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1 Introduction

Gas sensing techniques allow for groundbreaking studies in the field of plant-physiological
processes, soil-bacteria interactions, as well as early stage monitoring of disease states
via human breath analysis [5, 174, 170, 28]. Easy-to-operate, miniaturized, on-site, and
cost-efficient gas sensors have attracted great interest in the scientific community in the
last years [50, 113]. In addition, environmental gas sensing includes the quantitative
detection and simultaneous monitoring of climate-relevant atmospheric trace gases such
as CH4, CO2, and N2O besides N2 and O2 in a wide range of concentration. Apart from
monitoring in a biogeochemical context, these gases face crucial importance as tracers for
clinical diagnostics of metabolic disorders or diseases related to human breath analysis.
The latter is non-invasive, acceptable for patients, and allows a repeatable sampling in
a short amount of time. The human breath is a mixture of different compounds such
as N2, O2, CO2, and H2O in high concentrations, minor gas components, and small
fractions of volatile organic compounds (VOC). Concentrations of these VOC vary from
parts per million (ppm) even to parts per trillion (ppt). Important gases in the low ppm
region are for example CH4, H2, CO, CO2, NH3, and C3H6O for the detection of diseases
or disorders such as lung cancer (C3H6O, CH4), (mitochondrial) oxidative stress (CO),
colonic fermentation (CH4, H2), or Helicobacter pylori infection (NH3, 12CO2/13CO2).
One major challenge is the accurate real-time quantification of many gases ranging in
different concentrations simultaneously.
The most commonly used technique to quantify a mixture of exhaled VOC is mass

spectrometry (MS) often in combination with gas chromatography (GC). Although MS
is accurate, highly sensitive, and monitors gases simultaneously within seconds, this
technique would be sample-destructive, expensive, bulky due to the requirement of high
vacuum turbo pumps, and is therefore not suitable for clinical applications. In addi-
tion, GC requires a complicated sampling preparation, is difficult to calibrate, and is
limited for miniaturization. Optical absorption spectroscopic methods such as mid- and
near-infrared absorption spectroscopy [193], (broadband) cavity-ring down spectroscopy
(CRDS) [185], or photoacoustic spectroscopy [76] are applicable for the sensitive detec-
tion of different VOC with strong dipole moment such as H2O, CO2, CH4, and N2O.
Here, the highly sensitive multi-gas detection in a single cavity at the ppb-level is re-
stricted to limited availability of NIR broadband sources. Another drawback is the lower
reflectivity of broadband mirrors with values < 99.9 % in this spectral region connected
to a necessary feedback system for the correction of opto-mechanical and opto-thermal
drifts [150]. Furthermore, these absorption spectroscopic methods cannot be applied for
homonuclear diatomic molecules such as H2, N2, or O2 due to the missing permanent
dipole moment [77].
In contrast, Raman spectroscopy is based on molecular vibrations and therefore a

potential candidate for specific multi-compound gas analysis in clinical diagnosis and
biogenic multi-gas monitoring. One main advantage for the application of Raman spec-
troscopy is the ability to detect the homonuclear diatomic gases, as well as other molec-
ular gas species including stable isotope gases such 13CO2, 14N15N, or 15N2. Raman
gas analysis is fast, non-consumptive, requires no labeling or sampling, and enables a
simultaneous detection of all gases except noble gases.
However, a major drawback is the intrinsically weak Raman effect, which has low

absolute scattering cross sections and needs to be enhanced to achieve reasonable limits
of detection for the mentioned applications. Different methods such as initializing high
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1 Introduction

power lasers [178] or applying higher analyte pressures up to 150 bar [83] to increase
the number of scattering particles, utilizing highly reflective mirrors for multi-beam pass
arrangements [99, 134, 140, 162], or applying optical power built-up cavities [110, 131] are
implemented to provide enhancement factors for sufficient sensitivity levels. Gas sensing
with optical waveguides, which enable optimal light-analyte interaction over long optical
distances, has become of growing importance and sensors based on capillaries [132, 133,
137, 20] or hollow metal waveguides [23] are well-known in literature. Nevertheless, they
suffer from high attenuation of signal and laser light within the waveguide. The resulting
sensitivities in the range of several tens to hundreds ppm are not sufficient for clinical
diagnostics and biogene multi-component gas monitoring.
However, hollow-core photonic crystal fibers (HC-PCF) have arisen as auspicious tech-

nology in the field of trace gas sensing, showing the potential to further increase the
sensitivity [32, 21, 22]. This novel type of fiber with characteristically low waveguide
losses enables the long optical interaction of laser light with Raman-active gas molecules.
State-of-the-art fiber-based Raman spectroscopic setups were introduced as a promising
new methodology for non-invasive and painless multi-component breath sensors in the
field of clinical diagnosis with detection limits < 100 ppm [35]. However, the Raman-
based detection of even lower concentrated VOC such as CH4, H2, 13CO2, or C3H6O
at concentration levels of several ppm or even sub-ppm is not yet established in med-
ical breath analysis. Hence, innovative multi-gas sensors for H2 and CH4 as combined
biomarkers for colonic fermentation of undigested or unabsorbed oligosaccharides from
exhaled human breath of concentrations in the range 1 − 100 ppm are for example re-
quired for the implementation of hydrogen breath tests.
The main objective of this thesis is to develop a fiber-enhanced Raman multi-gas sensor

for manifold applications in the field of clinical diagnosis and environmental science in a
wide concentration range. Compactness in combination with high accuracy, sensitivity,
and precision is desired for this purpose. This will be achieved by merging the versatile
Raman spectroscopic technique with applied state-of-the-art low loss microstructured
optical fibers (e.g. HC-PCF) for the Raman signal enhancement. Even though the
fiber approach is highly sensitive for several applications in clinical diagnostics, high
finesse optical cavities meet the required level of miniaturization and compactness easily
for the elucidation of complex and severely interdependent environmental processes by
adequate levels of signal enhancement. Thus, continuous monitoring of O2 and CO2
respiration rates were further performed by utilizing a field-portable cavity-enhanced
Raman spectrometric (CERS) multi-gas sensor [100] for the investigation in metabolic
substrate change for droughted and shaded trees in the field of plant physiology.
The thesis structure is as follows: Firstly, theory on quantitative ro-vibrational and

rotational Raman spectroscopy is briefly introduced in Chapter 2. The linear optical
properties of HC-PCF, the Raman signal collection, and the flow dynamics in HC-PCF
are presented in Chapter 3. Chapter 4 is focused on the optical design and analyt-
ical performance of the developed fiber-based multi-gas Raman spectroscopic setup.
First simultaneous quantification of a biogenic gas mixture and the detection of ex-
haled human breath by fiber-enhanced Raman spectrometry (FERS) are shown. Since
FERS analysis revealed an insufficiently high intrinsic signal background, the spatial
analyte signal distribution was further quantitatively and qualitatively elucidated with
the help of an applied fiber-array spectral translator-based (FAST) Raman imaging de-
vice in Chapter 5. Thus, a state-of-the-art FERS setup is adapted and improved to
serve as a multi-component Raman gas sensor for the highly sensitive monitoring of
disease-relevant multi-compound breath samples for non-invasive and painless breath
gas analysis. Hence, Chapter 6 presents the simultaneous monitoring of H2 and CH4
in a simulated multi-gas breath mixture. Chapter 7 is focused on the utilization of a
highly miniaturized cavity-enhanced Raman spectrometric device for the real-time and
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1 Introduction

long-term monitoring of minor deviations for respiratory O2 and CO2 fluxes on a high
ambient background. These concentrations changes act as an indicator for alterations
in respiratory substrate utilization for different ecologically important tree species, such
as spruce and pine, under drought and shading. Finally, the thesis summarizes both
introduced enhanced Raman spectrometric techniques and their applications in Chapter
8.
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2 Theory of quantitative Raman scattering

The process of light being scattered by molecules has the unique property of causing
resultant photons to have the same wavelength but different trajectories. This elastic
Rayleigh scattering has a probability of 10−5 relative to all incoming photons for the
transmission through 1 m of ambient air [122]. The even more rarely encountered process,
namely inelastic scattering, predicted by Adolf Smekal in 1923 [173] and experimentally
discovered by C.V. Raman and K.S. Krishnan in 1928 [149], was later named after on
of its discoverers “Raman effect”. This process of inelastic scattering of a photon with a
diatomic molecule is illustrated in Fig. 2.1.

Figure 2.1: Illustrated Raman scattering process: An incident photon (green) with energy hνin
is scattered off of a diatomic molecule (dark red). The process of inelastic scattering results
into vibrational and/or rotational excitation of a molecule with consequent energy transfer Eexc.
The energy of the scattered photon is reduced to hν′ = hνin − Eexc, and thus its wavelength is
increased (frequency is decreased).

Raman spectroscopy nowadays is used to reveal the qualitative and quantitative com-
position of samples, which can be solid, liquid, or gaseous. This chapter will provide
the reader a sufficient theoretical background to follow the thesis’ content mainly fo-
cusing on multi-component gas Raman spectrometry. Raman scattering for diatomic
molecules covering pure rotational, vibrational, and ro-vibrational Raman transitions
will be introduced. The issue of quantification is also discussed and concludes with a
theoretical explanation of signal-to-noise ratio and limit of detection. The fundamentals
of Raman effect are based on various books, e.g. by Long, McCreery, and Haken and
Wolf [77, 122, 127], which cover this chapter.

2.1 Introduction to Raman scattering
The classical representation of the Raman effect originates from the definition of the
Rayleigh scattering (Fig. 2.1). No vibration or rotation occurs for this form of radiation.
If a light beam with frequency ν0 and electric field intensity E = E0 · cos(2πν0t) scatters
off of a molecule, a dipole moment p results within the molecule electron shell. It
will vibrate with the same frequency similar to the E-vector of the incident light with
p = α · E0 · cos(2πν0t), α being the molecule’s polarizability. If the molecule already
vibrates in one of its eigenstates, the induced moment with vibrational frequency νvib
further modulates the amplitude for a change in molecular polarizability α and nuclei
distance R. It follows a time-dependent approximation with R = R0+dα/dR·(R−R0)+
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2.1 Introduction to Raman scattering

higher order terms. A general schematic setup of Raman signal collection is presented
in Fig. 2.2.

Figure 2.2: Scheme of a conventional Raman spectroscopic measurement with a 90 °-collection
geometry: The intensity of the primary collected light, which most likely will be diffusely reflected
into the detection system, is reduced compared to a 0 °-collection geometry.

The dipole moment, together with the change in polarizability, is represented with the
help of cosα · cosβ = 1/2 [cos(α+ β) + cos(α− β)]:

p(t) = α · E ≈
[
α(R0) + dα

dR
q cos (2πνvibt)

]
· E0 (2πν0t) = α(R0)E0 cos (2πν0t)

+ 1
2
dα

dR
E0 q [cos (2π(ν0 + νvib)t) + cos (2π(ν0 − νvib)t)] . (2.1)

Emerging side bands with frequencies ν0±νvib are known as the first order vibrational
Raman effect for the vibrational frequency νvib. With decreasing Raman intensity higher
orders of ν0 ± 2 νvib, ν0 ± 3 νvib, . . . are observed, i.e. the Raman effect of 2nd, 3rd, ...
order. The spectroscopic vibration is Raman active, if (dα/dR) 6= 0, which implies that
the polarizability α of the molecule changes with the nuclei distance R caused by the
vibrational Raman effect.

Figure 2.3: Energy level diagram for Raman scattering including real vibrational and virtual
energy states for Rayleigh, Stokes, and Anti-Stokes scattering. The incident photon (green) with
energy hνin excites the molecule to a virtual quantum state (|v>) followed by a transition to
a final state (|i >, i = 0, 1, 2) in combination with the emission of a scattered photon (green,
red, or blue). Rayleigh scattering: The initial and final states have no energy difference. Stokes
scattering: The energy difference Eexc = hν′− hνin is < 0. The scattered photon is energetically
red-shifted. Anti-Stokes scattering: The energy difference Eexc = hν′−hνin is > 0. The scattered
photon is energetically blue-shifted.

This semi-classical approach is not valid, if Raman intensities are discussed [77]. For
the energy shifted light, no difference in intensity would result between the incident light
shifted to lower energies and the incident light shifted to higher energies, namely Stokes
and Anti-Stokes lines. Only one photon out of 107−108 is Raman scattered and intensity

5



2.2 Rotational and vibrational Raman spectroscopy

contribution for inelastically scattered light is much smaller in elastically scattered light.
This effect becomes comprehensible through a quantum theoretical approach [77].
The Raman effect as inelastic photon scattering compared to elastic photon scattering

is illustrated in Fig. 2.3: The Stokes lines (Anti-Stokes lines) of one energy level with
a smaller (higher) vibrational quantum number ν lead to a higher (lower) vibrational
energy level for the inelastic scattering process, most probably from ν = 0 → ν = 1 for
Stokes scattering. Consequently, the wavenumber shift for Stokes Raman scattering can
be described by ν ′ = ν0− νin and for Anti-Stokes scattering by ν ′ = ν0 + νin. The inten-
sity distribution for several energy states between Stokes and Anti-Stokes transitions is
governed by the probability of initial states. This can be calculated by the Boltzmann
distribution for a thermal equilibrium:

IAnti-Stokes
IStokes

= n(ν = 1)
n(ν = 0) = exp

(−hνvib
kBT

)
. (2.2)

The Boltzmann constant kB is 1.3806488 ·10−23 J/K, Planck’s constant is 6.62606957 ·
10−34 J·s, and thus Eq. 2.2 results in a value of 0.7 % for T = 300K with νvib =
1000 cm−1. Raman scattering processes involving higher energy transfers with ∆ν =
±2, 3, . . . have much smaller probabilities compared to the previously described case of
∆ν = ±1 for Stokes and Anti-Stokes Raman scattering.
Advances of Raman spectroscopy in comparison to other typically used techniques like

absorption or emission spectroscopy are the application of single frequency laser and the
detection of homonuclear molecules, which do not exhibit a permanent dipole moment,
e.g. N2, O2, and H2. The detection of the Raman process is usually non-destructive
and non-consumptive for the analyte, non-contact, and usually no sample preparation
is required.
This introduction covers only the semi-classical approach to describe the excited states

for Raman scattering. A pure quantum mechanical model would further describe these
processes and involved energies in much more detail [122], but this is of no relevance for
the results presented here based on the given experimental precision and resolution.

2.2 Rotational and vibrational Raman spectroscopy
Vibrational states
For the description of vibrational energy states in a diatomic molecule, the generic
model of a harmonic oscillator is applied. The approximation of an energy spectrum is
as follows:

G(ν) = ωe

(
ν + 1

2

)
(2.3)

with ν being the vibrational quantum number in units cm−1. The constant ωe =
(2πc)−1√kµ−1 contains the reduced mass µ of the molecule and the spring constant
k characterizes the coupling between both atoms. For qualitative analysis of a vibra-
tional Raman spectrum this model of a harmonic oscillator is usually exchanged by the
Morse potential V = De[1− exp(−a(R−Re))]2 with dissociation energy De, equilibrium
distance Re, and a = (mr/2De)1/2ωe in units cm−1 (Fig. 2.4).
The equidistant energy level spacing for the harmonic potential is not valid for the

case of an anharmonic oscillator. The introduced correction is called the anharmonicity
constant χe ωe. Thus, Eq. 2.3 changes to

G(ν) = ωe

(
ν + 1

2

)
− χe ωe

(
ν + 1

2

)2
. (2.4)
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2.2 Rotational and vibrational Raman spectroscopy

The vibrational frequency decreases with increasing quantum number ν expressed by
ων = ωe[1− (ν + 1/2)]. Higher-order terms for adequate correction can be added in Eq.
2.4 [77], but are not relevant in this context.

Figure 2.4: Comparison between (left) harmonic oscillator and (right) anharmonic oscillator
by the model of the Morse potential with Re being the equilibrium internuclear distance and
ν the vibrational quantum number: The energy for the anharmonic oscillator converges to a
dissociation energy De at an internuclear separation of Re → ∞. No bound states will appear
above this energy.

Rotational states
The generic description of a diatomic molecule can be modeled by a rigid rotator for an
energy configuration with quantized energy states for each rotational quantum number
J . It follows the quantized energy spectrum F (J) in units of cm−1 with

F (J) = B J (J + 1) (2.5)

and B = h (8π2c)−1Θ−1 as the rotational constant for a molecule with mass-dependent
moment of inertia Θ. Similar to Stokes and Anti-Stokes side bands for the Rayleigh line,
side bands will arise for a pure rotational Raman process with ∆v = 0. The quantum
theoretical approach of the rational Raman effect resulting from an inelastic photon
scattering process leads to the selection rule ∆J = ±2 for rotational energy transitions.
Thus, the eigen energy spectrum is represented by νrot = ±B (4J + 6) in cm−1 for
J = 0, 1, 2, . . . . For an energy transition with ∆J = +2 the molecule is transferred to
higher rotational states by a scattering process for Stokes Raman scattering. For the
Anti-Stokes lines with ∆J = −2 the inverted process is valid. The first Raman line with
∆J = 0 differs by a distance of 6B from the Rayleigh line and every other line follows
with an energy distance of 4B. The intensity distribution for the rotational Raman
spectrum is distributed by the thermal population with multiplicity of J-terms. It is
expressed by

Nj = N
hcB

kBT
(2J + 1)·exp

(
−BJ(J + 1)hc

kBT

)
, (2.6)

for Nj being the number of populated electrons with N incident photons. The energy
difference of neighboring rotational energy levels is much smaller than kBT and thus a
small intensity difference for rotational Stokes and Anti-Stokes lines exists. Hence, the
description of rotational Raman energy states by the rigid rotator is not a completely
accurate description of a diatomic molecule since the molecular bonds are not rigid, i.e.
have a variable inter atomic distance R.
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2.3 Ro-vibrational Raman spectroscopy

Figure 2.5: Illustrative comparison between rigid (left) and non-rigid (right) rotator of the energy
spectrum for diatomic molecules: For the rigid rotator, the inter atomic distance R is fixed,
whereas for the non-rigid rotator a flexible atomic connection with spring constant k is realized.
For the latter, this consequently shifts the energy levels to lower values, respectively.

Usually the term in Eq. 2.5 is corrected by a stretching constantD = h (32π4kcΘ2R2
e)−1

in units cm−1 and the modified energy F (J) is then

F (J) = B J (J + 1)−DJ2 (J + 1)2. (2.7)

D is This is illustratively shown in Fig. 2.5. Again, if a higher precision for describing
the rotational Raman lines is required, further correction terms can be added [77].

2.3 Ro-vibrational Raman spectroscopy
In the previous section, the rotational and vibrational excitations are considered to be
independent of each other. Raman spectroscopy usually reveals a combination of rota-
tional and vibrational transitions leading to a so-called ro-vibrational Raman spectrum.
Energy states for ro-vibrational transitions can be simultaneously described by additional
terms contributing to these interactions. The increase of the internuclear separation R
for higher vibrational quantum numbers ν is a consequence of the anharmonicity of the
Morse potential (cf. Fig. 2.4). Consequently, rotational energy levels are shifted and
the coupling is generally expressed by replacing the constants B and D in Eq. 2.4 and
2.7 by a ν-dependent term:

B → Bν = B − α

2

(
ν + 1

2

)
, (2.8)

D → Dν = D − β
(
ν + 1

2

)
. (2.9)

α and β are the molecular specific correction constants. In summary, the complete
terms for coupled ro-vibrational excitation levels T in units of cm−1 can be expressed
by

T (ν, J) ∼=ωe

(
ν + 1

2

)
− χeωe

(
ν + 1

2

)2
+B J (J + 1)−DJ2 (J + 1)2

− αe
(
ν + 1

2

)
J (J + 1)− βe

(
ν + 1

2

)2
J (J + 1) (2.10)

− γe
(
ν + 1

2

)
J2 (J + 1)2.

This equation includes the previously described terms of the harmonic and anharmonic
oscillator, rigid and non-rigid rotator, and coupling terms with constants αe, βe, and
γe in units of cm−1. Eq. 2.10 provides all energy terms relevant for this thesis in
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2.3 Ro-vibrational Raman spectroscopy

sufficient precision. For even higher precision, higher order terms can be added. Further
corrections are introduced for example by Haken and Wolf [77].
In the ro-vibrational Raman spectrum, S−, Q−, and O−branches will arise, which is

illustrated in Fig. 2.6. In the case of Stokes scattering with ∆νvib = +1, these different
branches are characterized by the energy and selection rules as follow:

S-branch, ν0 −∆vvib −∆νrot, ∆J = +2,
Q-branch, ν0 −∆vvib, ∆J = 0,
O-branch, ν0 −∆vvib + ∆νrot, ∆J = −2.

Here, ∆νrot stands for the rotational energy difference B(4J + 6) in the case of a rigid
rotator.

Figure 2.6: Illustration of a Raman spectrum for a diatomic molecule based on the described
theory. The centric Rayleigh line Q0 (green) at the frequency of the primary line is accompanied
by pure rotational Raman lines, which are expressed by S-branch and O-branch. Vibrational
Raman transitions show as well rotational side bands for Stokes and Anti-Stokes lines. The axis
is labeled in wavelength, not in wavenumbers and the Anti-Stokes lines (blue) are usually much
weaker than the Stokes lines (red) at room temperature accordingly to Boltzmann statistics.

Nuclear spin dependency
Typical intensity alterations are observable in homonuclear diatomic molecules such as
N2, O2, and H2, as well as in molecules with an inversion center, e.g. CO2, for odd
and even rotational states J . These alterations originate from the nuclear spin with
resulting dependency on the statistics. For molecules with identical nuclei, the total
wave function must be symmetric under any given interchange of the identical nuclei
with integral spin. However, the wave function must be antisymmetric for identical
nuclei with half-odd-integral for any spin exchange. Fermions are particles with a half-
integer spin and bosons have an integer spin. Thus, the Pauli principle defines the total
wave function to be (anti-)symmetric by transposition for (fermions) bosons. In general
for a diatomic molecule with two identical nuclei with nuclear spin number I or for poly-
atomic molecules with an inversion center, the relationship for the statistical weight ga
and gs of anti-symmetric and symmetric states is

ga
gs

= I

I + 1 . (2.11)

For example for a hydrogen nucleus with I = 1/2, Eq. 2.11 leads to an antisymmetric
wave function for a hydrogen nucleus. Therefore, the rotational states with even J values
combine with antisymmetric nuclear spin functions in order to have the degeneracy of
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2.4 Signal-to-noise ratio and limit of detection

the statistical weight (2I + 1) · I = (2 · 1/2 + 1) · 1/2 = 1. The statistical weight of this
level can be defined by the number of quantum states corresponding to a given molecular
energy level. Similarly, the rotational states with odd J values combine with symmetric
nuclear spin functions resulting in a statistical weight (2I + 1) · I = (2 · 1 + 1) · 1 = 3
for molecular hydrogen. Thus, an intensity increase for every second line in the ratio
3:1 is expected in the rotational spectrum of molecular hydrogen (cf. Fig. 5.4, Tab.
2.1). Molecules with nuclear spin I = 1, e.g. 14N2, 15N2, D2, ..., will show an intensity
alteration of 1:2 in the rotational spectrum (Tab. 2.1).
In the case of heteronuclear diatomic molecules such as X-Y, the interchange of a

nuclei under a symmetric operation does not apply and the nuclear spin weight is
(2IX + 1) (2IY + 1), where IX and IY are the spins of nuclei X and Y respectively. The
nuclear spin weight is the same for each rotational level and as a consequence, there is
no intensity alteration in the rotational Raman lines, e.g. for molecule spectra such as
14N15N, 1H2H, . . . .
Molecular 16O2 is unusual because it has a 3Σ−g -ground state and the electronic func-

tion is antisymmetric. Since the 16O has a zero spin, i.e. I = 0, the total wave
function must be symmetric. Therefore, the levels with odd (even) values of J are
(anti-)symmetric for molecular oxygen. The rotational levels with even values of J com-
bine with antisymmetric nuclear spin states leading to a statistical weight of 1. Con-
sequently, only odd values of J are possible and rotational levels with even values of J
are completely absent for 16O2 and its isotopologue 18O2. This is however not true for
16O18O and 16O17O due to the non-centrosymmetric molecule feature [77] (Tab. 2.1).
The rotational Raman spectrum of 16O2 shows a general line separation of 8B for

odd values and none for even values of J . The opposite behavior occurs for 12C16O2
molecules with a zero nuclear spin for 12C. The CO2-ground state 1Σ+

g is symmetric and
the rotational levels with odd J values are completely absent due to a zero statistical
weight. Only transitions between even J values are possible.

1H2 14N2 16O2 16O18O 12C16O2 12C16O18O

I 1/2 1 0 0 0 0
ga/gs 3:1 1:2 0:1 0:1 0:1 0:1
even J para- yes no yes yes yes
odd J ortho- yes yes yes no yes

Table 2.1: The spin number I, statistical weight ga/gs, and existence of even and odd quantum
number J for prominent diatomic and poly-atomic molecules are listed. Even and odd values of
J for hydrogen are named as para- and ortho-hydrogen.

All previously described spin numbers I, the statistical weight ga/gs, and the existence
of even and odd J numbers are illustrated in Tab. 2.1. Just from the intensity alteration
within the rotational Raman spectrum of molecule, the nuclear spin number I can be
determined after Eq. 2.11.

2.4 Signal-to-noise ratio and limit of detection
The limit of detection (LOD) is defined as the ability to extract analytical information
from any spectroscopic technique. This limit within a quantitative analysis could be
calculated by default with the concentration of a certain analyte yielding a signal-to-
noise ratio (SNR) of 3 [127]. In the case of gas detection, one is usually interested
in a minimum detectable concentration cLOD or partial pressure pLOD instead of the
LOD, referring to less gas molecules compared to ambient conditions within a closed
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2.5 Quantitative Raman gas spectrometry

system. The SNR itself represents the average peak height or area under the peak above
the baseline for the intensity (total counts of area) of a Raman band S divided by its
standard deviation σy. For very low analyte concentrations usually resulting in small
peak intensities, the background noise of a neighboring region approximately equals to
the standard deviation of the Raman peak. An accurate method to define σy relies on
acquiring several spectrum repetitions, subtracting two successive spectra, and applying
it to the noise around the peak region of σy.
For the evaluation of the SNR, the general noise σy originates from a number of sources

as indicated by

σy =
(
σ2
S + σ2

B + σ2
d + σ2

F + σ2
r

)1/2
, (2.12)

where σS , σB, σd, σF , and σr are the standard deviations of analyte signal, background,
dark signal, flicker noise, and readout noise, respectively. Other noise contributions such
as additional stray light or room light are neglected in Eq. 2.12.
If the signal shot noise σs =

√
S is the only noise source, the SNR becomes S/

√
S =

√
S

with S being the number of detected photoelectrons in counts per second registered above
the background. Thus, the optimum measurement, i.e. 100 % quantum efficiency, 360°
collection angle, and 100 % spectrometer transmission, as well as a zero background,
is limited by this SNR [127]. The background noise σB is the result of luminescence
of the sample or other optics and stray laser light, i.e. optics reflection or Rayleigh
scattering. Contrary to detector and readout noise, it depends on the intensity of the
laser and the sample luminescence. The background noise is also governed by shot noise
and therefore it is σB =

√
B for B being the number of detected photoelectrons in counts

per second. This is observed when measuring very low concentrations of gas compounds,
where the small gas peak usually appears among a high background noise signal. The
dark signal originates from spontaneously generated electrons in the detector and is
strongly temperature dependent. In the case of liquid nitrogen-cooled CCD detectors,
this noise source is negligible for very low detector temperatures < −100 °C. Laser
intensity variations will consequently cause Raman scattering variations in the measured
signal and flicker noise σF would appear within this signal variation. Nowadays, power-
stable, fan-cooled laser sources nearly eliminate this noise contribution.
The readout noise σr is a consequence of the analog-to-digital (AD) conversion of

detector electrons to virtual counts by the spectrometer software next to contributions
from thermal noise and electronic component noise. All these mentioned noise sources
are strictly specified by the spectrometer manufacturer. The readout noise can be im-
portant for samples with very weak scattering, e.g. sensitive measurements with low gas
concentrations of some parts per million (ppm). This noise is not time dependent, and
thus the SNR will increase linearly in time. For strong Raman scattering of the sample,
the overall noise will be mainly restricted by the analyte shot noise and scales by

√
tS

for the measurement time tS . While SNR and LOD characterize the quality of a single
spectrum, the terms precision and accuracy relate to a set of multiple spectra and define
the quality of measurement series, i. e. the reproducibility or repeatability for a value
of interest such as the Raman signal amplitude. The precision though is connected to
random errors, whereas accuracy is associated with systematic errors.

2.5 Quantitative Raman gas spectrometry
The scattering cross-section of the Raman effect is very low around 10−23 cm2 sr−1 [55].
It yields an insufficient SNR especially in Raman gas sensing applications compared to
well-known techniques in literature such as absorption spectroscopy. This drawback can
be overcome with a proper experimental setup and several parameters can be exploited
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2.5 Quantitative Raman gas spectrometry

to improve the increase of Raman scattered light and therefore the LOD. The observed
Raman scattered light intensity IR can be expressed by the simplified equation

IR(ν̃R, ν̃0) = η I0 n

(
dσ(ν̃R, ν̃0)

dΩ

)
ΩLe. (2.13)

I0 is the intensity of the exciting laser field; n is the molecule density of the measured
gas (in parts per cm3). The factor η represents the detection efficiency of the experimen-
tal setup and takes into account intensity losses related to the signal collection geometry,
the optical components, i.e. mirrors or grating efficiencies, and the detector quantum
efficiency. The parameter Ω contributes to the solid angle of the signal collection optics.
The variable Le is the effective scattering length of the sample volume. dσ/dΩ, known
as the absolute differential Raman scattering cross-section in units of cm2 sr−1, is given
by the following equation:(

dσ

dΩ

)
= (2π)4

45
(ν̃0 − ν̃R)4

1− exp
(
−hcν̃R

kT

) h

8π2cν̃R

1
(4πε0)2 g (45a2 + 7γ2). (2.14)

Here, ν̃0 is the excitation wavenumber, ν̃R the wavenumber of the Raman signal,
g is the degeneracy of the Raman mode, a2 and γ2 are the isotropic and anisotropic
parts of the polarizability tensor in units of C2 V−2 m4. There is a linear relationship
between the Raman scattered signal, the laser intensity, as well as the particle density
of the gas (Eq. 2.13). The latter is proportional to the temperature and pressure in
accordance to the ideal gas law. Therefore, the Raman signal scales linearly with a
linear pressure increase, for example within a constant fiber core volume. In summary,
there are manifold options to improve the performance, i.e. SNR, of a Raman gas
sensor by utilizing higher laser powers, increasing particle pressure and collection angle,
reducing gas particle temperature, or decreasing the laser excitation wavelength.

Raman scattering cross sections Rotational and vibrational effects of numerous differ-
ent molecules are well characterized in literature [122, 77, 165]. For example the longest,
i.e. energetically highest Raman shift is exhibited by the lightest gas molecule hydrogen
with a Stokes shift of 4156 cm−1 [77]. It defines the largest possible detection bandwidth
for a Stokes Raman measurement of gaseous molecules [55, 165]. On the other hand,
pure rotational transition lines with high signal intensities, i.e. a high excitation prob-
ability at room temperature, for a Stokes Raman spectrum can be usually found in the
range of about 0− 200 cm−1 for common gas components, if these transitions are spec-
troscopically allowed. However, molecular hydrogen reveals pure rotational transitions
detectable with adequate sensitivity in a wide wavenumber range from 300− 1100 cm−1

(cf. sub. 5.2.1).
In literature, the absolute Raman scattering cross section of the vibrational nitrogen

frequency of 2331 cm−1 is stated to be 3.30 · 10−31 cm2 sr−1 mol−1 for an excitation
wavelength of 488 nm and at ambient conditions [55] and changes to a value of 2.23 ·
10−31 cm2 sr−1 mol−1 (0.82 · 10−31 cm2 sr−1 mol−1) for a different excitation wavelength
at 532 nm (660 nm). The absolute value is dependent on the excitation wavelength (cf.
Eq. 2.14), which is expressed more general by(

dσ

dΩ

)
L

=
(
dσ

dΩ

)
0
· (ν̃0(λL)− ν̃R)4

(ν̃0(λ0)− ν̃R)4 (2.15)

in accordance to the general λ−4-dependency in Eq. 2.14. (dσ/dΩ)L and (dσ/dΩ)0
represent the absolute differential Raman scattering cross sections for the excitation
wavelength and reference wavelength. ν̃0(λ0) and ν̃0(λL) are the Raman shifts for the
reference laser wavelength λ0 and the excitation laser wavelength λL, ν̃R the Raman
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2.5 Quantitative Raman gas spectrometry

shift for the specific vibrational or rotational Raman transition, all in units of absolute
wavenumbers.

gas Raman Raman relative Raman
reference

molecule transition shift (cm−1) scattering cross section∗

H2 S0(1) 587r 4.66 [59]
S0(2) 814r 0.65 [59]
S0(3) 1034r 0.42 [59]
S0(4) 1243r 0.01 [59]

H2 Q1(1) 4156v 3.43 [55]
N2O 2 ν2 1168v 0.08 [7]

ν1 1284v 2.34 [55]
ν3 2224v 0.51 [55]

12CO2 hot band 1270v 0.08 [50]
2 ν2 1285v 0.95 [55]
ν1 1388v 1.48 [55]

hot band 1410v 0.14 [50]
13CO2 ν1 ′ 1370v 1.48 [55]
O2 - 1556v 1.28 [55]
N2 - 2331v 1.00 [55]
CH4 ν2 1535v 0.10 [166]

2 ν4 2585v 0.01 [37]
ν1 2917v 5.78 [55]
ν3 3021v 0.18 [37]

NH3 ν1 3334v 5.00 [55]

Table 2.2: Assignment of individual Stokes Raman peaks (Raman transition and corresponding
Raman shift in cm−1) for prominent gas molecules and their relative Raman scattering sections
referred to in this thesis together with stated literature reference values. (∗, relative Raman
scattering cross sections at λexc = 607 nm compared to that of nitrogen at 2331 cm−1; r,
rotational mode; v, vibrational mode)

The relative Raman scattering cross sections for numerously prominent gas molecules,
which are detected throughout this thesis, were calculated for an excitation wavelength
of 607 nm from reference data at different wavelengths and are shown in Tab. 2.2. On
the one hand, the relative Raman intensities for an individual vibrational (rotational)
transition next to the relative Raman scattering cross sections will change for different
laser excitation wavelengths (cf. Eq. 2.15). On the other hand, the sensitivity and
thus SNR of the Raman setup will change with varying Raman scattering cross sections
for different excitation wavelengths. Lower wavelengths usually result in higher Raman
scattering cross sections and therefore a theoretically higher SNR.
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3 Linear optical properties of hollow-core
photonic crystal fibers

In the year 1991, Philipp Russell first proposed a novel type of fiber, the so-called
photonic crystal fiber [15, 14, 158]. The idea behind the invention was based on a
microstructured region consisting of periodically arranged hollow-core air holes, which
formed a 2-dimensional photonic crystal with an out-of-plane photonic bandgap. This
novel type of optical waveguide can confine and guide light inside vacuum with a sur-
rounding medium. In this chapter the idea of photonic crystals is first described and
second followed by the description of a photonic crystal fiber (PCF) and its guiding
mechanism. Next, HC-PCF and their optical properties will be introduced. Later, the
signal collection and flow dynamics in a HC-PCF will be analyzed.

3.1 Photonic crystal
Photonic crystals (PC) are formed by periodic patterns in the scale of the effective op-
tical wavelength. Electromagnetic waves propagating in a crystalline medium, which
forms the PC, face periodic spatial variations of the refractive index n in the range of
the incident light wavelength. As a consequence of this electromagnetic wave guiding,
stop bands will emerge. They range in angle and frequency and will block the waves
transmitting through the periodic structure. The incident light from an isotropic exter-
nal medium experiences two effects, being either reflected or tunneled by the periodic
structure. Only for special cases, these stop bands are able to prevent the light from
propagating in all directions within a limited frequency region (and an incident angle
range). In literature this is known as photonic bandgaps (PBG). A photonic bandgap
belongs to the category of photonic crystals, but refers to at least 2 dimensions1. Con-
trary, an 1-dimensional photonic crystal is not a photonic bandgap. In comparison to
the guiding mechanism of a photonic bandgap, the Bragg mirror demonstrates a similar
but rather easier structure. It consists of concentric periodic refractive index alterations
surrounding the core. This mechanism is based on Bragg’s law:

nλ = 2 · Λ sin Θ, (3.1)

with Λ being the grating period, n the average refractive index, Θ the angle of incident,
and λ the wavelength. For incoming light with sufficiently small incident angles, a strong
light reflection will occur (Fig. 3.1). For the majority of reflections from each Bragg
plane the Bragg condition becomes unconfined and thus for several Bragg planes, light
will not penetrate the structure’s center for a largely spanned angle. Light inside the
center will be trapped by this 2-dimensional photonic bandgap vice versa (Fig. 3.1).
The requirements are a sufficiently high refractive index contrast and an appropriate
crystal lattice for such a PBG. Yablonovitch produced the first artificial 3-dimensional
photonic structure providing a photonic bandgap in the GHz region [197, 198].

1The photonic bandgap of the later introduced photonic bandgap fiber (HC-PCF) represents a quasi-
2-dimensional (or 2.5-dimensional) photonic crystal.
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3.2 Photonic crystal fiber

Figure 3.1: Exemplary graph for the Bragg reflection effect at periodic structured planes: Cu-
mulative reflection at the Bragg angle (left), existence of a photonic bandgap by periodic plane
sets (middle), and final hexagonal shaped plane set structure representing a photonic bandgap
structure (right) are shown.

3.2 Photonic crystal fiber
The first satisfying PCF structure was drawn in 1995 [158, 159]. It was shown in lit-
erature, that PCF can confine more optical power, act as a more appropriate host for
rare-earth ions like Yb3+, Nd3+, and Er3+ [51], have higher nonlinearities than standard
optical fibers [159], can be produced in different designs with different dispersion features
[10], and can be widely used for sensing applications [40, 38, 108, 107, 39]. Photonic
crystal fibers with the characteristic microstructured cladding region can be classified
into two categories, depending on the material that is forming the fiber core. If the core
is hollow, the fiber will be named as hollow-core photonic crystal fiber (HC-PCF). If the
core is solid, it will be referred to solid-core photonic crystal fibers (SC-PCF). In the
following sections, these different optical fiber types will be discussed in terms of light
guiding and optical properties [78].

(a) (b) (c)

Figure 3.2: Cross-sections (top) and refractive radial index profiles (bottom) of (a) a step-index
optical fiber, (b) a solid-core PCF, and (c) a hollow-core PCF. The hole diameter d and the pitch
Λ for the microstructured cladding region of (b) and (c) are marked. Colors: light blue: fused
silica, dark blue: doped silica, and white: air.

Similar to standard step-index optical fibers, SC-PCF reveal a positive refractive index
difference with ncore > ncladding. The refractive index reduction is achieved by the
periodic structure of microscopic air capillaries along the whole fiber length (Fig. 3.2).
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The effective refractive index of this microstructured region is a consequence of the
air-glass phase relation with a generally smaller value than that of the undoped fused
silica core. In SC-PCF, the light is guided by a modified total internal reflection (TIR).
Fig. 3.2 shows the difference between standard step-index fibers, (undoped) SC-PCF,
and HC-PCF. For photonic crystal fibers the parameters Λ and d are describing the
hole-to-hole distance (i.e. pitch) and the hole diameter (Fig. 3.2).
The index guiding of a SC-PCF between solid core and the cladding region is shown

for the E-field in Fig. 3.3a. The refractive index n of the silica core is higher than that of
the silica-air cladding. Contrary, the perfect periodic structure creates a different E-field
in the hollow core and the periodically microstructured region shown in Fig. 3.3b.

(a)

(b)

Figure 3.3: Variation of electric field E in (a) TIR propagation fiber (SC-PCF) and (b) HC-PCF.

3.3 Guidance mechanism in photonic crystal fibers
The wavevector parallel to the interface will be conserved for light, which enters any
interface between materials. In general, the wavevector along z, which represents the
direction of the fiber length, will be conserved for optical fibers. This parameter is
represented as the propagation constant β in literature [136]. The free space vector
k0 = 2π/λ defines the maximum allowed value for β, which is defined by β = n · k0
with n being the refractive index of the medium. Light will propagate entirely inside
the medium along the fiber length in z-direction for β values higher than this cut-off
number. It will be trapped in higher order refractive index regions such as in solid-core
PCF with generally ncore > ncladding, similar to standard step-index optical fibers. The
light propagation in SC-PCF is usually shown in so-called propagation diagrams (Fig.
3.4). Therefore, the axes are normalized to the dimensionless axial wavevector β ·Λ and
the frequency ω · Λ/c. Λ defines the distance between neighboring air holes and c is
the speed of light in vacuum. Light will only propagate in the medium as long as the
propagation constant β fulfills the condition β < n · k0. These cases will be described in
more detail for the solid-core PCF in comparison to the well-known optical step index
fiber.
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Optical step index fiber
Standard optical step index fibers usually consist of a solid fiber core with a refractive
index higher than that of the fiber cladding. Let us consider a fiber core with refractive
index n = 1.47, which is surrounded by the solid material cladding with n = 1.45 (Fig.
3.4 left). Four regions of propagation are defined by theory and can be identified:

Figure 3.4: Propagation diagram of step-index fibers (left) and solid-core PCF (right): The
insights show illustratively the individual structure of each fiber. Framed numbers mark different
regions for light propagation and will be discussed in this chapter. The horizontal line exemplarily
shows the operation region of the fiber with β = n · k0, i.e. the light line. (TIR: total internal
reflection, PBG: photonic bandgap, PC: photonic crystal)

• Region 1: β < n ·k0 for core, cladding, and air with n = 1. Light can travel within
or outside the solid fiber.

• Region 2: β < n · k0 for core and cladding, β > n · k0 for air. Evanescent light
propagation will occur in air. Light is confined in the fiber core and cladding.

• Region 3: β < n ·k0 exclusively for core, β > n ·k0 for cladding and air. Evanescent
light will propagate in the fiber cladding and in air. Only for this region, light will
be confined and guided inside the core by total internal reflection (shown as an
example in point A).

• Region 4: β > n · k0 for all values of n. No propagation of light for any medium.
Light will be only evanescent in the core, cladding, and air for ncladding < β/k0 <
ncore. This region is also known as cut-off. It is not possible to trap the light in a
region with lower refractive index than that of the cladding for index guiding.

Solid-core photonic crystal fiber
Electromagnetic waves with an excitation frequency ω usually propagate through an
isotropic homogenous medium with refractive index n = n(ω) and the previously de-
scribed axial wavevector β ≤ n · k0. A PC structure can be formed by a 2-dimensional
periodic array of air holes in the glass substrate perpendicular to the normal light propa-
gation in the fiber. The schematic structure of a SC-PCF was already shown in Fig. 3.2.
This fiber is composed of pure silica without doping and a honeycomb-like microstruc-
ture of air holes within the 2-dimensional fiber cross section. The solid core is formed
by absence of these air holes in the center of the fiber. The regions of propagation are
similar to that of a solid optical step-index fiber:

• Region 1: β < n · k0 for core, cladding and air with n = 1. Light can travel within
or outside the solid fiber like in conventional step-index optical fibers.
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• Region 2: β < n · k0 for core and cladding, β > n · k0 for air. Evanescent light
propagation will occur in air. Light is confined in the fiber core and cladding.

• Region 3: β < n · k0 for silica with n = 1.45. For the microstructured cladding
region, the effective refractive index is lower due to the air holes and the air-to-silica
relation. Thus, the propagation is forbidden. Light is allowed to travel either in
the solid-core with surrounding microstructured region or in the pure silica around
this cladding region. The light guidance is possible by TIR, shown as an example
in point C (Fig. 3.2c).

• Region 4: β > n ·k0 for all region with different refractive index n. For this cut-off
region, only evanescent light will be transmitted in air and silica.

Hollow-core photonic crystal fiber
Both structures, which were previously described and are shown in Fig. 3.2c, do not
require bandgaps to allow light propagation. However, specific features, i.e. “fingers”
(Fig. 3.4 right, red lines) will appear for a PCF, but not for conventional step-index
optical fibers. A general propagation in these regions is strictly forbidden due to certain
β values, but photonic bandgaps appear as a consequence of the air hole silica structure
in the microstructured cladding region (region 5 in Fig. 3.2c). These bandgaps can
range into the propagation region 1, where light is free to propagate in air, in the solid
core, and the PC. However for PCF fabricated with a hollow core, i.e. HC-PCF, light
can propagate inside the air-filled core and will be confined by the surrounding bandgap
cladding structure. Let us consider an incident excitation frequency, which cannot find
any resonance to the PC with refractive index nPC. As a result, the electromagnetic
wave would be totally reflected. For a properly designed PBG, the light can propagate
in a medium with n < nPC (for example for point B in Fig. 3.2c). The microstructured
cladding of a HC-PCF should realize the light trapping in the hollow fiber core via a
PBG, which is created by a honeycomb-like periodic array of micro-holes in the size of
the wavelength (Fig. 3.2c).

Optical losses in photonic crystal fibers
Attenuation per unit of length, usually in units of dB/km, is one of the most important
parameters in fiber optics, because it describes for example the maximum usable fiber
length. For fiber-based Raman spectroscopic applications, the achievable sensitivity or
LOD is, among others, a consequence of the applicable optical fiber length. The higher
the fiber attenuation, the lower the effective fiber length will be. Longer fiber lengths will
provide a larger analyte-light interaction along the fiber length and thus, more scattering
molecules will be involved in the Raman process.
SC-PCF show familiar loss mechanisms like absorption and Rayleigh scattering in the

bulk glass. Roughness of the hole boundaries can cause scattering losses as well, based
on the thermally-excited surface capillary waves frozen in the fused silica fiber as it is
drawn. The attenuation of conventional optical fibers is set to a limit of 0.15 dB/km at
the telecommunication wavelength of 1550 nm due to the latter nano-scale imperfections,
Rayleigh scattering, and absorption processes by transition metal ions and hydroxyl ions
[29].
In HC-PCF, most of the light propagates in the air-filled hollow core, where all these

processes are much less pronounced. The indirect leakage from the core via the power
coupling from the core mode to surface modes is still the source of losses in HC-PCF.
An improved fiber design can minimize this spatial mode overlap. The low loss record
of 1.2 dB/km for a HC-PCF operating at 1620 nm was accomplished by Blaze Photon-
ics Ltd. This was achieved through a high purity glass usage, which was prepared by
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the vapor-phase axial deposition technique, and through the elimination of OH− con-
tamination [33]. The fiber attenuation could possibly be reduced to a practical value of
0.2 dB/km based on estimations of the still remaining loss due to imperfect fiber drawing
[152].
(HC-)PCF suffer from bend-induced losses in the same manner as conventional op-

tical step-index fibers. As a result, laser light and guided signal will leak out of the
hollow core and couple into the microstructured region from fundamental to higher or-
der modes. Bending radii are specified to minimum 3 cm for commercially available
HC-PCF. Nevertheless, transmission features for wavelengths at the bandgap bound-
aries will be dramatically modified with smaller bending radii. This circumstance will
be analytically described in Chap. 5. Additionally, an imperfect drawing process will
introduce structural variations in the transversal and longitudinal fiber dimension. This
results in an increased attenuation, which is a consequence of the high bandgap effect
sensitivity due to structural imperfection.

3.4 Characteristics of hollow-core photonic crystal fibers
(HC-PCF)

In general, HC-PCF can be categorized in two classes: the photonic bandgap (PBG)
guiding mechanisms presented in this thesis, and the guidance based on inhibited cou-
pling or von-Neumann-Wigner bound states in continuum. The latter is known as large-
pitch Kagome-, or triangular-lattice HC-PCF2 [36]. The Kagome fiber type provides
ultra-broad band guidance (several hundreds of nm) at the expense of an increased
attenuation. Contrary, commercial HC-PCF show typically attenuation with lowest
of ∼ 10dB/km for optical guidance around 1550 nm [143]. The application of HC-
PCF in the visible range increases the attenuation to a minimum value of 500 dB/km
[145, 146, 144]. This is the consequence of the λ−3-dependence for the attenuation values
[9].

Figure 3.5: Scanning electron micrograph image for the cross section of the HC-PCF “HC-1060-
02” (NKT Photonics) [142] including the hollow core, a microstructured region, and the solid
cladding region.

Hollow-core photonic bandgap (HC-PBG) fibers entail a central defect, i.e. a hollow
core, in the microstructured cladding. This core is usually composed of a 1, 7, or 19
missing hole(s) structure. In the case of a 7-cell HC-PCF, the core is formed by removing

2If not different stated, the abbreviation “HC-PCF” refers to hollow-core PBG fibers, not Kagome
fibers, without exception within this thesis.
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3.5 Raman signal collection for HC-PCF

7 capillaries from the cladding. A typical HC-PBG fiber (model “HC-1060-02”, NKT
Photonics) with a 7-cell structure, operating in the IR range, is shown in Fig. 3.5. The
microstructured fiber cladding region features a pitch Λ of 2.8 µm, a fiber core diameter
of 10.0 µm, and a strand thickness of ∼ 0.1 µm (Fig. 3.5). The diameter of the whole
centrosymmetric microstructured region is 50 µm and the fiber diameter sums up to
(123 ± 5) µm [142]. These structure parameters will define the guidance properties of
the fiber.
More than 95 % of optical power is located in the form of a Gaussian-like fundamental

mode in the air-filled hollow core with an effective mode index of 0.99 [145]. The hollow-
core structured cladding normally contains minor glass content. Thus the air-filling
fraction can reach values higher than 90 %. The NA of the HC-PCF is specified to
∼ 0.2, which should be matched by a proper lens for the laser beam coupling.
The HC-PCF is characterized by a PBG with low attenuation restricted by a certain

wavelength region. For the presented PBG fiber in Fig. 3.5, the spectral transmission
window spans approximately from 1010− 1130 nm [142]. Characteristic loss spectra for
the differently applied HC-PCF, operating in the VIS range, are shown in Fig. 3.6 and
will be of importance for the second part of this thesis.

(a) (b)

Figure 3.6: Measured attenuation graph for the applied HC-PCF of (a) “HC-580-02” and (b)
“HC-633-02” from NKT Photonics: The dashed lines represent the laser wavelength at 532 nm
in (a) and 607 nm in (b), respectively. The dotted line in (b) illustrates another excitation
wavelength at 660 nm utilized for this thesis. Graph generated from data provided by [82, 79].

3.5 Raman signal collection for HC-PCF
3.5.1 Backward and forward simulated Raman scattering in HC-PCF
The fiber attenuation characteristic will primarily determine the useful length of a Ra-
man cell. The loss, or attenuation α in m−1, at a particular wavelength is determined
by a number of different factors. In the case of PBG fibers, the loss is a function of the
2-dimensional bandgap geometry, as well as structure imperfections originating from the
fiber-drawing process. Attenuation losses for the excitation laser wavelength with initial
intensity I0 are physically expressed by αL. The laser intensity IL at any point x along
the fiber length L is then given by Beer-Lambert law with IL = I0 · exp (−αL x).
The Raman signal IR scales naturally linear with the probe volume length (Eq. 2.13).

The fiber transmission losses for laser light and Raman signal will modify this scaling.
The collection of the Raman signal can be distinguished between a forward scattering
and backward scattering arrangement resulting in a Raman signal intensity difference. In
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3.5 Raman signal collection for HC-PCF

general, the specific application goal must be considered for the design of a fiber-based
Raman setup. The effective fiber length Lfor

eff and Lback
eff for a forward and backward

scattering arrangement with fiber length L is defined by [4]

Lfor
eff = e−αLL − e−αRL

αR − αL
and (3.2)

Lback
eff = 1− e−(αL+αR)L

αR + αL
, (3.3)

where αL and αR in m−1 represent the attenuation of the excitation laser light and
the Raman signal at a specific Raman frequency. Both attenuation factors are governed
by the attenuation profile of the fiber (Fig. 3.6). The maximum effective fiber lengths
Lfor
eff,max and Lback

eff,max for forward and backward Raman scattering in HC-PCF are [4]

Lfor
eff,max =

(
αR
αL

)−αL/(αR−αL)
−
(
αR
αL

)−αR/(αR−αL)

αR − αL
and (3.4)

Lback
eff,max = 1

αR + αL
(3.5)

for αL 6= αR. According to manufacturer specifications for the commercial HC-PCF
“HC-633-02” [146] together with the Eq. 3.4-3.5, maximum effective fiber lengths of
Lfor
eff,max = 0.55m and Lback

eff,max = 0.43m are resulting for an excitation wavelength of
660 nm and the Raman signal of rotational hydrogen band S0(1) at 587 cm−1 (cf. Tab.
2.2 and Fig. 3.6).

Figure 3.7: Simulated relative Raman intensity vs. effective fiber length for the HC-PCF “HC-
633-02” [146] and an excitation wavelength at 660 nm referring to the rotational hydrogen band
S0(1) at 587 cm−1 (solid) and vibrational band of oxygen at 1556 cm−1 (dashed) in accordance
to Fig. 3.6 and Eq. 3.2-3.3 for 3 different scattering geometries in comparison: forward (blue),
backward (black), and combined forward with backward Stokes scattering (red).

The difference between backward and forward scattering signal guidance in HC-PCF
is shown in Fig. 3.7. The Raman signal increases exponentially for both scattering
arrangements according to Eq. 3.2-3.3. Nevertheless, higher Raman intensities can be
realized for longer fiber lengths for backward Raman scattering in HC-PCF since the
signal intensity increases exponentially to a maximum effective length (Fig. 3.7, black
curve). The strongest Raman intensity is generated at the fiber input for unattenuated
laser light and Raman signal. The guided laser light along the fiber will be consequently
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3.5 Raman signal collection for HC-PCF

attenuated at longer fiber lengths, producing less Raman signal. Additionally, this Ra-
man signal has to be transmitted back to the fiber input, what is accompanied by higher
fiber losses. Increasing the fiber length to values larger than the effective length will
lead to saturation in achievable Raman signal, since the additionally transmitted Ra-
man signal will be attenuated to zero (Fig. 3.7, black curve). For forward scattering the
highest Raman signal will be generated at the fiber input and will be also transmitted
longest in the fiber. Hence, it will experience the highest loss (Fig. 3.7, blue curve).
Increasing the fiber length introduces more signal loss and the higher attenuated laser
light will generate less additional Raman signal at fiber positions close to the fiber out-
let. Increasing the fiber length to large values will fully attenuate the forward guided
Raman signal to zero (Fig. 3.7, blue curve). The combination of both signal collection
arrangements in forward and backward scattering will theoretically lead to a stronger
exponential increase in Raman signal until the maximum effective length is reached [4].
Longer fiber lengths will exponentially decrease the Raman intensity, comparable to
forward scattering until the saturation maximum of backward scattering (Fig. 3.7, red
curve).

3.5.2 Silica Raman background of HC-PCF
The here introduced microstructured optical fibers are made of undoped fused silica, i.e.
quartz glass material. The thin silica strands with a thickness of ∼ 100 nm form the
hexagonal-shaped air capillaries of the microstructured region. The guided excitation
laser beam inside the hollow core along the fiber will penetrate into the surrounding
microstructured region formed by these miniaturized silica strands. Thus, the fused
silica structure essentially produces parasitic silica Raman signal, which will be guided
with low loss inside the hollow core as well. Based on the intrinsically higher absolute
Raman cross section of the fiber glass material compared to the weaker of gas molecules,
the resulting larger silica Raman background has to be cleared out for highly sensitive
Raman gas spectroscopy. Additionally, general bandgap structure imperfections along
the HC-PCF will generate higher losses connected to a larger content of parasitic silica
Raman signal guided inside the air-filled core. The small HC-PCF core diameter of
∼ 5 µm introduces a tradeoff between a minimum focus diameter and matching the
acceptance NA of the fiber. High NA microscope objective lenses guarantee a minimum
focal diameter of several micrometer smaller than the fiber core, but also have a larger
NA than the fiber acceptance NA. Thus, silica Raman signal in the microstructured
silica cladding will be generated by the laser light that cannot be guided in the air-filled
core. The application of a small NA objective lens is normally limited to a minimum
focus spot diameter larger than the fiber core diameter. Similarly, the holey cladding
region surrounding the hollow core produces parasitic silica Raman signal next to the
analyte signal collected by the lens optics. The right choice of magnification and lens
NA in advance will minimize the interfering Raman signal content of fused silica.
A typical silica Raman spectrum originating from the silica microstructured region

of a HC-PCF is shown in Fig. 3.8. SiO2 mainly consists of six-membered rings at
ambient conditions (compare the inset in Fig. 3.8). The W1 band between 200 −
500 cm−1 generally reflects the six-member ring behavior and is associated with the Si-O-
Si bending motion, i.e. a symmetric stretching of the bridging oxygen. The defect bands
D1 and D2 at 495 cm−1 and 606 cm−1 are associated with breathing modes of three-
and four-membered rings [163]. The W3 band at 820 cm−1 arises from an unresolved
TO-LO phonon pair, whereas the W4 band is related to a TO and LO phonon at around
1060 cm−1 and 1190 cm−1. The Raman spectrum at wavenumbers larger than 1200 cm−1

is dominated by a certain fluorescence background extending to higher wavenumbers
[192].
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3.6 Gas flow dynamics in HC-PCF

Figure 3.8: Raman spectrum of undoped fused silica obtained with a 532 nm laser and the HC-
PCF “HC-580-02” [145]. Inset: Illustration of amorphous silica showing Q2 and Q3 species as
tetrahedral with two and three coordination to the surface, respectively [46].

The detection of vibrational Raman bands of gaseous compounds is presented in a large
wavenumber region up to 4200 cm−1. The pure rotational band structure of molecular
gas components can span up to wavenumbers of 4200 cm−1, e.g. for molecular hydrogen.
These bands in this low spectroscopic fingerprint region can in general be detected on
a high fused silica Raman background (Fig. 3.8). The silica Raman noise of individual
bands will significantly contribute to the individual peak noise of the investigated Raman
band. Consequently, the SNR will be reduced by the additional silica noise contribution,
as well as the potentially lower signal peak intensity. This will be quantitatively discussed
in Chap. 6. For extremely sensitive Raman spectroscopic multi-gas sensing in the ppb-
concentration range, a reduction of this silica Raman noise has to be accomplished.
The introduction of spatial filtering by different spectrometer functions represents

a feasible option for a consequent silica Raman noise reduction originating from the
microstructured cladding region and outer core region [82]. Guided silica Raman signal
inside the fiber core can be further cut out by additional spatial filtering within the fiber
image plane. Both methods will be discussed in Sec. 6.1.

3.6 Gas flow dynamics in HC-PCF
For the Raman spectroscopic detection of different gas compounds together with HC-
PCF, the gaseous analytes will be introduced to the hollow core, where most of the
exciting laser light is guided. This effectively creates a great interaction path between
light and the gaseous analyte along the whole fiber length. There are two ways to
introduce gas molecules into the fiber, either by diffusion or a gas flow as a consequence
of a pressure gradient along the fiber length

3.6.1 Diffusion
The gas composition can gradually penetrate the fiber by diffusion. This diffusion can
be characterized by a relative concentration of gas inside the fiber averaged over the
fiber length. This concentration C is found by the integration of local concentrations
obtained by solving the diffusion equation with corresponding boundary conditions. This
is expressed by the following infinite sum:

C = 1− 8
π2

∞∑
j=1,3,5

1
j2 exp

[
−
(
j π

i L

)2
D t

]
, (3.6)
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where L is the fiber length, D the diffusion coefficient for the individual gas component,
and t the time. For example, the value ofD for molecular hydrogen (methane) in ambient
air is 0.627 cm2 s−1 (0.106 cm2 s−1) for p = 101.325 kPa and T = 293.15K [119]. The
factor i in Eq. 3.6 equals two values: i = 1 is used for two open fiber ends, i = 2
for one end opened. Applying the diffusion coefficient for hydrogen in ambient air, the
dependence of the average relative concentration vs. time for 4 different fiber lengths
with one or both ends opened is plotted in Fig. 3.9. As expected, the diffusion into the
microstructured fiber for both ends opened is realized significantly faster than for one
opened end (Fig. 3.9). It has to be mentioned, that surface effects of the inner fiber core
were neglected. This was ensured by the considerably larger fiber core diameter of some
µm in comparison to gas molecule diameters < 1 nm. Table 3.1 summarizes the total
time t90 to fill the hollow fiber core with 90 vol. % hydrogen or methane in ambient air
for 4 different fiber lengths analogous to Fig. 3.9.

Figure 3.9: Time-dependence of the average relative hydrogen concentration in ambient air inside
a HC-PCF with core diameter of 6 µm and different lengths of 0.02 m (black), 0.1 m (blue), 0.6m
(red), and 1.0 m (green) for one end opened (dashed lines) and two ends opened (solid lines) was
simulated and is illustrated.

fiber length L (m) t90 (H2) (s) t90 (CH4) (s)
1 open end 2 open ends 2 open ends

0.02 6 2 8
0.10 136 34 200
0.60 4869 1218 7200
1.00 7523 3380 19998

Table 3.1: Expected time t90 to obtain 90 vol. % average hydrogen or methane concentration in
ambient air for diffusion into the hollow core of a HC-PCF with different fiber lengths L for one
and both fiber ends opened at ambient conditions, respectively.

Because the Raman signal scales exponentially with the fiber length, realistic effective
fiber lengths will scale in the range of 0.5− 1.2m for the presented HC-PCF. The fiber
filling by diffusion would result in measurement times in the range of minutes to hours
for a complete filling of the core with gaseous analytes (Tab. 3.1). Moreover, the
introduction of a multi-component gas mixture with different diffusion constants would
result in different diffusion speeds. However, real-time gas sensing applications demand
a general detection of concentration changes in the low second range. Conclusively, a
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3.6 Gas flow dynamics in HC-PCF

quantitative gas sensing in HC-PCF in combination with filling times of less than several
seconds cannot be covered by the diffusion regime.

3.6.2 Flow regime
The determination of flow characteristics inside a capillary or microstructured hollow-
core fiber is based on kinetic molecular principles, driven by a pressure gradient between
both fiber ends. In general, the flow of gas compositions is governed by the dimensionless
Knudsen number, Kn = λm/d, with λm being the mean free path of a gas molecule and
d the capillary or hollow core diameter [11, 86]. High Knudsen numbers, i.e. Kn � 1,
indicate a region of free molecular flow, where molecules most likely collide with the
inner capillary walls, rather than with each other. Knudsen numbers around 1 define
a so-called slip or transitional flow, where intermolecular collisions and wall collisions
play an important role for capillary flow characteristics. Small values of Kn describe
the hydrodynamic or Poiseuille flow region, characterized by a parabolic flux variation
across the capillary radius with almost zero flow near the tubing walls.
The mean free path can be determined by λm = kBT/

(√
2π d2

m p
)
with kB the Boltz-

mann constant, T the temperature, dm the molecule diameter, and p the pressure. Using
an exemplary HC-PCF core diameter of 5.8 µm and a mean free path of λm = 58.8nm
for molecular nitrogen (at atmospheric pressure and T = 273.15K) [88] results in a
Knudsen number of 0.01, i.e. the Poiseuille flow regime [86].
Poiseuille flow assumes a dynamic viscosity η for the flowing gas, which is independent

of the pressure p. The change in volume dV within the time dt is then given by [105]

dV = πr4∆p
8ηL dt , (3.7)

with r being the capillary radius, ∆p the pressure difference between both fiber ends,
and L the capillary/fiber length. A steady-state flow was assumed, i.e. non-changing
pressures at any point in the system. In a steady-state flow system, the filling time of
the capillary’s inner volume can be estimated as

tfill = 8ηL
πr4∆pV = 8ηL2

r2∆p. (3.8)

The filling time scales with the square of the capillary length L and anti-proportional to
the square of the capillary radius r. Therefore, filling times are significantly dependent
on length and core diameter of a microstructured photonic crystal fiber. Figure 3.10
shows the estimated filling times for two different fiber lengths 0.3 m and 1.0 m with
varying differential pressure from 0 − 19bar. The filling time between the hollow core
with diameters of 5.8 µm and 6.6 µm and the small holes of the microstructured cladding
region with diameter size of ∼ 1 µm are compared exemplary for “HC-580-02” and “HC-
660-02”. The Poiseuille regime for filling the fiber indicates mainly reduced gas analyte
filling times for short enough fiber lengths in combination with high input pressures
much larger than the ambient pressure [135].
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Figure 3.10: Simulated filling time of a HC-PCF with fiber core diameters of 5.8 µm (red) and
6.6 µm (black) compared to that with a core diameter of ∼ 1 µm (blue) for the microstructured
cladding region: The filling gas is ambient air with a dynamic viscosity of 17.1 µPa s (at 273.15K)
[119]. Two different fiber lengths, 0.3 m (dashed lines) and 1.0m (solid lines), are considered
according to Poiseuille flow regime (Eq. 3.10).

Only for high pressures (> 10bar) and short fiber lengths (< 0.3 m), the filling time
would take some seconds, exemplarily shown in Fig. 3.10 for the HC-PCF “HC-580-02”
and “HC-633-02” with hollow-core diameters of 5.8 µm and 6.6 µm. Contrary, small
pressure differences will significantly increase the filling time for gaseous analytes to
several hundreds of seconds. Furthermore, the filling times for an individual cladding
hole are around some hundreds of seconds (Fig. 3.10). It has to be mentioned, that the
successful filling of hollow core and microstructured region within several seconds cannot
be achieved at the same time, even for very short fiber lengths in combination with high
gas pressures. Because their will be no relevant Raman signal contribution from the
microstructured cladding region, gas residuals inside the small hollow capillaries from
a previous concentration detection will be of no effect for any real-time gas monitoring
application.
All in all, the trade-off between sensing speed and detection sensitivity has to be

stressed out. Fiber lengths much shorter than the optimum effective fiber length lead
to a rapid analyte filling of the fiber core, but the absolute sensor sensitivity ability is
decreased by a reduced analyte Raman signal generation along the fiber. Fiber lengths
around the optimum effective fiber length in dependency of the fiber attenuation will
increase the analyte Raman scattering output at the expense of longer filling times (Fig.
3.10). The different fiber length for each experiment is consequently stated in this thesis.
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4 Fiber-enhanced Raman spectroscopy with
HC-PCF

The challenge in Raman spectroscopy is that it is based on the Raman effect, which
is intrinsically weak compared to other effects like fluorescence or photon absorption.
About one out of 106 photons will be inelastically scattered by the Raman effect [77].
Introducing conventional Raman spectroscopy to a competitive multi-gas sensor tech-
nique, a tremendous enhancement for compensation of the generally very low absolute
scattering cross sections for gas molecules with ∼ 3.3×10−31 cm2 sr−1 mol−1 [55] has to
be applied. And here the HC-PCF as a novel type of fiber comes into play. This fiber
realizes enhanced light-analyte interaction over long optical path lengths and for very
small sample volumes less than 1 µL inside the hollow core. In this chapter, a fiber-based
Raman system utilized for the quantification of gas concentrations will be described and
characterized. Finally, quantitative fiber-enhanced Raman measurements in the field of
biogene gas sensing and human breath analysis are presented.

4.1 Fiber-enhanced Raman spectroscopic (FERS) setup
The basic fiber-based Raman spectroscopic setup for the quantitative analysis of multi-
gas samples illustrated in Fig. 4.1 will be briefly described. In the following sections, each
individual optical component will be characterized in more detail. Changes of individual
components or analysis procedures between certain measurements will be indicated at
the paragraphs if necessary. Subsequent software procedures and methods for processing
of raw data are discussed below in section 4.2.

4.1.1 General setup for Raman measurements
The presented fiber-based Raman spectroscopic setup consists of 3 switchable continuous-
wave (cw) operated diode-pumped solid-state (DPSS) lasers. The individual laser beam
passes through a Keplerian telescope (T) with different possible magnification, after
being reflected by a dichroic mirror (DC) into a microscope objective lens (OL), which
focuses the excitation laser light into the microstructured optical fiber (MOF). Both fiber
ends are fixed in specially constructed fiber adapter assemblies designed by Di Yan [62]
(A1, A2 with input (I) and output (O) port), which sit on a three-axis nano-positioning
system (model “MAX313D”, Thorlabs Inc.). The transmitted laser light is measured by
a powermeter (PM: model “PM100D, Thorlabs Inc.) at the other fiber end (A2). The
backscattered Raman signal from one fiber end (A1) is collected by the objective lens
and passes the dichroic mirror (DC) before a Raman edge filter (E), which additionally
blocks the strong Rayleigh signal for each laser wavelength. A pinhole (P) spatially
filters the Raman light. The Raman signal is focused by an achromatic lens (L) on the
slit of the spectrometer (SPEC) and is imaged onto a liquid nitrogen (LN2) cooled CCD
detector.
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Figure 4.1: Design of the fiber-enhanced Raman spectroscopic setup, consisting of a laser, Ke-
plerian telescope (T), long-pass dichroic beam splitter (DC), objective lens (OL), fiber adapter
assembly (A1 and A2 with input (I1, I2) and output (O1, O2)), microstructured optical fiber
(MOF), powermeter (PM), pinhole (P), edge filter (E), aspheric lens (L), spectrometer (SPEC),
and CCD detector, is shown.

4.1.2 Laser source
Normally, commercially available Raman systems are equipped with lasers with some
hundred milliwatts of output power. However, the low particle density of gases at atmo-
spheric pressure in combination with intrinsically low Raman scattering cross sections
demand higher laser power for compensation. For the presented setup, the signal can
be generated by 3 switchable lasers, two frequency-doubled Nd:YAG lasers at 532 nm
(model Opus) and 660 nm (Model Lux) from LaserQuantum Ltd., and a single-frequency
laser at 607 nm from Lasos Lasertechnik GmbH. These lasers are all cw-operated DPSS
lasers with maximum output powers of up to 3.2 W (Tab. 4.1).

parameter/model Opus [124] Lasos [71] Lux [123] unit

wavelength 532.2 606.5 659.3 nm
bandwidth 1.0 0.8 1.0 cm−1

power 3.2 0.06 1.0 W
beam diameter 1.8 0.7 0.65 mm

M2 1.1 1.0 1.2 -
divergence Θ 0.4 1.1 1.5 mrad
rms noise 0.4 1.3 0.6 %

Table 4.1: An overview of the selected cw-operated DPSS lasers referring to important system
parameters, which had to be considered for FERS measurements within this thesis, is presented.

They generally feature excellent beam quality expressed by the measurable quality
factor M2, ranging from 1.0 - 1.2 (Tab. 4.1). The pointing and power stability of DPSS
lasers, as well as the wavelength stability, can be strongly improved by the tempera-
ture stabilization of the laser ground plate. Accordingly, the lasers were equipped with a
thicker fan-cooled laser plate. The laser temperature was stabilized down to ∆T = 0.1K
resulting in general power stabilities better than 0.3 %. The experimentally determined
power stability for 200 mW with a standard deviation of 0.04 % for the temporal dis-
cretization of 1 second is shown in Appendix A.2. The power stability, next to the
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stability of the laser beam coupling, is crucial and the main source for the overall error
of the quantification process.

4.1.3 Coupling optics
Cw-operated DPSS lasers often radiate laser beams in the form of a spatial Gaus-
sian beams [169]. These beams can be described by the Gaussian function I(r, z) =
P/
(
π w(z)2/2

)
· exp

(
−2 r2/w(z)2) [136]. Here, w(z) is the beam radius at position z,

r is the radial distance from the center axis of the beam, and w0 the distance from the
beam axis where the laser intensity I drops to 1/e2 of the maximum value. The beam
radius varies along the propagation direction according to [136] by

w(z) = w0

√
1 +

(
z

zR

)2
, (4.1)

with the minimum beam waist w0. The Rayleigh length zR = M2 π w2
0/λ determines

the length over which the beam can propagate without diverging significantly. The beam
divergence Θ in the far field with z � zR is defined by Θ = M2 λ/(π w0) [136]. If the
fundamental mode TEM00 with diameter 2w0 is focused by a lens with focal length f ,
the beam waist wf represents the distance from the beam axis at the focus plane given
by

wf =
√
w2

0
f2

z2 + z2
R

. (4.2)

For the special case z � zR, i.e. a well-collimated laser beam, with the additional
condition zR � f , the beam waist wf can be calculated by

wf = M2 λ f

π w0
. (4.3)

Increasing the laser beam diameter consequently decreases its divergence with the
relation d × Θ = const. for small Θ. A telescope consisting of 2 lenses with focal
lengths f1 and f2 is used to expand (or decrease) the beam diameter (divergence) by the
magnification A = | f2/f1| together with the resulting divergence Θ′ = Θ/A.

telescope laser
λ laser beam 2wf

NAeff
(nm) diameter (mm) (µm)

w/o
Opus 532 1.8 3.8 0.09
Lasos 607 0.7 5.3 0.04
Lux 660 0.7 5.2 0.03

w
Opus 532 3.6 3.3 0.18
Lasos 607 3.5 4.3 0.18
Lux 660 3.3 4.0 0.16

Table 4.2: An overview of the calculated beam diameter 2wf in the focal plane and the effective
numerical apertureNAeff for the used microscope objective lens, according to the laser parameters
from Tab. 4.1, is presented. All values for the setup without (w/o) telescope and with (w)
telescope are listed. The laser beam at 532 nm was magnified by a factor of 2, the laser beams
at 607 nm and 660 nm by a factor of 5.

Laser light, that is coupling into the fiber, should always match the fiber acceptance
numerical aperture NAfiber. The magnification of an objective lens is a function of
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the effective lens numerical aperture NAeff. Laser beams smaller in diameter than the
objective lens aperture result in a smaller objective lens numerical aperture NAobjective.
Matching the objective lens’ numerical aperture NAobjective = NAeff to NAfiber is of great
experimental importance: Small excitation laser beam diameters resulting in NAeff �
NAfiber lead to larger focal beam diameters 2wf than the fiber core diameter. Large
laser beam diameters, characterized by NAeff � NAfiber (and usually generated by the
application of a beam magnification telescope), have the effect of smaller focal spot
diameters (cf. Tab. 4.2). For both cases, parasitic silica Raman signal will be generated
as previously discussed (cf. Sec. 3.5.2).
The calculated values of beam diameter 2wf and effective numerical aperture NAeff for

the 3 different lasers comparing the implementation of a telescope and without one are
shown in Tab. 4.2. Adjusting theNAeff to the value of∼ 0.2 by the setup-implementation
of a telescope (T, Fig. 4.1) leads to smaller focal beam diameters compared to no NA
matching (Tab. 4.2), which is the first step to ensure a minimization of parasitic silica
Raman signal.

4.1.4 Fiber assembly and filling
In order to quantify reliable and continuously monitor a multi-gas composition, special
fiber assemblies were designed by Di Yan [62] to achieve the essential, highly stable
optical coupling. The adapters for each end of the fiber solved several critical tasks at
the same time: (1) the laser coupling and collection of the Raman backscattered light
through an optical window, (2) the collection mainly of the transmitted laser light for
permanent monitoring with a powermeter, and (3) the fast reproducible gas flushing of
the fiber with a multi-gas composition. The schematic design is shown in Fig. 4.2.

Figure 4.2: Schematic illustration of the fiber adapter assembly for the alignment-free optical
coupling and gas filling of the HC-PCF. The assembly mainly consists of ferrules, tubing sleeves
for the mounting of the HC-PCF (middle), and the HPLC tubing for gas inlet and outlet (bottom
and top). The laser is coupled through an optical window of BK7 material into the HC-PCF,
and the Raman signal is collected in the backscattering geometry [82].

The adapter consists of the body including the fiber fixation, gas entrance, exit port,
the sealing, a thin glass plate acting as an optical window, and a cover part with screws.
Special ferrules fix the fiber within the adapter with a minimum distance between fiber
end facet and optical window. The special high-pressure tubing further provides the
filling and flushing of the fiber and dead volume within the fiber adapter up to absolute
pressures of 20 bar. The adapter ensures the unperturbed alignment of the fiber for the
gas detection. The adapter was improved for low working distance microscope objective
lenses down to 3 mm for one fiber end and a permanent monitoring of the transmitted
laser light with the powermeter for the other (cf. Fig. 4.1). The unfocused laser beam
passing the thin optical window will only generate a negligible silica Raman signal.
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The minimized dead volume within each fiber adapter is less than 100 nL. The two-
way gas flow for each adapter assembly enabled fast flushing of the dead volume before
fiber fillings within seconds for moderate gas pressures.

Figure 4.3: Scheme of the setup for fast and precise filling of the microstructured optical fiber
(MOF) with different gas mixtures consisting of a mid pressure pump system (PS), fiber adapter
assemblies (A1 and A2, see Fig. 4.1), check valves (CV), magnetic valves (M), powermeter
(PM), microstructured optical fiber (MOF), microscope objective lens (OL), sensor for pressure
and temperature (S), and sinter filter (F). Both tubing, connected to input and output of both
fiber adapter assemblies, were flushed and filled with all magnetic valves being opened (black
arrows). Closing the magnetic valves M2 and M3 realized the flushing and filling of the MOF with
a gas mixture (red arrows). It could be switched between modes via these software-controlled
magnetic valves (M). The Raman analysis was non-consumptive and did not change the gas
composition.

The arrangement for flushing and filling the fiber is schematically presented in Fig.
4.3. The rapid filling of the optical fiber gas sensors with multi-gas compositions was
essential for fast FERS monitoring with changing gas concentrations. The neMESYS
mid pressure pump system (PS, cetoni GmbH) consisted of a metal gas syringe with 50
ml volume (cetoni GmbH) and provided a pressure load of about 20 bar. Thereby, the
dead volume of the fiber adapter assemblies and all tubing next to a fiber filling could
be flushed within seconds (Fig. 4.3).
The general filling procedure included first, the gas composition passing a sinter filter

(F) with a pore size of 0.5 µm. Then it was filled into the syringe of the pressure pump
system, and afterwards the dead volume of the setup was flushed by the gas loaded
syringe. All magnetic valves (M1 - M4) were opened, such that the gas flow could follow
the direction, which is illustrated by the black arrows in Fig. 4.3. Afterwards, the mag-
netic valves M2 and M3 were closed and the gas composition passed exclusively through
the HC-PCF, presented by the red arrows in Fig. 4.3. Finally, all magnetic valves
(M1 - M4) were closed to maintain a stable overpressure along the fiber for quantitative
FERS measurements. The whole measurement procedure was fully automatized by a
LabVIEW routine (National Instruments). It reads and controls all 4 magnetic valves,
the pressure pump system, the powermeter, and the spectrometer.
Applying the software-controlled routine for the setup measurement process, a rapid

measurement with the steps of fast gas filling, Raman gas analysis, and new gas filling
could be achieved within some tens of seconds. No further optical readjustment of the
backscattered arrangement (Fig. 4.1) was necessary. The individual measurement time
is dependent on the application and the concentration of the gaseous analyte.
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4.1.5 Filters
Additional Rayleigh scattering and laser light reflection from the fiber end facet and
optical components are collected by the microscope objective lens. This light has the
same wavelength as the laser beam. This Rayleigh light is around 3 orders of magnitude
stronger than the Raman signal [77]. It will be blocked by a dichroic mirror for 532 nm
laser wavelength (Semrock RazorEdge Dichroic, model “LPD01-532RU-25”) by more
than 6 orders of magnitude. The function of the dichroic mirror in a 45 ◦-arrangement
is the reflection of laser light to the fiber and the transmission of backscattered Raman
signal from the fiber within the setup.
An additional long-pass edge filter was installed after the dichroic filter in order to

suppress the Rayleigh signal. Different filters are used for the different excitation wave-
lengths at 532 nm (Semrock RazorEdge filter, model “LP03-532RU-25”), at 607 nm
(customized long-pass edge filter), and at 660 nm (Semrock ultrasteep long-pass edge
filter, model “LP02-664RU-25”). Their individual transmittance curves are shown in
Appendix A.1. The transition width is of crucial importance since pure rotational lines
of molecular hydrogen can be found at low wavenumber regions starting at 354.3 cm−1,
which refers to the vibrational Raman band S0(0) of molecular hydrogen [55]. Most of
the commercially available edge filters show transition widths of 100, 150, or 300 cm−1,
which is important in later experiments. It has to be mentioned, that the long-pass
transmission of these edge filters are not uniform with regard to the wavelength. Strong
pronounced ripples around the order of percent transmittance modulation are visible in
the transmission wavelength range (cf. Fig. A.1). This structure can experimentally
interfere with a possible spectral fine structure. A calibration procedure, which will be
later introduced, includes these optical component characteristics.

4.1.6 Light collection optics
The light collection optics for the backscattered Raman signal consists of the objective
lens, which couples the laser beam into the fiber, and the focus lens in front of the
entrance slit of the spectrometer. This achromatic doublet lens with focal length of
75mm (Thorlabs, model “AC254-075-A”) creates a focal length shift of ∆df = 400 µm
for a wavelength range from 530 − 630 nm. The chromatic aberration originating from
the lens optics is negligible due its relatively large focal length. The low loss transmission
is guaranteed by an AR-coating. Together with the focal length of 9mm for the utilized
microscope objective lens, the backscattered Raman signal emerging from the hollow
core is magnified to 50 µm in diameter at the spectrometer slit plane. The acceptance
NA of the spectrometer is important for signal collection and should be matched with
the Raman signal collecting optics (cf. 4.1.7).

4.1.7 Spectrometer
The collected backscattered Raman light from the HC-PCF is focused by an achromatic
doublet with f = 75mm (Thorlabs Inc.) onto the spectrometer slit. The spectrometer
(Acton 2550i, Princeton Instruments) with focal length of 500 mm is equipped with a
width-adjustable slit, different gratings, and a CCD detector [93]. Three different disper-
sive gratings with 600, 1800, and 2400 lines/mm can be chosen within the spectrometer.
The fixed aperture ratio is f/# = f/6.5 [93]. The corresponding acceptance NA for
the spectrometer can be calculated to ∼ 0.077. The magnification of 7.5 for the fiber
radiated Raman signal with diameter 6 µm to 45 µm at the spectrometer slit plane was
realized by the microscope objective lens and the achromatic doublet. The original NA
of the radiated Raman signal approximately equal to the fiber NA with 0.2 is decreased
to 0.027 by the used achromatic doublet. This value is much smaller than the acceptance
NA of the spectrometer. Even for a certain lens misalignment, the Raman signal will be
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fully collected. In other words, a minimum focal length of 26mm for the doublet lens
will be accepted losslessly by the spectrometer, but usually results in a higher chromatic
aberration. An achromatic lens in combination with a large focal length, on the other
hand, will guarantee negligible chromatic aberrations for the spectrally broad Raman
light. The silica Raman signal originating from the microstructured fiber cladding with
a NA higher than 0.2 will be collected. The spatial pinhole (P) in Fig. 4.1 nevertheless
cuts out this parasitic Raman signal.
Another aspect is the spectral resolution of the spectrometer, which will be critical

for different measurement scenarios. The detection of a multi-gas composition will in-
volve wavenumber regions up to 3000 (4200) cm−1 including Raman vibrational bands
of molecular methane (hydrogen) [166]. Thus, a low dispersive grating is preferred for a
single measurement regarding fast acquisitions for real-time applications. On the other
hand, labeling experiments (e.g. 12CO2/13CO2) demand a higher spectral resolution for
line separation, which provides a high precision for the quantification of gas concentra-
tions and their alterations [82].

Spectral resolution The spectral resolution of a spectrometer is mainly governed by 3
parameters: (1) the focal length of the spectrometer, (2) the number of lines per mm
of the grating, and (3) the spectrometer slit width. The focal length is somehow fixed.
Larger focal lengths will increase the spectral resolution but decrease the capability of
light collection defined by the f−number. Here, the spectrometer slit width could be
manually set from 5 µm to 3 mm.
Gratings with a higher number of grooves per millimeter will dramatically increase the

spectral resolution. Nevertheless, the blazing angle for standard gratings is optimized to
lower wavelengths for an increasing groove density. The 2400 lines/mm grating features
its highest reflection efficiency in the low UV region. The introduced experiments are
generally accomplished with the help of the 600 lines/mm grating. The resolution was
further adjusted by the slit width and scales in wavenumbers inversely linear with the
slit width for large enough slit widths. Because the image of fiber core spans to 50 µm
in diameter on the slit plane, a general width of 60 − 100 µm was used throughout the
experiments. The highest possible resolution of ∼ 0.8 cm−1 will be achieved with the
2400 lines/mm grating and the smallest slit width of 5 µm [82].

4.1.8 CCD array
A back-illuminated deep depletion CCD with 1024× 1024 pixels and an individual pixel
size of 13 µm × 13 µm was used. The slit, with a height of 13 mm, was imaged on this
LN2-cooled CCD array with a magnification of 1 by a Czerny-Turner monochromator.
Contrary to thermo-electrical cooling via a Peltier-element, which allows to cool down
the CCD detector to a temperature of −80 °C without additional water-cooling, the
LN2 technique allows cooling down to temperatures of −130 °C. This will dramatically
decrease the dark noise. The back-illumination technique provides a high quantum
efficiency of 95 % in the wavelength range of interest, i.e. VIS range. The deep depletion
feature, i.e. a high resistivity epitaxial silicon substrate CCD, expands the high efficiency
range of > 90 % in the VIS region to 900 nm. The etaloning effect of a back-illuminated
CCD occurring at the IR range, which results in spectral fringes, is slightly suppressed
by the eXcelonTM technology (by Princeton Instruments) [94].
Various noise sources were state in a previous Sec. 2.4. The dark current noise was

generally minimized by appropriate cooling of the detector chip. The read-out noise, re-
sulting from the AD conversion during read-out of each CCD pixel, can be significantly
reduced by applying the software-based binning operation. In general, the pixels can be
binned vertically and/or horizontally. The horizontal binning may reduce the spectral
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resolution due to summing neighboring pixels horizontally. In the case of Raman spec-
troscopic detection of vibrational and rotational Raman gas bands featuring very sharp
bandwidths, there will be no significant benefit for horizontal binning. Vertical on-chip
binning provides a collective read-out of vertical pixel blocks, i.e. bins.
The read-out of a spectrum from the eXcelonTM 1024BR CCD chip without vertical

on-chip binning lasts about (1024 · 1024)/100 kHz = 10.5 s [94]. A spectrum with only
5 vertical pixel lines will reduce the read-out to a total of 0.1 s. The primary benefits
of (vertical) binning are an improved SNR and higher frame rates. Binning provides
an increase in SNR due to reduced read noise contributions. Normally CCD read-out
noise is added during each read-out step, thus read-out noise will be added to each pixel
during normal operation. In binning mode, the read-out noise adds to each superpixel,
which has the summed signal contribution from multiple pixels. For the ideal case, the
SNR improvement is equal to the binning factor. This experimental SNR dependency
on vertical binning is shown in Fig. 4.4. Between the two extrema, one horizontal pixel
line and full binning of all 1024 vertical pixel lines, the SNR varies by nearly one order
of magnitude. The general electronic read-out noise limits the maximum SNR.

Figure 4.4: The SNR dependence for a complete on-chip binning (1 pixel line) to no on-chip
binning (1024 pixel lines) is shown for the presented CCD detector. The SNR was determined
by analyzing the characteristic phonon band shift of monocrystalline silicon at 521 cm−1 (cf.
Fig. 5.3a) for 4 different numbers of read-out pixel lines. The latter could be selected within the
spectrometer software.

The spectrometer-implemented 16-bit analog-to-digital-converter (ADC) limits the
maximal read-out counts, i.e. the dynamic range of the measurement. Depending on the
internal software gain, the number of counts for an individual pixel is 100 000 e−/1.5 e− =
65 536 (100 000 e−/6 e− = 16 667) with internal spectrometer gain 3 (gain 1) for 100 kHz
read-out frequency. For general binning, the following maximal values independent of
the number of vertical pixel lines with 250 000 e−/1.5 e− = 166 667 (100 000 e−/6 e− =
41 000) for gain 3 (gain 1) are realistic [94]. This implies that the number of vertical pix-
els cannot be increased arbitrarily without reaching the detector saturation. Contrarily,
decreasing the number of vertical pixel lines can increase the spectrometer’s SNR and
thus the precision at the same acquisition time or it allows for shorter acquisition times
at the same precision level (cf. Fig. 4.4).
Furthermore, applying full chip binning throughout the experiment would introduce

a spectral curvature over the detector chip height, which is caused by the spectrograph’s
astigmatism. An unnaturally distorted and asymmetric Raman line broadening and shift
would be the consequence. Due to the image properties originating from the Raman
signal collection of the fixed fiber core diameter, vertical binning of 3− 10 segments, i.e.
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39 − 130 µm, has been utilized in most of the Raman measurements during this work.
Thus, the intrinsic spectrometer astigmatism for less than 10 vertical pixel lines was
never present.

4.1.9 Mass flow controller assisted experiments
The highly accurate quantification of a mixture with different gas concentrations is
realized with the help of mass flow controllers (MFC). The metal-sealed thermal MFC
(model “GF40”, Brooks Instruments) could be operated in 3 different flow rate regimes:
3 − 10 standard cubic meter per minute (sccm), 93 − 281 sccm, and 861 − 2600 sccm.
For the reference conversion factor of 1.0 for nitrogen within the calibrated range from
1− 10 bar differential pressure with a general flow control range of 2− 100 % is provided
[92].
With the help of total of 4 MFC with different flow rates, pure gases could be reduced

in concentration to some tens of ppm by mixing with the Raman-inactive noble gas
argon on the one hand before entering the HC-PCF. On the other hand, different low
concentrated multi-gas mixtures with < 1 vol. % were reduced to some ppm - sub-ppm
in concentration. The flow accuracy of each MFC is specified to 1 % of the defined gas
flow in the flow control range of 35− 100 %, and 0.35 % of the full scale for a flow range
from 2− 35 % relatively1 [92]. However, an out-of-specification utilization of these MFC
would result in a relatively large error in trace gas concentration2.
Mixing of a multi-gas mixture with defined concentrations and the filling by the mid

pressure pump (Sec. 4.1.4) is operated with a LabVIEW-based software. Flow rates
and mixing ratio for the MFC mixing system could be controlled and automatically
monitored. Furthermore, a homogenous mixing of trace and carrier gases before the fiber
filling was ensured by a sinter filter (“FE73A-05S”, Dk-Lok GmbH). The specified pore
size of 0.5 µm resulted in the necessary turbulent flow regime. The highly precise mixing
of differently concentrated multi-compound mixtures including molecular hydrogen was
essential for the simulated breath gas detection, which will be introduced in Chap. 6.

4.2 Data acquisition and processing
4.2.1 Cosmic ray removal
Before any quantitative measurement can be carried out from a Raman spectrum, several
preprocessing steps are essential. This involves the correction of the Rayleigh wavenum-
ber to 0 cm−1, the number and position of pixel lines, the wavenumber calibration, and
the correction for cosmic rays. Another important step for the accurate Raman quan-
tification is the baseline correction. After all these steps, the accurate extraction of the
Raman signal is possible. The schematic flow chart for this data processing is given in
Fig. 4.5.
For long-acquisition time spectra, usually for very low concentrated gas compounds,

several cosmic ray events were frequently encountered. The read-out of a few vertical
pixel lines (< 10) could tremendously decrease cosmic ray signal contributions in the
region of interest (ROI). In literature, two types of correction technique exist. Either
spatial spectral information [202, 98] or temporal spectral information [24, 141, 87, 49]
is used. Spatial correction incorporates a single scan and requires only one spectrum.
This is highly recommendable for rapid acquisition applications.

1e.g. 0.0035 · 281 sccm ∼= 1.0 sccm for a flow up to 98 sccm realized by a MFC with a flow range of
93− 281 sccm

2The MFC with flow range of 93 − 281 sccm would provide a relative error of 5 % at an adjusted
out-of-range flow rate of 20 sccm, which consequently results in a concentration error of 5 %.
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Figure 4.5: Scheme for the applied processing chain, which indicates the action of each individual
step. Details are found in the text.

One single scan technique for spatial correction is the Differential Cosmic Ray Re-
moval (DCRR), which requires a two-dimensional spectral input [44]. This technique
is very efficient if a significant pixel binning is applied in the acquisition. Contrary, for
long acquisition times, i.e. several tens of seconds, the method of Temporal Cosmic
Ray Removal (TCRR) with the principle of spectral difference comparison can be used
[44]. Hence, at least two subsequent spectrum recordings are determined and pixel-wise
compared. If the spectra differ less than a predefined value, the data points are averaged
and resulting in a new output value. Otherwise the smaller value without cosmic ray
fraction is taken. The predefined threshold has to be set appropriately, i.e. large enough
such that the noise fluctuations are included and small enough for detection of most
of the cosmic ray events. TCRR turned out to be fast enough, robust, easy to imple-
ment, and very efficient in removal of cosmic rays. For experiments with long acquisition
times, usually related to measurement of low concentrated gaseous analytes, TCRR was
implemented; otherwise DCRR was used.

4.2.2 Peak intensity analysis
Two different types of peak intensity determination have been considered. An easy-to-
apply method is based on summing individual intensity contributions from all pixels for
each individual peak within the spectral profile. This method provides very accurate
intensity values especially for highly resolved spectra, where different line features do
not overlap. Another method is the convolution of individual peak lines. This includes
fitting of a combination of Gauss and Lorentz profiles to the peak, i.e. a Voigt profile [3].
In general, the pure or pseudo-Voigt profile is influenced by other spectroscopic or optical
“functions” like optical components, fibers, filter optics, the spectrometer grating, and
the pixel structure of the CCD detector.
Four parameters, i.e. position, intensity, FWHM of the peak, and Gauss-Lorentz

relation, will fully describe the Voigt profile. First, an isolated peak with adequate peak
intensity without overlap from other peaks was chosen from a measured spectrum and
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stored pixel-wise in a calibration set. Otherwise, the peak was extract from a calibration
spectrum without convolution. The line shape function was fitted to the peak and
a sub-pixel translation is acquired by numerical peak shape interpolation. Different
peak shapes caused by different thermally excited states or line broadening effects, such
as Doppler broadening, pressure broadening, etc. [43], resulted in individual fitting
functions. Afterwards, a baseline correction was performed as individual offset. Spectral
wavenumber drifts due to thermal drift of the fiber coupling or variations for the optical
parts have been compensated by the sub-pixel approximation.
The calibration is integrated in the customized LabVIEW acquisition software. The

Raman signal intensity is divided by the absolute gas pressure inside the fiber, inverse
absolute temperature, laser input power, fiber model, and a special function for fiber
length and fiber coupling to a steady monitored fiber transmission. The Raman back-
ground was subtracted by a predefined spectrum from Raman inactive gases like the
easily available noble gas argon including the parasitic silica Raman background, which
will be generated by the microstructured optical fiber. A two-point calibration should be
performed for accurate quantification of any gas compound within a gas mixture or sin-
gle gas. This was either performed by measuring a pure gas or a higher concentrated gas
mixture with known concentration. The unknown concentrations cj are then correlated
to the measured peak intensities IA by

IAi (ν̃)
∣∣∣
i=1...k

=
m∑
j=1

ICij (ν̃) · cj , (4.4)

with the calibration gas C, the analysis gas A, the intensity I, i the number of CCD
pixel, and m the number of gases. Best results for the calibration matrix IC(ν̃) were
carried out with 3 differently concentrated gas measurements: the zero concentration or
noble gas detection, pure gas, and one concentration between 0 % and 100 % for the
diluted gas component.

4.3 Analysis of the setup performance and multi-gas
quantification

4.3.1 Raman signal scaling and linearity
The design of a fiber gas sensor for quantitative multi-component gas detection is based
on an accurate calibration. The length of the fiber plays an important role for signal
scaling and was already discussed qualitatively before. Although the Raman signal scales
linearly with the effective volume length (cf. Eq. 2.13), the bandgap characteristics will
create an exponential dependency on the fiber length.
First of all, the Raman signal should scale linearly with the intensity of the exciting

field for fixed measurement parameters. State-of-the-art cw-DPSS lasers provide laser
output powers of more than 10 W, are compact, and have an excellent beam quality. Very
compact and miniaturized lasers for Raman spectroscopy exhibit output powers of some
100 mW. The application of high power lasers in the W-regime compared to the mW-
range introduces a Raman signal scaling improvement of at least 2 orders of magnitude
in the laboratory. This can result either in a theoretically 100 times smaller acquisition
time or a 100 times higher sensitivity with some limitations, which are discussed later.
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Figure 4.6: Illustration of linearity and scalability for the fiber-enhanced Raman signals of N2
(∼ 78 vol. %) and O2 (∼ 21 vol. %) in ambient air for increasing laser powers (at p = 1bar,
T = 21 °C, with a fiber length of 0.4 m HC-PCF “HC-580-02” (NKT Photonics) for 1 s exposure
time, and application of the 600 lines/mm grating). Peak areas at 1556 cm−1 for O2 (blue) and
2331 cm −1 for N2 (black) were integrated and fitted (red) respectively. For better illustration,
the individual Raman signals for O2 and N2 were normalized to that of the N2 Raman peak at
2.8 W laser output power.

It was experimentally found, that the Raman signal of the individual gaseous analytes
inside the hollow fiber core scales linearly with the laser input power and for each gas
compound. This is exemplarily shown in Fig. 4.6 for the integrated Raman peak of
the simultaneously measured gas components nitrogen and oxygen naturally occurring
in ambient air. The output power of the 532 nm “Opus” laser varied from 10−2800mW
[124]. Each Raman spectrum was repetitively measured for 5 times. The signal repro-
ducibility, which is mainly determined by the fiber coupling, is illustrated as error bar
for each measurement. The pointing stability for the laser coupling is a result of spatial
drifts originating from temperature changes and air fluctuations in the laboratory. The
temperature drift mainly affects optical components and thus leads to spatial drifts for
the laser coupling procedure.
A linear scaling of Raman signal is as well realized over the gas pressure (cf. Eq.

2.13). The HC-PCF represents a closed system filled with gaseous analyte at a constant
temperature and constant particle density, i.e. the molecule number of gas per unit
volume, during the acquisition process. Thus applying the ideal gas law, the Raman
signal intensity will scale linearly with increasing pressure for the analyte inside the
fiber core. The utilized fiber adapter assembly has a seal tightness for up to 20 bar,
resulting in a 20× higher density of gas molecules for the same fiber volume in the range
of nL/cm. The resulting linear scaling is shown in Fig. 4.7 up to an absolute pressure
of 9 bar. This dramatically increases the sensitivity for shorter acquisitions.
Conclusively, higher sensitivities (or lower acquisition times) can be mainly achieved

by controlled adjustment of the laser power and gas pressure inside the bandgap fiber.
An excellent linearity between Raman intensity and laser intensity as well as pressure
was shown. This can provide a substantial increase in sensitivity by ∼ 2 orders of
magnitude.
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Figure 4.7: Illustration of linearity and scalability for the fiber-enhanced Raman signals of N2
(∼ 78 vol. %) and O2 (∼ 21 vol. %) in ambient air for increasing absolute pressure up to 9 bar
inside the HC-PCF (at T = 21 °C, 100 mW laser power at 532 nm excitation wavelength, with
fiber length of 0.4 m HC-PCF “HC-580-02” (NKT Photonics), 1s exposure time, and application
of the 600 lines/mm grating). Peak areas at 1556 cm−1 for O2 (blue) and 2331 cm −1 for
N2 (black) were integrated and fitted (red), respectively. For better illustration, the individual
Raman signals for O2 and N2 were normalized to that of the N2 Raman peak at 9 bar absolute
pressure.

4.3.2 Dynamic range, signal-to-noise ratio, and limit of detection

(a) (b)

Figure 4.8: Performance test of FERS by monitoring of ambient N2 and O2. A measurement
series with an individual acquisition time of 1 s, which has been repeated each 10 s for a total time
period of ∼ 20 min, was performed (with the 532 nm laser at 0.2 W output power in combination
with a 0.7 m HC-PCF “HC-580-02” (NKT Photonics) and the 600 lines/mm grating). (a) A
single Raman spectrum with the Q-branches of N2 and O2 for ambient conditions is presented.
The inset shows the background noise next to the rotational fine structure of the N2 Q-branch at
2331 cm−1 more detailed. (b) The time trend of relative intensities of these 2 major components
in ambient air: Each data point represents a single measurement as shown for N2 (blue) and O2
(black).

Reproducibility of the Raman signal is a crucial requirement for quantitative measure-
ments of a multi-gas composition. If the Raman signal scales linearly for the analyte
concentration over the whole dynamic range, simple and fast calibration of the gas sensor
can be utilized and a two-point calibration for the concentration will be sufficient. A
stable signal noise background also leads to a spectrally unaffected Raman signal after

39



4.3 Analysis of the setup performance and multi-gas quantification

background correction as described previously. The exact LOD depends on the gas sen-
sor characteristics, i.e. mainly on the fiber attenuation characteristics, and the actual
differential Raman scattering cross sections of each gas component. Consequently, an
almost ∼ 10× higher relative Raman scattering cross section of CH4 compared to that
of N2 results usually in a 10× lower LOD for former compared to last (Tab. 2.2). The
actual performance of the FERS setup in relation to the SNR, the LOD, and the pre-
cision within the dynamic range is presented. Fig. 4.8 and Fig. 4.9 exemplarily reveal
the performance for ambient air.

Signal-to-noise ratio Fig. 4.8 shows a Raman spectrum of ambient air at ambient
conditions after all data processing steps. For convenience, the height of the Q-branch
for N2 and O2 is taken as the signal intensity Itot. The signal peak noise is extracted
from the difference spectrum of two sequential measurements (cf. Sec. 2.4). The peak
noise σpeak was determined to 13 (16) counts for N2 (O2). The SNR ratio is simply
defined as Itot/σpeak. The concluding O2 and N2 concentrations and their precisions are
tabulated in Tab. 4.3. The SNR for the measurement of ambient air resulted in ∼ 7000
(∼ 2000) for N2 (O2). It should be mentioned that an improvement in SNR are mainly
related to the hardware characteristics and the way of acquiring the data. The accurate
fitting process and the correct setting of the acquisition time will determine the SNR
and the precision for time series acquisition.

gas component
time series single spectrum

cgas σstat σstat/cgas SNR
(%) (%)

N2 77.90 1.49 1.91 6718
O2 20.42 0.43 2.11 1728

Table 4.3: Averaged concentration cgas, standard deviation σstat, and concluding precision
σstat/cgas are stated for N2 and O2 referring to the time series of ambient air in Fig. 4.8:
The SNR was determined by the integrated Raman peak signal and peak noise. A single Raman
spectrum was taken every 10 seconds with laser power of 200 mW (at 532 nm) in a 0.7 m long
“HC-580-02” PBG fiber at an acquisition time of 1 s with p = 1bar and T = 21 °C.

Precision In Fig. 4.8b the relative intensities of the two main components N2 and
O2 in ambient air are plotted for a time interval of ∼ 20min. The small fluctuations of
amplitudes indicate the stability. Results for the statistical analysis of relative intensities
and standard deviation are presented in Tab. 4.3. The standard deviation σstat is below
1.5 % and the precision σstat/cgas is better than 2 %, which is related to the repeatability
of a single measurement and should be taken into account for the requirements of the
individual application (Fig. 4.8b). This measurement precision is related to statistics
and therefore can be easily determined from a time series.

Limit of detection According to Sec. 2.4 the minimum detectable spectral feature
should be higher than 3× the noise σpeak. In other words, the LOD is defined as 3 ·
σpeak/SNR. The LOD is theoretically related to the minimum detectable amount of
the analyte. In literature, the noise often equals the signal standard deviation at a flat
region, which is located next to the Raman peak intensity in the spectrum. Nevertheless,
this assumption does not take the additional peak noise into account. Furthermore, in
the case of a high concentrated gas compound and/or a broad silica Raman background
(cf. Sec. 3.5.2), individual bands and a fluorescence characteristics add to the peak
noise. Consequently, the estimated LOD for a given SNR will be higher than taking a
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flat region for the noise contribution. Thus for the SNR in Tab. 4.3, two subsequent
Raman spectra of ambient air were subtracted and the peak noise as standard deviation
around the vibrational Raman line was examined, respectively.
To show the performance over a wide dynamic concentration range accompanied by

an extremely high linearity sufficient for a two-point sensor calibration, a concentration
series measurement for molecular hydrogen in carrier gas nitrogen is presented in Fig.
4.9. This calibration plot ranges from 10 ppm to 5 vol. % or 50 000 ppm by volume
hydrogen concentration in carrier gas nitrogen. The HC-PCF “HC-633-02” [146] (NKT
Photonics) with length of 0.5 m in combination with the frequency-doubled Nd:YAG
laser at 660 nm excitation wavelength and 0.8 W output power were used throughout
the calibration plot measurement. The investigated hydrogen rotational peak S0(1)
was integrated from 583.4 – 589.0 cm−1 (cf. 5.4). Each measurement error (SD) was
determined by a sequential measurement series with N = 5 (Fig. 4.9).

Figure 4.9: Linear dependency of the integrated Raman signal for H2 in carrier gas N2 for
different hydrogen concentrations: The investigated rotational hydrogen Raman peak S0(1) was
integrated from 583.4 – 589.0 cm−1. The background noise level at 2.8 counts/W for 10 ppm
hydrogen is marked with a dashed line. It was assumed that this background noise, which was
extracted from the measurement with lowest hydrogen concentration at 10 ppm, will not change
significantly for hydrogen concentrations < 10 ppm.

These hydrogen Raman signal variations mainly arose as a consequence of thermally-
induced variations of the laser light coupling into the HC-PCF. Because the Raman
signal scales linearly with the molecule concentration, the linear fit with low error bars
demonstrates an excellent linearity in Fig. 4.9. Although the maximum hydrogen con-
centration was fixed to 5 vol. %, extending the sensor range to 100 vol. % would prac-
tically constitute no difficulty for any detectable gas compounds. Overall, a minimum
signal background noise of 2.8 counts/W for 0 ppm hydrogen in nitrogen was measured.
By measuring the concentration of 10 ppm and 25 ppm, the integration of the rotational
hydrogen Raman peak resulted in a value of 17.9 counts/W and 37.6 counts/W. This
leads to a noise equivalent LOD of around 4.7 ppm for SNR = 3 (cf. Sec. 2.4) by
volume H2 in accordance to DIN 324563. The detection of low concentrated molecular
hydrogen for human breath analysis is shown in Chap. 6. Hence, even lower hydrogen
concentrations around 5 ppm were detected by an improved FERS setup leading to a
noise-equivalent LOD of < 1 ppm in accordance to DIN 32456.

3Applying the LOD determination for a hydrogen concentration of 1000 ppm (not in accordance with
DIN 32456), the SNR would erroneously lead to cLOD = LOD1000 ·c1000 = (3 · 2.8/2876) ·1000ppm =
2.9ppm.
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4.4 First quantitative FERS measurements
In the first part of this chapter, the fiber-based Raman gas sensor for potential multi-
component gas quantification was introduced in detail. The ability for rapid detection
of gaseous analytes in a concentration range from 10 ppm to 100 vol. % makes FERS
applicable in the field of greenhouse-gas relevant interrogations and clinical diagnosis by
human breath analysis. First quantitative multi-component gas measurements will be
presented in the following part.

4.4.1 Biogenic multi-gas composition
Tracing of climate-relevant atmospheric gases like CH4, CO2, N2O, N2, or O2 is impor-
tant in the field of environmental gas sensing and for real-time gas composition monitor-
ing. CH4, next to CO2, is an important climate relevant gas with a 21 times higher global
warming potential than CO2 [60]. Forest soils showed to be significant sinks for CH4, but
also sources for NO, CO2, and N2O, whereas wetlands represent major sources for CH4
[96]. The production of N2O contributes to the catalytic stratospheric ozone destruction
and atmospheric N2O increases through microbial denitrification by heterotrophic bac-
teria, e.g. Pseudomonas, and through autotrophic denitrifiers [157]. The monitoring of
gas composition exchanges is of significant importance for the understanding of dynamic
soil-microbe-plant interactions within the climate-sensitive ecosystem.

Figure 4.10: The FERS measurement of a biogenic multi-gas composition, consisting of climate
relevant gases CO2, CH4, and N2O together with N2 and O2 (each ∼ 1 vol. % in Raman inactive
Ar carrier gas), is presented. The Raman spectrum was acquired with one single measurement
within 70ms acquisition time for a laser power of 1.5 W at 532 nm excitation wavelength, the
utilized 600 lines/mm grating, and an absolute gas pressure of 10 bar within the 0.7 m long
HC-PCF “HC-580-02”.

A mixture of these 5 important biogenic gases was analyzed in order to show the
analytical performance of the presented FERS setup. The high reliability and specificity
for the Raman method is demonstrated in Fig. 4.10. The vibrational modes of all five
gases covered a spectral range of up to 3100 cm−1. The spectrum was achieved by
using the 532 nm laser with 1.5 W output power, 10 bar absolute gas pressure along
the HC-PCF “HC-580-02” with length of 0.7 m, the 600 lines/mm grating, and a total
acquisition time of 70 ms. Previous two-point-calibrations with pure gases of Ar, N2,
O2, etc. led to the quantified values presented in Tab. 4.4.
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gas measured certified absolute
SNR

component conc. (%) conc. (%) deviation (%)

N2 1.15 1.12 0.03 266
O2 1.01 0.915 0.095 182

CO2∗ 1.10 1.02 0.08 193
N2O 0.870 0.985 0.115 123
CH4 1.00 1.08 -0.08 1940

Table 4.4: Quantitative FERS analysis of a biogenic gas composition (N2, O2, CO∗2, N2O, and
CH4): Each individual peak was analyzed for the Raman measured concentration in comparison
with the certified values from Linde AG prepared in compliance with DIN EN ISO 6141. The
absolute deviation and the SNR are listed. ∗: The highest band of molecular CO2 at 1388 cm−1

was integrated.

This example demonstrated the high accuracy and specificity of FERS for the quan-
tification of climate-relevant biogenic gas compositions. The low acquisition time should
be emphasized for gas concentrations in the low percent region. The absolute sensitivity
in terms of LOD is presented later in Sec. 6.2.2 and cannot be determined from Fig.
4.10 according to DIN 32456.

4.4.2 Exhaled human breath analysis
Human breath analysis possesses a huge potential for the non-invasive monitoring of
early-disease states. Exhaled human breath is a composition of different major com-
pounds like N2, O2, CO2, and H2O in combination with trace compounds in the range
of ppm - ppt [25]. The simultaneous quantification of exhaled human breath samples is
easy to accomplish with the patient and enables fast diagnosis and continuous bedside
observation of intensive care patients. Nevertheless, the accurate quantification of the
human exhaled breath consisting of many gases in different concentration ranges simul-
taneously is one major challenge in the field of clinical diagnostics of metabolic disorders
and diseases. Important gaseous markers for the detection of important diseases include
CO for mitochondrial oxidative stress, CH4 and H2 for colonic fermentation of undi-
gested or unabsorbed oligosaccharides [27, 69, 67, 53], and NH3, 12CO2, and 13CO2 for
the diagnosis of Helicobacter pylori infection by means of isotopic-labeled 13CO2, i.e. by
the13C urea breath test (UBT) [72, 117].
In order to demonstrate the high specificity in combination with the ability of fast

detection, the Raman spectrum of 27 nL exhaled human breath within the hollow core
of a 0.7 m long HC-PCF was analyzed and quantified within a measurement time of
1 s (Fig. 4.11). The exhaled human breath was directed into the fiber with the help
of a membrane pump. The candidate had to blow into a mouth piece until the tubing
and finally the HC-PCF was fully flushed by pushing the exhaled breath into the fiber
core with the help of a membrane pump at 2 bar absolute pressure. Raman peaks of
the major components 14N2 (2331 cm−1), 16O2 (1556 cm−1), and 12CO2 (1388 cm−1 and
1285 cm−1) are observable. The gaseous components 14N15N and 13CO2 with minor
concentrations were detected simultaneously to (6000± 1100) ppm and (400± 100) ppm
together with the major components and thus a concentration range of 4 orders of
magnitude was covered (Tab. 4.5).
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Figure 4.11: Fiber-enhanced Raman spectrum of 27 nL (∼ 1.5 nmol) of exhaled human breath,
which shows N2, O2, and CO2 as the permanent gases together with the lower concentrated
isotopologues 14N15N and 13CO2 in the ppm range. The spectrum was acquired in 1 s with the
help of the 600 lines/mm grating, 3.2 W laser output power at 532 nm excitation wavelength,
and a 0.7 m long “HC-580-02” HC-PCF.

gas measured theoretical rel. scattering
component conc. (%) conc. (%) cross section

14N2 77.8±0.4 78.1 1.00
16O2 16.0±0.2 16.0-17.0 1.02

12CO2 4.40±0.09 3.0-4.0 1.10∗
13CO2 0.04±0.01 0.033-0.044 1.13+

14N15N 0.60±0.11 0.58 1.00

Table 4.5: FERS-based detection and quantification of 14N2, 16O2, 12CO2, 13CO2, and 14N15N
within exhaled human breath: Relative Raman scattering cross sections and the detected gas
concentrations in comparison to literature values [55]. ∗ and + refer to the strongest Fermi diad
band of 12CO2 and 13CO2 at 1388 cm−1 and 1370 cm−1, respectively.

The experimentally derived different gas concentrations within the exhaled human
breath sample were in good agreement with the literature values (cf. Tab. 4.5). The
shown result emphasizes the generally high dynamic range for FERS and reveals the
potential for 13C-labeled marker detection. This has been successfully applied in breath
analysis [117, 97], whereas the 15N tracer technique is not yet commonly applied in
clinical diagnostics of human breath analysis. Rapid diagnostics of multi-component gas
samples is benefited by fast detection in the few seconds scale in combination of small
breath sample volumes, provided by hollow core fibers with sample volumes of some tens
of nanoliters. This will be presented more thoroughly in the next chapters.

4.4.3 Highly resolved FERS of isotopic-labeled gases
The clinical diagnosis of 13C-labeled CO2 by terms of human breath analysis requires
the specific identification of the 13C-label in the low ppm concentration region on a
generally high natural 12CO2 background in exhaled breath next to the other natural
isotopes [109, 190, 167]. In order to demonstrate the unique capabilities of FERS for
selective and quantitative isotope gas analysis in a high dynamic range, high-resolution
FERS measurements of natural CO2 next to N2 were performed. All present natural
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isotopes with typical spectral signatures have been included with the help of a high
groove-density dispersive grating at 2400 lines/mm together with a spectrometer slit
width of minimum 70 µm (Fig. 4.12 and Fig. 4.13). A spectral resolution of about
1.9 cm−1 (FWHM) was obtained.
The fiber-enhanced Raman spectrum of CO2 was acquired by a laser output power of

0.1 W at a laser wavelength of 532.15 nm and a fiber length of 0.7 m (“HC-580-02”).
Two subsequent measurements of pure CO2 were taken: one for a full peak assignment
with a total exposure time of 40 s (Fig. 4.12) as a qualitative measurement, the other for
a higher-resolved spectral elucidation of the isotopologues with a total exposure time of
12 s, resulting in a saturation of the CCD pixels from the two most intense CO2 Raman
bands at 1285 cm−1 and 1389 cm−1, as a quantitative measurement (not shown).

Figure 4.12: Fiber-enhanced high-resolution Raman spectrum of pure CO2: The Raman spectrum
shows in detail the Fermi diad of the different natural isotopes 12C16O2 (ν+ and ν−), 13C16O2
(ν+ and ν−, ∗ at 1266 cm−1), and 12C16O18O (ν+ and ν−), respectively, as well as the hot bands
of 12C16O2 (ν(1)

+ and ν(1)
− ), 13C16O2 (ν(1)

− ), and 12C16O18O (ν(1)
+ ). (The Raman spectrum was

acquired with one single measurement at an acquisition time of 40 s, with 0.1 W laser power
at 532 nm, the applied 2400 lines/mm grating, and the 0.7 m long HC-PCF “HC-580-02” at
ambient gas pressure and temperature.) [82]

The fundamental symmetric stretching mode ν1 of CO2 is Raman active, whereas the
bending vibration ν2 and the asymmetric stretching vibration ν3 are IR active, but not
Raman active. However, the first overtone 2 ν2 of the CO2 bending vibration is Raman
spectroscopically allowed, but substantially weaker than the fundamental vibration ν1.
Because this overtone vibration and another fundamental are comparable in frequency,
they will interact via the anharmonic part of the Hamilton operator if allowed by sym-
metry. The resulting mixing of the corresponding wave functions leads to a change in
Raman signal intensity and frequency shift to 1286 cm−1 and 1388 cm−1 for the bands
ν1 and 2 ν2 This was first described by Fermi in 1931 [56]. The resulting doublet band
structure in the region of the symmetric CO2 stretching vibration with frequencies ν+
and ν− corresponding to the intensities I+ and I− is known in literature as Fermi diad
[194, 199, 153, 12, 31, 91, 176, 6, 73]. Next to this diad, weaker so-called hot bands
appear due to excitations from the thermally excited state ν2 with frequencies ν(1)

+ and
ν

(1)
− and the condition ν(1)

+ +ν
(1)
− = ν1 +2 ν 2. The frequencies ν(1)

+ and ν(1)
− are relatively

shifted to the fundamental bands and occur at wavenumbers 1410 cm−1 and 1265 cm−1

for 12C16O2. The Fermi diad of the isotope 13C16O2 appears at lower wavenumbers of
1370 cm−1 and 1266 cm−1 for ν− and ν+ next to the hot bands ν(1)

− and ν(1)
+ at 1249 cm−1

and 1390 cm−1 (Fig. 4.12, Tab. 4.6). Even the band double structure of the isotope
12C16O18O at 1366 cm −1 (ν+) and 1259 cm−1 (ν−) was detected, next to one hot band
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at 1377 cm−1 (ν(1)
+ ) and the ro-vibrational fine structure of CO2. Table 4.6 summarizes

all detected isotopic bands of measured pure CO2 and compares them to other measured
values in literature. It should be noted, that the lower band ν− (13CO2) of natural CO2
is almost completely covered by the much more intense hot band ν(1)

− (12C16O2), as well
as the band ν(1)

+ (13CO2) by ν+ (12C16O2 ) for the specifically used spectral resolution
(cf. 4.12).

12C16O2 13C16O2 12C16O18O

ν
(1)
− 1264.6 (1265.3) 1249.3 (1248.7) − (1250.0)
ν− 1285.4 (1285.5) 1266.1 (1266.6) 1258.6 (1259.4)
ν+ 1388.8 (1388.2) 1369.9 (1370.3) 1366.1 (1366.0)
ν

(1)
+ 1410.1 (1409.5) 1390.2 (1388.8) 1376.3 (1376.5)

Table 4.6: Measured vibrational frequencies in cm−1 for the Fermi diad, ν− and ν+, and the
hot bands ν(1)

− and ν
(1)
+ of natural 12C16O2 and its higher concentrated isotopes 13C16O2 and

12C16O18O from Fig. 4.12 in comparison to literature values [95], which are shown in brackets.
The hot band ν(1)

− of 12C16O18O at 1250.0 cm−1 was not detected in Fig. 4.12 due to the insuf-
ficient spectral resolution, relatively weaker Raman intensity, and an overlap with the stronger
hot band ν(1)

− of 13C16O2 at 1249.3 cm−1.

The baseline subtracted peak area of 12C16O2 was integrated from 1385.6−1395.1 cm−1,
resulting in 150 575 counts and a peak height of 61 968 counts in total for quantitative
analysis. The Raman peak noise was determined to 27 counts. The highest Raman peak
of 13C16O2 summed up to 1645 counts with 873 counts peak height for 1368.1 - 1371.9
cm−1. Furthermore, the peak area from 1365.0 − 1367.6 cm−1 resulted in 575 counts
and a height of 241 counts for peak assignment for the naturally contained 12C16O18O.
The natural abundance of 18O and 13C are 0.2 % and 1.1 % respectively, resulting

in a natural abundance of 1.09 % and 0.39 % for 13C16O2 and 12C16O18O [52]. By
comparison of the above-mentioned peaks, an absolute concentration of (1.08± 0.03) %
and (0.38± 0.04) % was determined for the measured isotopes 13C16O2 and 12C16O18O,
which is in a very good agreement with the theoretical values.
For the quantitative analysis, the overall measurement was repeated with the identical

setup, but the combination of the 660 nm laser and the HC-PCF “HC-633-02” contrary
to Fig. 4.12. The fiber length was chosen to 1.2 m together with 0.2 W laser output
power. The individual CO2 peaks of the achieve Raman spectrum were integrated and
quantified (Tab. 4.7).

12C16O2 ν (cm−1) Ith Iexp

ν
(1)
− 1264.6 0.05 0.05±0.005
ν− 1285.4 0.73 0.72±0.02
ν+ 1388.8 1.00 1.00±0.03
ν

(1)
+ 1410.1 0.08 0.08±0.01

ν+(13C16O2) 1369.9 0.015 0.014 ±0.002

Table 4.7: Comparison of FERS-based quantified intensities Iexp with theoretical values Ith [156]
for 12C16O2 and the major isotope compound 13CO2. The individual intensity I is related to
the strongest band ν+ for 12C16O2.

In recent years, 15N-labeling experiments have become a powerful tool investigating
rates and regulations of microbially mediated nitrogen loss processes in soil by determina-
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tion of the fluxes for N2 and its products [34]. In general, nitrogen is naturally contained
to 78.01 vol. % in ambient air. The concentrations of the nitrogen isotopologues are
determined to 99.261, 0.737, and 0.0001 % for 14N2, 14N15N, and 15N2 [181].

Figure 4.13: Fiber-enhanced high-resolution Raman spectrum of pure N2: The ro-vibrational fine
structure of the O- and S-branch next to the strong Q-branch is resolved. The Raman peak of
the 14N15N isotope is marked by an arrow. (The Raman spectrum was acquired with one single
measurement at an acquisition time of 240 s with 20 mW laser power at 607 nm, the applied
2400 lines/mm grating, and a 1.2 m long HC-PCF “HC-633-02” at ambient gas pressure and
temperature.)

The potential of FERS was further shown by the highly sensitive and specific quan-
tification of the nitrogen isotopologues in ambient air at ambient conditions. This high
spectrally resolved Raman measurement was achieved by application of the 607 nm cw
DPSSL at an output power of 20 mW in combination with a 1.2 m long HC-PCF “HC-
633-02” and the help of the 2400 lines/mm grating. The overall exposure time summed
up to 240 s. This Raman spectrum is dominated by the Q-branch of natural nitrogen at
2329 cm−1 (Fig. 4.13). The spectrally resolved Q-branch showed the typical asymmetric
shape due to different ro-vibrational energy levels with spacing, according to the model
of the anharmonic oscillator. Besides, the rotational-vibrational transitions of nitrogen,
namely the O- and S-branches, roughly extending from 2000− 2600 cm−1 [77]. The bo-
son character of 14N2 reveals an intensity alteration with a 6:3 relation of the statistical
weight of nuclear spin states for even and odd J values (cf. Sec. 2.3). The individual
Q-branches of 14N2 and 14N15N were fitted and integrated. The peak area for 14N2 from
2328.4 - 2333.9 cm−1 and 14N15N from 2290.0− 2294.6 cm−1 resulted in 461 372 counts
and 3 223 counts with a standard deviation of 55 counts for the individual peak noise.
The resulting experimentally derived relative abundance with (0.70± 0.05) % is in good
agreement with the theoretically expected value of 0.74 %. It has to be stated that the
spacing of 6B between Q-branch and the closest O- and S-branch, as well as the spac-
ing of 4B between each adjacent transition line of O- and S-branches were accurately
detected (cf. Sec. 2.3).

4.5 Summary
In this chapter an advanced FERS setup was presented, which is superior to state-
of-the-art fiber- or capillary-based Raman spectroscopic setups in terms of LOD and
high spectral resolution, as well as the capability for for fully-automatized gas fillings
and multi-gas quantification. The innovative FERS setup was presented leading to
an overall high dynamic range of up to 6 orders of magnitude with a time resolution
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of seconds and minimum detectable concentration levels in the low ppm range. The
simultaneous FERS quantification of climate-relevant gases like CH4, CO2, N2, O2,
and N2O had been demonstrated next to the straight-forward detection of homonuclear
diatomic gases and characteristic isotopes, e.g. 13CO2 and 13CO2, as well as 14N2 and
14N15N, which are relevant for metabolic pathway monitoring. 27 nL of exhaled human
breath, consisting of the low concentrated compounds 14N15N and 13CO2 next to the
major breath components, had been quantified simultaneously over a dynamic range of
4 orders of magnitude with just one single measurement. The great potential of FERS
for characterization of greenhouse gas fluxes and bedside clinical diagnosis of metabolic
diseases will be further carried out in the next two chapters.
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5 Fiber array spectral translator-based
Raman imaging of HC-PCF

The previous chapter introduced the analytical potential of FERS for highly sensitive
multi-gas measurements in the low ppm-range. Next to a tremendous fiber enhance-
ment with the factor of several thousand compared to conventional Raman spectroscopy,
FERS measurements revealed a likewise intrinsically high background and noise level.
This Raman noise originated from the fiber’s material fused silica, which forms the
microstructured region around the hollow core. A Fiber-based Raman gas sensor can
extract advantages from the quantitative and qualitative elucidation of this signal dis-
tribution coming from the photonic bandgap structure.
The following chapter introduces the fiber array-based spectral translation Raman

imaging of different fiber signal distributions for gaseous and liquid filled HC-PCF. The
qualitative and quantitative localization of analyte Raman signal and silica Raman signal
is shown and discussed.

5.1 Fiber array spectral translator-based Raman imaging
(FAST-RI)

The combination of previously introduced FERS with fiber array spectral translator-
based Raman imaging [104, 177, 187, 186], which was designed and set up by Michael
Brückner [16] enables the spatially-resolved detection of Raman signal across the fiber
cross section. A combined setup will be briefly introduced.

Optical design
The hyperspectral (HR) setup, developed and realized by Michael Brückner, is based
on hyperspectral Raman imaging and combines multiple concepts [177]. The essential
approach for hyperspectral imaging on fiber arrays is a method called fiber array spectral
translation (FAST). The main idea is based on imaging the probe’s scattering signal,
which is collected on a fiber array. One end of this array is connected to spectrometer
slit. The linear arrangement of these fibers in the slit plane results in an imaging of the
3-dimensional spectral information to the 2-dimensional CCD detector. FAST offers the
advantages of moderately efficient imaging at a full spectral range, which is essentially
limited by the spectrometer range, combined with a high spectral resolution [177]. The
number of fibers in the array limits the relevant applications for FAST-RI. Nevertheless,
Raman spectroscopic imaging of the fiber’s cross section with FAST can reveal signal and
noise contributions to the Raman gas sensor’s SNR. An increased SNR encourages the
development of Raman gas sensors with novel types of MOF with moderate attenuation.
The schematic illustration of the setup is shown in Fig. 5.1. This setup enabled

the coupling of laser light into both ends of a MOF, which realized the discrimination
of forward and backward Raman scattering collection. The switchable laser coupling
for forward and backward scattering Raman signal detection was realized by a flipping
mirror (FM). Before hitting the mirror, the laser light was expanded via a telescope (T)
to later match the fiber’s NA of 0.2. The expanded beam was then reflected by a Raman
edge filter (E1 or E2) and coupled via a microscope objective lens (OL1 or OL2) into the
fiber adapter assembly [62] (A1 or A2), which contained the MOF.
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Figure 5.1: Schematic illustration for the combination of the FERS setup with the FAST-RI
setup [16] consisting of a laser for the forward and backward scattering option (switchable by
a flipping mirror (FM)), telescope (T), edge filters (E1 or E2, E3), two objective lenses (OL1
or OL2), fiber adapter assemblies (A1, A2), microstructured optical fiber (MOF), aspheric lens
(L), mirrors (M1, M2), fiber bundle (FB, quadratic-to-slit), spectrometer (SPEC) with 2 input
ports (I1, I2) for either FERS- or FAST-measurements, CCD detector, and fiber-based white
light source (WS).

Different lasers were used for both arrangements (cf. Tab. 4.1) based on the different
HC-PCF. Depending on the excitation wavelength, the laser beam was reflected by the
individual long pass edge filter (E1, E2) (cf. Sec. 4.1). The microscope objective lens
(OL1 or OL2: “L Plan 20x/0.35 EPI SLWD”, Nikon Corporation) with a 20x magnifi-
cation, a NA of 0.35, and a focal length fOL of 10 mm provided a long working distance
up to 25 mm. Either back scattered or forward scattered Raman signal was collected
and collimated by the same objective lens and passed through the same edge filters (E2
and E3) to eliminate the high amount of Rayleigh scattering signal.
The combination of FAST-RI and FERS enabled either the previously described ap-

plication of FERS-based monitoring of multi-component gas mixture (red arrow, Fig.
5.1) or the FAST-RI-based inspection of different HC-PCF cross sections described in
this chapter (FAST, Fig. 5.1). Without further setup rearrangement, the flipping mir-
ror M1 realized the switching between both applications. Within the FAST-RI part, an
amorphous silicon sample was installed for the calibration routine and removed before a
FAST-RI measurement [16, 104, 177, 187, 186].
The custom-built fiber optic bundle included 64 single fibers. The fiber bundle was

arranged in an 8 × 8 square pattern at the collection end and a 1 × 64 linear stack
at the detection end directly connected to the entrance slit of the spectrometer. The
white light source (WS) was coupled into the fiber via the microscope objective lens
OL2 after being collimated by an achromatic lens L1 with f = 10mm. The fiber end
facet together with the transmitted white light could be captured by the CMOS camera
within the FAST setup (Fig. 5.1). Adjusting both mirrors M1 and M2 via the coll.
”beam walk” allowed to choose the ROI for the fiber cross section before the initiation
of a FAST-RI measurement. This procedure was independent of the laser coupling to
the fiber. The principle of a FAST-RI measurement is described more detailed in [16].
This chapter will only focus on the FAST-RI-supported measurements and discussion
for different HC-PCF signal cross sections.
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Spatial resolution
Focusing the Raman signal on the reference sample plane within the FAST part (Fig.
5.1) resulted in a signal NA of 0.2. In general, d represents the minimal resolvable
distance which is the minimum distance between two distinguishable objects/points in
an image. The specific image resolution 1/d for the diffraction limited optical system
with a NA of 0.2 is expressed as [161]

d = 0.61 λ

NA
= 1.56 µm (5.1)

for the wavelength λ of 500 nm. The lateral resolution can be improved by a higher
NA for the optical imaging within the setup. The restriction in lateral resolution by Eq.
5.1 was sufficient for the FAST-RI-based investigation on the Raman signal distribution
for different HC-PCF. An overall magnification of 80 for the fiber cross section to the
entrance fiber bundle side (FB, Fig. 5.1) was achieved. Thus, one image pixel length of
the HR Raman image equaled 1.56 µm in the sample plain (within FAST, Fig. 5.1) of
the microstructured optical fiber (Eq. 5.1).

Data processing and correction
Fig. 5.2 schematically shows the typical procedure for a FAST-RI measurement [16,
104, 187, 186]. Before a hyperspectral investigation of the fiber cross section, necessary
preparative measurements had to be realized. This included the determination of the
background image, of a wavenumber calibration function, of the line/peak shift, and an
acquisition of the normalization.
The first step for each measurement series was the acquisition of the background with-

out laser illumination of the reference/fiber sample for the initial background correction.
The relative line (or peak) shift of the Raman signal originated from the dispersive fea-
ture of the gratings and the dimension of the CCD detector. The preliminary detection
of monocrystalline silicon (Fig. 5.3a) as reference sample appeared beneficial for the
normalization and wavenumber correction steps. The latter was performed by the anal-
ysis of more than one spectral peak and a subsequent linear or polynomial fitting next
to the Rayleigh line correction to 0 cm−1 for the conversion pixel to wavenumber.

Figure 5.2: Scheme for data acquisition and correction for a single FAST-RI measurement. [16,
104, 187, 186]

The homogenous sample illumination was followed by a homogenous illumination of
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the fiber bundle with scattered light from the sample. Imaging of the linear fiber array
onto the CCD detector resulted in a transfer function of the fiber bundle (Fig. 5.3b).
Different transmission of different bundle fibers, as well as the spectrometer imaging,
mainly contributed to this transfer function resulting in a normalization error, i.e. the
maximum deviation to the mean value of the intensity for all pixels. The integration
over 30 pixels for the silicon phonon vibration at 521 cm−1 represented the reference for
the normalization. Implementing this normalization process decreased the error for the
transfer function down to (3.1± 0.6) % (Fig. 5.3b).

(a) (b)

Figure 5.3: (a) Raman spectrum of monocrystalline silicon with characteristic phonon band
shift at 521 cm−1. (b) Raman intensity for transfer function of the fiber optic bundle done by
integrating and averaging of the silicon peak over 30 pixels around 521 cm−1. Fiber #3 was
damaged and therefore not used throughout all the experiments. (532 nm excitation wavelength,
300 mW laser power, 5 s exposure time, 5 accumulations, 600 lines/mm grating)

Measurement parameters
Unless otherwise stated, the measurement parameters for the following results are listed
in Table 5.1.

fiber arr. analyte
λexc P0 L T p meas.

Fig.
(nm) (mW) (m) (%) (bar) time (s)

HC-580-02 f H2 532 0.2 0.7 22 5 5×5 5.8
b H2 532 0.2 0.7 27 5 5×5 5.8
b H2 532 0.2 1.0 15 5 5×5 5.9

HC-633-02 b N2 660 0.3 1.0 70 5 5×2 5.6
b H2/N2 660 0.3 1.5 60 5 5×5 5.7

HC-1060-02 b EtOH 532 0.05 0.3 16 70∗ 5×1 5.11

Table 5.1: Important measurement parameters used for different FAST-RI measurements of hy-
drogen, nitrogen, and ethanol (EtOH): laser excitation wavelength λexc, laser power P0, HC-PCF
length L with corresponding laser beam transmittance T , absolute pressure p inside the fiber,
and the total measurement time as accumulations × exposure time. HC-PCF [145, 146, 144, 142]
(NKT Photonics) for different arrangements (f: forward scattering, b: backward scattering) and
different analytes are listed. The corresponding FAST Raman images are stated and will be
described in more detail in the following sections. ∗70 bar differential pressure were used to fill
the HC-PCF non-selectively from one fiber end.
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5.2 FAST-RI of Raman signal distributions in HC-PCF
Hollow-core fiber sensors have to fulfill a low attenuated guiding mechanism for a wide
range of applications [30, 47, 114, 175]. Simplifying the fiber design as much as possible
would make such sensors more practical and useful for commercialization. Nevertheless,
simplified HC-PCF lead to confinement loss [120, 75] and all applications struggle certain
bending losses for gaseous, selectively, and non-selectively filled HC-PCF [2]. The real-
time Raman imaging of fiber cross sections can reveal information, which is useful for the
design, fabrication, and revision of these drawbacks for novel types of microstructured
fibers.
Here, an optimal overlap of the fiber core mode field and the analyte for highly efficient

and simplified Raman fiber sensors is sought. Such an investigation in Raman signal
distribution was performed by the utilization of FAST-RI in this chapter. In doing so,
HC-PCF were hyperspectrally analyzed for the Raman signal distribution of different
gaseous analytes. Especially the signal distribution at a low wavenumber region of
< 1300 cm−1 turned out to be relevant for analytical comparison of fiber-silica and
analyte Raman signal. Molecular hydrogen and its pure vibrational Raman shifts cover
this region [77]. It is therefore of particular importance to initially discriminate the
Raman spectroscopic features of molecular hydrogen.

5.2.1 Raman spectroscopic discrimination of molecular hydrogen
Fig. 5.4 shows a typical (a) ro-vibrational and (b) pure rotational Raman spectrum of
molecular hydrogen, which was measured within a HC-PCF. The vibrational Raman
transition of hydrogen is dominated by the separated Q-branch lines around 4155 cm−1

(Fig. 5.4a). Although these vibrational transitions occur at a very high wavenumber
region > 4000 cm−1 with relatively high HC-PCF attenuation losses for the Raman
signal, the hydrogen Q-branch is still detectable due to a generally high enhancement
by the FERS setup.

(a) (b)

Figure 5.4: (a): Fiber-enhanced rotational Raman bands of the rotational hydrogen S-branch
(for 660 nm laser wavelength, 372 mW laser power, and an acquisition time of 0.4 s). (b): Fiber-
enhanced ro-vibrational Raman bands of the vibrational hydrogen Q-branch (for 607 nm laser
wavelength, 23 mW laser power, and an acquisition time of 100 s). The black spectrum was
50 times enhanced for a better illustration of the low intensive Q-branch transitions at smaller
wavenumbers. Both spectra for 5 vol. % H2 in rest carrier gas N2 were measured with the help of
a 600 lines/mm grating and a 0.5 m long HC-PCF “HC-633-02” at pabs = 6bar and T = 21 °C.

The characteristic bands of the hydrogen Q-branch are determined by the thermal
population of rotational ground state energy levels with an intensity relation of 3:1
between odd and even J values due to different spin states (cf. Sec. 2.3). To obtain
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the initial energy state population, the vibrational energies of molecular hydrogen can
be inserted into Eq. 2.6. This results in Nν1/Nν0 ' 10−6. Therefore it can be assumed,
that hydrogen is in the vibrational ground state at ambient conditions. Since hydrogen is
allocated in two nuclear spins I = 1 and I = 0, the vibrational Raman transitions Q1(0),
Q1(2), Q1(4), and Q1(6) are related to para-H2, whereas Q1(1), Q1(3), and Q1(5) are
related to ortho-H2 (Fig. 5.4a). The vibrational line Q1(1) at 4155.2 cm−1 shows the
highest intensity under ambient conditions [77].
The excitation energies of the rotational transitions are ∼ kT , thus several excited

states are usually populated at room temperature. For the rotational Raman spectrum
of hydrogen at lower wavenumbers, i.e. 300 − 1300 cm−1, para-H2 is represented by
the states S0(0) and S0(2), whereas S0(1) and S0(3) are belonging to ortho-H2 [77].
The most intensive rotational hydrogen band at 587.1 cm−1 refers to S0(1) and will be
thoroughly examined within this thesis (Fig. 5.4).

5.2.2 Raman signal and silica background distribution

Figure 5.5: Example of FAST-RI for the HC-PCF “HC-633-02” filled with 5 vol. % molecular
hydrogen in rest carrier gas nitrogen. A: Microscopic image of fiber cross section with transmitted
light from a white light source. The ROI for the Raman signal collection is marked by the red
8 × 8 squared area. B-D: 3 Raman spectra were collected from 3 characteristically different
fiber regions: (B) the center of hollow fiber core, (C) the edge of the fiber core, and (D) the
microstructured region surrounding the fiber core. All 3 graphs exemplarily show the different
Raman spectroscopic content of hydrogen signal (pure rotational bands S0(1)−S0(3)) and silica
background signal guided in the hollow fiber core and surrounding microstructured region of
the HC-PCF. The green (red) marked region further illustrates the contribution of the pure
rotational hydrogen band S0(1) (silica D2 band) to the signal distribution over fiber cross section
for the resulting FAST-RI graph shown in Fig. 5.7.

The applied FAST method is very rapid compared to other hyperspectral techniques,
which are normally using an acousto-optic modulator (AOM) for individual scans along
the spectral region [177]. The modal distribution of a fiber cross section can change tem-
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porally fast due to e.g. laser coupling instabilities or thermal drifts. Long measurement
times, therefore, would not reflect instantaneously achieved hyperspectral information.
In this case, a FAST-RI graph, which can be obtained within seconds, overcomes the
drawback of long acquisition times for standard techniques.
Figure 5.5 together with Fig. 5.7 show an exemplary FAST-RI measurement of H2

in the HC-PCF “HC-633-02”. This HC-PCF consisted of a hollow core with a diameter
of (5.8 ± 1) µm and a microstructured region with a dimension of ∼ 37 µm [146]. The
microscope image of the fiber end facet with transmitted white light in Fig. 5.5 was
captured by a CMOS detector (within FAST, Fig. 5.1) before the initiation of a FAST
Raman imaging process. The white light illumination demonstrates the mechanism of
the photonic bandgap effect. The white light was mainly guided in the hollow fiber core
and further to a high amount in the inner ring of honeycomb-like fiber cladding region.
The 8 × 8 squared area (red, Fig. 5.5A) illustrates the ROI including the region of the
hollow core and the first ring of the microstructured region, which was hyperspectrally
imaged within one single measurement. Although the fiber structure and corresponding
guiding mechanism was identifiable by the microscopic image, an additional utilization
of FAST-RI revealed information on the different signal distribution (Fig. 5.7).
Three characteristic areas of the hyperspectrally investigated fiber cross section are

exemplarily shown in Fig. 5.5. The Raman signal of the gaseous analyte was mainly
guided in the hollow core (B). The Raman spectrum in (D) defines a superposition
of weak hydrogen Raman signal at the outer fiber core region and a high content of
silica Raman signal, which was guided within the hollow core. The inner ring of the
microstructured region (C) confined the silica Raman signal and nearly no Raman in-
tensity of molecular hydrogen is detectable (Fig. 5.5). The modal distribution of both,
gas Raman signal and parasitic silica Raman signal, can be identified immediately with
the help of FAST-RI in one single measurement. Therefore, the Raman signal of the
strongest vibrational hydrogen band S0(1) at 587 cm−1 and the silica band D2 around
606 cm−1 (Fig. 3.8) have been individually integrated for each Raman spectrum. An
interpolated 8 × 8 pixels FAST Raman image was the result (Fig. 5.7).

Figure 5.6: Left: Microscopic image of fiber cross section (“HC-633-02”) with transmitted light
from a white light source (WS, Fig. 5.1). The blue frame indicates the ROI with a dimen-
sion of 12.5 µm × 12.5 µm. FAST Raman images of the vibrational nitrogen Raman band were
integrated around 2331 cm−1 (middle) and for the fluorescence contribution of silica around
2500 cm−1 (right). Both FAST Raman images are interpolated for better illustration of the
guiding mechanism. Measurement parameters can be found in Tab. 5.1.

Another example for the Raman signal contribution of molecular nitrogen at 2331 cm−1

is shown in Fig. 5.6. The Raman signal distribution for nitrogen mirrors that of hydro-
gen in Fig. 5.7. Nevertheless, only the less intense fluorescence content of silica Raman
signal in the higher wavenumber region will contribute parasitically to the nitrogen signal
at these high wavenumber regions with > 2000 cm−1 (cf. Fig. 3.8). The honeycomb-like
shape of the microstructured region is partly resolved by the signal distribution of the
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silica Raman signal. Isolated signal peaks in Fig. 5.6 (right) most likely refer to these
structural properties of the cladding and the highly attenuated PBG-like light guidance
in each single of its small hollow cores (cf. Sec. 3.4).

5.2.3 Photonic bandgap effect and Raman signal distribution
The already presented microstructured cladding region in the form of hexagonal-shaped
honeycombs provides a 2-dimensional photonic bandgap effect for these fiber types. De-
pending on the structure parameters like pitch and air hole diameter, the number of hole
rings and the dimension of the hollow core primarily define the bandgap characteristics
for the designed wavelength region [10]. The designed spectral transmission window usu-
ally spans around 100 nm in the VIS range. Especially for the margins of this spectral
bandgap region, e.g. around the margins 530 nm and 630 nm for the HC-PCF “HC-
580-02”, the attenuation is relatively high. This is the consequence of a stronger signal
leakage from the hollow core into the surrounding microstructured cladding region [10].
In contrast, the utilized HC-PCF “HC-633-02” is designed for the VIS-IR region with

a design wavelength of 633 nm and the photonic bandgap spans from 605 - 750 nm [146].
The applied excitation laser at 660 nm is spectrally close to the designed wavelength and
will be guided with low attenuation losses. However, the effective transmission window
for a multi-component gas mixture will be spectrally limited to 750 nm, which equals
a wavenumber region of 1800 cm−1, i.e. is slightly higher than the typical fingerprint
region to 1500 cm−1 (cf. Fig. 3.6).
The FAST-RI-obtained signal distribution for the rotational hydrogen Raman band

at a low wavenumber region (587 cm−1) was compared to the vibrational Raman band
of nitrogen at a high wavenumber region (2331 cm−1) within a Raman fingerprint region
< 3000 cm−1 for Fig. 5.7. The 660 nm excitation laser in combination with the HC-PCF
“HC-633-02” was utilized for this measurement. The hydrogen Raman signal at 686 nm
featured a low attenuation by the plateau-like photonic bandgap (Fig. 3.6), whereas the
nitrogen Raman signal spectrally outside the designed bandgap at 780 nm underwent a
major attenuation. The latter was related to a stronger leakage into the microstructured
cladding region resulting in a higher mode field diameter (MFD) (Fig. 5.7). The 19×
higher concentrated molecular nitrogen showed only a 2× higher Raman signal intensity
compared to molecular hydrogen due to its relatively strong signal attenuation (cf. Fig.
3.6).

Figure 5.7: Microscopic image (left) of the HC-PCF cross section (“HC-633-02”) with transmitted
light from a white light source and a dimension of 12.5 µm× 12.5 µm. The corresponding FAST
Raman images for the rotational hydrogen band S0(1) integrated around 587 cm−1 (middle)
and the vibrational nitrogen band integrated around 2331 cm−1 (right) are further shown. Both
FAST Raman images are interpolated and an exemplary honeycomb-like HC-PCF structure is
overlayed (black) for better illustration of the guiding mechanism, respectively.
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5.2.4 Raman signal comparison of forward and backward Raman scattering
Hollow-core photonic bandgap fibers present a unique guiding mechanism based on a
honeycomb-like microstructured cladding region formed by fused silica. For the resulting
silica Raman signal it was predicted, that it mainly arose from the cladding structure.
Furthermore, it will be most effectively guided within the hollow fiber core next to the
analyte Raman signal. The combination of FAST-RI and FERS represented an excellent
option to quantitatively and qualitatively compare the signal and noise distribution for
forward and backward Raman scattering signal collection without any further setup
modifications (Fig. 5.1). In doing so, the 532 nm excitation laser in combination with
the HC-PCF “HC-580-02” for feasible subsequent FAST-RI experiments of both fiber
end cross sections were used under same experimental conditions.
Fig. 5.8 shows the microscopic white light image and the FAST Raman image com-

paring the forward and backward scattering Raman signal collection by integrating the
vibrational hydrogen band S0(1) at 587 cm−1 and the D2 silica Raman band at 606 cm−1,
respectively.

Figure 5.8: Microscopic image of the “HC-580-02” fiber cross section with a dimension of
12.5 µm × 12.5 µm illuminated by transmitted light from a white light source (left) with cor-
responding FAST Raman image of the vibrational hydrogen band S0(1) at 587 cm−1 (middle)
and the D2 Raman band of silica integrated around 606 cm−1 (right) applying the forward (bot-
tom) and backward (top) scattering arrangement (cf. Fig. 5.1). All FAST Raman images are
interpolated and an exemplary honeycomb-like HC-PCF structure is overlayed (black) for better
illustration of the guiding mechanism, respectively.

The highest intensity of the hydrogen Raman signal emitted from the hollow fiber core
was more than 5× higher for backward scattering arrangement compared to forward.
Both signals can be described with a Gaussian-like mode [145, 146], where most of the
Raman signal is confined inside the core. However, the real inhomogeneous honeycomb
structure of the microstructured cladding and imperfection of the core will deform the
Raman signal. This effect seemed to be clearer for the backscattering arrangement since
the strongest Raman signal will be generated within the first centimeters of the HC-PCF
(Fig. 5.8 bottom middle).
Furthermore, an overlap of the strong laser mode and the fiber silica material will
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generate major silica noise at the illumination fiber end. The forward scattering arrange-
ment in combination with sufficiently long fiber lengths could “clean” this parasitic silica
noise signal distributed inside the inner ring of the microstructured region, because of
its poor optical guidance. This effect can be further emphasized by the utilization of
even longer fibers. However, fiber lengths substantially longer than the effective fiber
length will lead to an additional attenuation of the analyte Raman signal guided inside
the hollow core (cf. Sec. 3.5). In Fig. 5.8, the hydrogen Raman signal inside the core,
as well as the silica Raman signal in the microstructured region, was attenuated by this
mechanism. Forasmuch, the highest intensity of the silica Raman signal is ∼ 10× lower
for the forward compared to the backward scattering arrangement. For each individual
FAST Raman image in Fig. 5.8, the Raman signal intensity was manually background
corrected and integrated since a generally automatized fitting procedure for the silica
Raman signal contribution turned out to be difficult, i.e. due to peak shifts and different
peak shapes along the fiber cross section. The individual silica noise contribution was
then set in relation to the individual hydrogen signal intensity. Comparing both relations
of the backward and forward scattering collection, the latter could decrease the relative
noise contribution by a value of (18± 9) %.
In summary, silica Raman noise suppression resulting in a general SNR improvement

can be achieved by two methods:

1. The higher silica noise contribution for the backward scattering configuration pri-
marily arose in the outer fiber core region. It could be filtered by an appropriate
spatial pinhole. This technique will be introduced in the next chapter.

2. The forward-scattered silica Raman signal will be substantially filtered within the
poorly guiding honeycomb-like microstructure of the fiber cladding. The fiber
length has to be chosen such that large contributions of this noise signal will be
cleaned under preservation of the analyte Raman signal. Thus, the effective fiber
length governed by the attenuation characteristics has to be meticulously chosen
in advance for the application of the forward scattering configuration.

5.2.5 Raman signal distribution for fiber bending
Using the HC-PCF “HC-580-02” in combination with excitation laser light at 532 nm
introduced several characteristics: (1) Since the laser wavelength at 532 nm is spectrally
located at the edge of the photonic bandgap, even minor fiber instabilities will dramat-
ically change the guiding properties for the excitation laser light. These laser intensity
instabilities will result in Raman signal instability independent of the Raman signal
guiding governed by the fiber attenuation. (2) A certain fiber bending or a difference in
absolute gas pressure inside the fiber will affect this sensitive guiding mechanism as well.
Sufficient bending will introduce losses for the coupled laser mode and Gaussian-like
Raman signal inside the core. This is a consequence of the individual signal, which is
confined in the core and is provoked to leak to the surrounding cladding ring by deform-
ing the structure through fiber bending [121]. (3) Only an increase in the number of
cladding rings can strongly reduce the fiber bending losses [2]. Nevertheless, this number
is fixed by the fiber design and subsequent fiber drawing process.
The influence of fiber bending on the modal characteristics for the backward scattered

Raman signal was investigated for two different bending diameters with the help of
FAST-RI. Respectively a bending diameter of 3 cm and 10 cm for a 1.5 m long HC-PCF
“HC-580-02” in combination with an excitation laser wavelength of 532 nm were applied.
The resulting FAST Raman image for the vibrational hydrogen band S0(1) integrated
around 587 cm−1 and the D2 silica Raman band integrated around 606 cm−1 are shown
in Fig. 5.9.
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The decrease in bending radius from infinity (Fig. 5.8) to 10 cm resulted in a certain
Raman signal modification for the fiber core. The deformation for the Gaussian-like
Raman signal of molecular hydrogen and a spatial peak shift from the fiber center in
one direction to the surrounding first cladding ring resulted (Fig. 5.9). Contrary, the
silica Raman signal was located at the edge of the hollow core almost congruent with
the center of gravity of the hydrogen signal. When the bending radius was decreased to
3 cm, this characteristic strongly evolved (Fig. 5.9 right). The maximum silica Raman
intensity increased and the fundamental mode further deformed with a general stretching
to the inner ring of the microstructured cladding on one axis.

Figure 5.9: Resulting signal distribution for induced fiber bending losses of the HC-PCF “HC-580-
02” at 532 nm excitation laser wavelength. All FAST Raman images correspond to the vibrational
hydrogen Raman band S0(1) at 587 cm−1 (top) and the D2 silica Raman band integrated at
606 cm−1 (bottom) for a bending radius of 10 cm (left) and 3 cm (right) in opposite directions.
All FAST Raman images are interpolated and an exemplary honeycomb-like HC-PCF structure
is overlayed (black) for better illustration of the guiding mechanism, respectively.

The brief analysis on fiber bending for two different bending radii much smaller than
the minimally recommended demonstrates qualitatively the influence of this strong effect
on the Raman signal distribution. FAST Raman imaging of Stokes signal on the effect
of extreme fiber bending in relation to the photonic bandgap guiding mechanism in HC-
PCF has been shown for the first time. These events should be avoided if experiments
are carried out with these special fibers.

5.2.6 FAST-RI of non-selectively liquid-filled HC-PCF
Liquid-core filled HC-PCF have been applied successfully as biosensors in literature
[106, 108, 107]. One possibility is filling the hollow core selectively with the analyte-
solution mixture and leaving the small cores of the surrounding microstructured region
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untouched. This can be achieved by different techniques: (1) either filling the holes with
UV-curable glue with the help of deducing different flow velocities for the hollow core
and holes of the microstructured region, (2) or applying a collapsing technique [183].
After closing the small holes for each procedure and the following selective filling of
solution to the fiber core, splicing at the point of unaffected bandgap structure will lead
to an attenuated total internal reflection (ATIR) for this type of preparation [13]. Such
time-consuming sample filling is not suitable in a clinical environment, which requires
simple and rapid detection methods.
Another possibility is filling the entire fiber. Filling the hollow core, as well as the

microstructured cladding region, leads to a non-selectively filled fiber [39]. Further, the
photonic bandgap and its characteristically wavelength transmission band will be shifted
significantly compared to its gas filled counterpart [107]. The excitation wavelength will
not match that of the non-filled HC-PCF. The bandgap shift is governed by [10]

λ = λ0


1−

(
nliq
nSiO2

)2

1−
(
nair
nSiO2

)2


1/2

, (5.2)

where λ0 is the wavelength for the original bandgap and the fiber’ refractive indexes
for fused silica nSiO2 and air nair, next to that for the filled hollow cores with liquid
solution changing nair to nliq.
Usually, different liquid solvents like water and ethanol with refractive indexes of 1.33

and 1.36 at 589.29 nm are used for liquid fiber sensing. If the HC-PCF “HC-1060-02”
(NKT Photonics) [142] (cf. Fig. 3.5) with center wavelength of 1060 nm for gaseous
analytes is non-selectively filled by either water or ethanol, a bandgap shift to the VIS
spectral region will result in accordance to Eq. 5.2. More specifically, a wavelength
shift for λ0 = 1060 nm to λEtOH ∼= 531 nm (λH2O

∼= 601 nm) for ethanol (water) with
nSiO2 = 1.4607 and nair = 1 at 532 nm will be the consequence [172].

Figure 5.10: Raman spectrum for an ethanol filled glass cuvette. (50 mW laser power, 532 nm
excitation wavelength, 2 s exposure time, 600 lines/mm grating, 100 µm slit width)

Fig. 5.10 shows the Raman spectrum of ethanol in the typical fingerprint region. The
fiber was assembled with both ends into the fiber adapters (Fig. 4.2). Then the fiber
was filled with ethanol (96 % from Sigma-Aldrich) by a pressure difference of 70 bar
via an ultra-high performance/pressure liquid chromatography (UHPLC) pump (X-LC
3185PU pump, Jasco Inc.) at the distel-end. The achieved FAST Raman image for the
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backward Raman scattering arrangement is shown in Fig. 5.11. Three individual Raman
spectra representing (A) the center of the fiber core, (B) edge of the core, and (C) the
first ring of the microstructured region are plotted together with the microscopic image
of the fiber end facet. The characteristic C-C stretching band of ethanol at 889 cm−1, as
well as the D2 silica Raman band at 606 cm−1 are conspicuous in the Raman spectrum
“A”. Both Raman bands were integrated resulting in two different FAST Raman images
for Fig. 5.11, bottom left and right. In comparison, the symmetrical C-H stretching
ethanol band at 2933 cm−1 (cf. Fig. 5.10) was integrated and resulted in the FAST-RI
graph of Fig. 5.11, bottom middle.

(a)

(b)

Figure 5.11: (a): 3 ethanol Raman spectra for different spots (A-C) on the fiber cross section:
The ethanol was non-selectively filled into the HC-PCF “HC-1060-02”. Inset: Microscopic image
of the fiber cross section with transmitted light from a white light source. The regions A-C
illustrate the simultaneous FAST-RI collection of the corresponding Raman spectra. (b): FAST
Raman images of 2 different ethanol bands integrated around 889 cm−1 (left) and 2933 cm−1

(middle), and the D2 silica Raman band integrated around 606 cm−1 (right): All FAST Raman
images are interpolated and an exemplary honeycomb-like HC-PCF structure is overlayed (black)
for better illustration of the guiding mechanism, respectively.

The Gaussian-like Raman signal of both ethanol bands is completely confined inside
the filled hollow core with a comparable MFD. This is a consequence of the shifted broad
transmission window with low attenuation up to ∼ 650 nm including the fingerprint
region up to 3000 cm−1. The more intense ethanol Raman band at 2933 cm−1 compared
to that for 889 cm−1 (Fig. 5.10) further revealed a higher FAST-RI signal intensity (Fig.
5.11).
Similar to the previous findings of the FAST Raman signal imaging for gaseous ana-
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lytes (Fig. 5.6, 5.8), it was expected that a silica Raman signal content will be present
within liquid-filled HC-PCF, but to a fairly low amount. This contribution was hy-
perspectrally resolved in Fig. 5.11. The silica noise signal was mainly confined within
the filled hollow core, but not in the first microstructured cladding ring. However, the
signal intensity was more than 2 orders of magnitude lower than that of the ethanol
Raman signal. Contrary to the earlier results, a possible spatial filtering of the silica
noise proves to be difficult since it was located to a high content in the fiber core next
to the solvent signal. Filtering out this signal will consequently cut out analyte signal.
A resulting increase in SNR for the utilization of a spatial pinhole is put in question (cf.
Chap. 6). Although the maximum intensity of parasitic silica Raman signal was low
(Fig. 5.11), the detection of low concentrated biological, chemical, pharmaceutical, or
medical analytes (e.g. mefloquine [62], creatine [129], cyanocobalamin [191]) in liquid
solvents like water or ethanol in HC-PCF will lead to Raman signal intensities at the
same level. It is predicted, that the Raman signal detection of the solved analyte present
in traces requires spatial filtering of the silica background noise for concentration levels
in the µmol range.

5.3 Summary
FAST-RI-based experiments for different HC-PCF, either gas or liquid filled, were car-
ried out. Two facts make the measurement and the constructional combination unique:
(1) The utilization of HC-PCF within the FERS setup provided high Raman signal en-
hancement leading to rapid FAST imaging with adequate SNR levels. (2) The utilized
FAST-RI buildup, designed by Michael Brückner, realized a fast imaging technique, since
an AOM in combination with a wavelength scanning is not required. A time resolution of
several seconds resulted. Both accounted for a precise and fast Raman imaging process
for signal contributions of a novel type of fiber for different analytes and measurement
conditions. In comparison, other scanning or AOM-based hyperspectral imaging tech-
niques can comprise coupling instabilities or even Raman signal changes on a second
time scale.

fiber arr.
gas/liquid component

Fig.
d core
theo. MFDtheo. MFDexp.

(Raman shift) (µm) (µm) (µm)

HC-580-02 f H2 (587 cm−1) 5.8 6.6± 1 5.3± 1 7.3± 1.5
b H2 (587 cm−1) 5.8 6.6± 1 5.3± 1 7.9± 1.6

HC-633-02 b N2 (2331 cm−1) 5.6 5.8± 1 4.4± 1 7.0± 1.4
HC-1060-02 b C2H6O (889 cm−1) 5.11 10± 1 7.5± 1 8.8± 0.8

b C2H6O (2933 cm−1) 5.11 10± 1 7.5± 1 9.2± 1.1

Table 5.2: Comparison of the manufacturer-specified fiber core diameter d core
theo. and mode field di-

ameter MFDtheo. ([145, 146, 142]) compared to the experimentally obtained MFDexp. for different
HC-PCF. The arrangement (f: forward scattering, b: backward scattering) and corresponding
previously introduced FAST Raman images are listed.

The different MFD were obtained from the Raman intensity distributions following
the “International Organization for Standardization” (ISO) 11146 standard. The ana-
lyte Raman signal for each FAST Raman image in Fig. 5.6 - 5.9 and Fig. 5.11 was
fitted by a pseudo-Voigt profile with major contribution by a Gaussian function. The
experimentally determined MFD in comparison to the manufacturer-specified fiber core
diameter d core

theo. and mode field diameter MFDtheo. resulted (Tab. 5.2). For HC-PCF
in the VIS range, the experimentally determined MFD always exceeded the specified
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manufacturer values. Regarding the fiber cross section as product of the preceding fiber
processing of fiber stripping, cleaving, and cleaning, the fiber end facet faced certain
imperfections next to a deficient PBG structure. Both observations mitigated for the
HC-PCF “HC-1060-02”, which featured an almost perfect microstructured cladding re-
gion on a larger scale (cf. Fig. 3.5) in comparison to that for the VIS range. Further,
the highly suitable core diameter for VIS-laser applications resulting in reduced parasitic
silica Raman signal from the quartz glass microstructure, as well as a distinguished laser
and Raman signal guiding.
In summary, the Raman signal distribution on the fiber cross section could be quali-

tatively and quantitatively analyzed by the implementation of the existing FERS setup
into a FAST-RI setup. The difference between forward and backward scattering FERS
built-up led to the result that a forward scattering signal collection provided an in-
trinsically higher SNR for gaseous analytes filled inside the hollow core. Nevertheless,
the optimal fiber length has to be known in advance, which makes the application of
forward scattering less easy-to-apply. With these findings, the utilization of a spatial
pinhole function for a backward scattering collection will be rather applied within an im-
proved FERS setup (Chap. 6). It will turn out, that this implementation could increase
the sensitivity in terms of LOD down to the ppb region in comparison to the previous
chapter.
Bending sensitivities and resulting losses play a major role for the analytical accuracy

and precision of such a fiber Raman multi-gas sensor. It was shown that instabilities like
rapid pressure differences inside the fiber or extreme fiber bending are counteracting the
sensor’s robustness and long-term detection stability. Especially applying a HC-PCF
with the Raman excitation wavelength spectrally located at the PBG boundary will
make the fiber sensor susceptible for this performance. As a consequence, experiments
with the HC-PCF “HC-633-02” are presented throughout the next chapter. Particularly,
utilization of either the 607 nm or the 660 nm excitation laser will cover the low atten-
uation PBG fiber (Fig. 3.6) and still provide a sufficient relative transmission window
without the previously discussed susceptibilities.
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6 Optimizing Stokes Raman scattering in
gas-filled HC-PCF

In the previous two chapters the design and application of FERS was introduced and
further combined with an additional FAST-RI setup. The Raman spectroscopic imaging
of different HC-PCF cross sections pointed out the origin of parasitic silica Raman signal
distribution. Generally, this prevented a further noise content reduction for the Raman
gas sensor accuracy in terms of precision and sensitivity. This chapter will introduce
an improved FERS setup based on the findings in the two preceding chapters. Finally,
the arising potential of FERS for clinical diagnostics of metabolic disorders in terms of
human breath analysis will be introduced and discussed.

6.1 Silica Raman signal reduction
6.1.1 Improved FERS setup
Given the findings of the last chapters, the existing FERS setup from Fig. 4.1 was
modified. Chap. 5 effectively demonstrated the statistical content of parasitic silica
background Raman signal inside the hollow fiber core. With these findings, it is obvious
that the spatial filtering of the silica Raman signal will cause a tremendous Raman noise
level decrease. The ability of monitoring in the low concentration region could introduce
Raman spectroscopy and especially FERS as a game changer for new applications such
as clinical diagnostics for metabolic disorders and diseases.

Figure 6.1: Schematic sketch of the improved FERS setup consisting of laser, telescope (T), edge
filters (E1, E2), objective lens (OL), fiber adapter assemblies (A1, A2) with input (I1, I2) and
output ports (O1, O2) respectively, microstructured optical fiber (MOF), power meter (PM),
telescope consisting of two achromatic lenses (L1, L2) with spatial pinhole (P) in the focal plane,
aspheric lens (L3), spectrometer (SPEC), and CCD detector (cf. Fig. 4.1).

The improved FERS setup shown in Fig. 6.1 is based on the built-up from Sec. 4.1
and the applied modifications are listed below:

1. The dichroic beam splitter reflecting the laser beam into the microscope objective
lens was replaced with an excitation-wavelength specific long-pass Raman edge
filter (E1) (cf. Sec. 4.1). This resulted in a generally higher laser beam reflectivity
of ∼ 99.99 % compared to ∼ 98 % for the so far used dichroic beam splitter. A small
incident angle < 5 ° for the Raman edge filter minimized any beam displacement
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or distortion for the Raman signal transmission or laser beam reflection compared
to the 45 °-arrangement.

2. A Keplerian telescope was implemented after the second Raman edge filter (E2).
The telescope consisted of two achromatic doublet lenses with focal length of f1 =
35 mm and f2 = 40 mm (Fig. 6.1: L1, L2). Based on the findings of the FAST-RI
investigations, spectral filtering or modification can be optically applied within the
image plane after the first lens L1 [22].

3. Consequently, the backscattered Stokes Raman signal was spectrally filtered from
the silica Raman signal by a pinhole (P) at the image plane within this telescope.
The signal filter function will be described.

6.1.2 Spatial pinhole function
Although the hollow fiber core comprises most of the optical power in the center for the
Gaussian-like Raman signal distribution, a small content of silica Raman signal located
at the outer fiber core will propagate as well (cf. Chap. 5). The overall detection sensi-
tivity will benefit by a spatial cut-off for this distinct spatially distributed silica Raman
signal. The first approach is the restriction of silica Raman signal radiated from the
microstructured region surrounding the core. This signal contribution is characterized
by a NA larger than that guided within and radiated from the central hollow fiber core.
To restrict or even cut-out these signal contributions, two mechanisms were added in
the previous FERS setup from Chap. 4 (Fig. 4.1).

1. Initially, the collimated silica Raman signal was removed with the help of a spatially
adjustable pinhole for the collimated beam after the Raman signal collection by
the microscope objective lens. Nevertheless, silica Raman contributions from the
central core region would be still present to a relatively high amount in the analyte
Raman signal.

2. The circular Raman signal was imaged from the fiber cross section to the slit plane,
which resulted in an approximate diameter of 45 µm and 278 µm for the hollow
core and microstructured cladding of the HC-PCF. Secondly, the described binning
option of the CCD detector could be controlled as a vertical Raman signal filter.
Binning of 5 vertical pixel rows will collect the core-originated Raman signal of the
gaseous analyte, but leaving out the silica Raman signal, that originated from the
outer part of the hollow core. This most likely would be extended to the adjacent
vertical pixels on the CCD array. Furthermore, the spectrometer slit width should
be reduced down to ∼ 50 µm to cut out most of this silica Raman signal in the
horizontal direction.

These techniques can be easily applied to conventional Raman spectroscopic setups,
especially the second method, which would not require additional optical elements. The
resulting reduction in complexity and quantity of optical elements, therefore, can be
beneficial for potential sensor miniaturization.

6.1.3 Improved spatial pinhole function
The detection of Raman signal for very low concentrated tracers with both applied meth-
ods in combination was still insufficient. This is partly obvious at the low wavenumber
region < 1000 cm−1, referring to the so far FERS-based measurements of the low concen-
trated multi-gas mixtures in Chap. 4. Silica Raman signal originating from the hollow
core center with a fiber NA ≤ 0.2 will not be filtered by the cut-off-like pinhole function
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regarding a collimated Raman signal. Additively, the fiber cross section should be im-
aged before the CCD detector and spatially cleaned by removing parasitic silica Raman
signal. Thus, an additional pinhole (P, Fig. 6.1) was added to the basic FERS setup
from Chap. 4. The microscope objective (OL, f = 10mm) and the first achromatic lens
(L1, f = 35mm) magnified the fiber core end facet with diameter of ∼ 6 µm and MFD
of 4.4 µm to an effectively expanded diameter of 21 µm and 15 µm in the focal plane at
the pinhole position (P). Different pinholes sizes of 10, 15, 25, 30, and 50 µm were used
to quantitatively analyze the SNR of the Stokes Raman signal and optimize the Raman
gas sensor in terms of sensitivity (Fig. 6.2a)1.

(a) (b)

Figure 6.2: (a): Fiber-enhanced rotational Raman spectrum of the rotational hydrogen S-branch
with underlying silica Raman signal background. The reduction of the silica background with
the help of an additional filtering pinhole is shown for several diameters: 10 µm (1), 15 µm (2),
25 µm (3), no pinhole (4). Inset: REM image of the fiber end-face, where the circular areas
marked with 1, 2, 3, and 4 equal to the collection areas for the pinholes sizes 10, 15, 25, and
50 µm (i.e. effectively no pinhole) in the Fourier plane, whereas the red circle illustrates the
hollow-core diameter (Fig. 6.1), respectively [79]. (b): Evaluated SNR (black) and Raman noise
(SD, blue) for the applied pinhole sizes with diameter 10, 15, 25, 30, and 50 µm. The rotational
hydrogen line S0(1) from (a) was fitted and integrated around 587 cm−1, respectively.

The smallest pinhole size with a diameter of 10 µm represented an effective collection
diameter of 2.9 µm at the fiber end face (“1”, Fig. 6.2a). This size resulted in a minor
reduction of Raman signal for the rotational hydrogen Raman transitions and more
importantly in a major cut-out of parasitic silica Raman signal. Applying the smallest
pinhole led to the best improvement in SNR for the specific rotational hydrogen band
S0(1). Here, the Raman signal was increased by a factor of 6 and the Raman peak
noise (SD) was reduced by 10. The quantitative dependency of SNR (black) and peak
Raman noise (blue) on different pinhole diameters is illustrated in Fig. 6.2b. Thus, the
application of pinhole diameters larger than 15 µm, which corresponded to a MFD of
4.4 µm, did not provide any beneficial noise filtering.
In order to quantify the enhancement of the improved FERS setup, the vibrational

hydrogen Raman peak at 587 cm−1 was first analyzed for the improved spatial pinhole.
Secondly, only the spatial pinhole (Fig. 4.1) was applied and finally, under identical
conditions, the HC-PCF was carefully removed from the fiber assembly adapter and an-

1Albeit, the presented optical magnification of the fiber core’s Raman signal will decrease the optical
resolution and thus will make it harder to filter the spatially less separated signal in the image plane
(P, Fig. 6.1), 2 facts have to be considered: (1) The minimal pinhole size was restricted to a minimum
diameter of 10 µm for the mentioned MFD of 4.4 µm. (2) A reduction in the Raman signal imaging
factor by applying an achromatic lens with smaller focus length (than the objective lens focal length)
will consequently increase the Raman signal NA before entering the spectrometer slit. A higher signal
NA than the spectrometer NA would result in a collected Raman signal decrease, if the setup will
not be modified.
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alyzed without any filtering as a reference. The individual SNR was related to acquisition
time, different laser output power and fiber pressure. The resulting normalized SNR in
units of (bar ·mW ·

√
s)−1 and the stated enhancement factors of all 3 arrangements are

quantitatively summarized in Tab. 6.1.

H2 - int. peak peak noise
SNR

normalized enhanc.
S0(1) band intensity Ipeak σpeak SNR factor

(counts) (counts) ((bar ·mW ·
√
s)−1)

conventional 2778 0.40 6945 0.2 1
spat. pinhole 6083 0.56 10863 210.7 1053
impr. pinhole 59367 1.20 49473 1049.7 5249

Table 6.1: Comparison of the detection ability for hydrogen in the case of conventional Raman
spectroscopy, i.e. the detection of the focus volume, and FERS in combination with a spatial
(cf. Fig. 4.1) or the improved spatial pinhole (cf. Fig. 6.1) as described by means of SNR and
enhancement is tabulated. The SNR was normalized to time

√
t, laser power PL, and pressure

p for better comparison. The investigated rotational hydrogen peak S0(1) was integrated from
583.4 – 589.0 cm−1.

Relative signal enhancements of 1053 and 5249 were derived for the FERS configu-
ration with applied spatial (Fig. 4.1) and improved pinhole (Fig. 6.1) in contrast to
conventional Raman spectroscopy without the utilization of a MOF (Tab. 6.1). The
corresponding Raman spectra can be found in the Appendix A (Fig. A.3).

6.2 Performance of improved FERS setup
6.2.1 Highly sensitive hydrogen detection
Raman spectroscopic comparison of molecular hydrogen The Raman spectroscopic
characteristics of molecular hydrogen was introduced in Sec. 5.2. Furthermore, the
advantages and disadvantages for the FERS-based detection of either the vibrational
Q1-branch or the rotational S0-branch in molecular hydrogen as either the most intense
vibrational or pure rotational Raman transition at room temperature has to be carefully
examined and balanced against each other.

hydrogen fiber int. peak peak noise
SNR

norm. SNR
transition trans. (%)∗ intensity Ipeak σpeak ((bar·mW·

√
s)−1)+

S0(1) 75.0 18296 5.5 3327 11
Q1(1) 0.2 59236 12.5 4739 1

Table 6.2: Comparison of the fiber transmission, peak intensity, peak noise, and the resulting
SNR for the most intense rotational and vibrational modes of hydrogen at room temperature is
presented. ∗ The fiber transmission values were obtained for a 0.5 m long “HC-633-02” at the
wavelength 686 nm and 812 nm referring to the hydrogen transitions S0(1) at 660 nm excitation
and Q1(1) at 607 nm excitation. + The experimental parameters can be found in Fig. 5.4.

The fiber bandgap characteristics of the HC-PCF “HC-633-02" in combination with
the DPSS laser emitting at 660 nm provided low attenuation for the pure rotational
hydrogen bands. However high losses at high wavenumber regions around 4150 cm−1

were present independently of the used excitation laser wavelength, i.e. the utilization
of the 607 nm DPSS laser (cf. Fig. 3.6).
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A thorough examination revealed that the S0-branch have advantages over the Q1-
branch with regard to quantitative analysis:

1. The Q1-branch at the high wavenumber region is effectively silica Raman back-
ground-free and no other molecular ro-vibrational bands (of the multi-gas analyte)
will emerge in contrast to the low wavenumber region. Nevertheless, the charac-
teristic fiber bandgap provides high attenuation losses at this high wavenumber
region > 3000 cm−1 (see Tab. 6.2). This loss cannot be sufficiently compensated.

2. The relative Raman scattering cross sections for the most intense S0-branch is
larger than that for the Q1-branch at ambient conditions independent of the exci-
tation wavelength in the VIS (see Tab. 2.2). Extremely low fiber attenuations for
the rotational S0-branch in combination with high laser output powers at 660nm
excitation wavelength and the introduced pinhole-based Raman signal filter led to a
generally higher SNR for the detection of the pure rotational hydrogen transitions.

3. Conclusively, by rigorously examining the SNR of the strongest pure rotational and
(ro-)vibrational peak of hydrogen, it was found that the SNR of the S0(1)-branch
was 11 times higher compared to the Q1(1)-branch (Tab. 6.2).

Determination of LOD One drawback for the FERS-based detection of rotational hy-
drogen bands is the parasitic background Raman signal of the fiber silica material itself.
The consequent LOD restriction was overcome by the introduction of the improved spa-
tial pinhole-filter function (Sec. 6.1). The linear scaling for the hydrogen Raman signal
with decreasing H2 concentration down to 10 ppm molecular hydrogen in carrier gas ni-
trogen has been shown earlier in Fig. 4.9. This minimum detectable concentration could
be further minimized through cutting out the fiber silica signal, which is concentrated
at the outer core region.

Figure 6.3: Raman spectrum of 5 ppm H2 in 95 ppm N2 with rest Ar. The peak height of the
strongest rotational hydrogen band S0(1) at 587 cm−1 is 11239 counts. The standard deviation
of the noise was determined to be 229 counts. The noise-equivalent LOD equals 306 ppb for the
condition SNR = 3. (0.6W laser power at 660 nm excitation wavelength, 1.5 m long HC-PCF
“HC-633-02”, 600 lines/mm grating, 15 s acquisition time, pabs = 9bar, and T = 21 °C)

The consequent expansion of the overall detection range of 7 orders of magnitude for
molecular hydrogen at a minimum noise-equivalent LOD of ∼ 300 ppb is shown in Fig.
6.3. Here, a preceding measurement of 0 ppm H2 in Raman-inactive Ar at the same
parameters was spectroscopically subtracted from the measurement of 5 ppm H2. For
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the latter2, a peak height of 11239 counts together with a standard deviation of 229
counts resulted by integrating the rotational hydrogen band S0(1) around 587 cm−1.

Sensor response time The demands on hydrogen sensors are the indication of concen-
trations in the range of 0.01−10 vol. % (safety) or 1−100 vol. % (fuel cells) accompanied
by fast response and recovery times of ∼ 1 s, simple operation and maintenance, as well
as sufficient accuracy and sensitivity in the range of < 5 − 10 % [85]. A FERS-based
hydrogen detection fits all these requirements and is therefore suitable for a wide field
of hydrogen detection [139]. In order to specify the sensor response, it was necessary
to conduct the hydrogen Raman signal evolution for concentration changes of hydrogen
between 1, 2.5, and 3 vol. %. These concentration differences are present around the
lower flammability limit (LFL) of 4 vol. % for hydrogen in atmosphere [115]. The FERS
setup in Fig. 6.1 was applied together with the introduced mid-pressure system for filling
the fiber with an accurately concentrated gas mixture provided by the MFC system. In
order to ensure fast filling rates in the range of several seconds, the fiber was filled at
an absolute pressure of 2 bar for the individual gas mixture. It has to be stated, that a
minimal pressure difference of ∼ 0.2 bar was required for the gas flow by MFC operation.
According to Eq. 3.8, a theoretical filling time of 27.1 s concluded for the used HC-PCF
“HC-633-02” with 0.5 m length at dcore = 5.8 µm and ∆p ' 1 bar. Every 3 seconds a
single Raman spectrum with 1 s of total exposure time was acquired (Fig. 6.4).

Figure 6.4: Temporal sensor response for FERS-based hydrogen detection with changing hydro-
gen concentrations of 1.0, 2.5, and 3.0 vol. % as indicated in the graph. The individual acquisition
time was 1 s with a time resolution of 3 s. A 0.5 m long HC-PCF “HC-633-02” in combination
with 0.2 W laser output power at 660 nm excitation wavelength (with 600 lines/mm) was ex-
perimentally used. The HC-PCF was filled by a pressure difference of ∼ 1 bar to atmospheric
pressure. The most intense rotational hydrogen Raman transition S0(1) was automatically fitted
and integrated for the concentration monitoring. The presented MFC system was applied to
provide the different hydrogen concentrations through the accurate dilution of an initial mixture
of 5 vol. % hydrogen in rest carrier gas nitrogen mixture with pure argon. The different plateaus
A-F are evaluated in Tab. 6.3.

The most intense rotational hydrogen Raman band S0(1) was fitted and integrated
automatically via the LabVIEW software, thus concentration monitoring for a predefined
calibration data set was the result. The data of integrated peak intensity, peak noise,
and precision for each concentration step is summarized in Tab. 6.3. The precision for

2It has to be mentioned, that the performed subtraction of pure Ar Raman signal (i.e. parasitic
silica Raman signal) was used for illustrative purpose in Fig. 6.3. A general subtraction of another
spectrum will increase the noise by

√
2, since the variation in signal and blank are additive [127].
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all 3 repetitive steps of 1.0, 2.5, and 3.0 vol. % ranged from 0.9−2.6 % (Tab. 6.3). Given
the applied pressure difference of 1 bar between fiber input and output during filling, the
signal evolution appeared within a mean response time t90 of 27.0± 2.0 s in accordance
to the predicted response time of 27.1 s. Generally, higher pressure differences up to 9
bar (compared to the applied 1 bar) would theoretically lead to lower filling times (t90)
of 4.5 s. Therefore, a generally faster responsive hydrogen sensor can be easily realized
by applying either higher pressures or shorter fiber length with an accompanied decline
in achievable LOD.

plateau A B C D E F
unit

H2 concentration (%) 3.0 1.0 3.0 1.0 2.5 1.0

response time t90 25.9 25.6 27.3 29.0 30.0 24.2 s
precision σstat/Imean 0.8 1.7 0.9 2.6 0.9 1.9 %

Table 6.3: Sensor response evaluation for the plateaus A-F from Fig. 6.4: Different concentrations
of 1.0, 2.5, and 3.0 vol. % in terms of the response time t90 and precision σstat/Imean over time
have been examined respectively. The measurement parameters can be found in Fig. 6.4.

6.2.2 Simulation of multi-component breath gas analysis
The previously presented results proved fiber-enhanced Raman gas analysis to be highly
sensitive for several multi-gas applications in clinical diagnostics superior to showing no
cross-sensitivity, comprising of non-invasiveness, being label-free and painless. Exhaled
molecular hydrogen, as well as the VOC methane, serves as a biomarker for colonic
fermentation [67]. Molecular hydrogen in the concentration of several to tens of ppm
within exhaled breath is only generated during anaerobic metabolism linked to metabolic
disorders including lactose intolerance, fructose malabsorption, and bacterial overgrowth
syndrome [27, 53, 66, 69]. The detection method of these metabolic disorders and diseases
by the so-called hydrogen breath test (HBT) is well-known in literature [68, 67, 171].
In order to establish FERS as a novel miniaturized technique for easy and fast perfor-

mance of HBT in terms of simultaneous methane and hydrogen detection, the spectral
fingerprint of both by the combination of pure rotational and (ro-)vibrational Raman
spectroscopy was rigorously examined. Previously, a 11 times higher SNR for the rota-
tional band S0(1) over the vibrational band Q1(1) was shown for molecular hydrogen
(Tab. 6.2). The combination of rotational and vibrational Raman spectroscopy for si-
multaneous hydrogen detection with other gas molecules within a fiber-limited spectral
range is of fundamental importance for further miniaturization. This can be realized
through compact spectrometers with fixed gratings and limited spectral ranges with a
suitable resolution [81]. It was feasible to monitor the concentrations of hydrogen and
methane selectively within a complex gas mixture such as exhaled human breath in-
cluding the major compounds N2, O2, 12CO2, and 13CO2 as shown in Fig. 6.5. With
a beneficially characteristic Raman spectroscopic fingerprint for each individual compo-
nent, a simultaneous FERS monitoring of such a complex multi-gas mixture consisting
of CO2, O2, N2O, CH4, and H2 with each 1 vol. % and rest N2 was acquired for the first
time. Here, the utilization of the 607 nm DPSS laser at 62 mW output power, a 1.5 m
long HC-PCF “HC-633-02”, and the 1800 lines/mm grating resulted in an acquisition
time of 4 s (Fig. 6.5).
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(a)

(b)

Figure 6.5: Fiber-enhanced Raman spectrum for the combination of pure rotational and ro-
vibrational bands of a complex gas mixture. The 1800 lines/mm grating was used within the
experiment. (a): Pure rotational Raman bands of H2 and ro-vibrational Raman bands of 12CO2,
13CO2 N2O, O2, CH4, and N2 in the wavenumber region 550 – 1800 cm−1. (b): Ro-vibrational
Raman bands of N2O, 14N2, 14N15N, CH4, and H2 in the wavenumber region 2100 – 4300 cm−1.
The highly resolved spectrum was acquired in 4 s of measurement time with the help of the
607 nm laser at 62 mW output power in combination with a 1.5 m long HC-PCF “HC-633-02”
(at pabs = 6 bar and T = 21 °C). Each investigated gaseous compound was concentrated with
1 vol. % respectively with rest nitrogen [79].

Besides the so far investigated spectral signature of hydrogen, the typical Fermi diad
of the major natural 12CO2 and the diad of its hot bands had been identified in Fig. 6.5.
Both Q-branches of the symmetric stretching mode ν1 at 1286 cm−1 and the first over-
tone of the bending mode 2 ν2 at 1388 cm−1 are obvious. Furthermore, the hot bands
at 1270 and 1410 cm−1, as well as the naturally concentrated 13CO2 at 1370 cm−1,
could be detected. The high-resolution spectrally-resolved Raman spectrum was further
dominated by the Q-branch of 14N2 at 2331 cm−1. This Raman transition band was
accompanied by rotational transitions, namely the O- and S-branch, which show the typ-
ical (2J + 1)-degeneracy in combination with the Boltzmann distribution (∼ exp(−J2)).
Furthermore, the intensity alternation of 2:1 from the statistical weight of the nuclear
spin states of even and odd J within the ro-vibrational 14N2 transitions became appar-
ent. Likewise, the 16O2 exhibited a ro-vibrational fine structure around the Q-branch
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transitions at 1556 cm−1. Contrary to 14N2 with its total nuclear spin of I = 1 and
the resulting intensity variation, this Q-branch of 16O2 was accompanied by rotational
lines with only odd J due to a total spin number of I = 0 (cf. Sec. 2.3). Molecular
methane shows many vibrational transitions, namely the C-H symmetric stretching band
ν1 including a rotational fine structure, the asymmetric stretching mode ν3, the bending
mode ν2, and the bending mode overtone 2 ν4, which can be observed in Fig. 6.5. All
rotational and ro-vibrational assignments are summarized and referenced in Tab. 2.2.

Simulated Raman-spectroscopic hydrogen breath test Molecular hydrogen with con-
centrations higher than 20 ppm will only be observed in exhaled breath of diseased
patients due to anaerobic metabolism of the colon bacteria Escherichia coli [151]. An
increase of 20 ppm above the basal concentration within 90 min after oligosaccharide
ingestion is considered as a positive HBT [42]. Contrary, the cut-off value of 12 ppm over
basal concentrations after 90 min holds for the diagnosis of small bacterial overgrowth
in the small intestine [201]. For methane detection in exhaled human breath related to
metabolic disorders and diseases, a sensitivity of 5 - 100 ppm is required. Therefore,
adequate concentration series of 3 sequential measurements for 0, 5, 10, 20, and 50 ppm
of H2 and CH4 were performed simultaneously. Two successive measurements for H2 in
the low wavenumber region < 1000 cm−1 and for CH4 in the high wavenumber region
> 2500 cm−1 with a total acquisition time of 10 s were performed for every measurement
point, since the 600 lines/mm grating provides only a spectral range of ∼ 900 cm−1 (at
660 nm). It has to be highlighted, that between each measurement step, the total volume
of the tubing, fiber adapter assemblies, and the HC-PCF was flushed with pure argon,
i.e. 0 ppm of methane and hydrogen.

Figure 6.6: Simulation of fiber enhanced Raman spectroscopic monitoring of typical concentra-
tions in a hydrogen breath test. The values of the Raman intensities were corrected for the
background values of 0 ppm H2 (15 counts) and 0 ppm CH4 (6 counts) respectively. Stepwise
monitoring of the Raman signal for H2 and CH4 concentrations of 0, 5, 10, 20, and 50 ppm
followed. (0.2 W laser power at 660 nm excitation wavelength, 1.5 m “HC-633-02” HC-PCF, 600
lines/mm grating, 10 s acquisition time, pabs = 6bar, and T = 21 °C.)

A minimal Raman background noise of 15.1 (5.4) counts with an average standard
deviation of 1.5 (2.7) counts and a total precision of 0.4 (0.5) counts for molecular hy-
drogen (methane) were measured. The experimentally obtained values for the standard
deviation of the peak noise σstat, SNR, and precision σstat/Imean are summarized in Tab.
6.4. The noise-equivalent LOD can be determined to LOD5 ppm = 3/7 ·5 ppm = 2.1 ppm
for hydrogen in this experiment.
Although the relative Raman scattering cross section for CH4 compared to rotational
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H2 concentration σstat σstat/Imean SNR
(ppm) (counts) (abs. %)

5 1.6 4.3 7
10 1.2 1.8 9
20 1.8 1.5 11
50 5.2 2.2 12

Table 6.4: Fiber-based Raman spectroscopic SNR and precision for different concentrations of
molecular hydrogen: The precision σstat/Imean was determined by the integrated Raman peak
signal Imean and statistical noise σstat for a hydrogen concentration of 5, 10, 20, and 50 ppm in
a multi-component gas mixture.

H2 was 3.1 times larger in combination with a quasi parasitic-free signal background in
the high wavenumber region, a significantly higher fiber attenuation at 2917 cm−1 led to
an overall 1.5× lower SNR for methane (cf. Fig. 6.6). This allows the detection of low
CH4 concentration levels to be utilized as an indicator for lactose intolerance, due to the
conversion of H2 into CH4 by the large bowel bacterium Methanobrevibacter smithii [19].
It has to be stated, that the FERS-based sensor method can demonstrate the detection
of a H2 concentration change of 20 ppm for HBT and an increase of more than 12 ppm
of hydrogen as an indicator for bacterial overgrowth in the small intestine (Fig. 6.6).
Additionally, a cut-off value of 20 ppm methane above the basal concentration had been
simulated as a potential indicator for lactose intolerance, fructose malabsorption, and
bacterial overgrowth syndrome (Fig. 6.6).
A novel methodology for early-stage, non-invasive, point-of-care breath gas diagnosis

of metabolic diseases based on combined rotational and ro-vibrational FERS is intro-
duced by the simultaneous monitoring of H2 and CH4 within a mixture of the major
components N2, O2, 12CO2, and 13CO2 in exhaled breath. Because some patients hold
bacteria that only produce methane or a mixture with hydrogen, FERS introduces the
simultaneous and fast detection of methane and hydrogen in combination for a more con-
vincing positive HBT. The simultaneous monitoring of H2 and CH4 by FERS as VOC
for colonic fermentation of undigested oligosaccharides can improve the correct diagnos-
tic interpretation in terms of human breath analysis [66, 67, 68]. Furthermore, there is
much less experience with methane, because its production is much more complex than
the production of hydrogen. On this basis, FERS could potentially support investiga-
tions in methane-based human breath analysis. Conclusively, compared to other types
of hydrogen sensors those based on optical fibers exhibits a number of advantages:

• There is a great miniaturization potential for this fiber-enhanced Raman spectro-
scopic setup accompanied by high sensitivity and selectivity, as well as portability
and versatility, i.e. the usage of a compact spectrometer. Such a portable sensor
would be capable of bedside diagnostics of several metabolic diseases or disorders
using breath gases and the implementation as hydrogen leak detection sensors for
the discrimination of molecular H2 from non-H2 sources, as well as in context of
novel hydrogen based energy systems [125, 164].

• Those fiber sensors show no cross-sensitivity for gases like hydrocarbons, H2S, or
CO.

• HC-PCF with small sample volume requirements allow for incorporation into com-
pact and robust devices with trace gas detection sensitivities. This rivals the es-
tablished mass and optical spectroscopy methods in the field of clinical diagnostics
using breath analysis.
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• There is no risk of gas ignition because the optical detector has no electrical con-
tacts, thus are capable of remote sensing.

Raman-spectroscopic investigation of Helicobacter pylori infection Helicobacter py-
lori is a gram-negative, microaerophilic bacterium, which is found in the stomach and
sometimes in other parts of the body [1, 70]. It plays an important role in the detection
of peptic ulcer diseases and gastric malignancy [138]. Clinical diagnostics of H. pylori is
performed by the urea breath test, where H. pylori urease present in the stomach decom-
poses urea into ammonia and 13C-labeled carbon dioxide, collected in special breath bags
[111]. In the presence of produced enzymatically urease by large quantities of H. pylori,
urea will be metabolized to NH3, 12CO2, and 13CO2. The sample could be subsequently
analyzed by FERS, which would determine the level of NH3 and 13CO2 compared to
normal levels before ingestion of labeled urea resulting in an either positive or negative
UBT.
The potential for FERS-based breath analysis is shown by the highly sensitive de-

tection of ammonia in combination with 13CO2 in the low ppm level. The ammonia
concentration for healthy subjects in the range of 0.25 - 2.9 ppm usually differs from a
higher level of 3 - 30 ppm for diseased humans. In contrast, simultaneous detection of
13CO2 levels in the range of 330 - 440 ppm compared to 500 - 1000 ppm are necessary
to separated a negative from a positive UBT [167, 196]. The sensing capability of these
high concentration levels for spectrally well-separated isotopic CO2 by FERS has already
been shown in this work (cf. Sec. 4.4).

Figure 6.7: Raman spectrum of 10 ppm NH3 in Ar: The peak height of the symmetric vibration
at 3334 cm−1 is 927 counts, the standard deviation of the noise was determined to be 137 counts.
The noise-equivalent LOD results in a detectable NH3 concentration of 4.4 ppm (for 0.4W
laser power at 660 nm excitation wavelength, 1.5 m “HC-633-02”, 600 lines/mm grating, 30 s
acquisition time, pabs = 10bar, and T = 21 °C).

The totally symmetric vibration of ammonia [55] at 3334 cm−1 was evaluated by FERS
(Fig. 6.7). Molecular NH3 concentrated at 10 ppm in carrier gas Ar resulted in a peak
height of 927 counts with a noise contribution of 137 counts. Thus, a noise-equivalent
LOD of 4.4 ppm was achieved. For an adequate differentiation of a negative from a
positive 13C-UBT in combination with ammonia detection, further sensitivity scaling is
required. The simulation of a positive UBT can be realized by the detection of NH3
levels over 3 ppm compared to 13CO2 levels over 450 ppm, whereas a negative test can
be connected to ammonia levels up to 3 ppm and carbon dioxide levels between 300 -
400 ppm. For patient with chronic liver problems (e.g. fatty liver, alcoholic hepatitis),
deficiency of essential amino acids (vegetarians), or after a rich meal in protein, the
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ammonia level is no longer linear dependent on the specific CO2 level in the range of 300
- 1000 ppm [74]. An elevated ammonia concentration should be additionally detected
within a positive UBT [189, 97, 154]. Insofar the fiber-based Raman spectroscopic
NH3 sensitivity would only be sufficient for a positive UBT connected to higher levels of
ammonia in combination with 13C-labeled urea. Lower ammonia concentrations referring
to a negative UBT would require an increased sensitivity for FERS-based exhaled breath
detection.
Other studies with Raman spectroscopy based on HC-PCF for human breath anal-

ysis showing a further SNR improvement for application of lasers and HC-PCF in the
NIR compared to the VIS range would be beneficial for clinical diagnostics [35]. The
combination of the introduced improved FERS setup together with an operation in the
near-IR (i.e. around 800 nm) based on extremely low loss HC-PCF (e.g. “HC-800-02”
from NKT Photonics) presents a realistic step to accomplish point-of-care FERS-based
clinical diagnosis of H. pylori infection in terms of a 13C-UBT.

6.2.3 Detection of ambient air and ultimate LOD
The detection of trace gases is of great interest in numerous areas such as industrial pro-
cesses, atmospheric chemistry, volcanic activity, agriculture, workplace surveillance, gas
certification, and clinical diagnostics [147, 64, 8, 130, 184]. Considering the wide range
of application areas for gas sensors, the requirements are manifold and the development
and implementation of all in a versatile analytical tool is still challenging. These gas
sensors should feature high sensitivity, selectivity, accuracy, precision, a broad dynamic
range, no sample preparation, robustness, fast detection, maintenance-free, and should
be easy to calibrate. There is no ideal instrument to fulfill all of these requirements.
The presented technique of FERS comprises the Raman spectroscopic advantages of be-
ing very fast, non-consumptive, label-free, no need for sample preparation, revealing an
easy-to-operate two-point calibration with the ability to detect homonuclear diatomic
gases like N2, O2, and H2 [82, 79, 102].
In the field of environmental gas sensing, the detection of trace climate relevant at-

mospheric gases, e.g. CH4, CO2, N2O, N2, and O2, is of great importance. The global
warming relevant CO2 has an average ambient concentration of about 360 ppm nowa-
days, compared to 280 ppm before the industrialization era [17]. An estimated tempera-
ture increase of about 2−3 °C will double the natural ambient CO2 concentrations. Thus,
it is very important to quantify unknown CO2 sources and sinks besides the influences of
the well-known gas flux budget contributions. The performance of climatological studies
requires a resolution of ambient CO2 levels in the range of 0.1 ppm with time resolution
of 10 s for long-term measurements or 4− 10 ppm for 0.1 s regarding flux measurements
[61, 118].
The presented work established a highly sensitive Raman gas sensor, which was char-

acterized in specificity, sensitivity, selectivity, accuracy, and precision. The rapid mon-
itoring of multi-gas fluctuations down to the ppm levels with noise-equivalent LOD in
the ppb region was demonstrated. Further characterization was conducted to show a
high dynamic range of 7 orders of magnitude in the time range of a few seconds.
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6.2 Performance of improved FERS setup

(a) (b)

Figure 6.8: Fiber-enhanced ro-vibrational Raman spectrum of (a) ambient CO2 and (b) ambient
CH4, both in air under ambient conditions. (a): The peak height for 13CO2 at 1370 cm−1 is 1460
counts, the standard deviation of the noise was determined to be 28 counts. The noise-equivalent
LOD equals 1.0 ppm if the peak sum is evaluated. (b): The SNR for the atmospheric CH4 at
∼ 2 ppm is 28 and results in a noise-equivalent LOD of 0.2 ppm. (0.8 W laser power at 660 nm
excitation wavelength, 1.5 m long HC-PCF “HC-633-02”, 600 lines/mm grating, 40 s acquisition
time, pabs = 1bar, and T = 21 °C, respectively)

Ambient air consists to 78.08 vol. % and 20.94 vol. % of the major components N2
and O2, next to the minor components 12CO2, 13CO2, and CH4 in the ppm region with
380 ppm, 3.8 ppm, and 1.8 ppm per volume, respectively. In order to study the potential
of the improved FERS setup to reach the sensitivity compared to the already presented
requirements, a spectrum of ambient air under ambient conditions at pabs = 1 bar and
T = 21 °C was acquired with respect to the naturally low concentrated molecular gas
components 13CO2 and CH4 (Fig. 6.8). It is nicely demonstrated, that the highest band
of the Fermi diad at 1370 cm−1 for 13CO2 is included in the rotational fine structure of
the natural concentrated 12CO2 (Fig. 6.8a). Convolution and integration of the isotopic
13CO2 band led to a peak sum of 1460 counts with a peak noise (SD) of 125 counts.
Referring to an ambient concentration of 3.8 ppm in air, it concludes a noise-equivalent
LOD of 1.0 ppm for SNR = 3. Further detection of naturally concentrated methane in
ambient air revealed a SNR of 28 and a noise-equivalent LOD of 0.2 ppm (Fig. 6.8b).
Note that the detection of tracers on a high background of other major components with-
out any cross sensitivity is one major advance of the presented fiber-enhanced Raman
multi-gas spectrometric technique. Tab. 6.5 summarizes the hitherto achieved noise-
equivalent LOD for important gas compounds, which have been investigated throughout
this work. The sensor sensitivity in the sub-ppm region will introduce FERS to new
application areas demanding high specificity combined with the stated sensitivity levels.
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gas Raman relative Raman noise-equivalent LOD
component shift (cm−1) scattering cross section∗ (ppm)

H2 587 1.66 0.3
CO2 1388 1.43 1.0
O2 1556 1.22 1.1
N2O 2224 0.51 3.0
N2 2331 1.0 1.2

C4H10 2880 8.4 1.7
C3H8 2908 19.6 7.5
C2H6 2914 8.6 1.1
CH4 2917 8.6 0.2
NH3 3334 5.0 4.4

Table 6.5: Overview of Raman shifts, relative Raman scattering cross sections [55, 165, 166, 50]
(∗: normalized to that of nitrogen at 532 nm excitation wavelength), and achieved sensitivities
(LOD) for a gas composition detection by FERS after DIN 32456.

6.3 Further sensitivity scaling
Most of these gaseous biomarkers and their characteristic concentration differences be-
tween healthy and diseased patients in exhaled human breath are present in the con-
centration span of ppm to ppb or even ppt. For instance, concentration differences of
isoprene (C5H8) connected to lung cancer patients were observed in the range of 50 ppb
within exhaled breath [90]. The very intense Raman band of isoprene at 1638 cm−1 orig-
inates from the relative differential Raman scattering cross section of 50.51 compared
to nitrogen at 488 nm excitation wavelength [188]. This value is almost one order of
magnitude higher than that of methane and would theoretically result in a higher sensi-
tivity to the same amount. Nevertheless, there are several other possible improvements
to further increase the sensitivity of FERS for the possible detection of VOC in the ppb
region such as:

1. Specific and unspecific analyte preconcentration: Gas sample enrichment by so-
called thermal desorption tubes are commonly used for gas chromatography to
further increase the SNR [195]. The gas sample will be preconcentrated and natural
concentrations far below the specified LOD of the gas sensor system would be
identified.

2. Laser output power: The higher the number of photons per fiber area (expressed
in intensity with unit W·cm−2) and length, the higher the number of successful
Raman scattering photons involved in the Stokes shift would be. Assuming an
excellent beam quality (i.e. M2 ∼= 1.0) in combination with coupled laser powers of
tens of W from compact cw-DPSS lasers would dramatically increase the precision
for the same acquisition time, or consequently allow shorter acquisition times at
the same precision level. Although the silica Raman signal would tremendously
increase, the improved spatial pinhole function showed to be extremely efficient
to cut out this additional parasitic Raman signal background. Conclusively, the
Raman signal enhancement would be higher than a further increase in Raman
spectroscopic noise contributions by fused silica.

3. Optimum length and fiber end-facet mirror: Depending on the fiber attenuation
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characteristics, there exists an optimum fiber length for forward Raman scattering
in HC-PCF (cf. Sec. 3.5). Signal collection for backward and forward scattering
can be combined with the help of a highly reflecting mirror for the spectral fiber
transmission window at the fiber distal-end in the backward scattering arrange-
ment. This optical mirror combing the signal collection of forward and backward
Raman scattering could theoretically increase the signal efficiency up to the factor
of 1.6 compared to conventional backward Raman scattering arrangements [4].

4. NIR region (∼ 800 nm): HC-PCF designed with an optical transmission window in
the NIR-region can provide much lower signal attenuation than those for the VIS
range, with e.g. 0.25 dB/m for a “HC-800-02” fiber at 820 nm design wavelength
compared to 1.0 dB/m for the used HC-PCF “HC-580-02”. This would result
in longer effective fiber lengths up to 5 m for these HC-PCF providing larger
interaction lengths for the gaseous analyte and the low-attenuated laser light. In
combination with a highly quantum-efficient spectrometer for the IR region, a high
power laser at 785 nm, and IR-high reflective optical components, the SNR can be
increased at least one order of magnitude for the specific HC-PCF “HC-800-02”3
from NKT Photonics [35].

3Albeit, there are more HC-PCF with lower losses available designed for the higher (N)IR region (e.g.
“HC-1060” with losses of < 0.1 dB/m at 1060 nm), poor spectrometer quantum efficiencies, the
etaloning effect of back-illuminated spectrometer CCD detectors or the application of expensive IR
detectors would bring the fiber advantages to naught.
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7 Enhanced Raman spectrometric online
investigation of plant metabolic activity

The previous chapters have shown that the novel FERS technique provides a manifold
of advantages compared to other types of state-of-the-art gas sensors. This approach
possesses a high dynamic range with fast response times of several seconds, which will
pave the way for fast, non-invasive, and painless point-of-care diagnosis of metabolic
diseases in exhaled human breath. Furthermore, the developed FERS sensor provides
great potential for miniaturization. This plays an important role in mobile and portable
in-situ gas analysis for deeper insights into plant ecophysiology e.g. that greater drought
tolerance in tree species might be linked to its greater flexibility in substrate use for
respiration. The simultaneous measurement of O2 and CO2 for plants has been difficult
in practice due to the relatively small O2 concentration changes in ambient air. Insights
in cellular respiration, which can be fueled with carbohydrates, lipids, or proteins, are
gained by the on-site detection of the CO2 production to O2 uptake relation.
Nevertheless, the previously presented laboratory-based FERS setup lacks minia-

turization so far, but could be overcome by the utilization of the available miniatur-
ized mobile Raman setup, which was already investigated and presented thoroughly
by Robert Keiner in [100]. The technique of cavity-enhanced Raman multi-gas spec-
trometry (CERS) fulfilled the requirements to be a calibration- and maintenance-free,
fully-automatized O2/CO2 respiration rate monitoring system with long-term stability
for weeks [101, 102, 103]. Moreover, CERS will be proven as a powerful and non-
consumptive analytical technique for precise real-time monitoring of respiration rates
and respiratory quotients for the investigation of plant metabolism under stress condi-
tions like drought and shading in this chapter.

7.1 Significance of environmental multi-compound gas sensing
There is a general demand on mobile, robust, cost-efficient, and miniaturized gas sensors
for on-site environmental research and biophotonics. Applications for relevant gases like
N2, O2, CO2, CH4, H2, and N2O in terms of simultaneous multi-compound gas detection
include isotope quantification, biogas analysis, and environmental gas monitoring [155,
126]. Molecular O2 plays an important role in the process of plant photosynthesis or
aerobic bio processes [54]. Molecular CO2 is the major expired product in processes like
respiration [200]. Stable isotopes like 13C in 13CO2 are often used for inexpensive isotope
labeling measurements, which are a powerful tool to trace carbon fluxes within plants
[102, 103].
Conventional O2 sensors are either based on paramagnetic, electrochemical (i.e. gal-

vanic), or optical (photoluminescence or fiber-based) techniques. Paramagnetic sensors
measure O2 in the range of 0.05−100 vol. % with a response time of less than 1 s. They
are commonly used for measurements of cell respiration but successfully applied only in
side-stream configurations. Electrochemical sensors, which are mostly used in clinical
analysis, show a high sensitivity starting in the ppm range accompanied by low cost, but
suffer sensitivity loss from fast aging as consequence of the required high temperature
operation. Photoluminescence sensors stand out with response times < 1 s, but lack
adequate long-term stability, precision, and accuracy for plant physiological analysis.
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Carbon dioxide is generally measured by electrochemical, photoacoustic, infrared ab-
sorption spectroscopy (IRAS), or by non-dispersive infrared (NDIR) absorption spec-
troscopy. Photoacoustic CO2 sensors are low cost, easy-to-operate, but influenced by
thermal drift and insensitive for homonuclear gas molecules (O2, N2). Additionally,
NDIR sensors require calibration with a zero gas (e.g. N2). A widely distributed tech-
nique for multi-gas detection is gas chromatography often in combination with mass
spectrometry (GC-MS). It features a very high accuracy down to the ppt region for
multi-gas detection, however with a high response time of several seconds to minutes.
These methods are analyte-consumptive and require frequent calibration.
Physiological mechanisms like respiration and cellular osmoregulation are related to

the carbon availability in plants [168]. The latter can be substantially affected by in-
duced drought. A consequent stomatal closure will reduce carbon assimilation and may
result in allocation and depletion of stored carbon reserves in trees, known as carbon
starvation for longer drought periods [128]. Plants can store carbon in form of lipids
and proteins, which can be mobilized and used for dark respiration. Studies on respira-
tion, which address a compound metabolism of proteins and lipids besides that of pure
carbohydrates, are scarce in plant science [182, 160, 18, 45]. The reduction of carbon al-
location through experimentally induced shading for single leaves (i.e. needles) and roots
uncovered a compound shift from carbohydrates to lipids and proteins (or a mixture)
for dark respiration. Evidence especially for stressed trees with a whole plant approach
is absent and restricted to precise gas sensors, which can detect minor concentration
changes in respiratory O2 and CO2 for stressed plants [26].
The respiratory quotient (RQ: consumed CO2 divided by produced O2) indicates res-

piration dynamics and metabolite use [89, 180]. The release of biochemical energy by
metabolization of nutritional compounds, which will be fueled with carbohydrates, pro-
teins, and lipids, can be identified by elucidating the RQ. Monitoring of the RQ can
reveal a shift in metabolite use due to different stoichiometric ratios of C:O:H for car-
bohydrates, proteins, and lipids. These major fuel substrates differ in the amount of O2
for compound oxidation relative to released CO2. Carbohydrates feature a RQ value of
∼ 1.0 compared to 0.82 and 0.7 for proteins (amino acids) and lipids (fatty acids), since
the molar ratio of the combustion is < 1, i.e. less O2 is required for breakdown. In other
words, lipids consist stoichoimetrically of less O (relative to C and H) and require more
external oxygen for fatty acid oxidization compared to proteins and carbohydrates [41].
So far, RQ measurements based on compound shift were performed only on excised

tissues for short-term treatments on affected plants [182]. The determination of RQ for
qualitative plant respiration turned out to be practically difficult to measure, primarily
due to small O2 concentration changes relative to the content in ambient air (∼ 21 vol.
%) compared to ambient CO2 at 360 ppm. An increase (decrease) of e.g. 200 ppm
from absolute 260 ppm (absolute 21 000 ppm) in concentration for CO2 (O2) at ambient
conditions would lead to a relative difference of 55 % (0.01 %). Lower aerobic activities
compared to humans and animals, certain species variance, and great diversity of organs
(roots, stems, leaves/needles, etc.) in plants further result in varying respirational ac-
tivity in terms of respiration rates (RR) and RQ [182]. Commercially available sensors
for the detection of O2 and CO2 are not suitable for RQ monitoring in plant science.
Hence, they suffer from one or more of several basic problems: (1) insufficient precision
with low specificity, (2) no continuous measurements with high response time < 1 s,
(3) consumption of sample gas, (4) operation only under high oxygen atmosphere, (5)
need for frequent calibration due to fast sensor aging, (6) no simultaneous measurement
of O2 and CO2, and (7) no miniaturization for online in-situ monitoring. Continuous
monitoring of O2 and CO2 respiration rates and online in-situ analysis of RQ values
should ideally be performed with a miniaturized and field-portable O2 and CO2 com-
bined sensor with high temporal response time, high sensitivity in the ppm range on
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a high natural background of O2 and N2 and with very good sensor precision, i.e. a
relative error of less than 1 %.

7.2 Cavity-enhanced multi-gas Raman spectrometry (CERS)
A novel technique, which overcomes all above mentioned limitations, namely cavity-
enhanced multi-gas Raman spectrometry (CERS), will be introduced for the continuous
and simultaneous on-site monitoring of respiration fluxes for O2 and CO2 in plant sci-
ences. The applied CERS devices was built within a cooperation of Philips Medizin
Systeme Böblingen GmbH and Carl Zeiss Jena GmbH. Its technique, its optical design,
and its applications are described elaborately in [100] by Robert Keiner.

7.2.1 Optical design
Contrary to the previously described fiber-based Raman spectroscopic technique, the
CERS arrangement consists of a power-buildup laser cavity [110, 131] with a length of
∼ 5 cm. A schematic setup of the mobile and miniaturized CERS multi-gas sensor is
shown in Fig. 7.1.

Figure 7.1: Schematic setup of the CERS gas sensor: The blue beam illustrates the resonator
mode in the power build-up cavity, the green light the Stokes scattered light transmitted through
the edge filter and send to the CCD over a dispersive grating (by Robert Keiner from [100]).

Although both introduced techniques of CERS and FERS are based on the Raman
spectroscopic effect, the signal enhancement is accomplished differently. The optical
field is amplified by a factor > 1000 inside the miniaturized optical cavity, leading to an
intra-cavity power up to 100 W in CERS. Since the Raman signal intensity scales with
the laser intensity/power, sensitivities down to 50 ppm can be achieved with CERS [100].
The miniaturized CERS device (Fig. 7.1) features a spectral resolution of 50 cm−1 and a
spectral specification for the Fermi diad of isotopic-labeled 13CO2 next to ambient 12CO2
has been successfully demonstrated for isotopic-labeled saplings of Populus trichocarpa
[102]. This portable laser-cavity gas sensor is less bulky and mobile compared to the
lab-based FERS setup. A comparison of both techniques in terms of achievable spectral
resolution for some prominent gases is illustrated in Fig. 7.2. FERS demonstrates a clear
ro-vibrational spectroscopic structure, e.g. a fine structure with O− and S−branch for

81



7.2 Cavity-enhanced multi-gas Raman spectrometry (CERS)

nitrogen around 2331 cm−1, which cannot be easily quantified simultaneously by other
conventional technique for e.g. monitoring of metabolic pathways.

(a) (b)

Figure 7.2: Illustrative Raman spectra of some prominent gases achieved by (a) CERS and (b)
FERS: The Raman intensity is normalized for better visibility, respectively. Raman spectra
of CERS feature a resolution of ∼ 50 cm−1 at an excitation wavelength of 650 nm, whereas
ro-vibrational Raman transitions are highlighted for the FERS measurement with spectral res-
olutions down to 0.8 cm−1 at 532 nm laser excitation wavelength. The CERS-based Raman
spectrum was acquired by Robert Keiner and extracted from [100].

The analytical relevance of both methods can be compared by introducing the figure
of merit “LOD to laser power, gas pressure, and acquisition time”, i.e. “LOD·PL · p ·√
t ”. Referring to performed experiments, Tab. 7.1 lists measurement parameters, the

individual LOD, and the “LOD·PL · p ·
√
t ”. The analytical efficiency of CERS is around

25 times higher than that of the FERS approach.

parameter CERSa FERSb unit

laser power PL 0.05 0.6 W
pressure p 1 9 bar
measurement time t 0.1 15 s
LOD 16 0.3 ppm
LOD·PL · p ·

√
t 1∗ 24.8 ppm·W·bar·

√
s

Table 7.1: Comparison of a demonstrative CERS and FERS measurement with respect to the
obtainable LOD: ∗The LOD was referenced to the laser power PL, pressure p, time

√
t and

normalized to CERS measurement with value 1 for a better comparability. (Smaller values equal
a lower normalized LOD, which indicates a better performance.) a Listed CERS parameters
were taken from [100]. b Listed parameters are extracted from Fig. 6.3.

The relatively lower effective LOD is realized by an extreme optical field enhancement
in the gas-filled cavity accompanied by lower laser powers when compared to moderate
effective MOF lengths determined by fiber attenuation characteristics. The lab-based
FERS approach lacks several features for application in various fields of gas environmen-
tal sensing, which are covered by the CERS buildup:

• The CERS gas sensor is extremely stable against mechanical vibrations. This
very cost-effective and portable sensor with a high level of miniaturization can be
battery-driven for on-site measurements [103].

• The relatively simple calibration of the CERS device accompanied by a straight-
forward handling allows for more rapid detection in the range of some tens ppm
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with a high time-resolution of some tens of ms for i.e. respiration gas flux changes
[100].

• The maintenance-free and easy-to-calibrate cavity-based Raman gas analyzer fur-
ther reveals a long-tern stability over weeks, which makes it highly suitable e.g.
for monitoring of the gas exchange in plant respiration [101, 102, 80].

High finesse optical cavities outperform losses of microstructured optical fibers to date
[35, 162], although the fiber approach turned out to be more sensitive in many applica-
tions carried out in this thesis. Nevertheless, both techniques showed their uniqueness
for different applications in the field of plant science and clinical diagnostics, and indi-
vidually demonstrated their strength. The detection of metabolic disorders or diseases
at VOC concentration levels of sub-ppm by terms of human breath analysis is however
limited for CERS due to low laser powers and low gas pressures inside the optical cavity.

7.2.2 Raman spectroscopic gas analysis
Due to the high level of miniaturization and on-site compatibility of the cavity-based
Raman gas sensor, the online investigation of gas concentrations, corresponding gas
exchange rates, and respiratory quotients in different tree species under stress-induced
treatments was carried out by CERS rather than FERS. The calibration for the multi-
gas monitoring and the operation principle for multi-gas measurements were described
in [100]. All investigated gases, namely O2, CO2, and N2, could be specifically identified
and independently quantified (Fig. 7.3b).

(a) (b)

Figure 7.3: (a): Schematic setup of the Raman gas analysis experiment for RQ measurements:
The Raman gas analyzer was connected to a dark chamber for the branch under investigation.
The setup enables two modes: (1) Continuous flushing (red arrows) of the whole setup by
CO2-free synthetic air (SA) or (2) closed circuit mode for the continuous gas monitoring of the
branch respiration (black arrows). It could be switched automatically between both modes via
two magnetic valves (M1, M2). The gas composition for the closed circuit mode was neither
consumed nor changed by the Raman gas analyzer. (b): Exemplary Raman spectrum from a
dark respiration experiment with the vibrational bands of N2, O2, and the CO2 Fermi diad for
650 nm laser excitation wavelength. The weakly resolved O−, Q− and S−branches are indicated
for molecular nitrogen in the Raman spectrum.

The inlet of the CERS sensor was connected to a specially designed dark respiration
chamber (DC, Fig. 7.3a), which contained a single branch. Dark respiration by complete
darkness, i.e. the absence of photosynthetic activity, was ensured by covering the airtight
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Lucite® chamber together with two layers of aluminum foil. Only the dark chamber
contributed to respirational changes in O2 and CO2 concentrations during the time
of investigation. The outlet of the Raman gas analyzer was connected to two 3-way
software-controlled magnetic valves (M1 and M2, Fig. 7.3a), which were placed in series.
The magnetic valve M2 realized the flushing process of the multi-gas mixture after a
single measurement cycle to the atmosphere. M1 realized flushing of the total cycle
volume with synthetic air (SA: 80 vol. % N2, 20 vol. % O2, Fig. 7.3a) before an
individual cycle start. Opening and closing of the magnetic valves was included in the
spectrometer software (LabVIEW). The closed system was realized with both valves
closed, and the air could circulate continuously through the system, the dark respiration
chamber, and the sensor cavity driven by the Raman gas analyzer membrane pump.
The initial CO2-free air accumulated by respired CO2, while the O2 concentration of
initial ∼ 20 vol. % was consumed and decreased during closed cycle mode. After the
accumulating CO2 concentration reached a predefined threshold (e.g. 3000 ppm in Fig.
7.4), both valves were switched to open, which resulted in flushing of the total cycle
volume (dark chamber, tubing, magnetic valves, and Raman gas sensor) with synthetic
air and thus replacing the previous gas mixture for a new measurement cycle. After some
minutes, the valves automatically switched to closed cycle mode and a new measurement
cycle started. One cycle time lasted 0.5− 1 h (Fig. 7.4).

7.2.3 Measurements of respiration rates and respiratory quotient

(a) (b)

Figure 7.4: Example of CERS-based monitoring of branch dark respiration rates for untreated
pine. (a): Detail of a single cycle with flushing period before the initiation of a closed circuit
cycle and after it reached the experimentally defined upper CO2 limit of 3000 ppm (3 vol. h) for
a total cycle time of approx. 0.5 h. The total volume was flushed with synthetic air (80 vol. %
N2, 20 vol. % O2) each time for 2 min (light blue). For the closed circuit mode, a linear
decrease from initial 20 vol. % of O2 (blue) and a linear increase from initial 0 ppm CO2 (black)
resulted. The small CO2 offset of 300 ppm (black) was the result of unchanged air inside the
magnetic valve tubing. The individual concentration changes were fitted linearly (red lines) for
the determination of CO2 and O2 respiration rates. (b): The graph shows 25 subsequent dark
respiration cycles for an overall elapsed time of 15 h and the upper CO2 limit of 3000 ppm. 25
RR for O2 and CO2 and thus 25 RQ values could be obtained.

The measured cycle time was dependent on two factors: (1) the total volume of the
whole closed circuit and (2) the respiration activity (and its decline under stress) of the
current branch under investigation. The dead volume of the closed cycle resulted in
∼ 50ml for the drought and ∼ 60 ml for the shading experiments. The dead volume
of the whole cycle was determined by the following steps: (1) An overpressure (several
mbar) for the closed cycle was applied via a gas syringe with 5 ml volume. (2) According
to the ideal gas law, the volume was determined by the known total pressure and the
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pressure difference for the defined syringe volume. Respiration rates for the investigated
tree species and treatments showed to be very different referring to the initial values
and the decline as a consequence of the individual treatment, the tree species, and the
different branch biomass. In order to obtain constant cycle for continuously declining
respiration activity over several days, the CO2 limit was reduced from initially 7000 ppm
to 3000ppm throughout the treatment.
The measured respiration rates in per mille h−1 can be converted in µmol m−2 s−1

with the help of the total cycle volume and the sample surface area in m2. After each
treatment, the surface area was determined with a LI-3100C® area meter (LI-COR, USA)
and a standard deviation of 1.5 % for needles and 0.4 % for branches. The relative slopes
of the concentration changes for O2 and CO2 were used for the calculation. The linear
fit of both revealed the RQ defined by ∆c(CO2)/ − ∆c(O2). After the cycle flushing
procedure, a small dead volume for the magnetic valve connections remained. The
immediate distribution of this small CO2 concentration in synthetic air resulted in a
step-like increase in CO2 concentration, exemplary 150 ppm in Fig. 7.4a during the
first 3 min (Fig. 7.4). Concentration changes within this time were not considered for
the determination of RR by the linear fit procedure. This fitting process in Fig. 7.4b
resulted in a slope of (−6.12± 0.05) per mille h−1 for O2 and (6.06± 0.02) per mille h−1

for CO2. The RQ could be determined to 0.99±0.02 for 25 overall dark respiration cycles
within a total time of 15 h. The Raman gas analyzer defined the precision of 1 % for
the determination of individual gas concentration changes [101, 102]. The concentration
error (standard deviation) is smaller for molecular CO2 due to a smaller peak area
compared to O2 with a generally higher concentration of ∼ 20 vol. %. The error for the
individual RR increased to a value of 1.5 % as a consequence of the decline in respiration
activity for treatment periods up to 11 days.
On the one hand, RR were monitored instantaneously to highlight the general expo-

nential trend over time and rapid alteration like respirational day-night cycles. On the
other hand, averaged RR are reported to emphasize the temporal dynamics during the
treatment period. Hence, an error (standard deviation) of ±0.07 was introduced for the
mean RQ values. Averaging for the time of treatment start and end resulted in a smaller
error of ±0.03.
The direct monitoring of RQ, i.e. O2 and CO2 concentration changes, have been so

far realized by the combination of an IR gas analyzer (CO2) and oxygen electrode (O2)
in literature [182]. RQ data was averaged every day and the standard deviation and
precision was not stated. For another publication, the CO2 production and the O2 con-
sumption were measured simultaneously in excised leaves with an IR CO2 sensor (UMS
GmbH, München, Germany) and a ZrO2 oxygen sensor [65]. One RQ measurement took
approx. 10− 15 min per sample and the resulting significance level p was 0.14 - 0.67 for
n = 12 [65]. So far, no studies based on a comparable sensor for both gas compounds O2
and CO2 together with a high time resolution, i.e. resolved respiration day-night-cycles
like in Fig. 7.5a and 7.5c, have been published. Especially CRDS devices used within
literature cannot measure diatomic O2, are less miniaturized, and feature a large tubing
volume (i.e. additional dead volume) of approx. 60− 80 ml.

7.3 Investigation on pine and spruce metabolism under
drought and shading

The investigation of compound changes for respiration during two individual treatments
of drought and shading accompanied by a declining RQ value in two different European
forest tree species, namely Pinus sylvestris [L.] (Scots pine) and drought-intolerant Picea
abies [L. H. Karst] (Norway spruce) will be presented in this chapter.
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7.3.1 Biological material and preliminary examination
Five year old trees of Scots pine and Norway spruce with a height of ∼ 60 cm were
purchased at a local forest nursery. Two liter pots containing carbon-free 2:1 vermic-
ulate:sand mixture were used for the trees (fertilized with Manna® Wuxal Super 8-8-6
with micro elements and a slow-release conifer fertilizer Substral® Osmocote 11-8-17;
Wilhlem Haug GmbH & Co. KG and Scotts Celaflor GmbH).
One tree was investigated for each treatment and each species. Each treatment was

repeatedly started 3 times for an untreated tree. The leaf area varied between 21−25 cm2

and 22 − 37 cm2, respectively, for pine and spruce. Since a preliminary study revealed
drought-related changes in tree functioning within one week under complete drought
(i.e. decrease in photosynthetic rate and stomatal conductance), the irrigation was
avoided completely for this drought treatment. Drought treatments were continued
beyond initial RQ changes until the RQ stabilized, but stopped before a drought-induced
mortality occurred in an air-conditioned laboratory at a temperature ranging between
25 − 27 °C. The shaded trees were placed into a dark incubator (IPC 7000, Memmert
GmbH), which regulated a constant temperature of 25 °C and a temperature accuracy
of ±0.1 °C. The relative humidity and temperature within the incubator were logged by
a humidity-temperature logger (Testo 177-H1, Testo GmbH).
Reproducibility and accuracy of the CERS-based monitoring of respiratory concen-

tration changes were tested by measuring branches of control pine trees (N = 4)
over a period of 8 weeks. These trees were watered and experienced a natural day-
and-night cycle without any treatment. The respiration rates over this period were
(1.26 ± 0.06) µmolm−2 s−1 and (−1.29 ± 0.08) µmol m−2 s−1 for O2 and CO2, which
resulted in a RQ value of 0.98 ± 0.02. This is in agreement with the carbohydrate-
dominated combustion of mainly starch, sucrose, glucose, fructose, and inositol [180].
The standard deviation of ±0.02 for the RQ mainly originated from the natural species
variation and the precision of the Raman gas sensor.
Afterwards, stress treatments of shading and drought were applied. The initial RQ

values close to 1.00 ± 0.03 for both species indicated pure carbohydrate metabolism
before the individual treatment was initiated.

7.3.2 CERS investigations of pine and spruce
Pine

The initial respiration rates of O2 and CO2 dropped from ∼ 0.8 µmol m−2 s−1 to
∼ 0.4 µmolm−2 s−1 within the first 2 days after treatment begin (Fig. 7.5a, 7.5c). The
initial decrease for shaded pine, however, stopped already within the first day. The
initial decline in RR with -0.22 µmol m−2 s−1 d−1 (drought) and -0.29 µmol m−2 s−1

d−1 (shading) emphasized the strong down-regulation of respiration activity for treated
pine. This trend was accompanied by a slight decrease in RQ of initially 1.00 ± 0.02
to 0.93 ± 0.03 for drought and to 0.97 ± 0.03 for shading treatment (Fig. 7.5b, 7.5d).
Compared to the control measurements, the precision of RQ was marginally higher,
which may indicate the variation of RQ during stress-regime. In droughted pine, the
absolute O2 respiration rate further decreased to its final value of 0.30 µmol m−2 s−1

(Fig. 7.5a). Albeit, the associated RQ slightly decreased for another 2 days and then
abruptly dropped to its final value of 0.75± 0.02 within 2 subsequent days. Afterwards,
RR remained constantly for another 5 days until the treatment was stopped (Fig. 7.5b).
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(a) (b)

(c) (d)

Figure 7.5: Online Raman multi-gas analysis of O2 and CO2 during the course of branch dark
respiration comparing pine and spruce in terms of absolute respiration rates for (a) drought and
(c) shading treatment, which resulted in daily averaged RQ of pine and spruce for the (b) drought
and (d) shading treatment.

The RQ value of shaded pine continuously decreased to the value of 0.78 ± 0.02 at
day 6 and stayed almost stationary until its final value of 0.77 ± 0.03 at day 9 (Fig.
7.5a). The RR slightly decreased to a final value of 0.33 µmol m−2 s−1 the following
7 days with an associated change of -0.01 µmol m−2 s−1 d−1 until the shade treatment
was stopped for pine (Fig. 7.5c). However, droughted pine switched to a change of
−0.03 µmolm−2 s−1 d−1 at day 2, which was kept constant till the treatment end. Al-
though the features in RQ decrease seemed to be different for both treatments, the
absolute RQ decline of 0.23 indicated an overall similar behavior (Tab. 7.2). The sig-
moidal decrease most likely arose from enzymatic saturation in these tress (Tab. 7.2)
[116].

Spruce

The overall higher initial respiration rates for spruce differed from 1.71 µmol m−2 s−1

to 1.22 µmol m−2 s−1 for drought to shading treatment (Fig. 7.5a, 7.5c, and Tab. 7.2).
The acclimatization time in the laboratory had to be differently applied for shading, i.e.
3 days instead of generally 2 days before a treatment started. The RR for droughted
spruce decreased fast within the first 2 days after treatment initiation and slowed down
for the following 3 days to a value of 0.84 µmol m−2 s−1 (Fig. 7.5a). RR stayed
almost constant for the final 2 days till treatment stopped. The RR for shaded spruce
decreased to a value of 0.82 µmol m−2 s−1 during the first 1.5 days (Fig. 7.5c). The
continuous decline in RR slowed down to a value of 0.61 µmol m−2 s−1 within the next
4 days and further on to the final value of 0.50 µmol m−2 s−1 after 11 days (Fig. 7.5c).
Similar values of 0.87 µmol m−2 s−1 (drought) and 0.77 µmol m−2 s−1 (shading) for
both treatments were observed, but differed in treatment duration. These respiratory
dynamics are reflected in the alteration of RQ values in both treatments. For droughted
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spruce, the initial RQ value of 1.00±0.02 rapidly decreased to 0.90±0.04 within the first
4 days and further remained at this level for the next 5 days until treatment ended (Fig.
7.5b). For shaded spruce, the lower initial RQ value of 0.97 ± 0.03 rapidly diminished
to 0.89 ± 0.05 for the first 2 days (Fig. 7.5d). Afterwards, the RQ slowly declined at a
constant rate to its final value of 0.81±0.03 after 11 days of shade treatment. Droughted
spruce showed a similar initial decline of -0.22 µmol m−2 s−1 d−1 to pine within the first
3 days. Afterwards, this decline was halved to -0.11 µmol m−2 s−1 d−1 and remained on
this generally high level (Fig. 7.5a). Contrary to droughted spruce, the initial decline
rate of -0.10 µmol m−2 s−1 d−1 in shaded spruce for the first 4.5 days slowed down to
-0.02 µmol m−2 s−1 d−1 for the remaining period of the shading treatment (Fig. 7.5c).
This may be an indicator for the mobilization and utilization of stored carbon substrate
pools. In summary, the RR declined in the first 1 − 2 days to 50 − 70 % compared
to the initial values with a continuous slighter decrease until the end of these different
treatments. All data are summarized in Tab. 7.2.

species, RR (µmol m−2 s−1) RR RQ (SD)
RQ diff.

treatment start end diff. start end

pine, drought -0.81 -0.30 0.51 0.98 (0.03) 0.75 (0.02) -0.23
pine, shading -0.77 -0.33 0.44 1.00 (0.02) 0.77 (0.03) -0.23
spruce, drought -1.71 -0.84 0.87 1.00 (0.02) 0.90 (0.02) -0.10
spruce, shading -1.22 -0.50 0.77 0.97 (0.03) 0.81 (0.03) -0.16

Table 7.2: Respiration rates (RR) for O2, respiratory quotients (RQ), and standard deviation
(SD) for pine and spruce exposed to drought and shading treatment are compared for the start
and end of the treatment (i.e. difference in RR and RQ).

Remarkably, respiration rates in droughted spruce showed a distinct day-night-cycle
characterized by higher rates during daytime compared to nighttime (Fig. 7.5a). This
may be the consequence of two facts: (1) changes in day-night temperature and (2)
frequent changes in light illumination during the whole treatment. Whereas (1) af-
fects the whole tree, (2) only takes influence on the rest of the tree excluding the
chambered branch. The largest respiration rate differences in the day-night-cycle oc-
curred between 24 − 26 h after the treatment start. These changes in the range of
0.078 − 0.090 µmolm−2 s−1 could be easily detected by the mobile CERS gas analyzer
(Fig. 7.5a). A comparable day-night-cycle with lower fluctuations could be observed as
well in droughted pine and shaded spruce (cf. RR of O2 in Fig. 7.5a, 7.5c).

7.3.3 Analysis of respiration substrates
The determination of concentrations for different substrate pools is described in the
Appendix B.1. Carbohydrates as the primary respiration substrate being produced
during photosynthesis, usually lead to their storage form starch. It should switch to other
metabolites like proteins and lipids during both treatments identified by the observed
RQ decline (Fig. 7.6). For both species, starch concentrations depleted under drought,
but increased for shading treatments (Fig. 7.6e, 7.6f).
The initial substrate concentrations of water-soluble carbohydrates (WSC) were higher

for spruce compared to pine in both treatments (Fig. 7.6a, 7.6b). Final WSC concentra-
tions (in mg/g) for both species balanced each other out in needles and branches (Fig.
7.6c, 7.6d). This may be a consequence of the faster down-regulation in metabolism for
pine compared to spruce, indicated by the rapidly decreased RR (cf. Fig. 7.5a, 7.5c).
Especially the changes in lipid concentration, corroborated by a steadily RQ decline,
may indicate a substrate metabolism shift to lipids (Fig. 7.6e, 7.6f). It seems, that after
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a general sudden decrease of photosynthates, a stronger remobilization of stored lipid
compounds occurred due to a lower level of dehydration in shaded spruce compared to
droughted spruce (Fig. 7.6). In drought-tolerant pine, carbon starvation as the primary
effect of stress-induced carbon limitation showed only a moderate compound translo-
cation of lipids compared to spruce for both treatments (Fig. 7.6e). Any pools were
fully depleted, neither by the drought nor by the shading treatment. This was probably
a result of the very fast down-regulation of metabolic activity after treatment start in
combination with relatively short treatment durations of maximum 11 days (Fig. 7.5a,
7.5c, and Tab. 7.2).

(a) (b)

(c) (d)

(e) (f)

Figure 7.6: Absolute concentrations (a – d) and relative differences (e, f) in respiration substrate
between start (a, c) and end (b, d) of drought and shading for starch, water-soluble carbohydrates
(WSC: glucose, fructose, sucrose, and inositol), and lipids in needles and branches of pine and
spruce, respectively [80]. (N = 1)
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7.3.4 Conformity of gas exchange rates and putative respiration substrates
The initial decline in respiration activity for both species could be attributed to a sud-
den decrease in primary respiration substrates due to stomatal closure [58] or shading
[168]. The continuous strongly pronounced decline in RR may be connected to a hin-
drance of storage remobilization and translocation via hydration [84]. Different results
for shading treatment are supporting this thesis, although concentrations of substrates
like carbohydrates did not clearly indicate continuous mobilization. The previous results
of pine emphasize the ability of mobilization and utilization of stored carbon compounds
more readily than for spruce in both treatments. A photosynthates shift from carbo-
hydrates, i.e. sugars, to lipids and proteins have so far only been proven under sugar
starvation [18, 63]. Sugars are not only substrates in carbon metabolism, but act also
enzymatically for lipid and protein catabolism [112]. Decreasing substrate pools for car-
bohydrates will most likely lead to an allocation and mobilization of protein and lipid
storage. The decreasing RQ for both treatments and both species indicated a generally
mixed metabolism, but shifted on a different level from a pure carbohydrate-dominated
to a lipid- and protein-dominated metabolism.
The strong down-regulation of catabolic activity in pine could have reduced the uti-

lization of stored carbohydrates to such an amount, that the substrate concentration
changes could not be detected in the tree tissues [57]. This could be solved by the stoi-
chiometry of the gas exchange comparing it with substrate pool changes. Unfortunately,
the experimental design (Fig. 7.3a) cannot verify the energy balance of the measured
branch section, because the import and export carbon pool measurements from or to
other tree parts are not taken into account. Conclusively, simultaneous decrease in RR,
RQ, and concentrations of putative respiratory substrates for pine and spruce showed
similarities to previous findings under carbon limitation [18, 160]. The more drought-
tolerant pine in comparison to spruce may be linked more to its potential for allocation,
mobilization, and utilization of respiratory metabolites. Both treatments revealed a sig-
moidal decline in respiration rates and associated respiratory quotients down to a value
of 0.75 for pine.

7.4 Summary
The investigation of accurate online quantification of RR and RQ in trees exposed to
stress-induced treatments was carried out by the utilization of CERS. By this unique
technique, it was possible to quantify minor concentration changes of O2 and CO2 simul-
taneously with one gas sensor and monitor in-situ the dark respiration gas exchange of
chambered branches for 2 simultaneously applied treatments continuously over periods
of up to 21 days. Deeper insights could be elucidated by the application of this novel
enhanced Raman spectroscopic technique. In general, such measurements are challeng-
ing in plant science due to the high background of ambient O2 at 21 vol. % next to CO2
naturally concentrated at 360 ppm in air. CERS outperforms other gas sensing tech-
niques for in-situ online monitoring of O2 and CO2 respiration rates during manipulative
experiments in plant physiology due to some essential features:

• Enhanced Raman multi-gas monitoring is preferable for the simultaneous real-
time analysis for mixtures of many gases, including homonuclear O2, N2, and H2,
without altering the gas composition or showing any cross-sensitivities.

• Highly temporal-resolved CERS monitoring of different gas fluxes allows for the
rapid detection of physiological responses such as respiratory day-night-cycles, but
also more long-term variations over weeks for stress-treated trees.

• The versatile CERS device is cost-effective, very robust, portable owing to its
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miniaturization, and is therefore suitable for in-situ gas exchange monitoring for
plant respiration with long-term stable operation and no need for maintenance for
weeks.
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The main objective of this thesis was to merge conventional Raman spectroscopy, which
is based on the intrinsically weak inelastic scattering process, with a novel type of mi-
crostructured optical fiber (HC-PCF). The development of such an innovative fiber-
based Raman gas sensor would exploit a tremendous signal enhancement by increasing
the number of interacting gas molecules with the laser light. Thus, the highly sensitive
detection of different multi-component gas mixtures over a wide dynamic range down to
VOC concentrations in the ppb-region for non-invasive, point-of-care breath gas analysis
of metabolic diseases by human breath analysis and the precise real-time monitoring of
biogenic gas fluxes for plant ecophysiological studies should be realized. Furthermore,
the application of an innovative design of a miniaturized and extremely robust Raman
multi-gas sensor [100], which is based on a very stable power-buildup laser cavity, is
applied for profound insights into plant functioning such as the link of more drought-
tolerant pine to its greater flexibility in substrate switch for plant respiration under
drought and shading.
In the first part, the design and the thorough characterization of an advanced fiber-

enhanced Raman spectrometric (FERS) setup was investigated for a fast monitoring
of multi-gas concentration fluctuations for required sample volumes in the nL-range.
Climate relevant gases such as CH4, CO2, and N2O together with N2 and O2 were si-
multaneously quantified with limits of detection as low as 4 ppm at very short acquisition
times. FERS as a potential method for early-stage disease diagnosis was elucidated with
the simultaneous quantification of different gas compounds within exhaled human breath
such as the major components 14N2, 16O2, and 12CO2, as well as the minor components
14N15N and 13CO2 naturally concentrated at the low ppm region, in a high dynamic
range of 6 orders of magnitude.
The second part demonstrated measurements based on the successful approach to

combine the developed lab-based FERS sensor with the already existing fiber-array spec-
tral translator-based Raman imaging setup (by Michael Brückner, IPHT Jena) [16] for
the first time. Consequently, Raman signal contributions from the microstructured sil-
ica fiber cross section could be spatially mapped and quantified. Additionally, rapidly
changing Raman signal variations based on strong fiber bending within the microstruc-
tured fiber were carried out by this approach. Compared to wavelength-scanning or
mapping-based spatial analysis, this techniques is less time-consumptive and can eluci-
date spatial Raman signal variations for immediate fiber instabilities. Altogether, this
setup showed to be a suitable candidate for investigation of signal distributions radiated
by the cross section of novel types of microstructured fibers.
Based on these results, a rigorous optimization of the FERS-based methodology in

terms of sensitivity and accuracy was achieved by the utilization of spatial filtering for
the intrinsic fiber-silica Raman signal. As a result, the SNR could be increased by a
factor of 10 and the silica noise level could be reduced by a factor of 6 at once. Thus,
fiber-enhanced rotational and ro-vibrational Raman spectroscopy was combined for the
simultaneous monitoring of molecular H2 and CH4 within a mixture of the major breath
components N2, O2, 12CO2, and 13CO2 for a concentration range between 5 and 50 ppm.
The simultaneous analysis of the gas components CH4 and H2, which are generated by
the anaerobic metabolism of colon bacteria Escherichia coli, can improve the diagnostic
accuracy to 15 - 30 % for patients with malabsorption of oligosaccharides. On the other
hand, the scaling potential for the improved FERS sensor to even higher sensitivities
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was experimentally explored by the detection of ambient air including the naturally low
concentrated compounds 13CO2 and CH4 at 3.6 ppm and 2.0 ppm. This resulted in a
noise-equivalent LOD of 0.1 ppm. Remarkably, this value represents the lowest LOD
detected under ambient conditions, which has been reported for any state-of-the-art
enhanced Raman spectroscopic gas sensor.
Finally, a highly miniaturized and very robust, but less sensitive cavity-enhanced

Raman gas sensor was utilized for the accurate online quantification of respiration rates
and changes in the respiratory quotient for trees exposed to stress treatments. Thus,
it was possible to quantify minor relative changes of naturally concentrated O2 and
CO2 simultaneously on a high ambient background of 21 vol. % for O2 and to monitor
the respiration rates of chambered branches in situ over weeks. These findings suggest
that respiratory substrates other than carbohydrates are used under carbon limitation.
Further studies should invest on the stoichiometry of the gas exchange and should address
the resource translocation across the plant organs as a function of the substrate changes
within the investigated branch section.
The different experiments for both enhanced Raman spectrometric methods, the fiber-

based and the cavity-based approach, demonstrate their importance and potential for a
wide range of significant research questions. In particular, the ability to measure minor
sample volumes of exhaled human breath and the ability to simultaneously measure O2
and CO2 besides other gases like N2 in-situ on a high ambient background in compar-
ison to less easy-to-operate and less inexpensive gas sensors is unique. The presented
measurements did not influence or disturb the experiment itself by consumption of the
different gas molecules and sample preparation steps were not necessary.
The great advantages of microstructured optical fibers for enhanced analytical sensi-

tivity at very low sample demand reveal the potential for detection of breath-to-breath
cycles, for monitoring of a complex (volatile) anesthetics matrix, or for the diagnosis of
metabolic diseases including lactose intolerance, fructose malabsorption, and bacterial
overgrowth syndrome, together with the utilization of thermoelectrically cooled, minia-
turized spectrometers. There is an urgent demand for techniques operating in a high
dynamic concentration range with high chemical selectivity, without the need for sample
preparation, and thus can fill the gap of already well-established analytical techniques.
Future investigations on device miniaturization, cost reduction, low maintenance costs,
easy operability and calibration, together with low power consumption will enable these
Raman instruments further to be used for the elucidation of complex environmental
processes and easy-to-apply, point-of-care diagnosis of metabolic disorders and diseases.
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Zusammenfassung

Das Hauptziel dieser Arbeit war die Verbindung konventioneller Raman-Spektroskopie
mit der Verstärkung der Lichtintensität durch mikrostrukturierte optische Hohlkern-
fasern, speziell die photonische Kristallstrukturfaser (HC-PCF1). Die Faserverstärkte
Raman-Spektrometrie (FERS2) ist eine neuartige Technik mit vielen Vorteilen gegenüber
bekannter Gasmesstechniken. Die Herausforderung der sensitiven Gasdetektion mit-
tels FERS ergibt sich durch die Ausnutzung des Stokes-Raman-Effektes, welcher je-
doch auf dem unelastischen Streuprozess beteiligter Gasmoleküle mit geringer Teilchen-
dichte basiert und statistisch weniger häufig gegenüber konkurrierenden Effekten wie
der Absorption oder Fluoreszenz auftritt. Die Verstärkung und optimierte Einsammlung
Raman-gestreuter Photonen durch kommerziell verfügbare HC-PCF3 realisieren eine Sig-
nalverstärkung im Bereich von 4 bis 5 Größenordnungen gegenüber der konventionellen
Raman-Gasspektrometrie und ermöglichen dadurch die applikationsorientierte Analyse
und Quantifizierung komplexer Multikomponenten-Gasgemische. Entscheidende Vorteile
der Raman-Spektroskopie, wie die selektive und simultane Detektion nahezu aller Gaskom-
ponenten, werden der Gasanalytik dadurch zugänglich gemacht. Die Quantifizierung
homoatomarer Gase wie H2, N2 oder O2 und deren Isotope stellt hierbei eine Beson-
derheit der Raman-Gasspektrometrie dar. Diese sind mit vergleichbaren Techniken wie
die Absorptionsspektroskopie schwierig zu messen und Anwendungen beschränken sich
deshalb auf die Detektion vereinzelter Gase. Gerade die Vielzahl an gleichzeitig nach-
weisbarer, mehratomiger Gasmoleküle macht die Raman-Spektroskopie als analytische
Messtechnik einzigartig, da relevante Multikomponenten-Gasgemische auf herkömmliche
Art schwierig zu quantifizieren sind.
Im ersten Teil der Arbeit wird die Entwicklung und optische Charakterisierung des

Faserverstärkten Raman-Gassensors mit einzigartigen Vorteilen vorgestellt. Die verwen-
deten HC-PCF als ideale Mikroküvette erzeugt dabei einen geeigneten Überlapp zwi-
schen Laserlicht und Gasmolekülen innerhalb des hohlen Faserkerns. Zudem skaliert
die Signalverstärkung mit der Faserlänge und weiterhin linear mit der Gaskonzentra-
tion, aber auch mit der Moleküldichte und der Laserleistung innerhalb der optischen
Faser. Die gezeigte exzellente Linearität ermöglichte eine generell einfache und schnelle
Zweipunktkalibration des Raman-Gassensors mit Hilfe von Reinstgasen, welche die benö-
tigte Genauigkeit für eine Vielzahl unterschiedlicher Experimente gewährleistete. Kli-
marelevante Gase wie CH4, CO2 und N2O zusammen mit N2 und O2 konnten simultan
bis zu Nachweisgrenzen von 4 ppm4 quantifiziert werden. Der hohe dynamische Be-
reich umfasste dabei 6 Größenordnungen. Darüber hinaus wurde die extreme Spezifität
durch die simultane Detektion einer Vielzahl von chemisch fast identischen Isotopen
am Beispiel von CO2 gezeigt. Die enorme Steigerung der Signalverstärkung durch die
Erhöhung der Anzahl wechselwirkender Gasmoleküle mit dem Laserlicht innerhalb der
mikrostrukturierten Hohlkernfaser ermöglichte in einem anderen Experiment die Quan-
tifizierung einer Vielzahl von Gaskomponenten innerhalb der menschlichen Ausatemluft.
Diese setzt sich zusammen aus Hauptanteilen von 14N2, 16O2 und 12CO2, sowie 14N15N
und 13CO2 mit geringeren Konzentrationen im unteren ppm-Bereich und kann zur Di-
agnostik und Früherkennung von metabolischen Krankheiten dienen.

1hollow-core photonic crystal fiber
2fiber-enhanced Raman spectrometry
3beispielsweise von NKT Photonics
4parts per million - Teilchen pro Million
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Die Anwendung dieser neuen Gasmesstechnik in verschiedenen Experimenten offen-
barte jedoch einen hohen Anteil an inhärentem Raman-Signal. Dieser intrinsische Raman-
Streuanteil ist Folge der Quarzglas-Mikrostruktur, welche die photonische Bandlücken-
struktur und die daraus resultierende Lichtführung von Laser- und Signallicht gewährleis-
tet. Dieser hohe Raman-Signaluntergrund führt generell zu einer Verschlechterung der
Sensorempfindlichkeit. Die exakte Lokalisierung und gezielte Rauschsignalfilterung wür-
den eine gesteigerte Nachweisempfindlichkeit ermöglichen.
Die räumliche Indentifikation und Quantifizierung des parasitären Raman-Glassignals

gegenüber des Analytensignals konnten durch die erstmalige Kombination der FERS-
Technik mit einem existierenden faserbündelbasierten Raman-Bildgebungsaufbau [16]
realisiert werden. Im Vergleich zu üblichen Wellenlängenscanverfahren oder räumlich
abtastenden Scanverfahren sind Messungen mit diesem kombinierten Aufbau weniger
zeitaufwendig. Erzielte Erkenntnisse über instantane Signaländerungen aufgrund gering-
ster Faserbiegeradien oder genereller Faserinstabilitäten (Temperatur, Druck, Einkopp-
lung, ...) wurden untersucht und flossen in die Sensorkalibration ein. Durch diese hy-
perspektralen Raman-Bildgebungsexperimente konnten signifikante Raman-Glassignal-
anteile im äußeren Bereich des Faserkerns mit höherer numerischer Apertur identi-
fiziert werden. Die gezielte räumliche Filterung dieser Signalanteile gegenüber des Ana-
lytensignals im Inneren des Faserkerns mit geringerer numerischer Apertur erhöhte die
Nachweisempfindlichkeit des FERS-Gassensors um eine Größenordnung bei gleichzei-
tiger Rauschsignal-Reduktion um den Faktor 6. Der dynamische Bereich erhöhte sich auf
mehr als 7 Größenordnungen und ermöglichte eine kombinierte faserbasierte Rotations-
Schwingungsspektroskopische Überwachung von H2-Rotationsbanden und der Schwin-
gungsbanden von CH4 in einem Wellenzahlenbereich von 300 − 3000 cm−1 für den
Konzentrationsbereich von 5− 50 ppm innerhalb eines komplexen Atemgasprofils. Eine
solch detaillierte Analyse aller bekannten Atemspurengase im erweiterten dynamischen
Bereich von über 7 Größenordnungen, was einer Nachweisempfindlichkeit von einigen
100 ppb5 entspricht, ist Voraussetzung für die zuverlässige Identifikation und Interpreta-
tion wichtiger Krankheitsbiomarker. Eine mögliche Anwendung für die FERS-Diagnose
ist der Wasserstoff-Atemtest als Indikator für Laktose-Intoleranz und für kleine Darm-
bakterienwucherungen. Im Falle einer Malabsorption von Oligosacchariden wird H2
durch anaeroben Stoffwechsel der Darmbakterien Escherichia coli erzeugt; bei gesunden
Probanden hingegen ist dieser nicht detektierbar. Eine zusätzliche Analyse von CH4
kann die Diagnosegenauigkeit um 15 − 30 % der Patienten verbessern, bei denen die
methanogenen Bakterien Methanobrevibacter smithii H2 in CH4 konvertieren. Somit
könnte eine schnelle und simultane FERS-Analyse von H2 und CH4 eine neue und ein-
fach anzuwendende Technik im Bereich der Vor-Ort-Diagnose metabolischer Krankheiten
darstellen.
Im weiteren Verlauf wurde die Faserverstärkte Raman-Gasspektrometrie mit der Laser-

kavität-verstärkten Raman-Gasspektrometrie (CERS6) [100] verglichen. Es zeigte sich,
dass Letztere einerseits geringere Nachweisempfindlichkeiten bei viel höheren Proben-
volumina zeigte, andererseits jedoch ein energieeffizienter und miniaturisierter Ansatz
zur Langzeitüberwachung biogener Gase für verschiedenste ökophysiologische Problem-
stellungen ist. Im letzten Teil dieser Arbeit wird die Echtzeit-Quantifizierung von At-
mungsraten und geringste Veränderungen des sogenannten Atmungsquotienten (RQ7)
verschiedener Baumarten unter Stressbelastungen wie Trockenheit oder Beschattung
durch CERS vorgestellt. Die simultane Detektion kleinster relativer Konzentrationsän-
derung von natürlich konzentriertem O2 und CO2 gegenüber einem hohen Umgebungs-
untergrund, und die Bestimmung der Atmungsraten der zu untersuchenden Baumarten

5parts per billion - Teilchen pro Milliarde
6cavity-enhanced Raman spectrometry
7respiratory quotient
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für mehrere Wochen waren hierbei einzigartig. Die erzielten Ergebnisse legen nahe,
dass neben Kohlenhydraten als primäre respiratorische Substrate auch verstärkt andere
Substrate, wie beispielweise Aminosäuren oder Fettsäuren, innerhalb des pflanzlichen
Organismus’ bei einer Kohlenstofflimitation genutzt werden. Eigene darauffolgende und
komplexere Studien bestätigten diese Interpretation [57].
Die vorgestellten Experimente auf dem Gebiet der verstärkten Raman-Gasspektro-

metrie, welche einerseits auf dem Faseransatz und anderseits auf dem Ansatz einer
Laserkavität basieren, zeigten ihre analytische Bedeutung für eine Vielzahl stark relevan-
ter Forschungsfragen im Bereich der Pflanzen-Ökophysiologie und der klinischen Atem-
gasdiagnostik. Weder beeinflussten noch veränderten die vorgestellten Messungen die
Experimente beispielsweise durch einen Analytenverbrauch, noch war eine Probenvor-
bereitung erforderlich. Die entscheidenden Vorteile mikrostrukturierter optischer Fasern
für eine verbesserte analytische Sensorempfindlichkeit bei gleichzeitig sehr geringem
Probenbedarf verdeutlicht das Anwendungspotential der Faserverstärkten Raman-Gas-
spektrometrie zur Überwachung von Atem-zu-Atem-Zyklen oder einer komplexen Anäs-
thetika Matrix, die Diagnose von metabolischen Erkrankungen einschließlich der Lakto-
seintoleranz, intestinale Fruktoseintoleranz und der Dünndarmfehlbesiedlung. Es besteht
ein notwendiger Bedarf an innovativen Gassensor-Techniken, die in einem weiten dy-
namischen Bereich mit hoher chemischer Selektivität funktionieren, um somit die Lücke
bereits etablierter analytischer Verfahren schließen zu können. Eine weitere Minia-
turisierung durch den Einsatz thermoelektrisch-gekühlter, miniaturisierter Spektrome-
ter, aber auch die zukünftige Kostensenkung, einfache Bedienbarkeit und Kalibration
zusammen mit niedrigem Leistungsverbrauch werden es diesen beiden innovativen Tech-
niken ermöglichen, sich als Standardgasanalysetechniken neben der Gaschromatogra-
phie zu etablieren. Komplexe Umweltprozesse und eine einfach realisierbare Vor-Ort-
Diagnostik von metabolischen Störungen und Krankheiten mittels der Atemgasanalyse
stehen hierbei vermehrt im Vordergrund.
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Appendix A

Experimental setup

(a) (b)

(c)

Figure A.1: Transmittance curve of (a) Semrock Razor Dichroic filter (LPD01-532RU-25) at
an incident angle of 45 °, (b) Semrock Razor RazorEdge filter (LP03-532RU-25) for 532 nm
excitation wavelength at an incident angle of 10 °, and (c) Semrock Razor RazorEdge filter
(LP02-664RU-25) for 660 nm excitation wavelength at an incident angle of 0 °. The individual
inset shows a more detailed view around the designed edge for the specific laser wavelength. All
transmission curves were measured with the help of a UV-VIS spectrometer “Specord” from Carl
Zeiss.
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Appendix A Experimental setup

Figure A.2: Laser stability of the Opus laser at 532 nm excitation wavelength (Laser Quantum)
[124], which was additionally equipped with a fan-cooled laser plate. The power around 200 mW
was monitored for approx. 20 min after a warm-up time of ∼ 10 min.

Figure A.3: Raman spectra referring to tab. 6.1: Comparison of the detection ability for the
pure rotational transition lines of molecular hydrogen (concentrated with 5 vol.% in rest carrier
gas nitrogen) in the case of (A) conventional Raman spectroscopy and after applying (B) the
spatial and (C) the modal pinhole for FERS.
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Appendix B

Supplementary information

B.1 Concentration measurements of substrates
Glucose, fructose, sucrose, inositol, and starch concentrations in leaves and branches were
analyzed as the major physiologically important carbon storage compounds. Branch and
needle samples were collected at the beginning and end for each treatment and species.
Samples were cut, immediately frozen by immersion in liquid nitrogen, and afterwards
kept on dry ice until they were placed in a freezer at -80 °C for longer storage. For further
non-structural carbohydrate (NSC) extractions, the frozen samples were vacuum freeze-
dried for 3 days and milled with a ball mill (Retsch® MM200) to fine powder. 50mg of the
samples were added to 1 ml of distilled water to extract the soluble sugars and afterwards
vortexed, incubated (10 min at 65 °C), and centrifuged at 12000 g for another 6 min. The
procedure of supernatant removal with a pipette and further storage on ice was repeated
twice [148]. 50 mg of ground sample was added to 0.35 ml distilled water, vortexed
(1min), and treated at 65 °C for 10 min to hydrolyze the starch content. Afterwards,
0.5ml of 52 % perchloric acid were added and the solution was incubated in an orbital
shaker for another 20 min with further centrifuging at 12000 g for 6 min. The supernatant
was removed and the procedure repeated [148]. These supernatants were pooled and
stored frozen at -20 °C. The extract from soluble sugar and starch were diluted with
high-pressure liquid chromatography pulsed amperometric detection (HPLC-PAD) by
ion chromatography with auto sampler (Dionex® ICS 3000). The concentrations of starch
resulted as difference in glucose concentration in the hydrolyzed extract, subtracted by
half of the sucrose concentration in the water-soluble sugar extract, and multiplied by a
conversion factor of 0.9 [179].
By using the method of Eggstein & Kuhlmann the concentration of triacylglycerol

(lipids) was determined [48]. 1 ml of 0.5 M NaOH was added to 10 mg of grounded
plant material, vortexed, and incubated in a thermomixer (70 °C for 30 min) for saponi-
fication of lipids. Samples cooled down to room temperature and addition of 0.2 ml
2.5M PCA neutralized the extract, followed by vortexing and centrifuging at 12000 g.
An aliquot of 0.3 ml was diluted in 0.7 ml of bi-distilled water. To define the concentra-
tion of total glycerol, the enzymatic conversion of glycerol to glycerol-3-phosphat was
followed photometrically at 340 nm, using a microplate reader (Infinite M200, Tecan)
with pure glycerol, which was used as standard. Enzymes were purchased from Sigma-
Aldrich GmbH (glycero-kinase and lactate-dehydrogenase) and Roche Diagnostic GmbH
(pyruvat kinase).
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