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Robust Attenuated Total Reflection Infrared
Spectroscopic Sensors Based on Quantum

Cascade Lasers for Harsh Environments
Andrea Teuber and Boris Mizaikoff , Member, IEEE

Abstract—A compact yet robust sensor system for appli-
cations in harsh environments has been developed. The
sensor takes advantage of infrared attenuated total reflection
(IR-ATR) spectroscopy with an invariant coupling of IR radi-
ation into the ATR sensing element via substrate-integrated
hollow waveguides (iHWGs). The system design, which is
supported by appropriate simulations, minimizes the influ-
ence of environmental parameters (e.g., hydrostatic pressure,
mechanical vibrations, etc.) at the optically delicate ATR
waveguide. Next to an innovative radiation coupling concept
via iHWGs in lieu of conventional optics, IR-transparent fibers
were used. The fibers ensure a direct optical connection
of the quantum cascade laser (QCL) light source and the
detector to the iHWG coupling elements of the sensor cell.

Index Terms— Attenuated total reflection (ATR), harsh environments, midinfrared (MIR), quantum cascade laser (QCL),
sensor design, substrate-integrated hollow waveguide (iHWG).

I. INTRODUCTION

IN THE past years, the need for protecting and saving
the environment became increasingly evident, e.g., due to

observable and imminent climate change. This need leads
to an enhanced demand for monitoring and detecting asso-
ciated environmental changes. Especially in marine systems,
additional pollution may arise from oil and fuel industry or
natural oil spill events. Oil is then spread naturally across
large areas via wind and waves and followed by emulsification
or entrapment of crude oil in selected zones of sea water.
Other sensing scenarios include but are not limited to sensing
dissolved gases in the deep sea (e.g., in CO2 geo-sequestration
scenarios) and water resource management [1], [2], [3], [4],
[5], [6], [7], [8], [9], [10], [11], [12]. Besides pollution, the
marine environment itself may lead to problems for marine
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infrastructures, cultural artifacts, and so on, for example, via
corrosion and biocorrosion events. At such occasions, spon-
taneous processes occur due to the presence of chlorides and
dissolved oxygen and may be further enhanced by the pres-
ence of (electro)chemically active microorganisms. Thus, these
microorganisms—especially bacteria and algae—may colonize
metallic surfaces by forming biofilms, and consequently, cor-
rosion of the metal occurs [13]. However, such microorganism
and their metabolism/proliferation may be affected by tem-
perature changes in the marine environment [14]. Therefore,
materials that can withstand such corrosion processes are
needed to be used in these harsh environments. For example,
VA4 stainless steel [15] is an ideal choice to be used in harsh
environment, as it is resistant against many forms of corrosion.
Furthermore, besides corrosion and temperature effects in the
marine environment, the movement of the water mass and the
hydrostatic pressure must be taken into account, especially if
delicate sensor systems are operated at such harsh conditions.

If an external force is applied onto a body, the internal resis-
tance per unit area of body can be expressed as stress. Stress is
defined as two fundamental types, i.e., tensile (positive) and/or
compressive (negative) [16], [17]. The stress to strain in a
material is called modulus of elasticity or Young’s modulus.
It explains the compressibility of a material or the stiffness
of a solid material. Increasing the modulus of elasticity leads
to a less compressible body [16], [18]. The yield stress is the
minimum applied stress that will cause a solid to undergo a
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permanent deformation or plastic flow. The latter represents
the transition from elastic to plastic behavior [19]. Combining
all individual stress components, the Von Mises criterion is
obtained. It is based on yield stress in uniaxial tension and
shear forces in the plane and a measure for the “state of
the stress” [16], [20]. When the Von Mises stress exceeds
the yield strength, ductile materials start to deform. This in
turn correlates with a change in shape indicating the intensity
of the stress relative to the yield strength [21], [22], [23].
Another strain parameter is the Poisson ratio, which occurs if
a force is applied onto a material, and the material contracts
in lateral direction. Therefore, pulling a dense material leads
to a linear elastic range of deformation and a slight decrease
in volume [16], [24], [25]. Zinc selenide (ZnSe), a typical
attenuated total reflection (ATR) waveguide material, which is
used in the present infrared (IR) sensor concept, shows a steep
elastic increase in stress followed by a work-hardening after
yielding [26].

Midinfrared (MIR) spectroscopy is a nondestructive and
versatile analytical method providing molecularly character-
istic vibrational signatures of analytes. MIR spectroscopy can
be used to analyze liquids (e.g., aqueous) solutions, semi-
soft materials (e.g., gels and pastes), or solid materials (e.g.,
powders) next to gas phase constituents. The usual spectral
working range extends from 4000 to 400 cm−1 (2.5 to 25 µm)
and has the benefit-in comparison to far-infrared (FIR) and
near-infrared (NIR) spectroscopy—that the so-called “finger-
print region” (>8 µm) provides unique signatures for almost
any organic and/or inorganic molecule [27], [28], [29], [30].
In ATR spectroscopy, an internal reflection element (IRE)
made from IR-transparent materials—herein, ZnSe with a
higher refractive index compared to the adjacent medium—
is used as an active transducer. IR radiation propagates along
the IRE via total internal reflection, if the critical angle is sur-
passed [29]. As a result, an evanescent field emanates at these
reflection points, which leaks with exponentially decaying
intensity several micrometers into the adjacent medium. The
interaction between the evanescent field and the sample results
in a wavelength-dependent attenuation of the IR radiation
[31]. The evanescent field leakage can be calculated using the
penetration depth (dp). The latter is dependent on the ratio
of the refractive indices of the IRE (n1) and the surrounding
medium (n2), the wavelength (λ ) of the radiation, and the
angle of incidence (θ) [32], [33], [34], [35], as shown in the
following:

dp =
λ

2π
(
n2

1 sin2 θ − n2
2

)1/2 . (1)

In routine analysis, and especially in laboratory scenarios,
Fourier transform infrared (FTIR) spectrometers are usually
applied [27]. FTIR devices cover the entire MIR range. How-
ever, they provide a limited energy density per wavelength
[36], [37] and are usually less sensitive in comparison to laser-
based spectroscopies, e.g., quantum cascade laser (QCL) light
sources operating in the MIR. QCLs provide an exceptional
energy density per wavelength, albeit in a limited spectral
window. In addition to emissive power, operation in con-
tinuous or pulse mode on chip dimensions and tailorability

across the entire MIR band are distinct advantages of QCLs.
In particular, the potential for miniaturization and battery
operation promises laser-based IR spectroscopy and sensing
as a particularly useful technology for portable devices [30].
Corresponding miniaturized sensors are especially needed in
on-site and in situ environmental analysis scenarios, where
online and/or in-field monitoring are the main goal. Further-
more, such sensors have to be shock and vibration resistant
and sufficiently robust to be operated in harsh environments
[5], [14], [15].

Conventionally, water analysis techniques rely on sampling
(i.e., automated or manual sample collection), sample storage
in suitable containers, whereby any interaction between sample
constituents and container has to be avoided [38]. Besides
sample collection and storage, sample transport and sample
preparation processes in the laboratory are critical and may
affect the composition of the sample [39].

Herein, we present a compact and exceedingly robust
IR-ATR sensor interface integrated into a field-deployable
housing. The proposed sensor is specifically designed for
operation in harsh environment while taking advantage of
conventional MIR waveguides, such as ZnSe crystals, yet
packaged such that they withstand vibrations and shocks. The
developed sensor cell is based on a generic concept that may
be combined with any IR laser light source and detection
scheme. All sensing elements can be placed inside a specif-
ically designed cylindrical housing for portable operation.
To prove the robustness of the developed sensor system for
environmental analysis, pressure simulations were performed.
Additionally, experimental studies using model analyte con-
firm the utility of the developed sensor cell.

II. COMPACT SENSOR SYSTEM FOR ENVIRONMENTAL
MONITORING: INNOVATIVE IR-ATR SENSOR DESIGN

A. Design of a Robust IR-ATR Transducer Assembly
The herein presented IR-ATR sensor interface is an

advanced design based on previous studies by our research
team (see [31]). The sensor and its individual components are
shown in Fig. 1. The design can be considered a “sandwich
structure” composed of two individual subunits [see Fig. 1(a)
and (c)]. Each unit can host an individual ZnSe IRE. The
presence of two independent compartments provides several
advantages and increased versatility: 1) one of the cells can
be used for measuring reference analytes without the need
of exchanging solutions; 2) two different analytes can be
analyzed simultaneously, if individual lasers are used that
target individual analyte absorptions; 3) different environments
can be simultaneously investigated; and 4) changes in the
sensor cell (e.g., failure of one sensor cell) during operation
do not limit its utility given the obtained redundancy.

The symmetrically designed sandwich parts are separated
by a hollow-core reference channel. This reference channel
can be used to determine fluctuations of the laser light source
as the light passes through without any sample interaction.
On top of the reference channel, a stainless-steel holder with
a mechanically thinned lead plate is installed. This holder
has an “H” shape, and at the crossbar, a lead plate with the
same dimension as the ZnSe crystal is located. Lead is used
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Fig. 1. Developed sensor cell is composed of individual components,
which can be tailored to any desired measurement scenario in terms
of materials and dimensions. (a) Schematic of the transducer assembly.
In red, the laser beam is schematically shown indicating the internal
reflections within the ATR waveguide. IR radiation is guided via iHWGs
to the IRE and via another iHWG to the detector. (b) CAD rendering
illustrating the iHWG coupling. (c) Labeling of the individual parts, which
are used for establishing the sensor cell assembly.

for providing a reasonably soft yet robust embedment for the
ZnSe crystal. This crystal serves as the active transducer with
dimensions of 72 × 6 × 10 mm (l × w × h) providing several
internal reflections and a sufficient large active sensing area.
The ZnSe IRE is framed at both end facets by individual
substrate-integrated hollow waveguides (iHWGs) serving as
invariable radiation coupling elements.

iHWGs, first developed by Mizaikoff and coworkers [40],
serve in the present sensor design as a direct optical coupling
element. This coupling element delivers IR laser radiation
to the IRE and from its distal end to the detector. Due to
the invariable structure, the system is permanently aligned
without the need of adjustable optics. Lenses, for example,
can be avoided, as the iHWGs focus the radiation onto the
crystal end facet without any option for misalignment (e.g.,
due do vibrations/shock changing the position of lenses) or
even breakage of optical elements. The iHWG couplers are
fabricated via 3-D printing (Formlabs Form 3, Formlabs,
USA) and tailored individually to the IRE coupling facets (see
Fig. 1). In a more sophisticated version, they may of course be
fabricated from aluminum or stainless steel. The iHWGs are
also designed to protect the fragile corners of the IRE while
maximizing the incoupling efficiency.

To mount the ZnSe crystal and the iHWGs in position in the
y-direction, an additional component serves as a frame-shaped

Fig. 2. IR-ATR transducer assembly inserted into the system housing.
The system housing comprises two hemi-cylindrical parts sealed via an
O-ring with an outer tube diameter of 5 cm after assembly.

mount, as evident in Fig. 1(b) and (c). The frame-shaped part
has a cutout with the dimensions of the IRE crystal. Due to
the shape of this frame, the iHWGs and the IRE are pressed
against the lead sheet at the ground plate (i.e., the “H”-shaped
part). It also protects and covers the ZnSe crystal in y-direction
[see Fig. 1(b)].

For sealing purposes, a Viton sheet is used. It is located
between the frame mount and the top plate [see Fig. 1(c)].
The upper part closes the sensor from the top and also serves
as the liquid sample chamber with a volume of approx. 1 mL.
However, the sample volume may be individually tailored to
the need of the application. As the IRE is fully embedded into
the sensor cell, the assembly is ideally suited for high-fluid-
pressure applications. No free optical path is present and no
moving parts or parts that may misalign at harsh conditions
are used. Furthermore, no additional lenses and mirrors are
needed within the entire assembly. The overall dimensions of
the transducer system are 130 × 25 × 37 mm (l × w × h).

B. Construction of a System Housing for the IR-ATR
Sensor Cell

A system housing has been developed, again ensuring a
possibly robust and compact design. The dimensions are
<1 m in length with an outer system diameter of 5 cm,
which is the smallest achievable diameter using the present
transducer assembly. The cylindrical system housing (see
Fig. 2) comprises two individual parts—an upper and lower
substrate—which are sealed against each other via screw
mounts along the wing-shaped structures extending to the left
and right of the housing half-cylinders. Inside the wings, an O-
Ring is used for sealing purposes. Each half is fabricated
from a stainless steel VA4 block. The transducer assembly is
designed such to precisely and modularly (i.e., exchangeable)
fit the cutout of the system housing, as shown in Fig. 2.

All optical and electronical components, such as lasers and
detectors, are located inside this tubular housing. Connecting
the iHWG couplers to the laser light source(s) and to the
detector(s) via fiberoptic cables avoids any free space radiation
propagation within the entire system.
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The system is optically designed, such that 1) the QCL
housing is already mounted at the optical axis of the iHWG
couplers and 2) that heat is efficiently dissipated from the
laser. The design of the internal “optical bench” allows for
mounting several lasers in series along the central axis of the
device. Each laser is then coupled via individual fiberoptic
cables to the iHWG inside the sensor cell. At the distal
end the housing system, mounts for small IR detectors are
provided, e.g., thermopiles. Since less space is needed for the
detector, the sensor housing is not symmetrically constructed,
i.e., the detector compartment is smaller compared to the
laser compartment. Furthermore, both ends of the tube provide
connectors for delivering the required electric power into
the sensor housing. Space for cables is designed between
the sensor cell and the connection wings, such that future
additional electrical components may be added.

C. Sensor Design Considerations for Operation in Harsh
Environments

As shown in Figs. 1 and 2, while the sensor system appears
quite complex, it is easy to assemble given the modularity
of the concept. The system was designed, such that even
untrained personnel without special tools may assemble the
device. The main goal was to establish a versatile (i.e., not
limited to any environment) and compact system with the
potential to use a variety of light sources, yet primarily MIR
lasers. Physical parameters to be considered are the sensor
design, coupling to the transducer, and effects of pressure,
shock, temperature, and vibrations. Since marine environments
accelerate corrosion, VA4 stainless steel was selected as the
core material. However, Ti or Ti alloys are viable alternatives.
It should be noted though that selecting the material prior to
the system design aids in to preventing fabrication problems
at a later stage (e.g., during drilling, chamfering, rounding,
for cutouts, etc.). Thus, the required optical accuracy of the
individual components intimately ties in with the selected core
materials. ZnSe is an ideal choice as ATR transducer, as it is
transparent in a wide MIR spectral range and can be produced
at any length and thickness for tailoring the number of internal
reflections at reasonable cost. Since ZnSe is stable at pH
5–9, it is suitable for applications in marine environments
characterized by moderate pH conditions. However, ZnSe is
a brittle crystal and requires protection inside the housing
and against the adjacent sample medium. Buffering against
the ground plate (i.e., the “H”-shaped part) is provided via
a lead sheet. The metal parts encompassing the IRE are
designed to withstand high pressures. Since the crystal is
fixed in the z-direction, special attention has to be paid to
the trapezoidal end facets. Therefore, an appropriate light
guiding system is needed to ensure invariant IR radiation
coupling into the transducer, while at the same time providing
sufficient stability for the end facets, which is herein achieved
via especially designed iHWGs. Herein, the iHWGs serve
several functions: 1) invariant guiding of IR radiation ensuring
perpendicular incidence at the ZnSe end facet; 2) avoiding free
space radiation paths; 3) robust protection of the ATR crystal
end facets versus vibrations, shock, and temperature; and 4)

Fig. 3. Simulations of water flow. (a) Flow velocity of 4 m/s and (b) flow
velocity of 10 m/s.

avoiding additional optical components, such as lenses and so
on.

The sensor housing was designed to encompass the sensor
cell assembly without any possibility of movement. To avoid
any free-space radiation propagation, IR-transparent fibers
were used for connecting the laser(s) to the sensor cell and to
the detector(s). To ensure heat transport away from the lasers,
an appropriate laser mount inside the housing was imple-
mented. This mount is designed, such that several small lasers
(e.g., in high heat load housings) can be accommodated in a
serial fashion. The tubular housing comprises two symmetric
parts assembled into the final system tube.

III. SIMULATIONS OF SYSTEM HOUSING AND SENSOR
CELL

A. Simulations of Water Flow Around the Sensor System
To test the feasibility of the designed system housing at

real-world conditions, simulations using parameters relevant to
marine environments were conducted. The software package
Ansys Fluent Flow (Ansys, 2021) was selected for executing
the simulations. An equal distributed water chamber around
the housing, with dimensions of 972 × 250 × 125 mm (l ×

h × w), was applied. For the simulation, an envelope around
the housing was applied, followed by removing the housing.
The finite element mesh was generated by using tetrahedron
elements. The viscous laminar model was selected. Inlet and
outlet were defined at both ends with boundary conditions at
the inlet defined as a velocity of 4 and 10 m/s, respectively,
and a temperature of 400 K. As fluid, water was used and the
housing material was selected as steel.

To mimic the water flow around the housing, the device
was placed parallel to the water flow (see Fig. 3) followed
by simulations, where the housing was placed orthogonal to
the water flow (see Fig. 4). While in the parallel orientation,
the water pressure is primarily incident at the end facet of the
housing (see Fig. 3); in the orthogonal orientation, the water
pressure is incident mostly at the crystal (see Fig. 4).

The natural flow velocity of ocean water is up to 4 m/s
[41]. In order to determine the sensor behavior at rougher
conditions, a water velocity of 10 m/s was also simulated.



818 IEEE SENSORS JOURNAL, VOL. 24, NO. 1, 1 JANUARY 2024

Fig. 4. Simulation of water flow parallel to the ATR crystal.

According to the simulations, at 4 m/s, a pressure of
0.008 bar (800 Pa) is imminent at the front facet of the
housing, as shown in Fig. 3(a). With a water flow of 10 m/s,
a pressure of 0.5 bar (50 kPa) affects the front facet [see
Fig. 3(b)]. Evidently, at both simulation conditions, the pres-
sure at the end facet of the tube is modest.

While at parallel water flow conditions, no damage at the
tube and the crystal is expected, the entire sensor housing
was turned orthogonal to the water flow (see Fig. 4). For
the waterflow perpendicular to the crystal surface, the higher
velocity of 10 m/s was selected. The pressure imminent at the
ATR crystal surface resulted in 170 kPa (see Fig. 4).

As in Fig. 4, an applied pressure on the crystal of 170 kPa
could be observed, while the water flows perpendicular to the
tube, further attention on the crystal will be paid. Therefore,
this pressure of 170 kPa will be applied onto the (pristine)
crystal.

B. Hydrostatic Pressure at the IR-ATR Transducer
With a water flow of 10 m/s perpendicular to the ZnSe

crystal, a pressure of 1.7 bar was apparent at the crystal
surface (see Fig. 4). To evaluate the stability of the rather
delicate ZnSe material, the Von Mises stress was investigated.
The simulations were performed using Comsol 5.5 (Comsol
Multiphysics GmbH, Sweden). The CAD drawing of the IRE
was loaded into the software ensuring direct correlation with
the actual prototype. ZnSe was selected as the waveguide
material.

Since the crystal is embedded within the sensor cell, the
sensing interface has an ellipsoidal shape (see Fig. 1). For
simulations of the pressure at the crystal embedded into the
housing, the pressure was only applied to the active ellipsoid
sensing area (see Fig. 5).

The area of the ellipsoid (see Fig. 2, sensing interface)
corresponds to approx. 336 mm2. To mimic the support of both
sloping surfaces provided by the iHWGs and the crystal placed
on the ground plate, the bottom side and sloping surfaces of
the crystal were implemented as fixed constraints. The finite
element mesh was generated by using a physics-controlled
mesh with an extra fine size. A force of 57.12 N was applied
onto the ellipsoidal ZnSe area, as shown in Fig. 5(a). With an
applied pressure of 57.12 N, the maximal Von Mises stress
was equal to 54 N/m2 [see Fig. 5(a)].

In order to evaluate the stability of the crystal, the yield
stress of ZnSe at approx. 13 MPa was implemented [26],
which is orders of magnitudes higher compared to the Von
Mises stress obtained in the present simulations. Therefore, the
IR-ATR transducer waveguide should withstand this pressure
and no damage of the crystal is anticipated. The maximal
displacement derived from these simulations is 0.003 nm.

Fig. 5. Simulations of the stability of the ZnSe ATR crystal: abbre-
viations: SA = surface area, VMS = Von Mises stress, and D =

displacement. (a) Pressure on the crystal of 1.7 bar and (b) applying
pressure of 50 MPa.

Since an applied pressure of 1.7 bar does should not break
the crystal, higher pressures were also evaluated. For that
purpose, the elastic limit of ZnSe was taken into account.
The elastic limit is defined as the maximal stress per unit
area that a solid material can withstand prior to the onset
of a permanent deformation [42]. ZnSe has an elastic limit
of 55.1 MPa. Therefore, to ensure the crystal does not break,
a pressure of 50 MPa was selected. Fig. 5(b) shows the applied
pressure of 50 MPa, which is equivalent to an applied force of
18.6 kN at the crystal surface with a contact area of approx.
336 mm2. The simulations revealed that the Von Mises stress
is approx. 16 kN/m2 with a maximal displacement of 0.01 µm.

To evaluate how much the crystal is protected inside the
developed sensor cell and to figure out how the freestanding
ZnSe behaves under pressure, a nonembedded ZnSe crystal
with the same dimensions as the embedded one was used for
simulations. However, it has to be mentioned that the surface
area of the nonembedded crystal is higher with a surface
area is approx. 715 mm2 (in comparison to the embedded
one with an area of 336 mm2), as shown in Fig. 5(b). In the
nonembedded crystal, a force of 50 MPa was also applied.
The pressure of 50 MPa correlates to a force of 35.75 kN,
which was applied at the crystal surface. For the IRE not
implemented into the housing, the Von Mises stress was
approx. 230 kN/m2 with a maximal displacement of 0.02 µm.
The Von Mises stress is lower compared to the yield stress,
and it is anticipated that the crystal will not break. As evident
in Fig. 5, the nonembedded IRE has higher Von Mises stress
compared to the embedded one. Interestingly, the Von Mises
stress is approximately 15-times lower for the embedded
crystal compared to the freestanding crystal. Furthermore,
the maximal displacement is lower for the embedded crystal,
as the pressure is not applied onto the edges, which are the
most fragile part of the ATR waveguide.

IV. EXPERIMENT

A. Chemicals
Absolute ethanol (96%) has been purchased from VWR

Chemicals, Germany. All solutions were freshly prepared in
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Fig. 6. Laboratory prototype experimental setup: light emitted from
an EC-QCL propagates via hollow-core fiberoptic cables to the IR-ATR
transducer assembly located in the sensor system housing and from
there to the detector.

ultrapure water (18.0 M� cm, Elga Labwater; VWS Deutsch-
land, Germany).

B. Laboratory Setup for Ethanol Measurements
For experimental flexibility, the laboratory sensor setup

shown in Fig. 6 does not use single-emission QCLs and ther-
mopile detectors readily integrated into the tube but external
laser light source and detector components.

The laboratory setup consists of a water-cooled external-
cavity (EC)-QCL (MIRcat, Daylight Solutions, USA) serving
as the IR light source comprising four individual broadly tun-
able EC-QCLs covering a wavelength range between 1900 and
900 cm−1. The wavelength range, which is used in this study,
is 1100–1020 cm−1 and corresponds to the characteristic
vibrational signature of ethanol serving as the test analyte. The
benefit of using a broadly tunable laser for test measurement is
to obtain a broad vibrations spectrum instead of a single mea-
surement point. Knowing the spectral behavior and the sensor
response, single-wavelength measurements can be conducted
during future research tailored to a specific measurement
scenario and analyte of interest. As detector, a TE-cooled MCT
detector (PCI-3TE-13/MIP-10-1M-F-M4, Vigo Systems S.A.,
Poland) was used during laboratory measurements. During
the prototype measurements, the IR-ATR transducer assembly
was indeed located inside the sensor system housing. The IR
radiation from the EC-QCL to the sensor assembly and to
the detector was guided via hollow-core fibers. These fibers
are slightly longer than the ones in the final configuration
with the QCL(s) and the detector(s) located inside the tube.
However, as these fibers have low optically losses, slightly
longer coupling fibers do not affect the obtained results. The
first fiber couples the IR radiation to the sensor cell via the
iHWG coupler. IR radiation then propagates along the IRE and
is guided via the second iHWG coupler via fiber connection
to the detector.

Ethanol–water mixture was applied at the ZnSe crystal
surface with a sample volume of 1 mL. Each sample was
analyzed three times from lower to higher concentrations with
appropriate cleaning steps in between each measurement.

Data acquisition was performed using a homemade
LabView-based GUI (National Instrument Corporation,
Austin, USA) and digitized via NI-DAQmx (National Instru-
ments Corporation, USA). The obtained transmission spectra
were imported into Origin (OriginLab 2019b, USA) and
a fast Fourier transform (FFT) filter was applied and
absorbance spectra were calculated. As a background, the
spectrum of deionized water was used. Baseline correction

Fig. 7. Exemplary concentration-dependent ethanol-in-water IR spec-
tra (a) and corresponding calibration (b) determined via IR-ATR laser
spectroscopy using the developed sensor system.

and peak integration were conducted in the range of 1016 and
1071 cm−1 using the software package Orange by Quasar. The
standard deviation was obtained by averaging three spectra.

V. LABORATORY EXPERIMENTS: ETHANOL-IN-WATER
MIXTURE FOR SENSOR VALIDATION

For comparability of the sensor cell located in the housing
with an assembly without housing used during previous studies
[31], the same experimental conditions and the same analyte
system—ethanol in water—were selected. Besides, ethanol is
indeed a relevant small molecule in a variety of scenarios,
e.g., in ethanol–gasoline mixtures for combustion engines and
so on [43]. The laboratory laser light source and the applied
detector are similar to previous studies [31].

Fig. 7(a) shows the obtained ethanol-in-water absorption
spectra. Each ethanol concentration had been analyzed three
times from the lowest to the highest concentrations avoid-
ing cross-contamination; the average of three spectra are
shown. The characteristic vibrational signature of ethanol at
1046 cm−1 corresponds to the CO stretching vibration [44].
For data evaluation, the peak area was integrated and plot-
ted versus the concentration. Next to the absorption spectra,
the corresponding calibration function of the ethanol–water
mixture is provided [see Fig. 7(b)]. A linear range between
0.07 and 2.5 w% was obtained. The limit of detection (LOD)
was calculated based on the three-sigma-criterion at 0.045 w%.

Since the same laser light source, analyte, and detector
were used in the present study, a comparison to previously
obtained results is facilitated [31]. It is evident that the LOD
in the present study had been lowered from 0.05 to 0.045 w%.
Clearly, avoiding any free-space optical path leads to an
improved LOD. At the same time, an exceedingly compact and
robust sensor system design is obtained. The obtained sensitiv-
ity along with the robust overall system design provides access
to a wide range of sensing scenarios in harsh environments.
Especially, the cylindrical system housing facilitates future in-
field studies.

VI. CONCLUSION

The presented IR-ATR transducer assembly packaged into
an exceedingly robust and compact tubular system provides
an excellent sensor concept for deployment at harsh envi-
ronmental conditions. The sensor concept is based on MIR
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laser-based spectroscopy enabling the analysis of molecular
constituents in harsh environments, e.g., marine systems. The
entire sensor system is designed to be immersed into marine
environments for performing molecular analysis. The sensor
cell is embedded into a robust housing facilitating the usage
of conventional low-cost ZnSe crystals as active transducers.
Using innovative optical coupling concepts based on hollow
core fibers and iHWGs allows avoiding any free-space optical
pathways and any conventional optical components within
the entire sensor system. Therefore, there are no components
within the system that could be subject to misalignment
at real-world conditions. Simulations have demonstrated that
the sensor system design and the ATR crystal transducer
interface are suitable for real-world applications at elevated
pressures. To test the analytical feasibility of the designed
sensor system, ethanol-in-water was quantitatively determined
serving as a model analyte. It was shown that the developed
sensor concept provides improved LODs versus previously
demonstrated QCL-based sensing devices while improving the
robustness of the system and packaging into an exceedingly
compact tube-shaped format with a diameter of 5 cm.
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