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List of abbreviations 

1. OA Optoacoustic 
2. BC Black Carbon 
3. LII  Laser Induced Incandescence 
4. QEPAS Quartz Enhanced Photo-Acoustic Spectroscopy 
5. QTF Quartz Tuning Fork 
6. PPS Pegasor Particle Sensor 
7. MSS Micro Soot Sensor 
8. HEPA High Efficiency Particulate Absorbing Filter 
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1 Introduction: OA Black Carbon Monitoring 

The purpose of this document is to report on the status, advancements and future plans of the 
miniaturized optoacoustic (OA) black carbon (BC) sensor. First, we will give a short overview of 
existing black carbon monitoring systems including optoacoustic devices. We will then introduce our 
system and how the sensor was tested on a vessel during the Stena Germanica Campaign. Towards 
the end, we will give an outlook on how the sensor will be developed further and how possible 
improvements can be implemented. 
 
1.1 Black Carbon Monitoring: A Brief Overview 

Black Carbon particles have a significant effect not only on human health but also on the environment 
(see for example: [1] and [2]). It is therefore important to implement adequate monitoring of this 
species of aerosols to reduce its negative impacts through regulations. 
However, existing monitoring systems cannot be utilized on a large scale due to significant drawbacks, 
such as maintenance, cost and size. 
Current particle sensing devices include filter transmission measurements, where filters are loaded 
with absorbing particles and the change in the intensity of light is measured. These types of sensors 
require high maintenance due to particulate build-up in the filters. [3] 
Laser induced incandescence (LII) systems measure the blackbody radiation of particles that have been 
heated to high temperatures relative to the surrounding air under intense laser irradiation ( [3] and 
[4]). Since this method requires pulsed high intensity lasers these systems are expensive and bulky. 
More in-depth overviews over different sensing methods can be found in [3] and [5]. Even though, 
many different sensing systems have been developed, a measuring method of black carbon still needs 
to be standardized [2]. 
 
1.2 Opto-acoustic Monitoring Systems: gases and particles 

Optoacoustic devices utilize the conversion of light into sound. The energy of light irradiating and 
exciting gas molecules or small particles can decay non-radiatively. This leads to local increase of 
temperature and pressure. If the light is modulated periodically, the change in pressure creates a sound 
wave which can then be detected by an acoustic sensor [6]. 
In [6], different setups and configurations for OA gas sensing are described in detail. Depending on 
the requirements, the system either optimizes the optical path length or makes use of resonators to 
improve the signal-to-noise ratio. Still a lot of work has to be put into these setups to make them 
commercially available and especially to miniaturize them. 
The AVL micro soot sensor (MSS) operates on the photoacoustic effect and is already commercially 
available [7]. However, this sensor is bulky due to complex flow paths and a high-power laser which 
also significantly increases the overall cost of the system. 
 
1.3 Overview of miniaturized OA sensor prototype 

The miniaturized OA sensor for environmental monitoring has first been published in [8].  
Our sensor consists of 4 main parts: the laser, the gas flow, an ellipsoidal cavity and the acoustic 
sensor. A home-build pulsed laser source utilizes an overdriven laser diode to give short laser pulses 
with high power output. The laser beam is focused inside the gas flow at one of the focal spots of the 
cavity. Here the sound wave is generated by black carbon particles that absorb the incident light and 
decay non-radiatively. The acoustic sensor, a quartz tuning fork (QTF), is placed at the second focal 
spot. The QTF is small in size and increases the overall sensitivity of the system due to its high Q-
factor. 
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The ellipsoidal cavity is used to refocus the sound wave, which is generated at the first focal spot, at 
the second focal, where the QTF is placed. This refocusing property counteracts the small size of the 
QTF which usually can only capture a fraction of the acoustic energy due to its limited dimensions. 
This setup allows spatially decoupling the point of sound generation and sensing. In conventional quartz 
enhanced photo-acoustic spectroscopy (QEPAS), the quart tuning fork is exposed directly to the 
particle stream [9]. Thus, particle accumulation and sensor contamination cannot be avoided. The 
sensor with its unique design as proposed in [8], can limit these effects and can theoretically measure 
for longer periods of time without maintenance and cleaning of the sensible components. 
Furthermore, this allows more freedom for optimizing the beam size in the focal sport which is limited 
in conventional QEPAS by the distance of the prongs of the QTF. 
 

 
 

Figure 1: Design of the Optoacoustic Black Carbon sensor. 
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2 ‘A Low-Cost Optoacoustic Sensor for Environmental Monitoring’ – a 
Summary 

 
This section provides a summary of the experiments and results performed in [8]. 
 
2.1 Experiments – methodology 

For the experiments, a planar 2D burner was used to generate BC particles. The geometric mean 
diameter of the particles varied between 10 and 20 nm, and the BC mass concentration after dilution 
was between 0.2 and 10 μg/m3. A Pegasor PPS [10]  was used as a reference instrument.  
For the first experiment, the modulation frequency varied between 99.9 and 10 kHz to identify the 
resonant frequency of the QTF and to evaluate the Q factor of the sensor. Then, the burner was 
operated in an unstable point to create large and sudden variations of the BC concentration and 
evaluate the response of the sensor under such transient conditions. Finally, the dilution of the sample 
was varied to evaluate the correlation of the sensor compared to the reference instrument and to 
calculate the detection limit of the system. 
The burner’s exhaust contained significant concentration of NO2 (1 – 2 ppm after dilution) which 
absorbs light in the selected laser wavelength. A HEPA and an Activated Carbon filter were used to 
selectively filter each component and identify the contribution of each one of the two species (BC and 
NO2) in the signal. 
 
2.2 Results 

The resonance frequency of the QTF was found to be 99.974 kHz, which is very close to the nominal 
value (100 kHz). The Q factor was calculated by a Gaussian fit to be equal to 3447. The Q factor was 
in the expected order of magnitude but 2 – 3 times lower than its normal value in atmospheric 
pressure [11], [12]. 
In order to calculate the system’s detection limit we vary the dilution of the sample and we observe a 
linear correlation between the prototype and the reference instrument with a R2 value of 0.97 (see 
Figure 2). The detection limit of the sensor is calculated to be 15.7 μg/m3 while the normalized noise 
equivalent absorption coefficient is calculated to be 7.39 x 10-9 W cm-1 Hz-1/2. 
 
2.3 Conclusion 

The prototype was able to measure both BC particles and NO2 from the burner’s exhaust. It showed 
good performance and a very fast response in drastic changes of BC concentration, that makes it 
appropriate for measurements under transient conditions. The detection limit of the prototype in lab 
conditions was low enough to measure BC for source appointment applications. For ambient 
measurements a significant increase of the sensitivity is required. 
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Figure 2: Response of the OA BC sensor under different 
dilution ratios and comparison with the Pegasor PPS. 
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3 Outlook 

3.1 Scipper Campaign: Stena Germanica 

 
The sensor as described in section 1.3 and 2 was tested in the field on the Stena Germanica. This ferry 
travels overnight between Kiel and Goteborg transporting cargo as well as passengers. 
The OA sensor system was placed in a funnel room with access to the exhaust coming from one of 
the main engines. The overall set-up was designed as compact and mobile as possible. All components 
such as the power supplies, the function generator, laser and sensor were integrated into a 
commercially available 19-inch rack. (Figure 3)  

 
The sample was taken from a dilution system which ran a 3-step cycle of diluting the raw exhaust 
going from flushing the sensor with air, to a low dilution, then a high dilution ratio. 
Two prototypes with different materials of the sensor body were tested. One was made from a 3D 
printed resin similar to the prototype presented in section 2, the other one was manufactured from 
metal. 
The sensor was able to measure the optoacoustic signal of the black carbon particles coming from the 
ships exhaust in both dilution ratios (Figure 4). We were able to implement the new metal prototype 
and even get a more stable response than with the 3D printed version. Since metal is more suitable 
for high temperatures this is a great step forward. 
The campaign was also a great opportunity to identify problems of the current sensor prototype. The 
long-term stability of the signal baseline needs to be addressed. It is influenced by contamination of 
the cavity walls with bigger BC particles but also other parameters, such as temperature fluctuations, 
seem to have an effect on the signal. These signal changes are currently being characterized and 
solutions are being tested. 
 
   

Figure 3: Left: mobile laboratory setup. Middle: the sensor setup showing the optical elements, the gas flow through the 
sensor, a box monitoring temperature and humidity and the data acquisition card. Right: setup integrated in the funnel 
room onboard the STENA Germanica. 
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3.2 Further investigations 

Further investigations of the OA sensor include optimization of the sensing element and laser source. 
It has to be mentioned that the laser used in the Stena Germanica campaign was different than the 
one described in section 2. Since a QTF is used as the acoustic sensor, we enabled a commercially 
available laser driver that can be modulated with different waveforms and frequencies. In the future, 
we will try to identify the optimal pulse train characteristic to maximize the sensor’s sensitivity. In 
addition, new ultrasound detection sources will also be investigated in order to improve the achieved 
detection limit. 
Furthermore, we plan to target different exhaust components and gases to allow exhaust profiling, i.e. 
multiple gas detection with one sensor. To that end, different wavelengths of the excitation laser 
matched to the gas absorption spectra will be tested. 

Figure 4: Signal from the OA black carbon sensor with subtracted baseline (right) in comparison to the dilution ration of the sample 
(left). 
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