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A B S T R A C T

In the present study the generation of non-linear optical (NLO) effects, such as second
harmonic generation (SHG), by black carbon particles, also named soot, and by other types
of nanoparticles in aerosol phase is quantified and analysed. Its potential for measuring the
specific surface area of an aerosol is put forward. SHG is a Non Linear Optical phenomenon that
is typically used in biosciences and fundamental physics and has shown to have large potential
for the investigation of surface sensitive phenomena. It exists in two forms, coherent SHG and
incoherent SHG, also named Hyper Rayleigh Scattering (HRS). While applications on particles in
solution or organic molecules located on the surface of droplets exist, the SHG naturally induced
by solid nanoparticles in aerosol phase without any SHG enhancing additive has neither been
detected nor quantified yet. The present work aims at narrowing this gap by exposing a jet
of well-characterized nanoaerosols to a femtosecond laser featuring high peak pulse energies
allowing to induce NLO phenomena. The experiments are carried out in an innovative optical
setup allowing to analyse the NLO response resolved in time, wavelength and angle, thus having
the capability to isolate SHG from other phenomena, such as laser filamentation. The optical
setup was calibrated in order to quantify the generated signal power and optimized in order
to have a high sensitivity and in order to avoid NLO generation from its own optical elements.
The results confirm that soot particles, as well as DEHS droplets and arc generated carbon
nanoparticles, feature SHG at intensities that are more than 7 orders of magnitude smaller than
that of static light scattering. SHG depends in particular on aggregate and/or monomer size. On
the other hand, SHG induced by soot does not seem to depend on the organic or elementary
carbon content. The experiments also show that the detected NLO signal increases linearly with
particle surface area, independently of the particle shape or composition. Finally, the angular
response of NLO signal is fundamentally different from that of linear scattering. Due to the
isotropic nature of the angular response, the observed SHG signal is probably non-coherent
and thus related to Hyper Raleigh Scattering. These findings show the potential of non-linear
optics, in particular to quantify in situ the specific surface of an aerosol. Giving access to this
information which is crucial in the evaluation of toxicity of aerosols, the present work can thus
give way to a new class of laser based diagnostics for aerosols.

. Introduction

Aerosols of nanoparticles are found in a large variety of natural and human-made processes and act harmfully on the human
espirational and cardiovascular health, causing oxidative stresses or inflammatory responses of the human cells which are exposed
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to them (Hill et al., 2023; Jacobson, 2010). These particles also react with molecules in the atmosphere and influence heat transfers,
contributing to air pollution and global warming (Bond et al., 2013; Highwood & Kinnersley, 2006). An example for human-made
particles is black carbon (BC - or soot in the combustion field) formed during the incomplete combustion of hydrocarbons, for
example in aircraft or car engines, industrial plants and fires. Their experimental in-situ analysis is crucial, either at the source to
find ways to reduce their production, in diluted media, as the atmosphere, to study their impact, or to validate theoretical models
(formation, aging processes, climate impact, . . . ).

Such experiments are however challenging due to the BC particles’ complexity and changes during their formation and aging
processes. Also, the impact of these particles depends on their structure and composition, with large quantities of organic compounds,
as polycyclic aromatic hydrocarbons (PAH), being particularly dangerous and a high specific surface of the BC aggregate allowing
for high reaction rates between PAH and human cells (Bond et al., 2013; Highwood & Kinnersley, 2006; Hill et al., 2023; Jacobson,
2010). BC is formed from combustion radicals connecting to PAH, then to primary spheres and finally to aggregates (Michelsen,
2017). A primary sphere itself consists of different elements which are crystalline, amorph or organic (Bescond et al., 2016) and
whose repartition depends on the particle generation history. After emission, the ongoing aging process caused by soot interaction
with atmospheric compounds also affects their physical and chemical properties. These can be analysed in-situ with various already
existing diagnostics relying on their optical properties. Laser induced incandescence (LII) and light scattering are used in-situ to
measure their volume fraction, size and morphology. Particle structure (i.e. whether the particles are of amorphous, graphitic or
organic nature) and morphology can also be studied ex-situ by probing and transmission electron microscopy (TEM) or Raman
analysis (Bouvier et al., 2019; Ess et al., 2016; Michelsen et al., 2015; Ouf et al., 2016).

However, none of the previously mentioned in situ techniques provide information about the particles’ internal structure — this
information, such as the quantity of PAH or the specific particle surface (defined as the total surface by mass of particles), would
owever help to gain insight on particle toxicity. These techniques moreover do not give access to surface-specific phenomena,
hich would be extremely interesting for the understanding of particle growth/oxidation phenomena as well as the evaluation of

heir toxicity, which is directly linked to the particles’ specific surface (Al Housseiny et al., 2020).
An access to these measurands could be offered by non-linear optics (NLO), which have not or very rarely been exploited for

the characterization of black/brown carbon aerosols, even if NLO based techniques are commonly used in other domains, such as
biology (Bancelin et al., 2015; Geiger, 2009; Malcom Brown et al., 2003; Marinescu, 2019; Rice et al., 2008; Stoller et al., 2002;
Vielreicher et al., 2013) and chemistry (Paul & Corn, 1997; Zdanowicz et al., 2013, 2014), where solid or liquid probes are analysed
by non-linear microscopy.

The physical foundations behind NLO are the following: In general, light interacts with the molecules of a medium, which are
excited and themselves emit and scatter light. With common light sources, the molecules’ elastic scattering response is linear to the
incident electric field and the scattered light has the same wavelength and polarization. The term NLO describes the optical response
of a medium exposed to very high laser intensities obtained for example by femtosecond lasers (Boyd, 2008). The intensity of the
incident light is so high that the medium’s response becomes non-linear, leading to effects like the generation of new wavelengths
or polarizations, changes in the refractive index of the medium or various multi-photon phenomena (Aldén et al., 1984; Boyd,
2008). Different NLO effects depend on the medium and its molecular structure (Boyd, 2008), such as second and third harmonic
generation (SHG and THG), which are respectively the generation of light at frequencies twice or three times the incident light
frequency. While THG can be obtained in all kinds of media, SHG can only be observed in non-centrosymmetric media due to
cancellation in symmetric materials.

Due to an arbitrary distribution of the different dipoles in an aerosol, it can be considered as centrosymmetric in its globality,
yet multiple studies show that an application of SHG for the analysis of aerosols is possible due to surface-related phenomena at the
nano-scale, which lead to local symmetry-breaking. Indeed, the review by Bonacina et al. (2020) states different examples of SHG
generated by centrosymmetric materials in the nanoscale, even if their symmetry does in theory not allow for SHG and the phase
matching length is small due to their small size. The SHG is explained by local asymmetries (on the surface notably) and strong
magnetic field gradients, both due to the small size. Concerning aerosols, Wang et al. (1996) demonstrated SHG by dipoles being
laced on centrosymmetric nanoparticles of a size that is non-negligible compared to the wavelength. They explained the generation
y the fact that even if the dipoles are arbitrarily distributed, the phase difference between the different dipoles is sufficiently large
o avoid a complete SHG cancelling.

In more recent studies, SHG has been detected on particles or droplets in aerosol phase due to the prior addition of different types
of molecules (Qian et al., 2019, 2018; Wu et al., 2016). While the first works needed to use specific molecules with strong quadratic
hyperpolarizabilities, such as dyes, (Qian et al., 2018; Wu et al., 2016), follow-up studies were used to detect ethanol or different
ypes of acids on the particle surfaces (Qian, Brown, Huang-Fu et al., 2022; Qian, Brown, Zhang et al., 2022). These results could

even be extended to Sum frequency generation, an advanced NLO technique allowing to concentrate on specific molecules (Brown
et al., 2023; Qian et al., 2020a, 2020b). The importance of the surface interactions between the aerosol and the surrounding medium
has been confirmed in multiple different studies including the analysis of lithium niobate particles formed by freezing (Matrokhin
et al., 2022), on thin films at nm scale (Das et al., 2021) or in nanocrystalline silicon nanoparticles (Makarov et al., 2017).

Different experimental and theoretical studies have also been carried out on the angular dependence of non-linear scattering in
particle at nano and micrometre scales, which are well summarized in Roke and Gonella (2012). In particular de Beer et al. (2011)
developed a discrete dipole model of Rayleigh scattering on arbitrarily shaped particles taking into account the non-linear effects
leading to phenomena as the scattering of SHG on the particle surface, also named second harmonic scattering (SHS). They analysed
the SHG signal in terms of angular dependence and showed that due to the non-linear susceptibility tensor, the scattering of the
dipoles is cancelled out in forward direction, thus being zero, contrarily from what is known in linear scattering. These findings
2 
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were also confirmed experimentally on testing the angular response of nanoparticles suspended in water (Martinez Tomalino, 2009;
Martorell et al., 1997; Schürer et al., 2011). The same group had also investigated the dependence of the SHG signal on monodisperse
article size and concentration and has shown that, for a chosen particle size, the SHG signal depends on the particle concentration

following a log-normal trend with a maximal value occurring at higher concentrations for smaller particles (Schneider et al., 2007).
Another interesting property is the coherence nature of the SHG. Indeed, as explained in Hollis (1988), Das (2006) and Le Breton
(2022), SHG is constituted of a coherent and an incoherent part. The former is due to a direct interaction between the electric field
and its harmonic, is associated with a high anisotropy and phase-coupling with the incident light and is happening on the scale of
the entire medium. The latter is due to the absorption of two photons and the re-emission of a single photon by separate dipoles in
the medium and is associated with isotropic emission. The incoherent SHG is commonly named Hyper Rayleigh Scattering (HRS)
in literature.

While the previous studies demonstrated SHG on different type of aerosols that are either homogeneous or have added materials
with high SHG on their surface, it has not yet been examined on more complex aggregates with different types of structures
(crystalline, amorphous or organic), such as black carbon. Very recently, third-harmonic generation and scattering have been
observed on soot particles generated in flames (Zang et al., 2020, 2018). Yet, no attempt has been made to analyse SHG on these
particles. Moreover no information is provided about the aerosols’ properties (size distribution, morphologies) in these studies.

In the stated context, the present study demonstrates and quantifies for the first time with the help of an innovative experimental
etup for the possibility of SHG measurements on different types of nanoparticles in aerosol phase due to an exposition to highly
ntense femtosecond laser light. The dependence of the SHG signal on the particle size distribution and internal structure are
lso discussed. Finally the SHG induced by black carbon particles is compared with other femtosecond laser induced phenomena
elastic scattering of the original laser light, laser filamentation) in terms of temporal, spectral and angular response. The findings
elp to understand the importance of surface related phenomena and give way to new potential class of diagnostics allowing to
tudy surface related phenomena in black carbon particles, especially during their formation and aging in the atmosphere or when

analysing their toxicity. Indeed, previous studies have shown the importance of the reaction surface on black carbon nanoparticles’
on the particle toxicity (Al Housseiny et al., 2020), and the combination of specific surface area measurement by SHG together with
toxicologic measurements as carried out by Juarez-Facio et al. (2022) could be used to directly investigate the link between these
two parameters.

2. Methodology

2.1. Particle generation and properties

The non linear optical response of multiple types of carbonaceous nanoparticles in aerosol phase is analysed in the present study,
eaturing different types of internal structures, different size distributions and particle morphologies.

Three types of aerosol generators are used: A miniCAST 5201c soot generator which generates the particle by burning a fuel-rich
mixture of propane, nitrogen and air. The particles properties, such as size distribution and internal structure are altered by varying
he different gas flows, resulting in the operating points names CAST1, CAST2 and CAST3, that are known as reference particles
n the soot community (Bescond et al., 2014; Ouf et al., 2016) and have different predominant types of structures (crystalline,

amorphous or organic), as shown in Table 1. Typical TEM images of the internal structures of these types of soot are shown in
Fig. 1a, where one can in particular observe the difference between the highly structured crystalline layers in CAST1 and the non-
tructured organic content in CAST3, with CAST2 being a point in-between. The second type of generators is a PALAS GfG 1000
hich generates amorphous carbon particles by repeated sparks between two graphite electrodes in an Argon flow (Knauer et al.,

2009). Fig. 1b shows the internal structure of particles generated by the PALAS device, which can be characterized by the absence of
lobal patterns as seen in the crystalline parts of CAST1 for instance. Except for the PALAS variation study in Section 3.2, the device

is kept constantly at 1.5 bar argon pressure and 1000 Hz electric discharge frequency. Finally a TSI atomizer is used to generate
spherical DEHS (Di-Ethyl-Hexyl-Sebacate) droplets, which consist of organic carbonaceous chains. The different particles’ structural
properties are summarized in Table 1.

The choice of different types of CAST particles is motivated by their differences in internal structure and the structures’ influence
n the particles’ chemical properties and toxicity, as shown in the chemical and toxicological study of CAST1 and CAST3 soot
n Juarez-Facio et al. (2022). Indeed, that study has shown by mass spectrometry that CAST1 particles feature a high quantity of small

PAH compounds, while CAST3 soot consists of larger PAH molecules. Moreover, the exposure of human lung cells shows substantial
effects on their gene expression when exposing with CAST3 soot, while no influence is observed with CAST1 soot (Juarez-Facio
et al., 2022).

2.2. In-line particle sizing and counting

In order to be able to distinguish between different particle size distributions and in order to normalize the measurement with
particle concentrations, a Scanning Mobility Particle Sizer (SMPS) is used in-line for measuring size distribution and concentration,
preceded by a VKL particle dilution system in order to avoid the SMPS to saturate. The device is commonly used in aerosol
tudies (von Bismarck-Osten et al., 2013) and is based on pre-charging of particles and the subsequent measurement of their

displacement in an electric field.
3 
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Table 1
Summary of the different aerosols that were used in the present study (Bescond, 2015; Ouf et al., 2016).

Caption Generator Structural properties

CAST1 miniCAST Mainly crystalline soot aggregates, 4% organic carbon
CAST2 miniCAST Intermediate between CAST1 and CAST3
CAST3 miniCAST Mainly organic soot aggregates (87% organic carbon, the rest is mostly amorphous)
PALAS PALAS GfG Amorphous pure carbon aggregates
DEHS TSI atomizer Spherical liquid nano-aerosol

Table 2
𝐷𝑝, 𝑑𝑓 and 𝜌 are respectively the primary sphere size, the fractal dimension and the particle density, found in literature (Bescond,
2015; Ouf et al., 2016). 𝑁𝑡𝑜𝑡 is the particle concentration measured by SMPS, as described in Section 2.2. 𝐷𝑚,𝑔 𝑒𝑜 and 𝜎𝑚,𝑔 𝑒𝑜
correspond to the log-normal fit parameters based on particle size distribution measurements by SMPS. The remaining parameters
are calculated with the help of the analytical model in Yon et al. (2015). 𝑁𝑝 and 𝑁2

𝑝 correspond to the mean number of primary
spheres per aggregate and the mean of its square. 𝑓𝑆 and 𝑓𝑉 are respectively the mean particle surface and volume fraction.
𝑆𝑝𝑎𝑟𝑡𝑖𝑐 𝑙 𝑒 and 𝑉𝑝𝑎𝑟𝑡𝑖𝑐 𝑙 𝑒 are respectively the mean surface and volume of one particle. 𝑆 𝑆 𝐴 is the mean Specific Surface Area defined
as 𝑆 𝑆 𝐴 = 𝑆𝑝𝑎𝑟𝑡𝑖𝑐 𝑙 𝑒∕(𝑉𝑝𝑎𝑟𝑡𝑖𝑐 𝑙 𝑒 ⋅ 𝜌).

Aerosol CAST1 CAST2 CAST3 DEHS PALAS

𝐷𝑝 [nm] 29.6 39.1 32.0 – 7.0
𝑑𝑓 1.73 1.76 1.79 3 1.61
𝜌 [k g∕m3] 1543 1235 1321 912 2150
𝑁𝑡𝑜𝑡 [#∕cm3] 4.80 ⋅ 107 2.98 ⋅ 107 7.53 ⋅ 107 2.53 ⋅ 107 6.8 ⋅ 107

𝜎𝑚,𝑔 𝑒𝑜 1.65 1.59 1.76 1.72 1.63
𝐷𝑚,𝑔 𝑒𝑜 [nm] 97 112 56 212 112
𝑁𝑝 44 32 14 1 730
𝑁2

𝑝 6100 2840 1140 1 1.1235 ⋅ 106

𝑓𝑆 [m2∕m3] 5.79 4.52 3.41 3.57 7.65
𝑓𝑉 [ppb] 28.55 29.49 18.18 125.79 8.92
𝑆𝑝𝑎𝑟𝑡𝑖𝑐 𝑙 𝑒 [nm2] 1.21 ⋅ 105 1.52 ⋅ 105 4.53 ⋅ 104 2.45 ⋅ 105 1.12 ⋅ 105

𝑉𝑝𝑎𝑟𝑡𝑖𝑐 𝑙 𝑒 [nm3] 5.95 ⋅ 105 9.98 ⋅ 105 2.41 ⋅ 105 1.68 ⋅ 107 1.31 ⋅ 105

𝑆 𝑆 𝐴 [m2∕g] 131.4 124.3 142.1 31.1 398.7

2.3. Optical signal generation and detection setup

The optical setup is presented in Figs. 2 and 3. It aims at focusing the high intensity laser beam in the measurement volume and
collecting the SHG and other signals resulting from the laser/particles interaction in an angularly, spectrally and temporally resolved
way. The setup is motivated by multiple theoretical and experimental studies that have demonstrated an angular dependence of
SHG (Gonella & Dai, 2014; Wunderlich et al., 2012) as well as an angular and spectral dependence of other femtosecond laser
induced phenomena, such as laser filamentation (Durand, 2011).

The used laser source is a Coherent Libra II femtosecond laser, producing a 800 nm linearly (vertical to the laboratory reference
frame) polarized light with a pulse duration of 100 fs, at a frequency of 1 kHz and a maximum energy of 3.5 mJ. In order to ensure
 stable laser power, the laser is set to its standard working current of 20 A, generating around 1 W of average power. The beam
raverses a Half wave plate and polarizer assembly (HW1 & Pola1), in which the half wave plate is rotated to fine-tune the incident
aser power on the sample in order to avoid significant ionization in the interaction region. A filter of 800 nm central wavelength
nd 12 nm spectral width ensures that no SHG results from the light–matter interaction in the half wave plates, as observed in Clark

et al. (2014). The beam is then focused by a convex lens of 300 mm focal length into a region of a jet of generated particles, as
hown in Fig. 4. The different mirrors are ultrafast dielectric mirrors, in order to avoid a spectral broadening of the laser beam.

With a maximum laser pulse energy of 1 mJ (corresponding to the maximum power of 1 W), the laser intensity has a value of
round 8 ⋅ 1012 W∕cm2. While this value is extremely high, the time scales leading to phenomena as laser-induced breakdown or
ncandescence are several orders of magnitude slower that the one required to generate NLO effects (Son & Tereshonok, 2010).

Two detection setups are used in order to obtain different types of information. Fig. 2 shows the detection that is carried out by
wo custom built Hamamatsu multianode High Sensitive compact Spectrometers (HSS), alternately used for the UV (H10515B-103
ith 16 channels ranging from 192.9 to 412.4 nm) and visible range (H7260-20 with 32 channels ranging from 388.2 to 810.2 nm),

with a fibred end that is mounted on a motor controlled rotation system. The detectors themselves are multianode multiplier tubes,
which are characterized by their high signal sensitivity. The signals are treated by a Vertilon IQSP480 PhotonIQ 32-channel data
acquisition system. The spectrometers offer the possibility of angularly resolved measurements with a good temporal description
of the signals in a wavelength range between 200 nm and 800 nm. The fibre can be switched to a Princeten Instruments ICCD
spectrometer which is used to validate the HSS spectra. Due to mechanical limitations of the setup, there is no access to the
transmission measurement at zero degrees.
4 
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Fig. 1. TEM images of soot particles produced a miniCAST generator for the setpoints (a) CAST1, CAST2 and CAST3 (Ouf et al., 2016) and (b) PALAS GfG (Knauer
et al., 2009). The crystallites length (Lc), the primary particle diameter (Dpp) and the electrical mobility diameter (Db) of a soot aggregate are shown at the
bottom of the figure.

Fig. 2. Optical setup using a high sensitivity spectrometer (HSS) as a detection. HW: Half-wave plate, FL: Focusing lens, Pola: Polarizer, DM: Dichroic mirror,
ACQ: Acquisition.

In the setup presented in Fig. 3, the fibre head is connected to a Hamamatsu - H3378-50 photomultiplier, which features a faster
time response (in the order of a few ns). An 800 nm IR-blocking filter as well as a filter of either 400 nm or 532 nm is mounted,
allowing to obtain quantitative data on SHG and other filament induced phenomena. In parallel, a compact Maya spectrometer is
installed at 35 degrees (at the other side of the optical path relative to the rotating detection) and centred at 800 nm with the aim
to measure an elastic scattering reference signal.
5 
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Fig. 3. Optical setup using a photomultiplier (PM) tube as a detection. HW: Half-wave plate, FL: Focusing lens, Pola: Polarizer, DM: Dichroic mirror.

2.4. Signal calibration

The calibration of the measured signals is carried out with a Labsphere CA-13773-UJF integrating sphere. It is constituted by
a halogen lamp that is placed inside a closed sphere, walls that act as a black body at variable temperatures for a wide spectral
range and an outlet hole for the light. The outcoming light is transported with an optical fibre to a spectrometer that was calibrated
by NIST. The integrating sphere is thus a light source with well defined absolute radiance for the spectral range of interest. It is
installed in front of the different detection systems presented in Section 2.3, and thus at the location where the laser is focused
afterwards, in order to be consistent with the detection that is calibrated. The measured signal can be transformed into measured
powers with the equations presented in Appendix A in the annex.

3. Results and discussion

The present section presents the results obtained by the optical setup depicted in Figs. 2 and 3, which have the aim to demonstrate
the existence of SHG/HRS due to the interaction of femtosecond laser light at 800 nm with different types of nanoparticles in aerosol
phase and to investigate its dependence on different parameters. The different types of particles are presented in Section 2.1 and are
black carbon (CAST1), brown carbon (CAST3) and intermediate soot (CAST2), DEHS (C26H50O4) droplets and arc generated carbon
nanoparticles (PALAS).

A photograph of interaction between the particles and the femtosecond laser light focused on the nozzle exit is shown in Fig. 4.
A sharp bright light blue line along the laser axis is well visible, corresponding to the filamentation of the laser light in the aerosol,
a third order NLO effect, where the high energy of the light leads to a virtual modification of the optical index (Kerr-effect) and to
focusing of the light. With increasing focus, the local energy is increasing, thus generating a plasma with consequent local ionization
and generation of a plasma. The ionization itself defocuses the beam. The sequence between focalization and defocalisation is
repeated over a certain distance. The filamentation can already be seen at low laser energies, only during the presence of aerosols.
Due to the different time scales between NLO effects, such as SHG and HRS, and the creation of the plasma, the plasma itself does
probably not have an influence on the measured results, as will be discussed at a later point in this article.

A more detailed explanation of laser filamentation can be found in Durand (2011) and while it is the explanation for some of
the observations, it is not the focus of the present study. Nevertheless, the light blue (almost white) colour of the filaments indicate
the broadband nature of the light–particle interactions.

3.1. SHG/HRS validation and quantification

More insight on the spectral response of the light particle interaction can be seen in Fig. 5, at 1 W laser power, collected at
35 degrees as described in Section 2.3. The figure features measurements by the high sensitivity spectrometer (HSS — columns in
the figure) as well as a reference ICCD spectrometer (solid line). The spectral response of the measurement is very rich, in particular
in the range from 350 nm to 650 nm. One can observe in this zone a large broad band contribution and a strong peak at 400 nm. A
notable signal can be seen at 800 nm, while no signal can be observed in the UV region below 350 nm. The spectral richness of the
signal can be explained by laser filamentation, which is known to be a broad-band phenomenon (Boyd, 2008; Durand, 2011). The
400 nm peak is associated with incoherent SHG (which is also named HRS in literature), as will be demonstrated in the remainder
of the study, while the peak at 800 nm are remainders of the strongly filtered linearly scattered 800 nm laser light. The absence of
a signal below 350 nm, and in particular the absence of a peak around 266 nm shows that no THG can be detected in the present
6 
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Fig. 4. Photograph of interaction between particle jet coming out of the white nozzle and femtosecond laser (800 nm) focused on the nozzle exit. One can see
a strong laser filament.

Fig. 5. NLO spectrum of CAST1 particles at 35 degrees and 1 W laser power taken by the HSS spectrometer (columns) and a reference ICCD spectrometer (solid
line). The different wavelengths in the horizontal axis correspond to the centre wavelength of each channel of the HSS. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

experiment, contrarily to the findings in Zang et al. (2018), which can be either due to the fact that the signal does not exist or that
its amplitude is too low to be detected by the present system. The remainder of the study will mainly concentrate on the detected
SHG/HRS signal at 400 nm.

More evidence for the existence of SHG/HRS is given when analysing the dependence of the NLO response on the laser power
by using the setup shown in Fig. 3. Fig. 6 compares the response of CAST1 particles at 35 degree detection angle for SHG/HRS
(400 nm), linear scattering (800 nm) and the non-linear broadband effects (532 nm). One can see that while the 800 and 532 nm
response are close to linear (at least for pulse energies below 0.6 mJ), as expected, the 400 nm response features two regimes: a
low-power regime, where the NLO response is quadratic, as shown by the fit in the figure, as well a saturation regime, where the
dependence becomes linear and decreases with laser power. The cutoff between the two regimes is found to be at 0.59 mJ pulse
energy for this aerosol. The 532 nm and 800 nm signals also have a slight change of slope at that energy, certainly related to the
presence of filamentation, however they maintain their close to linear nature. The observed signals are very short, with a rise time
of below 1 ns and a decay time of around 10 ns (not presented here), which both correspond to the characteristic times of the PM
7 
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Table 3
Fit coefficients, as shown in figure 6, for the different aerosols and cut-off pulse energy from figure 7.

Aerosol A (W∕sr nm mJ2) B (W∕sr nm mJ) C (W∕sr nm) Cut-off pulse energy (μJ)

CAST1 0.0759 −0.01189 0.03292 588
CAST2 0.1026 −0.00055 0.03125 549
CAST3 0.0520 0.00348 0.01446 562
PALAS 0.0824 −0.00634 0.04334 688
DEHS 0.0138 0.01075 −0.00094 680

detector. The phenomena are thus shorter, which corresponds to the fact that NLO effects are instantaneous. The quadratic response
in the low power regime is typical for SHG/HRS, where as a second order NLO phenomenon the response is supposed to be quadratic
to the input laser power (Boyd, 2008). The measurement is thus a proof that the observed 400 nm signal is indeed SHG or HRS.
Furthermore, since the measurements have been calibrated with the help of an integrating sphere as described in Section 2.4, the
SHG/HRS signal can be quantified, which, to the authors’ knowledge, is the first time for aerosol induced SHG/HRS. The measured
power is described by Eq. (A.10), which includes the signal calibration and which is developed in the annex, and is around more than
 orders of magnitude smaller than linear scattering. The figure also includes error bars for the SHG measurement, corresponding
o the 95% confidence interval. The interval corresponds to up to ±10 % of the measurements.

The SHG/HRS responses of the different aerosols are compared in Fig. 7. It can be seen that all the tested aerosols feature a low
nergy regime with SHG typical quadratic relation between detected energy and laser pulse energy as well as a linear saturation
egime. In turn, the cutoff between the two regimes is found to vary according to the aerosol and is located between 0.5 mJ and
.7 mJ par pulse. The maximum intensity is highest for DEHS and lowest (by a factor of around 8) for PALAS soot, with the CAST
oot maximum values being located in-between. It is also interesting to note that the slope in the saturated regime is also different

for the different aerosols and is found to be positive for PALAS and negative for the other types of particles. The fit coefficients of
the different aerosols are summarized in Table 3.

This comparison allows to conclude that SHG/HRS is observed for all tested types of aerosol. Indeed, the spectral analysis has
shown a strong peak at 400 nm, thus half the laser wavelength, attributed to SHG/HRS due to its specific quadratic dependency.
These two elements thus confirm for the first time the existence of SHG/HRS in black carbon aerosols. No explanation was found
or the saturation regime, but possible reasons could be the filamentation or possibly a partial sublimation of the particles. It has
lso to be noted that the measurements are very sensitive to the optical alignment and also change with the number concentration
f the particles.

Based on the results shown in the Figs. 5, 6 and 7 it can be deduced that the plasma, while possibly inducing rapid phenomena
in the time scales of the laser pulse, as explained in von der Linde et al. (1997), is not the source of the here observed 400 nm
ignal.

Indeed, when comparing the calibration spectrum obtained from the HSS (even if spectrally very badly resolved) and the ICCD
pectrum, both shown in Fig. 5, to previous work having performed laser induced breakdown spectroscopy LIBS (Delgado et al.,

2022; Wan et al., 2021) on organic/carbonaceous aerosols, the same following peaks common peaks can be found around the 400 nm
region:

• around 390 nm: CN (0,0) band (Delgado et al., 2022)
• around 409 nm: O II band (Wan et al., 2021)
• around 415 to 420 nm: CN (0,1) band (Delgado et al., 2022)
• around 430 nm: CH (0,0) band (Delgado et al., 2022)

Both referenced studies however do not include any peak at explicitly 400 nm that could be related to particles generated from
ombustion of propane in air (as done in the CAST generator) or pure carbon (as done in the PALAS generator). Also, previous
orks in plasma studies show that plasma related peaks depend on laser pulse energy either linearly (Sirven et al., 2008) or by a
ower law to a power slightly above 1 (Cabalín & Laserna, 1998), but not quadratically. This finding corresponds to our observations

on for example the 532 nm peak shown in Fig. 7. The here observed 400 nm SHG/HRS peak, on the other hand, shows a quadratic
dependence on laser energy. This is also backed by observations made with the HSS where one could see (not shown in the paper),
that the 400 nm peak grows following a power between 1 and 2, while all other frequencies, which are probably linked to the
plasma, follow a power below 1. With these findings it can be concluded that the peak at 400 nm is indeed associated with SHG or
HRS and not to the plasma.

3.2. Dependence on particle size, internal structure and surface

As shown in Tables 1 and 2 and in Fig. 1, which all describe the physical properties of the particles, the studied aerosols have
ifferent types of structures, i.e. different proportions of organic content, amorphous and crystalline structures, but also different
ggregate size distributions, particle concentrations, monomer sizes and particle surfaces. The remainder of the studies will thus
hed light on the effects of the different parameters.

The role played by the aggregate size is analysed with the help of PALAS soot, since it isolates this parameter from others. Indeed,
as described in Section 2.1, PALAS soot is generated by periodic high voltage discharges between two carbon electrodes in an argon
8 
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Fig. 6. Linear (800 nm) and non-linear (400 nm and 532 nm) scattering collected at 35 degrees for CAST1 in dependence of the laser power, including a
quadratic fit for the low power regime, a linear fit for the saturated regime, the limit between the two regimes and error bars for the non-linear measurement
(95 % confidence interval). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. SHG/HRS fluence curve detected at 35 degrees for the different aerosols, including a quadratic fit for the low power regime, a linear fit for the saturated
regime and the limit between the two regimes.

environment. The concentration and aggregate size are varied by changing discharge frequency and argon pressure, while monomer
size (7 nm) and particle structure (100% amorphous) remain nearly unchanged. The measurements are normalized by the particle
concentration (measured by SMPS, see Section 2.2) in order to isolate the measurements from its effects. The results are presented
as a function of 𝑁2

𝑝 , which is the mean of the square of the number of primary spheres per aggregate. 𝑁2
𝑝 is calculated with the help

of the analytical model in Yon et al. (2015), based on the aggregate size measurements by SMPS, combined with the knowledge of
9 
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the primary sphere diameter and the fractal dimension, which have both been determined by TEM analysis (Knauer et al., 2009;
Ouf et al., 2016). This representation is conform with the scattering description in Sorensen (2001) for static light scattering.

The figure includes the measurement for SHG/HRS as well as for linear scattering and fitting functions of these results. As already
confirmed before, the SHG/HRS signal is extremely weak compared to the linear scattering signal. Moreover the dependence on the
particle size is different between the two signals. Indeed, the linear scattering signal depends linearly on 𝑁2

𝑝 , as expected in linear
cattering theory at small angles, as described in linear scattering studies by the q-region (Sorensen, 2001). The q-region corresponds

to an equivalent scattering volume, which decreases in size when the scattering angle increases and in which all elements scatter
light in phase. The consequence is that at a small angle, such as 35 degrees in this case, the q-region is larger than the actual
aggregate, which is equivalent to the entire aggregate scattering in phase. Therefore, the linear scattering signal at this small angle is
roportional to 𝑁2

𝑝 , which is indeed the observation. The SHG signal on the other hand is shown to be proportional to approximately
2∕3
𝑝 . It is important to add that the effects of concentration on the SHG/HRS signal cannot be isolated because all modifications

f operating conditions in the particle generator do change both, particle concentration and particle size.
The influence of particle inner structure on SHG/HRS intensity is shown in Fig. 9, depicting the SHG/HRS signal intensity

ormalized by the particle number concentration for CAST soot with different quantities of oxidation air, thus giving a different
organic content, carried out at 35 degrees detection angle and 0.2 mJ per pulse laser energy. The increase of oxidation air flow rate
leads to an increase of the elementary carbon to total carbon ratio (EC/TC). The figure also includes the signal for PALAS particles,
eing 100% amorphous (0% organic) and DEHS being 100% organic. While the organic content is only known for CAST1, CAST2
nd CAST3 (Bescond et al., 2016), it is assumed that the CAST points with intermediate oxidation air flow rates in-between will
eature organic contents that between the three known points. It can be seen, that both signals, the linear 800 nm signal (SLS —

static linear scattering), as well as the non-linear 400 nm signal (SHG/HRS), depend very similarly on the EC/TC ratio, with the
maximum being located at around 1.15 Nml/min of air, which corresponds to CAST2. The figure includes a size distribution plot
in sub-figure (b), which indicates that CAST2 is also the point with the highest aggregate size. Besides, Table 2 shows that it also
features the highest monomer diameter. It can thus be deduced that the amount of elementary or organic carbon does not have a
significant influence on the SHG/HRS, which is confirmed by similar measured power for DEHS and PALS, which are respectively
ully organic and fully graphitic. Instead, the increase in SHG/HRS seems to be completely related to an increase in aggregate and/or
onomer size, as already shown for PALAS particles in Fig. 8.

The findings show that the intensity of SHG/HRS seems to depend more on the particles’ dimensions while the particles’ internal
tructure and composition do not seem to have a significant influence. In order to gain a deeper understanding of the driving
arameter for SHG/HRS, the measured SHG/HRS signals for the three CAST points, as well as PALAS and DEHS, all normalized
y the nanoparticle mass fraction, are plotted against the specific surface area in Fig. 10. The SSA was calculated using the data
n Table 2 and gives similar value as found in literature (Ouf et al., 2019). The figure shows that the different measurements align

roughly along a straight line, with a slope of 3.53⋅10−4 W m∕sr nm g m2, independently of the particles’ inner structure or morphology.
his observation is even more interesting when taking into account the fact that the DEHS particles are particularly large compared
o the other studied aerosols, as shown in Table 2. Contrarily, as shown in the volume dependence of SHG/HRS in Fig. B.13, the

large volume of the DEHS particles does not lead to a higher SHG/HRS signal compared to the other aerosols. These observations
onfirm the findings in literature (de Beer et al., 2011; Roke & Gonella, 2012) which indicate that SHG in nanoparticles is generated
y symmetry breaking on the surface of the nanoparticles and not at the molecular or atomic level.

3.3. Angular SHG/HRS response

In the present section, the different soot particles are analysed in terms of angular response, an interesting metric for analysing
nanoparticle surfaces, as described in multiple studies (de Beer et al., 2011; Martinez Tomalino, 2009; Martorell et al., 1997; Roke
& Gonella, 2012; Schürer et al., 2011). The results are shown in Fig. 11, where SHG signal intensity is displayed for CAST1, CAST2
and CAST3, carried out at 0.2 mJ per pulse laser energy. The angle was varied between 35 and 135 degrees, with the range being
imited by the mechanical layout of the experimental setup.

The angular SHG/HRS scattering response by particle shows larger SHG/HRS amplitudes toward lower and higher scattering
angles, with a minimum value located around 95 degrees scattering angle, for the three tested aerosols. The signal intensity for

AST2 is highest, followed by CAST1 and CAST3, which is linked to the aggregate sizes, as highlighted in the previous section
n Fig. 9b. It is interesting to note that the figure seems to be in contradiction to findings in literature (de Beer et al., 2011;

Martinez Tomalino, 2009; Martorell et al., 1997; Roke & Gonella, 2012; Schürer et al., 2011), non-linear scattering at zero degrees
is supposed to be zero, due to destructive interference associated with the tensor nature of the non-linear susceptibility, however no
cattering measurements between 0 and 35 degrees could be made due to geometric limitations of the setup. Another remarkable

detail is the fact that the observed scattering profile looks close to function of the type 1
𝑠𝑖𝑛(𝛩) , which corresponds to the variation of

the measurement volume due to a rotation of the detection.
Since the scattering of SHG as well as linear scattering are supposed to be associated with the dipoles on the particle surface (de

Beer et al., 2011; Roke & Gonella, 2012), it can be interesting to present the angular scattering as a function of the absolute value
f the scattering wave vector ⃖⃗𝑞 = ⃖⃖⃗𝑘𝑖 − ⃖⃖⃖⃗𝑘𝑠 (with 𝑘𝑖 = 2.𝑝𝑖∕𝜆𝑖 the length of the incoming light vector and 𝑘𝑠 = 2.𝑝𝑖∕𝜆𝑠 the length of the

scattered linear or nonlinear light vector, (Sorensen, 2001) on a log–log scale, which allows to gain insight on the structure factor,
which is used in linear scattering studies for characterizing light-particle interactions. In this presentation, shown in Fig. 12, it is
necessary to correct the signals by the measurement volume, which is of the form 𝑠𝑖𝑛(𝜃). As can be seen in the figure, the linear
nd non-linear signal feature a fundamentally different dependence on 𝑞. Indeed, the linear scattering signal is decreasing, probably
10 
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Fig. 8. SHG/HRS signal intensity normalized by the particle concentration for different types of PALAS particles as a function of the square of the number of
monomers per aggregate, detected at 35 degrees detection angle and 0.2 mJ pulse energy. The two points with the highest 𝑁2

𝑝 correspond to the ‘‘PALAS’’ point
in the remainder of this study, corresponding to 1.5 bar argon pressure and 1000 Hz electric discharge frequency. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. (a) SHG/HRS and SLS signal intensity normalized by the particle concentration of CAST soot with different quantities of oxidation air, thus giving a
different organic content, carried out at 35 degrees detection angle and 0.2 mJ per pulse laser energy. The figure also includes the signal for PALAS particles,
being 100% amorphous (without any organic compounds) and DEHS being 100% organic. (b) Particle size distributions measured by SMPS for the different
studied operating points, including CAST1, CAST2 and CAST3. The black arrow shows the evolution of the size distribution peaks with increasing EC/TC.
11 
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Fig. 10. SHG/HRS signal intensity, normalized by mass fraction, depending on specific surface area, carried out at 35 degrees detection angle and 0.2 mJ per
pulse laser energy.

Fig. 11. SHG/HRS signal intensity measured for CAST1, CAST2 and CAST3 at different detection angles and 0.2 mJ per pulse laser energy, normalized by the
particle concentration.
12 
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Fig. 12. SHG/HRS and SLS signal intensity measured for CAST1, CAST2 and CAST3 at 35 degrees detection angle and 0.2 mJ per pulse laser energy, normalized
by the particle concentration.

following a Guinier and a power law, which is common for linear scattering for fractal aggregates. The SHG/HRS scattering signal
on the other hand does not seem to change with 𝑞, showing a quite isotropic nature. This isotropic response is typical for incoherent
SHG, also named Hyper Rayleigh Scattering (HRS), as explained in Hollis (1988), Das (2006) and in Le Breton (2022). It is a proof
that the here observed signal is incoherent, thus associated with HRS.

3.4. Conclusion

The present study allowed to demonstrate the feasibility of an SHG and/or HRS measurement and analysis setup on different
types of nanoparticles (black carbon, DEHS droplets, arc generated carbon) in-situ in aerosol phase, which is a novelty compared to
previous studies, where SHG was detected either in water solution (Martinez Tomalino, 2009; Martorell et al., 1997; Schürer et al.,
2011; Zdanowicz et al., 2013, 2014), or due to SHG sensitive molecules on the surface of aerosols (Qian et al., 2018; Wu et al.,
2016). Multiple types of particles were tested, with different size distributions as well as internal structures (organic or graphitic
crystalline or amorphous content). By analysing the spectral and temporal response of the aerosol on exposure by femtosecond laser
light and by analysing its dependence on the laser power, SHG/HRS can be confirmed for all tested aerosols. Indeed, all aerosols
feature a quadratic regime until a certain laser energy, followed by a saturated regime, probably associated with femtosecond laser
filamentation. Due to the calibration of the measurements, SHG/HRS could be quantified to the author’s knowledge for the first
time and is shown to be at least 7 orders of magnitude weaker than linear scattering. Interestingly the size dependence of SHG/HRS
is fundamentally different from that of linear scattering. The analysis of the effect of organic content as well as the size of primary
spheres of the soot aggregates show that the SHG/HRS signal essentially depends on the aggregate and monomer size, while the
fraction of organic or elementary carbon do not seem to have an influence on the signal. One can also see a linear dependence
between the SHG/HRS signal and the specific surface area, and it is interesting to stress out the fact, that this linear dependence
does not depend on the type of compounds on the surface (elementary or organic carbon). Finally the angular SHG/HRS response of
different types of nanoparticles is shown to have a local minimum at around 95 degrees for the three tested aerosols and higher values
at the measuring limits at 35 and 135 degrees. A comparison of the angular SHG signal with static light scattering, corrected by the
volume of measurement and, in terms of dependence on the scattering wave vector 𝑞 shows a fundamentally different behaviour,
with the linear signal following mostly a power law, while SHG/HRS scattering is found to be isotropic, which suggests that the
signal observed in the present work is mainly incoherent. The here observed signal is thus associated with HRS. The results highlight
the need of a profound theoretical or model based analysis of the experimental results.

The different results thus show that the here developed experimental setup is suitable and sufficiently sensitive and robust to
analyse the NLO response of aerosols. The signals are shown to be proportional to the specific surface area, while the composition
does not seem to play a significant role. It would be interesting to complete this experimental study with a theoretical analysis of
the presented results and their link with the different processes that happen on the particles’ surface. Moreover, an extension of the
experiments towards sum frequency generation (SFG, (Boyd, 2008; Brown et al., 2023; Qian et al., 2020a, 2020b)), would allow to
13 
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aim at particular molecules and radicals, possibly allowing to develop techniques that are exploitable for the study of atmospheric
erosols including black carbon. In any case, with the linear dependence on particle surface, the here presented setup can give way
o a new class of diagnostics, going beyond current in-situ techniques (Michelsen et al., 2015), which are capable of measuring the

aerosol’s specific surface area and thus help to evaluate the aerosols’ toxicity.
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Appendix A. Signal calibration

The present section explains the calibration process of the different measurements with the help of the absolutely calibrated
ntegrating sphere described in Section 2.4.

A.1. Calibration of the photo-multiplier measurements

Considering that the photo-multiplier is only measuring the response to one laser pulse (at 100 fs duration) and integrates it
over its response time (a few ns), it is possible to express the measured signal as follows :

𝑆𝑃 𝑀
𝑚 𝛥𝑡𝑃 𝑀 = 𝛼 𝑃 400𝛥𝑡𝑙 𝑎𝑠𝑒𝑟 (A.1)

with 𝑃 400 the peak power at 400 nm. In order to compare it to the energy emitted during a laser pulse, this value is multiplied by a
𝛥𝑡𝑃 𝑀 , a time for which the temporal integration of 𝑆𝑃 𝑀

𝑚 would give the same result as the integration of the full temporal profile.
The signal measured from the integrating sphere can be described as:

𝑆𝑃 𝑀
𝑟𝑒𝑓 ����𝛥𝑡𝑚𝑒𝑎𝑠𝑢𝑟𝑒 = 𝛼 𝑃 400

𝑟𝑒𝑓 ����𝛥𝑡𝑚𝑒𝑎𝑠𝑢𝑟𝑒 (A.2)

𝛥𝑡𝑚𝑒𝑎𝑠𝑢𝑟𝑒 is the actual time of the measurement since the emission from the integrating sphere is continuous.
Using Eq. (A.2) it is possible to give the expression of the calibration constant 𝛼.

𝛼 =
𝑆𝑃 𝑀
𝑟𝑒𝑓

𝑃 400
𝑟𝑒𝑓

(A.3)

Finally 𝛼 can be placed in Eq. (A.1) in order to express 𝑃 400 as follows :

𝑃 400 =
𝑆𝑃 𝑀
𝑚

𝑆𝑃 𝑀
𝑟𝑒𝑓

𝛥𝑡𝑃 𝑀
𝛥𝑡𝑙 𝑎𝑠𝑒𝑟

𝑃 400
𝑟𝑒𝑓 (A.4)

It is possible to express 𝑃 400
𝑟𝑒𝑓 as :

𝑃 400
𝑟𝑒𝑓 = 𝐴𝐴𝑛𝑔

𝑑 𝛥𝛺𝐴𝑛𝑔 ∫𝜆
𝐿𝑟𝑒𝑓
𝜆 𝜏400𝜆 𝑑 𝜆 (A.5)

with 𝛥𝛺𝐴𝑛𝑔 the solid angle, 𝐿𝑟𝑒𝑓
𝜆 the radiance of the integrating sphere (known), 𝜏400𝜆 the transmissivity of the filters installed in

front of the PM and 𝐴𝑑 the detection surface. The Eq. (A.4) then becomes :

𝑃 400 =
𝑆𝑃 𝑀
𝑚

𝑆𝑃 𝑀
𝑟𝑒𝑓

𝛥𝑡𝑃 𝑀
𝛥𝑡𝑙 𝑎𝑠𝑒𝑟

𝐴𝐴𝑛𝑔
𝑑 𝛥𝛺𝐴𝑛𝑔 ∫𝜆

𝐿𝑟𝑒𝑓
𝜆 𝜏400𝜆 𝑑 𝜆 (A.6)

The expression of emission power per solid angle can then be written from Eq. (A.6):
𝑑 𝑃 400

=
𝑆𝑃 𝑀
𝑚
𝑃 𝑀

𝛥𝑡𝑃 𝑀 𝐴𝐴𝑛𝑔
𝑑 ∫ 𝐿𝑟𝑒𝑓

𝜆 𝜏400𝜆 𝑑 𝜆 (A.7)

𝑑 𝛺 𝑆𝑟𝑒𝑓

𝛥𝑡𝑙 𝑎𝑠𝑒𝑟 𝜆
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In order to be independent of the spectral transmission width of the filter used at 400 nm, it is possible to express 𝑃 400

𝑑 𝛺 by
wavelength :

𝑑 𝑃 400

𝑑 𝛺 = ∫𝜆
𝑑 𝑃 400

𝑑 𝛺
|

|

|

|𝜆
𝜏400𝜆 𝑑 𝜆 (A.8)

Assuming this spectral filter width is small enough to consider 𝑃 400

𝑑 𝛺
|

|

|

|𝜆
constant over in this range one obtains :

𝑑 𝑃 400

𝑑 𝛺 = 𝑑 𝑃 400

𝑑 𝛺
|

|

|

|𝜆 ∫𝜆
𝜏400𝜆 𝑑 𝜆 (A.9)

The Eq. (A.7) then becomes :

𝑑 𝑃 400

𝑑 𝛺 𝑑 𝜆
|

|

|

|𝜆
=

𝑆𝑃 𝑀
𝑚

𝑆𝑃 𝑀
𝑟𝑒𝑓

𝛥𝑡𝑃 𝑀
𝛥𝑡𝑙 𝑎𝑠𝑒𝑟

𝐴𝐴𝑛𝑔
𝑑

∫𝜆 𝐿
𝑟𝑒𝑓
𝜆 𝜏400𝜆 𝑑 𝜆

∫𝜆 𝜏
400
𝜆 𝑑 𝜆 (A.10)

A.2. Calibration of the MAYA spectrometer measurements

Unlike the photo-multiplier, the MAYA spectrometer captures spectral emission measurements. These need to be spectrally
integrated in order to obtain a value for the signal at 800 nm. The spectral value of the signal 𝑆 is noted as 𝑠𝜆.

The correction of the profile can then be done wavelength by wavelength :

𝐿800
𝜆 =

𝐿𝑟𝑒𝑓
𝜆

𝑠𝑟𝑒𝑓𝜆

𝑠𝑚𝜆𝐴
𝑀 𝑎𝑦𝑎
𝑑 𝛥𝛺𝑀 𝑎𝑦𝑎 (A.11)

The collected emission power correspond to the spectral integration of this corrected profile 𝑃 800
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = ∫𝜆 𝐿

800
𝜆 and can be

expressed in terms of signal as

𝛥𝑡𝑀 𝐴𝑌 𝐴 𝑃 800
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = ∫𝜆

𝑠𝑚𝜆
𝑠𝑟𝑒𝑓𝜆

𝐿𝑟𝑒𝑓
𝜆 𝐴𝑀 𝑎𝑦𝑎

𝑑 𝛥𝛺𝑀 𝑎𝑦𝑎𝑑 𝜆 𝛥𝑡𝑀 𝐴𝑌 𝐴 (A.12)

𝑃 800
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 can also be expressed in terms of emission of the aerosol as :

���𝛥𝑡𝑀 𝐴𝑌 𝐴 𝑃 800
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = ∫𝜆

𝜏𝜆
𝑑 𝑃 800

𝜆
𝑑 𝛺 𝛥𝛺𝑀 𝑎𝑦𝑎𝑑 𝜆 𝛥𝑡𝐿𝑎𝑠𝑒𝑟 𝑓𝑙 𝑎𝑠𝑒𝑟 ���𝛥𝑡𝑀 𝐴𝑌 𝐴 (A.13)

In order to be independent of the spectral width of the peak at 800 nm and assuming the spectral width of the filter is small enough

to consider
𝑑 𝑃 800

𝜆
𝑑 𝛺 constant in the wavelength range (which corresponds to a value of 𝑃 800 being equal to the spectral integration

of 𝑃 800
𝜆 𝛥𝜆800) and knowing that the filters employed on this measurement branch are only neutral densities and thus constant in the

avelength range 𝜏 = ∫𝜆 𝜏𝜆𝑑 𝜆 one obtains :

𝑃 800
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝜏

𝑑 𝑃 800
𝜆

𝑑 𝛺 𝛥𝛺𝑀 𝑎𝑦𝑎𝛥𝑡𝐿𝑎𝑠𝑒𝑟 𝑓𝑙 𝑎𝑠𝑒𝑟 (A.14)

From Eq. (A.13) and by replacing by its expression Eq. (A.12), the expression of the emission power par solid angle becomes :
𝑑 𝑃 800

𝜆
𝑑 𝛺 = 1

𝜏𝜆���𝛥𝛺𝑀 𝑎𝑦𝑎 ∫𝜆

𝑠𝑚𝜆
𝑠𝑟𝑒𝑓𝜆

𝐿𝑟𝑒𝑓
𝜆 𝐴𝑀 𝑎𝑦𝑎

𝑑 ���𝛥𝛺𝑀 𝑎𝑦𝑎𝑑 𝜆 1
𝛥𝑡𝐿𝑎𝑠𝑒𝑟 𝑓𝑙 𝑎𝑠𝑒𝑟

(A.15)

𝑑 𝑃 800
𝜆

𝑑 𝛺 =
𝐴𝑀 𝑎𝑦𝑎
𝑑

𝜏𝜆 𝛥𝑡𝐿𝑎𝑠𝑒𝑟 𝑓𝑙 𝑎𝑠𝑒𝑟 ∫𝜆

𝑠𝑚𝜆
𝑠𝑟𝑒𝑓𝜆

𝐿𝑟𝑒𝑓
𝜆 𝑑 𝜆 (A.16)

Appendix B. SHG/HRS signal depending on particle volume fraction

Fig. B.13 shows the measured SHG/HRS signal for the different aerosols as a function of the particle volume fraction. The
measurements for CAST soot and PALAS follow a linear trend, similar as the dependence of the specific surface area, put forward
in Fig. 10. On the other hand, DEHS has a similar level of SHG/HRS, despite its higher volume. While both, specific surface area
and the volume fraction increase linearly for aggregates, as shown with the dependence on the number of primary spheres in Fig. 8,
the high volume of PALAS does not lead to an increase of SHG/HRS following such a trend. The figure is thus an evidence that the
article volume is not the driving factor for SHG/HRS, but rather the particle surface.
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Fig. B.13. (a) SHG/HRS signal intensity depending on the particle volume fraction, measured for CAST1, CAST2, CAST3, PALAS and DEHS at 35 degrees
detection angle and 0.2 mJ per pulse laser energy. b) The same signal in the volume fraction range below 100 ppb, thus concentrating on the CAST and PALAS
signals.

Data availability

Data will be made available on request.
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