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Abstract

The Laser-Induced Incandescence (LII) technique is widely used for the
study of soot production in 
ames. More recently, it has also drawn
attention also for the characterization of metal-oxide 
ame synthesis. To
retrieve the particle volume fraction from the LII signal, information on
the e�ective particle temperature and the absorption function E(m�)
depending on the wavelength are needed. In this study, a new approach
is proposed to determine these parameters from LII measurements at
a given laser 
uence by accounting for the spectral shape of E(m�)
obtained from the estimated e�ective particle temperature. The feasibil-
ity of the method is �rst demonstrated on a carbon black nanoparticle
aerosol in a non-reactive cold environment. A good agreement with the
literature data for E(m�) is found. The developed approach is then
applied to TiO2 nanoparticles produced by 
ame synthesis. The obtained
spectral response of E(m�) is in line with the literature results for TiO2.
The proposed approach represents an essential step towards in-situ esti-
mation of particle volume fraction from the LII signal, which can be a
valuable tool for further characterization of metal-oxide 
ame synthesis.

Keywords: Absorption function, Laser-induced incandescence, carbon black
nanoparticles, titanium dioxide nanoparticles
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1 Introduction

Flame synthesis is increasingly raising attention as a promising technology for
the production of metal-oxides with tunable characteristics [1]. To optimize
this aerosol technology, it is essential to have access to the spatial evolution
of the characteristics of the particle population along the 
ame, such as the
volume fraction fv or the primary particle size dpp. In this context, the Laser
Induced Incandescence (LII) technique is an in-situ laser diagnostic that is
widely used for the study of soot formation in 
ames [2]. This technique is
more and more often applied to the study of metal-oxide 
ame synthesis [3, 4].

When using LII measurements to characterize nanoparticle production in

ames, the volume fraction fv can be obtained from the LII signal SLII(�em)
emitted from particles at emission wavelength �em as [5]:

fv =
�C�

6
em

12�hc2
SLII(�em)

E(m�em)

�
exp

�
hc

�emkBTe�

�
� 1

�
(1)

where �C is a calibration factor related to the optical detection system, h
is the Planck constant, c is the speed of light in a vacuum, and kB is the
Boltzmann constant. E(m�) is the absorption function of the refractive index
m�. It describes the ability of a particle to absorb/emit light at the wavelength
�. Te� is the e�ective particle temperature [6], i.e. a mean temperature attained
by the particle population in the probe volume during the LII process. From
Eq. (1), it is clear that to correctly interpret the LII signal in terms of particle
volume fraction, accurate estimations of E(m�em) and of Te� are needed.

In this work, we propose a new approach to estimate these two key quan-
tities by accounting for the spectral dependence of the absorption function
E(m�), i.e. its evolution with the wavelength �, when no prior information on
E(m�) is available from the literature or from additional experimental diag-
nostics. The di�culty stands by the fact that the incandescence signal emitted
at wavelength �em by the particles depends on both E(m�em) and Te� [7, 8].
Therefore, it is not possible to obtain information from the LII signal on one
of these two key quantities without knowing the other one.

On the one side, the e�ective temperature obtained via two-color pyrometry
as a function of two wavelengths � and �ref [9]:

Te� =
hc

kB

�
1

�ref
�

1

�

�"
ln

 
1

E(�)

�
�

�ref

�6
ISLII(�)

ISLII(�ref)

!#
�1

for � 6= �ref (2)

where ISLII(�) is the LII emission signal at wavelength � already corrected by
the detection e�ciency at �, and �ref is a reference wavelength di�erent from
�. E(�) is the ratio of the absorption function at � and �ref,

E(�) = E(m�)=E(m�ref) (3)

which signi�es the spectral shape of the absorption function.
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On the other side, using Eq. (3), the emission value E(�em) can be obtained
as:

E(m�em) =
E(�em)

E(�laser)
E(m�laser) (4)

where E(m�laser) corresponds to the absorption function at the laser excitation
wavelength �laser. Once Te� is known, the value of E(m�laser) can be measured
with various approaches based on LII measurements [10, 11].

To close such an underdetermined system, the absorption function E(m�)
is often assumed to be nearly constant in visible spectral range (E(�) � 1) [7].
Thus, the e�ective temperature can be estimated directly from Eq. (2) once the
LII signal is available for 2 wavelengths (�, �ref), allowing to determine E(m�)
in a second step [10, 11]. Such an assumption can be reasonable in the visible
and near-infrared range when considering mature soot particles [12]. However,
evidences in the literature report variable function E(�) 6= 1 for carbonaceous
particles [13{15]. When it comes to metal-oxide nanoparticles, di�erent spec-
tral shapes of E(�) and values of E(m�) can be found in the literature for the
same material. In speci�c, data for TiO2 present a large variability for E(�)
and E(m�) since they depend on the optical properties, which can be deter-
mined by the production process [16{19]. Therefore, disposing of a method
allowing for the estimation of Te� and of E(m�) by accounting for the spec-
tral shape E(�) is essential to obtain quantitative information on metal-oxide
production in 
ames within the context of LII measurements.

Various approaches can be found in the literature to determine Te� and
E(m�) from LII signals [13, 20{22]. Snelling et al. [13] determined the particle
e�ective temperature via optical pyrometry by assuming that E(m�) varies
linearly with wavelength. Subsequently, simulation results based on the LII
model were used to determine the value of E(m�laser) at the laser excitation
wavelength. Alternatively, Therssen et al. [21] proposed to employ two laser
excitation wavelengths to determine the absorption function ratio between
them, i.e. the spectral shape by achieving the same temperature of the par-
ticles. Another method, the dual-pulse absorption spectra technique [22], has
been recently developed to investigate in-situ optical properties in transient
conditions by considering two laser excitation wavelengths.

In line with these previous works, this work proposes a new method to esti-
mate the particle e�ective temperature Te� and the absorption function E(m�)
by accounting for its spectral shape E(�). This method only requires the spec-
tral emission information from the LII signal at a given 
uence. First, the used
experimental setup is described in Sec. 2. Then, the theoretical developments
are proposed in Sec. 3. Then, the feasibility of the approach is demonstrated
in Sec. 4.1 by considering carbon black nanoparticles in a non-reactive N2

environment, for which an extensive experimental database is available in the
literature [12{15, 23{25]. Finally, the approach is used for TiO2 
ame synthe-
sis in Sec. 4.2. To the best of the author's knowledge, the proposed results
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represent the �rst time the optical properties of 
ame-synthesized metal-oxide
nanoparticles have been estimated using the LII technique.

2 Experimental setup

The experimental setup considered in this work is composed of three parts,
schematically presented in Fig. 1a: the particle generation, the laser excitation,
and the signal collection. The same setup was used in our previous work [26],
where the feasibility of LII measurements for high-purity TiO2 nanoparticles
was demonstrated. Thus, only a general description of the setup is provided
here. More details can be found in [26].

For the laser excitation of the particles, a pulsed Nd:YAG laser (Quantel, Q
smart 850) operates at a third harmonic wavelength of 355 nm with a repetition
rate of 10 Hz. The choice of the laser wavelength has been optimized to induce
an LII signal from TiO2 nanoparticles [26]. The laser 
uence is controlled by a
laser attenuator (Eksma, 990-0070-355). A rectangular aperture (x = 0.88 mm
and z = 0.91 mm) is used to have a nearly top-hat shape laser beam, which
is then 1:1 relay-imaged onto the target detection point using a 300 mm focal
length lens.

The LII signal of TiO2 particles is collected at a 90
� angle using a telescope

consisting of two lenses with focal lengths of 200 mm and 100 mm, respectively.
Two notch �lters at wavelengths of 355 nm and 532 nm are employed to
suppress the laser harmonic signal. The collected signal is then focused on
365 �m multimode optical �ber (Thorlabs, FG365UEC), which is connected
to the entrance slit of a spectrometer (Princeton Instrument, Spectra Pro
HRS-500, f = 500 mm, 150 grooves/mm) and coupled with an ICCD camera
(Princeton Instruments, PI-MAX 4 1024EMB) for spectral measurement at
detection wavelength �em 2 [�min

em ; �max
em ] = [430; 730] nm. The emission signal

is collected with a gate width of 20 ns. The signal is then calibrated using a
tungsten lamp for intensity and a mercury lamp for wavelength.

In this study, two di�erent systems are employed for particle dispersion
or production. First, carbon black nanoparticles are studied in a non-reactive
environment at ambient temperature to verify the feasibility of the approach
under well-controlled conditions for particles whose properties are widely char-
acterized in the literature [12{15, 23]. The aerosol is obtained by dispersing
200 mg of carbon black nanoparticles (nanogra�, NG04EO0709, dpp = 20 nm,
spherical) at each measurement using ultrasonication with the aid of nitrogen
(16.67 slm, 9.8 m/s) inside a 1L 
ask. After passing through an additional 1L

ask for homogenous mixing, the solid-gas aerosol is sent into an optical cell
with two 1-inch windows (UVFS, Thorlabs WG41010) allowing the laser beam
to pass through and heat the nanoparticles, as shown in Fig. 1b. Detection of
the emitted radiation is performed through a 2-inch window (UVFS, Thorlabs
WG42012).
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(a)

(b) Optical cell (c) Burner

Fig. 1: (a) Schematic presentation of the experimental setup developed to
investigate laser-induced emission at the target detection volume, where parti-
cles are dispersed or generated, using a pulse YAG laser at 355 nm. Illustration
of the two considered particle generators: (b) dispersion of carbon black
nanoparticles in a non-reactive environment at ambient temperature, and (c)
synthesis of TiO2 nanoparticles in a hydrogen-argon laminar di�usion 
ame.

Once validated, the approach will be used in the application of interest in
this work, i.e. the characterization of TiO2 nanoparticles during 
ame synthe-
sis. For the study of 
ame-generated TiO2, a Yale di�usion burner [27] has
been modi�ed to allow the injection of prevaporized metal precursors. The
burner is fed with a mixture of H2 ( _mH2

= 5.1 g/h), Ar ( _mAr = 2.3 g/h),
and pre-vaporized titanium tetraisopropoxide (TTIP, Sigma-Aldrich, 97%
purity, _mTTIP=0.5 g/h). The precursor is injected using a Coriolis 
owmeter
(Bronkhorst, MINI CORI-FLOW, ML120V21-BAD-11-0-S) and is vaporized
with a custom-made heating system before mixing with H2 and Ar. All the
lines are heated over 350 K to prevent condensation of the precursor. At the
exit of the burner, the temperature measured with a thermocouple is 380K
for the fuel injection, and 412 K for the co
ow of air ( _mair=7759 g/h). A dif-
fusion 
ame, visualized in Fig. 1c is obtained. The reaction zone due to H2
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combustion is located at a height above the burner HAB < 30 mm, as visu-
alized by the surrounding semi-transparent blue emission. In the central zone,
a very strong emission indicates the presence of TiO2 nanoparticles starting
from HAB > 10 mm. The visible nanoparticle trail is observed until HAB �
80 mm. In this work, all measurements are conducted at HAB = 60 mm on the
centerline, far from the the white glowing part, where the highest temperature
is expected to be observed. At HAB = 60 mm, the temperature is expected to
be lower than the TiO2 melting temperature (Tmelting � 2150 K [28]), so that
particles are assumed to be in the solid state prior to LII measurements.

3 Methodology

The LII signal obtained using the experimental setup described in the previous
section will be postprocessed to obtain information on Te� and E(m�) while
accounting for the spectral shape E(�). For this, a theoretical methodology
composed of 4 steps is proposed in this work:

1) A range of possible values of the particle e�ective temperature Te� is
estimated by considering the spectral LII signal.

2) The spectral shape E(�) is derived from Te� estimation.
3) The value of the E(m�laser) at laser wavelength has to be known. If not

available from the literature, E(m�laser) can be estimated from Te� choosing
among established methods at low 
uences [10, 11, 29].

4) The value of E(m�) is estimated over the whole wavelength � range using
information on E(�) and E(�laser).

Each of these steps is detailed in the following.

Estimation of the particle e�ective temperature

To estimate the e�ective temperature of particles using the two-color pyrome-
try technique via Eq. (2), it is necessary to know the ratio of E(m�) at the two
wavelengths of interest. If this ratio is unknown, the spectral shape E(�) has
to be presumed. Typically for soot particles, the absorption function E(m�)
can be assumed spectrally constant, i.e. E(�) = 1, allowing the estimation of
e�ective particle temperature from Eq. (5) for two di�erent wavelengths �em1

,
�em2

:

Te� � T const
e� =

hc

kB

�
1

�em2

�
1

�em1

�"
ln

 �
�em1

�em2

�6
ISLII(�em1

)

ISLII(�em2
)

!#
�1

(5)

As described in the study of Liu et al. [30], the T const
e� , inferred e�ective

temperature depends on the selection of the two emission wavelengths �em1
and

�em2
due to errors such as uncertainty of the ratio of the absorption functions

at the two detection (emission) wavelengths or signal shot noises. Therefore,
properly choosing the emission wavelengths �em1

and �em2
is important when

estimating the particle temperature from Eq. (5). In speci�c, Liu et al. [30]
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suggest avoiding close wavelengths since the ratio of the corresponding LII
signals may be strongly a�ected by shot noises.

Alternately, Snelling et al. [13] proposed to consider that the E(m�) of soot
particles is linearly proportional to the wavelength �, based on the experimen-
tal evidence of [25, 31]. This assumption is not general and is not expected to be
veri�ed for other kinds of particles. As an example, Table 1 presents the ratio of
the absorption function at two distinct wavelengths, E(m550nm)=E(m710nm),
for both carbonaceous and TiO2 nanoparticles. For carbonaceous particles,
E(m�) maintains a constant value across the speci�ed wavelength range [550,
710 nm]. In contrast, TiO2 exhibits a more pronounced spectral variation of
E(m�) of �, which largely varies in the literature database.

Table 1: E(m550nm)=E(m710nm) value for carbonaceous and TiO2 particles in
the literature.

Carbon E(m550nm)=E(m710nm) TiO2 E(m550nm)=E(m710nm)

Chang et al. [32] 1.0727 Siefke [17] 497.5392
Smyth and Shaddix [23] 1 Liu[19] 3.9929
Michelsen et al. [14] 0.9991
Snelling et al. [13] 0.9375
Yon et al. [15] 1.1026

Therefore, a more general procedure to estimate the evolution of E(�) as a
function of � has to be found, such as the one proposed by [22]. For this, the
function E(m�0+��) at a given wavelength �0 + �� can be expanded using
the Taylor series:

E(m�0+��) = E(m�0) +
@E(m�)

@�
j�0��+O(��

2): (6)

At zeroth order, we propose to assume that E(m�) is constant over a
su�ciently small range of wavelength ��, so that E(m�0+��) reads as:

E(m�0+��) � E(m�0): (7)

This condition is less restrictive than assuming a constant E(m�) for the overall
spectral range and is veri�ed for ��! 0. By combining Eqs. (2) and (7), the
e�ective temperature T�0e� for a given �0 can then be estimated from:

T�0e� =
hc

kB

�
1

�0 +��
�

1

�0

��
6ln

�
�0

�0 +��

�
+ ln

�
ISLII(�0)

ISLII(�0 +��)

��
�1

:

(8)
The accuracy of the estimated temperature T�0e� through Eq. (8) will depend
on the validity of Eq. (7), i.e. how realistic is the assumption E(m�0+��) �

E(m�0). As deduced for Eq. (6), this will depend on
@E(m�)

@�
j�0 and ��

values. The smaller these quantities are, the more valid this assumption will
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be. Thus, the estimated T�0e� may depend on �0 and �� values. Concerning
�0, it is not possible to know a priori which �0 value leads to a minimum
@E(m�)

@�
j�0 when no information on E(m�) shape is available. Thus, T

�0
e� will

be calculated over a range of �0 2 [�min
0 ; �max

0 ]. The minimum and maximum
values of T�0e� , namely Tmin

e� and Tmax
e� , will then provide the range of possible

e�ective temperatures:
Te� 2 [Tmin

e� ; Tmax
e� ]: (9)

Concerning ��, small values should be considered to reduce the e�ect of
assumption E(m�0+��) � E(m�0) as seen in Eq. (6). Still, as already men-
tioned, Liu et al. [30] have extensively discussed the need for widely separated
wavelengths, i.e. large ��, to reduce the e�ect of signal noise on temperature
estimation. Thus, a trade-o� �� value should be considered to minimize errors
due to the assumption of Eq. (7) and signal noise. Here, �� = 5 nm is retained.

A spectral range smaller than the measured emission spectrum is consid-
ered for �0 2 [�min

0 ; �max
0 ] = [550; 710] nm � [�min

em ; �max
em ] = [430; 730] nm. This

choice is motivated by the fact that the LII nature of the signal is the most
evident in this range of detection wavelengths for TiO2 nanoparticles since LIF
emission from TiO2 may be observed in the range of 450 - 550 nm [26, 33, 34].

To conclude, the proposed approach does not provide a single value of
E(m�) but a range of possible values. Still, this approach allows accounting
for the uncertainties in the estimation of Te�, which are hidden when using
the classical pyrometric estimation T const

e� , i.e. by assuming a constant E(m�).
The extreme values Tmin

e� and Tmax
e� will depend on the values retained for

�min
0 , �max

0 , and �� as well as the postprocessing procedure used to obtain
ISLII(�0) and ISLII(�0+��) from the spectral emission, which can be a�ected
by experimental uncertainties. This is discussed in detail in Appendix A.

Estimation of spectral shape E(�)

Once the range of possible Te� is known, the possible shapes of E(�) are
obtained from Eq.(2) over the spectral range considered at emission by consid-
ering the minimum and maximum e�ective temperatures, i.e. Tmin

e� and Tmax
e�

via:

E(�) = exp

0
@ln� ISLII(�)

ISLII(�ref)

�
+ 6ln

�
�

�ref

�
+

hc
kB

�
1
�
� 1

�ref

�
Te�

1
A for � 2 [�min

em ; �max
em ]

(10)
with �ref = 650 nm in this study.

Estimation of E(m�laser
)

Once the spectral shape E(�) is known, the value of E(m�laser) at the laser
excitation wavelength should be estimated to obtain E(m�). Various results
for E(m�) at � = 355 nm, i.e. the laser wavelength used in this work, can
be found in the literature for both carbonaceous and TiO2, summarized in
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Tables 2 and 3, respectively. A factor of 2 is observed for the carbonaceous
particles regarding the value reported in the Table 2. On the contrary, a higher
variability is observed for the TiO2 nanoparticles of almost one order of mag-
nitude. This is most probably due to the fact that the optical properties of
TiO2 nanoparticles are strongly governed by the intrinsic characteristics of
the particles, such as the crystallinity phase and surface defects, which may
depend on the process used for their production [16]. Due to the large disper-
sion of the E(m�laser) data for TiO2, in this work we would rather measure it
with a very simple, yet widely used and well-establish method for estimating
E(m�laser) at low laser 
uences [10, 11]. It consists in working at a 
uence (F )

Table 2: E(m355nm) and E(m450nm)=E(m355nm) value for carbonaceous
particles in the literature.

Reference E(m355nm) E(m450nm)=E(m355nm) note

Chang et al. [32] 0.3005 0.8681 wavelength dependent
Smyth and Shaddix [23] 0.2595 1 constant
Michelsen et al. [14] 0.1957 1.0005 wavelength dependent, graphite
Snelling et al. [13] 0.2765 1.043 wavelength dependent
Yon et al. [15] 0.4094 0.8703 wavelength dependent

Table 3: Absorption function value at 355 nm for TiO2 particles in the
literature.

Reference Crystal Polarization E(m355nm)
E(m450nm)
E(m355nm)

Production process

Jellison[16]
Rutile

ordinary 0.015 -

Physical vapor deposition
(Magnetron sputtering)

extraordinary 0.014 -

Anatase
ordinary 0.012 -

extraordinary 0.005 -

Siefke [17] Anatase - 0.0071 0.0004
Atomic layer deposition

based on TTIP vapor and oxygen plasma

Liu[19]
Rutile - 0.0131 0.519

mist-Chemical vapor deposition
Anatase - 0.0132 0.522

Sarkar [18] Anatase - 0.0025 - Electron beam evaporation

De Iuliis [35] Anatase - 0.066 0.740 
ame-synthesized particles

low enough to avoid phase change (vaporization and/or sublimation), where a
linear relationship between laser 
uence and temperature can be found [36]. If
thermal losses due to radiation and conduction are negligible at prompt and
under Rayleigh approximation, the E(m�laser) can be estimated as:

E(m�laser) = �cp
�laser
6�

Te� � Tgas
F

(11)

where � is the density of particles, cp is the heat capacity of particles, Tgas
is ambient gas temperature and F is laser 
uence. In this work, E(m�laser)
is evaluated considering three values for the e�ective particle temperatures,
i.e. Tmin

e� , Tmax
e� , and T const

e� , which have been estimated at step 1. The other
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parameters are summarized in Table 4. The validation of this method for
E(m�laser) estimation is out of the scope of this paper. The validity of the
assumptions used for this method can be found in [36].

Table 4: Parameters used to calculate E(m�laser) from Eq. (11).

Carbon TiO2

�cp [J/m3/K] 3.7703e+06 4.0352e+06

Tgas [K] 300 1800

F [J/cm2] 0.06 0.15

Estimation of E(m�)

Once the possible values of Te� are known together with the corresponding
E(�) and E(m�laser), the absorption function E(m�) over the measured spectral
range can be obtained using Eq.(4) for � 2 [�min

em ; �max
em ]. If the laser excitation

wavelength �laser is included in the acquired spectral emission range i.e. �laser 2
[�min

em ; �min
em ], E(�laser) is known so that the estimation of E(m�em) via Eq. (4)

is quite straightforward. However, in this work, a more challenging scenario is
considered where the laser excitation wavelength �laser does not belong to the
acquired spectral range, �laser =2 [�min

em ; �max
em ]. Consequently, the E(�laser) is not

known. In this case, in order to calculate E(m�) in the range � 2 [�min
em ; �max

em ],
Eq. (4) could be rewritten with a speci�c wavelength �� 2 [�min

em ; �max
em ] as:

E(m�) =
E(m�)

E(m�ref)

E(m�ref)

E(m��)

E(m��)

E(m�laser)
E(m�laser)

=
E(�)

E(��)

E(m��)

E(m�laser)
E(m�laser)

(12)

where � 2 [�min
em ; �max

em ]. The ratio E(m��)=E(m�laser) = E(��)=E(�laser) could
be inferred, for example, by extrapolating E(�) at wavelength �*:

E(�laser) = E(�*) +K�laser(�laser � �*) (13)

where K�laser can be obtained using a linear regression. Then E(m�) can be
calculated from Eq. (12). To minimize the e�ect of the presumed shape, ��

should be chosen as close as possible to �laser. In this work, �
� = 450 nm is cho-

sen for �laser = 355 nm. The experimental data of the ratio E(m��)=E(m�laser)
for carbonaceous and TiO2 nanoparticles are reported in Tables 2 and 3,
respectively. Concerning carbonaceous particles, a small variation between
E(m355nm) and E(m450nm) is observed for reported measurements. On the
contrary, the ratio E(m450nm)=E(m�355nm) for TiO2 nanoparticles largely
varies with the database going from 0.0004 up to 0.74. Such variability jus-
ti�es the development of in-situ measurements for the characterization of
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E(m�) directly into the 
ame by accounting for its spectral evolution since
its evolution seems to strongly vary according to the particle production
process. To avoid arbitrarily choosing the values between the ones available in
the literature, the ratio via Eq. (13) is inferred in this work, where K�laser is
obtained by performing a linear regression using information from E(�) over
the range 430-470 nm. Since E(�) will depend on the e�ective temperature,
three values of E(�*) will be obtained by considering Tmin

e� , Tmax
e� , and T const

e� .
Once the ratio is obtained, E(m�) is �nally provided using Eq.(12).

In the following, the described 4-step methodology will be applied to two
di�erent kinds of particles: carbon black and 
ame-synthesized nanoparticles.

4 Results

In this section, the procedure will be �rst applied on carbon black particles,
whose absorption function is well-characterized in the literature and presents
a low variability depending on the experimental database (Table 2). Once vali-
dated, the approach will be applied to 
ame-synthesized TiO2 particles whose
absorption function is expected to strongly depend on the used production
process.

To perform the proposed methodology, only one laser 
uence is needed.
However, various laser 
uences have been tested to verify the LII-like nature
of the emitted signal. The corresponding results are presented in Supplemen-
tary Materials. The retained 
uence represents the best compromise to obtain
an LII signal with a good S/N ratio while avoiding particle sublimation, i.e.
F=0.06 J/cm2 for carbon black and F=0.15 J/cm2 for TiO2.

4.1 Carbon black

The developed approach requires the collection of the emitted signal only at
prompt, i.e. at the peak of the signal. However, the signal has been collected by
considering various detection gate delays to investigate the e�ect of a delayed
acquisition on results. Spectral dependence results at F=0.06 J/cm2 and three
acquisition delay times (0, 60, 100 ns) from the signal peak are considered.
The corresponding signals are available in the Supplementary materials.

Particle e�ective temperature

Figure 2 presents the evolution of the three e�ective temperatures (Tmax
e� ,Tmin

e� ,
and T const

e� ) as a function of time. It can be noticed that the T const
e� , correspond-

ing to assumption E(�) = 1, is always included in the range of possible e�ective
temperatures identi�ed by the grey zone. A variability of approximately �15%
on the e�ective temperature is obtained compared to the T const

e� value. The
temperatures obtained at the prompt (� 3300-3800 K) are in line with the
literature results for the e�ective temperature of carbonaceous particles dur-
ing the LII process [37, 38]. Additionally, the consistency of the �rst step of
the developed methodology is demonstrated by the observed particle cooling
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over time in Fig. 2. This indicates that the method can be used to estimate
the e�ective temperature of particles when there is no information available
about the spectral dependence of E(m�), without assuming a constant value
of E(m�) across the entire range of wavelengths of interest.

Fig. 2: Evolution of the range of possible e�ective temperatures Te� over time
for carbon black nanoparticles. The grey zone represents the range between
Tmin
e� and Tmax

e� . The evolution of T const
e� is also shown. The results were

obtained using LII spectral emission data between 550 and 710 nm for three
acquisition delay times (0, 60, 100 ns) for F=0.06 J/cm2. Note that the melt-
ing point of carbon black is around 3823 K [39] and the boiling point is around
4473 K [39].

Spectral shape E(�)

The evolution of E(�) is derived for carbon black from Eq. (10) once Te� is
known. The spectral dependence E(�) is illustrated in Fig. 3 as a function of
� 2 [�min

em ; �max
em ]. The colored zone represents the possible shape of E(�). It

corresponds to the temperatures between Tmin
e� and Tmax

e� calculated at the
previous step (the values are indicated inside the legend). It can be observed
that the obtained areas look alike for the three acquisition delay times (0,
60, 100 ns), proving the robustness of the proposed technique. Results for
T const
e� are not reported in Fig. 3 since their derivation classically relies on the

assumption E(�) = 1. Note that even though we have assumed that the E(m�)
is constant for a small ��, the spectral form of E(m�) is not constant for
the entire range of the wavelength spectrum. As expected, this assumption is
less restrictive than imposing a constant E(m�) for all visible ranges once the
emission level with enough S/N ratio is assured.

The evolution of E(m�) as a function of � from results at prompt is com-
pared with literature data in Fig. 4, where E(�) 6= 1 is assumed. The estimated
spectral shape E(�) obtained based on the estimated Te� at prompt cover the
variabilities found in the literature, exhibiting both increasing and decreas-
ing tendencies across the whole spectral range. Thus, the estimated range of
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the evolution of E(m�) as a function of � is quite reasonable, con�rming the
feasibility of this technique.

Fig. 3: Spectral shape E(�) for carbon black nanoparticles. The results are
obtained using LII spectral emission at F =0.06 J/cm2 at three di�erent acqui-
sition delay times (0, 60, and 100 ns) with �ref=650 nm. The legend shows the
retained values of Tmin

e� and Tmax
e� used to estimate E(�).

Fig. 4: Spectral evolution of E(m�) normalized at 650 nm. Results at prompt
with F= 0.06 J/cm2 are compared with literature data of carbonaceous
nanoparticles [13{15, 24, 25, 32].

Estimation of E(m�laser
)

Once the range of possible Te� is known, the absorption function E(m�laser) at
the excitation wavelength can be estimated by considering the experimental
data at prompt. Tmin

e� , Tmax
e� and T const

e� are considered to calculate three values
of E(m355nm) using Eq. (11). Results are reported in Table 5. The obtained
values belong to the range of the experimental data in the literature reported
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in Table 2 (comprised between approximately 0.2 and 0.4) and are in quite
good agreement with the experimental data of Yon et al. [15] (E(m�laser)=
0.4094 ). A variation of approximately 15% in E(m�laser) is observed over the
range of possible e�ective temperatures. Such uncertainty, due to the use of a
range of possible e�ective temperatures, will directly a�ect the estimation of
the volume fraction fv via Eq. (1), but it is of the same order of magnitude as
the uncertainties classically associated with fv measurements [40].

Table 5: E�ective temperatures, E(m355nm), and E(m450nm)=E(m355nm) for
carbon black nanoparticles.

Carbon Te� [K] E(m355nm) E(m450nm)=E(m355nm)

Tmin
e� 3279 0.3526 0.7394

T const
e� 3538 0.3833 0.8229
Tmax
e� 3770 0.4107 0.9049

Estimation of E(m�)

To obtain an estimation of E(m�) from E(�) and E(m�laser), it is neces-
sary to estimate the ratio E(m450nm)=E(m355nm) since the laser excitation
wavelength does not belong to the spectral range measured by our experi-
mental setup. Thus, a linear regression of E(�) is performed to extrapolate
E(450nm)=E(355nm) = E(m450nm)=E(m355nm) using Tmin

e� , Tmax
e� and T const

e�

(cfr Eq. (13)). The obtained ratios are reported in Table 5. A maximum vari-
ability of 22% is observed among the three values. The obtained ratios recover
the experimental data by Yon et al. [15], i.e. 0.8703, and are in line with the
literature values reported in Table 2 (comprised between 0.87 and 1.04).

By combining this information with the spectral dependence E(�), the
range of possible E(m�) values can be calculated. The estimated E(m�) is com-
pared with the values found in the literature for soot particles [13{15, 23, 25,
32] in Fig. 5. However, it should be mentioned that the carbon black has been
bought from a nanoparticles provider (nanogra�, https://nanogra�.com/).
Therefore, the particles employed in our experiments are not necessarily iden-
tical to those corresponding to the literature results at Table 1 as these could
encompass a variety of compositions and may even undergo modi�cations due
to various external factors, such as oxidation [41]. The range of E(m�) covers
the variability of the data in the literature quite well, including both con-
stant and wavelength-dependent cases under various experimental conditions
for soot particle generation. It can be concluded that the developed method-
ology allows obtaining a quite reasonable estimation of the spectral evolution
of E(m�) and of the e�ective particle temperature, accompanied by infor-
mation on uncertainties of a maximum of a factor of 2.5 for carbonaceous
nanoparticles.

In the following, the methodology is applied for the characterization of

ame-synthesized TiO2.
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Fig. 5: E(m�) for carbon black nanoparticles obtained by LII signals at
F =0.06 J/cm2 at prompt. The results are compared to literature data of
carbonaceous nanoparticles [13{15, 23, 25, 32].

4.2 Flame-synthesized TiO2

Spectral dependence results at F = 0.15 J/cm2 and three acquisition delay
times from the peak signal (0, 50, 100 ns) are considered to investigate TiO2

nanoparticles in 
ames.

Particle e�ective temperature

Figure 6 displays the temporal evolution of the three e�ective temperatures
(Tmax

e� , Tmin
e� , and T const

e� ) for TiO2 nanoparticles. The e�ective temperature
shows a variation of approximately � 13% relative to the T const

e� value. The
obtained e�ective temperature values range from around 3000 K to 3400 K,
which are relatively lower compared to those of carbon black nanoparticles
(Fig. 2) even if a higher laser 
uence is used. This can be attributed to
the smaller absorption coe�cient of TiO2 nanoparticles, resulting in a lower
absorption of laser 
uence and subsequently lower peak temperature. As in
the case of carbon black, the particle cooling is observed over time in Fig. 6.
One can notice that Tmin

e� is higher than TiO2 melting point Tmelting = 2150 K
[28]. Thus, it is unknown if the TiO2 particles are in a solid state during the
laser heating and the subsequent particle cooling process. A deeper character-
ization of the TiO2 particle state during the LII process is out of the scope of
this work, and solid particles will be considered in LII signal interpretation in
the following.
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Fig. 6: Evolution of the range of possible e�ective temperatures (Te�) over time
for 
ame-synthesized TiO2. The grey zone represents the range between Tmin

e�

and Tmax
e� . The evolution of T const

e� is also shown. The results were obtained
using LII spectral emission between 550 and 710 nm for F = 0.15 J/cm2, and
three acquisition delay times (0, 50, 100 ns). Note that the melting point of
TiO2 is around 2150 K [28] and the boiling point is around 2773 - 3273 K [42].

Spectral shape E(�)

The evolution of E(�) is investigated for TiO2 generated by 
ames, utilizing
Eq. (10) once Te� is obtained. By acquiring spectral emission data at three
di�erent times (0, 50, 100 ns), the evolution of E(�) for � 2 [�min

em ; �max
em ] is

depicted in Fig. 7, where the colored zone represents the range of E(�) for
temperatures between Tmin

e� and Tmax
e� (indicated in the legend). The results

show similar estimated areas for the three acquisition delay times, even if
results obtained with a 100 ns delay display a larger estimated region. This is
most probably due to a low S/N ratio of the LII signal. Nonetheless, the same
zone is overlaid over time, demonstrating the robustness of the methodology. A
more signi�cant variation in the dynamics of E(�) in the visible spectral range
is observed in Fig. 7 for 
ame-generated TiO2 compared to the carbon black
case in Fig. 3. This �nding highlights the e�ectiveness of this methodology in
capturing variable E(�) functions, such as for TiO2 nanoparticles in the visible
range.

The estimation of E(m�) as a function of � is compared in Fig. 8 to the
literature results. Here, data have been normalized at �ref= 450 nm since
results from De Iuliis et al. [35] are not available for � =650 nm. The estimated
range of possible spectral shape of E(m�) is included between the literature
data, illustrating the capability of the technique to obtain information on the
spectral evolution of E(m�) for metal oxides.
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Fig. 7: Spectral shape E(�) for 
ame-generated TiO2 nanoparticles. The
results were obtained using LII spectral emission at laser 
uence F =0.15
J/cm2 and three di�erent acquisition delay times at 0, 50, and 100 ns. The
legend shows the values of Tmin

e� and Tmax
e� used to estimate E(�).

Fig. 8: Spectral evolution of E(m�) normalized at 450 nm. Results at prompt
with F= 0.15 J/cm2 are compared with literature data of TiO2 nanoparticles
[19, 35].

Estimation of E(�laser)

Based on the determined possible range of e�ective temperatures Te�, the
absorption function E(m�laser) at the excitation wavelength can be estimated
using experimental data obtained at prompt. Three values of E(m�laser) are
then computed for Tmin

e� , Tmax
e� , and T const

e� utilizing Eq.(11). They are pre-
sented in Table 6. It is worth noting that these values are in line with results
from De Iuliis et al. [35] (E(m�laser=355nm

)=0.066). These E(m�laser) data are
generally higher than the other results from the literature resumed in Table
3 and comprised between 0.002 and 0.015. Still, results from De Iuliis et al.
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[35] are only available for TiO2 particles produced by 
ame synthesis as in our
case. The estimation of E(m�laser) varies by roughly 15% over the range of pos-
sible e�ective temperatures Te�. This level of uncertainty is acceptable when
compared to the much higher variability observed in the literature-reported
values. The values obtained for TiO2 nanoparticles, ranging from 0.06-0.08, are
considerably lower than those obtained for carbon black nanoparticles. Sup-
plementary materials provide additional validation of the calculated E(m�laser)
values. Overall, the obtained values can be considered as acceptable.

Table 6: E�ective temperatures, E(m355nm), and E(m450nm)=E(m355nm) for

ame-generated TiO2 nanoparticles.

TiO2 Te� E(m355nm) E(m450nm)=E(m355nm)

Tmin
e� 3008 0.0612 0.6225

T const
e� 3186 0.0702 0.6656
Tmax
e� 3421 0.0822 0.7259

Estimation of E(m�)

To estimate E(m�) from E(�) and E(m�laser), the ratio E(m450nm)=E(m355nm)
is calculated using a linear regression of E(�) to extrapolate
E(m450nm)=E(m355nm) for T

min
e� , Tmax

e� and T const
e� (Eq. (13)). The obtained

ratios are reported on the right column of Table 6. A maximum variability of
15% is observed among the three values. The obtained ratios stand between
the experimental data by Liu et al. (0.52, [19]) and De Iuliis et al. (0.74, [35])
in Table 3.

By using information from spectral shape E(�), the possible range of E(m�)
values can �nally be determined. The calculated values of E(m�) are compared
in Fig. 9 to previously reported values for TiO2 particles in the literature
[16, 19, 35]. The data used in this �gure was obtained during prompt detection
timing since the estimation of E(m�laser) at the previous step requires the use
of the e�ective temperature at prompt. The estimated range of E(m�) values
falls between those reported by Liu et al. [19] and the one from De Iuliis et al.
[35].

Since the particle production process may have a signi�cant impact on
the geometry and optical properties of particles [43, 44], the discrepancies in
values reported in the literature are not surprising since TiO2 �lms generated
via chemical vapor deposition were considered in Liu et al. [19], whereas in
De Iuliis et al. [35] TiO2 particles produced in a 
ame were extracted and
deposited on a glass �lter for extinction measurement. Still, our methodology
seems to provide a reasonable estimation of the spectral evolution of E(m�)
with uncertainties of up to a factor of 3 for the considered case.
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Fig. 9: E(m�) for 
ame-synthesized TiO2 nanoparticles obtained by LII sig-
nals at F =0.15 J/cm2 at prompt. The results are compared to literature data
of solid TiO2 nanoparticles/�lms [16, 19, 35].

5 Discussion

The optical properties of nanoparticles constitute a crucial parameter for
various in-situ measurements employing laser diagnostics. To obtain optical
properties, many ex-situ techniques, such as re
ectometry technique [45] or
extinction method [32] exist. Unfortunately, they may be not convenient since
they require performing additional measurements and speci�c equipments. In
addition, the particle characterization obtained with ex-situ techniques may
not be representative of the particle optical property in a reactive environment,
which is needed to interpret signals from in-situ measurements.

A method was presented in this work to identify a plausible range for the
spectral absorption function E(m�) of nanoparticles based on LII measure-
ments without requiring ex-situ measurements. The presented technique is
subject to two major sources of errors/uncertainties:

(1) The assumption E(m�0+��) � E(m�0). Since E(m�0+��) � E(m�0)
for �� ! 0, it can be deduced that the smaller ��, the smaller will be the
e�ect of this assumption.

(2) The e�ect of noise when calculating the ratio
�

ISLII(�0)
ISLII(�0+��)

�
at Eq.

(8). As extensively discussed by Liu et al. [30], the bigger �� is, the smaller
is expected to be the error on T�0e� .

These two sources of errors cannot be simultaneously minimized since they
have an opposite behavior as a function of ��. Thus, this technique is not
expected to be optimized for all kinds of particles. On the one side, when
E(m�) is known to be almost constant, as for soot particles, it is more con-
venient to impose constant E(m�) and working with large �� values, i.e.
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classically pyrometry as in [30] since the errors coming from (1) are expected
to be smaller than errors from (2). On the other side, when no information
on the E(m�) shape is available or large variability is found in the literature,
such for TiO2 nanoparticles, the proposed technique should be envisaged since
the errors due to signal noise can be quanti�ed and are expected to be less
signi�cant than assuming constant E(m�).

This analysis is con�rmed by the experimental results for soot and TiO2

presented in Fig. 5 and Fig. 9, respectively. Indeed, the range of possible values
of E(m�) for soot covers the whole literature variability so that no useful gain
is actually obtained with the new approach. On the contrary, the results for
TiO2 nanoparticles allow to identify a range of possible E(m�) values that
are included and narrower than the literature data. This proves the interest
of the newly developed techniques for materials whose E(m�) is unknown and
expected to largely vary with �.

6 Conclusion

This study introduces a methodology for determining the spectral evolu-
tion of the absorption function E(m�) through spectral emission analysis of
laser-induced incandescence (LII) of nanoparticles. The method involves the
assumption that E(m�) � E(m�+��) for small �� interval to derive an ini-
tial estimation of the e�ective temperature values. This information is then
utilized to derive the spectral pro�le of E(m�). The method has been veri-
�ed for carbon black nanoparticles and then applied to 
ame-generated TiO2

nanoparticles. The interest of this approach relies on the fact that the spectral
LII emission information is needed only for one laser excitation wavelength
and 
uence.

Thus, the method is useful to obtain a reasonable estimation of the spectral
evolution of E(m�) accompanied by a rough uncertainties quanti�cation when
no additional measurements are available. In future works, some aspects could
be improved. First, the determination of the E(m�laser) value at step 3. The
approach retained in this work has been utilized by various research groups
[10, 11] to investigate the properties of di�erent types of nanoparticles. How-
ever, it is important to note that the method is subject to several assumptions
that may introduce errors in the results. Speci�cally, changes in the density �
and speci�c heat cp [46] of the material during laser heating and changes in the
optical properties of the material (for example, the band gap energy of TiO2

thin �lms changes with annealing [47]) could signi�cantly a�ect the inferred
value of E(m�). In addition, if the particles are not in the Rayleigh regime,
the particles will heat to di�erent peak temperatures, as demonstrated in [48].
Therefore, it is crucial to exercise caution and carefully consider these fac-
tors when employing this approach. Second, the ultimate goal of this research
would be to narrow down the range of possible values, eventually obtaining a
precise value for E(m�). For instance, one of the uncertainties is attributed to
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the extrapolation utilized in Eq. (13) since �laser does not belong to the inter-
val of the measured emission wavelength [�min

em ; �min
em ]. This could be avoided

by implementing an improved system where the excitation wavelength �laser is
e�ectively encompassed within the range of detection wavelength [�min

em ; �min
em ].

Alternately, methods allowing to measure E(m�) at one speci�c wavelength
[38, 49] combined with the proposed approach can determine the absolute
absorption function E(m�) for nanoparticles in all spectra. Finally, the uncer-
tainties due to the postprocessing procedure at step 1 should also be accounted
for.
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A Postprocessing procedure to estimate Te�
from the LII spectral emission

The proposed methodology relies on the estimation of a possible range for
the e�ective temperature. However, the range of the possible e�ective particle
temperatures i.e. Tmin

e� and Tmax
e� may depend on the postprocessing procedure

used to estimate them from the LII spectral emission.
First of all, the LII signal ISLII at �0 and �0 + �� have to be known to

calculate T�0e� . As an example, the prompt spectral emission for carbon black
particles at laser 
uence F=0.06 J/cm2 is visualized in Fig. 10. The presented
signal exhibits a certain degree of noise. A postprocessing procedure is then
needed to obtain an estimation of ISLII for very close wavelengths. A piecewise
linear reconstruction is �rst considered here. For this, the spectral emission is
averaged over a 20 nm interval as visualized by the bars in Fig. 10a. The signal
emission is then reconstructed by supposing a linear behavior of ISLII between
the sampling points (represented by the symbols). The reconstructed signal is
visualized by the blue line in Fig. 10a. Alternatively, a polynomial �tting of
the 5th order is also considered. The obtained �tted signal is visualized by the
red line in Fig. 10b.

The two reconstructed signals are then used to calculate T�0e� using Eq. (2)
for �0 2 [560; 700] nm. Results are visualized in Fig. 11a. As expected,
the estimation of T�0e� varies with the retained �0 value where condition
E(m�0) = E(m�0+��) is imposed. Since it is not possible to know which is the
exact value, the maximum and minimum values are chosen, namely Tmax

e� and
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Tmin
e� , respectively. The T const

e� value is also reported. It can be noted that T const
e�

belongs to the region of possible Te� values, illustrating the possible error asso-
ciated with the assumption E(m560nm) = E(m700nm). It can be noticed that
the obtained Tmax

e� and Tmin
e� depend on the reconstruction method retained

(piecewise linear reconstruction or polynomial �tting). In addition, their val-
ues are expected to depend also on the size of the interval ��. The values
Tmax
e� and Tmin

e� obtained with both reconstruction methods are illustrated as
a function of �� in Fig. 11b. While increasing the interval size ��, the impact
of the assumption E(m�0) = E(m�0+��) is expected to increase. The results
slowly converge towards the T const

e� value as expected. Even if the extreme val-
ues of possible e�ective temperature depend on the postprocessing procedure,
the proposed methodology allows having an estimation of the e�ective temper-
ature value and of the spectral evolution of E(m�) with a quanti�cation of the
uncertainties due to theoretical assumptions and the signal postprocessing. In
this work, results were obtained using the piecewise linear reconstruction for
�� =5 nm. Uncertainties due to the postprocessing are not considered in this
work and should be included in future works.

(a) (b)

Fig. 10: Postprocessing procedure to estimate Te� from the LII spectral emis-
sion: (a) piecewise linear reconstruction with an interval window of 20 nm. (b)
reconstruction using a 5th order polynomial �tting.



Springer Nature 2021 LATEX template

23

(a) (b)

Fig. 11: (a) Spectral dependence of the e�ective particle temperature T�0e�

obtained by using Eq. (2) for �0 2 [560; 700] nm. The obtained Tmax
e� and Tmin

e�

depend on the reconstruction method retained. (b) The e�ect of �� on the
estimation of Tmax

e� and Tmin
e� e�ective temperatures for di�erent reconstruction

methods.
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