency of the air-side and the fuel-side peaks on the

Fig. 8 Averaged radial profiles for the on-wavelength measurements
at four different laser fluences, extracted at a HAB of 25 mm
in Flame 2 (Table 1). Peak soot volume fraction of the flame is
∼3.4 ppm. Anti-Stokes process. Open circles: on-wavelength measure-
ments. Dots: off-wavelength measurements. Vertical dotted line: peak
soot volume fraction location

laser fluences implies that the observed on-wavelength mea-
surements are comprised of laser-induced emissions from
species with dissimilar spectroscopic properties. A close in-
spection of the radial profiles in Fig. 8 further reveals that
the fuel-side peaks of the on-wavelength measurements are
in good agreement with profiles of the off-wavelength mea-
surements, with the local maxima of the fuel-side peaks and
the off-wavelength measurements occurring at similar radial
locations. The likeness of the profiles over the region sug-
gests that the fuel-side peak of the on-wavelength measure-
ments are mainly comprised of the laser-induced emissions
from the same non-indium source(s) responsible for the off-
wavelength measurements.

The measured off-wavelength measurements in Fig. 8
are found to be linearly proportional to the laser fluences
used. However, due to the nonlinear excitation for the on-
wavelength measurements the ratio of the off-wavelength to
on-wavelength, as shown in Fig. 9, is a function of laser flu-
ence. It is evident from the figure the interference remains
significant at all fluences. This observation implies that the
laser-induced emissions from the non-indium source(s) are
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Fig. 9 Maximum off-wavelength to on-wavelength measurements ra-
tio as a function of laser fluence

not an artefact of the operating laser fluence of NTLAF and
are readily stimulated even at very low fluences. It is worth
noting that, although interference is found at very low laser
fluence in Fig. 9, this is still within the nonlinear excitation
regime. Further reducing the fluence into the linear fluence
range (<6 × 10−6 J/cm2) would result in measurements that
are plagued by extremely low SNR, especially for the non-
premixed flame conditions used here, thus preventing any
useful information from single-shot images.

Polycyclic aromatic hydrocarbons (PAH) [20, 21, 30,
32, 33] and condensed species (CS) [34–36] have been
reported to form readily in fuel-rich zones and are de-
duced to play important roles in soot formation processes.
The emissions from both PAH and CS are characterised
by broad spectra range and are reported to exhibit both
Stokes (red-shifted) and anti-Stokes (blue-shifted) compo-
nents [37, 38]. The similarities between the characteristics
of the off-wavelength measurements and the findings of
the previous studies suggest that the laser-induced emis-
sions from PAH and CS should be considered in seeking
to identify the cause of the interference. Other studies, how-
ever, have reported that PAH emission in the visible spec-
trum is negligible [35], indicating that CS is more likely to
be the species causing the off-wavelength measurements.
Nevertheless, it is possible that the spectroscopic proper-
ties of the PAH might be influenced by the high-temperature
flame environment, shifting in the emission significantly to-
wards visible [36, 39]. Therefore, the contribution of the
PAH emission in perturbing the NTLAF measurements can-
not be ruled out completely.

5.1.3 Effect of stoichiometry

Figure 10 presents the averaged radial profiles of on- and
off-wavelength measurements in Flame 1 to Flame 5 (Ta-
ble 1) at a fixed operating laser fluence of ∼0.01 J/cm2.

Fig. 10 Averaged radial profiles as a function of radial distance
from peak soot volume fraction location, extracted at a HAB of
25 mm in Flame 1 to 5 (Table 1), with laser fluence of 0.010 J/cm2.
Anti-Stokes process. Open circles: on-wavelength measurements.
Dots: off-wavelength measurements. Vertical dotted line: peak soot
volume fraction location

Again, these profiles were extracted at a HAB of 25 mm in
all flames. Measurements are presented as a function of ra-
dial distance from the peak of the soot volume fraction (r ′).
This identifies the variations relative to the flame front. From
Fig. 10 it can be seen that the influence of the fuel-rich inter-
ference peak in the on-wavelength measurements is greater
in the richer flames than in the leaner flames. That is, the
richer the flame, the more intense the off-wavelength mea-
surements. This is consistent with the deduced importance
of PAH and CS since both are formed preferentially under
richer conditions.

From Fig. 10 it can be seen that there is an enhance-
ment in the intensity of the on-wavelength measurements,
as the flame becomes leaner. This observation appears to be
opposite to the general view that the neutral indium atoms
are generated more efficiently in fuel-rich zones [11, 12].
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Flame 2 to Flame 5 are fuel-rich flames slightly premixed
with air, so have wide reaction zones. The various processes
involved in the generation of indium atoms are therefore al-
lowed more time to proceed. Additionally, the efficiency of
the desolvation step [16, 19] is also expected to increase in
the leaner flames, which have more favourable heat release
profiles. The interactions of these two effects may have com-
pensated for the decrease in the efficiency of indium forma-
tion in leaner flames. Factors such as the requirement for the
activation of indium within flame front [40] or the possible
formation of carbon-containing indium compounds in sooty
flames, which result in decreased indium atom formation ef-
ficiency [41], may also contribute to the observed trends.

It is worth mentioning that, despite an overall enhance-
ment in the intensity of the on-wavelength measurements
from fuel-rich to fuel-lean, there is no substantial difference
in the general shapes of the profiles. Neglecting the cases
such as Φ = ∞ and 31.3, where the on-wavelength mea-
surements are highly perturbed by the extraneous emissions
from non-indium sources, all of the curves are found to pass
through a maximum at an intermediate position between the
soot zone and air side. Again, the shapes of these curves are
expected to reflect the composite effects of the various fac-
tors discussed previously.

5.2 Potential schemes to correct for or circumvent
interferences

5.2.1 Off-wavelength measurements

To investigate approaches to correct for the aforementioned
interferences, Fig. 11 presents the averaged radial profiles
that result from the subtraction of the extraneous inter-
ferences, i.e. off-wavelength measurements, from the on-
wavelength measurements in Fig. 8 when changing the laser
fluence. It can be seen that each of the averaged radial pro-
files exhibit qualitative similar trends to the on-wavelength
measurements in Fig. 10 that are observed to be least af-
fected by the extraneous interferences (i.e. Φ = 4.2 and 5.9).
This observation suggests that the off-wavelength measure-
ments can potentially be used to account/correct for the in-
terferences present, over a range of laser fluences. Further-
more, this observation supports the earlier assumption in
Sect. 5.1.1 that the off-wavelength measurements are likely
to be insensitive to the changes in line width associated with
slight detuning of the laser. This finding also allows the error
introduced by the interference on the measurement to be es-
timated by comparing the temperature values deduced using
uncorrected and corrected data. In the worst case, since the
interference can be of the same magnitude to the measure-
ment, leading to a 200% error in the temperature deduced
using TLAF theory.

Fig. 11 Averaged radial profiles for the corrected on-wavelength mea-
surements at four different laser fluences, extracted at a HAB of 25 mm
in Flame 2 (Table 1). Anti-Stokes process

5.2.2 Off-resonance measurements

To investigate approaches to circumvent the aforementioned
interferences, the averaged distribution of the off-resonance
and the corresponding off-wavelength measurements in
Flame 1 (Table 1) are presented in Fig. 12 for the anti-Stokes
process. The off-resonance measurements are defined here
as the measurements collected with the on-wavelength ex-
citation, but with the detection wavelength detuned relative
to the TLAF process. The LII soot volume fraction distri-
bution for the flame is overlaid as well. The off-resonance
measurements were collected with the use of a 430-nm filter
(10-nm bandwidth) in conjunction with on-wavelength exci-
tation, i.e. 450-nm excitation for anti-Stokes process. From
Fig. 12 it is evident that the both the off-resonance and off-
wavelength measurements show qualitative similar features.
It is worth noting that the off-resonance and off-wavelength
measurements are found to differ quantitatively, as expected,
since different detection optics were used for the collection
of each of the measurements. These findings suggest that the
off-resonance measurements would be more useful for iden-
tification, rather than correction, of the regions of NTLAF
images that are identified to be significantly affected by the
extraneous interferences present. It is also important to note
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Fig. 12 Averaged radial profiles for extracted at a HAB of 25 mm
in Flame 1 (Table 1). Anti-Stokes process. Dashed line: soot volume
fraction. Dots: off-wavelength measurements. Triangles: off-resonance
measurements. These radial profiles have been normalised arbitrarily
to their peak values

that the off-resonance and off-wavelength measurements for
the Stokes process (not shown here) are found display simi-
lar characteristic as well.

5.2.3 Fuel-air ratio

Figure 13 presents the dependence on the flame stoichiome-
try of the maximum off-wavelength to on-wavelength mea-
surements ratios. These data were extracted from the fuel-
rich peak between the fuel and soot zones where the off-
wavelength measurements are found to be significant. Also
presented are the corresponding SVFmax. It can be seen that
there is a strong, although not absolute, correlation between
the amount of soot and interference, as expected. Clearly, the
relationship between these two parameters is not absolute
and will depend on factors such as fuel type and strain [42].
Nevertheless, it is demonstrated that measurements without
the need for correction will be possible for flames with suf-
ficiently low yet still useful soot loadings, such as the flame
conditions investigated. Specifically, it can be seen that the
maximum interference to the total emission ratio is lower
than 0.05 when the flame stoichiometry is less than Φ = 9.6
and when the SVFmax is ∼1.3 ppm for this fuel. Given the
expected dependence of this relationship on fuel type and
experimental conditions, it is desirable to perform a similar
check for specific conditions of interest.

6 Conclusion

This paper has investigated on the contribution of the ex-
traneous interferences from non-indium sources towards the
nonlinear two-line atomic fluorescence (NTLAF) measure-
ments in flames with high soot loadings. In conclusion,

Fig. 13 Comparison of the maximum off-wavelength to
on-wavelength measurements ratio (anti-Stokes) and maximum
soot volume fraction at different flame stoichiometries (Φ). Dots:
maximum off-wavelength to on-wavelength measurements ratio. Open
circles: maximum soot volume fraction

– The off-wavelength measurements show that the interfer-
ence is significant from soot precursors, but not from soot
itself. In the worst case, the interference is expected to in-
troduce a 200% error to the temperature deduced using
TLAF theory.

– Comparison of the spatial locations of the various peaks
of the measurements suggest that the interference is de-
rived predominantly from condensed species (CS) and
perhaps also from polycyclic aromatic hydrocarbons
(PAH).

– The correction of the extraneous interferences with the
use of off-wavelength measurements is potentially feasi-
ble, although it would require additional laser and detec-
tor.

– The regions of the NTLAF data that are found to be af-
fected by extraneous interferences could be potentially
identified and isolated with the use of off-resonance mea-
surements.

– The NTLAF can be expected to perform reliably, without
the need for correction, in selected flame conditions with
low yet useful soot loadings.

These results also justify more work to directly evaluate
the efficacy of the correction schemes on the accuracy of
the measurements in flames with high soot loadings. These
correction schemes would allow the extension of the usable
range of the NTLAF technique to flames of higher soot load-
ings, although other approaches, such as the use of narrow
linewidth sources, also warrant consideration.
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