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adapted by experts for each certificate type ac-
cordingly (see Fig. 1).

Digital Certificates of Conformity (DCoC) [7] 
contain less quantitative information but require
a clear semantic concerning the certification cri-
teria which are mostly derived from harmonized
standards. These standards are linked directly
with a reference to the specific clause in DCoCs. 

Digital Reference Material Certificates
(DRMC) contain material properties as metro-
logical information that are mostly represented in
a similar way as in DCCs, including uncertain-
ties. In both cases, this quantitative data is pro-
vided via the Digital-SI format which is directly 
included into both schemas. The D-SI implies a 
formalism for the machine-interpretable state-
ments of units and their origin from the SI base 
units as well as the associated measurement un-
certainties. [8] With a direct relation to the novel
BIPM SI-Digital Reference Point [9], the interpre-
tation of digital units becomes unambiguous
around the globe. 

Digital test reports (DTR) require a large variety
of possible data representations and conformity
assessment formats. First DTR realizations for 
specific testing procedures are currently under
development will probably result in individual
schema implementations. The universe of test-
ing procedures is highly diverse and the harmo-
nization between different testing communities
beyond the administrative information will re-
main a challenge.

Digitally Verifiable Accreditation for Quality 
Services
Often, conformity assessment services are re-
quested from accredited service providers to as-
sure the defined requirements for the execution 
of their procedures are met. The fact that a con-
formity assessment service was provided within 
the scope of an accreditation needs to be appar-
ent on the resulting certificate. On human read-
able certificates, this is usually represented by a
logo of the national accreditation body and a ref-
erence to the accreditation case number for the
respective service provider.

For the representation of the accreditation on
machine-readable certificates, the German Ac-
creditation Body (DAkkS) has set up the public
key infrastructure (PKI) for a Digital Accredita-
tion Symbol (d-AS). [9] This allows accredited 
bodies to equip their machine-readable certifi-
cates with an advanced electronic seal, which
represents their digital identity as a holder of an
active accreditation for their services at the time
of final certificate authorization. As it also pro-
vides all other functionalities of an electronic
seal, (i.e. data integrity and authenticity), it can
fully replace a digital signature on accredited

quality certificates (eAttestations). The verifica-
tion on the receiver side can be fully automated
and seamlessly integrated into digital workflows.

Fig. 2. The advantages of machine-readable certifi-
cates and an automated quality management.

Conclusion
Digital conformity assessment certificates ena-
ble the automatization of quality assurance in la-
boratories and the industrial measurement tech-
nology (see Fig. 2). The automated validation,
transfer, and data processing releases manual
workload and lead to more effective and resilient
processes with reduced risks.
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Summary: 
Direct photoacoustic spectroscopy setups oftentimes employ acoustic resonators to enhance the pho-
toacoustic signal and suppress acoustic noise from the environment. In this contribution the coupling of 
an idealized sound source to a cylindrical resonator is simulated and shows the dependence of the 
coupling efficiency on the relative position of the sound source with respect to the resonator. The simu-
lations reveal the spatial dependence of the ideal incoupling positions as a function of the resonator 
modes. The results are important for setups that spatially separate acoustic sound generation and de-
tection. 
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Introduction 
The use of resonator-enhanced, direct photoa-
coustic spectroscopy setups for gas monitoring 
is a versatile tool for sensitive [1] detection of the 
molecular number density. Laser or light emitting 
diode (LED) – based devices have been shown 
to achieve limits of the detection in the ppb range 
[2,3]. For scenarios, where the spectral band-
width of the exciting light source is much nar-
rower than typical absorption features, the per-
formance in terms of selectivity exceeds that of 
indirect photoacoustic setups [4] and conse-
quently, it is a complementary technology in this 
regard.  

Typically, the photoacoustic wave generation is 
done within the acoustic resonator, i.e. the excit-
ing light is funneled into the acoustic resonator, 
where it is absorbed according the Beer-Lambert 
law [5] ultimately leading to the generation of an 
acoustic wave, whose amplitude indicates the 
number density of the target molecules. A large 
overlap between the acoustic eigenmodes of the 
resonator and the light beam achieves an excel-
lent coupling efficiency in case the overall ab-
sorption is weak, leading a nearly constant 
sound wave amplitude along the absorption 
path. 

However, in case of strong absorption, the light 
absorption leads to exciting the molecules local-
ized. In this case, the signal detected with a mi-
crophone may even decrease with increasing 
number density, since the coupling between 
generated sound wave and the resonator 
eigenmodes is weak. 

In these cases, spatial separation of the sound 
wave generation and the acoustic resonator may 
offer systematic advantages, since signal gener-
ation and signal detection may be optimized in-
dependently. This may also be of relevance in 
setups aimed at detecting multiple gases with a 
single resonator [6]. In this case, the efficiency of 
coupling acoustic waves into a resonator be-
comes crucial. To this end, a simulation of a 
point-like sound source has been used to inves-
tigate the efficiency of photoacoustic wave cou-
pling into acoustic resonators. 

Setup of the Model 
The simulation model is depicted in Figure 1 and 
features a point-source of sound in the vicinity of 
a cylindrical resonator.  

Fig. 1. The photoacoustic signal is modelled as a 
point source and the coupling efficiency into the reso-
nator’s eigenmodes is investigated as function of the 
distance from the opening and the radial offset from 
the symmetry axis. 
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The mode spectrum of a resonator with a diam-
eter of 20 mm and a length of 35 mm is simulated 
in a modulation frequency range 𝜔𝜔��� between 
2 kHz – 25 kHz. The amplitude of the different 
excited eigenmodes is used as a means to quan-
tify the coupling efficiency as a function of the 
position of the sound source. Fig. 2 shows the 
frequency spectrum of the resonator.

Fig. 2. The frequency spectrum of the longitudinal 
and azimuthal modes of the acoustic resonator. 

The simulation results have been checked by ex-
citing sound waves using a capacitor and a 
MEMS microphone inside the resonator. By 
scanning the excitation frequency of the capaci-
tor, sound waves of equal frequency have been 
generated and the response to a frequency 
sweep has been analyzed using a Lock-In Am-
plifier. 

Results 
The spatial dependence of the efficiency of ex-
citing acoustic waves inside the resonator as a 
function of the relative position of the sound 
source is depicted in Figure 3 and 4 for the lon-
gitudinal eigenmode at 13867 Hz and the azi-
muthal eigenmode at 20830 Hz in longitudinal 
and radial direction, respectively.  

 Fig. 3. Coupling efficiency to the longitudinal (a) and 
azimuthal (b) mode as a function of the longitudinal 
displacement.  

Fig. 4. Coupling efficiency to the longitudinal (a) and 
azimuthal (b) mode as a function of the radial dis-
placement.  

The measurements show fundamentally differ-
ent behavior of the spatial dependence of the 
coupling efficiency for different classes of 
eigenmodes.  

Conclusion 
The spatial decoupling of photoacoustic signal 
generation and detection offers means to inde-
pendently optimize the dynamic range and sen-
sitivity of direct photoacoustic setups. The cou-
pling efficiency hinges on the relative position of 
the sound source and may be tuned in order to 
optimized schemes for multigas detection fur-
ther. 
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