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Abstract
Two-wavelength and two-color laser-induced incandescence (2λ–2C-LII) was used to study the absorption properties of three 
types of cold soot of different maturity from a mini-CAST soot generator. LII fluence curve analysis allowed for estimating 
absorption wavelength dependence in terms of dispersion coefficients ξ by the use of two excitation wavelengths (532 and 
1064 nm). The estimated ξ (based on E(m, λ) ∝ λ1−ξ) spanned from ~ 1.2 for the mature soot, up to 2.3 for the young soot. 
The results for the mature soot showed good agreement with previous measurement using multi-wavelength extinction. For 
the young soot, however, some discrepancy was observed suggesting a weaker wavelength dependence (lower ξ) from the 
LII fluence analysis. Furthermore, an estimation of the E(m, λ) for the different types of soot was done from the experimen-
tal fluence curves with temperature analysis in the low-fluence regime and simulations using an LII model. Additionally, 
uncertainties and limitations were discussed. Finally, it should be pointed out that caution has to be taken when interpreting 
2λ-LII results to obtain quantitative absorption properties of less mature soot, which may be influenced by thermal annealing 
during the laser pulse and by absorption from non-refractory species externally/internally mixed with the soot.

1  Introduction

The complex nature of soot formation has been investigated 
for decades [1, 2]. As the first incipient soot particles are 
formed during combustion, they will not only grow and 
aggregate but also transform physicochemically depend-
ing on the chemical environment and temperature–time 
history [3]. The amorphous young soot of large H/C ratio 
will then dehydrogenate and carbonize to more ordered gra-
phitic structures (of sp2 character). This maturation process 
and coupled parallel evolution of the enhanced absorption 
properties of soot in a combustion environment has been 
observed in many studies [4–9]. Soot is often considered as 
the second largest contributor to global warming, after car-
bon dioxide [10, 11], which is related to its strong absorption 
efficiency of radiation. Still, the uncertainty regarding the 
climate impact of soot due to variations in nano-structure 
and composition, and thereby absorption properties moti-
vates further research on the matter.

It has been observed and described in many papers that the 
absorption efficiency and absorption wavelength dependence 
in the visible (VIS) and near-infrared region (NIR) is highly 
dependent on the extent of soot maturity [4–8, 12–15]. Nas-
cent young soot absorbs more weakly due to its less ordered 
nano-structure, but has a much stronger absorption wavelength 
dependence than mature soot. The absorption efficiency of 
soot is often described through the dimensionless absorption 
function E(m, λ), where m is the complex refractive index and 
λ is the wavelength. For mature soot, E(m, λ) is generally esti-
mated in the range of 0.32–0.4 in the VIS and NIR, as shown in 
the review by [16], while values as low as 0.11 (λ = 1064 nm) 
have been estimated for immature mini-CAST soot [17] and 
0.19 at 8 mm height above burner (HAB) in a premixed 
Φ = 2.1 ethylene–air flame [4]. Variations in soot absorption 
properties with wavelength are commonly described by the 
use of the dispersion coefficient ξ, from the relationship E(m, 
λ) ∝ λ1−ξ [15]. Hence, ξ = 1 indicates no wavelength depend-
ence of E(m, λ), and previous works have shown that ξ ≈ 1 for 
mature soot. In a sooting premixed McKenna flame, values 
as high as ξ = 4.5 were estimated at low HAB (by analyzing 
wavelengths above 685 nm), but approached 1 for increas-
ing heights as for mature soot [8]. Similarly, high ξ was esti-
mated by [14]. The dispersion coefficient ξ can also be termed 
absorption Ångström exponent, AAE. Another way to express 
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the wavelength-dependent absorption is to assume that the 
absorption is proportional to ~ 1/λ, and derive the ratio between 
measured E(m) values at different wavelengths.

For the past couple of years, different miniature com-
bustion aerosol standard (mini-CAST) soot generators 
have been developed for the purpose of producing cold 
soot with different characteristics, with high stability and 
repeatability [18, 19]. Previous studies have shown that the 
mini-CAST can produce soot particles with great variety in 
composition, nano-structure, and optical properties, from 
small young particles with high organic carbon fraction and 
strong absorption wavelength dependence, to differently 
sized mature aggregated particles with low organic carbon 
fraction and with an absorption function E(m) independ-
ent of wavelength [12, 17–25]. As it is of great interest, for 
calibration and legislation purposes, to find laboratory soot 
sources producing soot with properties resembling those of 
real sources, the resemblance of mini-CAST soot with soot 
from diesel engines and aircraft turbines has been studied 
[19–22, 26].

One of the most common tools used for qualitative and 
quantitative measurements of soot in different environments 
is laser-induced incandescence (LII) [15, 27]. The technique 
has been utilized (in imaging or time-resolved mode) to 
measure soot concentrations and particle sizes in combus-
tion and ambient environments, see, e.g., [15], but also to 
study the absorption properties of soot using two excitation 
wavelengths [5, 6, 14, 28, 29]. In this work, we have stud-
ied the absorption properties of three different types of cold 
soot of different maturity from a mini-CAST soot genera-
tor using LII in a setup using two excitation wavelengths 
(2λ) and two detection colors (2C). This combination allows 
for studying both the absorption wavelength dependence, 
the absorption efficiency, and the wavelength-dependent 
emission properties of the different types of soot. Specifi-
cally, we have studied the fluence curves of the different 
types of soot, for example using the method described in 
[14] to estimate the LII dispersion coefficient, but we also 
estimate the laser-induced fluorescence contribution to the 
measured signals when using an excitation wavelength in 
the visible wavelength range. Furthermore, we study the 
temperature evolution of laser-heated soot to estimate E(m, 
λ) for the mini-CAST soot. Finally, we specifically focus 
our discussion on the feasibility of applying the presented 
method on young soot and discuss limitations and uncertain-
ties in our estimations.

2 � Laser‑induced incandescence

In laser-induced incandescence (LII), an intense laser pulse 
heats the strongly absorbing soot particles (with properties 
close to a black-body) to high temperatures (3000–4000 K) 

[15, 27]. When reaching these high temperatures, the soot 
Planck radiation, which is the LII signal, will to large extent 
be distributed in the visible spectral range, allowing detec-
tion spatially, spectrally, and/or temporally. The main cool-
ing mechanisms for the heated soot are sublimation and heat 
conduction, which at high temperatures will limit continuous 
temperature increase during the laser pulse, as both the heat 
conduction and level of sublimation depend on the tempera-
ture of the soot [15].

The peak intensity in the time-resolved LII signal of soot 
is commonly studied as a function of the laser fluence (J/
cm2). Examples of such fluence curves from the present 
work are later shown in Fig. 2. The strong temperature 
dependence (T5) of the LII signal will result in a strong 
signal increase for increasing fluences in the first part of 
the fluence curve, where absorption of laser radiation is the 
dominating heat transfer process. The peak LII signal will 
be reached during the laser pulse, and the peak LII intensity 
will be roughly independent of the laser pulse length on 
these short time scales [30]. The rate of absorption q̇abs can 
be expressed, as shown in Eq. (1), where dpp is the primary 
particle size, Flaser is the laser fluence, λ is the laser wave-
length, and E(m) is the absorption function

The change of internal energy ΔUint for a soot particle 
which has been heated ΔT, assuming constant volumetric 
heat capacity for the soot in the temperature range, will be 
given by Eq. (2):

Hence, investigating the temperature evolution in an 
absorption dominated regime and with a known volumetric 
heat capacity (i.e., the product ρcp), information about the 
absorption properties in terms of the E(m) of soot can be 
provided [30, 31] according to Eq. (3), where the rate of 
heating as a function of fluence is expressed as ΔT/ΔFlaser

The soot starts to sublime when heated to temperatures 
around 3400 K [4] and higher, which corresponds well with 
the inflexion point in the fluence curves. The sublimation 
will, along with an increasing heat conduction loss, make 
the signal reach a maximum for increasing fluences, after 
which it starts to decrease mainly due to extensive mass loss.

Fluence curves have historically been of great interest, 
generally in the pursuit of finding a fluence-independent LII 
signal region in quantitative 2D soot imaging measurements, 
or for establishing suitable fluence below the sublimation 
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threshold in low-fluence LII for particle sizing [32]. The past 
years however, the use of the fluence curves have become 
important when studying the absorption wavelength depend-
ence by two-excitation wavelength LII (2λ-LII) and to extract 
information about the maturity of soot [5, 6, 14, 29]. This 
specific method will be implemented in this investigation.

A common tool used alongside experimental LII data 
is the LII model, a heat and mass transfer model, which 
describes the physical processes occurring during light–mat-
ter interaction, between, e.g., a short laser pulse and soot. 
The LII model can be used to reproduce experimental time-
resolved data, commonly done to estimate soot primary par-
ticle sizes [15]. In this work, however, this model will spe-
cifically be used to retrieve information about the absorption 
properties of soot investigated by fitting modeled fluence 
curves to experimentally retrieved ones. The model devel-
oped in Lund is the one described in [33], and compared to 
other (at the time existing) LII models in [34].

3 � Experimental setup

The LII setup used for this work, shown in Fig. 1, is based 
on previous setups used by our group, see, e.g., [4]. A pulsed 
Brilliant B Nd:YAG laser with pulse length of 6.8 ns and 
10 Hz repetition rate was used at its fundamental and sec-
ond harmonic wavelength of 1064 and 532 nm, respectively. 
The pulse energy was adjusted by an attenuator, consist-
ing of two thin-film polarizers and a quarter wave-plate, to 
keep the same pulse characteristics for all measurements. A 
circular aperture was used to cut out the center 4 mm part 
of the beam to achieve a top-hat profile, for homogeneous 
heating of soot within the probe volume. The cut-out center 
part of the beam was relay imaged by a lens system to reach 

a diameter of 2 mm in the probe volume. A beam profiler 
camera was used to monitor the top-hat spatial profile, which 
is shown in the setup schematics (Fig. 1). A broad-band cali-
bration lamp (Labsphere 1000) was used for temperature 
calibration by pyrometry.

On the detection side, three achromatic doublets were 
used to collect and collimate the LII signal. Two dichroic 
mirrors were then used to separate the signal and two band-
pass filters were used to select the wavelengths of interest 
(575 and 684 nm with 25 and 24 nm bandwidth, respec-
tively). Two Hamamatsu H10721-20 photomultiplier tubes 
were used for signal detection.

The soot generator, a mini-CAST 5201c [35], operated 
with propane (C3H8) as fuel, was used and run at different 
operation points (OP) to generate three types of polydisperse 
soot (OP1, OP6, and OP7), which previously have been 
characterized by our group. In [12], the investigation of the 
optical properties (using in-situ multi-wavelength extinction) 
and particle composition showed that the particles span from 
poorly absorbing young soot with a high organic carbon con-
tent (87%; OP7 soot), to strongly absorbing mature soot with 
only a minor fraction of organic content (OP1 soot). Fur-
thermore, in [36], the observed variations in laser-vaporized 
carbon fragment mass spectra using a Soot Particle Aerosol 
Mass Spectrometer (SP-AMS) and the differences in the 
soot nano-structure obtained by high-resolution transmis-
sion electron microscopy (HR-TEM) image analysis were 
related to the composition and maturity of soot. Addition-
ally, in [25], the internal bonding structure of mini-CAST 
soot was characterized by Raman spectroscopy. The settings 
for the different OP cases and the operational principle of the 
soot generator have been described in more detail in [12].

4 � Results and discussion

4.1 � Observations of absorption efficiency

The normalized fluence curves at two detection wavelengths 
(575 and 684 nm) for all studied types of soot (OP1, OP6, 
and OP7) using two excitation (532 and 1064 nm) wave-
lengths are presented in Fig. 2a, b. The data presented are 
the peak LII signal intensity averaged over a 4 ns interval 
around the time-resolved maximum as a function of flu-
ence, where each data point is averaged from 300 single 
shots. In Fig. 2a, a large difference between the curves for 
λexcitation = 1064 nm is shown, where much higher laser flu-
ence is needed to heat the most immature soot particles (OP6 
and OP7) to their maximum LII temperature, in comparison 
with the more mature particles (OP1). It is suggest that the 
observed differences are mainly related to differences in the 
absorption efficiency for different soot types, which has also 
been observed in many other works during maturation in 

Fig. 1   The experimental setup used for the 2C–2λ-LII measure-
ments. Beam spatial profiles are shown for both 532 and 1064  nm. 
A aperture (*-adjustable), DM dichroic mirror, F band-pass filter 
(1–684 nm, 2–575 nm)
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flames [4–6, 9, 14, 37, 38]. It should however be noted that 
direct comparison between the curves is not straightforward 
as the soot for the different OP cases have different charac-
teristics, as discussed later in this section.

For λexcitation = 532 nm presented in Fig. 2b, we observe 
that the fluence curves have been shifted to lower fluence 
in comparison with excitation at 1064 nm, but also that the 
curves for OP6 and OP7 soot have been shifted relatively 
more compared to the one for OP1 soot. When observing 
the solid lines, showing the LII signal at detection wave-
length 684 nm, it can be seen that the curves have similar 

appearance as for the previous case in Fig. 2a, but for the 
detection wavelength of 575 nm, shown as dashed lines, the 
curves for OP6 and OP7 soot are even more shifted and 
even partly overlap with the OP1 fluence curve. The rea-
son for this behavior is that the measured LII signal is con-
taminated with laser-induced fluorescence (LIF), possibly 
from the immature soot itself, from condensed polycyclic 
aromatic hydrocarbons (PAHs), and other volatiles in the 
freshly emitted soot particles [12, 39]. We hence observe 
that the LIF contribution to the LII signal depends strongly 
on the detection wavelength.

4.2 � Analysis of dispersion coefficients

As the shift in the LII fluence curves for mini-CAST soot 
was related to different degrees of soot maturity, we fur-
ther investigated how the relative shift for each type of soot 
depends on the excitation wavelength. The methodology 
first presented by [28] was used, where the fluence curves 
are scaled to overlap to retrieve the wavelength dependence 
of the soot absorption properties for a certain type of soot. 
This method is valid if the wavelength dependence of the 
absorption cross section is the only parameter influencing 
the energy needed to reach the peak LII signal for each type 
of soot. Hence, PAH interference is avoided in the evaluation 
by overlapping fluence curves obtained from the delayed 
LII signals at around 50 ns after peak LII signal [6, 14, 29], 
see section S1 in supplemental information. The dispersion 
coefficient ξ can now be derived as it is related to the used 
wavelengths (532 and 1064 nm) and fluences F532 and F1064 
that give rise to the same amount of energy absorbed by the 
soot and hence, the same LII signal, according to Eq. (4):

The dispersion coefficient ξ, which is also often termed as 
the absorption Ångström exponent (AAE) [40] in the aerosol 
community, describes the absorption wavelength depend-
ence in a given wavelength range. In Fig. 3, the evaluated 
dispersion coefficients ξLII of the three types of soot investi-
gated are shown and compared to those previously evaluated 
from multi-wavelength extinction measurements [12]. For 
the more mature OP1 soot, the dispersion coefficient shows 
values close to 1, while the less mature soot shows higher 
values in agreement with previous investigations, see, e.g., 
[7, 11, 14]. Hence, a clear trend is obtained, where the dis-
persion coefficient reflects the relative level of maturity. The 
multi-λ extinction results shown are dispersion coefficients 
obtained using wavelengths above 650 nm (ξext_ λ ≥ 650 nm), 
and measurements done on the soot after being heated to 
800 K (ξext_Oven; λ = 405–1064 nm).

(4)� =

log
(

F532

F1064
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log
(
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Fig. 2   The normalized fluence curves are shown for three types 
of soot (denoted OP1, OP6, and OP7) using the excitation wave-
lengths of a λexcitation = 1064  nm and b λexcitation = 532  nm, where 
solid lines show the results using λdetection = 684  nm and dashed 
lines λdetection = 575 nm. The relative shift of the fluence curves indi-
cates the absorption efficiency for the different types of soot at the 
given wavelength. For excitation at 532 nm, a clear signal contribu-
tion from LIF can be observed for OP6 and OP7 as the curves are 
shifted with detection wavelength. Note the logarithmic scale for the 
x-axis to more easily display the difference between the curves. The 
data spread (1 std) is only shown in figure a,  to keep figure b easier 
to read. The spread is approximately the same independent of laser 
wavelength
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The agreement between LII-derived and multi-wave-
length-extinction-derived dispersion coefficients is good 
for the most mature OP1 soot. For the less mature soot 
presented in Fig. 3, with high organic fractions, a discrep-
ancy is observed for OP6 soot as the dispersion coefficient 
is lower from the LII-derived ξ in comparison with the 
multi-wavelength extinction measurements. For OP7, the 
results appear to agree well; however, due to the relatively 
short time-resolved LII signal, quite large uncertainty can 
be assumed due to poor signal-to-noise ratio. In Fig. 4, the 
temporal LII signal is shown for the different types of soot, 
and it is clear that for OP7 soot, the signal is very low at 
50 ns after peak LII.

Both sets of extinction-based measurements included in 
Fig. 3 show the dispersion coefficient of the refractory soot 
itself by avoiding absorption by PAHs and other volatile 
organics, as the vast majority of such volatile species have 
evaporated after heating to 800 K [12], and additionally, 
they absorb poorly at wavelengths above 650 nm hence hav-
ing negligible influence on the estimated ξ [39]. To explain 
this discrepancy, we speculate on the potential influence of 
thermal annealing [15, 41] during the laser pulse, which 
would enhance the soot absorption efficiency and lead to 
a lowering of the dispersion coefficient. It should be noted 
here that multi-wavelength extinction measures the absorp-
tion directly at room temperature, while the LII measures 
the absorption indirectly over a large temperature span 
from room temperature to temperatures up to approximately 
4000 K. In previous studies, enhanced absorption has been 

observed as a result of pre-heating the soot with another 
laser pulse [41–43]. In [43, 44], the extinction through a 
soot-laden probe volume was monitored when exposed to 
pulsed laser heating. A rapid increase of the extinction was 
observed during the laser pulse, assigned to the possible 
annealing process of soot and hence enhanced absorption. 
On the contrary, Migliorini et al. observed an increasing 
dispersion coefficient when laser-heating ethylene soot prior 
to extinction measurements [45]. The reason for this might 
however be due to the observed generation of newly formed 
particles from the vaporized carbon fragments, which 
may contribute to absorption at the shorter wavelengths 
(below ~ 700 nm) possibly due to its small size [46] and/
or less mature character [47]. For our experiments, it is not 
made clear at which time frame annealing (influencing the 
absorption efficiency) occurs, and the restructuring of the 
nano-structure itself might range beyond the time of the 
heating laser pulse.

4.3 � Laser‑induced fluorescence (LIF) interference

In Fig. 2b, we observed the influence of laser-induced flu-
orescence (LIF) on the fluence curves obtained using the 
excitation laser of 532 nm, and it appeared that the flu-
ence curves depended strongly on detection wavelength. 
In Fig. 5, we show the fluence curves of each type of soot 
scaled according to the normalization point at 50 ns after 
the peak LII signal, which was used for analysis of disper-
sion coefficient in the previous section. Hence, we can quan-
tify the LIF contribution to the fluence curves when using 
the 532 nm excitation wavelength. The fluence curve of 
1064 nm excitation wavelength shown in black lines shows 
the LII signal from the black-body radiation of the soot, 

Fig. 3   The dispersion coefficients ξ for soot produced at three differ-
ent operating conditions are shown; OP1, OP6, and OP7. ξLII is close 
to 1 for the most mature soot, while for the younger soot, the values 
become higher, indicating stronger wavelength-dependent absorption. 
Results from multi-λ extinction measurements are inserted for com-
parison from [12]. ξextλ > 650  nm shows results when evaluated using 
wavelengths of 650–1064  nm, ξext_Oven show results evaluated from 
mini-CAST soot with thermal treatment to 800 K using wavelengths 
405–1064  nm. The shaded area shows an estimated error of ± 5% 
of the absolute fluence value (a high-order polynomial was used to 
obtain the smooth curve)

Fig. 4   The temporal LII signal for OP1, OP6, and OP7 soot shown 
for maximum LII signal intensities using 1064  nm. The curves 
are normalized to allow for comparison and a clear difference in 
decay time can be observed. A minor bump right after peak can be 
observed, which is due to the PMT response to a rapid signal increase 
(< 10 ns)
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while the yellow and red lines show the LII + LIF fluence 
curves at the two detection wavelengths (from excitation 
wavelength of 532 nm). As expected, since OP1 soot has 
very low organic fraction, no significant LIF was observed 
for OP1 (Fig. 5a). For OP6, however, the LIF signal is prom-
inent. As can be expected when using an excitation wave-
length of 532 nm, the LIF signal contribution is highest at 
575 nm [39], but still a substantial LIF contribution is also 
observed at 684 nm. For the OP6 soot, the LIF contribution 
at 684 nm is about one-fifth of the contribution at 575 nm, 
which is in the range of what has been observed in diffusion 
flames burning on diesel [39]. An example of the temporal 
signal with LIF contribution can be seen in Figure S2 in the 
supplemental material. For OP7, we observe a similar trend 
as for OP6; however, it should be mentioned that the short 
signal of OP7 soot (displayed in Fig. 4) resulted in that the 
estimated LIF contribution to the signal is very sensitive to 
the choice of delay-time. Hence, the results in Fig. 5c have 
higher error bars.

4.4 � E(m, λ) estimations

To enable quantification of the absorption properties of the 
mini-CAST soot in our study, we investigated the tempera-
ture evolution in the absorption dominated fluence curve 
regime (low-fluence regime) where the soot is heated to LII 
temperatures, but sublimation is not a dominant loss term 
(< 3400 K [4]), see the temperature curve in Fig. 6a. As 
described in Sect. 2, the E(m, λ) can be estimated using 
Eq. (3), given that the temperature evolution at the sublima-
tion-free regime is studied [31]. A linear fit is performed in 
the region where the LII signal is high enough for good S/N 
ratio and where there is no substantial sublimation (below 

3400 K). The fit is shown in Fig. 6a and results in an E(m, 
1064 nm) of 0.33 (using ρcp = 4.6 J/cm3K [48]) for OP1 soot, 
which agrees well with values presented in the literature, 
where generally E(m, λ) = 0.32–0.4 is considered valid for 
mature soot in the VIS and NIR region [16]. The result also 
agrees well with estimations based on extinction measure-
ments of similar soot, CAST1, from the same type of Mini-
CAST (E(m, 1064 nm) = 0.32) studied in [17].

The LII model was not used for estimations of E(m, 
1064 nm) directly as it is known to have difficulties in repro-
ducing the influence from sublimation and as it allows super-
heating [4, 49], nevertheless, it was used for estimations of 
E(m, 1064 nm) for OP6 and OP7 soot based on the estimated 
value for OP1. The modeled results shown in Fig. 6b are 
done on single primary particles of the estimated mean size 
obtained from TEM image analysis (presented in Table S1 
in the supplemental information). The estimated E(m, 
1064 nm)model for the mini-CAST soot types are shown in 
Table 1. The trend shows that more mature soot has a larger 
E(m, 1064 nm) indicating a higher absorption efficiency than 
the less mature soot, as expected. In Fig. 6b, experimental 
fluence curves are presented for OP6 and OP7, along with 
modeled curves. For OP6 and OP7 soot E(m, 1064 nm) 
values are estimated as low as 0.16 and 0.05, respectively. 
Similar results were obtained by Bescond et al. [17], who 
evaluated an E(m, 1064 nm) of 0.11 for young mini-CAST 
soot with a OC/TC ratio of 87%, which roughly corresponds 
to the (OC + PC)/TC ratio of our OP7 soot.

The derivation of LII temperature of the OP1 soot was 
done assuming black-body radiation [4], and the E(m, 
λ) ratio based on the estimated dispersion coefficient of 
OP1 soot. Resulting temperatures which depend largely 
on the experimental conditions seem to agree well with 

Fig. 5   The contribution of LIF is shown for the three different types 
of soot, specifically a OP1, b OP6, and c OP7. The LIF contribution 
is negligible when using an excitation wavelength of 1064  nm, and 
hence, this case is considered as pure LII signal (black lines), while 
the excitation wavelength at 532 nm induces LIF and different inten-

sities are detected depending on detection wavelength. The fluence 
curves are shifted according to the normalized fluence curves at 50 ns 
delay in both x- and y-axis, see section S1 in supplemental informa-
tion. (The error bars show 1 std.)
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for example [38], where the experimental conditions 
were comparable. For comparison, the modeled tempera-
ture evolution is included for the OP1 soot, along with 
the temperature measurements in Fig. 5a. The disagree-
ment between experimental and modeled LII temperatures 
at high fluence may be explained by the difficulty of the 
LII model to reproduce a more rapid sublimation rate as 
observed in experiments, and due to super-heating, as pre-
viously discussed [4, 49]. The discrepancy at low fluence 
may be related to, e.g., shielding effects [50] which are not 
taken into account in our simulations, or due to the non-
even top-hat profile which would allow the fraction of soot 
at higher T to be more dominant due to the T5-dependence 
of the LII signal.

The dispersion coefficient ξ shown in Fig. 3 is further 
used to estimate E(m, 532 nm) for the studied soot. By 
extrapolating from the estimated E(m, 1064 nm), this can 
be retrieved using Eq. (5):

The resulting E(m, 532 nm)ξ is presented in Table 1 for 
the different OP cases. It can be concluded that the higher 
OP cases shows much lower absorption efficiency also at 
an excitation wavelength of 532 nm, although higher than 
at 1064 nm.

4.5 � Uncertainty analysis

As the estimations of E(m, λ) for the less mature soot types 
are obtained using material parameters for mature soot, we 
test how varying these parameters affect the resulting fluence 
curves and hence the E(m, 1064 nm) estimation for OP6 
and OP7. Also, we consider the influence from the experi-
mental conditions and the simplifications done to reproduce 
the fluence curves retrieved experimentally. Apart from the 
assumptions made in the LII model, we will also consider 
measurement errors to highlight important aspects when 
considering fluence curves from young soot with substantial 
amount of volatile compounds.

(5)E(m, 532nm)� = E(m, 1064nm) ⋅

(

532nm

1064nm

)1−�

.

Fig. 6   In a, the black dots show the temperature evolution as a func-
tion of fluence for OP1 soot. The number of data points are more than 
for the fluence curve, as data from the repeated measurements were 
included to increase the accuracy of the analysis. In the low-fluence 
regime, a linear fit is performed along the red stars to obtain the lin-
ear temperature increase (shown as a yellow line) for E(m, 1064 nm) 
estimations. The green area shows a ± 5% error (corresponding to 
the approximate uncertainty originating from the LII signal ratio). 

The corresponding LII fluence curve is shown for comparison. In b, 
the experimental fluence curves for OP1, OP6, and OP7 soot using 
λexcitation = 1064  nm, λdetection = 687  nm, are shown together with the 
fitted fluence curves using the Lund LII model. The E(m, 1064 nm) 
used for best agreement of OP6 and OP7soot was 0.16 and 0.05, 
respectively. The trend shows decreasing E(m, λ) when moving 
towards operating points producing more immature soot

Table 1   The estimations of the absorption function E(m, λ) for the 
three types of soot

The E(m) at 1064 nm is based on the temperature trend in the low-
fluence regime for OP1 at 1064 nm and on LII model for OP6 and 
OP7, while the E(m) at 532 nm is estimated based on the dispersion 
coefficient ξ (shown in Sect. 4.2)

Mini-CAST soot E(m, 1064 nm) from low-flu-
ence regime and model

E(m, 
532 nm) 
from ξ

OP1 0.33 0.37
OP6 0.16 0.25
OP7 0.05 0.12
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To evaluate the influence of material parameters, fluence 
curves are generated using the LII model with material prop-
erties more resembling estimated values for immature soot. 
In the supplemental information, section S3, the full analysis 
is described as the primary particle size dpp (10–20 nm), the 
thermal accommodation coefficient (α = 0.1–0.9), and the 
sublimation efficiency (β = 0.2–0.9) have been varied in the 
E(m, λ) estimations. From the analysis (specified in the sup-
plemental information section S3), the effects of the adjusted 
material parameters were too small to influence the E(m, 
λ) estimations significantly. The volumetric heat capacity 
(i.e., the product of the density and the heat capacity) was 
not varied, as in the work by Michelsen [48], a thorough 
analysis of the dependency on temperature and soot matu-
rity was presented, showing convincingly that there is only 
minor influence related to soot maturity. Nevertheless, an 
uncertainty of 5% is assumed, which would translate into a 
5% uncertainty of the estimated E(m, λ).

It is well known that for soot particles exposed to high 
laser energy, emissions from thermally excited C2 can be a 
source of error during LII measurements [15, 51–53]. The 
C2 Swan band emission interference may become significant 
for increasing fluences above 0.5 J/cm2 (at 1064 nm) for 
mature soot. However, the C2 interference is estimated to 
be a minor problem as the focus in our analysis of E(m, λ) 
estimations is on the low-fluence part of the fluence curve.

We previously speculated on the influence of thermal 
annealing on our measurements as the soot particles reach 
graphitization temperatures at the nanosecond scale. It is 
however not clear how much transformation happens dur-
ing the measurements as the short time scale might limit the 
extent of material transformation, as pointed out in [54] for 
carbon blacks. Nevertheless, annealing might to some extent 
enhance the level of crystallinity in the soot material and 
hence its level of maturity and thereby its absorption wave-
length dependence ξ. The exothermic nature of the annealing 
process and thereby its influence on the soot temperature in 
combination with the absorption enhancement might also 
be contributing to the discrepancy between measured and 
modeled temperature at low fluences (see Fig. 6a).

The composition of the soot in this study (OP1, OP6, and 
OP7) has previously been investigated in [12, 24, 25]. For 
OP6 and OP7 soot, extensive amount of PAH and organic 
carbon was part of the soot emitted from the mini-CAST 
generator. For example, about 20 and 74% mass fraction for 
OP6 and OP7, respectively, was possible to remove by heat-
ing in an oven at 800 K [12], and these organic compounds 
can be assumed to also evaporate during laser heating. 
Bambha et al. experimentally showed the significant influ-
ence of a non-absorbing coating (oleic acid) on the fluence 
curve of mature soot [55], where corresponding amount of 
coating mass fraction yielded a fluence curve shift of 0.020 
and 0.070 J/cm2 for 20 and 86% coating mass fraction, 

respectively. Assuming that the evaporated species of the 
OP6 and OP7 soot has comparable thermal properties to that 
of oleic acid, a shift of 0.09 and 0.25 J/cm2 at 1064 nm could 
be expected for OP6 and OP7 soot. This would however not 
result in any major influence on the E(m, λ) estimations, see 
section S4 in supplemental information.

It should be kept in mind that in our work, we consider 
the influence of non-refractory PAH and organics condensed 
on, and/or partially mixed with young soot, as the soot itself 
is a polydisperse distribution consisting of a variety of sizes 
and levels of maturity. Thereby the core–shell analogy does 
not necessarily describe our types of immature soot. Further-
more, it was observed in [12] that the evaporation of PAHs 
and organics induced a change in the wavelength-depend-
ent absorption properties as the dispersion coefficient ξ 
decreased from 3.5 to 2.5 for OP7, indicating that the evapo-
rated species were absorbing, at least at shorter wavelengths. 
Hence, it could be argued that a potential fluence curve shift 
due to evaporation of volatiles may be smaller at excitation 
wavelengths of 532 nm and thereby our ξ estimations for 
OP6 and OP7 might even be somewhat over-estimated.

5 � Conclusions

LII fluence curves have been measured for different types 
of cold soot (from young to mature) to retrieve information 
about their absorption properties. By the use of two exci-
tation wavelengths and by detecting the LII signal at two 
wavelength bands, (1) the wavelength-dependent absorp-
tion properties, (2) the LIF contribution when using 532 nm 
excitation wavelength, and (3) the E(m, λ)-trends could be 
observed. The main findings are the following:

•	 Fluence curve analysis at 532 nm was made on the LII 
signal after a delay of 50 ns after the peak LII signal to 
avoid LIF interference from fluorescing species. These 
fluence curves could then be used to estimate the disper-
sion coefficient of the studied soot. Good agreement for 
the mature soot was observed with values obtained using 
multi-wavelength extinction in a previous study. For the 
less mature soot, however, the LII-derived dispersion 
coefficients appeared lower, and it is therefore speculated 
that thermal annealing may at least partly be responsible 
for the lowering as the soot may become more ordered 
during rapid heating.

•	 The fluence curves at delay 50 ns were also used to esti-
mate the influence of LIF depending on detection wave-
length when using λlaser = 532 nm. The largest contribu-
tion was detected using 575 nm detection wavelength; 
however, an apparent contribution was also observed at 
684 nm.
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•	 The absorption efficiency of the mature OP1 soot was 
investigated by observing the temperature evolution of 
laser-heated soot in the low-fluence regime. It was esti-
mated that E(m, 1064 nm) is 0.33 for OP1 soot, which 
agrees well with the values presented in the literature. 
The LII model was used to obtain E(m, 1064 nm) for the 
young soot types, resulting in values of 0.16 and 0.05 for 
OP6 and OP7 soot, respectively. An uncertainty analysis 
was conducted to investigate how the material parameters 
used for the less mature soot might add uncertainties to 
our estimated E(m, λ) values. It was shown that simula-
tions using our LII model could not show any signifi-
cant influence by parameter variation. The influence of 
absorbing organic coatings is discussed and initial esti-
mations indicated a relatively small impact on the esti-
mated E(m, λ).

Furthermore, the wide spread of E(m, λ) for soot of dif-
ferent maturity suggests important aspects of experimental 
work when performing quantitative soot measurements using 
a laser wavelength of 1064 nm. As the choice of operating 
fluence often is selected based on the absorption properties 
of mature soot, young soot particles with lower E(m) might 
not be sufficiently heated to reach the fluence in-sensitive 
plateau, or to give any significant LII signal contribution 
at all.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00340-​021-​07638-1.
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