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Abstract. Black Carbon (BC) is an important pollutant due to its climatic and health effects. Most BC detection devices rely 10 

on light absorption but measured BC concentrations may vary due to different light settings. Here, we propose a theoretical 

model that can be used to interpret and correct the signal of optoacoustic devices. It is based on Laser Induced Incandescence 

(LII) theory, but advancing the description of light absorption and heat conduction by agglomerate particles. It is validated 

with existing experimental literature data and with new optoacoustic measurements. The model predicts that high fractal 

dimensions are associated with weaker signal and that the volume to surface ratio can be used as a signal reduction predictor. 15 

Then, we introduce a dimensionless metric which very well corelates with the measured signal from BC particles. The new 

metric can be used to harmonize measurements from different devices and also extract particle morphological information 

from optoacoustic signals. 

1 Nomenclature 

a Particle relaxation exponent Μλ Blackbody spectral radiation 

ath Particle thermal accommodation coefficient MAC Mass Absorption Cross-section 

BC Black Carbon Np Number of primary particles in agglomerate 

CBC Particle heat capacity OA Optoacoustic 

Cp Air specific heat capacity OT Optothermal 

cs Speed of sound Pg Air pressure 

D Spherical particle diameter Qabs Absorption coefficient of particle 

Df Agglomerate particle / Fractal dimension Qc Continuum regime heat conduction 

Dg Agglomerate particle / Diameter of gyration Qcond Particle evaporation ratio 

dpp Agglomerate particle / Primary particle diameter Qfm Free-molecular regime heat conduction 

DHv Vaporization enthalpy of BC particle q(t) Light beam modulation pulse 

Em Experimental refractive index function R Gas constant for air 

fc Factor for convergence TOA Dimensionless metric for OA signal 

fmod Modulation frequency Tg Air temperature 

FFT Fast Fourier Transform Tp Particle temperature 

kB Boltzmann constant Trel Particle relaxation time 

kf Agglomerate particle / Fractal pre-factor β Air thermal expansion coefficient 

https://doi.org/10.5194/egusphere-2025-4498
Preprint. Discussion started: 27 November 2025
c© Author(s) 2025. CC BY 4.0 License.



2 

 

kg Air heat conduction coefficient γ* Average specific heat ratio of air for large ΔT 

Kn Knudsen number ελ Emissivity of particle at wavelength λ 

LII Laser Induced Incandescence λ Radiation wavelength 

mg Average mass of a gas molecule ρBC Particle density 

Mv Molar mass of BC vapor ω Modulation angular frequency 

1 Introduction 20 

Black Carbon (BC) is a significant pollutant due to its adverse health effects (Janssen et al., 2011; World Health Organization, 

2012) and its strong light absorption, which leads to climate forcing (Bond et al., 2013; Dou and Xiao, 2016). Technologies 

that rely on light absorption for BC detection, such as the optoacoustic (OA) and optothermal (OT) ones and Laser Induced 

Incandescence (LII), are essential in developing policies that aim to limit the effect of BC on climate (Clean Air Coalition 

2014). BC varies in its chemical composition and properties, based on the emission source and on its mixing state after 25 

emission. The ability to extract more information from OA, OT and LII sensors can aid the characterization and source 

apportionment of BC. Moreover, harmonization tools are needed to compare BC measurements from different instruments or 

from the same instrument when measuring a different particle mix. Modelling work can also aid the extraction of additional 

information from ambient BC samples and be used to harmonize different measurements. 

Specific OA models exist to describe the absorption of optical energy and the generation of the acoustic signal when 30 

light is absorbed by gases (Kosterev et al., 2006; Wysocki et al., 2006). However, the relevant mechanisms for gases are not 

readily applicable to particles. Models for particles mostly emphasize on two aspects: the generation of acoustic waves from 

specific excitation (Diebold and Westervel, 1988; Fujii et al., 2022) and the acoustic properties of a cavity (Baumann et al., 

2007; Cotterell et al., 2019; Zhou, 2019). Such models can provide significant input – e.g. for optimizing an OA instrument – 

but cannot be used to provide information on particle properties, neither to contribute towards measurement standardization. 35 

The light-to-heat processes for particles need first to be described before an OA signal can be used for interpretation of particle 

properties. 

An analysis of the heat conduction from particles for OA sensors was performed by Pustovalov (2016), but it is 

limited to individual spherical nanoparticles and nanoparticle assemblies, with emphasis on metal particles. Imran & Hochgreb 

(2019) developed a model for both spherical and agglomerate BC particles but did not analyse the effect of particle morphology 40 

on the OA signal. Ajtai et al. (2023) experimentally identified an effect of particle morphology on the phase of the OA signal, 

with larger particles demonstrating reduced phase. Ajtai et al. (2023) using the models of Moosmüller et al. (2009) highlighted 

the deviation of existing models from experimental results and recommended that an improved theory is needed. Such an 

improved theory can be based on a detailed analysis of an energy dissipation model for OA, similar to the ones used for LII. 

Dissipation of energy from BC particles has been analysed in detail for LII sensors. Michelsen (2003) and Michelsen 45 

et al. (2015) presented an elaborate model that includes several dissipation mechanisms for BC particles. Hadef et al. (2010) 

presented a simpler version with the most relevant mechanisms for LII sensors. Snelling et al. (2004) used a similar model and 

performed an experimental evaluation to fine-tune the heat conduction term. Starke et al. (2003) developed an algorithm that 
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can calculate the average particle size based on the delay of the LII signal. In addition, Meyer et al. (2016) showed that 3D 

images of BC particles can be constructed from LII signal analysis. Willems et al. (2019) developed a model that combine 50 

signals from LII and OA sensors. However, the dissipation mechanisms are only used for the LII sensor, and the OA signal is 

used as an independent additional input. A theoretical model that applies similar LII energy dissipation mechanisms of BC 

particles for OA sensors is still missing. 

In this work, we present for the first time an analytical model that can predict the signal intensity from BC particle 

samples for a given incipient light source, and we incorporate a method to estimate the broadband acoustic response for given 55 

light modulation. We have implemented the model for particles of different morphology, and we observed that the volume 

over surface ratio of an agglomerate BC particle can affect the intensity of the generated OA signal. The model can be used to 

extract morphological characteristics of BC particle samples and help identify their source, and can guide relevant instrument 

development. A modified version of the proposed model has the potential to assist in the design of OT sensors as well. 

2 Methodology 60 

2.1 Model conceptual formulation 

Figure 1 outlines the main mechanisms for OA signal generation from a BC particle. Figure 1a shows the mechanisms for an 

agglomerate particle, and Fig. 1b shows the same mechanisms for a spherical particle, assuming both particles are of the same 

mass. Based on the particle’s Mass Absorption Cross-section (MAC) the mass is translated to an amount of absorbed light for 

given excitation. For the example of Fig. 1, we may also assume that the particles have the same MAC and thus the amount of 65 

absorbed light (I1, I2) is the same for both the agglomerate and the spherical particle. In reality, the assumption of constant 

MAC is not valid for spherical particles larger than roughly 150 nm for visible light excitation (Jennings and Pinnick, 1980). 

For BC agglomerates, the assumption of constant MAC is valid, as the limit of 150 nm applies on the diameter of the primary 

particles, which is typically much lower. In any case, understanding the relation of MAC to particle size is not the focus of the 

current analysis. The same refractive index, which is the main parameter that affects MAC, is used for the entire analysis. 70 

Next comes the modelling of light-to-heat processes, in order to calculate the amount of energy that is transferred to 

the surrounding air by heat conduction (H1, H2). This is the energy source for the OA signals, which actually constitutes the 

main focus of the current work. Our hypothesis is that the heat conduction profile is not the same for a spherical and an 

agglomerate particle of the same mass. Specifically, we argue that spherical particles will have a smaller amplitude of heat 

flux to the surrounding air than an agglomerate with the same mass that has absorbed the same amount of light. As the intensity 75 

of the generated acoustic waves (P1, P2) is proportional to the amount of heat conduction, we expect that the acoustic wave 

will also be weaker for the spherical particle compared to the agglomerate one. We assume that this difference will be explained 

by the higher surface to volume ratio of the agglomerate particle. 
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 80 

Figure 1: Conceptual model of particle light absorption to acoustic wave generation for (a) an agglomerate and (b) a spherical 

particle of the same mass. 

2.2 Model formulation 

We use an energy balance model to simulate the light-to-heat processes for BC particles, following the principles of the models 

developed for LII applications. In particular, the model of Hadef et al. (2010) is used as a basis for the current analysis. The 85 

basic parameters of such a model are shown in Eq. (1) for a single particle. The term on the left side of Eq. (1) is the internal 

energy of the particle, which is function of its temperature. On the right side, the first term stands for light absorption, the 

second one for particle vaporization (sublimation), the third one for heat loss (conduction) from the particle to the surrounding 

air, and the fourth one for blackbody radiation. For both OA and OT applications, the most important terms are absorption, 

heat conduction and the particle’s internal energy. Radiation and sublimation are only relevant at higher temperatures, which  90 

are typical for LII but which are not reached in OA and OT applications. 

𝜌𝐵𝐶𝐶𝐵𝐶
𝜋𝐷3

6

𝑑𝑇𝑝
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− 𝑄̇𝑐𝑜𝑛𝑑 − 𝜋𝐷2 ∫ 𝜀𝜆𝑀𝜆𝑑𝜆

∞

0
      (1) 

In the current work, the model of Hadef et al. (2010) was further extended by considering particles as being 

agglomerate structures instead of spheres. Moreover, Hadef et al. (2010) calculates the particle absorption efficiency (Qabs) by 

using particle size, light wavelength, and an experimental absorption function Em as inputs. In our model, instead of relying on 95 

the experimentally determined function Em, we explicitly calculate the absorption efficiency based on particle refractive index, 

making the process adaptable to particles of different properties. Finally, we calculate the heat conduction term with a process 

that can be applied to all molecular regimes (free-molecular, transition, and continuum), instead of the expression proposed by 

Hadef et al. (2010), which is only applicable to the free-molecular one. This also extends the model, beyond primary spherules 

to fully grown agglomerates, as typical atmospheric BC particles are. The radiation and sublimation terms are included in the 100 

initial calculations to investigate the limits of modulation for optimal OA signal generation. The terms are negligible in all 

subsequent simulations, and we introduced no improvements for them. 
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In OT sensors, the heat conducted by the particle to the surrounding air is directly proportional to signal intensity. In 

OA sensing, an additional step is required to convert the conducted heat to a pressure wave, as incoming light to the particle 

is modulated. The method proposed should be applicable to any light shape modulation (e.g. rectangular pulses) so the overall 105 

heat conduction profile is converted to a sum of multiple sinusoidal pulses (∑  𝐴𝑛𝑒−𝑖(𝑛𝜔)𝑡𝑘
𝑛=1 ), through a Fast Fourier 

Transform (FFT). The result is the frequency spectrum of the heat conduction profile, which can be translated to a pressure 

spectrum for the air surrounding the particle (Diebold and Westervel, 1988) as shown in Eq. (2). The derivation of Eq. (2) is 

based on the general OA equation and it is detailed in Appendix A. The expected OA signal is actually the intensity of the 

pressure wave at the frequency bandwidth of the sound detector. 110 

𝑝 = 𝑖 𝑐𝑠
2 𝛽

𝐶𝑝
∑  

𝐴𝑛

𝑛𝜔
𝑒−𝑖(𝑛𝜔)𝑡𝑘

𝑛=1           (2) 

In Eq. (2), 𝑝 is the pressure of the air surrounding the BC particle, 𝑐𝑠 is the speed of sound, 𝛽 is the air thermal 

expansion coefficient, 𝐶𝑝 is the air specific heat capacity, 𝜔 is the modulation angular frequency, and 𝐴𝑛 is the intensity of the 

𝑛 harmonic of the modulation frequency. 

2.3 Mathematical description of the model 115 

To calculate the particle’s absorption coefficient, (Hadef et al., 2010) relied on the experimental data of Krishnan et al. (2000) 

for estimating the Em parameter. Instead, we calculate the absorption coefficient based on the Mie theory for spherical particles 

(Hinds, 1999). Specifically, the refractive index of BC particles that was suggested by Bond & Bergstrom (2006), the particle 

size, and a wavelength range are inputs to the Mie Simulator GUI (2025). This simulator outputs the absorption efficiency of 

the particle as a function of light wavelength and runs for various particle sizes in the range of 10 to 1000 nm. For validation, 120 

the new absorption calculation method was tested with the conditions of Hadef et al. (2010) and produced similar results for 

the same input. The advantage of the new method is that it can predict the response of particles of different refractive index, 

without necessitating experimentally determined information. 

The particle heat conduction term has been described by different models, as outlined by Liu et al. (2006). The 

Boundary-Sphere Method is used here as a good compromise between accuracy and complexity. Key to this analysis is the 125 

particle Knudsen number (Kn). The volume around the particle is split into two regions, one close to the particle where heat 

conduction from the particle to the boundary sphere takes place in the free-molecular regime (Kn > 1), and an outer region 

where heat from the boundary sphere to the surrounding air dissipated in the continuum regime (Kn < 1). The boundary sphere 

is assumed to have a uniform temperature (Tδ) and its radius is equal to the radius of the particle plus a parameter δ. 

According to model formulation, heat conduction terms in the free-molecular and continuum regimes must be equal. 130 

This condition is used to calculate the δ and Tδ terms by an iterative process. An initial estimate of Tδ is first given and the 

values of mean free path and Kn for the given particle are calculated, while the parameter δ is approximated. The free molecular 

(Eq. 3) and the continuum (Eq. 4) heat conduction rates are then determined. The initial value of Tδ of the Boundary Sphere is 

corrected based on the difference between the two heat conduction rates. If the continuum heat conduction rate is larger than 
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the free molecular one, then Tδ is reduced based in Eq. (5) and vice versa. The process terminates when the correction on Tδ 135 

between two iterations is lower than 1e-6 K. 

𝑄̇𝑓𝑚 = 𝑎𝑡ℎ
𝜋𝐷2

4

𝑝𝑔

2
√

8𝑘𝐵𝑇𝛿

𝜋𝑚𝑔

𝛾∗+1

𝛾∗−1
(

𝑇𝑝

𝑇𝛿
− 1)         (3) 

𝑄̇𝑐 = 4𝜋(
𝐷

2
+ 𝛿) ∫ 𝑘𝑔𝑑𝑇

𝑇𝛿

𝑇𝑔
           (4) 

𝑇𝛿,𝑖+1 = 𝑇𝛿,𝑖 + 𝑓𝑐(𝑄̇𝑓𝑚 − 𝑄̇𝑐)          (5) 

In Eq. (3), 𝑎𝑡ℎ is the thermal accommodation coefficient for heat conduction from the particle to air, 𝐷 is the particle’s 140 

diameter, 𝑝𝑔is the pressure of the surrounding air, 𝑘𝐵 is the Boltzmann constant, 𝑚𝑔 is the average mass of a gas molecule, 𝛾∗ 

is the average specific heat ratio of air for large ΔT, 𝑇𝑝 is the particle temperature and 𝑇𝛿  is the air temperature in the small 

layer around the particle with radius 𝛿. In Eq. (4), 𝑘𝑔 is the air specific heat coefficient and 𝑇𝑔 is the air temperature. 

Finally, parameter fc in Eq. (4) is a convergence factor with significant implications on the proper performance of the 

algorithm. Too large values may lead to divergence of the simulation while too small values may cause the algorithm to be 145 

very slow. The terms 𝑄̇𝑓𝑚 and 𝑄̇𝑐 are of the same order of magnitude as the absorption term, which increases with particle 

volume. That could lead to large ΔTδ between iterations and thus divergence for large particles, which exhibit high absorption 

rates, if fc is the same in all cases. Thus, the parameter fc is set to be inversely proportional to particle volume (D3), so that the 

model can be used for a wide range of particle diameters without adjustment. 

For applying the model to agglomerate particles rather than perfect spheres (Imran and Hochgreb, 2019), we use the 150 

diameter of gyration 𝐷𝑔 as shown in Eq. (6). 

𝐷𝑔 = 𝑑𝑝𝑝 (
𝑁𝑝

𝑘𝑓
)

1
𝐷𝑓

⁄

           (6) 

where, 𝑑𝑝𝑝 is the diameter of the primary particles (spherules) that form the agglomerate, 𝑁𝑝 is the number of primary 

particles in the agglomerate, 𝑘𝑓 is fractal pre-factor and 𝐷𝑓 is the fractal dimension which determines the shape of the particle. 

A fractal dimension equal to 1 means that the agglomerate has the shape of a line, while a value equal to 3 is representative of 155 

a sphere. 

There are some implications related to the absorption and conduction terms when modelling particles as agglomerates. 

Starting with the absorption term, the approach of the RDG model is taken (Bond and Bergstrom, 2006). First, total absorption 

is equal to the absorption of a primary particle, based on the Mie theory (Hinds, 1999), multiplied by the number of primary 

particles (𝑁𝑝 ∗ 𝑄𝑎𝑏𝑠
𝜋 𝑑𝑝𝑝

2

4
). This means than an agglomerate particle comprised of e.g. 100 primary particles, absorbs the same 160 

amount of light as 100 distinct spherical particles of the same size as the primary particles. This is valid as the diameter of 

primary particles that form typical agglomerate BC particles is much smaller than the excitation light wavelength, typically in 

the visible or near-infrared ranges (400 – 900 nm). With this approach, the light can miss the front part of the agglomerate and 

be absorbed by the rear part or the inner part of the agglomerate. Mathematically, this is expressed by the absorption efficiency 
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of Mie theory which is linearly dependent on particle diameter for 𝑑𝑝𝑝 < 150 𝑛𝑚 and wavelengths in the visible spectrum 165 

(Jennings and Pinnick, 1980). The result is that the absorption of the particle is proportional to the total volume of the 

agglomerate, independently of its shape. 

In the heat conduction term, the diameter of the spherical particle is replaced by the diameter of gyration of the 

agglomerate particle (Dg), as presented in Eq. (6). The diameter of gyration is a proxy of the wetted surface of the particle, 

which is relevant for heat conduction. For the internal energy term, the total mass of the particles is used, which is equal to the 170 

volume of each primary particle (
𝜋 𝑑𝑝𝑝

3

6
) multiplied by the number of primary particles in the agglomerate (𝑁𝑝) and the bulk 

material density (ρBC). 

2.4 Agglomerate particle relaxation time 

The thermal relaxation time of a spherical particle can be calculated on the basis of Eq. (1) as shown in Starke et al. (2003). 

We use a similar approach for agglomerate particles. With the light source off, the absorption term is set equal to zero, further 175 

to the radiation and sublimation terms, leaving only the internal energy and the heat conduction terms in the energy balance 

equation – Eq. (7). The heat conduction term is expressed for the free molecular regime. The result is a differential equation, 

with internal energy depending on the first derivative of particle temperature, and heat conduction being linearly dependent on 

particle temperature. In the left side of Eq. (7), 𝜌𝐵𝐶  is material density and 𝐶𝐵𝐶  is the specific heat capacity of the particle. The 

particle temperature is given as exponential function of time (Eq. 8) with the relaxation time being the inverse of the exponent 180 

parameter, as shown in Eq. (9). The Volume-to-Surface ratio for the agglomerate particle is defined in Eq. (10). 

𝜌𝐵𝐶𝐶𝐵𝐶𝑁𝑝
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𝑉𝑜𝑙𝑢𝑚𝑒

𝑆𝑢𝑟𝑓𝑎𝑐𝑒
=

𝑁𝑝𝑑𝑝𝑝
3

𝐷𝑔
2             (10) 185 

3 Results 

The model presented is used to demonstrate the impact of particle morphology and physical properties on the generated OA 

and OT signals. To do so, we first outline the relative importance of each dissipation term in Eq. (1). Then, the model is 

validated by comparing the intensity of the OA signal with experimental results for various light modulations. Finally, the 

model is applied to demonstrate the effect of different particle properties on the generated signal, depending on light 190 

modulation.  
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3.1 Light intensity and dissipation mechanisms 

Figure 2 shows the importance of each dissipation mechanism in Eq. (1) for a rectangular modulation pulse with 100 kHz 

frequency, 1 % duty cycle and for various light beam intensities. The resulting pulse duration is 10 ns. The small pulse duration 

is necessary to evaluate high laser intensities without vaporizing the entire BC particle. The analysis is performed for 50 nm 195 

spherical BC particles. For laser intensities larger than 103.8 W/mm2, the heat dissipated by conduction starts to decrease with 

an almost mirroring increase of the radiation term. For intensities larger than about 104 W/mm2, sublimation rapidly increases 

and becomes the prevailing mechanism. One may conclude that laser intensities between 103.8 and 104 W/mm2 are suitable for 

LII applications, as a large share of the energy is dissipated through radiation. Intensities closer to 103.8 W/mm2 should actually 

be preferred to reduce the destruction of particles due to sublimation.  200 

Lower laser intensities are optimal for OA and OT applications as all the energy is dissipated through heat conduction, 

which is the generative term for producing instrument response with both techniques. Intensities up to 103 W/mm2 are 

appropriate, however intensities below 102 W/mm2 are still adequate and need a less powerful light source. For longer pulses, 

radiation and sublimation require lower light intensity, because more time is given for particle temperature increase. 

 205 

 

Figure 2: The three main dissipation mechanisms (heat conduction with blue, radiation with orange and sublimation with yellow) as a 

function of light intensity, in the range 1 - 105 W/mm2 (example for 50 nm spherical particles). 

3.2 Model validation 

The model is first validated by comparing the values of the individual terms of the energy balance model against the literature 210 

values of Hadef et al. (2010), who included all dissipation mechanisms, and Snelling et al. (2004) who only considered 

conduction (Table 1). However, the latter is very suitable to an OA application of LII models, as it uses low-fluence light 
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beams to fine-tune the conduction term. Validation is done using the same values in our study and the literature models for 

particle size and morphology, air temperature and light wavelength, intensity and modulation. Οur model predicts identical 

particle temperature profiles to Snelling et al. (2004). Compared to Hadef et al. (2010), conduction and radiation profiles seem 215 

identical. Sublimation and decrease of particle diameter are slightly underestimated by our model. Since the laser intensity of 

OA sensors is several orders of magnitude lower than the one required to produce sublimation, our model can be considered 

adequately validated. 

 

Table 1: Comparison of the particle temperature and the intensity of dissipation mechanism as predicted by our model to the same 220 
metrics predicted by the models of Hadef et al. (2010) and Snelling et al. (2004) for the same input parameters. 

 Hadef et al. Snelling et al. This study 

Peak Temperature [K] - ~ 2950 K 2933 K 

Temperature after 800 ns [K] - ~ 2320 K 2316 K 

Peak Absorption [10-5W] 2 - 3 

Peak Conduction [nW] 70 - 85 

Peak Radiation [nW] 6 - 6 

Peak Sublimation [10-5W] 3 - 3 

Conduction after 800 ns [nW] 11 - 12 

Radiation after 800 ns [nW] 0.11 - 0.12 

Sublimation after 200 ns [nW] 4  - 1 

Diameter after 800 ns [nm] 17 - 18 

 

The complete model validation is conducted by comparing the model output with experimental data while varying 

the modulation duty cycle. Correctly predicting the effects of the duty cycle impact means that all components of the model 

(absorption, heat dissipation and OA signal) are represented correctly in the model. 225 

For the validation, we run simulations with 100 kHz modulation frequency and a rectangular pulse with the duty cycle 

varying between 1 % and 50 %. The sample comprised 20 nm spherical BC particles. Figure 3 depicts the main processes of 

our model for the 1 % duty cycle (Fig.3a-d) and the 50 % duty cycle (Fig.3e-h). Figures 3a,e first show the profile of absorbed 

energy for the two cases. This has a perfect rectangular pulse, identical to the excitation pulse. Then, Fig. 3b,f show the profile 

of heat conduction from the particle to the surrounding air. For the short pulse, the heat conduction linearly increases while 230 

the light is on, and drops exponentially afterwards. Instead, for the long duty cycle, heat conduction stabilizes at the level of 

the absorption power after approximately 1 μs and falls exponentially after the light source is turned off. Figures 3c,g show 

the frequency response of the conduction profile of Fig. 3b,f respectively, as calculated by a Fast Fourier Transform. Figures 

3d,h show the frequency response of the acoustic wave, which is calculated from the frequency response of heat conduction 

following Εq. (2). 235 
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Figure 3: Main processes of our model for optoacoustic signal generation for 1 % (3a-d) and 50 % duty cycle (e-h). From top to 

bottom, the panels show the profile of light absorption by the particle (a, e), heat conduction from the particle (b, f), FFT of the heat 

conduction profile (c, g), and FFT of the acoustic wave (d, h). 

For the experimental validation of the model, we used the low-cost optoacoustic sensor that we previously presented 240 

in Stylogiannis et al. (2021), but with a different laser source (FBLD-450-0.800W-FC105-BTF) that allowed us to vary the 

duty cycle from 2 % to 50 %. A powermeter was used to correct the response of the sensor for any deviations of the laser 

power. The power corrected OA response of a rectangular pulse with varying duty cycle is shown in Fig. 4 (dots) along with 

the model predictions (line), using the model previously developed. The response of each duty cycle was normalized based on 

the response for the 50 % duty cycle. Figure 4 shows that the model can predict the normalised impact of the duty cycle on the 245 
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signal, with great accuracy compared to the experimental findings. Very small deviations are observed primarily for small duty 

cycles. From such results, we conclude that the model can be used for accurate estimations of signal modulation profile on OA 

sensors.  

 

 250 

Figure 4: Validation of the model with experimental data, having the laser duty cycle as an independent variable of the model. 

3.3 Effect of particle morphology on OA signal 

Next, we proceed to examine the intensity of the generated OA signal for various particle properties. Heat flux (W) generally 

increases with particle size due to larger mass and surface area. Hence, to make the results easier to interpret, we present the 

ratio of heat conduction over particle mass (W/kg) for any particle, normalised over the same magnitude of a 20 nm spherical 255 

particle. This newly introduced metric is called normalised signal intensity. We assume that all particles have the same mass 

absorption coefficient (MAC), thus any possible combination of particle morphology and laser modulation should ideally 

produce a value of one expressed in this normalised signal intensity. We will show that this is not always true. 

The morphology of the agglomerate particle on generated signal is first examined. The gyration diameter is varied 

between 100 nm and 200 nm, the primary particle size between 25 nm and 40 nm and the fractal dimension between 1.2 and 260 

2.8 (Olfert and Rogak, 2019). A sinusoidal pulse is used with a modulation frequency of 100 kHz. The wavelength of the light 

beam is 450 nm and its intensity is 10 W/mm2. The light wavelength does not affect the performed analysis, as the wavelength 

is not relevant for the heat dissipated from the particle.  

https://doi.org/10.5194/egusphere-2025-4498
Preprint. Discussion started: 27 November 2025
c© Author(s) 2025. CC BY 4.0 License.



12 

 

 

Figure 5: (a,b) Normalized signal intensity per mass as a function of the fractal dimension for particles with primary particle size 265 
ranging from 25 to 40 nm and diameter of gyration (a) 100 nm and (b) 200 nm; (c) Normalized signal intensity per mass as a function 

of the particle Volume to Surface ratio for all particle diameters. 

Figures 5a,b show that the normalized signal intensity for 100 nm and 200 nm agglomerate particles, having the size 

of primary particles as the model parameter. The normalized signal intensity drops as the fractal dimension increases. Actually, 

the drop is larger as particle size increases and is differentiated according to primary particle size. However, this correlation is 270 

different for each diameter of gyration, proving that the fractal dimension alone is not a good predictor of the normalised signal 

intensity. In Fig. 5c, the data for both diameters of gyration are plotted over the volume to surface ratio (V/S) of the agglomerate 

particle on the x axis. We observe that all particles fall in the same line, independently of their diameter of gyration and primary 

particle size. Thus, the V/S ratio can be used to correct the OA signal for particles of different morphology, instead of the 

diameter of gyration or the fractal dimension. 275 

3.4 Effect of particle physical properties 

Previously, we showed that the V/S ratio of agglomerate particles can be used to predict the normalised signal intensity for 

particles of different morphology. The relevance of the V/S ratio can potentially be further generalized by looking at whether 

this can be used to predict responses when other parameters are varied. We first examined the impact of particle physical 

properties, and specifically the density (ρBC), the specific heat capacity (CBC), and the thermal accommodation coefficient (ath). 280 

These three parameters are included in Eq. (9) for the particle’s relaxation time in the 
𝜌𝐵𝐶𝐶𝐵𝐶

𝑎𝑡ℎ
 ratio. This ratio is analogous to 

the inverse thermal diffusivity of the particle. The nominator is equal to the amount of energy that the particle can store, while 

the denominator denotes how good is the particle at dissipating this energy through heat conduction. Instead of independently 
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varying each parameter, this ratio is varied directly within a much broader range than the one expected for freshly generated 

BC particles. 285 

 

Figure 6: Impact of particle physical properties on signal intensity as a function of the volume-to-surface ratio.  

Figure 6 shows that the physical properties have a large effect on the normalised signal intensity per mass. The larger 

the density and the heat capacity and the smaller the heat accommodation coefficient, the lower the normalised signal intensity. 

This finding indicates that for particles with known V/S ratio, the signal decrease can be used to extract information about the 290 

particle’s physical properties. This way, BC can be distinguished from other absorbing particles of different properties, for 

example ash particles. 

3.5 Effect of light modulation 

The impact of the modulation frequency of the excitation light on the signal is examined by varying the frequency in the range 

from 100 kHz to 500 kHz. Relatively high frequencies are examined for demonstration because these are expected to lead to 295 

larger deviations, even though conventional sensors typically use much lower frequencies.  
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Figure 7: Impact of light modulation frequency on signal intensity as a function of the volume-to-surface ratio. 

Figure 7 shows that the modulation frequency significantly affects the normalised signal intensity per mass, even 

when the particle V/S is used as the independent variable. A clear trend is seen with higher frequencies leading to signal drop, 300 

even for small V/S values. This is because the particle is not given enough time to cool as frequency increases. We can use the 

finding of Fig. 7 in order to harmonize measurements from different instruments that use different modulation frequency, if 

the V/S ratio of sample particles is known or can be estimated. 

3.6 Particle relaxation time 

The outcome of this analysis is that the V/S ratio has some predictive value for the normalised signal intensity, but it cannot 305 

be used to normalize the signal from devices of different operation characteristics (modulation frequency) or to correct for 

particle properties. In search of a more general metric, the relaxation time of the particle can be proposed as a reliable metric 

since it includes the volume to surface ratio and the 
𝜌𝐵𝐶𝐶𝐵𝐶

𝑎𝑡ℎ
 ratio. To further generalize it and include the modulation frequency, 

we introduce a dimensionless characteristic metric (TOA) equal to the product of the relaxation time and the modulation 

frequency, as shown in Eq. (11). 310 

𝑇𝑂𝐴 = 𝑡𝑟𝑒𝑙  𝑓𝑚𝑜𝑑           (11) 
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Figure 8: Normalized signal intensity per mass for various particles and for different combinations of modulation frequency, particle 

physical properties and laser intensity as a function of a) particle mass and b) dimensionless time. 

Figure 8 shows the normalised signal for all variables examined in the current study, for particles Kn >>1. Similar 315 

patterns can be calculated for Kn = 1 and larger. In Fig. 8a, the normalised signal is shown as a function of particle mass. We 

deduce that there can be large variance in the normalised signal due to variance in particle physical properties and morphology 

even if the particles have the same refractive index and MAC. In contrast, Fig. 8b shows that when the dimensionless metric 

is used as independent variable, then all values fall in the same line, demonstrating the excellent predictive value of the 

proposed metric. For values of TOA less than 0.1 (i.e. modulation period is ten times the particle’s relaxation time) we observe 320 

that the normalised signal intensity is equal to 1, while for larger values it drops down to 0.2 when the particle relaxation time 

is equal to the modulation period. 

The curve in Fig. 8b is valid for OA sensors with sinusoidal modulation or rectangular pulses with 50 % duty cycles. 

For rectangular pulses with different duty cycles some modifications are required to use the same curve. Specifically, for OA 

sensors the curve must be corrected based on the signal intensity factor that is shown on Fig. 4.  325 

4 Discussion 

The proposed model can be used for various applications, including the design of OA sensors and the harmonization of 

measurements from different instruments. The first outcome of the current analysis is that the signal can vary even for particles 

with the same refractive index and the same MAC when particle morphology and other particle physical properties vary. 

https://doi.org/10.5194/egusphere-2025-4498
Preprint. Discussion started: 27 November 2025
c© Author(s) 2025. CC BY 4.0 License.



16 

 

Physically, the cooling efficiency of particles of same mass is the determinant variable for the signal intensity when 330 

MAC is constant. The temperature of the particle increases when the light is on. The heat that it accumulates during this phase 

depends only on its MAC and its mass. The cooling of the particle depends on both its physical and morphological parameters. 

If the relaxation time is long, the cooling process is slow, and the particle may not have enough time to reach its initial 

temperature, especially for high modulation frequencies. The same amount of energy is conducted compared to a particle with 

short relaxation time, but the amplitude of transient term of the heat flux is smaller, and this results in a weaker signal 335 

(decreased normalised signal to mass ratio). The above mechanism is the explanation why the product of relaxation time with 

modulation frequency is so effective in predicting the phenomenon. The available time for particle cooling must be at least 10 

times larger than the particle relaxation time to avoid signal reduction. 

Current sensors typically use modulation frequencies lower than 10 kHz. In addition, BC particles do not vary that 

much in their physical properties while their fractal dimension is typically below 2.5. All these parameters combined result in 340 

minimum deviations between instruments in most, if not all, practical cases, at least for BC particles. However, for special 

cases some deviations may be observed even with current sensors. A typical example is tarballs (also called BrC spheres) that 

are produced from biomass burning and combustion in marine engines (Adler et al., 2019; Corbin et al., 2019). These are 

strong absorbing carbonaceous particles that have an amorphous instead of an agglomerate shape. What makes tarballs even 

more interesting is the inability to measure them with LII instruments, as they do not incandesce (Adler et al., 2019). A tarball 345 

of 150 nm, measured by an OA instrument with modulation frequency 100 kHz will be detected with an efficiency of 72 % 

compared to conventional BC particles that would be 100 % visible. This would result in a 28 % underreporting of the tarball 

mass concentration. An OA sensor that utilizes the findings of the current work, can accurately measure tarballs concentration 

and potentially distinguish them from conventional BC particles. 

Finally, new systems can be specifically designed to take advantage of this non-linear relation between absorption 350 

and conduction. An enhanced OA system would be able to simultaneously measure the intensity and time delay (phase) of the 

sound. The time delay can be correlated to the particle relaxation time. This was already demonstrated for BC agglomerates 

and spherical nigrosine particles by Ajtai et al. (2023), who showed a correlation between the particle size and the signal phase.  

Similar effects of BC particles morphology on the generated signal are expected for OT sensors. A modified version of the 

presented model that considers the physics of interferometry and utilizes low modulation frequencies can provide useful insight 355 

got OT sensors design. Precisely due to the much lower modulation frequencies that are used by OT systems, the effects are 

expected to be visible in the time domain and not the frequency domain. 
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Appendix A 455 

The basic equation for Optoacoustics with the assumption of thermal confinement is: 

(𝛻2 −
1

𝑐𝑠
2

𝑑2

𝑑𝑡2) 𝑝 = −
𝛽

𝐶𝑝

𝑑𝐻

𝑑𝑡
          (A1) 

The driving force for OA signal generation is the time derivative of the heat conduction term. When the light source is 

modulated with a sinusoidal pulse that term takes the form: 

Η = 𝐴𝑒−𝑖𝜔𝑡           (A2) 460 

Assuming that there are no spatial variations of temperature and pressure in the sound source (∇2𝑝 = 0) the wave equation in 

the source takes the form: 

𝑑2𝑝

𝑑𝑡2 = −𝑖 𝑐𝑠
2 𝛽

𝐶𝑝
𝐴 𝜔 𝑒−𝑖𝜔𝑡           (A3) 

And by integrating we find that the final pressure at the OA source is proportional to: 

𝑝 = 𝑖 𝑐𝑠
2 𝛽

𝐶𝑝
𝐴 

1

𝜔
 𝑒−𝑖𝜔𝑡          (A4) 465 

It is worth noting that while 
𝑑2𝑝

𝑑𝑡2  is proportional to the frequency of the excitation the final amplitude of the oscillation is 

inversely proportional to it. An intuitive way to understand that is to think of 
𝑑2𝑝

𝑑𝑡2  as an acceleration term and the final oscillation 

amplitude as the travelled distance. When the frequency is increased the acceleration is increased proportionally but the 

available time to travel more distance is decreased proportionally. It can be deduced from Eq. (10) that it is more important 

for the magnitude of the oscillation to have adequate time rather than high acceleration. The low limit for frequency is the 470 

fulfilment of the thermal confinement assumption. 

For a rectangular pulse, or for any other Heat Conduction profile, the excitation can be approximated through a Fourier 

Transform as the sum of sinusoidal pulses with frequency equal to the repetition rate and its harmonics. Mathematically, the 

excitation, the acceleration, and the distance-oscillation terms for the first k harmonics are expressed in equations (A5) – (A7). 

Η = ∑ 𝐴𝑛𝑒−𝑖(𝑛𝜔)𝑡𝑘
𝑛=1            (A5) 475 

𝑑2𝑝

𝑑𝑡2 = −𝑖 𝑐𝑠
2 𝛽

𝐶𝑝
∑ 𝐴𝑛(𝑛𝜔)𝑒−𝑖(𝑛𝜔)𝑡𝑘

𝑛=1          (A6) 

𝑝 = 𝑖 𝑐𝑠
2 𝛽

𝐶𝑝
∑  

𝐴𝑛

𝑛𝜔
𝑒−𝑖(𝑛𝜔)𝑡𝑘

𝑛=1           (A7) 
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