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“I am among those who think that science has great beauty. A scientist in his
laboratory is not only a technician: he is also a child placed before natural
phenomena which impress him like a fairy tale. We should not allow it to be
believed that all scientific progress can be reduced to mechanisms, machines,
gearings, even though such machinery also has its beauty. Neither do I believe
that the spirit of adventure runs any risk of disappearing in our world. If I see
anything vital around me, it is precisely that spirit of adventure, which seems
indestructible and is akin to curiosity.”

Marie Skłodowska Curie
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Abstract

The thesis investigates the capabilities and performances of novel mid-infra-
red (mid-IR) supercontinuum light sources for optical coherence tomography
(OCT) and mid-IR spectroscopy. Within the scope of the work, the unique
properties of the supercontinuum emission were experimentally studied; the
corresponding application aspects were discussed. Due to the superior specifi-
cations of the sources, a complete and fully integrated multimodal dual-band
OCT (near- and mid-IR) and mid-IR spectroscopy system has been developed,
constructed and evaluated.

OCT is a three-dimensional interferometric imaging technique that enables
non-invasive evaluation and metrology of surface and sub-surface structures
providing a lateral and axial resolution on the micrometer scale. Besides signif-
icant advances in biomedical applications in recent decades, the focus of OCT
started to extend covering industrial non-destructive testing (NDT) scenarios.
State-of-the-art OCT systems operate in the visible and near-infrared (near-IR)
spectral regions and suffer from strong scattering, which reduces the probing
depth into materials, firmly limiting the application of these inspection sys-
tems for NDT. Since the magnitude of scattering is inversely proportional to
the wavelength of light, perspectives of an expansion of OCT towards longer
wavelengths – into the mid-IR range – were theoretically studied and predicted
as a possible solution to overcome limitations imposed by scattering.

Despite detection challenges and lag of mid-IR optical components, the pro-
posed hypothesis of superior performances of OCT at longer wavelengths was
confirmed experimentally within the scope of this thesis; a Fourier-domain OCT
system operating at the center wavelength of 4 μm was demonstrated - to the
best of the author’s knowledge - for the first time. In the scientific publica-
tions which have been consolidated to this thesis, the solution that elegantly
employs a cost-effective pyroelectric detector is presented and discussed in de-
tail. In the course of further studies, the operating regime of the developed
system was upgraded to perform dual-band detection in the near- and mid-IR
spectral ranges (center wavelength of 2 μm and 4 μm respectively) enabling a
high resolution (axial of 17 μm and 37 μm, transverse of 12 μm and 39 μm
respectively) and enhanced penetration OCT imaging. Particular features of
the thermal detectors applied in interferometry were investigated and exploited
to introduce unspecific OCT image compounding based on sensitivity roll-off
steering. Capabilities of the developed system were demonstrated by imaging of
formerly inaccessible due to scattering materials: industrial ceramics, pottery,
art and cultural objects, pharmaceutical coatings and scattering polymers.

Since molecules exhibit fundamental and distinct absorption in the mid-
IR range, the exploited spectral region is also of great interest for chemical
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analysis by mid-IR spectroscopy. Therefore, the second goal of the project was
to study the potentials of novel mid-IR supercontinuum light sources for this
highly selective and sensitive analytical method.

Most state-of-the-art mid-IR spectroscopy systems employ thermal light
sources that emit black-body radiation and provide highly stable radiation.
However, these emitters impose several inherited limitations due to their low
brightness. In contrast, evolving supercontinuum generators offer distinct laser-
like properties (spatial coherence, directionality, high brightness and diffraction-
limited beam quality), while preserving, at the same time, ultra-broadband
spectral coverage. In the thesis’s framework, mid-IR supercontinuum sources
were characterized in terms of their noise performance and were employed as an
alternative for thermal emitters in a Fourier-transform infrared (FTIR) spec-
trometer. Hence, an approach to the efficient coupling of pulsed mid-IR su-
percontinuum sources to FTIR spectrometers was proposed and verified. It
enabled to enhance sensitivity by adaptation of the signal acquisition scheme
leading to suppression of the effects of pulse-to-pulse fluctuations. Thereby, the
supercontinuum-based FTIR instrument allowed an increase of the light-matter
interaction length, which led to improved detection limits. Furthermore, en-
abled by the high quality of the beam, diffraction-limited chemical imaging was
achieved and demonstrated for mid-IR microspectroscopy.

The interdisciplinary studies conducted within this thesis revealed poten-
tials for a combined solution. Therefore, a multimodal mid-IR OCT and spec-
troscopy system based on a single supercontinuum source was implemented.
The performance of the system was assessed and demonstrated by obtaining
multidimensional information (morphological and chemical) from composite and
turbid materials and structures.

As an indirect result, the thesis finally reviews the current state of the art
in related fields and provides an outlook for future developments based on a
synthesis of the results obtained.

Keywords: Mid-infrared, optical coherence tomography, spectroscopy,
non-destructive testing, infrared imaging, scattering, ceramics, art
preservation, supercontinuum light sources, multimodal system, hyperspectral
imaging
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Kurzfassung

Die vorliegende Dissertation behandelt die Anwendung neuartiger, leistungs-
fähiger Superkontinuumlichtquellen in den Bereichen der Optischen Kohärenz-
tomographie (OCT, engl. optical coherence tomography) und der Infrarotspek-
troskopie. Im Rahmen dieser Arbeit wurden die einzigartigen Eigenschaften
der Superkontinuumstrahlung experimentell untersucht und die zugehörigen
anwendungsspezifischen Aspekte diskutiert. Basierend auf den außergewöhnli-
chen Spezifikationen dieser Lichtquellen wurde ein voll integriertes, multimoda-
les Dual-Band OCT- und Infrarotspektroskopie-System entwickelt, konstruiert
und getestet.

Als bildgebende interferometrische Methode ermöglicht OCT die dreidimen-
sionale zerstörungsfreie Untersuchung von Oberflächen und Sub-Strukturen bei
lateraler und axialer Ortsauflösung im Mikrometerbereich. Neben klassischen
Anwendungsgebieten in der biomedizinischen Bildgebung – in welchen sich
OCT zur Standardanwendung entwickelte – zählt die industrielle zerstörungs-
freie Werkstoffprüfung (NDT, engl. non-destructive testing) mittlerweile zu ei-
nem Kerngebiet dieser Technik. Moderne, kommerziell erhältliche OCT-Systeme
werden typischerweise im Sichtbaren (VIS, engl. visible) und nahen Infrarot
(near-IR, engl. near infrared) betrieben. Die in diesem Spektralbereich domi-
nierenden Streueffekte reduzieren dabei die Untersuchungstiefe und limitieren
somit das Potential von OCT im Bereich von NDT. Da das Ausmaß der auf-
tretenden Streuung sich invers proportional zur Wellenlänge des Lichts verhält,
wurde das Potential der Weiterentwicklung von OCT in Richtung längerer Wel-
lenlängen – dem mittleren Infrarotbereich (mid-IR, engl. mid-infrared) – theo-
retisch untersucht und als mögliche Lösung erkannt, um die bestehenden Ein-
schränkungen durch Streueffekte zu überwinden.

Trotz der unzulänglichen Auswahl an optischen Komponenten für den mid-
IR-Bereich – speziell hinsichtlich leistungsfähiger Detektoren – konnte im Rah-
men dieser Arbeit die außergewöhnliche Performance von OCT bei längeren
Wellenlängen nachgewiesen werden; nach bestem Wissen des Autors konnte
erstmalig ein Fourier-Domain-OCT bei einer zentralen Wellenlänge von 4 μm
umgesetzt werden. In den zu dieser Arbeit zusammengefassten wissenschaftli-
chen Publikationen wird die Entwicklung eines neuartigen mid-IR-OCT-Systems
unter Verwendung eines kostengünstigen pyroelektrischen Detektors im Detail
diskutiert. Darüber hinaus konnte mit der Weiterentwicklung des Aufbaus vom
mid-IR-OCT zum Dual-Band-OCT, welches sowohl den mittleren als auch den
nahen Infrarotbereich umfasst (zentrale Wellenlänge von 2 μm bzw. 4 μm), hoch-
aufgelöste Bildgebung (axial 17 μm bzw. 37 μm, lateral 12 μm bzw. 39 μm) bei
erweiterter Eindringtiefe demonstriert werden. Die speziellen Eigenschaften von
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thermischen Detektoren im Zusammenhang mit interferometrischen Anwendun-
gen – insbesondere deren thermische Trägheit – wurden auf besondere Weise
ausgenutzt, um OCT Bilder aufzunehmen und zusammenzufügen. Das volle
Potential des entwickelten Systems wurde schließlich anhand von Materialien
demonstriert, die mit herkömmlichen OCT-Systemen aufgrund starker Streu-
ung nicht untersucht werden können: Industriekeramiken, Keramiken, Kunst-
und Kulturobjekte, pharmazeutische Stoffe und streuende Polymere.

Da wesentliche Molekülschwingungen vor allem durch Absorption im mid-
IR-Bereich angeregt werden, ist ebendieser Spektralbereich besonders inter-
essant für die chemische Analyse mittels Infrarotspektroskopie. Das zweite er-
klärte Ziel dieses Projekts stellte deshalb die Untersuchung von neuartigen mid-
IR Superkontinuumquellen als potentielle Lichtquelle für diese hochselektive
und –sensitive analytische Methode dar.

Herkömmliche Infrarotspektroskopie-Systeme basieren typischerweise auf
thermischen Lichtquellen, die äußerst stabile Schwarzkörperstrahlung emittie-
ren. Diese Emitter bringen jedoch mehrere Einschränkungen aufgrund ihrer
geringen Strahlungsdichte mit sich. Neueste Superkontinuumquellen hingegen
vereinen das von thermischen Strahlern bekannte ultrabreite Spektrum mit
vorteilhaften laserähnlichen Eigenschaften (örtliche Kohärenz, gerichtete Strah-
lung, hohe Strahlungsdichte und beugungslimitierte Strahlqualität). Im Rahmen
dieser Arbeit wurden mid-IR Superkontinuumquellen bezüglich ihres Rausch-
verhaltens charakterisiert und als Alternative zu thermischen Lichtquellen in
der Fourier-Transform-Infrarotspektroskopie (FTIR) eingesetzt. Infolgedessen
konnte die gepulste Strahlung einer mid-IR Superkontinuumquelle erfolgreich
in ein FTIR-Spektrometer eingekoppelt werden. Die Anwendung spezieller Si-
gnalverarbeitungsmethoden führte zur Unterdrückung der auftretenden Puls-
zu-Puls Fluktuationen, wodurch die Empfindlichkeit des Spektrometers deutlich
erhöht werden konnte. Im Speziellen führte die Vergrößerung der Interaktions-
länge zwischen Licht und Materie zu verbesserten Nachweisgrenzen. Zusätzlich
konnte gezeigt werden, dass die ausgezeichnete Strahlqualität der verwendeten
Superkontinuumquelle beugungslimitierte chemische Bildgebung durch mid-IR
Mikrospektroskopie ermöglicht.

Die interdisziplinären Arbeiten dieser Dissertation verdeutlichten das Po-
tential eines kombinierten Aufbaus. Daher wurde ein multimodales OCT- und
Spektroskopie-System basierend auf einer einzigen mid-IR Superkontinuumquel-
le implementiert. Die Leistungsfähigkeit dieses Instruments wurde durch die
multimodale Informationsgewinnung (morphologisch und chemisch) anhand von
Verbundwerkstoffen demonstriert.

Als indirektes Ergebnis gibt die Arbeit schließlich einen Überblick über den
aktuellen Stand der Technik in verwandten Bereichen, sowie einen Ausblick auf
zukünftige Entwicklungen basierend auf den erzielten Ergebnissen.

Schlagworte: mittleres Infrarot, Optische Kohärenztomografie, Spektroskopie,
zerstörungsfreie Werkstoffprüfung, Infrarot Bildgebung, Streuung, Keramiken,
Kunsterhaltung, Superkontinuum Lichtquellen, multimodales System,
hyperspektrale Bildgebung
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Chapter 1
Introduction

1.1 Motivation

The history of optical instruments began almost simultaneously when Galileo
Galilei (1564 - 1642) and Antonie van Leeuwenhoek (1632 - 1724) first observed
distant celestial objects and tiny ciliates using telescopes and microscopes not
yet known to the rest of the world. Later, only about two centuries ago, when the
first photographic plate has originated at the crossroads of optics and chemistry,
measurement techniques, which involve light for direct recording of properties
of objects or processes, became possible. Since then, due to the rapid technical
progress, a variety of optical phenomena were discovered, studied, and finally
exploited in technical concepts and scientific devices. Nowadays, optical re-
search methods are multidisciplinary and cover different fields of science – from
medicine, microbiology, and chemistry to astronomy, material sciences, and en-
gineering. Thus, various responses of objects that display certain aspects of
light-matter interaction (e.g. reflection, absorption, emission or re-emission of
electromagnetic radiation) can be triggered, registered, and analysed to satisfy
particular research interests.

However, optics and photonics, which at first glance seem to be firmly es-
tablished branches of the physical sciences underlying optical instruments, are
still in a state of rapid development due to the intensive evolution of optical
elements, light sources, and methods. Indeed, the scientific-technical revolution
of the last century in these fields has been initiated by the invention of laser os-
cillators [1]. Further developments of this versatile tool towards fully controlled
ultrashort pulse lasing [2–4] allowed to achieve enormous light intensities above
the Schwinger limit. Having crossed the nonlinearity threshold, laser technology
has given rise to several fascinating areas of research. Among them, supercon-
tinuum generation (the term was introduced in 1980 by Gersten et al. [5]) is
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of particular interest. This deterministic process of spectral broadening has re-
cently emerged as a research field promising to change the status quo in various
fields of research.

Supercontinuum light sources are spectacular fiber-based optical devices,
where a sequence of nonlinear processes can be controlled to give desired prop-
erties of emission. Supercontinua exhibit strengths of both lasers and conven-
tional thermal emitters: these laser-based sources are bright, spatially coherent,
have diffraction-limited beam quality and provide ultra-broadband spectral cov-
erage. The set of the parameters is extraordinary and attractive e.g. for optical
coherence tomography (OCT), microscopy, spectroscopy, and active hyperspec-
tral imaging. Further outstanding capabilities of supercontinuum generation
have yet to be revealed, however, they have already played a significant role for
optical metrology and were cited in the award of the Nobel Prize in Physics
2005.

Initially, high relative pulse-to-pulse intensity fluctuation made people be-
lieve that supercontinuum generators could not be used for noise-sensitive ap-
plications, but since the early days the underlying physics has become clearer.
The sources as well as detection methods have been adapted accordingly and
improved significantly. The ultimate goal of this application-driven research
is to accompany the development of novel mid-infrared (mid-IR) supercontin-
uum light sources with enhanced specifications. The potential impact of these
sources, especially in spectroscopy and recently emerged branch of mid-IR OCT,
is considerable. Due to the specific coherence properties, brightness, and long-
wavelength emission, they enable, e.g. OCT inspection of media formerly in-
accessible due to scattering. Meanwhile, through high beam quality and broad
spectral coverage, sensitivity enhanced, selective, and high-resolution spectro-
scopic measurements become possible. Therefore, the focus of this thesis is
on the investigation of the performance and applicability of supercontinua for
these different measurement techniques. Besides, the combination of OCT and
spectroscopy in a single and novel optical instrument, which allows capturing
multidimensional information from complex composite specimens, is of partic-
ular interest. The task is interdisciplinary and comprises coherent, incoherent,
and nonlinear optics, advanced detector technologies, spectroscopy, chemistry,
and data processing. Thus, a breathtaking challenge once again emerges at the
crossroads of modern science.

It should be noted that the research objectives of the thesis outlined above
are also part of a global intention [6]. In particular, the contribution is asso-
ciated with international efforts united by the European Union’s Horizon 2020
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research and innovation programme "SUPUVIR" (grant agreement no. 722380).
SUPUVIR – an acronym of supercontinuum broadband light sources covering
UV to IR applications – aims to meet the current challenges in a growing field
and to push boundaries of supercontinua so that the technology can be used
in everyday life as well as in cutting-edge research. The programme consol-
idates several academic and industrial institutions and covers all related key
aspects, from the design and drawing of tailored optical fibres to production of
the sources and their use. The author of this work belongs to the group which
is engaged in application of emerging mid-IR supercontinuum sources.

1.2 Thesis scope and organization

This thesis investigates the capabilities of novel mid-IR supercontinuum light
sources for measurement techniques of OCT and molecular spectroscopy. The
problems raised and solved within the scope of this work include studying the
application-related emission properties of these sources and practical features;
constructing a multimodal imaging system and experimental demonstration of
the achievable performances.

Due to the interdisciplinary nature of the thesis, the Introduction is given
in the most detailed and comprehensive form. The relevant history of each
technique is traced to get a perspective on their current state-of-the-art, trends
and, more importantly, challenges. On the basis of the extensive review, the
goals addressed are put forward in the dedicated sections of this introductory
chapter.

Chapter 2 introduces and briefly reviews the novel mid-IR supercontinuum
light sources, their properties and characteristics. It gives a short introduc-
tion to the basic principles of supercontinuum generation and discusses current
status, trends, and perspectives in this field.

Chapter 3 and Chapter 4 are dedicated to the basic and implementation-
related principles of OCT and mid-IR spectroscopy. The chapters briefly in-
troduce the most important concepts and theoretical foundations for both non-
destructive testing techniques. Thus, the ground for the subsequent discussions
and demonstrations of the experimental results is established.

Chapter 5 deals with the methodology, concept, and design details (optical
design, features and details of detection) of the multimodal mid-IR OCT and
spectroscopy system, which are omitted in the publications consolidated in this
thesis. A special section is devoted to summing up the outcomes and also
includes previously unpublished materials.
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The thesis is prepared as a cumulative dissertation, the consolidated scien-
tific publications are listed in Chapter 6. Each section of this chapter is devoted
for one article, while a summary of the results, an overview, and a description
of the author’s contribution are given beforehand.

Chapter 7 draws conclusions from the gained results and outlines expecta-
tions, forecasts, and prospects for future progress in the research fields covered
by this work.

1.3 Optical coherence tomography

Optical coherence tomography (OCT) is a non-invasive three-dimensional imag-
ing technique based on principles of low-coherence interferometry (LCI) [7–9]
and reflectometry [10]. OCT enables volumetric and cross-sectional investiga-
tion of surface and subsurface microstructures for semi-transparent or turbid
specimens. Preserving a maximum probing depth on a millimeter scale and a
resolution equivalent to low-power microscopes (standard axial resolution in the
10 μm range determined by the coherence length), OCT methods effectively fill
a gap between ultrasound and confocal techniques. Moreover, superior signal
discrimination (sensitivity higher than 110 dB [11]) and fast scan rates achieved
by state-of-the-art systems (MHz rates [12–14]) enable real-time examination
on morphology and local scattering or functional behaviour.

In the conceptual configuration, OCT acts as a distance gauge and inter-
ferometrically measures echoes (time delays), i.e. optical path lengths, and
magnitudes of backreflected or backscattered light. The received signals then
form longitudinal depth profiles or so-called A-scans (by analogue with ultra-
sonic imaging). In order to retrieve a two-dimensional cross-sectional view of
a specimen volume (B-scan), the measurements are repeated over transverse
coordinates by translation of the focused probing beam with respect to the
sample. Phase-sensitive extensions and modifications of OCT add additional
contrast channels and provide information on e.g. birefringence, mechanical
stresses [15–18].

A sensing principle of OCT can be implemented either in time (time-domain,
TD-OCT, original concept) or in Fourier domain (Fourier-domain, FD-OCT).
TD-OCT systems involve a single point detector, while the optical pathlength of
one interferometer arm (the reference arm) varies over time by axially scanning
the reference mirror. Thus, time-scanning performs a cross-correlation between
reference and sample fields: interference occurs and can only be detected when
the path difference between the reference interface and an interface under study
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lies within a coherence length of the light source. In FD-OCT based on spectral
interferometry [19], the length of the reference arm is fixed. According to the
Wiener- Khinchin theorem, A-scans are retrieved performing a Fourier trans-
form of spectral interferograms that are usually recorded either by a grating-
based spectrometer (spectral-domain OCT, SD-OCT) equipped with a linear
detector array or by a swept-source system (swept-source OCT, SS-OCT), as
both are typical versions of FD-OCT realization. Besides far superior acqui-
sition speeds due to the stationary design, FD-OCT systems have significant
advantages in terms of signal-to-noise ratio because of an increased sensitivity
provided by multiple sensing elements [20–23] – in TD-OCT, areas outside the
coherence gate contribute to noise and not to the signal narrowing the dynamic
range of the detector, i.e. lifting the pedestal. Thought these unique merits,
FD-OCT became now a gold standard in most applications.1

In general, the predecessors of the measurement approach, which exploited
phenomena and the features of white light interference, were introduced and de-
scribed back in the 70s by Pattern [24] and Flourney et al. [25]. However, OCT
as a method of tomographic imaging owes its emergence to biomedical research
and diagnosis, which were the main driving force in the beginning and early
years. Thus, due to the inherent advantages of non-invasive and high-resolution
tissue measurements, OCT in the usual form was first introduced in ophthal-
mology in 1991 (the basic element, i.e. the A-scan concept, was introduced
in [26], imaging in [27]) for evaluation of retinal structures. Shortly after that,
the importance of OCT for biomedical optics [28] has been immediately rec-
ognized [29–31], prompting further developments towards in-vivo biopsy. Con-
sequently, nowadays, OCT-based diagnostic and pathology assessment systems
have become a widely used tool in various medical practices [32–36]; besides
ocular and intravascular imaging, the most impressive results were shown in
cardiology, dermatology, oncology, and angiography [31, 37].

Over the past almost 30-years period, the evolution of OCT techniques has
experienced extraordinary dynamics, as evidenced by the steady growth in the
number of relevant scientific and medical publications [38]. In this regard,
the focus of interest has been consistently expanding beyond biomedicine to
industrial metrology and non-destructive testing (NDT or non-destructive eval-
uation - NDE, named by analogue with non-invasive imaging) [39]. Thereby
at present, OCT methods and extensions demonstrate an abundance of non-
medical applications through their peculiar capabilities.
1 A detailed description and discussions on the operational principles and theoretical back-

ground of the OCT technique are provided in the corresponding chapter.
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Since OCT can provide valuable quantitative and qualitative information
of interest for dimensional metrology and sample features analysis, prominent
and well-adapted OCT-based solutions spread over various and sometimes spe-
cific NDT areas [40–42]. Thus, ultra- and high-resolution OCT thickness mea-
surements, which enable sub-micron analysis, have proven successful across a
range of applications and industries [43–48]. Special attention could be paid
to the production of packaging and thin multilayer films [49], where in-line
process monitoring is practically feasible [50, 51]. Ongoing studies and novel
approaches to access morphology of problematic samples [52] could extend the
use even further.

Considering superior and non-diffraction-affected axial resolution, LCI has
given rise to in-demand optical methodologies for studying microtopographies
of samples and possibly roughness [53–56]. Thus, a new direction of optical
profiling of sub-micrometer scale has been formed. It unites several techniques
that were recently standardised in the framework of coherent scanning interfer-
ometry (CSI) [57]. Although the implementation of an interference microscope
based on e.g. a Mirau-type objective (CSI method) implies the same principle
of operation as a full-field OCT [58, 59], these studies have become independent
as they go beyond the paradigm of subsurface tomography.

Driven by the original concept of OCT, intensive research and fruitful out-
comes have also been demonstrated in diverse scenarios of subsurface defect
detection [60–64], structure assessment, and validation [65, 66]. Due to the nat-
ural coherent amplification of the weak backscattered light by the strong refer-
ence field, OCT imaging and feature inspection within turbid environments have
gained world-wide recognition [67] and opened up unique possibilities for quality
control e.g. in the ceramic [68–70] or pharmaceutical industry [71–74]. Besides,
OCT has proven to be an established tool for: characterizing composites [75–
77]; examination of optical elements [78–80]; art and heritage objects preser-
vation [81–85]; micro-material research [86]; inspection of microelectronics [87,
88], polymers [89] and multilayered samples; microstructure food analysis [44,
90, 91].

The list of NDT studies can be continued, however, in most non-medical
applications OCT does not reach its theoretical performance in certain aspects.
One of the fundamental limits faced by OCT is natural light extinction induced
by scattering. In practice, this means that the maximum depth is often scatter-
limited (in the absence of absorption) for opaque or diffuse specimens. In this
case, detection of defects, inspection of embedded structures, and metrology
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are confined to tens or hundreds of micrometres for a variety of industrial ma-
terials, which are often "milky" in the visible (VIS) range due to e.g. high
porosity (volumetric concentration of pores); birefringent, grainy or polycrys-
talline structure. The weakness is supposed to have been historically inherited
from biomedical optics since OCT technologies were adapted to meet certain
requirements in this field. For instance, operational spectral ranges of state-
of-the-art systems are usually centered at 800 nm, 1300 nm and 1550 nm to
match the transparency windows of high water content biological tissues. An-
other reason is essentially technical - optics and detectors in this wavelength
range are mature, inexpensive, and well developed as established by optical
telecommunications.

Possible approaches to increasing the imaging depth in OCT have been the-
oretically and experimentally studied in recent years. Except for an obvious
increase in intensities of employed light sources, (i.e. an increase in the number
of ballistic photons), which can lead to sample damage,2 several ways of sup-
pressing influences of scattering can currently be found. Hence, methods based
on spatial light modulation (SLM) and adaptive optics represent attractive, fast,
and relatively cost-effective solutions for overcoming this fundamental barrier
in OCT imaging [92–95]. However, these methods are practically sophisticated;
they can have convergence issues since requiring e.g. investigation of reflec-
tion and transmission matrices, computationally-expensive post-processing or
extensive optimization [96].

On the contrary, phenomena of electromagnetic scattering are well-known
and, when considered from a fundamental point of view, can reveal effective
methods for lifting the limits. Thus, Mie’s solution to Maxwell’s classical equa-
tions [97] provides a powerful theoretical formalism for studying the problem.
The numerical model based on Mie theory represents a general approach also
comprising Rayleigh [98] and Rayleigh-Gans-Debye approximations [99, 100] to
calculate scattering (strength, i.e. scattering coefficients, resonances, and angu-
lar distributions) on particles of arbitrary size. In this perspective, an optimal
wavelength range for probing certain materials with OCT exists and can be
determined. The problem of searching for the optimum is multidimensional,
since it is cumulative and depends on a set of parameters including e.g. the
polarization state of light, complex refractive indices of media, size, shape, ori-
entation of scattering particles. Nevertheless, the ratio of the size of a scattering
center to the wavelength of light (size parameter in the scattering theory) has
2 Substantial thermal load causing damage may not be applicable for persistent or high

thermal conductive industrial materials, e.g. ceramics or thermal barrier coatings.
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(a) Volumetric view; λ = 1.3μm (b) Volumetric view; λ = 4μm

(c) Front view; λ = 1.3μm (d) Front view; λ = 4μm

Figure 1.1: Simulation of Gaussian beam propagation (100 rays,
wavelengths are indicated in sub-captions) into scattering ce-
ramics (alumina, 1 mm thickness, 0.1% porosity, 0.8 μm air pore
diameter), performed using the Mie bulk scattering model; rays
represent typical trajectories of scattered photons (absorbed af-
ter 50 redirection events); mean free paths of 63 μm and 158 μm
(for λ = 1.3 μm and λ = 4 μm respectively) reveal potentials of
OCT at longer wavelengths.

Al2O3 Al2O3

1
m

m

1
m

m

2 mm 2 mm2 mm
2 mm

a major effect on the light extinction and form factor of the scattering indica-
trix (phase function). Thereby, neglecting absorption and resonance effects, the
main trend of reducing the scattering with increasing of the wavelength of light
is preserved [101, 102].

Figure 1.1 serves purely illustrative purposes and exhibits how the amplitude
of scattering and mean free paths are affected by the size parameter. The diffuse
media is simulated as a volume of porous alumina (Al2O3, 1 mm thickness, 0.1%
porosity, 800 nm pore sizes, no surface roughness and absorption) using Mie
theory. The mathematical basis underlying the bulk scattering model is derived
and discussed in detail in [103–105]. To demonstrate and evaluate wavelength-
dependent influences on the scattering strength and probability, the spectral
window of a standard OCT (1.3 μm wavelength) is compared with a mid-IR
region centered at 4 μm.

The simulations shown in Fig. 1.1 are performed in ZEMAX software (non-
sequential mode) for a Gaussian beam consisting of 100 rays; the number of
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scattering events was limited to 50 for an individual ray (after the 50th event
rays stop). The volume scattering coefficients derived using cross-sections (com-
puted according to Mie theory) yield the mean free path lengths of 63 μm and
158 μm for λ = 1.3 μm and λ = 4 μm respectively. The probabilities of the pho-
ton passing without scattering-induced redirection through the entire thickness
of the simulated medium are 1×10-7 for λ = 1.3 μm versus 0.002 for λ = 4 μm.
Thus, due to the advantages of coherent amplification inherent in OCT, detec-
tion of photons propagated back-and-forth is still feasible in mid-IR if an OCT
system has a sensitivity in the 60 dB range and higher – this rough estimate
is taken for the total number of photons emitted (upper saturation limit) of
≈ 4×1020 that corresponds to 50 mW average power (100 ps pulse duration,
2.5 MHz repetition rate) in this range.

In the context of OCT imaging, perspectives of increasing the center oper-
ational wavelength were intensively studied by Rong Su et al. [106, 107]. In
these works, probing depths of OCT systems operating in near- and mid-IR
spectral ranges were analyzed using Monte-Carlo simulations [108–110] of light
propagation into media with distinct surface and bulk scattering parameters.
Consequently, the optimum spectral range for OCT inspection of industrial ce-
ramics was predicted to be in the mid-IR region, namely from 2 μm to 4 μm.
These simulated B-scans that put the hypothesis on enhanced penetration of
mid-IR OCT (exemplified for microstructured multilayer alumina ceramics) are
shown in Fig. 1.2.

Figure 1.2: Prediction on penetration depths of OCT at differ-
ent center wavelengths (indicated on top) into strongly scattering
ceramics - multilayered alumina sample (0.4 μm mean air pore
diameter, 1% porosity); Monte Carlo simulations of OCT images
put the hypothesis on perspectives and potential capabilities of
mid-IR OCT for NDT forward, the figure is reprinted with per-
mission from [106] c© The Optical Society.
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Similar estimates (enhanced performance at around 2.2 μm) were also ex-
perimentally obtained by Liang et al. [111] for art objects and, in particular, for
historical pigments. This optimum spectral window range was accessed analyz-
ing the scattering properties by means of reflectance spectroscopy. The range
under study was relatively narrower (0.4 μm - 2.4 μm). However, these results
of improved probing depth were later confirmed and verified by the same group
using TD-OCT and FD-OCT systems at 2 μm [84, 85].

To the best of the author’s knowledge, several attempts have been made to
create prototypes of OCT systems in the range beyond 3 μm. Operating ei-
ther in the time-domain configuration [112–114] or using wavelength conversion
techniques [115], these solutions have provided a clear proof of principle that
encouraged interest in longer wavelengths even more. However, the systems
were unable to produce conventional OCT images due to complexity, slowness
or inefficiency. Thus, extending of FD-OCT imaging to the mid-IR range was
an in-demand challenge that has been addressed for a long time. Nowadays,
the specification gap (lagging mid-IR detection methods and lack of suitable
light sources), which led to these shortcomings of the first versions and was
the main limiting factor for the establishment of mid-IR OCT, is filling as new
technologies emerge in this field.

1.3.1 Problem statement

As discussed above, the potentials of mid-IR OCT are remarkable especially for
industrial applications. However, the technical implementation of the operat-
ing system is challenging and has not been yet experimentally demonstrated.
Therefore, this leads us to problems that are addressed to be solved as the first
goals of the thesis:

1. The technical task is aimed at developments of a mid-IR FD-OCT system
based on a novel supercontinuum laser-based light source. The objective
also includes the solution of the detection problem with further optimiza-
tion of the selected approach relying on the study of intrinsic properties
of the exploited sensing mechanism and source.

2. The second goal implies experimental confirmation of predictions and hy-
potheses of increased penetration depth of mid-IR OCT advanced in [106,
107]. A sample fabricated in compliance with the simulations (Fig. 1.2)
is selected as a benchmark for evaluation.
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3. A far-reaching goal entails an experimental examination of the system
performances to study problematic materials in various NDT scenarios.

1.4 Mid-IR spectroscopy and instrumentation

Mid-IR spectroscopy is a non-invasive, highly selective and sensitive optical
measurement technique that enables qualitative and quantitative chemical anal-
ysis of samples and compounds. The cornerstone for a wide variety of mid-IR
spectroscopic methods is rooted in optical instruments that track the absorption
of electromagnetic radiation of specific frequencies induced by atomic vibrations
in molecules. Photons are absorbed by exciting molecular vibrational modes.
This phenomenon can only occur at quantized frequencies, which means that
only certain energy states are allowed. These frequencies are unambiguously de-
fined by the structure of the molecule and determined by its geometry, masses of
atoms and strength of bonds. Hence, the absorption bands can be interpreted
as vibrational eigenmodes and, thus, give insight into chemical compositions
and configurations of complex molecules. Therefore, IR spectroscopy provides
a powerful tool for studying the chemical microworld.3

The foundations of applied optical spectroscopy as a general method, which
comprises mid-IR spectroscopy, were laid in 1704, when Sir Isaac Newton demon-
strated the separation of white light into the colours of the visible spectrum
using a prism and described these phenomena using his corpuscular theory. In
Opticks: or, A Treatise of the Reflexions, Refractions, Inflexions and Colours
of Light, Newton has introduced the technical prerequisites for developments
of spectroscopes and the three axiom methods of refraction, interference, and
diffraction that are used in all modern spectral instruments. About 100 years
later, in 1800, William Hershel reached yet another milestone in the discovery of
the near-IR part of the optical spectrum [118]. His work was later continued by
his son Sir John Hershel and the first measurements of near-IR absorption were
performed using a creative approach to sensing (differential alcohol evaporation
on blackened elements depending on the spectral features) [119]. Just two years
after the discovery of the near-IR region, in 1802, William Hyde Wollaston re-
placed the circular aperture in Newton’s prism experiment with a narrow slit
and used a lens to form an image of the spectrum. This simple procedure has
significantly increased spectral resolution and allowed observing dark lines in
the solar spectrum induced by specific elements. Later in 1814, these dark lines
3 An extensive theoretical background underlying the vibrational spectroscopy is given

in [116, 117], extracted basics and principles are given in the dedicated chapter.
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were independently observed, extensively studied, and enumerated by Fraun-
hofer (the lines were later named after him), but the essence of the lines still
remained a puzzle to solve.

A series of assumptions about the nature of spectral lines and their relation
to the chemical composition were put forward as early as the beginning of the
19th century. However, the hypotheses were experimentally confirmed only
in 1859 by Gustav Kirchhoff and Robert Bunsen. This bright collaboration
of a physicist and a chemist gave rise to the invention of the first advanced
spectroscope4 (see Fig. 1.3) consisting of an illumination system (a Bunsen gas-
burner with a narrow slit as a light source and a collimating optical system),
a dispersive element (a rotating prism to "scan" over wavelengths), and an
observation tube (a telescope with an ocular) [120].

Figure 1.3: Scheme of the Kirchhoff-Bunsen spectroscope [120],
which established spectroscopy as a powerful method of chemical
analysis (qualitative at this stage); the illumination system is
formed by a Bunsen gas-burner (D) and an optical collimator
with a slit (B); a prism (F) is mechanically rotated using a handle
(H); a telescope (C) is employed to form the image of spectral
lines.

Having studied emission and absorption spectra of different elements, Kirch-
hoff and Bunsen observed the linkage between them and have immediately rec-
ognized the importance of these observations. Hence, at this point in time,
analytical spectroscopy and spectral instrumentation have been originated and
established themselves as new branches of physical science.
4 Spectroscopes are a peculiar design of visible spectral instruments that use the human

eye for analysis.
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In the original scheme shown in Fig. 1.3, the spectral lines were associated
with a relative mechanical scale of the rotational angle [121]. Consequently, the
next necessary and major step in linking the wavelengths5 of electromagnetic
radiation with the spectral lines was taken in 1868 by Anders Jonas Ångström,
who thus introduced the unit for measuring the wavelength of light. Regard-
ing the modern techniques of near- and mid-IR spectroscopy, frequency units
(wavenumbers expressed in cm-1, i.e. reciprocal to the wavelength) have re-
placed the wavelengths in accordance with the convention and are currently
used among spectroscopists as the most convenient measure.

The fundamental law of quantitative (absorption) mid-IR spectroscopy is
the Bouger–Lambert–Beer law (Beer’s law), formulated in 1852 [122]. Beer’s
law states that the absorbance6 A(ν̃) of a sample at wavenumber ν̃ is given
as [116, 123]:

A(ν̃) = log10

[
1

T(ν̃)

]
= − log10

[
I(ν̃)

I0(ν̃)

]
= a(ν̃)b, (1.1)

where I0(ν̃) is the intensity of incident light, I(ν̃) is the intensity of transmit-
ted light, T(ν̃) is the transmittance, b is the pure thickness of the sample (i.e.
light-matter interaction path length), and a(ν̃) is the decadic absorption or at-
tenuation7 coefficient. The unit of the decadic absorption coefficient is cm-1,
and it has a physical meaning indicating the number of downward 10 -fold re-
ductions (intensity reductions by a factor of 10 ) of the incident light intensity
I0 that occur over the unit length of material; it is related to the linear (or
Napierian) absorption coefficient µ as a(ν̃) = µ(ν̃)/ ln 10. If the sample is a
mixture, the absorbance Ai(ν̃) of each component i of a certain concentration
ci can be given according to Beer’s law as:

Ai(ν̃) = − log10

[
I(ν̃)

I0(ν̃)

]
= εi(ν̃)bci, (1.2)

where εi(ν̃) is the decadic molar absorption coefficient, in units of M-1·cm-1; the
total absorbance of a mixture is the sum of all contributions.

Due to the concrete basis laid down in the middle of the century, spec-
troscopy has been experiencing a rapid evolution in the late 19th century driven
5 Dispersive spectrometers provide spectra equidistant in the wavelength domain, so units

of wavelengths have historically been used when spectroscopy appeared.
6 The decadic and not Napierian absorbance is used in mid-IR spectroscopy according to

the convention.
7 If other sources of light extinction in the medium are taken into account, for example

due to scattering.
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by further practical and theoretical interests, which are closely intertwined and
difficult to separate because reflecting aspects of a single scientific conception.
There are several stages that deserve special attention. For instance, in the
field of instrument engineering, improvements and optimizations of dispersive
elements were the main research subject that allowed increasing the resolving
power of spectrometers of that time. In the 1880s, Henry Augustus Rowland de-
veloped a method for production [124] and introduced a first concave diffraction
grating [125] with high line densities. In contrast to Fraunhofer’s wire grating,
Rowland’s gratings represent close ancestors of modern elements as they were
engineered and ruled by means of a diamond point. Applying a concave grating
with 800 lines/mm, Rowland has measured several hundred lines in the solar
spectrum [126] with a resolution of the order of 0.01 Å – unprecedented for this
time. Also at the end of the 19th century, Fabry–Pérot etalons and multi-grating
systems appeared pushing resolving power of spectral instruments further. The
increase in spectral resolution due to the progress in instrumentation made it
possible to resolve finer spectral features. A detailed spectral map allowed Jo-
hann Balmer to notice that the wavelengths of some lines are subject to a law,
which is – as explained almost thirty years later – dictated by atomic electron
transitions. In 1885, Balmer formulated his empirical relationship and predicted
the lines that were experimentally observed later. Thus, the Balmer series and
spectroscopy eventually provided the experimental confirmation for Niels Bohr’s
model of the atom.

Besides, the 19th century, in general, was marked by the emergence of several
detector techniques for the IR range. The discovery and invention of thermo-
couples (Thomas Johann Seebeck, 1822 [127]), thermopiles (Leopoldo Nobili
and Macedonio Melloni, ca. 1833 [128]) and bolometers (Samuel P. Langley,
1880 [129]) accelerated progress in applied research. At the same time, the de-
velopment of an IR sensitive photo-emulsion by William Abney [130, 131] has
extended the limits and eventually led to the emergence of a novel type of spec-
trometer called polychromator – a multiplex system capable of simultaneously
recording the spectrum over the whole range. An extensive historical review
of these early developments and milestones in IR spectroscopy can be found
in [132].

The beginning of the 20th century was famed by the rapid introduction of
spectrometers as instruments for chemical and physical laboratories. Due to the
widespread within scientific communities, novel types of optical materials and
detection solutions were implemented and optimized allowing to extend the op-
erational spectral range of the systems. William Coblentz entered this game in



1

1.4. Mid-IR spectroscopy and instrumentation 15

1905 and changed its rules in the field of mid-IR spectroscopy, which – despite
the fame – was not well understood, i.e. was still in the initial phase. Coblentz
has explored IR spectra of various substances in a wide spectral window using
a mirror-based dispersive spectrometer with a rock-salt prism; a Rubens ther-
mopile was used as a detector. In his works, he generalized the main postulates
and demonstrated the use of group-characteristic IR absorptions for molecular
structural analysis [133].8 As it was realized, molecular spectral analysis has
undeniable advantages over other analytic techniques. IR spectra carry the
specific information on chemical compounds – these spectra are as individual
for each chemical compound as the atomic spectra for each chemical element.
This fact gave a huge boost to the adoption of quantitative and qualitative
IR spectroscopy methods in the chemical industry for process monitoring and
control.

The next technical revolution in IR spectroscopy,9 which may be called the
Fourier transform revolution, began in the middle of the 20th century [136–
138]. Considering dispersive elements from a fundamental point of view, any
prism or diffraction grating performs a Fourier transform when separating light
into spectral components. Therefore, while approaching the limits in specifica-
tions of dispersive optical components and performances of detectors, it became
clear that the role of the Fourier transformator can be transferred to another
measurement domain, thus, being taken over by electronics. So low-coherence
interferometry, which forms also the base of OCT techniques, came out from
another angle. The basic concept that emerged at this stage implied modula-
tion of the optical path for one arm of a broadband interferometer to produce
an interferogram that carries superimposed signals from all the different wave-
lengths presented on the detector. Therefore, the individual signal can be sep-
arated and retrieved from the interferogram by performing the mathematical
Fourier transform as a post-processing step enabled by progressing computa-
tional facilities. Thus, in the interferometric spectrometer configuration, the
function of the optics switches over to the precise performance of light mod-
ulation, while the major efforts to reconstruct the exact spectral shape are to
be done by discrete Fourier transform algorithms. These ideas were realized
in so-called Fourier transform spectrometers (FTS) which became a gold stan-
dard of spectroscopic instruments operating in the IR range, forming a special
8 Coblentz’s scientific merit is widely recognized in the community, a non-profit research

organization focusing on vibrational spectroscopy was named after him [134].
9 The most impressive breakthrough was shown in IR spectroscopy while usage in the

short-wavelength regime is feasible [135] but limited due to the higher noise, i.e. phase
noise induced by mechanical instabilities.
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branch of Fourier-transform infrared (FTIR) spectroscopy. The consequences of
this technological transition are breathtaking [139]: by shifting to time-domain
detection, a spectral resolution of FTIR spectrometers became dependent only
on the scanning path length as dictated by the signal finiteness; advantages
of using a single detector for sensing the complete bandwidth simultaneously
made the system simpler to implement in a broadband spectral window and
more importantly brings SNR advantages: so-called Fellgett’s advantage due to
multiplexing or Jacquinot’s advantage due to increased optical throughput.

Nevertheless, tracking the history of mid-IR spectroscopy through the prism
of instrumentation, one can note that principle schemes of modern dispersive
spectrometers have not gone so far from the first spectroscope used by Kir-
choff or the Coblentz spectrometer. So the development went mainly along
the line of improvement of optical components – from rough prisms to high-
performance gratings, detectors – from human eye to semiconductors (a com-
prehensive chronology is given in [140]); extensions of operational spectral win-
dows were enabled in parallel by these improvements. The shift towards Fourier
transform spectrometry partly eliminated limitations imposed by optics. How-
ever, one of the crucial elements of the spectrometer concept has not been
changed for a long time. In this regard, the source of electromagnetic radiation
is represented by thermal emitters in most IR spectrometers; for instance, sili-
con carbide elements (globars, mid-IR emission prevails) and tungsten-halogen
lamps (near-IR emission prevails) are employed in most commercial state-of-
the-art systems.

Thermal light sources provide quasi-blackbody radiation with a spectral den-
sity specific to a temperature of the heated element as described by Planck’s
law. The resulting emission is perfectly fitting for most applications of IR spec-
troscopy due to the broadband spectral coverage. Nevertheless, thermal emit-
ters inhere several fundamental limitations such as omni-directionality, low-
brightness and spatial incoherence that limit their performance e.g. for mi-
crospectroscopy, stand-off and far-IR spectroscopy; comprehensive definitions
of these parameters and their influence on, for example, active imaging and
optical metrology are given in [141].

Since the definition of the term "brightness" varies depending on the field
of science (or even within the same field [142]), this crucial parameter, often
referred to in this work, is to be defined here. Hereinafter, the spectral bright-
ness Bν̃ of any light source is an intrinsic property of the source that describes
its spectral radiance and can be defined as power dP emitted into a certain
direction per unit surface area dS per unit solid angle dΩ per unit spectral line
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(e.g. wavenumber) dν̃:

Bν̃(ν̃) =
d3P

cos θ dS dΩ dν̃
, (1.3)

where θ is the polar angle between the normal to the surface and the vector
that defines the direction of the emission. If B is independent on θ, the source
can be considered as isotropic and omni-directional (Lambertian source).

Thermal emitters belong to the group of isotropic light sources. Their spec-
tral brightness is determined by temperature and given by the Planck equation
as [143]:

Bν̃,T (ν̃, T ) =
2hc2ν̃3

exp

(
hν̃c

kT

)
− 1

, (1.4)

where k is Boltzmann’s constant, c is the speed of light in the medium and h is
Planck’s constant.

The total brightness of the source can be derived by integrating the spectral
brightness over all wavenumbers:

B =

∫ ∞

0

Bν̃(ν̃)dν̃, (1.5)

while for thermal emitters the integration of Planck’s law gives the Stefan–Boltz-
mann law:

B(T ) =
σT 4

π
, (1.6)

where σ is the Stefan–Boltzmann constant that can be derived from the physical
constants used above as:

σ =
2π5k4

15c2h3
≈ 5.67× 10−8 W m−2 K−4. (1.7)

The brightness of thermal sources can be slightly boosted by increasing the
temperature of the radiating element as described by Eq. (1.6), however, the
temperature increase shifts the maximum peak to short wavelengths according
to Eq. (1.4). Thus, the brightness of thermal emitter is significantly limited due
to omnidirectionality, spectral requirements (e.g. spectral shape), and material
properties, i.e. possible damage to the radiating element.

Conventionally, brightness is a widely used term (and energetic parameter)
in laser physics to refer to the radiance of light sources and to compare them.



1

18 Chapter 1. Introduction

Using Eq. (1.3), the spectral brightness of a laser beam with a diameter D
(effective mode diameter) and a divergence θ (cos θ ' 1) can be expressed
as [141]:

Bν̃(ν̃) =
4 · dP

(πDθ)2dν̃
, (1.8)

where dP is an optical power emitted within a spectral linewidth of dν̃, i.e.
dP/dν̃ is a power spectral density or spectral flux. Thus, due to high power lev-
els, uni-directionality and extremely low divergence (emission solid angle πθ2,
θ is on a unit milliradian scale), a laser beam of a couple of milliwatts power
is able to provide a brightness of several orders of magnitude higher than that
of the brightest conventional light sources. Hence, owing to its brightness, the
red laser pointer beam is clearly visible on a screen illuminated by any ordinary
lamp. Some quantitative comparisons can be easily obtained using Eq. (1.4)
and Eq. (1.8) or can be found in [141, 144, 145]. Perfect and demonstrative
approximations on finding a blackbody equivalent to a 1 mW HeNe laser are
given in [146]. Since the intensity of a passing beam influenced by a specific
throughput (etendue) of an optical system or a spectrometer is directly pro-
portional to its brightness [141], this metric is used to compare different light
sources applied in optical instruments.

Hence, laser-like sources represent a particular example of ultra-high-bright-
ness emitters that, when applied in spectroscopy, can enhance interaction path
length b within absorbing media preventing total light attenuation (e.g. mid-IR
spectroscopy in aqueous environments). Thus, more molecules can be probed
and, according to Beer’s law, previously inaccessible detection limits can be
reached assuming the same noise level. Besides, laser beams can be effectively
focused in diffraction-limited spots (or close) due to the inherently high beam
quality (nearly diffraction-limited, defined by the beam quality factor M2).

Since lasers in their principle configuration exhibit a high degree of monochro-
maticity, their adaptation to use in mid-IR spectroscopic scenarios was an
intensive subject of early research and developments. Potential designs be-
gan to emerge in the 1970s with the development of spectrally tunable light
sources based on small band gap lead-salt heterostructures [147, 148] or non-
linear frequency conversion techniques (optical parametric oscillators [149] and
amplifiers, difference frequency generators). These solutions, which initially fea-
tured low power levels of the order of 1 mW, could already provide a proof of
principle and became an extremely valuable tool in high-resolution molecular
spectroscopy for decades. However, these light sources have not gained wide
acceptance in commercial systems due to both their technical complexity and
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still relatively low brightness. The main game-changing step was taken in 1994
with the introduction of systems based on quantum heterostructures, so-called
quantum cascade lasers (QCLs) [150]. Unlike lead-salt lasers and optical para-
metric generators, this new type of semiconductor laser with fully engineered
band structure (intersubband transitions are enabled) has demonstrated partic-
ular advantages due to its robustness, stable operation at room temperatures,
compact dimensions and wide tunability.10 Through the unique set of param-
eters, QCLs initiated a laser revolution and became [152] probably one of the
major stages in the evolution of mid-IR spectroscopy at the turn of the century,
as manifested by the numerous scientific contributions covering various fields of
study, instrumentation, and engineering [153–160].

Recently, other laser-based alternatives for thermal sources, namely super-
continuum light sources, have expanded into the mid-IR spectral region due to
the rapid and targeted developments of IR fiber technologies. In contrast to the
tunable QCLs, this novel type of mid-IR light sources emits a sub-nanosecond
sequence of sub-pulses (in the state-of-the-art configuration) that carry the en-
tire spectrum. Supercontinua are generated in nonlinear fibers pumped with
high peak power lasers. As a result, these sources preserve some particular
properties of the laser such as high spatial coherence (temporal cohernce is lost
during broadening), directionality and ultra-high brightness. Supercontinuum
sources deserve their name due to a smooth and broad spectral continuum.
Like the QCL, they are undemanding, uncomplicated in use and provide excel-
lent performances due to high power levels and beam qualities, although their
spectral coverage is far superior to QCLs, covering basically the entire mid-IR
spectral region [161–167].

In order to visualize and assess capabilities of various solutions, Fig. 1.4 com-
piles and demonstrates typical brightness levels of different IR light sources. It
should be noted, that the brightness of supercontinuum sources – depicted in
Fig. 1.4 – is derived for standard systems (silica-based and ZBLAN-based su-
percontinuum sources are commercially available, data provided by NKT Pho-
tonics) and not for extreme, high power modifications [168, 169]. In turn,
the spectral brightness levels of QCLs are calculated according to the specifi-
cations of standard commercial external cavity systems (Daylight Solutions).
Hence, putting various IR sources together, Fig. 1.4 illustrates and highlights
10 The detailed review, categorization, advantages, and drawbacks of different lasers or

laser-based light sources employed in mid-IR spectroscopy can be found in [151].
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the strengths and weaknesses of different systems. In general, it visually re-
veals that, in terms of the spectral brightness, IR supercontinuum sources ef-
fectively fill the gap between standard thermal emitters, practically inexpedient
synchrotron and QCLs. Moreover, considering the spectral coverage, supercon-
tinuum radiation also represents an optimal compromise among them.
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Figure 1.4: Comparative spectral brightnesses of various IR
light sources: the state-of-the-art thermal emitter (Globar, es-
timated using Eq. (1.4)), supercontinuum sources (based on
different optical fibers), synchrotron radiation (stored electron
current 400 mA, electron energy 2.75 GeV) and quantum cas-
cade lasers (external cavity QCLs, Daylight Solutions); data
for chalcogenide and silica fiber-based supercontinuum sources
are taken from [170, 171], the power spectral density for InF3
fiber-based source is provided by LEUKOS, power spectral den-
sities for quantum cascade lasers are taken from [172] (calculated
for typical beam divergences, diameters, and a linewidth of 100
MHz), an analytical expression for the brightness of synchrotron
is taken from [173].

Since the 2000s, when supercontinuum sources were only available for the
VIS and near-IR ranges, they have experienced significant progress, especially
considering their developments towards the mid-IR range. The main topics of
current research involve improving them in terms of noise performance, power,
and stability, while their spectral coverage is continuously expanding towards
longer wavelengths [174]. A perfect and typical illustration example of the
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ongoing mid-IR evolution are ZBLAN-based supercontinuum sources: initially
started with 5 mW (23 mW reported in the same year) of the total average
power [175, 176], these sources have recently reached a milestone of 30 W power
levels [169]. This general trend is expected to continue, both in the direction
of improving the emission properties and composition of fibers for existing de-
signs [177–179], as well as in the optimization and promotion of recently in-
troduced solutions that go beyond the state-of-the-art [180–182]. Nevertheless,
despite their still growing maturity, supercontinuum light sources have already
demonstrated remarkable outcomes due to their peculiar emission properties.
Their superior capabilities have been proven for biomedical applications [183],
FTIR spectroscopy [184, 185], photoacoustic spectroscopic imaging [186] and
glucose monitoring [187], hyperspectral microscopy [188–192], attenuated total
reflection spectroscopy [193, 194], environmental [195], gas [196], and stand-off
measurements [197, 198], etc. Thus, relying on the current state and prospects
emerging from developments of stable and bright IR supercontinuum sources,
one can predict unique potentials for significant improvement of mid-IR spec-
troscopy and related methods.

1.4.1 Problem statement

As shown above, due to their distinctive emission properties, supercontinuum
sources promise to enrich the area of mid-IR spectroscopy and spectral instru-
mentation, open up new methods and improve existing ones. This thesis aims
to address the following problems:

1. The first objective is to examine the properties of emission, study noise
behaviour of novel mid-IR supercontinuum sources and to investigate the
influence of these properties on established measurement methods.

2. The second task is to experimentally assess the metrological value and
confirm forecasts of improved performances (e.g. increase in light-matter
interaction lengths and spatial performance) of spectroscopic measure-
ment methods that employ bright supercontinua.

3. Being a key technology for both mid-IR OCT and laser-based vibrational
spectroscopy, mid-IR supercontinuum sources reveal potentials of com-
bining these two measurement techniques in one multimodal system that
enable both morphological and chemical imaging. Therefore, the arising
challenge aims at merging goals defined for each technique and develop-
ing a fully integrated mid-IR OCT and spectroscopy instrument based
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on a single light source. The objective also encompasses experimental
demonstration of capabilities of correlative infrared tomography and hy-
perspectral imaging.
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Chapter 2
Supercontinuum light sources in the
mid-IR spectral range

2.1 Introduction

Nonlinear optics provides freedom for manipulating light frequencies and creat-
ing new spectral components by exploiting up- and down-conversions, frequency-
mixing, induced refractive index variations, and inelastic scattering processes,
etc. These effects of the peculiar interaction of light and matter have become
practically accessible and have been the subject of intensive research since the
invention of lasers [199, 200]. Supercontinuum generation is a particular cumu-
lative phenomenon that also owes its appearance to nonlinear optical technolo-
gies. Nowadays, this term refers to a variety of scenarios in which a narrow
band optical pulse of a so-called pump laser undergoes complex but determinis-
tic temporal and spectral evolution and extreme broadening through a sequence
of controlled nonlinear processes. The product of supercontinuum generation
is a smooth spectral continuum, while the emission preserves some properties
of the original pump laser such as high brightness, beam quality and spatial
coherence.

Supercontinuum generation was first observed and reported by Alfano and
Shapiro in 1970 [201]. In their experiment, picosecond laser pulses (Q-switched
mode-locked Nd:Glass, 530 nm wavelength, frequency doubled in a potassium
dihydrogen phosphate crystal, peak power density of 1 GW/cm2) passed through
bulk borosilicate glass producing a bright white light spectrum spanning the
entire VIS range (400 nm - 700 nm). The superior capabilities of this contin-
uum emission1 have been greatly anticipated. The expectations were confirmed
1 The term “supercontinuum” was used by Gersten et al. in 1980 [5] for the first time.



2

24 Chapter 2. Supercontinuum light sources in the mid-IR spectral range

shortly after the report, demonstrating high performance for picosecond Raman
spectroscopy [202]. These results have attracted close attention of the several
scientific communities. Thus, the years that followed were marked by the de-
velopment of an understanding of physics behind the generation process and
improvements of the first versions of these laser-driven sources. Sequentially,
supercontinua have been generated in a variety of nonlinear systems [203], in-
cluding crystals [204–206], condensed and gaseous media [201, 207].2 These
earlier stages of technology development, its understanding and challenges are
reviewed by Robert Alfano – the discoverer and inventor of the supercontin-
uum – in [210].

Probably the major step in the development of the supercontinuum as a com-
mercial versatile powerful light source was made – driven by interests of spec-
troscopy and telecommunications technologies – in the 2000s with the transition
from bulk nonlinear materials to another platform, namely optical fibers [211–
213]. The particular advantages of all-fiber technologies for supercontinuum
generation are that light can be concentrated in a small volume of the core
along the length of the fiber, thus, light-matter interaction path lengths are sig-
nificantly extended raising efficiencies of underlying nonlinear processes even for
materials with exceedingly low nonlinear susceptibilities. Besides, in the prin-
ciple configuration, fiber-based supercontinuum sources preserve a high beam
quality, especially when a single-mode fiber is involved. Among developed solu-
tions, special attention can also be paid to microstructured and photonic crys-
tal fibers – demonstrated for the first time by Ranka et.al in 2000 [214]. This
relatively new and still evolving family of optical waveguides allows to tail chro-
matic dispersion properties and tighten up the mode confinement (single-mode
propagation over broad spectral ranges). An extensive review on physics of su-
percontinua generation in photonic crystal fibers that also comprises numerical
and experimental studies is given in [215] and in [216].

Optical fibers are now the gold standard and the workhorse of supercon-
tinuum generation. The standard fabrication material for fibers used for this
purpose is very often based on fused silica. Therefore, the spectral coverage of
these state-of-the-art sources is merely limited in the IR range due to the strong
absorption above 2.7 μm [217]. Hence, one of the current trends implies the cre-
ation of alternative sustainable mid-IR fibers to surpass existing boundaries. At
present, several potential lines of current research can be identified [181, 218]:
supercontinuum generation has been successfully reported in highly nonlinear
2 A remarkable recent report on high-power supercontinuum generation in a water jet can

be found in [208]; extensively controlled generation in a multi aggregate media system
was recently reported in [209].
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fibers based on various soft glasses such as tellurite [219–223], fluoride [176, 224,
225], and chalcogenide glasses [162, 226, 227]. Fluoride and tellurite glasses ex-
hibit relative transparency in the range below 6 μm, while recently reported
supercontinuum sources based on chalcogenide fibers could potentially cover
the entire mid-IR spectral region [161, 164, 166, 171, 228]. Figure 2.1 aggre-
gates and shows – for illustrative purposes – typical attenuation profiles for
various glass fibers used for IR supercontinuum generation.
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Figure 2.1: Attenuation for various state-of-the-art optical fibers
used for supercontinuum generation, (a) chalcogenide fibers and
(b) fluoride fibers in comparison to silica fibers; limits of various
glasses are demonstrated; specific attenuation of tellurite glass
can be found in [230].

At the time of the beginning of this research thesis, only sources based on
ZBLAN fibers were commercially available due to the attractive parameters,
robust fabrication process and fiber durability; however, it should be noted
that solutions based on indium(III) fluoride (InF3) [231] have started to com-
mercialise and compete providing slightly different emission properties. For
this reason, a ZBLAN-based supercontinuum source is exploited in the present
work for experimental studies, thus some aspects are considered and exempli-
fied for this type of system. Nonetheless, as an intensive subject of ongoing re-
search and development, it is highly likely that supercontinuum sources covering
longer wavelengths will soon leave laboratories to merit widespread adoption.
Therefore, conclusions drawn in this thesis can be partly projected on future
developments.

The following sections of this chapter are devoted to a brief introduction
to the physics responsible for supercontinuum generation (exemplified and il-
lustrated for a ZBLAN-based system); a succinct overview of the mid-IR su-
percontinuum sources; and their typical emission parameters strengthened with
experimental data obtained using the system employed in this study.
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2.2 Principles of supercontinuum generation

Supercontinuum generation is a product of the complex interplay of linear
(diffraction and dispersion) and nonlinear effects, which occur during the prop-
agation of intensive pump optical pulses in transparent media. The process can
be, however, systematized and distinguished for different regimes of pumping
(pulse durations) and fiber dispersion3. Besides, in the process of supercontin-
uum generation, either incoherent or coherent broadening may prevail, thus, di-
rectly affecting noise properties [179, 232]. Table 2.1 provides the summary for
mechanisms of supercontinuum generation and the corresponding regularities
(the outline is based on [233] and [234]) that are essentially general and inde-
pendent on spectral ranges. A more extensive and detailed theoretical overview
and mathematical description for each of the processes listed in Table 2.1 can
be found in [235] and – in the context of supercontinuum generation – in [210]
and in [216].

Table 2.1: Summary of supercontinuum generation mechanisms,
structured for different pump and dispersion regimes.

Dispersion at pump wavelength
Pump pulse duration Normal Anomalous

Picosecond-nanosecond
regime

Raman-scattering
Four-wave mixing

Self-phase modulation

Modulation instability
Raman scattering
Four-wave mixing
Soliton fission

Soliton self-freqency shift
Dispersive wave generation

Femtosecond-picosecond
regime

Raman-scattering
Four-wave mixing

Self-phase modulation
Optical wave breaking
Four-wave mixing

Self-phase modulation
Soliton fission

Soliton self-freqency shift
Raman scattering
Four-wave mixing

Modulation instability
Dispersive wave generation

Self-phase modulation
Short pump pulses (fs)

Self-seeded generation (coherent)

Modulation instability
Long pump pulses” (ns)
Noise-seeded (incoherent)

Despite the sophisticated physics behind supercontinuum generation, the
practical setup is relatively straightforward [236]. A typical architecture4 of
3 Fiber dispersion depends both on material and waveguide contributions
4 Some architectures of commercial systems can also have more stages of amplification

(various types, e.g. double-pass amplifiers) or be based on mode-locked lasers replacing
the first stage of the present scheme.
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Seed laser diode
1550 nm

Erbium/Ytterbium
fiber amplifiers

Single mode
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Figure 2.2: Optical scheme of a mid-IR all-fiber ZBLAN-based
supercontinuum source driven by a master oscillator power am-
plifier pump system.

a ZBLAN-based supercontinuum source [167, 237–240] is shown in Fig. 2.2.
In the provided scheme, input pulses of a seed laser diode (1550 nm center
wavelength) are amplified by the Er/Yb doped fiber amplifiers (ytterbium Yb3+
photosensitizer ions transfer the energy of a pump diode to erbium ions Er3+
raising the efficiency of the process). During the propagation in the subsequent
passive silica single mode fiber (of around 10 m length), these pulses break into
several sub-pulses through modulation instability and undergo broadening to
the spectral region around 2 μm via Raman processes. The amplifier based on
thulium-doped fiber serves to reduce the optical load (i.e. the average power in
the short wavelengths range, not used for generation) on the successive ZBLAN
fiber and to provide additional gain within the spectral region that contributes
to supercontinuum generation. The last step involves coupling the pump system
to the ZBLAN fiber (single mode, typically of 3-6 m length), in which the final
broadening occurs, resulting in the emission spanning up to approximately 4.5
μm. The radiation at the output, i.e. after the fiber termination, is collimated
by an off-axis parabolic mirror.

The ensemble of phenomena and mechanisms responsible for spectral broad-
ening in ZBLAN fiber is complex, a detailed consideration can be found e.g.
in [241]. For illustrative purposes, Fig. 2.3 displays a possible scenario (fem-
tosecond pump, anomalous dispersion regime) presented as simulated spectro-
grams that reflect the spectral development of the input pulse. Thus, as per
Table 2.1, self-phase modulation and four-wave mixing cause the initial broad-
ening [Fig. 2.3(a)] of the pulse followed by the soliton fission5. Then the gener-
ated solitons undergo redshift due to soliton self-frequency shift, while emitting
phase-matched dispersive waves in the range of normal dispersion [241] (linked
using vertical white lines).
5 The pump pulse is considered as a high-order soliton [242].
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Figure 2.3: Simulated spectrograms showing the evolution of
the pump pulse during supercontinuum generation in a ZBLAN-
fiber; the pump wavelength is 2000 nm, the peak power is
1110 kW; exemplified for fiber lengths of (a) 1.0 cm, (b) 5.3 cm
and (c) 1.85 m; white dashed lines mark the calculated zero dis-
persion wavelength (ZDW) of the fiber; 6–7 solitons are clearly
visible and linked to the generated dispersive waves; the figure
is reprinted with permission from [241] c© The Optical Society.

The simulations shown in Fig. 2.3 are performed using the numerical solu-
tion of the generalized nonlinear Schrödinger equation (GNLSE). The GNLSE
model is used to describe the physics behind the metamorphosis of optical pulses
propagating through optical fibers [210].

Various forms of the GNLSE can be obtained from the nonlinear Schrödinger
equation [243–245] or can be derived from analytical simplifications of Maxwell’s
equations [235]. The most commonly used form of the time-domain GNLSE em-
ployed to describe – with respect to supercontinuum generation – the evolution
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of the complex electrical field envelope6 A(z, t) [215] is defined as:

∂A

∂z
= −

α

2
A−

∑

k≥2

ik+1

k!
βk
∂kA

∂T k
+ iγ

(
1 +

1

ω0

∂

∂T

)

×
(
A(z, T )

∫ ∞

−∞
R(T ′) |A(z, T − T ′)|2 dT ′

)
,

(2.1)

where z is the travel distance (along fiber’s length), ω0 is the carrier frequency
(i.e. center frequency of the input pulse), the change of variable T = t − β1z

is used to define co-moving retarded frame with group velocity of the reference
wavelength, t is time. The first and second terms on the right-hand side Eq. (2.1)
represents linear propagation effects, i.e. loss and dispersion respectively, where
α is fiber losses and βk are the dispersion coefficients. The third term models
nonlinear effects, γ is the nonlinear coefficient defined as:

γ =
ω0n2(ω0)

cS(ω0)
, (2.2)

where n2(ω0) is the nonlinear refractive index (n2 = 2.1 · 10−20 m2/W for
ZBLAN [241]), S(ω0) is the effective mode area of the fiber, and c is the light
speed constant. The nonlinear response function R(t) is used to model Raman
contributions and can be written as [235]:

R(t) = (1− fR)δ(t) + fRhR(t)

= (1− fR)δ(t) + fR

τ 2
1 + τ 2

2

τ1τ 2
2

exp (−t/τ2) sin (t/τ1)Θ(t),
(2.3)

where hR(t) is the Raman response function, fR is its fractional contribution
(e.g. fR = 0.062 for ZBLAN fiber [241]), Θ(t) is the Heaviside step function,
δ(t) is the Dirac delta dunction, τ1 is the Raman period, τ2 is defined by the
damping time of the network – both parameters are selected to provide a good
fit to the actual Raman-gain spectrum [235, 246].

Therefore, supercontinuum dynamics accessed using the GNLSE [216] can
not only give an insight into the process but also provide assessments on the
statistical properties of the spectra at different stages of the generation process.
For instance, Fig. 2.4 illustrates the temporal and spectral evolution of a pump
pulse along the length of a ZBLAN optical fiber, accessed using the GNLSE.
This and the subsequent simulations (Fig. 2.5) are based on solving the GNLSE

6 The slowly varying envelope approximation is adopted, |A(z, t)|2 gives the instantaneous
power.
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using a computationally efficient split-step Fourier method [215] with a con-
stant step size. A MATLAB code is available in [216]. The employed numerical
model takes into account Raman and Kerr effects, self-steeping, higher-order
dispersion (up to β10), and one photon per mode noise; losses are not included.
Concurrently, Fig. 2.5(b) displays the simulated supercontinua spectum – per-
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Figure 2.4: Representations of supercontinuum generation over
the length of the fiber: evolution of the input pulse (femtosecond
pump) in the (a) frequency and (b) time domain.

formed for the source architecture shown in Fig. 2.2 – that is expressed as an
output linear spectral intensity distribution (normalized, averaged for 20 pump
pulses). In order to model the given spectral broadening, a dispersion profile
of a commercial step-index ZBLAN fiber [Fig. 2.5(a)] has been used; the mode
field diameter of the fiber was fixed at 8.5 μm. In this particular configura-
tion, the fiber exhibits two ZDWs in the range of below 2 μm and around 4 μm
correspondingly.

In the simulations shown in Fig. 2.5, a wavelength range of around 2050 nm
that coincides with the center wavelength of the pre-broadened and amplified
peak (after Er/Yb and thulium amplifiers) [239], is used for the input pump as
an initial condition. The pulse width and peak power are defined according to
the parameters of the existing and available pump system, i.e. picosecond pump,
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Figure 2.5: Simulated output of the IR supercontinuum source
(picosecond pump, 20 pulses averaged) based on the standard
step-index ZBLAN fiber with a dispersion profile depicted in (a);
(b) normalized linear spectral intensity distribution.

3.2 kW respectively; a ZBLAN fiber of 4 m length has been selected. Consider-
ing the mechanism behind the generation for this particular fiber, the intense
and broad peak at around 4.3 μm originates through a generation of a giant
dispersive wave [247], which systematically occurs near the second ZDW. Thus,
not only attenuation but also the case-specific processes influence the relative
position of the spectral peaks and their shape. Hence, the spectrum is relatively
deterministic and can be slightly modified by tuning the fiber dispersion. How-
ever, since ZBLAN is a multi-component fluoride glass, the dispersion profile
of the fiber can vary for different manufactures (material dispersion), thus, the
shift of the spectral peaks or different generation dynamics and noise properties
can be observed and – in some scenario – exploited. Moreover, the small vari-
ations of core diameter and NA, which are in tolerance for commercial fibers
(manufacturing variability), may introduce variations in the dispersion profile
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(waveguide dispersion) leading to significant changes in the spectrum (exper-
imentally demonstrated in [248]). Therefore, any estimates on reproducibility
and stability (relative, spectral, and energetic) of spectra require statistical anal-
ysis for different input parameters of the fiber’s geometry and pump system.

2.3 Short review of mid-IR supercontinuum sources

Due to the large scope of the research topic, various aspects related to IR su-
percontinuum light sources such as manufacturing, generation, and applications
are studied by distinct research communities. Consequently, these subjects are
thoroughly considered and discussed in specially dedicated studies and publica-
tions, for instance in [180, 181, 249–252]. Thus, this section only briefly reviews
the current status and perspectives and indirectly reveals the origins of high
practical demand and significant scientific importance of the technique. Finally,
the section provides some typical specifications (evaluated experimentally) re-
lated to the applications in OCT and spectroscopy. For detailed information,
the reader should refer to the aforementioned literature sources.

At present, activities in the mid-IR range represent probably the fastest
growing and most evolving sub-branch in the field of supercontinuum genera-
tion. Novel solutions that appear here constantly generate exciting research and
create new applications cases, especially prospective in medicine, spectroscopy,
gas monitoring, and sensing technologies [170, 193, 197, 252–257]. Among var-
ious trends, in addition to increasing brightness [168, 169] and studying and
reducing noise [179, 258–260], enormous efforts are being made to extend the
spectral window to longer wavelengths, i.e. to cover the entire molecular finger-
print region of 2 μm - 20 μm – these developments are primarily driven by the
interests of IR absorption spectroscopy. Hence, different types of IR transpar-
ent soft glasses (chalcogenide, tellurite, telluride, heavy-metal and fluoride) are
being investigated and adapted for fiber drawing and generation [165, 181, 250,
261–263], i.e. nonlinear media that are capable to sustain high-intense mid-IR
supercontinua are being established and commercialized [264, 265].

Sequentially, these advances in glass sciences are increasing the demand for
suitable pump sources. Therefore, in addition to commonly employed free-space
systems based on parametric conversion (optical parametric oscillators and am-
plifiers, e.g. [165, 166, 266–268]), new promising schemes based on cascaded
all-fiber systems are being actively developed. A spectacular example for such
a cascaded mid-IR source has been recently reported by Martinez et al. [167].
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In this work, the high intense spectral continuum covering the range of 2 μm -
11 μm with 417 mW average power (69.7 mW are radiated beyond 7.5 μm)
has been demonstrated by extending the standard design (e.g. similar to one
shown in Fig. 2.2) and concatenating fluoride (ZBLAN) and chalcogenide (ar-
senic sulfide, and arsenic selenide fibers) fibers. Among other realizations, the
works of Petersen et al. (a continuum spanning up to 7.2 μm, 54.5 mW average
power) [269], Hudson et al. (a continuum spanning from 1.8 μm to 9.5 μm,
30 mW average power) [270] deserve special attention as they have relative
simplicity and peculiar advantages over conventional designs. In the principle
scheme of such sources, each preceding fiber-stage7 of the cascade is used to
generate a supercontinuum spectrum that is coupled to the subsequent fibers.
Thus, each subsequent stage, which has a wide transparency bandwidth, sup-
ports the supercontinua generated previously and extends it further. In terms
of the physical mechanism behind it, the concept of the cascade scheme is
to enhance the soliton self-frequency shift using successive dispersion-tailored
highly nonlinear fiber segments, thus, pushing the continuum forward into the
mid-IR [249].

The aforementioned new generations of mid-IR supercontinuum sources pose
crucial advantages and represent a notable step towards robust (due to the all-
fiber design), inexpensive (pump systems operate at optical communication
wavelengths, i.e. based on standard and cost-effective technologies) and high-
intense ultra broad-band laser-based light sources. Considering the current
status and ongoing research, these solutions promise to be not only an attrac-
tive alternative to the already established methods but also an entirely novel
versatile tool that opens up unique perspectives for conventional techniques.
As a future prospect, it can be expected that systems using these advanced ap-
proaches will soon become commercially available [271] and are likely to change
the status quo in several areas of research.

2.3.1 Application related emission properties

The multimodal mid-IR OCT and spectroscopy system developed and evaluated
throughout this thesis is based on a commercial pulsed supercontinuum light
source from NKT Photonics. The continuum spectrum spanning the range from
approximately 1.1 μm to 4.4 μm (small peaks in the VIS range can also be ob-
served) is generated in a step-index ZBLAN fiber (two ZDW). The pump system
7 The preceding fibers have narrower transparency windows but provide highly efficient

spectral broadening to the wavelengths necessary for supercontinuum generation in the
subsequent fibers.
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Figure 2.6: Power spectral density of the ZBLAN supercontinuun
source.

is based on a gain-switched picosecond seed laser diode operating at 1.545 μm,
pulses of which are preliminarily broadened up to the range of around 2 μm
and amplified by high power erbium-ytterbium and thulium amplifiers. The
default pulse repetition rate of the source is 2.5 MHz (adjustable in the range of
1 MHz - 3 MHz). Figure 2.6 depicts the power spectral density characteristic to
the source, which is, notably, in good agreement with the simulations shown in
Fig. 2.5(b). The total time-average power is around 450 mW, of which approxi-
mately 200 mW are radiated in the spectral range beyond 2.4 μm. It should be
noted, however, that there was observed a long-term drift, i.e. for more than
one year, which was represented by a gradual increase in optical power to about
490 mW. The power levels were measured and characterized using a suitable IR
power meter (LabMax TOP. Coherent, LM-10 HTD detector head).

The single-mode ZBLAN fiber at the system output, in which the final
generation occurs, is terminated with an achromatic collimator based on an off-
axis parabolic mirror. The output of the source is the fundamental Gaussian
mode (TEM00), the beam quality factor isM2 ≤ 1.1, the divergency is < 2 mrad.
The focus of the mirror-based collimator defines the diameter of the outgoing
beam. Thus, due to the broadband emission, it is, in principle, wavelength
dependent, i.e. proportional to F · λ/(πωf), where F is the focal length, λ
is the wavelength, and ωf is the mode field diameter. Figure 2.7 depicts the
results of the beam profile characterization performed in the spectral range
around 4 μm [Fig. 2.7(a), 500 nm bandwidth, selected using a corresponding
bandpass filter] and for the spectrally unaffected outgoing beam [Fig. 2.7(b),
evaluated for the total emission spectrum). The caption of Fig. 2.7 lists the
corresponding beam diameters accessed at 1/e2 level. It is noteworthy that
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Figure 2.7: Characterization of the beam profile of the mid-IR
ZBLAN-based supercontinuum source.
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the beam profile displayed in Fig. 2.7(b) represents superposition across the
entire emission spectrum and due to the broadband output and relatively strong
short wavelengths part, the contribution from the latter prevails, which makes
the interpretation complicated. Therefore, due to the ultra-broad spectrum,
evaluation of the beam profiles and beam quality should be carried out within
spectrally narrow sub-bands.

The source was also characterized in terms of relative pulse and power sta-
bility. Thus, its relative pulse intensity variations have been evaluated in the
spectral region employed for OCT measurements as being of interest for this, in
perspective, fast-acting imaging modality. Long-term power stability has been
assessed in the mid-IR spectral region beyond 2.4 μm (using a suitable longpass
filter) over a period of 24 hours. Figure 2.8 depicts these previously unpublished
data (more data on the stability of the source are discussed in Publication III).
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Figure 2.8: Experimentally evaluated stability of the mid-IR su-
percontinuum source: (a) relative pulse-to-pulse stability in the
spectral range exploited for OCT measurements and (b) long-
term stability of power radiated beyond 2.4 μm characterized
over a period of 24 hours.

In order to reconstruct the data shown in Fig. 2.8(a), 105 pulse forms were
recorded at the CWL of 4 μm, within 500 nm bandwidth (FB4000-500 bandpass
filter, Thorlabs), using a fast MCT detector (PVM-10.6-1×1, VIGO System
S.A.) and an oscilloscope (waveSurfer 44MXs-B, Teledyne LeCroy, 400 MHz,
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5 GS/s). The curve depicted in Fig. 2.8(a) shows the relative standard devi-
ations of pulse energies, thus, determining statistically sufficient tolerances for
integration – of practical interest for evaluation of noise behavior, imaging, and
metrology. Hence, the efficiency of time-averaging in any applied measurement,
i.e. the improvement of the SNR due to the pulse integration, can be valued
through standard deviation of the mean as Pn/

√
N , where Pn is the relative

pulse-to-pulse variation (around 1.4% within the mid-IR OCT band, as the
graph Fig. 2.8(a) is approaching this value) and N is the number of averaged
pulses. Considering time averaging, the emission frequency has a strong effect
on the overall noise of the measurement instrument due to the integration of a
limited number of pulses [272], while high repetition rates enable e.g. contrast
OCT imaging even for relatively noisy sources [273]. Therefore, pulse repetition
rates in the megahertz range are preferable, as implemented in the experimental
system.

The objectives of the dependency shown in Fig. 2.8 are to demonstrate the
stability of the system in the long run; the measurements were carried out using
an IR power meter (LabMax TOP. Coherent, LM-10 HTD detector head) over
24 hours. The curve clearly shows the long-term stability with fluctuations of
around 1.5%.

2.3.2 Noise performance

The noise performances of commercial mid-IR ZBLAN-based supercontinuum
sources of identical architecture have been experimentally investigated to assess
their typical stability and reproducibility of the specification. Thereby, the rel-
ative spectral noise has been evaluated over the entire emission within narrow
spectral bands (1.1 cm-1) using a multiple octave spectrum analyzer (Mozza,
FASTLITE) based on a solid-state TeO2 crystal acousto-optic tunable filter
(AOTF). In the AOTF, a piezoelectric transducer bonded to the mid-IR trans-
parent crystal introduces acoustical compression waves of different frequencies
that spatially modulate the refractive index. Thus, the AOTF acts as a rapidly-
tunable phase diffraction grating which enables precise diffracted wavelength
scanning via electrically controlling of acoustic RF frequencies. Therefore, the
power spectral density is reconstructed by mapping the acoustic frequencies to
optical frequencies. Besides, the system implements counterbalancing the en-
ergy fluctuations of the source by normalizing the intensity of the diffracted
beam to the 0-order beam, thus only absolute burst-to-burst fluctuations at
each CWL are addressed.



2

38 Chapter 2. Supercontinuum light sources in the mid-IR spectral range

The spectrum analyzer employs a sensitive single point MCT detector and,
in order to increase the SNR, a lock-in detection technique is applied. The sys-
tem allows controlling the acquisition time per single wavelength, therefore, an
integration time of 1 μs (shortest available) was used for the following charac-
terization. Apart from that, 3000 sweeps were recorded per instance to retrieve
the relative (normalized by mean) spectral noise.
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(a) MIRSC1 2.5 MHz, measured during
assembling
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(b) MIRSC1 2.5 MHz, fully assembled and
optimized
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(c) MIRSC2 2.5 MHz

2000 2500 3000 3500 4000
Wavelength (nm)

0

5

10

15

R
el

at
iv

e
in

te
n

si
ty

n
oi

se
(%

)

Relative spectral fluctuations Reference spectrum

(d) MIRSC2 1 MHZ
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(e) MIRSC3, 2.5 MHz, assembled source
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(f) MIRSC3, 2.5 MHz, fully assembled and
optimized

Figure 2.9: Spectral noise of various mid-IR ZBLAN based super-
continuum sources of identical architecture (picosecond pump) at
different stages of assembling.

In total, the noise of three ZBLAN-based supercontinuum sources at dif-
ferent stages of assembly have been investigated and analysed. Figure 2.9 dis-
plays the measured spectral noise. The sources are encoded with the name
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of MIRSCX format, where X is a unit number (highlighted in subcaptions to
Fig. 2.9); the emission spectra for each source that exhibit slight variations due
to the variation of the core diameter are shown for reference.

Figures 2.9(a) and (b) are devoted to the MIRSC1 source radiating at
2.5 MHz. The crucial difference between these measurements is the assem-
bling stage, thus, Fig. 2.9(a) depicts the noise measured after the connection of
a ZBLAN fiber, while the construction assembly is still open and not shielded
for the stray light and mechanical fluctuations. In contrast, the curve shown
in Fig. 2.9(b) corresponds to the fully assembled source with an optimized – in
terms of pulse width, shape, and peak power – pump system. Consequently,
a decrease of spectral noise by 3.4% (average over the emission bandwidth) is
observed.

The spectral noise of the fully assembled and optimized supercontinuum
source, encoded as MIRSC2, has been characterized for different pulse repetition
rates, namely for the default frequency of 2.5 MHz [Fig. 2.9(c)] and for the
reduced frequency of 1 MHz [Fig. 2.9(d)]. The slight increase in the spectral
noise, by around 0.8% on average, is most probably due to the integration of
fewer pulses, while the acquisition time is the same.

The third particular case – illustrated by Figs. 2.9(e) and (f) – demonstrates
the effects induced only by seed laser pulse optimizations. Thus, the spectral
noise of the complete system has been measured before and after pump tuning.
It is noteworthy that there is a decrease in spectral noise by about 3%, and,
therefore, it depends on the parameters of the pump pulses and is a problem of
adjustment.

In general, the spectral noise of mid-IR supercontinuum sources of the given
state-of-the-art architecture with the picosecond pump is relatively high due to
the noise-seeded nature of the broadening (modulation instability is the prevail-
ing effect, see Table 2.1), especially when measured in narrow spectral bands
and for short integration times. This issue made people believe that supercon-
tinuum sources can not be used in noise-sensitive applications such as OCT
and spectroscopy. However, the developments towards increasing the repetition
rates [272] allow one to increase averaging by the detector, significantly reducing
the noise [as exemplified by Figs. 2.9(c) and (d)]. Thereby, high pulse repetition
rates accessible with modern supercontinuum emitters (the system employed
throughout this work operates at 2.5 MHz) make the noise of minor effect and
prove these sources to be suitable for OCT [273] and spectroscopy [274].
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Chapter 3
Optical coherence tomography

In addition to the great variety of methods of light imaging and microscopy,
OCT represents another still evolving high-resolution optical measurement tech-
nique with a distinctive concept and paradigm. In contrast to conventional im-
agers, OCT exploits not only the amplitude of the backreflected or backscattered
electromagnetic wave as the quantity to record but also wavelength-specific
phase delays (more precisely, delays of the coherence function propagating at
group velocity) that carry information about the optical structure of the sample;
i.e. OCT measures the field of the optical wave, rather than its intensity. This
greatly distinguishes OCT from other methods, allowing a three-dimensional
sample morphology to be retrieved. The unique capabilities of OCT opened
by its inherent features have led this technique to the current success in non-
invasive biomedical imaging and non-destructive testing industrial applications,
promising to enable in-demand applied research and fundamental clinical stud-
ies.

This chapter gives a succinct introduction to the basics of conventional OCT
and describes fundamental imaging principles, operational regimes, and optical
systems and components. The following sections discuss the crucial parameters
and aspects that are directly related to the thesis. Other impressive functional
OCT imaging techniques, extensions, and modifications that use e.g. different
sensing approaches or different image contrasts, such as polarization-sensitive
OCT, phase-sensitive OCT, spectroscopic-OCT, full-field OCT, optical coher-
ence elastography, angiography, systems based on nonlinear interferometry etc.,
are not treated in this section as they go beyond its scope. However, perhaps
of interest to the reader, these topics are discussed in detail in specialized liter-
ature [34, 115, 275–280] to which one should refer.
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3.1 Imaging principles

3.1.1 Time-domain optical coherence tomography

The operational principle of OCT is based on axial ranging by means of LCI, so
OCT exploits low-coherence light as a workhorse and a tool to access – in accor-
dance to the primary paradigm – the sub-surface morphology of samples with
micrometer accuracy. In the 1990s, after the significance the ophthalmic laser
LCI [7, 8, 19] has been recognized and understood, further research focused on
the development of follow-up imaging techniques. This led to the emergence
of the first OCT concept and design, namely time-domain OCT (TD-OCT),
which was introduced in 1991 by Huang et al. [27]. The typical optical scheme

(a) Schematic of a typical free-space time-domain OCT system
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Figure 3.1: Conceptual basis for OCT and LCI, exemplified for a
TD-OCT system based on a Michelson interferometer – schemat-
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of a free-space TD-OCT system, based on a Michelson interferometer,1 and fun-
damental basics, illustrating the main conceptions of OCT imaging, are shown
in Fig. 3.1.

In the scheme shown in Fig. 3.1(a), the light wave that enters the interfer-
ometer is divided (usually equally, in some designs, the ratio can be different
or adjustable using polarizing beam splitters and optics) by the beam splitter
(BS), which forms sample, reference, and detection arms of the interferometer.

After the backreflection and second propagation through the same BS, the
probing and reference collinear beams, which are aligned on the same optical
path, interfere on a single point detector. Thus, the TD-OCT system – and
OCT in general– employs and measures the interference between backscattered
(sample field) and reference (reference field) waves. Due to the low-temporal
coherence of the exploited light, the interference can be observed, however, only
within a small spatial range around an equal optical delay plane (also known
as zero delay plane), where optical path lengths for both waves match to each
other [see Figs. 3.1(b) and (c)], i.e. the optical path difference between the arms
does not exceed the coherence length.

Thereby, the OCT concept of axial ranging is based on coherence gating,
which allows unwanted scattered light outside the coherence length to be re-
jected from sensing, thus, enabling axial structural information to be obtained
with the resolution δz described by the coherence length of the source.

In the TD-OCT configuration, the cross-correlation between the sample and
reference fields is performed through axial-scanning of the reference mirror.
Therefore, an axial (depth-dependent) reflectivity profile is recorded sequen-
tially in time and obtained by demodulating the interference, i.e. determined
from the envelope of the signal. Figures 3.1(b) and (c) illustrate the concepts
of TD-OCT and coherence gating and display possible interference signals for
long- and short-coherence length light sources (i.e. for monochromatic and poly-
chromatic light) respectively. The signal shown in Fig. 3.1(c) can be interpreted
as an OCT axial profile or a so-called A-scan of a sample that exhibits just one
interface. It should be noted that the amplitude of the interference is propor-
tional to the amplitude of the backreflected wave, therefore, it is defined by
the reflectivity of subsurface structures (or by refractive index changes at inter-
nal media boundaries). The lateral resolution of the OCT system is achieved
by using an application-suitable focusing optics and, thus, is determined by
diffraction, beam quality and aberrations.
1 The Michelson interferometer is one of the most popular core design due to its simplicity,

however, for instance, Mach-Zehnder interferometers are also often employed for OCT
due to their flexibility and system alignment finesse.
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Hence, assuming an equal and achromatic split ratio of the BS, the complex
plane waves entering the reference and sample arms of the interferometer can
be written, respectively, as [34]:

ER0 =
1
√

2
g(k, ω)ei(kz−ωt) =

E0√
2
, (3.1)

ES0 =
1
√

2
g(k, ω)ei(kz−ωt) =

E0√
2
, (3.2)

where E0 is the electric field of a polychromatic plane wave incident on the BS
(i.e. emitted by the light source), expressed in complex form; g(k, ω) is the
electric field amplitude, as a function of the wavenumber k = 2π/λ and the
angular frequency, which is related to the optical frequency ν as ω = 2πν; λ is
the wavelength correspondingly.
For a sample that has only one interface with the power reflectivity RS, the
reference and sample fields passing through the BS after the backreflections (no
dispersion effects included) can be expressed by modifying Eqs. (3.1) and (3.2)
as follows:

ER =
E0√

2

√
RRe

i2kzR , (3.3)

ES =
E0√

2

√
RSe

i2kzS , (3.4)

where RR is the power reflectivity of the reference mirror (power reflectivities for
both cases represent squared electric field reflectivities); zR and zS are optical
path lengths from the BS, thus, the factor of 2 in the exponent accounts to the
round (forward and backward, i.e. doubled) trip.

Considering Eq. (3.4), one can define the fields incident on the BS for the
complex sample, composed by N discrete reflectors2 positioned at different op-
tical depths as:

ES =
E0√

2

N∑

n=1

√
RSne

i2kzSn . (3.5)

During the second pass, the light reflected from both arms again halves in
power again at the BS and recombines at the detector. Thus, the generated
photocurrent is defined by the irradiance approaching the detector arm, which
is subject to interference and, therefore, is proportional to the square of the
2 The assumption is valid for discrete reflectors only, for the real samples described by

continuous reflectivity profiles, the electric field is defined through convolution.
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sum of the fields:

I(k, ω) =
1

2
ρ
〈
|ER + ES|2

〉

=
1

2
ρ

〈∣∣∣∣∣
g(k, ω)
√

2

√
RRe

i(2kzR−ωt) +
g(k, ω)
√

2

N∑

n=1

√
RSne

i(2kzSn−ωt)

∣∣∣∣∣

2〉
,

(3.6)

where ρ is the detector responsivity, while the angular brackets express integra-
tion over the response time of the detector; for the initial phase it is assumed
that z = 0 at the surface of the beam splitter. In general, the detector measures
the intensity (i.e. the irradiance) and not the electric field, thus, the fast oscil-
lating phase is lost [281] and the terms dependent on the angular frequency ω
are eliminated. Therefore, using Euler’s formula, the temporally invariant form
of Eq. (3.6) can be expressed as:

I(k) =
ρ

4
[G(k)[RR + RS1 + RS2 + ...+ RSN ]]

+
ρ

2

[
G(k)

N∑

n=1

√
RRRSn cos [2k(zR − zSn)]

]

+
ρ

4

[
G(k)

N∑

n6=m=1

√
RSnRSm cos [2k(zSn − zSm)]

]
,

(3.7)

where G(k) = 〈|g(k, ω)|2〉 is the power spectral density of the employed light
source.

Essentially, Eq. (3.7) describes the spectral interferogram and exhibits three
distinct terms. The first term accounts for the constant (also known as "DC")
components that comprises the sum of the amplitudes of all backreflections,
i.e. which contribute to an offset of the detector current. Publication II, con-
solidated to this dissertation, details the effects of this usually quite strong
component narrowing the dynamic range of the system; in this study, specific
properties of the pyroelectric detector (employed in mid-IR OCT) were exploited
to eliminate this constant component naturally.

The second term describes cross-correlation components, which carry desired
encoded depth data, thus, are of main interest for the OCT technique. Besides,
the second term of Eq. (3.7) reveals another important advantage of OCT over
conventional incoherent imaging techniques: since the reference field is often
significantly stronger than the sample field, i.e. RR � RS, the weak sample
field is greatly amplified by the former raising the sensitivity of the method in
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general.
The third term represents auto-correlation components that account for in-

terference between different sample (sub-)interfaces. This term may be respon-
sible e.g. for image artifacts; but it is normally suppressed by the strong reflec-
tivity RR of the reference mirror. Being undesirable in practice, the autocorre-
lation components can be, however, elegantly utilized to access sub-resolution
information, as shown in Publication V devoted to the combination of mid-IR
OCT and spectroscopy – also consolidated to this thesis.

As mentioned above, in order to reconstruct the desired reflectivity profile
of the sample in TD-OCT, the detector current I(k) is measured by a single
point detector (so all the wavelengths are captured simultaneously), but the
cross-correlation is performed sequentially in time through axial-scanning of
the reference mirror. Hence, Eq. (3.7) can be adapted for this particular case
to emphasize the depth dependence of the signal by the integration over all
wavenumbers:

I(zR) =
ρ

4
[S0[RR + RS1 + RS2 + ...+ RSN ]]

+
ρ

2

[
S0

N∑

n=1

√
RRRSne

−(zR−zSn )2∆k2

cos [2k(zR − zSn)]

]
,

(3.8)

where S0 is the total power of the light source.
Equation (3.8) clearly shows that the axial resolution of the OCT system

depends on ∆k, i.e. on the spectral bandwidth of the light source – a wider
spectral bandwidth of the source narrows the interference envelope, improving
the axial resolution.

Figure 3.2(b) displays the signal I(zR) defined by Eq. (3.8) exemplified for
a simple two-interface structure [see Fig. 3.2(a)]. Therefore, Fig. 3.2 serves for
illustrative purposes and depicts principles of A-scanning in TD-OCT.

In general, TD-OCT exhibits several fundamental limitations. In addition to
the low scanning speeds and high demands on movement stability and accuracy
dictated by the mechanical concept of the sensing method, limited sensitivity
is another and most disadvantageous feature that has been intensively stud-
ied [20–23] during the first decades after the introduction of OCT. These facts
accelerated further research that led to the emergence of a new class of OCT
designs, namely Fourier-domain OCT (FD-OCT) [19, 282–284].
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(a) Sample field power reflectivity profile represented by delta function reflectors
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(b) Corresponding simulated raw TD-OCT A-scan, DC is the constant signal offset

Figure 3.2: Principles of TD-OCT imaging, exemplified for a
sample consisting of two discrete reflectors positioned at zS1 and
zS2 ; δz is the coherence length of the source.
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3.1.2 Fourier-domain optical coherence tomography

The technique of FD-OCT represents an alternative approach to coherence gat-
ing that does not employ mechanical scanning and is based on the direct cap-
turing of interferometric signal – spectral interferogram I(k), generated at a
fixed group delay. The recorded signal is then processed using Fourier analysis
to retrieve the sample reflectivity profile

√
RS(zS). In practice, FD-OCT rep-

resents a class of techniques, therefore, it is possible to distinguish several most
common implementations.

The first implementation, so-called spectral-domain OCT (SD-OCT), em-
ploys a broadband light source and provides spectral discrimination using a
dispersive3 spectrometer in the detector arm, thus, all spectral components of
I(k) [described by Eq. (3.7)] are captured simultaneously. Figure 3.3(a) depicts
a simplified optical layout of a SD-OCT system based on a free-space Michel-
son interferometer. The simulated raw signal for a structure consisting of two
interfaces is shown in Fig. 3.3(b), the Gaussian spectrum is modulated by mul-
tiple cosinusoids (autocorrelation components are not presented). Thereby, the
3 Typically dispersive spectrometers are used, but various designs exist and can be found

in the literature. The use of FTS, however, is not practical, as the sensitivity advantage
of FD-OCT is lost, which makes the system practically equivalent to TD-OCT.
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spectral interferogram exhibits two distinct frequencies – the cross-correlation
component is a superposition of the cosinusoids – that correspond to the cer-
tain axial positions of the reflectors, i.e. their wavenumber periods are defined
by π/(zR − zSN ), while the amplitudes are proportional to

√
RRRSN . The

DC component, i.e. background spectrum, has an amplitude proportional to
[RR + RS1 + RS2 + ...+ RN ].

(a) Schematic of a typical free-space spectral-domain OCT system

k0 k

I
(k

)

(b) Possible FD-OCT signal; spectral interferogram for a sample
consisting of 2 reflectors

Figure 3.3: Principles of FD-OCT, exemplified for a free-space
SD-OCT system based on a Michelson interferometer – schemat-
ically shown in (a); (b) simulated FD-OCT signal for a Gaussian-
shaped power spectral distribution and a thin-plate sample with
two interfaces.
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Another implementation, called swept-source OCT (SS-OCT), also employs
a stationary reference mirror and captures the spectral components of I(k),
but, in contrast to SD-OCT, the recording is performed sequentially in time by
tuning a narrow band source emission through a broad optical bandwidth. The
detection is achieved by a single detector. Resulting signals are similar to the
ones obtained by SD-OCT [Fig. 3.3(b)], however, swept-sources can often pro-
vide extremely narrow linewidths enabling higher spectral resolution and, thus,
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Figure 3.4: Schematic of a SS-OCT system.

enhanced OCT imaging depth through moderate sensitivity roll-off (deeper in-
terfaces are presented by higher modulation frequencies). Figure 3.4 depicts a
simplified optical layout of a SS-OCT system, based on a free space Michelson
interferometer.

In addition to the above implementations, special attention can be paid to
time-encoded (teFD-OCT) solutions4. In these systems, the spectral interfero-
gram is recorded sequentially in time, and spectral discrimination can be carried
out not only on the source side but also in the detection arm. Possible designs
are based on various tunable spectral filters. For instance, systems based on
polygonal mirrors [285–289] or on similar scanning approaches are of great inter-
est, especially for potential applications in mid-IR OCT, since they can provide
high scan rates while maintaining high sensitivity (due to low optical loss and
availability of high-performance point detectors) and do not require expensive
and technically immature IR focal plane arrays. Other perspective technologies
include tunable filters based on electrically controllable cascaded Fabry–Pérot
etalons [290, 291] or AOTF-based systems [292, 293].

Independently on which measurement approach is used, i.e. time-multiple-
xing in teFD-OCT and SS-OCT or separate detection of the spectral channels
in SD-OCT, all FD-OCT systems provide fundamental sensitivity advantage
over TD-OCT [20–23]. This can be simply understood from the fact that FD-
OCTmethods sample the spectral interferogram I(k) directly, which means that
they sample the full depth all the time. In contrast, in TD-OCT, everything
outside the coherence length contributes to the noise and not to the signal. The
factor of the sensitivity improvement, which is well-described in [34], is directly
proportional to the number of sampled spectral channels, i.e. pixels or spectral
4 Basically, SS-OCT can be also classified as teFD-OCT.
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channels for SD-OCT or for teFD- and SS-OCT respectively.
Considering signal post-processing, all the methods of FD-OCT employ sim-

ilar algorithms usually based on Fourier analysis, which are independent on
method for capturing I(k). Hence, the sample axial reflectivity profile can be
derived from the inverse Fourier transform of Eq. (3.7), the resulting A-scan of
a sample with discrete reflectors can be then written as [34]:

I(z) =
ρ

8
[γ(z)[RR + RS1 + RS2 + ...+ RSN ]]

+
ρ

4

N∑

n=1

√
RRRSn [γ[2(zR − zSn)] + γ[−2(zR − zSn)]]

+
ρ

8

N∑

n6=m=1

√
RSnRSm [γ[2(zSn − zSm)] + γ[−2(zSn − zSm)]] ,

(3.9)

where γ(z) is the inverse Fourier transform of the power spectral density G(k),
thus, γ(z) is the coherence function that describes the axial point-spread func-
tion (PSF) of the imaging system.

Since the measured FD-OCT signals are real-valued and the phase infor-
mation is absent (some reconstruction algorithms can retrieve the phase and
remove the complex conjugate artifact), the produced A-scans exhibit both
positive and negative frequencies that are Hermitian symmetric relative to the
zero frequency (around DC term of zero frequency), i.e. the obtained reflectiv-
ity profile is doubled or mirrored. If the sample is positioned at one side from
the zero delay plane, the artifact has no effect on the image interpretation and,
in this case, only one part is used. Figure 3.5 illustrates a typical experimental
A-scan obtained using the developed mid-IR FD-OCT system.

I(z)

z
0

DC

R1

R2
R3

R4

Figure 3.5: FD-OCT A-scan of a multi-layer ceramic stack (4 in-
terfaces, denoted as RN ) with a total thickness of about 800 μm,
tilted by 45◦; the signal pedestal and decay between reflectors
are affected by strong internal scattering and the roll-off.

Thereby, OCT provides axial reflectivity profiles at certain and fixed lateral
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positions. The further imaging principle implies recording of cross-sectional
scans (so-called B-scans) by lateral scanning of the beam over the surface of
a sample. The procedure can be implemented through deflection of the beam
before the focusing optics (telecentric or f–theta scanning systems required) or
movement of the sample relative to the optical axis. In both cases, multiple
and spatially diverse A-scans are obtained and stacked together forming a B-
scan. Figure 3.6 displays the details on the generation of the cross-sectional
images; Figs. 3.6(a) and (b) presents raw and processed data respectively. In
the final, Fig. 3.6(c) displays a volume OCT scan (C-scan), which is formed by
area scanning and stacking of multiple B-scans.
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(a) Example of spatially resolved spectral
interferograms corresponding to a
cross-sectional scan, raw data
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(b) Computed B-scan

(c) Mid-IR FD-OCT C-scan of a tricalcium phosphate ceramic
microstructured tube, the imaging depth is around 1.2 mm

Figure 3.6: Conceptual basis for FD-OCT imaging principles,
illustrated for the real data obtained by the mid-IR OCT system.
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3.2 Imaging parameters

3.2.1 Axial resolution

As mentioned in the previous sections, the axial resolution of an OCT system
inversely depends on the spectral bandwidth ∆k of the light source, as defined
by the coherence function γ(z), which is related to the power spectral density
G(k) by the Fourier transform:

γ(z) = F (G(k)). (3.10)

Therefore, the theoretical estimation of the axial resolution is case dependent
but it is possible to illustrate it for a special instance. A particular example of
such a function may be a spectral distribution described by a Gaussian function,
for which the derivation can be simplified using Fourier transform properties.
Thereby, G(k) and γ(k) can be written as [34]:

G(k) =
1

∆k
√
π
e−[ k−k0

∆k ]
2

F−→ γ(z)e−z
2∆k2

, (3.11)

where k0 is the center wavenumber. For this particular Gaussian-shaped power
spectral distribution, it is possible to define the coherence length at the FWHM
of the magnitude of the coherence function γ(z), so that the axial resolution δz
is given then as:

δz = lc = FWHM(|γ(z)|) =
2
√

ln 2

∆k
=

2 ln 2

π

λ2
0

∆λ
, (3.12)

where λ0 and ∆λ are the center wavelength and wavelength bandwidth re-
spectively. Figure 3.7 illustrates the dependence of the axial resolution on the
bandwidth, exemplified for the spectral range of interest for the thesis. The
displayed dependencies, however, are idealized because they do not include, for
example, dispersion effects that degrade the axial PSF and are subject to cor-
rection using hardware- and software-based methods [294–300]. In principle,
the axial resolution of OCT is not limited by diffraction, although it depends
on the center wavelength. This fact makes it possible to capture ultra-high res-
olution images even using low-NA optics, thereby pushing the resolving power
beyond the limits of incoherent imaging [301].
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3.2.2 Lateral resolution

In contrast, the lateral resolution δx of OCT is decoupled from the axial and
given by the spot size of the focused light, thus, it is limited by diffraction.
Therefore, lateral resolution depends largely on the type of the beam profile
and its quality as well as on the quality of the focusing optics (aberrations
have major effects). Despite of the specific features of laser beam focusing and
propagation (soft-edged beams) and assuming a circular aperture and on-axis
positioning, a good estimation for δx is given by the Abbe formula:

δx =
λ0

2NA
. (3.13)

Since OCT is usually dealing with low-NA focusing optics, it is convenient to
rewrite Eq. (3.13) in the following form:

δx ≈M2
4λ0f

πw0

, (3.14)

where M2 is the beam quality factor, f is the focal length of the optics, and w0

is the beam waist.

3.2.3 Imaging depth

In general, the penetration depth of OCT is considered confocal gated and often
scatter-limited. However, in FD-OCT, the imaging depth and depth sensitivity
loss (or so-called sensitivity roll-off) are additionally affected due to the finite
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Figure 3.7: Axial resolution of OCT versus light source band-
widths for center wavelengths in the near- and mid-IR ranges.
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number of pixels, i.e. the spectral sampling rate, and limited spectral reso-
lution. Since deeper interfaces represent higher modulation frequencies of the
spectral interferogram, the maximum imaging depth of FD-OCT is governed
by the Nyquist-Kotelnikov-Shannon theorem. Thus, for a spectral sampling
interval δsλ = ∆λ/Np, where Np is the number of spectral channels or pixels,
the criterion for the maximum FD-OCT imaging depth is given in the following
form:

zmax =
1

4

λ2
0

δsλ
. (3.15)

Further, since the resolution limit of spectral discrimination is restricted
(either the resolution of the spectrometer or e.g. the finite width of the swept-
source band), the modulation frequencies allowed by the Nyquist-Kotelnikov-
Shannon criterion are not necessarily permitted or resolved by the FD-OCT
system. In other terms, the spectral interferogram is always being convolved
with a kernel δrλ , which describes the resolution in wavelengths (FWHM), de-
creasing the visibility of high fringe frequencies. According to the convention,
the fall-off depth of imaging is determined at the level where sensitivity drops
by a factor of 1/2 or 6 dB:

z6 dB =
ln 2

π

λ2
0

δrλ
, (3.16)

however, this estimation does not set sharp restrictions, so that the deeper
interfaces beyond z6 dB can still be observed if they exhibit enough reflectivity.
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Chapter 4
Mid-IR spectroscopy and hyperspectral
imaging

Mid-IR spectroscopy is a well-established optical NDT measurement technique
capable of studying and conducting chemical analysis of samples in all phases
of matter. It exploits the principles of absorption spectroscopy to access the
molecular structure of chemicals or – more precisely, to probe molecular vibra-
tions – and identify the ensemble of compounds. Among optical methods of a
similar purpose, mid-IR spectroscopy stands-out due to its distinctive features
of high analytical selectivity, sensitivity, and relative simplicity. Besides, con-
sidering relative costs of the equipment, it complements other methods like e.g.
nuclear magnetic resonance and mass spectrometry. All these facts probably
made mid-IR spectroscopy a gold-standard tool in research laboratories, routine
analytical scenarios as well as in industrial fields.

This chapter is devoted to a short introduction to mid-IR spectroscopy; it
briefly describes the theoretical basis and reviews basic concepts of spectroscopic
measurements and hyperspectral imaging. The aspects and terminology that
are directly related to the scope of the work are disclosed. An extensive and
in-depth background of the topic as well as an overview of instrumentation,
operation modes, data processing, applications etc., can be found in [116, 302]
and in [303]; specifics on analysis and interpretation of IR spectra can also be
found in literature e.g. in [117].

4.1 Theoretical background

The mid-IR region occupies a part of the electromagnetic spectrum from 400 cm-1

to 4000 cm-1 that corresponds to the wavelength range of 2.5 μm - 25 μm. The
technique of mid-IR spectroscopy exploits light of these frequencies to track
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absorption induced transitions between molecular vibrational modes of inter-
est. The basic criterion for IR activity of a vibrational mode is a net change in
electric dipole moment in a molecule.

Essentially, molecules appear to behave as complex mechanical-like systems
capable of undergoing a series of different motions within chemical bonds acting
as elastic, flexible connections. Thus, for instance, a simple diatomic molecule
can be treated as two masses connected by a compression spring. The com-
plexity of various atomic motions depends, first of all, on the structure of a
molecule, bond strengths (characterized by the force constant), and the masses
of the connecting atoms. For molecules consisting of Na atoms, the total num-
ber of modes – equivalent to mechanical degrees of freedom – can be defined as
3Na. Apparently, for nonlinear molecules, six possible motions are presented by
simple translations and rotations (along and about x, y and z axes), thus, the
number of vibrational modes is given1 as 3Na − 6; the number of vibrational
modes for linear molecules (e.g. diatomic) is 3Na−5, since one rotational mode
is always degenerate.

To some extend, the behaviour of the vibrational modes can be well-approxi-
mated using the harmonic oscillator model. Being subject to quantum mechan-
ics, the potential energy of such an oscillator is quantized, i.e. assumed to have
only discrete values of energy, and, therefore, can be described by the equation:

Ej = hνj

[
υj +

1

2

]
, (4.1)

where h is Planck‘s constant, νj is a characteristic fundamental frequency (Hz)
of the mode j; υj is the vibrational quantum number (υj = 0, 1, 2, ...). The
frequencies of vibrations are determined by bond strengths (influenced by a
sequence of factors and chemical environment, may vary for the bonds of the
same type), geometry and the masses of the connection atoms. Thus, vibrations
of bonds for a simple harmonic oscillator can be approximated according to
Hooke’s law as:

ν̃j =
1

2πc

√
k

µ
, (4.2)

where ν̃j is the vibrational frequency (expressed in cm–1, i.e. ν̃j = νj/c), k is
the force constant (or bond spring constant), µ is the reduced mass. Figure 4.1
serves for illustrative purposes and depicts the potential of a simple harmonic
oscillator – exemplified for a diatomic molecule.
1 The number of fundamental transitions can be less, since some modes can be degenerate,

i.e. motions do not change the energy of the molecule.
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Figure 4.1: Potential energy Ej(r) of a diatomic molecule for
a harmonic and an anharmonic oscillations as a function of the
interatomic separation r.
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In practice, the harmonic oscillator model provides a sufficient approxima-
tion and is valid only for describing systems with low vibrational quantum
numbers. In the case of intense vibrations associated with high energy states,
anharmonic motions occur and the precise approximation of the molecules vi-
brational structure should be given by an anharmonic potential (Morse-type2)
function, for which the potential energy would be given as:

Ej = hνj

[
υj +

1

2

]
+ hνjxj

[
υj +

1

2

]2

+ hνjyj

[
υj +

1

2

]3

+ ..., (4.3)

where xj, yj are the anharmonicity constants; fractional, dimensionless. To
emphasize the practical differences, Fig 4.1 also displays the behaviour of the
actual anharmonic system.

The anharmonicity of the motion results in several important consequences:
the anharmonic nature of molecular vibrations relaxes the selection rule and
enables transitions that involve changes of υj by more than ±1, which are for-
bidden for harmonic systems. Therefore, besides the fundamental transitions
between the ground and the first exited state (∆υj = 1), transitions correspond-
ing to multiples (∆υj = 2, 3, .., overtones) and combinations of the fundamental
2 The Morse potential function provides a good interatomic interaction model for diatomic

molecules. Various complex molecular modeling scenarios involve approximations by the
Lennard-Jones function [304].
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frequencies can occur. The overtones or higher harmonics are responsible for
the presence of resonant frequencies above the fundamental frequency and cause
so-called overtone absorption bands prevailing in the high-frequency part of the
electromagnetic spectrum (mainly of interest for near-IR spectroscopy). In most
cases, non-fundamental vibrations merely complicate the interpretation of the
spectrum, however, occasionally these bands convey important structural infor-
mation [117]. These transitions have, however, less probability and, therefore,
associated bands are much weaker (by several orders of magnitude) than fun-
damental ones. This fact highlights practical benefits of mid-IR spectroscopy
and forms the conceptual basis for discrimination of near- and mid-IR spec-
troscopy – mid-IR spectroscopy probes fundamental molecular vibrations. In
addition, the Morse-type approximation includes the effects of bond breaking,
where Ed is the dissociation energy (see Fig. 4.1).

Hence, mid-IR spectroscopy is unique since the majority of molecules are
intensely active in this spectral region, i.e. responsive (if associated with a net
change in the electric dipole moment), to the certain light frequencies (νp) and
display strong absorptions due to fundamental resonances. In other terms, the
energy of a photon Ep = hνp can be absorbed initiating a transition to the
corresponding excited vibrational state of characteristic energy Ej = Ep; the
energy relaxation from high vibrational states is governed by cascaded redistri-
bution of energy through coupled modes of the molecule and its surroundings
leading finally to thermal equilibrium (thermal relaxation). Thus, by extending
and using spectral combinations of multiple light frequencies, i.e. polychromatic
light, specific chemical functional groups in molecules can be identified by as-
signing observed absorption bands (a recorded map) to the vibrational modes
associated with a certain functional group. Thereby, every IR active molecule
that has a unique absorption spectrum can be recognized due to the presence or
absence of certain spectral signatures. To illustrate these speculations, Fig. 4.2
depicts a typical infrared spectrum of formaldehyde (CH2O, solution in car-
bon tetrachloride) – simplest of the aldehydes – displaying an assortment of
absorption bands of different intensity and shape.

Basically, fundamental vibrations can be of various kinds; the general types
are: asymmetrical and symmetrical stretching vibrations (atomic motions along
the bond axis), bending (scissoring, rocking, twisting, wagging – changes in the
bond angle), and skeletal vibrations (motion of the entire molecule). Prac-
tically, absorptions related to the certain types of vibrations occupy different
spectral sub-ranges in the mid-IR, since energies needed e.g. to stretch or bend
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Figure 4.2: An infrared spectrum, showing various absorption
bands; exemplified for absorption of formaldehyde (CH2O, spec-
trum taken from a database [305]).

a bond differ – the borders are, however, smooth and overlapping. For in-
stance, stretching vibrations are mostly observed at high frequencies, in the
range between 4000 cm-1 and 1500 cm-1 (2.5 μm- 6.6 μm), while stretching-
bending associated absorption occurs in the range of 1500 cm-1 and 400 cm-1

(6.6 μm - 25 μm); skeletal vibrations correspond to the range from 1420 cm-1 to
666 cm-1 (7 μm - 15 μm) [117]. Hence, for the simple example shown in Fig. 4.2,
several specific vibrations can be identified (except overtones): asymmetrical
and symmetrical CH2 stretching vibrations at around 2850 cm-1 and 2785 cm-1

respectively; C=O stretching vibrations at around 1750 cm-1; CH2 scissoring at
1485 cm-1, rocking at 1250 cm-1, and wagging at 1165 cm-1.

Moreover, the width and shape of individual absorption lines depend on
the state of aggregation (gaseous, liquid or solid) and particular measurement
conditions. For example, the natural broadening of the lines in gases is a subject
to gas pressure (effects on intermolecular collisions) and temperature (speeds
of molecules, responsive for Doppler broadening). Due to the almost complete
absence of the matrix and other specific features, resulting absorption bands
of gases are usually sharp, in contrast to the absorption of condensed-phase
samples; however, bands of solids are usually narrower than the bands of the
same molecules in solution due to restricted motion of the functional groups.

4.2 Measurement modes

Regardless of the type of spectrometer, but of the phase of matter, different
modes of measurements can be employed to probe samples in mid-IR spec-
troscopy. Figure 4.3 shows the basic measurement approaches.
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(a) Transmission (b) Transflection

(c) Reflection (d) Attenuated total reflection

Figure 4.3: Basic measurement modes employed in mid-IR spec-
troscopy; the infrared beam is shown in red color.
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Figure 4.3(a) depicts a classical approach of single-channel transmission
spectroscopy. In practice, the so-called transflection method [see Fig. 4.3(b)] is
equivalent to transmission, while the main difference is the break of the optical
axis. The distinctive feature of these configurations is a precise control (and
general spectral independence) of the interaction path length b; both methods
are well suited for all states of aggregation3: liquid and gas cells can be em-
ployed for corresponding measurements. The relation between the intensities
of incident I0(ν̃) and transmitted I(ν̃) light [i.e. absorbance A(ν̃)], light-matter
interaction path length b, concentration c, and decadic molar absorption coeffi-
cient ε(ν̃), are governed by Beer’s law – introduced in Chapter 1 [see Eqs. (1.1)
and (1.2)] – repeated for clarification here:

A(ν̃) = − log10

[
I(ν̃)

I0(ν̃)

]
= log10

[
1

T(ν̃)

]
= ε(ν̃)bc.

3 The main condition is the relative transparency, i.e. no total absorption occurs.
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It should be noted that the molar decadic absorption coefficient ε(ν̃) is related
to the imaginary refractive index k(ν̃) as follows:

k(ν̃) =
ε(ν̃) · c · ln 10

4πν̃
, (4.4)

Spectroscopic measurements of the experimental part of the thesis (superconti-
nuum-based FTIR, Publication III), where enhanced capabilities of mid-IR su-
percontinuum sources for FTIR spectroscopy were accessed and evaluated, were
conducted in transmission mode.

The principles of the reflection mid-IR spectroscopy configuration are shown
in Fig. 4.3(c). This class comprises the techniques of specular (aligned according
to the law of reflection, surface reflections dominate) and diffuse (various de-
signs, capable of collecting scattered light) reflection spectroscopy [306]. In ad-
dition, the geometry of the particular setup may vary significantly depending on
application scenarious. For instance, in normal incidence geometry (the signal is
proportional to the superposition of diffusely and specularly reflected light), the
incident and backreflected beams are aligned collinearly on the same axis and
optically separated by the receiving system. Reflection mid-IR spectroscopy
is often employed to obtain spectra from materials intractable by transmission
spectroscopy. The relative freedom provided by the reflection-based technique
and the diversity of system designs enable various interesting implementations:
among them, special attention can be paid to stand-off spectroscopic measure-
ments [197, 198], passive (conventional imagers capable of spectral discrimina-
tion) and active hyperspectral imaging solutions [307], microspectroscopy [188–
192] etc. In practice, Beer’s law cannot be directly applied in reflection spec-
troscopy, since multiple processes contribute to the light-matter interaction, and
the thickness definition is complicated. However, the interaction path length
defined statistically as the mean penetrated layer thickness b̄ can be used in-
stead. In the case of strong diffuse reflections, the precise approximations and
explanations are given by the Mie, Kubelka and Munk theories. In the con-
text of the general direction of the dissertation, it is worth mentioning that the
principles of the reflection mode were selected for implementation in the correl-
ative mid-IR tomographic and spectroscopic imaging (Publications IV and V);
detailed information is given below and in the corresponding consolidated sum-
mary publication.

Figure 4.3(d) illustrates the basic concept of an alternative sampling tech-
nique namely attenuated total reflection (ATR) spectroscopy – the case is ex-
emplified for a single-reflection prismatic internal reflection element (contrary,
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multireflection or hemispherical elements can be used). The method of ATR
spectroscopy employs an evanescent wave occurring at media boundaries un-
der total internal reflection4 to probe samples in the liquid or solid state. The
distinctive feature of the technique is the relative simplicity as no sample prepa-
ration is required. Thus, this method is preferable, for instance, for strongly ab-
sorbing samples, since the typical interaction path lengths are short, in the range
of a few micrometers. The exact value of b is determined by the wavelength,
geometry of the element and the refraction indices of both media. Thereby,
spectra are often post-corrected to exclude the possible influence of the varying
penetration depth. This technique has been occasionally employed throughout
the thesis to verify obtained spectra.

4.3 Hyperspectral imaging principles

Hyperspectral imaging in the mid-IR spectral range, i.e. spatially or/and tem-
porally resolved mid-IR spectroscopy, can be performed using any of the operat-
ing modes described above (in some cases, adaptation is needed). Features and
attributes of certain implementations depend on a particular scenario, resolu-
tion requirements and on e.g. the scale of the scene to be captured (macroscopic
and microscopic). Hence, different approaches are feasible and can be exploited.
In general, the methods of vibrational spectroscopic imaging are well-proven,
multifaceted, and of great practical interest in a wide range of applications in-
cluding biomedical and industrial imaging, stand-off detection of gases and ma-
terials, mineral sensing, environmental monitoring, and others [190, 253, 307–
316]. A substantial advantage of the technique is the specific image contrast,
which allows to unambiguously identify the chemical composition of the sample
(qualitative analysis), as well as to perform quantitative analysis of components.

The first group of mid-IR imaging approaches, called passive hyperspectral
imaging, is represented by conventional camera-type imagers that exploit essen-
tial concepts of optical staring imaging and capture spatial information (two- or
one-dimensional) simultaneously; spectral discrimination (the third data dimen-
sion that forms a hypercube) is then performed between the optical system and
the focal plane array (FPA), for example, by means of spectral filtering [317],
using the principles of FTIR spectroscopy [318], or exploiting non-standard tech-
niques based on nonlinear upconversion [319, 320]. These methods are named
passive because the devices do not contain an on-board light source, but use
4 The refractive index of the element must be higher than that of the sample; usually,

germanium or silicon elements are used
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passive illumination to produce images [321]. Despite drawbacks caused by the
unpredictability of background illumination, the major challenge of establishing
a multipurpose and robust mid-IR passive hyperspectral imaging system is the
lack of cost-effective, high resolution and sensitive FPAs [322]; this fact again
considerably distinguishes this spectral range from the near-IR region. In ad-
dition, the strict dependence on the conditions under which measurements are
taken that is specific to passive systems significantly complicates the spectral
analysis.

This thesis considers and focuses on the combination of mid-IR OCT with
an alternative advanced technique, namely active hyperspectral imaging and,
in particular, in micrometer scales. At present, the most popular configuration
for IR chemical imaging, mapping, and microspectroscopy is the FTIR imaging
spectrometer based on a globar thermal emitter and on an FPA (or scanning
system with a point detector and apertures determining spatial resolution and
causing a compromise between the optical throughput and spatial efficiency).
Although this concept exploits an on-board light source and has a stable and
predictable background, it has limitations partly similar to passive imaging.
Thus, for systems that employ FPAs, the limitations are mainly dictated by
the above-mentioned technological state. For the scanning systems based on
thermal emitters, the essential limit arises due to the low brightness of the
sources, which leads to trade-offs between sensitivity and spectral and spatial
performances [302].
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Figure 4.4: Conceptual basis for a raster-scanning active laser-
based mid-IR hyperspectral imager; the principle design selected
for the integration into the OCT system.

The most bright example of state-of-the-art active hyperspectral imagers,
which are also most suitable for integration into the OCT system, are laser-
based systems. This particularly interesting concept of the active system has
several advantages. In addition to enhanced sensitivity and detection (due to
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the high brightness), laser-based active imaging enables using of a single point
detector without the burden of compromise between signal levels and spatial
resolution (inherent to FTIR systems based on thermal emitters). The spatial
discrimination is achieved then by scanning the area of interest, while spectral
discrimination is performed by means of the source tunability or on the detection
side of the system, i.e. using a spectrometer. Due to the high brightness and
beam quality, active laser systems liquidate traditional trade-offs and overcome
conventional solutions in terms of sensitivity and resolution (primarily spatial),
as recently demonstrated in [190] (Publication VI). The conceptual basis for a
simple active raster-scanning (point-mapping) hyperspectral imager is shown in
Fig. 4.4; the presented design has been selected as a basis for the experimental
system due to technical overlaps with the OCT imaging principles.
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Figure 4.5: Principles of mid-IR hyperspectral imaging ex-
emplified for reflection microspectroscopy of red blood cells
(Publication VI).

Figure 4.5 illustrates the application side of the concept and provides an
example of the mid-IR hyperspectral system output – obtained exploiting the
above-mentioned approach with a tunable Fabry-Pèrot filter for spectral dis-
crimination. The microspectroscopy system, which was used to produce the
images, is a raster-scanning active microscope based on a novel mid-IR super-
continuum source. Figure 4.5(a) displays the global intensity image of blood
smear on a microscope glass (40×40 μm2 area image, 1 μm step), while each
pixel of the image carries the entire spectral information measured within a
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wide spectral bandwidth of 3.1 μm to 4.4 μm [see Fig. 4.5(b)]; more information
about the given example can be found in [190] (Publication VI).

4.3.1 Imaging parameters

Appearing at the intersection of spectroscopy, optical microscopy and imaging,
hyperspectral methods use inherited technical parameters and expressions [323].
The definitions given below are determined and, thus, valid only for the active
laser-based point-mapping systems.

4.3.1.1 Spatial resolution and field of view

The spatial performance of hyperspectral imaging is determined by the optical
design of the system, properties of the light source and the employed scanning
approach. The first parameter is the field of view (FOV), which determines the
extent of the scene which the system is capable of capturing. In imaging, the
field of view is angular and a product of the magnification and sensor area. In
the case of point mapping, which is of particular interest of this work, the FOV
can be angular or linear and is theoretically limited by the scanning system
employed (its geometry, i.e. by the maximum one-sided scan angle, in the case
of galvanometer scanners, or maximum scan ranges of translation stages). For
instance, the FOV of the established experimental system is 25×25 mm2.

0 500 1000 1500 2000 2500
Spatial scan coordinate (µm)

0.00

0.25

0.50

0.75

1.00

In
te

n
si

ty
(a

.u
.)

35.0839.3744.1949.6155.6862.50

Figure 4.6: Spatial resolution of the multimodal OCT and hyper-
spectral imaging system of the first configuration (with a 50 mm
achromatic doublet, corresponds to Publication I), experimen-
tally characterized using a 1951 USAF resolution test chart with
a scan step of 1 μm; the intensity plot along a strip of the com-
plete 3rd group is shown, linewidths in micrometers are denoted
on top of each element.
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Another important optical parameter is spatial resolution, which determines
the ability of the system to record fine structural features of samples, i.e. trans-
fer spatial frequencies. The spatial resolution δx is determined by the spot size
of the focused beam, so the definition is identical to the lateral resolution of
OCT given in Chapter 3; thus, the same expression [see Eq. (3.14)] can be used:

δx ≈M2
2λ0f

πw0

.

Figure 4.6 exemplary illustrates the characterization of the one-axis spatial
resolution of the imaging system used in Publication I. The scan step of 1 μm
determined by the XY scanning system is far below the real resolution, which
is around 30 μm.

4.3.1.2 Spectral resolution and bandwidth

Considering hyperspectral data as a three-dimensional cube, the orthogonal
(and analogous) to the spatial FOV is the spectral range, which describes the
wavelength region covered by the system. Apparently, the spectral range is
predetermined by the spectral bandwidth of the light source, however, it can be
windowed again by the employed spectrometer (including effects of the specific
spectral responsivity of the detector).

Further, similarly to the spatial resolution, the spectral resolution δλs of the
hyperspectral imaging system is a measure of its power to resolve fine spectral
features, i.e. the ability to separate two adjacent spectral lines.

Thereby, these parameters are dependent on the particular spectrometer
design (or light source if tunable) and greatly differ e.g for diffraction-based
(optically defined) or FTIR spectrometers (the reciprocal of maximum retar-
dation). The spectral resolution δλ is closely related to the resolving power
R5 – criterion used in optical design – and the wavelength λ at which the spec-
tral separation is possible[121]:

R =
λ

δλs
. (4.5)

Focusing on aspects of experimental implementation, the FWHM spectral
resolution of the MEMS-based tunable Fabry-Pèrot spectral filter (an etalon
with an electrically controllable cavity length) that has been employed in the
5 In the case of grating-based poly- or monochromators, related to linear dispersion.
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multimodal system is given as [324]:

δλs = 2d
1−R
π
√
R
, (4.6)

where d is cavity length and R is the mirror power reflectivity. The exper-
imentally specified spectral resolution of this spectrometer is reported in the
consolidated paper (Publication V).
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Chapter 5
Multimodal mid-infrared OCT and
spectroscopy system

This chapter is devoted to complementing information on experimental imple-
mentations – discussed in the consolidated publications – with technical details
and features that were not previously disclosed or only briefly mentioned.

The chapter explores the concept of the system and its selection rationale;
demonstrates aspects of the optical design of the OCT spectrometer as well as
investigation of particular components. Besides, since the developed multimodal
system employs pyroelectric detectors, a short theoretical background on this
topic is given in the corresponding section.

5.1 Concept and rationale

Being of considerable interest for various optical measurement techniques, the
mid-IR spectral region is also significantly more challenging from an engineering
point of view than the VIS and near-infrared ranges. The most noticeable issues
and distinctions are due to the lag of the technology state; i.e. the lack or
immaturity, inferior quality and price, of optical components, detectors, and
fibers in this spectral region. These circumstances set the initial boundaries for
the development line of the multimodal mid-IR OCT and spectroscopy system,
i.e. for the line to which the thesis is devoted.

Hence, due to the specific drawbacks, commercial unavailability of mid-IR
fibers and absence of key fiber-components (e.g. fiber couplers), the core of the
system has been established in a free-space configuration. Moreover, due to
the simplicity and the low number of the necessary components, a Michelson
interferometer was employed as a basis.
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The crucial stage in the development was the selection of the OCT architec-
ture (TD-OCT or FD-OCT) that imposes the subsequent adoption of a suit-
able detection solution. Since mid-IR detectors are generally inferior to VIS
and near-IR systems in terms of sensitivity 1 (high noise equivalent powers,
NEPs, reciprocal to detectivity) [325] the goal was set to implement an FD-
OCT system in order to gain a specific SNR advantage (detailed in [20–23] and
in Chapter 3). In addition, conventional TD-OCT in the mid-IR spectral range
is not novel. It was demonstrated in [112, 114] and using nonlinear interfer-
ometry in [115], however, these solutions were not able to provide traditional
cross-sectional OCT images of real samples due to low sensitivities.

Thereby, the arisen requirements and, thus, technical challenges for the es-
tablishment of FD-OCT in the range beyond 3 μm presuppose utilisation of
mid-IR spectrometers adapted for the supercontinuum emission and OCT imag-
ing (since the broadband supercontinuum source is non-tunable). In contrast
to the near-IR and VIS, mid-IR semiconductor focal plane arrays (FPA) – the
key component of the OCT dispersive spectrometers – are expensive and have
low resolution (often QVGA) and deficient specifications (dynamic range and
optical design) due to the primary application in specific scenarios. Consider-
ing the above-mentioned aspects, the main direction of development was aimed
at using inexpensive thermal FPAs of relatively high resolution (important pa-
rameter for OCT imaging), namely pyroelectric arrays, for the custom mid-IR
dispersive spectrometer operating in direct-frequency mode (i.e. no frequency
conversion and nonlinear interferometry applied). The pyroelectric detectors
were found suitable, however, specific, requiring a distinct design of the detec-
tion system; they have in general wavelength-independent responsivity and are
AC-coupled, i.e. responsive to the temperature changes (light intensity modu-
lation is needed). Concrete details of specificity are discussed in the attached
publications, general parameters and comparisons can be found in [325].

Therefore, the pyroelectric-based spectrometer has been designed and opti-
mized for use in mid-IR OCT in an optical design software. The specific details
on these first experimental implementations and results are disclosed in Publi-
cation I, while the additional technical details are demonstrated in the following
sections. Besides, it should be noted that the initial system (corresponding to
Publication I) has been continuously evolving and improved throughout the
1 Semiconductor detectors (HgCdTe and InSb, expensive solutions) have very low bandgap

energies and high dark noise levels (require sophisticated cooling systems), while ther-
mal detectors are subject to a trade-off between sensitivity and frequency response and
tend to have lower responsivity (low detectivity at high frequency) than the former in
general [325].
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work, so that some optical components were optimized or replaced to enhance
the system’s specifications. A particular example of such an evolution is the
implementation of the dual-band IR OCT (near- and mid-IR) that required a
change of related optical components.

The major upgrade that corresponds to solving the second problem that
raised during the work on the thesis is the integration of the mid-IR spec-
troscopy modality. Since the OCT system has been established on a pyroelectric
linear array and employs light intensity modulation, the same type of detector
was selected for the mid-IR spectroscopy modality. For this purpose, a special
class of cost-effective mid-IR spectrometers, namely systems based on tunable
MEMS Fabry-Pérot filters, has been adopted. These systems employ pyroelec-
tric point detectors and, despite the low price, proved their performances for
many spectroscopic applications [190, 194, 198]. The details on the integration
and discussions on the contradictory requirements of the modalities are given
in Publication IV and Publication V.

Thereby, the trajectory of development has led to the elaboration of a cost-
effective multimodal mid-IR OCT and spectroscopy system – demonstrated for
the first time, established in the free-space configuration and based on thermal
detectors. It is worth to note, the mid-IR supercontinuum source, the crucial
component of the system, is still an expensive part, but the price is expected to
fall due to the possible transition to optimal designs, such as cascading schemes,
thanks to progress driven by high demand.

5.2 System design

5.2.1 Optical configuration

As postulated above, the system was set up based on a free-space Michelson
interferometer. Figure 5.1 depicts the first system design (OCT modality only)
that corresponds to Publication I (the complete scheme of the multimodal sys-
tem is shown below in Fig. 5.10); this earliest and simple scheme is introduced
only to discuss particular optical components and design features.

The output of the employed supercontinuum source in the schematic drawing
is presented by the collimator (based on an off-axis parabolic mirror). The
system’s interferometer is formed using an 1-inch BS2 and 1-inch unprotected
gold mirrors, which provide relatively high power reflectivity within the emission
2 A plate beam splitter may cause parasitic interference and OCT image artifacts for highly

reflective samples due to reflections on both facets, thus, it was replaced by a pellicle
mid-IR beam splitter in further designs.
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spectrum of the supercontinuum source. Protected gold mirrors were also tested
during assembly and have been found to have a tendency to degrade over time
(over several months), becoming opaque and matte (surface degradation) under
the action of the supercontinuum radiation.

Considering the measurement head (i.e the interferometer sample arm), the
key element of interest is the focusing optics. In practice, it is the main assembly
of the system that determines transverse resolution, i.e. spot size, and confocal
gate. The use of gold off-axis parabolic mirrors for this purpose has been infea-
sible in the experimental implementation due to alignment difficulties causing
strong astigmatism after backreflections. Thus, lens mid-IR optics were used
(two versions have been implemented); the spatial discrimination – according
to the conceptual design – was performed using an XY translation stage due to
the absence of suitable scanning objectives.

As mentioned above, the FD-OCT detection system was implemented based
on a dispersive spectrometer (OCT spectrometer in Fig. 5.1, subject to constant
improvements throughout the work); a pyroelectric linear array, a diffraction
grating and a 2-inch concave spherical mirror were used as integral components.
This unit has been designed, adapted, and optimized for this particular use case.

Reference
mirror

XY stage
Focusing
optics

BS

Collimator

Chopper

OCT spectrometer

Figure 5.1: Design scheme of the first mid-IR FD-OCT system
(corresponds to Publication I); simplified.

The chopper, which is a mechanical rather than an optical part, was em-
ployed to modulate the light intensity as required to operate the pyroelectric
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detector. In the initial design shown in Fig. 5.1, it is placed at the output
of the supercontinuum source, so the total light intensity is modulated. The
frequency of modulation is adjustable in the range of 10 to 1000 Hz. In the up-
graded design, which is reasoned and discussed in Publication II, the chopper
is re-positioned to the sample arm of the interferometer extending the actual
dynamic range (in terms of detection).

5.2.2 Focusing optics

The first version of the experimental system employed an achromatic doublet
[Thorlabs, AC254-050-E, 50 mm focal length, see Fig. 5.2(c)] for focusing to
reduce the effect of chromatism on the lateral resolution of the system. Fig-
ure 5.2 depicts technical details and the doublet’s specifications accessed using
ZEMAX optical design software. Of particular interest is the chromatic focal
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(c) Reference drawing of the air-spaced Silicon (Si) and Germanium (Ge)
doublet

Figure 5.2: Evaluation of the key imaging parameters (chroma-
tism and theoretical resolution) for the achromatic doublet; per-
formed in the optical design software (ZEMAX).
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spot shift [Fig. 5.2(a)], which does not exceed ±10 μm for the region of interest,
i.e. it is insignificant in relation to the confocal gate of 0.96 mm.

The theoretical spot size that defines the lateral resolution has been eval-
uated using the physical optics propagator; the computed cross-section of the
focused beam is shown in Fig. 5.2(b). The initial beam parameters were deter-
mined according to the measured beam profile; for which the 1/e2 width of the
focused beam is around 49.4 μm, which corresponds to the FWHM width of
29.075 μm. The obtained FWHM width was confirmed experimentally as it is
in good agreement with the results shown in Publication I, repeated in Fig. 4.6.

Despite the high imaging performance, the doublet imposed practical limi-
tations due to the low transmission at shorter wavelengths, i.e. due to the rela-
tively narrow – with respect to the emission of the supercontinuum source – op-
erational spectral window3. To illustrate the point, Fig. 5.3(a) depicts the
transmission profile of the doublet, the normalized power spectral density of
the source is shown in the background for reference.
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Figure 5.3: Comparative spectral transmissions of the air-spaced
Si-Ge doublet and BaF2 plano-convex lens; the emission spec-
trum of the supercontinuum source is illustrated as an orange
shadow for reference.

Thus, in order to effectively use the supercontinuum emission (for the imple-
mentation of the multimodal and dual-band extensions, functioning in the spec-
tral window from 2 μm to 4 μm), the doublet was replaced by an anti-reflective
coated BaF2 plano-convex lens of the same focal length. The basic idea of the
transition was that barium fluoride exposes optimal spectral transparency [see
Fig. 5.3(b)] for the emission. Additionally, it has relatively weak – in compari-
son to e.g. calcium fluoride – total dispersion in the mid-IR wavelength range,
3 Designing achromatic optics with such a wide spectral coverage is a complicated, if not

impossible task. The primary used Si-Ge doublet is an original commerically available
lens with the widest spectral bandwidth.
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which is an important factor affecting not only lateral resolution but also the
axial resolution of OCT imaging (group velocity and higher-order dispersion
can distort OCT signals substantially).

Due to uncorrected chromatic aberration and spherical aberration of the
BaF2 lens, the lateral resolution of the focusing system is slightly reduced than
for the head based on the achromatic optics; the experimentally characterized
lateral resolution for the upgraded imaging system is shown in Publication V.
To illustrate the effects of chromatism, Fig. 5.4 provides similar technical data
for the BaF2 lens [schematic drawing of the lens is shown in Fig. 5.4(c)].
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(b) Transverse intensity profile of the
focused Gaussian beam (for several

wavelengths denoted in the legend, the axial
position is fixed, optimized for λ =4 μm)

computed using Physical Optics Propagation
tool of ZEMAX

(c) Reference drawing of the 50 mm BaF2 plano-convex lens

Figure 5.4: Evaluation of the key imaging parameters (chroma-
tism and theoretical resolution) for the BaF2 plano-convex lens;
performed in the optical design software (ZEMAX).

BaF2

Practically interesting consequences of chromatism [see Fig. 5.4(a)] are de-
picted in Fig. 5.4(b). Since the minimum spot diameter and its position gen-
erally depend on the wavelength4, the position of the plane in which the beam
4 In fact, the position of the waist, in general, does not coincide with the focal plane, but

is often well approximated.
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profiles [Fig. 5.4(b)] were analyzed, was obtained for a target wavelength of
4 μm. Therefore, the reference waist position was computed using the GBPP
operand for the beam at the target wavelength (45.98 mm from the surface)
and fixed for further assessments. The transverse intensity profiles of Gaussian
beams at the discrete wavelengths – obtained using the physical optics propaga-
tor – are displayed in Fig. 5.4(b). The 1/e2 widths of the beams in this plane are:
66.8 μm (39.3 μm FWHM width) for a wavelength of 4 μm; 63.2 μm (37.2 μm
FWHM width) for a wavelength of 3.75 μm; 71.8 μm (42.26 μm FWHM width)
for a wavelength of 4.25 μm; 71 μm (41.8 μm FWHM width) for a wavelength of
2 μm. A particularly interesting and illustrative case is the shortest wavelength
of 2 μm used in the evaluation: the waist position (the actual minimum 1/e2

width is 34 μm) for this wavelength is -829 μm away from the plane optimal
for the target wavelength5. Thereby, being optimized for 4 μm wavelength,
chromatic aberration and wavelength (causing different minimal waists within
the spectral region of interest) counterbalance each other resulting in a nearly
equal spot size in this plane. Completely different results can be obtained for
axial positioning optimized for the short wavelength region: it can enable higher
resolution at 2 μm but cause an increased blurring in the spectral range around
4 μm. Consequently, the actual positioning in the experiment was the subject
of the measurement task.

5.2.3 Spectrometer

The essential component of the mid-IR FD-OCT system – a dispersive spec-
trometer based on a pyroelectric linear array – has been designed and config-
ured consciously for mid-IR OCT imaging. The design assignment was formed
in accordance with the desired OCT performance, shape features of the super-
continuum emission spectrum, and parameters of the FPA used.

The spectral region selected for mid-IR OCT imaging corresponds to the
broad (around 500 nm) spectral emission peak (quasi-symmetric) centered at
the wavelength of around 4 μm. Considering specifications of the FPA, this band
is sampled by 510 pixels of the pyroelectric linear array. Each sensitive element
is rectangular with a width of 20 μm (dimension of spectral components, 25 μm
pitch) and a height of 500 μm. The target spectral resolution of the spectrometer
was determined to be about 3 nm that corresponds to the 6 dB roll-off imaging
depth of around 1.2 mm.
5 The beam widths for all wavelengths were calculated for equal initial waist widths and

positions, so the experimental results may differ slightly from the theoretical estimates.
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Due to the above-mentioned technical lag of refractive and transmission
optics in the mid-IR range, the spectrometer was designed in the free-space
configuration, based on reflective elements. The focal length of the mirror (i.e.
the radius of curvature) used to produce the image of the spectrum and the
grooves density of the diffraction grating were computed through blind ZEMAX
optimization to fit the detector size preserving the desired linear dispersion
(δλ/δl, where δl is the unit length in the focal plane). Further, the optimal
components were replaced by precise models of commercial components with
the closest specifications for fine angle tuning for obtaining the highest possible
spectral resolution. In the simulations, the source has been assumed to be a
point (equivalent to a very fine circular pinhole or slit) due to the extremely
small output core diameter of the ZBLAN fiber; therefore, only one on-axis
field component has been used, while the entrance pupil was set equal to the
polychromatic beam diameter. The principal layout of the system is shown in
Fig. 5.5(a).

(a) Optical layout of the spectrometer; optimized
for three wavelengths that correspond to the

center and edges of the band
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(b) Focal intensity distribution at
discrete wavelengths (3 nm spectral

separation, 4 μm center wavelength); the
pixel size is shown for reference; the
inset shows effects of discretization

Figure 5.5: Optical design of the mid-IR OCT spectrometer and
details on the verification of the theoretical spectral resolution

InputMirror

Grating

Spherical
mirror

Pyroelectric
array Pixel

The spectrometer (angles and distances) has been optimized with respect to
three target wavelengths of 4 μm (center wavelength), 4.25 μm (long-wavelength
bandwidth edge) and 3.75 μm (short-wavelength bandwidth edge) to minimize
performance-related spot diameters (i.e. spot diameters in the sagittal plane
corresponding to the spectral component axis). Therefore, the TRCY operand
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has been used to define a merit function. Besides, due to the real geomet-
rical size of the array mounted in the controller board, the tilt angle of the
spherical mirror has been additionally constrained to avoid shadows (i.e. ge-
ometrical overlaps) between the detector assembly and grating. Figure 5.5(b)
illustrates the theoretical evaluation of the spectral resolution for the optimal
configuration; a simulated focal plane intensity distribution for several discrete
wavelengths (3 nm separation, the center wavelength is 4 μm) is depicted. Since
the spectral resolution is defined not only by optics6 but also by sampling with
pixels of finite size, the inset in Fig. 5.5(b) presents the same distribution but
discretized by the virtual array, calculated for 25 μm pixel pitch (similar to the
pixel pitch of the real array, but exemplified for square-shaped). Therefore, a
spectral resolution of around 3 nm is theoretically possible. The experimental
verification of the actual spectral resolution can be obtained indirectly from
the measured sensitivity roll-off (Publication II) using Eq. (3.16). In addition,
Fig. 5.6 displays the raw spectral interferogram of high modulation frequency
(recorded for a highly reflective metallic plate) to demonstrate the frequency re-
sponse of the OCT spectrometer. Using Fourier analysis, the highest frequency
prevailed in the signal is 0.71 of the Nyquist frequency, which corresponds to a
period of 2.86 px. Thus, the spectral resolution accessed from the measurement
presented in Fig. 5.6 is around 2.8 nm.
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Figure 5.6: Spectral interferogram of high modulation frequency
verifying the spectral resolution of the OCT spectrometer.

Thereby, the experimental spectrometer has been implemented using the fol-
lowing commercially available components: a blazed grating with 300 lines/mm
grooves density (GR1325-30035, Thorlabs) and a 2-inch gold spherical mirror
6 The optical limit is below 2 nm.
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(concave, CM508-100-M01, Thorlabs). It should be noted, the spherical mirror
is employed off-axis, i.e. in non-normal incidence. Thus, astigmatism is intro-
duced, since the effective focal length is (R/2) · cos Θ in the meridional plane
and (R/2)/ cos Θ in the sagittal, where R is the radius of curvature and Θ is the
angle of incidence. This aberration [clearly visible in Fig. 5.5(b)] does not affect
spectral resolution (spots are defocused orthogonaly to the spectral-components
plane). Typically, this type of astigmatism is subject to correction using mir-
rors with two different radii of curvature for the meridional and sagittal planes,
so-called toroidal mirrors7. However, the pyroelectric array employed provides
flexibility and enables the use of non-toroidal surfaces without signal loss due
to the rectangular shape of pixels, so that the size of the aberrated spots is still
below the size of the sensitive elements.

5.3 Pyroelectric detectors

Pyroelectricity is a widely and long known phenomenon. Nevertheless, the
majority of scientific papers on this topic were published in the 60-80s of the
20th century, which corresponds to the increased activity and practical interest
at that time. This interest was initiated by the discovery of materials that
exposed a significantly stronger pyroelectric effect (ferroelectrics) that enabled
the use of pyroelectricity for light detection. Besides, a peculiar part of the
driving force was the possibility to use pyroelectricity for IR sensors.

Pyroelectric detectors are essentially thermal, which means that in con-
trast to photon detectors (irradiance conversion to mobile charge carriers) py-
roelectrics exploit conversion of light intensity into heat. Moreover, pyroelectric
devices are AC coupled (detect irradiance changes rather than irradiance lev-
els), which greatly distinguish them not only among thermal but among all
optical detectors. They offer the advantages of room temperature operation
and wide – practically unlimited, dependent on proper blackening – spectral
response [328, 329].

5.3.1 Principles of operation

Any dielectric material develops a dielectric polarization when an electric field
is applied, such polarization is defined as induced. A common feature of pyro-
electric crystals is that they are of noncentrosymmetrical structure and, thus,
have a distinct and single polarization direction. Hence, the natural polarity
7 These mirrors must be tailored individually, as their design depends on the exact geom-

etry of the system



5

80 Chapter 5. Multimodal mid-infrared OCT and spectroscopy system

is inherent for these materials and is present as a spontaneous (not induced
by external influences) polarization Ps [330]. Thus, pyroelectric materials pos-
sess a unique axis along which a permanent electric dipole moment exists [331].
However, an external electric field (the presence of the electric dipole moment
should cause surfaces cut normal to the axis to be charged) cannot be normally
observed, since if the material is a conductor, the charges become neutralized
by mobile carriers, while for an insulator, it is neutralized by stray charges at-
tracted to and trapped at the surfaces [332]. Thus, the associated charges are
compensated by free conductivity carriers and by the environment. Thereby,
the distribution of charges near the insulator surface is typically stable. The
situation changes when the temperature of the material T changes. This causes
changes in the spontaneous polarization so that the surfaces – cut normal to
the polarity axis – expose uncompensated charges and the related electric field
that, however, decreases with the speed defined by the above-mentioned re-
laxation becomes observable. According to this definition, the equation of the
pyroelectric effect can be given as:

∆Ps = γ∆T, (5.1)

where γ is the pyroelectric coefficient that can be defined as [330]:

γ = p
∂Ps

∂T
+ Ps

∂p

∂T
, (5.2)

where p is the unit vector along the spontaneous polarization axis. It should
be noted that the pyroelectric coefficient is generally temperature-dependent
(neglected for normal conditions; for ferroelectric materials the spontaneous
polarization reduces to zero at the Curie temperature).
Hence, the pyroelectric charge ∆Q that occurs on the facets of the crystal for
the temperature changes ∆T can be defined using the following relation:

γ =
∆Ps

∆T
=

∆Qs

A∆T
, (5.3)

where A is the facet area (i.e. detector area); γ assumed to represent the
component of the pyroelectric coefficient normal to the surfaces.

Since the pyroelectric detectors only respond to temperature changes, it is
convenient to present an incident power as a periodic function with the ampli-
tude Φ0 and angular frequency ω. The temperature change ∆T induced by light
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absorption can be given then as (no spectral discrimination assumed) [325]:

∆T =
εΦ0

(K2
t + ω2C2

t )1/2
=

εΦ0Rt

(1 + ω2τ 2
t )1/2

, (5.4)

where ε is the detector thermal emissivity (related to the absorption rate), Cth
is the thermal capacity of the pyroelectric element (i.e. thermal mass) and Kt is
its thermal conductance to a heat sink; Rt is the thermal resistance (Rt = 1/Kt);
τt is the thermal response time (time constant) of the detector (τt = Cth/Kt).

Thereby, the absorption induced temperature change ∆T causes a current
i = Aγ∆T/∆t, where t is time, to flow in an external electrical circuit (e.g.
read-out), thus, revealing the operation principle of this type of detectors.

Due to the above-mentioned rapid relaxation (i.e. compensation and neu-
tralization of the induced charges), it is necessary to modulate the light intensity
to make a pyroelectric device work. The modulation is commonly performed
using pulsed light sources (or implementing burst mode for high repetition rate
sources), alternatively using mechanical chopping (as done in the experimental
system, described in this thesis).

As can be seen, pyroelectric detectors exhibit both electrical and thermal
features [325]. Thus, the efficiency of the pyroelectric device depends not only
on the pyroelectric coefficient but also on optical (absorption efficiency), ther-
mal and electrical properties. For instance, since a larger ∆T is desirable, the
thermal capacity of the detector element and its thermal coupling should be – as
indicated by Eq. (5.4) – reduced. Thus, the overall objective is the reduction
of the crystal mass (as done for the linear array of the OCT spectrometer by
means of the ion-etching technique) and optimization of the thermal coupling to
control heat transfer (features of thermal coupling were exploited for the OCT
roll-off steering reported in Publication II). Basically, these thermal parame-
ters result in the thermal time constant τt, which is typically in the millisecond
range (far inferior to photonic detectors). Another consequence of the thermal
nature, which also affects responsivity i/Φ0, relies on the modulation frequency
ω; if ω increases, ∆T drops sharply, imposing the trade-off between sensitivity,
∆T , and frequency response.

Additionally, the pyroelectric detector possesses electrical features as it can
be represented as a capacity Cp (crystal material with electrodes on two sides)
in parallel with resistance Rp (a shunt conductance G) and a current generator
in parallel with the capacity; the equivalent electrical circuit and a detailed
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description can be found in [325, 332]. The electrical properties of the pyroelec-
tric detector (and in some cases also of an amplifier used) determine its elec-
trical time constant (τe = Cp/G). Hence, pyroelectric detectors have thermal
and electrical time constants that are the fundamental parameters determining
their frequency dependence of responsivity, operating bandwidth and different
regimes (an extensive theoretical background can be found in [325]). Regardless
of this, the generated pyroelectric current i can be also detected using various
circuits, which are presented, in general, by two fundamental preamplifier op-
tions (preamplifier in voltage and current mode -[325, 333]) that have certain
advantages and drawbacks.

The noise performance of pyroelectric detectors that affects the actual NEP
relies on their specific properties. Thus, the principal noise sources are: tem-
perature noise (heat conductance variations between the detector and the sur-
rounding substrate with which the detector element is in thermal contact, in-
cluding radiative heat exchange); Johnson noise in equivalent shunt resistance
(electronic noise generated by the thermal agitation of the charge carriers) and
amplifier noise.

5.3.2 Experimental and integration aspects

The pyroelectric linear array (lithium-tantalate, LiTaO3) used in the OCT spec-
trometer has a specified NEP of 1.7 nW. The responsitivity of each sensitive ele-
ment (dependence of the signal voltage on the incident radiation flux) is 680000
V/W, enhanced by ion-beam etched thermal isolation trenches and thermal
mass reduction (the thickness of the elements8 is around 5 μm).

The sensitive elements are black-coated (absorbing NiCr metal layer) making
them highly responsive within the entire mid-IR spectral region. The linear
array has the maximum sensitivity in the range of around 4 μm (the efficiency
of light to heat conversion is around 95%), however, it is relatively flat, providing
possibilities to efficiently use it in the range of 2 μm to 12 μm. Figure 5.7 displays
the spectral sensitivity curve.

The signals produced by the individual elements are processed in a CMOS
circuit (located on the same substrate inside a hermetic metal housing). The
array read-out is implemented in the current mode and includes a low-noise
preamplifier (operational amplifier integrator, current to voltage converter),
low-pass filters, output amplifier and multiplexer; output voltage is in the range
8 The dimensions of one element are 20 μm × 500 μm × 5 μm (W × H × D, where W × H

is the sensing area)
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Figure 5.7: Spectral sensitivity of the pyroelectric linear array;
spectral absorption of the metal NiCr absorber as a function of
wavelength (provided by DIAS Infrared GmbH).

of 2.5 V ± 2 V to be digitized by an analog-to-digital converter. The dynamic
range of each element is > 75 dB.

Figure 5.8 depicts dimensional parameters of the hermetic metal housing
and a photo of the uncovered array (at the production stage). The detector
chip is hermetically closed behind an IR-transparent window (16×2 mm2). For
this purpose, a silicon-based edge-pass filter (1450 nm cut-on wavelength) of
0.5 mm was employed in the experimental setup.

(a) Technical drawings of the detector housing (b) Photo of the uncovered
pyroelectric device with integrated
electronics and a thermal detector

Figure 5.8: Dimensional details and internal arrangement of the
pyroelectric linear array.

The operational bandwidth of the linear array is from 10 Hz to 512 Hz,
however, the OCT optimal range, which has been defined empirically, is from
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40 Hz to 90 Hz. Since the repetition rate of the supercontinuum employed is
in the MHz range, the modulation is performed using a mechanical chopper
synchronized with array clocks.

As it was discussed in the previous section, the modulation frequency di-
rectly affects temperature changes and, therefore, the SNR. The maximum sen-
sitivity of OCT has been characterized in Publication I and its roll-off in Publica-
tion II. In order to complement the previously performed sensitivity assessment
and to demonstrate the effect of chopping frequency, Fig. 5.9 depicts mid-IR
OCT sensitivities characterized at different modulation frequencies (SNR values
are calculated using the same approach as in Publication I).
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Figure 5.9: Sensitivity of the mid-IR OCT modality as a function
of the chopping frequency (10 Hz step).

Besides the OCT unit, the spectroscopy modality of the multimodal system
exploits a tunable MEMS Fabry-Pérot filter with a point blackened LiTaO3

pyroelectric detector installed behind it to record mid-IR reflectance spectra.
This detector has a sensitive area of 2×2 mm2; the thermal time constant is
150 ms. The specified responsitivity of the detector is 1 V/W and the detectivity
(reciprocal of the NEP) is 3.0×106 cm

√
Hz/W, which corresponds to the NEP

of 21 μW. The pyroelectric detector employed for spectroscopic measurements
is operated in current mode using an advanced transimpedance amplifier.

Hence, the chopper used for OCT detection is also employed for spectro-
scopic measurements. The controller of the modulation system is triggered by
the pyroelectric linear array controller, which operates as a master providing
synchronization of the entire detection arm. The linear array controller-system
is operated via a developed application-oriented software package.
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5.4 Experimental implementation and summary

Figure 5.10 shows a realistic (simplified) optical arrangement of the complete
multimodal IR OCT (dual-band) and mid-IR spectroscopy system based on a
single supercontinuum source9. This scheme corresponds to the final experi-
mentally demonstrated (Publication V) configuration implemented within the
framework of this thesis.

The system consists of two independent detection systems (OCT and spec-
troscopy), represented by separate spectrometers switched by means of an opti-
cal key, i.e. a switching system (SS) based on a BS or motorized mirror (these
two configurations have been realized and provide either high measurement
speed or high SNR). The measurement path for both modalities is common,
they are united by one head in which a chopper is inserted. This ensures that
the position (set by the translation stage), from which the morphological and
spectral information is collected, is maintained and correlated. A more detailed
description, rationale for this configuration and e.g. a resolution evaluation for
this configuration can be found in Publication V.

The first demonstration of OCT in the mid-IR spectral range, to which Pub-
lication I is devoted, has confirmed the theoretical prediction of an enhanced
penetration depth, therefore, promising to open unique and new application
cases for OCT in general. Since the OCT modality has been significantly im-
proved after the release of this report, Fig. 5.11 shows an actual (up-to-date, in
contrast to the one in Publication I) comparison – which very well illustrates
the practical advantages – of a state-of-the-art FD-OCT system (1.55 μm CWL,
technical details and specifications can be found in [334]) with the developed
mid-IR FD-OCT system at 4 μm wavelength. The peculiarity of these mea-
surements is that they are performed for a sample of high porous ceramics (an
Al2O3 stack, used as a benchmark throughout the OCT-related publications),
which is the one used in the theoretical predictions and simulations [106].

Hence, despite the significantly higher sensitivity of the near-IR OCT sys-
tem (110 dB versus around 80 dB of the mid-IR OCT system 10) and normal-
incidence measurement configuration (i.e. the sample was not tilted enhancing
backreflections from sub-interfaces and reducing the geometrical thickness), the
9 Throughout the work, three mid-IR supercontinuum sources were used and tested for

this purpose, commercial as well as custom systems were provided by NKT Photonics
and LEUKOS.

10 In fact, the sensitivity roll-off of the mid-IR OCT system also exposes a much sharper
drop in comparison to the commercial, SS-OCT, system.
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Figure 5.10: Scheme of the multimodal mid-IR FD-OCT and
spectroscopy system of the last configuration (corresponds to
Publication V); peBS is a pellicle beam splitter, FPTF is a spec-
trometer of the mid-IR spectroscopy modality based on a Fabry-
Pérot tunable filter; SS is a switching system (a BS or a motor-
ized mirror); simplified.

actual probing depth of the 1.5 μm system is strongly limited (in fact, scatter-
limited); thus, no sub-interfaces are revealed and multiple-scattering dominates.
In contrast, the mid-IR OCT system demonstrates the ability to probe the en-
tire thickness of the stack (approximately 1.2 mm of the scattering ceramics),
in spite of the inferior SNR and tilt of the sample by 45◦.

The above-mentioned advantages enable the use of the mid-IR OCT in for-
merly problematic scenarios, most of which are covered in summary publica-
tions. Strong scattering in the near-IR range is common for these applications.
Of particular interest, apart from ceramics, are polymers, composite scattering
materials, pharmaceutical coatings, paints, etc. Figure 5.12 depicts some (a
small fraction of the total number of cases investigated) notable and typical use
cases that were mentioned in the papers but were not presented.

Figure 5.12(a) shows potentials of mid-IR OCT imaging for investigation of
complicated, highly scattering structures (composed of several layers of various
polymers with different dyes and additives). Thus, the Si bank-card chip posi-
tioned at the depth of around 0.5 mm under layers of highly scattering polymers
was effectively accessed and recorded. A particularly interesting topic, for which
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(a) 1.5 μm OCT system, 111 dB sensitivity;
sample not tilted
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(b) 4 μm OCT system, 80 dB sensitivity;

sample tilted by 45◦

Figure 5.11: Comparative measurements of a scattering multi-
layer ceramic stack (a combination of two aluminum oxide plates,
the second interface has embossed patterns) demonstrating the
superior penetration depth of the developed system; performed
using (a) a commercial FD-OCT system at the wavelength of
1.55 μm and (b) using the mid-IR FD-OCT modality.

the system has been intensively tested, is investigation and control of 3D-printed
ceramic parts; a typical example (imaged using the mid-IR OCT system) of the
spectacular samples that belong to this group is shown in Fig. 5.12(b). The
techniques of 3D-printing of ceramics, which emerged recently, are currently
evolving. Various ceramics [335, 336] employed for printing are of a big chal-
lenge for state-of-the-art systems, but – as also shown in Publication II – can
be imaged and evaluated using long wavelengths. Besides, interesting results
can be demonstrated for measurements of pharmaceutical coatings, which are
problematic for commercial systems, but subject to be controlled during the
production process. Finally, Fig. 5.12(d) depicts measurements of the mul-
ticomponent ceramic-based thermal barrier coating. In this case, the mid-IR
OCT imaging has been employed to detect the subsurface defects and inclusions
that are visible as black stains characterized by different scattering magnitude.

The integrated modality of mid-IR spectroscopy has been demonstrated as
an effective complementary technique to enhance the morphology measured by
OCT with chemical information. Despite difficulties to find samples of interest
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(a) En-face image (at approximately 0.5 mm depth)
of a bank-card Si chip (connections and antennas

revealed)

(b) En-face image (5×5 mm) of a
3D-printed microstructured cube

(c) C-scan of a blue-coloured titanium dioxide
pharmaceutical tablet coating (scratched in the center);

dimensional thickness metrology is possible

(d) En-face image (ca. 0.5 mm
depth, 6×6 mm) of a

multicomponent ceramic-based
coating, sub-surface inclusions

(black stains) revealed

Figure 5.12: Capabilities of mid-IR OCT for imaging scattering
samples; examples of potential application scenarios; the samples
investigated by means of the experimental system.

for both techniques (certain scattering properties and spectral features), par-
ticular advantages of such combination for industrial NDT are shown in Publi-
cation V; and for imaging of art objects in Publication IV. Figure 5.13 depicts
a typical example of correlative imaging of an oil painting mock-up. As can be
seen, an OCT C-scan [Fig. 5.13(a)] allows accessing the structure and volume
distribution of the features of different scattering, while correlative hyperspec-
tral imaging [Fig. 5.13(b-c)] enable differentiation of the chemical components.
Identification or quantitative analysis of the constituents for the specific case
shown in Fig. 5.13 can be complicated as the commercial paints are complex
mixtures of various organic and inorganic components, however, the extension
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(d) 2940 cm-1-2700 cm-1

Figure 5.13: Multimodal OCT and mid-IR spectroscopic imag-
ing; (a) C-scan of a painting mock-up, (b-c) correlative spectral
images integrated within various spectral ranges.

of the bandwidth to cover the entire mid-IR region can lift the limits due to
high activity of pigments in the range of around 1000 cm-1 [337–339].

Additionally, considering the lifted barriers of scattering and unique poten-
tials of the employed spectral window, specific restrictions on the imaging in
this range exist and should be mentioned. Apart from technical issues (e.g.
detection sensitivity) and lower spatial resolution, the most inherent, which
narrows the application in biomedicine, is the strong water absorption. Thus,
investigations of samples with high water content can be merely limited and
inexpedient.
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Chapter 6
Published articles

The publications consolidated in this chapter make up the essence of the results
achieved within the framework of this thesis. Since the presented research is a
product of scientific collaborations, the individual contributions of the author
are summed up in Table 6.1. Moreover, a front-page preceding each publication
is intended to provide a more detailed disclosure as well as succinct information
on the experiments, demonstrated outcomes and conclusions.

Table 6.1: Summary of the author’s contributions to the pub-
lications consolidated in this cumulative dissertation; a major
contribution is denoted as "XXX".

Consolidated publication number
I II III IV V VI

Research concept formation and methodology XXX XXX XX XXX XXX XX
Design of experiments XXX XXX XXX XXX XXX XXX

Measurements and data acquisition XXX XXX XXX XXX XXX XX
Data analysis and post-processing XXX XXX XX XXX XXX X

Interpretation and rationale of results XXX XXX XXX XXX XXX X
Drafting/revision manuscript XXX XXX XXX XXX XXX X

The publications follow a non-chronological order and are structured in such
a manner as to underline the direction of the development and system evolution.
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6.1 OPEX – Fourier-domain mid-IR OCT

I. Zorin, R. Su, A. Prylepa, J. Kilgus, M. Brandstetter, and B. Heise, “Mid-
infrared fourier-domain optical coherence tomography with a pyroelectric linear
array,” Opt. Express 26, 33428–33439 (2018), reprinted with permission.

This scientific contribution reports on the development, design, and per-
formance of the mid-IR FD-OCT system based on a novel supercontinuum
source. The publication presents the first – to the best of the author’s knowl-
edge – demonstration of spectral-domain OCT operating at a center wavelength
beyond 2 μm (4 μm, 500 nm bandwidth). A feature of the study is the col-
laboration with Rong Su, who previously investigated the capabilities of mid-
IR OCT in simulations and addressed perspectives of the transition to longer
wavelengths for industrial NDT applications; the ceramic sample used for ex-
perimental demonstration and verification is the same as the one used for these
theoretical predictions [106]. Thus, the hypothesis of the increased penetration
depth of mid-IR OCT into scattering materials was confirmed experimentally.

The publication investigated the technical detection challenges associated
with the establishment of OCT in the mid-IR spectral range and proposed
a solution that was based on using cost-effective thermal pyroelectric detec-
tors [the utilisation has been proposed by the author]. Besides, the paper dealt
with the system design (design of the custom dispersive OCT spectrometer),
post-processing and assessment of the system performances for investigation of
high porous ceramics and art inspection. The author performed optical design,
measurements, data post-processing and publication preparation.
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6.2 OPEX – Dual-band IR OCT

I. Zorin, P. Gattinger, M. Brandstetter, and B. Heise, “Dual-band infrared opti-
cal coherence tomography using a single supercontinuum source,” Opt. Express
28, 7858–7874 (2020), reprinted with permission.

The following publication is devoted to significant upgrades of the mid-IR
OCT system enabled by unique features of the pyroelectric detectors and super-
continuum source used. The parasitic interference associated with the near-IR
range (observed during mid-IR OCT imaging by the author) was "amplified"
via adaptation and optimisation of the optical configuration, which led to the
establishment of an elegant dual-band IR OCT detection (center wavelengths
are 2 μm and 4 μm) based on a single focal plane array. The enhanced capabili-
ties of the system were demonstrated for investigations of oil-painting mock-ups,
porous, and 3D-printed ceramics. Besides, an OCT-oriented approach to the de-
tection, which implies natural subtraction of the DC component and extension
of the actual dynamic range, was proposed and implemented. The author has
made major contributions to the concept of the study (from the observations
and explanations to the upgrade plan) and its practical implementation, con-
ducted necessary measurements (including post-processing and interpretation)
and drafted the paper.
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I. Zorin, J. Kilgus, K. Duswald, B. Lendl, B. Heise, and M. Brandstetter,
“Sensitivity-enhanced fourier transform mid-infrared spectroscopy using a su-
percontinuum laser source,” Appl. Spectrosc. 74, 485–493 (2020), reprinted
with permission (preprint).

The aim of this publication was to introduce novel bright supercontinuum
sources as a superior alternative to conventional thermal emitters used for mid-
IR spectroscopy; experimentally confirmed for the gold-standard technique of
Fourier-transform infrared spectroscopy (FTIR). Thus, persuasions of the rel-
atively high pulse-to-pulse spectral noise (characterized experimentally) have
been resolved – enabled by the high repetition rates available (2.5 MHz) – through
the implementation of an integration-based approach for coupling pulsed super-
continuum sources to a commercial FTIR-spectrometer; the effects of pulse-to-
pulse instabilities were suppressed.

Due to the superior brightness of the employed supercontinuum, a signifi-
cant extension of the light-matter interaction path length (i.e. probing of more
molecules) in comparison to a conventional FTIR instrument (500 μm versus
130 μm s for aqueous formaldehyde solution) was demonstrated leading to a
four-times-enhanced detection limit. The main contributions of the author in-
cluded the proposal and development of an approach to solving the sampling
problem (development of the integration scheme), design of experiment; mea-
surements, evaluation and compilation of the results for publishing.
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ABSTRACT

Fourier transform infrared (FTIR) spectrometers have been the dominant technology in the field
of mid-infrared (MIR)spectroscopy for decades. Supercontinuum laser sources operating in the
MIR spectral region now offer the potential to enrich the field of FTIR spectroscopy due to their
distinctive properties, such as high-brightness, broadband spectral coverage and enhanced stability. In
our contribution, we introduce this advanced light source as a replacement for conventional thermal
emitters. Furthermore, an approach to efficient coupling of pulsed MIR supercontinuum sources
to FTIR spectrometers is proposed and considered in detail. The experimental part is devoted to
pulse-to-pulse energy fluctuations of the applied supercontinuum laser, performance of the system, as
well as the noise and long-term stability. Comparative measurements performed with a conventional
FTIR instrument equipped with a thermal emitter illustrate that similar noise levels can be achieved
with the supercontinuum-based system. The analytical performance of the supercontinuum-based
FTIR spectrometer was tested for a concentration series of aqueous formaldehyde solutions in a liquid
flow cell (500 µm path length) and compared with the conventional FTIR (130 µm path length). The
results show a four-times-enhanced detection limit due to the extended path length enabled by the
high brightness of the laser. In conclusion, FTIR spectrometers equipped with novel broadband MIR
supercontinuum lasers could outperform traditional systems providing superior performance, e.g.,
interaction path lengths formerly unattainable, while maintaining low noise levels known from highly
stable thermal emitters.

Keywords Mid-infrared spectroscopy and MIR and supercontinuum laser source and Fourier transform infrared
spectroscopy and FTIR
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1 Introduction

Fourier-transform infrared (FTIR) spectroscopy has been a well established and widely used tool for chemical character-
ization in various application scenarios for decades. FTIR spectrometers are still the gold standard in the mid-infrared
(MIR) spectral range exhibiting reasonable acquisition times, high sensitivity and spectral resolution [1]. In their
typical configuration, these spectrometers employ thermal light sources emitting black-body radiation perfectly fitted
for many applications. Nevertheless, thermal emitters impose several limitations caused by their inherent properties,
such as spatial incoherence, low power and omnidirectionality. Recently, a highly interesting new type of broadband
source has been emerging into the MIR spectral region, namely the supercontinuum laser source. MIR supercontinuum
lasers are nowadays operating in the same or broader wavelength range as thermal sources [2, 3]. In contrast to the
latter, they exhibit drastically higher brightness, spatial coherence, and stability [4, 5] making them a promising tool
for spectroscopy. Furthermore, supercontinuum sources are an attractive alternative to the already established MIR
quantum cascade lasers (QCL) [6, 7].

The noise characteristics of supercontinuum generation, which had been a deterrent in their early days, were significantly
improved since then [5, 8, 9]. Successful demonstrations of MIR supercontinuum source-based setups in a wide variety
of noise sensitive applications [10–15] prove their practical suitability. Furthermore, it is expected that the trend of noise
reduction will continue e.g. by implementing the supercontinuum generation in an all-normal-dispersion regime, which
is insensitive to the input pump noise delivering the enhanced shot-to-shot spectral coherence [16–20]. Meanwhile,
with respect to the achieved average power, intensities up to 21.8 W were recently achieved in the wavelength range
of 1.9 µm - 3.8 µm [21]. The broad spectral range covered by these sources is continuously extending [22–27] even
beyond the fingerprint region revealing attractive potentials for spectroscopic measurements. This ultra-broadband
coverage, including both near-infrared (NIR) and also the MIR range, is unique and only offered by supercontinuum
lasers, while QCLs inherently offer a narrow-band wavelength tunability.

Due to the strict requirements on precise control of the mirror position, FTIR spectrometers are designed to operate
with continuous-wave (CW) sources as the modulated signal is sampled at a defined frequency. This scheme introduces
the limitations for operating FTIR spectrometers with pulsed sources without taking care of the sampling and pulse
repetition rates. For this reason, the latter is usually set much higher to go into quasi-CW mode. This approach has
been evaluated by e.g. the combination of an FTIR and a NIR supercontinuum source radiating at repetition rates
of 80 MHz and 100 MHz already resulting in an improved signal-to-noise ratio (SNR) and detection limits as well
as extended interaction path lengths [28–30]. In the much more attractive MIR spectral range, currently available
supercontinuum sources typically operate at repetition rates from tens of kHz and up to several MHz with a pulse
duration in the sub-nanosecond range. Due to the asynchronization of the emission and sampling performed by FTIR
spectrometers, additional noise and spectral distortions are introduced resulting in insufficient stability of the signal for
FTIR measurements [31,32]. CW supercontinuum may be a key to solve the problem, however, the technical complexity
and disadvantages (fibers with several tens of kilometers length, high power requirements, poor broadening) [2, 33]
make them challenging especially in the MIR spectral range. From an analytical point of view, CW operation of such
bright sources would introduce substantial thermal load, which may cause damage of the sample under investigation.

In this contribution, we prove the principle suitability of pulsed MIR supercontinuum lasers as a light source in an FTIR
instrument. We define and evaluate practical problems for coupling with an FTIR spectrometer that is highly sensitive
to intensity variations and report a successful method to overcome the sampling problem. In the experimental part, we
examine pulse-to-pulse intensity fluctuations over the supercontinuum emission spectrum, the noise of the experimental
setup and its stability. Finally, the analytical performance of the proposed solution is investigated and compared to
conventional state-of-the-art instrumentation.

2 Materials and methods

2.1 Mid-infrared supercontinuum laser source

In our study, a novel and commercially available supercontinuum source (NKT Photonics, SuperK MIR) with a spectral
coverage from 1.1 µm to 4.4 µm was applied. The ultra-broadband spectrum is generated due to a sequence of non-linear
processes initiated in a ZBLAN (ZrF4-BaF2-LaF3-AlF3-NaF) fiber [2], pumped in the spectral region of around 2 µm
by a pre-broadened and amplified seed laser (1.55 µm).

The repetition rate of the source is adjustable in the range of 2 MHz to 3 MHz (2.5 MHz default). The supercontinuum
pulse width is shorter than 1 ns yielding in a duty cycle of less than 0.5% causing the spectrum distortion and
irreproducibility of FTIR measurements when directly applied without additional measures [31]. The output beam
of the supercontinuum source is a single Gaussian mode with a beam quality parameter M2 ≤ 1.1 and a diameter of
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around 4 mm with a beam divergence of 2 mrad. The total average power of the source was measured as 475 mW,
whereof 200 mW are radiated in MIR spectral range.

Characterization and verification of the pulse-to-pulse energy fluctuations were performed using a monochromator
(Gilden Photonics, GM500) and a high-speed Mercury Cadmium Telluride (MCT) detector (PVM series, Vigo, rise
time ≤ 0.7 ns and 230 MHz bandwidth).

2.2 Experimental setup

The experimental setup consisted of a commercial FTIR instrument (Bruker Optics, Vertex 70) and the pulsed
supercontinuum laser as depicted in Fig. 1.

Function Generator

Lock-In Amplifier

SC

LFCOptics

M1

M2 Ref. Laser

BS

Aperture

Detector

RD

3 MHz

Locked BPF

ROE

FTIR Spectrometer

Figure 1: Scheme of the experimental setup: FTIR spectrometer (Bruker Vertex 70, simplified scheme), SC - super-
continuum laser source, BPF - band-pass spectral filter, LFC - liquid flow cell, ROE - spectrometer built-in read-out
electronics and mirror control, M1 and M2 - interferometer mirrors and BS - beam splitter; RD - detector used to
produce reference interferogram.

In order to effectively exploit the dynamic range of the detector and avoid oversaturation by NIR spectral components
(e.g. strong and high power seed laser line at 1.55 µm), a suitable bandpass filter (BPF, Thorlabs FB3500-500, 3100 cm-1

- 2650 cm-1) was employed thereby determining the investigated spectral range; the average power of the transmitted
band (i.e. incident on the sample) was measured equal to 17 mW (power meter, Coherent, LM-10 HTD), which did
not lead to observable heating of the sample. It should be noted that the measurements over the entire MIR part of the
emission spectrum are restricted by the dynamic range of the detector, however, they are realizable applying edgepass
(1.65 µm cut-on wavelength) and neutral density filters or introducing smaller diameters of the aperture.

The collimated radiation was transmitted through the sample inserted in a liquid flow cell (PIKE Technologies, 4 mm
CaF2 windows) before it entered the FTIR spectrometer via the external optical input.

The FTIR spectrometer with a typical configuration based on a Michelson configuration (BS - beam splitter, M1 and
M2 - movable and fixed mirrors, respectively) is schematically shown in Fig. 1. The interferogram was recorded
with a Mercury Cadmium Telluride detector (variable gap Vigo PCI-4TE-12, detectivity within the spectral range
D≥ 2.0× 109 cm ·

√
Hz ·W−1).

The built-in spectrometer control and read-out unit (ROE) utilized for the signal acquisition was used to control mirror
scan velocity (i.e sampling frequency) and size of the output aperture. In order to achieve the equidistant time sampling,
the reference monochromatic laser is used to produce a quasi-sine interferogram [34] (e.g. see Fig. 2(c)) to be recorded
by the reference detector (RD).

Any asynchronization of the signal acquisition and pulse generation would result in strong noise and low intensity of
the recorded interferogram (Fig. 3), since the sampling would frequently be performed in the absence of any pulse,
thereby being equivalent to the measurement of the detector noise. Figure 2 shows a zoomed-in part of a simulated
interferogram and serves purely for illustration purposes defining the sampling problem and a possible solution by using
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an external integrator. The pulses presented in Fig. 2(a) were chosen according to the parameters of the supercontinuum
radiation exploited in our study. A reference signal (150 kHz, Fig. 2(c)) that defines the sampling frequency was
simulated in order to temporarily scale the graph and show the infeasibility of the traditional approach to sample the
signal produced by any low-duty cycle source.
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Figure 2: Problem of the signal sampling for low-duty cycle sources applied in the FTIR spectrometer and approach
to overcome the asynchronization using an external integrator: (a) Interferogram for the pulsed light source, (b)
Integrated CW signal of the detector, i.e. lock-in amplifier (LIA) output, (c) Reference interferogram produced by the
monochromatic source, defines the sampling frequency (red).

In the system proposed in Fig. 1, the lock-in amplifier (LIA, Stanford Research Systems, SR844) was used as an
integrator to suppress the pulsed nature of the signal. Therefore, the output of the MCT detector was transformed
into a signal similar to that obtained in the traditional configuration with a CW source (i.e. to one shown Fig. 2(c)).
According to the Nyquist-Kotelnikov-Shannon theorem, the measurement approach is feasible only for integration
times of the LIA shorter than half of the period of sampling, otherwise, the interforogram is distorted or undetectable.
Nevertheless, very short time constants that are achievable with modern LIAs (e.g. 1 µs) result in a higher spectral
noise due to the averaging of fewer pulses.

The LIA that was used in this work has a fixed and discrete integration time range (100 µs, 300 µs, 1 ms and longer).
The sampling rate, i.e. the mirror velocity of the FTIR spectrometer, could be adjusted within the range from 1 kHz to
60 kHz. Therefore, the requirements defined by the sampling theorem were satisfied by selecting the proper parameters
of the LIA and the FTIR spectrometer. With respect to the trade-off between the speed and sensitivity (100 µs and
300 µs time constants correspond to 5 kHz and 1.7 kHz sampling rates), the following measurements were executed at
the longer integration time, i.e. 300 µs, and at 1 kHz sampling frequency. The external function generator was utilized
to trigger the supercontinuum source at the highest available frequency (3 MHz, according to the maximum repetition
rate) and to synchronize the laser with the LIA. Consequently, around 900 pulses were integrated for each sampling
point.

Figure 3 illustrates raw signals and spectra obtained by the supercontinuum-based FTIR spectrometer in two configura-
tions: a direct coupling and a coupling using the LIA locked at the repetition rate of the source. The optical parameters
and conditions were set the same for both measurements (aperture 8 mm, 500 µm path length liquid flow cell, distilled
water). SNR values were traditionally derived as the ratio between maximum signal levels and calculated standard
deviations of the zero absorbance lines (also known as 100% lines). It should be noted that the peak intensity when
using the LIA-based integration scheme showed a 250 times higher magnitude, which is proportional to the pulse
sampling probability, i.e. 1/Dc, where Dc is the duty cycle.

2.3 Samples

Formaldehyde (CH2O or methanal) is a pollutant that is widely distributed in the environment. Due to its high water
solubility [35] and a wide variety of natural sources such as e.g. oxidation of organic matters [36] and industrial
effluents, formaldehyde and formaldehyde monohydrate (methanediol) can e.g. be frequently found in food, natural-
and drinking water [37].

The evidence of mutagenicity and risks of carcinogenicity of formaldehyde are well investigated and verified [38].
Histopathological short and long-term effects in the mucosa of rats are documented at the concentration threshold of
260 ppm [39], while a tolerable concentration of 2.6 ppm with an uncertainty factor of 100 is defined by the World
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Figure 3: Raw interferograms and reconstructed emission spectra of the supercontinuum source (band-pass filter
inserted) obtained using the traditional sampling approach without external integrator (a,b) and applying the lock-in
amplifier (c,d). The intensity values are not normalized and correspond to the amplitude of the raw signals.

Health Organization (WHO) [37]. During the metabolism following oral exposure, formaldehyde is oxidized to formic
acid that also introduces specific toxic effects on human health [40, 41].

The detection of low concentrations of formaldehyde dissolved in water is a practically interesting problem for cost-
efficient spectroscopy since it is usually done by sophisticated and expensive chromatographic analysis [42]. In our
study, a concentration series of formaldehyde aqueous solutions has been prepared for spectroscopic analysis by dilution
from 37% stock solution (Carl Roth GmbH).

3 Results and discussions

The measured emission spectra of the thermal and supercontinuum source are depicted in Fig. 4(a), edgepass filter
(1.65 µm cut-on wavelength) and neutral density filter were used to avoid oversaturation of the detector.

Intensity values are not normalized, since different optical parameters were used to avoid oversaturation of the MCT
detector: the aperture was set to 8 mm diameter for the thermal emitter, while for the high brightness supercontinuum
laser the aperture was set to the minimum available aperture of 0.25 mm with an additionally inserted neutral density
filter (10% transmission).

In order to determine the analytical performance (i.e. limit of detection) of the supercontinuum-based FTIR, an aqueous
dilution series was measured. Formaldehyde, i.e more accurately its mixture with the hydrated form methanediol
(CH2(OH)2) [44] was chosen as the target analyte. Formaldehyde exhibits strong absorption due to the stretching
vibration of C-H, in a spectral range where water absorption shows a relative minimum (see Fig. 4(b), spectrum of
formaldehyde taken from a database [43]). Hence, the bandpass filter with a quasi-Gaussian profile was used to
select the spectral range (3100 cm-1 - 2650 cm-1); the default spectral resolution was set to 4 cm-1 for the following
experimental verification and noise analysis.
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Figure 4: (a) Emission spectra of the supercontinuum laser source and the thermal source with respect to (b) absorption of
water (recorded with the thermal emitter, 90 µm liquid flow cell) and formaldehyde (spectrum taken from database [43]).
The supercontinuum spectrum was recorded using a neutral-density filter (optical density of 1), an aperture size was set
to 0.25 mm; the emission spectrum of the thermal source was measured with an aperture size of 8 mm in the absence of
any filters; both recorded emission spectra reveal strong absorption of CO2 around 2350 cm-1.

3.1 Noise and long-term stability

In order to characterize and compare the noise of the supercontinuum-based system (Fig. 5) and conventional FTIR
with the CW thermal emitter, zero absorbance lines were obtained within the spectral range of interest (3100 cm-1 -
2650 cm-1).
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Figure 5: (a) Noise performance of the experimental setup using a 130 µm liquid flow cell filled with blank water: the
supercontinuum source (marked as SC) in comparison to the thermal emitter (TE) expressed in the form of 100% (zero
absorbance) lines and (b) long-term stability of the LIA based setup illustrated by the Allan Werle variance.

Since the spectroscopic analysis could not be performed directly for the same path length due to the different intensity
levels of the thermal and supercontinuum source and the limited dynamic range of the detector [45], a direct comparison
of the same sample at the same optical path length was not feasible. Therefore, a neutral density filter (optical density
of 1) was used to reduce the output power of the laser. Figure 5(a) depicts the recorded 100% lines measured through
a 130 µm liquid flow cell filled with blank water. Four consecutive spectra were averaged for the calculation of each
zero absorption line. Root-mean-square (RMS) values for both sources exhibit comparable noise levels (0.67×10-3

and 0.78×10-3 standard errors for thermal and supercontinuum correspondingly), while the raw signal level of the
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quasi-Gaussian peak transmitted through BPF shows a factor of 25 higher magnitude in the case of the supercontinuum
laser. The spectral region beyond 2800 cm-1 is not used in the calculations due to the total attenuation imposed by water
and thus insufficient light transmitted in this range.

Additionally, long-term measurements using the same 130 µm liquid flow cell (blank water) were carried out over
around 28 hours (10.000 spectra) to specify the stability of the system, the prevalent types of noise sources and to
estimate detection limits that could be achieved by averaging. The series of error values calculated for zero absorbance
lines (within the same spectral range of 2800 cm-1 - 2650 cm-1) were used to derive the Allan-Werle variance [46] as
depicted in Fig. 5(b). The dependence of the signal deviation on the integration time illustrated by the Allan-Werle
variance demonstrates the stability of the supercontinuum-based FTIR in a long-term perspective.

Analysing the plot, white noise can be observed as a dominant noise floor in the system, as indicated by the decreasing
tendency with a constant slope. This noise is common and most likely inherited by the nonlinear processes (initiated by
amplification of the pump shot noise) [8, 9] that occurred during the spectral broadening. A weak long-term drift was
observed only after 4×104 seconds and could be caused by temperature changes.

The evolution of the variance reveals that the SNR of the system and the corresponding limit of detection could be
enhanced by 4 orders of magnitude applying the signal averaging. However, such long averaging is not expedient so
that the spectroscopic measurements in the following sections are performed with an averaging over 10 spectra only
(around 70 seconds).

3.2 Pulse-to-pulse energy fluctuations

To specify and complete the noise characterization of the supercontinuum source, the pulse-to-pulse behaviour over the
emission spectrum has been investigated (Fig. 6).
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Figure 6: Normalized pulse-to-pulse energy fluctuations over the emission spectrum of the supercontinuum laser source
(indicated for reference).

A Czerny-Turner monochromator was used to access the pulse-to-pulse energy fluctuations within a narrow spectral
band (3 nm resolution, equidistant in the wavelength space). The high-speed MCT detector and oscilloscope (400 MHz,
5 GS/s) were used to record pulse waveforms. The measurements were performed by sweeping over the MIR part of
the spectrum with 6 nm step size, while for each position 1000 pulses were analysed. The normalized pulse energy
fluctuations, depicted in Fig. 6, were calculated as a standard deviation of the pulse areas (time-integrals, represent a
pulse energy) normalized by their mean.

An average pulse-to-pulse energy fluctuation of around 6.4% could be observed within the spectral range of interest.
For the Gaussian noise, the standard error for the averaged measurement is proportional to 1/

√
N , where N is the

number of samples. Thereby, the evaluated noise is verified, since the measurements coincide quite well with the
results demonstrated in the previous section: the obtained dependence yields the RMS of around 0.0010, derived for
N = 3600, while the measurements of the 100% lines, where 4 spectra were averaged (900 pulses integrated for each
spectrum), give a RMS of 0.00078.

3.3 Quantitative measurements

The performance and analytical usability of the supercontinuum-based FTIR spectrometer were verified for the
quantification of aqueous formaldehyde solutions (calibration curves shown in Fig. 7).
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Figure 7: Calibration curves of a formaldehyde (methanediol) dilution series obtained by integrating the absorbance
within the spectral range of 2720 cm-1 - 2620 cm-1, covering parts of the C-H stretching band (a) standard FTIR
instrument with CW thermal emitter and 130 µm optical path length flow cell; (b) supercontinuum-based FTIR and
500 µm flow cell.

The spectroscopic measurements were performed using both the CW thermal emitter (conventional system without
external integrator) and the supercontinuum laser (experimental setup). The spacers of the liquid flow cell (130 µm and
500 µm) were selected correspondingly with respect to the available intensity levels, while the aperture size was set to
8 mm for both configurations. Despite the different path lengths, the raw signal recorded by FTIR in the case of the
supercontinuum source exhibited a 50 times higher magnitude due to the distinctive properties of the radiation and the
applied pulse integration approach; for each measurement 10 spectra were averaged.

The calculated absorbance spectra of the standard solutions were integrated within the spectral range of 2720 cm-1

- 2620 cm-1, where the sufficient intensity is obtained for both light sources. Figure 7 depicts the obtained linear
calibration curves. The inset in Fig. 7(b) presents absorbance spectra for the lowest concentrations of the dilution series.
It should be noted that the spectral band, within which the spectroscopic analysis is performed, covers the range near
the maximuma of the absorption band where it coincides with relatively weak water absorption.

The linear fitting model delivered R2 values of 0.9992 for the thermal emitter and 0.9989 for the supercontinuum source
respectively. Hence, corresponding slopes of 0.035 (thermal source) and 0.162 (supercontinuum) and standard errors
(SE) yield the limits of detection (LOD) for both configurations calculated according to the IUPAC definition: [47] a
LOD of 580 ppm was achieved using conventional FTIR, while a superior LOD of 140 ppm has been demonstrated by
the experimental system applying the supercontinuum source.

4 Conclusions and Outlook

Novel commercially available noise reduced mid-infrared (MIR) supercontinuum sources have recently evolved to a
state where they can reasonably be applied for various spectroscopic analytical tasks [10–14]. However, they are widely
underestimated among spectroscopists, which is, for instance, illustrated by the fact that they are still basically unnoticed
at the relevant conferences. The main reason might be a specification lag, i.e. high noise and instability, of their first
versions. Therefore, one of the main goals of this contribution was to demonstrate that in fact MIR supercontinuum
laser sources have achieved a level of maturity to be competitive with the state-of-the-art equipment. In order to support
this idea, we demonstrated their applicability for the gold standard in MIR spectroscopy, Fourier-transform infrared
spectroscopy (FTIR) that is strongly sensitive to intensity fluctuations. The basic idea here was to replace the broadband
but weak and spatially incoherent thermal emitters by a broadband and high brightness spatially coherent source.

In the experimental part, a simple solution to overcome the sampling problem for the direct coupling of pulsed
supercontinuum and FTIR has been proposed and realized. Utilizing the prospected experimental system, we achieved
a factor of 200 greater amplitude of the raw interferogram and enhanced signal-to-noise ratio. The setup and the
supercontinuum laser source were characterized with respect to noise and stability of the measurements. A satisfying
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long-term stability over around 28 hours and a noise level, which is comparable to the conventional thermal source,
were demonstrated. The standard errors of the 100% zero absorbance lines (0.67×10-3 and 0.78×10-3 for thermal and
supercontinuum sources respectively) were calculated for the measurements of blank water within a 130 µm liquid flow
cell.

The superior brightness of the supercontinuum source that is provided by the directionality of the radiation and the high
output power allowed us to increase the interaction path length in a transmission measurement and to demonstrate the
enhanced performance of the supercontinuum-based system. A spectroscopic analysis of an aqueous formaldehyde
dilution series has been performed. The absorbance spectra (measured for 500 µm liquid flow cell) yielded a limit-of-
detection (LOD) of 140 ppm. In total, a 4-times enhanced detectivity over a conventional FTIR system with the thermal
source was demonstrated, while the investigation of path lengths over 130 µm were not expedient with the thermal
emitter due to the almost total absorption by water.

The next generation of supercontinuum sources being developed is based on chalcogenide fibers and has already reached
a milestone in terms of spectral coverage, starting in the NIR spectral region and spanning up to 14-16 µm emission
wavelength [3, 26, 27, 48, 49]. Thus, they cover almost the entire MIR spectral range, which makes them a highly
promising technology to significantly push the field of MIR spectroscopy in the nearest future.

Considering the gained results and current developments [19, 50], we believe that the proposed solution offers new
potentials for enhancing the currently applied methods in this field. The demonstrated approach to couple pulsed
supercontinuum sources appears to be universal and could be applied for any low-duty cycle source. Meanwhile, a
purpose-oriented adaptation of the presented signal acquisition scheme or investigation of other types of integration
devices, e.g. boxcar, could be considered in order to assemble a fully-integrated FTIR system, since a price reduction of
supercontinuum sources is expected.
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destructive testing and art diagnosis,” in Optics for Arts, Architecture, and
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national Society for Optics and Photonics (SPIE, 2019), pp. 74 – 88, reprinted
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In this article, a multimodal mid-IR OCT and spectroscopy system was in-
troduced and evaluated. Experimental results were demonstrated for imaging of
multilayer ceramic structures (OCT measurements for defectology), and – with
particular emphasis – investigation of art, cultural objects and pottery. The
comparison of penetration depths and scattering dynamics for near- and mid-IR
OCT was presented and discussed. The publication was aimed at the demon-
stration of unique potentials of the developed multimodal system in the field of
cultural heritage diagnosis and art preservation.

The author of the thesis modified the OCT system by integrating the mid-
IR spectroscopy modality, evaluated performances of the solution, conducted
measurements; analysed and summed up the results in this consolidated paper.
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ABSTRACT

Novel types of supercontinuum sources radiating in the infrared (IR) spectral region provide ultra-broadband
spectral coverage and maintain distinctive laser-like properties of emission such as brightness, spatial coherence
and high power. Being a perfectly suitable light source for mid-infrared optical coherence tomography (OCT)
and spectroscopy, supercontinuum sources initiated a significant amount of recent developments in these fields
and promise to be a gamechanging factor in the nearest future. In this paper, we exhibit a simple, optimized and
relatively cost-effective system operating in near and mid-infrared ranges and combining OCT and co-registered
IR spectroscopy. The performance of the OCT modality of the setup is evaluated with respect to the sensitivity
and roll-off. Due to reduced scattering inherited with the new spectral window, we achieve the enhancement in
the penetration depth in artificial paintings, ceramics and pottery. Furthermore, the hyperspectral data is used
to supplement structural information and access to the chemical composition of the sample. The gained results
reveal the potential of the multimodal system for non-destructive testing, art and cultural objects diagnosis.

Keywords: Optical coherence tomography, imaging, spectroscopy

1. INTRODUCTION

Optical coherence tomography (OCT) is a well-established noninvasive optical technique allowing to access to the
morphological information of the samples containing complex geometries and investigate embedded microstruc-
tures and sub-interfaces. Historically introduced for biological retina imaging,1 currently, OCT is a widely used
tool in biomedicine (as a standard method in ophthalmology)2,3 and industrial,4 non-destructive testing (NDT),
fields. Meanwhile, the recent research demonstrates potentials of OCT in art and cultural object diagnosis as a
novel and emerging branch.5–11 In this application area, OCT systems that are commonly operating in visible
or near-infrared (NIR) spectral regions face physical restrictions in a probing depth inherited by the strong
scattering of the constituent materials such as paintings and ceramics.12 Recently reported solutions11,13 involve
a shift to the long wavelengths, i.e. mid-infrared (MIR) region, which scattering is reduced in many industrial
materials.

The current achievements are available due to intense developments of novel, bright,14,15 ultra-broadband,16–18

and spatially coherent MIR supercontinuum sources. The specification lag in infrared detector technologies is still
dominant especially in the realization of sensitivity efficient Fourier-domain OCT (FDOCT) system, therefore
different unconventional detection approaches are being developed or applied.11,13,19–22 However, these solutions
are still inferior to OCT systems operating in NIR and visible spectral regions.

Further author information: (Send correspondence to Ivan Zorin)
Ivan Zorin: E-mail: ivan.zorin@recendt.at, Telephone: +43 (650) 348-4035
Bettina Heise: E-mail: bettina.heise@recendt.at, Telephone: +43 (732) 2468-4666
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Besides the benefits gained with reduced scattering in OCT, the MIR range is attractive for another testing
technique, namely, infrared (IR) spectroscopy. This wavelength region contains valuable information about the
chemical composition due to the presence of fundamental vibrational absorption bands of most molecules.23

Therefore, supercontinuum sources with suitable spectral coverage become a promising and in-demand tool for
IR spectroscopy as demonstrated in growing interests and novel applied researches.24–28

In this paper, we exhibit the improved and cost-effective multimodal mid-infrared FDOCT and spectroscopy
system that operates at the central wavelength of 4 µm and performs co-registered spatially resolved spectroscopic
mapping in the spectral range of 3.1 µm - 4.4 µm. The experimental setup is based on a low-cost pyroelectric
detectors (LiTaO3 point detector and linear array) and supercontinuum source covering the spectral region from
1 um to 4.5 µm. Additionally, we introduce a detector oriented approach that has been implemented since our
previous report11 allowing to increase the dynamic range of the system and simplify signal post-processing. Thus,
we characterize the signal-to-noise ratio (SNR) and roll-off of the mid-infrared OCT system. In experimental
results, measurements of paint test samples, ceramics and traditional Austrian pottery executed with 4 µm
and 2 µm OCT systems∗ are demonstrated. Supplementing the structural information with the co-registered
hyperspectral stack, we evaluate the potential of a new spectral window for non-invasive art diagnosis and NDT.

2. MATERIALS AND METHODS

2.1 Supercontinuum source

The multimodality of the system is provided by a commercial mid-infrared supercontinuum source, SuperK NKT
Photonics. Supercontinua spanning from 1.1 µm to 4.5 µm is generated in a ZBLAN (ZrF4-BaF2-LaF3-AlF3-
NaF) fiber, which is pumped with a two-stage amplified monochromatic seed laser initially radiating at 1.55 µm
wavelength. Figure 1 depicts an emission spectrum of the source measured using Fourier-transform infrared
(FTIR) spectrometer (Brucker Vertex 70). To prevent oversaturation of the mercury cadmium telluride detector
of FTIR, a long-pass filter with a cut-on wavelength of 2.4 µm has been utilized. In addition, Fig. 1 illustrates
the spectral ranges in which the correlative OCT (interference is highlighted) and IR spectroscopy measurements
are performed.
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Figure 1. Emission spectrum of the supercontinuum source, mid-infrared part measured by FTIR (edge-pass filter with a
cut-on wavelength of 2.4 µm is used); spectral ranges utilized in the OCT (interference recorded using OCT spectrometer)
and IR spectroscopy modalities are indicated; corresponding radiated power levels are denoted.

For the following measurements, a pulse repetition rate of the source (adjustable within the range of 2 MHz -
3 MHz) has been fixed at 2.5 MHz, which corresponds to the lowest pulse-to-pulse intensity fluctuations; the
measured and specified pulse duration of the emission is about 1 ns. The outgoing beam (TEM00) has been
analysed using plane bolometer array and demonstrates the wavelength-diameter dependence. Thereby, in the
wavelength range around 4 µm, the beam diameter of approximately 6 mm has been observed, while, with a
bandpass filter centered at 2 µm wavelength, the evaluated value is around 2.5 mm. A beam quality parameter
(M2) of 1.1 is stated and defined by the manufacturer.

∗both are based on pyroelectric detectors
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2.2 Multimodal optical coherence tomography and spectroscopy system

The setup, being an optimized and upgraded realization of the OCT that was recently reported,11 is schematically
depicted in Fig. 2(a). The system is formed on the supercontinuum source, while the set of input edge- and/or
bandpass filters are used to select wavelength range of interest and avoid damage of the sample by a NIR part
outside the effective spectral window.

2.2.1 Optical coherence tomography modality

The FDOCT subsystem operates in the spectral region of 3.75 µm to 4.25 µm (selected using bandpass filter, the
corresponding axial resolution is around 35 µm). However, the base of the setup, i.e. a Michelson interferometer,
is designed to work in a wider wavelength range including both NIR and MIR; the coverage is achieved by a
free-space configuration built-up by mirror optics and a pellicle beam splitter (PBS). The latter was introduced
to avoid double-reflection artefacts caused by a thick (sub-millimeter range) plate beam splitters, e.g. calcium
fluoride (CaF2).

In the sample arm of interferometer, supercontinua is focused onto the object (fixed in the mount of 3-axis
stage) using a common plano-convex CaF2 lens with a focal distance of 50 mm and anti-reflection coating in the
range of 2-8 µm. It should be noted that the optics in the IR region is still inferior to visible and NIR ranges and
a comparable performance is challenging. Since available achromatic doublets are optimized and transparent
only within a relatively narrow band,11 the following focusing lens was used only to extend the spectral window
and arrange spectroscopy modality as well as a test OCT measuring head operating in 2 µm region (not indicated
in the scheme).

The exact model of the lens has been utilized to assess the lateral resolution (the waist size of the focused
beam), confocal gate, focal spot positions, and a possible source of aberrations. Therefore, the diffraction limited
resolution of the OCT system (monochromatic, center wavelength λc =4 µm) of around 40 µm was obtained using
simulation of the Gaussian beam propagation; the evaluated Rayleigh length is approximately 400 µm. Analysis
of monochromatic aberrations reveals spherical aberration to be dominant and introducing a peak transverse
aberration (in the pupil coordinates normalized to the beam diameter) around 8 µm and a longitudinal of 0.1 mm.
Meanwhile, uncorrected chromatic aberrations that are specific for such broadband sources must be a crucial
factor of the lateral resolution degradation, since a focal shift within the OCT spectral range caused by the lens
dispersion is not compensated.

(a) Optical layout (b) Design of the grating spectrometer

Supercontinuum
source

Spectral
filters

Ref.Mirror

Shutter

Chopper

PBS

Lens
Sample

3
D

st
a
g
e

Flip
mirror

OCT

SM

Spherical gold mirror (R=200)

Flat mirror

Blazed grating
(300 lines/mm)

Array plane

Figure 2. Experimental setup: a) Optical layout of the system, PBS - pellicle beam splitter, SM and OCT indicate
measurement subsystems of spectroscopy and OCT modalities correspondingly; b) 3D view of the optimized spectrometer
design.
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The cross-correlation between the sample and reference field is registered as a spectral interferogram (see
a signal for the metal plate in Fig. 1) using the optimized grating spectrometer; the design of the latter and
related technical details are presented in Fig. 2(b). Due to the beam parameters of the source, the evaluated
spectral resolution of the spectrometer (calculated using ZEMAX software) of around 2 nm was obtained within
the 3.75 µm - 4.25 µm range. The interference is recorded using a low-cost pyroelectric array (DIAS GmbH)
with the following specifications: lithium tantalate (LiTaO3) pyroelectic material, 510 pixels, a 20 µm size of the
pixels with a 25 µm pitch.

In order to fulfil the requirements defined by the operation principles of the pyroelectric detectors, i.e. time
relaxation of the signal, the well-established scheme based on the light modulation (using a mechanical chopper) is
implemented. In contrast to the recently reported solution,11 the optimized approach implies a light modulation
performed in the sample arm only. Thus, the reference spectrum, presented in signal as a constant pedestal,
is not sensed, while only the effective modulated signal, i.e. interference, is recorded. This method has several
advantages (described in the following section) over the traditional detection system, namely: the post-processing
algorithms are simplified since the measurements of the reference spectra and their subtraction are unnecessary;
the etalon effect occurred in the window of the pyroelectric detector (silicon 0.5 mm) is constant and eliminated;
the dynamic range (DR) that is limited by the detector read-out electronics and modulation frequency is extended
since the oversaturation of the detector by the strong reference signal is avoided. Consequently, the enhanced
DR allows us to switch the system to the lower modulation frequencies boosting the signal level, however, in the
trade-off with the noise. For the light modulation frequency of 80 Hz (default), the common A-scan rate is 7.5
A-scans/s.

2.2.2 Pyroelectric detection principle and OCT spectra acquisition scheme

The pyroelectric detector operation is based on the pyroelectric effect, i.e. strong temperature dependence of
spontaneous polarization component.29,30 Therefore, the absorbed incident power initiates the temperature
changes dT (depending on the heat capacity and thermal losses, individually for each pixel) and results in
polarization changes dP . The magnitude of the relationship is described by the pyroelectric coefficient γ that is
specific for different types of materials (γ = 230 µcm−2K−1 for LiTaO3) and relatively constant for temperatures
less than Curie point (about 660° C for lithium tantalate29) so that:

γ =
dP

dT
. (1)

Thereby, the crystal, in which the polarization vector P is oriented perpendicularly to the electrodes (x axis),
is commonly considered as a capacitor;31,32 the current caused by the absorbed radiation is determined by
polarization changes over time t:

dq

dt
=
S

d

∫ d

0

dP

dT

dT

dt
dx, (2)

where S is the detector area, d is the thickness of the crystal and since:

1

d

∫ d

0

dT

dt
dx =

dT

dt
,

the current is proportional to the changes of the average temperature dT of the crystal:

dq

dt
= Sγ

dT

dt
. (3)

In order to quantify the spectrum, the charges of the individual pixels of the pyroelectric array derived as:

Qp = γST , (4)

are amplified and transformed into a set of signal voltages, which is read-out and digitized using CMOS (Com-
plementary metal-oxide-semiconductor) circuit and analogue-to-digital converter (ADC, 12-bit).
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For the constant temperature, the signal proportional to Qp rapidly drops to zero due to the leakage current
and compensation by free carries.33 In the traditional detection approach, the light is modulated at the angular
frequency ω using a mechanical chopper or burst emission mode,31,32 so that the incident power for a stand-alone
pixel is defined as:

I = I0 exp jωt = (Ir + Is +
√
IrIs cos ∆φ) exp jωt, (5)

where I0 is the total incident (absorbed) power, Ir and Is are intensity components reflected from the reference
mirror and sample correspondingly, obviously, for highly scattering samples Ir >> Is; the second term denotes
the intensity modulation caused by interference, where ∆φ is a phase delay. In this method, the read-out of the
signal is performed at one and fixed phase of the chopper wheel. It should be noted, that the pulse repetition
rate of the source is high enough with respect to the thermal as well as to the electrical time constant of the
pyroelectric material, so the supercontinuum source is considered as a quasi-continuous wave (cw) emitter.

Considering the OCT system, the signal is proportional to interference fringes amplitude that is amplified by
the reference field (i.e. Is <<

√
IrIs cos ∆φ) and visible only in the presence of both reflected waves. Therefore,

the application-oriented acquisition scheme implies the modulation in the sample arm of the interferometer, so
that the two components are separated:

I = Ir + (Is +
√
IrIs cos ∆φ) exp jωt,

dT ∝ Is +
√
IrIs cos ∆φ.

(6)

Consequently, the temperature changes are caused by the interference as a modulated component. The term
Ir is eliminated in the registered signal, a constant level is subtracted so a pure interference signal (the average
signal trends to zero) is accessed using the linear array. Therefore, interference visibility, which is defined by the
maximum and minimum intensities of the fringes (Imax, Imin) as:

ν =
Imax − Imin
Imax + Imin

, (7)

could be simplified to:

ν =
Imax

Imax + Ires
, (8)

where Ires << Imax is a residual intensity pedestal and noise caused by temperature fluctuations, microphonic
(or another) noise33 or mechanical beating of the chopper. In a practical case, e.g. for highly scattering materials,
Ires trends to zero and dominantly defined by the noise floor and asynchronization of the light modulation and
signal acquisition.

Since the 12-bit ADC converter and signal amplifier defines the DR of the pyroelectric array, the exclusion
of the constant average term allows us to increase the exposure time of the detector without its oversaturation
by switching to the low frequencies of modulation.

2.3 Sensitivity roll-off

As mentioned above, the test NIR FDOCT (utilized for comparative measurements only) has been additionally
implemented in the experimental setup using the re-optimized pyroelectric based grating spectrometer. The
wavelength bandwidth of the designed system is around 300 nm and the center wavelength is 2 µm. Figure 3
illustrate the corresponding sensitivity roll-off measured for both, MIR and test NIR, systems. The experimental
verification is performed at the maximum depth of approximately twice of the corresponding confocal length.

The maximum sensitivity for both systems is comparable, approximately 83 dB, and was measured for gold
mirror behind neutral density filter (optical density of 1). It should be noted that in the case of the pyroelectric
detector, the sensitivity roll-off is not constant and strictly dependent on the clock parameters of the modulation
and signal acquisition. Due to charge leakage and temperature dissipation, the high-frequency fringes that
have a strong gradient of the average temperature ∇T over the unit length (e.g. between neighbour pixels)
behave differently than low-frequency components since the temperature drops rapidly. Therefore, the read-out
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Figure 3. Sensitivity roll-off measured for mid-infrared (λc = 4µm) and test near-infrared (λc = 2µm) OCT systems.

time-window defined by two clocks performs the spatial filtering and could be adjusted for the specific purpose,
for instance, to suppress the signal that corresponds to small depth and enhance images of deeper interfaces.
Nevertheless, the signal stability and noise are linked to the window size, so that the following measurements
are performed with similar and carefully optimized parameters.

2.4 Spectroscopy modality

To perform the correlated and spatially resolved IR spectroscopy measurements realized as a mapping (i.e. as
raster scanning approach), the setup is supplemented with a Fabry-Pérot tunable filter (FPTF, InfraTec GmbH),
which is synchronized with the OCT detection and light modulation systems. Therefore, the transmission of the
filter is adjustable in the range of 3.1 µm to 4.4 µm. The full-width at half maximum (FWHM) of the transmited
peak (indicating the spectral resolution) is 50-77 nm.

A shutter and a motorized flip mirror are used to block the reference arm of the interferometer so that the
light reflected only from the sample is registered. The detection head is labeled as a spectroscopy modality (SM)
in Fig. 2(a). Behind the FPTF, a pyroelectric (LiTaO3) point detector, which is also synchronized with the
chopper wheel, is used.

The modulation frequency that is used in the IR spectroscopy measurement head is adjustable in the wide
range (2 Hz-0.5 kHz) and could be adapted depending on the intensity level, i.e. objects reflectivity. However,
for the typical samples, the signal level is high enough, so the default modulation rate (defines the time for one
measurement point across the spectrum) is fixed at 200 Hz; thus, the recording of the full IR reflectance spectrum
takes around 9 sec. The temperature induced voltage is amplified using built-in electronics, while the resulting
signal is acquired using ADC. The additional averaging is used to compensate for the mechanical beating of the
chopper phase that is ideally not presented.

2.5 Samples

2.5.1 Ceramic plate

To demonstrate the performance of MIR (center wavelength of 4 µm) as well NIR (center wavelength of 2 µm)
OCT system, a single ceramic plate (air pored alumina, aluminium dioxide Al2O3, similar to the one used in our
previous study11), was prepared as a specimen. The rear surface is embossed with the relief height of around
40 µm. The thickness of the sample is around 300 µm, both sides are rough, so the high surface34 and bulk
scattering are supposed, however, the top surface is periodically polished corresponding to the rear embossing.

The measurements of the singlet plate sample are presented to reveal the comparative differences in resolution
and penetration depth of the NIR and MIR OCT systems. As theoretically expected, the axial resolution of the
latter is 3-times inferior to the 2 um OCT system, while the lateral resolution should be relatively constant due
to the different initial beam sizes. The penetration affected by scattering and light absorbance is presumed to
be a distinguishing factor of the long-wavelength system.

In order to evaluate the performance of MIR OCT system for a thicker structure, as a complex ceramic
sample, the embossed plate has been covered with a flat and polished alumina plate of 300 µm thickness.
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2.5.2 Paintings test samples

In order to access and evaluate different scattering and extinction behaviour, a set of test samples based on
various types of paints has been prepared for multimodal OCT-Spectroscopy investigation. Therefore, linseed
oil, gouache, and acrylic paints were applied on the substrate covered with metallic foil (in order to increase
the contrast), the average thickness of the layer is varying between 200 - 600 µm over the sample. Besides the
one-layered structure, the morphologically complex sample was produced by covering the oil painting test picture
with a 200 µm thick single-crystal (not turbid due to zero porosity) sapphire plate (round) and diffusive tape
acting as a refractive index matching gel. The underlaying layer has an average thickness of around 200 µm and
it is made up of 3 different oil linseed colors (naples yellow hue, cadmium red and royal blue).

2.5.3 Gmundner Keramik branded pottery

To evaluate the performance of the MIR OCT system in the field conditions, traditional Austrian pottery,
known since 15th century, ”Gmundner Keramik” was selected for the non-destructive investigation. Therefore,
contemporary pieces of fine and ornamental cultural plates were prepared for the laboratory analysis. The
structure of the individual pieces consists of several strongly scattering ceramic layers covered with colored or
transparent highly reflective glaze.

3. RESULTS

3.1 Embossed ceramics

3.1.1 Single aluminium dioxide plate

Figure 4 depicts the cross sections (B-scans) of the embossed ceramic plate sample obtained with both 2 µm and
4 µm (center wavelengths) OCT systems. The position of the sample was fixed in axial and lateral dimensions,
while the focus is adjusted for the NIR measurements, thereby, chromatism of the focusing optics is neglected.
The measurement time of one b-scan is less than 30 sec, the averaging over only 3 A-scans was applied. It
should be noted that the thickness of the sample lies in the range where the sensitivity roll-off demonstrate
minor differences for MIR and NIR OCT.
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(a) Mid-infrared FD-OCT at λc = 4 µm
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(b) Test near-infrared FD-OCT at λc = 2 µm

Figure 4. Comparison measurements of the embossed ceramic plate performed by the (a) mid-infrared and (b) near-infrared
OCT subsystems integrated into the experimental setup.
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To define the physical thickness of the sample and adjust axes, the refractive indexes of 1.74 and 1.6735 were
used in the calculations for NIR and MIR ranges correspondingly. The same post-processing algorithm was used
to acquire the images, while, due to the different signal levels, it was slightly adapted for the particular case.
Both Fig. 4(a) and Fig. 4(b) are in logarithmic scale, while the Gaussian window, which is applied to the signal
in Fourier space, has a different width.

The obtained results demonstrate that the NIR system expectedly has a better axial resolution but dominantly
suffers due to the stronger scattering, insofar as the multiple-scattering gradient is well pronounced and the rear
interface is weakly visible. In contrast, the B-scans recorded with MIR system delivers the enhanced penetration
depth with the reduced resolution. Thereby, analyzing the obtained cross sections, former predictions12 and
recent experimental verifications11,13 are confirmed.

3.1.2 Multilayer ceramic structure

The performance of the MIR OCT system is optimally demonstrated in the measurements of the complex ceramic
Al2O3 sample made up by two plates. The resulting scan is visualized in Fig. 5 as a volume image (c-scan) of
the structure, the en-faces of interest are also indicated. The dimensions of the scan are 6 mm × 8 mm over the
depth of around 600 µm.

(a) C-scan of the multilayer ceramic structure

(b) En-face, embossed pattern, top surface
of the secondary plate

(c) En-face image of the defect, rear
interface of the top plate
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Embossed pattern

Figure 5. C-scan of multilayer ceramic structure with an internally engraved pattern; visualized as volume (a) and en-face
(6 mm × 8 mm) scans (b,c).

The gained scans illustrate the benefits and performance of MIR OCT system to investigate turbid materials,
while the ceramics is an ideal candidate for NDT at longer wavelengths due to the reduced scattering and absence
of strongly absorbing water. Besides the enhanced penetration depth, the system exhibits a tolerable resolution,
since the underlying embossed pattern and its inhomogeneities are well detected (see Fig. 5(a) and 5(b)). In
addition, the unsuspected manufacturing defect of the rear surface (top plate) has been revealed during the
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preliminary measurements, slight thickness variations of the surface are visible and shown in the following en-
face scan (Figure 5(c)).

3.2 Paintings investigation

In order to exhibit potentials of the MIR OCT system for art diagnosis, we executed the measurements of
paintings test objects, therefore, Fig. 6(a) displays top view of the sample, while Fig. 6(b) reflects the c-scan
recorded with MIR OCT system. Comparative B-scans of the single-layered sample obtained with both MIR
and NIR OCT are shown in Fig. 6(c) and Fig. 6(d) respectively.

(a) Top-view of the sample (b) C-scan, mid-infrared OCT (10×10 mm)
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(c) Mid-infrared FD-OCT at λc = 4 µm
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(d) Test near-infrared FD-OCT at λc = 2 µm

Interface

Interface

B-scan

Acrylic Oil Gouache

Figure 6. Measurements of the test paintings sample, mid-infrared (b,c) and near-infrared (d) OCT systems; the approx-
imate position of scan and type of paints are indicated.

Similarly to the previously shown results, the measurements of the test sample allow us to estimate the

6



penetration and features of the systems. The interface of the metallic foil is visible and accessible by both
system. An acrylic paint layer (dark green pigment) is completely transparent for MIR OCT being partly
opaque and turbid for NIR extension. Meanwhile, the sufficient probing depth is achieved for intermediate oil
paint line since the interface of the underpaint substrate is detected in both cases.

Similar scattering behaviour and a reduced probing depth is demonstrated for the gouache stratum. Being
a watercolor, gouache paint that is applied to the substrate could contain the residual water content, thereby,
strong absorption in the infrared (from 2 µm to far infrared) spectral window is caused. Obviously, the strong
light extinction that is introduced by water might limit the imaging depth of both systems.

3.2.1 Correlative mid-infrared OCT and Spectroscopy measurements

As shown in the previous section, the stand-alone MIR OCT measurements enable to yield the morphological
information of the relatively thick and turbid, in NIR and visible spectral ranges, paint layers. Nevertheless,
applying MIR OCT for different types of paints, the scattering gradient and speckle pattern are similar or
absent that makes their differentiation sophisticated. To solve the problem, multimodality is implemented to
supplement structural information with chemical mapping. Therefore, a complex output of the fully-integrated
setup is shown in Fig. 7.

(a) Cross-section of the c-scan (8×8×1 mm) (b) En-face scan (recorded in 0.22 mm depth), air layer
revealed

(c) Visible photo of the underlying
picture
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(d) Derivative absorbance image
(2560 cm-1-2780 cm-1)
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Figure 7. Feasibility of the multimodal mid-infrared OCT and spectroscopy system for measurements of the complexly
structured painting test sample: (a,b) OCT output, structure and en-face of the subsurface respectively; (d,e) hyperspec-
tral images integrated within different spectral ranges; (c) visible top-view photo of the picture.
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Figures 7(a) and (b) present the data obtained with MIR OCT system: a cross-section of the c-scan delivers
the structure of the sample, while the en-face image gives access to the texture of the gap between paint and
sapphire slide. Due to the similar scattering behavior, the underlaying picture (see Fig. 7(c)) is not detectable
by means of OCT.

Applying the correlated IR spectroscopy measurements, the system acquires the co-registered IR spectra for
each A-scan (or could be integrated within a few A-scans for acceleration); Then the spatially resolved reflectance
spectra are post-processed and transformed to absorbance using a pre-measured background emission spectrum
(mirror reflectance). The output of the spectroscopy modality is shown in Fig. 7(e) and 7(d), each pixel of
the images contains the full spectral data within the wavelength window. To suppress the sample thickness
variations and influence of the residual air layer (accessed by OCT, Fig. 7(b)), Savitzky-Golay filter is applied
for smoothing and obtaining of the first derivative of the absorbance spectra. Thereby, derivative spectroscopy is
implemented to remove the baseline effects and relief dependence and access the non-affected spectral response.
The described post-processing is performed in the open-source data analysis software ”Orange”.

The visible top-view image of the underlying picture - shown in Fig. 7(c) - is well correlated to the integrated
derivative absorbance hyperspectral image depicted in Fig. 7(e), thus, the resulting spectral data has been
obtained over the depth of the sample (integrated) and through the diffusive tape and sapphire glass. It should
be noted that the contrast of the image is reduced since the picture layer (cadmium red) is thin and made on
top of the background (Naples yellow hue). In addition, the absorbance of the oil paintings is quite similar and
show only slight content variations within this wavelength range.36 Therefore, practically accessible absorption
bands are the characteristic stretches of C-H bond, CO2, CaCO3 absorption band (weak), absorption of gypsum
in the case of presence of calcium sulfate dihydrate37 and specific bands of pigments, e.g. copper carbonate
for azurite (or lead and barium sulphate for hydrocerussite). Meanwhile, the main signatures lie in the far
infrared in the range of around 1000 cm-1.36,38,39 The spectral characterization of organic compounds, for
instance, proteinaceous materials that are usually used as a binding media of the paintings, or glyceryl esters,
is particularly challenging due to their small amount with respect to the inorganic matrix.38,40 Since typical
oil paint is a complex material made up by both organic and inorganiccompounds, the spectral analysis of
the whole picture is case-specific and depends on the types of pigment and binder. Considering the benefits of
the applied post-processing, the relatively flat samples do not require the use of derivative spectroscopy, Fig. 8
depicts average (within small flat regions) absorbance spectrum for both types of paints. Thus, the crucial and
detectable distinctive properties lie in the range around 2500 cm-1 and represent different content of CaCO3.
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Figure 8. Absorbance spectra for the constituent paints, averaged within small quasi-flat regions.

It should be noted, however, that the spectral range could be extended to cover the whole emission spectrum
of the source, meanwhile, in order to achieve high spectral resolution another type of spectrometers (usually cost
inefficient) could be used, for instance, FTIR or grating based. In the case of interest, it is possible to acquire
high resolution spectra within OCT spectral range, 3750 µm - 4250 µm (approximately 2350 cm-1 - 2660 cm-1)
switching to low modulation frequencies and blocking the reference arm of the interferometer.
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3.2.2 Austrian cultural pottery

As an example of high scattering cultural object, the traditional branded Austrian pottery has been investigated.
Figure 9 depicts the results obtained using MIR and NIR OCT systems.
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(a) Mid-infrared FD-OCT at λc = 4 µm
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(b) Test near-infrared FD-OCT at λc = 2 µm

Figure 9. Measurements of the ”Gmundner Keramik” pottery, mid-infrared (a) and near-infrared (b) OCT subsystems;
the different scattering behaviour of layers (black line at the depth of around 0.35 mm) is revealed.

The sample consists of several grainy layers of different clay and ceramics (4 layers varying in thickness and
color) covered with a glaze (pored, 300 µm thick), the colored part of the latter is well visible for both OCT
systems due to the absence of speckles. The total thickness of the structure is more than 1 mm. Therefore,
the pottery can be characterized by extremely strong scattering since the constituting layers are diverse and
inhomogeneous in size of the unit segments; Fig. 10 demonstrates microscopic images of the first three ceramic
layers made at different stages of manufacturing.

Figure 10. Microscope images: the first sublayers of the pottery, field of view is around 300 µm.
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The comparative measurements depicted in Fig. 9(a) and Fig. 9(b) show the probing depth benefits of MIR
over NIR OCT since the investigated thickness of around 0.6 µm has been achieved. In addition to that, the
structure of the top layers is partly visible, since sub-interfaces varying in scattering are revealed.

4. CONCLUSIONS

In our contribution, we evaluated the performance of multimodal mid-infrared OCT and spectroscopy system for
non-destructive testing and especially for non-invasive study of paintings, cultural pottery, and ceramics as an
essential part of the most heritage objects. Extending spectral range to longer wavelengths, we experimentally
verified the enhanced probing depth for normally highly scattering materials and access the spectral response
of the constituent compounds. Furthermore, applying a cost-efficient and application-oriented solution based
on pyroelectric detectors, we show the abilities of our approach in this field. The experimental setup has been
characterized with respect to the sensitivity and the signal roll-off. The spectral acquisition scheme as well as
the theoretical aspects, which are related to this type of detectors and introduce practical features (e.g. partly
controllable roll-off), are considered and described in details.

Due to the flexible and challenging design, the optimized system operates in wide wavelength range offered by
the supercontinuum source, so that the OCT scans are obtained in both near-infrared (1.85 µm - 2.15 µm, test
subsystem) and mid-infrared (3.75 µm - 4.25 µm) spectral regions at the A-scan rate of 7 A-scan/s. Meanwhile, co-
registered infrared spectroscopy implemented as a spatially resolved chemical mapping (executed within 3.1 µm -
4.4 µm spectral window) is used to refine the morphological data gained by OCT.

To demonstrate the features and benefits of both Fourier-domain OCT subsystems, the comparative and
directly correlative measurements were performed. Therefore, a reduced scattering for mid-infrared OCT and
prevailing resolution of the near-infrared test system were confirmed. However, the axial resolution of the first
system currently is in a trade-off with sensitivity roll-off due to the limited number of the pixels and could be a
point for future developments, i.e. extension of the spectral bandwidth.

Analysing the gained results, particular potentials of the proposed system are highlighted. Considering
integrally, a 9-dimensional output (structural information by means of OCT and spatially resolved spectroscopy)
yields the complex information of the sample maintaining the high resolution, penetration depth and spectral
responsitivity. Thus, the specific requirements could be satisfied and adapted for various applications. Therefore,
despite the technical lag of in the detector technology and quality of optical components in the mid-infrared range,
we believe that our elegant solution opens novel non-destructive testing fields.
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optical coherence tomography and hyperspectral chemical imaging," J. Opt.
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In this publication, aspects of the combination of OCT and mid-IR spec-
troscopy were detailed and discussed; a rationale for the demonstrated com-
bination based on a single supercontinuum source was drawn. In the experi-
mental part, potentials of correlative OCT and mid-IR hyperspectral imaging
were demonstrated for composite samples, using test structures consisting of
industrial ceramics and polymers. Therefore, the morphological information
obtained by OCT was effectively supplemented with spectral data (spatially
resolved reflection spectra), enabling to reconstruct the sample structure and
unambiguously identify the embedded polymers. Besides, in this study, the de-
veloped multimodal imaging system was characterized in terms of spatial and
spectral resolution.

The author of the dissertation proposed the concept and design of the sys-
tem, implemented it in practice; carried out the correlative as well as character-
ization measurements, evaluated and processed the results and compiled them
for publication.
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ABSTRACT
Optical coherence tomography (OCT) is a high-resolution three-dimensional imaging technique that
enables non-destructive measurements of surface and subsurface microstructures. Recent develop-
ments of OCT operating in the mid-infrared (MIR) range (around 4 µm) lifted fundamental scattering
limitations and initiated applied material research in formerly inaccessible fields. The MIR spectral
region, however, is also of great interest for spectroscopy and hyperspectral imaging, which allow
highly selective and sensitive chemical studies of materials. In this contribution, we introduce an OCT
system (dual-band, central wavelengths of 2 µm and 4 µm) combined with MIR spectroscopy that is
implemented as a raster scanning chemical imaging modality. The fully-integrated and cost-effective
optical instrument is based on a single supercontinuum laser source (emission spectrum spanning
from 1.1 µm to 4.4 µm). Capabilities of the in-situ correlative measurements are experimentally
demonstrated by obtaining complex multidimensional material data, comprising morphological and
chemical information, from a multi-layered composite ceramic-polymer specimen.

Keywords mid-infrared • optical coherence tomography • spectroscopy • supercontinuum source • hyperspectral
imaging • multimodal system • correlative imaging • non-destructive testing

1. INTRODUCTION

Optical coherence tomography (OCT) is a well-established non-invasive measurement technique that allows to obtain
and visualize three-dimensional structural information of morphologically complex samples. Operating in the visible
and near-infrared (NIR) ranges, OCT-based diagnostic methods and systems have demonstrated outstanding efficiency
and capabilities in various biomedical scenarios and ophthalmology [1]. Nevertheless, the focus of interest within
the OCT community is consequentially extending, covering non-destructive testing (NDT) applications in industrial
metrology and material sciences [2, 3]. Significant advances in OCT technology have been enabled by the rapid
evolution of bright and spatially coherent mid-infrared (MIR) supercontinuum light sources [4] that allowed to extend
the operating wavelength range and reduce scattering effects [5]. Thus, recently reported results on the expansion of
OCT into the MIR [6, 7] spectral region verified a hypothesis of an enhanced penetration depth into turbid materials.
These solutions opened up opportunities for sub-surface dimensional measurements in the fields of, for instance, additive
manufacturing [8], pharmaceutical industry [9, 10], cultural heritage diagnosis and art preservation [11–13]. In general,
a further increase in the central wavelength causes reduction of the axial resolution that is correlated with the coherence
length and, thus, proportional to the ratio of squared wavelength and spectral bandwidth. However, a rational extension
of the bandwidth, which shortens the coherence length, is also limited in practice since this may cause a degradation of
the point-spread-function due to dispersion [14]. Therefore, in contrast to the terahertz range [15], the 3 µm - 7 µm part
of the MIR spectral region represents a reasonable compromise, in particular, for industrial applications where high
spatial resolution is a necessity.

Since their recent commercialization, MIR supercontinuum sources have been significantly optimized in terms of
their noise performance, thereby attracting significant attention within the infrared (IR) spectroscopy community. Due
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to the broadband emission and peculiar properties of the radiation, these sources have already launched intensive
applied research in the field. Through the particular advantages over conventional thermal emitters, their efficiency was
demonstrated in attenuated total reflection spectroscopy [16], Fourier-transform infrared (FTIR) spectroscopy [17],
MIR microspectroscopy [18–22], gas [23], environmental [24], and stand-off spectroscopic measurements [25, 26].
Operating in the so-called functional group region, where most of the molecules display distinct absorption lines, MIR
supercontinuum sources allow to considerably extend the light-matter interaction length, thereby lowering detection
limits compared to state-of-the-art FTIR instruments [17, 27]. Due to the prevailing brightness [28] and high beam
quality, supercontinuum radiation enables diffraction-limited and sensitive chemical mapping realized in reflection
geometry [18, 20], thus, representing a novel and attractive tool for chemical analysis. Moreover, studies of noise
properties, emission parameters and extension of the broadband spectral coverage, which is far superior to quantum
cascade lasers, are the subjects of ongoing research [29–36]. Therefore, stable sources covering the entire MIR spectral
range are expected to become commercially available soon.

The possible combination of these two NDT techniques – OCT and MIR spectroscopy – in one system is challenging
and of particular interest. Spectroscopic-OCT, for instance, is a well-known and advantageous solution, which allows
getting depth-resolved spectral information [37, 38]. The method employs a single detector array and it is based on
numerical splitting of the bandwidth in a spectral-domain OCT (SD-OCT) configuration [14] into several sub-bands
before performing the Fourier transform of the individual interferograms. This approach is feasible, however, impractical
for a system that operates in the MIR range. One of the reasons is the absence of sensitive high-resolution detector
arrays (focal plane arrays) – the crucial component of spectroscopic- and SD-OCT – operating in this spectral range;
this technical gap is considered in detail in [6]. However, the fundamental problem is an insufficient spectral and spatial
resolution due to the contradictory requirements in the spectroscopic-OCT system: a high spectral resolution requires a
narrow spectral bandwidth but confines the axial resolution of SD-OCT. For example, in order to resolve CH (carbon
hydrogen functional chemical group) stretching vibrations at around 3320 nm (center wavelength, corresponding to
3010 cm-1 center wavenumber), a spectral resolution of 50 nm of the spectroscopic mode (i.e. OCT sub-band after
numerical splitting) would result in a spatial resolution of around 100 µm in the axial direction for the regular OCT
imaging mode. For state-of-the-art OCT systems with low-NA (numerical aperture) focusing optics, such a resolution is
inexpedient, since a maximum imaging depth, which is determined by the confocal gate, is on millimiter scale [14, 39].

In this paper, we propose a reasonable and new solution for the combination of these techniques that allows to
achieve both high morphological and chemical resolution. Since the raster scanning approach is identical for OCT and
spectroscopic imaging, we implement a multimodal system integrated in a single measurement head. In contrast to
Spectroscopic-OCT, the modalities use separate detection arms, therefore, the resolution matching condition described
above is eliminated. The SD-OCT system uses a single supercontinuum laser source and operates in dual-band mode
(reported in [8]), i.e. within the sub-bands of 1.85 µm - 2.1 µm (NIROCT) and 3.7 µm - 4.2 µm (MIROCT). It enables
high-resolution imaging in the NIR regime and penetration-enhanced measurements in the MIR band. The MIR
spectroscopy modality supplements the morphological information obtained by OCT with correlative spatially-resolved
spectra that are integrated over depth. The operational window of the spectroscopic system is 3.1 µm - 4.4 µm
(corresponds to 2275 cm-1 - 3225 cm-1). Being presented as a hyperspectral cube, the spectroscopic measurements
reveal specimen features hidden for OCT; they enable chemical differentiation of constituent materials and analysis of
their distribution. The detection systems are based on low-cost pyroelectric detectors [6].

2. MULTIMODAL INFRARED OCT AND SPECTROSCOPY SYSTEM

A. Infrared supercontinuum source

The multimodal OCT and spectroscopy system reported in this study is based on a commercial pulsed supercontinuum
light source from NKT Photonics (SuperK Compact Mid-IR). The supercontinua are deterministic and generated in a
fluoride ZrF4-BaF2-LaF3-AlF3-NaF fiber (ZBLAN, step-index profile) pumped in the spectral band around 2050 nm
(first zero dispersion wavelength) by a high-power erbium-ytterbium- and thulium-doped fiber amplifier. The broadband
emission covers the range from 1.1 µm to 4.4 µm. Figure 1 shows the spectrum of the source measured using an
FTIR spectrometer (Vertex 70, Bruker Optics); the bands employed for OCT and spectroscopic imaging are indicated.
Edge-pass (1.65 µm cut-on wavelength) and neutral density filters were used to prevent oversaturation of the Mercury
Cadmium Telluride (MCT) detector. A specific spectral sensitivity of the detector was applied to reconstruct the
displayed spectrum.
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Figure 1: Spectrum of the supercontinuum source measured using an FTIR spectrometer; the sensitivity curve of the
MCT detector is used to correct distortions of the spectral shape; the ranges exploited for OCT and spectroscopic
imaging are indicated.

The beam of the laser is specified by the quality factor M2 ≤ 1.1; the transverse profile is the fundamental (TEM00)
Gaussian mode. A parabolic mirror is used as an output collimator. The outgoing beam diameter is in the range of
3 mm - 6 mm, measured using band-pass filters at 2 µm and 4 µm wavelengths correspondingly.

The repetition rate of the source is 2.5 MHz. The corresponding supercontinua pulse duration is below one nanosecond.
The total average power is about 490 mW, which, in conjunction with the high quality of the beam, provides superior
brightness - an essential feature for active imaging systems [40]. Relative pulse-to-pulse energy fluctuations were
characterized using a monochromator (reported in [17]); the measurements yield the mean value of around 5.8 % over
the exploited spectral range. The default operating frequency of the pyroelectric detectors depends on the sample
reflectivity and magnitudes of the surface and bulk scattering and is in the range of 40 Hz - 100 Hz. Therefore, due to
the prevailing averaging, the pulse-to-pulse intensity fluctuations [41, 42] are negligible.

B. Experimental system

The principal optical arrangement of the multimodal IR OCT and spectroscopy system is shown in Figure 2. The
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Figure 2: Scheme of the OCT and spectroscopic imaging system (SM), detection systems of the modalities are
indicated.
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experimental setup consists of a free-space Michelson interferometer, a measurement head (sample scanning system,
focusing optics, and chopper), OCT and spectroscopy detection systems (indicated in Figure 2). The arms of the
interferometer are formed by an IR pellicle beam splitter. In the reference arm, an unprotected gold mirror is used. Due
to optimal dispersion and transmission profiles, a BaF2 lens (50 mm focal length) is employed in the sample arm to
focus the probing beam onto the specimen. The measurement head also includes a mechanical chopper to perform
light intensity modulation as required for pyroelectric detectors to operate [43, 44]. The modulation system is internally
synchronized with both modalities.

The detection systems of the two modalities are optically separated, therefore, the beam exiting the interferometer
is reflected by a motorized mirror (synchronized with a shutter) either to a wide-band Fabry-Pérot tunable filter
spectrometer (FPTF, LFP-3144C, InfraTec GmbH) or to a grating-based OCT spectrometer. The mirror is replaceable
by e.g. an IR beamsplitter, thus, allowing to perform independent measurements, but in trade-off with a magnitude of
the signal. Besides, the flexibility of such a solution is limited due to the specification lag of optics and filters in this
spectral range, a standard splitting ratio for the MIR beam splitters is 50:50 and invariant due to the current technology
state.

The spatial resolution of the imaging system is identical for both modalities and determined by the quality of the beam
and focusing optics, and, in general, is wavelength dependent. To specify the maximum and minimum resolution, a 1951
USAF resolution test target was measured at spectral extremes (around 2 µm and 4 µm) by means of the OCT detection
modality (see details in section D); the results yield the spatial resolution (Rayleigh criterion) between 39.37 µm (3rd

group, width of 5th element) and 11.05 µm (5th group, width of 4th element).

C. Spectroscopy modality

The compact and low-cost FPTF spectrometer used in the spectroscopy modality (SM) is based on a fully-integrated
MEMS-based Fabry-Pérot etalon with an electrically controllable cavity length. Acting as a filter, it allows to precisely
tune the transmitted spectral band that satisfies the resonance condition within the wavelength range of 3.1 µm to 4.4 µm
(corresponds to 2275 cm-1 - 3225 cm-1 in wavenumbers). Figure 3 shows the transmission behavior with respect to the
applied voltage, recorded using an FTIR spectrometer (Vertex 70, Bruker Optics). The characterized spectral resolution
is defined by the full-width at half maximum (FWHM) of the transmitted band yielding 50 nm - 75 nm (corresponds to
≈ 40 cm-1).
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Figure 3: Characterized spectral resolution (50 nm - 75 nm at FWHM) of the Fabry-Pérot tunable filter; transmission
at different control voltages, measured using an FTIR spectrometer equipped with a thermal emitter; absorption of CO2
around 4235 nm is observed.

The mechanical time constant of the filter is 2 ms - 20 ms. A pyroelectric LiTaO3 point detector (2×2 mm2 area)
that is located behind the tunable filter is used to record spatially resolved reflectance spectra. Thus, the chopper
used in the OCT detection system switches optimally between the modes without causing delays, asynchronization
or the need to deactivate the modulator when changing to another measurement cycle. The detector detectivity of
3.6×106 cm

√
Hz/W is specified for 10 Hz modulation frequency at a temperature of 25 °C.

To perform the correlative spectroscopic measurements, the reference arm of the interferometer is blocked by a shutter.
Therefore, a strong reference field is excluded to protect the system from possible optical damage. The mirror directs the
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collected light into the FPTF-based spectrometer, where it is focused onto the point detector using suitable optics. The
spectrum of the probing beam, which is reflected by the sample, is measured by spectral tuning of the filter transmission.

D. Optical coherence tomography modality

The OCT measurement cycle is triggered, when the shutter opens and the SD-OCT modality is activated by the
motorized mirror. Therefore, in-situ structural and spectral information is obtained. A Czerny-Turner type spectrometer
is used to record spectral interferograms for the OCT modality. It is based on a blazed diffraction grating (300 lines/mm)
and a pyroelectric linear array (PYROSENS, DIAS Infrared GmbH); a spherical mirror (100 mm focal length) is used
to focus the light onto the detector. The array has 510 rectangular shaped pixels with a dimension of 20×500 µm2,
optimally suited for mirror-based design with non-toroidal surfaces [6].

The dual-band operation mode of SD-OCT is implemented using the grating spectrometer based on a single array.
Thereby, the detection of the overlapped diffraction orders of the sub-bands with doubled center wavelengths is
exploited. Ghost spectra in the NIR region (1850 nm - 2150 nm, second diffraction order) overlap with the MIR part
(3750 nm -4250 nm, first diffraction order), thus, the required band could be accessed using corresponding band-pass
filters (indicated in Fig. 2), while the second spectral region is suppressed. The axial resolution of the dual-band OCT
system was characterized in [8] and is around 17 µm and 37 µm within the NIR and MIR ranges correspondingly; the
characterization of the lateral resolution (around 11 µm and 39 µm respectively) is demonstrated in Figure 4.

0 1000 2000 3000 4000

X coordinate (µm)

0

500

1000

1500

2000

Y
co

or
d

in
at

e
(µ

m
)

0 1000 2000 3000 4000

X coordinate (µm)

Figure 4: Spatial resolution of the imaging system characterized in the extreme spectral sub-bands of the multimodal
system (center wavelengths of (a) 2 µm and (b) 4 µm) using a 1951 USAF resolution test target; performed using OCT
modality (en-face images), a neutral density filter (optical density of 0.3) was used for evaluation.

(b) (a)

The OCT A-scan rate (depth scan at a fixed lateral position) is theoretically limited by spectra acquisition speed, i.e.
defined by the detection and modulation system. In practice, however, a reasonable signal-to-noise ratio is observed at
chopping frequencies of 40 Hz - 100 Hz depending on the sample reflectivity and scattering [8]. Due to the unique
features of the pyroelectric detectors, namely their sensitivity only to alternating radiation [43, 45], the chopper is set in
the sample arm of the interferometer. Thereby, a DC component or spectral offset usually subtracted in OCT imaging is
naturally eliminated.

The post-processing algorithm employed in SD-OCT imaging is based on the method reported in [6] and was upgraded
since the reference spectrum (represents a constant signal component) is undetectable for the pyroelectric detector, thus,
fewer steps are implemented. They include interpolation of the spectral interferogram to be equidistant in wavenumbers,
filtering of a signal with further multiplication by a Gaussian-window. The last step involves a discrete Fourier transform
of the processed interferograms for generating images in the spatial domain. A more detailed description of the
principles of OCT techniques can be found in [14].

3. SAMPLE PREPARATION

In order to demonstrate the capabilities of multimodal morphological and chemical imaging, a sample based on various
practically relevant industrial materials that exhibit distinct structural and spectral features was prepared. Due to
the enhanced penetration of MIROCT into scattering media, a ceramic stack was selected as a basic assembly. The
specimen was formed by two single-crystal Al2O3 plates (0.4 mm thick), one was positioned on top of another. The top
surfaces of the plates have a mean roughness 0.5 µm < Ra < 1.2 µm, thus, causing strong surface scattering in the VIS
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and NIR ranges, where standard OCT systems are operating. Since these interfaces were positioned first to the incident
light, strong specular reflection at these boundaries is reduced. The rear surfaces of the plates are epi-polished with Ra

< 0.2 nm.

The spectral and spatial diversification of the stack was implemented employing different visible-transparent, non-
scattering polymer films that were inserted in the gap between the plates. Polyethylene terephthalate (PET), polystyrene
(PS), and polypropylene (PP) were selected to be accessed and measured through the turbid ceramic media. The films
have specific spectral signatures in the exploited range: PET exhibits absorption lines induced by Phenyl-H and CH2
bond stretching [46]; for PP a slightly wider band is observed due to symmetric and asymmetric stretching vibration of
CH3 and CH2 functional groups, and a CH shoulder-type band [47]. PS has distinctive and relatively strong absorption
bands at higher frequencies (3082 cm-1 - 3026 cm-1) due to the aromatic CH stretching. Besides, asymmetric and
symmetric stretching vibrations of methylene groups CH2 are also observed in the absorption spectrum of PS [48].
The thicknesses of the different polymer films were the same (around 50 µm). Figure 5 illustrates the schematic
three-dimensional model of the resulting composite sample; the constituent layers and details are indicated.
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Figure 5: Schematic model of the multi-layered composite test sample; 50 µm thick polymer films (shown in blue
color) – polyethylene terephthalate (PET), polystyrene (PS), and polypropylene (PP) – are embedded in between the
alumina ceramics; the top interfaces of the ceramic plates are rough, the bottom surfaces are epi-polished.

4. RESULTS

In order to demonstrate the performance of the system, correlative NIROCT, MIROCT and MIR spectroscopic
measurements (area scan, 8×6 mm2) of the ceramic-polymer stack were carried out. The experimental results allow to
visualize the structure and enable in-situ identification of the embedded polymers.

The dual-band OCT measurements - depicted in Figure 6 - reveal the entire three-dimensional volume of the multi-
layered sample. The top surfaces of the plates cause no image artefacts due to the high roughness and absence of
specular reflection. The polymer films that are positioned at a depth of around 400 µm are effectively detected and can
be displayed using an en-face MIROCT image as shown in Figure 6c. The thicknesses of the plates and films can be
calculated for defined refractive indexes using high-resolution NIROCT cross-sectional images (B-scans); a typical
B-scan is presented in Figure 6a.

The air gap between the rear polished surface of the ceramic plate and the polymer films is on the same scale as the
axial resolution and can be detected depending on the actual topology (i.e. at certain positions where it can be resolved).
The rough top interface of the bottom plate is not detectable for NIROCT due to strong surface scattering.

Nevertheless, the complete sample morphology, which was obtained using OCT modality, does not allow differentiation
of polymers due to the equal thickness and the absence of any characteristic scattering, the magnitudes of back-reflections
from the different polymer interfaces are equal.

Using the MIR spectroscopy modality, spatially resolved and OCT-co-registered reflection spectra were collected,
thereby a hyperspectral cube has been recorded; the acquisition time per single spectrum was around 3 sec. In order to
calculate absorbance using the Beer-Lambert law [49], a single reflection spectrum from the blank plates stack (no
polymers inserted) was recorded as a background. In practice, the same hyperspectral data set can be used to retrieve
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Figure 6: Tomographic imaging of the multi-layered ceramics-polymer stack by means of the dual-band IR OCT
modality: (a) B-scan (high resolution 2 µm OCT) of the top section of the sample, the ceramic plate and polymer films
are revealed, the air gap between the ceramics and films is partially detectable (visualized and indicated in the inset);
(b) C-scan of the sample obtained by means of 4 µm OCT, the complete structure is accessed; (c) en-face image of
the polymer films embedded in between the ceramic stack (4 µm OCT) revealing morphological information but no
chemical information of the polymers (types of the polymers are denoted).
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background spectra selecting particular spatial coordinates, where e.g. no polymers are presented. As post-processing
steps, a baseline correction, denoising based on principal component analysis and spectral smoothing (Savitzky-Golay
filter) were applied using an open-source python-based software (Orange [50]). The correlative MIR spectroscopic
measurements are visualized as false-color absorbance images integrated within different spectral regions that are
characteristic for chemical differentiation (Figure 7). A small and varying air gap between the polymer films and rear
polished surface of the plate (Ra < 0.2 nm) causes interference due to multiple reflections. These effects introduce
fringes in the spectroscopic images and can be also observed as an equidistant modulation in each reflection spectrum,
frequencies of the modulation depend on the thickness of the air gap.
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Figure 7: Correlative MIR hyperspectral images of the multi-layered ceramic-polymer stack, visualized as false-color
absorbance images integrated within different spectral regions (resulting in a single absorbance value for each position);
the polymer films can be differentiated and identified; the clearly-visible interference patterns (fringes) are introduced
by the multiple reflections within the thin air gap between the polymer films and the rear polished surface of the ceramic
plate.
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Figure 8: Spectra evaluation of the embedded polymers: (a) spatially averaged absorbance of the films and (b) reference
FTIR measurements of the polymers confirming the accuracy of the spectroscopic investigation.

As demonstrated in Figure 7, due to the material-dependent spectral response the evaluation of the absorbance spectra
enables unambiguous differentiation of the polymers embedded in the turbid environment. Besides, each individual
pixel of the recorded hyperspectral cube contains the full absorbance spectrum at the pixel’s position. Spatially averaged
spectra for each polymer are shown in Figure 8. Effects due to thin-film interference average out in this representation.
Therefore, the measurements enable identification of the polymers that display different signatures in the exploited
spectral bandwidth.

In order to verify the acquired spectra, reference spectra of the polymer films were measured using a high-resolution
(4 cm-1) FTIR instrument (Lumos, Bruker Optics) that was operated in reflection mode to provide accurate data on the
spectral positions of the observed absorption bands. Thus, reflectance spectra were recorded for the blank films outside
the ceramic stack; back-reflected light was collected from an area of 100×100 µm2 and absorbance was calculated
using a measured background spectrum (mirror). The normalized spectra – depicted in Figure 8b – are in a good
agreement with the results obtained with the developed multimodal system. Due to the lower resolution, the FPTF-based
spectrometer is not able to resolve individual vibrational modes, however, the position of the bands, the envelope and
trends are observed: PET and PS demonstrate absorption in the range beyond 3000 cm-1; the width of absorption bands
for PP and PET are very well consistent with FTIR measurements, especially in the range around 2800 cm-1.

Taking into account the spectral features and selecting a suitable spectral range to integrate absorbance (according to
specific chemical signatures, as done for images in Figure 7), the chemical analysis of the components and their spatial
distribution can be visualized for complex and spectrally diverse samples. The obtained data effectively supplement the
structural information obtained by the OCT modality and reveal details that are commonly inaccessible. We would like
to emphasize that the spectra were collected in reflection mode, through the 400 µm thick ceramic plate with a rough
surface (corresponding to 800 µm, double propagation, thus, the contrast of the images can be affected. The spectral
shape of the bands can also be influenced by artefacts due to interference and varying magnitude of scattering.

Additionally, the observed interference effects (known as an autocorrelation term within OCT community [14]) that,
at first glance, introduce unwanted distortions in the spectra and hyperspectral images can be elegantly exploited to
reconstruct the thicknesses of underlying layers using methods well-known in IR spectroscopy. Due to the significantly
wider spectral bandwidth of the MIR spectroscopy modality (Fig. 1), the reconstruction enables sub-OCT spatial
resolution (using the standard definition for OCT [14], of approximately 5 µm). Acquired reflection spectra carry
distinct and singular frequencies (usually referred to by the term “fringes”) originating from constructive and destructive
interference due to multiple reflections between the highly reflective polished ceramic interface (bottom surface of
the top plate) and top interface of the polymers. Other possible reflections were not detected as they are significantly
weaker, suppressed by e.g. strong surface scattering; the sensitivity of the SM-based reconstruction approach is weaker
than that of OCT due to the absence of the strong reference field, i.e. the coherent amplification. Besides, despite the
higher resolution, the maximum thickness (imaging depth) that can be accessed using this indirectly formed system of
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a common-path interferometer and the FPTF spectrometer (as a detector) is limited. The limitations are imposed by
the lower spectral resolution of the latter, i.e. they are governed by the Nyquist-Shannon-Kotelnikov theorem; so this
extension is well suited and feasible especially for measurements of relatively thin layers.

Thus, the thickness d of the air gap between the top ceramic plate and the polymer films at the particular spatial
coordinates can be obtained as follows [51]:

d =
N

2n(ν1 − ν2)
, (1)

where N is a number of fringes observed in the spectral bandwidth between ν1 and ν2 (in wavenumbers), n is the
refractive index (n = 1 for air) of the media between the interfaces causing interference.
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Figure 9: Thickness map of the air gap between the top ceramic plate and the polymer films; the profile is retrieved
using the hyperspectral data, i.e. spectral fringes originated from constructive and destructive interference due to the
multiple reflections within the air gap.

Figure 9 depicts the spatially resolved thickness map of the air gap between the top ceramic plate and the polymer films.
The profile was reconstructed using (1). In prior to fringes counting according to [51], an interference-free background
spectrum was subtracted from the raw spectra (for each pixel) to increase contrast and reveal pure interference patterns.
Then the number of peaks was determined using a robust peak finder algorithm [52]; a calculated period of the
frequencies was used to access the exact fractional number of fringes.

Thereby, the developed orthogonal modalities integrated into the single optical instrument do not only complement the
data while operating with chemical and structural analysis of materials, but can successfully enhance and correct each
other. The present demonstration reveals the potentials of the multimodal systems to obtain more detailed information
about the samples under study – which is of great interest for various scenarios.

5. CONCLUSION AND OUTLOOK

In this contribution, we have introduced in-situ correlative near- and mid-infrared (NIR, MIR) optical coherence
tomography (OCT) and MIR hyperspectral chemical imaging; relevant key-aspects of this unique combination were
discussed in details. The developed multimodal optical system has been evaluated and experimentally demonstrated, to
the best of our knowledge, for the first time. The metrogological capabilities of the presented solution were verified by
investigating a complex specimen with distinct morphology as well as chemical signatures.

The two modalities (OCT and MIR hyperspectral imaging) were united in a single measurement head and complement
each other, revealing sample details that would usually be hidden for a stand-alone technique. A single supercontinuum
laser has been employed as a light source covering parts of the NIR and MIR region (1.1 µm - 4.4 µm emission range).

The OCT modality operated in spectral-domain configuration (SD-OCT) exploiting a dual-band detection scheme (2 µm
and 4 µm center wavelengths), reported in [8], which enabled high-resolution and penetration-enhanced imaging for
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inspection of highly scattering samples. Using a cost-effective pyroelectric array in the MIR band, the system able to
resolve sub-interfaces and detect structures embedded in a benchmark ceramic-based composite sample.

The MIR spectroscopy modality has been implemented in the attractive spectral region (3.1 µm - 4.4 µm), where
functional organic groups display valuable and strong absorption bands. The detection system is based on a low-cost
electrically tunable Fabry-Pérot filter equipped with a pyroelectric point detector. The spectral resolution of around
50 nm - 75 nm (≈ 40 cm-1) allowed to uniquely distinguish and chemically identify the 50 µm thin polymer films
(polyethylene terephthalate, polystyrene, and polypropylene) embedded in a highly scattering ceramic stack. Therefore,
the spectroscopic imaging modality is particularly advantageous and feasible, as it is independent on the OCT modality;
thus, no matching condition between spectral and axial resolution has to be considered.

The correlative morphological and hyperspectral imaging data set delivered by the developed system provides multidi-
mensional information of the sample under investigation. Thereby, the emission spectrum of the single supercontinuum
source is effectively and expediently exploited. Moreover, this kind of source is, in fact, an enabling technology for the
presented dual-modality correlative imaging setup. Due to the current developments in the field of MIR supercontinua
generation, further expansion of spectral coverage into the MIR fingerprint region, enhanced brightness, as well as
decreasing prices of this novel type of laser-based light sources, are expected. Therefore, we anticipate a substantial
application potential of supercontinuum laser sources for both OCT and spectroscopy in the fields of non-destructive
testing, biomedical optics and beyond.
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6.6 OPEX – Diffraction limited mid-IR microspectroscopy

J. Kilgus, G. Langer, K. Duswald, R. Zimmerleiter, I. Zorin, T. Berer, and M.
Brandstetter, “Diffraction limited mid-infrared reflectance microspectroscopy
with a supercontinuum laser,” Opt. Express 26, 30644–30654 (2018), reprinted
with permission.

This scientific contribution – first-authored by Jakob Kilgus, a colleague
of Ivan Zorin – introduced diffraction-limited mid-IR microspectroscopy based
on a supercontinuum source. Thus, properties of the supercontinuum emis-
sion, namely high brightness and diffraction-limited beam quality (fundamen-
tal Gaussian mode) were exploited to eliminate the trade-off between sensitiv-
ity and spectral and spatial performances imposed for state-of-the-art systems
based on thermal emitters. Thereby, diffraction-limited chemical mapping in
the mid-IR spectral range was demonstrated; a particularly interesting result is
hyperspectral imaging of red blood cells so that a mid-IR absorption spectrum
of a single blood cell has been measured for the first time.

The author of the dissertation contributed to the discussion of the concept
of the experiment, the optical design of the system and its practical implemen-
tation; participated in measurements.
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jbhgdeomloglbj̀]ndmblj]mlh̀m_̀n]ibm_]x̀mm̀n]jfdmbde]ǹjlewmblg]dgk]pdjm̀n]jcdggbgh{]�wnm_̀nalǹ�]
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abcnljf̀cmnljclfv]bj]dg]̀jmdxebj_̀k]badhbgh]àm_lk]wj̀k]pln]m_̀]dgdevjbj]lp]�dnblwj]²bgkj]lp]
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+���X��(7�
;��K��8�;���Y���X�����X<�
��c��c<���0��0�6�<3969�����X��<Y���X���<�<Y����
��P��S7��7���40��&�
1	�	���
�<=�	:9
6�
<<3�;�
�	�6�9
��=�

�
;�)�*�69�+G�+de3��
���:7��:9;�
�����6�=&�
��T�1�5�	�@�S=6��/�66��̂U$�-��)++̀F
)+)*�$)*+D-��

)*��K��/�<��H��/�<������7���M��X�
���
��2���
;��4��;7�=9N�	�3��&�
1	�	����<=�	:9
6�
<<3�;�
�	�6�9
��
�����
;��&
39���Q?/J8�1�5�	�N�67�<=�69�)+�W���A�	�;��9<6=<6�=9N�	�@�S=6��IT=	����VV$)*-��),EW,F),E�+�$)*+,-��

)+��H��K��;<���2��0f���	��2��0��09���<
����
��0��?	�
��6�66�	��4J==��:�6�9
�91��<=�	:9
6�
<<3�	����6�9
�19	�3��&
�
1	�	����=�:6	9�:9=%�@��
�g������!�" �����g�h�i�jk����������!���l����!��m�����n��!��l�h�"!����!�"�$)*+D-��
�W����

))��H��K��;<���K��R<�N�����.��/�
;�	���
��0��?	�
��6�66�	��40��&B
1	�	����6�
�911��=�:6	9�:9=%�>��
;���
�<=�	:9
6�
<<3�/���	�N�67�(93=�:6�M�5	%&2o	96�M��6�	��=�:6	93�6�	��@�J==����=�:6	9�:��aV$,-��DE,FD,)�
$)*+W-��

)E��(��.����	��H��K��;<���0����	���Y��?��/�
�����
��0��?	�
��6�66�	��4I
7�
:���3��&�
1	�	���3<�6�&59<
:��JX��
�=�:6	9�:9=%�19	�9
��
����6�:6�9
�91�7%�	9;�
�=�	9T����<��
;����<=�	:9
6�
<<3�����	�@�S=6��IT=	����VC$�-��
+)+D�F+)+̀��$)*+W-��

),�����R<=9
6��(��2�6�	��
��H��X7p;�	��
��(��J;;�	��S��?�
;���
��������K����
;��4B��3�:	9�:9=%�<6�����
;��
6�
���
�<=�	:9
6�
<<3���;76��9<	:��@�S=6��IT=	����V\$G-��,WẀF,W�)�$)*+)-��
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Chapter 7
Conclusions & Outlook

In this thesis, the performances and capabilities of novel supercontinuum sources
for optical coherence tomography (OCT) and spectroscopy in the mid-infrared
(mid-IR) spectral range have been investigated and demonstrated. The applied
research thus produced several significant outcomes and conclusions that can
be structured and stated – in addition to the conclusions drawn in consolidated
papers – as follows.

• A mid-IR OCT system (operating at a center wavelength of 4 μm, 500 nm
bandwidth) was developed and introduced, which represents – to the best
of the author’s knowledge – the first implementation of Fourier-domain
OCT beyond the wavelength of 2 μm. The system has elegantly employed
a pyroelectric focal plane array (in a custom designed dispersive spec-
trometer) to overcome technical lags of cameras in this spectral window.
The system has been further upgraded to operate in a dual-band mode
(at center wavelengths of 2 μm and 4 μm). The experiments conducted
lead to the following conclusions:

– The experimental implementation has confirmed the theoretical pre-
dictions of increased penetration depth into highly scattering mate-
rials (exemplified for porous alumina ceramics), and promises to lift
scattering limits imposed for state-of-the-art systems (aimed at the
transparency of biotissues).

– Comprehensive experimental assessments of the capabilities of the
OCT system indicated potential application areas (such as non-dest-
ructive testing of various industrial ceramics, polymers, art diagno-
sis and preservation, applications in pharmaceutical industry etc.)
that were formerly inaccessible and go presumably beyond biomedi-
cal imaging due to high water absorption in this spectral range.
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– Despite the emergence of bright laser-based sources, the mid-IR spec-
tral region is still technically immature and challenging due to the
high prices and inferior quality of optical components, detector tech-
nologies or absence of alternatives; further progress in this field is
needed to push applied research towards commercial and every-day
use.

– After experimental demonstrations and proofs of principle, mid-IR
OCT has several potential evolution lines that primarily include im-
provements of sensitivity (using alternative detection technologies
or optimising cost-effective thermal sensor systems, exploiting cur-
rent and future progress in supercontinuum generation) and sensi-
tivity roll-off (increase of spectral resolution, e.g. employing high-
resolution focal plane arrays), axial resolution (through an extension
of the spectral bandwidth with proper dispersion compensation) and
acceleration of A-scan rates; the actual line of forthcoming develop-
ments will be essentially governed by the conclusion drawn above,
however, original solutions are expected.

• Potentials of supercontinuum sources as broadband emitters for mid-IR
spectroscopy were evaluated. The enhanced capabilities enabled by su-
perior emission properties (high spectral brightness and beam quality)
were demonstrated for well-established spectroscopic techniques, such as
Fourier-transform infrared spectroscopy (FTIR) and microspectroscopy.
Several important conclusions can also be drawn here:

– Despite relatively high spectral pulse-to-pulse noise, the high repe-
tition rates of mid-IR supercontinuum sources enable overall system
noise levels comparable to those of thermal emitter-based systems.
This can be implemented by using appropriate integration schemes.

– Superior brightness and nearly diffraction-limited beam quality of-
fered by novel mid-IR supercontinuum sources enable diffraction-
limited microspectroscopy and, more important, remove the barri-
ers imposed by the trade-off between spatial resolution and sensitiv-
ity – inherent for state-of-the-art systems based on thermal emitters
(apertures required for high spatial performances are limiting the
optical throughput); potential expansion of powerful supercontinua
towards longer wavelength (the mid-IR fingerprint region) can be a
game-changer in the fields of active hyperspectral imaging and mi-
crospectroscopy.
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– Considering the spectral coverage and brightness of the mid-IR su-
percontinuum sources, this class of nouveau light sources effectively
fills a gap between mature quantum cascade lasers (high brightness
with inferior coverage) and conventional thermal detectors (broad
and stable emission, low brightness); this factor creates a special
niche for the supercontinuuum technology and is the driving force
behind the current progress in supercontinuum generation spanning
longer wavelengths.

• Recognizing the potential novelty and based on the above-mentioned re-
sults obtained for each method individually, dual-band IR OCT and mid-
IR spectroscopy were combined in a multimodal imaging system. The
unique properties of mid-IR supercontinua were the basis for this combina-
tion; thereby, the emission of a single supercontinuum has been effectively
exploited. Outcomes of the correlative measurements were demonstrated
and have led to the following conclusions:

– The combination of mid-IR spectroscopy (operational spectral band
from 3.1 μm to 4.4 μm) and OCT (in particular mid-IR OCT) was
demonstrated for the first time, resulting in significant application
potentials; two possible scenarios were shown through correlative
imaging of composite industrial materials and painting mock-ups.

– The developed system has elegantly employed two separate detec-
tion arms for the modalities due to contradicting requirements of the
methods (spatial-spectral resolution compromise). The trade-off is
certainly valid for OCT and spectroscopy in the mid-IR range, but
can be overcome with the transition to focusing optics with a high
numerical aperture, i.e. to optical coherence microscopy. In this case,
through the prevailing influence of confocal gating over the coherence
gating, depth-resolved spectral discrimination becomes technically
feasible. This development line could potentially be promising to
provide a powerful optical imaging instrument.

– The general conclusion highlights that mid-IR supercontinuum sources
offer peculiar engineering capacities for the establishment of orthog-
onal optical measurement techniques and various combinations due
to high brightness and broadband spectral coverage.

Considering the dissertation in general, especially the time of its writing and
publishing, it is worth to mention that mid-IR OCT was probably one of the un-
resolved challenges in the community. Today, three years later, a total of three
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different implementations that are able to provide conventional cross-sectional
scans exist [273, 340, 341]. All of them exhibit particular advantages and draw-
backs and employ original approaches to sensing. These close-in-time studies
reveal a growing interest in this spectral region, which has become technically
accessible due to the advancement of light sources. Therefore, the emergence
of new solutions in the field of mid-IR OCT can be highly anticipated in the
near future. Thus, conventional implementations can traditionally appear with
the evolution of IR arrays. Alternatively, time-encoded Fourier-domain OCT,
based e.g. on narrow-line tunable spectral filters (for instance [285–289]), mid-
IR swept sources [342, 343] or using fascinating techniques of time-stretching
spectroscopy [344–347], can be a possible direction for the technique. Apart
from that, a possible shift to even longer wavelengths could be of high interest;
potentials and practical features of these systems can be a subject to further
research.

Scientific contributions and reports on using supercontinuum sources in mid-
IR spectroscopy indicate the expectations in this field. Thus, expansion of
supercontinua towards longer wavelengths [161–167], potentially spanning the
entire mid-IR region, can be anticipated; such sources can open up unique appli-
cation cases as well as change the status quo in well-established routine scenar-
ios. Although mid-IR supercontinuum sources have not yet gained widespread
acceptance among spectroscopists – which may be a matter of time, this fact is
recognized and well understood in the mid-IR supercontinuum generation com-
munity, so that intensive efforts are being made to shift the cut-off wavelength
further. Besides, improvements of noise performances[179, 258–260] and a price
reduction [249] are hot topics that can considerably amplify the practical com-
petitiveness of supercontinua among other solutions. Hence, technical progress
and commercial availability of advanced mid-IR supercontinuum sources are
foreseen. Thus, this thesis also aims to be a small step towards in recognition
of supercontinua in mid-IR spectroscopy at the present and a precursor of a
possible wide adoption in the future.
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Appendix A
System control software

A.1 Code pieces for OCT signals post-processing

To control and synchronize electronic devices that make up the experimental
system (translations stages, chopper, signal acquisition by pyroelectric linear
array etc.) a graphical user interface and software application have been devel-
oped in Python programming language, using free-to-use PyQt5 library (Python
binding of the cross-platform graphical user interface toolkit Qt). Figure A.1
depicts a screenshot corresponding to the final version.

Figure A.1: Main window of the developed software for system
control; screenshot during operation.

Since the software exploits peculiar libraries and code listings are long, only
relevant parts, namely OCT post-processing functions, are translated below.
Nevertheless, the complete listings may be requested from the author.
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Besides, in several cases, dispersion has been compensated using the frac-
tional Fourier transform [297], for this purpose, a python package available at
https://github.com/nanaln/python_frft has been used.

1 # -*- coding: utf -8 -*-
2 """
3 LIBRARY FUNCTIONS:
4
5 1. k_remapp remaps spectra (spect_int) equidistant in

wavelengths to be equidistant in k-space (using
interpolation); opportunity for the subtraction of the
reference

6 lambda_min and lambda_max define the spectral bandwidth
7
8 2. get_bscan returns a b-scan and performs postprocessing of

the signal in following order:
9 (Hilbert transform --> Analytic signal --> Envelope -->

Filtering --> Gaussian window --> FFT)
10
11
12 @author: r.zor
13 """
14
15 import numpy as np
16 from scipy.interpolate import interp1d
17 from scipy.signal import hilbert
18
19 def k_remapp(spect_int ,reference_spectrum ,lambda_min ,lambda_max)

:
20 func_data = spect_int
21 N=np.shape(func_data)[1]
22 REF = reference_spectrum
23 spect_line=np.zeros ((np.shape(func_data)[0],np.shape(

func_data)[1]))
24
25 for i in range(0,np.shape(func_data)[0]):
26 spect_line[i,:] = func_data[i,:]-REF
27
28 dd=spect_line;
29 ddip=np.zeros(np.shape(dd));
30 func_scan=np.zeros(np.shape(dd));
31
32 ##Interpolate: wavelength to wavenumber k=2 *pi /lambda in

[lambda_min , lambda_max] in a loop (computationally
inefficient but accepted for slow pyro detection)

33 #

https://github.com/nanaln/python_frft
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34
35 for i in range(0,np.shape(func_data)[0]):
36 pr=np.flip(dd[i,:] ,0) #spectrum in

reversed order
37 l=np.linspace(1,np.shape(func_data)[1],np.shape(

func_data)[1])
38 dMm=lambda_max -lambda_min
39 lr=(lambda_max -(dMm/(N-1))*(l-1))
40 kf=1/lr; #non -equidistant

sampling in k in foward order [kmin ... kmax]
41 kmin =1/ lambda_max;
42 kmax =1/ lambda_min;
43 dkMm=kmax -kmin;
44 kn=kmin + dkMm/(N-1)*(l-1); #equidistant sampling in k

in foward order [kmin ... kmax]
45 f = interp1d(kf, pr)
46 yi = f(kn)
47
48 ##spectrum pr was originally measured at sampling points

kf=1/lr, which are
49 ##non -equidistant
50 ##now resampled spectrum pn is now considered at

equidistant sampling points kn
51 #
52 ddip[i,:]=yi
53 ddip[i,:]=np.flip(yi ,0)
54
55 return(ddip)
56
57
58
59 def get_bscan(spectrainfs ,typ=’d’, N=20, Wn=0.01 , px=510, a=0,

Std=25, enable_zeropadding =0, pads=0 ):
60
61 """
62 spectrainfs - spectral interferograms in k-space
63 typ - ’s’ - substraction of the envelope (default), typ=’d’

is division , typ=n’ no operations with the envelope
64
65 Std - standard deviation defifing the width of the gaussian

window
66 a - position of the gaussian window
67 px - number of pixels (default 510)
68 N - The order of the envelope freq filter (N=10 default)
69 Wn - relative to Nyqust freq (corresponds to 1) to be

filtered (see scipy.signal.butter) (Wn=0.01 , default)
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70 enable_zeropadding - if enable_zeropadding =1 zeropadding is
swithed ON (default OFF), pads is a number of zeros

added
71 RETURNS OCT B-SCANS
72
73 """
74
75 from scipy import signal
76 from scipy.signal import sosfiltfilt , butter
77
78 if zp==1:
79
80 spectrainfs=np.pad(spectrainfs , [(0, ), (int(pads /2), )

], ’constant ’, constant_values =(0))
81 px=len(spectrainfs [0])
82
83 #CREATE GAUSSIAN WINDOW
84 x=np.linspace(-(px -1)/2,(px -1)/2,px)
85 gw = np.exp ( -1/2*((x-a)/(4* Std))**2);
86
87 #CREATE ARRAYS FOR DATA --- --- needed you want e.g. to

organize output of intermediate func_data
88 postprocess=np.zeros ([len(spectrainfs),len(spectrainfs [0])])
89 func_scan=np.zeros ([len(spectrainfs),len(spectrainfs [0])])
90 amplitude_envelope=np.zeros([len(spectrainfs),len(

spectrainfs [0])])
91
92 #FILTER
93 #sos = butter (20, 0.4, output=’sos ’)
94 sos = butter(N, Wn , output=’sos’)
95
96
97 #POSTPROCESSING
98 for i in range(0, len(spectrainfs)):
99
100 signal=spectrainfs[i,:]
101 analytic_signal = hilbert(signal)

#Hilbert
transform

102 amplitude_envelope[i,:] = np.abs(analytic_signal)
#Envelope

103 amplitude_envelope[i,:] = sosfiltfilt(sos ,
amplitude_envelope[i,:]) #Filtering of the
envelope

104
105 if typ==’d’:
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106 postprocess[i ,:]=( signal/amplitude_envelope[i,:])*gw
#Applying of the filter and

envelope substraction or division
107
108 postprocess[i ,:]=( signal/amplitude_envelope[i,:])*gw

#Applying of the filter and
envelope substraction or division

109 elif typ==’s’:
110 postprocess[i ,:]=( signal -amplitude_envelope[i,:])*gw
111 elif typ==’n’:
112 postprocess[i,:]= signal
113
114 func_scan[i,:]=np.abs(np.fft.fftshift(np.fft.fft(

postprocess[i,:]))) #Save func_data in to
array

115 return func_scan
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