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Abstract 
 

The present work reports on novel analytical approaches and instrumentation for several 

biogeochemical gas monitoring applications. Exploiting Raman gas spectroscopy in combination with 

two signal enhancement techniques – either fiber or cavity enhancement – we developed 

quantitative methods for estimating the gas composition and exchange during soil biodegradation, 

biological nitrogen fixation, fruit ripening and physical leakage processes in environmental chambers. 

The first part of this thesis describes the fruit ripening analysis and the developed gas sensor based 

on fiber enhanced Raman spectroscopy for fast and non-destructive gas monitoring throughout the 

complete postharvest production chain of tropical produce. Analytical solutions for the other 

applications rely on the use of a cavity enhanced Raman gas analyzer. Linking gas diffusion theory, 

the tracer sulfur hexafluoride and a developed experimental protocol, we demonstrate the influence 

of physical gas leakage on determined gross exchange rates of biological systems and provide an 

analytical correction method to quantify the underlying biological signal. Within the scope of a soil 

biodegradation study, we developed an analytical method to follow the fate of xenobiotics after a 

contamination. The non-invasive gas monitoring solution we present is capable of quantifying the 

fraction of degraded hydrocarbons as contaminants, as well as identifying changes in respiration. Our 

Raman spectroscopic approach indicates the potential to elucidate the dynamics of specific 

enzymatic reactions and the occurrence of concomitant processes such as changes in the substrate 

for soil bacterial metabolism. In the last part of this thesis, we report on a novel analytical approach, 

which enables determination of biological nitrogen fixation rates without requiring a proxy, isotopes 

or an exchange of the natural ecosystem atmosphere. Common standard techniques do not support 

such a simple and most natural experimental design and we report on the first biological nitrogen 

fixation rate estimates derived by optical spectroscopy of N2. Our proposed method indicates the 

potential to reduce existing uncertainties in nitrogen fixation measurements and might open up a 

new avenue of biological nitrogen fixation research. 

 

Keywords:  Raman, gas analysis, biological nitrogen fixation, biodegradation, respiration, gas 

diffusion, fruit monitoring 

 

 

 

 

 

 

 

 

 



In dieser Arbeit werden neuartige analytische Methoden und zugehörige Technik vorgestellt, die im 

Rahmen verschiedener biogeochemischer Anwendungen entwickelt wurden. Diese quantitativen 

Methoden basieren auf Raman Gas-Spektroskopie kombiniert mit Signalverstärkungstechniken wie 

der Faser- oder Kavitätsverstärkung. So war es möglich Zusammensetzung und Austauschraten von 

Prozessgasen im Bereich Bodenbiodegradation, biologischer Stickstofffixierung, Fruchtreife und 

Leckage-Fluss Bewertung zu bestimmen. Im ersten Teil der Arbeit wird auf die Fruchtreife-Analytik 

eingegangen und der hierzu entwickelte Faser Raman Gassensor charakterisiert. Dieser erlaubt die 

schnelle und nichtinvasive  Analyse aller eingesetzten Prozessgase in der kompletten Nachernte-

Produktionskette. Die Analytik der weiteren Anwendungen beruht auf kavitätsverstärkten Raman 

Gassensoren. Durch Verknüpfung der thermodynamischen Gasdiffusionstheorie, dem Indikatorgas 

Schwefelhexafluorid und einem eigens entwickelten experimentellen Protokoll konnten wir den 

Einfluss physikalischer Leckage in ökologischen Kammersystemen ermitteln. Eine analytische 

Methode zur Korrektur gemessener Brutto-Gasströme und zur Identifizierung des biologischen 

Signals wurde entwickelt. Im Rahmen einer Bodenbiodegradationsstudie entwarfen wir ein 

analytisches Verfahren zur Überwachung von Fremdstoffen, hier Kohlenwasserstoffe, im Boden und 

deren Abbaudynamiken. Die verwendete nichtinvasive Methode quantifiziert den Anteil der 

abgebauten Stoffmenge gemessen an der Gesamtmenge des Schadstoffes. Da zudem simultan die 

Bodenatmung bestimmt werden kann, besitzt unser analytischer Ansatz das Potential die Dynamik 

spezifischer enzymatischer Reaktionen während der Biodegradation sowie deren Begleitprozesse 

aufzuzeigen. Im letzten Teil der Arbeit wird ein neuartiges analytisches Verfahren präsentiert, das 

erstmalig eine direkte Bestimmung biologischer Stickstofffixierungsraten ohne Indikatorgase, 

Isotopenmarkierung oder Austausch der natürlichen Atmosphäre ermöglicht. Solch simples und 

vollkommen natürliches Experimentdesign ist mit derzeitigen Standardmethoden nicht möglich. Wir 

zeigen erstmalig direkte quantitative Messungen von Stickstofffixierungsraten mittels optischer 

Spektroskopie von N2. Der von uns vorgestellte analytische Ansatz besitzt das Potential bestehende 

Messunsicherheiten von Stickstofffixierungsraten zu reduzieren und neue Forschungsrichtungen im 

Bereich biologischer Stickstofffixierung zu eröffnen.   

 

Schlüsselwörter:   Raman, Gasanalytik, biologische Stickstofffixierung, Biodegradation, Atmung, 

Gasdiffusion, Fruchtreife-Überwachung           
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1.  Motivation 
 

In the year 2001, the president of the Geological Society of America, Mary Lou Zoback, identified 

grand challenges in earth and environmental sciences for the beginning twenty-first century.1 Each of 

these challenges, e.g. recognizing the signal within the natural variability, defining mass fluxes in 

natural ecosystems or quantifying impacts and effects, will require creative interdisciplinary 

approaches. To meet these grand challenges, “we need to aggressively exploit technological 

advances in the area of monitoring active processes, both in situ and remotely”.1 This thesis 

addresses that request by discussing newly developed monitoring methods for several 

biogeochemical processes and specifically designed Raman gas sensors and analyses.   

Gases are part of various global biogeochemical cycles such as the carbon cycle, e.g. in form of the 

greenhouse gas carbon dioxide (CO2),2 and the nitrogen cycle, e.g. as dinitrogen (N2) or nitrous oxide 

(N2O).3 Gas monitoring can yield important information on not only active microbial processes, but 

also at which times these processes occur and at which efficiency. Thus, advanced gas sensors play a 

crucial role in many environmental studies, e.g. in climate research,4 investigations of the earth’s 

critical zone,5 environmental pollution studies6 or global nutrient cycling.7 The requirements a gas 

sensor should meet, depend on the specific application, of course. In general, a gas sensor should 

provide a decent repetition rate to trace fast exchange processes; be sensitive to detect small 

amounts of a substance; be selective to separate different gas species present in a sample; measure 

non-destructively to allow for repeated measurements of small sample volumes; be portable for on-

site operation; and measure several gas species simultaneously. No gas sensor can bring all of these 

requirements to perfection and, despite of recent technological advances in absorption spectroscopy 

and mass spectrometry (see section 2.2) major challenges remain. This is especially the simple and 

simultaneous detection of oxygen (O2) along with a manifold of other gas species, the gas leakage 

assessment of environmental chambers without specialized equipment and the quantification of N2 

at natural concentration levels without the need of an artificial proxy.  

O2 is still widely neglected in soil respiration measurements, most likely because additional sensors 

are needed to quantify it together with CO2, which is commonly detected with gas sensors based on 

absorption spectroscopy. It is usually assumed that the CO2 efflux equals soil respiration. That 

assumption was recently challenged by evidence of a large temporal decoupling between soil gas 

exchange fluxes (CO2 and O2) and biological soil respiration.8 This finding, based on the determination 

of respiration quotients (RQ) as the ratio between CO2 efflux and O2 influx, might result in an 

adjustment of the contribution of soil respiration as major flux in the global carbon cycle (approx. 

100 Pg C yr-1 to the atmosphere9). Measuring O2 simultaneously with CO2 and calculating the RQ can 

also be a valuable tool to identify specific chemical classes as potential carbon sources.10,11 In a model 

experiment on soil biodegradation of pathogenic benzene, we demonstrated a novel analytical 

approach on quantifying time-resolved respiration quotients and the evaporated fraction of the 

contaminant with just a single Raman gas sensor (section 4.3). The developed methods and 

instrumentation indicate the potential to simplify soil biodegradation assessments while the high 

temporal resolution of the acquired data allows a deeper understanding of active microbial 

processes. 
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Accurately determining gas leakage rates is vital to reliably quantify gas fluxes during environmental 

chamber experiments.12 A purely anthropogenic and one of the most inert and least soluble tracer 

gases is sulfur hexafluoride (SF6).13,14 Standard sensing techniques for SF6 mostly lack short detection 

and analysis times which yield more medium-term, general gas leakage trends. Thus, we developed 

an analytical approach using SF6 injections, gas diffusion theory and cavity enhanced Raman gas 

spectroscopy to quantify gas leakage simultaneously with biological respiration and photosynthesis 

processes (section 4.2). This method could improve the analysis of chamber gas dynamics and help to 

avoid under- or overestimation of biological process rates.  

Another major challenge is the direct detection and quantification of N2 at natural levels such as the 

current dry air concentration of 78.084 per cent. Although nitrogen is abundantly available in the 

atmosphere and essential for the synthesis of nucleic acids and proteins,7 most organisms cannot use 

N2.15 Instead, prokaryotic diazotrophs take up N2 via biological nitrogen fixation (BNF) and represent 

a crucial factor facilitating agricultural productivity. Despite its importance, physiological control of 

biological nitrogen fixation is not completely understood,16 also because quantification of N2 fixation 

rates at the field level or in real-time is difficult,17 especially because of the high natural background 

of N2.18 In this thesis, a novel analytical approach based on Raman gas spectroscopy is presented, 

enabling the determination of biological nitrogen fixation rates without requiring a proxy or an 

exchange of the natural ecosystem atmosphere (section 4.4). Given its simplicity, the proposed 

method indicates the potential to open up a new avenue of nitrogen fixation research.   
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2.  Current state of research 
 

This chapter opens with a description of the kinetic theory of gases, relevant quantities and 

fundamental laws relating them to each other. Established analytical methods and techniques to 

derive these quantities, e.g. the mixing ratio, the amount of substance or the gas flux, are discussed 

in the second part. 

2.1 Kinetic theory of gases and fundamental laws 
 

The kinetic theory of gases explains macroscopic properties such as pressure, temperature and 

volume by considering a gas as a large number of submicroscopic particles (atoms and molecules), 

which move constantly and randomly. Based on relatively simple assumptions, the theory predicts 

the physical state of gas with remarkable accuracy. Besides the random movement, these basic 

assumptions include that (1) the particle volume is negligible; (2) the particles have the same mass 

m; (3) a large particle number justifies a statistical treatment and (4) the particles do not interact 

except in elastic collisions.19  

The pressure p, which is defined as the force exerted by particles when hitting the container walls, 

can be related to the kinetic energy Ekin by 

𝑝 =  
2

3
 
𝑁

𝑉
 𝐸𝑘𝑖𝑛 

 

(2.1.1) 
 

Here, N represents the number of particles and V the volume. The absolute temperature T is given by 

the average particle velocity �̅� and the Boltzmann constant 𝑘𝐵(= 1.381 ∗ 10−23 𝐽 𝐾−1)  as  

𝑇 =  
𝑚�̅�2

3𝑘𝐵
 

 

(2.1.2) 
 

By combining these equations, the ideal gas law can be derived 

 𝑝 𝑉 =  𝑁 𝑘𝐵  𝑇 = 𝑛 𝑅 𝑇 
 

(2.1.3) 
 

The amount of substance n is defined as the ratio of particles N and the Avogadro constant 𝑁𝐴 (=

6.022 ∗ 1023  𝑚𝑜𝑙−1). R represents the universal gas constant (= 8.314 𝐽 𝑚𝑜𝑙−1 𝐾−1) and is 

determined as the product of 𝑘𝐵  and 𝑁𝐴.  

In a mixture of different gas species 𝑖, which don’t react chemically, each component acts 

independently and exerts an individual partial pressure 𝑝𝑖. These partial pressures add up to the total 

gas pressure (Dalton’s law) 

𝑝 =  ∑𝑝𝑖

𝑖

 

 

(2.1.4) 
 

Like the Raman gas analyzers used in this thesis, gas sensors typically provide measurement data as 

volume mixing ratios 𝜒𝑖  in units of ppm (v/v) or ppb (v/v). But for the calculation of biochemical gas 
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exchange rates, it is necessary to quantify absolute quantities such as the amount of substance n (in 

mol).20 Following equations 2.1.3 and 2.1.4, the amount of substance ni of an individual gas species 

can be determined by 

𝑛𝑖 =
𝑝𝑖 𝑉

𝑅 𝑇
=

𝜒𝑖  𝑃 𝑉

𝑅 𝑇
  

 

(2.1.5) 
 

Using absolute quantities instead of volume mixing ratios is of particular importance in experiments 

with varying water vapor levels which might cause a significant dilution of the other gases.  

The derived relations for ideal gases usually agree well with the behavior of real gases for ambient 

conditions, i.e. pressures of approx. 1 atm and room temperature. However, at very low 

temperatures or high pressures, real gases deviate significantly from ideal gases. This happens 

because basic assumptions of the kinetic theory of gases do not hold for these conditions. At high 

pressures, the gas gets compressed and the volume the gas particles occupy isn’t a negligible fraction 

of the total volume anymore. Further, it does exist an attractive force between the gas particles, 

which eventually results in gas condensation at low temperatures. The van der Waals equation 

(𝑝 + 
𝑎𝑛2

𝑉2
) (𝑉 − 𝑛𝑏) = 𝑛 𝑅 𝑇  

 

(2.1.6) 
 

accounts for these deviations by introducing correction terms for pressure and temperature. The 

constants a and b stand for the particle attraction and volume, respectively, and vary among 

different gas species. However, for normal pressure and temperature conditions, e.g. at approx. 1 

atm and 20°C, the ideal gas law and the van der Waals equation yield essentially the same results and 

typically differ by not more than 1 per cent. Because all experiments described in this thesis were 

done under close to ambient conditions, ideal gas behavior was assumed for all analytical 

calculations.      

An important transport process is diffusion, governing e.g. the gas flux from soils to the atmosphere 

(and vice versa, see 4.3) or the leakage flux out of an environmental chamber (see 4.2). Diffusion 

refers to the process of equalizing concentration differences by molecular movement. It is based on 

the statistical particle movement described by the kinetic theory of gases. The random movement of 

a gas species is superimposed by a diffusion flux J pointing towards regions with lower concentration. 

This diffusion flux is proportional to the concentration difference 
𝜕𝐶

𝜕𝑥
 (one-dimensional) and can be 

described by Fick’s first law  

𝐽 = − 𝐷 
𝜕𝐶

𝜕𝑥
  

 

(2.1.7) 
 

The gas diffusion coefficient D depends on the gas species. Small molecules such as helium or 

hydrogen have higher diffusion coefficients than bigger and heavier molecules such as sulfur 

hexafluoride or benzene.21 If two gas species (A and B) diffuse through air, the diffusion constants are 

related to their reduced masses according to22  
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𝐷𝐴

𝐷𝐵
= 

√
𝑀𝑎𝑖𝑟 + 𝑀𝐴

𝑀𝑎𝑖𝑟𝑀𝐴

√
𝑀𝑎𝑖𝑟 + 𝑀𝐵

𝑀𝑎𝑖𝑟𝑀𝐵

 

 

(2.1.8) 
 

However, this dependence on the reduced mass is not regular and diffusion constant should be 

determined empirically.23 One of these exceptions is the common tracer gas sulfur hexafluoride. 

Experimental diffusion constants compared to SF6 differ significantly from theoretical values24,25 and 

careful analysis is needed when calculating experimental gas fluxes based on SF6 fluxes. An analytical 

solution, optimized for gas measurements in static environmental chambers, is discussed in section 

4.2. 

In some cases, a substance’s volatility, i.e. its tendency to vaporize, needs to be considered for an 

exact quantification of gaseous partial pressures. The Clausius-Clapeyron relation describes phase 

transitions of a substance between the gaseous phase and a condensed phase (liquid or solid). For 

temperatures much lower than the critical temperature and at common pressures, two phases α (p1, 

T1) and β (p2, T2) are related by 

ln (
𝑝1

𝑝2
) = − 

𝐿

𝑅
(
1

𝑇1
−

1

𝑇2
) 

 

(2.1.9) 
 

Here, L denotes the latent heat of vaporization, which is commonly assumed to be constant for 

specific temperature ranges.26 For volatile substances such as benzene, the gaseous partial pressure 

at a specific temperature can then be calculated using boiling point temperature and pressure. 

Following this approach, benzene calibration spectra were created for the Raman gas measurements 

within the scope of soil biodegradation monitoring (see section 4.3).  

2.2 Established analytical techniques 
 

Most common gas analyzers can be assigned to one of the following techniques: electrochemical 

detection, mass spectrometry or absorption spectroscopy. In this section, these gas sensing 

techniques including their individual characteristics are briefly discussed.  

Electrochemical gas sensors detect gases by oxidizing or reducing them at an electrode and measure 

the resulting electrical signal. Typically, the gases pass a capillary-type opening and diffuse through a 

membrane before reaching the sensing electrode.27 Various sensor types and geometries exist which 

deploy different electrode materials and electrolytes optimized for specific gas species.28,29 The 

output signal of the electrochemical cell is directly related to the partial pressure of the gaseous 

species. Depending on the signal type, an electromotive force or an electrical current, 

electrochemical gas sensors can be classified in potentiometric or amperometric. Electrochemical 

sensors are currently the most used gas sensor types for oxygen, carbon monoxide, hydrocarbons 

and nitrogen oxides in exhaust emission measurements.30 They indicate huge potential as relatively 

inexpensive and miniaturized gas sensors, especially if integrated on silicon chips.31 However, 

electrochemical sensors typically suffer degradation which renders calibration data inapplicable.32 

Additionally, these sensors measure destructively and often experience strong cross-sensitivities33 

which significantly limits the range of possible process monitoring applications.     



6 
 

In mass spectrometry, gases or other chemicals get ionized and separated by their mass to charge 

ratio, typically by exposing them to an electric or magnetic field. The unimolecular decomposition of 

ions in the mass spectrometer is described by the quasi-equilibrium theory, which delivers the 

theoretical background to interpret mass spectra.34 Mass spectrometry is often used in tandem with 

chromatographic or other separation techniques to enhance mass resolution and specificity. 

Particular attention is attracted by isotope ratio mass spectrometry (IRMS) which allows 

determination of abundance ratios of stable isotopes such as 13C/12C or 15N/14N.35 This technique 

provides excellent precision and is generally used to define and evaluate the isotopic composition of 

international reference materials.36,37 IRMS stimulated research in environmental science and added 

new analytical tools to biologists, ecologists and geoscientists.38 However, some analytical challenges 

still remain. For instance, samples are measured destructively and in most process monitoring 

applications N2 cannot be quantified because of too high natural N2 background concentrations.39     

Gas detection via infrared (IR) absorption spectroscopy is based on the Lambert-Beer law 

𝐼 =  𝐼0 𝑒
−𝛼𝐿 

 

(2.2.1) 
 

where the transmitted light intensity I equals the product of the incident light intensity I0 and the 

absorption term  𝑒−𝛼𝐿 with the absorption coefficient α and the optical path length L.40 Here, the 

absorption strength is proportional to the dipole strength of the investigated molecule.41 Most 

common absorption spectroscopy principles are non-dispersive infrared (NDIR), spectrophotometry 

and tunable diode laser absorption spectroscopy (TDLAS).  

Broadband, non-dispersive gas sensors are compact and relatively easy to construct and have great 

commercial significance.42 Typically, emission from a broadband light source passes two adjacent 

filters, one covering the absorption features of the target gas species (measurement channel) and 

the other a non-absorbing spectral region (reference channel). Standard NDIR sensors rely on mid IR 

absorption strength, which can be several orders of magnitude higher than that in the near-IR 

absorption region. Thus, even with relatively unsophisticated sensor design, e.g. uncooled detectors, 

weak light sources and short optical path lengths, remarkable performance and low detection limits 

can be reached already.43 Fourier transform infrared (FTIR) spectroscopy is also a non-dispersive 

technique as it uses an interferometer to measure many IR frequencies simultaneously and with high 

speed. The resulting interferogram is decoded via a mathematical Fourier transformation.44    

In contrast to NDIR, spectrophotometric approaches use a dispersive element, e.g. a grating, to split 

light from a broadband source. The advantage is that multiple gas species can be detected 

simultaneously while regions with no absorption serve as reference. This fast screening of a large 

number of unknown gases is of particular importance in first responder operations and security 

applications.45     

In TDLAS, the emission of a narrow linewidth laser diode is scanned across an individual absorption 

feature of a gas species at very high resolution. The measurement is effectively self-referenced by 

comparing the major peak absorption to the zero level on either side of the line.42 One approach to 

further enhance the detectability of a TDLAS gas sensor is to increase the optical path length by using 

different optical cavity designs, either on-axis or off-axis. Here, prominent techniques are cavity ring-

down spectrometry46 (CRDS, on-axis) and off-axis integrated cavity output spectroscopy47 (OA-ICOS, 

off-axis). Because of the high speed and sensitivity of TDLAS, it is successfully applied in atmospheric 
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trace gas monitoring and isotope quantification measurements.48 However, absorption spectroscopy 

is insensitive towards molecules which do not change their dipole moment upon excitation such as 

O2, H2 or N2. These gases make up most of the earth’s atmosphere and take part in various 

biogeochemical processes, which creates the need for different gas sensing techniques. Raman 

spectroscopy as a possible approach to overcome some of the remaining gas-analytical challenges is 

discussed in the following section.    
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3 Raman gas spectroscopy  
 

In contrast to previously discussed techniques, Raman spectroscopy relies on the inelastic scattering 

of photons, typically from a laser, by the investigated molecules. Because of the crucial role of Raman 

spectroscopy for the presented analytical approaches in this thesis, the theory of Raman scattering 

and applied enhancement techniques are discussed in this chapter.   

3.1  Raman scattering  
 

The actual scattering process of photons by molecules, Raman scattering, can be readily illustrated 

on the basis of classical physics.49,50 The incoming electromagnetic wave  

�⃗� =  �⃗� 0  cos (2𝜋𝜈0𝑡) 

  
(3.1.1) 

 

with an electric field vector �⃗� , oscillating at frequency 𝜈0, induces a dipole in the molecule 

𝜇 𝑖𝑛𝑑  =  �̃�(𝜈) �⃗�  
 

(3.1.2) 
 

Here, �̃�(𝜈)represents the polarizability tensor. This quantity varies with time as it describes the 

electron response to the movements of the nuclei, which oscillate with normal mode frequency 𝜈𝑛. 

The displacement of the nuclei is typically very small, such that a Taylor expansion with the normal 

coordinates 𝑞𝑛 of the molecule can be applied (equilibrium position at 𝑞𝑛 = 0). 

         

�̃�(𝜈) =  �̃�0(𝜈0) + ∑ (
𝜕�̃�

𝜕𝑞𝑛
)
0

cos (2𝜋𝜈𝑛𝑡)

3𝑄−𝑓

𝑛=1

 

  

(3.1.3) 
 

The number of normal modes is given by 3Q-f with the number of nuclei Q and degrees of freedom f 

(f = 5 for linear and f = 6 for non-linear molecules). This yields the time dependent induced dipole 

moment  

 

𝜇 𝑖𝑛𝑑 = �̃�0 �⃗� 0 cos  (2𝜋𝜈0𝑡) + �⃗� 0 ∑(
𝜕�̃�

𝜕𝑞𝑛
)

𝑛 0

𝑞𝑛 cos  (2𝜋[𝜈0 + 𝜈𝑛]𝑡)

+ �⃗� 0 ∑(
𝜕�̃�

𝜕𝑞𝑛
)

𝑛 0

𝑞𝑛 cos  (2𝜋[𝜈0 − 𝜈𝑛]𝑡) 

 

(3.1.4) 
 

As an oscillating dipole moment creates new electromagnetic waves, the molecule contributes to 

elastic scattering (Rayleigh) at the incident frequency 𝜈0 and to inelastic scattering (Raman) at the 

frequencies 𝜈0  ±  𝜈𝑛. If the molecule was in an excited state before the scattering took place, it can 

transfer energy to the photon and the scattered wave oscillates at the frequency 𝜈0 + 𝜈𝑛 (Anti-

Stokes scattering). When the frequency of the scattered light is lower than that of the incident wave, 

i.e 𝜈0 − 𝜈𝑛, the molecule remains in an higher excited state (Stokes scattering) after its interaction 

with the photon. At ambient temperature, thermal energy is lower than the energies of most normal 

modes, such that molecules predominantly exist in the vibrational ground state and Stokes scattering 
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represents the most important case of Raman scattering.49 The developed spectroscopic methods 

and experimental setups in this thesis rely on Stokes scattering, too. 

Although the frequencies of Raman scattered light can be predicted on the basis of classical physics, 

quantum mechanics is necessary to describe its intensities.51 The polarizability tensor �̃�, with 

components defined by the molecule coordinates, determines the probability of a molecular 

transition from a vibrational state |𝑖⟩ to |𝑓⟩   

𝜇 𝑖𝑛𝑑 = [

𝛼𝑥𝑥 𝛼𝑥𝑦 𝛼𝑥𝑧

𝛼𝑦𝑥 𝛼𝑦𝑦 𝛼𝑦𝑧

𝛼𝑧𝑥 𝛼𝑧𝑦 𝛼𝑧𝑧

] �⃗�  
 

(3.1.5) 
 

  
It is useful to define the Raman cross-section 𝜎𝑖𝑓  for the transition 𝑖 → 𝑓 by 

𝐼𝑖𝑓 = 𝜎𝑖𝑓 𝐼0 

 

(3.1.6) 
 

with the incident and scattered light intensity 𝐼0 and  𝐼𝑖𝑓, respectively. For a non-oriented sample 

these intensities integrate over all scattering angles and polarizations. The Stokes Raman cross-

section correlates with the polarizability by  

𝜎𝑖𝑓  ~ (𝜈0 − 𝜈𝑛)4  ∑  |𝛼𝜌𝜙|
2

𝜌,𝜙

 

 

(3.1.7) 
 

The indices 𝜌 and 𝜙 denote the molecule coordinates.  

As spontaneous Raman scattering is a notorious weak process resulting in low scattered light 

intensities,52 almost all applications require an enhancement of 𝐼𝑖𝑓. Eqn. 3.1.6 and 3.1.7 reveal two 

possible options; using higher incident light intensities 𝐼0 or higher frequencies 𝜈0. A third option is to 

analyze not only scattered light from a single molecule, but simply to increase the number N of 

scattering molecules exposed to the incident light intensity 𝐼0. The techniques applied in this thesis, 

cavity enhanced Raman spectroscopy (CERS) and fiber enhanced Raman spectroscopy (FERS), exploit 

some of these light enhancement approaches by either increasing the incident light intensity 𝐼0 

(CERS) or the number of scattering molecules N (FERS).   

3.2 Cavity enhanced Raman spectroscopy 
 

An increase of the incident light intensity 𝐼0 by using optical cavities can be achieved in several ways. 

One approach is to deploy a Raman cell inside a laser resonator with the gain medium and to use the 

high effective laser intensity within the cavity (intra-cavity laser Raman spectrometer).53 However, 

the method used in this thesis takes advantage of the laser power build-up in an external optical 

cavity. This approach, combined with Raman spectroscopy, was firstly published by King and 

Pittaro,54 describing the frequency-locking of an diode laser to a power build-up cavity (PBC). In its 

simplest form, an optical cavity consists of two parallel, highly-reflective mirrors arranged in a linear 

geometry.55 If a laser is tuned to a resonance frequency of the cavity, light can be effectively coupled 

into the cavity and the initial laser power increased by several orders of magnitude.56,57  
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3.2.1 Experimental setup 
 

The Raman gas sensor used in this thesis (figure 1) is based on the power build-up of an anti-

reflection coated laser diode (650 nm, 50 mW). The emitted light passes a gradient-index (GRIN) lens 

and the input mirror, is focused in the center of the PBC (volume of approx. 4 cm3) and reflected back 

by the end mirror. Considering the continuous input by the laser diode and the low intra-cavity 

losses, the confocal PBC is capable of establishing an internal power of up to 100 Watt. Via the gas 

inlet port, analyte gases enter the cavity, which acts as sample container. Additional sensors record 

the gas pressure and temperature inside the cavity. The scattered light leaves the PBC in a 90° angle 

to the cavity axis, passes aspherical lenses and an edge filter and is diffracted by a planar grating. A 

linear charge-coupled device (CCD) array with 512 pixel records the scattered light. An exemplary 

spectrum of a multi-component gas mixture is given in figure 2. Eventually, the gases leave the PBC 

via the gas outlet port.  

  

 

Figure 1: Schematic diagram of the Raman gas sensor.58 The resonator mode is depicted in blue, the 

scattered Stokes light after the edge filter in green.  

The temporal resolution of the Raman gas setup is approx. 30 milliseconds. Spectra with longer 

acquisition times are averaged over the respective amount of individual 30 ms spectra. The spectral 

resolution is about 50 cm-1, which enables simultaneous detection of main atmospheric gases such as 

N2, O2 and CO2. Depending on the mixing ratios of the investigated gas species, the CERS sensor also 

provides sufficient selectivity to separate these gases from concurrently present methane, hydrogen, 

sulfur hexafluoride (see figure 2) or acetone.  

For exact quantification of gas composition changes during experimental monitoring of biological or 

chemical processes, the response time of the CERS sensor is important. From repeated step-wise 

changes of applied gas mixing ratios, the 98 % response time (τ98) was determined to approx. 2 

seconds. Thus, the CERS system has the capability to monitor dynamic and fast gas exchange 

processes. 
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Another important issue is the long-term stability of the gas sensor, in temperature as well as in 

spectral background behavior. For best sensor performance, it is recommended to maintain a 

constant temperature in the optical cavity. A small fan next to the laser diode stabilizes the internal 

sensor temperature at about 4 (± 0.3 K) Kelvin above ambient. A warm-up phase of approx. 10 

minutes is necessary after turning the power switch. The total level of background noise shows no 

systematic behavior and is not increasing with time. This indicates a homogeneous cooling of the 

CCD chip and frequent acquisition of dark spectra to correct for changing background intensities 

during long measurement campaigns is not necessary. 

 

Figure 2: Normalized spectrum of sulfur hexafluoride, hydrogen, carbon dioxide, oxygen, nitrogen and 

methane.59 Tagged are the vibrational band 𝜈1 of methane at 2917 cm-1, the ro-vibrational bands of 

nitrogen (around 2331 cm-1) and oxygen (around 1556 cm-1), the Fermi dyad of carbon dioxide (1285 

and 1388 cm-1), the rotational band S0 (J = 3) of hydrogen (1035 cm-1) and the fundamental band 𝜈1 of 

sulfur hexafluoride at 774 cm-1. 

3.2.2 Gas species quantification 
 

For hardware control and processing of the experimentally acquired spectra, a software module 

based on LabView (National Instruments, USA) was programmed. This module automatically 

processes the recorded spectra in several steps. First, the beforehand acquired and stored 

background spectrum, i.e. a spectrum of the Raman-inactive noble gas argon (Ar), is subtracted to 

compensate for potential systematic errors. Second, the recorded spectrum is normalized by the 

current laser power and gas pressure to correct for changes in the intra-cavity light intensity or 

ambient pressure. Beforehand calibrated spectra of pure reference gases (Linde, Germany and Air 

Liquide, France), which were measured individually, built the basis set for the data analysis. In the 

third processing step, measured experimental spectra comprising a mixture of spectral features of 

N2, O2 and CO2 are expressed as a sum of those basis set spectra, where the weighing coefficients of 

each basis spectrum are proportional to the mixing ratios of that species. For this, the 

overdetermined linear equation system  
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(3.2.1) 

 

 

is solved, where m represents the number of reference gases, 𝐼( �̃�𝑘𝑙
𝑟𝑒𝑓

) and 𝐼( �̃�𝑙
𝑚𝑖𝑥) the intensity at a 

specific relative wavenumber of a reference gas and the measured gas mixture, respectively, 𝜒𝑘 the 

mixing ratio (v/v) and n the number of CCD pixels. This strategy60 allows for simultaneous 

quantification of several constituents in a gas mixture while minimizing cross interferences.61 

Furthermore, deviations between the generated synthetic spectrum from the partial least square fit 

and the experimental multi-gas spectrum indicate the presence of additional gas species, which 

could be quantified by extending the amount of pure reference spectra.62 The robustness of this 

spectral data analysis can be tested with reference gases comprising the relevant gases and Ar at 

various mixing ratios close to expected experimental compositions. Those reference gases were 

typically created using mass flow controllers (model GF80, Brooks Instrument, USA), which were 

calibrated against primary standard air flow calibrators (model Gilibrator II, Sensidyne, USA and 

model Definer 220, Brooks Instrument, USA). These test measurements yield a relative accuracy of 1 

per cent for measured N2, O2 and CO2 mixing ratios.  

The limit of detection (LOD), a measure for the smallest concentration which can be quantified with a 

specified precision, is of major interest for any instrument operator. Given no spectral interferences 

with other gases, the limit of detection of the CERS sensor depends on the Raman cross-section 𝜎𝑖𝑓  

and the CCD quantum efficiency. Detection limits were investigated by evaluating the spectral 

background and its standard deviation (instrument noise) at the respective Raman bands for a blank 

sample, i.e. pure argon. As a conservative estimation of the LOD, a signal-to noise ratio (SNR) of 3 

was taken into account. The intersection of a linear regression onto the mean Raman peak intensities 

plus three times the SNR yielded 35, 130, 230 and 320 ppm as LOD values for CH4, CO2, O2 and N2 

respectively.        

3.3 Fiber enhanced Raman spectroscopy 
 

Besides enhancing the incident laser intensity, low Raman signal intensities can also be overcome by 

increasing the number N auf analyte molecules interacting with a constant laser intensity 𝐼0. The 

total Stokes Raman intensity 𝐼𝑖𝑓 scales linearly with the number of molecules N.63 

𝐼𝑖𝑓 ~ 𝑁 𝜎𝑖𝑓  𝐼0 

 

(3.3.1) 
 

This effect can be exploited by filling pressurized gas into hollow-core photonic crystal fibers64 (HC-

PCF), which thus act as sample confinement but also as wave guides for incident laser as well as 

scattered Raman light. Depending on the fiber design, the mechanism of light guiding can be very 

different; while e.g. Kagome lattice-type fibers65 rely on a mechanism akin the formation of Von-

Neumann-Wigner quasi-bound states in a continuum,66 the HC-PCF used in this work guides via a 

photonic bandgap (PBG). The latter provides much lower guiding losses and might be more suited to 

detect low concentrated gas species.  
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The HC-PCF traps light in a central defect, i.e. the hollow core, via an out-of-plane PBG created by the 

microstructure of the photonic crystal cladding. This crystal structure is formed by a periodic pattern 

of electromagnetic media, in this case a repeating hole geometry, in the scale of the effective optical 

wavelength. The PBG, which can be theoretically described by Bloch modes similar to electronic 

wavefunctions in atomic lattices,67 represents a range of frequencies in which light cannot propagate 

through the structure. Thus, the HC-PCF forms a kind of optical ‘insulator’ by confining light in the 

hollow core.    

The FERS sensor repetition time - the time between two consecutive measurements - depends 

largely on the time needed to fill the hollow core homogeneously with gas. Assuming a laminar flow 

regime, the filling time 𝑡𝑓𝑖𝑙𝑙 is given by68  

𝑡𝑓𝑖𝑙𝑙 = 
32

∆𝑝
 (

𝐿

𝐷
)
2

𝜇 

 

(3.3.2) 
 

with fiber length L, diameter D, pressure difference ∆𝑝 and viscosity µ. Given a fiber diameter of 4.8 

µm, a pressure difference of approx. 1 bar and a typical fiber length of approx. 30 cm, gas filling times 

for N2, O2, H2, CO2 and C2H4 lie in the order of several seconds but do not exceed one minute. This 

was experimentally confirmed in various test measurements. Thus, 2 minutes for gas filling and 

evacuation between consecutive measurements ensure a homogeneous gas distribution and avoid 

cross-contamination from one measurement to the next.    
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4. Research results 
 

Developed analytical methods, instrumentation and major findings resulting from research projects 

within this thesis are discussed in this chapter. First, a newly designed fiber enhanced Raman gas 

spectroscopy setup optimized for postharvest fruit monitoring applications is presented. The 

following sections describe novel analytical approaches to estimate the gas leakage of static 

environmental chambers and to monitor soil biodegradation and respiration processes 

simultaneously. Finally, an analytical method to trace biological nitrogen fixation at natural N2 levels 

without a proxy is discussed in the last section.      

4.1 An universal sensor for postharvest fruit monitoring  
 

In today’s fruit conservation rooms, ripening of harvested fruit is deliberately delayed  by precise 

management of the interior O2 and CO2 concentration levels. Shortly before entering the final 

market, the natural plant hormone ethylene (C2H4) is commonly used to trigger fruit ripening. 

Monitoring of these critical process gases is a crucial task in modern postharvest fruit management. 

Also the increasingly favored cooling agent ammonia (NH3) requires permanent monitoring as, in the 

case of leakage, it could cause severe human health risks69 and spoil delivered fruit70. Currently, a 

variety of different sensing techniques is needed to cover all gas monitoring situations, which leads 

to high costs, intensive user training and low comparability of measured data. The goal of this work 

was to develop and characterize a gas sensor setup based on fiber enhanced Raman spectroscopy for 

fast (time resolution of a few minutes) and non-destructive process gas monitoring throughout the 

complete postharvest production chain encompassing storage and transport in fruit conservation 

chambers as well as commercial fruit ripening in industrial ripening rooms. 

The developed setup (figure 3) utilizes a HC-PCF as analyte container and light guide. The laser beam 

from a solid-state laser (excitation wavelength λexc = 532 nm) is reflected by a dichroic beamsplitter 

into an objective, where it is focused in a 30 cm hollow core fiber with a bandgap suitable for low-

attenuation guiding of Raman Stokes signals up to 3500 cm−1. Custom-made adapters71 are installed 

at each fiber end, which provide reproducible laser coupling and Raman light collection as well as 

fiber filling with analyte gases. After laser-molecule interaction, the redshifted Stokes signal is 

coupled out of the fiber in a backscattering geometry, passes again the objective and the dichroic 

beamsplitter. Pinholes of 10 or 15 µm diameter filter out the silica signal originating from the fiber 

cladding and thus reduce the spectral background. We simulated typical process gas compositions 

within the fruit ripening product chain by thoroughly mixing of pure gases. Gas preparation, injection 

and data acquisition is completely automated by a custom-made LabView routine. 



15 
 

 

Figure 3: Schematic sketch of the fiber enhanced Raman gas spectroscopy setup.72 The sensor design 

and the developed analysis tools facilitate its use in postharvest fruit monitoring.  

For the first time, a robust O2 and CO2 calibration (R2 values of more than 0.999) for a fiber enhanced 

Raman sensor was achieved. For this, Raman peaks had to be integrated and normalized by gas 

pressure, temperature and current laser power. Here, the vibrational band ν0 of O2 (1556 cm−1) and 

the Fermi dyad of CO2 (vibrational bands ν1 at 1285 and 2 ν2 at 1388 cm−1) were selected for 

concentration analysis. It was demonstrated that this calibration procedure is capable of determining 

reference gas mixtures with relative accuracy of 5 percent or better. O2 and CO2 concentrations of 

standard gas atmospheres73 in fruit conservation chambers were successfully quantified, which 

demonstrates the potential of the developed system for fruit monitoring in the frame of 

conservation and storage applications.        

Typical ammonia concentrations suited for chemical alarm purposes could be detected with the FERS 

gas setup. As the vibrational band of NH3 at 3334 cm-1 was evaluated, ammonia monitoring does not 

interfere with the O2 and CO2 calibration and even higher NH3 levels does not require a sensor re-

calibration.  

In fruit ripening chambers, ethylene is applied to trigger efficient ripening by coordination of the 

expression of genes responsible for a variety of processes such as rise in respiration, autocatalytic 

ethylene production and changes in color, texture, flavor and aroma.74 We simulated typical 

atmospheres in fruit ripening chambers including approx. 250 ppm C2H4. It could be demonstrated 

that ethylene can be measured simultaneously with other present gas species due to the sensor’s 

high spectral resolution. By evaluation of ethylene’s vibrational band ν3 at 1342 cm-1, C2H4 can be 

easily distinguished from the ro-vibrational bands of the O branch of O2 as well as from the 

vibrational bands of CO2. In summary, the potential of fiber enhanced Raman systems as universal 

sensors for postharvest fruit monitoring processes could be demonstrated. Using just one sensor for 

all relevant process gases - instead of a variety of different techniques - has many benefits; it reduces 

costs and facilitates user training, improves comparability of measured values and eliminates most 

systematic errors involved in the analysis. 
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4.2 Gas leakage assessment of environmental chambers 
 

Accurate gas leakage quantification is essential for the precision of determined gas exchange rates, 

especially in the case of small net fluxes or accumulation phases. In static environmental chamber 

experiments, gas leakage fluxes might cause significant over- or underestimation of biological 

processes such as photosynthesis or respiration.12 If gas leakage is accounted for, it is commonly 

estimated by leakage fluxes of a tracer gas such as SF6 at before or after the experiment. However, 

leakage fluxes might change during a chamber experiment due to varying gas concentration inside or 

outside of the chamber. Thus, to improve the precision of biogeochemical gas monitoring, we 

developed and demonstrated a novel analytical approach for fast on-site determination and 

correction of gas leakage fluxes. 

We selected sulfur hexafluoride as tracer gas as it is a purely anthropogenic gas with extremely low 

natural background, less than 1 ppb.75 Furthermore, SF6 is chemically stable, nontoxic and has only a 

very low aqueous solubility14, which facilitates its use in plant or soil related studies. Existing 

analytical methods to detect SF6, e.g. gas chromatography,76 cannot provide sub-minute 

quantification or cannot be used to measure simultaneously O2 and CO2 to determine respiration 

quotients. Hence, we applied cavity enhanced Raman gas spectroscopy to determine leakage fluxes 

and biogenic exchange rates simultaneously and in real-time. By measuring SF6 leakage fluxes and 

using diffusion theory, the current CO2 (or any other) leakage fluxes could then be estimated.   

An important finding of this work is that theoretically derived diffusion coefficients for SF6 related 

fluxes deviate from published experimental data. We surveyed the respective literature and found a 

general underestimation of SF6 related reduced mass - free air diffusivity ratios compared to 

experimental data. Further, gas permeability parameters might differ between static environmental 

chambers due to different materials used to construct the chambers. Thus, we included experimental 

determination of “effective” diffusivity ratios as first step in the general analytical protocol to 

quantify biogenic gas leakage. These effective diffusivity ratios can then be used to estimate non-

detectable leakage fluxes of investigated biogenic gases by considering the measured SF6 leakage 

fluxes.  

We demonstrated the developed gas leakage protocol in a model experiment quantifying the 

respiration of a plant (Mirabilis jalapa) – soil ecosystem. The carbon dioxide exchange rate (CER) as 

the sum of the measured net CO2 concentration change and the estimated CO2 leakage flux was 

determined under different light regimes. For times of dark respiration or reduced photosynthetic 

activity, CO2 leakage was only of minor importance and could be neglected. But for small net CO2 

exchange, e.g. at times of enhanced leaf photosynthesis and concurrent soil respiration, CO2 leakage 

was found to be of the same magnitude as the measured CO2 exchange rate. Thus, leakage 

correction via the developed analytical protocol could improve assessment of biogeochemical 

process rates by accounting for non-biological, namely physical, gas loss mechanisms. With elaborate 

analytical leakage correction methods such as the presented approach, it might be possible to 

eventually reduce the uncertainties of several gas fluxes and responsible processes within global 

biogeochemical cycles.         
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4.3 Monitoring soil biodegradation and respiration 
 

Microbial biodegradation encompasses methods to degrade, transform or accumulate environmental 

pollutants including hydrocarbons, e.g. oil. Here, only the microorganism’s natural capability to 

metabolize these xenobiotics is exploited to reduce the amount of pollutants. As a low-cost and more 

sustainable approach compared to more active thermal or other physico-chemical techniques, 

interest in microbial biodegradation has intensified in recent years.77,78 However, to test the 

effectiveness of natural soil biodegradation processes and the underlying mechanisms under varying 

ambient conditions and indigenous microflora, the contamination and remediation needs to be 

carefully monitored.79 Especially short-term responses to contamination ‘events’ are not fully 

understood, also because analytical techniques providing on-site gas measurements with high 

temporal resolution are missing. The goal of this work was to develop an analytical method to follow 

the fate of soil contaminants as well as to monitor changes in respiration by continuously quantifying 

the RQ. The latter could elucidate the dynamics of specific enzymatic reactions and the occurrence of 

concomitant processes such as changes in the substrate for bacterial metabolism. 

We demonstrated the developed method by investigating soils from the national park Hainich in 

Thuringia, central Germany. The clayey-silty top soil, sampled from a grassland plot close to 

Kammerforst, had in general low pH and high C/N values. To simulate a contamination ‘event’, the 

field-fresh soil was spiked with benzene (C6H6) as one of the major components of industrial oil. Here, 

we applied 13C-labeled benzene to distinguish the isotopic heavier 13CO2 created by aerobic benzene 

degradation via  

𝐶6𝐻6 
13 + 7.5 𝑂2 → 6 𝐶𝑂2 + 3 𝐻2𝑂

13  

 
(4.3.1) 

 
from CO2 originating from aerobic respiration. By analyzing the total amount of produced 13CO2 with 

cavity enhanced Raman spectroscopy, we estimated the fraction of degraded benzene as almost 4 %. 

Due to its high vapor pressure, most of the spiked benzene diffused into the atmosphere and did not 

undergo any degradation during continuous 12 day experiments.  

Using a LabView based software program, we quantified automatically the respiration quotient 

approx. each 30 minutes by analyzing the chamber headspace concentration change of O2 and CO2. 

This monitoring of soil respiration allowed us to identify different phases during the experiments. In 

the pre-spiking phase before the addition of benzene, aerobic respiration could be observed. The 

benzene spiking triggered an immediate microbial response in terms of enhanced respiration, which 

we refer mainly to metabolization of deceased bacteria due to the application of carcinogenic 

benzene. Another possible process might be an increased phosphatase, as it was observed in similar 

scenarios in marine environments.80 It took about 12 hours to detect the first biodegradation 

products (13CO2) and the microbial biodegradation peaked approx. 33 hours after the contamination 

took place. After 12 days, no 13CO2 could be detected anymore, which indicates the end of the 

microbial biodegradation process.   

To summarize, with the developed non-invasive analytical method it is possible to identify different 

phases during a biodegradation process and to monitor short-term changes in the soil microbial 



18 
 

metabolism. This might open the door to a deeper understanding of contributing biological processes 

to microbial biodegradation and their dynamics.         

4.4 Direct biological nitrogen fixation measurements under natural 

conditions 
 

Biological N2 fixation is a major ecosystem input of bioavailable nitrogen, which represents the most 

frequent factor limiting the agricultural production throughout the world. Especially the symbiotic 

association between legumes and Rhizobium bacteria could provide substantial amounts of 

bioavailable nitrogen and thus reduce the need for industrial fertilizers. But measurements of 

biological nitrogen fixation prove difficult due to the lack of suitable analytical methods to quantify 

symbiotic N2 fixation continuously under natural atmospheric conditions. Hence, we developed a 

novel analytical approach based on Raman gas spectroscopy, which enables determination of BNF 

rates without requiring a proxy or an exchange of the natural ecosystem atmosphere. We report on 

the first biological nitrogen fixation rate estimates derived by optical spectroscopy of N2 and discuss 

potential limitations and expansions of the presented method as a prelude to future investigations. 

Given its simplicity, the proposed method indicates the potential to open up a new avenue of 

nitrogen fixation research. 

When it comes to agricultural nitrogen fixation inputs, most attention is directed towards legumes, 

because of their proven ability to fix N2 symbiotically in tropical and temperate environments.81 Thus, 

N2 fixation was measured in a laboratory chamber system housing legume plants, namely alfalfa 

(Medicago sativa). After introducing the undisturbed plants including roots and nodules into the 

chamber, the headspace was continuously monitored by cavity enhanced Raman gas spectroscopy. 

Although gas chromatography coupled to various detector types is a very sensitive technique to 

quantify N2,82 it does not provide a similar temporal resolution as Raman gas spectroscopy. In most 

applications, N2 exchange rates cannot be measured by these techniques due to the high natural N2 

background concentration.39 For N2 fixation rate calculation, a suitable time interval was determined 

first. Then, a linear regression (ANOVA) was performed onto the temporal evolution of the amount of 

N2 in the chamber. The slope of the linear regression yields the biological N2 fixation rate, e.g. in µmol 

N2 h-1. Finally, the obtained rate was normalized to the nodule dry weight.  

Because N2 fixation requires huge amounts of energy,83,84 active photosynthesis was found to be 

necessary for stable N2 fixation behavior. Thus, in order to improve the comparability of measured N2 

fixation rates, reported N2 fixation rates were determined only at times of stable and linear 

photosynthetic CO2 uptake. We selected the time window from closing the chamber (ambient CO2 

levels) until reaching a CO2 mixing ratio of approx. 200 ppm (v/v) for the calculation of the CO2 

uptake, O2 release and N2 fixation rate. CO2 uptake rates of the alfalfa plants are strongly correlated 

with O2 release rates (correlation coefficient of 0.97), indicating a dominant photosynthesis. 

However, O2 release rates are generally lower than CO2 uptake rates, suggesting that nodule CO2 

fixation contributes significantly to the total CO2 consumption of the plant.  

To test the proposed analytical approach, we measured the biological N2 fixation rates of 5 individual 

alfalfa replicates. Measured N2 fixation rates were normalized to the nodule biomass and ranged 

from 70 to 85 µmol N2 (g dry weight nodule)-1 h-1, which corresponds to 47 to 57 mg N (g dry weight 
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nodule)-1 d-1. All determined rates are statistically significant (p < 0.0001), even the shortest analysis 

time of approx. half an hour yielded statistically robust data. Thus, the proposed BNF rate 

quantification is applicable to short-term measurements from 30 min up to several hours without 

introducing artifacts due to the static environmental chamber design. The mean N2 fixation rate 

yielded 78 ± 5 µmol N2 (g dry weight nodule)-1 h-1. This result agrees well with reported values from 

biological nitrogen fixation studies with alfalfa and other legumes using the 15N2 incubation85,86 or the 

H2 evolution87 technique. 

In summary, the proposed method has the potential to simplify and improve biological nitrogen 

fixation measurements by (1) using ambient N2 as a direct indicator for BNF, (2) operating non-

destructively and with sub-minute time resolution, (3) not depending on external isotopes or other 

gases and (4) eliminating the need for non-fixing reference plants.  
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5.  Summary and outlook 
 

Analytical methods and instrumentation for diverse environmental applications were developed in 

this thesis. Exploiting the benefits of enhanced Raman gas spectroscopy, process monitoring 

solutions for gas leakage assessment, soil biodegradation, nitrogen fixation and fruit ripening were 

invented.  

Successful postharvest fruit management requires continuous gas monitoring during conservation as 

well as forced ripening. We designed, built and characterized a fiber enhanced Raman gas 

spectroscopy setup as universal gas sensor for fruit storage and ripening applications. Due to the 

wide low-loss photonic bandgap, the sensor is capable of detecting relevant concentrations of O2, 

CO2, NH3 and C2H4 at the same time. We demonstrated this feature by simulating and detecting 

typical gas atmospheres in conservation and ripening chambers. A robust calibration method was 

developed by accounting for physical parameters such as gas pressure, temperature and transmitted 

light intensity. Applied gas concentrations during laboratory test measurements were in good 

agreement with predicted data from the calibration routine. Further technical improvements of the 

optical part, e.g. the laser – fiber coupling efficiency or improvements in spectral background 

suppression, could be readily implemented without changes in the gas supply or detection parts of 

the sensor. Further, the present analytical methods could continue to apply for calibration and gas 

analysis purposes. The developed Raman setup indicates the potential to become a universally 

deployable on-site gas sensor for postharvest fruit applications. 

An aspect of this thesis was not only to develop new analytical tools, where none yet exist with 

comparable potential, but also to find solutions to improve the quality of current methods. Mostly 

overlooked, but potentially significant, is the assessment of gas leakage in static environmental 

chambers. Leak gas fluxes might distort determined gas exchange rates, which leads to 

misinterpretations of contributing biogeochemical processes. Thus, we developed a general protocol 

for gas leakage assessment and correction, which is demonstrated with Raman gas spectroscopy, but 

can be easily transferred to any other sensing technique without loss of generality. Following the 

analytical protocol, ‘effective’ diffusivity ratios of SF6 and the investigated gas species are determined 

and used to calculate gas leakage induced concentration changes during the experiment. This allows 

gas leakage correction parallel to the experiment, which improves the determined biogenic gas 

exchange rates especially in the case of small net gas fluxes or high concentration differences 

between the chamber headspace and the ambient atmosphere. We demonstrated that in model 

experiments, in which we quantified carbon dioxide exchange rates of a plant-soil ecosystem 

experiencing different light regimes. As the developed protocol also accounts for deviations between 

theoretically derived and experimentally observed diffusivity ratios, it might improve existing gas 

measurements in static environmental chambers and contribute to a better understanding of 

biochemical processes by including gas leakage as contributing mechanism into current experiments 

and eventually reducing gas flux data uncertainty. 

A third focus of this thesis was the development of an analytical method to monitor short-term soil 

biodegradation processes non-invasively by quantifying the soil - gas exchange with high temporal 

resolution. For achieving this goal, we designed an environmental chamber experiment involving 

isotopic labelling, controlled exchange of headspace air and automatic, continuous gas monitoring by 

cavity enhanced Raman spectroscopy. To distinguish the enzymatic reaction dynamics during 
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contaminant degradation from common aerobic respiration, we used 13C-labelled benzene as model 

contaminant. We programed an independent software algorithm, which keeps chamber conditions 

as natural as possible by regulating the internal CO2 concentration. Finally, continuous gas 

monitoring of 13C6H6, CO2, O2 and 13CO2 allows tracing the dynamics of respiration, metabolized 

substrates and biodegradation. We demonstrated the capability of this analytical approach in a 

model experiment with soils from Hainich natural park, central Germany. Using O2 and CO2 data from 

the CERS analyzer, we monitored the respiration quotient during the complete experiment. In doing 

so, we identified different activity phases, such as enhanced bacterial respiration immediately after 

the spiking or the change to benzene as metabolic substrate. Furthermore, simultaneous 

quantification of 13CO2 and diffused benzene enabled us to estimate the fractions of diffused, 

biodegraded and retained benzene. The versatility and temporal resolution of the developed 

analytical method is to date unmatched and indicates the potential of Raman spectroscopy based gas 

analysis for short-term biodegradation monitoring.  

In the last part of this thesis, an analytical method was developed, which allows direct quantification 

of biological N2 fixation without any proxy, isotopic labelling or exchange of the natural atmosphere 

as it is common in standard methods. We introduce Raman spectroscopy as novel sensing technique 

for measuring N2 uptake by legume - diazotroph symbioses under natural atmospheric conditions. 

We designed a continuous process monitoring setup encompassing an environmental chamber with 

the N2 fixing ecosystem and the Raman gas analysis part. Using cavity enhanced Raman gas 

spectroscopy we monitored the concentrations of N2, O2 and CO2 in the chamber headspace. To 

calculate the biological N2 fixation rate, we determined an appropriate time interval first. We defined 

this interval by the CO2 and O2 content in the chamber, as a decrease in BNF was observed under 

reduced photosynthetic activity of the plant. Then, the slope of a linear regression onto N2 dynamics 

of the chamber headspace yields the biological N2 fixation rate, e.g. in µmol N2 h-1. Finally, the 

obtained rate was normalized to the nodule dry weight. In several replicate measurements, we 

measured a mean N2 fixation rate of 78 ± 5 µmol N2 (g dry weight nodule)-1 h-1, which agrees well 

with published data. To our best knowledge, this is the first report on successful biological N2 fixation 

measurements with optical spectroscopy under natural atmospheric conditions. Given its simplicity 

and selectivity for N2, O2 and CO2, the proposed method indicates the potential to open up a new 

avenue of nitrogen fixation research, e.g. physiological studies of N2 fixation and photosynthesis, 

respiration or plant metabolism. 
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In dieser Arbeit wurden analytische Methoden und instrumentelle Techniken für unterschiedliche 

umweltwissenschaftliche  Fragestellungen entwickelt. Die Vorteile der verstärkten Raman Gas 

Spektroskopie ausnutzend, kreierten wir Lösungen zur Prozessüberwachung von Gas Leckage, 

Biodegradation in Böden, Stickstoff-Fixierung von Pflanzen sowie kontrollierte Fruchtreife. 

Erfolgreiches Nachernte-Management insbesondere von tropischen Früchten erfordert strikte 

Überwachung der eingesetzten Gasatmosphäre in Lagerungscontainern und Fruchtreifekammern. Da 

zurzeit eine Vielzahl unterschiedlicher Gassensoren dazu benötigt wird, lassen sich Messdaten 

untereinander nur bedingt vergleichen und es fallen hohe Anschaffungskosten und umfangreiche 

Nutzertrainings an. Daher haben wir ein faserverstärktes Raman Gas Spektroskopie System 

konzipiert, aufgebaut und charakterisiert, das als universeller Gassensor bestehende Technik zur 

Gasüberwachung im Fruchtmanagement ersetzen könnte. Aufgrund der großen photonischen 

Bandlücke der Faser können alle relevanten Prozessgase wie O2, CO2, NH3 und C2H4 gleichzeitzeitig 

detektiert werden, was wir durch Messungen an simulierten  Standard-Gasgemischen aus 

Fruchtlagerungscontainern und Reifekammern zeigen konnten. Um die Konzentrationen der 

individuellen Gasspezies exakt vorherzusagen, entwickelten wir eine umfangreiche Sensorkalibration, 

die auch Temperatur, Druck und transmittierte Laserleistung mit einschließt. Vom entwickelten 

Kalibrations-Algorithmus prognostizierte Konzentrationen stimmten gut mit Referenzwerten überein, 

was einen essentiellen Schritt in Richtung Verlässlichkeit und Genauigkeit des Sensors darstellt. 

Durch das modulare Sensordesign können zukünftige Verbesserungen des optischen Teils, z.B. die 

Effizienz der Laser – Faser Einkopplung oder der spektralen Untergrundunterdrückung, einfach 

integriert werden, ohne dass Änderungen der Detektions- oder Gaszuführeinheit nötig werden. Auch 

die entwickelte Kalibrationsroutine kann unverändert übernommen werden. Zusammengefasst hat 

der entwickelte Sensor das Potential als Universal-Gassensor im Nachernte-Fruchtmanagement 

eingesetzt zu werden. 

Ein weiterer Schwerpunkt dieser Arbeit war die Entwicklung analytischer Methoden, die 

unterstützend zu Standard-Prozessüberwachungsmethoden eingesetzt werden, um deren 

Messdatenqualität zu erhöhen. Gasleckage-Flüsse in Klimakammern sind ein häufig unterschätztes 

Problem, das jedoch im Falle kleiner Netto Gasaustausch-Raten oder im Rahmen von 

Akkumulationsexperimenten an Bedeutung gewinnt. Diese Leckage-Flüsse können das biologische 

Signal überlagern und zu Fehlinterpretationen biogeochemischer Prozesse führen. Daher 

entwickelten wir ein generelles Protokoll zur online Abschätzung und Korrektur dieser Leckage-

Flüsse. Wir demonstrierten das Protokoll mit Kavitäts-verstärkter Raman Gas Spektroskopie, es ist 

jedoch bewusst so allgemein konzipiert, dass es sich auch auf andere Techniken wie 

Absorptionsspektroskopie leicht übertragen lässt. Eine online Korrektur von Gasaustauschraten in 

Klimakammern ist durch die experimentelle Bestimmung von Diffusionsverhältnissen zwischen den 

gemessenen biogenen Gasen und dem Indikatorgas SF6 möglich. Unser Protokoll beschreibt, wie 

solche Diffusionsverhältnisse bestimmt werden und erklärt die Berechnungen zur Korrektur der 

gemessenen Gasaustausch-Raten. Als Anwendungsbeispiel führten wir Messungen der CO2 

Austauschrate an einem Pflanze-Boden Modellsystem, genauer an Mirabilis jalapa, durch. Eine 

besondere Stärke des von uns vorgestellten analytischen Protokolls ist, dass die Abweichung 

zwischen theoretischen geschätzten und empirisch ermittelten Diffusionsverhältnissen bei 

Verwendung von SF6, bereits fest eingebunden ist. Mit dem in dieser Arbeit entwickelten Ansatz ist 

es möglich, Gasleckage in Klimakammer-Experimenten besser zu berücksichtigen und damit zu einer 

Reduzierung der Ungenauigkeit von biogeochemischen Gasaustauschraten beitragen.  
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Ein dritter Schwerpunkt war die Entwicklung einer analytischen Methode zur nichtinvasiven 

Überwachung kurzfristiger Biodegradationsprozesse in Böden durch zeitlich hochaufgelöste 

Gasmessungen. Diese Prozesse treten beispielsweise nach der Verunreinigung von Böden mit 

Mineralölen, Benzen oder ähnlichen Stoffen  durch Transportunfälle oder Unwetterschäden auf. Wir 

verfolgten einen kombinierten Ansatz aus isotopischer Stoffmarkierung, geregeltem Austausch der 

Klimakammeratmosphäre und kontinuierlicher Gasüberwachung mittels Kavitäts-verstärkter Raman 

Gas Spektroskopie. Isotopie-markiertes Benzen ermöglichte die Unterscheidung enzymatischer 

Biodegradations-Reaktionsdynamiken und aerober Bodenatmung. Um die Atmosphäre in der 

Klimakammer so natürlich wie möglich zu halten, programmierten wir eine Steuersoftware, die durch 

automatische Regelung der Zufuhr von CO2-freier Luft den internen CO2 Gehalt limitiert. Weiterhin 

konnten wir durch simultane Detektion von 13C6H6, CO2, O2 und 13CO2 die zeitliche Dynamik von 

Bodenatmung, verstoffwechselten Substraten sowie der Biodegradation aufdecken. Das Potential 

unserer Methode demonstrierten wir in Modellexperimenten mit Böden aus der Nationalparkregion 

Hainich in Mitteldeutschland. Anhand gemessener O2 und CO2 Raten ermittelten wir die zeitliche 

Dynamik des Atmungskoeffizienten. So konnten wir verschiedene Aktvitätsphasen entschlüsseln, wie 

beispielsweise erhöhte Atmung unmittelbar nach Kontamination oder den genauen Zeitpunkt des 

Einsetzens der Biodegradation. Durch simultane Messung von isotopenmarkiertem 13CO2 und 

evaporiertem Benzen konnten wir das Verhältnis von diffundierten, umgewandelten und 

zurückgehaltenen Schadstoffen ermitteln. Abschließend lässt sich sagen, dass die Vielseitigkeit und 

Geschwindigkeit unseres analytischen Ansatzes momentan unerreicht ist und daher Raman 

spektroskopische Methoden ein hohes Potential zur Überwachung von Bodenkontaminations- und 

Biodegradationsprozessen aufweisen.   

Im letzten Teil dieser Arbeit wird eine analytische Methode vorgestellt, die es erstmals ermöglicht 

biologische Stickstoff-Fixierung direkt über die N2 Aufnahme aus der Atmosphäre zu messen und 

dabei nicht, wie heutige Standardtechniken, auf Isotopie-Markierung, externe Indikatormoleküle 

oder künstliche Gasgemische als Umgebungsatmosphäre angewiesen ist. Dazu bauten wir ein 

Prozessüberwachungs-System aus Klimakammer mit Stickstoff-fixierender Leguminose und einer 

Gasanalyse-Einheit. Letztere besteht hauptsächlich aus dem Kavitäts-verstärkten Raman Gassensor 

und Hilfssensoren zur Überwachung von Druck, Temperatur und Luftfeuchtigkeit. Die 

Konzentrationen von N2, O2 und CO2 in der Klimakammer wurden kontinuierlich gemessen und 

analysiert. Wir beobachteten, dass durch aktive Photosynthese die CO2 Konzentration linear sank, 

was allerdings unterhalb eines bestimmten CO2 Grenzwertes zu nachlassender N2 Fixierung führte. 

Daher entwickelten wir eine CO2 abhängige Methode zur Bestimmung der biologischen Stickstoff-

Fixierungsrate. Hierbei wird durch lineare Regression an die N2 Stoffmenge die Fixierungsrate 

bestimmt, allerdings ausschließlich solange, bis ein unterer CO2 Grenzwert von 200 ppm erreicht 

wird. Die so ermittelte Stickstoff-Fixierungsrate wird auf das Trockengewicht der Wurzelknöllchen als 

Maß für die Menge an diazotrophen Bakterien normalisiert. Die in mehreren 

Wiederholungsmessungen ermittelte mittlere biologische N2 Fixierungsrate von 78 ± 5 µmol N2 (g 

Trockengewicht)-1 h-1 stimmt gut mit Literaturwerten der verwendeten Luzerne Pflanze überein. 

Somit ist es zum ersten Mal gelungen, biologische Stickstoff-Fixierung direkt unter natürlichen 

Bedingungen mit optischer Spektroskopie zu messen. In Anbetracht der Einfachheit und Vielseitigkeit 

der verwendeten Analysetechnik besitzt sie das Potential neue Forschungsmöglichkeiten zur 

Stickstoff-Fixierung zu eröffnen, insbesondere Forschung zu physiologischen Zusammenhängen 

zwischen N2 Fixierung und Photosynthese, aerober Atmung oder Stoffwechselvorgängen.                                                                 
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